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ABSTRACT 

An improved method is presented  f o r  t h e  de te rmina t ion  of 
a t r a z l n e  and hydroxyatrazine i n  s o i l s .  The method involves  
performing an i n i t i a l  e x t r a c t i o n  of t h e  s o i l  sample w i t h  a mixture  
(9O:lO v/v)  a c e t o n i t r i l e - a q u e o u s  0.1 M hydrochlor ic  a c i d .  
c e n t r i f u g a t i o n ,  t h e  e x t r a c t  i s  concent ra ted  o n t o  a d isposable  
s t r o n g  c a t i o n i c  exchange, s u l f o n i c  acid-bondedy s o l i d  phase 
e x t r a c t i o n  (SPE)  c a r t r i d g e ,  and i n t e r f e r i n g  s o i l  subs tances  a r e  
removed by r i n s i n g .  
wi th  a 50:50 (v /v)  a c e t o n i t r i l e - a q u e o u s  0.1 M K2HP04 s o l u t i o n .  The 

A f t e r  

The a t r a z i n e  and hydroxyatrazine are e l u t e d  

* Author t o  whom correspondence should be addressed 
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1368 QIAN ET AL. 

a n a l y s i s  was performed us ing  a reversed-phase,  h igh  performance 
l i q u i d  chromatographic column of C18-bonded s i l i c a  w i t h  an 
ion-pa i r ing  s o l v e n t  system (50:50 v / v )  a c e t o n i t r i l e - w a t e r  
c o n t a i n i n g  0.020 M n_-heptanesulfonic a c i d  and 0.10 M phosphoric 
a c i d .  This  i s o c r a t i c  s o l v e n t  system provided an e x c e l l e n t  
s e p a r a t i o n  of not  on ly  a t r a z i n e ,  s imazine and propazine but  a l s o  
of hydroxyat raz ine ,  hydroxysimazine and v a r i o u s  d e a l k y l a t e d  
products  of a t r a z i n e .  An u l t r a v i o l e t  d iode  a r r a y  d e t e c t o r  
provided l i n e a r  c a l i b r a t i o n  p l o t s  i n  t h e  0.1-10 ppm range ,  wi th  
lower l i m i t s  of d e t e c t i o n  of 0.01 ppm f o r  a t r a z i n e  and propazine.  
This  improved e x t r a c t i o n  and HPLC a n a l y s i s  method was used t o  
monitor t h e  p e r s i s t e n c e  of a t r a z i n e  i n  t h e  s o i l  of t h r e e  l o c a l  
corn f i e l d s .  Over t h e  130-day growing season of t h e  corn ,  t h e  
l e v e l s  of a t r a z i n e  i n  t h e  upper 2-3 cm of t h e  s o i l  were found t o  
drop from 2.0 t o  about  0.2 ppm. No s i g n i f i c a n t  l e v e l s  of 
hydroxyat raz ine  were found i n  t h e  farm s o i l s  sampled. 

INTRODUCTION 

Atraz ine  (2-chloro-4-ethylamino-6-isopropylamino-l,3,5-triazine 

AT), wi th  t r a d e  names of Aatrex,  Gesaprim o r  G r i f f e x ,  i s  an 

s - t r i a z i n e  - h e r b i c i d e  used world-wide f o r  i t s  e f f e c t i v e n e s s  i n  

c o n t r o l l i n g  broadleaf  weeds on cropped l a n d s .  Stemming from t h i s  

widespread, annual  a p p l i c a t i o n  t o  farm s o i l s ,  r e s i d u e s  of AT have 

been found i n  4,551 of 8,804 s u r f a c e  water  samples and 366 of 

2,750 ground water  samples i n  t h e  U.S.A. (1). I n  a s tudy  o f  S t a t e  

of Connect icut  d r i n k i n g  water samples, AT was t h e  most f r e q u e n t l y  

d e t e c t e d  p e s t i c i d e  (2) .  Huang e t  a l .  have r e c e n t l y  r e p o r t e d  

f i n d i n g  AT,  s imazine (SI), a l a c h l o r  and meto lachlor  throughout  t h e  

s o i l  p r o f i l e  down t o  t h e  water  t a b l e ,  us ing  s e n s i t i v e  i so tope-  

d i l u t i o n  gas chromatographic/mass s p e c t r o m e t r i c  procedures .  

r e s e a r c h e r s  c a u t i o n  t h a t  such r e s i d u e s  could be leached i n t o  t h e  

groundwater f o r  y e a r s  t o  come (3). 

These 

I n  s o i l ,  AT i s  s lowly degraded over  p e r i o d s  of weeks-to-months 

through h y d r o l y t i c  r e a c t i o n s  and microbio logica l  t r a n s f o r m a t i o n s  

( 4 ) .  The p r i n c i p a l  r e a c t i o n s  a r e  h y d r o l y s i s  a t  t h e  2-posi t ion t o  

y i e l d  hydroxyat raz ine  (HYAT) and d e a l k y l a t i o n s  a t  e i t h e r  o r  both 

t h e  4- and 6-pos i t ions  t o  y i e l d  t h e  de-ethyl  a t r a z i n e  (DEAT), 

de- isopropyl  a t r a z i n e  (DIAT), and de-ethy1,de- isopropyl  a t r a z i n e  

(DEDIAT) ( 4 , 5 ) .  Erickson and Lee have provided a r e c e n t  review 
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ATRAZINE AND HYDROXYATRAZINE RESIDUES 1369 

a r t i c l e  on t h e  degrada t ion  of t h e  v a r i o u s  2 - t r i a z i n e  h e r b i c i d e s  

(6) * 
Determinat ion of g- r raz ine  h e r b i c i d e s  and t h e i r  d e r i v a t i v e s  

u s u a l l y  e n t a i l s  an i n i t i a l  s o l v e n t  e x t r a c t i o n  from t h e i r  source 

m a t e r i a l ,  followed (when necessary)  by d e r i v a t i z a t i o n  of t h e  

r e s i d u e s  and a n a l y s i s  by gas  chromatography (GC) wi th  a n i t r o g e n  

s p e c i f i c  d e t e c t o r .  However, due t o  l a c k  of v o l a t i l i z a t i o n  and 

thermal  i n s t a b i l i t y ,  HYAT cannot  be d i r e c t l y  analyzed by GC. 

