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PREFACE 

Analytical methodology for pesticide determinations has greatly advanced 
^ during the past 30 years. The emphasis during the first 20 years was 

placed on increased sensitivity of detection. That these efforts were suc­
cessful is attested by achieving sensitivity both quantitatively and qualita­
tively in the femtogram range (10"15 g). 

In a recent review of pesticide analytical methodology (Zweig, G. 
"The Vanishing Zero—Ten Years Later," JAOAC, 1978  67(2)  229-248) 
the author pleaded with
resolving power, and identification capability for sub-microgram quantities 
of pesticide residues. The rationale was that the toxicologists lag far 
behind the analytical chemists and often are not able to assess the toxico-
logical significance of minute levels of pesticide residues. 

We believe that this symposium on Recent Advances in Pesticide 
Analytical Methodology fulfills this plea. High-performance liquid chro­
matography (HPLC) has made the greatest advances. Chapters on HPLC 
cover subjects on metabolism studies; automation of HPLC; evaluation of 
LC columns; the effect of the mobile phase on reversed-phase chromatog­
raphy; the electrochemical or amperometric detector; and fluorogenic 
detection. 

Quantitative thin-layer chromatography (TLC) has progressed con­
siderably and has been adapted to forensic chemistry of pesticide poisoning 
incidents. High-performance TLC (HPTLC) with precoated plates is 
discussed separately. 

Fourier transform infrared spectroscopy; negative ion spectroscopy; 
and immunochemical technology are the subjects of several chapters. A 
chapter on cleanup presents a general challenge for all types of analytical 
techniques. Chemical derivatization of pesticides and metabolites enhances 
the detectability and ability to analyze small quantities of pesticide residues. 

Applications of modern analytical techniques also are discussed rela­
tive to the analysis of tetrachlorodibenzo-p-dioxin; organotin compounds; 
airborne pesticides; computerized data processing for metabolism studies; 
and human exposure studies. 

The organizers of this symposium wish to thank the contributors for 
their excellent talks, written chapters, and cooperation in meeting all 

ix 
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deadlines. The Division of Pesticide Chemistry also wishes to acknowledge 
the joint sponsorship of this symposium with the Division of Analytical 
Chemistry. 
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Modern High-Performance Liquid 
Chromatography in Pesticide Metabolism Studies 

JOHN HARVEY, JR. 

E. I. Du Pont de Nemours & Company, Inc., Biochemicals Department, 
Experimental Station, Wilmington, DE 19898 

This paper is the onl  i  th  liquid chromatograph
portion of this symposiu
tography specifically from the viewpoint of the pesticide 
metabolism chemist. A residue analyst knows what compound he must 
analyze for, and develops his method with the properties of that 
substance in mind. On the other hand, the pesticide metabolism 
chemist has a different problem. At the conclusion of the treat­
ment, exposure, and harvest phases of a radiolabeled metabolism 
study, he divides his material into appropriate samples, and 
extracts each sample with selected solvents to obtain the 
radioactive materials in soluble form. Typically these extracts 
consist of low levels (ppm) of carbon-14 labeled metabolites in a 
complicated mixture of normal natural products from the plant, 
animal, or soil source. The identity of each metabolite is 
unknown, and each must be isolated from the natural background 
and from other labeled metabolites in sufficient quantity and in 
adequate purity for identification studies, usually by mass 
spectrometry. The s i t u a t i o n i s r a t h e r 1 i k e l o o k i n g f o r t he 
p r o v e r b i a l " n e e d l e i n t he h a y s t a c k " when one does not know t he 
s i z e , shape, o r c o m p o s i t i o n o f t he n e e d l e , o r even how many need le s 
t h e r e a r e i n the s t a c k . A t t h i s p o i n t a s e p a r a t i o n t e c h n i q u e must 
be s e l e c t e d w i t h c e r t a i n impo r t an t r equ i r emen t s i n mind. 

F i r s t , t he t e c h n i q u e must be n o n - d e s t r u c t i v e . We must have 
c o n f i d e n c e t h a t t he m a t e r i a l we i s o l a t e and i d e n t i f y i s t he same 
as t he m e t a b o l i t e t he b i o - s y s t e m produced. Second, the t e c h n i q u e 
must be power fu l enough t o e f f e c t t he d e s i r e d p u r i f i c a t i o n . T h i r d , 
we need t o a c h i e v e t he r e q u i r e d p u r i t y and q u a n t i t y w i t h an 
economica l e x p e n d i t u r e o f t ime and r e s o u r c e s . High per fo rmance 
l i q u i d chromatography ( h e r e a f t e r r e f e r r e d t o as HPLC) i s i d e a l l y 
s u i t e d t o t h i s c h a l l e n g e . 

• The c o n d i t i o n s o f HPLC a r e m i l d - u s u a l l y ambient 
t empera tu re s - w i t h o r d i n a r y s o l v e n t s f rom hexane t o 
w a t e r . On ly i n ve r y r a r e i n s t a n c e s have rear rangements 
o r d e g r a d a t i o n s been r e p o r t e d under LC c o n d i t i o n s , and 
when s u s p e c t e d , a l t e r n a t i v e r o u t e s a r e u s u a l l y a v a i l a b l e 
t o p r o v i d e the s e p a r a t i o n w i t h o u t t he d e g r a d a t i o n . 

0-8412-05 81 -7/80/47-136-001 $05.00/0 
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2 P E S T I C I D E A N A L Y T I C A L M E T H O D O L O G Y 

• HPLC i s a power fu l s e p a r a t i o n t e c h n i q u e . C o m m e r c i a l l y 
a v a i l a b l e columns o f 4.6mm i . d . χ 25cm l e n g t h r e g u l a r l y 
e x h i b i t 8 ,000 - 12 ,000 o r more t h e o r e t i c a l p l a t e s . 

• HPLC i s f a s t and economica l i n terms o f l a b o r and 
r e a g e n t s . The e f f l u e n t f r a c t i o n s come o f f t he column i n 
s m a l l volumes o f s o l v e n t s r e a d i l y a v a i l a b l e f o r l i q u i d 
s c i n t i l l a t i o n c o u n t i n g , and/or f u r t h e r p u r i f i c a t i o n s t e p s . 

• In a d d i t i o n , HPLC i s e x t r e m e l y v e r s a t i l e , one chromato -
graph be ing c a p a b l e o f s e p a r a t i n g compounds by any o f 4-6 
d i s t i n c t modes o f chromatography by s i m p l e i n t e r c h a n g e s 
o f co lumns . When the c a p a c i t y f o r i n f i n i t e v a r i a t i o n o f 
the c o m p o s i t i o n o f the m o b i l e phase i s added t o the 
a v a i l a b l e c h o i c e s i n t h e s t a t i o n a r y phase a n e a r l y 
u n l i m i t e d v e r s a t i l i t y i s d i s p l a y e d . 

I t i s not my purpos
t o d i s c u s s the f i n e p o i n t
s e l e c t i o n , o r new advances i n d e t e c t o r s . The papers t h a t f o l l o w 
d e a l w i t h r e c e n t deve lopments i n t h e s e a r e a s , and what t h ey 
r e p o r t i s as a p p l i c a b l e t o p e s t i c i d e me tabo l i sm a n a l y s e s as t o 
r e s i d u e a n a l y s e s . I n s t e a d , I s h a l l d e s c r i b e a w o r k i n g r a d i o -
chromatograph f o r t h e p e s t i c i d e r e s e a r c h l a b o r a t o r y and d i s c u s s 
some o f the problems a s s o c i a t e d w i t h t h i s t ype o f i n s t r u m e n t . 
I s h a l l c l o s e by d e s c r i b i n g some o f the p o s s i b i l i t i e s and 
p rocedures open t o the a n a l y s t i n the s t u d y o f p e s t i c i d e 
me tabo l i sm p rob l ems . 

The Rad iochromatograph 

A s chema t i c d i ag ram o f a r ad i o ch roma tog raph i s shown i n 
F i g u r e 1. In i t s s i m p l e s t form any chromatograph c o n s i s t s o f a 
s o l v e n t r e s e r v o i r , a c o n s t a n t f l o w h i g h p r e s s u r e ch roma tog raph i c 
pump, a s u i t a b l e ch roma tog raph i c c o l u m n , and one o r more 
d e t e c t o r s . An i n j e c t i o n v a l v e i s the most c o n v e n i e n t way o f 
i n t r o d u c i n g t h e sample on to the c o lumn , and a r e c o r d e r produces 
the permanent r e c o r d o f d e t e c t o r r e s p o n s e s . Fo r the u l t i m a t e i n 
v e r s a t i l i t y the a d d i t i o n o f a d e v i c e f o r g e n e r a t i n g a s o l v e n t 
g r a d i e n t i s h i g h l y d e s i r a b l e . In our own l a b o r a t o r y we have 
s e v e r a l r ad i o ch roma tog raphs o f v a r y i n g c o m p l e x i t y . The one t h i n g 
they a l l have i n common i s t h a t they a r e l a b - a s s e m b l e d 
i n s t r u m e n t s , w i t h a l l o f the component p a r t s b e ing c o m m e r c i a l l y 
a v a i l a b l e . T h i s approach a l l o w s the u l t i m a t e i n f l e x i b i l i t y , 
i n c l u d i n g the c a p a c i t y t o r e p l a c e i n d i v i d u a l components a t any 
t ime whether because o f breakdown, o b s o l e s c e n c e , o r change i n 
r e q u i r e m e n t s . In our r a d i o - L C ' s the g ene ra l d e t e c t o r i s an 
u l t r a v i o l e t absorbance t y p e . T h i s s e r v e s , when a n a l y z i n g c rude 
m i x t u r e s , t o i n d i c a t e where the n o n - l a b e l e d UV a b s o r b i n g 
components may be f o u n d , and a l s o enab l e s us t o e s t a b l i s h the 
r e t e n t i o n t ime o f model compounds o r s t a n d a r d s . T h i s t ype o f 
d e t e c t o r i s s e n s i t i v e and c o n v e n i e n t f o r many p u r p o s e s , but any 
o f t h e many a v a i l a b l e LC d e t e c t o r s may be s u b s t i t u t e d ( i ndex o f 
r e f r a c t i o n , i n f r a r e d , e t c . ) depend ing on the u s e r ' s r e q u i r e m e n t s . 
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1. H A R V E Y HPLC in Pesticide Metabolism Studies 3 

The un ique h e a r t o f a r ad i o ch roma tog raph i s the r a d i o a c t i v i t y 
d e t e c t o r . These d e v i c e s a r e e s s e n t i a l l y 1 i q u i d s c i n t i l l a t i o n 
c o u n t e r s , s i m p l i f i e d by the absence o f t h e u s u a l mechanism f o r 
the s t o r a g e and t r a n s p o r t o f c o u n t i n g v i a l s . They do , o f c o u r s e , 
have t o r e t a i n the n e c e s s a r y s h i e l d i n g wh i ch makes them r a t h e r 
b u l k y as shown i n F i g u r e 2. T h i s u n i t i s p a r t o f a Model 3021 
T r i - C a r b S c i n t i l l a t i o n Spec t r ome t e r ( Packard Ins t rument Company) 
but e q u i v a l e n t r e s u l t s have been o b t a i n e d w i t h a N u c l e a r - C h i c a g o 
L i q u i d Rad iochromatography System Model 4526 ( S e a r l e A n a l y t i c , 
I n c . ) . In these d e t e c t o r s a f l o w c e l l i s p o s i t i o n e d between the 
p h o t o m u l t i p l i e r tubes o f the s c i n t i l l a t i o n c o u n t e r and the column 
e f f l u e n t f l ows th rough t h i s c e l l i n c o n t a c t w i t h an a p p r o p r i a t e 
s c i n t i l l a t o r . 

A t t h i s p o i n t e i t h e r o f two approaches may be t a k e n . One i s 
t o mix the column e f f l u e n t c o n t i n u o u s l y w i t h a l i q u i d s c i n t i l l a ­
t i o n c o u n t i n g c o c k t a i l an
the f l o w c e l l i n the d e t e c t o r (homogeneous c o u n t i n g ) . The o t h e r 
i s t o pass the e f f l u e n t s t r eam ove r an i n s o l u b l e s c i n t i l l a t o r 
wh i ch has been packed i n t o the f l o w c e l l (he terogeneous c o u n t i n g ) . 
The two approaches have been compared c r i t i c a l l y by S c h u t t e ( J J . 
T h i s a u t h o r c o n c l u d e d , and we c o n c u r , t h a t the heterogeneous 
system i s bes t f o r p r e p a r a t i v e chromatography when a c t i v i t i e s 
a r e h i g h and l o s s e s a r e u n a c c e p t a b l e . In homogeneous c o u n t i n g 
a l 1 o r a p o r t i o n o f the sample i s mixed w i t h the c o c k t a i l and 
becomes, i n e f f e c t , u n r e c o v e r a b l e . Fo r our own work i n p e s t i c i d e 
m e t a b o l i s m , samples a r e i n v a r i a b l y s m a l l , h a r d - t o - c o m e - b y , and 
t h e r e f o r e v e r y p r e c i o u s . C o n s e q u e n t l y , we p r e f e r a sys tem wh i ch 
w i l l enab l e us t o d e t e c t t h e r a d i o l a b e l e d f r a c t i o n s w i t h o u t l o s s 
o f any m a t e r i a l . 

Because the p h o t o m u l t i p l i e r tubes and a s s o c i a t e d c i r c u i t r y 
o f the s c i n t i l l a t i o n c o u n t e r s have a l r e a d y been deve loped t o a 
h i g h s t a t e o f e f f i c i e n c y (2J, we must t u r n our a t t e n t i o n t o the 
f l o w c e l l i t s e l f and th e way we ope ra t e our LC columns and the 
c o n t r o l s o f the c o u n t e r i n o r d e r t o get the most b e n e f i t ou t o f 
the s ys t em. 

Flow C e l l s f o r Rad iochromatographs 

As shown i n F i g u r e 3, our d e t e c t o r s came equ ipped w i t h a 
c y l i n d r i c a l p l a s t i c c e l l about the s i z e and shape o f a s c i n t i l l a ­
t i o n c o u n t i n g v i a l i n t o wh i ch a U-shaped tube had been d r i l l e d . 
When t h i s c e l l has been packed w i t h s c i n t i l l a t i o n grade an th racene 
a f l o w c e l l q u i t e s a t i s f a c t o r y f o r aqueous systems i s o b t a i n e d . 
The t op o f the c e l l i s , o f c o u r s e , t o t a l l y opaque, t o e x c l u d e 
e x t r aneous l i g h t from the p h o t o m u l t i p i i e r t u b e s , and i s s i z e d and 
shaped t o f i t the w e l l i n the s c i n t i l l a t i o n c o u n t e r b e i n g u s e d . 

The s i t u a t i o n f o r o r g a n i c s o l v e n t s i s l e s s s a t i s f a c t o r y , 
however. In my e x p e r i e n c e , a l l commerc ia l c e l l s depend a t some 
p o i n t on epoxy cement wh i ch s i m p l y does no t h o l d up t o c o n t i n u o u s 
exposure t o many o r g a n i c s o l v e n t s . As shown i n F i g u r e 4, we have 
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Figure 1. Schematic of a radiochromato­
graph 
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Figure 2. Radioactivity detector 
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Figure 3. Scintillation flow cell for aqueous systems 

Figure 4. Scintillation flow cell for organic solvents 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



6 P E S T I C I D E A N A L Y T I C A L M E T H O D O L O G Y 

found a s i m p l e s o l u t i o n t o the prob lem by t a k i n g a c o m m e r c i a l l y 
a v a i l a b l e 3 - i n c h l o n g g l a s s ch romatog raph i c column ( C h r o m a t r o n i x , 
I n c . ) a n d , a f t e r bend ing i t i n t o a U - shape , a t t a c h i n g i t t o hang 
below the r e g u l a r cap o f the s c i n t i l l a t i o n c o u n t e r . T h i s s o l u t i o n 
p r o v i d e s a c e l l i n wh i ch o n l y g l a s s and Teflon® c o n t a c t the 
s o l v e n t , and the c e l l i s a b l e t o w i t h s t a n d moderate p r e s s u r e s and 
any s o l v e n t c o n d i t i o n s t h a t our ch roma tog raph i c columns themse l ves 
w i t h s t a n d . Packed w i t h a c e r i u m a c t i v a t e d 1 i t h i u m g l a s s 
s c i n t i l l a t o r (which i s a v a i l a b l e f rom a number o f s u p p l y companies) 
a c o m p l e t e l y i n e r t and d u r a b l e c e l l i s r e a d i l y o b t a i n e d . 

Because p h o t o m u l t i p l i e r tubes can o n l y d e t e c t e ven ts wh i ch 
o c c u r on o r near the s u r f a c e o f the s c i n t i l l a t o r column exposed 
t o the t u b e s , the g r e a t e r the s u r f a c e t o volume r a t i o , the more 
e f f i c i e n t l y e ven ts w i l l be d e t e c t e d . The l i t e r a t u r e c o n t a i n s a 
number o f s u g g e s t i o n s i
c o i l s and s p i r a l s wh i ch
volume t o the p h o t o m u l t i p l i e r tubes ( 3 j . Wh i l e t h i s does i n c r e a s e 
s e n s i t i v i t y , a p r a c t i c a l l i m i t t o minimum r e q u i r e d s e n s i t i v i t y i s 
s e t i n most me tabo l i sm s t u d i e s by the f a c t t h a t we must s e p a r a t e 
enough compound t o c a r r y th rough i d e n t i f i c a t i o n s t u d i e s . S i n c e 
we have the o p t i o n o f s e l e c t i n g the s p e c i f i c a c t i v i t y o f our 
o r i g i n a l l^C-compound, we have found the U- tubes d e s c r i b e d 
e n t i r e l y adequate . 

O p e r a t i o n a l Problems o f the Rad iochromatograph 

L e t us c o n s i d e r some o f the s p e c i a l prob lems encounte r ed i n 
the o p e r a t i o n o f a r a d i o i s o t o p e d e t e c t o r and the compromises t h a t 
must be c o n s i d e r e d . L i k e any ch roma tog raph i c d e t e c t o r , a c a r b o n -
14 d e t e c t o r s h o u l d have a s m a l l volume and a s h o r t h o l d - u p t ime 
i n o r d e r t o m i n i m i z e band s p r e a d i n g and l o s s o f r e s o l u t i o n . 
U n f o r t u n a t e l y r a d i o i s o t o p e s a r e measured w i t h an i n h e r e n t t ime 
f a c t o r - d i s i n t e g r a t i o n s pe r m i n u t e . T h e r e f o r e , t he s m a l l e r the 
c e l l and the s h o r t e r t he h o l d - u p , t he l ower w i l l be the 
s e n s i t i v i t y , a c i r c u m s t a n c e wh i ch i s t o t a l l y a t odds w i t h the 
f i r s t r e q u i r e m e n t . In p r a c t i c e , we have found t h a t a U- tube w i t h 
a c r o s s - s e c t i o n d i a m e t e r o f 2mm i s g e n e r a l l y s a t i s f a c t o r y . T h i s 
g i v e s a c e l l w i t h a v o i d volume o f 200-300 y l , wh i ch i s h i g h 
compared t o the 2-10 y l volumes o f many UV f l o w c e l l s , and may 
i n t r o d u c e some band s p r e a d i n g when used w i t h the b e s t new HPLC 
co lumns . 

R e g a r d l e s s o f c e l l s i z e , the f a s t e r you push a r a d i o a c t i v e 
peak th rough the c e l l , t h e s m a l l e r t h a t peak w i l l appear t o the 
r a d i o a c t i v i t y d e t e c t o r ( F i g u r e 5 ) . Thus low l e v e l samples canno t 
be run a t h i gh f l o w r a t e s . W i th the u s u a l 4.6mm χ 25cm HPLC 
co lumns , f l o w r a t e s o f 0 . 5 - 1 . O m l / m i n . a r e used r o u t i n e l y w i t h no 
d i f f i c u l t y . 

The i n h e r e n t t ime f a c t o r i n r a d i o i s o t o p e d e t e c t i o n can a l s o 
be p a r t i a l l y compensated by t h e e l e c t r o n i c c o n t r o l s . Wh i l e 
c o u n t i n g t imes o f 10-20 minutes a r e commonly used f o r l i q u i d 
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s c i n t i l l a t i o n c o u n t i n g , c o u n t i n g i n t e r v a l s on the o r d e r o f seconds 
a r e a l l t h a t i s a v a i l a b l e f o r ch roma tog raph i c e f f l u e n t s . These 
e f f e c t s a r e shown i n F i g u r e 6. I f we s e l e c t a r e l a t i v e l y l o n g 
c o u n t i n g i n t e r v a l ( e . g . , 25 seconds ) we smooth ou t the base l i n e , 
but a l s o cause an e l e c t r o n i c apparen t band s p r e a d i n g o f low l e v e l 
samp les . I f we s e l e c t a s h o r t e r c o u n t i n g i n t e r v a l t he apparen t 
band s p r e a d i n g i s r e d u c e d , l ower l e v e l peaks a r e d e t e c t a b l e , but 
b a s e - l i n e s and peaks a r e d e f i n i t e l y r o u g h e r . 

S o l v e n t quench ing e f f e c t s , wh i ch a r e o f impor tance i n l i q u i d 
s c i n t i l l a t i o n c o u n t i n g , seem t o have l i t t l e e f f e c t w i t h a s o l i d 
s c i n t i l l a t o r . However, the g l a s s s c i n t i l l a t o r s used w i t h o r g a n i c 
s o l v e n t s a r e o n l y about 1/IOth as e f f e c t i v e as a n t h r a c e n e . 
C o n s e q u e n t l y , we d e t e c t ch romatog raph i c peaks w i t h a minimum o f 
about 300 d i s i n t e g r a t i o n s per minute u s i n g an th racene and 
a p p r o x i m a t e l y 3000 dpm

HPLC V e r s a t i l i t y 

L e a v i n g the r a d i o i s o t o p e d e t e c t o r a t t h i s p o i n t , l e t us 
examine the v e r s a t i l i t y i n h e r e n t i n the l i q u i d ch roma tog raph i c 
p r o c e s s and deve l op a s t r a t e g y f o r HPLC s e p a r a t i o n s from the 
v i e w p o i n t o f the me tabo l i sm c h e m i s t . L i q u i d chromatography i s 
no t an e x a c t s c i e n c e . However, a g r e a t dea l o f p r a c t i c a l 
knowledge has been a c c u m u l a t e d , and a t e s t e d t h e o r y has e v o l v e d 
t o r e l a t e many ch roma tog raph i c parameters t o the v e r y p r a c t i c a l 
b u s i n e s s o f s e p a r a t i n g o f chem i ca l compounds. 

The v e r s a t i l i t y o f HPLC i s so g r e a t , t h a t a h i t o r m i ss 
approach even t o the s e l e c t i o n o f t h e i n i t i a l column and c o n d i ­
t i o n s i s u n l i k e l y t o g i v e w o r t h w h i l e r e s u l t s ( 4 ) . Indeed , a 
w o r k i n g knowledge o f ch romatog raph i c t h e o r y i s a p r e r e q u i s i t e t o 
a p p r e c i a t e the f a c t o r s i n v o l v e d i n c h o o s i n g even t h e i n i t i a l 
c o n d i t i o n s f o r a ch roma tog raph i c s e p a r a t i o n . A knowledge o f 
t h e o r y i s f u r t h e r n e c e s s a r y i n d e t e r m i n i n g from the r e s u l t s o f 
t h a t i n i t i a l e xpe r imen t what m o d i f i c a t i o n s a r e r e q u i r e d t o 
improve the s e p a r a t i o n . F o r t u n a t e l y bo th c o u r s e s and books a r e 
a v a i l a b l e on HPLC; they dese rve c o n s i d e r e d a t t e n t i o n . 

B a s i c a l l y , the l i q u i d chromatographer has f o u r modes o f 
chromatography t o work w i t h ( 5 j : a d s o r p t i o n , s i z e e x c l u s i o n , i o n 
exchange , and p a r t i t i o n . S i m p l i s t i c a l l y , t h a t means the a b i l i t y 
t o s e p a r a t e compounds by f o u r d i f f e r e n t chem i ca l mechanisms: 
a d s o r p t i v e power, m o l e c u l a r s i z e , i o n i c a t t r a c t i o n , and p a r t i t i o n 
between two l i q u i d phases . P a r t i t i o n chromatography i t s e l f has 
undergone e x t e n s i v e change and no l o n g e r r e f e r s t o an immobi l e 
phase w i t h a p h y s i c a l l y absorbed l i q u i d l a y e r , but i n s t e a d 
u t i l i z e s a s o l i d immobi l e phase , u s u a l l y a s i l i c a , t o wh i ch a 
l a y e r o f l o n g c h a i n ( C s - C i s ) o r g a n i c m o l e c u l e s has been c h e m i c a l l y 
bonded. T h i s bonded s u r f a c e l a y e r has many p r o p e r t i e s l i k e a 
l i q u i d and may i t s e l f c o n t a i n f u n c t i o n a l groups ( e . g . , -CN) wh i ch 
p r o f o u n d l y a l t e r i t s p r o p e r t i e s ( e . g . , p o l a r i t y and s e l e c t i v i t y ) . 
However, t h i s l a y e r possesses the d i s t i n c t v i r t u e o f b e i n g 
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Figure 5. Effect of flow rate on 14C peak 
(Porasil A, 2.8 mm X 1000 mm/CHCls) 0.5 m 1.0 mi 

m 

ο 
MIN*1 

<-l4C 

Figure 6. Effect of counting interval on 14C peak (Porasil A, 2.8 mm X 1000 mm 
CHCls, 0.50 mL min1) 
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c h e m i c a l l y bonded t o the s u p p o r t , and hence cannot be washed o f f . 
T h i s t ype o f chromatography can be d i v i d e d i n t o r e v e r s e d phase 
and normal phase depend ing on whether the m o b i l e phase i s more 
p o l a r ( r e v e r s ed ) o r l e s s p o l a r (normal ) than the s t a t i o n e r y phase . 

A decade ago p a c k i n g s f o r LC columns ( F i g u r e 7) were more o r 
l e s s n a t u r a l l y o c c u r r i n g m a t e r i a l s o f i r r e g u l a r shape and 
c o n s i d e r a b l e range i n s i z e ( F i g u r e 7 C ) . F i v e y e a r s ago , the b e s t 
pack ings were s y n t h e t i c a l l y p r oduced , s p h e r i c a l i n shape , 
mode ra t e l y s i z e d ( 3 5 - 7 5 y ) , and sometimes cove red w i t h a c h e m i c a l l y 
bonded l a y e r o f o r g a n i c m a t e r i a l ( F i g u r e 7A ) . Today, advances i n 
t e c h n o l o g y have n e a r l y caught up w i t h t h e o r y , and th e most 
e f f i c i e n t p a r t i c l e s a r e t o t a l l y porous m i c r o - p a r t i c l e s ( F i g u r e 7B) 
o f 10 m i c r ons o r l e s s i n s i z e ( 6 ) . The f i r s t two t ypes were 
u s u a l l y s o l d i n b u l k , and each u s e r packed h i s own co lumns . The 
m i c r o - p a r t i c u l a t e s r e q u i r
u s u a l l y a v a i l a b l e a l r e a d
s t e e l co lumns . These m i c r o - p a r t i c u l a t e columns e x e r t c o n s i d e r a b l e 
r e s i s t a n c e t o f l o w , n e c e s s i t a t i n g t h e use o f p r e s s u r e s o f 1 ,000-
5,000 p s i t o o b t a i n a s a t i s f a c t o r y f l ow r a t e . T h u s , HPLC some­
t imes i s c o n s i d e r e d t o mean H igh P r e s s u r e L i q u i d Chromatography. 
These m i c r o - p a r t i c u l a t e columns a l s o have h i g h c a p a c i t i e s because 
o f t h e i r t o t a l l y porous n a t u r e , and a l l i n a l l p r e s e n t a v e r y 
a t t r a c t i v e c o m b i n a t i o n o f p r o p e r t i e s f o r a n a l y s i s o f p e s t i c i d e 
m e t a b o l i t e e x t r a c t s . 

S e p a r a t i o n S t r a t e g y 

S e p a r a t i o n o f e x t r e m e l y complex m i x t u r e s o f r a d i o l a b e l e d 
m e t a b o l i t e s i n n a t u r a l p r o d u c t s g e n e r a l l y r e q u i r e s the use o f more 
than one ch romatog raph i c s t e p . The sequence i n wh i ch the s t e p s 
a r e c a r r i e d out i s f u r the rmor e c r u c i a l t o a s a t i s f a c t o r y r e s u l t , 
and i s i t s e l f dependent upon the i n i t i a l p r e ch roma tog raph i c 
s e p a r a t i o n s ( 7 j . We m i g h t , f o r example , expec t t h a t our i n i t i a l 
b i o l o g i c a l system had been e x t r a c t e d t o g i v e t h r e e f r a c t i o n s , any 
o r a l l o f wh i ch migh t c o n t a i n r a d i o a c t i v i t y : n o n - p o l a r (hexane-
s o l u b l e ) , mode ra t e l y p o l a r ( e t h y l a c e t a t e - s o l u b l e ) , and v e r y 
p o l a r ( a l c o h o l / w a t e r s o l u b l e ) . 

N o n - p o l a r and mode ra t e l y p o l a r s o l u t e s g e n e r a l l y p r e s e n t the 
l e a s t d i f f i c u l t y , and these e x t r a c t s a r e amenable t o r e v e r s e d 
phase p a r t i t i o n chromatography f o l l o w e d by f i n a l p u r i f i c a t i o n o f 
s e p a r a t e d f r a c t i o n s by a d s o r p t i o n chromatography . Reversed phase 
chromatography i s a p r a c t i c a l f i r s t s t e p because i t i s e f f e c t i v e 
f o r a v e r y wide range o f compounds, and s e c o n d l y because i t has 
l e s s tendency t o be " f o u l e d " by i r r e v e r s i b l e a b s o r p t i o n o f h i g h l y 
p o l a r c o n t a m i n a n t s . 

The p o l a r e x t r a c t s a r e more d i f f i c u l t because they c o n t a i n 
con juga t e s o f p e s t i c i d e s t o g e t h e r w i t h normal n a t u r a l p r o d u c t s , 
l i k e s u g a r s , wh i ch a r e c l o s e l y r e l a t e d t o the c o n j u g a t e s . 
F u r t h e r m o r e , t h e s e s o l u t i o n s a r e l i k e l y t o c o n t a i n n a t u r a l 
p r o d u c t s wh i ch have become r a d i o l a b e l e d as a r e s u l t o f 
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r e i n c o r p o r a t i o n o f r a d i o l a b e l e d ca rbon d i o x i d e r e s u l t i n g f rom 
comple te breakdown o f the r a d i o l a b e l e d p e s t i c i d e . Fo r these 
p o l a r e x t r a c t s , s i z e e x c l u s i o n chromatography on a s o f t ge l l i k e 
B i o G e l P-2 (B ioRad L a b o r a t o r i e s ) i s an e x c e l l e n t f i r s t s t e p . 
B i o -mac romo l e cu l e s come o f f t he column i m m e d i a t e l y , and s m a l l 
i n o r g a n i c m o l e c u l e s a r e r e t a i n e d . L i t t l e f r a c t i o n a t i o n o f the 
m i d d l e s i z e d m o l e c u l e s o c c u r s , but the c l e a n - u p has been 
c o n s i d e r a b l e . F o l l o w i n g t h i s , i o n exchange chromatography w i l l 
i d e n t i f y the i o n i c components , w h i l e the n o n - i o n i c s p e c i e s may be 
i s o l a t e d by r e v e r s e d phase and a d s o r p t i o n chromatography . 

A p p l i c a t i o n s o f HPLC t o P e s t i c i d e M e t a b o l i s m Problems 

In the t ime t h a t i s l e f t , l e t us l o o k a t s e v e r a l examples 
o f the use o f a l ^ C - d e t e c t o
shows the r e s o l u t i o n o
m i x t u r e o f n a t u r a l l y - o c c u r r i n g compounds i n r i v e r w a t e r . T h i s i s 
an e a r l y s t age p u r i f i c a t i o n s t ep on B i o G e l P - 2 , a ge l f i l t r a t i o n 
medium. Each o f t h e s e peaks i s now ready t o be p u r i f i e d f u r t h e r 
by chromatography i n some o t h e r mode. 

F i g u r e 9 shows the p u r i f i c a t i o n o f a n o t h e r l^C-compound i n a 
p a r t i a l l y p u r i f i e d e x t r a c t o f goat m i l k . A t t h i s s t age a t l e a s t 
seven o t h e r a n i o n s a r e v i s i b l e t o the u l t r a v i o l e t d e t e c t o r as the 
components a r e s e p a r a t e d on Permaphase AAX a n i o n exchanger . Even 
now the s t r o n g UV band a lmos t d i r e c t l y above the r a d i o a c t i v e peak 
appears t o be l ong t o a con taminan t r a t h e r than the '^C-compound 
i t s e l f , i n d i c a t i n g t h a t f u r t h e r work w i l l be r e q u i r e d . 

F i g u r e 10 shows the happy r e s u l t w h i c h o c c u r s when a »^C-
unknown has been i s o l a t e d , p u r i f i e d , and i d e n t i f i e d . F o l l o w i n g 
s y n t h e s i s o f the proposed s t r u c t u r e , t h e s y n t h e t i c model and the 
p u r i f i e d l^C-compound a r e co - chromatog raphed . We can a d j u s t the 
s e n s i t i v i t y o f the UV d e t e c t o r so t h a t UV from the l^C-compound 
i s more o r l e s s i n v i s i b l e , and the UV seen i s due o n l y t o t h e 
n o n - r a d i o a c t i v e mode l . When the two c o i n c i d e as n e a t l y as shown 
here we have f u r t h e r e v i d ence f o r the v a l i d i t y o f our 
i d e n t i f i c a t i o n . 

F i n a l l y , we have encounte r ed s i t u a t i o n s where ca rbon -14 from 
a l a b e l e d p e s t i c i d e has been i n c o r p o r a t e d i n t o normal n a t u r a l 
p r o d u c t s i n c l u d i n g amino a c i d s . We were i n t e r e s t e d i n s e e i n g i f 
we c o u l d s e p a r a t e the normal amino a c i d s from a p r o t e i n 
h y d r o l y s a t e on a s i n g l e column w i t h s u f f i c i e n t r e s o l u t i o n t o 
i d e n t i f y s e p a r a t e amino a c i d s . F i g u r e 11 shows a r a d i o c h r o m a t o -
gram o f the s e p a r a t i o n o f s i x t e e n s t a n d a r d ' ^C-amino a c i d s . Were 
t h i s a p r oduc t o f a me tabo l i sm s t u d y , we c o u l d then i s o l a t e any 
o f these f r a c t i o n s , c o n v e r t the r e s i d u a l amino a c i d t o the N-
t r i f l u o r o a c e t y l 0 - b u t y l d e r i v a t i v e f o r gas chromatography and 
f u r t h e r c o n f i r m a t i o n o f s t r u c t u r e . 
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Figure 7. Types of particles for modern liquid chromatography (6): (A) super­
ficially porous particle; (B) very small totally porous particle; (C) totally porous 

particle 

Figure 8. Separation of 14C metabolites 
from naturally occurring compounds in 
river water (Bio-Gel P-2, 6 mm X 1000 

mm/HiO, 0.8 mL min1) 
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Figure 9. Separation of a 14C anion from naturally occurring acids in milk (Perma-
phase A AX, 2.8 mm X 1000 mm/.01N HN03, 0.50 mh min1) 
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J 
«—UV Figure 10. Comparison of a 14C metab­

olite with a model compound (Porasil A, 
2.8 mm X 1000 mm/THF, 0.4 mL min1) 
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Figure 11. Resolution of a synthetic mixture of 14C amino acids 
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F A S T - L C Concepts for Automated Pesticide 
Analysis 

DONALD A. BURNS 
Technicon Industrial Systems, 511 Benedict Ave., Tarrytown, NY 10591 

The planet earth, fortunately for us, is blessed with conditions for 
"life as we know it" in the form of two kingdoms: animals and plants. One 
of these animals, man, doesn't always approve of everything else that 
grows, so he takes positive action to limit the growth of some organisms 
by creating large machines which spew forth mists of chemicals called 
pesticides. Since these toxic substances may not disappear from the 
environment as rapidly as they were dispensed, man is relegated to the 
laboratory to monitor the residues left in or on the food he plans to eat. 
Various regulating agencies require ever-increasing numbers of tests at 
ever-rising costs, so it behooves those who must cope with this situation 
to study carefully the alternatives. The laboratory director may hire 
more analytical chemists, or provide more automated instruments for his 
existing staff. The automation approach nearly always results in higher 
precision and lower costs per test. 

One analytical technique especially suited to pesticide analysis is 
high performance liquid chromatography (HPLC), and one particular 
version of it is called FAST-LC (an acronym for Fully Automated Sample 
Treatment for Liquid Chromatography). It is the various aspects of this 
automated sample treatment which will be considered in this report. 

Unit Operations 

Just as a voyage from one point to another consists of many 
individual steps, so also does an analytical procedure involve many 
individual operations. These are often referred to as "unit operations", 
and they may be classified in several ways (eg. obtaining a sample, getting 
it ready for analysis, the analysis itself, or the detection step for 
quantitation). The sample may be solid, liquid, or gas, and its pre-
treatment could include such operations as extraction, filtration, dialysis, 
distillation, concentration, or even chromatography. 

The analysis step could be quite direct (as colorimetry often is) or a 
chromatographic separation may be required prior to detection. If 
chromatography is employed, it may be necessary to derivatize the 
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sample , and this can be done e i ther before or a f t e r the separat ion on the 
c o l u m n . And in add i t ion to c o l o r ime t r y , other means of de t ec t i on are 
ava i l ab l e to the ana lys t : u l t rav i o l e t (UV) spec t rophotometry , f luorescence , 
e l e c t r o - c h e m i c a l , e t c . 

In this repor t i t w i l l be shown how many of these uni t operat ions can 
be combined into p a r t i a l l y - or fu l l y -au tomated systems. A l though severa l 
types w i l l be descr ibed, the emphasis w i l l be on H P L C - b a s e d systems. 
A n d that is probably as i t should be, because H P L C is s t i l l the most 
popular a n a l y t i c a l t echnique , accord ing to Thomas <5c Mosbacher (1). 

The A u t o m a t i o n of H P L C 

Hand l ing L iqu ids . Let ' s take a look at how H P L C came to be fu l l y 
au tomated . One begins w i th a co lumn and some sor t of de tec tor and 
readout for quant i t a t i on .
r e l a t i v e l y high pressure pum
sampler and a second pump to aspirate the samples sequent ia l ly into the 
loop of the va lve , we've gone a long way t oward au tomat i on . We can 
comp le t e this s imp les t of systems by adding an ac tua to r for the va lve and 
some type of programmer to ma in ta in synchron i za t i on between sampler 
and va lve (F igure l). 

A l though these modules provide a bas ic automated sys t em, some 
ser ious l im i t a t i ons p r e va i l . Samples must be aqueous or high bo i l ing 
organ ic so lut ions, s ince vo la t i l e samples would be pa r t i a l l y or whol ly lost 
before analys is . A l s o , the samples must be l i qu ids , and we know that 
many w i l l be so l ids . F i n a l l y , the samples must be ready to run , requ i r ing 
no p re - t r ea tment of any k ind , and we know that th is is genera l ly not the 
case . How can these l im i t a t i ons be ove rcome? 

Some samples l end themselves to s m a l l co lumn c leanup such as that 
prov ided by Waters ' Sep-Pak (a min ia ture chromatograph ic co lumn) . A n d 
severa l suppl iers o f fer processing turntables which w i l l per fo rm var ious 
c leanup operat ions wh ich are f requent ly requi red pr ior to chromatography . 
A n d when samples have been c leaned up (whether manual ly or by one of 
these automated devices) , they can then be t rans fe r red to an H P L C unit 
by any one of severa l ava i l ab le auto- in jec tors . 

Many of these manual operat ions can be incorpora ted in to a 
proper ly-des igned automated system by adding a few more components to 
F i gure 1. By going f rom a s ing le -channe l to a 3-channel proport ion ing 
pump, one can use the top two channels to br ing together an aqueous 
sample and the organic so lvent into wh ich he wishes to e x t r a c t the 
ana ly t e . Ex t rac t i ons can be accompl i shed cont inuously in co i l s , and the 
two phases separated in appropr iate ly -shaped f i t t i ngs , using the th i rd 
channe l o f the pump to pu l l the organic phase through the loop of the 
sample va lve . 

But in the r ea l wo r l d , one doesn't o rd inar i l y per fo rm the e x t r a c t i o n 
immed i a t e l y . By going to a 6-channel pump (F igure 2), one can expand the 
usefulness of the c leanup system by adding more unit operat ions. One can 
now s t a r t w i t h a d i luent (to get the sample in to the c o r r e c t concen t ra t i on 
range), add the sample to th is a i r -segmented s t ream and mix i t i n c o i l 
" M " , then add the organic so lvent and per form the e x t r a c t i o n in c o i l " E " . 
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In p lace of the d i luent (or in add i t ion to i t , using more channels) one can 
add a buf fer to obta in the op t imum p H for the most e f f i c i en t e x t r a c t i o n . 
O r , one can add a reagent (or two , or more) and per form a p re - co lumn 
de r i v a t i z a t i on , i f that is required to improve separat ion or s ens i t i v i t y . 
M u l t i - c h a n n e l propor t ion ing pumps are ava i lab le w i t h up to 28 channels , 
w i th pump tubes wh ich can handle ac ids , bases, and most so lvents at f low 
rates ranging f r om about 50 m i c r o l i t e r s per minute up to near ly four 
m i l l i l i t e r s per minute . 

Handl ing Sol ids. When samples are so l id , one genera l ly per forms 
some sor t of d is in tegra t ion or d isso lut ion operat ion to get the sample in to 
a l i qu id for g reater ease in handl ing . A SOLIDprep sampler is ava i lab le 
wh i ch can accommodate up to 20 samples (up to about ten grams each) in 
glass or p las t i c conta iners , dumping them ind iv idua l l y in to a homogenizer 
for rap id gr ind ing and dispersion in a l i qu id phase. Any number of washes 
can be programmed to e l im ina t

F i l t r a t i o n . When sample
usual ly require f i l t r a t i o n . A Cont inuous F i l t e r module is ava i l ab le wh ich 
employs a long r o l l of one- inch-wide f i l t e r paper wh i ch is kept in 
cont inuous mot ion so that a new surface is presented for each sample , 
again e l im ina t ing c ross - con tamina t i on . 

Evapora t i on . Another unit operat ion is evaporat ion to dryness and 
re -d isso lut ion in another so lvent . F i gure 3 is a d iagram of an Evaporat ion 
to Dryness Module (EDM) . A n ine r t ma t r i x (in the f o rm of a t e f l on w i re of 
c i r c u l a r cross sect ion) is threaded through a glass evaporator tube and 
wound around two pul leys . The evaporator tube has a s ide -arm going to a 
source of v acuum, so there is a cont inuous s t r eam of a i r being drawn in to 
the d i s ta l end of the tube. The sample (in so lvent "A" ) is deposi ted on the 
mov ing wire at a point where the in-rushing air pushes the so lut ion along 
the w i re . The sample is not c a r r i ed in to the evaporator tube by the 
movement of the w i r e , but is pushed i n , f l owing as a sheath s t r eam over 
the sur face of the iner t m a t r i x . The so lvent evaporates and is c a r r i ed 
away by the moving a i r , l eav ing the so lute as a res idue on the sur face of 
the m a t r i x . 

When the residue emerges at the l e f t end of the evaporator tube, i t 
is re -d isso lved in so lvent 1 1 B " inside the take-o f f f i t t i n g near the pul ley . 
The so lut ion is removed faster than solvent " B " is suppl ied ; thus, the 
emerg ing s t r eam is a i r -segmented so that i t can be pumped a cons iderab le 
d is tance wi thout loss of sample in t eg r i t y . When a keeper is used on the 
m a t r i x , even some vo l a t i l e pest ic ides can be t rans fer red f rom one so lvent 
to another . A l s o , by stopping the ma t r i x for (say) f i ve minutes whi le 
cont inu ing to l oad the r i ght -hand sec t ion of i t , then r e - s ta r t ing the ma t r i x 
and a l l ow ing i t to pass through the take-o f f f i t t i n g in (say) one hal f 
m inute , the ana lys t can obta in a concen t ra t i on improvement of an order 
of magni tude. The E D M is dest ined to open up new automat i on procedures 
for the a n a l y t i c a l chemis t , as i t per forms both so lvent exchanges (which 
are so o f ten necessary for H P L C ) and sample concent ra ton (which is 
f requent ly requi red in residue analysis ) . 

When an on- l ine heat ing step is c a l l ed for , r eac t i on co i l s can be 
mounted in t empera ture - con t ro l l ed modules wh i ch can be mounted inside 
so - ca l l ed a n a l y t i c a l ca r t r idges . The top surfaces of these car t r idges also 
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serve as mount ings for m ixe rs , e x t rac t o r s , phase separators , d ia l y ze rs , and 
a host of other devices for var ious unit operat ions . 

Comb in ing Un i t Operat ions 

Le t us now see how some of these unit operat ions can be combined 
in to au tomated systems. The f i r s t comb ina t i on doesn't employ ch romato ­
graphy, but i t is shown (F igure 4) because i t is probably the f i r s t t o t a l l y 
au tomated pest ic ide ana lyze r ever to operate , having been publ ished by 
Winter (2) in 1959. It de termined carbamates by the i r inh ib i t i on of the 
enzyme cho l inesterase . When no pest ic ide was present , the enzyme 
decomposed i ts substrate (acety l chol ine) in to a product wh ich r eac t ed 
w i th an ind i ca to r to g ive a de tec tab le co lo r change. The presence of the 
pes t i c ide , however, inh ib i t ed the e n z y m a t i c r eac t i on and recorder t rac ings 
were lower . Employ ing bot
co i l s , th is ind i r ec t metho
range 0Λ to 1.0 P P M at the ra te of 20 samples per hour. 

The rest of the examples in th is report invo lve l i qu id ch romato ­
graphy and e i ther p re - or pos t -co lumn sample t r ea tmen t . Table I w i l l g ive 
the reader some idea of the analyses wh ich can be done and what kinds of 
t r ea tmen t and detec tors are in use. P r e - c o lumn t r ea tment , for example , 
may inc lude c leanup by d ia lys is , by chromatography , by e x t r a c t i o n , by 
d i s t i l l a t i on , or by p r ec ip i t a t i on of p ro te in . P r e - c o lumn concent ra t i on may 
be done by chromatograph ic co lumn or by evapora t ion . A n d pre -co lumn 
de r i va t i z a t i on may involve digest ion or s imp le r r eac t i ons . A t the other 
end of the tab le , pos t - co lumn der ivat ives have been made for use w i th 
both f luorescent and c o l o r i m e t r i c de tec tors . 

P r e - C o l u m n Reac t i ons . Some pre - co lumn cleanups are as s imple as 
the d i lu t ion shown in the analys is of a f e rmenta t i on broth (Figure 5). The 
d ia l y ze r is used here not in i t s usual way, but ra ther as a f i l t e r , thus 
insur ing a pa r t i c l e - f r e e s t ream for the loop of the in j ec t i on va lve . 

The p re - co lumn de r i va t i z a t i on shown in F igure 6 invo lves i on-pa i r ing 
react ions ca r r i ed out on some a lka lo ids . G f e l l e r , et a l (3) f o rmed the ion 
pairs w i th p i c r i c a c i d in the m ix ing co i l s , then e x t r a c t ed them into 
ch l o r o f o rm . De t e c t i on was at 330 n m . 

Post C o l u m n D e r i v a t i z a t i o n . The ca rbamate ana lyze r descr ibed by 
Moye W has been mod i f i ed to run on the F A S T - L C system d iagrammed i n 
F igure 7. This arrangement permi ts d isp lay ing both the U V t race and the 
more sensi t ive f l uo rome t r i c t r ace a f ter a f luoresc ing labe l has been 
in t roduced by a pos t -co lumn r eac t i on . The two t rac ings shown in F igure 8 
were obtained on a 2-pen recorder f o l l ow ing an in jec t ion of 15 ng of 
lannate . The band broadening of 25% is qui te accep tab le i n v iew of the 
increased sens i t i v i t y . When the sample l e ve l was decreased to 0Ά ng , the 
U V t r a c ing disappeared into the background noise (F igure 9), whi l e the 
t r a c ing of the f luorescent der i va t i ve showed that s t i l l l ower leve ls cou ld 
be quant i t a t ed . 

A l though there i s some ev idence to support operat ion of cont inuous 
f low systems wi thout a i r segmentat ion , a l l but the very shortest hydrau l i c 
paths show improved per formance when bubbles are in t roduced at regular 
in t e r va l s . The series of t rac ings in F igure 10 c l ea r l y demonstrates the 
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T a b l e I . Examples o f v a r i o u s p r e - & p o s t - c o l u m n 
t r e a t m e n t s 

Pre- P o s t -
P e s t i c i d e s Column Column D e t e c t o r Sample Ref 
O r g - C l cpds CU-Chro EC L i q 10 
H e r b i c i d e CU-Chro Der F l S o l 7 

* T r i a z i n e f CU-Extr 
1Der-Dig 

12 

G e n e r a l Con-Chr
Carbamates 
N i t r o s a m i d e s Der V i s L i q 6 
P a r a t h i o n Der V i s 13 
Org-P cpds Der V i s 14 
2,4-D UV L i q 8 

* 2,4-D C U - D i s t V i s L i q 15 
* Org-P cpds C U - D i a l V i s 2 

A l d r i n e L i q 16 
N o n - P e s t i c i d e s 

V i t a m i n s C U - E x t r 
C CU-Ppt 

UV S o l 17 

Drugs ^ C U - E x t r 
!Con-Evap 

UV L i q 9 

A l k a l o i d s j C U - E x t r 
i Der 

Der 3 

Chro Chromatography EC E l e c t r o C h e m i c a l 
Con Concentrât i o n E x t r E x t r a c t i o n 
CU C l e a n u p Evap E v a p o r a t i o n 
Der Der i v a t i z a t i o n F l F l u o r e s c e n c e 
D i a l D i a l y s i s L i q L i q u i d 
D i g D i g e s t i o n P p t P r e c i p i t a t i o n 
D i s t D i s t i l l a t i o n S o l S o l i d 
e e l e c t r o n c a p t u r e UV U l t r a v i o l e t 

V i s V i s i b l e 

* Non-LC method 
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Figure 5. Pre-column sample treatment for fermentation broth (19) 
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Figure 6. Pre-column derivatization for alkaloids (19) 
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Figure 7. Post-column derivatization for carbamates 

Figure 8. Comparison of UV and fluorescent tracings from carbamate chromato-
gram (15 ng) 
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Figure 10. Effect of air segregation on band broadening 
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band broadening which can be expec ted in a t yp i ca l 5-10 minute post-
co lumn reac t i on when bubbles are o m i t t e d ; i t also shows the improvement 
possible w i th increas ing bubble f requency . 

G f e l l e r , et a l (5) have s im i l a r l y demonstrated how sample in t eg r i t y 
can be re ta ined w i th a i r - segmenta t ion . In his ana lyzer for d ig i ta l i s 
g lycosides v i a pos t -co lumn de r i va t i z a t i on , he employed a ten minute 
r eac to r at e l eva ted temperatures to make a f luorescent product , 
improv ing sens i t i v i t y 100-fold whi l e l i m i t i n g band broadening to only 15% 
and ma in ta in ing C V ' s of about 1%. 

The next pes t i c ide ana l y ze r is descr ibed by Singer, et a l (6) and used 
pos t -co lumn de r i va t i z a t i on for a n i t rosamide -spec i f i c r eac t i on . Fo l l ow ing 
chromatograph ic separat ion and U V de tec t i on , the s t ream was a i r -
segmented and treated w i th the Gr iess Reagent (F igure 11). The 
n i t rosamide was c l eaved in d i lute a c i d at 90 C , and the re leased ni trous 
a c i d d i a zo t i z ed the su l f an i l i c a c i d wh i ch then coupled w i th the amine to 
form a highly co lo red dye
was about three minutes , g iv ing sens i t i v i t i es of the order of one nanomole . 

To ta l A u t o m a t i o n . In a jo int e f for t between Technicon and 
Monsanto , C o w e l l (7) has fu l l y automated the analys is of a water -so lub le 
herb ic ide . F i v e - g ram samples of an ima l feeds were ground up w i th the 
SOLIDprep sampler and the suspension was f i l t e r ed w i th the Cont inuous 
F i l t e r module . The so lut ion was then passed through an ion exchange 
c o l u m n , and an a l iquot drawn in to a sample loop. A f t e r sw i t ch ing the 
va lve , the mobi l e phase pushed the sample through a p r e - co lumn and in to 
an ana l y t i c a l co lumn for separat ion . Since there was a s ens i t i v i t y 
p rob l em, the co lumn e f f luent was a i r -segmented so that a f luorogenic 
labe l cou ld be added. The post -co lumn reac t i on w i th o-phthala ldehyde 
took p lace in a r eac t i on car t r idge , and the resu l t ing s t ream was d i r e c t ed 
to a f luoromete r fo r de tec t ion and record ing . The comp le t e f l ow d iagram 
is shown in F igure 12. A t th is w r i t i n g , propr ie tary considerat ions prec lude 
g iv ing add i t i ona l de ta i l s . 

Stevens (8) has descr ibed a f u l l y - au tomated analys is for the 
pest ic ide 2 ,4-D, a lbe i t s ta r t ing w i th l i qu id samples and an auto- in jec tor . 
His ins t rumenta t i on (shown in F igure 13) is espec ia l ly in te res t ing s ince i t 
conserves the mob i l e phase by r e c y c l i ng i t . The co lumn e f f luent , a f t e r 
l eav ing the U V de tec tor , is d i r e c t ed back to the mobi l e phase reservo i r 
where i t is s t i r r ed magne t i ca l l y and used aga in . The very s l ight r ise i n the 
basel ine throughout the day is a sma l l p r i ce to pay for th is saving of o f ten 
expensive so lvents . 

A f ina l example of t o ta l l y automated H P L C (although i t isn 't for 
pest ic ides) w i l l demonstrate how many d i f ferent unit operat ions can be 
done in a s ingle system to take the ted ium out of r epe t i t i v e analyses. The 
drug ana lyze r dep ic t ed in F i gure 14 was designed to de te rmine therapeut i c 
leve ls of theophyl l ine in human serum (8). The sampler (in the center ) 
aspirates 50 u L of serum into the ana l y t i c a l ca r t r idge , then to the E D M , 
and f ina l l y to the L C module . The f o l l ow ing series of operat ions takes 
p lace at the ra te of 20 samples per hour wi thout operator in t e r ven t i on : 
unmeasured, untreated sample is asp i ra ted , d i lu ted w i t h buf fer , and mixed 
w i t h an in te rna l s tandard; the system then prec ip i ta tes the pro te in , 
removes the pa r t i cu la t e s , e x t r a c t s the ana ly te (and in t e rna l standard) into 
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Figure 11. Post-column derivatization for nitrosamides using a colorimetric 
detector (19) 
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T a b l e I I . P r e c i s i o n s t u d y on d r u g a n a l y z e r . 

Sample No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0 
1 1 
1 2 

Peak H e i g h t s (mm) 
Τ BHT 

1 1 7 
1 0 6 
1 1 8 
1 2 8 
1 3 3 
1 2 0 
1 1 3 
1 0 7 

1 1 6 
1 0 8 
1 2 0 

6 2 . 5 
5 7 . 0 
6 3 . 5 
6 8 . 5 
7 2 . 0 
6 5 . 0 
6 0 . 0 
5 6 . 5 

6 3 . 0 
5 9 . 0 
6 4 . 0 

R a t i o s 
T / B H T 

1 . 8 7 
1 . 8 6 
1 . 8 6 
1 . 8 7 
1 . 8 5 
1 . 8 5 
1 . 8 8 
1 . 8 9 

1 . 8 4 
1 . 8 4 
1 . 8 8 

A v e r a g e 
SD 
CV 

1 . 8 7 
0 . 0 1 8 
0 . 9 5 % 

THCMKOTIC MUGS IN Sf RUM 

I—I 
American Laboratory 

Figure 15. Repetitive chromatograms from drug analyzer—therapeutic drugs in 
serum:(l) theophylline, 10ixg/mL; (2) internal standard (β-hydroxytheophylline), 
30 fxg/mL; column: FAST · LC-8, 4.6 X 150 mm (5μ), 3.5 mL/min, 2000 psi (19) 
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an organic solvent, separates the aqueous and organic phases, and 
evaporates the organic solution to dryness; finally, it takes up the residue 
in a second solvent (the mobile phase), makes an automatic injection into 
the LC column, detects the separated peaks, and produces a finished 
chromatogram (Figure 15). As shown in Table II, CV's are limited to an 
average of under 1% despite the small sample size and relatively high 
analytical rate. 

The Future 

This brief summary of the state of current instrumentation for the 
total automation of pesticide analyses will hopefully entice the reader to 
apply these principles of mechanized unit operations to his own analytical 
problems. There are enough creative scientists in this field, each trying 
to lighten his workload,
1984 we'll have a pesticid
untreated sample into one end of the instrument and give us final answers, 
printed in correct concentration units, twice as fast as today, with one 
tenth the sample size, and with half the CV's. If an analyst makes up his 
mind to do so, he can likely automate anything. 
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Performance Evaluation of Liquid 
Chromatographic Columns 

JOSEPH J. DESTEFANO 

Ε. I. Du Pont de Nemours & Company, Inc., Instrument Products Division, 
Wilmington, DE 19898 

The measurement of column performance c r i t e r i a to compare 
columns, column packings, and column loading procedures has long 
suffered from the non-standardization of test procedures and d i s ­
agreement as to which of the many performance c r i t e r i a are most 
s i g n i f i c a n t . It i s the purpose of th is paper to point out several 
p r a c t i c a l aspects which must be considered when designing 
experiments to test column performance. 

When one attempts to evaluate LC columns, the f i r s t question 
that must be answered i s , "What i s good?". In other words, which 
of the many measurable performance parameters are most s ign i f i cant 
i n terms of the ultimate use of the column—chromatographic 
analysis? Most experts i n HPLC recognize the value of measuring 
the reduced column performance parameters, such as reduced plate 
height (h) and column resistance parameter ( φ ) , because these 
dimensionless parameters make comparisons of columns much easier(1). 
Therefore, experts i n chromatography might define a good column as 
one which had a reduced plate height of between 2 and 5 at the 
minimum of a reduced plate height versus reduced l inear ve loc i ty 
p lo t . This plot would r i s e very gently from the minimum as 
ve loc i ty increased. In addi t ion , spec i f i c permeability or column 
resistance parameter values would be consistent with theoret ica l 
values for the p a r t i c l e s ize of the packing and mobile phase 
v i s c o s i t y . On the other hand, most users of HPLC columns might 
define a good column as one which separates the ir p a r t i c u l a r sample 
mixture i n r e l a t i v e l y short analysis times, one that remains stable 
for a s i g n i f i c a n t l y long period of time, and one which, at the end 
of i t s l i f e t i m e , can be read i ly replaced with a column of s imi lar 
performance. 

0-8412-05 81 -7/80/47-136-031 $05.00/0 
© 1980 American Chemical Society 
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Both of these d e f i n i t i o n s of column "goodness" have t h e i r 
strengths. The experts 1 d e f i n i t i o n has the important advantage 
of being able to compare r e s u l t s obtained from columns containing 
d i f f e r e n t packings, packed i n d i f f e r e n t ways, using d i f f e r e n t test 
systems, with the t e s t i n g being performed i n various l a b o r a t o r i e s . 
But the users 1 d e f i n i t i o n i s r e a d i l y v i s u a l i z e d i n p r a c t i c a l 
terms which r e l a t e d i r e c t l y to the use of the column i n the 
i n d i v i d u a l laboratory. The manufacturers of HPLC columns must of 
necessity, be s e n s i t i v e to the needs of the chromatographers, but 
that s e n s i t i v i t y should not mean that quantitative column 
evaluation techniques can be ignored. Therefore, the two 
d e f i n i t i o n s of column "goodness" can be combined and s i m p l i f i e d 
to describe the following performance c r i t e r i a : 

• Column e f f i c i e n c
• Peak symmetry 
• Column permeability 
• Column s t a b i l i t y 
• Column r e p r o d u c i b i l i t y 

I t must then be decided which of the various measures of these 
c r i t e r i a , shown i n Table I , are the most generally u s e f u l . 

COLUMN EFFICIENCY 
The most commonly used c r i t e r i o n f o r judging column 

performance i s e f f i c i e n c y as measured by the number of t h e o r e t i c a l 
plates or column plate count (N) exhibited by the column during 
the separation of a test mixture. The larger the number of 
t h e o r e t i c a l p l a t e s , the more l i k e l y i t i s that the column w i l l 
produce the desired separations. However, while popular, Ν i s not 
a complete performance parameter for making comparisons. For 
example, Ν does not take i n t o account p a r t i c l e s i z e as does the 
reduced plate height, h. Another measurement, hmin, accounts for 
a l l of these factors as w e l l as the mobile phase l i n e a r v e l o c i t y 
and sample d i f f u s i o n . However, Ν i s the term most commonly 
recognized as being re l a t e d to r e s o l u t i o n (2 ), as shown i n 
Equation 1: 

Resolution « ± j a ~ g ' + k , j < JT] (Eq. 1) 

Hence, r e s o l u t i o n , a key c r i t e r i o n f o r HPLC column users, i s 
maximized for a given mobile phase/stationary phase system by 
maximizing N. Therefore, even i f researchers are i n c l i n e d to 
measure h ^ ^ as t h e i r column e f f i c i e n c y parameter, manufacturers 
and users of LC columns can be forgiven f o r continuing to use Ν 
for i n t e r n a l laboratory purposes. 
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Plate number by i t s e l f i s not a s u f f i c i e n t l y r e l i a b l e 
s p e c i f i c a t i o n . The plate numbers exhibited by a column can be 
varied by adjusting the test conditions which are usually designed 
to maximize those values. For example, very low v i s c o s i t y mobile 
phases such as pentane are often used i n s p i t e of t h e i r p r a c t i c a l 
d i f f i c u l t i e s such as high v o l a t i l i t y to take advantage of the 
superior mass transfer properties of such solvents. Also, t e s t 
solutes often are chosen for t h e i r low p o l a r i t y to minimize band 
t a i l i n g , and for t h e i r low molecular weight to maximize mass 
transfer e f f e c t s rather than for t h e i r r e l a t i o n s h i p to r e a l - l i f e 
samples. In a d d i t i o n , the test i s often conducted at unusually 
slow flowrates to take advantage of the fact that most column 
packings are more e f f i c i e n t under these conditions. 

I t should be stresse
p r a c t i c e s . In f a c t , colum
i d e a l thermodynamic conditions (1). Hence, test systems should be 
chosen to produce the best column performance, since most workers 
l i k e to see how w e l l a column r e a l l y can perform. However, i t 
should be recognized that when considering the number of plates 
s p e c i f i e d for a column, i t i s necessary to examine the test 
conditions used to generate that number. 

PEAK SYMMETRY 

Another problem associated with using the number of 
t h e o r e t i c a l plates (N) as a performance c r i t e r i o n i s that there 
are several equations which can be used to make t h i s c a l c u l a t i o n , 
as shown i n Figure 1. A l l of these equations are equivalent for 
gaussian peaks. However, for t a i l i n g peaks, a l l of the equations 
are subject to e r r o r , some more than others. Therefore, a measure 
of peak symmetry i s required to be able to determine the v a l i d i t y 
of plate height measurements. 

Several methods can be used to measure the degree of t a i l i n g 
exhibited by a peak. One method i s a computer-calculated value 
for the mathematical peak skew based on a novel peak analysis 
method (3). B r i e f l y summarized, Figure 2 shows that the contour 
of a peak can be described as having two components: a 
Gaussian component having the standard deviation, sigma, and an 
exponential modifier having the time constant, tau. Peak t a i l i n g 
increases with the tau/sigma r a t i o as shown i n Figure 3. This 
computer-measured r a t i o can be used to c a l c u l a t e peak skew (4_) 
using Equation 2: 

(Eq. 2) 
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TANGENT METHOD Ν = 16 ( t R / t w ) z 

AREA METHOD Ν = 2* (h ' t R /A ) 2 

HALF-WIDTH METHOD N= 5.54 ( t R /W 1 / 2 ) 2 

Figure 1. Equation for calculating the 
number of theoretical plates (number may 
vary with: mobile-phase viscosity-column 
temperature; test solute type and molec­

ular weight; mobile-phase velocity) 

Figure 2. Graphical depiction of τ (ex­
ponential tailing component) and σ (gaus-
sian component) features of an asymmet­
rical peak (τ/σ ratio related to peak skew) 
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Figure 3. Computer-generated peaks having different skew (τ/σ) values (constant 
variable τ2) 
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With previous methods, peak skew could not be determined with 
s u f f i c i e n t p r e c i s i o n to be meaningful ( 3). However, with the 
tau/sigma method, peak skew i s e a s i l y calculated to give precise, 
u s e f u l , q u a n t i t a t i ve information on peak shape. The tau/sigma 
method f o r c a l c u l a t i n g peak skew i s preferred over other methods 
since t h i s approach has a sound t h e o r e t i c a l basis and values can 
be measured with greater p r e c i s i o n and accuracy. 

However, using peak skew as a performance c r i t e r i o n does 
suffer from one drawback: i t i s necessary to have a sophisticated 
computer to make the c a l c u l a t i o n . Therefore, most users of HPLC 
columns w i l l have to use hand-calculated values f or peak asymmetry 
measurement (Figure 4). However, these hand-calculated values can 
be correlated to a f i r s t approximation to the computer-generated 
values of peak skew usin

COLUMN PERMEABILITY 

Measurement of column permeability i s not clea r - c u t . The 
permeability of a column can be determined i n several d i f f e r e n t 
ways. For example, i t can be measured as the s p e c i f i c permeability, 
K° (EQ. 3 ) , which corrects for mobile phase v i s c o s i t y and column 
length ( 5 ) : 

K° = ψ (EQ. 3) 

where: ν = mobile phase l i n e a r v e l o c i t y (cm/sec) 
η = mobile phase v i s c o s i t y (poise) 

ΔΡ = column pressure (atm χ 10&) 
L = column length (cm) 

Because of these corrections, s p e c i f i c permeability (K°) i s a 
measurement for making comparisons among columns of various types. 
Unfortunately, i t i s d i f f i c u l t to convey what t h i s measurement 
means when one i s attempting to use a column for a given ap­
p l i c a t i o n . A more e a s i l y v i s u a l i z e d and more p r a c t i c a l way to 
describe column permeability i s to specify a flowrate measured 
for a given column with a given mobile phase at a given pressure 
and temperature. A l t e r n a t i v e l y , the pressure required to produce 
a given flowrate with a given mobile phase and temperature can be 
sp e c i f i e d . These l a t t e r two s p e c i f i c a t i o n s are not absolute 
measurements as i s the s p e c i f i c permeability, but they do suggest 
to the column user the pressure required to carry out a p a r t i c u l a r 
separation. 

COLUMN STABILITY 

The s t a b i l i t y of the column packed bed and the packing bonded 
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ASYMMETRY FACTOR 

Figure 5. Graph of first-approximation relationship between peak skew and the 
peak asymmetry factor 
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phase are d i f f i c u l t to measure. Usually, these parameters are 
measured through accelerated column operation tests. These tests 
normally u t i l i z e auto-samplers, computer data handling systems, 
high operating pressures and mobile phase flowrates, and elevated 
temperatures. In addition, d i f f i c u l t mobile phases such as 
concentrated buffers controlled at very high or very low pH 
values are often used to examine column s t a b i l i t y . 

The results of such tests are most useful for determining 
differences i n s t a b i l i t y among columns from various manufacturers 
( i e . , they are good r e l a t i v e t e s t s ) . However, these tests should 
not be considered absolute measures of column s t a b i l i t y since 
their relationship to r e a l - l i f e use conditions i s not known. 

COLUMN REPRODUCIBILITIE

Lastly, column-to-column reproducibility experiments must be 
designed to be sensitive to variations i n p a r t i c l e surface area 
and pore structure, differences i n the amount of coverage of 
bonded phases, and variations i n the packed bed which may result 
during column loading. The r e t e n t i v i t y (capacity factor, k f) of 
a test solute under standard conditions i s one indicator of column 
to-coluran reproducibility. This i s especially true for bonded-
phase packings since the amount and chemical characteristics of 
the bonded-phase have large effects on the retention of a solute. 
This fact i s best i l l u s t r a t e d by the data presented i n Table II. 
Three different batches of an experimental bonded-phase packing 
were prepared using three different synthetic approaches. The 
resulting three packings contained about the same amount of 
organic material, but the retention of benzyl alcohol on each 
packing was greatly diff e r e n t under i d e n t i c a l chromatographic 
conditions. The point i s clear : simply knowing that a packing 
i s "an octadecyl bonded phase with 15% organic" i s not s u f f i c i e n t 
to determine whether column-to-column variations w i l l degrade a 
d i f f i c u l t separation. 

While r e t e n t i v i t y specifications are useful, an even better 
and more sensitive test for column-to-column reprodu c i b i l i t y i s 
the s e l e c t i v i t y factor, alpha. This factor measures the r a t i o 
of the r e t e n t i v i t y or capacity factors (k 1) of two solutes and 
determines i f there are any differences between columns which 
would result i n the two peaks moving closer together or further 
apart. 

Unlike the r e t e n t i v i t y measure, k f, r e l a t i v e l y minor changes 
in alpha can have very major effects on resolution as shown i n 
Table III. The variances i n alpha that can be tolerated from 
column-to-column to maintain a given separation (R >1.25) i s 
dependent on the alpha value involved. Table IV stows these 
allowable variances for several values of alpha. This table 
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TABLE I I 

EFFECT OF BONDED PHASE ON RETENTION 

Packing Lot % Organic k 1 of Benzyl A l c o h o l * 

#1 13.7 4.7 

#2 12.6 7.7 

#3 13.5 11.2 

*Conditions: Bonded phase - 3 experimental batches of propyl n i t r i l e , 
mobile phase - 2/98 isopropanol/hexane. 

TABLE I I I 

EFFECT OF k f AND α ON Rs 

FOR: · Constant Ν = 4900 
• Constant α = 1.24 
• Varying k f +10% from 2.0 

R f o r k f of 1.8 = 2.18 0 o c . . s o r 2.25 + 3.5% 
R for k T of 2.2 « 2.33 s 

FOR: · Constant Ν = 4900 
• Constant k f = 2.0 
• Varying α + 10% from 1.24 

R f o r α of 1.116 » 1.21 0 Λ , , / / a / s o r 2,16 + 44% 
R f o r α of 1.364 = 3.11 s 
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TABLE IV 

A L L O W A B L E VARIANCE IN ALPHA 

ALPHA ALLOWABLE VARIANCE* ALLOWABLE VARIANCE** 

1.2 6.7% 10.0% 
1.3 13.8% 16.9% 
1.4 20.0% 22.9% 

*To maintain R g >1.25 assuming Ν = 4900 and k' = 2.0 
**To maintain R >1.25 assuming Ν = 10,000 and k' = 2.0 
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demonstrates that the s p e c i f i c a t i o n of a column s e l e c t i v i t y factor 
w i t h i n narrow l i m i t s can indic a t e i f the d i f f i c u l t separation 
achieved on one column w i l l be accomplished on another s i m i l a r 
column, assuming constant N. 

There i s a p r a c t i c a l d i f f i c u l t y , however, i n designing 
s e l e c t i v i t y tests which w i l l provide t h i s kind of information. I t 
i s d i f f i c u l t to f i n d two solutes which are s u f f i c i e n t l y d i f f e r e n t 
so that t h e i r r e t e n t i v i t i e s w i l l react d i f f e r e n t l y to changes i n 
column conditions but which w i l l s t i l l elute f a i r l y close to one 
another i n a si n g l e test run. Generally, i t i s best to use test 
compounds with d i f f e r i n g f u n c t i o n a l groups to maximize the chances 
of the test system being t r u l y diagnostic. 

A f i n a l important r e p r o d u c i b i l i t
considered which applie
F i r s t , the bonded-phase should be s p e c i f i e d as being polymeric or 
monomeric. I f polymeric,information on the % organic or % carbon 
for the packing and the chemical structure of the bonded phase 
should be provided. However, as shown before, t h i s information 
i s often not s u f f i c i e n t to determine l o t - t o - l o t chromatographic 
r e p r o d u c i b i l i t y . I f the bonded phase i s monomeric, data on the 
% organic or % carbon and chemical structure are also u s e f u l , but 
i n a d d i t i o n , the surface coverage calculated from these values (6) 
should also be provided (EQ. 4). 

Coverage = M ^ x l O 6 (EQ. 4) 
(ymoles/m^) 

weight of organic layer (g/g packing) 
molecular weight of bonded group (g/Mole) 
the s p e c i f i c surface area of the adsorbent, 
corrected for the weight of bonded phase 
(m2/g packing) 

Coverage values should be maintained constant from packing l o t to 
packing l o t to standardize the number of unreacted a c i d i c s i l a n o l 
groups s t i l l present on the s i l i c a surface. These a c t i v e , a c i d i c 
groups may i n t e r a c t with solutes to cause a mixed retention 
mechanism. This e f f e c t w i l l contribute s i g n i f i c a n t l y to peak 
t a i l i n g , e s p e c i a l l y for basic solutes. Because of s t e r i c 
considerations, i t i s not possible to react a l l of the s i l a n o l 
groups with the s i l a n e reagent. However, by maximizing the number 
of groups reacted, the remaining s i l a n o l s are often made i n ­
accessible for i n t e r a c t i o n with most solutes because of s t e r i c 
s h i e l d i n g . Therefore monomeric bonded phases, with maximum, 
reproducible surface coverage are preferred to assure reproducible 
columns. 

where : W = 
M = 
S = 
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TESTING PROCEDURES 

Once a decision i s made regarding the performance c r i t e r i a to 
be measured, i t then becomes necessary to design proper t e s t s . 
The t e s t i n g of column performance, whether i n the laboratory or 
by column manufacturers, should be c a r r i e d out with the following 
points i n mind: 

• Since i t i s not possible to use test solutes which would be 
of i n t e r e s t to a l l users of HPLC columns, test mixtures 
should be composed of simple, s t a b l e , pure, and r e a d i l y 
a v a i l a b l e organic compounds. 

• Column performance i s best compared under i d e a l k i n e t i c 
conditions. Hence, test systems should be chosen which 
w i l l produce the bes
v i s c o s i t y mobile phases

• Testing apparatus should be designed to minimize band 
spreading external to the column (e.g., short, narrow 
connecting tubing between the column and i n j e c t o r and 
detector, low dead-volume detector flow c e l l , e t c . ) . 

• Test procedures should be designed and described so that 
they are r e a d i l y repeatable i n d i f f e r e n t l a b o r a t o r i e s . 

SUMMARY 

Using a standard test system, a minimum of the following 
s p e c i f i c a t i o n s should be determined by the user when a column i s 
obtained: 

• Theoretical Plates 
• Peak Symmetry 
• Permeability 
• S e l e c t i v i t y (or R e t e n t i v i t y ) 

These column performance c r i t e r i a should be s p e c i f i e d by the 
manufacturer and users should measure them whenever a new column 
i s received. These column s p e c i f i c a t i o n measurements should be 
kept f o r future reference and re-checked whenever i t i s suspected 
that the column has deteriorated. 
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ABSTRACT 
Traditionally, HPLC column performance has been based on 

theoretical plate measurements. These measurements, while useful, 
do not provide sufficient data for complete column evaluation. In 
addition, when calculating theoretical plates, errors caused by 
peak tailing can lead to an overestimation of the resolving power 
of a chromatographic column. To more fully evaluate a modern, 
high-performance liquid chromatographic column, several 
performance specifications should be monitored in addition to 
theoretical plate measurements. These specifications include: 
column permeability, peak symmetry, and sample retention 
characteristics. All performance parameters should be measured 
under a standard set of well-documented chromatographic conditions. 
The factors affecting the choice of performance measures and test 
conditions are given. 
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4 
New Techniques for Improving Mobile-Phase 
Selectivity in Reversed-Phase Chromatography 

STEPHEN R. B A K A L Y A R 

Rheodyne, Inc., 2809 Tenth St., Berkeley, CA 94710 

This paper review  recentl  developed technique
for improving the se lec t iv i t
performance l iqu id chromatography (RPLC) by manipulat
ing mobile phase chemistry. The discussion i s l imited 
to packings with bonded hydrocarbon coatings. That i s , 
it does not deal with "partit ion" chromatography, 
where there i s a deliberate attempt to coat the packing 
with a bulk organic l i q u i d phase. Under some condit­
ions the packing may be coated with nonpolar mobile 
phase modifier species. But we will consider the 
stationary phase to be a nonpolar, hydrocarbonaceous 
surface. 

The chemical interactions that impart a large 
range of se lec t iv i t i e s to RPLC can be divided into two 
types. The first type are primary e q u i l i b r i a between 
solutes and the two phases. The second type are 
secondary e q u i l i b r i a between solutes and complexing 
agents in the mobile phase. These two types can in 
turn be subdivided into various specif ic intermolecular 
interactions. Figure 1 summarizes these. The follow­
ing discussion of RPLC se lect iv i ty improvement tech­
niques w i l l use figure 1 as an outl ine, discussing each 
mechanism in turn. 

Primary E q u i l i b r i a 

Hydrophobic E f f e c t . The primary r e t e n t i o n force 
i n normal phase adsorpt ion i s the a t t r a c t i o n of so lute 
p o l a r moiet ies to the p o l a r s t a t i o n a r y phase. In con­
t r a s t , the r e t e n t i o n force i n RPLC i s r e p u l s i o n from 
the mobile phase. The s t a t i o n a r y phase i s a r e l a t i v e l y 
pass ive sur face , the so lute a t t r a c t i o n f o r the hydro­
carbon s t a t i o n a r y phase being weak and n o n - s e l e c t i v e . 
How does t h i s come about, and what are the r e s u l t a n t 
s e l e c t i v i t y c h a r a c t e r i s t i c s ? 

0-8412-0581 -7/ 80/47-136-045$05.00/0 
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Less retention More retention }—• 

P R I M A R Y E Q U I L I B R I

Mobi le Phase Repulsion 
1. C Hydrophobic effect—water cohesion expels solute }" 
2. ( Modif ier effect—organic modifier reduces cohesion ) 

Mobi le Phase Attraction 
3. ( Water-solute ) 
4. ( Modifier-solute ) 

Stationary Phase Attraction 
5. C Hydrocarbon-solute 
6. C Residual silanol-solute 
7. ( Sorbed modifier-solute 

S E C O N D A R Y E Q U I L I B R I A ( S O L U T E - L I G A N D ) 

Solute Hydrophobicity Changes 
8. ( H + ion-solute—reduce ionization via p H D *~ 
9. C Ion pair agent-solute—reduce polarity • 

10. —( Metal ion-solute—increase polarity D 
11. ( Chelated metal ion-solute—reduce polarity 

Figure 1. Reverse-phase interactions 
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Water has a very h i g h cohesive energy d e n s i t y , 
p r i m a r i l y caused by i n t e r m o l e c u l a r hydrogen bonds. 
This cohesiveness produces a h i g h surface t e n s i o n , and 
a l l but the most p o l a r o r i o n i c s o l u t e s experience a 
hydrophobic f o r c e t h a t d r i v e s them onto the s t a t i o n a r y 
phase and causes r e t e n t i o n . Most chemists are not as 
f a m i l i a r w i t h hydrophobic e f f e c t s as w i t h p o l a r i n t e r ­
a c t i o n s , s i n c e the former have o n l y r e c e n t l y been d i s ­
cussed i n the chromatographic l i t e r a t u r e ( 1 - 6 ) . The 
hydrophobic e f f e c t r e s u l t s from the strong a t t r a c t i v e 
f o r c e s between water molecules. The " s t r u c t u r e " of 
the water must be d i s t o r t e d o r d i s r u p t e d when a s o l u t e 
i s d i s s o l v e d . We can t h i n k of the s o l u t e as forming a 
c a v i t y i n the water. H i g h l y p o l a r o r i o n i c s o l u t e s can 
themselves i n t e r a c
f o r t h i s d i s t o r t i o n
But nonpolar s o l u t e s are r e l a t i v e l y i n s o l u b l e and are 
squeezed out of the water and onto the a p o l a r s t a t i o n ­
ary phase s u r f a c e . I n t h i s a s s o c i a t i o n the t o t a l num­
ber of water molecules i n contact w i t h the s o l u t e i s 
reduced, and the water c a v i t y area decreases, an ener­
g e t i c a l l y f a v o r a b l e event. 

Although the d e t a i l e d r e t e n t i o n mechanisms are as 
yet u n c l e a r (see f o r example 7 . 8 ) . there i s a b u i l d i n g 
consensus t h a t reversed phase chromatography i s domin­
ated by the hydrophobic e f f e c t . R e t e n t i o n i s t h e r e f o r e 
p r i m a r i l y a f u n c t i o n o f s o l u t i o n phenomena i n the 
mobile phase, and i t i s not s u r p r i s i n g t h a t RPLC has 
many ways to modify s e l e c t i v i t y by man i p u l a t i n g the 
chemical nature of the mobile phase. 

The hydrophobic e f f e c t imparts to RPLC an i n h e r ­
e n t l y h i g h s e l e c t i v i t y f o r d i f f e r e n c e s i n the hydro­
carbon backbone of s o l u t e s . The a d d i t i o n of a methyl­
ene group o r oth e r b u l k y , r e l a t i v e l y nonpolar moiety 
such as a c h l o r o group causes s i g n i f i c a n t l y i n c r e a s e d 
r e t e n t i o n . 

M o d i f i e r E f f e c t . The hydrophobic f o r c e can be 
reduced by decreasing the mobile phase cohesiveness. 
Since water i s the most cohesive common l i q u i d , adding 
any m i s c i b l e o r g a n i c s o l v e n t w i l l do. The e f f e c t w i l l 
be l a r g e r w i t h l e s s p o l a r s o l v e n t s and g r e a t e r concen­
t r a t i o n s . A d j u s t i n g o r g a n i c m o d i f i e r ( B" s o l v e n t ) 
c o n c e n t r a t i o n i s the primary means of changing r e t e n t ­
i o n . 

Water-Solute. P o l a r m o i e t i e s of the s o l u t e cause 
reduced r e t e n t i o n because they can hydrogen bond and 
d i p o l e i n t e r a c t w i t h the water, p a r t i a l l y m i t i g a t i n g 
the hydrophobic r e p u l s i v e f o r c e . I n more f a m i l i a r 
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terms, we simply say t h a t g r e a t e r s o l u t e p o l a r i t y im­
p a r t s g r e a t e r water s o l u b i l i t y , and t h i s f a v o r s an 
e q u i l i b r i u m s h i f t to the mobile phase. 

M o d i f i e r - S o l u t e . P o l a r groups of the s o l u t e can 
i n t e r a c t w i t h p o l a r groups of s o l v e n t m o d i f i e r s . A 
p a r t i c u l a r s o l v e n t m o d i f i e r w i l l e x h i b i t s p e c i f i c 
s o l u t e i n t e r a c t i o n s which another s o l v e n t of a p p r o x i ­
mately s i m i l a r s t r e n g t h o r p o l a r i t y does not have. 
Although we speak of a s o l v e n t ' s " p o l a r i t y " as i f i t 
were a f i x e d i n h e r e n t p r o p e r t y , s o l v e n t p o l a r i t y does 
not a c c u r a t e l y r e f l e c t the e l u t i n g s t r e n g t h f o r a l l 
s o l u t e s . T h i s i s because s t r e n g t h i s the sum t o t a l of 
three types of m o l e c u l a r i n t e r a c t i o n s a c t i n g concur­
r e n t l y , e.g., d i s p e r s i o n
bonding. Each s o l v e n
i n a unique r a t i o . Thus two s o l v e n t s of approximately 
equal p o l a r i t y can have d i f f e r e n t i n t e r a c t i v e p r o f i l e s . 
F i g u r e 2 shows the p r o f i l e s f o r three common s o l v e n t s , 
methanol, a c e t o n i t r i l e , and t e t r a h y d r o f u r a n . Depending 
on how one d e f i n e s the v a r i o u s i n t e r a c t i v e s t r e n g t h s 
the numerical values d i f f e r . But t h i s i l l u s t r a t i o n 
w i l l serve our purpose. S o l u t e s a l s o have a p r o f i l e , 
and when there i s a good i n t e r a c t i v e match between 
s o l v e n t and s o l u t e the s o l v e n t s t r e n g t h i s p a r t i c u l a r l y 
h i g h , and the r e t e n t i o n decreases. 

A simple example of m o d i f i e r - s o l u t e s e l e c t i v i t y 
e f f e c t s i s shown i n f i g u r e 3. The r e t e n t i o n of f i v e 
d i f f e r e n t f u n c t i o n a l groups i s compared f o r three d i f f ­
e rent b i n a r y s o l v e n t mixtures w i t h water. The aceto­
n i t r i l e and t e t r a h y d r o f u r a n c o n c e n t r a t i o n s have been 
choosen so as to provide the same r e t e n t i o n f o r ben­
zene, a k f of 4.7. D i f f e r e n t s o l v e n t m o d i f i e r s are 
s t r o n g e s t f o r d i f f e r e n t s o l u t e s . The s h i f t i n g of peaks 
r e l a t i v e to each other i s q u i t e pronounced among the 
d i f f e r e n t s o l v e n t s . 

P o l a r group s e l e c t i v i t y a l s o occurs i n t e r n a r y 
s o l v e n t systems ( 5 , 1 0 ) . For example, the a d d i t i o n of 
5% to 25% of a t h i r d s o l v e n t to a w a t e r - a c e t o n i t r i l e 
mixture can a l t e r the r e l a t i v e r e t e n t i o n of peaks, and 
o f t e n r e s o l v e o v e r l a p p i n g peaks. Dolan et a l ( 1 1 ) have 
employed t e r n a r y mobile phases of water, methanol and 
t e t r a h y d r o f u r a n to analyze v i t a m i n t a b l e t s where i n t e r ­
f e r i n g peaks c o u l d not be r e s o l v e d w i t h b i n a r y mix­
t u r e s . See F i g u r e 4. 

