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ABSTRACT

A new a n a l y t i c a l  method has been d e v e l o p e d  wh i ch  p r o v i d e s  

r e s e a r c h e r s  w i t h  a n o t h e r  way t o  measure o r t h o p h o s p h a t e  c o n t e n t  

i n  aqueous samp l es .

The r e a c t i o n  gas c h r o m a t o g r a p h i c  sys t em was c a p a b l e  o f  

a n a l y z i n g  o r t h o p h o s p h a t e  i n  t he  range f r o m 0 . 2 5  - 5 . 0  mi c r og r ams  

o f  P i n  50 m i c r o l i t e r s  o f  aqueous sampl e .  Flame i o n i z a t i o n  

p r oved  t o  be t h e  most  s u c c e s s f u l  d e t e c t o r .  The p r i m a r y  ad v an t age  

o f  t h i s  t e c h n i q u e  was t h e  s ma l l  vo l ume o f  sampl e r e q u i r e d .

KEY WORDS: * o r t h o p h o s p h a t e * r e a c t i o n  gas c h r o ma t o g r a p h y
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INTRODUCTION

A l i t e r a t u r e  s e a r c h  i n  t he  Wat er  Resear ch  C a t a l o g ,  V o l . 8 ,  

1973,  l i s t e d  o n l y  e i g h t  r e s e a r c h  p r o j e c t s  i n v o l v e d  i n  a n a l y t i c a l  

method d e v e l o p me n t  f o r  a n i o n s  i n  w a t e r  sys t ems ( 1 - 8 ) .  A l l  

ap p r o ac he s  by t h e s e  i n v e s t i g a t o r s  i n v o l v e d  d e v e l o p i n g  and 

e v a l u a t i n g  e l e c t r o c h e m i c a l  o r  s p e c t r o s c o p i c  me t hod s .  Ther e  was 

no e v i d e n c e  o f  any g r oup  t e s t i n g  c h r o m a t o g r a p h i c  t e c h n i q u e s  

a p p l i e d  t o  aqueous a n i o n  a n a l y s i s .

F i v e  r e p o r t s  ( 9 - 1 3 )  appea r ed  i n  t h e  l i t e r a t u r e  between 1966 

and 1968 d e s c r i b i n g  t h e  s u c c e s s f u l  s y n t h e s i s  o f  a v o l a t i l e  t r i -  

m e t h y l s i l y l  (TMS) d e r i v a t i v e  o f  o r t h o - p h o s p h a t e .  These p r o c e d u r e s  

were used p r i m a r i l y  by b i o c h e m i s t s  a n a l y z i n g  n u c l e o t i d e s  and 

c a r b o h y d r a t e s .  The v o l a t i l e  d e r i v a t i v e  was t hen s e p a r a t e d  f r o m 

t he  r e a c t i o n  m i x t u r e  and q u a n t i t a t i v e l y  d e t e r m i n e d  by gas 

c h r o m a t o g r a p h y .

S i l y l a t i o n  i s  t he  t e r m g i v e n  t o  t h e  p r o c e s s  o f  i n t r o d u c i n g  

t he  t r i m e t h y l  s i l y l  g r o u p ,  - S i - ( CH3 ) 3 , i n t o  a m o l e c u l e .  T h i s  

r e a c t i o n  i n v o l v e s  t h e  s u b s t i t u t i o n  o f  an a c t i v e  hyd r ogen  (H on 

an a l c o h o l ,  a c i d  o r  ami ne)  f o r  t h e  TMS g r o u p .  Rep l acemen t  o f  

t he  a c t i v e  hyd r ogen  by TMS r e duc e s  t h e  p o l a r i t y  and de c r e a s e s  

i n t e r m o l e c u l a r  hyd r ogen  b o n d i n g .  As a r e s u l t ,  t h e  d e r i v a t i v e  i s  

more v o l a t i l e  and amenabl e f o r  a n a l y s i s  by gas ( v a p o r  phase)  

c h r o m a t o g r a p h y .  The o r i g i n a l  compounds can be e a s i l y  r e g e n e r a t e d  

by h y d r o l y s i s  o f  t h e  d e r i v a t i v e s .

B u t t s  ( 14 )  i n  1970 r e p o r t e d  t h e  s y n t h e s i s  o f  v o l a t i l e  TMS 

d e r i v a t i v e s  o f  e i g h t  common an i o n s  and t he  s u b s e q u e n t  gas
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c h r o m a t o g r a p h i c  s e p a r a t i o n  o f  t he  d e r i v a t i v e s .  Wu e t . a l .  ( 15 )  

added s i l i c a t e  t o  t h e  l i s t  o f  a n i o n s  s t u d i e d  by B u t t s .  In t h e  

f o l l o w i n g  y e a r ,  B u t t s  and Ra i ney  ( 1 6 )  p u b l i s h e d  a p a p e r  in 

wh i c h  t h e  ammonium s a l t s  o f  b o r a t e ,  c a r b o n a t e ,  o x a l a t e ,  p h o s p h a t e ,  

s u l f a t e ,  a r s e n i t e ,  p h o s p h i t e ,  v a n a d a t e  and a r s e n a t e  were r e a c t e d  

w i t h  b i s ( t r i m e t h y l s i l y l ) t r i f l u o r o a c e t a m i d e  (BSTFA) u s i n g  d i -  

m e t h y l f o r m a m i d e  as t h e  s o l v e n t .  A f ew m i c r o l i t e r s  o f  t h i s  

r e a c t i o n  m i x t u r e  was i n j e c t e d  i n t o  a gas c h r o m a t o g r a p h ,  s e p a r a t e d  

and d e t e c t e d  w i t h  e i t h e r  t h e  f l a m e  p h o t o m e t r i c  ( f o r  P) o r  t h e  

