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THE EFFECT OF SILANOL MASKING ON THE RECOVERY OF PICLORAM 

EXTRACTION COLUMN 
AND OTHER SOLUTES FROM A HYDROCARBONACEOUS PRE-ANALYSIS 

Martha J. M. Wells 
Southern Fores t  Experiment S t a t i o n  

George W. Andrews F o r e s t r y  Sc iences  Laboratory 
Deval l  S t r e e t  

Auburn U n i v e r s i t y ,  Alabama 36849 

ABSTRACT 

The r e c o v e r i e s  of picloram, picloram-methylester ,  hexazinone, 
benzene, and acetophenone from aqueous samples were s t u d i e d  us ing  
a commercially a v a i l a b l e  hydrocarbonaceous pre-ana lys i s  e x t r a c t i o n  
c a r t r i d g e ,  both wi th  and without  tetrabutylammonium hydrogen 
s u l f a t e  (TBAHS) i n  t h e  e luent .  E x t r a c t i o n  e f f i c i e n c y  was found t o  
be dependent on sample loading volume. The r e s u l t s  sugges t  a 
mixed mechanism of r e t e n t i o n  involv ing  both " s i l a n o p h i l i c "  and 
"hydrophobic" i n t e r a c t  i o n s  i n  t h e  absence of t e t r a b u  tylammonium 
ion.  
ion-pair  w i t h  c o u n t e r i o n i c  s o l u t e s  i s  invoked t o  e x p l a i n  t h e  
observa t ions .  
bonded a n a l y t i c a l  column i n  both t h e  presence and absence of  
TBAHS are  a l s o  presented.  

The a b i l i t y  of  TBAHS t o  mask s u r f a c e  s i l a n o l  groups and/or  

Chromatograms of t h e  s o l u t e s  obta ined  on a C 1 8  

INTRODUCTION 

Some organic  compounds are e f f i c i e n t l y  removed from s o l u t i o n  

by c o n t a c t  wi th  an adsorbent  v i a  a d s o r p t i o n  t r a p p i n g  (1). S i l i c a  

g e l  bonded wi th  hydrocarbonaceous l i g a n d s ,  i.e. reversed-phase 

material, i s  a p o t e n t i a l l y  u s e f u l  adsorbent  f o r  e x t r a c t i o n  and 

concent ra t ion  of organic  compounds from aqueous samples. The 

sample adsorp t ion /desorp t ion  process  from hydrocarbonaceous 

s t a t i o n a r y  phase material  c o n s i s t s  of t h r e e  s t e p s :  (a )  an organic  

s o l v e n t  followed by aqueous prewash, (b) charg ing  t h e  sample to 
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2294 WELLS 

t h e  column from a n  aqueous m a t r i x ,  and ( c )  sample d c s o r p t i o n  

i n v o l v i n g  t h e  e l i m i n a t i o n  of low o r  h i g h  p o l a r i t y  con taminan t s  

which may o r  may n o t  p recede  removal of t h e  compound o f  i n t e r e s t .  

R e t e n t i o n  f o r  t h i s  p r o c e s s  i s  r e f l e c t e d  by t h e  p e r c e n t  r e c o v e r y  

o r  e f f i c i e n c y .  

However, chromatographic  e f f e c t s  a t t r i b u t e d  t o  unmasked 

s i l a n o l  groups i n  r eve r sed -phase  a n a l y t i c a l  columns (2-6) may 

a l s o  a i f e c t  t h e  r e c o v e r y  o f  a d s o r b a t e  from reve r sed -phase  p re -  

a n a l y s i s  e x t r a c t i o n  columns. S e v e r a l  m a n u f a c t u r e r s  now o f f e r  

C18 bonded phases  i n  convenient- to-use d i s p o s a b l e  c a r t r i d g e s ,  

b u t  t h e s e  p r o d u c t s  v a r y  a s  t o  t h e  e x t e n t  o f  f r e e  s i l a n o l  groups 

remaining i n  t h e  honded phase material. 

The p resence  o f  s o l v e n t - a c c e s s i b l e  s i l a n o l  g roups  i n  

chemica l ly  bonded s t a t i o n a r y  p h a s e s  f o r  r eve r sed -phase  l i q u i d  

chromatography (XPLC) can  l e a d  t o  a d u a l  r e t e n t i o n  mechanism 

( 2 - 4 ) .  Horvath e t  a l .  (5 ,6)  p o s t u l a t e  t h a t  b o t h  "hydrophobic" 

and " s i l a n o p h i l i c "  i n t e r a c t i o n s  o c c u r .  Depending on t h e  manner 

i n  which a hydrocarbonaceous bonded phase  i s  produced ( 7 - 9 ) ,  some 

s i l a n o l  groups w i l l  remain u n r e a c t e d  due t o  s t e r i c  i n h i b i t i o n ;  

f u r t h e r m o r e ,  SiOIl groups may b e  reformed i n  t h e  work-up p r o c e d u r e  

i f  b i f u n c t i o n a l  o r  t r i f u n c t i o n a l  m o d i f e r s  a r e  used  (10711). 