Muir and Baker r e p o r t e d  developing a semi-quant i ta t ive  

de te rmina t ion  of HYAT from s o i l  us ing  a l e n g t h y  clean-up 

procedure, followed by r e a c t i n g  t h e  HYAT w i t h  diazomethane t o  form 

a v o l a t i l e  e t h e r  d e r i v a t i v e  and by us ing  packed column gas  

chromatography wi th  a H a l l  c o n d u c t i v i t y  d e t e c t o r .  Average 

r e c o v e r i e s  of 68 per  c e n t ,  s . d .  of 2.7 p e r  c e n t  f o r  n=18, were 

obtained us ing  s o i l  sp iked  w i t h  HYAT a t  t h e  0.79 ppm l e v e l  ( 7 ) .  

In  1979, Ramsteiner and Hzrmann r e p o r t e d  u s i n g  normal-phase 

HPLC w i t h  an u l t r a v i o l e t  d e t e c t o r  s e t  a t  240 nm t o  monitor t h e  

hydroxy-metabolites of f o u r  E- t r iaz ine  h e r b i c i d e s :  (AT), propazine 

(PR), s imazine ( S I )  and t e r b u t y l a z i n e  e x t r a c t e d  from s o i l  and 

p l a n t  material. 

methods showed t h a t  a hea ted  (Soxhle t )  e x t r a c t i o n  provided t h e  

h i g h e s t  r e c o v e r i e s  f o r  t h e  hydroxy-g-tr iazines  s t u d i e d  and t h a t  

phosphoric a c i d  increased  t h e  s o l u b i l i t y  of t h e  hydroxy-g- 

t r a z i n e s .  Thei r  methanol e x t r a c t s  were passed through a s t r o n g  

c a t i o n  exchange r e s i n  column w i t h  t h e  hydroxy-5-tr iazines  e l u t i n g  

wi th  methanol. A f t e r  evapora t ion  of t h e  methanol, t h e  e x t r a c t s  

were analyzed us ing  a 10-pm s i l i c a  HPLC column (Lichrospher  Si-60) 

with a mobile phase mixture  of chloroform-methanol-water-87% H3P04 

a c i d  (70:30:60:0.1 v /v /v /v>.  Detec t ion  l i m i t s  f o r  HYAT of 0.05 

mg/1000 g of p l a n t  m a t e r i a l  were r e p o r t e d  (8).  

modif ica t ion ,  i t  w a s  r e p o r t e d  t h a t  s o i l  samples were Soxhle t  

e x t r a c t e d  overn ight  w i t h  a mixture  of methanol-water (80:ZO v / v ) ;  

a d d i t i o n a l  hydrochlor ic  a c i d  was then added. Hydroxyatrazine and 

hydroxysimazine were concent ra ted  o n t o  a XAD-4 r e s i n  column and 

e l u t e d  w i t h  methanol. The r e s u l t i n g  f r a c t i o n  was reduced i n  volume 

Comparative s t u d i e s  between d i f f e r e n t  e x t r a c t i o n  

I n  a l a t e r  
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1370 QIAN ET AL. 

and then i n j e c t e d  o n t o  a 5-pm reversed-phase,  HPLC column (Al tex  

Ul t rasphere  O D s ,  250 mm x 4.0 mm i . d . 1  us ing  a mobile phase (60:40 

v /v)  methanol-water c o n t a i n i n g  0.1 M c i t r i c  a c i d  and 0.020 M 

n_-octanesulfonic a c i d  i n  o r d e r  t o  form an ion-pa i r  w i t h  t h e  

hydroxy-g-triazine molecules .  

HYAT w a s  r e p o r t e d  us ing  240 nm e x c i t a t i o n  on t h e  0.04 AUFS range.  

Recoveries  of HYAT from t h r e e  d i f f e r e n t  s o i l  t y p e s  sp iked  a t  

l e v e l s  of 0.10 ppm t o  1.0 ppm 

102 p e r  c e n t  w i t h  an average of 86,  s .d .  of 9 f o r  n=20 ( 9 ) .  

A l i m i t  of d e t e c t i o n  of 5 ng f o r  

were r e p o r t e d  t o  range from 75 - 

In  1981, B e i l s t e i n  e t  a l .  r e p o r t e d  us ing  reversed-phase HPLC 

w i t h  a 250 mm x 4.6 mm i . d .  column packed w i t h  5-ym LiChrosorb 

RP-18 t o  s e p a r a t e  seventeen s - t r i a z i n e  h e r b i c i d e s  and v a r i o u s  of 

t h e i r  hydroxylated and de-alkylated products .  A l i n e a r  20-min. 

g r a d i e n t  from aqueous 0.10 M K3P04, pH of 6 .7 ,  t o  70:30 ( v / v )  

methano1:aqueous 0.10M K3P04 was used w i t h  t h e  column kept  a 2 *C. 

A l i n e a r  c a l i b r a t i o n  range from 90 pmol-480 p o l  f o r  AT w i t h  

d e t e c t i o n  a t  220 nm and from 40 pmol-60 pmol f o r  HYAT w i t h  

d e t e c t i o n  a t  240 nm w a s  r e p o r t e d  ( 1 0 ) .  

In  1982, Vermeulen e_t_aAL showed t h a t  reversed-phase HPLC 

wi th  an o c t y l  Ul t rasphere  (250 x 4.0 mm i . d . )  column and an 
i s o c r a t i c  s o l v e n t  system of 40:60 ( v / v )  methanol-aqueous 0.05 M 

ammonium a c e t a t e ,  pH a d j u s t e d  t o  7 .4 ,  was s u i t a b l e  t o  monitor  t h e  

c o n c e n t r a t i o n s  of a t r a z i n e  and i t s  degrada t ion  products  from s o i l  

e x t r a c t s .  Average r e c o v e r i e s  f o r  AT of 78.4 per  c e n t ,  w i t h  a s . d .  

of 4.2 per  c e n t ,  and f o r  HYAT of 72.5 per  c e n t ,  w i t h  a s . d .  of 4.8 

per c e n t ,  were r e p o r t e d  from 5 ppm spiked  a d d i t i o n s  t o  a sandy 

loamy s o i l  us ing  an e x t r a c t i n g  s o l u t i o n  of a c e t o n i t r i l e - w a t e r  

(9O:lO v / v > .  