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

o f  t h e  d e r i v a t i v e s  w i t h  a mass s p e c t r o m e t e r .  Ma t t hews  e t . a l .  ( 1 7 )  

d e v e l o p e d  an a n a l y t i c a l  p r o c e d u r e  f o r  aqueous o r t h o p h o s p h a t e  by 

e x t r a c t i n g  t h e  p h o s p h a t e  i n t o  a nonaqueous s o l v e n t ,  e x c h a n g i n g  

t h e  c a t i o n  f o r  a q u a t e r n a r y  ami n e ,  f o r m i n g  t h e  v o l a t i v e  d e r i v a t i v e  

and i n j e c t i n g  i n t o  a gas c h r o m a t o g r a p h . More d e t a i l e d  d i s c u s s i o n s  

were f ou nd  i n  t h e  d o c t o r a l  d i s s e r t a t i o n s  o f  Mor row ( 18 )  and 

Mat t hews  ( 19 )  o f  work  done w i t h  a n i o n s  o t h e r  t ha n  p h o s p h a t e  bu t  

n o t  p u b l i s h e d  i n  c i r c u l a t e d  j o u r n a l s .  In 1972,  t h i s  a u t h o r  p u b l i s h e d  

a paper  ( 20 )  wh i c h  g r e a t l y  s i m p l i f i e d  t h e  p r o c e d u r e  d e v e l o p e d  by 

Mat t hews  e t . a l . ,  b u t  was no t  c a p a b l e  o f  r e a c h i n g  t h e i r  d e t e c t i o n  

l i m i t s .  The new a p p r o a c h ,  r e a c t i o n  gas c h r o m a t o g r a p h y ,  used t h e  

p r i n c i p l e  o f  p e r f o r m i n g  t h e  s y n t h e s i s  o f  t h e  v o l a t i l e  d e r i v a t i v e  

on t h e  c h r o m a t o g r a p h i c  co l umn.  The t e d i o u s  e x t r a c t i o n  s t e p s  were 

r e p l a c e d  by a r a p i d  v a p o r i z a t i o n  s t e p .  The r e q u i r e d  sampl e s i z e  

was r educed  f r o m 200 m i l l i l i t e r s  t o  50 m i c r o l i t e r s .  The i on  e x ­

change p r o c e d u r e  was e l i m i n a t e d  by s i m p l y  a d d i n g  an e x c e ss o f  an 

ammonium s a l t .  Time and c o s t  pe r  a n a l y s i s  were bo t h  d e c r e a s e d .
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At  t h i s  p o i n t  t h e  TMS d e r i v a t i v e s  o f  t h e  aqueous a n i o n s  had 

been p r e p a r e d .  Two a n a l y t i c a l  p r e c e d u r e s  f o r  o r t h o p h o s p h a t e  had 

been p u b l i s h e d .  The n e x t  l o g i c a l  s t e p  was t o  see i f  one g e n e r a l i z e d  

a n a l y t i c a l  p r o c e d u r e  c o u l d  be d e v e l o p e d  t h a t  wou l d  make i t  p o s s i b l e  

t o  a n a l y z e  i n  one t e s t ,  an aqueous s a mp l e ,  q u a n t i t a t i v e l y  and 

q u a l i t a t i v e l y  f o r  a l l  a n i o n s  p r e s e n t .  Thus ,  t h i s  p r o j e c t .

The o b j e c t i v e s  o f  t h i s  p r o j e c t  were s t a t e d  t o  be:

1. t o  e v a l u a t e  a n a l y t i c a l  d e r i v a t i v e  r e a c t i o n  gas 

c h r o m a t o g r a p h y  as a p o s s i b l e  method f o r  a n a l y z i n g  c a r b o n a t e ,  

o x a l a t e ,  p h o s p h i t e ,  s u l f a t e ,  a r s e n i t e ,  v a n a d a t e ,  a r s e n a t e ,  s u l f i t e ,  

n i t r a t e ,  n i t r i t e  and p y r o - p h o s p h a t e .

2.  t o  d e v e l o p  a n a l y t i c a l  r e a c t i o n  gas c h r o m a t o g r a p h i c  

methods f o r  m i x t u r e s  o f  t h e  i o n s  l i s t e d  above.

3.  t o  compare c o s t ,  ease o f  a n a l y s i s  and p r e c i s i o n  w i t h  

s t a n d a r d  a n a l y t i c a l  t e c h n i q u e s  now a v a i l a b l e .

4.  t o  s t u d y  m a t r i x  e f f e c t s  on t h i s  p r o c e d u r e  due t o  o t h e r  

i o n s ,  m o l e c u l e s  and p a r t i c u l a t e s  p r e s e n t  i n  n a t u r a l  o c c u r r i n g  

w a t e r .