Hydrocarbon-Solute. As mentioned p r e v i o u s l y , the 
a t t r a c t i o n of the bonded hydrocarbon s t a t i o n a r y phase 
f o r the s o l u t e i s weak and u n s e l e c t i v e , and probably i s 
not a s i g n i f i c a n t d i r e c t c o n t r i b u t o r to s e l e c t i v i t y . 
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Figure 2. Solvent interactive profiles (the three bottom scales show the interactive 
strengths of the solvents; hydrogen donor, hydrogen acceptor, and dipole) 
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Figure 3. Selectivity of modifier solvent (column: 250 X 4.6 mm I.D. 10-μρι 
Lichrosorb RP-8; other columns provide differing degrees of selectivity effects with 

these solvents) 
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Journal of Chromatographic Science 

Figure 4. Separation using ternary mobile phase (Conditions: (A) 95% methanol 
in water at 4 mL/min on 30-cm column; (B) 95% methanol in water at 0.5 mL/ 
min on four 30-cm columns (increased number of plates); (C) 12% water/25% 
THF'/63Ψο methanol at 6 mL/min on 30-cm column (increased selectivity); column 

was Microbondapak Ci8,10 μπι) (11) 
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R e s i d u a l S i l a n o l - S o l u t e . Even a f t e r bonding 
hydrocarbon chains to the s i l i c a , some r e s i d u a l unre-
acted s i l a n o l groups remain. These p o l a r groups can 
i n t e r a c t w i t h p o l a r f u n c t i o n a l groups of s o l u t e s , i . e . , 
normal phase a t t r a c t i o n . The p r e c i s e r o l e they p l a y i n 
r e t e n t i o n and s e l e c t i v i t y i s not w e l l understood, but 
the d i f f e r e n t s e l e c t i v i t i e s e x h i b i t e d by v a r i o u s pack­
ings probably r e s u l t a t l e a s t i n p a r t from t h e i r d i f f ­
erent amounts of unreacted s i l a n o l groups. 

Sorbed M o d i f i e r - S o l u t e . Organic m o d i f i e r added to 
the aqueous mobile phase can perhaps sorb onto the 
s t a t i o n a r y phase. T h i s c o u l d have v a r i o u s e f f e c t s , 
i n c l u d i n g s h i e l d i n g the bonded hydrocarbon l a y e r and/or 
the r e s i d u a l s i l a n o
s e l e c t i v i t y e f f e c t s
s e c t i o n are a c t u a l l y the r e s u l t of s t a t i o n a r y phase 
i n t e r a c t i o n s . Whatever the p r e c i s e mechanism, the f a c t 
remains t h a t a d d i t i o n of d i f f e r e n t o r g a n i c m o d i f i e r s 
p rovides a powerful s e l e c t i v i t y t o o l . 

Secondary E q u i l i b r i a 
Secondary s e l e c t i v i t y i n t e r a c t i o n s w i l l now be 

d i s c u s s e d . Tne i d e a of secondary i n t e r a c t i o n s i s to 
change the e f f e c t i v e p o l a r i t y of the s o l u t e , h o p e f u l l y 
to d i f f e r e n t degrees f o r d i f f e r e n t s o l u t e s so as to 
improve the s e l e c t i v i t y . Making the s o l u t e more hydro­
phobic i n c r e a s e s i t s r e t e n t i o n ; making i t l e s s hydro­
phobic decreases i t s r e t e n t i o n . 

Hydrogen Ion-Solute. These i n t e r a c t i o n s are 
simply the w e l l known e f f e c t s of pH on a c i d i c , b a s i c o r 
z w i t t e r i o n i c s o l u t e s . The r e a c t i o n s below show the 
mechanisms w i t h a weak base and a weak a c i d . 

H y d r o p h i l i e Hydrophobic 
s o l u t e s o l u t e 
RNH3 " RNH 2 + H + 

H + + RCO" ^ R C 0 2 H 

The work of T w i t c h e t t and M o f f a t ( 1 2 ) provides a good 
example. They i n v e s t i g a t e d 30 compounds s e l e c t e d as 
r e p r e s e n t a t i v e of a wide v a r i e t y of drug substances and 
claimed t h a t drugs of any l i p i d s o l u b i l i t y , m o l e cular 
weight, chemical s t r u c t u r e and a c i d i t y / b a s i c i t y can be 
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chromatographed by RPLC i f an a p p r o p r i a t e e l u e n t ( s o l ­
vent composition and pH) i s chosen. 

Ion P a i r Agent-Solute. The p o l a r i t y o f s o l u t e s 
which have i o n i c c h a r a c t e r can a l s o be adj u s t e d by 
complexing the s o l u t e w i t h an o p p o s i t e l y charged i o n . 
Termed i o n p a i r chromatography, i t i s p a r t i c u l a r l y use­
f u l f o r i n c r e a s i n g the r e t e n t i o n o f f u l l y charged 
s p e c i e s , such as quaternary amines and s u l f o n i c a c i d s , 
where pH c o n t r o l has l i t t l e e f f e c t . T h i s technique has 
re c e i v e d much a t t e n t i o n i n the recent l i t e r a t u r e (13-
16). G l o o r and Johnson have w r i t t e n a u s e f u l p r a c t i c a l 
guide (17). 

When an i o n p a i r agent i s added to the mobile 
phase, the agent conjugate
s o l u t e , and the hydrophobi
u t e s to the s h i f t toward hydrophobic!ty. The f o l l o w i n g 
r e a c t i o n s show a quaternary amine p a i r i n g w i t h a weak 
a c i d , and an a l k y l s u l f a t e p a i r i n g w i t h a weak base; 
both are under pH c o n d i t i o n s where the s o l u t e i s 
charged. 
H y d r o p h i l i c Ion p a i r Hydrophobic 

s o l u t e agent p a i r e d s o l u t e 
RCO2 + + N ( C 4 H 9 ) 4 ^ ± r R C 0 2 N ( C 4 H 9 ) 4 

RNH3 + ~ 0 3 S O ( C H 2 ) n C H 3 R N H 3 0 3 S O ( C H 2 ) 1 1 C H 3 

There i s debate over whether the i o n p a i r forms i n 
the mobile phase to form a new s p e c i e s , which then 
sorbs to the s t a t i o n a r y phase, o r whether the agent 
sorbs to the s t a t i o n a r y phase by i t s e l f , forming i n 
e f f e c t an i o n exchange surface (18-20). In any case, 
the e f f e c t i s roughly the same - an in c r e a s e i n r e t e n t ­
i o n of s o l u t e species t h a t are charged o p p o s i t e l y to 
the i o n - p a i r i n g agent. 

Metal Ion-Solute. T r a n s i t i o n metals have been 
loaded onto c l a s s i c a l LC columns and used f o r s e l e c t i v e 
s e p a r a t i o n s (21). More r e c e n t l y s u c c e s s f u l attempts 
have been made~~to c o n t r o l s e l e c t i v i t y by metal a d d i t ­
i o n s d i r e c t l y to the mobile phase (22). T h i s i s a form 
of i o n p a i r i n g , but the p a i r i n g agent i s p o l a r i n s t e a d 
of hydrophobic. S i l v e r i o n has been used f o r the sep­
a r a t i o n of o l e f i n s (23). M. deRuyter and A. deLeenheer 
have employed a r g e n t a t i o n chromato g raphy to r e s o l v e 
d i f f i c u l t mixtures of Retiny1 e s t e r s (24). 

In these cases where the metal i s added to the 
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Figure 5. Optical isomer separation using optically active metal chelate mobile 
phase (26) 
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mobile phase, the e f f e c t i s to increase s o l u b i l i t y , and 
thereby reduce r e t e n t i o n . In the next technique the 
opposi te e f f e c t i s achieved . 

Chelated Meta l Ion-So lu te . I f the metal i s f i r s t 
che la ted with a r e l a t i v e l y hydrophobic c h e l a t i n g agent, 
so lute i n t e r a c t i o n s w i l l increase r e t e n t i o n . Cooke et 
a l (25) have developed such a technique us ing 4-dode-
c y l d i e t h y l e n e t r i a m i n e and Z n ( l l ) . Not on ly does t h i s 
che la ted metal g r e a t l y increase r e t e n t i o n for c e r t a i n 
a n i o n i c s o l u t e s , presumably by an ion p a i r i n g i n t e r ­
a c t i o n , but the r e l a t i v e l y r i g i d conformation of the 
metal che la te imparts marked s e l e c t i v i t i e s . 

An impress ive a p p l i c a t i o n of the che lated metal 
technique was r e c e n t l
O p t i c a l isomers of dansy
us ing an o p t i c a l l y a c t i v e metal c h e l a t e . High a lpha 
values and h igh e f f i c i e n c y cond i t i ons were achieved , 
as shown i n f i gure 5. 

Summary 

S e l e c t i v i t y i n reversed-phase l i q u i d chromato­
graphy separat ions can be c o n t r o l l e d by a mul t i tude of 
techniques . Reversed-phase separat ions are i n h e r e n t l y 
s e l e c t i v e f o r the hydrocarbon s t r u c t u r e of s o l u t e s , 
owing to the nature of hydrophobic e f f e c t s . S e l e c t i v ­
i t y f o r the p o l a r s t r u c t u r e can be c o n t r o l l e d by choice 
of organic so lvent m o d i f i e r s , and/or choice of complex-
ing agents . The complexing agents take advantage of 
the wealth of c l a s s i c a l chemistry a v a i l a b l e , such as 
charge c o n t r o l v i a pH adjustment, as w e l l as s o p h i s t i ­
cated metal c h e l a t i n g techniques us ing o p t i c a l isomers. 
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5 
Electrochemical Detection of Picomole Amounts of 
Oxidizable and Reducible Residues Separated by 
Liquid Chromatography 
PETER T. KISSINGER, KARL BRATIN, WILLIAM P. KING, and JOHN R. RICE 
Department of Chemistry, Purdue University, West Lafayette, IN 47907 

Liquid chromatography with electrochemical detection (LCEC) 
is coming into widesprea
easily oxidizable and reducibl  organi  compounds
limits at the 0.1 picomole level have been achieved for a number 
of oxidizable compounds. Due to problems with dissolved oxygen 
and electrode stability, the limit of detection for easily 
reducible substances is currently about tenfold less favorable. 
The modern interest in electrochemical detectors for liquid 
chromatography was stimulated by the recognition that this 
technique was ideal for the study of aromatic metabolism in 
the mammalian central nervous system. Most of the papers 
published during the past eight years have focused on the 
applications of the LCEC technique to neurochemical problems. 
Since the first commercial detectors became available in 1974, 
a number of other areas of application have been explored. A 
running bibliography of LCEC applications is frequently updated 
and provides a useful overview of current applications (1). The 
basic concepts of LCEC have been recently reviewed in several 
places (2-5). Thus far there have been few applications to 
pesticide or herbicide residues. The purpose of this chapter 
i s to b r i e f l y introduce the technique and explore i t s potential 
u t i l i t y for the déterminât ion of some additives and residues of 
agri c u l t u r a l interest. It i s assumed that the reader i s informed 
about l i q u i d chromâtography but has l i t t l e knowledge of organic 
electrochemistry. 

Basic Concepts 

Liquid chromatography (LC) and hydrodynamic electrochemistry 
are, for the most part, very compatible technologies which i n 
combination y i e l d important advantages for a number of trace 
determinations. In order of decreasing importance, the three 
major advantages are s e l e c t i v i t y , s e n s i t i v i t y , and low cost. The 
use of modern LC for residue determinations requires a selective 
detector with a rapid response time, wide dynamic range, and low 
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active dead volume (<20 yL). Because electrochemistry i s a sur­
face technique, small volume transducers (<1 yL) can e a s i l y be 
constructed. Since there i s no need f o r a l i g h t beam to i n d i r e c t ­
l y convert the chemical information i n t o an e l e c t r i c current, 
electrochemical detectors can be simpler and considerably l e s s 
expensive than popular u l t r a v i o l e t absorption and fluorescence 
detectors. 

A commercial t h i n - l a y e r amperometric detector i s i l l u s t r a t e d 
i n Figure 1. The c e l l consists of two blocks of i n e r t f l u o r o -
carbon separated by a t h i n fluorocarbon gasket (typ. 50 ym thick) 
which i s s l o t t e d to form a rectangular channel. A working 
electrode i s positioned i n the lower block (typ. 3 mm diameter) 
and an a u x i l i a r y electrode of the same s i z e i s located across 
the channel i n the upper block. A reference electrode probe i s 
positioned downstream opposit
difference between the workin
the s o l u t i o n f i l m i s c o n t r o l l e d r e l a t i v e to the reference e l e c
trode. This applied p o t e n t i a l i s selected so that the analytes 
of i n t e r e s t w i l l r a p i d l y react at the working electrode. A l l 
charge passing through the c e l l (due to the electron transfer at 
the working electrode) flows between the working and a u x i l i a r y 
electrodes. E s s e n t i a l l y no charge passes along the t h i n - l a y e r 
of s o l u t i o n to the reference electrode. This geometry i s i d e a l 
from an electrochemical point of view since the s o l u t i o n r e s i s ­
tance i s very small even at low i o n i c strengths (due to the 
nearness of A and W) r e s u l t i n g i n very l i t t l e d i f f i c u l t y with 
the iR drop problem common to many t h i n - l a y e r electrochemical 
experiments. A more detailed discussion of the c r i t i c a l features 
of c e l l geometry i s presented elsewhere (6). For those not 
f a m i l i a r with three-electrode electrochemical instrumentation, 
a chapter on t h i s subject i s a v a i l a b l e (7). The c e l l depicted 
i n Figure 1 w i l l t y p i c a l l y e x h i bit a l i n e a r dynamic range of s i x 
orders of magnitude. 

Three working electrode materials are commonly used i n t h i n -
layer amperometric detectors: glassy (or "vitreous") carbon, 
carbon paste, and gold amalgamated with a t h i n f i l m of mercury. 
The s e l e c t i o n of the proper working electrode f o r a given a p p l i ­
cation has been described (8). In general, carbon electrodes 
are used for oxidation and mercury electrodes for reductions. 
While carbon paste electrodes are often advantageous for use 
with aqueous mobile phases, they are eroded by non-aqueous s o l ­
vents and therefore glassy carbon i s preferred i n many ap p l i c a ­
tions . 

The c o m p a t i b i l i t y of electrochemical detection with the 
various modes of l i q u i d chromatography i s l i m i t e d . For a l l 
p r a c t i c a l purposes, electrochemical detection i s not s u i t a b l e for 
use with normal phase adsorption or p a r t i t i o n chromatography due 
to the solvents of low d i e l e c t r i c constant used as the mobile 
phase. On the other hand, reverse-phase adsorption and p a r t i t i o n 
(including ion-exchange or i o n - p a i r i n g systems) are highly com-
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Figure 1. Thin-layer electrochemical de­
tector ( (A) auxiliary electrode; (R) refer­
ence electrode; (W) working electrode) 
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p a t i b l e with the LCEC technique since the mobile phase i s commonly 
an aqueous buffer with or without one or more polar organic 
modifiers ( t y p i c a l l y methanol or a c e t o n i t r i l e ) . Amperometric 
detection requires the presence of ions i n the mobile phase. 
While i o n i c strengths as low as 1 mM have been used with the c e l l 
i l l u s t r a t e d i n Figure 1, most LCEC experiments are c a r r i e d out 
with a minimum of 0.05 M buffer s a l t s i n the mobile phase. Post-
column mobile phase changes (pH, i o n i c strength, solvent content) 
and post-column reactions (redox cross reactions, d e r i v a t i z a ­
t i o n s , enzyme catalyzed reactions) can expand the u t i l i t y of 
electrochemical as w e l l as other detectors. These subjects have 
recently been treated i n some d e t a i l (9). S u f f i c e i t to say that 
d i r e c t detection, without post-column chemistry, i s always 
preferable (more r e l i a b l e , more s e n s i t i v e , less expensive). 

What type of compound
method? E a s i l y oxidize
mereaptans, etc.) are almost always good candidates. E a s i l y 
reducible compounds ( n i t r o compounds, quinones, etc.) are also 
a good p o s s i b i l i t y . I t i s important to recognize that the 
analytes must be oxidized or reduced at_ an electrode. Many 
compounds can undergo rapid chemical redox reactions i n homo­
geneous s o l u t i o n , but behave very poorly at electrode surfaces. 
There i s no s u b s t i t u t e to obtaining a voltammogram (current-
voltage c h a r a c t e r i s t i c curve) when evaluating the p o s s i b i l i t y of 
s o l v i n g a problem w i t h LCEC. 

C y c l i c voltammetry (CV) permits the very rapid evaluation of 
a compound's electrochemical r e a c t i v i t y . This technique i s 
performed at a stationary electrode placed i n a stationary s o l u ­
t i o n . A t y p i c a l response i s i l l u s t r a t e d i n Figure 2 for the 
oxidation of hydroquinone at a carbon paste electrode i n a medium 
sui t a b l e f o r reverse phase chromatography. Although the 2e 
oxidation to benzoquinone i s chemically r e v e r s i b l e (both the 
oxidized and reduced form of the couple are stable during the 
time f o r t h i s experiment to be completed), the electron t r a n s f e r 
k i n e t i c s are slow, as indicated by the shape of the voltammogram. 
To select a p o t e n t i a l s u i t a b l e for LCEC, a value 50 mV beyond the 
oxidation peak p o t e n t i a l i s a good f i r s t choice. The hydro­
quinone nucleus may be thought of as an e l e c t r o a c t i v e functional 
group or an "electrophore" and substituted hydroquinones w i l l 
behave s i m i l a r l y . Thus, i t i s not necessary to obtain CV informa­
t i o n f o r a l l compounds p r i o r to making a judgment about the 
a p p l i c a b i l i t y of LCEC. 

Figure 3 i l l u s t r a t e s several reverse-phase chromatograms fo r 
a synthetic mixture of hydroquinone (peak 1), phenylalanine 
(peak 2), 2-methylhydroquinone (peak 3), 2,5-dimethylhydroquinone 
(peak 4), and phenol (peak 5). In Figure 3A an electrochemical 
detector was used at a p o t e n t i a l of +1.07 v o l t s vs. Ag/AgCl and 
the chromatogram i s p l o t t e d as a "hydrodynamic chronoamperogram" 
using the jargon of electrochemists. Of the material i n j e c t e d 
(1,4 ng; 2,10 ng; 3,8 ng; 4,20 ng; 5,4 ng) a l l were detected with 
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Figure 2. Cyclic voltammogram of hydroquinone (1 mM) at a carbon paste 
electrode (pH 5.0 Mcllvane buffer) 
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Figure 3. Reverse-phase (C1H) chromatograms of hydroquinone (cmpd 1), phenyl­
alanine (cmpd 2), 2-methylhydroquinone (cmpd 3), 2,5-dimethylhydroquinone 

(cmpd 4), and phenol (cmpd 5). 

Mobile phase pH 5.0 Mcllvane buffer, 1 mL/min: (A) Electrochemical detector, carbon 
paste electrode, +1.07 volts; (1) 4 ng; (2) 10 ng (not detected); (3) 8 ng; (4) 20 ng; (5) 
4 ng; (B) UV detector, 254 nm; (1) 2 ^; (2) 5 (3) 4 μ 8 ; (4) 10 (5) 2 
(C) electrochemical detector, +0.500 volts (same amounts injected as for A); (D) electro­
chemical detector, +0.500 volts; (!) 0.40 ng; (2) 1.0 ng; (3) 0.80 ng; (4) 2.0 ng; (5) 

0.40 ng. 
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good signal-to-noise except phenylalanine, which is not oxidizable 
at the electrode potential used. Figure 3B i l l u s t r a t e s the 
corresponding chromatogram obtained with a conventional 254 nm 
UV absorption detector (500-fold more material was injected i n 
this case compared with Figure 3A!). Note that'phenylalanine i s 
now easily detected. This points to one of the most important 
advantages of LCEC for biomedical and environmental samples: i t 
is almost always highly selective compared to UV absorption at 
254 nm. This feature i s of obvious importance to residue work, 
where a very large number of UV absorbing natural products can 
become probable interferences. 

The s e l e c t i v i t y of electrochemical detection i s further 
i l l u s t r a t e d by Figure 3C (same amounts injected as per Figure 3A) 
which was obtained at a s i g n i f i c a n t l y lower potential (+ 0.500 
v o l t s ) , where only the
the amount of material injecte
the chromatogram i n Figure 3D was obtained. While only 0.4 ng 
of hydroquinone i s detected, the signal-to-noise r a t i o remains 
excellent and the amount injected could be further reduced by a 
factor of ten. In some ideal cases, minimum detectable quantities 
(S/N = 2) of 1 pg (t y p i c a l l y 5 femtomoles) have been achieved 
with standard solutions. 

Voltammetric information can be obtained d i r e c t l y from the 
electrochemical detector as well as from c y c l i c voltammetry 
experiments. The recommended experiment i s "normalized hydro-
dynamic voltammetry" i n which a sample i s repeatedly injected 
onto the LC column with different potentials applied to the 
amperometric detector. The peak heights (oxidation or reduction 
current) for one or more components are tabulated as a function 
of potential and divided by the peak height for each compound 
found at the highest potential u t i l i z e d . At s u f f i c i e n t l y large 
potentials, the electrochemistry of most substances becomes mass 
transport limited and the peak height w i l l no longer depend on 
potential. When the normalized peak height values (0) for each 
component are plotted as a function of the applied potential, 
a conventional S-shaped voltammogram w i l l r e s u l t , as i l l u s t r a t e d 
i n Figure 4 for the hydroquinone and phenol peaks i n Figure 3. 
It i s important to recognize that i t i s not necessary to operate 
an electrochemical detector i n the "plateau" region of the 
voltammogram. In fact, some substances do not reach a plateau 
prior to the background l i m i t imposed by the mobile phase. 

It should now be clear why phenol was "tuned out" in Figures 
3C and 3D. Such curves can be very useful to insure the identity 
of a given component by comparison with the voltammogram obtain­
ed for repeated injection of an appropriate standard. Note that 
the r e l a t i v e oxidation currents are plotted "down" in Figure 4, 
in keeping with the convention of American ele c t r o a n a l y t i c a l 
chemists. The process of obtaining a normalized hydrodynamic 
voltammogram i s similar to recording a UV spectrum by repeated 
injection of a sample at different wavelengths. In both UV 
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Figure 4. Normalized hydrodynamic voltammograms obtained from liquid chro­
matogr ams (conditions as per Figure 3 A ) 
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spectrophotometry and electrochemistry i t i s often s u f f i c i e n t f o r 
q u a l i t a t i v e purposes to measure r e l a t i v e peak heights at only 
2 or 3 energies ( i . e . , a complete spectrum or voltammogram i s not 
always necessary). 

Phenolic Residues 

An obvious a p p l i c a t i o n of LCEC i n residue analysis i s to 
p e s t i c i d e s capable of y i e l d i n g a phenolic group. As described 
above, phenols are w e l l suited to electrochemical detection since 
they are r e a d i l y oxidized at a carbon electrode. About 25% 
of the pesticides i n use today possess a substituted phenol 
moiety which may be cleaved from the molecule. Among such 
compounds are a few herbicides, fungicides and several organo­
phosphorous i n s e c t i c i d e s
are based on phenols sinc
increased by a substituted phenyl r i n g (10). Many phenols are 
also used d i r e c t l y as p e s t i c i d e s . For example, chlorophenols 
have many applications as i n s e c t i c i d e s , fungicides, a n t i s e p t i c s 
and d i s i n f e c t a n t s . Pentachlorophenol alone i s the second most 
widely used biocide i n North America with 80 m i l l i o n pounds 
produced i n 1977. Phenols and polyphenols also r e s u l t from the 
metabolism of many pest i c i d e s containing an aromatic nucleus. 
This connection between pe s t i c i d e s and phenols has often been 
u t i l i z e d i n residue a n a l y t i c a l methodology owing to the large 
body of a n a l y t i c a l chemistry a v a i l a b l e f o r phenols. 

The usable anodic range of various carbon electrodes 
extends to about +1.2 to +1.4 v o l t s . The l i m i t i n g f a ctor i s 
background current due to the oxidation of mobile phase components 
(e.g. water, methanol, i m p u r i t i e s ) . Carbon paste based on mineral 
o i l (CPO) was used as the electrode f o r the voltarametric data 
reported here. Glassy carbon, due to i t s s t r u c t u r a l s t a b i l i t y , 
i s also used i n LCEC where separations require a high proportion 
of organic modifier. Glassy carbon works w e l l as an electrode 
although i t e x h i b i t s higher noise and background currents than 
CPO. For most compounds voltammograms on glassy carbon are 
comparable to those on CPO, however, the waves of c e r t a i n compounds 
are broadened and s h i f t e d to higher p o t e n t i a l s r e l a t i v e to CPO. 
Most phenol oxidation p o t e n t i a l s l i e w i t h i n the accessible 
range. Phenol i t s e l f o xidizes at roughly intermediate 
p o t e n t i a l s . The oxidation p o t e n t i a l of a substituted phenol i s 
strongly influenced by i n d u c t i v e , resonance, and s t e r i c e f f e c t s 
of the substituents. Groups capable of donating e l e c t r o n density 
to the aromatic r i n g decrease the oxidation p o t e n t i a l s ( s h i f t i n g 
the bands i n a negative d i r e c t i o n ) while electron withdrawal 
has the opposite e f f e c t . An e a r l i e r study (11) demonstrated that 
half-wave p o t e n t i a l s (R ) of monosubstituted phenols and a n i l i n e s 
are l i n e a r l y r e l a t e d to Hammett Ts substituent constants. Reason­
able success was achieved i n p r e d i c t i n g the half-wave p o t e n t i a l s 
f o r d i s u b s t i t u t e d compounds. 
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For those unfamiliar with the "Kissinger Charts" (Figure 5) 
for tabulating electrochemical information» a d e t a i l e d explana­
t i o n i s a v a i l a b l e on request to the authors. In b r i e f , the box 
for each compound i s plotted between the c y c l i c voltammetric 
peak p o t e n t i a l (E ) and the p o t e n t i a l at h a l f the peak current 
(E / 0 ) . The P width of the box i s i n d i c a t i v e of the electron p/2 
transfer rate constant. An empty box indicates that the e l e c t r o ­
chemical process r e s u l t s i n a product which cannot be reduced 
on the reverse CV trace. A cross-hatched box indicates that a 
reducible product i s produced but that i t i s not the fundamental 
oxidation product. A f i l l e d box means that the electron transfer 
reaction i s chemically r e v e r s i b l e (e.g. a hydroquinone would be 
t y p i c a l of such a compound). 

The r o l e oxidation p o t e n t i a l plays i n s e l e c t i v i t y i s demon­
strated i n the determinatio
one of i t s metabolites
a simple ether e x t r a c t i o n was used f o r i s o l a t i o n of these phenols 
from a c i d i f i e d u r i n e , the extracts also contain considerable acid 
and neutral dietary components. Figure 6A i l l u s t r a t e s a 
chromatogram obtained at s u f f i c i e n t detector p o t e n t i a l such that 
the response from e l e c t r o a c t i v e coextractants obscures the 
presence of low l e v e l s of TCHQ. TCHQ can be oxidized at quite 
low p o t e n t i a l s (+0.2 V) where the response from i n t e r f e r i n g 
substances i s considerably reduced, Figure 6B. PCP, on the other 
hand, i s only detected at higher p o t e n t i a l s (>+0.85V). A higher 
k f helps separate PCP from interferences but the baseline and 
lower response makes the lower l i m i t of detection f o r PCP about 
an order of magnitude above that for TCHQ. This example also 
points up the increased s e l e c t i v i t y towards phenolic metabolites. 
Oxidation p o t e n t i a l s are s i g n i f i c a n t l y reduced by the commonly 
encountered hydroxylation process. Furthermore, low operating 
p o t e n t i a l s give low background and noise, allowing the high 
s e n s i t i v i t y to be e a s i l y r e a l i z e d for secondary metabolites. 

Carbamate esters are i n widespread use as a g r i c u l t u r a l 
p e s t i c i d e s . Several phenolic parents of carbamates are l i s t e d 
i n Figure 5. Of the carbamates tested by c y c l i c voltammetry 
none were oxidized at useful p o t e n t i a l s . I f the pH i s increased 
to 11 or above, oxidation of the phenol formed by hydrolysis i s 
detected. D e r i v a t i z a t i o n of the l i b e r a t e d phenol i s often used 
i n gas chromatographic procedures to circumvent problems with 
chromatography of the l a b i l e carbamate (13). LCEC can be 
adapted to many e x i s t i n g procedures for carbamates by detection 
of the phenol. L i q u i d chromatography avoids the need f o r 
d e r i v a t i z i n g many compounds and o f f e r s the advantages of auto­
mated pre-column trace enrichment (14). Such an approach permits 
a very rapid method fo r determination of phenolic carbamates i n 
r e l a t i v e l y simple matrices such as groundwaters by d i r e c t sample 
i n j e c t i o n a f t e r t r e a t i n g the sample with base (Figure 7). Since 
the free phenol i s the primary degradation product i t must be 
measured beforehand. Post-column reaction schemes f o r carbamates 
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Figure 5. Cyclic voltammetric data for selected phenols of environmental interest 
(carbon paste electrode, 200 mv/sec, pH 4.0 citrate buffer, 10% ethanol (v/v)) 
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Figure 6. Selective detection of tetrachlorohydroquinone at low electrode potential 
in human urine. 

Sample preparation: pooled urine (pH 2) spiked to 50 ppb tetrachlorohydroquinone, 
hydrolyzed 30 min at 90°-J00°C; 5-mL volume extracted three times with ether, com­
bined extracts evaporated and redissolved in 0.5 mL 40% methanol, 0.1 mL injected. 
Column: 15 cm X 4.6 mm Waters μ Bondapak C18; mobile phase: 0.1 M ammonium 
acetate pH 6, 38% methanol, 1.0 mL/min; detector electrode: glassy carbon, TL-5; 

2 mil gasket; potentials vs. Ag/AgCl/3M NaCl reference electrode. 
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Figure 7. Detection of a carbamate by hydrolysis to phenol. 
Chromatographic conditions are the same as in Figure 6; working electrode potential 
+0.9 V—(A) 0.1 mL of acidified (pH 2) river water spiked with 1.0 ppm carhofuran and 

0.1 carhofuran phenol; (B) same sample after adjustment to pH 12. 
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u t i l i z i n g fluorescence detection have been described by several 
groups (15,16). Detection involves hydrolysis of the eluted 
carbamate by addition of base at elevated temperature followed by 
the addition of o-pthalaldehyde which i n the presence of mercap-
toethanol reacts with methylamine from the carbamate to give a 
fluorescent product. Electrochemical detection used i n a s i m i l a r 
fashion has the advantage i n that post-column addition of reagents 
i s not needed. 

A few reports have appeared on the a p p l i c a t i o n of reverse 
phase LCEC to trace phenols. Ott (17) used a dual detector 
approach (UV and EC) to evaluate the l a t t e r f or the determina­
t i o n of 2-phenyl-phenol i n orange r i n d . EC was found to be more 
s e l e c t i v e as none of several UV interferences were oxidized. The 
40% ethanol i n the mobile phase was incompatible with the carbon 
paste working electrode  s t a b i l i t  improve
expense of s e n s i t i v i t y b
buffer. The use of glassy carbon to circumvent t h i s problem i n 
the determination of phenolic preservatives has been described 
(18). Armentrout et a l . (19) describe the determination of trace 
phenolic compounds i n wastewater. A polymeric cation-exchange 
r e s i n was used for separation with a c i d i c a c e t o n i t r i l e - w a t e r 
eluent. Of several electrode materials studied 50% carbon black/ 
polyethylene gave the highest signal-to-noise r a t i o s . Detection 
l i m i t s were below 1 ppb. The detector employed a tubular work­
ing electrode. 

A complete, general mechanism has not been elucidated f o r 
the electrochemical oxidation of phenols. This i s because the 
process consists of several d i s t i n c t yet overlapping events 
which i n turn have resulted i n fragmentary and sometimes con­
f l i c t i n g r e s u l t s . There i s strong evidence f o r at le a s t two 
primary products which can be formed: a phenoxy r a d i c a l and 
phenoxy cation. Both are highly reactive species which undergo 
reactions to form m u l t i p l e products. Some representative pro­
ducts are included i n the scheme i n Figure 8 . Many of these 
secondary products also o x i d i z e at the electrode creating more 
reac t i v e species which i n turn r e s u l t i n larger, more diverse 
products. A common product i s an inso l u b l e polymeric m a t e r i a l . 
The mechanism i s strongly dependent on several f a c t o r s , i n c l u d ­
ing phenol structure and concentration, solvent composition and 
electrode p o t e n t i a l . 

In electrochemical detection the main consideration i s 
the i n i t i a l electron transfer process which produces the measured 
s i g n a l . As shown above, s u b s t i t u t i o n influences the electrode 
p o t e n t i a l required. A second c o n t r o l l i n g f a c t o r i s the pH of the 
medium. Phenolic oxidation p o t e n t i a l s generally s h i f t to more 
negative values with increasing pH, and become pH independent 
where the phenol e x i s t s wholly as the phenolate ion. Thus, i t 
i s important to obtain voltammograms under conditions close to 
the chromatographic system used. Moreover, i t i s i d e a l to 
ascertain the oxidation p o t e n t i a l versus pH r e l a t i o n s h i p w i t h i n 
the useful chromatographic range. 
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Secondary reactions are also a consideration i n c e r t a i n 
instances. As often occurs i n conventional electrochemical 
experiments with phenols, i n s o l u b l e polymeric products are formed 
which adhere to the electrode surface, diminishing the rate of 
the electron transfer step. The r e s u l t i s a decrease i n 
e f f i c i e n c y of the electrode i n o x i d i z i n g the phenol. This i s 
observed as a decrease i n current response. Since the rates of 
the coupling reactions are second order or greater with respect 
to the phenol, f i l m i n g problems are minimized i n t h i n - l a y e r 
hydrodynamic amperometry due to the very low concentrations 
(<10 6M) of phenol normally involved. Eventually, as greater 
amounts are i n j e c t e d , the deactivation w i l l appear and become 
progressively worse. This f i l m i n g i s also dependent on the 
p o l a r i t y of the medium. Mobile phases with high organic modifier 
content lessen the tendenc f product  t  i n t e r f e r  becaus
they are more soluble. I
phenols considered here y 
a s l i g h t tendency to deactivate electrodes. Poorly behaving 
examples are the esters of p-hydroxybenzoic acid (18) and 
hydroxyindoles (14). 

Secondary products capable of further oxidation can also 
increase the u n i t response for c e r t a i n compounds. The p r i n c i p l e 
was recently demonstrated i n the detection of catecholamines 
where a post-column add i t i o n was used to adjust e f f l u e n t pH 
increasing the rate of the chemical step leading to e l e c t r o -
a c t i v e secondary products. Oxidation of secondary products of 
phenolic oxidations probably occurs to a degree under a l l condi­
tions . 

Aromatic Amine Residues 

Aromatic amines, molecules containing one or more aromatic 
rings bearing a primary or substituted amine fu n c t i o n , c o n s t i t u t e 
a second important class of electrochemically o x i d i z a b l e compounds. 
Several s p e c i f i c reports dealing with the determination of aro­
matic amines by LCEC have recently appeared. 

Loss of one electron to y i e l d a cation r a d i c a l i s the pre­
dominant oxidation process f o r a n i l i n e , the simplest primary 
aromatic amine, and for the majority of i t s r i n g - s u b s t i t u t e d 
analogs (20). The s p e c i f i c p o t e n t i a l at which t h i s occurs i s 
influenced by the electron donating or withdrawing e f f e c t s of the 
r i n g s u b s t i t u e n t ( s ) . Figure 9 i l l u s t r a t e s the v a r i a t i o n i n 
oxidation p o t e n t i a l with structure f o r several representative 
compounds. Extensive d e r e a l i z a t i o n of the unpaired electron 
occurs throughout the r i n g system, and both h e a d - t o - t a i l and t a i l -
t o - t a i l coupling reactions r a p i d l y consume the electrogenerated 
r a d i c a l s . For example, both 4-aminodiphenylamine and benzidine 
(4, 4 ' - diaminobiphenyl) are recovered a f t e r oxidation of a n i l i n e 
i n aqueous s o l u t i o n , as shown at the top of the next page. 
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Figure 8. A brief outline of the electrochemical oxidation of phenols showing 
some typical reaction products 
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Figure 9. Cyclic voltammetric data for selected amines of environmental interest 
(carbon paste electrode, 200 mV/sec, pH 4.0 citrate buffer, 10% ethanol (v/v)) 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



5. K I S S I N G E R E T A L . Electrochemical Detection of Residues 73 

H2N 

H2N NH 2 

Depending on the i d e n t i t y and p o s i t i o n of substituent groups
some of these coupling product
2 electron oxidation, a
a n i l i n e s may be expected to y i e l d e i t h e r one or two electrons 
per molecule oxidized. I f further subjected to exhaustive 
e l e c t r o l y s i s , p a r t i c u l a r l y at extremes of pH, the ultimate 
product i s a dark, i n t r a c t a b l e polymeric s o l i d . 

Secondary or t e r t i a r y aromatic amines, those being further 
substituted at the nitrogen, behave i n q u a l i t a t i v e l y s i m i l a r ways, 
although t h e i r oxidation p o t e n t i a l s are usually s h i f t e d more 
p o s i t i v e . Bulky substituent groups may also i n h i b i t the extent 
of subsequent coupling reactions. 

A s p e c i a l class of substituted a n i l i n e s are those having a 
hydroxy1 group or a second amino groups positioned ortho or 
para to the amine function. These molecules are e a s i l y oxidized 
i n a two electron process to the corresponding quinoneimine or 
quinonedlimine. The ease of oxidation r e f l e c t s the high s t a b i l i t y 
of the extended conjugation of double bonds i n the oxidized 
form. Here, a l s o , other r i n g substituents may s l i g h t l y a l t e r 
the value of the oxidation p o t e n t i a l . In a d d i t i o n , the imine 
groups of such species are susceptible to h y d r o l y s i s , such 
that the ultimate product of the oxidation of a p-phenylenediamine 
would be the corresponding p-benzoquinone, as shown below. 

NH 2 NH 

TWO 
CH« STEPS 

2 HzO 

NH 2 NH 0 
This c h a r a c t e r i s t i c ease of oxidation i s also exhibited by 

benzidine and s i m i l a r m u l t i - r i n g molecules capable of forming 
an oxidation product with extended conjugation: 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



74 P E S T I C I D E A N A L Y T I C A L M E T H O D O L O G Y 

A thorough review of a l i p h a t i c and aromatic amine electrochemistry 
has been w r i t t e n by Nelson (21). 

A number of i n d i v i d u a l p e s t i c i d e s from several of the common 
c l a s s i f i c a t i o n s produce s i n g l e - r i n g aromatic amines as degrada­
t i o n products. For example, Propham and carbetamide, members 
of the carbamate c l a s s , y i e l d a n i l i n e as a residue while 
Monuron and D i m i l i n , c l a s s i f i e d as ureas, degrade to p-chloro-
a n i l i n e . Lores, B r i s t o l , and Moseman of the EPA developed an 
LCEC assay f o r pesticide-derived a n i l i n e and a number of i t s 
halogenated d e r i v i t i v e
of i s o c r a t i c operating condition
a l l of the compounds examined. Reported detection l i m i t s f or the 
seven amines determined were 200-400 pg. 

Amine-substituted biphenyl and r e l a t e d compounds, including 
benzidine and i t s congeners, are also of considerable a n a l y t i c a l 
i n t e r e s t . Although not generally considered to be p e s t i c i d e 
residues per se, t h e i r determination i n environmental samples 
further i l l u s t r a t e s the a p p l i c a b i l i t y of LCEC. Many of these 
are highly t o x i c and are the subject of stringent governmental 
regulation (23) . Chromatographic determinations have recently 
appeared for several compounds i n t h i s c l a s s , such as MOCA 
(4,4^-methylenebis-(2-chloroaniline) ) (24) which behaves 
electrochemically as a substituted a n i l i n e . Analyses u t i l i z i n g 
LCEC have been developed f o r benzidine i n urine (25), f o r 
benzidine and 3,3^-dichlorobenzidine i n wastewater (26) and for 
benzidine and the t o x i c polyaromatic 2-naphthylamine, among 
others, i n waste water (27). Detection l i m i t s f o r actual 
samples with these methods are approximately 100 pg. 

The second aromatic r i n g contained i n these molecules s i g ­
n i f i c a n t l y increases t h e i r hydrophobic character, r e s u l t i n g i n 
larger capacity factors on reverse-phase chromatographic m a t e r i a l . 
In p r a c t i c e , t h i s has necessitated the use of s u b s t a n t i a l 
amounts of organic modifiers (30-50 percent) i n the chromato­
graphic mobile phase i n order to e f f e c t e l u t i o n i n a reasonable 
length of time. This property has also allowed the exploration 
of a technique for the preconcentration of trace l e v e l s of these 
compounds from aqueous samples (28). This method of trace 
enrichment, recently used by Ogan, Katz, and S l a v i n for the 
determination of several polyaromatic hydrocarbons u t i l i z i n g 
fluorescence detection (29) , involves passing a large volume 
(2-50 mL) of the aqueous sample through a short (3 cm) column 
packed with reverse-phase material which i s contained i n the 
sample loop of the i n j e c t i o n valve of a conventional LCEC 
instrument. Since the aqueous sample s o l u t i o n contains no 
organic solvent, the capacity factors of the amines of i n t e r e s t 
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are very large. Consequently, these molecules are very strongly 
retained as the sample passes through and out of the sampling 
precolumn. Simultaneously, a second pump passes mobile phase 
containing the proper amount of organic solvent through the 
a n a l y t i c a l column. A schematic diagram of the complete system 
i s shown i n Figure 10. After a known amount of sample has been 
pumped through the sample enrichment column, the valve position 
is switched and the retained compounds flushed off i n a narrow 
band by the mobile phase onto the a n a l y t i c a l column. A second 
virtue of this configuration i s that the hydrophilic compounds 
present i n the sample are not concentrated, and hence contribute 
l i t t l e to the chromatogram. This approach i s i l l u s t r a t e d i n 
Figure 11, which shows a chromatogram of a standard solution 
containing benzidine at 50 parts per t r i l l i o n , and that of a 
ground water sample als
t r i l l i o n benzidine whic
i n d u s t r i a l chemical dumping area where benzidine was known to have 
been released. 

Electroreducible Residues 

Many electrochemical techniques have been applied to envir­
onmentally important reducible molecules. DC polarography has 
been applied to the determination of n i t r o a n i l i n e herbicides 
(30), bipyridylium herbicides (31), parathion and other n i t r o -
phenols (32,33), and dithiocarbamate fungicides (34-36). AC 
polarography has been used for the determination of explosives 
(37), dithiocarbamate fungicides (34,35,38) , and nitrophenols 
(39). D i f f e r e n t i a l pulse polarographic (DPP) methods have found 
widespread application to the determination of electroactive 
agrochemicals, where sample interferences are minimal. DPP 
methods have been used for heterocyclic pesticides (atrazine, 
ametryne, and terbutryne) i n natural waters (40) , Vacor (rodenti-
cide) residues (41) , nitrophenyl pesticides (42), and azomethine 
insecticides in grain formulations (43). These methods compare 
favorably with the usual gas chromatographic methods ; however, 
they lack s e l e c t i v i t y for molecules with similar electrochemical 
behavior. For example, the i n s e c t i c i d e s , cytrolane and cyolane, 
could not be measured with DPP when both were present i n a sample 
(43). Reductive LCEC, which combines a chromatographic separa­
tion with electrochemical detection, e a s i l y permits simultaneous 
quantitation of cyolane and cytrolane, as well as many others. 

The development of the reductive mode LCEC technique has 
been slow because of d i f f i c u l t i e s i n preparing convenient and 
r e l i a b l e working electrodes for use with a high e f f i c i e n c y 
chromatographic separation. In addition, problems are encountered 
with dissolved oxygen and heavy metals. Solid electrodes have 
been used with limited success for reductive LCEC. Mercury 
pool electrodes (44-47), the DME (48-53), and platinum wire 
electrodes coated with mercury (49) are generally not s a t i s -
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Figure 10. Components of a liquid chromatograph used for the trace enrichment 
of aromatic amines by column preconcentration 
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Figure 11. Determination of 50 parts per trillion benzidine (BD) using the 
instrumental configuration shown in Figure 10. 

A 20-mL sample was preconcentrated on a 3-cm column containing Ct reverse-phase 
material and eluted and chromatographed with a mobile phase of 30:70 methanoiO.lM 
ammonium acetate, pH 6.2 on a 15 cm X 4.6 mm analytical column packed with Cg 

material; electrochemical detector operated at +500 mV vs. Ag/AgCl—(A) standard 
aqueous solution; (B) ground water sample collected near an industrial chemical dump­

ing area. 
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factory. Mercury pool and DME electrodes suffer from v i b r a t i o n a l 
e f f e c t s , edge effects due to creeping of solution between the 
mercury and i t s container, and the time dependent surface area. 
Platinum electrodes coated with mercury have a small negative 
range. Our laboratory (6,54,55) and MacCrehan e t . a l . (56-58) 
have used mercury amalgamated gold electrodes for detecting 
reducible compounds which were previously inaccessible with 
carbon electrodes. These electrodes have the advantages of being 
inexpensive, easily prepared, and mechanically r i g i d . 

The reductive detector c e l l resembles the oxidative c e l l 
i l l u s t r a t e d in Figure 1 except that gold i s used for the working 
electrode. The mercury f i l m surface i s prepared by f i r s t 
polishing the gold to a mirror-like f i n i s h . T r i p l e - d i s t i l l e d 
mercury i s placed on the gold disk and after ca. 5 minutes the 
excess i s removed. The
dependent on a number o
the mobile phase, the concentration of heavy metals, the applied 
potential, and the nature of the sample. Unlike carbon electrodes, 
the mercury f i l m electrode i s more susceptible to fouling as the 
result of i r r e v e r s i b l e adsorption of contaminants such as traces 
of metals and sulfur compounds present i n the mobile phase. Under 
t y p i c a l conditions, the electrode surface i s stable for 4-5 days. 
When working at the extremes of the useful negative range (-1.25 
volts vs. SCE), the electrode surface may need reconditioning on 
a dai l y basis. Detailed descriptions of the mercury-gold c e l l 
and i t s care are presented elsewhere (54,55). 

Dissolved oxygen seriously l i m i t s the range of the reductive 
mode detector i f not removed from the mobile phase and sample. 
Even at r e l a t i v e l y low negative potentials, very large residual 
currents are produced by the reduction of oxygen. 

Purging of oxygen from the mobile phase using high purity 
nitrogen, helium, or argon gas i s preferred by most electro-
chemists. Michael and Zatka (53) removed dissolved oxygen from 
an LCEC system by continuously refluxing the mobile phase. Only 
stainless s t e e l tubing i s used i n the chromatograph because tefl o n 
i s permeable to oxygen. 

Heavy metals also i n t e r f e r e with the reductive mode detec­
tor. The presence of dissolved heavy metals such as P b + 2 has a 
two-fold effect on the detector residual current. F i r s t , the back­
ground current increases as the result of the reduction of 
dissolved metal ions. Second, the reduced metal changes the 
composition of the surface of the working electrode. During the 
operation of the detector, the surface of the working electrode 
i s no longer pure gold-mercury amalgam, but also contains other 
metal-mercury amalgams having lower hydrogen overpotentials than 
gold-mercury alone. By lowering the hydrogen overpotential of 
the working electrode, metal amalgams s i g n i f i c a n t l y increase the 
background current. The problem can be diminished by using u l t r a -
pure s a l t s when preparing the mobile phase and keeping the ionic 
strength low. Heavy metals can also be removed from mobile 
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phases by e l e c t r o l y s i s , i f u l t r a trace determinations are to be 
attempted. 

Many pesticides are suitable for reductive LCEC. Examples are 
l i s t e d i n Table 1. The reduction of aromatic n i t r o compounds 
has been widely studied ( 59 ). Mononitroaromatic compounds are 
reduced to hydroxylamines i n a four-electron process (see below). 
At low pH, hydroxylamines can be further reduced to amines at 
more negative potentials than the reduction of the n i t r o group. 

ArN0 2 + 4e~ + 4H + — » ArNHOH + H 20 
+ + ArNHOH + H —> ArNH^OH 

+ + + 

ArNH^OH + 2e + 2H — • ArNH^ + H 20 

Polynitroaromatic compound
nitr o compounds. Additional n i t r o groups f a c i l i t a t e the 
reduction; however, the reduced functional groups, hydroxylamine 
and amine, hinder the reduction of other n i t r o groups. At pH < 3 
the reduction of dinitroaromatic compounds follows two four-
electron steps : 

N0 2-Ar-N0 2 + 4e~ + 4H + — ¥ N02~Ar-NHOH + H 20 

NO^-Ar-NHOH + 4e~ + 4H + —> NHOH-Ar-NHOH + H 20 

The hydrodynamic voltammograms of p i c r i c acid and p-nitro-
phenol depicted i n Figure 12 i l l u s t r a t e the influence of mechan­
ism on the detection process. If the detector potential i s set 
at the potential on the plateau of the voltammogram of p-nitro-
phenol, both compounds are detected. If the potential i s set 
at the plateau of the f i r s t wave of p i c r i c acid, i t alone i s 
detected. At more negative potentials the unit response for the 
polynitroaromatic compounds w i l l be greater than the response for 
mononitroaromatic compounds since more electrons are involved i n 
the electrochemical reduction of polynitroaromatics. 

Molecules which are not electrochemically active can be 
dérivâtized using an appropriate "electrophore", making the 
derivative e l i g i b l e for electrochemical detection (9 ). It 
i s fortunate that the nitrophenyl group, commonly used for UV 
and GC deri v a t i z a t i o n , i s e a s i l y reducible. Methods based 
on the determination of intact carbamate residues by GC have 
been very disappointing as the result of thermal i n s t a b i l i t y of 
a large majority of carbamate compounds. Therefore, a number 
of derivatization methods have been proposed. Carbamates, which 
produce an aromatic amine or phenol when hydrolyzed, were dé­
rivât ized using 2,4-Dinitrofluorobenzene (DNFB) to form 2,4-
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Tab l e I 

E a s i l y R e d u c i b l e Compounds o f Env i r onmenta l I n t e r e s t 

D i m * t r o a n i l i n e H e r b i c i d e s D im* t ropheno l P e s t i c i d e s 

B e n e f i n 
C h l o r n i d i n e Med ino t e rb 
2 - ( 1 -me thy l b u t y l ) - 4 , 6 - d i n i t r o p h e n o l Dinobuton 
2 - s e c - B u t y l - 4 , 6 - d i n i t r o p h e n o l 
4 , 6 - D i η i t r obuty l - o - cyc l ohexy l phenol Orqanometal 1 i c Compounds 
N i t r o a n i l i n e 
O r y z a l i n Methy l mercury 
T r i f l u r a l i n Phenyl mercury 
4 , 6 - D i n i t r o - o - c r e s o l Methy l ant imony 

Phenyl l e a d 
N i t r o p h e n y l I n s e c t i c i d e s Methy l l e a d 

P a r a t h i o n N i t r o s a m i n e s 
M e t h y l p a r a t h i o n 
N i t r o f e n N - n i t r o s o d i e t h a n o l a m i n e 

Di methyl η i t r o sam i ηe 
B i p y r i d y l ium H e r b i c i d e s D i e t h y l n i t r o s a m i n e 

Di pro pylη i t r o sami ne 
Paraquat N - n i t r o s o a t r a z i n e 
D iquat N - n i t r o s o m o r p h o l i n e 

N - n i t r o s o p i p e r i d i n e 
Azometh ine bond - i n s e c t i c i d e s N - n i t r o s o p y r r o l i d i n e 

C y t r o l a n e E x p l o s i v e s 
Cyo lane 

P i c r i c a c i d 
Azomethine bond - f u n g i c i d e T r i n i t r o t o l u e n e (TNT) Azomethine bond - f u n g i c i d e 

N i t r o g l y c e r i n 
Drazoxo lon 
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Φ 

POTENTIAL (VOLTS) 

Bioanalytical Systems 

Figure 12. Hydrodynamic voltammograms of picric acid (Φ) and p-nitrophenol 
(O) (0 is the normalized peak current response to repeated injection of 20 ng of 

each compound; mobile phase: pH 3.7 citrate/phosphate at 0.5 mL/min) 
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dinitrophenyl (DNP) de r i v a t i v e s ( 60 -63 ). Several i n v e s t i g a t o r s 
have used d e r i v a t i z a t i o n with DNFB to confirm the i d e n t i t y of 
t r i a z i n e , urea, and carbamate residues ( 6 4 - 6 6 ) . 

In the past seven years N-nitrosamines have attracted wide 
attention due to t h e i r carcinogenic properties. In 1977, Ross 
et a l . (67) reported the presence of N-nitrosodipropylamine i n 
the formulation of d i n i t r o a n i l i n e h e r b i c i d e , t r i f l u r a l i n , at the 
154 ppm l e v e l . Subsequent studies by other laboratories showed 
that nitrosamine impurities are common to a l l d i n i t r o a n i l i n e -
based herbicides. Nitrosamines contamination resulted from 
the n i t r a t i o n of dipropylamine by the excess n i t r o s a t i n g agent. 

The electrochemistry of N-nitrosamines has been studied i n 
d e t a i l by numerous in v e s t i g a t o r s ( 68 -72 ). At low pH, N-nitro­
samines are reduced to hydrazines v i a a four-electron process. 
At n e u t r a l or a l k a l i n e
two-electron process t

Low pH: 
+ + RR"N-N0 + H —» RRfN-N0H 

. + - + + RR N-NOH + 4e + 4H —> RR'NNH^ + HO 

Neutral and a l k a l i n e pH: 

RRfN-N0 + 2e~ + 2H + —> RR'NH + 1/2N20 + 1/2H20 

Bipyridylium herbicides and i n s e c t i c i d e s containing a c t i ­
vated azomethine group are also s u i t a b l e f o r LCEC methods of 
anal y s i s . The bipy r i d y l i u m h e r b i c i d e , methyl viologen (MV, 
paraquat), undergoes two, one-electron processes. 

+2 - ν +1 
M V + e <-± MV + e —> MV 

Inse c t i c i d e s containing an activated azomethine group such 
as cytrolane and cyolane are reduced i n a s i n g l e four-electron 
process at pH < 8. 

0 0 
RRfC=N-P(0R)o + H + — • RRfC=NH-P(0R)o jj 1 2 0 

RR fC=NH-P(0R) 2 + 4e~ + 3 H + + H 20 —> RR1CH-NH2 + H0-P(0R) 2 + H 2 

Cytrolane and cyolane were determined i n spiked run-off 
water to demonstrate the a p p l i c a b i l i t y of the th i n - l a y e r mercury 
amalgamated gold detector f o r the determination of i n s e c t i c i d e 
residue. A chromatogram of a sample spiked with 0.94 yg/ml and 
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0.84 ug/mL of cytrolane and cyolane, r e s p e c t i v e l y , i s i l l u s t r a t e d 
i n Figure 13. The p e s t i c i d e s were i s o l a t e d according to Paschal 
et a l . (73) with minor modifications. 

Dithiocarbamates and thioureas are included i n t h i s section 
because of t h e i r u s e f u l electrochemical behavior at mercury and 
mercury amalgam electrodes. The formation of mercury complexes 
r e s u l t s i n an easy oxidation at the mercury electrode. On 
the other hand, carbon electrodes are not w e l l suited f o r the 
detection of these compounds because the oxidation occurs beyond 
the usual scope of carbon detector c e l l s . 

The electrochemical behavior of thiocarbamates has been 
studied by several i n v e s t i g a t o r s (35,36,38,74-78). At mercury 
electrodes, thiocarbamates are oxidized i n a one-electron process 
to form in s o l u b l e mercury (II) s a l t s . Thioureas undergo a 
s i m i l a r process. 

C y c l i c voltammetry i s extremely h e l p f u l i n determining 
the p o t e n t i a l of the working electrode necessary to detect the 
analyte of i n t e r e s t . Figure 14 i l l u s t r a t e s CV data f o r selected 
bipyridylium h e r b i c i d e s , i n s e c t i c i d e s containing an activated 
azomethine group, nitroaromatic p e s t i c i d e s , and herbicides and 
t h e i r metabolites. Figure 14 also points out the ease of 
oxidation of the dithiocarbamate f u n c t i o n a l group. The oxidation 
occurs at low negative p o t e n t i a l s , whereas t y p i c a l oxidations 
take place at p o s i t i v e p o t e n t i a l s as shown i n Figure 4. 

In conclusion, we have t r i e d to present the p r i n c i p l e s of 
LCEC, describe the present applications that have been made, and 
survey the areas of p o t e n t i a l u t i l i t y by reviewing pertinent 
chemistry and related methods. I t i s our opinion that the success 
of LCEC i n neurochemistry can carry over to pesticides owing not 
only to the advantages of electrochemical detection but also to 
the tremendous p o t e n t i a l of i t s adjunct, l i q u i d chromatography. 
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cyo 

0 4 8 12 16 
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Figure 13. Chromatogram of run-off water spiked with 0.94 μg/mL of cytrolane 
(Cyt) and 0.84 μg of cyolane (Cyo) (mobile phase; 0.02M acetate buffer, pH 4.15 
containing 30% methanol (v/v) at a flow rate of 0.5 mL/min; TL-9A electro­

chemical transducer was set at —1.25 V vs. Ag/AgCl reference electrode) 
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Figure 14. Reductive cyclic voltammetry data for selected compounds of environ­
mental interest obtained using a mercury film electrode (on gold) at scan rates of 
200 mV/sec in 0.1M citrate buffer, pH 4.0 and 10% ethanol (v/v) (concentrations 

of compounds were in the range of 1.8 to 2.3 mg/20 mL) 
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6 
A Critical Comparison of Pre-Column and Post­
-Column Fluorogenic Labeling for the HPLC 
Analysis of Pesticide Residues 
Η. A. MOYE 
Pesticide Research Laboratory, Food Science and Human Nutrition Department, 
University of Florida, Gainesville, FL 32611 
P. A. ST. JOHN 
American Instrument Company, Silver Spring, MD 20910 

The concept of "fluorogeni  labeling" had it  beginning  i
the early 1950's when dye
adsorbed to proteins throug  (1)
an effort to better understand the effects of proteins on naph­
thalene dye fluorescence Hartly and Massey (2) in 1956 reacted 
1-dimethylaminonaphthalene-5-sulfonyl chloride (dansyl chloride) 
with various amino acids. Other authors have detected dansylated 
amino acids by thin-layer chromatography (3-8). Dansyl chloride 
reacts with phenols as well and was used by Frei, Lawrence, Hope 
and Cassidy to derivatize hydrolyzed N-methyl carbamate pesticides 
prior to HPLC analysis on silica columns with fluorometric detect­
ion (9). Early work by Chen demonstrated that dansyl derivatives 
of amino acids suffered from severe quenching in protic solvents 
(10). More recently Froehlich and Murphy (11) have shown two to 
three fold enchancement in fluorescent intensity of dansylated 
amino acids over pure water by employing 30% dimethyl sulfoxide 
as solvent. 

Primary and secondary amines have been quantitated by thin 
layer chromatography after derivatization with 7-chloro-4-nitro­
-benzo-2-oxa-1,3-diazole (NBDCl, 12). The reagent has also been 
used for analysis of reduced nitrosamines employing adsorptive 
mode HPLC (13). 

We have reported on the use of 9-fluorenylmethyl chloro-
formate (FM0CC1) as a pre-column fluorogenic labeling reagent for 
primary and secondary amines, and found i t to be p a r t i c u l a r l y 
suitable for aqueous based HPLC systems such as ion exchange where 
both dansyl chloride and NBDC1 derivatives extensively lose quan­
tum e f f i c i e n c i e s with concurrent losses i n l i m i t s of detection 
(14). As well, we have also reported on a post-column fluorogenic 
labeling HPLC arrangement for the analysis of N-methylcarbamate 
pesticides employing the primary amine s p e c i f i c o-phthalicdi-
carboxaldehyde-mercaptoethanol (ΟΡΑ-MERC) reagent (15). This sys­
tem was extensively studied by Krause (16), and found to be sen­
s i t i v e , selective, reproducible and stable. By substituting an 
oxidative calcium hypochlorite reagent for the hydrolytic sodium 

0-8412-05 81 -7/80/47-136-089$05.00/0 
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hydroxide reagent i n this system we have discovered that glypho-
sate herbicide (n-phosphonomethylglycine) can be readily cleaved 
to produce a primary amine which rapidly reacts with the OPA-MERC 
reagent to produce a fluorophore (15). 

We chose the FM0CC1 reagent and the OPA-MERC system to study 
the r e l a t i v e merits of pre-column and post-column fluorogenic 
labeling when u t i l i z e d i n the development of HPLC based residue 
procedures for glyphosate herbicide (GLYPH) and i t s major metab­
o l i t e , aminomethylphosphonic acid (AMPA). Some of the conclusions 
presented here are based upon experimental data while others arise 
from conceptual examination of the two approaches. Additionally, 
some of the conclusions recorded here are not d e f i n i t i v e but re­
sult from a limited number of observations and are included i n 
order to assi s t the reader i n understanding why certain choices 
were made during the developmen

P a r a l l e l , and infrequentl
described here were judged by the authors to be j u s t i f i a b l e i n 
l i g h t of the recent worldwide interest i n the herbicide glyphosate 
in addition to the fact that the only previously published residue 
procedure for the herbicide (17) has generally become to be re­
garded as lengthy, cumbersome and subject to low recoveries. 

Apparatus and Reagents 

Pre-column Labeling (FM0CC1). A fluorometric HPLC was con­
structed from two Waters Associates model 6000A pumps, a Waters 
Associates model 660 solvent programmer, a Rheodyne model 7010 
sample injection valve equipped with a 20 y l sample loop and an 
American Instrument Co. Aminco-Bowman spectrophotofluorometer 
model 4-8202, equipped with a model B16-63019 flow through c e l l . 
Chromatograms were recorded on a Sargent model MR s t r i p chart 
recorder. A Corning CS #0-54 cutoff f i l t e r (290 nm) was placed 
before the photomultiplier tube (IP28) to reduce the scattered 
l i g h t from the excitation monochromator. Excitation was at 270 
nm and emission at 315 nm; a 150 W. xenon arc lamp was used as a 
source. S l i t program was set at 3,3,3,3,3,5. Separations were 
achieved on Waters Associates μ Carbohydrate (4 mm χ 30 cm) or 
μ NH£ (4 mm χ 30 cm) columns operated i n the anion exchange mode. 
Isocratic operation, unless otherwise specified, was conducted at 
1.0 ml/min with pH 4 phosphate buffer (0.1 M) containing 25% aceto-
n i t r i l e by volume. Various solvent programs were also attempted. 

Acetone was pesticide grade; a l l other reagents were reagent 
grade. 

Cation exchange sample cleanup was performed on a 2.4 cm χ 
50 cm glass column having an integral 500 ml reservoir and a re­
movable stopcock. Exactly 190 g of hydrogen form Dowex 50W -X8, 
100-200 mesh, equilibrated with 1 l i t e r of 0.1N HC1, was used to 
pack each column and discarded after use. 

Water extracts of crops were concentrated on a Bilchi Roto-
vapor model R under minimum pressue from a water aspirator; 
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condensor coolant was kept at 5°C by a c i r c u l a t i n g refrigerated 
water bath. 

Post-Column Labeling (OPA-MERC). An arrangement (Fig. 1) 
similar to that previously reported for the determination of 
N-methylcarbamate pesticides (15) was constructed from a Waters 
Associates model 6000 pump, a Rheodyne 7010 injector with a 20 μΐ 
loop, a 4 mm χ 25 cm stainless s t e e l column packed with 13.5 μ 
Aminex A-27 (Biorad Laboratories), two Milton Roy Model 196-0066-
001 reagent pumps, an American Instrument Co. Fluoromonitor equip­
ped with ΟΡΑ f i l t e r s (360 and 455 nm) or a Gilson Spectra/glo 
fluorometer s i m i l a r l y equipped. Chromatograms were recorded on a 
Varian model A20 s t r i p chart recorder (100 mv). Oxidant (calcium 
hypochlorite) was pumped and mixed with the HPLC column eluent 
v i a model CJ3031 Kel-F
O.D. χ 0.5 mm I.D. Teflo
tubing (0.29 ml volume) was used to provide a delay time of about 
1 min. 40 sec. before entering another Kel-F "T" into which the 
OPA-MERC reagent was pumped ; a 0.6 m length of tubing carried the 
mixture to the fluorometer. The ΟΡΑ reagent was made up as pre­
viously described (15). Exactly 1 g was dissolved i n 10 ml of 
dioxane and diluted to 1 l i t e r with pH 10, 0.125 M borate buffer 
to which 1 ml of MERC was added. 

Thermostatting of the columns was accomplised at 62°C with 
a small o i l f i l l e d bath (model PY1, Bench Scale Equipment Co.). 

Mobile phase for the an a l y t i c a l HPLC ion exchange column 
was 0.1 M H3PO4 at 1.0 ml/min. Calcium hypochlorite was prepared 
by dissolving 12 mg of HTH (Olin Co.) and 11.6 g NaCl i n 1 l i t e r 
of 0.1 M KH 2P0 4 and adjusting the pH to 9.0 with 10 M KOH. 

Experimental 

Pre-column Labeling (FM0CC1). FM0CC1 reacts v i a an Sn2 mech­
anism with the amino nitrogen of both primary and secondary amines 
producing a carbamate having a fluorenyl group as the fluorophore 
(14). Kinetics of the reaction with the primary amine AMPA were 
impossible to measure by HPLC, however, that of GLYPH showed a 
rapid reaction (Fig. 2). The micro-scale derivatizations were 
performed by placing 0.1 ml of 10~ 7-10~ 3 M GLYPH or AMPA along 
with 0.9 ml of 0.025 M pH 9 sodium borate, 0.9 ml of acetone and 
0.1 ml of 10""2 M solution of FM0CC1 i n acetone, into a Teflon 
capped 16 mm χ 125 mm culture tube. The solutions were incubated 
at 23°C for 20 min. without shaking or s t i r r i n g after which 3 ml 
portions of ethyl ether were used to wash away excess reagent. 
Appropriate dilut i o n s were made with water before inj e c t i o n into 
the l i q u i d chromatograph. A t y p i c a l chromatogram using the μ 
Carbohydrate column i s shown i n Fig. 3. When 10" 5 M GLYPH was 
derivatized and compared to an authentic standard, as previously 
described (14), 109% conversion was calculated, which could be 
explained by a somewhat impure authentic standard. 
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Figure 7. Schematic of post-column fluorogenic OPA-MERC HPLC arrangement 
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Figure 2. Kinetics curve of GLYPH-FMOCCl reaction as monitored by HPLC 
(5 X 10~5M glyphosate, 5 χ 10 4M FMOCCl in 1:1 acetone :0.025U sodium 

borate, pH 9.0, 23°C) 
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Crop Extra c t i o n and Cleanup (FM0CC1). The e x t r a c t i o n pro­
cedure found i n the P e s t i c i d e A n a l y t i c a l Manual (17) was u t i l i z e d 
throughout. In t h i s procedure 100 g of chopped crop, 100 ml of 
chloroform and 200 ml of water were added to a 1 quart Mason j a r 
and blended at medium speed f o r 15 min. The j a r was rinsed with 
2 χ 20 ml of Η 20 and the combined contents and r i n s e s d i s t r i b u t e d 
equally between three 60 mm χ 120 mm polypropylene centrifuge 
b o t t l e s . A f t e r c e n t r i f u g a t i o n at 10,000 rpm for 20 min. the 
aqueous layers were combined and rotary evaporated to 50 ml at 
which time the pH was adjusted to 1.0 with concentrated HC1. 

A l l of the sample (50 ml + 10 ml wash) was placed at the top 
of the 50W - X8 column and eluted at 3.5 ml/min with 0.1 N HC1. 
GLYPH appeared i n the 280 to 400 ml f r a c t i o n and AMPA appeared i n 
the 580 to 800 ml f r a c t i o n . These f r a c t i o n s were rotary evapo­
rated separately to approximatel
to a 5 ml volumetric an
f l a s k . 

Crop D e r i v a t i z a t i o n (FM0CC1). D e r i v a t i z a t i o n of crop f r a c ­
tions c o l l e c t e d from the 50W - X8 column was performed with a 
proportionately larger amount of FM0CC1 to accommodate reagent 
scavenging by co-extractives that were not f u l l y i s o l a t e d by the 
column. In a d d i t i o n , K2CO3 (150 mg) had to be added to the ex­
tremely a c i d i c (pH 0) concentrate so that the borate buffer was 
not consumed. Exactly 1 ml of e i t h e r the GLYPH or AMPA f r a c t i o n 
was placed i n a Teflon capped cult u r e tube and approximately 
150 mg of K2CO3 was added with shaking to bring the pH to 11. 
Along with 4 ml of H2O 5 ml of 0.1 M FM0CC1 i n acetone was added 
to the tube which was capped and reacted at 23°C fo r 20 min. The 
reaction mix was washed 3 times with 5 ml of e t h y l ether, d i l u t e d 
to 10 ml with H2O and in j e c t e d onto the HPLC. Comparisons were 
made to standards i n 0.1 M HC1 which were s i m i l a r l y d e r i v a t i z e d . 

Crop Extraction and Cleanup (OPA-MERC). GLYPH and AMPA were 
extracted and cleaned up p r i o r to post-column fluorogenic l a b e l ­
ing HPLC determination i n exactly the same manner as for the 
FM0CC1 procedure with the exception that the concentrated highly 
a c i d i c f r a c t i o n s from the 50W - X8 columns were adjusted with 
10 M KOH to pH 3-8. This was necessary i n order to prevent adverse 
s h i f t i n g of the HPLC mobile phase pH and subsequent s h i f t s i n r e ­
tention and d e t e r i o r a t i o n of peak shape. 

Results and Discussion 

HPLC Separations. The columns chosen for the FM0CC1 and OPA-
MERC experiments were a r e s u l t of several considerations and ob­
servations. Although a l l four columns used operated i n the anion 
exchange mode only the s i l i c a p a r t i c l e columns (μ Carbohydrate 
and μΝΗ2) were successful i n chromatographing GLYPH and AMPA, 
ostensibly due to the i n t e r a c t i o n of the f l u o r e n y l moiety of the 
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M I N U T E S 

Analytical Letters 

Figure 3. Typical chromatogram of AMPA and GLYPH derivatives (μ carbo­
hydrate column, 25% acetonitrile:0.1M KH2POit pH 4; 1 mL/min flow, 20 /xL 

injection (là) 

Figure 4. Chromatogram and elution pattern, as determined by collecting 1-mL 
fractions following injection of radiolabeled A MP A and GLYPH, showing enhanced 
retention of GLYPH-FMOC (μ carbohydrate column, 25% acetonitrile/0.025M 

KHtPOit pH 4; 1 mL/min flow) 
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derivative with the polystyrene-divinylbenzene polymer forming 
the p l a s t i c bead. Even 0.1 M H3PO4 was unsuccessful i n eluting 
either derivative. These columns, however, i n contrast to the 
pl a s t i c bead type (HA-X10 and Aminex A-27) could be readily pro­
grammed by both pH and ionic strength. The quartenary ammonium 
pl a s t i c bead type column was necessary i n the OPA-MERC post-
column fluorogenic labeling arrangement, however, due to contin­
ued column bleed from the s i l i c a p a r t i c l e columns which caused 
extremely high background fluorescence. In sharp contrast to 
the e asily programmable s i l i c a p a r t i c l e columns the p l a s t i c bead 
column could not be programmed at a l l and took several hours to 
equilibrate when even small changes were made i n ionic strength 
or pH. 

E f f i c i e n c i e s for the two types of columns were both some­
what low at about 1500
column and only about 100
la t t e r were more prone to deterioration from crop co-extractives, 
dropping to only about 600 after months of use, while the plas­
t i c bead column was not measurably affected. 

While i t i s generally recognized that pre-column derivatiza­
tion frequently leads to improved resolution i n a multicomponent 
mixture our observations with the FM0CC1 derivatives of GLYPH and 
AMPA indicate that i t can be sometimes detrimental, as seen i n 
Fig. 4 where ^ C labeled GLYPH and AMPA were chromatographed un-
derivatized; 1 ml fractions were collected and counted i n a 
s c i n t i l l a t i o n spectrometer. When GLYPH and AMPA were derivatized 
and chromatographed a s h i f t i n GLYPH retention i s observed, from 
14 min. to 20.5 min.; the AMPA retention remained unchanged at 
7.5 min. Since, of six amino acids, a l l eluted before AMPA and 
presented no interferences the increased retention of GLYPH ap­
pears to only increase analysis time, a de f i n i t e detriment. 

Post Column Derivatization (OPA-MERC) Optimization. GLYPH 
response was measured as a function of the OPA-MERC reagent flow 
and Ca(C10)2 reagent flow. Flows were varied from 0.2 to 0.6 
ml/min; while each was being varied the other was held at 0.3 
ml/min, which was observed to be the optimum flow for both of 
them when column mobile phase (0.1 M H3PO4) was held at 1.0 
ml/min. 

The Ca(C10) 2 cleavage reaction of GLYPH was not studied ex­
tensively. By exposing GLYPH to Ca(C10)2 at pH 2 and then pre-
column derivatizing with FM0CC1 followed by chromatography on the 
yNH2 column i t was apparent that glycine was one reaction product 
that was produced which could then react with OPA-MERC. By 
lengthening the delay c o i l from 5 f t to 35 f t , giving an increase 
i n reaction time from 14 sec. to 1 min. 38 sec. , an increase i n 
GLYPH peak area by a factor of 2 was realized. Even though i t 
was apparent that GLYPH was not being completely converted to a 
primary amine the s e n s i t i v i t y was adequate for residue studies 
and reproducibility was good (see Crop Recoveries section). 
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Column Cleanup Studies. One of the primary goals of t h i s 
study was to achieve a s i g n i f i c a n t reduction i n time required for 
sample ext r a c t i o n and cleanup, as w e l l as to eliminate one, or 
preferably both, of the d e r i v a t i z a t i o n steps used i n the ΡAM 
method. Many and varied attempts were made at s i n g l e column 
cleanup of f r u i t s and vegetables, including cation exchange, anion 
exchange, adsorption, reverse phase and molecular s i z e . Of these, 
cation exchange on a 50 χ 2.4 cm column with 190 g of 100-200 mesh 
50W - X8 appeared to be the most s a t i s f a c t o r y . Retention of g l y ­
phosate was strongly dependent upon eluent pH; maximum retention 
was observed at 0.05 - 0.1 M HC1 and was the key to the s i n g l e 
column cleanup since i t allowed for maximum separation of GLYPH 
from sugars, etc., which were not retained by the column. With 
0.1 M HC1 as eluent AMPA began coming o f f the column at 580 ml, 
w e l l separated from cro  interferences  GLYPH bega  e l u t i n t 
280 ml; i t s f r a c t i o n containe
which were apparent on th  chromatogra
i n t e r f e r e with the GLYPH peak since they were early e l u t e r s . The 
e l u t i o n patterns are i l l u s t r a t e d i n F i g . 5. 

Crop Recoveries, Pre-Column D e r i v a t i z a t i o n (FM0CC1). As i l ­
l u s t r a t e d i n F i g . 6 i t was possible to recover GLYPH at 0.1 ppm 
e s s e n t i a l l y q u a n t i t a t i v e l y from cantaloupe using the FM0CC1 pre-
column d e r i v a t i z a t i o n procedure. However, upon changing HPLC 
chromatographic conditions for AMPA by lowering the mobile phase 
i o n i c strength there appeared to be several interferences which 
were unresovable from AMPA-FMOC. Since such interferences seemed 
insurmountable and i t was necessary to quantitate AMPA, no r e ­
coveries were attempted for GLYPH alone. 

Crop Recoveries, Post-Column D e r i v a t i z a t i o n (OPA-MERC). The 
good to excellent recoveries r e a l i z e d for a l l crops studied r e ­
sulted from the e f f i c i e n c i e s of both the cation exchange cleanup 
and anion exchange a n a l y t i c a l columns, the care taken i n the 
rotary evaporation of the samples ( 5 °C condenser temp., maximum 
as p i r a t i o n and 40°C water bath), and the s e l e c t i v i t y of the OPA-
MERC reagent. As seen i n Table I , recoveries at 0.1 ppm f o r 
AMPA ranged from 61 to 82% and for GLYPH from 70 to 96%. 

Typical chromatograms are i l l u s t r a t e d i n F i g s . 7 and 8. 
The o v e r a l l r e p r o d u c i b i l i t y of the post-column fluorogenic 

l a b e l i n g HPLC as w e l l as the proposed procedure for AMPA and 
GLYPH i s i l l u s t r a t e d by the r e p l i c a t e recoveries from cucumber 
which were measured over a two day period (Table I I ) : 
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Figure 5. Elution pattern of GLYPH (-Ο-) and AMPA (-φ-) from 50 cm X 
2.4 cm 50W — X8 column as a function of eluent pH 
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STANDARD C A N T E L O U P E CHECK 
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Figure 6. Chromatogram showing (top) recovery of GLYPH from cantaloupe 
(μΝΗ2 column, 1 mL/min flow, 20 μ-L injection, 25% acetonitrile/O.lM KHÈPOk, 
pH 4) and (bottom) cantaloupe coextractives interfering with AMPA derivative 
(μΝΗ2 column, 1 mL/min flow, 20 /JL injection, 25% acetonitrile/0.025M 

KH2POh pH 4) 
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Table I. Crop Recoveries at 0.1 ppm 

C r°P 
Cantaloupe 
Cranberries 
Jalapeno peppers 
Pumpkin ^ 
Cucumber 

AMPA 

68% 
61 
65 
68 
82 

GLYPH 

92% 
76 
70 
90 
96 

a. Single recovery sample; average of duplicate i n j e c t i o n s . 
b. Calculated from peak heights
c. Calculated from pea
d. Average of f i v e r e p l i c a t  samples

Table I I . R e p r o d u c i b i l i t y of Recoveries at 
at 0.1 ppm from Cucumbera 

Sample No. AMPA GLYPH 

81% 
83 
81 
83 
84 

= 82.4% 
= 1.3 

108% 
89 
96 
97 
92 

χ = 96.4% 
s = 7.2 

a. Average of duplicate i n j e c t i o n s . 
b. Calculated from peak heights. 
c. Calculated from peak areas. 

Standard deviations for AMPA recoveries were l e s s than 2%, 
excellent for r e p l i c a t e recoveries while the percentage remained 
high (82.4%). While GLYPH recoveries have always been higher 
than AMPA for a l l crops studied the v a r i a b i l i t y has also been 
higher ostensibly due to the incompleteness of the Ca(C10)2 
cleavage reaction. S t i l l , a standard deviation of le s s than 8% 
appears acceptable. 

A time and cost analysis for the determination of two residue 
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CHECK 

Figure 7. Chromatograms of (left) un­
treated (check) cucumber and (right) 
AMPA-fortifled cucumber at 0.1 ppm 
(Aminex A-27 column, 0.1M HsPOh, 1 
mL/min flow, 20 pL injection, atten 2X) 

0.1 ppm 

15.0 

Figure 8. Chromatograms of (left) untreated (check) cucumber and (right) 
GLYPH-fortified cucumber at 0.1 ppm (Aminex A-27 column, 0.1M H,POh, 1 

mL/min flow, 20 pL injection, atten 10X) 
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samples including a three point a n a l y t i c a l curve for AMPA and 
GLYPH i s shown i n Table I I I : 

Table I I I . Time and Cost Analysis for AMPA and 
GLYPH Residue Determination (OPA-MERC) a 

Step Hours % of 8 hour day $/sample 

1. Extraction 0.5 6 0.22 
2. Centrifugation 0.5 6 — 

3. Rotary evaporation 1.0 13 — 

(50 ml) 
4. Column prep. (50W -
5. Column elution 
6 . Rotary evaporation 1.3 16 — 

(5 ml) 
7. HPLC 2.0° 25 0.10 

Totals 8.0 100 12.94 

a. Two samples 
b. Columns prepared previous day. 
c. Includes 3 point a n a l y t i c a l curve. 

Conclusions 

For the application described here a post-column fluorogenic 
labeling approach was devised which was demonstrated to be suf­
f i c i e n t l y sensitive (0.1 ppm), reproducible, economical and 
r e l a t i v e l y rapid compared to the existing ΡAM procedure. By nor­
malizing on an anion exchange HPLC separation two fluorogenic 
reagents were chosen that had demonstrated high quantum yields 
and thus were capable of producing high s e n s i t i v i t i e s for stan­
dards . It was necessary to choose a pre-column fluorogenic 
labeling reagent (FM0CC1) which derivatized both primary (AMPA) 
and secondary amines (GLYPH). This reagent also derivatizes 
alcohols under the conditions that were used and consequently 
could be expected to be scavanged by crop coextractives while 
producing possible interferences ; this was indeed observed for 
the cantaloupe AMPA frac t i o n . Conversely, since GLYPH i s 
cleaved by Ca(C10) 2 to produce a primary amine which reacts with 
OPA-MERC, a primary amine s p e c i f i c reagent, fewer potential i n ­
terferences ought to be expected, as was observed. Amino acids, 
as well as several naturally occurring phosphonic and sulfonic 
acids did not interfere with the post-column fluorogenic l a b e l ­
ing determination of the early eluting AMPA. A peak eluting 
after AMPA, which did not interfere at the 0.1 ppm l e v e l and 
occurred i n several crops, was not i d e n t i f i e d . 
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It was observed that the quartenary ammonium p l a s t i c bead 
column packings were rugged and less prone to being fouled by 
crop coextractives than were the chemically bonded s i l i c a p a r t i ­
c l e columns. After over a year of use they retained the ir ef­
f i c iency and s e n s i t i v i t y . Their operation with ac id i c buffers 
(pH 1-4) was perfect ly compatible with the need to perform the 
Ca(C10)2 cleavage of GLYPH under ac id i c condit ions . Fortunately , 
the buffering act ion of the ΟΡΑ-MERC reagent was adequate to 
sh i f t the pH to 10, an optimum for the r ing formation to occur. 

The procedure described here takes f u l l advantage of the 
water s o l u b i l i t y of the two analytes, the ir anionic and cat ionic 
behavior, the speed of HPLC separations and i t s s u i t a b i l i t y for 
the analysis of non-vo lat i l e compounds. 
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Fluorescence and Ultraviolet Absorbance of 
Pesticides and Naturally Occurring Chemicals in 
Agricultural Products After HPLC Separation on a 
Bonded-CN Polar Phase 
ROBERT J. ARGAUER 

Analytical Chemistry Laboratory, Agricultural Environmental Quality Institute, 
Agricultural Research, Science and Education Administration, U.S. Department of 
Agriculture, Beltsville, MD 20705 

Abstract 

Some pesticides an y y g
fluoresce sufficiently that direct monitoring of their natural 
fluorescence during HPLC is feasible. The fluorescence intensi­
ties of over thirty pesticides in hexane and methanol were 
measured at excitation wavelengths of both 254 nm and maximum 
absorbance. Carbaryl at 0.2 ppm was used as a model pesticide 
to contrast the relative merits of the fluorescence and absorb­
ance modes for HPLC detection. Actual samples studied included 
rice, corn, green peas, potato, cucumber, lima beans, and orange. 
Pollen gathered by foraging honey bees proved the most challeng­
ing of the agricultural products studied because of the highly 
complex chromatograms obtained for methylene chloride extracts. 
Highly significant is the finding that the fluorescence efficien­
cy of some pesticides varied dramatically with a change in 
polarity of the mobile phase. 

Fluorescence spectrometry i s used i n both research and 
surve i l lance to help assure both the farmer and the consumer a 
continued bounty of high qual i ty a g r i c u l t u r a l products while 
preserving the qual i ty of the environment. My objective i s to 
discuss some of our current research and to share with you 
several interest ing observations where we have used fluorescence 
as a monitor in high performance l i q u i d chromatography. 

In 1970, we described i n a book the research published by a 
large number of s c i en t i s t s from many d i s c i p l i n e s who are c o n t r i ­
buting to the development of fluorescence as a useful and power­
f u l a n a l y t i c a l too l (1). Subsequently, i n 1977, I published a 
chapter devoted s p e c i f i c a l l y to the use of fluorescence as a 
p r a c t i c a l technique for the analysis of cer ta in pest ic ides (2). 
Figure 1 i s taken from that chapter and i l l u s t r a t e s what I 
consider to be the f ive fundamental approaches that we 

This chapter not subject to U.S. copyright. 
Published 1980 American Chemical Society 
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PES

on or in air, animal, formulation, plant, soil, water 

SEPARATION by 

liquid/liquid partition, 

GC,LC,TLC,other 

DERIVATIVE 

FORMED 

FLUORESCENCE MEASURED 

CONFIRMATION 

Figure 1. Fundamental approaches generally used in the analysis of pesticides 
(or other chemicals) by fluorescence (or some other physical property) 
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7. A R G A U E R Fluorescence and UV Absorbance of Pesticides 105 

researchers generally use to quantitatively measure chemicals i n 
a particular substrate. One of the approaches i s an idealized 
a n a l y t i c a l approach and includes just two ste p s — - e x t r a c t i o n 
(including d i l u t i o n or concentration of the extract) followed by 
a direct determination of a physical property that i s s p e c i f i c 
for the pesticide i n question. Because numerous coextractives 
usually interfere with this idealized approach, you and I usually 
resort to one of the remaining four approaches to minimize the 
effects produced by the interferences. Indeed, one of the 
speakers i n this symposium has discussed one of these approaches, 
i . e . the preparation and analysis of fluorescent derivatives. 
Oftentimes though, when forming derivatives, i n t e r f e r i n g com­
pounds also are formed. Co-extractants o r i g i n a l l y present as 
non-interfering compounds might indeed now become highly fluores­
cent derivatized i n t e r f e r i n
include a separation o
extractants, either before or after formation of the derivative, 
and prio r to detection. 

For purposes of this symposium, I have limited myself to 
s t i l l another of these approaches. That approach includes 
extraction, separation by HPLC, and di r e c t measurement of the 
r e l a t i v e l y high natural fluorescence inherent i n the molecular 
structure of the pesticides themselves. You w i l l f i n d that 
solvent polarity and instrumental parameters are important 
variables when I attempt to contrast the chromatograms obtained 
i n the absorbance mode with those obtained i n the fluorescence 
mode. 