In  agreement w i t h  e a r l i e r  r e p o r t s ,  a pKo of 1.71 f o r  AT and 5.15 

f o r  HYAT were determined s p e c t r o m e t r i c a l l y  ( 1 1 ) .  

It was noted that  r e c o v e r i e s  v a r i e d  w i t h  s o i l  type .  

Hydroxy-s-triazines have been r e p o r t e d  by R u s s e l l  e t  a l .  t o  

undergo a s e r i e s  of e q u i l i b r a t i o n s  i n  aqueous s o l u t i o n s ,  a s  

depic ted  by Figure  1. On t h e  b a s i s  of t h e  observa t ion  of a s t r o n g  

i n f r a r e d  a b s o r p t i o n  a t  1740 cm-l ass igned  t o  a carbonyl  group,  a 

r a p i d  enol-keto i somer iza t ion  r e s u l t i n g  j n  a 1 t o  4 r a t i o  of t h e  
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ATRAZINE AND HYDROXYATRAZINE RESIDUES 1371 

Enol Keto  

Figure 1. Tautomeric and v a r i o u s  p o s s i b l e  protonated resonance 
s t r u c t u r e s  f o r  hydroxy-g-tr iazines .  
(18). Permission t o  reproduce t h i s  f i g u r e  given by t h e  p u b l i s h e r  
Springer-Verlag Heidelberg) .  

(According t o  Jordan e t  a l . ,  

enol-form t o  t h e  keto-form f o r  t h e  hydroxyatrazine and 

hydrozypropazine was proposed (12) .  From n u c l e a r  magnetic 

resonance s t u d i e s ,  i t  w a s  proposed t h a t  t h e  keto-form undergoes 

var ious  resonance changes involv ing  pro tona t ion  a t  one of t h e  

t h r e e  r i n g  n i t r o g e n s  t o  form p o s i t i v e l y  charged s t r u c t u r e s .  

( P a r t  of t h e  i n t e n t  of t h i s  work was t o  use  a negat ively-charged,  

s u l f o n i c  a c i d  counter- ion i n  t h e  HPLC mobile phase t o  form ion  

pairs wi th  t h e  protonated forms of t h e  hydroxy-s_-triazines 

depic ted  i n  F igure  1 ) .  

I n  1984, Wachob repor ted  us ing  d i s p o s a b l e  s o l i d  phase 

e x t r a c t i o n  (SPE) c a r t r i d g e s  t o  improve t h e  clean-up s t e p  and t o  

obta in  h igh  r e c o v e r i e s  of AT from s o i l  samples. An average 

recovery f o r  AT of 100.2 per  cent  w i t h  a s.d. of 0.8 f o r  n=5 from 

a 2 ppm spiked s o i l  and an average recovery of 97.0 per  c e n t  with 

a s.d. of 3.4 f o r  n=5 from a 0 . 5  ppm spiked s o i l  were obta ined .  

The s o i l  type was not  s p e c i f i e d ;  however, i t  was r e p o r t e d  t h a t  

i n t e r f e r e n c e s  commonly a s s o c i a t e d  wi th  s o l v e n t  e x t r a c t i o n  of s o i l  

samples were e f f e c t i v e l y  removed by using t h e  SPE c a r t r i d g e  (13) .  

(These same SPE c a r t r i d g e s  were used i n  t h e  p r e s e n t  s t u d y ) .  
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1372 QIAN ET AL. 

In 1988, Pacakova e_t_-a_l_, r e p o r t e d  us ing  a 5 pm reversed-phase 

HPLC column (Separon SIC 18, 150 mm x 4 .5  mm I .D.)  t o  s e p a r a t e  

e ighteen  d i f f e r e n t  s_- t r iazine h e r b i c i d e s ,  t h e i r  d e r i v a t i v e s  o r  

by-products i n  v a r i o u s  mobile phase r a t i o s  of methanol-water and 

NaH2P04. The v a r i a t i o n  i n  each compound’s c a p a c i t y  f a c t o r s ,  k - ,  

w i t h  t h e  methanol c o n t e n t ,  pH and i o n i c  s t r e n g t h  of t h e  mobile 

phase were r e p o r t e d .  For an optimum s e p a r a t i o n  of t h e  

hydroxy-products from t h e  parent  5 - t r i a z i n e s ,  an i s o c h r a t i c  mobile 

phase of 40:60 (v /v)  methanol-aqueous 0.010 M NaH2P04, w i t h  pH 

adjustment  t o  6 .8 ,  w a s  suggested.  The a u t h o r s  used t h e s e  

c o n d i t i o n s  t o  i n v e s t i g a t e  t h e  e f f e c t  of s u b s t i t u e n t  groups and t h e  

s o l u t i o n ’ s  pH on t h e  p h o t o l y s i s  r a t e  of t h e  v a r i o u s  E - t r i a z i n e s  

(14) .  

Due t o  t h e  e x t e n s i v e ,  world-wide use of a t r a z i n e ,  

cons iderable  i n t e r e s t  e x i s t s  i n  i t s  p e r s i s t e n c e  i n  t h e  s o i l  and 

migra t ion  i n t o  t h e  ground water  and s u r f a c e  water .  It was t h e  

i n t e n t  of t h i s  p r e s e n t  r e s e a r c h  t o  develop a v i a b l e  e x t r a c t i o n  

method f o r  bo th  AT and HYAT from farm land  s o i l s ,  h i g h  i n  carbon 

c o n t e n t ,  t o  which a t r a z i n e  had been a p p l i e d  and t o  monitor  t h e  

c o n c e n t r a t i o n s  of AT and HYAT found i n  t h e  upper 2-3 cm of t h e  

sprayed s o i l  over  Lhe growing season of t h e  corn.  A 

reversed-phase,  i s o c r a t i c  HPLC mobile phase of (50:50 v / v )  

a r e t o n i t r i l e - a q u e o u s  0.10 M H3P04, c o n t a i n i n g  0.020 M 

n-heptanesulfonic  a c i d  w i t h  t h e  pH a d j u s t e d  2.8,  was used t o  

improve t h e  s o l u b i l i t y  of t h e  HYAT and t o  provide s u f f i c i e n t  

r e s o l u t i o n  between AT and HYAT. 

not o n l y  f o r  i t s  improved s e n s i t i v i t y  but  a l s o  t o  provide  t h e  

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

e l u t i n g  peak so a s  t o  a i d  i n  i t s  q u a l i t a t i v e  i d e n t i f i c a t i o n .  