The p l a n  was t o  f i r s t  e v a l u a t e  a p r o c e d u r e  f o r  o r t h o p h o s p h a t e  

u s i n g  a n a l y t i c a l  r e a c t i o n  gas c h r o m a t o g r a p h y  and t h e  f l a me  p h o t o ­

m e t r i c  d e t e c t o r  and t he  f l a m e  i o n i z a t i o n  d e t e c t o r .  N e x t ,  t he  

e l e v e n  a n i o n s  l i s t e d  i n  1 above wou l d  be s t u d i e d  u s i n g  a s i m i l a r  

t e c h n i q u e  as f o r  o r t h o p h o s p h a t e .  D i f f e r e n t  co l umn p a c k i n g s ,  

s i l y l a t i n g  r e a g e n t s  and oven c o n d i t i o n s  wou l d  be s t u d i e d .  F i n a l l y ,  

n a t u r a l  w a t e r  sampl es  wou l d  be a n a l y z e d  by t h i s  t e c h n i q u e  w i t h  

p o s s i b l e  i n t e r f e r e n c e s  be i ng  o b s e r v e d  and e v e n t u a l l y  e l i m i n a t e d .
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PROCEDURES

The i n i t i a l  phase o f  t h i s  s t u d y  was t o  d e s i g n  a r e a c t i o n  

sys t em c o m p a t i b l e  w i t h  a gas c h r o ma t o g r a p h  e q u i pp ed  w i t h  

e i t h e r  f l a m e  p h o t o m e t r i c  (FPD) o r  f l a m e  i o n i z a t i o n  d e t e c t i o n  ( F I D ) .  

Both d e t e c t o r s  are more s e n s i t i v e  t han  t h e  one used by Wiese and 

Hanson ( 20 )  i n  t h e  o r i g i n a l  r e a c t i o n  gas c h r o m a t o g r a p h i c  appr oach  

t o  t h i s  p r o b l e m.  The t h e r ma l  c o n d u c t i v i t y  d e t e c t o r  t h e y  used d i d  

n o t  c h e m i c a l l y  a l t e r  t h e  d e r i v a t i v e  o r  t h e  o t h e r  r e a g e n t s  p r e s e n t  

i n  t h e  m i x t u r e  d u r i n g  t he  d e t e c t i o n  p r o c e s s .  Thus ,  a r e l a t i v e l y  

p r i m i t i v e  r e a c t i o n  p r eco l umn sys t em was d e s i g n e d  and i t  p r oved  

t o  be s u c c e s s f u l .  The f u n d a me n t a l  i dea  be h i nd  t h i s  f i r s t  d e s i g n  

was t o  p r o v i d e  a chamber  where t he  w a t e r  s o l v e n t  c o u l d  q u i c k l y  

be v a p o r i z e d  f r o m t h e  ph os ph a t e  samp l e .  The gas f l o w  i n  t he  

sys t em was r o u t e d  ar ound t h i s  chamber  w h i l e  a s i l y l a t i n g  r e a g e n t  

r e a c t e d  w i t h  t h e  sampl e.  F i n a l l y ,  t h e  m i x t u r e  o f  d e r i v a t i v e ,  

excess  r e a g e n t  and b y - p r o d u c t s  was swept  o n t o  t h e  a n a l y t i c a l  

co l umn and s e p a r a t e d .

To i n c r e a s e  s e n s i t i v i t y ,  a FPD or  FID sys t em had t o  be used.  

The p r o b l e m w i t h  t h e s e  d e t e c t o r s  and t h i s  c he mi c a l  sys t em was 

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

compounds.  T h i s  w h i t e  powder  q u i c k l y  c o a t e d  t h e  d e t e c t o r  e l e c ­

t r o d e s  ( F I D )  o r  f ogged  t h e  window (FPD) t o  t h e  e x t e n t  t h a t  t he  

s e n s i t i v i t y  o f  t h e m e t h o d  went  down w i t h  each run and u l t i m a t e l y  

made t h e  d e t e c t o r  i n o p e r a b l e .

SYSTEM I - F i g u r e  1 shows t h e  f i r s t  sys t em t h a t  was t e s t e d .  I t  

was c o n s t r u c t e d  o f  1 / 8  i n c h  b r ass  and s t a i n l e s s  s t e e l  t u b i n g  i n  

such a way t h a t  t he  r e a c t a n t s  and p r o d u c t s  came i n c o n t a c t  w i t h
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Figure 1 : System I

5



o n l y  t h e  s t a i n l e s s  s t e e l .  The i n j e c t i o n  p o r t  was a Swagel ok t e e .  

V a l v e s  1 and 2 were V a l c o Hi gh T e mp e r a t u r e  4-way v a l v e s  and 3 and 

4 were Wh i t e y  t o g g l e - o p e r a t e d  f o r g e d - b o d y  v a l v e s .  The e n t i r e  

sys t em was mounted i n  a c o n t a i n e r  l i n e d  w i t h  a s b e s t o s .  H e a t i n g  

t a p e  o r i g i n a l l y  was used t o  hea t  t he  t r a n s f e r  l i n e s  between t he  

i n j e c t i o n  p o r t  and gas c h r o m a t o g r a p h .  L a t e r  n i c h r o me  w i r e  was 

wrapped o v e r  t h e  t u b i n g ,  now i n s u l a t e d  w i t h  a s b e s t o s  p a p e r ,  and 

t e m p e r a t u r e  c o n t r o l l e d  w i t h  a V a r i a c  v o l t a g e  r e g u l a t o r .