Experimental Instrumentation 

A Perkin-Elmer MFF-2A Fluorescence Spectrophotometer was 
used to determine the excitation and emission wavelengths re­
quired for achieving maximum fluorescence intensity for the 
pesticides studied. The MPF-2A contained a 150 watt xenon arc 
and an excitation monochromator with a grating blazed at 300 nm 
as the excitation unit; a Haraamatsu R 777 photomultiplier tube 
( s e n s i t i v i t y range: 185 - 850 nm) and an emission monochromator 
grating blazed at 300 nm as the emission detection unit. A 
DuPont Model 848 Liquid Chromatograph was used for HPLC (Figure 
2). The accessory i n j e c t i o n device included a Rheodyne Model 
70-10 six-port sample inje c t i o n valve f i t t e d with a 20 μ l i t e r 
sample loop. A Whatman HPLC column 4.6 mm χ 25 cm that con­
tained P a r t i s i l PXS 1025 PAC (a bonded cyano-amino polar phase 
unspecified by the manufacturer) was used with various mobile 
phases at ambient temperature and a flowrate of 1.25 ml/minute. 
A dual beam 254 nm photometric absorbance detector with a c e l l 
volume of 6.3 y l was used for absorbance measurement. The exit 
port of the photometric absorbance detector c e l l was connected 
in series to a 70 μ-liter flow c e l l i n an Aminco Fluoromonitor. 
The Fluoromonitor 1 s excitation l i g h t source consisted of a 
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I N J E C T I O N L . C . C O L U M N 
I L O O P 

6.3 M I C R O L I T E R 
F L O W C E L L 

A M I N C O F L D O R O 

70 M I C R O L I T E R 
F L O W C E L L 

G . E . 4 W A T T S 
G E R M I C I D A L 

L A M P 

C O R I O N C O R P . 
2 5 3 . 7 N M 

I N T E R F E R E N C E 
F I L T E R 

R E C O R D 
F L U O R E S C E N C E 

Vi 1 Γ 
R C A 931 Β 

(S-4 S P E C T R A L 
R E S P O N S E ) 

T O C O L L E C T O R 

Figure 2. Schematic of a fluorescence monitor in series with an absorbance 
detector in HPLC 
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General E l e c t r i c 4 watt germicidal lamp and a Corion Corporation 
2537 interference f i l t e r (15% transmission at 2537). The 
Fluoromonitor 1 s emission detection u n i t consisted of a RCA 931B 
(S-4 s p e c t r a l response) photomultiplier tube and a Corning 7-51 
glass f i l t e r that transmits l i g h t of wavelengths between 310 and 
410 nm. 

Determination of R e l a t i v e Fluorescence of P e s t i c i d e s 

We selected over s i x t y commercially important p e s t i c i d e s f o r 
t h i s study. Some of the p e s t i c i d e s were known to fluoresce. 
Others were selected on the basis of most l i k e l y to fluoresce. 
The chemical designations of the p e s t i c i d e s mentioned i n the 
text are l i s t e d i n Table 1. Standard solutions of the p e s t i c i d e s 
were prepared i n e t h y l acetat
The standard solutions
prepare solutions that contained 2 μg/ml p e s t i c i d e f o r the 
i n i t i a l fluorescence measurements. E x c i t a t i o n and emission band 
widths on the spectrofluorometer were adjusted to 4 nm. A s o l u ­
t i o n of quinine s u l f a t e , 1 μg/ml i n 0.1 Ν s u l f u r i c a c i d , was 
used as a reference i n determining the r e l a t i v e fluorescence 
i n t e n s i t y of the p e s t i c i d e s . The wavelengths f o r e x c i t a t i o n and 
emission that would give the maximum fluorescence i n t e n s i t y i n 
both hexane and methanol were obtained next by using 1 cm^ quartz 
fluorometer c e l l s . F i n a l l y the e x c i t a t i o n monochromator was set 
at 254 nm, and the fluorescence i n t e n s i t y was again measured at 
wavelength of maximum emission i n both hexane and methanol. 

Determination of Carbaryl i n Food Products 

Extract i o n . One hundred grams of samples (corn, orange, 
potato, r i c e , cucumbers, lima beans, or green beans) were blended 
for f i v e minutes with 300 ml of methylene chloride and 10 ml of 
10% s u l f u r i c a c i d . The f i l t e r e d extract was dried over anhydrous 
sodium s u l f a t e , and a 150 ml a l i q u o t was concentrated on a Rinco 
evaporator to near dryness. The concentrate was dissolved i n t o 
10 ml of methylene c h l o r i d e . 

Pre-HPLC Column Chromatography. Five grams of 60-200 mesh 
s i l i c a g e l powder (4.7% weight l o s t on i g n i t i o n ) supplied by 
J. T. Baker Chemical Company were poured i n t o a 10 mm i . d . glass 
column. The concentrated extract redissolved i n 10 ml methylene 
chloride was transferred to the column and allowed to soak i n t o 
the s i l i c a g e l . Then 65 ml of a d d i t i o n a l methylene chloride were 
added to the column. The f i r s t 10 ml of the eluate were d i s c a r d ­
ed, and the next 50 ml c o l l e c t e d i n a 125 ml Erlenmeyer f l a s k . 

Chromatography by HPLC. The 50 ml f r a c t i o n c o l l e c t e d from 
the "dry-column" was concentrated to near dryness on a Rinco 
evaporator. Two ml of methylene chloride was next added to the 
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concentrate. Since the HPLC was f i t t e d with a 20 u - l i t e r i n j e c ­
tion loop, the amount of extract injected into the HPLC was 
equivalent to 500 mg of starting sample per i n j e c t i o n as given 
for the a g r i c u l t u r a l products i n several of the figures. 

Results and Discussion 

I n i t i a l Measurements. The data i n Table 2 for the fluores­
cence of pesticides i n hexane and methanol were obtained with a 
single-beam spectrofluorometer. No attempt was made to adjust 
these values for either the intensity d i s t r i b u t i o n of the 
excitation source or the r e l a t i v e s e n s i t i v i t y of the emission 
unit with wavelength. However, several observations can be 
drawn from this data that can be useful when applied to a HPLC 
fluorescence detector. 

1. Pesticide-solven
the pesticides. 

2. S e n s i t i v i t y and s e l e c t i v i t y would be enhanced when one i s 
operating i n the fluorescence mode i f the l i g h t source selected 
for excitation were to emit l i g h t concentrated solely i n a 
narrow band at wavelengths that correspond with the wavelengths 
of maximum absorption (maximum excitation) for the particular 
pesticide. 

3. Tunable dye lasers could provide both high intensity and 
some s e l e c t i v i t y when used as excitation sources i n a fluores­
cence monitor. However, mercury lamps provide a convenient and 
inexpensive excitation source with emitted l i g h t largely concen­
trated at a wavelength of 254 nm. Many pesticides i n Table 2 
fluoresce s u f f i c i e n t l y when excitated at 254 nm (xenon arc) so 
that the strong 253.7 nm l i n e i n a mercury lamp can be advan­
tageously used for excitation i n a HPLC fluorescence monitor. 
Indeed i f one were to adjust the data i n Table 2 for the quantum 
di s t r i b u t i o n of the xenon arc source with wavelength, the values 
tabulated for the fluorescence intensity with excitation at 
254 nm would increase r e l a t i v e to the values given for the 
fluorescence excited at wavelengths of maximum excitation/ 
absorption. 

Pesticides Separated on a CN-Bonded Polar Phase. Figures 3 
and 4 contain the chromatograms obtained for several of the 
pesticides l i s t e d i n Table 2. Various mobile phases were used 
to f a c i l i t a t e separation on the CN-bonded polar phase. Detec­
tion i s shown in both absorbance and fluorescence modes. It 
would appear that fluorescence detection i s more sensitive for 
some pesticides, while absorbance detection i s more sensitive 
for others. However, comparisons of one manufacturer 1 s absorb­
ance monitor with another manufacturer's fluorescence monitor 
could be misleading. (I w i l l refer to this under Instrumental 
Parameters.) Furthermore, the ultimate useful comparison i s 
obtained when p r a c t i c a l samples are chromatographed since these 
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METHYLENE CILIRIIE/CljII 99.5/1.5 METHYLENE CILIIflE 1N% 

•-PIENYLPIEHL •-MENYLPIENIL 

1-NAHTIIL 

0 16 8 11 

TIME (NMITES) 

Figure 3. HPLC of several pesticides (100 ng) on a CN-bonded polar phase with 
absorbance and fluorescence detection (APM = attenuation setting of photomulti-

plier signal) 
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NAPHTHALENE 

BIPHENYL 
PIPERONYL IITIXIDE 

lEVtlNIl 
MAIITAN 

HEXANE 111% HEXANE/METHYLENE CILIIIIE 51:51 METHYLENE Clllt»E/CI3 II M.75/1.25 

MTKiruaiK M K S U I 

JVA. 
11 I II I 

TIME [MINUTES] 

11 21 

Figure 4. HPLC of several pesticides (100 ng) on a C Ν-bonded polar phase with 
absorbance and fluorescence detection 
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samples generally contain many naturally occurring chemicals 
that may absorb and fluoresce and be considered as i n t e r f e r i n g 
coextractives. 

To i l l u s t r a t e the effects of coextractives, I f o r t i f i e d 
several a g r i c u l t u r a l products with carbaryl at 0.2 ppm. Car-
baryl was chosen as a model pesticide to i l l u s t r a t e the effects 
of coextractives because i t s fluorescence intensity l i e s in the 
lower-middle range r e l a t i v e to the other pesticides i n Table 2. 
In addition, we were familiar with i t s gas chromatographic and 
spectrofluorometric properties (2). Figure 5 contains the 
chromatograms obtained when carbaryl was injected into the HPLC 
at several instrument s e n s i t i v i t y settings. Amounts of carbaryl 
injected were between 1 ug and 4 ng. 

The chromatograms show l i n e a r i t y i n response with the amount 
of carbaryl injected i
modes. P r a c t i c a l a g r i c u l t u r a
baryl, however, require a preliminary column cleanup before 
i n j e c t i o n into the HPLC i n order to preserve the i n t e g r i t y of 
the HPLC Column. 

Function of Pre-HPLC Column. The schematic i n Figure 6 for 
a HPLC chromatogram representative of extracts of a g r i c u l t u r a l 
products i l l u s t r a t e s use of s i l i c a gel adsorption chromatography 
for the pre-HPLC cleanup step. The schematic shows that (A) a 
large part of the co-extractives can be removed in the f i r s t 
f r a c t i o n from the precolumn, (B) the p o l a r i t y of the mobile 
phase can be adjusted so the pesticide elutes i n pre-HPLC 
column f r a c t i o n Β where the eluate can be collected and concen­
trated for injection into the HPLC, while (C) more polar com­
pounds that would otherwise appear during HPLC have been e l i m i ­
nated by permanent adsorption on the pre-HPLC Column. 

Pr a c t i c a l A g r i c u l t u r a l Samples. Chromatograms in Figures 7, 
8, and 9 r e f l e c t HPLC inj ections of various crop extracts equi­
valent to 500 mg of crop and 100 ng of carbaryl. These chroma­
tograms show that for carbaryl at the described operating con­
ditions the fluorescence mode of detection i s more sensitive and 
selective than i s the absorbance mode of detection for many of 
these a g r i c u l t u r a l crops. There are several d i f f i c u l t i e s with 
these chromatograms, however, as the amount of organic coex-
tractables increase r e l a t i v e to the amount of carbaryl present 
i n the crops. Indeed, the chromatograms i n Figure 8 show that 
carbaryl at 0.2 ppm i n orange would be d i f f i c u l t to measure 
given the extraction, precolumn cleanup procedure, and the 500 
mg crop in j e c t i o n described. However d i f f i c u l t , a g r i c u l t u r a l 
samples such as orange and pollen collected by foraging honey 
bees that contain a large amount of co-extracted interferences 
can s t i l l be analyzed by HPLC. Four modifications in the 
described procedure can be attempted. 
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Figure 5. Fluorescence and absorbance responses for carbaryl during HPLC on a 
C Ν-bonded polar phase (mobile phase: methylene chloride/methanol 99.5/0.5) 
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Figure 6. Function of pre-HPLC column cleanup chromatography on HPLC 
chromatograms 
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1. A d d i t i o n a l pre-HPLC cleanup steps, t h e i r s e l e c t i o n based on 
the chemistry of the p e s t i c i d e and i m p u r i t i e s , are introduced to 
help achieve the required separation. 

2. The p o l a r i t y of the mobile phase i s reduced or modified to 
f a c i l i t a t e separation. 

3. The s i z e of the HPLC column i s increased to y i e l d an 
increased number of t h e o r e t i c a l plates f o r an increase i n the 
power for separation. 
4. The d e t e c t a b i l i t y l e v e l of the method i s s a c r i f i c e d simply 

by reducing the amount of crop equivalent injected i n t o the 
chromatography, thereby reducing the s i z e of the i n t e r f e r i n g 
peaks. 

The chromatograms we obtained for samples of pol l e n at a 
d e t e c t a b i l i t y l e v e l for carbaryl of 5 ppm are given i n Figure 10 
and i l l u s t r a t e our us

Whereas chromatogram
many a g r i c u l t u r a l crops vary with the natural chemical composi­
t i o n and degree of ripeness, chromatograms f o r p o l l e n can become 
further complicated by the unpredictable foraging habits of honey 
bees (Apis m e l l i f e r a L . ) , and the question of what constitutes a 
v a l i d background c o n t r o l sample. 

The beauty of absorbance and fluorescence modes as compli­
mentary detectors f o r HPLC l i e s i n t h e i r nondestructive nature. 
Fractions e l u t i n g from these detectors are r e a d i l y a v a i l a b l e for 
confirmation by mass spectrometry. 

Decrease of Fluorescence Signal by Unresolved Co-Extract-
ables. The fluorescence peak fo r carbaryl i n lima beans i n the 
chromatogram i n Figure 9 i s somewhat smaller than expected. Two 
mechanisms can account for the decrease i n the fluorescence 
s i g n a l f o r c a r b a r y l . I prefer the mechanism that suggests that 
the co-elutants are absorbing some of the e x c i t i n g l i g h t , thereby 
decreasing the l i g h t quanta a v a i l a b l e f o r absorption by the 
carbaryl molecules. A second mechanism suggests that the co-
elutants can quench the fluorescence by i n t e r a c t i n g with the 
excited state of the carbaryl molecule to cause the absorbed 
energy to be dissipated along a solute-solute i n t e r a c t i n g non-
fluorescent pathway. 

V a r i a t i o n of Fluorescence Signal with P o l a r i t y of the Mobile 
Phase. A change i n p o l a r i t y of the mobile phase often aids the 
re s o l u t i o n of the p e s t i c i d e from i n t e r f e r i n g co-elutants. How­
ever, the r e l a t i v e r etention area f o r several chromatographic 
peaks obtained i n the fluorescence mode of detection was found to 
vary as the mobile phase i n the HPLC was changed. The data i n 
Table 3 show the e f f e c t s of common chromatographic solvents on 
the fluorescence of two p e s t i c i d e s . For maretin and ο-phenyl-
phenol, the r e l a t i v e fluorescence i n t e n s i t y , as measured i n a 
spectrofluorometer, increased s u b s t a n t i a l l y as the p o l a r i t y of 
the solvent increased. However, as shown f o r pyrazophos i n 
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Figure 10. Extracts of pollen collected by foraging honey bees: comparison of 
fluorescence and absorbance detection modes after HPLC on a CN-bonded polar 
phase (0.1 μg carbaryl/20 mg pollen equivalent injected; mobile phase: methylene 

chloride/methanol 99.5/0.5) 
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T A B L E 3, F L U O R E S C E N C E OF M A R E T I N (2 WGZML) AND o - P H E N Y L P H E N O L 

(2 U G / M L ) IN COMMON C H R O M A T O G R A P H I C S O L V E N T S 

0 
II / C 2 % 

\ OCoH 2 n5 

0 _ P H E N Y L P H E N O L 

S O L V E N T ^ ΕΧλ ΕΜλ 
R E L A T I V E 

F L U O R E S C E N C E 
I N T E N S I T Y 

EX λ ΕΧλ 
R E L A T I V E 

F L U O R E S C E N C E 
I N T E N S I T Y 

H E X A N E 100% 330 365 20 290 320 19 
H E X A N E / M E T H Y L E N E 340 375 100 290 320 34 
C H L O R I D E 50:50 
M E T H Y L E N E C H L O R I D E 

100% 
M E T H Y L E N E C H L O R I D E / 340 375 240 290 335 120 
M E T H A N O L 95:5 

M E T H A N O L 100% 340 375 320 290 335 230 

(1) 1 M G / M L O F S T O C K S O L U T I O N S O F P E S T I C I D E S IN E T H Y L A C E T A T E D I L U T E D 
WITH S O L V E N T . 

T A B L E 4. F L U O R E S C E N C E O F P Y R A Z O P H O S (2 P G / M L ) IN 
COMMON C H R O M A T O G R A P H I C S O L V E N T S . 

0 

C2H50C 

0 C 2 H 5 

P Y R A Z O P H O S 

R E L A T I V E ( L 2 ) 

S Q L Y E H I F L U O R E S C E N C E I N T E N S I T Y 

H E X A N E 100% 21.0 

H E X A N E / M E T H Y L E N E C H L O R I D E 50:50 11.0 
M E T H Y L E N E C H L O R I D E 100% 8.5 

M E T H Y L E N E C H L O R I D E / E T H Y L A C E T A T E 95:5 8.4 

M E T H Y L E N E C H L O R I D E / E T H Y L A C E T A T E 85:15 7.5 

M E T H Y L E N E C H L O R ι D E / M E T H A N O L 99.5:0.5 7.7 
M E T H Y L E N E C H L O R I D E / M E T H A N O L 99:1 7.3 

M E T H Y L E N E C H L O R I D E / M E T H A N O L 95:5 5.4 

M E T H A N O L 100% 1.0 

(1) 1 M G / M L S T O C K S O L U T I O N OF P Y R A Z O P H O S IN 

E T H Y L A C E T A T E D I L U T E D W ITH S O L V E N T . 

(2) E X C I T A T I O N W A V E L E N G T H S E T A T 254 NM; E M I S S I O N 

W A V E L E N G T H A T 420 NM. 
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Table 4, the r e l a t i v e fluorescence intensity also can decrease 
substantially as the pol a r i t y of the solvent increases. Next 
the absorbance for o-phenylphenol, maretin, and pyrazophos was 
compared i n both hexane and methanol. A Beckman DG-GT Spectro­
photometer was used to obtain the absorbance values. 

Table 5. Absorbance of Pesticides i n Hexane and Methanol 

Pesticide 

o-phenylphenol 
maretin 
pyrazophos 

Concentrât ion Wavelength Absorbance 

20 yg/ml 
20 μ g/ml 
10 yg/ml 

(nm) 

286 
343 
248 

i n 
hexane 
0.59 
0.74 
1.32 

m 
methanol 

0.60 
0.72 
1.26 

No appreciable differenc
between solutions i n hexane or methanol (Table 5). We therefore 
attribute the change i n fluorescence to solute-solvent interac­
tions between the solvent and the pesticide i n i t s excited state. 

Several Instrumental Parameters. In a dynamic flow system 
such as HPLC, the signal generated by the fluorescence monitor i s 
proportional to several variables i n addition to the two (p e s t i ­
cide concentration and solvent used as the mobile phase) already 
discussed. These variables include: 

1. Size of the flow c e l l . 
2. The geometry or design of the detector, which also includes 

selection of o p t i c a l f i l t e r s and types of l i g h t detectors with 
their d i f f e r i n g r e l a t i v e responses to l i g h t of various wave­
lengths. 

3. The intensity of the excitation source. 
4. The spectral (absorbance and fluorescence) characteristics 

of the solute (pesticide). 
The 70 u - l i t e r size of the flow c e l l contributed to the 

broadening of the chromatographic peaks observed i n the fluores­
cence mode and could account for some loss i n s e l e c t i v i t y . The 
second variable, detector design, could account for the unex­
pected r a t i o i n peak heights (compared with data i n Table 2) 
obtained i n Figure 4 for diphenyl and naphthalene: the glass 
envelop that houses the photomu11ip1er tube may absorb some of 
the fluorescence of biphenyl (emission maximum 305 nm) while the 
fluorescence of naphthalene (emission maximum 322 nm) passes 
through. 

Variables 3 and 4 are found i n the familiar relationship, 
i . e . , that fluorescence i n dilute solutions i s d i r e c t l y propor­
t i o n a l to the absorbance of the solute Αλ at the wavelength 
selected for excitation, times the quanta of l i g h t Ιολ available 
at the wavelength selected for excitation, times the fluorescence 
quantum eff i c i e n c y φλ for the solute. Oftentimes the wavelengths 
available for maximum illumination i n an excitation source do not 
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WAVELENGTH (NANOMETERS) 

Figure 11. Relative energy distribution of a xenon-arc source (3) 

LONG WAVE PHOSPHOR COATED 

MERCURY LAMP 

SHORT WAVE 

MERCURY LAMP 

254 

366 
313 

207 

WAVE LENGTH (NANOMETERS) 

Figure 12. Relative spectral distribution of a low-pressure mercury vapor lamp 
with visible light cut-off filter as measured through the emission monochromator of 
a spectrofluorometer (2 nm slit width). (Typical of lamps used to view fluorescence/ 

fluorescence quenching on thin-layer chromatographic plates.) 
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correspond with wavelengths of maximum l i g h t absorption for the 
solution. In Figures 11 and 12 the r e l a t i v e energy d i s t r i b u t i o n 
of a xenon arc source and two mercury lamps i s compared. The 
254 nm mercury l i n e emitted by a germicidal mercury lamp was 
selected for excitation i n our HPLC fluorescence monitor. The 
product of 10254 (a r e l a t i v e l y high energy source for i r r a d i a ­
tion) and A254 (the absorbance of the pesticide at 254 nm) was 
expected to produce a s u f f i c i e n t l y large fluorescence for many 
of the pesticides. Furthermore any 254 nm excitation radiation 
that i s scattered by the flow c e l l and reflected toward the 
detector i s f i l t e r e d out by the glass envelope surrounding the 
RCA 931B photomultiplier tube and redundantly by an additional 
glass f i l t e r placed i n the entrance window to the detector. It 
was anticipated however that there would be some loss of selec­
t i v i t y due to fluorescin

Conclusions 

Many pesticides fluoresce s u f f i c i e n t l y when excited at 254 
nm to permit the advantageous use of the intense 253.7 nm 
emission from a mercury l i g h t source for excitation i n a HPLC 
fluorescence monitor. 

A fluorescence monitor can conveniently confirm and support 
data obtained with an absorbance detector. However, any com­
parison of the r e l a t i v e s e n s i t i v i t y / s e l e c t i v i t y of the absorbance 
mode vs the fluorescence mode depends on the spectrochemical 
nature of both the pesticide i t s e l f , and the co-extracted co-
elutants found i n the a g r i c u l t u r a l product extracted. A 
judicious selection of mobile phase i s required to optimize 
separation of the pesticide and co-extractives on a CN-bonded 
polar stationary phase. 

Chromatographic peak areas i n the fluorescence mode can be 
affected by the choice of the mobile phase because pesticide -
solvent interactions affect the fluorescence. We have i d e n t i f i e d 
this unusual phenomena for both the pesticides themselves and for 
unidentified co-extractives from several a g r i c u l t u r a l crops. 
Quenching of the fluorescence emitted by pesticides can occur 
when co-elutants are present i n large amounts. 
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8 
Quantitative Thin-Layer Chromatography of 
Pesticides by In Situ Fluorometry 

VICTORIN N. M A L L E T 

Chemistry Department, Université de Moncton, 
Moncton, New Brunswick, Canada, E1A 3E9 

Thin-layer chromatography is well established as 
a clean-up techniqu
has been used successfully y year  separat
pesticide residues from interfering co-extractives. 
In the late s ixt ies instrumentation for measuring the 
absorbance, transmission and reflectance of compounds 
separated as spots on thin-layer chromatograms (tlc) 
was developed but detection l imits were not very 
good and reproducibi l i ty was a deterrent. Then fluo-
rometers and spectrofluorometers having better sensi­
tivity and se lec t iv i ty became available for measuring 
the fluorescence of organic compounds on tlc. At the 
time gas l iqu id chromatography (glc) was rapidly 
becoming accepted as a selective analyt ical technique 
for the quantitative determination of pesticides but 
there were some drawbacks. Many pesticides were ther­
mally unstable or non-volatile which made their quan­
t i ta t ive determination very difficult. There was also 
the need for alternative methods to glc for confirma­
tion purposes. This incited many scient ists to 
develop fluorometric methods suitable for direct quan­
t i ta t ive measurements on tlc. 

The main object of this review is to look at some 
of the early developments of quantitative t l c in terms 
of the fluorometric detection methods that were deve­
loped for the evaluation of pesticides. I t i s a l s o 
i n t e n d e d t o d i s c u s s t h e p r e s e n t s t a t u s o f t h e t e c h n i ­
q u e a n d c o n s i d e r i t s f u t u r e . 

T h e o r y o f F l u o r e s c e n c e 

T h e s u b j e c t o f f l u o r e s c e n c e , t h e t h e o r y a n d p r a c ­
t i c a l a p p l i c a t i o n s , h a s b e e n t r e a t e d v e r y t h o r o u g h l y 
i n m a n y t e x t b o o k s . Some o f t h e m o s t i m p o r t a n t h a v e 
b e e n w r i t t e n o r e d i t e d b y G u i l b a u l t ( 1 ) , W i n e f o r d n e r 

0-8412-0581-7/80/47-136-127$07.75/0 
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et a l (2J , Hercules (3J , and White and Argauer C4 ) · 
The l i t e r a t u r e on fluorescence a n a l y s i s has also been 
reviewed p e r i o d i c a l l y since 19 49, o r i g i n a l l y by White 
(_5) and l a t e l y by O F Donnell and S o l i e (£5· Only a 
very b r i e f i n t r o d u c t i o n to the subject as i t r e l a t e s 
to fluorescence measurements on t h i n - l a y e r chromato­
grams w i l l be given i n t h i s paper. 

Molecular fluorescence can be described as the 
immediate emission of energy from a molecule a f t e r i t 
has been i r r a d i a t e d at a p a r t i c u l a r wavelength or by 
a band of l i g h t . The l i f e t i m e of the excited state 
i s of the order of 10"9-10 " 7sec (3 ) and the emission i s 
u s u a l l y at a longer wavelength than that of the e x c i ­
t a t i o n l i g h t . Fluorescence i s said to occur from a 
s i n g l e t state of a molecul  i  contrast t  phosphores
cence which i s emitte
"intersystem c r o s s i n g "  compound
resce, that i s , the energy emitted i s d i s s i p a t e d by 
the medium or emitted as phosphorescence which has a 
longer excited l i f e t i m e . The fluorescence (quantum) 
y i e l d may be defined as the r a t i o of molecules that 
fluoresce to the number of molecules excited. Those 
compounds that are h i g h l y fluorescent have a f l u o r e s ­
cence e f f i c i e n c y that approaches 100%. 

Fluorescence spectroscopy i s characterized by a 
greater s e l e c t i v i t y when compared with other spectro­
photometry c techniques because there i s an e x c i t a t i o n 
and an emission spectra, with maxima u s u a l l y quite 
c h a r a c t e r i s t i c of a p a r t i c u l a r compound. I t i s also 
s e l e c t i v e because of the l i m i t e d number of organic 
compounds that fluoresce. I t has greater s e n s i t i v i t y 
than spectrophotometric methods ; i n s o l u t i o n 10~ 9-
10" 1 Z M can u s u a l l y be measured while on a t h i n - l a y e r 
chromatogram some n a t u r a l l y fluorescent compounds may 
be detected instrumentally i n sub-nanogram amounts. 

Fluorescence i s g r e a t l y a f f e c t e d by the structure 
of a molecule. Usually only aromatic compounds f l u o ­
resce although some a l i p h a t i c and a l i c y c l i c molecules 
are known to f l u o r e s c e . Electron-donating groups 
such as - O H and - O C H 3 , that can increase the e l e c t r o n 
flow of an aromatic system u s u a l l y increase the f l u o ­
rescence while other groups that contain hetero atoms 
with n-electrons that can absorb the emitted energy, 
w i l l u s u a l l y quench the fluorescence. However, i t i s 
always d i f f i c u l t to p r e d i c t whether or not, or to what 
extent, a compound w i l l f l u o r e s c e . 

Fluorescence i s a f f e c t e d by the medium, such as 
the solvent or surface. Polar media i n general tend 
to enhance fluorescence and pH has a d r a s t i c e f f e c t 
creating hypsochromic or bathochromic s h i f t s as well as 
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an increase or decrease i n fluorescence. Concentra­
t i o n i s also very important. If i t i s too high, s e l f -
quenching u s u a l l y occurs and c a l i b r a t i o n curves become 
non-linear, thus care must be taken to assure that 
measurements are made i n the l i n e a r p o r t i o n of a 
curve. As i t w i l l be revealed l a t e r on, the nature 
of the adsorbent used as t h i n - l a y e r may have a pro­
found e f f e c t on the nature and i n t e n s i t y of f l u o r e s ­
cence . 

Instruments f or Measuring Fluorescence on 
Thin-Layer Chromatograms 

Various instruments are a v a i l a b l e for the quan­
t i t a t i v e measuremen
chromatogram and som
reviews (7_, 8J . They are u s u a l l y of two types, one 
that enables only the q u a n t i t a t i v e scanning of a 
p l a t e and the other that can be used to record the 
e x c i t a t i o n and emission spectra of a given fluorescent 
compound. Since they more or les s a l l perform on the 
same p r i n c i p l e , only two w i l l be described i n t h i s 
a r t i c l e . 

Usually, simple fluorometers are equipped only 
with f i l t e r s and the cost i s r e l a t i v e l y low. One 
example i s the Turner Model ΙΓΙ equipped with a t i c 
scanner CFigure 1 ) . The incident l i g h t from a mer­
cury vapour lamp passes through a primary f i l t e r and 
i r r a d i a t e s the chromatogram (Figure 2 ) . The emitted 
fluorescence passes through a secondary f i l t e r before 
being picked-up by a photomultiplier tube and the 
s i g n a l i s amplified. The s e n s i t i v i t y i s c o n t r o l l e d 
by admitting more l i g h t to pass through a c o n t r o l 
s l i t . The instrument o f f e r s very good detection 
l i m i t s (sub-nanograms per spot) and r e p r o d u c i b i l i t y i s 
no deterrent, both f a c t o r s depending on the nature of 
the fluorescent species which i n turn may depend on 
the fluorometric detection technique. 

A more s o p h i s t i c a t e d instrument i s the Farrand 
VXS-UV Chromatogram Analyser (Figure 3) that can also 
be used to measure the fluorescence spectra as well as 
to obtain r e l i a b l e q u a n t i t a t i v e data. This p a r t i c u l a r 
instrument i s equipped with a Xenon lamp that emits a 
continuous spectrum of wavelengths. I t has two mono-
chromators and two f i l t e r s , for both the e x c i t a t i o n 
and emission modes and can be operated e i t h e r i n 
double-beam r a t i o or s i n g l e beam. 

An o p t i c a l diagram of the Farrand instrument i s 
shown i n Figure 4. The e x c i t a t i o n l i g h t goes succes­
s i v e l y through the o p t i c a l system, the f i r s t mono-
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Figure 1. Turner fluorometer Model HI 
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Figure 2. Optical configuration of the Camag-Turner fiuorometer 
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Figure J. Farrand VIS-UV chromatogram analyzer 
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chromator and the primary f i l t e r before i t h i t s the 
chromatogram. The emitted fluorescence goes through 
a secondary f i l t e r , an emission monochromator and the 
o p t i c a l system before i t i s picked-up by the photo-
m u l t i p l i e r . The double-beam r a t i o system o f f e r s an 
added advantage when there i s background fluorescence. 

There are many more instruments on the market 
i n c l u d i n g newer models but those mentioned above have 
been used on a regular b a s i s by the author and have 
been found to be s e n s i t i v e and r e l i a b l e i n terms of 
r e p r o d u c i b i l i t y . 

The Fluorescence of P e s t i c i d e s on Thin-Layer 
Chromatograms 

As mentioned e a r l i e
made d i r e c t l y on t i c are usual l y more advantageous 
than UV-VISIBLE densitometry i n terms of s e n s i t i v i t y 
and s e l e c t i v i t y for organic compounds i n general. 
The main drawback with p e s t i c i d e s i s that only a l i m i ­
ted number are n a t u r a l l y f l u o r e s c e n t . The procedure 
i s u s u a l l y straightforward for fluorescent p e s t i c ides 
and measurements can be made immediately a f t e r sepa­
r a t i o n . But for those that are not fluorescent, phy­
s i c a l , chemical or biochemical treatments are required. 

There are various a l t e r n a t i v e s to obtain f l u o r e s ­
cence with a p e s t i c i d e . For instance, fluorescence 
may be derived from the p e s t i c i d e by treatment with 
heat, a c i d , base, inorganic s a l t s or a combination of 
these. Another approach i s to prepare a d e r i v a t i v e 
(fluorogenic l a b e l l i n g ) i n s o l u t i o n ; the de r i v a t i v e 
i s then extracted and applied d i r e c t l y on a chroma­
togram for separation. A fluorogenic reagent that 
w i l l become fluorescent on contact with the p e s t i c i d e 
may also be used. These a l t e r n a t i v e s are summarized 
in Figure 5. 

Pes t i c i d e s Possessing Native Fluorescence. The 
number of p e s t i c i d e s that possess enough natu r a l f l u o ­
rescence to enable t h e i r q u a n t i t a t i v e determination 
dire c t l y on t h i n - l a y e r chromatograms i s rathe r l i m i t e d . 
T y p i c a l examples are given i n Table I which includes 
t h e i r s p e c t r a l c h a r a c t e r i s t i c s (9J . With the excep­
t i o n of diphacinone, most fluoresee i n the blue region 
of the spectrum. The l i m i t of detection for each 
compound i s i n the low nanogram per spot range. 

A residue a n a l y t i c a l method has been developed 
for quinomethionate (MORES TAN) i n tap water (10) and 
in various crop produce (1_1) . In tap water, as low 
as 0 . 1 ppb was determined with over 9 0% recovery. The 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



134 P E S T I C I D E A N A L Y T I C A L M E T H O D O L O G Y 
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Figure 4. Optica! scheme of the Farrand spectrofluorometer 
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Figure 5. A Iternatives to the fluorescence of pesticides 
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Table I. Some Nat u r a l l y Fluorescent P e s t i c i d e s (9). 

Common Name Structure λΕχ ÀEm 
(nm) 

C O N H C H Z C H : 2 C H 3 
I 

Benomyl Γ 1 ^NHCOOCHr3
 2 9 2 4 2 2 

Coumatetralyl 

Diph-acinone 

Fuberidazole 

Propyl isome 

330 415 

330 518 
(365) 

328 402 

343 460 

CH3% 

N* C^c" 
S ^ V N ^ c - s v 

Quinomethionate I Ι Γ c — 0 3 63 418 

s = saturated 
Journal of Chromatography 
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a v e r a g e r e l a t i v e s t a n d a r d d e v i a t i o n f o r the d e t e c t i o n 
t e c h n i q u e a t t h a t c o n c e n t r a t i o n CO.1 y g p e r spot) i s 
2.5%. I n a p p l e s , peaches, p e a r s and tomatoes 0.05 ppm 
has been d e t e r m i n e d w i t h r e c o v e r i e s over 90% ( 1 1 ) . 
The method can be used t o c o n f i r m g l c d a t a o r as an 
in d e p e n d e n t a n a l y t i c a l t e c h n i q u e . 

M a r e t i n ( N - h y d r o x y n a p h t h a l i m i d e d i e t h y l phosphate) 
(I) p o s s e s s e s enough n a t u r a l f l u o r e s c e n c e t o be d e t e r ­
mined d i r e c t l y on t i c . M a l l e t e t a l (12) p r o p o s e d a 
method f o r i t s 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 i n water and 
m i l k by mea s u r i n g the n a t i v e f l u o r e s c e n c e d i r e c t l y on 
a s i l i c a - g e l t i c . 

The r e l a t i v e s t a n d a r d d e v i a t i o n was 3% f o r 1 yg 
s p o t s and t h e f l u o r e s c e n c e was l i n e a r up t o 3 pg. 
R e c o v e r i e s were g r e a t e
and 10 ppb i n m i l k .
s i m p l e b u t s i n c e the n a t u r a l f l u o r e s c e n c e o f M a r e t i n 
i s u n s t a b l e on s i l i c a - g e l l a y e r s , i n s t r u m e n t a l mea­
surements had to be done q u i c k l y and chromatograms 
c o u l d not be k e p t f o r f u t u r e r e f e r e n c e . 

I t i s advantageous i n terms o f an a n a l y t i c a l 
t e c h n i q u e f o r a p e s t i c i d e t o be n a t u r a l l y f l u o r e s c e n t . 
There i s no background f l u o r e s c e n c e on the p l a t e , 
e x c e p t t h a t o c c u r i n g from c o - e x t r a c t i v e s . T h i s a l l o w s 
u s i n g maximum s e n s i t i v i t y (gain) o f an i n s t r u m e n t , 
t h u s g i v i n g b e t t e r d e t e c t i o n l i m i t s . S i n c e no r e a ­
g e n t s a r e added o r s p r a y e d on the chromatogram, the 
s p o t s a r e u s u a l l y w e l l d e f i n e d and the r e p r o d u c i b i l i t y 
i s v e r y good. The p r o c e d u r e i s s h o r t e r and a complete 
d e t e r m i n a t i o n can be a c h i e v e d f a s t e r , as compared w i t h 
a d e t e c t i o n t e c h n i q u e r e q u i r i n g s p e c i a l t r e a t m e n t o f 
the chromatogram. 

F l u o r e s c e n c e o f P e s t i c i d e s by the I n d i r e c t 
Approach. T h i s i s the t r a d i t i o n a l a p p r o a c h . The 
t h i n - l a y e r chromatogram i s u s u a l l y s p r a y e d w i t h a 
f l u o r o g e n i c r e a g e n t w h i c h becomes f l u o r e s c e n t by r e a c ­
t i n g w i t h t h e p e s t i c i d e ? the l a t t e r may have been p r e -
t r e a t e d t o a l l o w the r e a c t i o n . The i m p o r t a n t a s p e c t 
o f t h i s a p p r o a c h i s t h a t the f l u o r e s c e n c e o r i g i n a t e s 
from the s p r a y r e a g e n t and i s almos t always the same. 
With f l u o r o g e n i c l a b e l l i n g compounds, the f l u o r e s c e n c e 
n o r m a l l y w i l l v a r y s l i g h t l y w i t h d i f f e r e n t p e s t i c i d e s 
but f o r a l l p r a c t i c a l p u r p o s e s q u a n t i t a t i v e measure­
ments can u s u a l l y be made a t f i x e d w a v e l e n g t h s . 

(I) 

0" 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



8. M A L L E T In Situ Fluorometry 137 

In some of the ea r l y experiments, organochlorine 
compounds were detected by fluorescence when the chro­
matogram was sprayed with N-methylcarbazole or rhoda-
mine Β (13). Also, fluorescence whiteners (14) known 
as C a l c o f l u o r s , were used to v i s u a l i z e carbamates, 
u r a c i l s , and ureas. Both of these techniques, however, 
were only of a semi-quantitative nature. 

1. Chelate spray reagents. A procedure for the 
fluorometric detection of phosphate esters on paper 
chromatograms was suggested by Gordon et a l . (15) i n 
1964. I t was l a t e r applied by Ragab (16) to organo-
thiophosphorus p e s t i c i d e s on s i l i c a - g e l l a y e r s . The 
method required treatment of the chromatogram with 
bromine vapours, spraying with a s o l u t i o n of f e r r i c 
c h l o r i d e followed b
The technique was modifie y
who combined the fluorogenic reagent and the s a l t so­
l u t i o n to form a s i n g l e spray. 

The presence of the metal cation quenches the 
fluorescence of the ligand. Treatment of an organo-
phosphorus p e s t i c i d e containing s u l f u r atoms with 
bromine vapours produces HBr, a strong a c i d . Spraying 
the fluorogenic reagent onto the chromatogram l i b e r a ­
tes the ligand and a blue fluorescent spot appears i n 
presence of a p e s t i c i d e (7_) w h i l s t the background 
remains e s s e n t i a l l y non-fluorescent. The reaction i s 
summarized below: 

+ 
M + nHR ẑz± MRn + nH 

where nHR represents the ligand and MRn the metal-
ligand complex which i s not fluorescent. 

One such chelate spray reagent prepared by 
mixing SAQH (II) and manganous ch l o r i d e was used suc­
c e s s f u l l y to detect organothiophosphorus p e s t i c i d e s 
on t i c with a detection l i m i t of 0.02 Ug/spot (18). 
Linear c a l i b r a t i o n curves were obtained up to 6 yg 
per spot and the r e l a t i v e standard d e v i a t i o n for O.lpg 

H H 

(II) 

S a l i c y l Aldehyde £uinolyl Hydrazone 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



138 P E S T I C I D E A N A L Y T I C A L M E T H O D O L O G Y 

spots was 10.2% (Table I I ) . Although, q u a n t i t a t i v e 
measurements could be done at a lower concentration 
the r e p r o d u c i b i l i t y decreased sharply. 

Table I I . R e p r o d u c i b i l i t y as a Function of Concentra­
t i o n of T r i t h i o n (SAQH-Mn Spray) (18). 

Concentration ( p g ) Average (n=5) Relative 
Standard Deviation (%) 

4.0 2.6 
1.0 2.5 
0.5 5.5 
0.1 10 . 2 

International Journal of Environmental Analytical Chemistry 

Nevertheless, th
Guthion (an organothiophosphoru
at the 0.5 ppb levé 1. This p a r t i c u l a r i n s e c t i c i d e i s 
d i f f i c u l t to determine by glc and at the time the 
method o f f e r e d a reasonable a l t e r n a t i v e . Guthion was 
also determined i n bl u e b e r r i e s with 85% recovery at 
0.5 ppm using the SAQH-Mn spray reagent a f t e r separa­
t i o n on t i c (19). The major d i f f i c u l t y with the che­
l a t e spray method i s that bromine vapours w i l l also 
react with a v a r i e t y of compounds. Thus, a rigorous 
clean-up may be necessary f o r samples with many co-
e x t r a c t i v e s . 

Bidleman et a l . (20) used a palladium c h l o r i d e -
c a l c e i n chelate spray for organothiophosphorus com­
pounds and detected 10 n g per spot. The me chanism i s 
based on the release of the ligand because of the 
a f f i n i t y of palladium ions for s u l f u r atoms. The 
technique does not necessitate bromine vapours and i s 
therefore an improvement i n terms of s e l e c t i v i t y . 
Unfortunately, the reaction i s slow and the f l u o r e s ­
cence increases with time. 

2. Flavones (fluorescence enhancement). Flavones 
have been used to detect p e s t i c i d e s on c e l l u l o s e t h i n -
layer chromatograms (21). Fluorogenic reagents such 
as F i s e t i n ( III) are r e l a t i v e l y non-fluorescent on a 
non-polar background l i k e c e l l u l o s e . The presence of 

(III) 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
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a, polar impurity i s immediately detected as a yellow-
wish—green fluorescent spot. Figure 6, shows that 
the weak fluorescence of the background i s "enhanced" 
by the presence of Baygon, a carbamate i n s e c t i c i d e . 

By t h i s method a v a r i e t y of p e s t i c i d e s i n c l u d i n g 
carbamates and organophosphates can be detected (22) 
at 0.01 pg per spot. A q u a n t i t a t i v e method using 
flavones was developed for Proban Can organothiophos-
phate), at 1 ppb i n water, with a r e l a t i v e standard 
d e v i a t i o n of 12.2% for 0.1 pg spots (23). The draw­
back with t h i s type of spray reagent i s that the 
th i n - l a y e r must be free from i m p u r i t i e s otherwise 
high background fluorescence i s recorded hindering 
the measurement of the fluorescence of the spot. 
Also, c e l l u l o s e layer
separation of p e s t i c i d e
the spray i s almost unive r s a l , t h i s becomes a serious 
problem. 

3. pH-Sensitive spray reagents. Flavones have 
also been used on s i l i c a - g e 1 layers (24). Since the 
l a t t e r i s a r e l a t i v e l y polar surface the background 
i s fluorescent but heat-treatment of the chromatogram 
for a short period quenches the fluorescence. In 
t h i s way an organothiosphosphorus compound pre v i o u s l y 
treated with bromine vapours to give HBr, appears as 
yellowish-green fluorescent spot against a r e l a t i v e l y 
non-fluorescent background. I t i s thought that the 
flavone forms a fluorescent s a l t - l i k e specie s (IV) 
with HBr. 

Since the separation i s done on a s i l i c a - g e l t h i n -
layer the method i s preferred to that using flavones 
on c e l l u l o s e . However, the technique does not o f f e r 
any added advantage over chelate spray reagents and 
in gene r a l the r e p r o d u c i b i l i t y i s not as good because 
there i s always some r e s i d u a l background fluorescence, 
but i t may be used for q u a n t i t a t i v e purposes (24) . 

Another spray re agent used by B e l l i v e a u and F r e i 
(25) a f t e r treatment of the chromatogram with bromine 
vapours, i s 1,2-dichloro-4,5-dicyanobenzoquinone 
(DDQ). This compound was used to detect a large 
number of s u l f u r - c o n t a i n i n g p e s t i c i d e s . Un fo r t u n a t e l y 
the reagent i s s e n s i t i v e to l i g h t which causes 

Br"" 

( I V ) 

OH 
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Journal of Chromatography 

Figure 6. Emission and excitation spectra of fisetin on cellulose layers; (1) back­
ground at meter multiplier = 0,03; (2) Baygon spot at meter multiplier = 0 01 (21) 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
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problems with r e p r o d u c i b i l i t y i f the chromatogram i s 
not scanned immediately a f t e r development (26). Other 
pH-sensitive fluorogenic spray reagents were disco­
vered by B e l l i v e a u (7) but were never studied i n view 
of developing an a n a l y t i c a l technique f o r p e s t i c i d e 
residues. 

4. Fluorogenic l a b e l l i n g of p e s t i c i d e s . The 
subject has been reviewed e a r l i e r by Lawrence and 
F r e i (27). L a b e l l i n g consists in r e p l a c i n g a proton 
or other atom of a p e s t i c i d e with a s o - c a l l e d l a b e l ­
l i n g compound such as dansyl chloride (V) or f l u o r e s -
camine (VI). The former reacts with primary and 
secondary amines, phenols, some t h i o l s and a l i p h a t i c 
a l c o h o l s . The l a t t e
primary amines. 

Ο 

N-Methylcarbamate i n s e c t i c i d e s have been l a b e l l e d 
with dansyl c h l o r i d e (28). The procedure involves 
hy d r o l y s i s with aqueous base to form a phenol and 
methylamine. The reagent reacts r a p i d l y with both 
compounds and the newly formed fluorescent d e r i v a t i v e s 
can then be applied and separated by t i c (29, 30). A 
t y p i c a l reaction scheme i s shown i n Figure 7. Detec­
t i o n l i m i t s are good ( 1 ng per spot) and dansylation 
of p e s t i c i d e s can be accomplished with extracts from 
water and s o i l samples (3_1) · 

Dansylation has also been used to detect N-phenyl-
carbamate and urea herbicides by adding excess reagent 
on the applied spot d i r e c t l y on the t i c (3 2). This 
in s i t u re action proved to be cleane r and more prac­
t i c a l than l a b e l l i n g i n s o l u t i o n and was applied to 
the detection of Linuron (33) i n a g r i c u l t u r a l crops 
at the 0.05 ppm l e v e l . Other a p p l i c a t i o n s i n v o l v i n g 
h y d r o l y s i s and dansylation in s o l u t i o n p r i o r to t i c 
have been reported with organophosphorus i n s e c t i c i d e s 
(34^ · 

The disadvantage with dansyl chloride i s the lack 
of s e l e c t i v i t y and many hydrolysis or degradation 
products of p e s t i c i d e s wil1 give fluorescence, such 
that i t i s sometimes d i f f i c u l t to get a good separation 
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Journal of Chromatography 

Figure 7. Reaction scheme for the dansyl labeling of N -m ethylcarbamate insecti­
cide: (I) hydrolysis of the carbamate; (2 and 3) labeling of the amine and phenol 

hydrolysis products; (4) hydrolysis of the reagent by carbamate (29) 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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for q u a n t i t a t i v e purposes. However, the technique i s 
very s e n s i t i v e (nanogram per spot) and the reproduci­
b i l i t y i s good. 

Another l a b e l l i n g compound, NBD-chloride (VII) 
has been used for the anal y s i s of alkylamine-genera­
t i n g p e s t i c i d e s (35). Sub-nanogram q u a n t i t i e s can 

sometimes be detecte
chloride many d e r i v a t i v e
react ion. 

Fluorescamine (VI) i s more advantageous because 
of i t s s p e c i f i c i t y . The reaction can be performed 
with any compound that has a primary amine group or 
that can be chemically treated to y i e l d a primary 
amine; t h i s i s the case with a p e s t i c i d e such as 
f e n i t r o t h i o n , that has a n i t r o group which can be 
reduced to an amino group. This property of f e n i t r o ­
thion has been used to advantage and a very r e l i a b l e 
q u a n t i t a t i v e method has been developed (36). 

The procedure involves reduction of the n i t r o 
group with stannous chloride i n HC1 and i s a p p l i c a b l e 
to a l l d e r i v a t i v e s of f e n i t r o t h i o n that have a n i t r o 
group, such as fenitrooxon, and n i t r o c r e s o l . (Table 
I I I ) . With aminofenitrothion, a degradation product 
commonly found i n anaerobic water, the detection i s 
instantaneous. 

Thus, by the technique of i n s i t u fluorometry on 
t i c i t i s possible to analyze the parent compound and 
a l l of the common degradation products simultaneously. 
The detection l i m i t i s 0.01 μg per spot with an 
average standard d e v i a t i o n of 7.25% for 0.4 yg spots. 
The method has been usedon a routine basis i n our 
laboratory to determine f e n i t r o t h i o n , aminofenitrothion, 
aminocresol and fenitrooxon simultaneously i n water 
(37, 38, 39) and i n b i o l o g i c a l samples (unpublished 
r e s u l t s ) . 

The r e p r o d u c i b i l i t y i s not as good at low con­
centrations as that obtained with chelate spray 
reagents and t h i s i s us u a l l y a t t r i b u t e d to the mul­
t i p l e steps involved i n the detection technique. 
However, i t has the very d i s t i n c t advantage of being 
s e l e c t i v e towards primary amino groups. A t y p i c a l 
chromatogram showing the separation and detection of 

( V I I ) Ο 

NO* 
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Table I I I . F e n l t r o t h i o n and Some of i t s Most 
Important Derivatives (36 ) . 

Compound Structure 

Aminof e n i t r o t h i o n ( C H 3 0 ) 2—- P—~ O-^ N H 2 

C H

4-Amino-3-meth.ylph.enol 

Fenitrooxon 

F e n l t r o t h i o n 

3-Methyl-4-nitrophenol H 0 — ^ ^ ^ — Ν θ 2 

C H 3 

Journal of Chromatography 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 

http://4-Amino-3-meth.ylph.enol


8. M A L L E T In Situ Fluorometry 145 

f e n i t r o t h i o n and three important degradation products 
on a s i l i c a - g e l t i c i s shown i n Figure 8. 

Thus, fluorogenic l a b e l l i n g o f f e r s an i n t e r e s t i n g 
approach to the a n a l y s i s of p e s t i c i d e s on t i c . I t i s 
preferable to perform the reaction on the chromato­
gram, rather than i s s o l u t i o n since i t i s l e s s time 
consuming and more p r a c t i c a l . 

Fluorescence of P e s t i c i d e s by the Direct Approach. 
The fluorescence obtained by the methods just menti­
oned comes from the reagents, i . e . , fluorogenic 
sprays and l a b e l l i n g compounds. There i s sometimes a 
lack of s e l e c t i v i t y since the fluorescence i s nearly 
always the same for a l l the compounds on a p a r t i c u l a r 
chromatogram whethe
In some cases there
i n a d dition to i n t e r f e r e n c e s from co-extractives which 
fluoresce under the experimental conditions. But for 
many p e s t i c i d e s there i s no other choice. 

Another approach i s to make the p e s t i c i d e f l u o ­
resce. This i s advantageous since the fluorescence 
i s p a r t i c u l a r to the o r i g i n a l compound, and d i f f e r e n t 
p e s t i c i d e s give d i f f e r e n t fluorescence s p e c t r a l cha­
r a c t e r i s t i c s . 

One e a r l i e r example i s the a n a l y s i s of carbaryl 
(Sevin) and α-naphthol on t i c (40). Carbaryl (VIII) 
i s hydrolyzed with 1.0 Ν NaOH to α-naphthol, a h i g h l y 
fluorescent species. The instrumental l i m i t of detec­
t i o n i s 1 ng/spot, which i s comparable to expected 
glc data. 

( V I I I ) 

1. Heat Treatment, Acids and Bases. Many pes­
t i c i d e s are non-fluorescent or only barely f l u o r e s ­
cent because they contain fluorescence quenching 
groups such as n i t r o , carboxyl or phosphate. The 
removal of these groups l i b e r a t e s the aromatic moiety 
which may be fluorescent depending on the s t r u c t u r e . 
One obvious approach to remove these groups i s to 
use an a c i d or a base, but sometimes heat i s s u f f i ­
c i e n t to break down the molecule i n t o new fluorescent 
species. 

One very successful method (41) was developed 
for coumaphos (IX) which gives a very fluorescent spot 
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1 Development Hexane: Acetone (2:1) 
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Figure 8. Two-dimensional thin-layer chromatographic separation of fenithrothion 
and possible breakdown products (spots; (J) f enitrothion; (2) fenitrooxon; (3) 

aminofenitrothion; (4) 3-methyl-4-nitrophenol (36) 
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on s i l i c a - g e l a f t e r heat treatment of the chromatogram 
(detection l i m i t 1 ng per spot). The technique also 
gives fluorescence f o r coroxon, the oxygen-analog 
(X) , potasan an impurity i n the formulation (XI) 
(same as coumaphos without the chlo r i n e atom) and the 
corresponding h y d r o l y s i s products of coumaphos (XII) 
and potasan. The basic scheme for the degradation of 
coumaphos upon heat treatment or i n water i s summari­
zed i n Figure 9. This technique has led to the deve­
lopment of a routine procedure to v e r i f y f o r the pre­
sence of potasan i n formulations (4 2) and the degrada­
t i o n of coumaphos as a function of ρH has also been 
studied (43) which demonstrates i t s a p p l i c a b i l i t y f or 
routine purposes. Thus a p r a c t i c a l q u a n t i t a t i v e t i c 
technique was develope
determined at the 0.0
water (44). Linear c a l i b r a t i o n curves were obtained 
up to 10 y g per spot. Coumaphos and i t s oxygen analog 
coroxon, were also determined i n eggs (45) . 

Another organophosphorus i n s e c t i c i d e , Bayrusi1 
(XIII) becomes fluorescent upon heat treatment but the 
fluorescence y i e l d i s le s s than with coumaphos (around 
0 . 01 y g/spot) (4_4) . This p e s t i c i d e has also been 
analysed i n foodstuffs at the 0.02 ppm l e v e l (46). 

Heat treatment not only gives fluorescence i n 
many cases, but addition of acid or base to the chro­
matogram causes e i t h e r a bathochromic or hypsochromic 
s h i f t of the e x c i t a t i o n and emission maxima (Table IV). 
For instance, coumaphos fluoresces at λΕχ 344, and 
XEm 440 when heat-treated only, but the wavelengths 
s h i f t to 3 72 and 4 74 nm, r e s p e c t i v e l y i f the chroma­
togram i s sprayed with NaOH (47). This p a r t i c u l a r 
aspect i s very important because the data may be u t i ­
l i z e d f o r i d e n t i f i c a t i o n purposes. In most cases sub-
microgram amounts of p e s t i c i d e s can be detected. 

This technique of heat treatment i n combination 
with acid or base has been used by Mallet and Surette 
(4 8) with a v a r i e t y of other types of p e s t i c i d e s 
(Table V) . Good detect ion l i m i ts (less or equal to 
0.01 yg/spot) were obtained with coumatetralyl, f u b e r i -
dazole, methabenzthiazuron and quinomethionate. 

(XIII) 

American Clinical 
Society Uiuary 

1155 tetii st. h, w. 
iilhifiyîoîï, D. C. 20036 In Pesticide Analytical Methodology; Harvey, J., et al.; 
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Figure 9. Scheme for the degradation of coumaphos (42) 
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Table IV. Fluorescence Spectral Data of Some Orga-
nopb.osph.orus P e s t i c i d e s upon Heat, Acid 
and/or Base Treatment (4 7) . 

P e s t i c i d e 

B a y r u s i l 

Spray Optimum Heating 
Reagent Conditions 

Wavelengthof 
Maximum(nm) 

Temp( C) Time(min) Ex 

100 30 353 

Em 

441 

NaOH 200 30 356 440 
H2S0i* 200 30 373 510 

Coumaphos - 200 20 344 440 
NaO

Maretin 
NaOH 200 20 370 500 
H2S0i* 75 20 355 440 

Journal of Chromatography 

Table V. Fluorometric Response of Some P e s t i c i d e s (48). 

P e s t i c i d e F i l t e r 
Combi­
nation 

Wave- Optimum I.L.D . 
length(nm) Condi-
Ex Em tions 

Coumatetralyl Β 358 450 a, c 0.01 
Diphacinone A 330 514 a, b 2.0 
Fuberidazole Β 333 410 a, d 0 .006 
Methabenzthiazuron Β 353 439 a 0.002 
Naptalam A 361 455 a 0.08 

A 298 455 b,f 0.04 
Propyl isome A 352 472 a, d 0.008 
Quinomethionate Β 337 458 a, e 0.04 

Β 335 455 a, c 0.01 
Β 362 417 a, d 0 .06 

Rotenone A 362 453 F 0.8 
A 370 440 a 0.6 

Thioquinox Β 329 441 a 0. 04 
Β 329 435 a, c 0.08 

Warfarin A 363 456 a 0.06 

F=Fluorescent n a t u r a l l y ; a heated at 200°for 45 min; 
b=sprayed with 2 .5 Ν KOH; c=sprayed with 0.1 Ν ΝΗι*0Η; 
d=sprayed with 0. 1 N HC1 ; e=sprayed with 0.1 Ν H2SOi*; 
f=heated at 220° for 30 min. 
I. L . D . = Ins t r umental 1 imit of detect ion . Journal of Chromatography 

2. Inorganic Reagents. Another way to obtain 
fluorescence from p e s t i c i d e s i s with inorganic s a l t s . 
On the one hand, p e s t i c i d e s may act as ligands capa­
ble of combining with metal ions to y i e l d fluorescence, 
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and on the other, the presence of inorganic ions may 
catalyse the degradation of p e s t i c i d e s to fluorescent 
species. 

A large number of p e s t i c i d e s were tested by 
Surette and Mallet (49) who sprayed the chromatograms 
with inorganic s a l t s such as AICI3 (which may also be 
incorporated i n the l a y e r ) . Good detection l i m i t s 
(around 0.01 pg/spot) were obtained with at l e a s t ten 
(Table VI). An attempt to i d e n t i f y the fluorescent 
species responsible was made by Surette (50) without 
too much success; for instance, Morestan (XIV) gives 
5 fluorescent degradation products while naptalam (XV) 
gives over 60. 

Table VI. Spectral Data and Detection Limits of 
Pes t i c i d e

Abbreviations: C=plate covered; R.Τ.=room temperature; 
UV=irradiated with UV 366 nm; NF=natural fluorescence; 
SG-H=silica gel H; SG-60 s i l i c a gel 60; ( I ) i n c o r p o r a ­
ted reagent ; (S)=sprayed reagent. 

P e s t i ­ Layer Reagent Temp Time Wave I. L .. D. 
cide ( °c) (min ) length (ug) 

(nm) 
Ex Em 

Captan SG-H ( 1 ) A I C I 3 100 45 360 465 0· 02 
(2)NaC10 3 

Devrinol SG-60 A I C I 3 R.T. 30 355 428 0. 008 
D i f o l a -
tan SG-H ( 1 ) A I C I 3 100 45 360 465 0. 02 

(2)NaCIO 3 
Diquat SG-60 A I C I 3 R.T. 30 375 472 0. 02 
Maretin 
(NF) (a) SG -H 358 412 0. 008 

(b) SG--H A1C1 3 R.T. 20 358 412 0. 002 
Menazon SG-H H 2Se0 3 R.T. 5 366 466 0. 01 
Napta-
1 am SG-60 A1C1 3 200 45 (C) 312 482 0. 01 

Para­
quat SG-H N a 2 B i * O 7 100 45 420 510 0. 04 

Propyl 
i some (a) SG -H A1C1 3 R-T. 359 476 0. 01 

(b) SG -H A I C I 3 R. Τ. 359 483 0. 004 
Rote-
none SG-H A1C1 3 100 45 362 450 0. 1-

0. 06 
Journal of Chromatography 
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^ ^ S N ^ S ^ C 0 N H 

3. Type of Layer. The influence of the type of 
t h i n - l a y e r was investigated by C a i s s i e and Mallet (51) 
and i t was shown to have an important e f f e c t on the 
fluorescence of p e s t i c i d e s . For instance, the s p e c t r a l 
data vary from one layer to another (Table VII); some 
p e s t i c i d e s are fluorescent on basic aluminium oxide 
layers but they are not fluorescent on a c i d i c l a y e r s . 
A l l these experiment
using fluorometric procedure
could be achieved i f desired. 

Table VII. Comparison between S i l i c a Gel and Alumina (51). 

P e s t i c i d e & S i l i c a gel Aluminium oxide 
Condi tions Ex Em A c i d i c Basi c 

Ex Em Ex Em 

Coumaphos (R.T. ) 325 434 340 412 340 418 
(H) 344 440 360 435 363 447 

Diphacinone (R. τ. ) 330 518 368 490 370 495 
Guthion (H) 342 442 347 421 350 431 
Warfarin (H) 363 456 375 462 374 456 
Captan (I.R.) 

(H) 372 460 372 465 
D i f o l a t a n (I.R. ) 360 465 

372 467 375 462 
Diquat (I.R.) 375 472 

(H) 372 452 
Paraquat ( I. R. ) 420 510 

(H) 367 460 

R.T.=room temperature ; H=chromatogram heated at 200° 
for 4 5 min; I.R.=inorganic reagent (see 49). 

Journal of Chromatography 
Residue Methods 

Re s idue a n a l y t i c a l methods other than those a i ­
re ady mentioned and based on the aforementioned 
r e s u l t s we re only developed with a few additionnai 
p e s t i c i d e s . For instance a method has been described 
for Captan and Captafol i n apples and potatoes by 
Francoeur and Mallet ( 5 2). B a s i c a l l y the procedure 
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requires that the s i l i c a - g e l layer be impregnated 
with aluminium c h l o r i d e . A f t e r separation the chroma­
togram i s heat-treated for 45 min at 100°C and a 
yellowish-green fluorescence i s obtained for both 
Captan and Captafol (XVI and XVII). Greater that 90% 
recoveries were obtained at the 0.2 ppm l e v e l (Table 
VIII) which compares favorably well with a glc method 
using the e l e c t r o n capture detector (53). 

(XVI) (̂^̂  ^NSCCl 3 

! 
(XVII) α N i S C C L 2 C H C l ; 

Table V I I I . Recovery
from F o r t i f i e d Crops at 0.2 ppm (52). 

Crop 

Apple s^ 
Apples 
Potatoes 
Potatoes 

Captan 

100 
97 
93 
90 

Captafol 

96 
103 
94 
96 

^ Average of 3 samples 
Captan and Captafol determined i n di f f e r e n t s amples 
Captan and Captafol determined i n the s ame s ample 

Journal of the Association of Official Analytical Chemists 

Another method has been developed for Maretin (I) 
i n milk and eggs (54). This procedure requires hydro-
l y s i s of the p e s t i c i d e i n s o l u t i o n and e x t r a c t i o n of 
the fluorescent h y d r o l y s i s product which i s then chro­
matographed on a thin-1ayer. A method for Maretin had 
previously been developed by measuring i t s native f l u ­
orescence (12) . However the fluorescence was not 
stable whi ch i s undesirable. The fluorés cence of the 
h y d r o l y s i s product of Maretin, namely, naphthostyri1 
(XVIII) i s very s t a b l e . By t h i s way Maretin was deter­
mined at the 0.01 ppm l e v e l with over 90% recoveries 
(Table IX). 

(XVIII) t8 
In Pesticide Analytical Methodology; Harvey, J., et al.; 
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Table IX Recovery of Maretin from Eggs and Milk (54). 

Sample Quantity Cone. Quantity Re covery 
added yg ppm recovered yg % 

Milk 20.0 0.10 19.9 99 
2.0 0.01 2.0 100 

Eggs 5.0 0.10 4.5 90 
0.50 0. 01 0.48 96 

Journal of Agricultural and Food Chemistry 
Conclusion 

The technique of quanti t a t i v e thin-1aye r chroma­
tography by iri s i t u fluorometry can be used success­
f u l l y for the q u a n t i t a t i v  d  terminatio f p e s t i c i d e s
When the p e s t i c i d e i
cedure i s straightforwar  goo y
r e p r o d u c i b i l i t y may be achieved. Otherwise f l u o r o ­
genic reagents that be come fluorés cent i n presence of 
a p e s t i c i d e (which may have been chemically altered) , 
as we 11 as a v a r i e t y of treatments such as heat that 
may conve rt the p e s t i c i d e into a fluore s cent spe c i e s , 
can be used. Fluorogenic reagents sometimes give 
fluorescence of the background or they react with co-
e x t r a c t i v e s on the chromatogram. This renders the 
q u a n t i f i c a t i o n step more di f f i c u l t . Chemical trans­
formation of the pe s t i c i d e into a fluorés cent species 
doe s not have the se drawbacks and the s e n s i t i v i t y and 
s e l e c t i v i t y approaches that obtained with n a t u r a l l y 
fluorescent compounds. Under optimum conditions low 
nanograms per spot can be detected with 2-4% r e l a t i v e 
e r r o r . 

Unfortunately the te chnique i s used only on a 
l i m i t e d scale for the de termination of pe s t i cide s on 
a routine b a s i s . Most p e s t i c i d e analysts pre fer gas 
l i q u i d chromatography and more recently high pressure 
l i q u i d chromatography to the more cumbersome handling 
of thin-1ayer chromatograms. 

Nevertheless t h i n - l a y e r chromatography and in 
s i t u fluorometry s t i l l o f f e r a challenging approach 
to the q u a n t i t a t i v e analysis of p e s t i c i d e s p a r t i c u l a r ­
l y i n the dete rmination o f multi-residues, such as 
the parent compound and degradation products. This 
was demonstrated in t h i s a r t i c l e by the determination 
of coumaphos and f e n i t r o t h i o n , with some of t h e i r 
respe etive degradation products. The te chnique i s 
also very adaptable to a l i m i t e d budget r e q u i r i n g only 
s i mp1e chemical s and labware for the t h i n - l a y e r chro­
matography and a good photofluorometer with t i c at­
tachment i s s t i l l r e l a t i v e l y inexpensive. 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
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Recent Developments in High-Performance Thin ­

-Layer Chromatography and Application to 
Pesticide Analysis 

H. E. HAUCK and E. AMADORI 

E. Merck, D-6100 Darmstadt, Federal Republic of Germany 

Summary 
The HPTLC pre-coate  layer  paper, 
namely silica gel 60, RP, cellulose and silica gel 60 
with concentrating zone, are new developments or 
modifications of existing TLC pre-coated layers 
offering new potential for pesticide analysis by 
thin-layer chromatography. 

A number of separations (of BHC isomers, of 
bromophos-ethyl and dimethoate. and of the active 
constituents of Trevespan 6038) were performed in 
order to provide a qualitative and quantitative 
comparison between TLC and HPTLC pre-coated plates, 
or between HPTLC plates coated with various sorbents, 
and in order to demonstrate their use in pesticide 
chemistry. 

I. Introduction 

Si l ica gel 60, the most versatile and most frequently 
used TLC sorbent, was taken as a basis. The mean 
particle size of this sorbent was optimized; 
simultaneously, the particle size distribution was 
brought to within as narrow limits as possible (1-6). 

The sorbent material thus obtained was used to 
prepare HPTLC pre-coated plates silica gel 60, being 
followed subsequently by the development of other 
sorbents for processing into HPTLC pre-coated layers. 
The materials chosen were largely "reversed phase" 
sorbents, that is to say, chemically modified s i l i ca 
gels with a non-polar surface (7, 8), as well as 
microcrystalline cellulose (9). 

I n t h e c a s e o f H P T L C p r e - c o a t e d l a y e r s , i n 
p a r t i c u l a r , o p t i m u m u s e o f t h e a v a i l a b l e s e p a r a t i n g 
p e r f o r m a n c e i s d e p e n d e n t o n t h e c o m p a c t n e s s o f t h e 

0-8412-05 81 -7/80/47-136-15 9$05.00/0 
© 1980 American Chemical Society 
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s t a r t i n g s p o t s . T h e s e n a r r o w l y d e l i m i t e d s t a r t i n g 
s p o t s a r e o b t a i n e d w i t h t h e a i d o f s u i t a b l e , 
r e l a t i v e l y i n v o l v e d a p p l i c a t i o n t e c h n i q u e s a n d b y t h e 
a p p l i c a t i o n o f s m a l l v o l u m e s . I n o r d e r t o m a k e b e t t e r 
u s e o f t h e p o t e n t i a l p e r f o r m a n c e o f H P T L C p r e - c o a t e d 
p l a t e s s i l i c a g e l 6 0 , a n d t o p e r m i t a p p l i c a t i o n o f 
l a r g e r q u a n t i t i e s w i t h a r a p i d a n d n o n - p r o b l e m a t i c a l 
t e c h n i q u e , s p e c i a l H P T L C p r e - c o a t e d p l a t e s s i l i c a 
g e l 6 0 w i t h a s o - c a l l e d " c o n c e n t r a t i n g z o n e " w e r e 
d e v e l o p e d ( 1 J ) , 2 1 , 1 2 ) . 

2 . E x p e r i m e n t a l 

2 . 1 R e a g e n t s a n d s o l v e n t s . A l l t h e r e a g e n t s a n d 
s o l v e n x s u s e d i n t h i
f r o m E . M e r c k , D a r m s t a d t

2 . 2 A p p l i c a t i o n o f t h e s a m p l e s . T h e v o l u m e s o f 
0 . 7 5 p i w e r e a p p l i e d a s a d o t u s i n g a p p r o p r i a t e g l a s s 
c a p i l l a r i e s ( E . M e r c k , D a r m s t a d t ) . 

2 . 5 D e v e l o p m e n t . A l l t h e p l a t e s i n v e s t i g a t e d 
h e r e w e r e e a c h k e p t o v e r n i g h t a t a r e l a t i v e h u m i d i t y 
o f 2 0 $ . T h e p l a t e s w e r e t h e n d e v e l o p e d t o h e i g h t s o f 
5 cm ( H P T L C ) a n d 7 cm ( T L C ) i n n o r m a l c h a m b e r s , 
w i t h o u t c h a m b e r s a t u r a t i o n , u s i n g t h e a p p r o p r i a t e 
s o l v e n t s y s t e m s . 

2 . 4 E v a l u a t i o n . T h e e v a l u a t i o n w a s c a r r i e d o u t 
b y r e f l e c t a n c e u s i n g a Z e i s s PMQ I I c h r o m a t o g r a m 
s p e c t r o p h o t o m e t e r ( Z e i s s , O b e r k o c h e n ) , w i t h a d i r e c t 
l i n k o f t h e a n a l o g u e o u t p u t t o a n I B M 1 8 0 0 p r o c e s s 
c o n t r o l c o m p u t e r . 

5 . H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 

O p t i m i z a t i o n o f t h e m e a n p a r t i c l e s i z e o f s i l i c a g e l 
6 0 a n d t h e c o n s e q u e n t r e d u c t i o n o f t h e p a r t i c l e s i z e 
d i s t r i b u t i o n p r o d u c e d a n u m b e r o f a d v a n t a g e s i n H P T L C 
p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 p r e p a r e d f r o m t h i s 
i m p r o v e d m a t e r i a l w h i c h t h e t r a d i t i o n a l T L C s i l i c a 
g e l 6 0 p r e - c o a t e d l a y e r s d o n o t p o s s e s s . T h e s e 
a d v a n t a g e s a r e t o b e f o u n d n o t o n l y i n t h e a l r e a d y 
m e n t i o n e d o p t i m i z e d m e a n p a r t i c l e d i a m e t e r a n d t h e 
n a r r o w e r p a r t i c l e s i z e d i s t r i b u t i o n , b u t a l s o i n t h e 
s m o o t h e r a n d m o r e h o m o g e n e o u s s u r f a c e o f t h e p l a t e s , 
w h i c h l e a d s t o a n i n c r e a s e i n 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 . 

T h e i m p r o v e m e n t s m a d e i n t h e H P T L C p r e - c o a t e d 
p l a t e s i l i c a g e l 6 0 a s c o m p a r e d w i t h t h e T L C s i l i c a 
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g e l 6 0 p l a t e s m e a n t t h a t H P T L C p r e - c o a t e d p l a t e s 
c o u l d a l s o b e u s e d a d v a n t a g e o u s l y i n p e s t i c i d e 
a n a l y s i s ( 1 3 , 1 £ , 1 5 ) · 

I n t h i s * p a p e r H E h e a d v a n t a g e s o f H P T L C p r e - c o a t e d 
p l a t e s s i l i c a g e l 6 0 ( E . M e r c k , D a r m s t a d t ) a s 
c o m p a r e d w i t h T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 
( E . M e r c k , D a r m s t a d t ) , a r e p r e s e n t e d i n t h e 
s e p a r a t i o n o f b e n z e n e h e x a c h l o r i d e ( B H C ) i s o m e r s . 

S e v e r a l p u b l i c a t i o n s ( 1 , 6 , J J , 1 8 ) w e r e t a k e n a s 
a b a s i s f o r d e t e r m i n i n g t h e o p t i m u m c o n d i t i o n s f o r 
t h e s e p a r a t i o n a n d d e t e c t i o n o f BHC i s o m e r s , a s 
r e g a r d s b o t h e l u a n t a n d d e t e c t i o n m o d e . 

B o t h f o r T L C a n d f o r H P T L C p r e - c o a t e d p l a t e s 
s i l i c a g e l 6 0 t h e b e s t r e s u l t s w e r e o b t a i n e d w i t h a 
s o l v e n t m i x t u r e c o n s i s t i n
c h l o r o f o r m i n a r a t i
m i g r a t i o n d i s t a n c e f o r H P T L C p l a t e s a n d a 7 cm 
m i g r a t i o n d i s t a n c e f o r t h e T L C p l a t e s . I n b o t h c a s e s 
t h e p l a t e s w e r e a d j u s t e d p r i o r t o u s e t o 2 0 $ r e l a t i v e 
h u m i d i t y a n d w e r e d e v e l o p e d i n n o r m a l c h a m b e r s 
w i t h o u t c h a m b e r s a t u r a t i o n . F o r b o t h t y p e s o f p l a t e s , 
0 . 7 5 μ ΐ q u a n t i t i e s o f a t e s t m i x t u r e o f α - , β - , γ - , 
δ - a n d 6 -BHC w e r e a p p l i e d w i t h g l a s s c a p i l l a r i e s 
( E . M e r c k , D a r m s t a d t ) a t a c o n c e n t r a t i o n o f 1 0 m g / 
1 0 m l d i s s o l v e d i n m e t h a n o l . O n c e s e p a r a t i o n h a d b e e n 
c o m p l e t e d , t h e b e s t v i s u a l i z a t i o n o f B H C i s o m e r s w a s 
a c h i e v e d b y s p r a y i n g t h e p l a t e s w i t h 1 $ o - t o l u i d i n e 
s o l u t i o n i n e t h a n o l f o l l o w e d b y 15 m i n u t e s 1 

i r r a d i a t i o n u n d e r U V l i g h t ( 2 5 4 n m ) . T h i s l e d t o t h e 
f o r m a t i o n o f g r e y i s h - g r e e n s p o t s o n a g r e y i s h - b r o w n 
b a c k g r o u n d ; e v e n a f t e r 3 d a y s t h e s p o t s d i d n o t t u r n 
p a l e . T h e p l a t e s w e r e e v a l u a t e d w i t h a Z e i s s 
c h r o m a t o g r a m s p e c t r o p h o t o m e t e r PMQ I I i n r e f l e c t a n c e 
m o d e , w i t h t h e a n a l o g u e o u t p u t d i r e c t l y c o u p l e d t o a n 
I B M 1 8 0 0 p r o c e s s c o m p u t e r . 

T a b l e I s h o w s t h a t r e t e n t i o n o f t h e i n d i v i d u a l 
BHC i s o m e r s i s v i r t u a l l y i d e n t i c a l o n t h e T L C a n d 
H P T L C p r e - c o a t e d s i l i c a g e l 6 0 p l a t e s . T h e h R f v a l u e s 
o f t h e BHC i s o m e r s o n t h e H P T L C p l a t e s l i e o n l y 
s l i g h t l y a b o v e t h o s e a c h i e v e d o n t h e T L C p r e - c o a t e d 
p l a t e s . 

T a b l e I I c o m p a r e s a n u m b e r o f a d d i t i o n a l 
c h r o m a t o g r a p h i c d a t a a c h i e v e d f o r BHC i s o m e r 
s e p a r a t i o n s o n T L C a n d H P T L C s i l i c a g e l 6 0 p l a t e s . 

T h e s e v a l u e s s h o w t h a t t h e o p t i m u m s e p a r a t i o n 
c h a r a c t e r i s t i c s o n H P T L C s i l i c a g e l 6 0 p l a t e s a r e 
a c h i e v e d a f t e r a m i g r a t i o n d i s t a n c e o f o n l y 5 c m , 
w h e r e a s o n t h e T L C p l a t e s o p t i m u m s e p a r a t i o n i s 
a c h i e v e d a f t e r a m i g r a t i o n d i s t a n c e o f 7 c m . T h i s 
m e a n s t h a t i n s p i t e o f a r o u g h l y 3 5 $ s m a l l e r f l o w 
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T a b l e I . R e t e n t i o n d a t a ( h R f v a l u e s ) o f BHC 
i s o m e r s o n T L C a n d H P T L C p r e - c o a t e d 
p l a t e s s i l i c a g e l 6 0 ; s o l v e n t s y s t e m : 
c y c l o h e x a n e / c h l o r o f o r

types of plates hRf values of BHC isomers 

α V 6 β S 

TLC s i l ica gel 60 59,6 51,0 47,5 39,1 27,3 

HPTLC s i l ica gel 60 62,6 53,4 48,2 40,6 28,3 

T a b l e I L C h r o m a t o g r a p h i c d a t a o n t h e s e p a r a t i o n 
o f BHC i s o m e r s o n T L C a n d H P T L C p r e -
c o a t e d p l a t e s s i l i c a g e l 6 0 ; s o l v e n t 
s y s t e m : c y c l o h e x a n e / c h l o r o f o r m 6 5 / 3 5 

types of plates velocity opt. migration development resolution Rs of types of plates 
coefficient κ distance time 
C min2/s ] C mm ] Cs] α-and y-BHC 

TLC silica gel 60 3,67 70 1540 1,34 

HPTLC silica gel 60 2,38 50 1306 1,62 
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r a t e t h e r e q u i r e d d e v e l o p m e n t t i m e f o r t h e H P T L C 
p l a t e i s a b o u t 2 4 0 s e c o n d s o r 1 5 $ s h o r t e r t h a n o n 
t h e T L C p l a t e . I n s p i t e o f t h i s s h o r t e r m i g r a t i o n 
d i s t a n c e a n d d e v e l o p m e n t t i m e , t h e 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 e f f i c i e n c y , e x p r e s s e d b y t h e r e s o l u t i o n R g 

b e t w e e n t h e t w o n e i g h b o u r i n g a - a n d γ - i s o m e r s o f B H C , 
i s a b o u t 2 1 $ h i g h e r o n t h e H P T L C p r e - c o a t e d p l a t e 
s i l i c a g e l 6 0 t h a n o n t h e c o r r e s p o n d i n g T L C p r e - c o a t e d 
p l a t e . 

A s a m e a n s o f c o m p a r i n g t h e p o t e n t i a l f o r 
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 o n t h e T L C a n d H P T L C 
p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 , t h e c a l i b r a t i o n 
c u r v e s o f 5 - B H C w e r e r e c o r d e d . 

I n F i g u r e 1 t h e p e a k h e i g h t s ( e x p r e s s e d i n m V , 
a f t e r e v a l u a t i o n b y
c h r o m a t o g r a m s p e c t r o p h o t o m e t e r
t h e a p p l i e d q u a n t i t y ( e x p r e s s e d i n n g ) o f 5 - B H C o n 
t h e T L C a n d H P T L C s i l i c a g e l 6 0 p l a t e s . 

I t c a n b e s e e n t h a t i n b o t h c a s e s a w e l l 
c o r r e l a t i n g c a l i b r a t i o n c u r v e i n t h e s h a p e o f a 
s t r a i g h t l i n e i s o b t a i n e d . I t i s a l s o e v i d e n t t h a t 
f o r e q u a l a p p l i e d q u a n t i t i e s t h e p e a k h e i g h t s o n t h e 
H P T L C p l a t e a r e s l i g h t l y m o r e t h a n t w i c e a s h i g h a s 
o n t h e T L C p l a t e . F o r t h i s r e a s o n a n d o n a c c o u n t o f 
t h e f a c t t h a t t h e b a s e l i n e n o i s e i s m a r k e d l y l e s s o n 
t h e H P T L C p l a t e e v a l u a t e d i n r e f l e c t a n c e mode a s a 
r e s u l t o f i t s m o r e h o m o g e n e o u s a n d s m o o t h e r s u r f a c e , 
t h e d e t e c t i o n l i m i t f o r 6 - B H C u n d e r t h e g i v e n 
c o n d i t i o n s o n t h e H P T L C p r e - c o a t e d p l a t e s i l i c a g e l 
6 0 i s c o n s i d e r a b l y l e s s a t 18 n g t h a n o n t h e T L C 
p r e - c o a t e d p l a t e s i l i c a g e l 6 0 a t 4 0 n g . 

4 » H P T L C p r e - c o a t e d p l a t e s R P 

Now t h a t r e v e r s e d p h a s e c o l u m n p a c k i n g m a t e r i a l s h a v e 
b e e n u s e d s u c c e s s f u l l y i n c o l u m n l i q u i d c h r o m a t o g r a p h y 
f o r a n u m b e r o f y e a r s , s u c c e s s h a s a l s o b e e n a c h i e v e d 
i n t h i n - l a y e r c h r o m a t o g r a p h y i n t h a t i t i s n o w 
p o s s i b l e t o p r e p a r e H P T L C p r e - c o a t e d p l a t e s w i t h t h e 
s a m e t y p e s o f s u r f a c e - m o d i f i e d s o r b e n t s a n d t o u s e 
t h e m f o r s e p a r a t i o n s ( 2 » 8 , 1 9 , 2 0 ) . 

T h e b a s i c s k e l e t o n o 7 t E e m o d i f i e d s o r b e n t s 
c o n s i s t s o f a s u r f a c e - a c t i v e s i l i c a g e l . M o d i f i c a t i o n 
i s i n t h e f o r m o f a s u r f a c e r e a c t i o n w i t h s p e c i a l l y 
a c t i v e s i l a n e s a t t h e s i l a n o l g r o u p s o f t h e s i l i c a 
g e l . F o l l o w i n g e l i m i n a t i o n o f t h e s e s i l a n o l g r o u p s , 
n e w s i l o x a n e g r o u p i n g s a r e f o r m e d , o n w h i c h a l i p h a t i c 
h y d r o c a r b o n g r o u p s a r e c h e m i c a l l y b o u n d b y s i l i c o n -
c a r b o n b o n d s t o t h e s i l i c a g e l s k e l e t o n . P r e - c o a t e d 
p l a t e s w i t h t h e s e m o d i f i e d s i l i c a g e l s a r e d e s i g n a t e d : 
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Figure 1. Calibration curves for 8-BHC on a TLC pre-coated plate silica gel 60 
(left) and on an HPTLC pre-coated plate silica gel 60 (right) (abscissae: applied 

quantity (ng); ordinates: peak height (mV)) 

Figure 2. Linear chromatograms for the separation of bromophos-ethyl and 
dimethoate on an HPTLC pre-coated plate silica gel 60 (left) and an HPTLC pre-
coated plate RP-18 (right] (solvent system on silica gel 60: n-heptane/acetone 
65/35; on RP-18: acetone/'water 80/20; application from left to right—(1st band) 
bromophosethyl; (2nd band) dimethoate; (3rd-5th band) mixture; migration dis­
tance: 5 cm; applied quantities: 0.75 /xL = 750 ng; detection: spraying with PdCl2 

in ethanol heating to 120°C) 
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H P T L C p r e - c o a t e d p l a t e R P - 2 , R P - 8 a n d R P - 1 8 . T h e 
f i g u r e f o l l o w i n g t h e R P a b b r e v i a t i o n r e f e r s t o t h e 
c h a i n l e n g t h o f t h e a l i p h a t i c h y d r o c a r b o n . 

One e x a m p l e f o r t h e u s e o f a n H P T L C p r e - c o a t e d 
p l a t e w i t h a r e v e r s e d p h a s e m a t e r i a l i n t h e f i e l d o f 
p e s t i c i d e a n a l y s i s i s t h e s e p a r a t i o n o f b r o m o p h o s -
e t h y l a n d d i m e t h o a t e o n a n H P T L C p r e - c o a t e d p l a t e 
R P - 1 8 F 2 5 4 s ( Ε . M e r c k , D a r m s t a d t ) . T h i s i s d e s c r i b e d 
a n d c o m p a r e d w i t h t h e s e p a r a t i o n o f t h i s s u b s t a n c e 
m i x t u r e o n a n H P T L C p r e - c o a t e d p l a t e s i l i c a g e l 6 0 
Ρ 2 5 4 ( Ε . M e r c k , D a r m s t a d t ) . 