These s i l a n o l  groups c a n  produce u n d e s i r a b l e  e f f e c t s  on column 

s t a b i l i t y ,  r e t e n t i o n ,  and peak symmetry due t o  t h e  r educed  

hydrophobic  c h a r a c t e r  of t h e  s u r f a c e  (2 ,3 ) .  

The t e c h n i q u e  of  "capping" a c c e s s i h l e  s i l a n o l  g roups  w i t h  a 

small s i l a n e  such  a s  t r i m e t h y l c h l o r o s i l a n e  h a s  been used t o  improve 

r e t e n t i o n  c h a r a c t e r i s t i c s  ( 3 , 4 ) .  Nondekand Vyskoc i l  ( 1 2 )  

demons t r a t ed  t h a t  t h e  c o n c e n t r a t i o n  of  hydroxy l  g roups  c o u l d  b e  

g r e a t l y  reduced by t h i s  p rocedure .  P r o t o n a t e d  a l k y l a m i n e s  (6 ,13)  

and l i p o p h i l i c  q u a t e r n a r y  ammonium sa l t s  ( 6 )  have been added t o  

t h e  mobile  phase  i n  RPLC t o  r e d u c e  t h e  s i l a n o p h i l i c  i n f l u e n c e  

upon r e t e n t i o n  by p r e f e r e n t i a l  a d s o r p t i o n  of t h e s e  cha rged  s p e c i e s  

on r e s i d u a l  s i l a n o l  s i tes.  

The p r e v i o u s l y  r e p o r t e d  work h a s  d e a l t  w i t h  t h e  problem of 

s i l a n o l  g roups  r ema in ing  on r eve r sed -phase  material used  i n  ana- 
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SILANOL MASKING EFFECT ON SOLUTE RECOVERY 2295 

l y t i c a l  columns. The purpose of t h i s  paper  is t o  r e p o r t  r e s u l t s  

observed when TBAHS w a s  used t o  minimize s i l a n o p h i l i c  i n t e r a c t i o n s  

i n  s o l u t e  a d s o r p t i o n f d e s o r p t i o n  from a commercially a v a i l a b l e  C i a -  

bonded pre-ana lys i s  e x t r a c t i o n  column. 

MATERIALS AND METHODS 

Apparatus 

The l i q u i d  chromatograph c o n s i s t e d  of a Waters (Mi l ford ,  MA) 

Model 6000A so lvent  pump, Model 710B i n t e l l i g e n t  sample p r o c e s s o r ,  

Model 440 UV absorbance d e t e c t o r ,  and a Houston Ins t rument  

(Aus t in ,  TX) recorder .  Hypodermic s y r i n g e s  w i t h  Luer Lok t i p s  

were purchased from Becton-Dickson (Rutherford,  NJ) and a 

F i l t r a t o r  from F i s h e r  S c i e n t i f i c  ( P i t t s b u r g h ,  PA). 

Reagents and Chemicals 

Spectrophotometr ic  grade  a c e t o n i t r i l e  (ACN) and g l a c i a l  

a c e t i c  a c i d  (HOAC) were obta ined  from Burdick and Jackson 

L a b o r a t o r i e s ,  Inc.  (Muskegon, MI) and J .T .  Baker Chemical Co. 

( P h i l l i p s b u r g ,  NJ), r e s p e c t i v e l y .  Water w a s  p rocessed  w i t h  a 

Bion Exchange system purchased from P i e r c e  Chemical Company 

(Rockford, I t) .  Tetrabutylammonium hydrogen s u l f a t e  (TBAHS) and 

acetophenone w e r e  purchased from Aldr ich  Chemical Company, Inc.  

(Milwaukee, WI), and benzene from F i s h e r  S c i e n t i f i c .  P ic loram 

(99.0%) and picloram-methyl ester (99 .7%)  were obta ined  from t h e  

Dow Chemical Company (Midland, MI) and hexazinone ( a n a l y t i c a l  

s t a n d a r d ,  99+%) from E . I .  DuPont de  Nemours & Co. (Wilmington, DE). 