Wi t h  t h e  v a l v e s  s e t  so n i t r o g e n  c a r r i e r  gas passed t h r o u g h  

v a l v e  3,  t h r o u g h  t h e  r e a c t i o n  l o o p  on v a l v e  1 and t hen  t o  t h e  v e n t  

p o r t  on v a l v e  2,  50 m i c r o l i t e r s  o f  t h e  aqueous a n i o n  sample was 

i n t r o d u c e d  t h r o u g h  t he  i n j e c t i o n  p o r t  w i t h  a H a m i l t o n  S y r i n g e .

At  t he  t e m p e r a t u r e  o f  t h e  l o o p ,  120°C,  w a t e r  v a p o r i z e d  and was 

v e n t e d  t o  t h e  a t mos ph e r e .  The r e s i d u e  r e m a i n i n g  was t h e  ammonium 

s a l t  o f  t h e  a n i o n  and excess  ammonium c h l o r i d e .  Va l v e  1 was t hen 

s e t  so t he  gas f l o w e d  d i r e c t l y  f r om v a l v e  1 t o  v a l v e  2,  hus 

i s o l a t i n g  t he  r e a c t i o n  l o o p .  A p p r o x i m a t e l y  1 m i c r o l i t e r  o f  s i l y -  

l a t i n g  r e a g e n t ,  u s u a l l y  BSTFA, was i n j e c t e d  o v e r  t he  d e p o s i t e d  

r e s i d u e  and a l l o w e d  t o  r e a c t  f o r  f i v e  m i n u t e s .  Va l ve  2 was t u r n e d  

so t h e  gas f l o w  woul d e n t e r  t h e  gas c h r o m a t o g r a p h .  Then v a l v e  1 

was r o t a t e d  so t he  d e r i v a t i v e  and excess  s i l y l a t i n g  r e a g e n t  wou l d  

go t o  v a l v e  2 and t hen  t o  t h e  c h r o m a t o g r a p h .

The c h r o ma t o g r a p h i c  c o l umn was o p e r a t e d  i n  t h e  t e m p e r a t u r e  

p r ogr am mode u s i n g  t h e  f l a m e  i o n i z a t i o n  d e t e c t o r .  Three d i f f e r e n t  

co l umns were used t o  s e p a r a t e  t he  d e r i v a t i v e  f r om t he  o t h e r  r e a g e n t s .  

The f i r s t  was 6 f e e t  by 1 / 8  i n c h  o ut s i d e  d i a m e t e r  ( o . d . )  s t a i n l e s s  

s t e e l  packed w i t h  3% SF-96 i n  60 / 80  mesh Chromosorb W. The second 

was a 6 f e e t  by 1 / 4  i n c h  o . d .  g l a s s  column packed w i t h  3.8% UCW-98
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c o a t e d  on 6 0 / 8 0  Chromosorb W. F i n a l l y ,  a 6 f e e t  by 1 / 4  i n c h  o . d .  

g l a s s  col umn c o a t e d  w i t h  3% OV-1 on 60/ 80 mesh Chromosorb W was t e s t e d .

A d e r i v a t i v e  o f  o r t h o p h o s p h a t e  f o r m e d ,  b u t  n o t  q u a n t i t a t i v e l y  

un de r  t h e  c o n d i t i o n s  d e s c r i b e d .  Some o f  t h e  sampl e  p a r t i c l e s  

were p r o b a b l y  swept  down t h e  t u b e  d u r i n g  t h e  v a p o r i z a t i o n  s t e p  

and o n l y  a r e l a t i v e l y  s ma l l  excess  o f  s i l y l a t i n g  r e a g e n t  was 

p r e s e n t .  The d e r i v a t i v e  peak un de r  t h e  c o n d i t i o n s  s p e c i f i e d  was 

on t he  s h o u l d e r  o f  t h e  peak f r o m excess  s i l y l a t i n g  r e a g e n t .

L a r g e r  q u a n t i t i e s  o f  s i l y l a t i n g  r e a g e n t  c o m p l e t e l y  o b s c u r e d  t he  

d e r i v a t i v e  peak.  S u l f a t e  f o r med  a compl ex  m i x t u r e  o f  d e r i v a t i v e  

and d e c o m p o s i t i o n  p r o d u c t s .  The l a r g e  dead vo l ume o f  t he  sys t em 

made d e r i v a t i v e  peaks t h a t  were b r o a d e r  t ha n  o b s e r v e d  i f  t he  

d e r i v a t i v e  was i n j e c t e d  d i r e c t l y  i n t o  t h e  c h r o m a t o g r a p h .  T h i s  

p r o b l e m was p r e s e n t  i n  a l l  sys t ems and t h u s  made t h e  s e p a r a t i o n  

more d i f f i c u l t .