A diode a r r a y  d e t e c t o r  w a s  used 

MATERIALS 

High Performance Liquid Chromatography 

The HPLC c o n s i s t e d  of a Perk in  Elmer (Norwalk, CT) Model LC-4 
pumping system wi th  an ISS-100 a u t o i n j e c t o r ,  a Rheodyne ( C o t a t i ,  
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CA) Model 7125 valve-and-loop i n j e c t o r  f i t t e d  w i t h  a 6 PL loop  and 

a Perk in  Elmer Model LC-235 d iode  a r r a y  d e t e c t o r .  The a b s o r p t i o n  

spectrum of each e l u t i n g  peak was scanned over  t h e  range of 

190-360 nm. The chromatograms were d i s p l a y e d  on a Perk in  E l m e r  

Model LCI-100 record ing  i n t e g r a t o r .  The HPLC column, 300 mm i n  

l e n g t h  and 4.6 mm i n  i n t e r n a l  d iameter ,  w a s  packed wi th  5 pm 

s p h e r i c a l ,  C18-bonded s i l i ca  (Ultremex C-18,  Phenomenex I n c . ,  

Torrance, C A I .  A f low r a t e  of 1.0 mL/min was used wi th  t h e  column 

kept  a t  ambient temperatures .  Fo r  e x t r a c t i o n s  of AT and HYAT from 

t h e  s o i l  samples, a w r i s t - a c t i o n  shaker  (Model 75, B u r r e l l  Corp., 

P i t t s b u r g h ,  PA) and a c e n t r i f u g e  (Model FXD, I n t e r n a t i o n a l  

Equipment Co., Needham Heights ,  MA) were used. 

Chemicals 

Authent ic  samples of AT and v a r i o u s  o t h e r  5 - t r i a z i n e s ,  HYAT, 

hydroxysimazine (HYSI), o t h e r  AT by-products were of a n a l y t i c a l  

s tandard  q u a l i t y  and k i n d l y  donated by Ciba Geigy Corp. of 

Greensboro, N.C.  A commercial mixture  of At raz ine  4L (Universa l  

Cooperat ives ,  I n c . ,  Minneapolis, WI) was a p p l i e d  a t  an a p p l i c a t i o n  

r a t e  of about 570 g per  4047 M2 (1.25 l b / a c r e )  t o  t h e  corn f i e l d s  

by workers of t h e  Univers i ty  of Connecticut A g r i c u l t u r e  

Department. Other chemicals  and s o l v e n t s  used i n  t h i s  r e s e a r c h  

were of reagent  o r  HPLC q u a l i t y .  I n d i v i d u a l  s t o c k  s o l u t i o n s  of 

a u t h e n t i c  g - t r i a z i n e  s t a n d a r d s  were prepared a t  t h e  100 ppm l e v e l  

i n  50:50 (v /v)  ace toni t r i le -aqueous  0.1 M H3P04. The 

hydroxy-5-triazines were f i r s t  s o l u b i l i z e d  i n  0.1 M H C l  t o  which 

the 50:50 ( v / v )  ace toni t r i le -aqueous  0.1 M H3P04 w a s  then  added. 

When not  i n  use ,  the concent ra ted  s tandard  s o l u t i o n s  were 

r e f r i g e r a t e d  a t  4 'C. Aromatic s u l f o n i c  a c i d ,  s o l i d  phase 

e x t r a c t i o n  (SPE) c a r t r i d g e s  ( P a r t  No. 7090-03, J . T .  Baker Chemical 

Co., P h i l l i p s b u r g h ,  N . J . ) ,  3-mL i n  s i z e ,  were f i t t e d  i n t o  a 

Baker-10 vacuum manifold (7018-0, J.T. Baker Chemical Co.) and 

used as descr ibed  by Wachob (13). 
above t h e  e x t r a c t i o n  c a r t r i d g e  t o  f a c i l i t a t e  t h e  r i n s i n g s .  

A 75-mL r e s e r v o i r  was f i t t e d  
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S o i l  sampling p l o t s ,  1.8 m by 1.8 m, d e l i n e a t e d  by smal l  

p i l e s  of rocks ,  were l o c a t e d  i n  each of t h e  t h r e e  corn f i e l d s  

belonging t o  The Univers i ty  of Connect icut .  The p l o t s  were 

surveyed and were l o c a t e d  12.2 m from an U.S.A. Geological  Survey 

marker o r  o t h e r  i d e n t i f y i n g  landmarks. During t h e  a c t u a l  

s o i l  sampling, t h e  d a t e ,  t i m e ,  weather  c o n d i t i o n s  and h e i g h t  of 

t h e  corn were noted.  A "bulb p l a n t e r "  was used t o  c o l l e c t  a 

s u r f a c e  c o r e  of about  6 .4  cm i n  d iameter  and about  2-3 cm i n  

he ight  of t h e  corn f i e l d  s o i l  Five c o r e s ,  r e s u l t i n g  i n  a t o t a l  

of about  250 grams of s o i l ,  were c o l l e c t e d  a t  random l o c a t i o n s  

w i t h i n  t h e  1.8 m by 1.8 m p l o t ,  composited and s t o r e d  i n  g l a s s  

j a r s  equipped w i t h  Teflon jar s e a l s .  The s o i l  samples were kept  

i n  a c o o l e r  surrounded by i c e  packs,  and upon r e t u r n  t o  t h e  

laborat-ory,  s t o r e d  a t  4 C u n t i l  t ime of a n a l y s i s .  For t h e  

subsequent a n a l y s e s ,  only those  p o r t i o n s  of t h e  s o i l  sample t h a t  

passed through a 2.0 mm s i e v e  were used.  The s o i l s  of a l l  of t h e  

t h r e e  corn  f i e l d s  sampled were c l a s s i f i e d  a s  an Agawam f i n e  sandy 

loam (coarse-loamy, mixed, mesic Typic Dys t rochrepts )  accord ing  t o  

t h e  s y s t e m  used by t h e  U.S. Nat iona l  Cooperat ive S o i l  Survey (15). 