Chromatographic Procedures  

SEP-PAK C 1 8  c a r t r i d g e s  w e r e  purchased from Waters A s s o c i a t e s ,  

Inc.  

through t h e  reversed-phase c a r t r i d g e s .  P r e p a r a t i o n  of t h e  

c a r t r i d g e s  and charg ing  of t h e  sample w a s  accomplished by us ing  

a s i d e  arm f i l t e r i n g  f l a s k .  For component e l u t i o n ,  a F i s h e r  

F i l t r a t o r  was used t o  c o l l e c t  t h e  sample d i r e c t l y  i n t o  a 10.0 

mL volumetr ic  f l a s k .  I n d i v i d u a l  sample s o l u t i o n s  of acetophenone, 

benzene, picloram, picloram-methyl ester and hexazinone were 

prepared by adding 1.0 uL, 2.5 uL, 4.3 ug, 57.5 ug and 1 3 . 0  ug 

House vacuum ( 5 3 0  mm Hg) w a s  used t o  p u l l  t h e  samples 
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2296 WELLS 

r e s p e c t i v e l y  t o  t h e  a p p r o p r i a t e  volume of 4% a c e t i c  a c i d  w i t h  o r  

without  10 mM TBAHS. The fo l lowing  procedures  were used f o r  

sample c o n c e n t r a t i o n  of C18 SEP-PAK c a r t r i d g e s :  

1) Prewash of c a r t r i d g e s  w i t h  5 mL ACN fol lowed by 10 mL of 4% 
HOAc o r  4% HOAc/lO mM TBAHS. 

2) Loading of sample i n  1.0 mL of  4% HOAc o r  4% H O A c / l O  mM TBAHS. 

3) Desorpt ion by 9.0 mL of 25% HOAc o r  25% H O A c / l O  mM TBAHS. 

4 )  Samples were then  d i l u t e d  t o  10.0 mL and analyzed by RPLC. 

Two U l t r a s p h e r e  ODS (5 pm, s p h e r i c a l  porous p a r t i c l e )  

columns (1UE732N and 1UE747N) were obta ined  from Al tex  

S c i e n t i f i c ,  Inc.  (Berkeley,  CA) and used i n  t h i s  s tudy.  The 

a n a l y t i c a l  column w a s  preceded by a guard column, 7 cm by 2.1 mm 

i . d ,  d r y  packed w i t h  Whatman C0:PELL ODS (30-38 pm). A f t e r  

e q u i l i b r a t i o n ,  mobile  phase s o l v e n t  mixtures  w e r e  degassed i n  an 

u l t r a s o n i c  bath.  

water, a c e t i c  a c i d ,  and a c e t o n i t r i l e  w i t h  o r  wi thout  t h e  presence  

of 10 mM TBAHS, a t  a f low rate of 1.5 mL/min. 

d e t e c t o r  w a s  opera ted  a t  254 nm. 

C a l c u l a t i o n s  

The  mobile  phase c o n s i s t e d  of mixtures  of 

The u l t r a v i o l e t  

Determinat ions of r e t e n t i o n  times and i n t e g r a t i o n  of peak 

areas were performed by a Perkin-Elmer Model Sigma 10B d a t a  

handl ing system (Norwalk, CT) . Direct comparison of peak areas 

w i t h  e x t e r n a l  s t a n d a r d s  was.used t o  determine sample concent ra t ion .  

RESULTS AND DISCUSSION 

The recovery of t h e  h e r b i c i d e  picloram from aqueous environ-  

mental samples fol lowing c o n c e n t r a t i o n  by hydrocarbonaceous ex t rac-  

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

Bushway (14) demonstrated q u a n t i t a t i v e  r e c o v e r i e s  of c a r b a r y l  and 

1-naphthol fo l lowing  trace enrichment of one l i t e r  water samples 

by passage through c18 SEP-PAK c a r t r i d g e s .  Beier and G r e e n b l a t t  

(15) recovered up t o  80% of some l a c i n i l i n e s  and cada lenes  by 

e x t r a c t i o n  and concent ra t ion  of one l i t e r  aqueous samples w i t h  

SEP-PAK c18 c a r t r i d g e s .  

e f f e c t  t h e  t r a c e  enrichment of l a r g e  volume water samples contain-  

However when a t t e m p t s  were made t o  
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SILANOL MASKING EFFECT ON SOLUTE RECOVERY 2297 

ing picloram us ing  SEP-PAK C18 c a r t r i d g e s ,  r e c o v e r i e s  w e r e  found 

t o  be very  dependent upon sample loading volume. A p r o f i l e  of 

t h e  dependence of percent  recovery upon sample loading  volume f o r  

picloram (Fig.  1) shows t h a t  less than  50% recovery w a s  ob ta ined  

f o r  a sample throughput of 25 mL. 

dependence of e x t r a c t i o n  e f f i c i e n c y  upon sample loading  volume 

w a s  demonstrated by Saner e t  a l .  (16) f o r  some s imple a romat ic  

s o l u t e s  and Nyagah ( 1 7 )  f o r  t h e  recovery of t h e  h e r b i c i d e  pyrazon 

from SEP-PAK C18 c a r t r i d g e s .  