SYSTEM I I  - F i g u r e  2 shows t h e  second s y s t e m.  I t  was c o n s t r u c t e d  

so t h a t  t h e  d e r i v a t i v e  was p r e p a r e d  and moved t o  t h e  c h r o m a t o g r a p h  

i n  g l a s s  t u b i n g .  T h i s  was done i n  hopes o f  m i n i m i z i n g  t h e  de ­

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

chamber ,  12 c e n t i m e t e r s  l o n g ,  was packed w i t h  p a r t i c l e s  o f  6 0 / 80  

mesh Chromosorb W c o a t e d  w i t h  10% 0V- 17 .  The p a c k i n g  wou l d  de c r e a s e  

t he  dead v o l u me ,  p h y s i c a l l y  p r e v e n t  any sampl e p a r t i c l e s  f r o m 

be i n g  swept  away and p r o v i d e  a l i q u i d  s o l v e n t  sys t em t h a t  wou l d  

p o s s i b l y  d i s s o l v e  t h e  r e a c t a n t s .  The e n t i r e  sys t em was mounted 

on a me t a l  r a c k  and t h e  t e m p e r a t u r e  c o n t r o l l e d  w i t h  n i c h r o me  w i r e  

wrapped a r oun d  t h e  t u b i n g .

The sampl e was i n j e c t e d  i n t o  t h e  sy s t em w i t h  t h e  v a l v e s ,  t h e  

same as d e s c r i b e d  i n  System I ,  s e t  so gas f l o w e d  f r o m v a l v e  4,
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t h r o u g h  1 and 2 ,  and t he n  t o  t h e  v e n t  i n  v a l v e  3.  A f t e r  t h e  

w a t e r  had been r emoved ,  t h e  f l o w  t h r o u g h  v a l v e  4 ,  was s en t  d i r e c t l y  

t o  v a l v e  3 and t o  t h e  c h r o m a t o g r a p h .  V a l v e s  1 and 2 were c l o s e d .  

The r e a c t i o n  chamber  was now i s o l a t e d  f r o m t h e  s y s t em and c a r r i e r  

gas was f l o w i n g  t h r o u g h  t h e  gas c h r o m a t o g r a p h  and s t a b i l i z i n g  t h e  

f l a m e  d e t e c t o r .  S i l y l a t i n g  r e a g e n t  was i n j e c t e d  i n t o  t h e  r e a c t i o n  

p o r t i o n  o f  t h e  s ys t em and a l l o w e d  t o  r e a c t .  D e r i v a t i v e  and excess  

r e a g e n t  were swept  o n t o  t h e  a n a l y t i c a l  co l umn when v a l v e s  1 and 

2 were opened.  Two c o l u m n s ,  one a 6 f e e t  by 1 / 4  i n c h  o . d .  g l a s s  

3% 0 V-1 on 6 0 / 8 0  mesh Chr omosor b  W and t h e  o t h e r  o f  i d e n t i c a l  

d i m e n s i o n s ,  bu t  packed w i t h  10% 0 V - 1 7 ,  were used .  The c o n d i t i o n s  

o f  t h e  c h r o m a t o g r a p h  were s i m i l a r  t o  t h o s e  d e s c r i b e d  f o r  System I 

e x c e p t  an 8 m i n u t e  p o s t  i n j e c t i o n  h o l d  was used b e f o r e  t he  

t e m p e r a t u r e  o f  t h e  co l umn was i n c r e a s e d .  A t e m p e r a t u r e  was 

f o u n d  where t h e  o r t h o p h o s p h a t e  d e r i v a t i v e  wou l d  n o t  move t h r o u g h  

t h e  c o l u mn ,  b u t  ex c e s s  s i l y l a t i n g  r e a g e n t  (BSTFA) w o u l d .  T h i s  

wou l d  s e p a r a t e  most  o f  t h e  BSTFA f r o m  t h e  d e r i v a t i v e ,  h o p e f u l l y  

r e mo v i n g  t h e  peak f r o m  t h e  s h o u l d e r .

R e s u l t s  o b t a i n e d  f r o m  System I I  were much b e t t e r  t h a n  t h o s e  

f r o m System I .  By u s i n g  t h e  8 m i n u t e  p o s t - i n j e c t i o n  h o l d ,  most  

o f  t h e  excess  BSTFA was s e p a r a t e d  f r o m t h e  d e r i v a t i v e .  L o nge r  

hold t i m e s  made t h e  s e p a r a t i o n  b e t t e r ,  b u t  t h e  t i m e  p e r  a n a l y s i s  

was g e t t i n g  t o o  l o n g  and t h e  d e r i v a t i v e  peaks were becomi ng t o o  

b r o a d .  The d e r i v a t i v e  peak f r o m o r t h o p h o s p h a t e  s t i l l  appea r ed  

on t h e  s h o u l d e r  o f  t h e  excess  r e a g e n t .