The t h r e e  f i e l d s  sampled would be r a t e d  as  being of prime farm 

land  s o i l s  by t h e  U.S. Department of A g r i c u l t u r e ,  S o i l  

Conservat ion Serv ice  (16) .  

A 25.00 g sample of t h e  s i e v e d  s o i l  w a s  placed i n  a 250-mL 

Erlenmeyer f l a s k  t o  which 50.0-mL of  9 O : l O  (v /v> of 

a c e t o n i t r i l e - a q u e o u s  0.10 M HC1 was added. 

v i g o r o u s l y  shaken us ing  a w r i s t - a c t i o n  shaker  f o r  one hour ;  t h e  

e x t r a c t  w a s  then c e n t r i f u g e d  a t  4000 rpm f o r  10 min. For s o i l  

s p i k i n g  experiments ,  a concent ra ted  s tandard  s o l u t i o n ,  t h a t  would 

r e s u l t  a f t e r  d i l u t i o n  t o  being a 2.0 ppm s o l u t i o n  i n  AT and HYAT, 

This  mixture  was 
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ATRAZINE AND HYDROXYATRAZINE RESIDUES 1375 

was placed i n  c o n t a c t  w i t h  t h e  d r y ,  s i e v e d  s o i l  f o r  one hour w i t h  

p e r i o d i c  hand s w i r l i n g  of t h e  f l a s k .  

e x t r a c t i o n  s t e p  was then c a r r i e d  o u t .  Then 5.00-mL of t h e  

c e n t r i f u g e d  s o i l  superna te  was d i l u t e d  w i t h  25.0-mL of a 0.1 per  

cent  a c e t i c  a c i d  s o l u t i o n .  This  mixture  was a s p i r a t e d  through t h e  

aromatic  s u l f o n i c  a c i d  s o l i d  phase e x t r a c t i o n  (SPE) c a r t r i d g e  a t  a 

r a t e  of approximately 3 t o  5 ml/min. 

had been a c t i v a t e d  by r i n s i n g  w i t h  20-mL of methanol, fol lowed by 

20-mL of de ionized  water ,  then  by 2-mL of 0.1 per c e n t  a c e t i c  

ac id .  

washed w i t h  about  1.0-mL of a c e t o n i t r i l e  followed by about  2-mL of 

deionized water  t o  remove i n t e r f e r i n g  s o i l  c o e x t r a c t a n t s .  

sorbed AT and HYAT were e l u t e d  us ing  2.00-mL of 50:50 (v /v> 

ace toni t r i le -aqueous  0.10 M K2HP04 s o l u t i o n ,  having a pH of 

8.2-8.5. 

The previous ly  descr ibed  

This c a r t r i d g e  previous ly  

The sorbed s o i l  e x t r a c t  on t h e  SPE c a r t r i d g e  was then 

The 

Table 1 compares t h e  per  c e n t  r e c o v e r i e s  f o r  AT and HYAT a t  

t h e  2.0 ppm s p i k i n g  l e v e l  o n t o  t h e  same s o i l  us ing  v a r i o u s  

e x t r a c t i o n  methods and e x t r a c t i n g  s o l u t i o n s .  (The e a r l i e r  review 

chapter  by Mattson e_t_al, ( 1 7 )  on t h e  e x t r a c t i o n  and q u a n t i t a t i v e  

de te rmina t jon  o f  5 - t r i a z i n e  h e r b i c i d e s  from s o i l s  provided an 

e x c e l l e n t  s t a r t i n g  poin t  f o r  t h i s  work). The s o i l  used f o r  t h e s e  

e x t r a c t i o n s  was a Lower Basal  T i l l  t h a t  was known t o  have a 

low-binding c a p a c i t y  f o r  organic  compounds and a low carbon 

c o n t e n t .  High r e c o v e r i e s ,  100 p e r  c e n t  f o r  AT and 91 per  cent  f o r  

HYAT, w e r e  obtained by shaking v igorous ly  50 g of t h e  sp iked  s o i l  

wi th  a mechanical w r i s t - a c t i o n  shaker  f o r  30 min. i n  an e x t r a c t i n g  

s o l u t i o n  of (9O:lO v / v )  a c e t o n l t r i l e - a q u e o u s  0.10 M hydrochlor ic  

a c i d .  Table  2 summarizes c e r t a i n  of t h e  important  chemical and 

phys ica l  c h a r a c t e r i s t i c s  of t h e  v a r i o u s  sand and s o i l s  s t u d i e d .  

Table 3 p r e s e n t s  a d d i t i o n a l  d a t a  f o r  t h e  per  c e n t  r e c o v e r i e s  

of AT and HYAT a t  a 2.0 ppm s p i k i n g  l e v e l  f o r  t h e  v a r i o u s  s o i l s  

having very  d i f f e r e n t  carbon c o n t e n t s .  The le f t -hand  p o r t i o n  of 
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Table 3 shows d a t a  from t h e  wr is t -ac t ion  shaking and 

c e n t r i f u g a t i o n  s t e p s  a l o n e ,  whi le  t h e  right-hand p o r t i o n  p r e s e n t s  

t h e  per  c e n t  r e c o v e r i e s  from t h e  w r i s t  a c t i o n  s h a k i n g / e x t r a c t i o n  

coupled t o  t h e  s o l i d  phase e x t r a c t i o n  (SPE) c a r t r i d g e  

concent ra t ion  and r i n s i n g  s t e p s .  It should be noted from Table  3 

t h a t  t h e  per  c e n t  r e c o v e r i e s  were found t o  vary  f o r  t h e  d i f f e r e n t  

s o i l s .  S i m i l a r  v a r i a t i o n s  in p e r  c e n t  r e c o v e r i e s  of HYAT w i t h  

s o i l  types  have been r e p o r t e d  by Vermeulen ?:-~.l: (11) and were 

noted i n  a r e c e n t  review a r t i c l e  by Erickson and Lee ( 6 ) .  The 50 

per c e n t  r e c o v e r i e s  f o r  HYAT a r e  among t h e  h i g h e s t  va lues  r e p o r t e d  

from a farm land  s o i l  w i t h  approximately s i x  per  c e n t  organic  

matter. 

t h e  pro tona t ion  and s o l u b i l i z a t i o n  of t h e  b a s i c  5 - t r i a z i n e  

n i t r o g e n s  and may a i d  i n  t h e  conversion of HYAT t o  the k e t o  form 

depic ted  i n  Figure 1. 