A similar non-l inear  

-- 

S i n c e  s i l a n o p h i l i c  i n t e r a c t i o n s  have been impl ica ted  i n  

chromatography on a n a l y t i c a l  reversed-phase columns, t h e  p a r t i c i -  

pa t ion  of s i l a n o l  groups i n  t h e  recovery of a d s o r b a t e  from hydro- 

carbonaceous c a r t r i d g e s  i s  a l s o  p o s s i b l e .  To e s t a b l i s h  t h e  n a t u r e  

of t h i s  c o n t r i b u t i o n ,  TBAHS was chosen as a s i l a n o l  masking agent  
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FIGURE 1. Percent  recovery of picloram as a f u n c t i o n  of sample 

loading  volume e i t h e r  wi th  (*..) o r  without  (-1 TBAHS. 
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( 6 ) .  The r ecove ry  p r o f i l e  f o r  p i c l o r a m  as a f u n c t i o n  of sample 

volume was o b t a i n e d  w i t h  TBAHS (10 mM) added t o  each  o f  t h e  t h r e e  

s t e p s  o f  t h e  a d s o r p t i o n / d e s o r p t i o n  p r o c e s s  and i s  shown i n  

F i g .  1. I n  t h e  p r e s e n c e  of TBAHS, t h e  r e c o v e r y  of p i c l o r a m  was 

s t i l l  c u r v i l i n e a r  and dependent  upon sample l o a d i n g  volume, b u t  

t h e  e f f i c i e n c y  w a s  much improved f o r  sample volumes g r e a t e r  t h a n  

10 mL. 

To e l u c i d a t e  t h e  r e s u l t s  obse rved  d u r i n g  t h e  d e t e r m i n a t i o n  

of p i c lo ram,  t h e  p e r c e n t a g e  r e c o v e r y  of o t h e r  s o l u t e s  ( F i g .  2 )  

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

t h e  l o a d i n g  volume o f  t h e  sample. A l l  expe r imen t s  were conducted 

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

comparison and may n o t  produce t h e  b e s t  r e c o v e r y  f o r  t h e  o t h e r  

s o l u t e s .  A c e t i c  a c i d  ( 4 % )  w a s  u sed  f o r  pH c o n t r o l  t o  enhance 

t h e  r e t e n t i o n  of  p i c l o r a m  (pKa=1.97) (18) by i o n  s u p p r e s s i o n  (19 ) .  

A c e t i c  a c i d  (25%) w a s  o p t i m a l  f o r  t h e  d e s o r p t i o n  of p i c lo ram.  

Experiments  were performed b o t h  w i t h  and w i t h o u t  10 mM TBAHS i n  

t h e  prewash, sample l o a d i n g ,  and d e s o r p t i o n  e l u e n t s .  When 

samples  c o n t a i n i n g  TBAHS i n  t h e  d e s o r p t i o n  s o l v e n t  were ana lyzed  

on a c18 a n a l y t i c a l  column, t h e  HPLC e l u e n t  w a s  a l s o  mod i f i ed  w i t h  

10 m"l TBAHS. The p r e s e n c e  of TBAHS produced a s lower  d r i p  ra te  

from t h e  c a r t r i d g e s ,  as w e l l  as a s l i g h t l y  h i g h e r  back p r e s s u r e  

i n  t h e  chromatograph,  presumably due  t o  a n  i n c r e a s e  i n  v i s c o s i t y .  

For  t h e  non-polar  s o l u t e  benzene,  t h e  a l t e r a t i o n  o f  t h e  

r ecove ry  p l o t  upon a d d i t i o n  of a s i l a n o l  masking a g e n t  shou ld  b e  

minimal.  Indeed,  t h e  o f f s e t  of t h e  p l o t s  i n  F ig .  3 B  i s  l i k e l y  

due t o t h e s l i g h t  i n c r e a s e  i n  t h e  ca rbon  cove rage  o f  t h e  s u r f a c e  

from adsorbed TBAHS r e s u l t i n g  i n  a s m a l l  i n c r e a s e  i n  e x t r a c t i o n  

e f f i c i e n c y .  The maxima obse rved  toward l o w  l o a d i n g  volumes i n  

Fig.  3 are c u r i o u s ,  and may b e  dependent  upon t h e  manner i n  

which t h e  d a t a  were c o l l e c t e d ,  The aqueous wash o f  t h e  c a r t r i d g e  

p r i o r  t o  cha rg ing  of t h e  sample may have been i n s u f f i c i e n t  t o  

remove a l l  of  t h e  adso rbed  a c e t o n i t r i l e .  

Acetophenone r e p r e s e n t s  a modera t e ly  p o l a r ,  non- ion izab le  

s o l u t e .  The r ecove ry  of acetophenone v e r s u s  l o a d i n g  volume is 
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FIGIJRE 2 .  Compounds included i n  t h i s  s tudy:  (1) benzene, 

( 2 )  acetophenone, (3) picloram (4-amino-3,5,6-trichloropicolinic 

a c i d )  , ( 4 )  picloram-methyl es ter ,  and (5) hexazinone (3-cyclohexyl- 

6- (dimethylamino) -1-methyl-l , 3,5-t r iazine-2,4-  (lH, 3H) -dione) . 

i l l u s t r a t e d  i n  Fig.  3A. A t  sample loading volumes g r e a t e r  than  