T h e s o l v e n t s y s t e m m o s t s u i t a b l e f o r s e p a r a t i n g 
b r o m o p h o s - e t h y l a n d d i m e t h o a t e i s a n 8 0 / 2 0 m i x t u r e 
o f a c e t o n e / w a t e r f o r t h e H P T L C p r e - c o a t e d p l a t e R P - 1 8 , 
a n d a 6 5 / 3 5 m i x t u r e
o f t h e H P T L C p r e - c o a t e
o p t i m u m m i g r a t i o n d i s t a n c e w a s 5 cm i n b o t h c a s e s . 
T h e a p p l i e d s u b s t a n c e q u a n t i t y w a s 0 . 7 5 p i o n b o t h 
p l a t e s , a t a c o n c e n t r a t i o n o f b r o m o p h o s - e t h y l a n d 
d i m e t h o a t e o f 1 0 m g / 1 0 m l i n m e t h a n o l i n b o t h c a s e s . 

D e t e c t i o n o f s u b s t a n c e s p o t s w a s p e r f o r m e d b y 
s p r a y i n g w i t h a s o l u t i o n o f 0 . 5 g p a l l a d i u m ( l l ) -
c h l o r i d e i n 1 0 0 m l o f e t h a n o l w i t h s u b s e q u e n t h e a t i n g 
t o 1 2 0 C . T h e s p o t s a p p e a r i n g a r e b r o w n o n a g r e y -
p i n k b a c k g r o u n d . A Z e i s s PMQ I I c h r o m a t o g r a m 
s p e c t r o p h o t o m e t e r c o u p l e d t o a n I B M 1 8 0 0 p r o c e s s 
c o m p u t e r w a s u s e d f o r e v a l u a t i o n s . 

F i g u r e 2 s h o w s t h e s e p a r a t i o n o f b r o m o p h o s - e t h y l 
a n d d i m e t h o a t e o n a n H P T L C p r e - c o a t e d p l a t e s i l i c a 
g e l 6 0 ( l e f t ) a n d o n a n H P T L C p r e - c o a t e d p l a t e R P - 1 8 
( r i g h t ) . T h e a p p l i c a t i o n s c h e m e w a s t h e s a m e i n b o t h 
c a s e s , n a m e l y f r o m l e f t t o r i g h t : 
1 s t b a n d : b r o m o p h o s - e t h y l 
2 n d b a n d : d i m e t h o a t e 
3 r d - 5 t h b a n d : m i x t u r e o f t h e t w o s u b s t a n c e s . 
T h e t w o c h r o m a t o g r a m s s h o w t h a t i n c h a n g i n g f r o m t h e 
s i l i c a g e l 6 0 p l a t e t o t h e R P - 1 8 p l a t e t h e r e i s a 
r e v e r s a l o f s u b s t a n c e s e q u e n c e . T h i s i s a l s o a p p a r e n t 
i n T a b l e I I I w i t h t h e h R f v a l u e s o f t h e t w o s a m p l e 
s u b s t a n c e s . 

T a b l e I V c o m p a r e s a f e w c h r o m a t o g r a p h i c d a t a 
r e l a t i n g t o t h e s e p a r a t i o n o f b r o m o p h o s - e t h y l a n d 
d i m e t h o a t e o n t h e H P T L C p r e - c o a t e d p l a t e s i l i c a g e l 6 0 
a n d t h e H P T L C p r e - c o a t e d p l a t e R P - 1 8 . 

T h e s e f i g u r e s s h o w t h a t r e s o l u t i o n b e t w e e n 
b r o m o p h o s - e t h y l a n d d i m e t h o a t e o n t h e H P T L C R P - 1 8 
p l a t e i s r o u g h l y 6 0 $ g r e a t e r t h a n o n t h e s i l i c a g e l 6 0 
p l a t e . T h o u g h t h e o p t i m u m m i g r a t i o n d i s t a n c e o f 5 cm 
i s t h e s a m e i n b o t h c a s e s , t h e d e v e l o p m e n t t i m e o n 
t h e R P - 1 8 p l a t e i s r o u g h l y t w i c e a s l o n g a s o n t h e 
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T a b l e I I I R e t e n t i o n d a t a ( h R f v a l u e s ) f o r " b r o m o ­
p h o s - e t h y l a n d d i m e t h o a t e o n a n H P T L C 
p r e - c o a t e d p l a t e s i l i c a g e l 6 0 ( s o l v e n t 
s y s t e m : n - h e p t a n e / a c e t o n e 65/35) a n d o n 
a n H P T L C p r e - c o a t e d p l a t e R P - 1 8 ( s o l v e n t 
s y s t e m :

types of plates hRf values of 

Bromophos-Ethyl Dimethoate 

HPTLC s i l i c a gel 60 70,7 30,7 

HPTLC RP-18 27,3 79,8 

T a b l e I V C h r o m a t o g r a p h i c d a t a f o r t h e s e p a r a t i o n 
o f b r o m o p h o s - e t h y l a n d d i m e t h o a t e o n 
H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 
a n d H P T L C p r e - c o a t e d p l a t e s R P - 1 8 

types of plates velocity opt. migration development resolution Rs 

coefficient κ distance time of Bromophos-Ethyl 
and Dimethoate 

C mm2/s J C mm ] CsD 

HPTLC s i l i c a Gel 60 3,73 50 814 3,43 

HPTLC RP - 18 1,69 50 1841 5,53 
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s i l i c a g e l 6 0 p l a t e . T h i s i s a t t r i b u t e d t o t h e m u c h 
l o w e r v e l o c i t y c o e f f i c i e n t * o f t h e s o l v e n t s y s t e m 
u s e d o n t h e R P - 1 8 p l a t e a s c o m p a r e d t o t h a t o n t h e 
s i l i c a g e l 6 0 p l a t e . 

Q u a n t i t a t i v e i n - s i t u e v a l u a t i o n o f t h e b r o m o p h o s -
e t h y l a n d d i m e t h o a t e s e p a r a t i o n i n t h i s c a s e o f 
v i s u a l i z a t i o n h a s n o r e a l v a l u e o n a c c o u n t o f t h e 
r a t h e r n o n - h o m o g e n e o u s b a c k g r o u n d c o l o u r a t i o n 
p r o d u c e d b y s p r a y i n g w i t h t h e d e t e c t i o n r e a g e n t u s e d 
h e r e . T h e r e f o r e t h e r o u t i n e , q u a n t i t a t i v e i n - s i t u 
e v a l u a t i o n o f t h e u n s t a i n e d b r o m o p h o s - e t h y l a n d 
d i m e t h o a t e i n o u r l a b o r a t o r y i s c a r r i e d o u t b y U V 
m e a s u r e m e n t i n r e f l e c t a n c e m o d e . 

5 « H P T L C p r e - c o a t e d p l a t e

A p a r t f r o m t h e s o r b e n t s a l r e a d y m e n t i o n e d i n 
c o n n e c t i o n w i t h H P T L C p r e - c o a t e d l a y e r s , a m i c r o -
c r y s t a l l i n e c e l l u l o s e h a s a l s o b e e n p r o d u c e d i n a n 
a v e r a g e p a r t i c l e s i z e a n d a n a r r o w p a r t i c l e s i z e 
d i s t r i b u t i o n s u i t a b l e f o r H P T L C ( 9 ) . H P T L C p r e - c o a t e d 
p l a t e s c e l l u l o s e Ρ 2 5 4 s ( Ε . M e r c k , D a r m s t a d t ) , 
c o m p o s e d o f t h i s m i c r o c r y s t a l l i n e c e l l u l o s e , w e r e 
u s e d t o s e p a r a t e T r e v e s p a n 6 0 3 8 . T h i s i s a m i x t u r e o f 
t h e s u b s t a n c e s i o x y n i l ( 3 , 5 - d i i o d o - 4 - h y d r o x y - b e n z o -
n i t r i l e ) , f l u r e n o l ( 9 - h y d r o x y f l u o r e n e c a r b o x y l i c a c i d ) 
a n d MCPA ( 2 - m e t h y l - 4 - c h l o r o p h e n o x y a c e t i c a c i d ) . F o r 
c o m p a r i s o n p u r p o s e s T r e v e s p a n 6 0 3 8 w a s a l s o s e p a r a t e d 
o n H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 F 2 5 4 
( Ε . M e r c k , D a r m s t a d t ) . 

T h e s o l v e n t s y s t e m m o s t s u i t a b l e f o r s e p a r a t i n g 
T r e v e s p a n o n H P T L C p r e - c o a t e d p l a t e s c e l l u l o s e 
c o n s i s t s o f t e r t . b u t a n o l / w a t e r / 2 5 $ a m m o n i a i n a 
r a t i o o f 8 0 / 2 0 / 1 b y v o l u m e , w h i l s t f o r H P T L C p r e -
c o a t e d p l a t e s s i l i c a g e l 6 0 t h e b e s t m i x t u r e i s 
n - h e x a n e / e t h y l a c e t a t e / f o r m i c a c i d i n t h e r a t i o 
4 0 / 6 0 / 0 , 5 . P r i o r t o t h e s e p a r a t i o n p r o p e r , t h e H P T L C 
p r e - c o a t e d p l a t e s w e r e a d j u s t e d t o a r e l a t i v e h u m i d i t y 
o f 2 0 $ . Q u a n t i t i e s o f o . 7 5 p i o f a t e s t s o l u t i o n i n 
m e t h a n o l , c o m p o s e d a s f o l l o w s , w e r e a p p l i e d t o t h e 
p l a t e s a n d m i g r a t e d o v e r 5 cm : 
I o x y n i l : 0 . 6 p g 
F l u r e n o l : 0 . 8 p g 
M C P A : 2 . 8 p g . 
T h e p l a t e s , o n c e d e v e l o p e d , w e r e c h e c k e d v i s u a l l y 
u n d e r U V l i g h t a t 2 5 4 n m , w h i l e q u a l i t a t i v e a n d 
q u a n t i t a t i v e e v a l u a t i o n e n s u e d w i t h t h e a i d o f a 
Z e i s s c h r o m a t o g r a m s p e c t r o p h o t o m e t e r PMQ I I i n 
r e f l e c t a n c e mode a t a w a v e l e n g t h o f 2 8 0 n m . 

O w i n g t o t h e d i f f e r i n g a c t i v i t i e s o f t h e s o r b e n t s 
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u s e d a n d t h e f a c t t h a t d i f f e r e n t s o l v e n t s y s t e m s w e r e 
e m p l o y e d f o r t h e d i f f e r e n t t y p e s o f p l a t e s , t h e h R f 
v a l u e s f o r t h e t h r e e c o n s t i t u e n t s o f T r e v e s p a n 6 0 3 8 
d i f f e r q u i t e c o n s i d e r a b l y , a s i s s h o w n i n T a b l e V . 
T h e s u b s t a n c e s e q u e n c e i s i d e n t i c a l i n b o t h c a s e s , 
h o w e v e r . 

T a b l e V I p r o v i d e s a f u r t h e r c o m p a r i s o n o f 
c h r o m a t o g r a p h i c d a t a o b t a i n e d f o r t h e s e p a r a t i o n o f 
T r e v e s p a n 6 0 3 8 o n H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 
6 0 a n d c e l l u l o s e . 

A l t h o u g h t h e m i g r a t i o n d i s t a n c e w a s t h e s a m e i n 
b o t h c a s e s , n a m e l y 5 c m , t h e d e v e l o p m e n t t i m e f o r t h e 
H P T L C p r e - c o a t e d p l a t e s i l i c a g e l 6 0 i s c o n s i d e r a b l y 
s h o r t e r t h a n f o r t h e H P T L C p r e - c o a t e d p l a t e c e l l u l o s e 
o n a c c o u n t o f t h e h i g h e
t h r e e s u b s t a n c e c o m p o n e n t
t h o u g h t h e R v a l u e s a c h i e v e d o n t h e H P T L C s i l i c a g e l 
p l a t e w e r e c o n s i d e r a b l y h i g h e r f o r t h i s p a r t i c u l a r 
s e p a r a t i o n t h a n t h e v a l u e s o b t a i n e d o n t h e H P T L C 
c e l l u l o s e p l a t e . 

F o r 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 o f t h e i n d i v i d u a l 
T r e v e s p a n 6 0 3 8 c o m p o n e n t s , c a l i b r a t i o n c u r v e s w e r e 
d r a w n u p f o r t h e H P T L C p r e - c o a t e d p l a t e s i l i c a g e l 6 0 
a n d f o r t h e H P T L C p r e - c o a t e d p l a t e c e l l u l o s e . 

F i g u r e 3 s h o w s t h e p e a k h e i g h t s f o r i o x y n i l , 
MCPA a n d f l u r e n o l ( e x p r e s s e d i n m V , a f t e r e v a l u a t i o n 
b y r e f l e c t a n c e u s i n g a Z e i s s PMQ I I c h r o m a t o g r a m 
s p e c t r o p h o t o m e t e r ) p l o t t e d a g a i n s t t h e r e s p e c t i v e 
a p p l i e d q u a n t i t i e s ( e x p r e s s e d i n n g ) f o r b o t h t h e 
H P T L C s i l i c a g e l 6 0 p l a t e a n d t h e H P T L C c e l l u l o s e 
p l a t e . 

W e l l c o r r e l a t i n g c a l i b r a t i o n c u r v e s i n f o r m o f 
s t r a i g h t l i n e s a r e o b t a i n e d o n b o t h t y p e s o f H P T L C 
p l a t e f o r a l l t h r e e s a m p l e s u b s t a n c e s i n t h e r a n g e o f 
q u a n t i t i e s e x a m i n e d . A l t h o u g h t h e a p p l i e d q u a n t i t i e s 
a r e i d e n t i c a l , t h e p e a k h e i g h t s o n t h e H P T L C p r e -
c o a t e d p l a t e c e l l u l o s e a r e s o m e w h a t h i g h e r t h a n t h o s e 
o b t a i n e d o n t h e H P T L C p r e - c o a t e d p l a t e s i l i c a g e l 6 0 . 
T h e d e t e c t i o n l i m i t s d e t e r m i n e d b y t h e p e a k h e i g h t s 
a n d b y t h e b a s e l i n e n o i s e f o r t h e t h r e e s u b s t a n c e s 
e x a m i n e d a r e l i s t e d i n T a b l e V I I . 

T h e s e v a l u e s s h o w t h a t f o r t h e s e p a r a t i o n 
p e r f o r m e d t h e d e t e c t i o n l i m i t s o f a l l t h r e e s a m p l e 
s u b s t a n c e s o n t h e H P T L C c e l l u l o s e p l a t e a r e s o m e w h a t 
l o w e r t h a n o n t h e H P T L C s i l i c a g e l 6 0 p l a t e . 

6 . H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 w i t h 
c o n c e n t r a t i n g z o n e 

A f u r t h e r n e w d e v e l o p m e n t f r o m t h e f i e l d o f H P T L C 
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T a b l e V. R e t e n t i o n d a t a ( h R f v a l u e s ) f o r i o x y n i l , 
MCPA a n d f l u r e n o l o n H P T L C p r e - c o a t e d 
p l a t e s s i l i c a g e l 6 0 ( s o l v e n t s y s t e m : 
n - h e x a n e / e t h y l a c e t a t e / f o r m i c a c i d 
4 0 / 6 0 / 0 . 5 ) a n d o n H P T L C p r e - c o a t e d 
p l a t e s c e l l u l o s
b u t a n o l / w a t e r / 2 5

types of plates hRf values of 

Ioxynil MCPA Flurenol 

HPTLC s i l i c a gel 60 49,4 31,6 16,2 

HPTLC cellulose 89,3 72,7 60,2 

T a b l e V I » C h r o m a t o g r a p h i c d a t a f o r t h e s e p a r a t i o n 
o f i o x y n i l , M C P A a n d f l u r e n o l o n H P T L C 
p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 a n d o n 
H P T L C p r e - c o a t e d p l a t e s c e l l u l o s e 

types of plates velocity opt. migration development resolution R. of 
coefficient κ distance Zf time 

C min2/s 1 C mi ] C e ] loxynil/MCPA MCPA/Flurenol 

HPTLC si l ica gel 60 3,67 50 858 2,45 2,24 

HPTLC cellulose 0,67 50 4615 1,49 1,18 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 3. Calibration curves for ioxynil (*), MCPA (O), and flurenol (\Z\) on 
HPTLC pre-coated plates silica gel 60 (Mt) and on HPTLC pre-coated plates 
cellulose f right j (abscissae: applied quantity (ng); ordinales: peak height (mV)) 

T a b l e V I I . D e t e c t i o n l i m i t s ( i n n g ) f o r i o x y n i l , 
MCPA a n d f l u r e n o l o n H P T L C p r e - c o a t e d 
p l a t e s s i l i c a g e l 6 0 a n d o n H P T L C p r e 
c o a t e d p l a t e s c e l l u l o s e 

types of plates l im i t of detection C ng ] 

Ioxynil MCPA Flurenol 

HPTLC s i l i c a gel 60 10 15 6 

HPTLC cel lulose 7 12 5 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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p r e - c o a t e d l a y e r s r e p r e s e n t s t h e H P T L C p r e - c o a t e d 
p l a t e s i l i c a g e l 6 0 w i t h c o n c e n t r a t i n g z o n e . 

T h e s i z e o f t h e s p o t o f t h e s u b s t a n c e m i x t u r e 
a p p l i e d h a s a c o n s i d e r a b l e b e a r i n g o n t h e s e p a r a t i n g 
p e r f o r m a n c e a t t a i n a b l e o n a t h i n - l a y e r p l a t e . T h e 
m o r e c o m p a c t t h e a p p l i c a t i o n o f t h e s p o t o f s u b s t a n c e s 
t o b e s e p a r a t e d , t h e m o r e c o m p a c t a n d t h u s t h e m o r e 
f a v o u r a b l e , t h e s p o t w i l l a l s o b e a f t e r c h r o m a t o g r a p h y 
h a s t a k e n p l a c e . S u c h s m a l l s t a r t i n g s p o t s c a n b e 
o b t a i n e d w i t h t h e a i d o f s u i t a b l e , s o m e t i m e s l a b o r i o u s 
a p p l i c a t i o n t e c h n i q u e s c o m b i n e d w i t h s m a l l a p p l i c a t i o n 
v o l u m e s . 

I n o r d e r t o i m p r o v e t h e s e p a r a t i n g p e r f o r m a n c e o f 
H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 e v e n a t l a r g e r 
a p p l i e d v o l u m e s , a s
c o n c e n t r a t i o n s , a n d
o f a p p l i c a t i o n , H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 
w i t h s o - c a l l e d " c o n c e n t r a t i n g z o n e s 1 1 w e r e d e v e l o p e d 
( 1 0 , 1 1 , 1 2 ) . T h i s t y p e o f p l a t e c o n s i s t s o f t w o 
d i s t i n c t T â y e r s e c t i o n s , n a m e l y t h e s e p a r a t i n g l a y e r 
p r o p e r c o n s i s t i n g o f s i l i c a g e l 6 0 a n d a c o n c e n t r a t i n g 
z o n e c o m p o s e d o f a n i n e r t , p o r o u s s i l i c o n d i o x i d e . 
T h e s e t w o s o r b e n t m a t e r i a l s p a s s i n t o o n e a n o t h e r a t 
a c l e a r l y d e f i n e d b o u n d a r y - l i n e i n s u c h a w a y t h a t t h e 
e l u a n t i s o f f e r e d n o r e s i s t a n c e a s i t p a s s e s t h r o u g h . 

W h a t h a p p e n s w h e n a n H P T L C p r e - c o a t e d p l a t e 
s i l i c a g e l 6 0 w i t h c o n c e n t r a t i n g z o n e i s u s e d i s a s 
f o l l o w s : t h e s u b s t a n c e m i x t u r e i s a p p l i e d i n s p o t s o r 
s t r e a k s a t a n y p o i n t a n d i n p a r t i c u l a r a t a n y h e i g h t 
o n t h e c o n c e n t r a t i n g z o n e a n d t h e s p o t s o r s t r e a k s a r e 
t h e n c a r r i e d b y t h e e l u a n t t o t h e b o r d e r b e t w e e n t h e 
t w o s o r b e n t m a t e r i a l s . A t t h i s b o u n d a r y - l i n e t h e 
s u b s t a n c e s p o t i s a u t o m a t i c a l l y c o n c e n t r a t e d i n t o a 
v e r y n a r r o w b a n d . P r o m t h e b o u n d a r y - l i n e t h e n b e g i n s 
t h e 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 n t h e s i l i c a g e l 6 0 
l a y e r , w i t h t h e c o n c e n t r a t i n g p h a s e p a s s i n g o v e r i n t o 
t h e s e p a r a t i n g p h a s e w i t h o u t i n t e r r u p t i o n . 

I m p r o v e m e n t s i n t h e s e p a r a t i n g p e r f o r m a n c e 
a c h i e v e d w i t h H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 
w i t h c o n c e n t r a t i n g z o n e ( E . M e r c k , D a r m s t a d t ) c o m p a r e d 
w i t h H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 w i t h o u t 
c o n c e n t r a t i n g z o n e , t a k i n g a s a n e x a m p l e t h e 
a p p l i c a t i o n o f a r e l a t i v e l y l a r g e s a m p l e v o l u m e o f 
0 . 7 5 p i ( i n H P T L C s a m p l e v o l u m e s o f b e t w e e n 0 . 0 2 p i 
a n d 0 . 1 p i a r e c o m m o n p r a c t i c e ! ) , i s d e m o n s t r a t e d b y 
t h e s e p a r a t i o n o f T r e v e s p a n 6 0 3 8 , a s a l r e a d y 
d e s c r i b e d . 

T h e s o l v e n t s y s t e m u s e d f o r b o t h t y p e s o f p l a t e s 
w a s n - h e x a n e / e t h y l a c e t a t e / f o r m i c a c i d i n a r a t i o o f 
4 0 / 6 0 / 0 . 5 b y v o l u m e . T h 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 , 
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a p p l i e d q u a n t i t i e s a n d s a m p l e c o n c e n t r a t i o n s a r e t h e 
s a m e a s d e s c r i b e d u n d e r p o i n t 4 f o r t h e s e p a r a t i o n o f 
T r e v e s p a n 6 0 3 8 o n H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 
6 0 . 

B y c o m p a r i n g t h e c h r o m a t o g r a p h i c d a t a g i v e n i n 
T a b l e V I I I i t c a n b e s e e n t h a t f o r t h e o p t i m u m 
m i g r a t i o n d i s t a n c e o f 5 cm a n d w i t h a d e v e l o p m e n t 
t i m e s h o r t e n e d b y 6 $ , t h e r e s o l u t i o n R o n t h e H P T L C 
p r e - c o a t e d p l a t e s i l i c a g e l 6 0 w i t h c o n c e n t r a t i n g 
z o n e i s o n a v e r a g e a b o u t 2 6 $ b e t t e r t h a n o n t h e 
c o r r e s p o n d i n g p l a t e w i t h o u t c o n c e n t r a t i n g z o n e . 

T h e c a l i b r a t i o n c u r v e s f o r t h e s u b s t a n c e s 
i o x y n i l , MCPA a n d f l u r e n o l o n t h e t w o H P T L C p r e -
c o a t e d p l a t e s s i l i c a g e l 6 0 , o n e w i t h a n d o n e w i t h o u t 
c o n c e n t r a t i n g z o n e , s h o w , a s i n F i g u r e 4 , t h a t t h e 
p e a k h e i g h t s f o r i d e n t i c a
h i g h e r f o r a l l t h e s u b s t a n c e s e x a m i n e d o n p l a t e s w i t h 
a c o n c e n t r a t i n g z o n e t h a n o n c o r r e s p o n d i n g p l a t e s 
w i t h o u t a c o n c e n t r a t i n g z o n e . T h i s i s a t t r i b u t e d t o 
t h e a l r e a d y m e n t i o n e d m o r e c o m p a c t s p o t f o r m a t i o n o n 
t h e H P T L C p r e - c o a t e d p l a t e s i l i c a g e l 6 0 w i t h 
c o n c e n t r a t i n g z o n e . 

B e c a u s e o f t h e m o r e h i g h l y c o n c e n t r a t e d s p o t s 
o b t a i n e d o n t h e H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 
w i t h c o n c e n t r a t i n g z o n e , t h e d e t e c t i o n l i m i t s s h o w n 
i n T a b l e I X f o r t h i s t y p e o f p l a t e a r e l o w e r t h a n i n 
t h e c a s e o f t h e H P T L C p r e - c o a t e d p l a t e s i l i c a g e l 6 0 
w i t h o u t c o n c e n t r a t i n g z o n e . 

T h e i m p r o v e m e n t s a c h i e v e d i n H P T L C p r e - c o a t e d 
p l a t e s s i l i c a g e l 6 0 w i t h c o n c e n t r a t i n g z o n e a s 
c o m p a r e d w i t h H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 
a r e a l l t h e m o r e p r o n o u n c e d t h e h i g h e r t h e a p p l i c a t i o n 
v o l u m e i s . T h e r e i s n o p o i n t i n u s i n g H P T L C p r e - c o a t e d 
p l a t e s w i t h o u t c o n c e n t r a t i n g z o n e a t a n a p p l i c a t i o n 
v o l u m e o f m o r e t h a n 0 . 7 5 p i . H o w e v e r , o n H P T L C p r e -
c o a t e d p l a t e s w i t h c o n c e n t r a t i n g z o n e i t i s p o s s i b l e 
t o c h r o m a t o g r a p h e v e n l a r g e r q u a n t i t i e s w i t h v e r y 
g o o d s e p a r a t i o n . A p a r t f r o m t h e s e i m p r o v e m e n t s i n 
s e p a r a t i o n p e r f o r m a n c e , p a r t i c u l a r l y a t l a r g e a p p l i e d 
q u a n t i t i e s , t h e H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 
w i t h c o n c e n t r a t i n g z o n e o f f e r t h e f o l l o w i n g a d d i t i o n a l 
a d v a n t a g e s o v e r c o r r e s p o n d i n g p r e - c o a t e d p l a t e s 
w i t h o u t t h e c o n c e n t r a t i n g z o n e : 
1 . F o l l o w i n g s p o t - w i s e o r s t r e a k - w i s e a p p l i c a t i o n o f 

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

2 . No s p e c i a l s k i l l s a r e r e q u i r e d d u r i n g a p p l i c a t i o n , 
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T a b l e V I I I , C h r o m a t o g r a p h i c d a t a f o r t h e s e p a r a t i o n 
o f i o x y n i l , M C P A a n d f l u r e n o l o n H P T L C 
p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 a n d o n 
H P T L C p r e - c o a t e d p l a t e s s i l i c a g e l 6 0 
w i t h c o n c e n t r a t i n g z o n e ; s o l v e n t s y s t e m : 
n - h e x a n e / e t h y
4 0 / 6 0 / 0 . 5 ; m i g r a t i o n d i s t a n c e : 5 cm 

types of plates ve loc i ty 
coef f i c ient κ 

development 
time 

resolution R s of 

[ mm /̂s ] [ s ] loxynil/MCPA MCPA/Flurenol 

HPTLC s i l i c a gel 60 3,67 858 2,45 2,24 

HPTLC s i l i c a gel 60 
with cone, zone 

3,86 806 3,27 2,64 

T a b l e I X . D e t e c t i o n l i m i t s ( i n n g ) f o r i o x y n i l , 
MCPA a n d f l u r e n o l o n H P T L C p r e - c o a t e d 
p l a t e s s i l i c a g e l 6 0 a n d o n H P T L C p r e -
c o a t e d p l a t e s s i l i c a g e l 6 0 w i t h c o n c e n ­
t r a t i n g z o n e 

types of plates limit of detection I ng ] 

Ioxynil MCPA Flurenol 

HPTLC s i l i ca gel 60 10 15 6 

HPTLC s i l i ca gel 60 7 13 5 
with concentrating zone 
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Figure 4. Calibration curves for ioxynil (*), MCPA (O), and flurenol (£3) on 
HPTLC pre-coated plates silica gel 60 (left) and on HPTLC pre-coated plates 
silica gel 60 with concentrating zone fright) (abscissae: applied quantity (ng); 

ordinates: peak height (mV)) 
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i n r e s p e c t o f g e o m e t r y , p o s i t i o n i n g a n d s p r e a d i n g 
o f t h e a p p l i e d s p o t s i n t h e c o n c e n t r a t i n g z o n e . 
T h i s s i m p l i f i c a t i o n o f a p p l i c a t i o n t e c h n i q u e s 
l e a d s i n i t s e l f t o c o n s i d e r a b l e s a v i n g o f t i m e . 

3 . A p a r t f r o m t h e c o n c e n t r a t i n g e f f e c t , t h e r e i s a l s o 
a c e r t a i n " c l e a n - u p " p r o c e s s w h i c h t a k e s p l a c e i n 
t h e c o n c e n t r a t i n g z o n e i n c e r t a i n c a s e s ; t h i s c a n 
r e p l a c e t h e e x t r a c t i o n o f s u b s t a n c e s t o b e c h r o m a ­
t o g r a p h e d , w h i c h m a y o t h e r w i s e h a v e b e e n n e c e s s a r y . 

4 . P o s s i b l e d e c o m p o s i t i o n o r i r r e v e r s i b l e a d s o r p t i o n 
o f s u b s t a n c e s o n t o t h e a c t i v e s i l i c a g e l o f t h e 
s e p a r a t i n g l a y e r d u r i n g d r y i n g o f t h e a p p l i e d s p o t 
i s a v o i d e d i n t h e i n e r t c o n c e n t r a t i n g z o n e . T h e 
s u b s t a n c e s c ome i n t o c o n t a c t w i t h t h e a c t i v e 
s o r b e n t o n l y a f t e r p a s s i n g t h r o u g h t h e c o n c e n t r a ­
t i n g z o n e a n d t h e
r e s p e c t , i t i s p o s s i b l e t o s p e a k o f w e t d o s i n g , a s 
i n c o l u m n l i q u i d c h r o m a t o g r a p h y . 

5 . I t i s p o s s i b l e t o a p p l y s a m p l e s u b s t a n c e s b y 
i m m e r s i n g t h e c o n c e n t r a t i n g z o n e o f t h e p l a t e i n t o 
a d i l u t e s a m p l e s o l u t i o n . T h i s m e t h o d c a n r e p l a c e 
a m u l t i p l e , s t r e a k - w i s e a p p l i c a t i o n o f v e r y d i l u t e 
s a m p l e s o l u t i o n s u s i n g s p e c i a l i s e d a p p a r a t u s . 
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10 
Analysis of Pesticidal Residues in the A i r Near 
Agricultural Treatment Sites 

JAMES N. SEIBER, GERALDO A. FERREIRA1, BRUCE HERMANN2, and 
JAMES E. WOODROW 
Department of Environmental Toxicology, University of California, Davis, CA 95616 

Substantial quantities of pesticides become airborne during 
and following spraying
implications; at the least
ed use area and is no longer efficacious and, i f the chemical 
is phytotoxic, drift damage to non-target foliage may result. 
Furthermore, airborne residues present a potential exposure route 
for farm workers and other individuals dwelling near agricul­
tural sites, and atmospheric transport may be a major pathway 
for widespread distribution of pesticides--particularly the 
more persistent ones--in the environment. Evidence to support 
these contentions comes from several sources: (1) Assessment 
of drift during spraying (1, 2, 3). These studies typically em­
ploy fallout collectors, particulate air samplers, and, some­
times, sensitive plants or animals placed at distances from a 
spraying operation (4). The emphasis has been on particulates--
their nature, concentration, and size--in relation to spray 
variables and meteorological conditions. (2) Assessment of 
evaporative losses following application (5, 6). Experimental 
data come from air samplers placed within a pre-treated plot, 
preferably at 2 or more heights above the soil or crop surface 
(7). Sampling i s continued for several days following treat­
ment to allow determination of the quantity lost by vaporization 
i n r e l a t i o n to other loss routes. A variation involves the use 
of model chambers rather than open plots, but with the same 
goals i n mind (8). (3) Ambient a i r sampling i n a defined geo­
graphical area (9, 10, 11). The objective i n these studies i s to 
determine the nature, frequency of occurrence, and levels of 
airborne residues i n re l a t i o n to use patterns within a network 
of sampling s i t e s . Extensions involve regional (12) or nation­
a l networks (13, 14, 15) which assess atmospheric residues on a 
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larger scale. (4) Long-range transport studies. P e s t i c i d e s i n 
the a i r passing remote s i t e s — f r e q u e n t l y islands or ships 
stationed at sea (15, 16, 17, 18)—are analyzed for r e l a t i v e l y 
long periods to determine global c i r c u l a t i o n pathways (19). Ex­
tensions include the analysis of rainwater (20) or snow-melt (21) 
from remote areas, and the c o l l e c t i o n of p a r t i c u l a t e matter from 
dust storms of a known or suspected o r i g i n (22). (5) Atmospheric 
degradation studies. Recent e f f o r t s have been aimed at determin­
ing the mechanisms and rates of p e s t i c i d e residue degradation i n 
the atmosphere (23, 24). The proportions of products and parent 
are related to residence times following release at the source 
(25). P a r a l l e l experiments are c a r r i e d out i n i r r a d i a t e d vapor-
phase laboratory chambers i n which the l e v e l s of reactants and 
exposure times may be c o n t r o l l e d (26). 

These consideration
Figure 1. That i s , the
entering the a i r and surviving to some downwind s i t e depend 
on the nature of the source (e.g., the type of a p p l i c a t i o n i n 
a g r i c u l t u r a l operations), i t s physical properties and chemical 
r e a c t i v i t y , i t s form once w i t h i n the a i r , and the meteorological 
conditions (wind, temperature, sunlight, etc.) which hold 
throughout the process. As might be expected, i t i s those com­
pounds possessing a reasonable degree of v o l a t i l i t y and s t a b i l i ­
t y , and which enjoy a f a i r l y sizeable use which are most l i k e l y 
to survive to the atmospheres of remote sampling s i t e s . 

Some aspects of the sources, occurrence, and dispersion 
of airborne p e s t i c i d e residues (6, 27) and methods f o r t h e i r 
sampling and analysis (28, 29, 30, 31) have been reviewed e l s e ­
where. In t h i s paper, the focus w i l l be on sampling methodology, 
experimental design, and some r e s u l t s from recent f i e l d t ests 
aimed at determining the entry and proximate fate of airborne 
residues i n r e l a t i o n to s p e c i f i c a g r i c u l t u r a l treatments. 

Methods of Sampling and Analysis 

A v a r i e t y of methods have been developed f o r sampling 
p e s t i c i d e s i n a i r . Suitable procedures must deal with d i f f i c u l ­
t i e s posed by the uncertainty regarding the p h y s i c a l state 
(aerosols, s o l i d p a r t i c l e s , vapors) of airborne residues, t h e i r 
r e l a t i v e l y low concentrations (less than 1 mg/m3, ca 80 ppb), 
f l u c t u a t i o n s i n p e s t i c i d e concentrations and the l e v e l s of 
p o t e n t i a l interferences with time, p o t e n t i a l r e a c t i v i t y during 
the sampling process, and l i m i t e d a v a i l a b i l i t y of sampling 
devices. These are i n addition to the problems of cleanup, 
recovery, q u a n t i t a t i o n , and confirmation which are common to 
trace a n a l y t i c a l processes once the sample has been c o l l e c t e d 
and brought to the laboratory f o r determination. 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10. SEiBER E T A L . Pesticide Residues in the Air 179 

P a r t i c u l a t e s 

F a i r l y straightforward methods may be used to assess par­
t i c u l a t e d r i f t w i t h i n 100 m or so downwind of the treatment 
s i t e (32). These include droplet counts and s i z i n g from de­
posits on p l a s t i c sheets, glass p l a t e s , or other surfaces. 
Addition of colored, fluorescent ( 4 ) , or radiolabeled tags 
(33) to the spray formulation are usefu l refinements. B i o l o g i c a l 
i n d i c a t o r s , p a r t i c u l a r l y s e n s i t i v e plants i n the case of he r b i ­
cides, are also employed i n many experiments 03,4). 

For measurement of p a r t i c u l a t e s , continuous f i l t r a t i o n of 
a i r through glass f i b e r , paper, or c l o t h f i l t e r s i s frequently 
p r a c t i c e d , providing a sample of t o t a l p a r t i c u l a t e matter f or 
analysis . A l t e r n a t i v e l y , Anderson or cascade impactors may be 
used to fr a c t i o n a t e p a r t i c u l a t e  i  s i z  categorie  durin
p l i n g (30). For pest i c i d e
airborne residues are completely associated with p a r t i c l e s , 
f i l t r a t i o n or impaction may work quite w e l l providing that 
c o l l e c t e d residues are stable i n the airstream (34). We have 
developed a procedure for determining low concentrations of 
paraquat downwind from treatment s i t e s by combining accumulative 
f i l t r a t i o n f o r sampling with N-selective gas chromatographic 
analysis of reduced paraquat d e r i v a t i v e . This method, outlined 
i n Figure 2, involves extraction of paraquat from the f i l t e r by 
sonication with 6N HC1, concentration and ce n t r i f u g a t i o n to remove 
insoluble materials, and d i s s o l u t i o n of soluble matter i n satu­
rated ammonium biocarbonate. The l a t t e r s o l u t i o n was taken to 
dryness, including evaporation of the v o l a t i l e ammonium b i ­
carbonate, i n a sand bath; the residue was then dissolved i n 
aqueous sodium hydroxide and d e r i v a t i z e d by reduction with 
sodium borohydride. The reduced product, a mixture of mono-
and diunsaturated t e r t i a r y amines, was extracted i n hexane 
and quantitated by gas chromatography using NP-selective 
thermionic detection. Recoveries of paraquat d i c h l o r i d e 
spiked to glass f i b e r f i l t e r s were 95, 92, 80, and 74% for 
1.0, 0.5, 0.1, and 0.05 yg f o r t i f i c a t i o n s . Considering these 
recovery data and the background from an a i r sample lacking 
paraquat (Figure 3), the l i m i t of detection of the method was 
estimated to be 0.1 to 1.0 ng/iP. 

This method i s considerably more s e n s i t i v e than the c o l o r i -
metric assay applied to f a l l - o u t or high volume f i l t e r samples. 
We have applied i t to a determination of paraquat residues i n 
a i r c o l l e c t e d over 200 m from a spraying operation, both 
during and for several hours following treatment. A d d i t i o n a l l y , 
the method may be used to measure the quantity of paraquat 
associated with various p a r t i c u l a t e s i z e f r a c t i o n s c o l l e c t e d 
by cascade impaction. 

F i l t r a t i o n and impaction devices have l i t t l e or no a f f i n i t y 
f o r vapors and, furthermore, have the d i s t i n c t disadvantage of 
releasing residues i n i t i a l l y associated with the p a r t i c u l a t e 
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\ 
Figure 1. The source and fate of airborne residues related to pesticide applications 

Paraquat i n A i r 

HiVol glass 
fiber f i l t e r (-100 m$ a i r ) 

Extract with 6N HC1 
Concentrate and centrifuge 

PQC12 i n 6N HC1 

Evaporate 
Extract with satd NH4HOO3 
Centrifuge 

ψ 

PQC12 i n satd NH4HCO3 

Evaporate 
Dissolve i n NaOH; add NaBfy 
Heat (600) for 12 min 
Cool, extract with hexane 

-ψ 
Reduced PQ (monoene + diene) i n hexane 
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Sum peaks for monoene and diene 

Figure 2, Schematic for the determination of airborne residues of paraquat 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10. SE iBER E T A L . Pesticide Residues in the Air 181 

f r a c t i o n through v o l a t i l i z a t i o n to the airstream during sampling. 
This was c l e a r l y demonstrated by Lewis (31)» who found 0-5% 
retention after 24 hours of sampling through particulate-coated 
glass f i b e r f i l t e r s spiked with 19 common pesticides. It appears 
that the only way to overcome this problem would be to use a 
sampler i n which p a r t i c l e s are dropped out of the a i r stream 
following c o l l e c t i o n . Cyclone separators accomplish t h i s , but 
are i n e f f i c i e n t for p a r t i c l e s less than ca. 10 urn i n diameter— 
just the fra c t i o n most l i k e l y to remain airborne for s i g n i f i c a n t 
times following release (35). Thus, while much has been written 
on the need for developing samplers which discriminate between 
vaporized and particulate residues for covalent pesticides (13, 
29, 31, 36), no useful techniques have yet been forthcoming. 

Vapors 

For determination of vapor concentrations of pesticides, 
some form of dynamic accumulative sampling followed by solvent 
extraction of trapped material has predominated i n most 
applications. P r i n c i p a l variables are the rate of sampling— 
a r b i t r a r i l y d i v i s i b l e into "low volume" (ca 1-50 L/min) or 
"high volume" (ca 0.2-2 m^/min) categories; the configuration 
of the sampler collector; and, p a r t i c u l a r l y , the nature of 
the c o l l e c t i o n medium. Of several devices used to c o l l e c t 
airborne pesticide residues, g l y c o l - f i l l e d Greenburg-Smith 
impingers have been the most thoroughly tested and widely 
used (13, 36). Enos et a l . (37) employed ethylene glycol i n 
the larger impinger i n methodology used i n the Community 
Studies a i r monitoring program i n 1970-72 (14). The method 
allows for determination of a f a i r l y wide range of pesticides 
at levels aNs low as 0.1 ng/nr*, with e f f i c i e n c i e s considering 
both the sampling and post-sampling workup of approximately 
40-70% (28). Method recoveries from extraction of the glycol 
through the modified M i l l s cleanup were greater than 85% for 
the pesticides tested by Thompson (38), while an alternative 
extraction-cleanup scheme based on s i l i c a gel fractionation 
gave method recoveries of 75-100% for 25 pesticides (39). 

Impinger methods have the advantages of using commercially 
available glassware and a sequential sampler sp e c i a l l y designed 
for monitoring, i n addition to having been r e l a t i v e l y thoroughly 
evaluated. Disadvantages include the p o s s i b i l i t y of degradation 
of l a b i l e compounds on the f i l t e r or i n the impinger f l u i d , 
r e s t r i c t i o n s of a i r flow to ca_ 30 L/min, and the expense associ­
ated with the glassware and sequential sampler. 

There have been several attempts to develop alternate sam­
pling methods, with primary attention devoted to substitution of 
solids or coated solids as the trapping media. Inorganic adsor­
bents examined include alumina (13), charcoal (40), F l o r i s i l 
(41), molecular sieves (42), and s i l i c a gel (9, 28, 33, 43). 
Surface-catalyzed degradation of some l a b i l e compounds and the 
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d i f f i c u l t y i n extracting strongly sorbed pesticides l i m i t s 
the u t i l i t y of the inorganic adsorbents. 

Liquid phase coated solids tested as sampling media for 
pesticides include polyethylene on s i l i c a gel (44), polyethylene 
gly c o l on stainless steel nets (45), cottonseed o i l on glass 
beads (12, 46), paraffin o i l on Chromosorb A (28, 4_7) , and 0V-17 
on ceramic chips (48), among the coatings, while ODS-
Chromosorb (49) and GC Durapak-Carbowax 400-Porosil F (50) ex­
emplify the bonded phase approach. The major d i f f i c u l t y with 
the coated phases l i e s i n the d i f f i c u l t y i n separating them from 
post-sampling extracts containing the pesticides of interest (31). 
Bonded phases, on the other hand, provide cleaner extracts but 
suffer the severe l i m i t a t i o n at present of being quite expensive 
and available i n too small p a r t i c l e sizes for use at flow rates 
higher than a few L/min
with personnel monitors
toring out of doors. 

Much of the attention i n recent years has been directed 
toward organic polymers—particularly the polystyrene-based 
macroreticular resins and polyurethane foam—as sampling media 
for airborne pesticide residues. Among the macroreticular 
resins Chromosorb 102 was found by Thomas and Seiber (51) to 
s a t i s f a c t o r i l y trap ca 0.1-10 yg quantities of several pesticides 
ranging i n v o l a t i l i t y from lindane, t r i f l u r a l i n , and diazinon, 
to DDT and methoxychlor i n ca 10 nH a i r volumes. The a i r 
volume to medium weight r a t i o giving > 50% sampling e f f i c i e n c y 
was 10 nP/g for Chromosorb 102 vs only 0.2 m̂ /g for ethylene 
gly c o l i n the Greenburg-Smith impinger (29). Several reports 
have subsequently appeared dealing with the applications of 
Chromosorb 101 (52), Chromosorb 102 (53), XÂD-2 (54), and 
XAD-4 (25, 55, 56, 5 7 ) — a l l of which are closely related resins 
having, ρarticulary for the l a t t e r three, very similar composi­
tio n , surface area, pore size, and p o l a r i t y — t o sampling p e s t i ­
cides and related compounds i n a i r . These materials are a v a i l ­
able as free flowing beads i n a variety of p a r t i c l e sizes which 
conform to v i r t u a l l y any sampling configuration. For example, 
commercial high volume a i r samplers may be readily adapted to 
hold up to 60 g of 20/50 mesh XAD-4 i n the sampler intake, with 
l i t t l e r e s t r i c t i o n to a i r flow (Figure 4, (28)· The procedure 
gave > 67% recovery for 15 of the 16 organochlorine, 
organophosphorus, and d i n i t r o a n i l i n e pesticides tested, a l d r i n 
(22%) being the exception (Table I, 58). Alternatively, the 
resi n may be packed i n tubes for low-volume sampling (Figure 
5, 59) or, through a manifold to a high volume sampler capable 
of powering several such packed tubes (Figure 6, 57). The 
l a t t e r arrangement, patterned after that of Turner and 
Gl o t f e l t y (60), i s p a r t i c u l a r l y useful when sampling a i r at 
several heights above ground. It i s worth noting that the 
mean sampling e f f i c i e n c y for four organophosphorus pesticides 
(DBF, malathion, mevinphos, and parathion) was 84% for XAD-4 
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HiVol f i l t e r extract from 
216 m south of paraquat 
treatment to cotton 

HiVol f i l t e r extract (Air 
blank) with peaks from 1 ng 
paraquat standard superimposed 

6 4 2 0 

Time (min) 

Figure 3. Gas chromatograms for air blank (no paraquat) and field air sample 
collected downwind from a paraquat treatment 

Plenum Press 

Figure 4, High volume air sampler modified for holding solid sampling media 
for adsorbing pesticide vapors (28) 
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Table I. Pesticide Vapor Sampling E f f i c i e n c i e s of XAD-4 Resin 
and Polyurethane Foam i n a High Volume A i r Samplera,b 

Amount Sampling E f f i c i e n c y (%) 
Pesticide Added XAD-4 Polyurethane Foam 

Organochlorines 

a-BHC 80 yg 79 60 

Lindane 80 71 69 

Al d r i n 100 22 43 

DDT 
DDE 
Heptachlor 180 81 82 

Di e l d r i n 400 86 78 
Organophosphates 

Methyl parathion 1620 101 80 

Ethyl parathion 1620 101 63 
0.2 - 5 85 95 

Diazinon 544 67 50 

Mevinphos 0.2 - 5 86 80 

Malathion 0.2 - 5 92 78 

DEF 0.2 - 5 82 93 

Dimethoate 0.2 - 5 86 c 

Carbophenothion 0.2 - 5 72 93 

Di n i t r o a n i l i n e 
T r i f l u r a l i n 0.2 - 5 93 99 

aChemicals were introduced as vapors, by evaporation from a 
f i l t e r or glass wool surface upstream from the c o l l e c t i o n ^ 
media. A i r was sampled for 2 hr at a flow rate of ca 1 m /min. 

^Recoveries using the a n a l y t i c a l method were determined by 
spiking XAD-4 or foam extracting solvent prior to s i l i c a gel 
clean-up and GLC analysis; recoveries were >80% for a l l com­
pounds except mevinphos (36%). 

Interferences from polyurethane foam precluded quantitation. 
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Figure 5. External appearance and schematic diagram of portable air sampler 
for pesticide vapors (59) 
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15 c m 

Figure 6. Arrangement for sampling pesticide vapors at three heights above a 
treated surface via a manifold interface (B) between XA D-packed tubes (C) and 

high volume air sampler motor (A) (51) 
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vs 64% f o r ethylene g l y c o l when the two were evaluated at 
nearly i d e n t i c a l flow rates (-30 L/min) and sampling times 
(59). The l a t t e r f i g u r e i s close to the reported mean for 
seven organophosphorus compounds (68%) evaluated i n the 
g l y c o l impinger (28). Besides i t s advantageous e f f i c i e n c y , 
a p p l i c a b i l i t y , and a d a p t a b i l i t y , XAD-4 i s r e a d i l y a v a i l a b l e 
i n bulk q u a n t i t i e s , has a generally low gas chromatographic 
background a f t e r cleanup by Soxhlet e x t r a c t i o n , i s stable i n 
the airstream, and r e a d i l y releases trapped chemicals during 
post-sampling e x t r a c t i o n , often by a simple solvent wash. 
A d d i t i o n a l l y , the washing may be chosen to provide some 
f r a c t i o n a t i o n , as was shown by Farwell et a l . (54) i n the 
e l u t i o n from XAD-2 of 2,4-D esters with hexane followed by 
e l u t i o n of the free acid and amine s a l t with KOH i n aqueous 
methanol. 

Porous polyurethan
butes as the macroreticular resins and, i n f a c t , the range of 
a p p l i c a b i l i t y i s quite s i m i l a r (16, 18, 60, 62, 63, 64, 65). 
Plugs of the foam may also be deployed i n low-volume (63), 
high volume (61), or mult i p l e a i r samplers (60). Foam prepara­
t i o n i s s i m i l a r to that of the XAD's, and i t s commercial 
a v a i l a b i l i t y through l o c a l sources i s a d i s t i n c t advantage. 
Some consider the wide v a r i a t i o n i n resistance to a i r from 
one foam plug to another (58) and the lengthy ext r a c t i o n (54Λ 
as disadvantages. 

In one study where polyurethane foam and XAD-4 were com­
pared, Hermann et a l (58) found generally equivalent sampling ef-
f i e n c i e s (> 50%) for 14 of 16 organochlorine, organophosphorus, 
and d i n i t r o a n i l i n e p e s t i c i d e s (Table I ) . Foam gave higher r e ­
covery for a l d r i n (43% vs 22%) while XAD-4 gave acceptable 
r e s u l t s f o r one compound (dimethoate) which was subject to 
severe foam-derived interference. Lewis et a l (64) found 
that foam/sorbent combinations, including foam/chromosorb 
102 and foam/XAD-2, gave better sampling e f f i c i e n c i e s f or the 
more v o l a t i l e PCB isomers, a l d r i n , and diazinon than foam 
alone. 

No f i r m conclusions can be reached concerning detection 
l i m i t s with the resins or foam, since these vary so much with 
the r i g o r of cleanup, the chemicals tested, and the p a r t i c u l a r 
a i r environment. I t appears, however, that both materials can 
achieve detection l i m i t s of 0.01 ng/m under the most favorable 
conditions when employed i n high-volume samplers, while the 
l i m i t f o r the g l y c o l impingers i s on·the order of 0.1 ng/m^ 
(28). 

The macroreticular r e s i n s , porous polyurethane foam, and 
g l y c o l impingers a l l e x h i b i t c h a r a c t e r i s t i c s of gas/matrix par­
t i t i o n i n g agents with retention volumes varying with analyte 
p o l a r i t y and v o l a t i l i t y . Sydor and P i e t r z y k (66^ determined 
the retention of low molecular weight organic compounds varying 
widely i n p o l a r i t y using a number of porous copolymers. Overall 
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capacity increased i n the order Tenax GC < XÂD-1 < Porapak R 
« XAD-2 < Poropak Q < XAD-7 < XAD-4. For XÂD-2 and XAD-4, 
the capacity factor increased roughly with increasing l i p o -
p h i l i c i t y of the analyte, being lowest for water and ethanol 
and highest for carbon tetrachloride, MEK, and benzene. 
Concomitant elution of water or MEK did not markedly affect 
retentions on XAD-2, XAD-4, or XAD-7—consistent with a p a r t i ­
tioning mechanism. 

Working with porous polyurethane foam, Simon and Bidleman 
(67) determined that penetration of PCB isomers through 1 cm 
segments of foam at high volume flow rates was correlated with 
GC retention £imes. PCB components with the highest v o l a t i l i t y 
( i . < 2 . , shortes't GC retention) penetrated furthest i n the foam 
sampling bed. Retention volumes were 1250 and 2700 m3 for 
3,3f-DCB and 2,4,,5f-TCB
15 cm length polyurethan
Erickson et a l (63) found that monochloronaphthalene vapor passed 
through two 13 χ 5 cm diameter foam plugs, 78% of the dichloro-
naphthalene was on the second (downstream) plug and 100% of 
trichloronaphthalene was on the 1st plug for 90 m3 of a i r sampled 
at 60 L/min. Taken c o l l e c t i v e l y , these studies indicate that the 
vapor pressure cut-off for e f f i c i e n t retention of chemicals on 
polyurethane foam i s on the order of 10"""3 mm Hg, but obviously i s 
affected by foam dimensions and the volume of a i r processed. No 
comparable study has been reported for the macroreticular resins, 
although Thomas and Seiber (51) found no s i g n i f i c a n t penetration 
of t r i f l u r a l i n , lindane, or diazinon (vapor pressures 10""̂  to 
10~4 mm Hg) occurred beyond a 1-g segment of Chromosorb 102 with 
10 m3 a i r volumes, and Woodrow and Seiber (59) found nearly 
complete retention of the polar insecticide mevinphos (2.2 χ 10 
mm Hg) by 18 g of XAD-4 when spiked to 1.7-1.8 m3 volumes of a i r . 
In recent tests of the a p p l i c a b i l i t y of XAD-4 resin i n a high 
volume a i r sampler to trapping v o l a t i l e formulation impurities 
of DEF R and merphos, di b u t y l d i s u l f i d e (b.p. 226°C) was quanti­
t a t i v e l y trapped from 120 m3 of a i r using 100 ml of resin, but 
butyl mercaptan (b.p. 98.2°C) was essentially not retained 
under the same conditions (68). For the l a t t e r compound, a 
mercuric acetate-impregnated s i l i c a gel compartment was placed 
downstream from the resin i n the high volume a i r sampler. For 
ethylene g l y c o l , v o l a t i l i t y affected retention of chlordane 
components as the two most rapidly-eluting major GC peaks of 
technical chlordane were sampled with much lower e f f i c i e n c i e s 
(38-39%) then the six lat e r - e l u t i n g major peaks (67-84%) during 
a 12-hour vapor spiking run (69). 

Summarizing, i t appears that the macroreticular resins 
such as XAD-2, XAD-4, and Chromosorb 102 or porous poly­
urethane foam can be considered as alternatives to the glycol 
impinger for sampling many of the common pesticides and related 
chemicals i n a i r . The glycol impinger has been more thoroughly 
tested, while the resins and foams are c l e a r l y to be preferred 
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for high-volume sampling. Such parameters as sampling ef­
fic i e n c y , background, and analyte s t a b i l i t y should be evaluated 
thoroughly before a f i n a l choice i s made for s p e c i f i c applica­
tions. 

F i e l d Applications 

It has only been i n the past 10 years or so that serious 
attempts have been made to quantify the source of airborne 
residues of pesticides or their atmospheric fate. The examples 
which follow are meant to i l l u s t r a t e experimental design and 
some results from which quantitative conclusions regarding 
source and fate may be drawn for a g r i c u l t u r a l applications. 
The emphasis i n these examples i s on v o l a t i l i z a t i o n processes 
and the fate of vapors
have been made i n understandin

The f i r s t direct f i e l d measurements of pesticide concentra
tions i n a i r were obtained by W i l l i s e_t a l . above endrin (70) and 
DDT-treated plots (71). In the endrin study, a i r was sampled 
at 1 L/min through ethylene glycol using a boom support suspend­
ed 4 feet above ground l e v e l within a sugar cane canopy. Granu­
l a r endrin was applied at 2 lb/acre on a 24 χ 30 foot plot. The 
mean atmospheric endrin concentration reached a maximum of 540 
ng/m3 during the f i r s t 3-day sampling period after treatment, 
and then decreased to 123 ng/m3 at 21 days. The cumulative re­
covery for endrin approached 12 pg and reflected a decrease i n 
v o l a t i l i z a t i o n with time. Assuming a mean l a t e r a l a i r movement 
of 0.1 mph through a 24 χ 30 χ 10 foot volume above the plo t , 
the cumulative t o t a l was estimated to translate to 5% v o l a t i l i ­
zation of the t o t a l endrin applied. 

In the DDT study, DDT (100 lb/acre) and DDD (32 lb/acre) 
were simultaneously incorporated to a 6 inch depth i n commerce 
s i l t loam and also applied to the s o i l surface after incorpora­
tion. Two sampling heights (10 and 30 cm) and two moisture 
regimes (flooded and unflooded) were employed. Maximum a i r 
levels were ca 2 yg/m3 at 10 cm for the 1st day after treatment. 
Levels at 30 cm were generally about 1/2 those at 10 cm, and 
vaporization was most pronounced from the non-flooded plot over 
the duration of the experiment. The cumulative recovery of DDD 
from the non-flooded plot was similar to that of DDT. Given 
similar v o l a t i l i t i e s for the two pesticides, i t i s possible 
that some reduction of DDT to DDD, or breakdown of DDT to DDE 
(which was not measured) may have occurred. Subsequent experi­
ments by Spencer and C l i a t h (72., 73) indicated that DDE v o l a t i l i ­
zes much more rapidly than either DDT or DDD from s o i l or inert 
surfaces. Combining the results of these experiments with 
those of other studies aimed at characterizing the mechanism of 
pesticide vaporization from s o i l s (5), i t appears that substan­
t i a l loss of pesticides may occur through v o l a t i l i z a t i o n of the 
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parent chemical or degradation products formed i n the s o i l 
layer, even when vapor pressures are r e l a t i v e l y low. 

Knowledge of the r e l a t i v e role of vaporization i n p e s t i ­
cide f i e l d dissipation has been markedly advanced by development 
of methods for measuring the v e r t i c a l flux of vapors from a s o i l 
or soil-crop f i e l d plot. The basis and techniques for this 
method have been presented by Caro et. a l . (74) and Parmele et^ a l . 
(7), and summarized recently by Taylor (6) . The equation 

F + = K z (dc/dz) 

describes the pesticide vapor v e r t i c a l flux (F+) through a 
horizontal plane at height ζ above the s o i l or crop, where dc/dz 
i s the gradient of vapor concentration with height and K z i s the 
v e r t i c a l eddy d i f f u s i v i t
commonly employed "aerodynami
measured from the gradient of the wind p r o f i l e over the surface 
and the thermal s t a b i l i t y of the atmosphere, and the equation for 
pesticide flux i s : 

f • = k 2 i W l ' W 
2 2 

Ln ( z 2 / z 1 ) 0 

where and C2 are pesticide concentrations and U;L and U 2 are 
windspeeds at heights ζχ and Z 2 above the surface; k i s 
von Karman1s constant (= 0.4) and 0 i s a thermal s t a b i l i t y term. 
The f i e l d method, then, employs a i r sampling and wind speed 
measurements at 2 heights or more above the surface. 

A detailed study for d i e l d r i n and heptachlor surface-applied 
to a grass pasture at 5.6 kg/ha i l l u s t r a t e s the method (75). The 
rectangular plot (3.34 ha) had a s i t e near the center of the plot 
for vapor measurements at 10, 20, 30, 50, and 100 cm above the 
grass surface, sit e s for grass and s o i l sampling, and wind sta­
tions for recording anemometers at 10, 50, 100, 150, 200, and 
250 cm above the grass surface. Vapor samples were collected at 
8.3 L/min through hexylene glycol scrubbers. Raw data, selected 
for the 20 and 50 cm heights on the day of spraying i n Table I I , 
were used along with corresponding wind data i n the flux equation 
to generate hourly flux i n t e n s i t i e s . Most notably, the data 
showed high i n i t i a l vapor losses (12% for d i e l d r i n , 46% for 
heptachlor) i n the f i r s t 12 hours after application. This 
contrasts sharply with much lower v o l a t i l i z a t i o n losses when the 
same chemicals were incorporated to 7.5 cm prior to planting corn 
i n an e a r l i e r study (76). With s o i l incorporation 1st day losses 
were less than 1 g/ha/day, and maximum flux was measured ca 50 
days after treatment. In both types of treatment, however, a 
marked diurnal variation i n flux was obtained, the maxima occur­
ring between 8 am and 4 pm and roughly centered at noon. 
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The dissipation of the residues of these two chemicals on 
grass and s o i l could be e n t i r e l y accounted for by v o l a t i l i z a t i o n . 
No run off or degradation losses were found. 

A somewhat different approach was taken by Seiber et a l . (56) 
to reach similar conclusions for the multicomponent insecticide 
toxaphene. Residues of toxaphene were analyzed i n le a f , a i r , 
and topso i l samples taken for up to 58 days following an applica­
tion at 9 kg/ha to a cotton f i e l d . Analyses were conducted 
using packed column GLC for t o t a l toxaphene residues and by 
open-tubular (capillary) column GLC for enhanced component 
resolution. Leaf residue analyses to the 50th day following 
treatment (135 ppm) showed a regular trend toward greater loss 
of components of higher v o l a t i l i t y when compared with the day 0 
sample (661 ppm) . Peak by peak inspection of c a p i l l a r y chromato­
grams (Figure 7) showe
occurred since a l l of th
there after 50 days. These data were converted into quantitative 
terms by computing heights of individual peaks r e l a t i v e to an 
a r b i t r a r i l y chosen reference peak (peak 6) i n the c a p i l l a r y GLC 
p r o f i l e of the day 0 and day 50 cotton leaf extracts. The 
percentage change i n the r e l a t i v e peak height for each numbered 
peak i s presented i n Figure 8 for the day 0 and day 50 leaf 
samples. The graphic data show that for most of the numbered 
peaks the trend was quite regular i n that the peaks showing 
shorter retention times decreased i n r e l a t i v e abundance on 
weathering. 

To determine whether the loss from leaf surfaces was 
matched by a corresponding enrichment of the v o l a t i l e components 
i n the a i r , a i r samples were collected at several points within 
and toward the edges of the f i e l d using Hivol samplers contain­
ing XAD-4 resin. 

Comparison of a c a p i l l a r y chromatogram from an early a i r 
sample (Figure 9) with those from leaves indeed showed a higher 
proportion of early-eluting peaks i n the a i r samples than i n 
the foliage samples. Using the peak r a t i o technique for a 2-
day a i r sample and 0-day leaf sample, the trend was once again 
regular but the inverse of that observed for weathered versus 
fresh foliage residues (Figure 8). That i s , comparison of the 
two graphs showed that those components most rapidly lost from 
the leaf surface were proportionately enriched i n the a i r . 

Taken c o l l e c t i v e l y , the data c l e a r l y indicated d i f f e r e n t i a l 
vaporization as the primary mode of toxaphene loss from leaf sur­
faces and gave no indication that chemical r e a c t i v i t y played even 
a minor role. If toxaphene had been degraded either on surfaces 
or during i t s b r i e f residence time i n the a i r prio r to sampling, 
changes i n the chromatographic p r o f i l e would have been e r r a t i c 
with new peaks observed i n the c a p i l l a r y chromatograms such as 
occur i n samples of anaerobic s o i l and ditch sediment where 
microbial decomposition i s extensive. 
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Figure 7. Capillary gas chromatograms of toxaphene residue in 0- and 50-day 
cotton leaf extracts (56) 
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50 DAY VS 0 DAY LEAVES 
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2 DAY AIR VS 0 DAY LEAF 
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Journal of Agricultural and Food Chemistry 

Figure 8. Relative peak height percents for the major toxaphene GLC peaks in 
the residue from sample pairs. For example, the top graph (A) shows the heights 
(relative to Peak 6) of peaks from the 50-day leaf extract expressed as percents 

of corresponding peaks from the 0-day leaf extract (56). 

200 2I0 
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Journal of Agricultural and Food Chemistry 

Figure 9. Capillary gas chromatogram of toxaphene residue in air sample taken 
2 days after treatment to cotton (56) 
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The heptachlor, d i e l d r i n , and toxaphene examples show that 
foliage and s o i l residue dissipation data can be used to estimate 
the amounts of residues v o l a t i l i z e d when no s i g n i f i c a n t degrada­
tion or runoff losses are incurred. For toxaphene, residue 
analyses indicated that 80% of the foliage residue and 51% of 
the top s o i l residue was l o s t by v o l a t i l i z a t i o n within ca 50 
days. This i s considerably more than the 24% vaporization loss 
reported for toxaphene within 90 days i n a model chamber (8), 
but i s comparable to foliage-applied heptachlor and d i e l d r i n 
(75) both of which overlap i n v o l a t i l i t y with components of the 
toxaphene mixture. 

Evidence was obtained recently that pesticide vapors may 
enter the a i r by s t i l l another mechanism, involving plant c i r ­
culation and water loss (57). Rice plants were found to 
e f f i c i e n t l y transport root-zon
t i c i d e s v i a xylem flow
face by the processes of guttation and/or stomatal transpiration, 
and f i n a l l y to the a i r by surface v o l a t i l i z a t i o n . Results from 
a model chamber showed that 4.2, 5.8, and 5.7% of the residues of 
carbaryl, carbofuran, and aldicarb, respectively, present i n 
r i c e plants after root soaking vaporized within 10 days after 
treatment. The major process was evaporation of surface r e s i ­
dues deposited by guttation f l u i d . 

To find out whether evaporative losses are important i n 
the f i e l d , a i r was sampled above r i c e plants systemically treated 
with carbofuran. Two kinds of a i r samplers were used; one was 
a high volume (623 L/min) sampler placed 30 cm above the s o i l 
and the other a multiple a i r sampler which processed a i r at 
30 L/min at 3 heights above the s o i l (Figure 6). XAD-4 was the 
sampling medium i n a l l cases. Young r i c e plants were transported 
to an experimental plot after soaking for 24 hours i n carbofuran 
solution. The a i r samplers were on for 8 hours/day for 8 con­
secutive days after treatment. The same plots were then 
treated by the gelatin capsule root zone technique (77), 
and four days l a t e r the same schedule of sampling was repeated. 
Four days delay i n the l a t t e r case was to give time for the 
plants to absorb material from the capsules. Two other sub­
plots were treated by conventional methods—foliage spray or 
foliage spray followed by granular broadcast to the paddy 
water (77). 

Measureable a i r concentrations of parent carbofuran were 
present from both systemic treatments (Figure 10). The root 
soak treatment gave a maximum vapor concentration 1 day after 
treatment (i._e., transplanting), and then a slow decrease there­
after. This i s because the root soaking i s essentially a one-
shot treatment and evaporation from the leaf surface i s appar­
ently the slow step i n the dist r i b u t i o n / l o s s process. By 
contrast, the gelatin capsule treatment boosted a i r concentra­
tions continually over the period of sampling. This arises 
through an apparently continual supply of ins e c t i c i d e to the 
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Figure 10. Carhofuran residue in high volume air samples taken above rice 
paddies treated by root soaking seedlings (O) or by root soaking followed by 
gelatin capsule root zone treatment (51) (DAT = days after treatment; each 

point = 8 hr of sampling at 623 L/min) 
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leaf surface, allowing for a buildup of surface residue, and 
hence vaporization, with time. Apparently the sampling was 
not carried out long enough to see the leveling out and eventual 
decline of vapor concentration which inevitably must occur. 

For the conventional treatments (Figure 11), foliage 
spray produced a maximum vapor concentration at day 1 with a 
f a i r l y rapid decrease thereafter—consistent with data for 
foliage-spray treatments of other insecticides mentioned pre­
viously (75). The granular broadcast produced vapor concen­
trations which were similar to the root-zone treatment, except 
that the magnitude i s only ca l/5th-l/10th that i n the gelatin 
capsule experiment. Gelatin capsule treatment has previously 
been shown to produce up to 200 times the leaf residue observed 
with granular broadcast (77). [An apparent increase i n 
carbofuran a i r concentratio
a subsequent applicatio

Perhaps most remarkably, the maximum vapor concentration ob
served for the systemic root soak followed by gel capsule treat­
ments was over 150 ng/m3 (day 12), while for foliage spray i t 
was only 50 ng/m3 (day 1). This i n i t s e l f confirms the postu­
lated evaporative loss route for systemic inse c t i c i d e s , and 
suggests that i t i s far more pronounced than indicated by the 
chamber study. Calculation of vapor fluxes from multiple a i r 
sample data—and thus quantitation of vapor losses—has not yet 
been completed. 

Another type of experiment has been used to assess the 
chemical r e a c t i v i t y of pesticides i n the a i r . This p r i n c i p a l l y 
employs downwind sampling from a treatment s i t e during applica­
tion (for measuring conversion i n the spray d r i f t ) and for sever­
a l days following application (for conversions involving v o l a t i ­
l i z e d residues) (24). The p r i n c i p a l data are i n the form of 
product(s)/parent ratios with increasing downwind distance, from 
which estimates of the rate of conversion can be made knowing 
the a i r residence time calculated from windspeed measurements. 

An early study along this l i n e was with a parathion-
treated plum orchard, i n which the paraoxon/parathion r a t i o 
was the index of atmospheric conversion (55). By conducting 
a i r sampling during daylight and after sunset, the role of sun­
l i g h t i n the conversion was determined. Sampling was done 
p r i n c i p a l l y using XAD-4 resin i n high volume a i r samplers, with 
some low volume glycol impingers employed to confirm results. 

Residues of airborne parathion within the orchard declined 
regularly during the 21 days following treatment. Significant 
levels of paraoxon were also present i n the orchard a i r . The 
ra t i o paraoxon/parathion increased i n i t i a l l y and then leveled 
off from day 2 through the end of sampling. The PO/PS ra t i o i n 
the a i r was higher during the early sampling dates than for 
s o i l , leaf surfaces, or whole leaf samples—an indication that 
conversion did i n fact occur i n the a i r . At la t e r sampling 
dates the leaf surface residue PO/PS r a t i o increased to greater 
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Figure 11. Carbofuran residue in high volume air samples taken above rice 
paddies treated by foliage spray (%) or by foliar spray followed by granular broad­

cast treatment (A) (51) (each point = 8 hr of sampling at 623 L/min) 
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than 1, i n accord with the findings of others (78) for oxon 
buildup on orchard foliage. 

Most s i g n i f i c a n t l y , downwind sampling during daylight always 
gave higher PO/PS ratios than occurred within the orchard—a 
clear indication of conversion i n the a i r (Table I I I ) . A i r 
samples collected after sunset showed the same trend, although 
conversion was not nearly as extensive as i n sunlight. Samples 
of airborne dust collected at some downwind s i t e s , gave very low 
residues of parathion and paraoxon, and i n fact a lower PO/PS 
ra t i o than existed i n the t o t a l a i r sample collected through 
XAD resin. It was concluded that parathion conversion to para­
oxon occurred rapidly i n the a i r , was promoted by sunlight, and 
took place largely i n the vapor-phase. 

To get a better handle on rates of airborne conversion free 
of complications from surface-forme
technique i n which the pesticid

ο 
Table I I I . Afternoon A i r Residues (ng/m ) and Paraoxon (PO): 

Parathion (PS) Ratios from Hivol XAD-4 Sampling 
within a Plum Orchard and 100 m Downwind Following 
Treatment with Parathion — 1975 a 

Day 
following 
treatment 

In orchard 100 m Downwind Day 
following 
treatment PS PO P0:PS PS PO P0:PS 

1 4100 b 611 b 0.146b - - -

2 394 128 0.324 35. 0 28.8 0.82 

3 397 127 0.321 8. ,69 9.27 1.06 

5 149 70.4 0.472 - - -

6 55.6 30.4 0.547 1. .55b 1.69b 1.071 

14 21.4b 15.3 b 0.711b - - -

21 16.1 6.4 0.395 0 .86 1.19 1.39 

Data selected from Ref 55. 
'Averages of two samples; a l l others represent single deter­
minations. 

along a broad front (25). Samples were collected downwind from 
the spraying operation. Samples from each station were analyzed 
for both parent compound and products. Knowing the t r a n s i t time 
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from point of release to downwind stations, and assuming f i r s t -
order k i n e t i c s , the rate expression i n Table IV can be used to 
compute an approximate rate constant. Rt i s simply the r a t i o of 
moles of parent to the sum of the moles of parent plus products. 
Rt at t = 0 i s unity, and decreases with residence time. 

This "spray-drift" technique assumes that both parent and 
products undergo the same d i l u t i o n with downwind distance. Limi­
tations i n the method are that (1) rates are computed from data 
points taken early i n the reaction, usually well before one h a l f -
l i f e occurs, (2) the rates are subject to conditions of sun­
l i g h t , temperature, and oxidant l e v e l which exist during the 
experiment, and (3) the airborne residue i s a mixture of vapors 
and aerosols. Regarding the l a t t e r , an attempt was made to 
maximize vapor formation by using fine sprays, and conducting 
the experiments when th
the a i r temperature wa
are common i n C a l i f o r n i a during the summer months. 

Using this " spray-drift" technique, h a l f - l i v e s for t r i f l u r a -
l i n conversion were measured (Table IV, 25). Under optimum sun­
l i g h t conditions (August, 12:00 noon) the h a l f - l i f e for t r i f l u r a -
l i n dealkylation was 21 minutes. The rate f e l l off l a t e r i n the 
summer, but was s t i l l on the order of 3 hours i n October. By 
comparison, laboratory photolysis i n a i r containing ozone was 47 
minutes, i n reasonable agreement with the f i e l d . The rate 
was slower when no ozone was present i n the reactor, and l i t t l e 
or no reaction took place without l i g h t . 

Parathion gave a f i e l d h a l f - l i f e of 5 minutes for conversion 
to paraoxon (Table IV). The reaction was considerably slower when 
the experiment was repeated after sunset. Laboratory experi­
ments gave a h a l f - l i f e of 23 min when i r r a d i a t i o n was carried 
out with ozone present, and was only s l i g h t l y slower without 
ozone. Without l i g h t very l i t t l e or no reaction occurred. 

From these experiments i t may be concluded that sunlight 
i s indeed the predominate factor i n the airborne conversions 
of both t r i f l u r a l i n and parathion, but that oxidant enhances the 
reaction rate i n both cases. Vapor-nhase photodecomposition 
may be a primary dissipation process for the si g n i f i c a n t f r a c ­
tions of t r i f l u r a l i n (47, 79) and parathion (5) known or sus­
pected to be v o l a t i l i z e d following application. It may also 
explain why surprisingly small residues of potentially photo-
reactive pesticides such as t r i f l u r a l i n , parathion, and related 
chemicals are found i n surveys of atmospheric levels of p e s t i ­
cides near heavy use areas (9, 10, 11, 13, 14, 4 P . 

By far the fastest reaction observed i n the spray-drift 
tests was with Folex R (merphos). This organophosphorus defoliant 
was esse n t i a l l y a l l oxidized to DEF by the time the spray d r i f t 
had reached the 1st sampling station (ti^ - seconds) (80). 
The Ρ(III) to P(V) oxidation i s known to be a rapid one which 
requires only oxygen (81, 82). DEF on the other hand i s f a i r l y 
stable; we have observed slow breakdown i n the laboratory 
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Table IV. H a l f - l i v e s and Rate Constants for T r i f l u r a l i n and 
Parathion Transformations i n F i e l d A i r a > b 

Compound 
H a l f - l i f e 

(min) 
Rate Constant 

(min - 1) Date 

t r i f l u r a l i n 21 0.0325 8/05/76 

63 0.0110 8/12/76 

193 0.0036 10/05/76 

182 c 0.0038° 

parathion 

131 d 0.0053d 7/23/75 

^ a t a selected from Ref 25. 
^Calculated from 

-kt R = R e t ο 
where: R « parent (mol) 

product (mol) + parent (mol) 
except for lindane tracer where 

t r i f l u r a l i n (mol) R = lindane (mol) 
Computed using the lindane tracer rather than t r i f l u r a l i n . 

d I n the absence of sunlight. 

photoreactor (to P-containing acids) when ozone was present, 
but the reaction was too slow to be measured by the spray-
d r i f t protocol. This was supported by recent f i e l d measurements 
surrounding DEF-treated cotton i n which there was no evidence 
of vapor-phase decomposition to butyl mercaptan or d i b u t y l -
disulfide—known DEF formulation impurities and suspected con­
version products (68). 

Conclusions 

V i r t u a l l y every step within the generalized scheme (Figure 
1) for pesticide atmospheric entry, behavior, and fate has been 
demonstrated with at least a few examples. Developments i n 
sampling-analysis methodology, and i t s application to selected 
f i e l d treatments, have provided the data upon which present 
knowledge i s primarily based. The best data probably l i e i n 
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the areas of d r i f t losses during spraying and v o l a t i l i z a t i o n 
losses from s o i l and plant surfaces following treatment. Informa­
tio n on atmospheric r e a c t i v i t y and pr e c i p i t a t i o n fate processes 
has been developed with just a few chemicals presently, and 
cert a i n l y many more examples must be studied before firm conclu­
sions can be reached. Very l i t t l e i s known about residue d i s t r i ­
bution between particulate and vapor phases largely due to a 
lack of sampling methods able to discriminate between these two 
forms. 

A more complete knowledge of pesticide ambient atmospheric 
levels would be immensely helpful i n determining residue trans­
port and residence times within the a i r . P a r t i c u l a r l y lacking 
at present are data from a systematic network of sampling s i t e s 
within a major a g r i c u l t u r a l basin for which pesticide use and 
weather data are available
for such a study, so tha
at hand can be f i t t e d into a more comprehensive "model" of the 
role of atmospheric processes i n ov e r a l l pesticide environmental 
fate. 

Acknowledgements 

Aspects of the authors 1 work cited i n this chapter were 
funded by the following sources: NIEHS Training Grant ES07059; 
NIEHS Grant ES00054; Grant DEB 76-22390; and the Western 
Regional Pesticide Impact Assessment Program. 

Literature Cited 

1. Akesson, N.B.; Yates, W.E. Problems relating to application 
of agricultural chemicals and resulting drift residues. 
Ann. Rev. Entomol., 1964, 9, 285. 

2. Yates, W.E.; Akesson, N.B.; Coutts, H.H. Drift hazards re­
lated to ultra-low-volume and diluted sprays applied by 
agricultural aircraft. Trans. Am. Soc. Agric. Engrs., 1967, 
10, 628. 

3. Yates, W.E.; Akesson, N.B.; Bayer, D.E. Effects of spray 
adjuvants on drift hazards. Trans. Am. Soc. Agric. Engrs., 
1976, 19, 41. 

4. Byass, J.B.; Lake, J.R. Spray drift from a tractor-powered 
field sprayer. Pestic. Sci., 1977, 8, 117. 

5. Spencer, W.F.; Farmer, W.T.; Cliath, M.M. Pesticide volatili­
zation. Residue Revs., 1973, 49, 1. 

6. Taylor, A.W. Post-application volatilization of pesticides 
under field conditions. J. Air Pollut. Contr. Assoc., 1978, 
28, 922. 

7. Parmele, L.H.; Lemon, E.R.; Taylor, A.W. Micrometeorοlog­
ical measurement of pesticide vapor flux from bare soil and 
corn under field conditions. Water, Air, Soil Pollut., 1972, 
1, 433. 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10. SEIBER ET AL. Pesticide Residues in the Air 203 

8. Nash, R.G.; Beal, M.L., Jr.; Harris, W.G. Toxaphene and 
1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane (DDT) losses 
from cotton in an agroecosystem. J. Agric. Food Chem., 
1977, 25, 336. 

9. Que Hee, S.S.; Sutherland, R.G.; Vetter, M. GLC analysis of 
2,4-D concentrations in air samplers from central 
Saskatchewan in 1972. Environ. Sci. Technol., 1975, 9, 62. 

10. Barquet, Α.; Morgade, C.; Shafik, T.M.; Davies, J.E.; 
Danauskas, J.X. Pesticides in Air: Air monitoring studies 
in South Florida. Presented at 170th National Meeting of 
the American Chemical Society (PEST 089), Chicago, Aug. 24-9, 
1975. 

11. Arthur, R.D.; Cain, J.D.; Barrentine, B.F. Atmospheric 
levels of pesticides in the Mississippi delta. Bull. 
Environ. Contam. Toxicol.

12. Compton, B.; Bazydlo
methods of collection and analysis of airborne pesticides. 
Contract CPA 70-145 for the U.S. EPA, Research Triangle 
Park, N.C., May 1972 (NTIS No. PB-214008/5, 154 pp; PB­
-214-009/3, 219 pp). 

13. Stanley, C.W.; Barney, J.E.; Helton, M.R.; Yobs, A.R. Mea­
surement of atmospheric levels of pesticides. Environ. Sci. 
Technol., 1971, 5, 430. 

14. Kutz, F.W.; Yobs, A.R.; Yang, H.S.C. National pesticide 
monitoring programs. In "Air Pollution from Pesticides and 
Agricultural Processes." R.E. Lee, Jr. (Ed.), CRC Press, 
Cleveland, 1976; pp. 95-136. 

15. Risebrough, R.W.; Huggett, R.J; Griffin, J.J.; Goldberg, 
E.D. Pesticides: Transatlantic movements in the northeast 
trades. Science, 1968, 159, 1233. 

16. Bidleman, T.F.; Olney, C.E. Chlorinated hydrocarbons in the 
Sargasso sea atmosphere and surface water. Science, 1974, 
183, 516. 

17. Seba, D.B.; Prospero, J.M. Pesticides in the lower atmos­
phere of the northern equatorial Atlantic Ocean. Atmos. 
Environ., 1971, 5, 1043. 

18. Bidleman, T.F.; Olney, C.E. Long range transport of toxa­
phene insecticide in the atmosphere of the Western North 
Altantic. Nature, 1975, 257, 475. 

19. Woodwell, G.M.; Craig, P.P.: Johnson, H.A. DDT in the 
biosphere: Where does it go? Science, 1971, 174, 1101. 

20. Tarrant, K.R.; Tatton, J.O'G. Organochlorine pesticides in 
rainwater in the British Isles. Nature, 1968, 219, 725. 

21. Peterle, T.J. DDT in Antarctic snow. Nature, 1969, 224, 
620. 

22. Cohen, J.M.; Pinkerton, C. Widespread translocation of 
pesticides by air transport and rain-out. In "Organic 
Pesticides in the Environment." R.F. Gould (Ed.), Adv. 
Chem. Ser. No. 60, ACS, Washington, D.C., 1966; pp. 163-176. 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



204 PESTICIDE ANALYTICAL METHODOLOGY 

23. Moilanen, K.W.; Crosby, D.G.; Soderquist, C.J.; Wong, A.S. 
Dynamic aspects of pesticide photodecomposition. In 
"Environmental Dynamics of Pesticides." R. Haque and 
V.H. Freed (Eds.), Plenum Press, New York, 1975; pp. 45-60. 

24. Crosby, D.G.; Moilanen, K.W.; Seiber, J.N.; Woodrow, J.E. 
Chemical reactions of pesticides in air. Presented at the 
American Chemical Society/Chemical Society of Japan Chemical 
Congress (PEST 053), Honolulu, April 1-6, 1979. 

25. Woodrow, J.E.; Crosby, D.G.; Mast, T.; Moilanen, K.W.; 
Seiber, J.N. Rates of transformation of trifluralin and 
parathion vapors in air. J. Agr. Food Chem., 1978, 26, 
1312. 

26. Crosby, D.G.; Moilanen, K.W. Vapor-phase photodecomposition 
of aldrin and dieldrin. Arch. Environ. Contamin. Toxicol., 
1974, 2, 62. 

27. Lewis, R.G.; Lee
Sources, occurrence, and dispersion. In "Air Pollution 
From Pesticides and Agricultural Processes." R.E. Lee, Jr. 
(Ed.), CRC Press, Cleveland, 1976; pp. 5-50. 

28. Seiber, J.N.; Woodrow, J.E.; Shafik, T.M.; Enos, H.F. De­
termination of pesticides and their transformation products 
in air. In "Environmental Dynamics of Pesticides." 
R. Haque and V.H. Freed (Eds.), Plenum Press, New York, 
1975; pp. 17-43. 

29. Seiber, J.N.; Woodrow, J.E. The determination of pesticide 
residues in air. Proceedings of International Conference 
on Environmental Sensing and Assessment. Las Vegas, Nevada. 
Institute of Electrical and Electronics Engineers, 1976, 
1, 7-2. 

30. Van Dyk, L.P.; Visweswariah, K. Pesticides in air: Sam­
pling methods. Residue Revs., 1975, 55, 91. 

31. Lewis, R.G. Sampling and analysis of airborne pesticides. 
In "Air Pollution from Pesticides and Agricultural 
Processes." R.E. Lee, Jr. (Ed.), CRC Press, Cleveland, 
1976; pp. 51-94. 

32. Akesson, N.B.; Yates, W.E.; Cowden, R.E. Procedures for 
evaluating the potential losses during and following 
pesticide application. Presented at the 1977 Winter 
Meeting of the American Society of Agricultural Engineers, 
Chicago, Ill. Dec. 13-16, 1977. 

33. Grover, R.; Maybank, J.; Yoshida, K. Droplet and vapor 
drift from butyl ester and dimethylamine salt of 2,4-D. 
Weed Science, 1972, 20, 320. 

34. Pitts, J.N., Jr.; Van Cauwenberghe, K.A.; Grosjean, D.; 
Schmid, J.P.; Fitz, D.R.; Belser, Jr., W.L.; Knudson, G.B.; 
Hynds, P.M. Atmospheric reactions of polycyclic aromatic 
hydrocarbons: Facile formation of mutagenic nitro deriva­
tives. Science, 1978, 202, 515. 

35. Furmidge, G.G.L. The application of flying-spot scanning 
to particle size analysis in the formulation of pesticides. 
Analyst, 1963, 88, 686. 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10. SEIBER ET AL. Pesticide Residues in the Air 205 

36. Miles, J.W.; Fetzer, L.E.; Pearce, G.W. Collection and 
determination of trace quantities of pesticides in air. 
Environ. Sci. Technol., 1970, 4, 420. 

37. Enos, H.F.; Thompson, J.F.; Mann, J.B.; Moseman, R.F. 
Determination of pesticide residues in air. Presented at 
the 163rd National Meeting of the American Chemical 
Society (PEST 022), Boston, Mass., April, 1972. 

38. Thompson, J.F. (Ed.). Analysis of pesticide residues in 
human and environmental samples. Primate and Pesticides 
Effects Laboratory, U.S. Environmental Protection Agency, 
Perrine, Florida, 1972. 

39. Sherma, J.; Shafik, T.M. A multiclass, multiresidue 
analytical method for determining pesticide residues in 
air. Arch. Environ. Contamin. Toxicol., 1975, 3, 55. 