The use of 0.10 M hydrochlor ic  a c i d  l i k e l y  a s s i s t e d  i n  

Comparison of chromatograms of s o i l  e x t r a c t s  b e f o r e  and a f t e r  

t h e  use of t h e  SPE c a r t r i d g e s  demonstrated t h e  e f f e c t i v e n e s s  of 

these  s m a l l  c a t i o n i c  exchange SPE c a r t r i d g e s  i n  removing the e a r l y  

e l u t i n g  i n c i p i e n t s  from s o i l  e x t r a c t s .  The l e f t  hand and middle 

p a r t s  of F igure  2 show chromatograms of t h e  e x t r a c t  of a farm s o i l  

taken from an unsprayed a r e a  of Lee Farm found t o  have a 0.1 ppm 

r e s i d u a l  of AT and t o  which 4 .0  ppm HYAT had been added. F igure  

2 ( a )  shows t h e  chromatogram of t h e  s o i l  e x t r a c t  before  i t  was 

passed through t h e  SPE c a r t r i d g e  whi le  Figure 2 ( b )  i s  t h e  

chromatogram of t h e  same s o i l  e x t r a c t  a f t e r  i t  had been e l u t e d  

from t h e  SPE c a r t r i d g e .  F igure  2 ( c )  shows a chromatogram of t h e  

e x t r a c t  of t h e  Upper Spr ing  Manor Farm Si te -1  s o i l  a f te r  e l u t i o n  

from t h e  SPE c a r t r i d g e  t h a t  was determined t o  have 1 2 . 3  ppm AT and 

1 .2  ppm HYAT. I n  F igure  2 ( b )  and ( c ) ,  i t  should be noted t h a t  

t h e  peaks f o r  HYAT and AT a r e  w e l l  reso lved  from any e a r l y  e l u t i n g  

peaks due t o  i n c i p i e n t s  t h a t  would be c o e x t r a c t e d  from t h e  farm 

land  s o i l s .  To i n v e s t i g a t e  f u r t h e r  t h e  performance of t h e  SPE 

c a r t r i d g e s ,  t h e  e l u t i o n  d i s t r i b u t i o n  of 10 ppm s o l u t i o n s  of AT and 

HYAT were i n d i v i d u a l l y  measured from r e p r e s e n t a t i v e  SPE 

c a r t r i d g e s .  F igure  3 shows t h a t  99.3 per c e n t  of t h e  recoverable  
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T I  ME, min 

HY AT 
A 

0 4 a 
T I  ME, min  

I I I 

0 4 8 
TIME,  rnin 

Figure  2.  Chromatograms showing t h e  e f f e c t i v e n e s s  of t h e  sample 
clean-up provided by t h e  s o l i d  phase e x t r a c t i o n  (SPE) c a r t r i d g e s  
f o r  t h e  de te rmina t ion  of a t r a z i n e  (AT) and hydroxyat raz ine  (HYAT) 
from farm l a n d  s o i l s .  ( a )  Without pass ing  through t h e  SPE 
c a r t r i d g e  (b)  The same s o i l  e x t r a c t  a f t e r  pass ing  through t h e  
SPE c a r t r i d g e .  F i g u r e  2 ( a )  and ( b )  r e p r e s e n t  t h e  chromatograms 
of t h e  e x t r a c t  of t h e  s o i l  from an unsprayed a r e a  of Lee  Farm 
found t o  have a 0.1 ppm r e s i d u a l  l e v e l  of AT and t o  which 4.0 ppm 
of HYAT w a s  added. The HPLC c o n d i t i o n s  were 70:30 ( v / v )  
a c e t o n i t r i l e - w a t e r  c o n t a i n i n g  0.020 M 1-heptanesul fonic  a c i d  and 
0.10 M H3P04, pH=2.8. F ig .  2 ( c )  was a s o i l  e x t r a c t  from Upper 
Spring Manor Farm S i t e - 1  determined L O  c o n t a i n  1 2 . 3  ppm AT and 1 . 2  
ppm HYAT. HPLC e l u t i o n  c o n d i t i o n s  were 50:50 ( v / v )  
a c e t o n i t r i l e - w a t e r  c o n t a i n i n g  0 . 0 2 0  M p-heptanesulfonic  a c i d ,  0.10 
M H3P04, pH 2 .8 .  UNK s i g n i f i e s  t h e  peak f o r  an unknown compound 
which had an a b s o r p t i o n  maximum a t  2 1 1  nm. 
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1.00 

4.60 

4.00 

1.60 

1 .oo 

0.60 

0.00 
0.6 1.0 1.8 4.0 4.6 0.0 .06 1.0 1.a 4.0 SA a.0 

mL of Eluting Solution 

F i g u r e  3 .  E l u t i o n  d i s t r i b u t i o n  of AT and HYAT l e v e l ,  f rom the 
s o l i d  phase  e x t r a c t i o n  (SPE) c a r t r i d g e .  Expe r imen ta l  Method 
d e s c r i b e d  i n  the S o i l  Sample P r e p a r a t i o n  S e c t i o n .  

AT and 98.2 p e r  c e n t  of t h e  r e c o v e r a b l e  HYAT were e l u t e d  from t h e  

SPE c a r t r i d g e  i n  t h e  f i r s t  2.0 mL e l u t i o n  w i t h  50:50 ( v / v )  

a c e t o n i t r i l e - a q u e o u s  0.1 M K2HP04. 