22  mL, t h e  recovery of acetophenone w a s  g r e a t e r  without  t h e  

s i l a n o l  masking agent .  I n  t h e  absence of TBAHS, hydrogen bonding 

between s u r f a c e  s i l a n o l  groups and t h e  p o l a r  carbonyl  f u n c t i o n  i n  

acetophenone enhances t h e  o v e r a l l  adsorp t ion  t o  t h e  s t a t i o n a r y  

phase and thereby i n c r e a s e s  t h e  r e s u l t a n t  recovery.  Therefore ,  a 

dua l  r e t e n t i o n  mechanism, i.e. s i l a n o p h i l i c  as w e l l  as hydrophobic, 

i s  n o t  always d e t r i m e n t a l  t o  an a n a l y s i s .  
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FIGURE 3 .  P e r c e n t  r e c o v e r y  as a f u n c t i o n  of  sample l o a d i n g  volume 

f o r  (A) acetophenone and (B) benzene,  e i t h e r  w i t h  ( a * * )  o r  

w i t h o u t  (-) TBAHS. 

The chromatographic  consequences '  o f  masking s i l a n o l  g r o u p s  

w i t h  TBAHS are two-fold.  

t h e  bonded phase  s u r f a c e  ( 2 0 )  is  reduced  by t h e  a d s o r p t i o n  of t h e  

tetrabutylammonium moie ty  on u n r e a c t e d  s i l a n o l  g roups .  

i n t e r a c t i o n  a l s o  s l i g h t l y  i n c r e a s e s  t h e  t o t a l  hydrocarbonaceous 

c o n t e n t  of  t h e  s t a t i o n a r y  phase.  

The number o f  e l e c t r i c a l  c h a r g e s  on 

The 

Tanaka e t  a l .  (2) have  shown on C18 bonded a n a l y t i c a l  columns 

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

r e t e n t i o n  o f  acetophenone i n c r e a s e d  w i t h  i n c r e a s e d  e x p o s u r e  t o  

s i l a n o l  groups.  Cooke and Olsen ( 3 )  i l l u s t r a t e d  t h e  c a p a c i t y  

f a c t o r  changes (d=dec reased ,  i = i n c r e a s e d )  f o r  ace tophenone  ( d ) ,  

n i t r o b e n z e n e  (d) benzene ( i ) ,  and t o l u e n e  ( i )  a f t e r  t h e  end-capping 

o f  a C18 a n a l y t i c a l  column. These changes  i n  c a p a c i t y  f a c t o r  are 
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analogous t o  t h e  changes i n  e f f i c i e n c y  observed f o r  benzene and 

acetophenone i n  t h e s e  recovery experiments .  

R e s u l t s  ob ta ined  on a n a l y t i c a l  columns (2) sugges t  t h a t  

s i l a n o l s  i n t e r a c t  most w i t h  f u n c t i o n a l  groups made up of e l e c t r o n  

r i c h  atoms, such as hydroxyl ,  carbonyl ,  n i t r i l e ,  and n i t r o  m o i e t i e s ,  

and t h e r e f o r e  are expected t o  e x e r t  t h e  g r e a t e s t  e f f e c t  upon 

compounds c o n t a i n i n g  such groups. 

o r g a n i c  m o d i f i e r s  f o r  t h e  mobile phase,  methanol and a c e t o n i t r i l e ,  

are a l s o  competing f o r  a d s o r p t i o n  on s i l a n o l  sites (2) w i t h  

methanol a p p a r e n t l y  being bound i n  p r e f e r e n c e  t o  a c e t o n i t r i l e  ( 6 ) .  

Even t h e  most commonly used 

For  i o n i z a b l e  compounds even g r e a t e r  e f f e c t s  would b e  expected 

upon masking t h e  e l e c t r i c a l l y  charged s u r f a c e  w i t h  TBAHS. Picloram, 

- 3A,  can e x i s t  as: (a )  t h e  n e u t r a l  molecule ,  (b) t h e  c o n j u g a t e  

a c i d  (formed by p r o t o n a t i o n  of t h e  base  f u n c t i o n a l i t y ) ,  ( c )  t h e  

c o n j u g a t e  base  (due t o  i o n i z a t i o n  of t h e  carbonyl  group) ,  and 

(d)  t h e  z w i t t e r i o n ,  z, (18,21). Z w i t t e r i o n  formation i s  a l s o  

CI “ ’ O r , O H  

II 
0 

3 A  

CI 
I I  H ..... 0 - 

3 8  

observed i n  o t h e r  p y r i d i n e  c a r b o x y l i c  a c i d s  (22). I n t r a m o l e c u l a r  

hydrogen bonding h e l p s  t o  r e i n f o r c e  s t r u c t u r e  X. 
measurement of  t h e  a c i d  d i s s o c i a t i o n  c o n s t a n t  f o r  picloram. 