40. Batora, V.; Kovác
ties of some insecticida
factory air. Chem. Tech. (Berlin), 1964, 16, 230. 

41. Yule, W.M.; Cole, A.F.W.; Hoffman, I. A survey for atmos­
pheric contamination following forest spraying with feni­
trothion. Bull. Environ. Contamin. Toxicol., 1971, 6, 
289. 

42. Caro, J.H.; Bierl, B.A.; Freeman, H.P.; Sonnet, P.E. A 
method for trapping disparlure from air and its determina­
tion by electron-capture gas chromatography. J. Agric. 
Food Chem., 1978, 26, 461. 

43. Grover, R.; Kerr, L.A. Evaluation of silica gel and 
XAD-4 as adsorbents for herbicides in air. J. Environ. 
Sci. Health B, 1978, 13(3), 311. 

44. Herzel, F.; Lahmann, E. Polyethylene-coated silica gel 
as a sorbent for organic pollutants in air. Ζ. Anal. Chem., 
1973, 264, 304. 

45. Beyermann, K.; Eckrich, W. Trennung des Insecticidgehaltes 
der Luft in den aerosol-gebundenen und den gasförmigen 
Anteil. Z. Anal. Chem., 1974, 269, 279. 

46. Compton, B.; Bjorkland, J. Design of a high-volume 
sampler for airborne pesticide collection. Presented at 
the 163rd National Meeting of the American Chemical 
Society (PEST 021), Boston, Mass. April, 1972. 

47. Soderquist, C.J.; Crosby, D.G.; Moilanen, K.W.; Seiber, J.N.; 
Woodrow, J.E. Occurrence of trifluralin and its photo­
-products in air. J. Agri. Food Chem., 1975, 23, 304. 

48. Harvey, G.R.; Steinhaver, W.G. Atmospheric transport 
of polychlorobiphenyls to the North Atlantic. Atmos. 
Environ., 1974, 8, 777. 

49. Aue, W.A.; Teli, P.M. Sampling of air pollutants with 
support bonded chromatographic phases. J. Chromatogr., 
1971, 62, 15. 

50. Melcher, R.G.; Garner, W.L.; Severs, L.W.; Vaccaro, J.R. 
Collection of chlorpyrifos and other pesticides in air 
on chemically bonded sorbents. Anal. Chem., 1978, 50, 
251. 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



206 PESTICIDE ANALYTICAL METHODOLOGY 

51. Thomas, T.C.; Seiber, J.N. Chromosorb 102, an efficient 
medium for trapping pesticides from air. Bull. Environ. 
Contamin. Toxicol., 1974, 12, 17. 

52. Mann, J.B., Enos, H.F.; Gonzalez, J.; Thompson, J.F. 
Development of sampling and analytical procedure for 
determining hexachlorobenzene and hexachloro-1,3-
butadiene in air. Environ. Sci. Technol., 1974, 8, 
584. 

53. Caro, J.H.; Glotfelty, D.E.; Freeman, H.P. (Z)-9-
Tetradecen-1-ol formate: Distribution and dissipation 
in the air within a corn crop after emission from a con-
trolled-release formulation. Presented at the American 
Chemical Society/Chemical Society of Japan Chemical 
Congress (PEST 081), Honolulu, April 1-6, 1979. 

54. Farwell, S.O.; Bowes
XAD-2 as a collectio
air. J. Environ. Sci. Health (Β), 1977, 12(1), 71. 

55. Woodrow, J.E.; Seiber, J.N.; Crosby, D.G.; Moilanen, K.W.; 
Soderquist, C.J.; Mourer, C. Airborne and surface residues 
of parathion and its conversion products in a treated 
plum orchard environment. Arch. Environ. Contamin. Toxicol., 
1977, 6, 175. 

56. Seiber, J.N.; Madden, S.C.; McChesney, M.M.; Winterlin, W.L. 
Toxaphene dissipation from treated cotton field environ­
ments: Component residual behavior on leaves and in air, 
soil, and sediments determined by capillary gas chromato­
graphy. J. Agric. Food Chem., 1979, 27, 284. 

57. Ferreira, G.A.L.; Seiber, J.N. Volatilization of three 
N-methylcarbamate insecticides from rice plants following 
root-soak systemic and foliage spray treatments. 
Presented at the American Chemical Society/Chemical 
Society of Japan Chemical Congress (PEST 067), Honolulu, 
April 1-6, 1979. 

58. Hermann, B.; Woodrow, J.E.; Seiber, J.N. A comparison of 
XAD-4 resin with polyurethane foams for use in air sampling 
of pesticides. Presented at the 175th National Meeting 
of the American Chemical Society (PEST 015), Anaheim, March 
13-17, 1978. 

59. Woodrow, J.E.; Seiber, J.N. Portable device with XAD-4 
resin trap for sampling airborne residues of some organo­
-phosphorus pesticides. Anal. Chem., 1978, 50, 1229. 

60. Turner, B.C.; Glotfelty, D.E. Field air sampling of pesti­
cide vapors with polyurethane foam. Anal. Chem., 1977, 
49, 7. 

61. Bidleman, T.F.; Olney, C.E. High-volume collection of 
atmospheric polychlorinated biphenyls. Bull. Environ. 
Contamin. Toxicol., 1974, 11, 442. 

62. Lewis, R.G.; Brown, A.R.; Jackson, M.D. Evaluation of 
polyurethane foam for sampling of pesticides, poly­
chlorinated biphenyls and polychlorinated naphthalenes 
in ambient air. Anal. Chem., 1977, 49, 1668. 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10. SEIBER ET AL. Pesticide Residues in the Air 207 

63. Erickson, M.D.; Michael, L.C.; Zweidinger, R.A.; 
Pellizzari, E.D. Development of methods for sampling 
and analysis of polychlorinated naphthalenes in ambient 
air. Anal. Chem., 1978, 12, 927. 

64. Lewis, R.G.; Macleod, K.E.; Jackson, M.D. Sampling 
methodologies for airborne pesticides and polychlorinated 
biphenyls. Presented at the American Chemical Society/ 
Chemical Society of Japan Chemical Congress (PEST 065), 
Honolulu, April 1-6, 1979. 

65. Cliath, M.M.; Spencer, W.F.; Shoup, T.; Grover, R.; 
Farmer, W.J. Volatilization of EPTC from water during 
flood irrigation of an alfalfa field. Presented at the 
American Chemical Society/Chemical Society of Japan 
Chemical Congress (PEST 056), Honolulu, April 1-6, 
1979. 

66. Sydor, R.; Pietrzyk
and related adsorbents for the stripping of low molecular 
weight compounds from a flowing air stream. Anal. Chem., 
1978, 50, 1842. 

67. Simon, C.G.; Bidleman, T.F. Sampling airborne poly­
chlorinated biphenyls with polyurethane foam--
Chromatographic approach to determining retention effi­
ciencies. Anal. Chem., 1979, 51, 1110. 

68. Hermann, B.; Seiber, J.N. Analysis of atmospheric residues 
from applications of DEFR and FolexR cotton defoliants. 
Presented at the 177th National Meeting of the American 
Chemical Society (PEST 010), Washington, D.C. Sept. 9-14, 
1979. 

69. Seiber, J.N.; Woodrow, J.E. Unpublished results. 
70. Willis, G.H.; Parr, J.F.; Papendick, R.I., Smith, S. A 

system for monitoring atmospheric concentrations of field­
-applied pesticides. Pest. Monit. J., 1969, 3, 172. 

71. Willis, G.H.; Parr, J.F.; Smith, S. Volatilization of soil­
-applied DDT and DDD from flooded and nonflooded plots. 
Pest. Monit. J., 1971, 4, 204. 

72. Spencer, W.F.; Cliath, M.M. Volatility of DDT and related 
compounds. J. Agr. Food Chem., 1972, 20, 645. 

73. Cliath, M.M.; Spencer, W.F. Dissipation of pesticides from 
soil by volatilization of degradation products. Environ. 
Sci. Technol., 1972, 6, 910. 

74. Caro, J.H.; Taylor, A.W.; Lemon, E.R. Measurement of 
pesticide concentrations in air overlying a treated field. 
In "Proceedings of International Symposium on Measurement 
of Environmental Pollutants." National Research Council 
of Canada, Ottawa, 1971; pp. 72-77. 

75. Taylor, A.W.; Glotfelty, D.E.; Turner, B.C.; Silver, R.E.; 
Freeman, H.P.; Weiss, A. Volatilization of dieldrin and 
heptachlor residues from field vegetation. J. Agr. Food 
Chem., 1977, 25, 542. 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



208 PESTICIDE ANALYTICAL METHODOLOGY 

76. Taylor, A.W.; Glotfelty; D.E.; Glass, B.L.; Freeman, H.P.; 
Edwards, W.M. Volatilization of dieldrin and heptachlor 
from a maize field. J. Agr. Food Chem., 1976, 24, 625. 

77. Aquino, G.B.; Pathak, M.D. Enhanced absorption and persis­
tence of carbofuran and chlordimeform in rice plants on 
root zone application. J. Econ. Entomol., 1976, 69, 686. 

78. Spear, R.C.; Lee, Y.S.; Leffingwell, J.T.; Jenkins, D. Con­
version of parathion to paraoxon in foliar residues: 
Effects of dust level and ozone concentration. J. Agr. 
Food Chem., 1978, 26, 434. 

79. Harper, L.A.; White, Jr., A.W.; Bruce, R.R.; Thomas, A.W.; 
Leonard, R.A. Soil and microclimate effects on trifluralin 
volatilization. J. Environ. Qual., 1976, 5, 236. 

80. Woodrow, J.E.; Mast, T.; Seiber, J.N.; Crosby, D.G.; 
Moilanen, K.W. Rate f photochemical conversio f pesti
cides in the atmosphere
Meeting of the American Chemical Society (PEST 003), 
New Orleans, LA., March 21, 1977. 

81. Kosolapoff, G.A. Organophosphorus chemistry. Wiley, London, 
1950; p. 198. 

82. Teasley, J.I. Identification of cholinesterase-inhibiting 
compounds from an industrial effluent. Environ. Sci. 
Technol., 1967, 1, 411. 

RECEIVED December 28, 1979. 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



11 
New Technology for Pesticide Residue Cleanup 
Procedures 

M. E. GETZ and K. R. HILL 
Analytical Chemistry Laboratory, Agricultural Environmental Quality Institute, 
Agricultural Research, Science and Education Administration, U.S. Department of 
Agriculture, Beltsville, MD 20705 

Pesticide residue analysis
purposes: [1] Agriculturist
how much residual pesticide is needed to control a pest problem. 
[2] Regulatory agencies and monitoring stations screen for 
environmental residues and enforce tolerance regulations. [3] 
Academic researchers and toxicologists are concerned with metab­
olites and degradated products. 

Widely used techniques are: GLC, HPLC, and TLC for general 
identification and quantitation, with mass spectrometry and infra­
red spectroscopy for specific identification. 

Before any of these analyses can be performed, the residue 
has to be extracted from the containing matrix and isolated in 
a pure enough state for the particular analytical method. This 
isolation procedure is called cleanup. As this paper deals 
primarily with cleanup, we shall assume that the solvent or sol­
vents used for extraction are in general use and that they 
quantitatively extract the residues. 

Residues and extractives from different environmental 
matrices exhibit similar physical and chemical properties and 
can be classified as lipophilic, hydrophilic, or amphophilic 
(exhibiting a dual nature). 

The Food and Drug Administration [FDA] Pesticide A n a l y t i c a l 
Methods Manual QJ and the Environmental Protection Agency [EPA] 
Manual for Environmental Analysis (2) describe procedures that 
have been used for many years. Two of the commonly applied 
techniques are l i q u i d - l i q u i d p a r t i t i o n i n g and column adsorption 
chromatography. These approaches are used to is o l a t e l i p o h i l i c 
and moderately polar residues for primary i d e n t i f i c a t i o n and 
quantitation with GLC. An evaluation of the number of pesticide 
residues that were s a t i s f a c t o r i l y analyzed by this approach was 
published by McMahon and Burke (3). When one looks at the data 
i t can be seen that the highly polar and water soluble residues 
do not f i t into the a n a l y t i c a l scheme very well. In an attempt 
to r e c t i f y this problem, FDA i s modifying the multiresidue method 
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for each individual compound that does not adapt to the general 
procedure. These extra methods have become quite numerous. 

Our laboratory i s developing two approaches for multiresidue 
determinations i n an attempt to make the analyses encompass a 
larger variety of residues, 

One i s quantitative TLC by r e f l e c t i v e scanning (4), and the 
other i s an automated continuous flow system that u t i l i z e s 
l i q u i d - s o l i d adsorption chromatography coupled with selective 
detectors ( J 5 ) (6) . 

Microcolumn Cleanup 

This approach u t i l i z e s microcolumns of adsorbents to cleanup 
samples of 10g or l e s s . Various length glass columns of 0.5 to 
1.0 cm ID can be used.
obtained with caps to allo
to be pumped through. Figure 1. 

Hypodermic needles were used for keeping the flow rate uni­
form. The columns were f i t t e d with 1 1/2" 25 guage needles when 
the eluant was collected for concentration, and 1 1/2" 29 guage 
needles when the eluant was spotted d i r e c t l y onto the thin layer 
plates. 

The adsorbents evaluated were: alumina [Woelm, neutral, 
105°C for 1 h r . ] ; F l o r i s i l R [130°C act i v a t i o n ] ; and charcoal 
[Darco G-60, 12 χ 20, or Nuchar +30]. 

When direct spotting onto a TLC plate was used, the columns 
were packed with 0.5g inorganic adsorbent or 0.25g charcoal 
between glass wool plugs. The adsorbent was compacted by gentle 
suction, and 4 ml of eluting solvent was used. A sample size 
no greater than 2g should be used. 

If a larger size sample i s to be cleaned-up for c o l l e c t i o n , 
the sample weight i s used as a factor for determining the amount 
of adsorbent necessary, i . e . , 10g sample, (0.5 χ 10) = 5g adsor­
bent. The eluting volume i s determined by adding 0.5 to the 
weight factor, i . e . , 10g sample (4 χ 10.5) = 42 ml eluting s o l ­
vent necessary for quantitative recovery. 

When direct spotting onto a thin layer plate i s used, an 
automatic spotter i s necessary £7}. It u t i l i z e s six tubes which 
transfer the eluting solvent i n a dropwise manner to the o r i g i n . 
The size of the spot i s controlled by the flow of an inert gas 
from a manifold. Three standards and three unknowns are spotted 
onto a 20 χ 20 cm plate. 

When the sample i s transferred to the cleanup column, i t 
should be dissolved i n the same solvent used for elution or one 
of lesser p o l a r i t y . The volume should be no greater than 1 ml. 
If necessary larger size samples can be transferred i n volumes 
up to 2 ml. The sample i s pipetted onto the glass wood plug i n 
a dropwise manner and allowed to soak i n . The sides are then 
rinsed down with 0.5 ml of eluting solvent and allowed to sink i n . 
The column i s then eluted with the determined volume of solvent. 
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Figure 1. 
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When the eluants are collected, they are concentrated and 
can be analyzed by GLC, HPLC or TLC. 

For quantitation of the TLC scan, the areas of the curves 
of the standards are plotted versus concentration and then the 
unknown concentrations are determined from this standard curve. 

TLC Results 

Organothiophosphates recovered from 0.5g alumina or 0.5g 
F l o r i s i l R when eluted with 4 ml 20% ethyl acetate i n 2,2,4-
trimethylpentane. 
Pesticide S e n s i t i v i t y ng/g Detection 
Azinphosmethyl 
Azinphosmethyl 0-analog 
Azinphosethyl 
Azinphosethyl 0-analog 
Imidan 
Malathion 
Malaoxon 
Phorate 
Phorate sulfone 
Phorate t h i o l 
Disulfoton 
Disulfoton sulfone 
Disulfoton t h i o l 
Dicapthon 
Zinophos 
Coumaphos 
Methyl parathion 
Ethyl parathion 
Zytron 
Diazinon 

100 
100 

100 
100 
200 
100 
200 
100 
100 
200 
100 
200 
200 
200 
200 
200 
100 
200 

TCQ 

Carbamates recovered from 0.5g alumina when eluted with 4 ml 
20% ethyl acetate in 2,2,4-trimethylpentane. 
Pesticide S e n s i t i v i t y ng/g Detection 
Carbaryl 
Aldicarb 
Carbofuran 
3-Hydroxy carbofuran 
3-Keto carbofuran 
Mesurol 
Landrin 

100 
100 
100 
100 
200 
100 
100 

TCQ 

Organophosphates quantitatively eluted from 0.25g charcoal 
with 4 ml acetone. 
Pesticide S e n s i t i v i t y ng/g Detection 
Dimethoate 100 TCQ 
Malathion 100 
Malaoxon 200 " 
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Phorate 100 TCQ 
Phorate sulfoxide 200 II 
Phorate sulfone 200 II 
Phorate t h i o l 100 It 
Phorate t h i o l sulfoxide 200 tt 
Phorate t h i o l sulfone 200 II 
Disulfoton 100 It 
Disulfoton sulfoxide 200 It 
Disulfoton sulfone 200 tl 
Disulfoton t h i o l 100 II 
Disulfoton t h i o l sulfoxide 200 tt 
Disulfoton t h i o l sulfone 200 It 
Diazinon 200 tl 
Crufornate 100 NBP 
Dicrotophos 
Dichlorvos 
Mevinphos 100 11 
Dimethoate 0-analog 200 TCQ 
Trichlorfon 100 NBP 
Bomyl 100 tt 
Crotoxyphos 100 tt 
Naled 100 tl 
Phosphamidon 100 tt 

The organophosphates containing sulfur were detected with 
the TCQ reagent under acid conditions (8). 

The organophosphates without sulfur were detected with 
nitrobenzylpyridine (9). 

The carbamates were detected with TCQ under alkaline con­
ditions. 

Recoveries ranged from 75 to 105%. Each analyst should 
determine the optimum elution volumes for quantitative recovery 
under their laboratory conditions. A l l new adsorbents or 
batches should be checked for recovery. 

Continuous Flow Cleanup 

A f i r s t attempt at this approach was made by adapting the 
gradient elution system of Bowman and Beroza (10) to a contin­
uous flow apparatus. H i l l and Jones (5j modified a Pye t r a v e l ­
ing wire detector by substituting a flame photometric detector 
for the conventional flame ionization one so that i t would be 
selective for sulfur and phosphorus containing pesticides. This 
detector was used f o r monitoring the cleanup e f f i c i e n c y and 
resolving powers of differ e n t adsorbents. Figure 2 i s a sche­
matic diagram of the columns and apparatus used for this i n i t i a l 
study. 

A glass column 6.3 mm ID χ 24 cm was packed with Corasil II 
glass beads. Standard solutions of malathion i n concentration 
ranges of 0.1 to 1.0 yg/ml were eleuted from the column with 
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Figure 3. 
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methylene chloride + 2-propanol (80 + 20) with a flow rate of 
4 ml/min. Figure 3 shows the linear response obtained. 

One hundred grams of store bought string beans extracted 
with methylene chloride, were concentrated to 10 ml, and 0.5 ml 
equivalent to 5g of beans was placed on the glass bead column 
and eluted with methylene-chloride+2-propanol solution. This 
extract showed a peak corresponding to 1.5 ng of malathion. 
When the same extract was f o r t i f i e d with a 5 ng equivalent of 
malathion the resulting response was 6.5 ng malathion. Figure 4 
shows the results of these comparisons. 

A second column was packed with 5g of s i l i c a gel (Baker 
3405). A standard solution of phorate and i t s f i v e metabolites 
was placed on the column and sequentially eluted with benzene, 
2.5% acetone i n benzene, 10% acetone, and 100% acetone. Figure 
5 shows the results obtained

Two hundred grams
with the insec t i c i d e fensulfothion and i t s three metabolites. 
The insecticides were extracted and 0.5 ml of extract equivalent 
to 10g of sample was placed on the column and eluted with the 
above stepwise gradient. The results are represented by Figure 
6. 

Two hundred grams of a l f a l f a from a f i e l d treated with 
oxamyl were extracted and decolorized with charcoal. A 10g 
aliquot was placed on the column and eluted with the acetone-
benzene gradient. The results are shown i n Figure 7. 

Application of Macroporous S i l i c a Gels 

The Merck Company produces a series of s i l i c a gels called 
F r a c t o s i l which come i n pore sizes from 200 to 25,000 nm. Con­
ventional s i l i c a gel used for adsorption columns usually have 
pore sizes of 40 to 80 nm. These F r a c t o s i l gels can be used 
for gel permeation, adsorption and p a r t i t i o n . The electron 
microscope scan of F r a c t o s i l 200 compared with conventional 
s i l i c a gel appears to be i n the shape of uniform breakfast food 
flakes, Figure 8. The adsorbent i s very r i g i d and can be packed 
dry. Although the surface area i s not very great, the gel 
appears to separate molecules according to po l a r i t y (12). 

Hexane with increasing strengths of acetone can separate 
many pesticides of varying p o l a r i t i e s . Hundreds of food ex­
tractives were run through one column before i t s separation 
effectiveness was impaired. F r a c t o s i l 200 i s completely re­
cyclable. It was regenerated by b o i l i n g with 10% HC1, washing 
and drying at 110°C. 

An adjustable glass column of 9mm ID, packed with 5g of 
F r a c t o s i l 200 was connected to a Spectra Physics pump connected 
to solvent reservoirs with a six way rotary switch. The sample 
was injected onto the column with a rotary loop sampler. The 
effluent from the column was collected with an Isco f r a c t i o n 
collector set so that 10 ml of eluate was collected for each 
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Figure 8. 
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2.5 minutes. Each of the six solvent reservoirs contained 100% 
hexane, 10% acetone i n hexane, 20% acetone i n hexane, 40% ace­
tone i n hexane, 100% acetone and 100% methanol. 

When the sample was injected onto the column, the pump was 
started and the f i r s t 10 ml eluate collected. The pump was then 
stopped and the solvent valve turned to the next gradient. This 
procedure was repeated u n t i l the 100% acetone eluate was c o l ­
lected. After a second 10 ml eluate of acetone was taken, the 
column was ready for recycling. The column was recycled by 
pumping through successive volumes of 25 ml methanol, 50 ml 
acetone, and 25 ml hexane. 

F o r t i f i c a t i o n Studies 

The following matrice
studies of F r a c t o s i l 200
animal f a t , milk and greenhouse s o i l . 

Endosulfans A, Β and the sulfate were quantitatively re­
covered at concentration levels of 0.2 and 2.0 ppm. Aliquots 
representing 2g of the o r i g i n a l sample were injected onto columns 
for clean-up. The cleaned-up eluates were analyzed by GLC and 
electron capture detection to see i f any interferences or 
a r t i f a c t s would show up under the conditions necessary to 
measure 0.2 ppm of endosulfan and i t s metabolite. Colored 
eluates were observed i n the 10% fractions from tomatoes, car­
rots, green apples, and green house s o i l . Another pigment, 
seen as a tight band on top of the column, was not eluted u n t i l 
methanol passed through during the f i r s t stage of recycling. No 
color i n any f r a c t i o n was observed from fat or milk samples. 
However, when the eluates were evaporated down to dryness a 
volume of o i l y material appeared i n the bottom of the tubes 
containing the 10% eluate. When GLC and electron capture 
detection were used with the PAM GC columns QJ for organo-
chlorines, except for the 10% fra c t i o n from the animal f a t , 
no a r t i f a c t s or base l i n e effects were noted. 

Figure 9 i l l u s t r a t e s a ty p i c a l chromatogram obtained from 
a 10 μΐ injec t i o n of a 10 ml aliquot concentrated to 1 ml. 
Figure 10 shows the r i s i n g base l i n e and peak obtained from the 
10% acetone eluate of the animal fat extract. A l l samples of 
beef f a t exhibited this peak. 

The same matrices as described above were f o r t i f i e d with 
phorate and i t s metabolites, and t h i o l demeton and i t s metab­
o l i t e s . 

% pesticide i n each eluate. 
10% 20% 40% 

Pesticide Hexane Acetone Acetone Acetone Acetone Acetone 
Endosulfan A 40% 60% 
Endosulfan Β 96% 
Endosulfan SO4 92% 
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% pesticide i n each eluate. (Continued) 
10% 20% 40% 

Pesticide Hexane Acetone Acetone Acetone Acetone Acetone 
Phorate 80% 20% 
Phoratoxon 90% 
Phoratoxon SO 10% 90% 
Phoratoxon SO2 10% 90% 
Demeton t h i o l 90% 
Demeton t h i o l SO 10% 90% 
Demeton t h i o l S02 10% 90% 

A gel permeation column used i n conjunction with an Auto-
prep 1001 was removed and replaced with a 1 cm ID adjustable 
glass column packed with a 15 cm length of F r a c t o s i l 200. A 
system for providing ste
i n s t a l l e d . 

Step gradient for testing F r a c t o s i l 200 i n conjunction with 
the Autoprep 1001. _ _ 
Solvent Volume, ml 
Methanol 25 
Acetone 50 
Hexane 50 
5% acetone/hexane 10 
10% acetone/hexane 10 
20% acetone/hexane 10 
Acetone 20 
Methanol Rapid cycle 

The use of the F r a c t o s i l 200 produced a f l a t almost noise 
free baseline with the flame photometric detector. 

System testing was begun by establishing response and 
retention times for adjusting the solvent Program. This was 
accomplished by inject i n g samples of phorate sulfoxide and 
chlorpyrifos. Chromatograms with narrow well shaped peaks as 
shown i n Figure 11 were obtained. 

Two different solvent programs were used: 

Program A Program Β 
Solvent Time (min.) Solvent Time (min.) 
Hexane 3 Hexane 3 
0.2% acetone/hexane 2 10% acetone 2 
0.3% acetone/hexane 2 20% acetone 2 
0.6% acetone/hexane 2 50% acetone 2 
0.9% acetone/hexane 2 75% acetone 2 
1.0% acetone/hexane 2 100% acetone 20 
100% acetone 20 Methanol 8 
Methanol 6 Acetone 16 
Acetone 12 Hexane 10 
Hexane 6 
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Data Acquisition and Analysis System 

At the i n i t i a t i o n of this study, a computer based data sys­
tem designed to plot data points versus time and determine peak 
areas was made operational. 

The following chromatograms were obtained with the F r a c t o s i l 
200 s i l i c a gel and the Pye moving wire detector as shown in 
Figure 2. They were plotted by the computer. The axes are the 
response i n m i l l i v o l t s versus time i n seconds. When the computer 
reconstructed the chromatogram, the Y-axis could be magnified 
from 0 to 520 m i l l i v o l t s . 

Chromatogram 1 shows an extract representing 5.6g of Belts-
v i l l e sandy loam s o i l , eluted with program Β and detected by the 
sulfur mode. The elution flow rate was 2 ml/min. 

Chromatogram 2 represent
elution and flow rate.

Chromatogram 3 i s the response of l.Og of s o i l f o r t i f i e d 
with 65.4 y g aldicarb. Small responses can be seen at 2 and 3. 

Chromatogram 4 i s a repeat of 3 but the computer has mag­
n i f i e d the Y-axis to show that peaks 2 and 3 are r e a l and not 
due to noise. 

Chromatogram 5 i s one where 0.56g of f a t extracted with 
ethyl acetate has been injected onto the column and eluted with 
program Β at 2.0 ml/min. with phosphorus detection. 

Chromatogram 6 i s 0.30g of fat that was f o r t i f i e d with 80.6 
yg aldicarb sulfoxide eluted with program Β and detected by the 
sulfur mode. The p o l a r i t y of the aldicarb sulfoxide has allowed 
i t to be separated from interferences. 

Chromatogram 7 shows what happens when the oven tube gets 
d i r t y . This can happen after many fat samples have been 
analyzed. 

Experience has shown that the F r a c t o s i l 200 s i l i c a gel i s 
not very e f f e c t i v e for removing fat interferences when l i p o p h i l i c 
compounds are to be analyzed. However, it's very e f f i c i e n t when 
polar compounds are to be isolated. 

A new synthetic carbanaceous resin (Rohm and Haas) (12) has 
been found to be very eff e c t i v e for holding up non polar i n t e r ­
ferences from fats and o i l s while allowing many l i p o p h i l i c 
pesticides to be quantitatively eluted. This was adapted to 
automated elution and was found out to also be recyclable. 
A c e t o n i t r i l e i s used for eluting the pesticides and chloroform 
i s used for recycling the column by displacing the adsorbed 
in t e r f erences. 

The preliminary data has shown that the two new adsorbents 
are a major breakthrough for automating the cleanup step, and 
allowing a wider spectra of pesticides to be analyzed. 
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Chromatogram 7. 
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Chemical Derivatization Techniques in Pesticide 

Analysis 

Advances and Applications 

W. P. COCHRANE 
Laboratory Services Division, Agriculture Canada, Ottawa, Ontario, Canada K1A 0C5 

In common with othe
major problems facing hi
1. The IDENTITY of the pesticide present 
2. The AMOUNT of pesticide or its residue in the sample. 

In both these areas, chemical derivatisation has tradition­
ally played a role and with the advent of gas chromatography an 
even more important role. The reasons for preparing a derivative 
suitable for GC analysis are many and varied and have been dis­
cussed thoroughly in a number of books and reviews (1-6). For 
convenience they are summarised in Table I . As can be seen, two 
different types of chemical derivatisation techniques are mentioned 
under Item 4 of Criteria, There is the chemical derivatisation of 
a pesticide as a pre-requisite of the method of analysis, e.g. 
esterification of the chlorophenoxy acids, as well as derivatisa­
tion as a method for confirmation of identity. The former must 
meet al l the requirements associated with a practical, viable 
analytical procedure while for the latter the emphasis is on speed, 
ease of operation and reproducibility. 

Apart from the above reasons derivatisation i s also required 
in the analyses of many of the newer pesticides which have one or 
more functional groups which need protection i n order to f a c i l i t ­
ate GC work. Also the increased use of high pressure l i q u i d chro­
matography (HPLC) necessitates pre- or post-column derivatisation 
since the choice of HPLC detectors i s limited compared with GC. 
The increased use of derivatisation reactions i s evident from the 
gradual increase i n the number of publications dealing with the 
subject. Figure 1 shows the yearly variation i n numbers of pub­
l i c a t i o n s dealing with derivatisation i n pesticide analysis over 
the period 1963 to 1978. While the interest i n derivatisation 
techniques i n organophosphorus insecticide analysis has remained 
f a i r l y constant and a low l e v e l of a c t i v i t y , the OC insecticides 
underwent an increased period of attention from 1968-1972 which 
has stablized over the l a s t few years. I t i s i n the i n s e c t i c i d a l 
carbamate and herbicide areas that an overall steady increase i n 
the use of derivatisation reactions for quantitative and con-

0-8412-05 81 -7/80/47-136-231 $05.00/0 
© 1980 American Chemical Society 
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Table I. Advantages Gained by Chemical Derivatisation and Some 
Reaction C r i t e r i a 

A. Advantages: 

1. Improved e x t r a c t a b i l i t y during the clean-up procedures. 
2. Change i n v o l a t i l i t y c h a r a c t e r i s t i c s . 
3. Increase i n thermal s t a b i l i t y of compounds. 
4. Improve chromatographic or separation behaviour. 
5. Increase i n s e n s i t i v i t y of detection. 
6. Impart s e l e c t i v i t y . 
7. Aid i n confirmation of i d e n t i t y . 

Β. C r i t e r i a : 

1. Derivative mus
2. Preparation should require minimum of manipulation. 
3. Derivative should be r e l a t i v e l y stable. 
4. Reaction must be quantitative and/or reproducible. 
5. Short (acceptable) GC retention time free from back­

ground or reagent interferences. 
6. Good s e n s i t i v i t y . 

firmatory analysis has occurred. This has been augmented i n re­
cent years by interest i n the analysis of fungicides, noteably 
ethylenethiourea and the ethylenebisdithiocarbamates, as 
evidenced by the trend of the overall t o t a l curve. Since a number 
of reviews (4,5,7,8) cover the l i t e r a t u r e p r i o r to 1975, this re­
view w i l l highlight the more recent advances i n derivatisation 
procedures or techniques as i l l u s t r a t e d with applications from the 
4 main groups of pesticides, namely, herbicides, OCs, OPs and fun­
gicides . 

Herbicides 

E s t e r i f i c a t i o n of the chlorophenoxy acids to t h e i r respective 
methyl esters by reagents such as diazomethane, BF^/methanol or 
acid methanol mixtures have been for long the standard procedure 
for the analyses of these compounds. Recently a number of workers 
have been investigating the use of new and more EC sensitive 
e s t e r i f i c a t i o n reagents for general use. This has come about 
since the EC detection of the methyl esters of MCPA or MCPB, which 
contain only one chlorine each, are very poor. Also the methyl 
ester of MCPA has a very short retention close to the solvent 
front when analysed i n conjunction with 2,4-D, 2,4,5-T ffenoprop, 
etc. The acids and the various esters investigated are shown i n 
Table I I . In t r a n s e s t e r i f i c a t i o n work by Yip (9) the 2-chloro-
ethyl ester was discarded since the background pattern of the 
derivative gave too many peaks. However, Woodham et^ al. (10) used 
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Table I I : Derivatives of the Chiorophenoxyalky1 Acids and 
Some Other Acidic Herbicides 

Compound 
2-chloro 

ethyl 
2,2,2-trifluoro 

ethyl 
2,2,2-tri-

chloro ethyl ΈΈΈ-

2,4-D X X X X 
2,4-DB X X 
2,4,-DP X X 
2,4,5-T X X 
2,4,5-TB X 
2,4,5-TP X X 
MCPA X 
MCPB X 
MCPP 
2,3,6-TBA X 
Picloram X X 
Dicamba X 
Fenac X 

References 9 - 1 4 9 - 1 4 14 13, 15 

1/Pentafluorobenzyl 

a BCl^/2-chloroethanol reagent to determine residues of 2,4-D i n 
s o i l , sediment and water samples while Gutenman and Lisk (11) used 
BF^/2-chloroethanol for e s t e r i f i c a t i o n of MCPA i n s o i l extracts. 
Woodham eit a l (10) found that although the 2-chloroethyl ester had 
the desired s e n s i t i v i t y , the reaction produced less interference 
and gave a longer retention time, i t was s t i l l subject to i n t e r ­
ferences from certain s o i l types (Fig. 2A). After diethyl ether 
extraction a clean-up step was added employing an alkaline wash to 
remove i n t e r f e r i n g substances. The lower l i m i t of s e n s i t i v i t y for 
thi s method i n s o i l s i s approximately 0.01 ppm for 2,4-D (Fig. 2B). 
More recently (12, 13) BCl^: 2-chloroethanol was used to determine 
chlorophenoxy acid residues in natural waters. I t was found, as 
would be expected, that this reagent produced l i t t l e or no product 
for 2,3,6-TBA and dicamba due to the s t e r i c hinderance of σ-Cl 
atoms. The p r a c t i c a l l i m i t s of detection ranged from a lower l i m i t 
0.01 ug/L for fenoprop to a high of 2-5 ug/L for MCPB. Yip (9) 
showed that trifluoroethanol increased the ECD response of 
2,4,5-T and fenoprop but not MCPA or 2,4-D. More recently, 
Mierzwa and Witek (14) found that a f t e r e s t e r i f i c a t i o n of 2,4-D 
and MCPA with 20% 2,2,2-trichloroethanol i n t r i f l u o r o a c e t i c an­
hydride i n the presence of I^SO, a lower l i m i t of 0.096 ppb 
2,4-D and 0.06 ppb MCPA i n 1 l i t r e samples of water was obtained. 
As i n most of the derivatisation reactions, removal of excess 
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Figure 2. Chromatographic tracing of (Α) α 2,4-Ό fortified soil sample (2-chloro-
ethyl ester) without alkali treatment and (B) samples with alkali pre-wash: (a) a 
blank soil sample; (b) soil sample fortified with 0.013 ppm 2,4-Ό acid; and (c) soil 

sample fortified with 0.667 ppm 2,4-Ό acid (\0) 
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reagents i s mandatory prior to ECD analysis. I t was found that 
the s e n s i t i v i t y of the esters increased from the 2-chloroethyl to 
t r i f l u o r o e t h y l to the tri c h l o r o e t h y l derivative. With MCPA the 
tric h l o r o e t h y l ester was 100 times more sensitive than the 2-chloro­
ethyl ester, while with 2,4-D the increase was only a factor of 
10. Similarly, Chau and co-workers (15) have shown that the PFB 
esters are more EC sensitive than the corresponding 2-chloroethyl 
esters. For example, the PFB ester of MCPA i s 2.5 times greater 
than that obtained with the 2-chloroethyl ester and 1000 times 
greater than MCPA methyl ester. Normally, the e s t e r i f i c a t i o n re­
action with pentafluorobenzyl bromide (PFBBr) i s much simpler to 
perform since i t takes place i n acetone which i s ea s i l y evaporated 
after the reaction. However, the PFBs tend to have longer re­
tention times and this reagent reacts under basic conditions with 
both phenols and carboxyli
0V-101/0V-210 column separate
2,4-DP over-lapped,while a 5% DC-200 or 3% DC-11 column gave com­
plete separation of 10 PFB esters. Overall, i t would appear that 
the s e n s i t i v i t i e s of the PFB and trich l o r o e t h y l esters are 
equivalent, with the f i n a l choice depending upon background i n t e r ­
ference from the sample and suitable column separation characteri­
s t i c s . 

Organochlorine Insecticides and Related Compounds 

Since well-established chemical derivatisation techniques a l ­
ready exist for the majority of the organochlorine insecticides 
(5, T) i t i s not surprising that recent a c t i v i t y i n this area has 
centred round compounds such as Kepone, Mirex, HCB, the PCBs, etc. 
which co-interfere i n both the i d e n t i f i c a t i o n and quantitation of 
pesticide residues. 

Kepone (chlordecone) can be converted back to Mirex by per-
chlorination (Fig. 3) using a 4:1 ratio of phosphorus pentachloride 
to aluminium chloride i n carbon tetrachloride at 145 C for 3 hrs. 
in a closed tube (16). To eliminate any Mirex that may have been 
o r i g i n a l l y present, the separation of Kepone was performed on a 
m i c r o - F l o r i s i l column p r i o r to derivatisation. Similarly, a micro-
F l o r i s i l column was u t i l i z e d after reaction to remove early 
eluting peaks from the gas chromatograms, and especially when the 
t o t a l amount of Kepone present was less than 25 ng. This deriva­
t i s a t i o n technique was found sensitive to ppb le v e l s of Kepone i n 
environmental and b i o l o g i c a l samples. For example, Figure 4 
shows an oyster extract before and afte r derivatisation (16) . The 
Kepone l e v e l averaged 0.07 ppm (upper chromatogram) i n this 
p a r t i c u l a r sample which was run on a 4% SE-30/6% 0V-210 column. 
The reaction was found to be quantitative and 8 of the more common 
0C pesticides were found to disappear on reaction or give de­
rivatives with GC retention different than Mirex. 

Mirex has been associated with the control of the imported 
f i r e ant i n the south-eastern USA, where i t was subsequently 
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THREE MAJOR PEAKS 

Journal of Agricultural and Food Chemistry 

Figure 4. Electron-capture gas chromatograms of an oyster extract before and 
after derivatization ((PCl5/AlCl3), 0.66 mg injected (16)) 
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found i n non-target organisms including man (17). Similarly, 
Mirex and/or photomirex (8-monohydromirex) have been i d e n t i f i e d 
as major contaminants i n f i s h from Lake Ontario (18), cormorant 
eggs (19) and Canadian Human milk (20). Mirex and photomirex are 
p a r t i c u l a r l y d i f f i c u l t to determine i n the presence of large 
quantitites of PCB without p r i o r separation since t h e i r retention 
times are similar to that of major heptachlorobiphenyls on most 
GC columns. Lane et a l (21) studied the photolytic and o*-ir­
radiation of duck egg tissues containing naturally occuring Mirex. 
Although 7 derivatives were obtained on photolysis and 8 from 
ϊ - i r r a d i a t i o n the major product from both reactions was i d e n t i f i e d 
as photomirex (F i g . 3). In this instance UV photolysis was carried 
out at 254 nm on the actual egg homogenate and caused a 36% de­
crease after 48 hrs. whereas f-irradiation resulted i n a 64% loss 
of Mirex. Irradiation
tory test so long as th
too complex for interpretation. As postulated i n a previous re­
view (5), Mirex can also be confirmed by reduction of the gem-di-
chloro methylene group with CrCl- (22) . In practise, three major 
peaks are obtained, the ratios of which were found to vary with 
the CrCl^/acetone r a t i o and temperature of reaction. None of 
these products appear to be photomirex. Reaction was carried out 
overnight at 55-60°C or room temperature for 32 hrs. or longer. 
While photomirex could be completely reacted to give a major pro­
duct with a diffe r e n t retention time than Mirex, Kepone only re­
acted p a r t i a l l y . Lewis et_ al^ (23) employed a different approach 
i n that Mirex-containing human tissue extracts were subjected to 
a diethylamine assisted photolysis at wavelength> 280 nm to 
se l e c t i v e l y eliminate PCB interferences i n PCB/Mirex mixtures. A 
100 min. photolysis of an Arochlor 1260/Mirex mixture i n 10 ml 
hexane containing diethylamine resulted i n complete elimination 
of the i n t e r f e r i n g heptachlorobiphenyl component and only a 0-5% 
loss of Mirex. However, some interferences appear to remain i n 
the photomirex region of the chromatograms. Also i t has been 
pointed out by Mes and co-workers (20) that although Mirex can be 
i d e n t i f i e d by GC, using diethylamine assisted photolysis to l i m i t 
PCB interference, quantitation at low level s (0.01-0.1 ppm) re­
main questionable since the workers found poor agreement between 
their GC and mass spectrometry data. Other indirec t approaches 
to the PCB/Mirex problem have been the perchlorination of the 
PCBs to decachlorobiphenyl with Sb CI,.-containing reagents (24) 
and n i t r a t i o n of the PCBs with a 1:1 mixture of cone. H^SO^/ 
fuming HNO^ (25) . Shown i n Figure 5 i s a chromatogram of an ex­
tract of a herring g u l l egg from Lake Ontario after clean-up on 
a 1% deactivated F l o r o s i l column; note that Mirex i s only 
p a r t i a l l y resolved from a heptachlorobiphenyl peak. The lower 
tracing i s the same extract after a 30 min. n i t r a t i o n at 70 C. 
Mirex and photomirex are the only major constituents to survive 
n i t r a t i o n . HCB, ^-nonachlor and small amounts of mono- and d i -
hydromirex compounds constitute most of the minor peaks remaining 
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RETENTION TIME (MINS.) 

ηίΖ ·Ί (, } °f a h e r r i n g g u l 1 e88 from Lake Ontario after cleanup on 
a t lor ml column; (B) same extract after nitration (represents about twice as much 
sample as A) Conditions: & χ 4 mm glass column with 1% SP-2100 on Supel-
coport 100/120 mesh; flow rate 40 mL/min Argon/methane; oven 190°C; 63Ni 

detector. 
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i n the chromatogram. Also c i s - and trans-chlordane can be 
quantitated after n i t r a t i o n (25) . HCB i s recovered i n low yields 
(*Ί0%) primarily due to v o l a t i l i s a t i o n rather than reaction with 
the acid mixture. Similarly, lindane recoveries are e r r a t i c . 
After a collaborative study involving sediment, carp, eel and g u l l 
egg samples, this n i t r a t i o n technique was found r e l i a b l e for Mirex 
and photomirex at levels ^ 1 0 ppb i n the presence of 1,000-fold 
greater l e v e l s of PCB (26). 

Hexachlorobenzene (HCB) has attracted increased attention 
due to i t s common occurence i n human blood, milk and adipose 
tissue, wild l i f e samples, wheat and lake water. Various 
approaches (Fig. 6) to the chemical confirmation of HCB have i n ­
cluded the preparation of a pentachlorophenyl propyl ether when 
treated with KOH i n 1-propanol (27) . The derivative had a longer 
GC retention time than HCB
rinet (28) involved reactio
glycol under reflux to produce pentachlorophenol which i s then 
e s t e r i f i e d with diazomethane to give the PCP methyl ether deriva­
tive . I t was o r i g i n a l l y demonstrated by Baker (29) that HCB i s 
converted to monoethoxypentachlorobenzene when refluxed with 
sodium ethoxide. More recently, i t has been shown (30) that ex­
tended treatment ( i . e . greater than 6 hrs.) with NaOEt w i l l further 
convert the monoethoxy derivative to diethoxy compounds. Since the 
p u r i f i e d diethoxy derivative obtained from a ρrep-scale reaction 
gave 2 major chromatographic peaks, i t i s suggested a mixture of 
isomers i s produced. Similarly, C r i s t and co-workers (31)confirmed 
HCB i n adipose tissue by the preparation of several derivatives 
from various alcohols. It was found that reaction with a K0H/2-
propanol/pyridine mixture for 10 min. at 100 C produced mono-iso-
propoxy pentachlorobenzene while a f t e r 30 min. bis-isopropoxytetra-
chlorobenzene was formed. The di-substituted derivative was less 
subject to further substitution than the mono-derivative and 
reproducibility of the reaction was more ea s i l y controlled such 
that a lower l e v e l of 5 ppb HCB could be confirmed i n fatty 
samples. The f l e x i b i l i t y of this reaction was shown by the use 
of other alcohols (EtOH, 1-PrOH, 1-BuOH) and the confirmation of 
0.3 ppm HCB i n rat adipose tissue containing 160 ppm Arochlor 
1016. Since derivatisation to the di-isopropoxy derivative was 
not feasible due to interference from an Arcchlor peak, con­
firmation based on the mono-substituted derivative was possible. 

Organophosphorus and Carbamate Insecticides 

Most OP insecticides may be determined d i r e c t l y by GC using 
the phosphorus-selective flame photometric detector (FPD) which 
helps to minimize clean-up. However, i t must be emphasised that 
the FPD i s only a "selective 1 1 detector for phosphorus (at 540 nm) 
or sulphur (at 394 nm) and not an "element s p e c i f i c detector". 
This i s i l l u s t r a t e d in F i g . 7 which shows the 4 oxidation products 
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Figure 6. Reactions used for the confirmation and/or quantitation of hexachloro-
benzene (HCB) 

Figure 7. Characteristics of methidathion and its sodium hypochlorite oxidation 
products on 1% DEGs at 200°C with flame photometric detection (P-mode) 
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obtained from the macro-scale reaction of neutralised sodium hypo­
chlorite with methidathion (Supracide ) (32). Generally, oxida­
tion of the P-S groups i n such insecticides as malathion, d i a -
zinon, parathion, fenitrothion, ethion, etc. y i e l d t h e i r res­
pective oxons. A single oxon derivative peak i s the result of 
hypochlorite oxidation of methidathion at the ng l e v e l but 4 pro­
ducts were observed at the macro-scale. Although this chromato­
gram was obtained using the Ρ-mode of the FPD only one peak, 
namely methidaoxon,peak 2, contains phosphorus. The other 3 pro­
ducts consist of 2 thiadiazolinone rings linked by methylene, 
sulf i d e or d i s u l f i d e groupings respectively. Also a 10:1 res­
ponse ratio was obtained when equivalent amounts of the sulphide 
and disulphide were recorded on the S- and Ρ-channels,respectively, 
of the FPD. Oxidation of phorate with NaOCl or ^2°2 r e s u l t s i n 

phorate oxon sulfoxide an
quantitative oxidation
corresponding sulfone has been used for i t s determination i n a 
variety of plant and animal tissues down to a l i m i t of 0.01 ppm 
(33). An alternative approach to the analysis of oxydemeton metyl, 
which contains a d i a l k y l substituted sulfoxide moiety, i s v i a 
t r i f l u o r a c e t y l a t i o n ( F i g . 8) (34) . Reaction of oxydemeton methyl 
with t r i f l u o r a c e t i c anhydride at 100° for 15 min. results i n a 
mono-trifluoroacetoxy derivative which thermally degrades on-
column to give 2 peaks, the c i s - and trans-isomers of dehydro-
oxydemeton-methyl. Other compounds with a sulfoxide moiety that 
can give mono-or di-TFA derivatives suitable for confirmatory 
purposes are dasanit, mesurol sulfoxide, nemocur sulfoxide, 
aldicarb sulfoxide, counter sulfoxide and oxycarboxin. Due to the 
poor chromatographic characteristics of sulfoxides, analysis was 
previously performed following oxidation to their respective s u l -
fones. Now with mesurol, a l l 3 oxidation products plus phenols 
can be analysed simultaneously. Of course, t r i f l u o r a c e t y l a t i o n 
and methylation of NH-containing OPs and carbamates are possible 
but these procedures have been extensively covered i n previous 
reviews (5, T) . 

However, two other areas are of interest ( F i g . 9) namely, a) 
derivatisation of phenols or amines to phosphorus-containing 
compounds and b) on-column methylation. In the former, phosphory­
l a t i o n of 7 alcohols and 12 phenols with diethyl chlorophosphate 
i n the presence of triethylamine at 60-70 C i n benzene has been 
reported (35). A l i p h a t i c alcohols, such as methanol, butanol or 
isoamyl alcohol react instantaneously while phenol and eresoIs 
require ca 1-1 1/2 hrs. and xylenols 3-4 hrs. for best r e s u l t s . 
The resulting a l k y l or a r y l diethyl phosphates were s e l e c t i v e l y 
detected at the 10-25 ng l e v e l with the P-mode FPD. Similarly, 
Jacob et_ a l (36) used dimethyl thiophosphinic chloride i n the 
presence of excess triethylamine to convert primary a l i p h a t i c , 
aromatic and heterocyclic amines to the corresponding N-dimethyl-
thiophosphinic amides. The excess reagent was e a s i l y removed by 
treating the reaction mixture with methanol-sodium hydrogen car-
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Figure 8. Reaction of oxydemeton methyl with trifluoroacetic anhydride (TFAA) 
and the GC characteristics of the two products (cis- and trans-dehydro-oxydemeton 

methyl) on 3% OV-17 at 190°C (34) 
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Figure 9. Phosphorylation reactions of alcohols and amines 
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bonate and the derivatives were well separated on a SE-30 or OV-17 
c a p i l l a r y column. Although a lower l i m i t of detection of 0.5 pg 
for N-dimethylthiophosphinylaniline was obtained with a rubidium 
sulphate AFID, an FPD detector could also be used. This d e r i ­
vatisation technique was applied to twenty aromatic or heterocyclic 
amines as well as 6 amino acid esters. However, i t should be 
pointed out that dimethylthiophosphinic chloride reacts and i s as 
sensitive, i f not more so, to moisture problems than TFAA. Since 
the resulting product contains Ρ i t too gives a FPD/AFID response. 

The general subject of on-column p y r o l y t i c methylation has 
been recently reviewed (37) and, i n p a r t i c u l a r , this technique has 
been the subject of a number of papers dealing with the i d e n t i ­
f i c a t i o n and quantitation of many organophosphorus pesticides and 
related d i a l k y l phosphorothioates (38-AO) as well as carbamate 
pesticides (41-43^. GL
secticides at 260 C usin
methanol, results i n short-chain t r i a l k y l phosphates which can be 
quantitated using the P-mode FPD (Fig. 10). The exact structure 
of the t r i a l k y l phosphate formed i s dependent upon the structure 
of the o r i g i n a l OP i n s e c t i c i d e . Parathion i s t r a n s e s t e r i f i e d to 
give diethylmethylthiophosphate (DEMTP) while azinphos methyl 
yields trimethyl dithiophosphate (TMDTP). The minimum detectable 
l i m i t for malathion was 400 pg. The technique was applied to the 
determination of chlorphoxim at levels of 10 ppb i n f i s h and 0.1 
ppb i n water. I t has been suggested that methanolic TMPAH 
quantitation of d i a l k y l phosphorothioates and phosphorodithioates 
could provide a convenient and safe alternative to the use of 
diazomethane where methylation i s the f i n a l step i n OP residue 
analysis (40). 

Similarly, on-column methylation has been applied to carbamate 
pesticides containing an active N-H group. Wien and Tanaka (41) 
showed that N-aryl carbamates are methylated on-column with t r i ­
me thy 1 a n i l i n i urn hydroxide-methanol to give the intact N-methyl 
and N-aryl derivatives. On the other hand N-methyl, 0-aryl car­
bamates such as carbaryl or carbofuran yielded only the methyl 
ethers of t h e i r respective phenols. This work has now been ex­
tended to sulfur-containing carbamates such as methomyl, methio-
carb, aldicarb, etc. (42-43). Here the oxime hydrolysis products 
of these carbamates are chromâtοgraphed as the 0-methyl oximes. 
This reaction has been applied to the analysis of oxamyl (lower 
l e v e l 0.5 ug i n 50 g sample) i n s o i l using the S-mode FPD. 

However, i t must be pointed out that to date, the application 
of the phosphorylation and on-column methylation techniques have 
had only li m i t e d application. 

Phenols and Fungicides 

Pentachlorophenol (PCP) i s widely used as a pesticide i n 
agriculture and as a wood preservative i n i n d u s t r i a l and domestic 
products. PCP together with other chlorophenols which arise as 
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Figure 10. Examples of on-column methylation reactions of organophosphorus 
and carbamate pesticides 
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Figure 11. Acylation reactions of ethylenethiourea (ETU) with dichloroacetic 
anhydride (DC A A ) and dichloroacetyl chloride (DCACl) 
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metabolites of the OP and carbamate insecticides, and phenoxy-
acids herbicides, have been variously determined i n tact using FID 
detection or,more commonly> as t h e i r ethers, esters or s i l y l de­
ri v a t i v e s (7) i n environmental, a g r i c u l t u r a l and mammalian samples. 
The more commonly used derivative i s the methyl ether, using d i a -
zomethane, aft e r extraction and/or an acid/base p a r t i t i o n i n g clean­
up step. However, recently Edgerton and Moseman (44) compared 
previous methods for the residue analysis of PCP i n urine and 
found an Alumina clean-up column following derivatisation was ne­
cessary for l e v e l s below 30 ppb. Also a 1 hr. closed system acid 
hydrolysis step using HC1 gave as much as a 17-fold higher PCP 
l e v e l than did other methods, indicating PCP forms conjugates 
i n urine. The hydrolysis, methylation, column clean-up pro­
cedure allowed leve l s of 1 ppb PCP to be detected i n urine. Also 
a lower l e v e l of 0.01 pp
obtained after ethylatio
clean-up (45) . When the ethylation procedure was used on sea
water extracts interferences were observed at concentrations lower 
than 0.01 ppb using ECD-GLC. Formation of the amyl derivative 
using diazopentane, increased the GC retention time s u f f i c i e n t l y 
to separate PCP from early eluting peaks. Concentrations of PCP 
as low as 2 ppt could be detected on sea water. Interestingly, 
the same workers also u t i l i z e d HPLC with UV detection of the free 
phenol with clean-up to obtain detection l i m i t s of 5 ppm i n tissues 
and 2 ppb i n sea water. The l i m i t of PCP acetate i s about 1-2.5 
pg with a Ni-ECD (46, 47) which gave a 5 ppb l i m i t of detect-
a b i l i t y for PCP i n adipose tissue (47). 

In the l a s t few years a number of reports have appeared on 
an extractive pentafluorobenzylation procedure for phenols and 
carboxylic acids to enhance the i r electron-capturing properties. 
Here the extraction and derivatization of the phenol or acid i s 
accomplished i n one step by the p a r t i t i o n of the phenol (or acid) 
anion from the aqueous phase as an ion-pair with a quaternary 
ammonium ion into an organic phase which contains the d e r i v a t i ­
zation reagent (48-51). This technique has been applied to the 
extractive pentafluobenzylation of 2,4-D, and MCPA i n water with 
a detection l i m i t of 1-3 ug/L (52). Also, the p r i n c i p l e has 
been applied to the extractive derivatization of ethylene thiourea 
(ETU) i n water. Even though ETU can be GC chromâtοgraphed intact 
on Versamid 900 and Carbowax 20 M packed columns (52, 53) or various 
c a p i l l a r y columns (54), by far the most popular approach has been 
the alkylation of the thiocarboxyl group and i n some instances, 
double derivatization involving the NH-group (7). Derivatization 
has resulted i n improved GC characteristics and increased sensi­
t i v i t y using EC detection. However, these procedures invariably 
require lengthy reaction times at reflux temperatures to achieve 
acceptable y i e l d s . Also, under these conditions any parent e t h y l -
enebisdithiocarbamate fungicide residue that i s present i s con­
verted to ETU to a certain extent. Figure 11 shows the reaction 
sequence for the room temperature extractive N-acylation of ETU 
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Figure 12. (A) Standard of dichloroacetyl-ETU (4.0 ng); (B) blank apple juice 
extract; (C) apple juice extract spiked with 1 ppm ETU after extractive derivatiza­
tion with DCA A. Conditions: 6' X 2 mm i.d. glass column with 3% OV-330 on 
80-100 mesh Chromosorb 750; flow rate, 30 mL/min helium; oven, 200°C; NP 

alkali flame ionization detector. 
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from water using dichloroacetic anhydride i n C ^ C l ^ . To ef f e c t 
e f f i c i e n t extraction, a c e t o n i t r i l e was used (as phase transfer 
agent) i n a 1:10 ra t i o with the water. Reaction i s complete i n 
3 min. Although S-alkylation could be postulated as a possible 
reaction pathway, this was discounted a f t e r the di-acylated 
derivative was prepared from the mono-product using dichloro-
acetyl chloride. NMR and GC/MS analysis showed that elimination 
of HC1 together with ring-closure occurs on GC in j e c t i o n to give 
a sharp, single peak on 0V-17 or 0V-330 columns. O r i g i n a l l y , 
this extractive acylation procedure was used as a rapid screening 
procedure for the presence of ETU i n water samples at the 0.ΟΙ­
Ο.05 ppm l e v e l (56) and has now been extended to f r u i t and 
vegetable j u i c e s . Figure 12 shows the chromatographic character­
i s t i c s of the ETU derivative on an 0V-330 column and detection 
using NP heated-bead detector. Also i l l u s t r a t e d i s the before 
and a f t e r chromatogram
ppm l e v e l . 

In conclusion, i t i s obvious that chemical derivatization 
continues and w i l l continue to play an important role i n both 
qualitative and quantitative analysis of pesticides, their r e s i ­
dues and metabolites. One of the major advantages being that 
derivatization gives an improvement i n s e l e c t i v i t y as a resu l t 
of the formation of a cha r a c t e r i s t i c derivative which responds 
se l e c t i v e l y to certain GC and HPLC detectors. 
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Assessment of huma  t  pesticide  i  important fo
a variety of reasons. I
necessary to know the amount of pesticide that an individual is 
exposed to in order to protect worker health. Formulators, 
loaders, pickers and pilots can experience high exposures to 
pesticides. Humans can be exposed to pesticides through environ­
mental routes. The air we breath and the water we drink are but 
two sources of environmental exposure. 

Measurement of human exposure can be done either directly or 
indirectly. Direct measurement involves determination of the 
pesticide level in the media through which the exposure occurs. 
Examples of this are measurement of pesticides in breathing zone 
air or pesticides adsorbed onto pads or clothing worn by workers 
(1,2). These techniques provide a direct and calculable measure 
of human exposure under actual conditions. Most often, however, 
direct measurement is not possible. In these situations indirect 
methods of exposure assessment must be used. 

In the complex process of development of an a l y t i c a l method­
ology for the indirect assessment of exposure to pesticides, one 
of the f i r s t questions to be addressed, concerns what compound(s) 
to look for and in what sample type. In most cases the parent 
pesticide w i l l be transformed to a more polar metabolite. 

Exposure to organophosphate pesticides i s often measured by 
determination of a l k y l phosphate or phenol metabolites i n the 
urine. Determination of blood cholinesterase a c t i v i t y can be a 
valuable indicator of exposure i f pre-exposure cholinesterase 
a c t i v i t y i s known (_3, 4·, 5). Since normal cholinesterase levels 
vary over a f a i r l y wide range, post-exposure measurements alone 
do not always provide useful information. For the most part, 
measurement of urinary metabolites can provide positive informa­
tion without pre-exposure levels. In addition, a l k y l phosphate 
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levels i n the urine may indicate that exposure has occured even 
though no depression of cholinesterase can be detected. As a 
group, a l k y l phosphate metabolites serve as an indicator of ex­
posure to one or several organophosphate pesticides. Since several 
different pesticides can give r i s e to the same urinary a l k y l phos­
phate, some s p e c i f i c i t y may be l o s t . Measurement of urinary 
phenols can provide a more positive indication of which pesticide 
an individual was exposed to. Certain halogenated organophos­
phates such as chlorpyrifos and ronnel may possibly be found i n 
adipose tissue of heavily exposed individuals. In general, 
measurement of a l k y l phosphates can serve as a better screening 
technique than measurement of phenolic metabolites simply because 
the great majority of organophosphates give r i s e to only about 
six a l k y l phosphate compounds. On the other hand, almost a l l of 
the organophosphates y i e l d  different phenol  makin  tru l
comprehensive multi-pheno
s i b l e undertaking. 

Assessment of exposure to carbamate pesticides can be a 
complex matter for a variety of reasons. Measurement of cholin­
esterase depression can be d i f f i c u l t i n the case of carbamates. 
Not only i s the methodology non-specific, but the determination 
i t s e l f can be questionable because of the i n s t a b i l i t y of the 
enzyme-carbamate complex. As with cholinesterase determinations 
for organophosphates, the method can be highly variable even 
within the same laboratory. 

Direct determination of intact carbamate pesticides by 
sensitive and s p e c i f i c gas chromatographic procedures can be 
done. H i s t o r i c a l l y , these procedures employed a derivatization 
step to render the carbamates amenable to gas chromatography. 
Recent developments i n column technology have allowed for the gas 
chromatography of some intact carbamates at nanogram and subnano-
gram s e n s i t i v i t y (6, _7, 8). 

Examination of tissues and excreta from humans or animals 
for exposure to carbamate pesticides, w i l l almost never result in 
detection of the parent compound. Exposure assessment of this 
nature requires determination of metabolitic products, except 
in extreme situations such as acute poisoning. The most widely 
used indicator of exposure i s probably the determination of 
urinary phenols (9). 

Tissues such as f a t , blood or l i v e r can be examined for r e s i ­
dues of the more stable chlorinated hydrocarbon pesticides. In 
most cases these tissues are available as a result of elective 
survery, autopsy or biopsy. Exposure to DDT results i n some 
storage of the parent compound i n body f a t . A large portion, 
however, i s metabolized and stored as DDE (9), A l d r i n and hepta­
chlor are s i m i l a r l y transformed and stored as d i e l d r i n and hepta­
chlor epoxide. Levels of the urinary metabolite DDA have been 
used to assess exposure or body burden of DDT (10, 11, 12). 
Hexachlorobenzene and the various isomers of hexachlorocyclo-
hexane are stored i n fat as the parent compound but a small 
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percentage i s excreted in the urine as chlorinated phenols (13,14). 
Recent work i n our laboratory has indicated that a s i g n i f i c a n t l y 
greater amount of urinary phenols and anilines can be recovered 
i f the sample i s hydrolyzed with acid p r i o r to extraction. Appar­
ently many phenols and other polar compounds are found as conju­
gates i n l i v e r and urine. Failure to free these compounds before 
extraction can lead to erroneously low results. 

In the urine of experimental animals, N-dealkyl metabolites 
of t r i a z i n e herbicides have been i d e n t i f i e d (15,16). Methodology 
for the determination of these kinds of compounds i s currently 
available (15) and should be applicable for monitoring human popu­
la t i o n . 

Substituted urea herbicides are a widely used group of com­
pounds. Urinary metabolites of these compounds are halogenated 
anilines. Recent researc
t i c a l methodology for trac
of experimental animals (17). The next l o g i c a l step i n this 
sequence i s application to human exposure assessment. 

After i s has been determined which compounds are of impor­
tance, they must be available for use as an a l y t i c a l standards. In 
the absence of a r e l i a b l e standard, qualitative and quantitative 
data cannot be obtained. In cases where standards are not a v a i l ­
able commercially, we have synthesized our own. If only the 
technical material i s available, i t may be p u r i f i e d to a n a l y t i c a l 
quality. A very important part of the entire quality assurance 
portion of methods development i s accurate and r e l i a b l e standards. 

The eff i c i e n c y of an extraction procedure must be determined 
i n i t i a l l y by f o r t i f y i n g blank (control) samples. The f o r t i f i c a ­
tion should be done over a range to include the levels expected 
in r e a l samples. If the ultimate s e n s i t i v i t y desired i s 0.005 ppm, 
i t does l i t t l e good to establish recovery data at 0.5 ppm. Plotting 
recovery data versus f o r t i f i c a t i o n l e v e l on a log-log scale pro­
vides a good picture of the extraction e f f i c i e n c y . Selecting 
f o r t i f i c a t i o n levels of 0.01, 0.03, 0.10 etc. provides even spac­
ing for data points and allows coverage of a wide range with a 
minimum of samples. Quadruplicate runs at each l e v e l provides 
s u f f i c i e n t data for calculating the mean and standard deviation. 

A very important consideration i n methods development research 
concerns the vast difference between recovery of compounds added 
to a sample i n the laboratory and recovery of b i o l o g i c a l l y incor­
porated compounds. For the most part "grown i n " residues can be 
much more d i f f i c u l t to extract from sample matrices. Chemical 
or enzymatic hydrolysis i s often required to free bound or conju­
gated residues. Information on recovery of b i o l o g i c a l l y incorpo­
rated residues i s best obtained with the use of radiolabelled 
compounds. In the absence of tagged compounds, quantitation of 
extracted residues both before and after hydrolysis can y i e l d 
valuable information. Exhaustive extraction of a sample matrix 
using different solvents can give an indication of how vigorous 
the extraction must be to remove a l l the residue present. One 
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must keep i n mind, however, that the more polar extraction s o l ­
vents can lead to more d i f f i c u l t cleanup and separation problems. 
Ideally, the solvent chosen w i l l e f f i c i e n t l y extract the compounds 
of interest with a minimum of interferences. 

When dealing with human tissues, experimental dosing or 
feeding i s not possible. Determination of pesticides i n human 
samples taken from individuals poisoned or occupâtionally 
exposed can provide information useful i n development of a n a l y t i c a l 
methodology. These types of samples may contain b i o l o g i c a l l y 
incorporated pesticides and metabolites. If human tissue samples 
containing the pesticides of interest are not available, the 
researcher must rel y on animal models for establishing recovery 
data for pesticides and metabolites. 

The choice of the determinative step to be used i n an 
a n a l y t i c a l procedure i
The non-polar chlorinate
quantified using gas chromatography (GC) and electron capture(EC) 
detection. Alternate detectors include e l e c t r o l y t i c conductivity 
and microcoulometric systems. Organophosphate pesticides which 
are amenable to GC are responsive to either the flame photometric 
detector (FPD) or the a l k a l i flame detector (AFD). Sulfur con­
taining compounds respond i n the e l e c t r o l y t i c conductivity or 
flame photometric detectors. Nitrogen containing pesticides or 
metabolites are generally detected with a l k a l i flame or electro­
l y t i c conductivity detectors. 

Polar compounds or compounds which decompose at elevated 
temperatures i n gas chromatography, can often be converted to 
more stable derivatives pri o r to gas chromatography. Preparation 
of derivatives may also add heteroelements and render certain com­
pounds more responsive to element selective detectors. This l a t t e r 
technique can sometimes ease cleanup problems by e f f e c t i v e l y 
reducing the background against which one must quantify. Similar 
techniques are useful for confirmation of results obtained by 
other methods. 

The fastest growing instrumental technique for the deter­
mination of trace organics and pesticides i s high performance 
l i q u i d chromatography (HPLC). Many compounds which cannot be 
handled by gas chromatography are easily chromatographed and 
separated by HPLC (18, _19, _20, 21). Since ambient temperatures 
are the rule, heat-labile compounds present no particular prob­
lems. Very polar compounds are subject to chromatography without 
derivatization. A wide variety of column materials are available 
as well as reagents for paired ion chromatography. Isocratic or 
solvent programming may be e f f e c t i v e l y used for the desired 
separation. 

For several years LC detectors were limited to r e f r a c t i v e 
index and u l t r a v i o l e t absorption systems. Recently introduced 
systems include the electrochemical detector and a moving belt 
interface allowing for chemical ionization-mass spectrometric 
detection. Both of these techniques provide a degree of s e l e c t i v ­
i t y not previously available. 
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Liquid chromatography has been e f f e c t i v e l y used i n the 
residue laboratory for cleanup of sample extracts p r i o r to the 
determinative step. This added dimension has allowed for detec­
tion and confirmation of trace substances at much lower levels 
than was possible a few years ago. 

Analytical methodology used for the assessment of human 
exposure to pesticides should always include some form of con­
firmation analyses. Reliance on chromatographic peaks generated 
by a single detector i s an open i n v i t a t i o n to c r i t i c i s m . Results 
of analyses i n a monitoring program should be confirmed at a 
rate of 10 to 20 percent. The confirmâtional procedure should 
provide for measurement of the residue by some independent 
physiochemical means. If the primary a n a l y t i c a l technique i s 
electron capture gas chromatography, the confirmation should be 
done, at the bare minimum
detector such as e l e c t r o l y t i
the residue i n a sample extract and subsequent chromatographic 
analysis provides a f a i r l y r e l i a b l e confirmâtional technique. 
Thin-layer and high performance l i q u i d chromatography are good 
techniques to use i n conjunction with gas chromatography. Infra­
red or mass spectrometric data can provide s o l i d evidence for 
confirmation of results. 

Some p r a c t i c a l applications of the concepts discussed e a r l i e r 
have recently been encountered i n our laboratory. During the 
i n i t i a l stages of the development of a multi-residue procedure 
for chlorinated phenols (14), several problems were encountered. 
At the outset, we found that highly p u r i f i e d a n a l y t i c a l stan­
dards were not easily available from commercial sources. Some of 
the compounds were obtained as technical grade. These were p u r i ­
f i e d by r e c r y s t a l l i z a t i o n . Others did not y i e l d good recovery even 
when carried through the a n a l y t i c a l procedure without the involve­
ment of a sample matrix. This l a t t e r problem was traced to l i g h t 
and oxygen s e n s i t i v i t y of pentachlorothiophenol, tetrachlorohydro­
quinone and tetrachloropyrocatechol. Decomposition of these 
compounds was noted during the extraction and cleanup steps and 
was circumvented by the addition of sodium b i s u l f i t e and wrapping 
the glassware i n aluminum f o i l . Once the phenols were methylated, 
l i g h t s e n s i t i v i t y was no longer a problem and the samples could be 
handled i n a normal manner. 

Another major problem i n this work concerned the gas chromato­
graphic overlap of several compounds. The use of alternate columns 
was i n s u f f i c i e n t for complete resolution of a l l the phenols. An 
alumina column cleanup and separation technique was devised which 
overcame most of the problem. 

At the present i t i s known that repetitive thawing and 
refreezing of urine samples results i n disappearance of phenols 
C?±). I n o r Q l e r to establish the true l e v e l of urinary phenols, 
i t i s important to perform the analysis as soon as possible after 
the sample i s collected or to freeze the sample immediately and 
keep i t frozen u n t i l analysis. 
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Many of the a n a l y t i c a l procedures for pentachlorophenol i n 
the recent l i t e r a t u r e do not c a l l for a hydrolysis step p r i o r to 
extraction of a urine sample. During the course of our research 
in the development of a r e l i a b l e multi-residue procedure for 
chlorinated phenols, we found that much more pentachlorophenol 
could be extracted from the urine i f the sample was hydrolyzed 
with hydrochloric acid (23). 

A similar finding was noted during the development of ana­
l y t i c a l methodology for the determination of urinary chlorinated 
anilines. It was found that much more 3,4-dichloroaniline could 
be extracted from the urine of rats fed diuron and linuron i f an 
acid hydrolysis step was used prior to extraction (24). When 
using hydrolysis i n an an a l y t i c a l procedure, the chemist must 
determine i f the compound of interest i s stable to the conditions 
used. 

During the developmen
of N-dealkylated t r i a z i n
of urine samples was unnecessary for maximum recovery of these 
compounds (15). 

In summary, and at the r i s k of repetition, i t must be stressed 
that the development of a n a l y t i c a l methodology for the assessment 
of human exposure to pesticides i s a complex process. Careful 
attention to planning of the research i s of utmost importance. As 
much information as possible about transformation, storage and 
excretion of the pesticides of interest should be gathered. 
Preliminary work should focus on the an a l y t i c a l behavior of 
parent compounds and metabolites. The combination of these aspects 
with r e l i a b l e a n a l y t i c a l standards and a sound quality assurance 
program should y i e l d v a l i d a n a l y t i c a l methodology. 
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Distribution of Pesticides in Human Organs as 
Determined by Quantitative Thin-Layer 
Chromatography 
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To c o n t r o l the heav
p e s t s , the use o f d i f f e r e n t p e s t i c i d e s has become e x t e n s i v e , and 
w i t h the p a s s i n g o f t i m e , more o f these compounds a r e be ing 
deve loped and produced on a commerc ia l s c a l e . A t p r e s e n t , a p a r t 
from the i n o r g a n i c compounds such as z i n c phosph ide and a r s e n i o u s 
o x i d e , s e v e r a l hundred o r g a n i c compounds, hav ing w i d e l y d i f f e r e n t 
chemica l c o n s t i t u e n t s and p r o p e r t i e s , a r e be ing used th roughou t 
the w o r l d . 

The f r e q u e n t use o f these o r g a n i c p e s t i c i d e s has r e s u l t e d i n 
t h e i r w idesp r ead d i s t r i b u t i o n i n the e n v i r o n m e n t . O f ten th ey a r e 
found i n unwanted p l a c e s , t h e r eby c a u s i n g p o l l u t i o n p r ob l ems . 
Because the s e p e s t i c i d e s a r e t o x i c no t o n l y to i n s e c t s and pes t s 
but a l s o , i n v a r y i n g d e g r e e s , to h i g h e r a n i m a l s and man, th e s e 
c h e m i c a l s have c r e a t e d a p u b l i c h e a l t h menace. 

Today many commerc ia l p roduc t s a r e a v a i l a b l e as home remed­
i e s a g a i n s t f l i e s , t i c k s , bugs , r a t s and o t h e r i n s e c t s and pes t s 
under the t r a d e names o f ' F l i t ' , T ick-20, Bugmar, D a l f , Bugton 
and many more. These p e s t i c i d e s a r e a l s o a v a i l a b l e i n c o n c e n t r a ­
t ed s o l u t i o n s , powders , a e r o s o l s , e m u l s i o n s , e t c . f o r a g r i c u l ­
t u r a l p u r p o s e s . Due to t h e i r easy a v a i l a b i l i t y and r a p i d t o x i c 
a c t i o n , these p e s t i c i d e s have been misused as h o m i c i d a l agents 
and a c t e d as a c c i d e n t a l p o i s o n s . The m i suse has become a prob lem 
f o r the t o x i c o l o g i s t , e s p e c i a l l y i n I n d i a , where p o i s o n i n g s by 
the use o f p e s t i c i d e s a r e i n c r e a s i n g a n n u a l l y . The i n v e s t i g a t i o n 
o f these a c c i d e n t a l deaths has become a g r e a t c h a l l e n g e to the 
f o r e n s i c t o x i c o l o g i s t . 

In o r d e r to e s t a b l i s h t h a t the dea th o f a v i c t i m i s due to 
the i n g e s t i o n o f a s p e c i f i c p o i s o n , the a b s o l u t e p r o o f needed i s 
the d e t e c t i o n and i d e n t i f i c a t i o n o f the po i son i n v a r i o u s organs 
o f the body . Po i sonous subs tances a r e r a r e l y d i s t r i b u t e d e v e n l y 
i n body t i s s u e s but tend to accumula t e i n some p a r t i c u l a r organ 
due to t h e i r chemica l n a t u r e and m e t a b o l i c c o n v e r s i o n s . There -

' ' D i r e c t o r , S t a t e F o r e n s i c S c i e n c e L a b o r a t o r y , Gov t , o f U t t a r 
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f o r e t o s e a r c h f o r a p o i s o n about wh i ch no d e t a i l e d i n f o r m a t i o n 
i s a v a i l a b l e , i n c l u d i n g as t o how and when i t was a d m i n i s t e r e d , a 
f u l l a n a l y s i s o f a v a r i e t y o f au topsy m a t e r i a l i s r e q u i r e d . T h i s 
a n a l y s i s p r o v i d e s the da ta on the d i s t r i b u t i o n o f the p o i s o n i n 
d i f f e r e n t organs and may be o f g r e a t v a l u e i n deduc ing the p r o b ­
a b l e o r i g i n a l dose i n g e s t e d and a l s o the t i m e , and to some ex ­
t e n t , the n a t u r e o f a d m i n i s t r a t i o n o f the p o i s o n . These d a t a may 
a l s o h e l p to g i v e a c l u e r e g a r d i n g the cause o f d e a t h . However, 
f rom e x p e r i e n c e i t has been found t h a t the knowledge o f (1) the 
a c t i o n o f the p e s t i c i d a l p o i s o n under c o n s i d e r a t i o n , (2) c l i n i c a l 
c o u r s e o f the p o i s o n i n g and (3) the postmortem f i n d i n g s i s o f 
g r e a t impor tance i n the i n t e r p r e t a t i o n o f the r e s u l t s o b t a i n e d 
f rom chem i ca l a n a l y s i s o f the m a t e r i a l r e c e i v e d . 

There a r e o c c a s i o n s i n wh ich dea th i s undoub t ed l y due t o a 
p e s t i c i d e , and y e t the chem i ca l a n a l y s i s f a i l s t o r e v e a l i t s 
presence o r shows o n l y i n s i g n i f i c a n
the r a p i d m e t a b o l i c c o n v e r s i o n o f the p a r t i c u l a r p e s t i c i d e . T h i s 
i s the case w i t h p a r a t h i o n wh i ch i s r a p i d l y c o n v e r t e d t o p a r a -
n i t r o p h e n o l due t o i n v i v o h y d r o l y s i s . P e s t i c i d e s , e s p e c i a l l y 
those t h a t a r e c o m p a r a t i v e l y l e s s t o x i c t o mammals, such as 
d i c h l o r o v o s , e t c , may be e x c r e t e d r a p i d l y a n d , t h e r e f o r e , may 
perhaps be found i n the u r i n e , though no t i n the t i s s u e s . 

The s t u d y o f the d i s t r i b u t i o n o f a p o i s o n , p o s t mortem, 
p r e s e n t s a complex p rob l em. The e s t i m a t i o n o f the p o i s o n i n the 
b l o o d p r e s e n t s a complex prob lem due t o the p u t r e f a c t i v e changes 
i n b l o o d and the minute q u a n t i t y a v a i l a b l e f o r a n a l y s i s . D i s t r i ­
b u t i o n o f i n s e c t i c i d a l p o i s o n s from the b l o o d to the t i s s u e s and 
body f l u i d s t a k e s p l a c e w i t h some r e c i r c u l a t i o n t o the b l ood ( l _ ) . 

The body t i s s u e s a r e g e n e r a l l y s u b m i t t e d t o a t o x i c o l o g i c a l 
l a b o r a t o r y i n s u f f i c i e n t q u a n t i t i e s ; hence these specimens a r e 
b e t t e r s u i t e d f o r q u a n t i t a t i v e a n a l y s i s . The d e t e c t i o n and 
d e t e r m i n a t i o n o f the unchanged i n s e c t i c i d e i n the s tomach, i n t e s ­
t i n e , l i v e r , k i d n e y , s p l e e n , l u n g s , b r a i n , and i n o t h e r t i s s u e s 
and body f l u i d s a r e u s e f u l i n d i c a t o r s o f d i r e c t i n s e c t i c i d e 
a c t i o n . 

In o r d e r t o r each a c o n c l u s i o n when and how a n d , and to some 
e x t e n t , how much o f a p a r t i c u l a r i n s e c t i c i d e was a d m i n i s t e r e d , 
the form and q u a n t i t y i n wh i ch the i n s e c t i c i d e e x i s t s i n d i f f e r ­
en t t i s s u e s and i n b l o o d and u r i n e may g i v e v a l u a b l e c l u e s . 
I ndeed , an i n t e l l i g e n t d e d u c t i o n i s a l s o based on the knowledge 
o f m e t a b o l i c pathways and f o r m a t i o n o f o t h e r d e r i v a t i v e s . Thus , 
as p a r a t h i o n i s e x c r e t e d i n the u r i n e u l t i m a t e l y as p - n i t r o ­
p h e n o l , u r i n a r y p - n i t r o p h e n o l l e v e l s may i n d i c a t e the e x t e n t o f 
exposure t o p a r a t h i o n ( 2 j . In cases o f m i l d and moderate expo­
s u r e , the e x c r e t e d p - n i t r o p h e n o l i n u r i n e was found t o be o f the 
o r d e r o f 0 .057 t o 0 .322 mg. p e r c e n t . In seve re and f a t a l cases 
o f p o i s o n i n g by p a r a t h i o n , the l e v e l o f p - n i t r o p h e n o l i n u r i n e 
was f rom 0 .16 t o 1.16 mg. p e r c e n t . p a r a - N i t r o p h e n o l thus i s 
r a p i d l y e x c r e t e d i n u r i n e and no l o n g e r d e t e c t e d 48 hours a f t e r 
the exposure t o the p e s t i c i d e . 
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H e y n d r i c k x e t . aj_. (_3) have p o i n t e d out t h a t the p e s t i c i d e 
absorbed by mammals i s t r a n s p o r t e d i n t o m i l k . A case i n p o i n t i s 
a one y e a r o l d c h i l d who s u f f e r e d from c h r o n i c p a r a t h i o n p o i s o n ­
i n g a f t e r d r i n k i n g the m i l k o f a cow f ed on p a r a t h i o n - c o n t a m ­
i n a t e d w a t e r . A r e v i e w o f 41 cases o f organophosphorus p e s t i c i d e 
p o i s o n i n g and the q u a n t i t a t i v e da ta have been r e p o r t e d by 
H e y n d r i c k x ( 4 , j ) ) . Lewi η e t . a h ( 6 ) have r e p o r t e d the d i s t r i b u t i o n 
da ta f rom some cases o f m a l a t h i o n p o i s o n i n g u s i n g GLC f o r the 
d e t e r m i n a t i o n o f i n s e c t i c i d e s e x t r a c t e d from d i f f e r e n t au topsy 
t i s s u e s . The d a t a o b t a i n e d by these workers a r e g i v en i n Tab l e 
I. The d i s t r i b u t i o n o f s u m i t h i o n , d i m e t h o a t e , e n d r i n and o t h e r 
o r g a n o c h l o r o - and organophosphorus p e s t i c i d e s have a l s o been 
r e p o r t e d by the a u t h o r and co -wo rke r s (7-12^). 

Once the p e s t i c i d e i s d e t e c t e d i n the t i s s u e s and body 
f l u i d s , c a r e f u l c o n s i d e r a t i o n i s g i v e n t o the f o l l o w i n g d a t a : 
(1) t h e amounts o f the p e s t i c i d
t i s s u e s examined ; (2) how r a p i d l y the p o i s o n i s a b s o r b e d ; (3) how 
r a p i d l y and a t what c o n c e n t r a t i o n i t e x e r t s i t s e f f e c t s ; a n d , (4) 
how the d i s t r i b u t i o n th rough the t i s s u e s and body f l u i d s v a r i e s 
w i t h t ime and r o u t e o f a c c e s s . T h i s i n f o r m a t i o n i s e s s e n t i a l , 
and a d e t a i l e d d e s c r i p t i o n o f s t u d i e s on the d i s t r i b u t i o n o f 
p e s t i c i d e s i n human t i s s u e s p e r t a i n i n g t o h o m i c i d e , s u i c i d e and 
a c c i d e n t a l p o i s o n i n g cases i s d e s c r i b e d be low: 

Tab l e I : 
Amount o f m a l a t h i o n e s t i m a t e d i n d i f f e r e n t b i o l o g i c a l 

m a t e r i a l s from p o i s o n c a s e s , ( f rom L e w i n , e t . a l . ( 6 ) ) . 

M a l a t h i o n (mg./lOOg.) p r e s e n t i n t h e : 
Case No. Stomach L i v e r B l o o d 

1. 992 166 188 
2. 172 130 29 
3. 1296 170 99 
4. 31 26 10 
5. 357 - -6. 600 - 0.50 
7. 5400 0.24 0.067 

To s t u d y the d i s t r i b u t i o n o f p e s t i c i d e s , the amount o f the 
p e s t i c i d e s p r e s e n t i n d i f f e r e n t au topsy t i s s u e s and o t h e r b i o ­
l o g i c a l m a t e r i a l s have been e s t i m a t e d q u a n t i t a t i v e l y i n f a t a l 
cases o f p o i s o n i n g o f bo th male and female s u b j e c t s . The cases 
were o f (1) s u i c i d e s i n wh i ch l a r g e excess o f the p o i s o n i s 
g e n e r a l l y t a k e n t o ensure q u i c k a c t i o n ; (2) hom i c i d e s i n wh i ch 
the p o i s o n i s a d m i n i s t e r e d by m i x i n g i t i n food o r d r i n k , and (3) 
a c c i d e n t a l p o i s o n i n g s where l a r g e doses o f p e s t i c i d e s a r e t aken 
up w h i l e s p r a y i n g . 
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The methods o f e x t r a c t i o n o f the p e s t i c i d e s f rom t i s s u e s as 
r e p o r t e d by the a u t h o r and coworkers (13-15) a r e d e s c r i b e d be l ow : 

I s o l a t i o n o f Organophosphorus I n s e c t i c i d e s From Body T i s s u e s . 
Twenty grams o f the t i s s u e i s macera ted i n t o a f i n e s l u r r y by 
m i x i n g i t w i t h equa l amounts o f anhydrous sodium s u l f a t e and 
p l a c i n g i t i n t o a c o n i c a l f l a s k f i t t e d w i t h an a i r c ondense r . 
F i f t y m i l l i l i t e r s o f n-hexane i s added , and the f l a s k i s hea ted 
on a b o i l i n g wa t e r b a t h f o r one h o u r . A f t e r c o o l i n g , the n -
hexane l a y e r i s f i l t e r e d . The e x t r a c t i o n o f the r e s i d u a l s l u r r y 
i s r e p e a t e d t w i c e w i t h t w e n t y - f i v e m i l l i l i t e r p o r t i o n s o f n -
hexane . The f i l t e r e d n-hexane f r a c t i o n s a r e combined and t r a n s -
f e r e d t o a s e p a r a t o r y f u n n e l . The hexane l a y e r i s v i g o r o u s l y 
shaken f o r f i v e minutes s u c c e s s i v e l y w i t h 15 m l - , 10 m l - , and 10 
m l - p o r t i o n s o f a c e t o n i t r i l e p r e v i o u s l y s a t u r a t e d w i t h n-hexane . 
The a c e t o n i t r i l e l a y e r s a r
t o r y f u n n e l . In cases o f d i m e t h o a t e , D a s a n i t , phosphamidon and 
DDVP p o i s o n i n g s , the t h r e e a c e t o n i t r i l e f r a c t i o n s a r e combined 
and e vapo ra t ed t o d r y n e s s , and the r e s i d u e i s t aken up i n one 
m i l l i l i t e r o f a c e t one . F u r t h e r e x t r a c t i o n o f a c e t o n i t r i l e i s 
a v o i d e d as t h i s r e s u l t s i n a p p r e c i a b l e l o s s o f p e s t i c i d e s . The 
a c e t o n i t r i l e l a y e r i s d i l u t e d w i t h w a t e r t o t en t imes o f i t s 
o r i g i n a l vo lume. T w e n t y - f i v e m l . o f s a t u r a t e d sodium s u l f a t e 
s o l u t i o n i s added to t h i s s o l u t i o n and e x t r a c t e d t h r e e t imes w i t h 
t w e n t y - f i v e m i l l i l i t e r - p o r t i o n s o f n-hexane p r e v i o u s l y s a t u r a t e d 
w i t h d i s t i l l e d w a t e r . The s e p a r a t e d n-hexane l a y e r s a r e combined 
and then c o n c e n t r a t e d t o two m i l l i l i t e r s on a warm water b a t h . 
The r e m a i n i n g s o l v e n t i s removed by p a s s i n g a c u r r e n t o f d r y a i r 
over i t . The r e s i d u e i s then d i s s o l v e d i n one m i l l i l i t e r o f 
a c e t o n e . 