R e p r o d u c i b l e  q u a n t i t a t i v e  r e s u l t s  were o b t a i n e d  w i t h  o r t h o ­

p h o s p h a t e  i n  t h e  c o n c e n t r a t i o n  r ange  o f  1 t o  100 p a r t s  p e r  m i l l i o n
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as P when 50 m i c r o l i t e r s  o f  aqueous sample were r e a c t e d  w i t h  1 

m i c r o l i t e r  o f  BSTFA. However ,  t h e  sys t em was n o t  w o r t h y  o f  

e v a l u a t i o n  as an a n a l y t i c a l  method because o f  p r ob l e ms  i n t r o ­

duced by u s i n g  t h e  g l a s s  t u b i n g .  S l i g h t  movement  i n  t he  system 

caused t h e  g l a s s  t u b i n g - s t a i n l e s s  s t e e l  f i t t i n g  c o n n e c t i o n s  t o  

c r a c k  and l e a k .  A l s o ,  excess  ammonium c h l o r i d e  and o t h e r  d e ­

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

The t i m e  r e q u i r e d  t o  c l e a n  and r e p a i r  t h e  sys t em c o u l d  n o t  be 

j u s t i f i e d  f o r  t h e  q u a n t i t y  o f  sampl es a n a l y z e d .

SYSTEM I I I  - F i g u r e  3 shows t h e  t h i r d  g e n e r a t i o n .  I t  i s  o f  

much s i m p l e r  d e s i g n  and p r o v i d e s  b e t t e r  t e m p e r a t u r e  c o n t r o l  i n 

t h e  r e a c t i o n  chamber .

A second i n j e c t i o n  p o r t  was pu r c ha s ed  and m o d i f i e d  t o  

s e r v e  as t h e  r e a c t i o n  chamber .  Gl ass  i n s e r t s ,  packed w i t h  e i t h e r  

20% 0V-1 o r  10% 0V-1 on 6 0 / 8 0  mesh Chromosorb W, were pu t  i n t o  

t h i s  second i n j e c t i o n  p o r t  and s e r v ed  as t h e  r e a c t i o n  chamber .

The r e s t  o f  t h e  pa t h  t o  t he  gas c h r o ma t o g r a p h  was s t a i n l e s s  s t e e l  

hea t ed  w i t h  n i c h r o me  w i r e .  Th i s  d e s i g n  e l i m i n a t e d  t h e  g l ass -  

s t a i n l e s s  s t e e l  c o n n e c t i o n s  t h a t  b r oke  so f r e q u e n t l y  i n  System 

I I  and y e t  k ep t  a g l a s s  s u r f a c e  where most  needed - a t  t h e  p o i n t  

o f  v a p o r i z a t i o n .  These i n s e r t s  c o u l d  be changed i n  t h i r t y  seconds 

and t h e  two ma j o r  o b j e c t i o n s  t o  System I I  were overcome.  A l l  o t h e r  

o p e r a t i n g  c o n d i t i o n s  r ema i ned  t h e  same as i n  t he  two p r e v i o u s  

s y s t e m s .

Aqueous sampl es were i n j e c t e d  i n t o  t he  i n j e c t i o n  p o r t  a t  1100 C 

and t he  gas f l o w  such t h a t  n i t r o g e n  f r om v a l v e  1 f l u s h e d  t he  w a t e r  

v ap o r  f r om t h e  p o r t ,  back t h r o u g h  v a l v e  1 and t o  t he  v e n t  i n  v a l v e  2.
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Du r i n g  t h e  d e r i v a t i v e  f o r m a t i o n  s t e p ,  gas was r o u t e d  d i r e c t l y  f r om 

v a l v e  1 t o  v a l v e  2. The sampl e m i x t u r e  was moved t o  t h e  gas 

c h r o ma t o g r a p h  by s e t t i n g  v a l v e  1 back t o  i t s  o r i g i n a l  p o s i t i o n .

An e i g h t  m i n u t e  p o s t - i n j e c t i o n  ho l d  was used and t hen t he  column 

t e m p e r a t u r e  i n c r e a s e d .  10% 0 V-17 on 6 0 / 80  mesh Chromosorb W i n  

a 6 f e e t  by 1 / 4  i n c h  o . d .  g l a s s  t ube  s e r v e d  as t h e  a n a l y t i c a l  

co l umn.

Two new p r ob l ems  a r ose  w i t h  t h i s  d e s i g n .  Not  a l l  t h e  phospha t e  

was c o n v e r t e d  t o  t h e  d e r i v a t i v e  d u r i n g  t h e  s y n t h e s i s  s t e p .  Doi ng 

t he  p r o c e d u r e  a g a i n ,  bu t  l e a v i n g  o u t  t h e  sample i n j e c t i o n  s t e p ,  

gave a r esponse  t h a t  i n d i c a t e d  some sample was s t i l l  i n  t he  sys t em 

f r o m t he  p r e v i o u s  r un .  Th i s  memory c o u l d  n o t  be e n t i r e l y  e l i m i n a t e d .  

However ,  i t  was m i n i m i z e d  when t h e  g l a s s  i n s e r t  was packed w i t h  

s i l y l a t e d  g l a s s  wool  i n s t e a d  o f  Chromosorb W. Second,  a p r ob l em 

o f  d e t e c t o r  s e n s i t i v i t y  d e v e l o p e d  f o r  t h e  f i r s t  t i m e .  S u c c e s s i v e  

i n j e c t i o n s  o f  t h e  same sample o f  t h e  ph os ph a t e  d e r i v a t i v e  p r e p a r e d  

on t h e  bench gave s m a l l e r  s i g n a l s ,  s u g g e s t i n g  t he  s i l i c o n  o x i d e  

c o a t i n g  on t h e  e l e c t r o d e s  was ch a n g i n g  t he  d e t e c t o r  c h a r a c t e r i s t i c s .  