Reported pKa v a l u e s  range from 2.8 t o  4.1. 
v a l u e  seems t o  be  t h a t  of Osteryoung and Whi t taker  (18) who 

r e p o r t  a pKa’ v a l u e  of 1.97 f o r  picloram, r e p r e s e n t i n g  a combined 

e q u i l i b r i u m  c o n s t a n t  f o r  t h e  d i s s o c i a t i o n  of bo th  t h e  n e u t r a l  and 

z w i t t e r i o n i c  forms. The pKa f o r  t h e  amine group of p ic loram is 

e s t i m a t e d  a t  -2.0 t o  -1.3 (18), SO t h e  c o n c e n t r a t i o n  of the con- 

j u g a t e  a c i d  i s  n e g l i g i b l e  under t h e  exper imenta l  c o n d i t i o n s  used 

here .  I n  4% acetic a c i d  (pH=2.5), some e q u i l i b r i u m  exists between 

This  compl ica tes  

The most r e l i a b l e  
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t h e  n e u t r a l  mo lecu le ,  t h e  z w i t t e r i o n ,  and t h e  c o n j u g a t e  base .  The 

p r e s e n c e  of n e g a t i v e  s i tes  on t h e  bonded phase  s u r f a c e  g r e a t l y  

r educes  r e t e n t i o n  (and t h e r e f o r e  r ecove ry )  by i n h i b i t i n g  inter-  

a c t i o n  w i t h  t h e  bonded phase  l i g a n d  (C18). 

The p o s s i b l e  c o n t r i b u t i o n  of i on -pa i r  f o r m a t i o n  t o  t h e  

improvement of t h e  r e c o v e r y  obse rved  f o r  p i c l o r a m  canno t  b e  

ignored .  S t rong  a c i d s  can  b e  r e t a i n e d  th roughou t  t h e  u s a b l e  pH 

range  f o r  bonded phase  m a t e r i a l s  (pH2-8) by i o n - p a i r i n g  w i t h  

l i p o p h i l i c  q u a t e r n a r y  ammonium sa l t s .  Complexat ion w i t h  t h e  

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

bonded phase  s u r f a c e )  would i n c r e a s e  t h e  h y d r o p h o b i c i t y  o f  t h e  

p i c lo ram a n i o n  and i n c r e a s e  r e t e n t i o n  on a r eve r sed -phase  a d s o r b e n t .  

I n  o r d e r  t o  p u r s u e  t h i s  problem, t h e  dependence of r e c o v e r y  

upon l o a d i n g  volume w a s  p l o t t e d  f o r  t h e  me thy l  ester o f  p i c l o r a m ,  

- 4 ,  i n  F ig .  4 .  Z w i t t e r i o n  f o r m a t i o n  i s  b locked  i n  t h e  ester and 

i o n - p a i r s  w i t h  TBAHS would n o t  o c c u r .  F i g .  4 d e m o n s t r a t e s  t h e  

improvement i n  r e c o v e r y  of picloram-methyl  ester due  t o  s i l a n o l  

masking. The comparison of F i g s .  1 and 4 canno t  b e  expec ted  t o  

b e  a d d i t i v e ,  because  t h e  me thy l  group n o t  o n l y  b l o c k s  i o n i z a t i o n ,  

b u t  a l s o  c o n t r i b u t e s  i t s  own h y d r o p h o b i c i t y .  The c o n c l u s i o n  

t h e n ,  i s  t h a t  t h e  improvement i n  t h e  r e c o v e r y  of p i c lo ram 

(F ig .  1) is p robab ly  due  t o  a combina t ion  o f  s i l a n o l  masking and 

i o n - p a i r i n g ,  w h i l e  t h e  improvement f o r  t h e  me thy l  ester ( F i g .  4 )  

i s  a t t r i b u t e d  t o  s i l a n o l  masking a l o n e .  

The r e c e n t  r e s u l t s  of Nyagah (17) i n  deve lop ing  a r e c o v e r y  

a n a l y s i s  f o r  t h e  h e r b i c i d e  pyrazon (5-amino-4-chloro-2-phyenyl-3- 

p y r i d i z o n e )  l e n d  f u r t h e r  s u p p o r t  t o  t h e s e  o b s e r v a t i o n s .  The 

r ecove ry  of pyrazon from C 1 8  c a r t r i d g e s  w a s  shown t o  h e  dependent  

upon t h e  c o n c e n t r a t i o n  of N a C l  i n  t h e  sample.  Nyagah found t h a t  

NaCl added t o  water samples  c o n t a i n i n g  pyrazon g r e a t l y  improved 

t h e  r ecove ry  of t h i s  s o l u t e  from SEP-PAK C18 c a r t r i d g e s ,  and 

proposed t h a t  t h e  added sa l t  d e c r e a s e d  t h e  water s o l u b i l i t y  o f  

pyrazon t h e r e b y  i n c r e a s i n g  a d s o r p t i o n  o n t o  t h e  C 1 8  bonded l i g a n d .  