The e x t r a c t i o n from n o n - f a t t y t i s s u e s i s per formed as f o l ­
l o w s : The t i s s u e sample (20 g. ) i s f i n e l y mixed and a c i d i f i e d 
w i t h one m i l l i l i t e r o f 5N s u l f u r i c a c i d , then t r a n s f e r r e d t o a 
c o n i c a l f l a s k . To t h i s , t en grams o f anhydrous sodium s u l f a t e 
and f i f t y m i l l i l i t e r s o f ace tone a r e added , and the m i x t u r e i s 
r e f l u x e d on a warm wate r b a t h f o r t h i r t y minutes and then f i l t e r ­
e d . The r e s i d u a l m a t e r i a l i s f u r t h e r e x t r a c t e d t w i c e w i t h f i f t y 
m i l l i l i t e r - p o r t i o n s o f a c e t one . The ace tone l a y e r s a r e combined , 
c o n c e n t r a t e d by e v a p o r a t i o n on a warm wate r ba th t o about twen t y -
f i v e m i l l i l i t e r s and then t r a n s f e r r e d t o a s e p a r a t o r y f u n n e l . 
The ace tone s o l u t i o n i s d i l u t e d w i t h f o u r t imes the volume o f 
w a t e r . Twenty m i l l i l i t e r s o f s a t u r a t e d aqueous sodium s u l f a t e i s 
added and then e x t r a c t e d t h r e e t imes by s h a k i n g f o r 5 minutes 
w i t h t w e n t y - f i v e m i l l i l i t e r - p o r t i o n s o f c h l o r o f o r m . 

The c h l o r o f o r m e x t r a c t s a r e combined and shaken w i t h a s m a l l 
amount o f a c t i v a t e d c h a r c o a l f o r d e c o l o r i z a t i o n and then f i l t e r e d 
t h r o u g h Whatman f i l t e r pape r . The c h a r c o a l on the f i l t e r paper 
i s washed w i t h twenty m i l l i l i t e r s o f c h l o r o f o r m , and the wash ings 
a r e c o l l e c t e d t o g e t h e r w i t h the c h l o r o f o r m e x t r a c t . The combined 
c h l o r o f o r m e x t r a c t i s d r i e d by p a s s i n g i t th rough a column o f 
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anhydrous sodium s u l f a t e and then e vapo ra t ed j u s t to d ryness on a 
warm wa te r b a t h . The r e m a i n i n g s o l v e n t i s removed by p a s s i n g a 
c u r r e n t o f d r y a i r o v e r i t . T h i s r e s i d u e i s d i s s o l v e d i n one 
mi 11 i l i t e r o f a c e t one . Carbamate p e s t i c i d e s a r e a l s o e x t r a c t e d 
by t h i s method. 

I s o l a t i o n o f O rganoch l o r o I n s e c t i c i d e s . Twenty grams o f 
t i s s u e i s macera ted i n t o a f i n e s l u r r y and t r a n s f e r r e d t o a 
c o n i c a l f l a s k f i t t e d w i t h a c ondense r . T h i r t y grams o f anhydrous 
sod ium s u l f a t e and f i f t y m i l l i l i t e r s o f ace tone a r e added . The 
c o n i c a l f l a s k i s p l a c e d on a b o i l i n g wa t e r ba th a t 80° f o r h a l f 
an h o u r . The f l a s k i s removed from the wate r b a t h , c o o l e d t o 
room t e m p e r a t u r e , and the c o n t e n t s a r e f i l t e r e d . The p rocess i s 
r epea t ed t w i c e w i t h t w e n t y - f i v e m i H i l i t e r - p o r t i o n s o f a c e t o n e . 
The f i l t e r e d ace tone l a y e r s a r e combined and t r a n s f e r e d t o a 
séparatory f u n n e l . One
and twenty m i l l i l i t e r s o f a s a t u r a t e d aqueous s o l u t i o n o f sodium 
s u l f a t e i s added t o the ace tone l a y e r . The s o l u t i o n i s then 
e x t r a c t e d w i t h c h l o r o f o r m p r e v i o u s l y s a t u r a t e d w i t h d i s t i l l e d 
w a t e r u s i n g twenty and two t en m i l l i l i t e r - p o r t i o n s . The e x t r a c ­
t i o n i s comple ted by s l o w l y s h a k i n g f o r f i v e minutes (20 t o 25 
s h a k i n g s per m i n u t e ) . 

The s e p a r a t e d c h l o r o f o r m l a y e r s a r e combined and p l a c e d i n 
a n o t h e r 250-ml s e p a r a t o r y f u n n e l . Twenty m i l l i l i t e r s o f 5% 
aqueous p o t a s s i u m h y d r o x i d e s o l u t i o n i s added and shaken f o r one 
m i n u t e . The c h l o r o f o r m l a y e r i s s e p a r a t e d by d i s c a r d i n g the 
aqueous l a y e r and a g a i n shaken f o r one minute w i t h twenty mi H i -
l i t e r s o f 5% KÛH. The s e p a r a t e d c h l o r o f o r m l a y e r i s now washed 
w i t h f i v e 20 m l . p o r t i o n s o f d i s t i l l e d wate r by s l o w l y s h a k i n g i t 
f o r one minute a t each t u r n . The washed c h l o r o f o r m l a y e r i s 
d r i e d by p a s s i n g through a l a y e r o f anhydrous sodium s u l f a t e 
p r e v i o u s l y we t t ed w i t h d r y c h l o r o f o r m . The o r g a n i c s o l v e n t i s 
then c o n c e n t r a t e d up t o two m i l l i l i t e r s on a warm wa te r ba th a t 
60° , and the r ema in ing s o l v e n t i s e vapo ra t ed to d ryness i n a 
c u r r e n t o f d r y a i r . The r e s i d u e wh i ch c o n t a i n s the p e s t i c i d e i s 
then d i s s o l v e d i n one m i l l i l i t e r o f a c e t on e . 

Methods o f A n a l y s i s o f P e s t i c i d e s . The e x t r a c t e d r e s i d u e 
o b t a i n e d a f t e r i s o l a t i o n f rom t i s s u e s and o t h e r b i o l o g i c a l mate­
r i a l s i s s u b j e c t e d t o q u a l i t a t i v e and 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 
o f the p e s t i c i d e s . Somet imes, the amount o f m a t e r i a l a v a i l a b l e 
i s so s m a l l t h a t the c o l o r i m e t r i c and o t h e r a l l i e d methods 
canno t be s u c c e s s f u l l y a p p l i e d as some o f the r e s i d u e i s l i k e l y 
t o be l o s t d u r i n g the p u r i f i c a t i o n t e c h n i q u e . F u r t h e r m o r e , these 
p u r i f i c a t i o n t e c h n i q u e s r e q u i r e d f o r s p e c t r o p h o t o m e t r y , c o l o r i m -
e t r y , and o t h e r s o p h i s t i c a t e d i n s t r u m e n t a l methods a r e a p p r e c i ­
a b l y t ime consuming . T h e r e f o r e , o t h e r t e c h n i q u e s were sought f o r 
the 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 o f p e s t i c i d e s . T h i n l a y e r chroma­
t o g r a p h i c (TLC) t e c h n i q u e s were found t o be most s u i t a b l e f o r 
t o x i c o l o g i c a l a n a l y s i s o f p e s t i c i d e s . Randerath ( lJ5 ) s t a t e d t h a t 
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a c c u r a t e r e s u l t s i n q u a n t i t a t i v e TLC were o b t a i n e d by removal o f 
th e subs t ance t o be a n a l y z e d f rom the adso rben t u s i n g s u i t a b l e 
s o l v e n t s f o r e l u t i o n . C h o u 1 i s ( 1 7 , 1 8 ) has a l s o advoca ted the 
e l u t i o n t e c h n i q u e f o r q u a n t i t a t i v e a n a l y s e s . 

The e l u t i o n t e c h n i q u e i s n o r m a l l y used i n a s s o c i a t i o n w i t h 
g r a v i m e t r i c , s p e c t r o p h o t o m e t r y , c o l o r i m e t r i c , f l u o r o m e t r i c and 
o t h e r e s t i m a t i o n methods (19 ) . The g r a v i m e t r i c method b e i n g 
u n r e l i a b l e and y i e l d i n g g e n e r a l l y h i g h r e s u l t s i s not s u i t a b l e 
f o r t o x i c o l o g i c a l a n a l y s i s . The a c c u r a c y o f the f l u o r o m e t r i c 
method i s g e n e r a l l y c o n s i d e r e d t o be l o w . R e g a r d l e s s , the 
f l u o r o m e t r i c method can o n l y be a p p l i e d t o those subs t ance s wh i ch 
f l u o r e s c e under the assay c o n d i t i o n s o r wh ich f l u o r e s c e a f t e r 
r e a c t i n g w i t h some s u i t a b l e r e a g e n t . C o l o r i m e t r i c methods a re 
a p p l i c a b l e o n l y t o those subs t ance s wh i ch form c o l o r e d s o l u t i o n s 
w i t h a chromogenic r e a g e n t , the absorbance o f wh i ch can be meas­
ured u s i n g a spec t r opho tome t e
methods p r e s e n t s e v e r a l d i s a d v a n t a g e s f o r the f o l l o w i n g r e a s o n s : 

( i ) I n a c c u r a t e mark ing o f the spo t to be e l u t e d from TLC p l a t e , 
( i i ) Incomple te d e s o r p t i o n o f the subs tance i n the s o l v e n t used 

f o r e l u t i o n . 
( i i i ) I n t e r f e r e n c e due t o c e r t a i n subs tances e x t r a c t e d from the 

a d s o r b e n t s . 
For these r e a s o n s , Purdy and Truter (2 fJ ) and s e v e r a l o t h e r 

wo rke r s have s t r e s s e d methods by wh i ch measurement o f the a r ea o f 
the deve loped c o l o r e d spo t on TLC p l a t e s can be used d i r e c t l y f o r 
q u a n t i t a t i v e a n a l y s i s . Methods f o r measur ing the s p o t a r ea may 
be c l a s s i f i e d as f o l l o w s : 

1. V i s u a l compar i son o f s p o t i n t e n s i t y and/or s i z e t o a s t a n d ­
a r d amount o f the same p e s t i c i d e run on the same TLC p l a t e . T h i s 
p r o v i d e s an e s t i m a t i o n o f the subs tance w i t h a p p r o x i m a t e l y 20% 
a c c u r a c y . A d e t a i l e d d e s c r i p t i o n o f t h i s method o f v i s u a l e s t i m a ­
t i o n o f t h i n l a y e r chromatographs has been g i v e n by Johnson(21 ) , 
who has v e r y w i s e l y commented t h a t i t i s b e t t e r t o be " a p p r o x i ­
ma t e l y r i g h t than p r e c i s e l y wrong " . 

2 . The a r e a o f the spo t may be t r a c e d on graph p a p e r , and the 
squares on the paper counted and compared w i t h those o f known 
amounts o f a s t a n d a r d p e s t i c i d e . T h i s method g i v e s s l i g h t l y 
b e t t e r r e s u l t s than 1 . , bu t l a c k s a c c u r a c y . 

3. S cann ing the deve loped c o l o r e d s p o t on the t h i n l a y e r 
ch roma tog raph i c p l a t e w i t h the h e l p o f a p h o t o e l e c t r i c d e n s i ­
t ome te r . 

G a e n s h i r t and Po lderman(22 ) have ment ioned t h a t the e r r o r s 
o f the 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 o f a p e s t i c i d e by p l a n i m e t r i c 
measurements o f the area o f the s p o t s a r e g e n e r a l l y h i g h as a 
r e s u l t o f v a r i a t i o n s i n the shape o f the spo t and d i f f i c u l t i e s i n 
d e f i n i n g the o u t l i n e o f the s p o t . M o r r i s o n and Cha t t en (23 ) and 
Oswald and F l u e c k ( 2 4 ) have p o i n t e d ou t the same d i f f i c u l t i e s i n 
the v i s u a l measurement o f the a r ea o f the s p o t . Q u a n t i t a t i v e 
a n a l y s i s on TLC w i t h a f l y i n g spo t d e n s i t o m e t e r has been s u g g e s t ­
ed by Schute and c o - w o r k e r s ( 2 5 ) . D a l l a s ( 2 6 ) i n 1965 has d e s -
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c r i b e d the use o f a "Chromascan" f o r s c a n n i n g c o l o r e d subs tances 
on a d s o r b e n t s sp r ead on g l a s s p l a t e s . Genes t (27 ) used a Ph o t o -
v o l t d e n s i t o m e t e r f o r d e t e r m i n a t i o n o f drugs on TLC. L a t e r , 
B lunden and c o - w o r k e r s ( 2 8 ) , S h e l l a r d ( 2 9 ) and Thomas e t a h (30) 
a l s o r e p o r t e d on the use o f a d e n s i t o m e t e r f o r q u a n t i t a t i o n . 
S h e l l a r d and A lam(31J i n 1968 have made a d e t a i l e d s t u d y o f the 
d e n s i t o m e t r i c method f o r TLC. 

S e v e r a l workers have d e s c r i b e d the t h i n l a y e r chromato ­
g r a p h i c t e c h n i q u e f o r the d e t e r m i n a t i o n o f organophosphorus 
p e s t i c i d e s ( 3 2 - 4 4 ) as w e l l as c h l o r i n a t e d p e s t i c i d e s ( 4 5 - 5 6 ) . 

V y l e g z h a n i n a and Kalrrrykova(57) have d e s c r i b e d the use o f TLC 
f o r d e t e r m i n a t i o n o f DDVP i n p l a n t s , s o i l and w a t e r . D e t e r m i n ­
a t i o n o f organophosphorus i n s e c t i c i d e s i n r i v e r wa te r and e f f l u ­
en t s have a l s o been used by Askew, e t a h ( 5 8 ) . Z y c i n s k i ( 5 9 j has 
de t e rm ined the c o n c e n t r a t i o n o f m a l a t h i o n , DDVP and o t h e r o r gano ­
phosphorus i n s e c t i c i d e s
p l a t e s . TLC d e t e r m i n a t i o n o f s e v e r a l organophosphorus i n s e c t i ­
c i d e s such as f e n i t r o t h i o n , f e n t h i o n , and m a l a t h i o n i n s o i l has 
been sugges ted by Cywi η s ka-Smo t e r ( 6 0 ) u s i n g Congo r ed sp ray 
r eagen t f o r the deve lopment o f the s p o t s on TLC. S e v e r a l worke rs 
( 6 1 , 6 2 , 6 3 , 6 4 ) have u t i l i z e d the e s t e r a s e i n h i b i t i o n t e c h n i q u e f o r 
the l o c a t i o n o f the organophosphorus i n s e c t i c i d e s on TLC and 
t h e i r d i r e c t measurement on the p l a t e s . R o u t i n e d e t e r m i n a t i o n o f 
organophosphorus i n s e c t i c i d e s by TLC has a l s o been sugges t ed by 
A n t o i n e and Mees (39 ) . They have sugges t ed p a l l a d i u m c h l o r i d e 
s p r a y o r 4 - ( 4 - n i t r o b e n z y l ) p y r i d i n e f o r l o c a t i o n o f the s p o t s on 
the TLC p l a t e and compar i son o f i n t e n s i t y and a r ea o f the d e v e l ­
oped c o l o r e d s p o t s w i t h those o f known amounts o f the i n s e c t i ­
c i d e s on the same TLC p l a t e . He11omann(65) has used b o v i n e l i v e r 
e x t r a c t as sp ray f o l l o w e d by compar i son o f the deve loped y e l l o w 
c o l o r e d s oo t f o r the s e m i - 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 . Kosmatyi 
e t aj_. (66) have used b r o m o p h e n o l - b l u e / s i l v e r n i t r a t e as chromo-
g e n i c r e aaen t f o r the d e t e r m i n a t i o n o f d i a z i n o n . The a u t h o r 
( 6 7 , 6 8 , 6 9 ) has r e p o r t e d the d e n s i t o m e t r i c d e t e r m i n a t i o n o f m i c r o ­
gram amounts o f organophosphorus i n s e c t i c i d e s i n t i s s u e s . 

D e t e r m i n a t i o n o f d ime thoa te and m a l a t h i o n u s i n g p a l l a d i u m 
c h l o r i d e sp ray on TLC p l a t e was d e s c r i b e d by MacNe i l and c o ­
worke rs (70 ) . 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 o f organophosphorus 
p e s t i c i d e s by TLC d e n s i t o m e t r y 71J and TLC f l u o r o m e t r y ( 7 2 ) have 
a l s o been d e s c r i b e d . Ivey and 0 e h l e r ( 7 3 ) have d e s c r i b e d the 
d e t e r m i n a t i o n o f some organophosphorus p e s t i c i d e s i n t i s s u e s and 
u r i n e o f c a t t l e . Ge t z (74 ) has d e s c r i b e d the q u a n t i t a t i v e e s t i m a ­
t i o n o f c h l o r i n a t e d p e s t i c i d e s by d e n s i t o m e t r y . Dobbins(75^) has 
used the d e n s i t o m e t r i c method f o r q u a n t i t a t i o n o f c h l o r i n a t e d 
p e s t i c i d e s u s i n g s i l v e r n i t r a t e sp ray r e a g e n t . Q u a n t i t a t i v e TLC 
t e c h n i q u e f o r o r g a n o c h l o r o p e s t i c i d e s was a l s o sugges t ed by 
MacNe i l e t a h ( 5 1 J and L a k s h i n a r a y a n a and c o - w o r k e r s ( 7 6 ) . Quan­
t i t a t i o n o f carbamate p e s t i c i d e s by f l u o r e s c e n c e d e n s i t o m e t r y on 
TLC was d e s c r i b e d by some o f the w o r k e r s ( 7 7 , 7 8 , 7 9 , 8 0 ) . 

Zweig and Sherma(81) made an e x c e l l e n t r e v i ew on the q u a l i -
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t a t i v e and q u a n t i t a t i v e a s p e c t s o f t h i n l a y e r chromatography . In 
1977, a s e l e c t i v e r e v i ew on p e s t i c i d e r e s i d u e s was w r i t t e n by 
Tho rnburg (82 ) . 

From a r e v i e w o f the a v a i l a b l e l i t e r a t u r e i t i s c l e a r t h a t 
methods based on t h i n l a y e r chromatography a re f r e q u e n t l y b e i n g 
used by v a r i o u s worke r s i n the f i e l d f o r the q u a n t i t a t i o n o f 
p e s t i c i d e s . In the p r e s e n t paper the q u a n t i t a t i v e TLC t e c h n i q u e 
u s i n g d e n s i t o m e t r y i s d e s c r i b e d i n d e t a i l f o r the d e t e r m i n a t i o n 
o f p e s t i c i d e s i n v a r i o u s t i s s u e s p e r t a i n i n g to a c t u a l cases o f 
p o i s o n i n g . 

P r e p a r a t i o n o f T h i n Layer P l a t e s 

G l a s s p l a t e s (20x20cm.) a r e w e l l c l e a n e d w i t h non greasy 
s o l v e n t and a r ranged on the a l i g n i n g t r a y . T w e n t y - f i v e grams o f 
the a d s o r b e n t s i l i c a g e l -
b i n d e r ) a r e mixed w i t h f i f t y m i l l i l i t e r s o f d i s t i l l e d water i n a 
250 m l - f l a s k and g e n t l y shaken t o form a homogeneous s l u r r y . 
T h i s s l u r r y i s t r a n s f e r r e d i m m e d i a t e l y ( w i t h i n s i x t y seconds o f 
m i x i n g a d s o r b e n t w i t h wate r ) t o the a p p l i c a t o r . The sp r eade r i s 
a d j u s t e d f o r a 250-um t h i c k l a y e r ( o r o t h e r s u i t a b l e t h i c k n e s s ) 
b e f o r e h a n d , and a t h i n l a y e r o f the adso rben t i s c oa t ed on the 
p l a t e s . In t h i s way a homogeneous 250-ym t h i c k l a y e r o f the 
a b s o r b e n t i s a p p l i e d t o the g l a s s p l a t e s . The p l a t e s a re d r i e d 
a t room t empera ture and then a c t i v a t e d i n an oven a t 110° f o r 30 
m i n u t e s . 

S t o r a g e . The p l a t e s a r e s t o r e d i n a d e s i c c a t o r over anhy ­
drous c a l c i u m s u l f a t e and p r o t e c t e d f rom the l a b o r a t o r y fumes. 

A p p l i c a t i o n o f samp l es . An a l i q u o t (about one to t en y l ) o f 
s o l u t i o n o f the sample i s s p o t t e d on the p l a t e w i t h a c a p i l l a r y 
d ropper o r m i c r o p i p e t t e 1.5 cm. from one end o f the p l a t e . Care 
must be t aken to a v o i d d i f f u s i o n o f the s p o t ; moreover , the a r e a 
o f the s p o t s h o u l d be r e s t r i c t e d t o a two- o r t h r e e m i l l i m e t e r -
d i a m e t e r . To ensure t h i s , the s o l u t i o n s h o u l d be a p p l i e d i n 
s t a g e s and d r i e d i n a s t r eam o f warm a i r . The l a y e r on the p l a t e 
s h o u l d n o t be p e n e t r a t e d d u r i n g s p o t t i n g . M u l t i p l e spo t s s h o u l d 
be a p p l i e d on the p l a t e a t l e a s t one c e n t i m e t e r a p a r t . 

Development o f the p l a t e . A f t e r e n s u r i n g t h a t the a p p l i e d 
s p o t s a r e d r y , the s p o t t e d p l a t e i s p l a c e d i n a d e v e l o p i n g 
chamber c o n t a i n i n g the s o l v e n t sys t em and the chamber i s c l o s e d 
w i t h an a i r - t i g h t l i d . The s o l v e n t s h o u l d be about 0 . 5 t o 1 cm. 
deep i n the d e v e l o p i n g chamber. The chamber i s s a t u r a t e d w i t h 
the s o l v e n t vapors f o r a p a r t i c u l a r s e p a r a t i o n b e f o r e i n s e r t i o n 
o f the p l a t e i n t o the chamber. The chromatogram i s a l l o w e d t o 
run by a s c e n d i n g t e c h n i q u e a t ambient t e m p e r a t u r e . The s o l v e n t 
i s g e n e r a l l y a l l o w e d t o run t e n o r f i f t e e n c e n t i m e t e r s up the 
p l a t e f rom the s t a r t i n g l i n e t o a pre -marked l i n e . The p l a t e 
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then removed f rom the d e v e l o p i n g chamber and d r i e d t o remove the 
s o l v e n t . 

S o l v e n t Systems 

Pure s o l v e n t s o f A n a l a b grade s h o u l d be used i n TLC. The 
v a r i o u s s o l v e n t s possess d i f f e r e n t e l u t i n g p r o p e r t i e s . F u r t h e r , 
because o f the d i f f e r e n c e s i n p o l a r i t y o f the o r g a n i c i n s e c t i ­
c i d e s and v a r i a t i o n s i n t h e i r wa t e r s o l u b i l i t y , s e v e r a l s o l v e n t 
sys tems a r e t e s t e d f o r s e p a r a t i o n on the TLC p l a t e . The l a r g e 
number o f s o l v e n t systems l i s t e d i n Tab l e II f o r o rganophosphorus -
o r g a n o c h l o r i n e and carbamate i n s e c t i c i d e s p r o v i d e s a t i s f a c t o r y 
a l t e r n a t i v e systems f o r the s e p a r a t i o n o f the group o f i n s e c t i ­
c i d e s under c o n s i d e r a t i o n . 

L o c a t i o n o f t h e Spo ts 

A f t e r s e p a r a t i o n , the p l a t e i s examined f o r the p o s i t i o n o f 
the s p o t s on the p l a t e . Some o f the compounds a r e d e t e c t e d on 
the p l a t e by v i e w i n g the p l a t e under u l t r a v i o l e t l i g h t (254 nm). 
For l o c a t i o n o f the s p o t s o f i n s e c t i c i d e s on the TLC p l a t e d i f ­
f e r e n t chromogenic r eagen t s a r e u s e d . 

S u i t a b l e l o c a t i o n r e ag en t s f o r d e t e c t i n g o r g a n o p h o s p h o r u s - , 
o r g a n o c h l o r o - and carbamate i n s e c t i c i d e s on TLC p l a t e s a r e g i v e n 
be l ow . D e t a i l s o f t h e i r c o m p o s i t i o n and the t r e a t m e n t o f the 
p l a t e n e c e s s a r y w i t h each r eagen t a r e a l s o g i v e n . 

Organophosphate . Fo r the e s t i m a t i o n o f p h o s p h o r i c a c i d 
e s t e r s , the deve l oped p l a t e i s sp rayed w i t h 0.25% s o l u t i o n o f 
p a l l a d i u m c h l o r i d e i n 0.1 Ν HC1 and d r i e d i n a i r . A f t e r e x a c t l y 
t en m i n u t e s , the a r ea o f the y e l l o w - b r o w n c o l o r e d s p o t deve l oped 
i s measured and compared w i t h t h a t o f the spo t s o f s t a n d a r d 
i n s e c t i c i d e s o l u t i o n s run a l o n g s i d e . 

O r g a n o c h l o r i d e . Fo r the e s t i m a t i o n o f c h l o r i n e c o n t a i n i n g 
i n s e c t i c i d e s , the deve loped p l a t e i s sp rayed w i t h a 1.0% e t h a n o l i c 
s i l v e r n i t r a t e s o l u t i o n c o n t a i n i n g f i v e m i l l i l i t e r s o f c o n c e n t r a ­
t e d ammonia s o l u t i o n . A f t e r d r y i n g the sp rayed p l a t e i n a i r , i t 
i s i r r a d i a t e d w i t h U .V . l i g h t (366 nm) f o r t en m i n u t e s . A f t e r 
e x a c t l y t en m i n u t e s , the a r ea o f the deve loped s p o t s i s measured 
and compared w i t h t h a t o f the c o n t r o l i n s e c t i c i d e run on the same 
TLC p l a t e . 

Carbamate . Fo r carbamate p e s t i c i d e s the p l a t e i s sp rayed 
w i t h 1% e t h a n o l i c s o l u t i o n o f F a s t B l u e - B , d r i e d f o r t h i r t y 
m i n u t e s , and then sp rayed w i t h a 20% aqueous s o l u t i o n o f sod ium 
h y d r o x i d e , and a g a i n d r i e d a t room t e m p e r a t u r e . D i f f e r e n t 
c o l o r e d s p o t s a r e o b t a i n e d f o r v a r i o u s carbamate p e s t i c i d e s . 
A f t e r e x a c t l y t en m i n u t e s , the s p o t i s scanned by d e n s i t o m e t r y . 

Rf V a l u e s 

The most i m p o r t a n t f a c t o r i n chromatography f o r the i d e n t i -

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



268 PESTICIDE ANALYTICAL METHODOLOGY 

Tab l e I I : S o l v e n t Systems f o r TLC S e p a r a t i o n o f P e s t i c i d e s 

Organo-Phosphorus P e s t i c i d e s : 
R a t i o 

( i ) Cyc l ohexane : L i q u i d P a r a f f i n ( 9 :1 ) 
( i i ) Cyc lohexane : C h l o r o f o r m (7 :3 ) 
( i i i ) Cyc l ohexane : Ace tone : A c e t o n i t r i l e . . ( 1 7 : 2 : 1 ) 
( i v ) Cyc lohexane : Ace tone : E thano l ( 95 : 1 : 4 ) 
(v ) n-Hexane : Ace tone (17 :3 ) 
( v i ) Benzene 
( v i i ) P e t r o l e u m E t h e r : Ace tone ( 7 :3 ) 
( v i i i ) D i e t h y l E t h e r : Methanol ( 3 :1 ) 
( i x ) C h l o r o f o r m : L i q u i d P a r a f f i n ( 9 :1 ) 
(x ) Carbon T e t r a c h l o r i d

C h l o r i n a t e d O r g a n i c P e s t i c i d e s : 

R a t i o 

( i ) n-Hexane : Ace tone ( 9 :1 ) 
( i i ) n-Hexane : L i q u i d P a r a f f i n (39 :1 ) 
( i i i ) n-Hexane : Butanone (39 :1 ) 
( i v ) n-Hexane : D ioxan (49 :1 ) 
(v) Cyc l ohexane : Ace tone (99 :1 ) 
( v i ) Cyc lohexane : D imethy l Formamide . . . . (19 :1 ) 
( v i i ) Cyc lohexane : L i q u i d P a r a f f i n ( 4 :1 ) 
( v i i i ) Cyc l ohexane : Me thy l ene D i c h l o r i d e . . . ( 9 :1 ) 
( i x ) L i g h t P e t r o l e u m : C h l o r o f o r m (97 :3 ) 
(x ) L i g h t P e t r o l eum : A c e t i c A c i d (19 :1 ) 

Carbamate P e s t i c i d e s : 

R a t i o 

( i ) Benzene : E t h y l - M e t h y l Ketone ( 9 :1 ) 
( i i ) Benzene : Ace tone (19 :1 ) 
( i i i ) Benzene : n-Hexane ( 17 :1 ) 
( i v ) Benzene 
(v) n-Hexane : D i e t h y l e t h e r ( 3 :1 ) 
( v i ) Cyc lohexane : E t h y l - M e t h y l Ketone . . . . ( 9 :1 ) 
( v i i ) P e t r o l e u m E t h e r (40-60° ) : C h l o r o f o r m . . (19 :1 ) 
( v i i i ) C h l o r o f o r m 
( i x ) C h l o r o f o r m : D i ch l o rome thane (99 :1 ) 
(x ) C h l o r o f o r m : Methanol ( 9 :1 ) 
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f i c a t i o n o f s e p a r a t e d subs tances i s the Rf v a l u e . However, the 
e x a c t Rf v a l u e depends on s e v e r a l f a c t o r s such as the a d s o r b e n t , 
t h i c k n e s s o f the l a y e r on the p l a t e , a c t i v a t i o n o f the p l a t e , 
c o m p o s i t i o n o f the s o l v e n t s y s t em , s a t u r a t i o n o f the d e v e l o p i n g 
chamber w i t h the s o l v e n t , and t empera ture a t wh ich the s e p a r a t i o n 
i s c a r r i e d o u t . A c t u a l l y , t h i n l a y e r chromatography i s a compar­
a t i v e a r t r a t h e r than an a b s o l u t e t e c h n i q u e as commented by 
C l a r k e ( 8 3 ) . A c c o r d i n g t o Zweig and Sherma(84) an agreement o f 
about two m i l l i m e t e r s i n the m i g r a t i o n d i s t a n c e s o f the unknown 
and s t a n d a r d s p o t i s c o n s i d e r e d adequate f o r t e n t a t i v e i d e n t i f i ­
c a t i o n , s i n c e the sample s p o t may be a f f e c t e d s l i g h t l y by the c o -
e x t r a c t i v e s d e s p i t e thorough c l e a n - u p s t e p s . 

To overcome the d i f f i c u l t y due to n o n - r e p r o d u c i b i l i t y o f R f 
v a l u e s , a r e f e r e n c e s t a n d a r d s h o u l d be r u n t o g e t h e r on the same 
p l a t e a l o n g w i t h the unknown m a t e r i a l . I t makes compar i son o f Rf 
v a l u e s much e a s i e r and a l s
to any i r r e g u l a r i t y d u r i n g the s e p a r a t i o n . 

E s t i m a t i o n o f P e s t i c i d e s on TLC P l a t e s U s i n g Dens i t ome t r y 

D e n s i t o m e t r y i s a t e c h n i q u e o f d i r e c t d e t e r m i n a t i o n o f the 
c o n c e n t r a t i o n o f the c o l o r e d d e r i v a t i v e on the chromatogram by 
a b s o r p t o m e t r y . The chromatogram i s scanned w i t h a beam o f 
f i l t e r e d l i g h t , a p o r t i o n o f wh i ch i s absorbed by the c o l o r e d 
s p o t and the r ema inder i s t r a n s m i t t e d by the s p o t on the chromat ­
ogram and measured p h o t o e l e c t r i c a l ^ . 

In d e n s i t o m e t r i c measurements , the c o l o r e d s p o t i s scanned 
a l o n g the l i n e o f s o l v e n t deve lopment . The ga lvanometer i s a t 
f i r s t s e t a t z e r o on a p o r t i o n o f the sp rayed and d r i e d TLC p l a t e 
near the s p o t t o be s canned . The TLC p l a t e i s s l i g h t l y s h i f t e d 
(say 0 . 5 mm), and the t r a n s m i t t e d l i g h t th rough the spo t i s meas­
ured i n terms o f e x t i n c t i o n . The s p o t i s s u c c e s s i v e l y s c a n n e d , 
and the ga lvanometer r e c o r d s the maximum absorbance a t the peak 
p o i n t . When the beam o f l i g h t r e t u r n s t o the b l a n k background o f 
the t h i n l a y e r p l a t e , the ga l vanometer a g a i n reads z e r o . A c u r v e 
i s p l o t t e d o f e x t i n c t i o n v e r s u s s c a n n i n g l e n g t h o f the s p o t . The 
a r ea o f the e x t i n c t i o n c u r v e i s measured f o r each s p o t o f d i f f e r ­
en t c o n c e n t r a t i o n s . T h i s cu r v e a r ea i s p r o p o r t i o n a l t o the 
c o n c e n t r a t i o n o f the subs t ance p r e s e n t i n each s p o t . Dens i t ome t ­
r i c s c a n n i n g o f the TLC s p o t i s more a c c u r a t e and s e n s i t i v e f o r 
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 than o t h e r methods. 

Data o f D i s t r i b u t i o n o f P e s t i c i d e s i n T i s s u e s 

The amount o f the p e s t i c i d e s p r e s e n t i n d i f f e r e n t a u t o p s l e d 
t i s s u e s r e c e i v e d f rom f a t a l cases o f p o i s o n i n g have been e s t i m ­
a t ed q u a n t i t a t i v e l y i n our l a b o r a t o r y . In a c c i d e n t a l p o i s o n i n g 
cases where vapors o f i n s e c t i c i d e s a r e i n h a l e d , no i n s e c t i c i d e i s 
l i k e l y t o be d e t e c t e d i n the stomach o r i n t e s t i n e b u t c o n s i d e r ­
a b l e amounts may be d e t e c t e d i n the l u n g s , b r a i n , and b l o o d . 
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The d a t a r e g a r d i n g the amount o f a p a r t i c u l a r p e s t i c i d e 
found i n v a r i o u s d i f f e r e n t t i s s u e s and body f l u i d s u s i n g d e n s i t o m e t r y 
on TLC p l a t e s i s r e co rded i n Tab l e s I I I and IV· The age o f t h e 
v i c t i m s and o t h e r p a r t i c u l a r s o b t a i n e d from the r e c o r d s o f i n ­
v e s t i g a t i n g o f f i c e r s a r e a l s o g i v e n . 

D i s c u s s i o n 

From the p e r u s a l o f d a t a r e co rded i n Tab l e s I I I and IV , i t 
i s e v i d e n t t h a t i n s e c t i c i d e s a r e d i s t r i b u t e d i n p r a c t i c a l l y a l l 
the v i s c e r a l t i s s u e s . However, t h e amount o f i n s e c t i c i d e i n 
d i f f e r e n t body t i s s u e s depends on the t i m e p e r i o d between i n g e s t ­
i o n o f t h e i n s e c t i c i d e and d e a t h . A t t h e i n i t i a l onse t o f sym­
ptoms, t h e m a j o r i t y o f t he i n s e c t i c i d e s i s s t i l l i n the s tomach . 
But i n cases where dea th i s p r o l o n g e d , t h e i n s e c t i c i d e accumu­
l a t e s i n o t h e r t i s s e s , e . g
c o n t r o l exper iments on w h i t
some o f t h e organophosphorus i n s e c t i c i d e s ( p a r a t h i o n and m a l a ­
t h i o n ) i t was observed t h a t t h e s e i n s e c t i c i d e s t ended t o accumu­
l a t e i n the body f a t , and a sma l l amount was e x c r e t e d i n the 
u r i n e . A s m a l l amount was a l s o e l i m i n a t e d th rough e x c r e t a . A 
h i g h e r c o n c e n t r a t i o n o f t he i n s e c t i c i d e i n the stomach i s i n d i c ­
a t i v e t h a t the dea th o f t h e v i c t i m took p l a c e w i t h i n a s h o r t p e r i o d , 
because the i n s e c t i c i d e c o u l d not even be c o m p l e t e l y e l i m i n a t e d 
from the s tomach . A c o m p a r a t i v e l y l a r g e c o n c e n t r a t i o n o f p e s t i c i d e 
i n l i v e r t i s s u e i s s u g g e s t i v e o f a d e l a y i n dea th f rom the t i m e o f 
a d m i n i s t r a t i o n o f t he i n s e c t i c i d e . However, i t s h o u l d be kept i n 
mind t h a t the t r a n s p o r t o f i n s e c t i c i d e t o stomach from o t h e r body 
t i s s u e s a l s o depends on the media by wh ich the i n s e c t i c i d e i s 
a d m i n i s t e r e d . I f t h e i n s e c t i c i d e i s mixed w i t h m i l k , a l c o h o l , 
o r l i p i d o i l , t h e t o x i c i t y o f i n s e c t i c i d e i s i n c r e a s e d due t o i t s 
ready a b s o r p t i o n t h r o u g h the g a s t r o - i n t e s t i n a l t r a c t . In such 
c a s e s , t h e t i m e r e q u i r e d i s much l e s s , and death o c c u r s w i t h i n 
one o r two hours o f i n g e s t i o n o f the i n s e c t i c i d e as i n the case 
shown i n s e r i a l numbers 3 , 1 1 , 12 , 16 , 19 , and 20 i n Tab l e IV 
where the i n s e c t i c i d e was a d m i n i s t e r e d by m i x i n g i t w i t h l i q u o r 
o r m i l k . 

Stomach wash samples i n n o n f a t a l cases were found t o c o n t a i n 
l a r g e q u a n t i t i e s o f i n s e c t i c i d e , t h e r e b y i n d i c a t i n g t h a t the major 
p a r t o f t he i n s e c t i c i d e was e x c r e t e d by t h e body . On ly t r a c e amounts 
o f p e s t i c i d e s would have remained i n the body wh i ch d i d not prove 
f a t a l . The d i s t r i b u t i o n p a t t e r n i n d i f f e r e n t body organs i s p r a c t i c a l l y 
t h e same i n a l l cases examined f o r p a r a t h i o n p o i s o n i n g , as dea th 
g e n e r a l l y o c c u r r e d w i t h i n an hour o r two from a d m i n i s t r a t i o n o f t h e 
p o i s o n . 

The d i s t r i b u t i o n d a t a o f a case o f p o i s o n i n g by phosphamidon 
r e co rded i n s e r i a l number 24 i n T a b l e I I I i n d i c a t e s t h a t compar­
a t i v e l y l a r g e amounts o f phosphamidon was d e t e c t e d i n the l u n g 
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and b r a i n t i s s u e s and o n l y v e r y s m a l l amounts o f phosphamidon 
c o u l d be found i n the s tomach . These f i n d i n g s sugges t t h a t 
phosphamidon was most p r o b a b l y a d m i n i s t e r e d th rough i n h a l a t i o n 
r a t h e r than by mouth . The d i s t r i b u t i o n d a t a was s u p p o r t e d by t h e 
r e p o r t o f the i n v e s t i g a t i o n o f f i c e r t h a t the v i c t i m was a c c i d e n t ­
a l l y exposed t o the i n s e c t i c i d e vapor d u r i n g s p r a y i n g o f h i s 
a g r i c u l t u r a l f i e l d . 

S i m i l a r l y , l a r g e excess o f s u m i t h i o n p r e s e n t i n stomach wash 
samples and i n the stomach t i s s u e s i s r e c o r d e d i n s e r i a l numbers 
1 1 , 1 3 , 1 4 , and 15 i n Tab l e I I I . T h i s i s s u g g e s t i v e o f s u i c i d a l 
p o i s o n i n g by o r a l consumpt ion o f T i k - 2 0 , a househo ld i n s e c t i c i d a l 
p r e p a r a t i o n c o n t a i n i n g s u m i t h i o n . 

Data r e co rded i n Tab les I I I and IV shows the amount o f the 
i n s e c t i c i d e i n the unchanged f o rm. However, most o f t he t i s s u e s 
a l s o c o n t a i n the m e t a b o l i t e o f the i n s e c t i c i d e . From the above 
d i s c u s s i o n i t i s e v i d e n
p e s t i c i d e s i n d i f f e r e n t t i s s u e s and body f l u i d s can h e l p i n 
r e s o l v i n g t h e q u e s t i o n s o f how and when the p e s t i c i d e was admin­
i s t e r e d . F u r t h e r m o r e , the c l u e r e g a r d i n g the n a t u r e o f p o i s o n i n g 
whether s u i c i d a l , h o m i c i d a l o r a c c i d e n t a l can a l s o be o b t a i n e d by 
c a r e f u l s t u d y o f the d i s t r i b u t i o n p a t t e r n o f t he i n s e c t i c i d e s i n 
body t i s s u e s and f l u i d s d e r i v e d by q u a n t i t a t i v e TLC. 

Abstract 

The absolute proof of fatal cases of poisoning is the detec­
tion of the poison in different organs of the body. Due to the 
chemical nature of the poison and its metabolism, the suspected 
chemical is rarely evenly distributed in body tissues but tends 
to accumulate in some particular organ. Hence, to conduct a 
thorough forensic investigation, it is necessary to analyze 
different visceral tissues qualitatively and quantitatively for 
poison residues. In this paper, the quantitative TLC technique 
using densitometry for the determination of traces of pesticides 
has been described in detail. The concentration of pesticides in 
various human organs from poisoning cases has been recorded as 
well as data on tissue distribution. The distribution pattern of 
several important pesticides, like parathion, malathion, sumi­
thion, and endrin has been studied. The results of these studies 
have aided in solving the questions in the probable causes of 
death or poisoning-- how and when the pesticide was probably 
administered, and if death occurred by suicide, homicide or 
accident. Several actual cases of poisoning and subsequent 
tissue analyses by quantitative TLC have been described. 
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15 
The Determination of 2,3,7,8-Tetrachlorodibenzo­
-p-dioxin in Human M i l k 

L. A. SHADOFF 

Analytical Laboratories, Dow Chemical, Midland, MI 48640 

Recent studies hav
to 2 ,3 ,7 ,8-tetrachlorodibenzo-p- dioxin (2 ,3 ,7 ,8-TCDD), a toxic 
and teratogenic substance i n laboratory animals (1 )· A frac­
tion of beef fat samples from cattle known to have grazed on 
pasture treated with herbicide 2 ,4 ,5-T (which contains trace 
quantities of 2,3,7,8-TCDD) have been reported to contain low 
part per t r i l l i o n (ppt) levels of 2,3,7,8-TCDD ( 2 , 3 ) ; Two 
studies of bovine milk reported no detectable chlorodioxins 
however ( 4 , 5 ). Combustion processes have been reported to 
produce chlorinated dioxins which enter the a i r as f l y ash and 
soot ( 6 , 7 . 8 ) . Three different studies of human milk have been 
carried out by various workers to determine i f humans contain 
detectable concentrations of 2,3,7,8-TCDD ( 9 , 2 0 , 2 2 ) . 

In the f i r s t reported study (9j>, six samples of milk were 
obtained i n an area of Texas where 2 ,4 ,5-T i s used for range-
land management. The sample preparation scheme was caustic 
saponification, extraction, chromatography on s i l i c a followed 
by chromatography on alumina. The extract was evaporated to 
10-20 μΐ and TCDD determined by gas chromatography/mass spec­
trometry (GC/MS). This technology i s similar to that reported 
for beef fa t sample preparation ( 2 , 3 ). No 2,3,7,8-TCDD was 
detected with detection l i m i t s of 1-6 ppt. 

Preliminary results of the determination of TCDD i n 
twenty-one human milk samples (10) indicated the possible 
presence of TCDD i n three of the samples at the 0 . 6 - 1 . 6 ppt 
lev e l which was equal to the detection l i m i t . The sample 
preparation procedure (12) did not u t i l i z e a saponfication 
step. Saponification had been used i n p r i o r procedures due to 
the p o s s i b i l i t y that TCDD was strongly bound to the matrix as 
has been the case for some pesticides (14 ). In order to demon­
strate that a l l the TCDD may be recovered from milk by extrac­
ti o n , a comparison of results between saponification and extrac 
ti o n without saponifiction was performed. Such a test must be 

0-8412-05 81 -7/ 80/47-136-277$05.00/0 
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performed for every matrix, however; recovery from milk does 
not insure that i t may be recovered from l i v e r , for example. 
The advantage to eliminating saponification from the sample 
preparation procedure i s that fewer materials w i l l be extracted 
from the matrix along with the TCDD, since many substances are 
indeed bound. 

The determination of TCDD i n the f i n a l extract was by high 
resolution mass spectrometry multiple scan averaging. No gas 
chromatography was employed; the sample was vaporized v i a the 
dir e c t insertion probe (12,13). This method i s inherently more 
prone to interferences than GC-MS (17,18); the response 
observed may not be due to TCDD. The results do serve as an 
indication, however, that i f TCDD i s present i n human milk i t 
i s at 1 ppt or less. Thus any methods developed must be 
capable of this detectio

A recently conclude
was a collaborative e f f o r t sponsored by NIEHS. The samples 
were prepared and TCDD determined by three di f f e r e n t 
laboratories. There was no confirmed detection of TCDD i n any 
of the samples (11). A summary of the results of completed 
studies of the determination of TCDD i n human milk i s given i n 
Table I. 

EXPERIMENTAL 

CAUTION, 2,3,7,8-TCDD i s an extremely toxic substance which 
should be handled with care (13). 

The methodology used for the sample preparation i n our 
laboratory of the NIEHS samples employed new technology i n many 
of the stages and i s an adaption of that reported for f i s h (8). 
The i n i t i a l extraction involves completely absorbing the sample 
onto cellulose gauze (X-tube, Analytichem International). The 
milk i s not treated i n any way except for the addition of 
13C-2,3,7,8-TCDD as an internal standard. The capacity of the 
gauze i s 15g of milk and at that loading, recovery experiments 
indicate that approximately 10% of the TCDD i s extracted for 
each 10 ml of hexane passed through the gauze at ambient tem­
perature. The volume of extract would be i n excess of 100 ml. 
Therefore, the gauze i s placed i n an extraction apparatus 
and hexane refluxed through the tube for a s u f f i c i e n t time to 
pass at least 1 £ through the gauze. The p l a s t i c container 
supplied with the X-tube i s not suitable for hot extraction 
since i t deforms and contaminates the extract with Ionol and 
low molecular weight polypropylene. A glass thimble was 
constructed with an outlet at the bottom of 1 cm of 0.5 
m.m.i.d. tubing to control the flow through the gauze. 

The approximately 75 ml of hexane extract i s transferred 
d i r e c t l y onto a column containing 6 g of activated s i l i c a 
( B i o - S i l , Biorad, Inc.) coated with 25% w/w cone. H 2S0 4 (8j. 
This column has a high capacity for the fats from milk, leaving 
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TABLE I. Summary of the results of completed studies on the 
Determination of 2,3,7,8-TCDD i n human milk as of March, 1979. 

2,3,7,8-TCDD IN HUMAN MILK 

DONOR LOCATION STUDY BY RESULTS (detection l i m i t ppt) 

Texas Dow 6 spls not detected (1-6) 

Missouri Harvard 6 spls not detected (0.7-3.3) 

Texas Harvard 2 spls 0.6-1.5 (0.6-1.6) 

4 spls not detected (1.2-1.9) 

Oregon Harvard 1 spl 0.8-1.4 (0.7-1.5) 

6 spls not detected (0.4-2.9) 

Massachusetts Harvard 6 spls not detected (0.3-1.6) 

Texas NIEHS* 9 spls not detected (0.4-4) 

Kansas NIEHS* 4 spls not detected (1-10) 

"Collaboration Study - Dow, Harvard, NIEHS(RTP). 
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a residue of less than 10 mg when l g of fat i s passed through 
the column. The progress through the column may be ea s i l y 
monitored since i t turns deep orange as the material i s 
absorbed. This column replaces the s u l f u r i c acid extraction 
employed i n previous procedures (12.15.16.17) (see Figure 1). 

The effluent from this column plus a 30 ml rinse 
containing the TCDD i s passed d i r e c t l y onto a column containing 
5g of activated basic alumina (Biorad, Inc.) which traps the 
TCDD. The hexane passing through the column i s discarded. The 
TCDD i s eluted from the column with 10 ml of methylene 
chloride. This alumina column transfers the TCDD from over 100 
ml of hexane to 10 ml of methylene chloride allowing a much 
shorter time for solvent evaporation and the use of smaller 
glassware. Recovery of TCDD at this stage i s i n excess of 
85%. 

The eluate i s evaporate
hexane and placed on a column of 10% AgN03 on activated s i l i c a 
(8)(which removes DDE, many al i p h a t i c halogenated substances 
and sulfur containing substances). The eluate containing the 
TCDD drops d i r e c t l y onto a high aspect rat i o basic alumina 
column (8). PCB fs are eluted and TCDD retained on this column 
by addition of 50 ml of 50% carbon tetrachloride i n hexane. 
The TCDD i s then collected by the addition of 15 ml of 50% 
methylene chloride i n hexane. 

To this stage the sample preparation i s similar to that 
previously used to determine TCDD i n environmental samples. 
The detection l i m i t s reported were generally i n excess of 5 ppt 
(3,17) due to interferences from substances not removed i n the 
sample preparation. An additional, highly e f f i c i e n t separation 
step was employed to allow the lower detection l i m i t s required 
for meaningful determinations of TCDD i n human milk. 

Reverse phase high pressure l i q u i d chromatography (HPLC) 
was used to further fractionate the sample and add another 
dimension of s p e c i f i c i t y (8,21). The extract was evaported to 
dryness and taken up i n CHC13. The entire extract was injected 
onto a DuPont Zorbax ODS column at 40°C using 2 cc/min. CH30H 
mobile phase. Typical chromatograms are shown i n Figure 2. 
Note that a considerable amount of U.V. absorbing material 
present i n the extract i s separated here. The TCDD fra c t i o n i s 
extracted into hexane after the addition of water. After 
evaporation to dryness the sample i s ready for the 
determination of TCDD. 

Gas chromatography-low resolution mass spectrometry was 
used to determine i f TCDD i s i n the samples (12). The GC column 
used was a 6 f t . χ 2 mm i . d . glass 2.5% BMBT l i q u i d c r y s t a l on 
100/120 mesh Chromosorb WHP (Altech Assoc.) at 225°C. In 
Figure 3 i s shown the output from a standard and t y p i c a l human 
milk extract run on an LKB-9000 with a SI-150 (System 
Industries) data system equipped with a computer controlled 
multiple ion detector (Ledland, Inc.). The entire extract was 
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HEXANE EXTRACTION 
FROM CELLULOSE GAUZE 

25% cone. SULFURIC 
ON ACTIVATED SILICA 

I 
SOLVENT EXCHANGE 

10% SILVER NITRATE 
ON ACTIVATED SILICA 

HIGH ASPECT RATIO 
BASIC ALUMINA 

X 
REVERSE PHASE HPL

Figure 1. Sample preparation scheme 
for the determination of 2,3,7,8-TCDD in 
human milk as performed for NIEHS 

500pg 2,37,8-TCOD 

S pi. 22 

OOS-Zorbax 
235nm 

—ι 1 1 
4 6 8 min. 

Figure 2. High Pressure reverse-phase liquid chromatography trace of 2,3,7,8-
TCDD standard and a typical human milk extract 
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injected by adding 7 μΐ of iso-octane to the dry extract i n a 
0.3 ml cone shaped v i a l , washing down the walls, and 
withdrawing as much as possible (the syringe needle was f i r s t 
f i l l e d with iso-octane). Recovery measurements averaged 88 % 
eff i c i e n c y of removal from the v i a l (see Figure 3). 

RESULTS AND DISCUSSION 

As indicated i n Table I, several studies have been 
performed to determine whether there i s detectable 
concentrations of 2,3,7,8-TCDD i n humans. Human milk was 
chosen because i t has a high fat content where TCDD should 
reside since i t i s lypophyllic, i t may be obtained i n large 
enough quantities to allow s u f f i c i e n t sample for part per 
t r i l l i o n determinations
the body and the legal
c o l l e c t i o n . 

The geographic areas were chosen i n a l l cases to determine 
i f the presence of TCDD correlates to the use of 2,4,5-T 
herbicides which contain trace levels of 2,3,7,8-TCDD. In no 
case was there a confirmed detection of TCDD. The detection 
l i m i t s achieved i n these studies were i n the low part per 
t r i l l i o n range with the Harvard study indicating the possible 
presence of TCDD at or below 1 ppt setting an upper l i m i t to 
the concentration of TCDD which a method must be capable of 
detecting. 

The sample preparation methodology for the determination 
of TCDD at these low levels i s an active area of development as 
indicated by the improved procedure reported here and used to 
analyze the milk for the NIEHS study. It uses reagent modified 
adsorbants, a higher e f f i c i e n c y basic alumina column than 
previously (19) and a new degree of separation, reverse phase 
HPLC as an integral part of the procedure. A l l of these are 
directed towards improving the s p e c i f i c i t y of the sample 
preparation for 2,3,7,8-TCDD. Increased s p e c i f i c i t y i s needed 
since the lowest detection l i m i t achievable i n a l l previous 
studies of TCDD i n environmental samples has been dictated by 
the presence of other substances i n the samples which have not 
been removed by the sample preparation. 

Recently, a l l the isomers of TCDD have been synthesized 
and separated (21). This allows the estimation of TCDD isomer 
s p e c i f i c i t y of the methods. The separation of components by 
gas chromatography i s discussed by Jennings (22) who relates 
r e l a t i v e retention times, theoretal plates and degree of 
separation i n the formula (rearranged here to separate out the 
term a): 
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Figure 3. Gas chromatography-low resolution mass spectrometry mass chromato-
grams for 2,3,7,8-TCDD standard and human milk extract (( ) 320; (- · -) 

322; ( ; 334) 
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α = 
Ν 
N-4R 

α r e l a t i v e retention times 
of the two components 
theoretical plates 
degree of separation 
(1.0=completely separated) 

Ν 
R 

With a good packed column of 4000 theoretical plates and a 
degree of separation of 0.5 (not separated) substituted into 
the formula, a l l peaks with r e l a t i v e retention indices between 
0.968 and 1.033 are indicated as not separated. Based on this 
the GC peak measured as 2,3,7,8-TCDD may also contain 1,2,6,9-, 
1,2,3,6-, 1,2,3,9-, 1,2,3,7-, 1,2,3,8-, and/or 1,2,3,4-TCDD 
(21). The reverse phase HPLC step reported here would separate 
the 1,2,6,9- and 1,2,3,4-TCDD isomers from the others. 

The a n a l y t i c a l accomplishment
2,3,7,8-TCDD i n human
li m i t s are lower than for any other non-radioactive compound 
with a high degree of s e l e c t i v i t y gained through multi-step 
sample preparation and highly s p e c i f i c detection. None the 
less , i t i s an active area of research into the development of 
more s p e c i f i c and sensitive measurements. 

Abstract 

Are humans contaminated with 2,3,7,8-TCDD? Several 
laboratories have been and are presently involved in 
determining this by examining human milk. Preliminary results 
have indicated that it is necessary to achieve detection limits 
below one part per tri l l ion. The attempt to achieve this 
requires the development of very selective sample preparations 
capable of preserving picogram quantities of 2,3,7,8-TCDD. In 
general, they involve extraction, partition, and flow-through 
liquid chromatography steps. The prepared samples have been 
analyzed by the most sensitive and specific detectors 
available, mass spectrometers. The results to date and the 
methodology are discussed in detail. 
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16 
Reduction of Radioactive Metabolic Data Using 
A Desk-Top Computer Network 

W. L. SECREST, W. C. FISCHER, D. P. RYSKIEWICH, J. E. CASSIDY, and 
G. J. MARCO 
Ciba-Geigy Corporation, Agricultural Division, P.O. Box 11422, Greensboro, NC 27409 

In order to registe
Protection Agency (EPA
data must be presented and s t r i c t requirements be met. The 
average time required to generate data which s a t i s f y these 
c r i t e r i a i s presently estimated to be nine years from the 
o r i g i n a l synthesis to the appearance of an a g r i c u l t u r a l chemical 
in the marketplace. Extensive metabolism information i s neces­
sary for complete understanding of tox i c o l o g i c a l , environmental, 
and biochemical effects of the chemical and to support the 
residue data. A single herbicide, Dual®, for use on a single 
crop, soybeans, required 46 volumes of data submitted to the EPA 
for review. These volumes represented a stack of paper 10 feet 
t a l l . In order for the metabolism group to meet their tight 
deadlines for our extensive contribution to this volume of i n f o r ­
mation, we extensively use computers for c o l l e c t i o n , reduction, 
summarization, and interpretation of data. 

Three general questions about pesticides i n a g r i c u l t u r a l 
products and the environment must be answered: where i s i t and 
i t s metabolites, how much of these are there and what are the 
metabolites. The Metabolism Section of the Biochemistry Depart­
ment uses a variety of a n a l y t i c a l techniques to answer these 
questions. Metabolism studies are generally done with radio­
active carbon (^C), which provides a convenient method for 
detection and quantitation of a radioactive pesticide. A 
preferred way to measure r a d i o a c t i v i t y i s with a l i q u i d s c i n t i l ­
l a t i o n counter (LSC). From 1/2 to 22 minutes can be required 
per sample v i a l . Between 300 and 600 v i a l s are counted on an 
average day. 

Outputs from the LSC must be corrected for background 
radiation and counting e f f i c i e n c y . The parts-per-million (ppm) 
equivalent to the radioactive chemical i n a b i o l o g i c a l , s o i l or 
water sample can then be determined by accounting for aliquot 
size, s p e c i f i c a c t i v i t y , and other correction factors s p e c i f i c 
for the sample. Partitioning characteristics and chromato­
graphic data can be treated i n a l i k e manner. Although many 
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modern LSC(s) offer options which calculate dpm from raw counting 
data, these options offer l i t t l e or no advantage i n this a p p l i ­
cation because of the many additional calculations and appro­
priate formatting of results necessary. 

Based on past experience, the following times would be 
required to reduce the data from 100 samples; more than four 
hours for hand calculations, 3 hours for a simple programmable 
hand calculator, 30 minutes for a time-share computer service, 
and less than 2 minutes for d i r e c t l y interfaced minicomputers. 

Hardware 

The desk top computer network i s shown i n Figure 1. The 
l i q u i d s c i n t i l l a t i o n counters which we routinely use to generate 
metabolism data includ
l a t i o n counters and two
counters, however, other LSC makes and models may be interfaced. 
The Tracor counters are equipped with two standard communications 
output connectors. One i s used to drive the printer, the other 
i s available to the user. The Beckman counters use a unique 
teletype driver but an interface produced by William Palmer 
Industries can s p l i t the signal and provide a standard communica­
tion output. Therefore, a l l data output from the l i q u i d s c i n t i l ­
l a t i o n counters are available i n an e l e c t r i c a l standard format, 
RS-232C. Hardware interfacing was therefore simplified and data 
c o l l e c t i o n was a matter of software development. 

The data reduction hardware i s based on a Hewlett-Packard 
9825A desk top computer. It i s supported by one megabyte of 
f l e x i b l e disk storage, a printer/plotter and the necessary i n t e r ­
face equipment for on-line LSC data c o l l e c t i o n . R e l i a b i l i t y was 
a prime factor when the hardware was chosen. The LSC(s) and data 
system run v i r t u a l l y unattended, 24 hours a day, 365 days a year. 
Samples are t y p i c a l l y counted for two minutes each plus one 
minute for the external standard. Therefore, data from the four 
counters are received by the HP9825A at an average i n t e r v a l of 
45 seconds. With such a demand on the system, computers require 
good service support, more so than other instruments. Since 
i n s t a l l a t i o n i n May, 1977, there have been less than two work 
days of cumulative downtime. 

The system has since been upgraded to a desk top computer 
network because of the increased load on the i n i t i a l HP9825A 
system. An HP9835A has been added so that data reduction and 
analysis w i l l not interfere with data c o l l e c t i o n . This second 
desk top computer i s supported by one megabyte of f l e x i b l e disk 
memory, a 180 CPS printer, and a four color X-Y plotter. An 
HP2647 graphics terminal was added to provide additional remote 
access to the data bases being generated. The system lends i t ­
s e l f to expansion and continued modernization. 
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Figure 1. Desk-top computer network 
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Software 

LSC Data Collection. The LSC data are collected by the 
HP9825A using what i s known as buffered I/O (input/output). A 
portion of the computer's memory i s set aside for the data from 
each LSC. As the LSC(s) output data, i t i s stored d i r e c t l y i n 
the buffer assigned to the particular counter without otherwise 
affecti n g the program which i s running. After a predetermined 
number of characters have been received or a s p e c i f i c character 
has been received, the computer jumps to a subroutine which stores 
the counter data. Each LSC i s automatically assigned a p r i o r i t y , 
and data output by two or more counters are handled simultane­
ously according to the p r i o r i t y . 

Data storage actually involves reformatting the information 
from each LSC, and storin
pactly as possible. Eac
dif f e r e n t format and frequently several different output formats 
are available on an individual counter. The computer i s pro­
grammed to convert these different outputs to a standard format 
for use i n l a t e r computations. Nonessential data i n each output 
l i n e are discarded to improve storage e f f i c i e n c y . After the data 
have been reformatted, the computer reads the corresponding l i n e 
of data from the f l e x i b l e disk. The oldest data are discarded 
and replaced with the new data. The entire l i n e i s then restored 
which completes the sequence. This procedure always retains the 
l a s t two passes of data. With the completion of storage, the 
computer returns to the main program and continues from where 
the interruption occurred. The time l o s t during the interruption 
i s t y p i c a l l y less than two seconds. 

Because this equipment runs continuously, provisions must be 
made for the inevitable power f a i l u r e s and occasional deviations 
from the expected data formats. The computer has a b u i l t - i n 
provision for power f a i l u r e s . The software i s written so that 
the program which was running at the time the power went off i s 
reloaded and restarted. The only data which i s lo s t i s that 
which had been stored i n the buffer but not stored on the 
f l e x i b l e disk at the time of the power f a i l u r e . 

Errors may arise from a variety of sources, i . e . , when the 
data c o l l e c t i o n program detects that something has gone wrong. 
The software i s written to assume the worst possible circum­
stance. The error, the l i n e number i n which the error occurred, 
and the data are printed on the internal s t r i p printer. It i s 
also assumed that the program might have been loaded incorrectly. 
Therefore, the computer i s directed to reload and restart the 
program. This feature allows errors i n the software or hardware 
to be rapidly traced and corrected. 

At the present time, the additional sample data required 
for the calculations are entered through the computer keyboard. 
These data include aliquot sizes, moisture factors, combustion 
e f f i c i e n c i e s , p a r t i t i o n in g volumes, etc. Prompts appear on the 
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computer display asking for each entry. This makes the system 
easy to use and new personnel are able to learn the system 
quickly. Figure 2 i s an example of these data entries. The 
data may be checked and corrected i f necessary. The example 
shown i s tissue combustion data from an animal balance study. 

The computer not only puts numerical data into formulas 
and produces an answer, i t can make judgments on the data and 
produce more meaningful information. For example, a tolerance 
of + 10% i s set for the two passes of LSC data. When this 
tolerance i s exceeded, the computer assumes the most recent data 
are the most accurate. The output i s noted so that the v i a l s 
can be l e f t i n the LSC for another pass. 

The computer not only corrects for background radiation, 
sample quenching and instrument e f f i c i e n c y , i t calculates the 
s t a t i s t i c s for LSC countin
data outputs are, therefore
and quantitation l i m i t s are known. 

Output. The computer produces a hard copy output for each 
data set entered. This output includes the "raw" counting data, 
laboratory personnel entries, intermediate calculations, and the 
f i n a l r e s u l t s . The format i s easy to use and allows the results 
to be hand calculated to check the computations. The computer 
has a r e a l time clock which dates each output and provides a 
space for the individual to sign. This s a t i s f i e s the proposed 
EPA guidelines for "raw" data. An example of a hard copy output 
which may be obtained i s shown i n Figure 3. In this example, 
the entered data (Figure 2) i s used with the LSC data to c a l ­
culate the ppm and percent of 1 U C dose i n various animal tissues 
after combustion. Another hard copy output i s shown i n Figure 4. 
In this example, ion exchange column chromatographic data are 
expressed i n histogram form. The upper histogram i s the lkC 
elution pattern of metabolites i n a crop extract and the lower 
histogram i s a 3H labeled standard which was added to the extract 
for cochromatographic purposes. 

These formatted outputs are stored on a f l e x i b l e disk 
exactly the same as printed. Later the data on the disk are 
stored by sample number and project. A l l raw and reduced data 
for a project are stored on a single f l e x i b l e disk. After the 
data have been stored on a f l e x i b l e disk, i t i s a simple matter 
for the computer to make summaries or do trend analyses. An 
example of one of these summaries i s shown i n Figure 5. In this 
example, the percent of lhC remaining i n the peel and f r u i t at 
various time periods after spraying apples with a l l fC labeled 
compound, was analyzed by a curve f i t program. 

Expansion. As data processing equipment becomes more 
"bench" oriented, data from other instruments can be input 
d i r e c t l y to the network. A Hewlett-Packard 1084B HPLC i s 
presently interfaced allowing reduced data from i t s processor 
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F i l e Name: wsl 
Number D e s c r i p t i o n E ntry 

7 Background -30.0000 
8 F i r s t Sample 25.0000 
9 18.0000 

10 35.0000 
11 Combustion E f f i c i e n c y 0.96C0 
12 S p e c i f i c A c t i v i t y 43.6G00 

Sample Ν a ire Back Fat 
13 1st A l i q u o t Weight 0.2281 
14 
15 

Sample Nane Omental Fat 
16 1st A l i q u o t Weight 0.1788 
17 2nd A l i q u o t Weight 0.1564 
18 T o t a l Sample S i z e 215.0000 

Sample Name Leg Muscle 
19 1st A l i q u o t Weight 0.2165 
20 2nd A l i q u o t Weight 0.1730 
21 T o t a l Sample S i z e 270.0000 

Sample Name T e n d e r l o i n 
22 1st A l i q u o t Weight 0.1546 
23 2nd A l i q u o t Weight 0.1709 
24 T o t a l Sample S i z e 100.0000 

Sample Nane Br e in 
25 1st A l i q u o t Weight 0.1967 
26 2nd A l i q u o t Weight 0.1518 
27 T o t a l Sample S i z e 47.0000 

Sample Nane Heart 
28 1st A l i q u o t Weight 0.1839 
29 2nd A l i q u o t Weight 0.1624 
30 T o t a l Sam:ple S i z e 116.0000 
31 Sample Name 0.2432 
32 2nd A l i q u o t Weight 0.1780 
33 T o t a l Sample S i z e 183. 0000 

Sample Name Kidney 
34 1st A l i q u o t Weight 0.1924 
35 2nd A l i q u o t Weight 0.1406 
36 T o t a l Sample S i z e 426.0000 

Sample Name L i v e r 
37 1st A l i q u o t Weight 0.2536 
38 2nd A l i q u o t Weight 0.2192 
39 T o t a l Sample S i z e 2800.0000 
40 D a i l y Dose (dpn) 338800000.0000 
41 Number of Days Dosed 10.0000 

Figure 2. Tissue combustion data entered for an animal balance study 
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to be summarized and reported o f f - l i n e . An example of a 
sp e c i f i c a c t i v i t y determination using this o f f - l i n e reporting 
feature i s i l l u s t r a t e d i n Figure 6. The microprocessor i n the 
HPLC calculates the amount of compound present and reports this 
to the computer. The computer calculates the dpm(s) i n the 
collected peak. The sp e c i f i c a c t i v i t y i s then calculated and 
reported along with a l l counting data to the HPLC printer. 
A n a l y t i c a l equipment with compatible outputs, i . e . , balances, 
are e a s i l y interfaced into the network. Direct inputs from this 
equipment save technician time and minimize transcription 
errors. 

The desk top computer network i s planned to be interfaced 
to larger data reduction equipment, either d i r e c t l y or by modem 
(Figure 7). Present plans c a l l for d i r e c t l y interfacing the 
desk top computers, an
Hewlett-Packard 1000E whic
instruments. Data from these sources can be compiled into a 
single report which can be used to support product regist r a t i o n . 

A minicomputer, such as a HP-1000E, can also be used for 
chemical inventory, lhC license requirements and structure 
l i b r a r y . 

The HP-1000E i s presently interfaced, by modem, to the 
central corporate computer, an IBM 3033. The capacity of the 
corporate processor i s , therefore, available for operations on 
large data bases and archival storage. This hierarchy maximizes 
the use of the strengths of each processor by assigning tasks to 
the equipment which can handle them best. 

Conclusions 

The desk top computer network i s a cost eff e c t i v e laboratory 
data reduction system. In addition, laboratory personnel have 
the computing equipment necessary for s c i e n t i f i c data c o l l e c t i o n , 
reduction, r e t r i e v a l and reporting. They also control p r i o r i t i e s 
as needed with any s c i e n t i f i c data generating instrument. If 
rapid turnaround time i s needed to make a s c i e n t i f i c decision 
for the next experimental step, they can obtain the necessary 
computer results within minutes. Experimental design i s not 
dictated by computer a v a i l a b i l i t y ; instead, the computer i s a 
tool which allows for better summarization and interpretation 
of r e s u l t s . This improves both experimental design and comple­
tion necessary to support the s c i e n t i s t s ' overall strategy for 
obtaining the data to complete the objectives of the experiment. 
As data processing becomes more available at the "bench" l e v e l , 
i t s use and usefulness increase. The s c i e n t i s t has control of 
the experiments but when greater computer capacity i s required, 
he can interact with computer professionals i n an effective 
manner. 
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Figure 4. Output of ion-exchange col­
umn chromatographic data expressed in 
histogram form. The upper histogram is 
the 14C elution pattern of metabolites in 
a crop extract and the lower histogram 
is a 3 H-labeled standard added to the 
extract for cochromatographic purposes. 
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Figure 5. Data summary showing the percent 14C remains in the peel and fruit 
at various time periods after spraying apples with a 14C-labeled compound 
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Abstract 

Direct interfacing of liquid scintillation counters with 
a Hewlett-Packard 9800 series desk top computer network has 
greatly simplified reduction of data for pesticide metabolism 
studies. The system frees laboratory personnel from using hand 
calculators and from collecting paper tape for time-share 
computer systems. Standard formats are easy to review, audit 
and use for final reports. Experimental design is not dictated 
by computer availability, instead, the computer is a tool which 
allows for better summarization and interpretation of results. 
This improves both experimental design and completion necessary 
to support the scientists' overall strategy for obtaining the 
data to complete the objectives of the experiment. 
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17 
Some Applications of Fourier Transform Infrared 
Spectroscopy to Pesticide Analysis 

STEPHEN R. LOWRY 1 and CHARLES L. GRAY 

Diamond Sharmock Corporation, P.O. Box 348, Painesville, OH 44077 

Fourier transform infrare
support to a number o
program. Commercially available FTIR spectrometers offer a 
number of advantages over dispersive instruments. Although 
some of the advantages are related to the a b i l i t y to perform 
computerized data manipulations, the basic design of the 
FTIR system does provide superior c a p a b i l i t i e s i n infrared 
spectroscopy (jL) . 

A schematic diagram of a Michelson interferometer, the 
heart of the FTIR system, i s shown i n Figure 1 (2) . The 
Michelson interferometer modulates each wavelength i n the 
infrared region at a different frequency i n the audio range. 
The modulated radiation passes through a sample chamber and 
i s measured by the detector. This signal, called an i n t e r -
ferogram, i s converted by means of the Fourier transform into 
a single beam spectrum. An interferogram and corresponding 
spectrum are shown i n Figure 2. A normal infrared spectrum i s 
obtained by ratioing the single beam spectrum to a reference 
spectrum. The transmittance and absorbance spectra are shown 
in Figure 3. 

Although this seems to be an elaborate method of ob­
taining a spectrum, several theoretical advantages result from 
rapid scanning FTIR. The f i r s t , F e l l g e t t ' s advantage, results 
from the fact that data from a l l frequencies are being measured 
by the detector simultaneously. This i s i n contrast to d i s ­
persive instruments where only the small range of frequencies 
emerging from the exit s l i t at any one time are being measured. 
The second, Jacquinot's advantage, arises due to the increased 
energy throughput because no s l i t s are used i n the inte r f e r o ­
meter. The t h i r d , Conne's advantage, results from the high 
degree of wavelength accuracy found i n most FTIR spectrometers 
due to the laser reference system. This accuracy allows a large 
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Figure 1. Diagram of a Michelson interferometer 
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Figure 2. Interferogram (top) and resulting single beam spectrum after Fourier 
transformation (bottom,) 
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Figure 3. Normal IR spectrum plotted in transmittance (top) and absorbance 
( bottom ) 
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number of scans to be co-added, which reduces the spectral noise. 
These three advantages are the basis of many of the 

improvements of FTIR over dispersive spectroscopy. Table I 
l i s t s some of the increased c a p a b i l i t i e s of FTIR. The most 
si g n i f i c a n t improvement i s the a b i l i t y to obtain an increased 
signal at a l l frequencies in reduced time. This allows the 
acquisition of good spectra in substantially less time, or the 
acquisition of low signal spectra ( i . e . , micro samples) in 
reasonable amounts of time. 

Table I 

Advantages of FTIR 

Fundamental Advantage

Fellgett's Advantage 
Jacquinot's Advantage 
Conne's Advantage 

P r a c t i c a l Applications 

Rapid Scan 
Opaque Samples 
Micro Sampling 
Spectral Subtraction 

The remainder of this paper w i l l describe s p e c i f i c a p p l i ­
cations of FTIR in support of one of Diamond Shamrock's 
pesticide programs. A l l the results described here were ob­
tained from studies of a single compound, thiofanox (Ρ), 3,3-
dimethyl-l-methylthio-2-butanone 0-[(methylamino)carbonyl]oxime. 
Thiofanox i s a potent systemic and contact carbamate ins e c t i c i d e . 
The infrared spectrum of thiofanox i s shown i n Figure 4. The 
major peaks in the spectrum are: the N-H stretch at 3380 cm - 1, 
C-H stretches i n the 3000-2800 cm"1 region, the carbonyl band at 
1720 cm - 1, the C=N at 1620 cm""1, CNH at 1500 cm"1, and two 
other bands at 1235 cm""1 and 950 cm"1. 

Formulations 

The f i r s t application we would l i k e to discuss involves the 
analysis of thiofanox formulated on a clay c a r r i e r . Two s p e c i f i c 
questions for which FTIR provided answers were: (1) are there 
interactions between the compound and the c a r r i e r material?; 
and (2) i s the active ingredient completely removed by solvent 
extraction? The answer to these questions required a comparison 
of spectra from the blank c a r r i e r and the formulated material 
before and after extraction. These spectra were obtained by 
thoroughly grinding each sample, mixing with KBr, and pressing 

Multiplex 
Throughput 
Frequency Accuracy 
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into a disc. One hundred 8192-point interferograms were co-
added before a 16,384-point transform was performed. The 
spectrum of the formulation i s dominated by strong s i l i c a t e 
peaks from the c a r r i e r material. Figure 5 shows the spectrum 
of the formulation (top), and the blank c a r r i e r (bottom). The 
only thiofanox peak which stands out c l e a r l y i s the carbonyl 
peak at 1720 cm"1. Since a l l the spectral data i s stored i n a 
d i g i t a l format, a point-by-point weighed subtraction can be 
performed between two spectra. The subtraction of one spectrum 
from another i s based on the following equation: 

Sample spectrum x FCS - Reference spectrum x FCR = 0 (1) 

where FCS and FCR are scaling factors. Generally, FCS = 1 and 
FCR i s continuously varie
instrument, a Nicolet Mode
by v i s u a l examination on a scope display, which automatically 
displays the results of the subtraction as FCR i s changed. The 
resulting difference spectrum w i l l then contain only those peaks 
unique to either of the two o r i g i n a l spectra. The spectrum 
obtained by subtracting the blank c a r r i e r from the formulated 
material i s shown i n Figure 6. Considering the strong bands 
from the c a r r i e r which had to be subtracted, t h i s i s a very good 
spectrum. A comparison of t h i s with the spectrum of standard 
thiofanox i n KBr shows that most of the peaks have not changed 
during the formulation process. The only exception i s the N-H 
stretch at 3380 cm - 1. This peak i s completely missing i n the 
difference spectrum. The loss of this peak suggests the N-H may 
be binding to some of the groups on the c a r r i e r or to residual 
water. 

The procedure for determining the amount of active ingredi­
ent i n the formulated pesticide involves a solvent extraction 
followed by either IR or HPLC analysis. Figure 7 shows a 
spectrum of the granules a f t e r extraction, and the difference 
spectrum obtained by subtracting the blank c a r r i e r from the 
extracted granules. It can be seen that l i t t l e or no thiofanox 
remains on the granules a f t e r extraction. The very small peak 
in the 1700 cm""1 region may be due to trace amounts of thiofanox, 
but the l e v e l i s below the accuracy l i m i t of the assay. Also, 
the negative peaks i n the difference spectrum indicate that a 
component of the c a r r i e r i s removed by the extraction process. 
These peaks appear to correspond to a carbonate s a l t , but an 
exact assignment has not been made. 

Although the FTIR i s not used routinely for the assay of 
thiofanox, i n cases where problems from interferences arise or 
when discrepancies between results occur, the subtraction capa­
b i l i t i e s of FTIR can be used to obtain quantitative information. 
Figure 8 contains the spectrum of the extract from the granules, 
a spectrum of the extraction solvent, methylene chloride, and 
the difference spectrum. The difference spectrum contains a 
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Figure 5. Spectra of a thiofanox formulation (top) and the blank carrier (bottom) 
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Figure 6. Difference spectrum showing the thiofanox formulation with the carrier 
subtracted 
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Figure 7. Spectra of a thiofanox formulation after solvent extraction (top) and 
the extracted formulation with the blank carrier subtracted (bottom) 
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number of peaks which are far enough from the opaque regions of 
the solvent to easily permit a quantitative analysis. Figure 9 
shows the spectrum of the extract from the granules with the 
solvent already subtracted, a similar spectrum of a standard 
thiofanox solution, and the resulting difference spectrum. 

Normally, the infrared assay of thiofanox i s performed by 
comparing the intensity of the peak at 945 cm"1 of the standard 
and sample solutions. The amount of thiofanox i n the sample i s 
calculated using the following equation: 

Wt. Sample = Wt. Standard x A S a m p ^ e , (2) 
Astandard 

where A i s the baseline corrected absorbance for the sample and 
standard, respectively  Usin  th  spectral subtractio  techni
que would require that
difference spectrum betwee  sampl  g
The equation would be: 

A χ FCS - Α Λ , x FCS = 0 (3) sample standard 

since the scaling factor FCS = 1, then 

^ F C R ( 4 ) 

^standard 

or, based on the spectral subtraction, the weight of thiofanox in 
the sample would be calculated: 

Wt. , = Wt. , , χ FCR (5) sample standard 

The advantage of the subtraction method occurs when FCR i s deter­
mined using the entire spectrum rather than a single peak. This 
means that an interference at a single peak w i l l not affect the 
analysis to a s i g n i f i c a n t degree. Based on the spectra shown i n 
Figure 9, the weight of extracted material was 0.54 g. This 
represents an assay of 8.9% active ingredient, compared to 9.0% 
thiofanox applied during the formulation. This i s well within 
the accuracy for this method. 

Gas Evolution 

Because of the known thermal i n s t a b i l i t y of carbamates at 
high temperatures, a method of identifying any v o l a t i l e species 
would be desirable. The rapid data acquisition possible with 
FTIR would enable changes i n both concentration and composition 
to be monitored as a function of time. A 10 cm gas c e l l was 
modified to enable the measurement of v o l a t i l e components from 
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Figure 9. Extract from formulation with solvent subtracted (top), thiofanox 
standard with solvent subtracted ( c e n t e r j , and difference between sample and 

standard with FCR = 1.376 
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either technical thiofanox or formulated material at various 
temperatures. A small opening was made i n the bottom of the 
c e l l , and a short neck attached. A sample i s placed i n a small 
sample cup which i s clamped to the neck of the c e l l . The entire 
c e l l i s then evacuated. A heating block i s placed around the 
cup, and the c e l l i s mounted i n the instrument. After a back­
ground spectrum i s acquired, the c e l l i s heated. The temperature 
i s controlled and monitored by means of a thermocouple attached 
to a thermal control unit. Figure 10 shows the i n i t i a l spectrum 
of a sample of high quality technical material at 100°C. The 
positive peaks i n the spectrum correspond to methyl isocyanate, 
which indicates the carbamate linkage i s being cleaved. The 
negative peaks i n the spectrum correspond to a decrease i n the 
l e v e l of water vapor and C0 2 outside the c e l l as the instrument 
i s purged with nitrogen
shown i n Figure 11. Whil
cyanate remain, numerous other peaks also appear. These are due 
to the presence of isobutane, isobutene, and C0 2. 

Experiments with lower quality technical material and a 
formulation showed a very diff e r e n t behavior. When these 
samples were examined at 70°C, the major gaseous product was C0 2. 
Although small amounts of methyl isocyanate were detected, i t 
appears that impurities i n these samples are reacting with 
thiofanox before the carbamate i s cleaved. Because the C0 2 i s 
the dominant v o l a t i l e material i n these situations, a method 
was developed to quantitate the evolution of C0 2 as a function 
of time. This data should give the k i n e t i c rate for the thermal 
decomposition and provide a rapid s t a b i l i t y indicating assay. 
Figure 12 shows the C0 2 spectra from three commercially prepared 
standard gas mixtures. These spectra indicate C0 2 can be ea s i l y 
detected down to 5 ppm by weight in nitrogen. The c a l i b r a t i o n 
curve based on these standards i s shown i n Figure 13. The 
absorbance of the C0 2 band c l e a r l y follows Beer's law i n this 
region. Figure 14 shows a plot of C0 2 concentration as a 
function of time for a technical thiofanox sample at 70°C. This 
graph indicates the evolution rate i s constant over the time 
period of the experiment. The rate of decomposition can be 
calculated from this plot and i s 1.15 y£/g/min. 

Micro Sampling With Applications To Metabolite Studies 

The f i n a l application of FTIR to be discussed i s the 
analysis of microsamples. A major problem encountered i n the 
infrared examination of microsamples i s the reduction in energy 
reaching the detector (_3) . The s e n s i t i v i t y of FTIR proved 
b e n e f i c i a l i n work performed i n support of metabolite studies of 
thiofanox. Samples were prepared by dissolving the compound in 
a small amount of solvent (10-20 y£), followed by withdrawing 
the solution into a syringe. The t i p of the syringe was coated 
with a small amount of KBr, and the solution was slowly released 
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Figure 10. Volatile product obtained from heating high quality thiofanox to 100eC 

Figure 11. Volatile products obtained from heating high quality thiofanox to 
150°C 
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Figure 13. Calibration curve from COz standards 
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into the KBr as the solvent evaporated. The resulting powder 
was placed i n a micro die (1.5 mm diameter), and a p e l l e t pre­
pared. Figure 15 shows the spectrum of 10 yg of thiofanox 
prepared in this fashion. 

With detection l i m i t s this low, FTIR appears to be capable 
of detecting quantities frequently encountered i n TLC experi­
ments. To evaluate this p o s s i b i l i t y , TLC plates were spotted 
with 10 yg and 20 yg quantities of thiofanox. The plates were 
developed in an acetone-hexane (1:1) solvent system, and the 
spots were detected under UV l i g h t or with iodine vapors. 
I n i t i a l l y , the spot was scraped from the plate and analyzed 
d i r e c t l y i n KBr. However, the s i l i c a gel produced too much 
interference, and the thiofanox could not be detected. A 
second set of spots were scraped from the plate, extracted with 
chloroform, and the solutio
cedure described above
yg spot. This spectrum i s s t i l l dominated by the s i l i c a gel 
peaks. By u t i l i z i n g the subtraction c a p a b i l i t i e s of the FTIR 
system, the peaks from the s i l i c a gel can be mathematically 
removed from the spectrum of the sample. Figure 17 shows a 
spectrum of a blank spot from the TLC plate, and the difference 
spectrum from these i s shown in Figure 18. This spectrum 
closely matches the spectrum obtained from 10 yg of thiofanox 
shown e a r l i e r . 

Previous studies at Diamond Shamrock have indicated that 
one degradation pathway for thiofanox i s shown in Figure 19 04). 
TLC experiments were performed on several of these metabolites, 
and the spots were analyzed by FTIR. Several of these spectra 
are shown in Figure 20. These results have demonstrated that 
FTIR can provide useful information for the i d e n t i f i c a t i o n of 
metabolites. 