Tab le  4 summarizes c e r t a i n  of the p r e l i m i n a r y  ch romatograph ic  

c o n d i t i o n s  u s e d  and t h e  o b s e r v a t i o n s  made when v a r i o u s  mobile  

phases  were compared d u r i n g  t h e  developement  of a s e p a r a t i o n  of AT 

and HYAT on t h e  300 mm long, C18-bonded s i l i c a  HPLC column used i n  

t h i s  s t u d y .  I t  became e v i d e n t  t h a t  enhanced s e n s i t i v i t y  f o r  b o t h  

AT and HYAT in terms of i n c r e a s e s  i n  r e l a t i v e  peak h e i g h t s  and 

s h i f t s  in a b s o r p t i o n  maxima occured  when t h e  a c i d i c ,  i o n - p a i r i n g  

mob i l e  phase  was used .  F i g u r e  4 p r e s e n t s  a chromatogram showing 

t h e  s e p a r a t i o n  of  a t r a z i n e  (AT), s i m a z i n e  ( S I ) ,  h y d r o x y a t r a z i n e  

(HYAT), hydroxysimazine (HYSI), t h e  de-ethylAT (DEAT), t h e  

de-isopropylAT (DIAT), and t h e  de-ethy1,de- isopropylAT (DEDIAT) i n  
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DE 

v) 
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3 
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1 1  AT 

DIAT 

1 DEAT 

S I  

I AT 

I I 1 I I I I 
0 2 4 6 8 10 12 

TIME, min 

Figure 4 .  Reversed-phase, ion-pa i r  HPLC s e p a r a t i o n  of v a r i o u s  
5 - t r i a z i n e s  and c e r t a i n  of t h e i r  degrada t ion  products .  
5 - p ,  C18-bonded, s p h e r i c a l  s i l i c a ,  300 mm l o n g  and 4 . 6  mm i . d . ,  
mobile phase: 50:50 ( v / v )  a c e t o n i t r i l e - w a t e r  c o n t a i n i n g  0.020 M 
g-heptanesulfonic  a c i d  and 0.10 M H3P04, pH = 2 .8 ,  f low r a t e :  1.0 
mL/min, s e n s i t i v i t y  range of 0.01 AUFS on t h e  photo diode a r r a y  
d e t e c t o r ,  about  6 nanog. of each compound i n j e c t e d .  The peak 
i d e n t i t i e s  a r e :  DEDIAT = de-ethy1,de-isopropylatrazine, DIAT = 
de- i sopropyla t raz ine ,  DEAT = d e - e t h y l a t r a z i n e ,  
HYSI = hydroxysimazine, HYAT = hydroxyat raz ine ,  S I  = simazine and 
AT = a t r a z i n e .  

Column: 

t h e  i s o c r a t i c  s o l v e n t  system of 50 :50  ( v l v )  a c e t o n i t r i l e - w a t e r  

c o n t a i n i n g  0.020 M n-heptanesulfonic  a c i d  and 0.10 M H3P04 a t  a 

f low r a t e  of 1.0 mL/min. The s e p a r a t i o n  of t h e s e  compounds was 

a l s o  i n v e s t i g a t e d  i n  t h e  presence of two o t h e r  ion-pa i r  r e a g e n t s ,  

1 -oc tanesul fonic  a c i d  and n_-decylsulfonic a c i d .  

f a c t o r s  of t h e  v a r i o u s  compounds a r e  summarized i n  Table 5 .  The 

The c a p a c i t y  
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0.03- 

........ DIAT, DEAT 

- DEDIAT 

'---- .-._. -.- 

I I I I 1 1 I I 
195 220 245 270 295 320 345 370 

WAVE LENGTH, nm 

Figure 5. 
5 - t r i a z i n e s  and c e r t a i n  of t h e i r  degrada t ion  products  a s  obtained 
by t h e  diode a r r a y  d e t e c t o r .  Absorbances normalized t o  t h e  0.05 
AUFS s e t t i n g s .  Other  c o n d i t i o n s  as  noted i n  Figure 4 .  

Composite of t h e  u l t r a v i o l e t  s p e c t r a  f o r  t h e  v a r i o u s  

E-heptanesulfonic  a c i d  was determined t o  be t h e  ion-pa i r  reagent  

of choice because i t  provided f o r  the  h i g h e s t  r e s o l u t i o n  between 

HYAT, S I  and AT and gave t h e  b e s t  peak shape f o r  t h e  compounds of 

i n t e r e s t .  From Table 5 ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  

capac i ty  f a c t o r s  f o r  AT, S I ,  Propazine (PR) and t h e  de-alkylated 

products  of AT decreased whereas t h o s e  f o r  HYAT and HYSI increased  

with i n c r e a s i n g  l e n g t h  of t h e  a l k y l  group of t h e  ion-pa i r  reagent .  

The scanning diode a r r a y  d e t e c t o r  used i n  t h i s  s tudy  provided 

a convenient method f o r  q u a l i t a t i v e  i d e n t i f i c a t i o n  of t h e  e l u t i n g  

peaks based upon t h e i r  u l t r a v i o l e t  s p e c t r a .  P r e v i o u s l y ,  UV 

absorp t ion  maxima were repor ted  f o r  t h e  s_- t r iazine h e r b i c i d e s  a t  

220 nm, t h e  hydroxy compounds i n  a c i d  s o l u t i o n  a t  240 nm and t h e  

de-alkylated products ,  when d e t e c t e d ,  from 200-212 nm (8-11, 14) .  

Figure 5 p r e s e n t s  a composite of t h e  UV absorp t ion  s p e c t r a  of t h e  

compounds s t u d i e d  a s  obta ined  by t h e  diode a r r a y  d e t e c t o r  i n  t h e  

mobile phase: (50:50 v / v )  a c e t o n i t r i l e - w a t e r  c o n t a i n i n g  0.020 M 

;-heptanesulfonic a c i d ,  0 .10 M H3P04, pH of 2 .8 .  In  t h e  
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p H =  2.8 
PH = 7.0 

~ 

195 220 245 270 295 320 345 370 

WAVE LENGTH, nm 

Figure  6 .  U l t r a v i o l e t  absorp t ion  s p e c t r a  of HYAT a t  pH 2 .8  i n  t h e  
mobile phase 50:50 (v /v> a c e t o n i t r i l e - w a t e r  c o n t a i n i n g  0.020 M 
c -heptanesul fonic  a c i d  w i t h  0.10 M H3P04, and a t  a pH of 7 .0  i n  
70:30 ( v / v )  a c e t o n i t r i l e - w a t e r  c o n t a i n i n g  0.010 M KZHP04. 

pre l iminary  mobile phase development s t u d i e s  w i t h  methanol-water, 

an impuri ty  peak wi th  an a b s o r p t i o n  maximum of 206 nm o f t e n  

co-eluted w i t h  t h e  AT peak. In  n e u t r a l  pH mobile phases ,  t h e  

peaks f o r  HYAT and HYSI were found t o  be s i g n i f i c a n t l y  broader  

w i t h  cons iderable  t a i l i n g  a t t r i b u t e d  t o  t h e  enol-keto 

i somer iza t ion  d e p i c t e d  i n  F igure  1. F igure  6 p r e s e n t s  t h e  UV 

a b s o r p t i o n  s p e c t r a  obta ined  on t h e  d iode  a r r a y  d e t e c t o r  f o r  HYAT 

a t  pH v a l u e s  of 2.8 and 7 .0 .  