Pa lusova  e t  a l .  (23) have  shown that t h e  a d d i t i o n  of sodium 

c h l o r i d e  t o w a t e r  c o n t a i n i n g  pyrazon i n c r e a s e d  t h e  y i e l d  o f  t h i s  
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FIGURE 4 .  Percent  recovery of picloram-methyl ester as a f u n c t i o n  

of sample loading  volume e i t h e r  w i t h  (.*.) o r  without  (-1 TBAHS. 

h e r b i c i d e  i n  t h e  organic  so lvent  because t h i s  decreased t h e  

s o l u b i l i t y  of t h e  e x t r a c t i n g  s o l v e n t  i n  water. The q u a n t i t a t i v e  

recovery of pyrazon from 500 mL water samples conta in ing  25% 

N a C l  demonstrated by Nyagah (17)  may a c t u a l l y  be another  example 

of s i l a n o l  masking. S a t u r a t i o n  of t h e  s i l a n o l  groups on ODS 

(Octy ldecas i ly l )  s i l i c a  columns by inorganic  sa l t s  added t o  t h e  

e l u e n t  w a s  f i r s t  e s t a b l i s h e d  by Knox and Jurand ( 2 4 ) .  

of a potassium phosphate b u f f e r  t o  a t t e n u a t e  t h e  untoward e f f e c t s  

of t h e  Donnan equi l ibr ium and i o n  exc lus ion  due t o  e lectr ical  

charges  on t h e  bonded phase s u r f a c e  of a n a l y t i c a l  columns has  

been shown (25) .  In t h i s  l a b ,  t h e  mean v a l u e s  f o r  t h e  e x t r a c t i o n  

of 800 mL water samples conta in ing  picloram demonstrated no 

d i f f e r e n c e  by S t u d e n t ' s  t (P>0.20) whether t h e  sample w a s  a c i d i f i e d  

The a b i l i t y  
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t o  pH2 w i t h  H2S04  o r  a c i d i f i e d  w i t h  H3PO4 and N a C l  ( 4 % )  added p r i o r  

t o  e x t r a c t i o n  wi th  d i e t h y l  e t h e r .  Andrews and Good (26)  t e s t e d  t h e  

recovery of p e s t i c i d e s  from v a r i o u s  types  of water samples w i t h  

C18 Bond Elu t  columns and found t h a t  recovery improved f o r  6 of 

t h e  7 compounds examined when d i s t i l l e d  water samples (100 mL) 

were compared t o  water samples c o n t a i n i n g  s a l t  o r  up t o  10% 

methanol. These r e s u l t s  are compatible  w i t h  t h e  argument presented  

h e r e  a s  bo th  methanol (6) and i n o r g a n i c  salts  ( 2 4 )  adsorb  on 

s i l a n o l  sites. 

The i o n i c  s p e c i e s  of picloram i s  n e g a t i v e l y  charged i n  4% 

a c e t i c  a c i d ,  w h i l e  t h e  dimethylamino group of hexazinone, 2, is  

pro tona ted  r e s u l t i n g  i n  a p o s i t i v e  charge,  T h i s  p o s i t i v e  charge  

should e f f e c t  a reduct ion  i n  hexazinone recovery.  However, t h e  

i n c r e a s e  i n  recovery  found f o r  hexazinone upon a d d i t i o n  t o  TBAHS 

(Fig. 5) s u g g e s t s  that  t h e  e f f e c t s  of s i l a n o l  masking outweigh t h e  

expected reduct ion  i n  recovery due t o  l i k e  charge  competi t ion.  

A chromatogram of t h e  f i v e  s o l u t e s  f u r t h e r  emphasizes t h e  

p o s i t i v e  e f f e c t s  of s i l a n o l  masking i n  t h i s  i n s t a n c e .  The ana- 

l y t i c a l  column used i n  t h i s  experiment w a s  end-capped by t h e  

manufacturer ,  t h e r e f o r e  s o l v e n t - a c c e s s i b l e  s i l a n o l  groups are 

minimal. A l t e r a t i o n  i n  t h e  chromatogram of t h e  s o l u t e s  compared 

i n  t h i s  s tudy upon t h e  a d d i t i o n  of TBAHS is  shown i n  F ig .  6. 

Table  1 l i s t s  t h e  s o l u t e  c a p a c i t y  f a c t o r s  f o r  t h e  chromatograms 

i n  Fig. 6, Each k' v a l u e  r e p r e s e n t s  t h e  average  of f o u r  i n j e c t i o n s .  

The chromatograms were recorded u s i n g  t h e  same s o l v e n t  b a t c h ,  h a l f  

of which had been made 10 mM i n  tetrabutylammonium hydrogen 

s u l f a t e .  The c a p a c i t y  f a c t o r s  f o r  benzene, acetophenone, and 

picloram-methyl ester w e r e  each decreased approximately 3% by t h e  

a d d i t i o n  of TBAHS. The r e t e n t i o n  of acetophenone and picloram- 

methyl ester re la t ive t o  benzene, as g iven  by t h e  cl, v a l u e ,  d i d  

not  change however. S ince  t h e s e  t h r e e  d i v e r s e  s o l u t e s  behaved 

s i m i l a r l y ,  t h e r e  appear  t o  be no observable  SiOH i n t e r a c t i o n s  i n  

t h i s  a n a l y t i c a l  column. 