Impurity Study 

With the ever-increasing government regulations concerning 
pesticides, a substantial e f f o r t i s generally required to 
ide n t i f y impurities present i n a technical product. Because 
thiofanox cannot be analyzed d i r e c t l y by the GC/MS method 
frequently used i n this type of study, preparative HPLC was used 
to locate new impurities. As new impurities were found, the 
fractions were further p u r i f i e d using a n a l y t i c a l columns. These 
fractions were then examined by FTIR, NMR, and mass spectrometry. 
Since the amount of sample isolated using these columns i s 
extremely small, the s e n s i t i v i t y of FTIR proved extremely valu­
able i n providing an ov e r a l l characterization of several 
impurities. 

Conclusions 

Although this paper has described several applications of 
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Figure 18. Difference spectrum showing thiofanox TLC spot minus the blank 
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Figure 19. Degradation pathway for thiofanox 
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FTIR spectroscopy to a particular pesticide, the methods have 
general applications to numerous compounds. Most of these 
u t i l i z e the high s e n s i t i v i t y of FTIR, and the data manipulation 
capability of the system. In several of the gas evolution 
studies, spectra were acquired at less than one-minute in t e r v a l s . 
While this i s not r e a l l y "rapid scanning," the high resolution 
required for vapor phase spectra would not have been possible 
with a normal dispersive instrument. Several other techniques 
using FTIR show promise i n the area of pesticide analysis. 
These are GC-IR Ç5), LC-IR (6 ), and diffuse reflectance ( 7 ) . 
On-the-fly GC-IR systems are commercially available, and lower 
detection l i m i t s are being continually reported. While GC-IR 
may not replace GC/MS i n residue and metabolism work, i t can 
provide valuable data i n these areas. On-the-fly LC-IR systems 
have been developed an
major problem i n these
of many common LC solvents. However, with proper selection of 
solvents and the development of LC conditions s p e c i f i c a l l y 
designed for the LC-IR experiment, these problems may be over­
come. Recent reports on diffuse reflectance measurements by 
FTIR indicate the technique may provide a method of examining 
formulated material or TLC spots with no sample preparation. 
While this technique i s s t i l l i n the development stage, i t may 
become quite s i g n i f i c a n t i n the future. 

Abstract 
The high sensitivity and computerized data manipulation 

capabilities of FTIR spectroscopy provide the chemist with a 
powerful analytical tool. FTIR techniques have been applied to 
problems in a number of areas in our pesticide program. 
Specific areas where FTIR has provided valuable information 
include: quantitative analysis of active material; impurity 
identification in technical material; analysis of volatile 
components from formulated material; and the identification of 
metabolites. In this paper, we will discuss the results from 
these studies and describe some of the problems we encountered. 
We will also discuss some of the new developments in FTIR that 
might prove useful in pesticide analysis. 
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In the fields of clinical chemistry and endocrinology
immunochemistry is ofte
Immunochemical methods o  analysis y advantage
ing sensitivity, specificity, speed of analysis, ease of auto­
mation, cost effectiveness, and general applicability. The 
importance of immunochemical assays was recognized by Rosalyn 
Yalow sharing the Nobel Prize in Physiology and Medicine based, 
in part, on her pioneering work in immunoassay development (1, 
2). Surprisingly, immunochemistry has found l i tt le or no prac­
tical application for the analysis of pesticides or other environ­
mental contaminants (3). This fact is surprising because the 
chemical classes currently assayed by immunochemical techniques 
(2,4) are not fundamentally distinct from many classes of fungi­
cides, herbicides, insecticides, nematocides, or plant growth 
regulators. Possibly the tremendous success of gas liquid chroma­
tography (GLC) and ion selective detectors in the analysis of the 
chlorinated hydrocarbon insecticides fostered a generation of 
pesticide analytical chemists who were experts in and disciples 
of GLC. The phenomenal success of immunochemistry, s p e c i f i c a l l y 
radioimmunoassay (RIA), was possibly analogous i n fostering a 
generation of c l i n i c a l chemists who look f i r s t to immunochemistry 
for the analysis of hormones and pharmaceuticals, even i n cases 
when RIA i s not necessarily the technique of choice. B i o l o g i c a l 
techniques, i n contrast to physical or chemical techniques for 
residue analysis, have been c r i t i c i z e d by a n a l y t i c a l pesticide 
chemists. It i s a common misconception that immunochemical 
methods can be classed as bi o l o g i c a l techniques of residue 
analysis. Although a l i v i n g organism or, at least, a c e l l l i n e 
i s required for antibody production, immunoassays using these 
antibodies are based on physical and chemical properties, and 
immunoassays can be explained i n terms of the law of mass action. 
A tremendous immunochemical technology has developed especially 
in c l i n i c a l chemistry, and i t i s time that this technology was 
exploited to solve new and pressing problems i n environmental 
chemistry. 
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In this chapter the potential of several immunochemical 
techniques for residue analysis w i l l be explored. S u f f i c i e n t 
background methodology w i l l be presented to allow the reader to 
evaluate the advantages and disadvantages of immunochemical 
techniques and their potential application to residue problems. 
A chapter of t h i s length provides, at best, s u p e r f i c i a l treatment 
of immunochemical methodology and theory, but this overview, i n 
conjunction with the included references, should offer the reader 
ready access to the s p e c i f i c immunochemical l i t e r a t u r e . Hope­
f u l l y , t h i s a r t i c l e w i l l a s s i s t pesticide residue laboratories in 
applying existing immunochemical technology to spe c i f i c problems 
in pesticide a n a l y t i c a l chemistry. 

The most common, but by no means the only or even the most 
promising, immunochemical assay for small molecules i s radio­
immunoassay (RIA). As a
chemically attaching th
t i v e of i t ) to a car r i e r protein and r a i s i n g s p e c i f i c antibody 
t i t e r s to i t i n the serum of an animal. Very d i l u t e antibody 
solutions are then used to bind the small molecule which has been 
radiolabeled. The competition of varying known concentrations of 
unlabeled material i s measured and the resulting standard curve 
used to determine unknown concentrations (Table I ) . The steps 
leading to the development of an RIA are outlined below followed 
by a description of other immunochemical procedures and an 
analysis of the attributes and limitations of immunoassay. 

Table I 

Steps i n the Development of an RIA 

Synthesize hapten 
Couple hapten 
Purify antigen 
Characterize antigen 

Prepare radioligand 
Choose method for bound/free separation 
Optimize assay conditions 
Develop standard curve 
Characterize assay 
Determine assay r e l i a b i l i t y 

Immunize animal 
Ti t e r antibody 
Characterize antibody 

Methodology of Antibody Formation 

Hapten Synthesis. Antibody t i t e r s are raised i n an experi­
mental animal in response to an antigen or immunogen. In general, 
an eff e c t i v e antigen must be rather large and foreign to the 
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animal to be immunized; (proteins of greater than 10,000 mw are 
common antigens). By comparison, most pesticides are rather 
small molecules, and therefore they must f i r s t be conjugated to a 
protein or other large antigenic molecule before they can be used 
as antigens. Such small molecules which become immunogenic after 
attachment to a large c a r r i e r molecule are called haptens. If 
the pesticide has a reactive functionality suitable for conjuga­
tion i t may i t s e l f be the hapten. Otherwise, a derivative of the 
pesticide must be synthesized suitable for attachment to the 
c a r r i e r . Coordination between a hapten and car r i e r protein may 
be s u f f i c i e n t for raisin g antibody t i t e r s , but covalent linkages 
are more r e l i a b l e and d e f i n i t i v e (4). For many pesticides, 
potentially useful haptens have already been described as meta­
b o l i t e standards or environmental degradation products. 

The choice of the
may profoundly affect th
the immunochemical assay. Generally, antibody s p e c i f i c i t y i s 
highest for the part of the molecule d i s t a l or furthest from the 
ca r r i e r protein. This knowledge has frequently been u t i l i z e d to 
develop immunoassays which w i l l , on one hand, detect general 
classes of compounds which have common fu n c t i o n a l i t i e s and to 
develop other assays which are highly s p e c i f i c . In an hypotheti­
ca l system (Fig. 1), three similar molecules are represented. If 
molecule I i s used as a hapten and i t i s conjugated to the pro­
tein through functionality b, the resulting antibody population 
is l i k e l y to cross-react with the closely related molecules II 
and I I I . Such an antibody population might find u t i l i t y in 
developing an assay to the class of compounds represented by 
molecules I, II and I I I . Alternatively, i f molecule I is conju­
gated through functionality a, the resulting antibody population 
i s l i k e l y to distinguish among the three molecules and be useful 
for a s p e c i f i c assay of molecule I with minimal interference from 
related compounds II and I I I . 

The importance of the s i t e of conjugation of a hapten to a 
protein has been demonstrated many times with steroids and phar­
maceuticals such as the barbiturates (5), and i t was recently 
demonstrated with the insecticide S-bioallethrin ( I R ^ R j A ' S ^ 

a l l e t h r i n ) (Fig. 2) (JD,7) . The S-bioallethrin was conjugated to 
a c a r r i e r protein v i a an hydroxyl functionality of the propene 
side chain of the rethrelone moiety (Fig. 2A). RIA based on the 
resulting antibody population indicated a high degree of s p e c i f i ­
c i t y for the absolute configuration* of the chrysanthemate moiety 
d i s t a l from the point of conjugation and much lower s p e c i f i c i t y 
for the more proximal c h i r a l center in the allethrelone moiety. 
In addition, the antibody could not distinguish S-bioallethrin 
from pyrethrin I probably because pyrethrin I has an i d e n t i c a l 
configuration and d i f f e r s from a l l e t h r i n only in the propene side 
chain (6,7). If i t were important to r a i s e an antibody t i t e r 
capable of distinguishing between a l l e t h r i n and the pyrethrins 
I, the hapten could have been conjugated through i t s carbo-

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



324 P E S T I C I D E A N A L Y T I C A L M E T H O D O L O G Y 

Figure 1. Illustration of importance of 
hapten selection on immunoassay spe­

cificity. 

A hapten molecule (I) coupled to a protein 
through functionality "a" would be ex­
pected to raise an antibody titer useful for 
an assay of molecule I but not II or III. A 
hapten molecule (I) coupled to
through functionality "b" would be
raise an antibody titer useful for the assay 
of the class of molecules represented by I, 

II, or III. 

Ο 
S-BIOALLETHRIN 

Figure 2. The structure of S-bioallethrin 
(7R, 3R, 4'S allethrin) and possible hap­
tens for the formation of antigens for 

allethrin. 

The hemisuccinate of an alcohol derivative 
of allethrin's propene side chain (A) illus­
trates the use of a spacer arm between the 
carrier protein and the molecule of interest. 
Antibodies to this antigen demonstrated the 
greatest specificity for the chrysanthemate 
end of the molecule. The allethrin CMO 
derivative (B) was prepared at the V ketone. 
Haptens attached through a gem dimethyl 
group (C) or the isobutenyl group (D) 
would be expected to lead to antibodies with 
a greater specificity for the allethrelone end 

of the molecule. Ρ indicates protein. 
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methoxyoxime (CM0) derivative at C-l of the allethrelone moiety 
(Fig. 2B) , or better through a hydroxyl substituent on a gem 
dimethyl group or a functionality on the isobutenyl side chain of 
the chrysanthemic acid moiety (Fig. 2C,2D). Several studies have 
emphasized that i t i s often important for maximal s p e c i f i c i t y to 
have the hapten separated from the c a r r i e r protein by a spacer 
arm. A hemisuccinate moiety was used for this purpose i n the 
case of S_-bioallethrin. Several of the conjugation procedures 
discussed in the following paragraphs insert a spacer arm between 
the hapten and the c a r r i e r protein due to the nature of the 
conjugation reagent involved, while in some cases a more d e l i b ­
erate attempt to insert a spacer may be made (8_,j0 . 

Hapten Coupling. The f u n c t i o n a l i t i e s on a protein usually 
used for coupling hapten
coupling techniques hav
d e t a i l i n the pharmacology and endocrinology l i t e r a t u r e . Coup­
l i n g techniques for a f f i n i t y chromatography are also often a p p l i ­
cable to hapten-carrier coupling (10). An overview of the most 
widely used coupling techniques is presented below. This over­
view i s not exhaustive; rather, i t i s intended to i l l u s t r a t e some 
of the many synthetic routes open to the pesticide a n a l y t i c a l 
chemist. When possible, examples have been drawn from the areas 
of entomology or pesticide or environmental chemistry. Langone 
and Van Vunakis (11) used an N-hydroxysuccinimide (NHS) (12) 
active ester of a carboxyl substituted analog similar to a l d r i n 
and d i e l d r i n formed by dehydration with Ν,Ν1-dicyclohexylcarbo-
diimide (DCC) to conjugate with human serum albumin (Fig. 3, Rn 
1). Similar active ester methods have been used to conjugate 
to proteins carboxylic acid derivatives of a l l e t h r i n (6), d i -
flubenzuron (13), juvenile hormone (14,15), ecdysone (15), 
polypodine β-oxime (16), and numerous compounds of medicinal 
interest. The active ester can be purified (12,17,18), and i t i s 
f a i r l y stable under acidic conditions. 

Alternatively, water-soluble carbodiimides such as 1-cyclo-
hexyl-3-(2-morpholinyl-4-ethyl) carbodiimide methyl £-toluene s u l ­
fonate (CMC) or l-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide* 
HC1 (EDC) are available which allow a direct coupling of an amine 
and carboxylic acid without the i s o l a t i o n of an active ester 
(Fig. 3, Rn 2) (19,20,21). Such procedures may be very useful 
with rather water-soluble or unstable haptens, and the resulting 
cross-linking of the protein may actually increase i t s a n t i ­
genicity (4) although s o l u b i l i t y i s commonly reduced. In design­
ing subsequent assays one should remember that water-soluble 
carbodiimides and some other coupling agents may react d i r e c t l y 
with a protein and subsequent antibodies may be directed, i n 
part, against the resulting guanidino of acyl urea derivatives 
(Fig. 3, Rn 3). When using immunodiffusion (discussed later) 
for estimation of antibody t i t e r s , t h i s laboratory has used 
haptens coupled to different proteins by chemically d i s t i n c t 
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"DIELDRIN" ACTIVE ESTER 
ANALOG 

® 
( C H 2 ) 3 

I 
C O O H 

"DIFLUBENZURON BUTYRATE" DIIMIDE 

© 
DIIMIDE 

Ο R ' N H 

P C - 0 - C = N 

© R C O O H + C I C O C H 2 C H ( C H 3 ) 2 t 0^"» R C O C O C H 2 C H ( C H 3 ) 2 " 2 Ν Ρ » R C N P 

ISOBUTYL CHLOROCARBONATE 

2 - ABZI THIOPHOSGENE ISOTHIOCYANATE 

6-AMIN0BENZ0PYRENE PHOSGENE ISOCYANATE 

Figure 3. Some methods of hapten-protein coupling. Except for phosphorous in 
parathion, Ρ indicates protein. See text for a description of reagents. 
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Figure 3. Continued 
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procedures. For instance, diflubenzuron derivatives were coupled 
using both the purified NHS active ester and v i a a water-soluble 
carbodiimide (Fig. 3, Rn 1,2) (13) to several different proteins. 

Several other routes resulting in conjugation of a carboxy­
l i c acid group to an amine include reaction of the acid with an 
alkylchlorocarbonate (chloroformate) (Fig. 3, Rn 4). The ethyl 
and isobutylchlorocarbonates are commonly used; for instance, 
deReggi et a l . (22) used ethylchlorocarbonate to make a conjugate 
of a succinylated ecdysterone derivative while Vallejo and 
Ercegovich (23) used sec-butylchlorocarbonate for the conjugation 
of a succinylated solanidine. 

Pioneering work on immunochemical assays for pesticides 
involved the synthesis of haptens for DDT and malathion. Haas 
and Guardia (24) used the acid chlorides of malathion half ester 
and DDA (2,2-bis-[p-chlorophenyl]aceti
while Centeno et a l . (25
thion diacid (0,0-dimethyl S-[l,2-bis-carboxyethyl]phosphorodi-
thioate). In retrospect, more spec i f i c antibodies of a higher 
t i t e r may have been obtained had a spacer arm been used. 

The above methods were u t i l i z e d to conjugate a carboxyl 
group on a hapten to an amino residue on a protein. Obviously, 
the above reactions could be, and have been, u t i l i z e d to conju­
gate an amino residue on a hapten to the carboxyl residues on 
proteins. However, there are additional methods which have 
proven useful for conjugating amine containing haptens to pro­
teins . 

For instance, Lukens et a l . (26) attached 2-aminobenzimi­
dazole (2-ABZI - a degradation product of the carbamate fungicide 
Benomyl) to ovalbumin by reacting the amine of 2-ABZI with t h i o -
phosgene to produce the isothiocyanate followed by addition of 
ovalbumin (Fig. 3, Rn 5). Benzo[a]pyrene was conjugated to 
bovine serum albumin (BSA) by forming the isocyanate at C-6 by 
reaction of phosgene with the corresponding amine (27) (Fig. 3, 
Rn 6). Similar approaches could be applied to the development of 
an immunoassay for tetrachlorodibenzo-£-dioxin using the recently 
synthesized l-amino-2,3,7,8-tetrachlorodibenzo-jD-dioxin as a 
hapten (28). 

The d i f f e r e n t i a l r e a c t i v i t y of the s t e r i c a l l y hindered and 
unhindered isocyanate groups of tolylene-2,4-diisocyanate f a c i l i ­
tates the stepwise conjugation of hapten (R) and protein (P) 
amino groups (Fig. 3, Rn 7). £,_p/-Difluoro-m,mT-dinitrobenzene 
(DFDNB) reacts with numerous f u n c t i o n a l i t i e s including primary 
and secondary amines, imidazoles, and phenols to yield mixtures 
of conjugated materials (Fig. 3, Rn 8). This reaction i s appar­
ently harder to control than the diisocyanate reactions, but i t 
i s much more v e r s a t i l e . 

Aromatic amines may be converted to their diazonium salts 
with nitrous acid. The hapten may then be bound v i a azo linkages 
to the tyrosine (shown), h i s t i d i n e , lysine, and possibly arginine 
and tryptophane residues of the car r i e r protein by mixing the 
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protein and diazonium salt under basic conditions. This method 
was used i n the c l a s s i c immunochemical studies by Pauling et a l . 
(29) and Landsteiner (30) and more recently to coupled amino-
parathion to bovine serum albumin (BSA) (Fig. 3, Rn 9) (31) . The 
sulfhydryl residue i s commonly encountered i n pesticides, and i t 
can be u t i l i z e d to conjugate a hapten to a protein v i a a d i s u l ­
f i d e bridge. Most proteins do not have numerous free sulfhydryl 
groups, so the free SH groups can be "enriched" by reacting the 
protein with N-acetyl-homocysteine thiolactone or more recently 
S-acetylmercaptosuccinic anhydride (SAMSA) (Fig. 3, Rn 10) 
followed by addition of the hapten (32) . Thiolated proteins can 
be used for reaction with any compound capable of forming co-
valent bonds with sulfur. Glutathione or other conjugates of 
pesticide metabolites could also possibly be used for coupling to 
proteins. 

Other f u n c t i o n a l i t i e
a protein by a variety of methods or they can be converted to 
compounds containing a free amine or carboxy1 group and then con­
jugated by the above methods. By reacting aldehydes or ketones 
with carboxymethoxylamine hemihydrochloride (CMA) the resulting 
oxime with a free carboxyl group can be formed as shown for the 
a l l e t h r i n CMO derivative (Fig. 2B) (6). This procedure has also 
been used i n coupling reactions leading to antibodies for insect 
molting hormones (33,34,35) . The a l l e t h r i n CMO derivative was 
found to be quite unstable, and this fact emphasizes the need for 
rigorous structural proof of hapten structure. 

Hydroxylated pesticides are common metabolites and thus, a 
choice of hydroxylated materials are often available for conjuga­
t i o n . Exposure of metabolites with primary or secondary alcohols 
available to succinic anhydride in pyridine leads to a hemisuc-
cinate as shown for a l l e t h r i n derivatives in F i g . 2A. This 
method has been used to derivatize many compounds of b i o l o g i c a l 
interest including ecdysone and solanidine (15,22,23). Alterna­
t i v e l y , hydroxyl groups can be exposed to equimolar phosgene 
resulting i n a chlorocarbonate which w i l l react with amino groups 
of proteins (Fig. 3, Rn 11) or reacted with ethyldiazoacetate 
followed by hydrolysis to give a carboxymethyl ether (36). 

Phenols and diazotized jj-aminobenzoic acid react to i n t r o ­
duce a free carboxyl group (32). Ethylbromoacetate was used to 
derivatize phenolic metabolites of the insecticide diflubenzuron 
and model pyrethroids under anhydrous conditions. The resulting 
ethyl ester could be hydrolyzed in d i l u t e methanolic base without 
hydrolyzing diflubenzuron. Longer spacers can be introduced by 
using bromopropionates and buterates, but harsher conditions are 
required for these less reactive bromides. The bromoacids can be 
used for more water-soluble haptens and chloroacetic acid has 
been used for estrogen (13,37). Phenols can also be coupled 
using other divalent reagents such as tolylene-2,4-diisocyanate 
or cyanuric chloride. A conjugated o l e f i n can be reacted with 3-
mercaptopropionate to also yield a free carboxylic acid at the 
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end of a convenient spacer arm (38). 
Numerous other methods of conjugation are available and w i l l 

l i k e l y be obvious to the chemist familiar with the properties of 
the pesticide of interest. In addition to many methods i n the 
l i t e r a t u r e , numerous reviews give either detailed conjugation 
procedures (32) or references to these procedures (4,10,39). 
As w i l l be discussed below, organic chemists may find the 
d i f f i c u l t y of establishing the structure(s) of the f i n a l conju­
gate disconcerting. In contrast to numerous papers i n the l i t e r ­
ature where "recipes 1' for conjugation are simply followed, i t i s 
important to v e r i f y the structure of the hapten at each step of 
the synthesis. It may also be important to adapt the conditions 
of conjugation to the speci f i c reaction in question. The st a ­
b i l i t y of the hapten, the resistance of the ca r r i e r protein to 
dénaturâtion, and the r e l a t i v
c a r r i e r protein i n the

Antigen P u r i f i c a t i o n and Characterization. The antigen 
(hapten-carrier protein conjugate) i s usually separated from low 
molecular weight by-products based on i t s large si z e . D i a l y s i s 
i s an obvious method of separation, but some l i p o p h i l i c molecules 
pass through a d i a l y s i s membrane with great d i f f i c u l t y . Gel 
f i l t r a t i o n provides another convenient method of separation. If 
the protein i s not too badly denatured, repeated p r e c i p i t a t i o n 
with an organic solvent such as ethanol i s a rather certain way 
of removing l i p o p h i l i c impurities. 

The most quantitative methods of determining the moles of 
hapten bound per mole of ca r r i e r protein include the use of 
radiolabeled haptens or the monitoring of a change in the absor-
bance of the hapten-carrier conjugate i n a spectral region where 
the protein i t s e l f does not strongly absorb (4). For the para­
thion conjugate a phosphorus determination proved to be a useful 
method (31). These methods are often not appropriate, so a l t e r ­
nate methods such as the monitoring of the proteins' reactive 
groups (such as free amine) before and after conjugation must be 
employed (4,6,32,40,41). Careful controls are necessary with 
these procedures because self conjugation or denaturation of the 
protein may decrease or even increase the apparent f u n c t i o n a l i ­
t i e s available for binding. 

There i s no consensus on the optimum number of hapten mole­
cules per c a r r i e r , but at least two molecules are required for 
subsequent immunoprecipitin tests. Many early studies used very 
high loading and useful antibody t i t e r s continue to be raised 
using heavily loaded antigens. Some workers f e e l that antibody 
t i t e r s with a higher average s p e c i f i c i t y for the hapten can be 
raised using low loading (4,42). Numerous proteins have been 
successfully used as c a r r i e r s . Bovine and human serum albumin 
are very commonly used because they have numerous free amine 
groups and are remarkably soluble when cross-linked or even when 
heavily loaded with haptens. Many workers have found that mollusk 
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hemocyanin i s phenomenally immunogenic. Although hemocyanin has 
been successfully used as a car r i e r for pesticide haptens, one 
often encounters s o l u b i l i t y problems. Many other commercially 
available and exotic proteins have also been used as c a r r i e r s . 
One can be r e l a t i v e l y certain that a protein w i l l be immunogenic 
i f i t has a molecular weight >10,000 and i f i t i s ajmnunochemi­
c a l l y foreign to the animal receiving the antigen. One should 
also consider the ultimate use of the antibody when choosing the 
c a r r i e r protein. For instance, human serum albumin would be a 
poor c a r r i e r for a hapten i f the resulting antibody were to be 
used to monitor human blood samples by ijinnunod i f fusion. 

Choice of Animal for Antibody Production. Numerous verte­
brates have been used as the source of antibodies. As techniques 
become more sensitive, les
rabbits are thus commonl
since the major c e l l l i n e s now available for cloning antibodies 
are derived from mice (43) . If larger quantities of antibodies 
are needed, one can move to either larger numbers of small mam­
mals or to goats, sheep and larger mammals. The use of avian 
species i s not common when haptens are used, but they may yi e l d 
high, broad spectrum antibody t i t e r s against mammalian proteins. 
The nature of the antibodies obtained w i l l vary somewhat with the 
species used. For instance, goats are known to often produce 
antibodies with very high a f f i n i t y for haptens while guinea pigs 
often yield a high t i t e r of complement. 

Immunization Procedures. The antigen i s usually injected 
into the recipient animal in Freund's complete adjuvant. This 
water-in-oil emulsion provides a slow release formulation for the 
antigen, protects the antigen, and with dead Mycobacteria, i t 
stimulates the immune system. Subsequent booster injections are 
usually given i n adjuvant without the Mycobacteria i n order to 
avoid severe a l l e r g i c response. The resulting antibody t i t e r i n 
the serum i s monitored and when i t has reached an acceptably high 
l e v e l , blood i s withdrawn and the serum isolated for use i n assay 
development. Many of the numerous immunization protocols are 
referenced i n Parker (4) while Williams and Chase (32) give 
detailed instructions on the handling of animals. 

Although the assays using antibodies have reached a high 
state of sophistication, a d e f i n i t i v e work on immunization pro­
cedures i s s t i l l lacking. I t i s not generally possible to 
reproduce the exact t i t e r and s p e c i f i c i t y of antibodies even i n 
apparently i d e n t i c a l animals. This lack of reprod u c i b i l i t y i n 
the ra i s i n g of antibody t i t e r s may have led to the reluctance on 
the part of pesticide a n a l y t i c a l chemists to embrace immuno­
chemical techniques. However, the animal i s only the tool used 
to obtain the antibody, and once the antibody i s i n hand, the 
assays are physical i n contrast to b i o l o g i c a l assays. Most 
radioimmunoassays use serum dil u t i o n s of 1:5,000 to 1:100,000 so 
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that a single rabbit w i l l y i e l d enough antibody for a staggering 
number of assays. If properly handled and frozen, antibodies may 
be stored for long periods. Ultimately, the serum from a single 
animal w i l l be exhausted. Although i t may be d i f f i c u l t to obtain 
another batch of serum of phenomenally high t i t e r , a f f i n i t y and 
s p e c i f i c i t y , numerous studies have shown that for most molecules 
one has a very high probability of obtaining useful sera follow­
ing the inj e c t i o n of a limited number of animals (44) by standard 
procedures. For instance, out of 8 rabbits injected with several 
diflubenzuron antigens, antibody t i t e r s were detected i n a l l 
rabbits against the c a r r i e r protein and in 7 against the hapten 
(13). Monoclonal antibody technology (see below) promises to 
improve the consistent a v a i l a b i l i t y antibodies as reagents (45). 

The antibody t i t e r i s monitored i n the serum by any of the 
numerous a n a l y t i c a l procedure
antibodies were detecte
immunodiffusion studies using among other molecules, an a l l e t h -
rin-BSA conjugate (6) and passive hemagglutination was s i m i l a r l y 
used following immunization with a parathion-BSA conjugate (31). 
In addition to immunodiffusion, a radioimmunoassay was developed 
using a low s p e c i f i c a c t i v i t y 1 I +C d i f lubenzuron label for the 
monitoring of diflubenzuron antibody t i t e r s (13). In order to 
determine antibody t i t e r , the serum i s generally diluted u n t i l a 
serum concentration i s reached which w i l l bind 50% of a constant 
amount of hapten (44). 

Antibody Characterization. In attempting to characterize 
the antibodies i n a serum sample i t should be kept in mind that 
one i s dealing with a heterogeneous population of antibody mole­
cules of varying s p e c i f i c i t y and a f f i n i t y . There are undoubtedly 
antibodies present which recognize the c a r r i e r protein, but 
contribution of these antibodies to assay binding can be elimin­
ated by using a diffe r e n t c a r r i e r or a tagged hapten. Even when 
only the hapten i s recognized in the assay, one i s dealing with a 
heterogeneous antibody population in a serum sample. An estima­
tion of the average a f f i n i t y constant (K a) i s often useful in the 
optimization of competitive binding assays (46), and one estima­
tion of s e n s i t i v i t y i s taken as one tenth of the reciprocal of 
the average binding a f f i n i t y (44) . Estimates of the average K a 

are obtained by plotting a function of the hapten which i s a n t i ­
body bound vs a function of the concentration of the hapten. 
Such plots include Michaelis Menten curves, Scatchard plots, and 
Sips plo t s . The l a t e r two plots w i l l also give an estimate of 
the heterogeneity of the antibody population (4,44,46). 

The s p e c i f i c i t y of an antibody t i t e r refers to the degree of 
cross-reactivity one sees with the antiserum used. By using 
differ e n t tagged haptens one can vary the s p e c i f i c i t y of the 
resulting assay; however, there i s an i n t r i n s i c s p e c i f i c i t y of 
the antiserum which i s d i f f i c u l t (although possible) to improve. 
The s p e c i f i c i t y of an antiserum i s usually established by compe-
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t i t i v e binding studies. S p e c i f i c i t y i s often expressed as the 
concentration of a substance needed to displace 50% of an a n t i ­
body bound hapten. The s p e c i f i c i t y of an antiserum may be very 
high, requiring many-fold higher concentrations of very closely 
related molecules to displace the radioligand. Such s p e c i f i c i t y 
i s the basis of the major advantages of immunochemical assays 
over many c l a s s i c a l procedures; however, i t may be misleading. 
Although an antibody may e f f e c t i v e l y discriminate among several 
very closely related molecules, i t may bind quite t i g h t l y to an 
unknown molecule i n an extract. Also, even a 1000X s e l e c t i v i t y 
may be overcome i f very high levels of even poorly reactive 
contaminants are present. Such problems are most common when 
l i p o p h i l i c haptens are used. In c l a s s i c a l GLC assays one i s 
usually looking at a weak e l e c t r i c a l response indicating the 
presence of, for instance
material. Such observation
of a pesticide i f careful control runs have been performed, and 
similar controls are also necessary in assays in which antibodies 
are used. 

Competitive Binding. Competitive binding provides the p r i n ­
c i p l e upon which most immunochemical assays are based. Enough 
antibody i s added to a small, constant amount of radiolabeled 
antigen to bind 35-50% of i t (the same principles apply regard­
less of the tag used to identify the antigen). As increasing 
amounts of unlabeled antigen are added, one decreases the amount 
of bound radiolabeled antigen which i s then separated by one of a 
variety of techniques from the free radiolabeled antigen (Fig. 
4). By monitoring the percentage bound and/or free radiolabeled 
antigen as the concentration of unlabeled antigen i s increased, 
one can establish a standard curve. This standard curve can then 
be used to determine the concentration of an unknown (Fig. 4). 

Bound/Free Separations. Usually the most time-consuming 
part of a radioimmunoassay involves the separation of the bound 
and free radiolabeled antigen. There are several promising new 
techniques which avoid t h i s separation step, but the most sensi­
ti v e assays s t i l l employ separation. Equilibrium d i a l y s i s i s an 
es t h e t i c a l l y pleasing method of separation, but i t does not lend 
i t s e l f to the processing of a large number of samples. Gel 
permeation chromatography works on the same pr i n c i p l e because the 
large antibody bound antigen elutes ahead of the smaller free 
antigen. Gel permeation i s usually too slow for routine immuno­
assay procedure, although i t forms the basis for several very 
rapid automated procedures. Nitrocellulose membranes w i l l allow 
small antigens to pass through while retaining antibodies and 
they form the basis of several rapid a n a l y t i c a l procedures. The 
use of dextran-coated charcoal to precipitate unbound antigen i s 
commonly used, and i t should be generally applicable to p e s t i ­
cides (_6,7) . The dextran coating on the charcoal and/or the 
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UNLABELED ANTIGEN 
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Figure 4. Illustration of the principle of competitive binding. 

An increasing amount of unlabeled antigen displaces a constant amount of labeled 
antigen from a constant amount of antibody. Separation of antibody bound and free 
material results in a standard curve that can be used to determine the amount of 

unlabeled antigen in unknown samples. 
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presence of nonspecific sera greatly reduce the pr e c i p i t a t i o n of 
antibodies and may increase the ease with which a charcoal sus­
pension i s handled. F l o r i s i l may sometimes be substituted for 
charcoal. Although techniques which bind the antigen are 
generally applicable to l i p o p h i l i c molecules, they w i l l s h i f t the 
bound/free equilibrium with time. Thus, assays are often more 
time-dependent with antigen binding rather than antibody binding 
techniques. 

The binding of a charged antibody to ion exchange resins or 
hydroxyapatite i s also commonly used for separation. The a n t i ­
body can be precipitated using polyethylene glycol or ammonium 
sulfate and/or a second antibody such as goat anti-rabbit leaving 
unbound antigen i n solution. More recently a surface protein, 
protein A, on the surface of some Staphylococcus aureus c e l l s has 
been found to s p e c i f i c a l l
Solid phase systems in
attached to polyacrylamide or dextran pa r t i c l e s lend themselves 
to very rapid analysis. Larger amounts of antibody are generally 
required for solid phase assays and some additional effort i n 
assay optimization i s often needed. 

There are several l i n e s of research which may lead to very 
sensitive, rapid immunochemical assays which do not require separ­
ation of free and bound antigen. The ELISA procedure discussed 
below does require separation, but direct i n h i b i t i o n of a hapten-
substituted enzyme by antigen binding (EMIT procedure) may a l l e v ­
iate a separation requirement. A sensitive method for the 
analysis of 2-ABZI has been demonstrated based on fluorescence 
polarization (26). Binding can also be measured without separa­
tion by attaching electron spin resonance (ESR) probes to a n t i ­
gens and monitoring the ESR band width of the nitroxide signal. 
Metal tagged haptens which are then analyzed by atomic absorption 
spectrometry show some promise (47,48) . Lasers are increasing 
the s e n s i t i v i t y of turbidity methods but, at best, these methods 
are of moderate s e n s i t i v i t y . 

Optimization of the Assay. As discussed e a r l i e r , competi­
t i v e binding assays are based on the law of mass action where the 
a f f i n i t y of the antibody for an antigen i s K a = Ab*Ag/(Ab)(Ag) 
and when 50% of the t o t a l antigen i s bound K a = l/(Ab). If an 
antibody population were homogeneous, the mathematics used to 
describe the binding would be rather straightforward. However, 
the heterogenicity of the antibody population complicates the 
situation so that there i s no mathematical treatment that w i l l 
completely describe a l l antibody-antigen interactions. The 
mathematical bases of immunoassay have been discussed by a number 
of workers (49-54), and work in this direction i s continuing with 
a trend towards the development of computer programs universally 
adaptable to data from a variety of immunoassays Ç53-56). One 
can optimize an assay based on a l o g i c a l progression of experi­
ments using the physical constants i n t r i n s i c to the assay (46, 
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56), or one can approach the optimum assay conditions empirically 
by determining the amount of antibody needed to give 35-50% 
binding of vL0,000 CPM of the radiolabeled antigen at experi­
mentally determined incubation times (4,46). Most assays are 
run under conditions approaching or at equilibrium. However, the 
theoretical assay s e n s i t i v i t y and assay speed can be increased by 
using nonequilibrium conditions. Nonequilibrium conditions are 
often used i n automated procedures. 

Numerous methods exist for plotting competitive binding 
data. In choosing a method, one should keep in mind that the 
selection of an optimum plotting technique may simplify data 
handling or f a c i l i t a t e quality control evaluations, but plotting 
methods cannot enhance the i n t r i n s i c s e n s i t i v i t y or accuracy of 
an assay. The amount of antibody bound ligand i s usually 
measured because small
yie l d larger r e l a t i v e change
than i n the unbound r a d i o a c t i v i t y . In theory, assay precision 
should be enhanced by monitoring both bound and free antigen, but 
this course i s seldom followed. 

Parker (4) pragmatically suggests plotting counts p r e c i p i ­
tated on the ordinate against the logarithm of the t o t a l un­
labeled antigen concentration on the abcissa rather than spending 
an inordinate amount of time i n selecting the "optimum11 plotting 
procedure. The standard curve can usually be made more linear by 
using l o g i t , probit, or arc sine functions (52) . Unless auto­
mated data reduction i s used, such plots provide adequate 
standard curves for most assays. There are numerous commercial 
products for RIA data reduction as well as a variety of published 
programs. 

With constant random error, the precision of an RIA 
increases as the slope of the dose-response curve increases and 
decreases as the error increases with constant slope. Future 
a v a i l a b i l i t y of monoclonal antibodies may greatly increase the 
steepness and improve the shape of the resulting dose-response 
curve. As with any a n a l y t i c a l techniques, i t i s c r u c i a l to 
appreciate the confidence intervals which one has at various 
points of the dose-response curve, i n addition to the many 
measurement and c o l l e c t i o n errors which may be made before the 
immunoassay i s employed. 

Choice of Radioligand. A 1 4C radiolabel w i l l probably exist 
for most pesticides which w i l l be considered for radioimmunoassay 
development. Such an i n t r i n s i c radiolabel w i l l prove very 
valuable i n t i t e r i n g antisera and possibly in numerous other 
steps from antigen synthesis through assay development. Unfor­
tunately, for the actual assay, the commonly available 1 4C 
radiolabels may not be of high enough spec i f i c a c t i v i t y . The 
theoretical l i m i t on the s p e c i f i c a c t i v i t y of a single carbon 
atom i s ^63 mCi/mmole, and few pesticides have a s p e c i f i c 
a c t i v i t y of over 50 mCi/mmole even when they are labeled i n 
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numerous positions. Although many factors influence radio­
immunoassay s e n s i t i v i t y , assay s e n s i t i v i t y generally increases 
with the square root of the s p e c i f i c a c t i v i t y of the radioligand. 
Thus, 3H and 1 2 5 I are commonly used. 3H may be incorporated into 
the structure of a pesticide d i r e c t l y (an i n t r i n s i c radioligand). 
High levels of incorporation are possible by a wide variety of 
procedures, and c a r r i e r free tritium w i l l yield about 29 C i / 
mmol/atom incorporated. Isotope effects are much more common 
with than with 1 4C, and seemingly t r i v i a l radio syntheses may 
become very d i f f i c u l t when high s p e c i f i c a c t i v i t i e s are desired. 

It i s not necessary that the tracer or radioligand i s struc­
t u r a l l y i d e n t i c a l to the pesticide of interest. The same con­
siderations used in deciding where to attach a hapten to a 
protein should be applied to attaching a hapten to either a 
commercially available labele
easily labeled i n a subsequen
tion of the hemisuccinate of S^-bioallethrin to commercially 
available 3H tyramine ( j 3 - [ 2-aminoethyl]phenol) led to a useful 
radioligand (.6,7). 

The most common isotope used in radioimmunoassays i s 1 2 5 I . 
Incorporation of a single atom of 1 2 5 I w i l l result i n a s p e c i f i c 
a c t i v i t y of ^2400 Ci/mmol. Since introduction of an iodine w i l l 
usually cause a tremendous change in a hapten, the iodine i s 
usually introduced on a separate moiety such as histamine, tyro­
sine, or tyramine which i s attached to the hapten. 1 2 5 I offers 
many advantages over 3H as a tracer. I t i s r e l a t i v e l y easy and 
inexpensive to introduce, and i t s high s p e c i f i c a c t i v i t y leads to 
greater theoretical assay s e n s i t i v i t y . As a gamma emitter i t i s 
seldom subject to quench, and i t can be e f f i c i e n t l y detected with 
a s o l i d s c i n t i l l a t i o n counter. Solid s c i n t i l l a t i o n counters are 
usually less expensive than l i q u i d s c i n t i l l a t i o n counters of 
similar sophistication. d o e s n o t require the use of s c i n ­
t i l l a t i o n solution which makes assays easier, cheaper, and 
faster. However, as a gamma emitter which can undergo bio-
accumulation, 1 2 5 I must be handled very c a r e f u l l y , and i t s 2-
month h a l f - l i f e (vs 12 yrs for 3H) necessitates repeated radio-
syntheses. An additional problem i s that many laboratories new 
to radioimmunoassay do not have solid s c i n t i l l a t i o n counters even 
though l i q u i d s c i n t i l l a t i o n counters are commonly available. 

There are numerous commercial adapters which increase the 
e f f i c i e n c y of l i q u i d s c i n t i l l a t i o n counters for gamma emitters. 
A modification of a suggestion by Beckman Instruments has proven 
quite useful i n this laboratory. Thin-walled glass tubes were 
permanently attached through a hole i n the cap of a standard 
s c i n t i l l a t i o n v i a l with epoxy-cement. The v i a l was f i l l e d with a 
standard s c i n t i l l a t i o n solution such as Omniflour® or 1.5% butyl 
PBD in toluene containing, i n addition, tetraethyl or tetrabutyl 
lead. For the conditions i n our laboratory, 3% v/v of tetraethyl 
lead i n the s c i n t i l l a t i o n solution resulted i n >55% counting 
efficiency for 1 2 5 I on the 3H window of a Beckman LS230 for 
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samples added i n 6 χ 50 mm glass test tubes. The s c i n t i l l a t i o n 
v i a l s were permanently sealed under Ν 2 i n order to avoid the 
decomposition of the solution and the release of toxic vapors. 
There are several other suggestions for the counting of 1 2 5 I in 
l i q u i d s c i n t i l l a t i o n systems (57,58). Iodine i s often introduced 
ortho to the phenol of tyrosine or a tyrosine-like material or 
into histamine attached to a hapten under mild oxidizing condi­
tions. Chloramine Τ (N-chloro-p_-toluenesulfonamide sodium salt) 
or lactoperoxidase - H 2 0 2 are often used as oxidizing agents. A 
solid phase chloroamide has been recently reported (59). These 
procedures are only suitable i f the molecule i s stable to o x i d i z ­
ing conditions. Alternatively, a separate molecule may be 
labeled with iodine and then attached to the hapten (18). Some 
such compounds are commercially available and detailed procedures 
are available from mos

The same philosophie
label for radioimmunoassay generally apply to the attachment of 
any tracer or indicator molecule. These indicators may include 
such things as a fluorescent, electron spin resonance, metallic, 
or enzymatic markers. If an i n t r i n s i c radiolabel i s not used, 
the method by which the label i s introduced may effect the assay 
s p e c i f i c i t y and s e n s i t i v i t y , just as the choice of hapten does 
(Fig. 1). If the same hapten derivative i s used for preparing 
the antigen and the radioligand, the resulting antibody may have 
a higher a f f i n i t y for the radioligand than the molecule to be 
assayed. This situation w i l l reduce the theoretical s e n s i t i v i t y 
of the assay (see Figure 5). 

Enzyme-linked Immunosorbent Assay. A promising alternative 
to the RIA procedure i s an enzyme-linked immunosorbent assay 
(ELISA) which depends upon the conjugation of a functional enzyme 
to either an antigen or antibody. The amount of enzyme present 
in a competitive binding assay i s quantitated instead of the 
amount of radiolabeled compound. The concentration of the enzyme 
can be determined through i t s subsequent reaction with a sub­
strate which results in a measurable spectroscopic change. 

Conjugation of enzymes to antigens or antibodies were f i r s t 
developed for histochemical techniques and were used for l o c a l i ­
zation of antigens and antibodies in tissue sections (60). 
Enzymes were quickly adapted for immunoassays, and Engvall and 
Perlmann (61) developed a procedure for the quantitation of an 
antigen. Alkaline phosphatase was conjugated v i a glutaraldehyde 
to rabbit IgG (antigen). Sheep antibody against rabbit IgG was 
coupled to macrocrystalline cellulose by cyanogen bromide and the 
amount of antigen binding to the antibody was a direct r e l a t i o n ­
ship with the amount of phosphate ester cleaved by the coupled 
enzyme i n a given period of time. This technique was widely 
adapted for the quantitation of various proteins and infectious 
agents (62-69). 

A number of enzymes have been used with immunoassays. These 
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include l a c t i c dehydrogenase, mushroom tyrosinase, glucose 
oxidase, acid phosphatase, alkaline phosphatase, and horse-radish 
peroxidase. The l a t t e r two enzymes have received most of the 
attention and peroxidase i s usually preferred because of i t s low 
cost (70) although other reactions may be more sensitive and 
reproducible (68,69). 

B i - or multi-functional reagents have been used to l i n k 
enzymes to other proteins. These include various carbodiimides, 
bisdiazotized amines, cyanuric chloride and glutaraldehyde. 
Enzymes linked to rabbit IgG antibodies from sheep, goats, and 
horses are commercially available and greatly f a c i l i t a t e the 
ELISA procedure. The preparation of the antigen and the develop­
ment of the corresponding rabbit antibody (IgG fraction) have 
been described previously. 

The ELISA procedur
of parathion (31). Sinc
t i a l a more detailed description of the analysis of parathion i s 
in order. The conjugation procedure using amino parathion (AP) 
was described e a r l i e r (Fig. 3, Rn 9), and this conjugate was then 
administered to rabbits for development of a population of 
s p e c i f i c antibodies (Ab^) against BSA or AP. Ab^ demonstrated 
immunological a c t i v i t y only for the hapten when AP was conjugated 
to rabbit serum albumin (RSA). This antigen (RSA-AP) was render­
ed insoluble v i a attachment to the polystyrene surface of micro-
t i t e r plates under basic conditions (Fig. 6.1). 

Following the removal of excess antigen the s p e c i f i c a n t i ­
serum (Abi) was allowed to react with the surface bound antigen 
(Fig. 6.2). After washing away excess antiserum, an enzyme (E, 
horse-radish peroxidase) conjugated to goat γ-globulin (Ab2) 5 

produced against rabbit γ-globulin of the antiserum (Abi), was 
added (Fig. 6.3). The binding of the enzyme complex to the solid 
phase was a measure of the amount of bound RSA-AP and Ab^. The 
enzyme concentration was measured spectrophotometrically by means 
of i t s catalyzing the oxidation of hydrogen peroxide in the 
presence of 5-aminosalicyclic acid i n a given period of time 
(Fig. 6.4). 

Analysis of parathion by this technique i s based on the com­
pet i t i o n between the free form of parathion (P) and i t s conjuga­
ted form (AP) for the binding sites on the f i r s t antibody (Abi) 
(Fig. 6.5). Due to this competition, there i s a decrease i n the 
binding of the conjugated form as the concentration of the free 
form (P) increases. Complete i n h i b i t i o n of the binding of Abi 
for BSA-AP may result when Ρ i s present in greater quantity than 
Ab^. The concentration of the parathion in an unknown sample can 
then be determined by comparing the degree of antibody i n h i b i t i o n 
caused by the addition of the sample extract with that resulting 
from the addition of known amounts of the same substance. For 
parathion analysis no cleanup of the extracts of f r u i t s or vege­
tables were necessary. 

Various parameters of the ELISA procedure need to be 
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Figure 5. Cross section of a scintillation 
vial illustrating a system for counting

in a liquid scintillation system. 
The sample to be counted is inserted into 
the 7 X 55 mm glass well immersed in 
heavy metal charged scintillation cocktail in 

a permanently sealed vial. 

7f\ 

55mm 

• ( I ) • R S A ^ - A P 

(2) k - R S A ~ A P + Ab. J p ^ R S A ^ A P ^ A 

R S A ^ A P ^ A b , + Ab. 

(4) J R S A ^ A P - ^ A b , — A b 9 ^ Ε + S + Colored products 

(5) when A b ( > P XP + YAb ( « * ( Υ - Χ ) Α ^ + Χ ( Ρ ^ Α ^ ) 

J j ^ R S A ^ A P * X ( P ^ A b , ) • (Y -X)Ab, „ * (Y -X ) [ R S A ~ A P ^ A b , + X ( P ~ A b , ) 

(excess) 

Figure 6. Schematic representation of ELI S A. 
(O) polystyrene surface; (RSA) rabbit serum albumin; (AP) conjugated aminoparathion; 
(Abj) first antibody (rabbit anti-parathion); (Ab2) second antibody (goat anti-rabbit); (E) 

enzyme (horse-radish peroxidase); (S) substrate; and (P) free hapten (parathion). 
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optimized for each analysis. These parameters include the 
concentration of antibodies, time of incubations, temperature, 
and the composition of the washing f l u i d s . Optimum time of 
incubations for analysis of parathion ranged from 2-3 hours. A 
solution of 0.9% NaCl and Tween 20 was determined to be most 
suitable for washing the microtiter plate in a l l steps of the 
procedure. 

The antiserum exhibited high s p e c i f i c i t y for the function­
a l i t i e s of parathion, e.g., 58 ng/ml of parathion produced 50% 
i n h i b i t i o n of the oxidation of 5-aminosalicyclic acid. Changing 
of the ethyl groups to methyl groups as in methyl parathion (2000 
ng per 50% inhibition) or replacement of the sulfur atom with 
oxygen as in paraoxon (1850 ng per 50% i n h i b i t i o n , 23), greatly 
reduced the competitive binding. Amino parathion did exhibit a 
si g n i f i c a n t cross reactio
p-nitrophenol bound poorl
i n h i b i t i o n ) . The lower l i m i t of detection of parathion by the 
ELISA procedure was found to be 5.0-10.0 ng/ml which corresponded 
to 0.025-0.05 ppm i n crude extracts of f r u i t , vegetables, and 
human serum. 

The procedure gave good reproducibility as expressed in the 
co e f f i c i e n t of variation (CV%) of results of between-run (6.2-
8.6) and within-run (4.8-6.5) variations. Accuracy of the ELISA 
procedure was tested by comparing results of parathion analysis 
in extracts of f o r t i f i e d and f i e l d samples with results obtained 
by a GLC method. Correlation c o e f f i c i e n t s ranged i n almost a l l 
cases between 0.93-0.99. 

The ELISA procedure for the analysis of parathion as des­
cribed above requires nearly eight hours, although many samples 
can be simultaneously assayed. However, incubation times can be 
shortened to one-half hour, i n most cases, resulting in only a 
10% reduction in s e n s i t i v i t y . Also the polystyrene microtiter 
plates containing bound RSA-AP can be mass produced and stored i n 
a freezer. Since the enzyme-linked antibody can be purchased, 
the l i m i t i n g factor of the a p p l i c a b i l i t y of the ELISA procedure, 
as well as the RIA procedures, for other pesticides i s the 
development of the antiserum to the pesticide. 

The ELISA procedure shares many of the advantages of RIA, 
and i t has additional advantages of requiring only inexpensive 
equipment and of being well adapted to automated or p a r t i a l l y 
automated methods. For instance, Ruitenberg et a l . , (71) has 
mechanized the ELISA procedure for screening of 4000 sera samples 
d a i l y . A number of disadvantages of the ELISA procedure also can 
be s i t e d . These include the nonstability of the developed color 
requiring da i l y analysis (not necessary in the RIA method), non-
l i n e a r i t y of color development, and less s e n s i t i v i t y than some 
other immunochemical methods. 

Other Immunoassay Methods. Other immunoassay methods can be 
used to quantitate the hapten; these include homogeneous enzyme 
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immunoassay (EMIT), r a d i a l immunodiffusion, immunoelectrophoresis 
and passive hemagglutination tests. These techniques are often 
used to characterize the antibody, but they also can be used to 
quantitate the hapten through i n h i b i t i o n experiments. The EMIT 
procedure involves direct i n h i b i t i o n of enzyme a c t i v i t y when an 
antibody binds to a hapten conjugated near the enzyme's active 
s i t e . Thus, i t i s p a r t i c u l a r l y useful with small molecules, and 
i t i s very rapid because no separation steps are required (69). 
This technique i s promising, but i t has not been widely used and 
i t i s often of lower s e n s i t i v i t y than ELISA. 

Radial immunodiffusion procedures are varied but a l l depend 
upon the d i f f u s i o n of the antigen or antibody in a gel producing 
a pre c i p i t a t e which i s proportional to the quantity of reactants 
(often sensitive to 25 ng protein with v i s u a l methods (32,72, 
73)). Modifications usin
may increase the s e n s i t i v i t
i s f i r s t mixed with the hapten, the concentration of free unbound 
antibody w i l l decrease proportionately and result in a decrease 
in the precipitate formed with the antigen which can be observed 
v i s u a l l y or with radiolabeled methods. 

The hemagglutination test i s often used to express antibody 
t i t e r , but i t also can be used to quantitate the hapten. This 
test i s based on the fact that erythrocytes, when treated with a 
d i l u t e solution of tannic acid, acquire the property of being 
able to adsorb protein (the conjugated antigen). Such protein-
coated red blood c e l l s are agglutinated by s p e c i f i c antiserum 
directed against the hapten. The agglutination t i t e r i s 
expressed as the reciprocal of the highest d i l u t i o n of the serum 
that causes agglutination of the red blood c e l l s . The antiserum 
can be incubated with the sample extract containing the s p e c i f i c 
hapten prior to conducting the hemagglutination test. The amount 
of unbound antiserum i s reduced by the amount equivalent to the 
free hapten and consequently the d i l u t i o n of antiserum necessary 
to produce agglutination i s inversely proportional to the amount 
of hapten i n the sample (32). 

Monoclonal Antibody Technology. Based on pioneering work by 
Kdhler and M i l s t e i n (76) a new technology i s evolving which may 
greatly improve the a v a i l a b i l i t y , s p e c i f i c i t y , and s e n s i t i v i t y of 
antisera. Monoclonal antibody technology has been the subject of 
a technical compendium (43) and a nontechnical review (45). 
S i m p l i s t i c a l l y , spleen lymphocytes Immunized i n vivo or in v i t r o 
are fused with a myeloma c e l l l i n e , and the resulting hybrids are 
selected on the basis of n u t r i t i o n a l requirements and then 
cloned. Those clones producing monoclonal antibodies of the 
desired s p e c i f i c i t y are injected into mice where the resulting 
ascites tumor f l u i d may contain gram quantities of a monoclonal 
antibody. Alternatively, antibodies can be collected d i r e c t l y 
from a c e l l culture medium. Since clones are used, i t i s not 
necessary for the antigen to be highly pure and antibodies 
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selective for o p t i c a l isomers conceivably could be obtained from 
a racemic hapten. Although i n i t s infancy, monoclonal antibody 
technology may offer many advantages. As e a r l i e r discussed, the 
serum of an animal contains a large population of antibodies with 
varying s p e c i f i c i t i e s and a f f i n i t i e s . With monoclonal antibodies 
one or more antibody types of high a f f i n i t y and optimum s p e c i f i ­
c i t y can be selected and propagated for use in immunoassays. 
Immunoassays using monoclonal antibodies are characterized by a 
very steep dose-response curve which translates as greatly 
enhanced assay precision. Although the clonal hybrids may have 
an unstable chromosome complement, with proper technical care the 
li n e s could be considered "immortal". Thus, a single, uniform 
antibody reagent of defined s p e c i f i c i t y could be provided to many 
laboratories from frozen c e l l l i n e s which are occasionally thawed 
to produce antibodies. O
nology i s new and has no
of haptens. Relatively simple c e l l culture f a c i l i t i e s are needed 
and since culturing must currently be done in a n t i b i o t i c - f r e e 
medium, a high l e v e l of technical s k i l l i s necessary. Several 
companies have recently entered the f i e l d , and i t may soon be 
possible to obtain antibodies on a contract basis. Some of the 
potential advantages and disadvantages of monoclonal technology 
as applied to residue analysis are l i s t e d in Table I I . 

Table II 

Potential Advantages and Disadvantages of 
Monoclonal Antibodies as Applied to Pesticide Residue Analysis 

Advantages 
C e l l l i n e s "immortal" 
Very high s p e c i f i c i t y 

possible 
Steep dose-response curve 

(very precise assays) 
Technology advancing rapidly 
Large amount of antibodies 
Extraordinary high t i t e r 
Uniform antibodies 
Activate jLn vivo or _in v i t r o 
Pure antigen not necessary 

Disadvantages 
Chromasome complement often 

unstable 
S p e c i f i c i t y too great 
Dose-response curve too steep 

(small linear region) 
New technology 
Not widely used with haptens 
Simple c e l l culture f a c i l i t i e s 

needed 
An t i b i o t i c - f r e e medium used 
Pre c i p i t a t i o n assays d i f f i c u l t 

Attributes and Limitations of Immunoassay 

Immunoassay S e n s i t i v i t y . Yalow (2) points out that as 
l i t t l e as 0.1 picogram (0.05 picomolar) gastrin can easily be 
detected by immunoassay in a m i l l i l i t e r of incubation medium. 
Immunoassays to small l i p o p h i l i c molecules are generally less 
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sensitive than those to proteins and peptides, and molecules 
having several polar f u n c t i o n a l i t i e s separated by nonpolar areas 
often lend themselves most readily to highly sensitive radio­
immunoassays (4). With steroids, s e n s i t i v i t i e s on the order of 1 
picogram are not uncommon (44) and useful assays for steroids and 
drugs have been devised at much lower s e n s i t i v i t i e s . As d i s ­
cussed e a r l i e r , the actual assay s e n s i t i v i t y depends upon the 
a f f i n i t y of the serum, the incubation volume, and the amount of 
tracer and antibody used (which translate, i n part, to the 
sp e c i f i c a c t i v i t y of the tracer). 

The s e n s i t i v i t y of the overall a n a l y t i c a l procedure depends 
upon many factors obviously including the type of sample to be 
analyzed and the s k i l l of the a n a l y t i c a l chemist. If an immuno­
assay i s used to measure the amount of pesticide in a water 
sample by adding the wate
very high s e n s i t i v i t y ma
require very l i t t l e time to perform. Alternatively, i f the water 
sample i s extracted and the immunoassay i s employed only after 
several highly e f f i c i e n t cleanup steps, phenomenal s e n s i t i v i t y 
may be obtained at the expense of a large investment i n time. In 
some situations, immunochemical methods may decrease the l i m i t of 
d e t e c t a b i l i t y of a pesticide residue (77) , but more importantly 
they may, i n some cases, decrease the time and cost needed to 
reach a l e v e l of d e t e c t a b i l i t y as has been demonstrated with 
parathion (31). 

S p e c i f i c i t y . The s p e c i f i c i t y of an immunoassay i s related 
i n some respects to the s e n s i t i v i t y . The high s p e c i f i c i t y of 
immunoassays often allows samples to be analyzed with a minimum 
of cleanup. The remarkable s p e c i f i c i t y of antigen-antibody 
interactions has been reviewed i n the c l a s s i c text by Landsteiner 
(30). More recently, Al-Rubae (31) demonstrated a high l e v e l of 
s p e c i f i c i t y i n an ELISA procedure for parathion. As previously 
discussed, parathion could be easily distinguished from methyl 
parathion and j>-nitrophenol and the assay demonstrated l i t t l e or 
no cross r e a c t i v i t y with a number of other pesticides. A radio­
immunoassay for S>-bioallethrin showed no cross reaction for any 
of several other pyrethroids tested (except pyrethrin I ) , and i t 
was capable of distinguishing S-bioallethrin (lR,3R,4 fS) from the 
other 7 o p t i c a l and geometrical isomers of a l l e t h r i n . Since 
b i o l o g i c a l a c t i v i t y and biodégradation may depend upon the con­
figuration of an insecticide (6,2.) the a b i l i t y of immunoassays to 
distinguish among c h i r a l isomers (78,79) may become of great 
importance to future pesticide metabolism and residue investiga­
tions. The high potential s p e c i f i c i t y of immunochemical methods 
may prove very useful, i n conjunction with other methods, i n the 
confirmation of the presence of residues. Monoclonal technology 
i s l i k e l y to allow pesticide analysis based on immunochemistry to 
be even more sp e c i f i c and sensitive. 

Although one must ultimately r e l y upon the immune system of 
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an animal to determine the s p e c i f i c i t y of a given antibody popu­
l a t i o n , methods were discussed e a r l i e r which can be used to 
predict the antibody s p e c i f i c i t y when a given hapten i s used. 
Antisera, which w i l l detect parent pesticide plus toxic metabo­
l i t e s , could be used i n combination with one or more highly 
s p e c i f i c antisera to quantitate several molecules of interest. 
An assay of moderate s p e c i f i c i t y w i l l be of greater use i n some 
ana l y t i c a l applications than a highly s p e c i f i c assay. The more 
general assay may be very useful i n screening for the presence of 
a class of compounds or the presence of a sp e c i f i c functionality 
in a metabolite. Such assays can be used very e f f e c t i v e l y by 
coupling them with chromatographic techniques such as thin-layer 
chromatography (TLC) or open column chromatography. The use of 
immunochemical tests as sensitive detectors for high performance 
l i q u i d chromatography certainl
analysis. A nice exampl
Ν,Ν-dimethylindolealkylamines in b i o l o g i c a l f l u i d s (80). 

Speed of Analysis. The speed with which many immunochemical 
analyses can be completed i l l u s t r a t e s a major advantage of 
immunochemical procedures. Immunochemical assays are most time 
and cost e f f e c t i v e when the sample load i s large. Parker (4) 
estimated that a single technician could perform 100-5000 radio­
immunoassays per day with l i t t l e or no assay automation i n com­
parison to 20-40 GLC assays (3). Numerous inexpensive systems 
are available to decrease analysis time. These systems may 
include solid phase separation techniques, automatic dispensers, 
test tube racks which w i l l f i t d i r e c t l y into a centrifuge and/or 
s c i n t i l l a t i o n counter, and data handling systems. Alternatively, 
there are f u l l y automated systems based on RIA or ELISA which 
require very l i t t l e operator attention and which handle 25-240 
samples/hr. Gochman and Bowie (81) have outlined the basis of 
operation and summarized the features of automated RIA systems 
and extensive l i t e r a t u r e i s available from the manufacturers. 

As with many a n a l y t i c a l procedures, the most time-consuming 
part of the assay i s sample preparation. The high s p e c i f i c i t y 
and s e n s i t i v i t y of immunoassays may tremendously reduce the 
workup needed before actual analysis of the sample. For example, 
analysis of a l l e t h r i n i n milk by the accepted a n a l y t i c a l pro­
cedure based on electron capture GLC required 4-8 hour per sample 
in our hands (82). Similar s e n s i t i v i t y and higher s p e c i f i c i t y 
could be realized using an immunochemical assay requiring 15-30 
minutes per sample. With some loss of s e n s i t i v i t y , immunoassays 
may be very rapid. Turbidity measurements can be made so quickly 
and quantitatively that they may be very useful for f i e l d 
analyses of pesticides. Such rapid procedures might prove very 
useful i n determining pesticide coverage on sp e c i f i c areas of a 
plant immediately after application, detecting d r i f t , or moni­
toring the safety of a f i e l d for worker reentry. 

In t h i s chapter we have discussed the advantages of immuno-
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chemical methods as a supplement to more c l a s s i c a l a n a l y t i c a l 
techniques. Possibly among the most important contributions of 
immunochemistry to future pesticide analysis w i l l be i t s use as a 
tool to open new areas of pesticide a n a l y t i c a l chemistry. If 
very rapid, inexpensive assays can be developed, pesticide 
analysis may be increasingly employed to enhance effective p e s t i ­
cide use rather than as simply an enforcement or residue t o o l . 

Cost Ef f ectiveness. As with the other advantages of immuno­
chemical analysis, cost may be quite variable. Reagent costs for 
several automated systems have been estimated at under $1.25 per 
sample. The cost i s obviously much lower for less sophisticated 
assay systems, especially i f some reagents are prepared i n house. 
A major consideration i s the expense of new instrumentation. For 
dedicated or automated
procedures, the cost ma
c a l laboratories already have the basic instrumentation needed 
for immunoassays. Moderate s e n s i t i v i t y can be obtained through 
the use of numerous procedures such as r a d i a l immunodiffusion and 
hemagglutination. These procedures require no expensive equip­
ment or reagents and they may be very useful i n areas where 
equipment acquisition or maintenance i s a problem. 

The expense of an a n a l y t i c a l procedure depends upon much 
more than the cost of the f i n a l analysis. Much of the expense of 
an assay i s related to sample preparation, and for many applica­
tions immunoassays have tremendously reduced the time needed for 
sample preparation. Another consideration i s the amount of time 
needed for the development of an assay. The additional expertise 
which must be developed in an a n a l y t i c a l laboratory before 
immunoassays can be used with confidence may seem formidable, and 
waiting for an animal to develop antibodies may lead to unaccep­
table delays i n assay development. On the other hand, once a 
usable antibody t i t e r i s obtained, the development of a workable 
assay i s usually straightforward. It i s also l i k e l y , i f immuno­
assays become accepted for some aspects of pesticide analysis, 
immunoassay k i t s or at least c r i t i c a l reagents w i l l become com­
mercially available. Such k i t s already exist for many pharma­
ceutica l products and hormones, and numerous companies w i l l 
supply antibodies to a user supplied hapten on a contract basis 
(83)· 

A p p l i c a b i l i t y . Parker (4) points out that one can assume 
that workable radioimmunoassays can be developed "with a l l except 
the smallest or most unstable molecules." Once a useful antibody 
t i t e r i s obtained, often only very small changes i n a generalized 
procedure are needed to obtain a workable assay. Although 
immunoassays would appear to be generally applicable to pesticide 
a n a l y t i c a l problems they may be most useful i n solving s p e c i f i c 
problems which appear intractable when c l a s s i c a l procedures are 
used. Immunoassays are often most sensitive and s p e c i f i c when 
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several polar f u n c t i o n a l i t i e s exist. Such compounds may be 
rather nonvolatile or heat l a b i l e and d i f f i c u l t to analyze by 
c l a s s i c a l methods. Although sensitive, s p e c i f i c immunoassays 
have been developed for nonpolar compounds, such compounds may 
be most readily analyzed by GLC procedures. For laboratories not 
interested i n the development of their own antisera, each F a l l 
"Lab World 1 1 (83) l i s t s suppliers of immunochemical reagents. 

Problems with Immunoassays. As with any an a l y t i c a l tech­
nique, there are numerous problems associated with the use of 
immunochemical technology. Most of these problems are common to 
any a n a l y t i c a l procedure, but some are r e l a t i v e l y unique to 
immunoassay and have been covered by Parker (4). The parameters 
which should be monitored to maintain quality control of the 
assay have been discussed by Rodbard et a l  (50)  A major con­
cern discussed e a r l i e r i
especially i f i t i s unexpected
problem by employing well characterized antiserum, by using 
sample blanks, and by running standard curves i n the presence of 
extracts. One must rel y upon the equipment and reagents used i n 
ana l y t i c a l procedures. Antibodies are certainly not as stable as 
many chemical reagents; however, the guaranteed shelf l i f e of 
many commercial lyophilized preparations i s over 5 years at 4°C. 
The inte g r i t y of the reagents must be per i o d i c a l l y reestablished, 
especially i f the assays are only performed sporadically. 

Immunoassays lend themselves to the processing of a large 
number of samples. The same number of control and standard 
assays are required whether one or a large number of samples are 
assayed. For an an a l y t i c a l laboratory faced with analyzing a 
large number of samples for the presence of a few pesticides, 
immunochemical procedures are l i k e l y to offer many advantages 
over some more c l a s i c a l a n a l y t i c a l methods. I f the same labora­
tory were faced with quantitating the residues of a large number 
of d i f f e r i n g chemicals in a few samples, immunochemical pro­
cedures are l i k e l y to be less cost and time e f f i c i e n t than an 
equally sensitive GLC based assay. 

Possible Contributions of Immunochemical Methods to 
Pesticide Analysis. As Ercegovich (3) pointed out, i t i s un­
l i k e l y that immunochemical methods w i l l replace current, estab­
lished a n a l y t i c a l methods of pesticide analysis. However, the 
ana l y t i c a l chemist who car e f u l l y compares the attributes and 
deficiencies of immunochemical methods of analysis with other 
procedures i s l i k e l y to find applications for which immuno­
chemical methods offer d i s t i n c t advantages. 

In many cases, those compounds which are most d i f f i c u l t to 
assay by c l a s s i c a l procedures because of numerous polar function­
a l i t i e s and poor v o l a t i l i t y are the very compounds which lend 
themselves most readily to immunochemical analysis (4). One can 
also predict that the number of pesticides marketed with a high 
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degree of o p t i c a l purity w i l l increase, and immunochemical 
methods lend themselves to the analysis of c h i r a l i t y at the 
residue l e v e l (6,7). Thus, there w i l l probably be some p e s t i ­
cides for which immunochemical methods w i l l provide the future 
enforcement procedures of choice for residue analysis. 

It i s envisioned that immunochemical procedures can be more 
commonly used as a supplement to c l a s s i c a l methods of pesticide 
analysis. Since samples can often be analyzed without expensive 
and time-consuming cleanup procedures usually required of most 
methods, the immunological assays can rapidly screen many samples 
at s i g n i f i c a n t l y lower cost. When the immunoassays indicate that 
samples contain appreciable pesticide residues, the samples can 
be further analyzed by GLC or other methods. Alternatively, an 
immunochemical assay may provide a confirmatory test. Specific 
antisera also can be use
up extracts by means o
thereby, permitting greater s e n s i t i v i t i e s of GLC, HPLC or other 
methods. It i s expected that immunochemical and especially the 
ELISA procedures may contribute to f i e l d reentry and human 
exposure problems where simple, rapid, inexpensive procedures are 
desired. F i n a l l y , the possible usage of these methods i n 
developing countries could be of p r a c t i c a l importance due to the 
simplicity of the procedures, the ease with which they are 
interfaced with thin-layer analysis, and the use of r e l a t i v e l y 
simple laboratory apparatus. 
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19 
Negative Ion Mass Spectrometry 

E. C. HORNING, D. I. CARROLL, I. DZIDIC, and R. N. STILLWELL 
Institute for Lipid Research, Baylor College of Medicine, Houston, TX 77030 

Negative ion mas  spectrometr  will  int  i  th
future in many applications
larly valuable in pesticide work and in toxicological studies. 
Most manufacturers of mass spectrometers are now prepared to 
supply instruments that can be used for either positive or 
negative ion mass analysis, or for concurrent operation by 
rapid switching, and numerous older instruments are being 
modified for negative ion studies. Current investigations are 
usually directed to gaining additional information about basic 
processes involved in negative ion formation and to exploring 
applications. 

Source conditions for both positive and negative ion mass 
spectrometry are usually discussed in terms of source pressure 
and style of ionization. The source conditions that have been 
used for negative ion formation are in Table I. 

The pressure in the source, while an important technolo­
gical variable, is not a determinant of the mass spectrum. It 
is possible, for example, to duplicate electron impact ioniza­
tion (EI) mass spectra of steroids under chemical ionization 
(CI) conditions, with nitrogen as the charge and energy transfer 
reagent, by using a short residence time for the ions in the 
source. In general, the internal energy of product ions is 
inversely related to the degree of equilibration attained in 
the source, and this can be varied by varying the residence 
time of ions in the source. The usual mode of operation for 
atmospheric pressure ionization (API) (1,2) leads to highly 
stable ions which have been thermally and chemically e q u i l i ­
brated with the ca r r i e r gas and other ions i n the source, and 
very few fragment ions are usually observed. The highest 
degree of fragment ion formation, short of electron impact 
ionization reactions, i s observed under the low pressure chemi­
ca l ionization (LPCI) conditions employed by Brandenberger (3). 

Negative ions are formed under a variety of conditions. 
The best-known reactions are those of electron attachment and 
dissociative electron attachment, since these are the reactions 
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which occur i n electron capture detectors. Low energy elec­
trons are the reagent, and these are present when gases such 
as nitrogen, argon and argon/methane are used under API or CI 
conditions. Proton removal or proton transfer to a basic ion 
w i l l also lead to anion formation. This reaction can be used 
to c l a s s i f y organic compounds i n terms of gas phase a c i d i t y . 
For example, p i c r i c acid i s a strong gas phase acid; a l i p h a t i c 
alcohols are weak gas phase acids. Oxygen substitution reac­
tions leading to phenolate ions occur for some substances. 
Many chlorine-substituted compounds and some aromatic hydro­
carbons react with 02^ ions; this type of reaction i s discussed 
l a t e r . Adduct formation, involving a halide ion, leads to 
negative ions under some circumstances. There are also a few 
addition reactions of specialized reagents that w i l l lead to 
negative ions. 

Much of our experienc
upon atmospheric pressure ionization mass spectrometry (1). 
The conditions used by Brandenberger (3) for i d e n t i f i c a t i o n 
studies involve low pressure chemical ionization with nitrous 
oxide or methane. Ordinary CI (0.3-1 Torr) conditions have 
been used i n a number of laboratories. Current evidence sug­
gests that there may not be a single condition that can be 
recommended as being best i n a l l applications of negative ion 
mass spectrometry, and that at least two or perhaps more 
conditions w i l l ultimately find wide use. Our approach to the 
question of "best" conditions i s to use low energy conditions 
in quantitive a n a l y t i c a l work, and to use higher energy condi­
tions i n i d e n t i f i c a t i o n and structural studies. There are a 
variety of reasons for t h i s , but i n general the effect of 
higher energy conditions i s that fragmentation i s increased, 
and this increases the amount of data available for interpre­
tation. In the future, i t i s possible that two ionization 
steps w i l l be used i n the same an a l y t i c a l system for both 
qualitative and quantitative analysis. At present, with 
positive ions, i t i s possible to convert an i n i t i a l l y formed 
ion to fragment ions by c o l l i s i o n with neutral gas molecules. 
When two mass analyzers are used, the general process has 
been called MS/MS by McLafferty. Much less i s known about the 
s t a b i l i t y of negative ions under varying conditions. 

Our recent API negative ion mass spectrometry studies (4̂ ) 
have been carried out with a source (Figure 1) having the 
physical dimensions of a commercially available electron 
capture detector. With an electrode i n place, and with a 
nickel-63 f o i l i n place, the source chamber functions as an 
electron capture detector. A very small nickel-63 f o i l i s 
used i n the aperture region. The gas stream from a gas 
chromatograph i s s p l i t before entering the source, so that 
detection i s achieved i n three ways. The s p l i t stream i s 
directed i n part to a standard electron capture detector and 
i n part to the API source, which allows both a source electron 
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capture response and mass analysis of ions from the source 
be recorded simultaneously. 

Electron attachment studies have, with some exceptions, 
given the expected results. Table II contains a l i s t of com­
pounds or compound types known to give molecular negative 
radical ions by electron attachment, i n order of decreasing 
electron a f f i n i t y . Figures 2 and 3 show the experimental 
result of ionizing benzil with thermalized electrons; the only 
product i s an M T ion, and a l l three expected responses are 
observed. Azulene, one of the compounds i n Table II, shows 
the expected response under API conditions, but benzophenone 
does not. When these experiments were repeated under CI 
conditions, a l l compounds i n Table II gave molecular negative 
ions. 

Electron attachmen
or with the formation o
a stable anion and a neutral radical (which i s not observed). 
These reactions, when halogenated (Cl,Br,I) compounds are 
involved, give the corresponding halide ion. Many examples of 

M + e • MT 

[VF] (M-R)- + R-

[Μ 7] —-fr(M-X) · + X~ 

dissociative electron attachment reactions are known. Figures 
4 and 5 show the mass analysis and detector responses for methyl 
parathion. An M"1" ion i s not observed. The fragment ions 
at m/z 138, 141, 154 and 248 correspond to stable anions which 
are formed by the elimination of a neutral r a d i c a l with or 
without rearrangement. Quantification can be carried out by 
selected ion detection of (M-15)~ ions, or by use of one of 
the other ions. The structure i s evident from the fragment 
ions. 

Proton transfer reactions are not at present useful i n 
pesticide studies. These reactions are gas phase analogs of 
reactions occurring i n solution which result i n the ionization 
of acids. Basic ions are used as reagents. The ions which are 
employed under API conditions (5̂ ) are C l ~ and 0? T, for the 
ionization of r e l a t i v e l y strong acids, while under CI conditions 
i t i s possible to use the strongly basic ions F~, 0 T or HO" 
for the ionization of very weak acids. 

Oxygen substitution reactions occur for many halogenated 
compounds and for aromatic hydrocarbons. The best known 
reactions are those of aromatic polychloro and nitrochloro 
compounds (6). 
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TABLE I. SOURCE CONDITIONS FOR NEGATIVE ION FORMATION 

Source Condition 

API 76

CI 0.3-1 Torr not equilibrated 

CI <0.01 Torr not equilibrated 

EI <10"5 Torr not equilibrated 

TABLE II. ELECTRON AFFINITY 

Benzoquinone 

1,4-Naphthoquinone 

Maleic anhydride 

m-Chloronitrobenzene 

Phthalic anhydride 

Nitrobenzene 

Azulene 

Polycyclic aromatic hydrocarbons 

Benzophenone 
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Journal of Chromatography 

Figure 1. This API source is designed to serve both as an electron capture 
detector and as a source for the mass spectrometer (4). 

The stream from a gas chromatograph is split, with one segment directed to a commer­
cial electron capture detector and the other to this source. Three responses can be 
observed: (1) an electron capture response from the usual gas chromatograph-electron 
capture detector combination; (2) an electron capture response from the API source, 
which should duplicate the normal response; and (3) a mass spectrometry response based 

on ions generated under API conditions. 

Journal of Chromatography 

Figure 2. The responses due to negative ion formation from benzil are: (EC) the 
GC-electron capture response; (EC-API) the corresponding response from the API 
source; and (API-SIM) the selected ion response for the Μ· ion of benzil (4). 

(benzil, C6H5-CO-CO-C6H5, Ar/CH,„ 240°C, PZ179 column) 
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ΜΊ 

« I I 

Journal of Chromatography 

Figure 3. Scanned API negative ion mass spectrum for benzil. This compound 
ionizes to form Μ· ions (4). 

The carrier gas was argon/methane, and the source temperature was 240"C. A PZ179 
column was used in the gas chromatograph. This mass spectrum was obtained while the 

compound was in the source, as indicated in Figure 2. 

Journal of Chromatography 

Figure 4. The responses due to negative ion formation from methyl parathion 
are: (EC) the GC-electron capture response; (EC-API) the corresponding response 
from the API source; and (API-SIM) the selected ion response for the (M-15)~ ion 
derived from methyl parathion by loss of a methyl radical (4). (Ar/CHif 240°C, 

PZ179 column) 
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C H 3 0 - P - 0-(3 - N 0 2 

OCH„ 

138 154 248 

Journal of Chromatography 

Figure 5. Scanned API negative ion mass spectrum for methyl parathion (4). 

This compound ionizes to form four ions by cleavage and rearrangement. The loss of a 
methyl radical leads to the ion at ml ζ 248; the ion at ml ζ 154 amu is the p-nitrothio-
phenolate ion; the ion at ml ζ 138 is the p-nitrophenolate ion; and the ion at ml ζ 141 
is due to loss of the p-nitrophenyl radical. The carrier gas was argonl methane, and the 
source temperature was 240°C. A PZ179 column was used in the gas chromatograph. 
This mass spectrum was obtained while the compound was in the source, as indicated 
in Figure 4. Under these conditions, variations in the field in the source did not alter 

the mass spectrum. 
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J2 

le 

MX 

0 2" + MX -* [MX0 2] T 0 2 + MXT 

i 
(M+O-X)- + XO* 

As far as i s known, an intermediate ion [MX02]~ i s formed from 
aromatic halides, but this ion has never been observed because 
i t cleaves immediately to form a phenolate ion and a neutral 
r a d i c a l (which i s not observed
ion as an observed product)
r e l a t i v e l y high concentration of oxygen, MXT ions are not 
observed, and the f i n a l reaction products are a phenolate ion 
and a halide ion. When the concentration of oxygen i s reduced 
so that only a trace i s present, MX" ions are observed, and 
the reaction proceeds from the right to give the same interme­
diate and f i n a l product ions. Under CI conditions, which are 
not equilibrated, 0 2~ and MXT ions are observed at the same 
time, and the substitution reaction presumably can proceed 
from either direction since the next step i s i r r e v e r s i b l e . An 
element of structural s p e c i f i c i t y i s involved; σ- and jp-nitro-
chlorobenzene are converted to phenolate ions, but the chief 
product from m-nitrochlorobenzene i s the M1" ion. Polychloro 
compounds (hexachlorobenzene, 2,3,4,5,6-pentachlorobiphenyl) 
give chlorophenolate ions. This reaction has been studied by 
Hass and his colleagues (7). Substitution reactions with 
aromatic hydrocarbons are not observed under API conditions, 
but under conditions where ions with higher internal energy 
are present the corresponding phenolate ions are detected as 
products. It i s probable that an analogous reaction also 
occurs for a l i p h a t i c compounds, since Grimsrud (8) found that 
an enhanced electron capture response resulted for methyl 
chloride when oxygen was present. The effect of oxygen on the 
negative ion product from Tetradifon i s shown i n Figure 6. 
Thermalized electrons w i l l react with this compound to form 
(M-HCl)"* ions; a ring closure i s assumed to occur for M~ 
ions (not observed) with elimination of hydrogen chloride. If 
oxygen i s present, a substitution reaction occurs, leading to 
(M+0-C1)"* ions. The phenolate ion which i s formed i s highly 
stable, and the observed response i s greater for the substitu­
tion reaction than for the c y c l i z a t i o n reaction. In most 
instances where halogenated pesticides are under study, i t 
would be desirable to examine the p o s s i b i l i t y of using this 
reaction for an a l y t i c a l purposes. Oxygen should not, of course, 
be addeji to a c a r r i e r gas stream before a GC column, but i t 
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(M-CI + O)' 

Journal of Chromatography 

Figure 6. Scanned API positive and negative ion mass spectra for Tetradifon (4). 

The nitrogen carrier gas contained a very low concentration of oxygen (10~3 torr 02 N2); 
the source temperature was 200°C. The positive ion mass spectrum shows only MH+ 

ions resulting from protonation. The negative ion mass spectrum shows (M — CI + O)' 
ions resulting from a substitution reaction of oxygen for chlorine. If oxygen is excluded 
from the source, the negative ion product is (M — HCl)~, which is probably formed from 

M\ by ring closure with elimination of hydrogen chloride. 
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can be added i n low concentration to gas streams entering MS 
sources. When nonfilament sources are used, oxygen can be 
added i n higher concentrations. 

Adduct ions are formed under some circumstances. Polyha-
li d e s w i l l add C l ~ to give negative ions, for example; this 
mode of negative ion formation has been used for ana l y t i c a l 
purposes by Dougherty et a l (9,10,11). 

The l i m i t i n g s e n s i t i v i t y of detection for negative ions 
has been determined with several different types of instruments. 
There i s general agreement that subpicogram s e n s i t i v i t y of 
detection can be achieved under both API and CI conditions, and 
the l i m i t s of sample size for different instruments are i n the 
range 10-100 fg. A comparison of API and CI positive ion data, 
however, leads to a different conclusion. The l i m i t i n g s e n s i t i ­
v i t y of detection unde
both positive and negativ
CI conditions the l i m i t of sample size i s i n some instances much 
higher for positive ion mass analysis than for negative ion mass 
analysis. The reason for this effect i s not known. 

Hunt et a l (12) demonstrated the p o s s i b i l i t y of obtaining 
positive and negative ion mass spectra at the same time by 
employing an e l e c t r i c a l f i e l d (quadrupole) mass analyzer with 
rapid switching. This may prove to be a valuable technique i n 
many applications, as indicated by Hunt. 

Negative ion mass spectrometry has not yet come into general 
use i n pesticide studies, and i n fact almost a l l current q u a l i ­
tative and quantitative mass spectrometric a n a l y t i c a l methods 
are s t i l l based on conventional positive ion mass spectrometry 
under CI or EI conditions. Identification procedures based upon 
negative ion mass spectra, or upon both positive and negative 
ion spectra, w i l l probably be used i n the future for many 
classes of compounds, along with methods based on ion transfor­
mations. The condition used by Brandenberger (3) for i d e n t i f i ­
cation studies i s low pressure CI; the reactions which occur 
are due to electrons or to 0" ions. Characteristic ions are 
found for certain drug classes which are important i n forensic 
chemistry. Several quantitative applications of negative ion 
mass spectrometry have been published. For example, Markey 
and Lewy (13) described an an a l y t i c a l procedure for melatonin 
i n biologic samples which involved derivative formation followed 
by CI negative ion mass spectrometry. Studies of related 
methods for catecholamines are under way i n several laboratories. 
These applications require very high s e n s i t i v i t y of detection. 

A recent toxicologic application of API negative ion mass 
spectrometry involved the analysis of human urine samples for 
2,3-dibromopropanol. This problem arose because of the use of 
tris_(2,3-dibromopropyl) phosphate as a flame retardant of 
children's sleepwear. Both t r i s and i t s metabolite, 2,3-
dibromopropanol, are mutagenic and carcinogenic agents, and the 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



H O R N I N G E T A L . Negative Ion Mass Spectrometry 363 

Δ 

Science 

Figure 7. Urinary analyses for 2,3-dibromopropanol for: (I) a child wearing new 
tns-treated sleepwear; (II) the same child wearing old tns-treated sleepwear before 
use of the new sleepwear, and (III) a child who had never worn tris-/reated sleep-

wear (14). 