S t u d i e s  were performed t o  v e r i f y  t h a t  t h e r e  was a l i n e a r  

r e l a t i o n s h i p  between peak h e i g h t  and concent ra t ion  of t h e  compound 

i n j e c t e d .  Table  6 p r e s e n t s  a summary of t h e  l i n e a r  l e a s t  squares  

r e g r e s s i o n  e q u a t i o n s  f o r  AT, HYAT and PR. I n  a l l  c a s e s ,  over t h e  

range from 0.4 t o  10.0 ppm, t h e  t h r e e  compounds had Pearson's 

l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  of  0.999. Lower l i m i t s  of 

d e t e c t i o n  were e s t i m a t e d  t o  be 0.01 ppm f o r  AT and PR and 0.04 ppm 

f o r  HYAT. 

d e t e c t i o n  o f  AT and PR; 240 nm was used f o r  t h e  d e t e c t i o n  of HYAT. 

A maximum a b s o r p t i o n  wavelength of 220 nn was used f o r  
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R e s u l t s  %zd-Digc_u_ssion of t h e  F i e l d  S t u d i e s  

The developed method involv ing  an a c i d  s o l u t i o n  e x t r a c t i o n ,  

concent ra t ion  onto  t h e  s o l i d  phase e x t r a c t i o n  (SPE) c a r t r i d g e ,  and 

then s e p a r a t i o n  by reversed-phase H?LC a n a l y s i s  w i t h  an ion-pa i r  

reagent  and a d iode  a r r a y  d e t e c t o r ,  was used t o  monitor  t h e  

degradat ion of AT i n  t h e  s o i l  from t h r e e  l o c a l  corn f i e l d s .  

t h e  upper 2-3 cm of t h e  s o i l  was sampled a t  2 1  day i n t e r v a l s  

throughout t h e  growing season.  The t h r e e  corn  f i e l d s  had been 

i n i t i a l l y  sprayed over a three-day i n t e r v a l  i n  mid-May w i t h  a 

commercial mixture  of A t r a z i n e  4L h e r b i c i d e .  

developed HPLC method, t h e  commercial At raz ine  4L was found t o  

have 43 .8  per  c e n t  a t r a z i n e ,  in comparison t o  a l e v e l  s p e c i f i e d  on 

t h e  manufacturer’s l a b e l  of 4 3 . 0  per  c e n t  a s  a c t i v e  i n g r e d i e n t s .  

No hydroxyatrazine w a s  found t o  be p r e s e n t  i n  t h e  Atraz ine  4L 

p r i o r  t o  t h e  spraying) .  The HPLC peaks ass igned  t o  AT o r  HYAT 

were i d e n t i f i e d  by comparison of t h e i r  r e t e n t i o n  times and by 

matching t h e i r  UV a b s o r p t i o n  s p e c t r a  t o  t h o s e  of known s tandards  

a s  recorded by t h e  diode a r r a y  d e t e c t o r .  

Only 

(Using t h e  

Table 7 summarizes t h e  a n a l y s e s  f o r  AT found i n  t h e  farm 

s o i l s  sampled. I n  g e n e r a l ,  t h e  l e v e l s  of AT from t h e  f i v e  

sampling s i t e s  i n  t h e  t h r e e  corn f i e l d s  dropped from about  2.0 ppm 

t o  0.2 ppm over  t h e  130 days.  There were s p o r a d i c a l l y  h igh  v a l u e s  

f o r  AT, marked by an **, t h a t  were confirmed by repea ted  a n a l y s e s  

of t h e  s o i l  samples o r  by c a r e f u l  review of t h e  d a t a .  These h igh  

va lues  were a t t r i b u t e d  t o  improper o r  non-homogeneous sampling of 

t h e  upper 2-3 cm l e v e l s  of t h e  a t raz ine-sprayed  s o i l s .  I n  only 

f i v e  of t h e  t h i r t y - s i x  samples reporLed i n  Table  7 w a s  a peak f o r  

HYAT d e t e c t e d .  The l e v e l s  of HYAT were found t o  be l e s s  than 0.6 

ppm and a peak f o r  HYAT was d e t e c t e d  only when an elevaLed l e v e l ,  

above 2.5 ppm, was d e t e c t e d  f o r  AT. ( I n  a s e p a r a t e  s t u d y ,  i t  w a s  

shown t h a t  AT was not  converted t o  HYAT i n  t h e  a c i d  e x t r a c t i o n  and 

SPE c a r t r i d g e  clean-up s t e p . )  

Of p o t e n t i a l  i n t e r e s t ,  two samples of ground water  from 

shal low w e l l s  l o c a t e d  a t  t h e  edge of two of t h e  corn f i e l d s  were 
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t a k e n  d u r i n g  the  growing s e a s o n  of  t h e  c o r n .  A ground w a t e r  w e l l  

l o c a t e d  a b o u t  12.2 m f rom t h e  sampl ing  s i t e  a t  t h e  Lower S p r i n g  

Manor farm f i e l d ,  c o n t a i n e d  0 .1  ppb of  AT 22 d a y s  a f t e r  s p r a y i n g .  

Whereas 42 d a y s  a f t e r  s p r a y i n g ,  t h e  groundwater  sampled f rom a 

w e l l  12.2 m from t h e  Lee Farm S i t e  1 s o i l  s ampl ing  s i t e  c o n t a i n e d  

a l e v e l  of 3.8 ppb of AT. I m p l i c a t i o n s  f o r  c o n t a m i n a t i o n  o f  

n e a r b y  ground water by r e p e a t e d ,  y e a r l y  s t r a y i n g  of  c o r n  f i e l d s  

w i t h  AT i s  b e i n g  reviewed by S t a t e  o f  C o n n e c t i c u t  r e g u l a t o r y  

a g e n c i e s .  
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