The c a p a c i t y  f a c t o r  of picloram n e a r l y  doubled when TBAHS w a s  

added t o  t h e  e l u e n t  whi le  k' f o r  hexazinone decreased  by about  
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FIGURE 5 .  Percent  recovery of hexazinone as a f u n c t i o n  of  

sample loading  volume e i t h e r  w i t h  ( . . a )  o r  without (-) TBAHS. 

TABLE 1 

Experimental ly  Determined Capaci ty  F a c t o r s ,  k ' ,  on U l t r a s p h e r e  
ODS (1UE747N) 

% = k'Xfk'benzene 

4% Acet ic  A c i d f A c e t o n i t r i l e  ( 7 0 : 3 0 )  

No Added TBAHS TBAHS (10 mM) 

k' - @X k' 2 2 i  
p i c l o r a m  1.13 0. LO 2.03 0.19 

hexaz inone 3.51 0.32 2.77 0.26 

acetophenone 4.42 0.40 4.25 0.40 

picloram- 
methyl  ester 6.88 0.63 6.67 0.63 

benzene 10.93 1.00 10.60 1.00 

- S o l u t e  (x) 
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FIGIJRE 6 .  RPLC e l u t i o n  on U l t r a s p h e r e  ODS (1UE747N) i n  4% a c e t i c  

a c i d / a c e t o n i t r i l e  (70:30) : (A) w i t h o u t  TBA, (B) c o n t a i n i n g  

10 mM TBA. Peaks:  (1) p i c l o r a m ,  ( 2 )  hexaz inone ,  ( 3 )  a c e t o -  

phenone, (4)  picloram-methyl  e s t e r ,  and (5) benzene.  
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TABLE 2 

Summary of Chromatographic R e s u l t s  Produced by Addi t ion  of  TBAHS 
(10 mM). 

S ep-Pa k A n a l y t i c a l  
S o l u t e  Recovery Column Retent ion  

benzene increased  s l i g h t  d e c r e a s e  

acetophenone decreased s l i g h t  d e c r e a s e  

p ic loram increased  i n c r e a s e d  

picloram- 
methyl  ester 

i n c r e a s e d  s l i g h t  d e c r e a s e  

hexaz inone  increased  decreased  

20%. S i n c e  t h e r e  seems t o  be l i t t l e  o r  no i n t e r a c t i o n  

a t t r i b u t a b l e  t o  s i l a n o l  groups i n  t h i s  column, t h e  observed 

i n c r e a s e  f o r  picloram must b e  t h e  r e s u l t  of ion-pa i r  formation 

between picloram and t h e  TBAHS added t o  t h e  mobile  phase. Based 

on t h i s  r e s u l t  and t h o s e  fo r  picloram-methyl ester, i t  appears  t h a t  

t h e  improvement i n  recovery f o r  picloram observed i n  Fig.  1 i s  

due t o  both s i l a n o l  masking and ion-pa i r  formation.  The r e d u c t i o n  

i n  k '  f o r  hexazinone i s  produced by l ike-charge  compet i t ion  

between t h e  hexazinone and TBAHS moie t ies .  Table  2 summarizes t h e  

r e s u l t s  of both t h e  e x t r a c t i o n  column and a n a l y t i c a l  column s t u d i e s .  

CONCLUSIONS 

The h e t e r o g e n i e t y  of c o v a l e n t l y  bonded hydrocarbonaceous 

s t a t i o n a r y  phases  can l e a d  t o  a mixed mechanism of r e t e n t i o n .  The 

p o t e n t i a l  problem o f  r e s i d u a l  s i l a n o l  groups i s  common to  a l l  

hydrocarbonaceous bonded materials whether used as a n a l y t i c a l  

columns or preconcent ra t ion  c a r t r i d g e s .  End-capping appears  t o  

s u c c e s s f u l l y  reduce t h e  number of s o l v e n t - a c c e s s i b l e  s i l a n o l  

groups i n  reversed-phase s o r b e n t s ,  bu t  may n o t  be  economical ly  

f e a s i b l e  f o r  pre-ana lys i s  e x t r a c t i o n  columns. S i l a n o l  masking 

w i t h  l i p o p h i l i c  qua ternary  ammonium i o n s  i s  a v i a b l e  a l t e r n a t i v e .  
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For complicated molecules having a diversity of functional 

groups, the interactions become more complex and masking SiOH 

groups may or may not improve recovery. Ion-pairing techniques, 
already well developed f o r  use in reversed-phase analytical 

columns, can be used to improve extraction efficiency from 

hydrocarbonaceous recovery columns. 
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