The observed responses for bromide ions at ml ζ 79 and 81 are for (A) 2,3-dibromopro­
panol and (Β) 1,4-dibromo-2-butanol used as an internal standard. These analyses were 
carried out by atmospheric pressure ionization mass spectrometry with negative ion 
detection. Samples were introduced by gas chromatography (5% SE-30 on 100-120 
mesh Gas Chrom Q; 1.8 m X 2 mm glass column; 110°C isothermal; nitrogen 40 

mL/min). 
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TABLE III. ANALYSES OF URINE SAMPLES FOR 2,3-DIBROMOPROPANOL 

Day New treated 2,3-Dibromopropanol 

1 No 0.4 

2 No 0.4 

3 Yes 11 

4 Yes 29 

5 Yes (sample l o s t ) 

6 Yes 21 

7 Yes 18 

8 No 9 

9 No 14 

10 No 6 

11 No 6 

12 No 8 
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use of t r i s was terminated, but not before a very large number 
of children were exposed to treated cloth as a consequence of 
a federal requirement for flame-proofing. There was a tendency 
to minimize the seriousness of the circumstances by pointing 
out that there was no evidence of the absorption of t r i s through 
the skin of exposed children, but this fact was due to the use 
of inadequate a n a l y t i c a l methods. Figure 7 shows GC/MS analyses 
for 2,3-dibromopropanol by API negative ion mass spectrometry 
i n a bioanalytical system (14), for three samples from (I) a 
chi l d wearing new tris- t r e a t e d sleepwear, (II) the same c h i l d 
wearing old tri s - t r e a t e d sleepwear, before wearing the new 
sleepwear, and (III) a c h i l d who had never worn treated sleep-
wear. The chart records are for bromide ions at m/z 79 and 81. 
The results are i n Table 3  Similar data were obtained by 
Dougherty et a l , using
i n a program organized
the use of negative ion techniques for i t s solution. 

The chief delaying factor i n the use of negative ion mass 
spectrometry i n pesticide studies i s the r e l a t i v e l y high cost 
of mass spectrometric methods. Analytical procedures based 
upon gas chromatography with electron capture detection have 
been i n use for many years, and technological improvements 
i n gas chromatography continue to be made. The r e l a t i v e l y high 
p o s s i b i l i t y of making errors i n i d e n t i f i c a t i o n and quantifica­
tion with an electron capture detector, however, suggests that 
a l l d e f i n i t i v e procedures should be based upon mass spectrometry, 
and that validation of methods involving chromatography and 
chromatographic detectors of the usual type should be based upon 
mass spectrometric evidence rather than upon chromatographic 
evidence alone. 
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20 
Analysis of Organotin Pesticide Residues by 
Gas Chromatography/Mass Spectrometry 

T. E. STEWART and R. D. CANNIZZARO 
Thompson-Hayward Chemical Company, Kansas City, KS 66106 

Organotin compounds (tetravalent Sn) were found in the 
1950's to possess certai
(1) This activity alon
much less toxic than other organometallics, such as organomer-
curials or organoarsenicals, established their agricultural 
importance. 

Triaryltin compounds such as triphenyltin hydroxide 
(TPTH, Fentin hydroxide, Du-Ter, I), or triphenyltin acetate 
(TPTOAC, Brestan, II) have been shown to be effective as 
protectant fungicides. These compounds have demonstrated 
other activity such as antifoulants, bactericides and algi-
cides. Due to their low phytotoxicity they have been develop­
ed for plant protection. In several cases they have been re­
ported to exhibit the unusual property of deterring insects 
from feeding. (2) 

Trialkyltin compounds have been shown to be effective 
agriculturally. Tributyltin oxide (III) has insecticidal and 
fungicidal activity, but generally has not been useful for 
plant protection due to phytotoxicity and volatility prob­
lems. Tricyclohexyltin hydroxide (TCTH, IV) has been an ex­
tremely effective acaricide.(3) Developed under the trade 
name Plictran, this compound was one of the first commercial 
acaricides. Another t r i a l k y l t i n compound under development i s 
h e x a k i s (β ,β - d i m e t h y l p h e n y l e t h y l ) d i s t a n n o x a n e (Vendex, V ) , 
which i s a l s o an e f f e c t i v e a c a r i c i d e . 

The e a r l i e s t methods f o r the d e t e r m i n a t i o n of o r g a n o t i n 
compounds i n v o l v e a c i d i c d i g e s t i o n of the compound t o i n o r g a n ­
i c t i n , which i s then determined s p e c t r o p h o t o m e t r i c a 1 l y w i t h 
s e v e r a l s u i t a b l e c o l o r i m e t r i c reagent s . ( 4 ,_5 ,6 ,]_) These meth­
ods s u f f e r from a l a c k of s p e c i f i c i t y s i n c e t h e r e may be 
or g a n o t i n s p r e s e n t w i t h i n the p l a n t . These methods a l s o 
cannot d i s t i n g u i s h among the d i f f e r e n t o r g a n o t i n p e s t i c i d e s 
and are v e r y d i f f i c u l t t o perform. 

0-8412-0581-7/80/47-136-367$05.50/0 
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Recent methodology overcomes a number of these problems. 
S e v e r a l methods are a v a i l a b l e f o r the a n a l y s i s of t r i c y c l o -
h e x y l t i n h y d r o x i d e . ( 8 , 9 ) These methods are not a p p l i c a b l e t o 
the t r i p h e n y l t i n compounds because of t h e i r t h e r m a l i n s t a b i l ­
i t y . Work by E p o s t o , e t . a l . (10) has shown t h a t TPTH and TCTH 
can be d e r i v a t i z e d w i t h phenylmagnesium bromide (PhMgBr) to 
form the t e t r a p h e n y l and t r i c y c l o h e x y l p h e n y l d e r i v a t i v e s , r e ­
s p e c t i v e l y , which can then be q u a n t i t a t e d by GLC. Recent work 
by S o d e r q u i s t ( 1_1) i n v o l v e s the r e d u c t i o n of the t r i p h e n y l t i n 
h y d r o x i d e to t r i p h e n y l t i n h y d r i d e , which i s then determined 
by GLC. T h i s method a l s o a l l o w s f o r the f o r m a t i o n of h y d r i d e s 
of any m e t a b o l i t e s such as the d i p h e n y l t i n d i h y d r i d e , which 
may be q u a n t i t a t e d . Wright(l_2) has shown t h a t the methyl 
d e r i v a t i v e of TPTH can be chromatographed on a c a p i l l a r y 
column and d e t e c t e d w i t h a FP d e t e c t o r  At Thompson-Hayward
a method has been develope
used f o r a v a r i e t y of
i n v o l v e s the c o n v e r s i o n of TPTH to the methyl d e r i v a t i v e . The 
f l o w scheme i s shown i n F i g u r e 1. TPTH i s f i r s t c o n v e r t e d t o 
the t r i p h e n y l t i n c h l o r i d e (TPTC1, VI) and then the c h l o r i d e 
i s r e a c t e d w i t h methylmagnesium c h l o r i d e (CH^MgCl) to form 
the methyl d e r i v a t i v e , t r i p h e n y l m e t h y l t i n (TPTM, V I I ) . 

The methyl d e r i v a t i v e can be gas chromatographed and 
q u a n t i t a t e d by a mass spectro m e t e r set to monitor c h a r a c ­
t e r i s t i c i o n s (m/e) of the compound ( s e l e c t i v e i o n moni­
t o r i n g ) . 

E x p e r i m e n t a l : 

A l l s o l v e n t s and reagents used i n t h i s method were 
p e s t i c i d e q u a l i t y . Methylmagnesium c h l o r i d e 2.9M i n THF was 
o b t a i n e d from A l d r i c h Chemical Company. T r i p h e n y l t i n hydrox­
i d e and t r i p h e n y l m e t h y l t i n were o b t a i n e d from V e n t r o n . T r i ­
cyc lohexy I t i n h y d r o x i d e and Vendex were a n a l y t i c a l s t a n d a r d s . 
T r i p h e n y l e t h y l t i n was s y n t h e s i z e d and c h a r a c t e r i z e d at Thomp­
son-Hayward Chemical Company. 

Gas chromatographic and mass s p e c t r a l data were co m p i l e d 
by a F i n n i g a n 6110 data system c o u p l e d to a F i n n i g a n 4000 
mass spectrometer and 9600 gas chromatograph. Some r e s u l t s 
were o b t a i n e d u s i n g a F i n n i g a n PR0MIM (Programmable M u l t i p l e 
Ion M o n i t o r i n g ) system, c o u p l e d to a 4-pen s t r i p c h a r t r e c o r d ­
e r and L a b o r a t o r y Data C o n t r o l i n t e g r a t o r . 

Methods and P r o c e d u r e s : 

P r i o r to e x t r a c t i o n , samples to be a n a l y z e d are ground 
or chopped u n t i l they are of u n i f o r m c o n s i s t e n c y . The 
p r e p a r e d sample i s weighed i n t o a b l e n d e r ; 150 ml of s u i t a b l e 
s o l v e n t i s added and the sample i s blended at a h i g h speed 
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I TPTH 

Figure 1. 

VI TPTCI VII TPTM 

Reaction scheme for the conversion of TPTH to TPTM 
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f o r 5 m inutes. The e x t r a c t i s vacuum f i l t e r e d through a 
Buchner f u n n e l i n t o a f l a t - b o t t o m f l a s k . The f i l t e r cake i s 
a g a i n blended and f i l t e r e d . The two e x t r a c t s are combined, 
d r i e d over sodium s u l f a t e and then evaporated t o dryness on a 
r o t a r y f l a s h e v a p o r a t o r . 

F l o r i s i l Column Clean-up; 

The e x t r a c t i s d i s s o l v e d i n 10 ml of dichloromethane and 
t r a n s f e r r e d to a 19 mm i . d . X 300 mm g l a s s chromatographic 
column packed as f o l l o w s : 15 ml of 107o d e a c t i v a t e d F l o r i s i l 
(10 ml H ?0 + 90 grams F l o r i s i l ) f o l l o w e d by a 2 cm l a y e r of 
sodium s u l f a t e which has been prewashed i n o r d e r w i t h 50 ml 
methanol, 50 ml acetone, and 50 ml d i c h l o r o m e t h a n e . The 
sample f l a s k i s r i n s e
p o r t i o n s of d i c h l o r o m e t h a n e
column. When the s o l v e n t has reached the top of the sodium 
s u l f a t e , the f l a s k i s r i n s e d w i t h two 15 ml p o r t i o n s of 
acetone which are then t r a n s f e r r e d t o the column. The s o l v e n t 
i s a l l o w e d to d r a i n t o the top of the sodium s u l f a t e l a y e r . 
These washes are d i s c a r d e d . A 200 ml volume of methanol i s 
added to the column t o e l u t e the TPTH, which i s c o l l e c t e d i n 
a f l a s k . The methanol i s e v a p o r a t e d to dryness on a r o t a r y 
f l a s h e v a p o r a t o r . 

C o n v e r s i o n of TPTH to TPTCl: 

The cleaned-up r e s i d u e i s d i s s o l v e d i n 25 ml of 6N HC1 
by s o n i c a t i o n and the r e s u l t i n g s o l u t i o n t r a n s f e r r e d t o a 
s e p a r a t o r y f u n n e l . The f l a s k i s then r i n s e d w i t h 50 ml of 
dichloromethane which i s l i k e w i s e t r a n s f e r r e d t o the s e p a r a ­
t o r y f u n n e l . The TPTCl i s p a r t i t i o n e d i n t o the d i c h l o r o m e ­
thane, which i s removed, f i l t e r e d and d r i e d through a pad of 
sodium s u l f a t e . The aqueous phase i s e x t r a c t e d a g a i n w i t h an 
a d d i t i o n a l 50 ml of d i c h l o r o m e t h a n e . The o r g a n i c phase i s 
d r i e d over the sodium s u l f a t e , combined w i t h the o r i g i n a l 
e x t r a c t , and evaporated to dryness on a r o t a r y f l a s h evapora­
t o r . 

C o n v e r s i o n of TPTCl to TPTM: 

The TPTCl i s d i s s o l v e d i n 6 ml of hexane and 4 ml 
t e t r a h y d r o f u r a n and r e a c t e d w i t h 2.0 ml of 2.9M CH^MgCl i n 
THF f o r one h a l f hour at room temperature. Excess CH^MgCl i s 
d e a c t i v a t e d w i t h 50 ml s a t u r a t e d ammonium c h l o r i d e s o l u t i o n 
and the e n t i r e r e a c t i o n m i x t u r e i s t r a n s f e r r e d t o a s e p a r a t o r y 
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f u n n e l . The f l a s k i s r i n s e d w i t h 50 ml of hexane which i s 
then t r a n s f e r r e d t o the s e p a r a t o r y f u n n e l . The TPTM i s ex­
t r a c t e d i n t o hexane, which i s f i l t e r e d through a sodium 
s u l f a t e pad i n t o a f l a t - b o t t o m f l a s k . The aqueous p o r t i o n i s 
e x t r a c t e d w i t h an a d d i t i o n a l 50 ml of hexane, the hexane i s 
f i l t e r e d and combined w i t h the o r i g i n a l e x t r a c t . The hexane 
e x t r a c t i s evapora t e d t o dryness on a r o t a r y f l a s h e vapora­
t o r . 

Alumina Column Clean-up: 

A 19 mm i . d . X 300 ml g l a s s chromatographic column i s 
pre p a r e d as f o l l o w s : 1 cm of sodium s u l f a t e i s added to a 
c l o s e d column; 50 ml of hexane i s then added, f o l l o w e d by 21 
ml of 67o d e a c t i v a t e d n e u t r a  6 
grams H ? 0 ) . A f t e r th
i s added and the hexane i s d r a i n e d t o the top of the sodium 
s u l f a t e . The sample c o n t a i n i n g the TPTM i s d i s s o l v e d i n 10 ml 
of hexane and t r a n s f e r r e d t o the column. The f l a s k i s r i n s e d 
w i t h an a d d i t i o n a l 5 ml of hexane which i s t r a n s f e r r e d t o the 
column. The hexane i s a l l o w e d t o d r a i n t o the top of the 
sodium s u l f a t e and i s d i s c a r d e d . 200 ml of hexane i s added t o 
the column and the TPTM e l u a t e i s c o l l e c t e d i n a f l a t - b o t t o m 
f l a s k . 

GC/MS A n a l y s i s : 

A sample i s d i l u t e d i n an a p p r o p r i a t e volume of i n t e r n a l 
s t a n d a r d s t o c k s o l u t i o n and an a l i q u o t of the sample i s 
i n j e c t e d i n t o a gas chromatograph/mass spectr o m e t e r m o n i t o r ­
i n g m/e 349 and 351. The peak areas of the TPTM and i n t e r n a l 
s t a n d a r d are i n t e g r a t e d and expre s s e d as the r a t i o of TPTM:-
I n t e r n a l Standard and the r a t i o of those areas r e s p e c t i v e l y 
are used to c o n s t r u c t a s t a n d a r d c u r v e . The amount of TPTM 
pr e s e n t i s then c a l c u l a t e d from the st a n d a r d c u r v e . 

R e s u l t s and D i s c u s s i o n : 

As mentioned p r e v i o u s l y , the f o r m a t i o n of the methyl 
d e r i v a t i v e i s s i m i l a r t o s e v e r a l methods t h a t a l r e a d y have 
been developed f o r o r g a n o t i n p e s t i c i d e s . The u t i l i z a t i o n of 
t h i s d e r i v a t i v e i n c o n v e n t i o n a l gas chromatographic r e s i d u e 
p rocedures p r e s e n t s many c h a l l e n g e s . E l e c t r o n c a p t u r e d e t e c ­
t i o n i s s e n s i t i v e enough but r e q u i r e s e x t e n s i v e c lean-up 
w h i l e w i t h FID and FPD the s e n s i t i v i t y i s lower than d e s i r e d . 
The development of a r o u t i n e GC/MS procedure ( s i n g l e or 
m u l t i p l e i o n m o n i t o r i n g ) was chosen then as the o n l y p o s s i b l e 
a l t e r n a t i v e . A SIM ( s e l e c t i v e i o n m o n i t o r i n g ) method i s 
s p e c i f i c f o r r e t e n t i o n time and as w e l l as f o r c h a r a c t e r i s t i c 
i o n s (m/e). 
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The mass spectrum of t r i p h e n y l m e t h y l t i n i s presentçd^in 
| j g u r e 2 3 I J ^ Q shows the prédominent t i n i s o t o p e s , Sn, 

Sn, and Sn. The v a r i o u s t i n i s o t o p e s are l i s t e d i n 
Table I . 

TABLE I 

TIN ISOTOPE MASSES AND ABUNDANCES 

Mass (13) Abundance ( 1 4 ) % 
H2„ 
1 1 4 f 
U 5 S n 

117^" 
n s f 
1 1 9 ^ 
1 2 0 S n 
1 2 2 S n 1 2 4 f Sn 

111.90494 0.95 
113.90296 0.65 

116.90306 7.57 
117.90179 24.01 
118.90332 8.58 
119.90213 32.27 
121.90341 4.71 
123.90524 5.98 

The f r a g m e n t a t i o n p a t t e r n of TPTM r e v e a l s no parent 
m o l e c u l a r i o n , but a t i n i s o t o p e c l u s t e r at m/e 347, 349, and 
351, which c o r r e s p o n d s t o the t r i p h e n y l t i n m o iety. The 
spectrum a l s o shows a t i n i s o t o p e c l u s t e r a t m/e 193, 195, 
and 197 c o r r e s p o n d i n g t o the monophenyltin moiety. T h i s 
f r a g m e n t a t i o n i s s i m i l a r to t h a t observed by Chambers(15). 

The mass sp e c t r o m e t e r can be set to moni t o r s e v e r a l 
c h a r a c t e r i s t i c i o n s (m/e) of the t r i p h e n y l m e t h y l t i n d e r i v ­
a t i v e . The most l o g i c a l m/e v a l u e s to be scanned would be 
347, 349 and 351 because they would i n d i c a t e the presence of 
a t r i p h e n y l t i n m o i e t y , w h i l e a l l o w i n g fewer i n t e r f e r i n g com­
pounds. In t h i s f a s h i o n the method d i s t i n g u i s h e s between a 
t r i p h e n y l t i n compound and any o t h e r o r g a n o t i n p e s t i c i d e . To 
enhance the r e p r o d u c i b i l i t y of the method, t r i p h e n y l e t h y I t i n 
(TPTE) i s added as an i n t e r n a l s t a n d a r d b e f o r e i n j e c t i o n . 
The TPTE has a s l i g h t l y l o n g e r r e t e n t i o n time on 3% 0V-1 (as 
shown i n F i g u r e 3) and g i v e s a s i m i l a r f r a g m e n t a t i o n p a t t e r n 
as shown i n F i g u r e 4. 

A SIM s e r i e s of TPTM stan d a r d s w i t h the i n t e r n a l s t a n ­
dard TPTE, (TPTE c o n c e n t r a t i o n : 2 0 0 p g / u l ) i s shown i n F i g u r e 
5. A s t a n d a r d curve i s c o n s t r u c t e d by p l o t t i n g the r a t i o of 
the peak areas of TPTM/TPTE v s . the amount of TPTM. A 
t y p i c a l s t a n d a r d curve i s shownin F i g u r e 6. The curve i s 
l i n e a r from 25 pg t o 1 ng of TPTM. Most of our a n l a y s e s a r e 
conducted i n the range of 50-400 pg TPTM. 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
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Figure 2. Mass spectrum of TPTM 

TPTM TPTE 

ι 1 τ I ι Γ Μ ι I M ' I ' I ι I I I ι I 
50 100 150 

Scan Number (Time) 

Figure 3. Reconstructed gas chromato­
gram of TPTM and TPTE on 3% OV-1 

at200°C 
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Figure 4. Mass spectrum of TPTE 
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100 PG TPTM 200 PG TPTM 300 PG TPTM 400 PG TPTM 

Figure 5. SIM chromatograms of TPTM (a) and TPTE (b) (200 pg/pL), monitor­
ing m/e 347, 349, and 351 
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F i g u r e 7 p r e s e n t s t y p i c a l PROMIM chromatograms from the 
a n a l y s i s of TPTH i n soybeans. The chromatograms are v e r y 
c l e a n showing none of the i n t e r f e r e n c e s which n o r m a l l y would 
be encountered w i t h an EC or FI d e t e c t o r . A n a l y s e s of TPTH i n 
soybean f o l i a g e , r a d i s h t o p s , b a r l e y and o t h e r c r o p s have 
v e r y s i m i l a r chromatograms. None of the 63 p e s t i c i d e s r e g i s ­
t e r e d f o r use on soybeans are observed t o i n t e r f e r e w i t h the 
a n a l y s i s . T y p i c a l r e c o v e r y data f o r soybean seed and soybean 
f o l i a g e are l i s t e d i n Table I I . 

In our r e s e a r c h to improve the method we have noted t h a t 
the c o n v e r s i o n of TPTH t o TPTCl i s not n e c e s s a r y f o r the 
d e r i v a t i z a t i o n w i t h CH^MgCl. The c o n v e r s i o n of TPTH d i r e c t l y 
t o TPTM has been shown to be q u a n t i t a t i v e , based on r e c o v e r y 
e f f i c i e n c y data and s t u d i e s i n v o l v i n g s t a n d a r d s . T h i s r e a c ­
t i o n scheme i s shown i

A n a l y s e s done u s i n
r e s u l t s . U s u a l l y water samples t h a t do not r e q u i r e e x t e n s i v e 
clean-up are a n a l y z e d w i t h t h i s method. 

Other A p p l i c a t i o n s : 

The a p p l i c a t i o n of t h i s type of method t o o t h e r organo­
t i n compounds i s a v e r y r e a l p o s s i b i l i t y , as i n d i c a t e d by the 
f o l l o w i n g i n v e s t i g a t i o n s : 

T r i c y c l o h e x y l t i n Hydroxide (TCTH I V ) : 

T r i c y c l o h e x y l t i n h y d r o x i d e was d e r i v a t i z e d by the r e a c ­
t i o n scheme i n F i g u r e 9 to form the methyl d e r i v a t i v e , TCTM. 
The methyl d e r i v a t i v e may be d e t e c t e d by m o n i t o r i n g i t s 
c h a r a c t e r i s t i c i o n s (m/e). The mass spectrum of TCTM i s shown 
i n F i g u r e 10. The f r a g m e n t a t i o n shows a t i n i s o t o p e c l u s t e r 
a t m/e 301 which corresponds t o the d i c y c l o h e x y l m e t h y l t i n 
m o i e t y . A comparison of the mass s p e c t r a of TPTM and TCTM 
r e v e a l s d i v e r g e n t f r a g m e n t a t i o n pathways. TPTM d i s p l a y s a 
v e r y i n t e n s e i o n at m/e 351 (M-15) w h i l e TCTM e x h i b i t s a base 
peak at m/e 219 which corresponds to the m o n o c y c l o h e x y l m e t h y l -
t i n m o i e t y . TCTM a l s o d i s p l a y s a t i n i s o t o p e c l u s t e r at m/e 
301 which corresponds t o the d i c y c l o h e x y l m e t h y l t i n m o i e t y . 
T h i s t i n i s o t o p e c l u s t e r appears to be a p p r o p r i a t e f o r q u a n t i ­
t a t i v e purposes. TPTM and TCTM can e a s i l y be s e p a r a t e d on a 
3% 0V-7 column as shown i n F i g u r e 11. F i g u r e 12 demonstrates 
t h a t SIM chromatograms of TPTM and TCTM pr e s e n t no problems 
i n d i s t i n g u i s h i n g between the two d e r i v a t i v e s even when com­
p l e t e s e p a r a t i o n i s not a c h i e v e d . 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
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TABLE I I 

Recovery of T r i p h e n y l t i n Hydroxide From 
Soybeans and Soybean F o l i a g e 

Soybeans 

L e v e l of F o r t i f i c a t i o
(ppm) Numbe

0.05 34 76 
0.10 18 83 
0.20 2 77 

Mean = 78.3 
Standard Dev. = 11.43 

Soybean F o l i a g e 

L e v e l of F o r t i f i c a t i o n 
(ppm) Number of T r i a l s % Recovery Average 

0.05 5 96 
0. 10 5 98 
0.50 15 82 
1.00 2 68 

25.00 7 86 
50.00 1 81 

100.00 2 76 

Mean = 84.5 
Standard Dev. = 18.6 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 7. Typical PROM1M chromatograms of TPTM (a) and TPTE (b) in 
soybean extracts: (A) soybean control sample (10 mg sample aliquot injected, 
< 0.05 ppm); (B) soybean control sample fortified with 0.05 ppm TPTH (10 mg 
sample aliquot injected, 0.045 ppm found, 90% recovery); (C) soybeans treated at 

0.5 lb a.i./acre (10 mg sample aliquot injected, < 0.05 ppm) 

I TPTH VII TPTM 

Figure 8. Alternate reaction scheme for the conversion of TPTH to TPTM 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



380 P E S T I C I D E A N A L Y T I C A L M E T H O D O L O G Y 

/ \ |^ CHaMgCI / \ 

\^_H"-O H
 Wf * <^J^Sn-CH3 

IV TCTH TCTM 

Figure 9. Reaction scheme for the conversion of TCTH to TCTM 
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Figure 10. Mass spectrum of TCTM 
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Figure 11. Reconstructed gas chromatogram of TPTM and TCTM on 3% OV 
at210°C 
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Figure 12. SIM chromatograms of TPTM (a), TPTE (b), and TCTM (c) on 3% 
OV-1 at210°C 
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I f g r e a t e r a n a l y t i c a l s p e c i f i c i t y i s d e s i r e d , m o n i t o r i n g 
the t r i c y c l o h e x y l t i n moiety would be i n d i c a t e d . Our s t u d i e s 
have shown t h a t the e t h y l d e r i v a t i v e of TCTH e x h i b i t s an 
enhanced t i n i s o t o p e c l u s t e r a t m/e 369 which s a t i s f i e s these 
r e q u i r e m e n t s . A mass spectrum of TCTE i s shown i n F i g u r e 13. 

Vendex: 

Vendex i s a r e l a t e d o r g a n o t i n compound which e x i s t s i n a 
b i s - o x i d e form. T h e r e f o r e t o employ a d e r i v a t i z a t i o n scheme 
s i m i l a r to t h a t u t i l i z e d on o r g a n o t i n s a l r e a d y d e s c r i b e d we 
had t o c o n s i d e r c l e a v i n g the o x i d e bond. Our i n i t i a l d e r i v a t i ­
z a t i o n scheme, s i m i l a r to t h a t employed w i t h TPTH i s shown i n 
F i g u r e 14. L a t e r work r e v e a l e d the same r e s u l t s r e g a r d l e s s of 
whether o r not HC1 wa d  c l e a v  th  o x i d  bond  Th
chromatogram of the methy
F i g u r e 15, a l o n g w i t h  spectru  F i g u r
i s o t o p e c l u s t e r at m/e 401 corresponds to the d i - ( / 3 , p - d i -
m e t h y l p h e n y l e t h y l ) m e t h y l t i n . These i o n s (m/e) c o u l d be moni­
t o r e d to q u a n t i t a t e t h i s d e r i v a t i v e . The mass spectrum i n 
F i g u r e 16 r e v e a l s a t i n i s o t o p e c l u s t e r a t m/e 345 which 
c o u l d p o s s i b l y i n t e r f e r e w i t h the a n a l y s i s of TPTH. 

F i g u r e 17 shows SIM chromatograms of TPTM and TPTE w i t h 
a l a r g e amount of the Methylvendex d e r i v a t i v e . A s m a l l 
p o t e n t i a l i n t e r f e r e n c e was observed. However, the i s o t o p i c 
abundance of the Methylvendex d e r i v a t i v e i s not s i m i l a r to 
t h a t observed w i t h TPTM. T h e r e f o r e we conclude t h a t the 
p o s s i b i l i t i e s f o r c o n f u s i o n are m i n i m a l . 

C o n c l u s i o n : 

The GC/MS methodology p r e s e n t e d f o r the d e t e r m i n a t i o n of 
TPTH r e s i d u e s i n crops p r o v i d e s f o r g r e a t e r s p e c i f i c i t y than 
any o t h e r c u r r e n t l y a v a i l a b l e , and e x h i b i t s e x c e l l e n t sen­
s i t i v i t y . The r e c o v e r y e f f i c i e n c y data g e n erated demonstrate 
t h a t t h i s method of r e s i d u e a n a l y s i s i s a r e l i a b l e , r o u t i n e 
t o o l f o r the d e t e r m i n a t i o n of TPTH r e s i d u e s i n a wide range 
of a g r i c u l t u r a l c r o p s . In a d d i t i o n , the r e s u l t s of our r e ­
se a r c h suggest t h a t the procedures developed and r e p o r t e d 
here c o u l d be adapted f o r the a n a l y s i s of o t h e r o r g a n o t i n 
r e s i d u e s . 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
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Figure 13. Mass spectrum of TCTE 
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Figure 16. Mass spectrum of methylvendex derivative 
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Figure 17. SIM chromatograms of TPTM (a), TPTE (b), and methylvendex 
derivative (v) on 3% OV-7 with temperature programming to 265°C 
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-amino acids, radiochromatogram 
of the separation of 10, 13/ 

chromatographic detector, use of .. 6, 10 
-labeled metabolites 1-13 

Calcofluors (fluorescence whiteners) .. 137 
Captafol 151 
Captan 151 
Carbamate(s) 65, 79 

analyzer 19 
W-aryl 243 
chromatogram, comparison of U V 

and fluorescent tracings 
from 23/-24/ 

esters 66 
insecticides 139,239-243,302 

on T L C plates, detecting 267 
pesticides 252 

measuring exposure to 252 
on-column methylation reactions 

of 244/ 
solvent systems for T L C separation 

of 268/ 
post-column derivatization for 23/ 
sulfur-containing 243 
thermal instability of 309 

Carbaryl 113, 145,212 
in food products, determination of 107 

Carbetamide 74 
Carbodiimides, water-soluble 325 
Carhofuran residue in air samples 196/, 198/ 
Carhofuran, rice plants treated with .. 195 
Carbon 

dioxide evolution from thiofanox .. 311 
electrodes, glassy 58, 65 
metabolism studies with radioactive 287 
paste electrodes 58 

Carcinogenic agents 362 
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Carriers for pesticide haptens 330-331 
Cascade impactors 179 
Cation-exchange resin, polymeric 70 
Cellulose 

H P T L C pre-coated plates 167-168 
layers, spectra of fisetin on 140/ 
and silica gel 60, comparison of 

H P T L C pre-coated plate 168 
thin-layer chromatograms 138 

Chelate spray reagent, fluorometric .... 137 
Chemical derivatization 

advantages gained by 23It 
reaction criteria of 23It 
techniques in pesticide analysis .231-247 
techniques for pesticides, publica­

tions dealing with 234/ 
Chemical ionization (CI) 353 

low pressure, (LPCI) 35
-mass spectrometric detection

Chemistry, mobile phase 45 
Cholinesterase, determination of blood 251 
Chlordecone (kepone) 235 
Chlorinated 

anilines, determination of urinary .. 256 
hydrocarbon pesticides, detection of 

non-polar 254 
organic pesticides, solvent systems 

for T L C separation of 268/ 
phenols, problems of multi-residue 

procedure for 255-256 
p-Chloroaniline 74 
Chlorodioxins 277 
2-Chloroethanol 233 
2-Chloroethyl ester 235 
Chlorophenolate ions 360 
Chlorophenols 65, 243 
Chlorophenoxy acid residues in 

natural waters 233 
Chlorophenoxy acids, esterification of 232 
Chlorophenoxyalkyl acids, derivatives 

of 23 3t 
Chlorpyrifos 252 
Cholinesterase 19 
Chronoamperogram 60 
CI (see Chemical ionization) 
Chromascan 265 
Chromatogram 

Analyser, Farrand V I S - U V ... 129, 130/ 
cellulose thin-layer 138 
fluorometric detection of phosphate 

esters on paper 137 
instruments for measuring fluores­

cence on thin-layer 129-133 
Chromatographic 

columns, performance evaluation 
of liquid 31-43 

detector(s) 2 
use of 1 4 C 6, 10 

Chromatographic (continued) 
separation 7,9 

Chromatography 52 
argentation 52 
column absorption 209 
gas (GC) 367 

-low resolution mass spectrom­
etry 280 

high-performance liquid 
(HPLC) 1-13, 107 

high-performance thin-layer 
(HPTLC), developments in 159-175 

ion-exchange 10 
ion pair 52 
liquid (LC) 1-13 

with electrochemical detection 
(LCEC) 57-83 

partition 7 
pre-HPLC column 107 
reversed-phase 9 

improving mobile-phase selec­
tivity in 45-54 

reversed-phase high-performance 
liquid (RPLC) 45 

silica gel adsorption 113 
thin-layer (TLC) 127 

of pesticides by fluorometry .127-153 
Chromosorb 101 resin 182 
Chromosorb 102 resin 182 
Cleanup 

column 16 
alumina 371 
florisil 370 
micro- 210-213 
pre- 19 

continuous-flow 213-215 
procedures, pesticide residue 209-228 

C M C ( 1 -cyclohexyl-3-(2-morpholinyl-
4-ethyl) carbodiimide methyl 
p-toluene sulfonate 325 

CN-bonded polar phase, pesticides 
separated on 110 

Coextractives 113 
Colorimetric methods 264 
Column 

adsorption chromatography 209 
alumina 280 
chromatography, pre-HPLC 107 
cleanup 16 

alumina 371 
florisil 370 
pre- 19 

derivatization for alkaloids, pre- ... 22/ 
derivatization, post- 19 

for carbamates 23/ 
for nitrosamides 26/ 
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Column (continued) 
efficiency 32-34 
function of pre-HPLC 113 
G L C , open-tubular (capillary) 192 
G L C , packed 192 
goodness 31-32 
H P L C 31 
micro-particulate 9 
packings, bonded-phase 39, 42 
packings for L C 9 
peak 

asymmetry, method for hand-
calculating 38/ 

symmetry 34, 37 
tailing 34 

performance 
criteria 31-43 
evaluation of liquid chromato­

graphic 31-4
parameters, reduced 31 
testing 43 

permeability 37 
plate count 32 
reactions, pre- 19 
reproducibilities 39-42 
resolution, H P L C 32 
retentivity (capacity factor K1) 39 
selectivity factor alpha 39 
stability 37,39 
theoretical plates, equation for 

calculating the number of 35/ 
theoretical plates as a performance 

criterion, number of 34 
treatment, post- 21/ 
treatment, pre- 19,21/ 

Computer 
hardware 288 
Hewlett-Packard 9825A desk-top .. 288 
network, desk-top 289/ 

interfacing of LSC with a 
Hewlett-Packard 9800 
series 287-296 

reduction of radioactive meta­
bolic data using 287-296 

output, hard copy 291 
software 290 

Confirmation analyses 255 
Conjugate, hapten-carrier protein 330 
Conjugation 

of amine-containing haptens to 
proteins 328 

of a carboxylic acid group to an 
amine 328 

of enzymes to antigens or antibodies 338 
methods of 322-330 

Continuous-flow cleanup 213-215 
Corn extracts 118/ 
Conne's advantage in FT IR 299 

Coroxon 147 
Coumaphos 145-146 

degradation of 147, 148/ 
Counters, liquid scintillation 3 
Coupling techniques 325 
Cucumber extracts 119/ 
Cyclic voltammetry (CV) 60 
l-Cyclohexyl-3-(2-morpholinyl-4-

ethyl) carbodiimide methyl 
p-toluene sulfonate (CMC) 325 

Cyclone separators 181 
Cyolane 75, 82 
Cytrolane 75,82 

D 

1,4-D (2,4-dichlorophenoxyacetic 
acid) 

extractive pentafluorobenzylation of 245 
fully automated H P L C analysis of .. 25 
residues of 233 

D C polarography 75 
DC A A (dichloroacetic anhydride) .... 244/ 
DCAC1 (dichloroacetyl chloride) 244/ 
DDA , urinary metabolite 252 
D D D (dichlorodiphenyldichloro-

ethane) 189 
D D E (dichlorodiphenyldichloro-

ethylene) 252 
DDQ (l,2-dichloro-4,5-dicyano-

benzoquinone) 139 
DDT (dichlorodiphenyltrichloro-

ethane) 189 
exposure to 252 
synthesis of haptens for 328 

D E F (S^S-tributyl phosphorotri-
thioate) 200 

D E M T P (Diethylmethylthiophos-
phate) 243 

D F D N B (p,p'-difluoro-m,m'-dinitro-
benzene) 328 

DPP (differential pulse polarographic) 75 
Dansyl chloride 141 
Dansyl labeling of iV-methylcarbamate 

insecticide, reaction scheme for .. 142/ 
Dansylation of pesticides 141 
N-Dealkyl metabolites of triazine 

herbicides 253 
Defoliant, organophosphorus 200 
Dehydro-oxydemeton methyl, G C 

characteristics of cis and trans- .. 242/ 
Densitometer, photoelectric 264 
Densitometry, estimation of pesticides 

on T L C plates using 269 
Densitometry, T L C 265 
Derivatization, chemical 

advantages gained by 232/ 
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Derivatization, chemical (continued) 
reaction criteria of 232t 
techniques in pesticide analyses .231-247 
techniques for pesticides, publica­

tions dealing with 234/ 
Detection, electron capture 

(EC) 254,354 
Detector(s) 

alkali flame (AFD) 254 
cell, L C E C reductive 78 
chromatographic 2 

use of 1 4 C 6, 10 
electrochemical 254 
flame photometric (FPD) 239, 254 
L C 254 
Pye traveling wire 213 
radioactivity 3,4/ 
thin-layer amperometric 58
thin-layer electrochemical 59
U V 10 

absorbance 2 
Dialysis 330 

equilibrium 333 
Diazomethane 232 
2,3-Dibromopropanol by AP I negative 

ion mass spectrometry, analyses 
for 362, 364/, 365 

2,3-Dibromopropanol, urinary 
analyses for 363/ 

m'5(2,3-Dibromopropyl) phosphate .. 362 
Dicamba 233 
l,2-Dichloro-4,5-dicyanobenzoqui-

none (DDQ) 139 
Dichloroacetic anhydride (DCAA) .... 244/ 
Dichloroacetyl chloride (DCAC1) 244/ 
Dichlorodiphenyldichloroethane 

(DDD) 189 
Dichlorodiphenyldichloroethylene 

(DDE) 252 
Dichlorodiphenyltrichloroethane 

(see DDT) 
Dichlorovos 260 
Dieldrin 190,252 

concentrations in air 191/ 
Diethylamine 237 
Diethylmethylthiophosphate 

(DEMTP) 243 
Differential pulse polarographic 

(DPP) 75 
Diffuse reflectance measurements by 

FT IR 320 
Diflubenzuron 329 
p,p'-Dinuoro-ra,ra'-dinitrobenzene 

(DFDNB) 328 
3,5-Diiodo-4-hydroxy-benzonitrile 

(ioxynil) 167 
Dimethoate, separation of bromo-

phos-ethyl and 165 

3,3-Dimethyl-1 -methylthio-2-buta-
none 0-[(methylamino) carbonyl] 
-oxime 302-320 

(£,^Dimethylphenylethyl)distannox-
ane, hexakis 367 

N-Dimethylthiophosphinic amides 241 
Dimilin 74 
Dinitroaniline herbicides 82 
Dispersive spectroscopy, advantage 

of FTIR over 302 
Dithiocarbamates, electrochemistry of 83 
4-Dodecyldiethylenetriamine 54 
Drugs in biological fluids, F A S T - L C 

analyzer for 27/ 

Ε 

propyl) carbodiimide HC1) 325 
E D M (Evaporation to Dryness 

Module) for H P L C 18 
Eggs and milk, recovery of maretin 

from 153/ 
EI (electron impact ionization) 353 
Electroanalytical chemists, convention 

of American 63 
Electrochemical 

detection, liquid chromatography 
with (LCEC) 57-83 

detection, selectivity of 63 
detector 254 

thin-layer 59/ 
information, Kissinger charts for .. 66 
instrumentation, three-electrode .... 58 
oxidation of phenols 70 
reactivity 60 
reduction of mono- and polynitro-

aromatics 79 
Electrochemistry of aromatic amines 71-73 

hydrodynamic 57 
of N-nitrosamines 82 
of thiocarbamates 83 

Electrode(s) 
carbon paste 58 
coated with mercury, platinum wire 75 
glassy carbon 58, 65 
materials 58 
mercury amalgamated gold 78 
mercury pool 75 
solid 75 

Electron 
attachment 355 
capture (EC) 

detection 254 
detector 354 
gas chromatograms of an oyster 

extract 236/ 
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Electron (continued) 
impact ionization (EI) 353 
transfer kinetics 60 

Electrophore 60 
Electroreducible residues 75 
EL ISA (see Enzyme-linked immuno­

sorbent assay) 
Elution system, gradient 213 
Elution techniques 264 
E M I T (homogeneous enzyme immu­

noassay) 341-342 
Endosulfans 220 
Environmental Protection Agency 

(EPA) Manual for Environ­
mental Analysis 209 

Enzyme(s) 
to antigens or antibodies, conjuga­

tion of 33
immunoassay, homogeneous 

(EMIT) 341-342 
-linked immunosorbent assay 

(ELISA) 338-341 
procedure for parathion 344 
schematic representation of 340/ 

Equilibria in R P L C , primary 45-51 
Equilibria in R P L C , secondary 51-54 
Ester(s) 

carbamate 66 
2-chloroethyl 235 
of M C P A , methyl 232 
of M C P B , methyl 232 

Esterase inhibition technique 265 
Esterification 

of chlorophenoxy acids 232 
of 2,4-D 233 
of M C P A 233 
reaction with pentafluorobenzyl 

bromide (PFBBr) 235 
l-Ethyl-3-(3-dimethyl-aminopropyl) 

carbodiimide HCI (EDC) 325 
Ethylchlorocarbonate 328 
Ethylene thiourea (ETU) 245 

acylation reactions of 244/ 
derivative, chromatographic charac­

teristics of 246/, 247 
extractive iV-acylation of 245-247 

Evaporation to Dryness Module 
(EDM) for H P L C 18 

Excitation sources in a fluorescence 
monitor 110 

Exposure 
to carbamate pesticides, measuring 252 
to D D T 252 
to organophosphate pesticides, 

measuring 251 
to pesticides, analytical method­

ology for assessment of 
human 251-256 

to pesticides, indicators of 252 

Extraction of pesticides from tissues .. 262 
Extraction procedure, efficiency of .... 253 
Extractive N-acylation of E T U 245-247 
Extractive pentafluorobenzylation 

of 2,4-D 245 
procedure for carboxylic acids 245 
procedure for phenols 245 

F 
Farrand spectrofluorometer, optical 

scheme of 134/ 
Farrand V IS -UV Chromatogram 

Analyser 129, 132/ 
F A S T - L C (see Fully automated 

sample treatment for liquid 
chromatography) 

Manual 209 
Fellgett's advantage in FTIR 299 
Fenitrooxon 143 
Fenitrothion 143 

and derivatives 143, 144/ 
Fenoprop 233 
Filter module for H P L C , continuous .. 18 
Filtration devices 179 
Fire ant, imported 235 
Fisetin 138 

on cellulose layers, spectra of 140 
Flame detector, alkali (AFD) 254 
Flame photometric detector (FPD) 239, 254 

phosphorus-selective 239 
S- and P-channels of 241 

Flavones 138-139 
Florisil column cleanup 370 
Flow cell(s) 

for aqueous systems, scintillation .. 5/ 
for organic solvents, scintillation ... 5/ 
for radiochromatographs 3, 5/, 6 

Fluorescamine 141, 143 
Fluorescence 

in dilute solutions 123 
enhancement 138-139 
factors affecting 128 
instrumental parameters in H P L C 123 
monitor 

with an absorbance detector in 
H P L C , schematic of 106/ 

excitation sources in 110 
in H P L C 103-125 
of pesticides 103-125 
alternatives to 133-134 
direct 145-151 
effect of type of thin-layer on .... 151 
factors affecting 110 
indirect 136-145 
spectral data of treated organo­

phosphorus 149/ 
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Fluorescence (continued) 
quenching groups 145 
signal with polarity of the mobile 

phase, variation of 120 
signal by unresolved coextractables 120 
spectrometry 103-125 
spectrophotometer, Perkin-Elmer 

MPF-2A 105 
theory of 127-129 
on thin-layer chromatograms, 

instruments for measuring .129-133 
whiteners (calcofluors) 137 

Fluorescent pesticides, naturally 135 
Fluorescent reagents, inorganic 149-150 
Fluorogenic labeling of pesticides .141-145 
Fluorogenic reagents 136, 138 
Fluorometer, Turner Model III ...129, 130/ 
Fluorometers, simple 129 
Fluorometric 

chelate spray reagent 137 
detection of phosphate esters on 

paper chromatograms 137 
detection of organothiophosphorus 

pesticides on silica-gel layers .. 137 
methods 264 
response of pesticides 149/ 
spray reagents, pH-sensitive 139-141 

Fluorometry, T L C 265 
of pesticides by 127-153 

Flurenol (9-hydroxyfluorenecarboxylic 
acid) 167 

calibration curves for 170/, 174/ 
Folex 200 
Foliage residue dissipation data 195 
Foliage spray 195 
Food and Drug Administration (FDA) 

Pesticide Analytical Methods 
Manual 209 

Food products, determination of 
carbaryl in 107 

Forensic toxicologist 259 
Fortification studies 220-228 
Fourier transform infrared spectros­

copy (FTIR) 299-320 
advantages 302/ 

Conne's 299 
over dispersive spectroscopy 302 
Fellgett's 299 
Jacquinot's 299 

analysis of microsamples 311 
gas evolution studies with 309-311 
impurity detection using 315 
to pesticide analysis, applications 

of 299-320 
subtraction capabilities of 304 

F P D (see Flame photometric detector) 
Fractosil 215 

evaluation studies of 220-228 
Freund's complete adjuvant 331 

FTIR (see Fourier transform infrared 
spectroscopy) 

Fully automated pesticide analyzer, 
first 20/ 

Fully automated sample treatment for 
liquid chromatography (FAST-
LC) 15-29 

analyzer for drugs in biological 
fluids 27/ 

for automated pesticide analysis ...15-29 
Fungicides 243-247, 367 

G 
Gamma emitter 337 
Gas 

chromatograms of an oyster extract, 
electron-capture 236/ 

dehydro-oxydemeton 
methyl 242/ 

-low resolution mass spec­
trometry 280 

/MS, analysis of organotin pesti­
cide residues by 367-383 

evolution studies with FTIR 309-311 
-phase acids 354 

Gel filtration 330 
medium 10 

Gels, application of macroporous 
silica 215 

Gelatin capsule root zone technique .. 195 
G L C 

on-column transesterification of OP 
insecticides 243 

open-tubular (capillary) column .... 192 
packed column 192 

Glycol impingers 187 
Gold electrodes, mercury amal­

gamated 78 
Gravimetric methods 264 
Greenburg-Smith impingers, glycol-

filled 181 
Guthion 138 

H 
Halide ion 354 
Halogenated organophosphates 252 
Hammett's substituent constants 65 
Hapten(s) 

-carrier protein conjugate 330 
carriers for pesticides 330-331 
synthesis 322-325 

for DDT 328 
for malathion 328 

for coupling 325 
to protein(s) 

conjugating amine-containing ... 328 
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Hapten(s) (continued) 
to protein(s) (continued) 

coupling, methods of 326/ 
site of conjugation of 323 

Hardware, computer 288 
H C B (see Hexachlorobenzene) 
Hemagglutination test 342 
Hemocyanin 331 
Heptachlor 190,252 

concentrations in air 191/ 
epoxide 252 

Heptachlorobiphenyls 237 
Herbicide(s) 232-235 

analyzer, totally automated 26/ 
bipyridylium 82 
N-dealkyl metabolites of triazine .. 253 
derivatives of acidic 233/ 
dinitroaniline 82 
fully automated H P L C analysi

of a water-soluble 25 
substituted urea 253 
2,4,5-T 277 

Heterocyclic amines 241 
Hewlett-Packard 

9825A desk-top computer 288 
1084B H P L C 291 
9800 series desk-top computer net­

work, interfacing of LSC 
with 287-296 

Hexachlorobenzene (HCB) 239, 252 
reactions for 240/ 

Hexachlorocyclohexane 252 
Hexakis (β,β-dimethylphenylethyl)-

distannoxane 367 
High 

-performance liquid chromatog­
raphy (HPLC) 1-29, 254 

automation of 16-19 
chromatography by 107 
column(s) 31 

chromatography, pre- 107 
function of pre- 113 
resolution 32 

continuous filter module for 18 
evaporation to Dryness Module 

(EDM) for 18 
fluorescence, instrumental 

parameters in 123 
fluorescence as a monitor in 103-125 
fully automated 

analysis of 2,4-D 25 
analysis of a water-soluble 

herbicide 25 
determination of theophylline 

in human serum 25 
Hewlett-Packard 1084B 291 
in pesticide metabolism studies .. 1-13 
reverse-phase (RPLC) 45, 280 

High (continued) 
-performance liquid chromatography 

(HPLC) (continued) 
schematic of fluorescence 

monitor with an absorbance 
detector in 106/ 

SOLIDprep sampler for 18 
system, basic automated 17/ 
system with on-line extraction, 

automated' 17/ 
versatility 7 

-performance thin-layer chroma­
tography (HTPLC) 

developments in 159-175 
to pesticide analysis, application 

of 159-175 
pre-coated plate(s) 159 

cellulose 167-168 

son of 168 
reversed phase 163-167 
silica gel 60 160-163 

comparison of T L C and .... 161 
with concentrating 

zone 168, 171-175 
with and without concen­

trating zone, compari­
son of 171-175 

-pressure liquid chromatography 
(see High-performance liquid 
chromatography) 

Homicides by pesticide poisoning 261 
Homogeneous enzyme immunoassay 

(EMIT) 341-342 
Honeybees (Apis mellifera L.) 120 
H P L C (see High-performance liquid 

chromatography) 
Human 

exposure to pesticides, analytical 
methodology for assessment 
of 251-256 

milk 
detection limits of T C D D in 282 
determination of 2,3,7,8-tetra-

chlorodibenzo-p-dioxin 
in 277-284 

sample preparation scheme for 
the determination of 
2,3,7,8-TCDD in 281/ 

organs, distribution of pesticides 
in 259-273 

serum albumin 330 
serum, fully automated H P L C 

determination of theophylline 
in 25 

H T P L C (see High-performance thin-
layer chromatography) 

Hydrazines 82 
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Hydrocarbon pesticides, detection of 
nonpolar chlorinated 254 

Hydrodynamic 
chronoamperogram 60 
electrochemistry 57 
voltammetry, normalized 63 

Hydroquinone, oxidation of 60 
Hydrophobic effect in R P L C 45 
9-Hydroxyfluorenecarboxylic acid 

(flurenol) 167 
Hydroxylamines 79 
JV-Hydroxynaphthalimide diethyl 

phosphate (maretin) 136 

I 

IgG, rabbit 338 
Immunization procedures 331-332 
Immunoassay(s) 

applicability of 34
attributes and limitations of 343-347 
cost effectiveness of 346 
homogeneous enzyme (EMIT) .341-342 
methods 341-342 
problems with 347 
sensitivity 343-344 
specificity 344-345 
speed of analysis of 345 

Immunochemical methods to pesticide 
analysis, possible contributions 
of 347-348 

Immunochemical technology for pesti­
cide analysis, potential of 321-348 

Immunodiffusion 325 
radial 342 

Immunoelectrophoresis 342 
Immunogen 322 
Immunosorbent assay, enzyme-linked 

(ELISA) 338-341 
Impaction devices 179 
Impactors, Anderson 179 
Impactors, cascade 179 
Impingers, glycol 187 

-filled Greenburg-Smith 181 
Impurity detection using FT IR 315 
Infrared spectroscopy, fourier 

transform (FTIR) 299-320 
Insecticide(s) 

from body tissue, isolation of 
organochloro 263 

from body tissues, isolation of 
organophosphorus 262 

carbamate 139,239-243,302 
on T L C plates, detecting 267 

containing an activated azomethin 
group 82 

G L C on-column transesterification 
of OP 243 

Insecticide(s) (continued) 
N-methylcarbamate 141 

reaction scheme for the dansyl 
labeling of ^-methylcar­
bamate 142/ 

organochlorine 235-239 
organophosphorus (OP) 239-243 

on T L C plates, detecting 265, 267 
in the stomach 270 
on T L C plates, detecting organo­

chloro- 267 
Instrumental parameters in H P L C 

fluorescence 123 
Instrumentation, three-electrode 

electrochemical 58 
Instruments for measuring fluores­

cence on thin-layer chromato­
grams 129-133 

Interferometer, diagram of 
Michelson 299-300/ 

Ion(s) 
adduct 362 
bromide 365 
chlorophenolate 360 
-exchange chromatography 10 
-exchange resins, binding of a 

charged antibody to 335 
detection for negative 362 
formation of negative 353-354 
halide 354 
monitoring method, SIM negative . 371 
pair chromatography 52 
pair agent-solute interactions in 

R P L C 52 
phenolate 354, 360 
mass spectrometry, analyses for 

2,3-dibromopropanol by AP I 
negative 362, 364/, 365 

mass spectrometry, positive 362 
Ionization 

atmospheric pressure (API) 353 
chemical (CI) 353 

low-pressure (LPCI) 353 
-mass spectrometric detection .... 254 

electron impact (EI) 353 
Ioxynil (3,5-diiodo-4-hydroxy-

benzonitrile) 167 
calibration curves for 170/, 174/ 

IR system, on-the-fly L C - 320 
Irradiation 237 
Isobutylchlorocarbonates 328 
Isomer separation, optical 53/ 

J 
Jacquinot's advantage in FT IR 299 
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Κ 

Kepone (chlordecone) 235 
reactions of 236/ 

Kinetics, electron transfer 60 
Kissinger charts for electrochemical 

information 66 

L 
L C (see Liquid chromatography) 1-13 
L C E C (see Liquid Chromatography 

with electrochemical detection) 
Leaf surfaces, toxaphene loss from .... 192 
Lima beans, extracts of 119/ 
Liquid 

chromatographic columns, perform­
ance evaluation of 31-43 

chromatography (LC) 1-1
columns, packing for 9 
detectors 254 
fully automated sample treatment 

for (FAST-) 15-29 
analyzer for drugs in biological 

fluids 27/ 
for automated pesticide 

analysis .15-29 
-IR systems, on-the-fly 320 
with electrochemical detection 

(LCEC) 57-83 
assay for pesticide-derived 

aniline 74 
determination of aromatic 

amine residues by 71-75 
determination of phenolic 

residues by 65-71 
reductive 75 

detector cell 78 
pesticides suitable for 79, 80/ 

residue analysis, application of 65 
to toxic compounds, applica­

tions of 74 
to trace phenols, applications 

of reverse-phase 70 
high-performance (HPLC) 1-13 
reversed-phase high-performance 

(RPLC) 45 
-liquid partitioning 209 
scintillation counter (LSC) . . 3 , 287, 337 

Beckman LS-200 series 288 
data collection 290 
data collection, on-line 288 
with a Hewlett-Packard 9800 

series desk-top computer 
network, interfacing of .287-296 

Tracor Mark III 288 
Radiochromatography System 

Model 4526, Nuclear-Chicago 3 

Low-pressure chemical ionization 
(LPCI) 353 

LSC (see Liquid scintillation counter) 

M 
Macroreticular resins 182-188 
Malathion poisoning 261 
Malathion, synthesis of haptens for .. 328 
Manual for Environmental Analysis, 

Environmental Protection 
Agency (EPA) 209 

Maretin (^V-hydroxynaphthalimide 
diethyl phosphate) 120, 136, 152 

from eggs and milk, recovery of .... 153/ 
Mass spectrometry (MS) 367 

AP I 354 
detection, chemical ionization- 254 

analyses for 2,3-dibromopro-
panol by AP I nega­
tive 362, 364/, 365 

negative 353-365 
positive 362 

multiple scan averaging, high 
resolution 278 

M C P A (see 2-Methyl-4-chloro-
phenoxyacetic acid) 

M C P B , methyl esters of 232 
Membranes, nitrocellulose 333 
Mercury 

amalgamated gold electrodes 78 
platinum wire electrodes coated 

with 75 
pool electrodes 75 

Metabolic conversion of pesticides .... 260 
Metabolic data using a desk-top com­

puter network, reduction of 
radioactive 287-296 

Metabolism studies, H P L C in 
pesticide 1-13 

Metabolism studies with radioactive 
carbon 287 

Metabolites, 1 4C-labeled 1-13 
Metal ion-solute interactions in R P L C 52 

chelated 54 
Methidaoxon 241 
Methidathion (Supracide) 241 

characteristics of 240/ 
Methyl 

esters of M C P A 232 
esters of M C P B 232 
isocyanate 311 
parathion 355, 358/ 

AP I negative ion mass spectrum 
for 359/ 

viologen 82 
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2-Methyl-4-chlorophenoxyacetic 
acid (MCPA) 167,245 

calibration curves for 170/, 174/ 
esterification of 233 
methyl esters of 232 

Methylation, on-column 
pyrolytic 243 
reactions of organophosphorus 

pesticides 244/ 
techniques, application of 241-243 

Methylation reactions of carbamate 
pesticides 244/ 

N-Methylcarbamate insecticide(s) 141 
reaction scheme for the dansyl 

labeling of 142/ 
4,4'-Methylenebis-(2-chloroaniline) 

(MOCA) 74 
Methylmagnesium chloride 368 
Methylvendex derivative 38

mass spectrum of 386/ 
reaction scheme for the conversion 

of vendex to 385/ 
Michelson's interferometer, diagram 

of 299,300/ 
Microcolumn cleanup 210-213 
Mi lk 

in human 
detection limits of T C D D 282* 
determination of 2,3,7,8-tetra-

chlorodibenzo-p-dioxin .. 277-284 
sample preparation scheme for 

the determination of 
2,3,7,8-TCDD 281/ 

pesticides in 261 
recovery of maretin from eggs and . 153/ 

Mirex 235,236/ 
reactions of 74 

M O C A (4,4'-Methylenebis-(2-chloro-
aniline)) 74 

Mobil phase chemistry 45 
Mobile phase, variation of fluores­

cence signal with polarity of 120 
Modifiers, organic 74 
Monoclonal antibody technology 342-343 
8-Monohydromirex (photomirex) 237 
Mononitroaromatics, electrochemical 

reduction of 79 
Monuron 74 
MS (see Mass spectrometry) 
Mutagenic agents 362 
Mycobacteria 331 

Ν 
α-Naphthol 145 
Naphthostyril 152 
NBD-chloride 143 

Negative ion(s) 
detection for 362 
formation of 353-354 
mass spectrometry, analyses for 

2,3-dibromopropanol by 
AP I 362, 364/, 365 

Nitrocellulose membranes 333 
Nitrocresol 143 
Nitrogen-containing compounds, 

detection of 254 
p-Nitrophenol 260 

hydrodynamic voltammograms of 79, 81/ 
in urine 260 

Nitrosamides, post-column derivatiza­
tion for 26/ 

N-Nitrosamines, electrochemistry of .. 82 
Nuclear-Chicago Liquid Radiochro­

Ο 
OP (see Organophosphorus) 
Qrange extracts 118/ 
Orange rind, determination of 

2-phenylphenol in 70 
Organs, distribution of pesticides in 

human 259-273 
Organic 

compounds, trace determination of 
easily oxidizable and 
reducible 57-83 

modifiers 74 
pesticides, solvent systems for T L C 

separation of chlorinated 268/ 
solvents 3 

scintillation flow cell for 5/ 
Organochlorine insecticides 235-239 

from body tissues, isolation of 263 
on T L C plates, detecting 267 

Organochloro pesticides by T L C , 
determination of 265 

Organophosphate(s) 212 
compounds, detection of 254 
halogenated 252 
pesticides, measuring exposure to .. 251 

Organophosphorus (OP) 
defoliant 200 
insecticides 239-243 

from body tissues, isolation of .... 262 
G L C on-column transesterifica-

tion of 243 
by TLC , determination of 265, 267 

pesticide(s) 
fluorescence spectral data of 

treated 149/ 
on-column methylation reactions 

of 244/ 
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Organophosphorus (OP) (continued) 
pesticide(s) (continued) 

poisoning 261 
solvent systems for T L C 

separation of 268/ 
Organothiophosphates 212 
Organothiophosphorus pesticides on 

silica-gel layers, fluorometric 
detection of 137 

Organotin pesticide residues by G C / 
MS, analysis of 367-383 

Oxamyl 243 
Oxidation process for aniline 71 
Oxidation of substituted anilines 73 
Oxons 241 
Oxydemeton methyl with trifluoro-

acetic anhydride (TFAA), 
reaction of 242/ 

Ρ 

PCB (polychlorinated biphenyl) 237 
PCP (see Pentachlorophenol) 
PFBBr (pentafluorobenzyl bromide), 

esterification reaction with 235 
Packings 

with bonded hydrocarbon coatings 45 
bonded-phase column 39 
for L C columns 9 

Paraoxon 197 
parathion conversion to ...197, 199,200 

Paraquat residues in air, determina­
tion of 179,180/ 

Parathion 243,260 
analysis of 339 
API negative ion mass spectrum 

for methyl 359/ 
conversion to paraoxon 197, 199, 200 
EL ISA procedure for 344 
methyl 355,358/ 
poisoning by 260, 270 
residues of airborne 197 
transformations, in air, half-lives 

and rate constants for 201/ 
-treated plum orchard 197 

Particulates in the air, measurement 
of 179 

Partition chromatography 7 
Partitioning, liquid-liquid 209 
Peas, extracts of 119/ 
Pentachlorophenol (PCP) 65,66,239,243 

analytical procedures for 256 
residues analysis of 245 

Pentafluorobenzyl bromide (PFBBr), 
esterification reaction with 235 

Pentafluorobenzylation, extractive 
of 2,4-D 245 
procedure for carboxylic acids 245 
procedure for phenols 245 

Permaphase A A X anion exchanger .. 10 
Peroxidase, horse-radish 339 
Pesticidal residues near agricultural 

treatment sites, analysis of 
airborne 177-202 

Pesticide(s) 
absorbance of 123/ 
in adipose tissue 252 
agricultural 66 
in the air, chemical reactivity of .... 197 
analysis 

application of H P T L C to 159-175 
applications of FTIR to 299-320 
chemical derivatization tech­

niques in 231-247 
possible contributions of immu­

nochemical methods to .347-348 

state of current instrumentation 
for automation of 15-29 

analytical methodology for 
assessment of human 
exposure to 251-256 

Analytical Methods Manual, Food 
and Drug Administration 
(FDA) 209 

analysis, F A S T - L C for automated 15-29 
analyzer 25 

first automated 19 
fully 20/ 

applications, source and fate of 
airborne residues related to .... 180/ 

atmospheric entry, behavior, and 
fate 177-202 

in autopsied tissues, distribution 
of 269-273 

carbamate 
solvent systems for T L C separa­

tion of 268/ 
measuring exposure to 252 
on-column methylation reactions 

of 244/ 
chemical designations of 108/-109/ 
concentrations in air, field measure­

ments of 189 
dansylation of 141 
-derived analine, L C E C assay for .. 74 
detection 

of alkylamine-generating 143 
nonpolar chlorinated hydro­

carbon 254 
of sulfur-containing 139 

direct fluorescence of 145-151 
drift losses during spraying and 

volatilization 189-202 
effect of sunlight on airborne 

conversions of 200 
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Pesticide(s) (continued) 
field dissipation, role of vapori­

zation in 190 
fluorescence of 103-125 

alternatives to 133-134 
effect of type of thin-layer 

on 151 
factors affecting 110 
indirect 136-145 
spectral data of treated organo­

phosphorus 149/ 
fluorogenic labeling of 141-145 
fluorometric response of 149/ 
haptens, carriers for 330-331 
in human organs, distribution 

of 259-273 
hydroxylated 329 
indicators of exposure to 25
losses from soil and plant surface

following treatment 189-292 
measuring exposure to organo-

phosphate 251 
metabolic conversion of 260 
metabolism studies, H P L C in 1-13 
in milk 261 
with native fluorescence 133 
naturally fluorescent 135 
on-column methylation reaction of 

organophosphorus 244/ 
and phenols, connection 

between 65 
poisoning(s) 259 

accidental 261 
determining circumstances 

of 270-273 
homicides by 261 
organophosphorus 261 
suicides by 261 

publications dealing with chemical 
derivatization techniques for 
pesticides 234/ 

residue(s) 
cleanup procedures 209-228 
by GC/MS, analysis of 

organotin 367-383 
methods of sampling and analysis 

of airborne 178 
sources of airborne 189 
in tissues 252 

separated on a CN-bonded polar 
phase 110 

on silica-gel layers, fluorometric 
detection of organothiophos-
phorus 137 

solvent systems for T L C separation 
of chlorinated organic 268/ 

suitable for reductive L C E C 79, 80/ 
from tissues, extraction of 262 

Pesticide(s) (continued) 
by T L C 

determination of 
organochloro 265 

by fluorometry 127-153 
plates using densitometry, 

estimation of 269 
T L C for toxicological analysis 

of 263-273 
U V absorbance of 103-125 
vapor(s) 

arrangement for sampling 186/ 
diagram of portable air sampler 

for 185/ 
entry into air 195 
measurement of 181 
sampling efficiencies of poly­

urethane foam 184/, 187 

resin 184/, 187 
vertical flux 190 

Phenolate ions 354, 360 
Phenolic residues by L C E C , deter­

mination of 65-71 
Phenols 65, 243-247, 329 

applications of reverse-phase 
L C E C to trace 70 

connection between pesticides and 65 
cyclic voltammetric data for 67/ 
electrochemical oxidation of 70 
extractive pentafluorobenzylation 

procedure for 245 
metabolites, urinary alkyl 251,252 
oxidation potentials 65 
to phosphorus-containing com­

pounds derivatization of 241 
problems of multi-residue pro­

cedure for chlorinated 255-256 
urinary 252 

Phenoxy cation 70 
Phenoxy radical 70 
p-Phenylenediamine, oxidation of 73 
o-Phenylphenol 120 
2-Phenylphenol in orange rind, deter­

mination of 70 
Phorate 220 
Phosphamidon poisoning 270-273 
Phosphatase, alkaline 339 
Phosphate(s) 

or phenol metabolites in urine, 
alkyl 251 

esters on paper chromatograms, 
fluorometric detection of 137 

trialkyl 243 
Phosphorescence 128 
Phosphorus 

-containing compounds, derivatiza­
tion of amines to 241 
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Phosphorus (continued) 
-containing compounds, derivatiza­

tion of phenols to 241 
-selective F P D 239 

Phosphorylation 
reactions of alcohols 242/ 
reactions of amines 242/ 
techniques, application of 241-243 

Photodecomposition, vapor-phase ... 200 
Photolysis, U V 237 
Photometric detector, flame (FPD) 239, 254 
Photomirex (8-monohydromirex) 237 
Photomultiplier tubes 3, 6 
Picric acid, hydrodynamic voltammo-

grams of 79, 81/ 
Plant surfaces following treatment, 

pesticide losses from soil and 189-202 
Platinum wire electrodes coated with 

mercury 7
Plictran 367 
Poison in the blood 260 
Poisoning(s) 

malathion 261 
parathion 260, 270 
by pesticides 259 

accidental 261 
determining circumstances of 270-273 
homicides by 261 
organophosphorus 261 
suicides by 261 

Polarographic, differential pulse 
(DPP) 75 

Polarography, A C 75 
Polarography, D C 75 
Pollen 120 

from honeybees, extracts of 121/ 
Polychlorinated biphenyl (PCB) 237 
Polychloro compounds 360 
Polynitroaromatics, electrochemical 

reduction of 79 
Polyphenols 65 
Polystyrene-based macroreticular 

resins 182 
Polyurethane foam 182 

pesticide vapor sampling efficiencies 
of 184/, 187 

porous 187-188 
Positive ion mass spectrometry 362 
Post-column derivatization 19 

for carbamates 23/ 
for nitrosamides 26/ 

Post-column treatments 21/ 
Potasan 147 
Potato extracts 117/ 
Potentials, phenol oxidation 65 
Pre-column 

cleanups 19 
derivatization for alkaloids 22/ 

Pre-column (continued) 
reactions 19 

. treatment 19,21/ 
Propham 74 
Pre-HPLC column chromatography .. 107 
Protein 

carrier 323 
conjugate, hapten-carrier 330 
conjugating amine-containing 

haptens to 328 
site of conjugation of a hapten to .... 323 
thiolated 329 

Pye traveling wire detector 213 
Pyrazophos 120 
Pyrethrin I 323 
Pyrethroids 329 
Pyrolytic methylation, on-column 243 

Quinonediimine 73 
Quinoneimine 73 

R 
Rabbit IgG 338 
Radial immunodiffusion 342 
Radioactive carbon, metabolism 

studies with 287 
Radioactive metabolic data using a 

desk-top computer network, 
reduction of 287-296 

Radioactivity detector 3, 4/ 
Radioactivity, measurement of 287 
Radiochromatogram of the separation 

of 1 4 C amino acids 10, 13/ 
Radiochromatograph(s) 2-7 

diagram of 4/ 
flow cells for 3, 5/, 6 
operational problems of 6/ 

Radiochromatography System Model 
4526, Nuclear-Chicago Liquid .. 3 

Radioimmunoassay (RIA) 321 
antigen competitive binding 333 
for 5-bioallethrin 344 
bound/free separations in 333, 335 
choice of radioligand 336-338 
development of 322/ 

Radiolabeled antigen 333 
Radioligand in RIA, choice of 336-338 
Reflectance measurements by FTIR, 

diffuse 320 
Residue 

analysis 1 
near agricultural treatment sites, 

analysis of airborne 
pesticidal 177-202 

in air, determination of paraquat .. 179 
of airborne parathion 197 
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Residue (continued) 
analysis, application of L C E C in .. 65 
analysis of PCP 245 
analytical methods 151-152 
of 2,4-D 233 
dissipation data, soil 195 
dissipation data, foliage 195 
electroreducible 75 
by L C E C , determination of 

aromatic amine 71-75 
by L C E C , determination of 

phenolic 65-71 
in natural waters, chlorophenoxy 

acid 233 
of paraquat, determination of air­

borne 180/ 
pesticide 

airborne 
methods of sampling and 

analysis of 178 
sampling media for 182 
sources of 189 

cleanup procedures 209-228 
by GS/MS, analysis of 

organotin 367-383 
in tissues 252 

recovery of biologically 
incorporated 253 

related to pesticide applications, 
source and fate of airborne .... 180/ 

sulfhydryl 329 
Resins 

binding of a charged antibody to 
ion-exchange 335 

Chromosorb 101 182 
Chromosorb 102 182 
macroreticular 182-188 
polymeric cation-exchange 70 
polystyrene-based macroreticular .. 182 
X A D - 2 182 

pesticide vapor sampling 
efficiencies of 184/, 187 

X A D - 4 182 
Retention force in R P L C 45 
Reversed-phase chromatography 9 

improving mobile-phase selectivity 
in 45-54 

high-performance liquid (RPLC) .45, 280 
hydrophobic effect in 45 
interactions in secondary 

selectivity 51-54 
interactions in, solute 47-54 
modifier effect in 47 
primary equilibria in 45-51 
retention force in 45 
secondary equilibria in 51-54 

Reverse-phase sorbents 159 
Rf values 267, 269 

R IA (see Radioimmunoassay) 321 
Ronnel 252 
Root zone technique, gelatin capsule .. 195 
R P L C (see Reversed-phase high-per­

formance liquid chromatography) 

S 
Salicyl aldehyde quinolyl hydrazone 

(SAQH) 137 
Sampling and analysis of airborne 

pesticide residues, methods of .... 178 
Sampling media for airborne pesticide 

residues 182 
Saponification 277 
S A Q H (salicyl aldehyde quinolyl 

hydrazone) 137 

counters, solid 337 
flow cell for aqueous systems 5/ 
flow cell for organic solvents 5/ 
Spectrometer Model 3021, Tri-Carb 3 

Scintillators 7 
Selective ion monitoring (SIM) 

method 371 
Separation, chromatographic 7,9 

efficiency 163 
Separation, optical isomer 53/ 
Serum 

albumin, bovine (BSA) 328, 330 
albumin, human 330 
fully automated H P L C determina­

tion of theophylline in human 25 
Silanol groups 42 
Silica gel(s) 

adsorption chromatography 113 
application of macroporous 215 
layers, fluorometric detection of 

organothiophosphorus pesti­
cides on 137 

60 159 
comparison of H P T L C pre-

coated plate cellulose and .. 168 
H P T L C pre-coated plate(s) ... 160-163 

comparison of T L C and 161 
with concentrating zone 168, 

171-175 
advantages of 172, 175 

with and without concentrating 
zone, comparison of .171-175 

pre-coated layers, T L C 160 
SIM (selective ion monitoring) method 371 
Software, computer 290 
Soil and plant surfaces following treat­

ment, pesticide losses from ... 189-202 
Soil residue dissipation data 195 
Solid scintillation counters 337 
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SOLIDprep sampler for H P L C 18 
Solute(s) 9 

interactions, water- 47 
Solvent(s) 

organic 3 
scintillation flow cell for 5/ 

quenching effects 7 
systems, ternary 48 
systems for T L C separation 

of carbamate pesticides 268/ 
of chlorinated organic perticides 268/ 
of organophosphorus pesticides .. 268/ 

Sorbents, reversed-phase 159 
Sorbents, T L C 159 
Spectral subtraction technique 309 
Spectrofluorometer, optical scheme of 

the Farrand 134/ 
Spectrofluorometer, single-beam 110 
Spectrometer model 3021, Tri-Car

Scintillation 3 
Spectrometric detection, chemical 

ionization-mass 254 
Spectrometry, fluorescence 103-125 
Spectrometry, mass (MS) 267 

analyses for 2,3-dibromopropanol 
by API negative ion .362, 364/, 365 

AP I 354 
gas chromatography-low resolution 280 
multiple scan averaging, high 

resolution 278 
negative ion 353-365 
positive ion 362 

Spectrophotometer, Perkin-Elmer 
MPF-2A fluorescence 105 

Spectroscopy, fourier transform infra­
red (FTIR) 299-320 

advantage of, over dispersive 302 
Spray-drift technique 200 
Spraying and volatilization, pesticide 

drift losses during 189-292 
Standards, analytical 253 
Stomach, insecticides in 270 
Suicides by pesticide poisoning 261 
Sulfhydryl residue 329 
Sulfoxides 241 
Sulfur-containing 

carbamates 243 
compounds, detection of 254 
pesticides, detection of 139 

Sumithion 273 
Supracide (methidathion) 241 

Τ 

2.4.5- T (2,4,5-trichlorophenoxyacetic 
acid) 277 

2.3.6- T B A 233 
T C H Q (tetrachlorohydroquinone) .... 66 
TCTE , mass spectrum of 384/ 

T C T H (see Tricyclohexyltin 
hydroxide) 

T C T M (tricyclohexylmethyltin) 377 
mass spectrum of 377, 380/ 
reaction scheme for the conversion 

of T C T H to 380/ 
2,3,7,8-Tetrachlorodibenzo-p-dioxin 

(2,3,7,8-TCDD) 277-284 
extraction of 278-280 
in human milk, determination of 277-284 

sample preparation scheme for .. 281/ 
sample preparation methodology for 

the determination of .278, 280-282 
Tetrachlorohydroquinone (TCHQ) .... 66 
Tetradifon 360 

positive and negative ion mass 
spectra for 361/ 

with 242/ 
Theophylline in human serum, fully 

automated H P L C determination 
of 25 

Thin-layer 
amperometric detector 58, 59/ 
chromatograms, cellulose 138 
chromatograms, instruments for 

measuring fluorescence on 129-133 
chromatography (TLC) 127,315 

densitometry 265 
determination of organochloro 

pesticides by 265 
determination of organophos­

phorus insecticides by 265 
high-performance (HTPLC), 

developments in 159-175 
and H P T L C pre-coated plates 

silica gel 60, comparison of 161 
of pesticides by fluorometry .127-153 
quantitative 210 

electrochemical detector 59/ 
on fluorescence of pesticides, effect 

of type of 151 
fluorometry 265 
plates 

using densitometry, estimation 
of pesticides on 269 

detecting insecticides on 
carbamate 267 
organochloro 267 
organophosphorus 267 

measurement of spot area on .. 264 
preparation of 266 

separation, solvent systems for 
of carbamate pesticides 268/ 
of chlorinated organic 

pesticides 268/ 
of organophosphorus pesticides 268/ 
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Thin-layer (continued) 
on fluorescence of pesticides, effect 

of type of (continued) 
silica gel 60 pre-coated layers .... 160 
sorbents 159 
for toxicological analysis of 

pesticides 263-273 
Thiocarbamates, electrochemistry of .. 83 
Thiofanox (3,3-dimethyl-1 -methylthio-

2-butanone 0-[methylamino)-
carbonyl]oxime) 302-320 

carbon dioxide evolution from 311 
degradation pathway for 315, 318/ 
formulated on a clay carrier, 

analysis of 302-309 
formulation, spectra of 305/ 
IR assay of 309 
IR spectrum of 303
metabolite studies of 31

Thiol demeton 220 
Thiolated proteins 329 
Thioureas, electrochemistry of 83 
Tin isotopes 372* 
Tissue(s) 

body 260 
isolation of organochloro 

insecticides from 263 
isolation of organophosphorus 

insecticides from 262 
distribution of pesticides in 

autopsied 269-273 
extraction of pesticides from 262 
pesticides in adipose 252 
pesticide residues in 252 

T L C (see Thin-layer chromatography) 
T M D T P (trimethyl dithiophosphate) .. 243 
Toxaphene 192 

loss from leaf surfaces 192 
Toxic compounds, applications of 

L C E C to 74 
Toxicological analysis of pesticides, 

T L C for 263-273 
Toxicologist, forensic 259 
TPTC1 (see Triphenyltin chloride) 
TPTE (see Triphenylethyltin) 
T P T H (see Triphenyltin hydroxide) 
T P T M (see Triphenylmethyltin) 
TPTOAC (triphenyltin acetate) 367 
Tracor Mark III LSC 288 
Transesterification of OP insecticides, 

G L C on-column 243 
Trevespan 167 

6038, separation of 168 
Tri-Carb Scintillation Spectrometer 

Model 3021 3 
Trialkyl phosphates 243 
Trialkyltin compounds 367 
Triaryltin compounds 367 

Triazine herbicides, N-dealkyl metab­
olites of 253 

Tributyltin oxide 367 
2,4,5-Trichlorophenoxyacetic acid 

(2,4,5-T) 277 
Tricyclohexyltin hydroxide (TCTH) .. 367 

(IV) 377 
methyl derivative of 377 
to T C T M , reaction scheme for the 

conversion of 380/ 
Trifluoroacetic anhydride (TFAA), 

reaction of oxydemeton methyl 
with 242/ 

Trifluoroacetylation 241 
Trifluoroethanol 233 
Trifluralin 82 

conversion 200 

Trimethyl dithiophosphate (TMDTP) 243 
Triphenylethyltin (TPTE) 372 

mass spectrum of 374/ 
Triphenylmethyltin (TPTM) 368 

conversion of TPTC1 to 370 
conversion of T P T H to 377 
fragmentation pattern of 372 
mass spectrum(a) of 372, 377 

triphenylmethyltin 373/ 
reaction scheme for the conversion 

of T P T H to 368, 369/ 
Triphenyltin 

acetate (TPTOAC) 367 
chloride (TPTC1) 367 

conversion of T P T H 370 
to T P T M , conversion of 370 

hydroxide (TPTH) 367 
in soybeans, analysis of 377 
from soybeans and soybean 

foliage, recovery of 378* 
to TPTC1, conversion of 370 
to TPTM, conversion of 377 

reaction scheme for 368, 369/, 379 
Turner Model III fluorometer 129, 130/ 

U 

U-tubes 6 
Urea(s) 74 

herbicides, substituted 253 
Urinary 

alkyl phosphate metabolites 252 
analyses for 2,3-dibromopropanol .. 363/ 
chlorinated anilines, determination 

of 256 
metabolite D D A 252 
phenols 252 

Urine, alkyl phosphate or phenol 
metabolites in 251 
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U V 
absorbance of pesticides 103-125 
detector 10 

absorbance 2 
photolysis 237 

Vapor(s), pesticide 
arrangement for sampling 186/ 
diagram of portable air sampler 

for 185/ 
entry into air 195 
measurement of 181 
sampling efficiencies of polyure­

thane foam 184/, 187 
sampling efficiencies of X A D -

resin 184/
vertical flux 190 

Vapor-phase photodecomposition 200 
Vaporization in pesticide field dissi­

pation, role of 190 
Vendex 383 

methyl derivative of 383 

Vendex (continued) 
to the methylvendex derivative, 

reaction scheme for the con­
version of 385/ 

Volatilization, pesticide drift losses 
during spraying and 189-202 

Voltammetry, cyclic (CV) 60 
Voltammetry, normalized hydro-

dynamic 63 
Voltammogram 60 

W 

Water(s) 
chlorophenoxy acid residues in 

natural 233 
molecules 47 
-solute interactions 47 

X 

X A D - 2 resin 182 
X A D - 4 resin 182 

pesticide vapor sampling efficiencies 
of 184/, 187 

In Pesticide Analytical Methodology; Harvey, J., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 


	Title Page
	Half Title Page
	Copyright
	ACS Symposium Series
	FOREWORD
	
	PREFACE

	
	Modern High-Performance Liquid Chromatography in Pesticide Metabolism Studies
	The Radiochromatograph
	Flow Cells for Radiochromatographs
	Operational Problems of the Radiochromatograph
	HPLC Versatility
	Separation Strategy
	Applications of HPLC to Pesticide Metabolism Problems
	Literature Cited


	
	2 FAST-LC Concepts for Automated Pesticide Analysis
	Unit Operations
	The Automation of HPLC
	Combining Unit Operations
	The Future
	Acknowlegement
	Literature Cited


	
	3 Performance Evaluation of Liquid Chromatographic Columns
	COLUMN EFFICIENCY
	PEAK SYMMETRY
	COLUMN PERMEABILITY
	COLUMN STABILITY
	COLUMN REPRODUCIBILITIES
	TESTING PROCEDURES
	SUMMARY
	ABSTRACT
	LITERATURE CITED


	
	4 New Techniques for Improving Mobile-Phase Selectivity in Reversed-Phase Chromatography
	Primary Equilibria
	Secondary Equilibria
	Summary
	"Literature Cited"


	
	5 Electrochemical Detection of Picomole Amounts of Oxidizable and Reducible Residues Separated by Liquid Chromatography
	Basic Concepts
	Phenolic Residues
	Aromatic Amine Residues
	Electroreducible Residues
	Acknowledgement
	Literature Cited


	
	6 A Critical Comparison of Pre-Column and Post-Column Fluorogenic Labeling for the HPLC Analysis of Pesticide Residues
	Apparatus and Reagents
	Experimental
	Results and Discussion
	Conclusions
	Literature Cited


	
	7 Fluorescence and Ultraviolet Absorbance of Pesticides and Naturally Occurring Chemicals in Agricultural Products After HPLC Separation on a Bonded-CN Polar Phase
	Abstract
	Experimental Instrumentation
	Determination of Relative Fluorescence of Pesticides
	Determination of Carbaryl in Food Products
	Results and Discussion
	Conclusions
	Acknowledgments
	Literature Cited


	
	8 Quantitative Thin-Layer Chromatography of Pesticides by In Situ Fluorometry
	Theory of Fluorescence
	Instruments for Measuring Fluorescence on Thin-Layer Chromatograms
	The Fluorescence of Pesticides on Thin-Layer Chromatograms
	Residue Methods
	Conclusion
	Literature Cited


	
	9 Recent Developments in High-Performance Thin-Layer Chromatography and Application to Pesticide Analysis
	Summary
	1. Introduction
	2. Experimental
	3. HPTLC pre-coated plates silica gel 60
	4. HPTLC pre-coated plates RP
	5. HPTLC pre-coated plates cellulose
	6. HPTLC pre-coated plates silica gel 60 with concentrating zone
	Literature Cited


	
	10 Analysis of Pesticidal Residues in the Air Near Agricultural Treatment Sites
	Methods of Sampling and Analysis
	Particulates
	Vapors

	Field Applications
	Conclusions
	Acknowledgements
	Literature Cited


	
	11 New Technology for Pesticide Residue Cleanup Procedures
	Microcolumn Cleanup
	TLC Results
	Continuous Flow Cleanup
	Application of Macroporous Silica Gels
	Fortification Studies
	Data Acquisition and Analysis System
	Acknowledgments
	References


	
	12 Chemical Derivatization Techniques in Pesticide Analysis Advances and Applications
	Herbicides
	Organochlorine Insecticides and Related Compounds
	Organophosphorus and Carbamate Insecticides
	Phenols and Fungicides
	LITERATURE CITED


	
	13 Development of Analytical Methodology for Assessment of Human Exposure to Pesticides
	Literature Cited


	
	14 Distribution of Pesticides in Human Organs as Determined by Quantitative Thin-Layer Chromatography
	Preparation of Thin Layer Plates
	Solvent Systems
	Location of the Spots
	Rf Values
	Estimation of Pesticides on TLC Plates Using Densitometry
	Data of Distribution of Pesticides in Tissues
	Discussion
	Abstract
	Acknowledgement
	Literature Cited


	
	15 The Determination of 2,3,7,8-Tetrachlorodibenzo-p-dioxin in Human Milk
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	Abstract
	LITERATURE CITED


	
	16 Reduction of Radioactive Metabolic Data Using A Desk-Top Computer Network
	Hardware
	Software
	Conclusions
	Abstract
	Literature Cited


	
	17 Some Applications of Fourier Transform Infrared Spectroscopy to Pesticide Analysis
	Formulations
	Gas Evolution
	Micro Sampling With Applications To Metabolite Studies
	Impurity Study
	Conclusions
	Abstract
	Literature Cited


	
	18 Potential of Immunochemical Technology for Pesticide Analysis
	Methodology of Antibody Formation
	Attributes and Limitations of Immunoassay
	Acknowledgements
	Literature Cited


	
	19 Negative Ion Mass Spectrometry
	LITERATURE CITED


	
	20 Analysis of Organotin Pesticide Residues by Gas Chromatography/Mass Spectrometry
	Experimental:
	Methods and Procedures:
	Florisil Column Clean-up:
	Conversion of TPTH to TPTCl:
	Conversion of TPTCl to TPTM:
	Alumina Column Clean-up:
	GC/MS Analysis:

	Results and Discussion:
	Other Applications:
	Tricyclohexyltin Hydroxide (TCTH IV ):
	Vendex:

	Conclusion:
	ACKNOWLEDGEMENT
	Literature Cited:


	
	INDEX
	A
	Β
	C
	D
	Ε
	F
	G
	H
	I
	J
	Κ
	L
	M
	Ν
	Ο
	Ρ
	Q
	R
	S
	Τ
	U
	V
	W
	X