SYSTEM IV - I t  was d e c i d e d  a t  t h i s  p o i n t  t h a t  some p r i o r  s e p a r a t i o n  

o f  excess  s i l y l a t i n g  r e a g e n t  had t o  be a c c o m p l i s h e d .  Sys tem I I I  

was m o d i f i e d  s l i g h t l y  by p u t t i n g  a 6 i n c h  by 1 / 4  i n c h  o . c .  g l a s s  

t u b e  between v a l v e  1 and 2.  Th i s  t ube  was packed w i t h  v a r i o u s  

column p a c k i n g s .  Te mp e r a t u r e  was c o n t r o l l e d  w i t h  a V a r i a c  and 

n i c h r ome  w i r e  wrapped ar ound t h e  co l umn.  An a d d i t i o n a l  s t e p  i n  

t he  p r o c e d u r e  was added so excess  s i l y l a t i n g  r e a g e n t  wou l d pass 

t h r o u g h  t h e  t ub e  w h i l e  t h e  d e r i v a t i v e  r ema i ned  condensed i n  t he  

l i q u i d  phase o f  t h e  c o a t i n g .  As t h e  m i x t u r e  was swept  f r om v a l v e  1
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t o  v a l v e  2 ,  t h e  more v o l a t i l e  BSTFA wou l d  move t o  v a l v e  2 wh i c h  

was s e t  i n  t h e  v e n t  p o s i t i o n .  The col umn wou l d  t hen  be warmed,  

mov i ng t h e  d e r i v a t i v e  on t o  v a l v e  2 now s e t  so t h e  gas wou l d  

e n t e r  t h e  gas c h r o m a t o g r a p h .  The a n a l y t i c a l  co l umn wou l d  t hen  

have t o  s e p a r a t e  o n l y  r e s i d u a l  s i l y l a t i n g  r e a g e n t  f r o m t h e  

d e r i v a t i v e .

A second change i n  t h e  p r o c e d u r e  was t o  use t h e  f l a m e  p h o t o ­

m e t r i c  d e t e c t o r .  T h i s  d e t e c t o r  wou l d  r espond  o n l y  t o  t h e  p h o s ­

p h o r o u s - c o n t a i n i n g  d e r i v a t i v e  and n o t  t o  t h e  BSTFA.

B u r n i n g  s i l i c o n - c o n t a i n i n g  compounds i n  the FPD gave t he  same 

p r o b l e m as t h e  FID w i t h  r e s p e c t  t o  l o s s  o f  d e t e c t o r  s e n s i t i v i t y .

The s i l i c o n  o x i d e  c o a t e d  t h e  wi ndows t o  t h e  p h o t o m u l t i p l i e r  t u b e .  

Re s i d u a l  p h o s p h o r o u s - c o n t a i n i n g  compounds condensed i n  t he  d e t e c t o r  

and gave a l a r g e  b a c k g r o und  s i g n a l  so t h a t  f r e q u e n t  c l e a n i n g  was 

n e c e s s a r y .  R e p l i c a t e  a n a l y s e s  gave i r r e p r o d u c i b l e  peak a r e a s .

In a d d i t i o n  t o  t he  d e t e c t o r  c h a n g i n g  s e n s i t i v i t y ,  some o f  t he  

d e r i v a t i v e  was v e n t i n g  w i t h  t h e  excess  s i l y l a t i n g  r e a g e n t .  

Te mp e r a t u r e  c o n t r o l  o f  t h e  c o n d e n s i n g  col umn was v e r y  c r i t i c a l .

A t e m p e r a t u r e ,  wh i c h  on one day wou l d  h o l d  t h e  d e r i v a t i v e  ba c k ,  

wou l d  a l l o w  i t  t o  pass on a n o t h e r  day .  T h i s  change i n  t he  

c h a r a c t e r i s t i c s  was p r o b a b l y  due t o  s l i g h t  b l e e d  o f  t h e  l i q u i d  

phase ,  t h u s  r e q u i r i n g  a d i f f e r e n t  t e m p e r a t u r e  t o  a c c o m p l i s h  t h e  

d e s i r e d  e f f e c t .

Thr ee  o t h e r  systems were b u i l t  and t e s t e d  t h a t  showed no 

p r o m i s e .  The b a s i c  i de a  b e h i n d  a l l  t h r e e  was t o ,  as n e a r l y  as 

p o s s i b l e ,  c r e a t e  c o n d i t i o n s  i n  t h e  c h r o m a t o g r a p h i c  sys t em s i m i l a r  

t o  t h o s e  when t h e  r e a c t i o n  was run i n  a v i a l  on t h e  bench.
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SYSTEM V - F i g u r e  4 shows t he  sys t em t h a t  was d e v e l o p e d  and pr oved 

t o  be s u c c e s s f u l .  F i g u r e  5 i s  a t y p i c a l  c h r oma t og r am f r om t h a t  

sys t em and F i g u r e  6 shows a c a l i b r a t i o n  c u r v e  f o r  o r t h o p h o s p h a t e .  

D e t a i l s  o f  t h e  s u c c e s s f u l  method ar e  g i v e n  be l ow.

A H e w l e t t - P a c k a r d  5750 gas c h r o ma t o g r a p h  was equ i pp ed  w i t h  

dua l  f l a m e  i o n i z a t i o n  d e t e c t o r s .  The a n a l y t i c a l  col umn was 6 f o o t ,  

1 / 4  i n c h  g l a s s  packed w i t h  5% 0V-225 on 6 0 / 8 0  mesh Chromosorb W, 

DMCS t r e a t e d  and a c i d  washed.  The f l a m e  d e t e c t o r  was o p e r a t e d  

a t  250°C,  t h e  i n j e c t i o n  p o r t  a t  150°C and t h e  column a t  135°C.  

N i t r o g e n  c a r r i e r  gas f l o w  was 60 m i l l i l i t e r s  per  m i n u t e  a t  50 p s i .  

The p r ec o l u mn  was t h e  c o m m e r c i a l l y  a v a i l a b l e  P y r o l y s i s  Samp l i ng  

System f r om H a m i l t o n  Company.  T h i s  a c c e s s o r y ,  t hough  d e s i g n e d  

as a p y r o l y s i s  a t t a c h m e n t ,  was e a s i l y  adap t ed  f o r  t h e  r e a c t i v e  

p a r t  o f  t h e  sys t em.  The c o n t r o l l e d  t e m p e r a t u r e  zone n e a r e s t  t he  

op e n i n g  o f  t h e  p r o c e s s  t u b e ,  t he  f u r n a c e ,  ar ea 2 i n  F i g u r e  4,  was 

n o t  packed.  The oven zone ,  a r ea  1 i n  F i g u r e  4,  c l o s e r  t o  t he  

heat ed l i n e  and downs t r eam o f  t he  f i r s t  zone,  was packed w i t h  

t h e  same m a t e r i a l  as t he  a n a l y t i c a l  co l umn.  A hea t ed  t r a n s f e r  

l i n e ,  marked 6 i n  F i g u r e  4,  c o n n e c t e d  t h i s  assemb l y  f r om t he  oven 

l i n e  t o  t h e  i n j e c t i o n  p o r t  o f  t he  gas c h r o ma t o g r a p h .

Phospha t e  s t a n d a r d s  were p r epa r ed  f r om ammonium monohydrogen 

ph os ph a t e  o r  f r om sod i um p h o s p h a t e .  N , 0 - b i s ( t r i m e t h y l s i l y ) -  

t r i f l u o r o a c e t a m i d e  w i t h  1% t r i m e t h y l  c h i o r o s i l ane was o b t a i n e d  f r om 

Regi s  Ch e mi c a l .

A g l a s s  t u b e ,  3 m i l l i m e t e r s  o . d .  and 80 m i l l i m e t e r s  l o n g ,  

was used t o  i n t r o d u c e  t h e  samp l e ,  i n  t he  ammonium o r  a c i d  f o r m,  

i n t o  t h e  p r eco l umn r e a c t i o n  sys t em.  The t ube was p r e p a r e d  by 

r i n s i n g  w i t h  1 :3 n i t r i c  a c i d ,  d i s t i l l e d  w a t e r ,  and t hen  s i l y l a t e d .
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Figure 4: System V
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Figure 5: Typical Chromatogram



Figure 6: Ca l ib ra t ion  Curve
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A p l u g  o f  s i l y l a t e d  g l a s s  wool  was pu t  i n  bo t h  ends ,  l e a v i n g  t he 

c e n t e r  p o r t i o n  empt y .  F i v e  m i c r o l i t e r s  o f  t h e  sampl e were d e ­

p o s i t e d  on t h e  w a l l  i n s i d e  t h e  t ube  w i t h  a H a m i l t o n  s y r i n g e .

The t ub e  was t hen  p l a c e d  i n  a vacuum oven a t  98°C and t he  p r e s s u r e  

reduced  24 p s i .  Wat er  f r o m t h e  sample v a p o r i z e d  i n  abou 3 

m i n u t e s .  E i g h t y  m i c r o l i t e r s  o f  BSTFA-1%TMCS were added t o  t he  

t u b e ,  now a t  room t e m p e r a t u r e ,  so t h a t  t h e  d e p o s i t e d  sample was 

c o v e r e d  w i t h  r e a g e n t .  The t ube was pu t  i n t o  t he  l a r g e r  p r oc es s  

t ub e  o f  t h e  P y r o l y s i s  Samp l i ng  System t h r o u g h  t he  p o r t ,  4 i n  

F i g u r e  4,  and moved i n t o  t he  f u r n a c e  zone,  2,  a t  80°C.  Re a c t i o n  

a t  t h i s  t e m p e r a t u r e  o c c u r r e d  f o r  15 m i n u t e s .  The t e m p e r a t u r e  

was n e x t  i n c r e a s e d  t o  140°C f o r  5 m i n u t e s .  A l l  o f  t h i s  was done 

w i t h  t h e  c a r r i e r  gas f l o w  o f f .  C a r r i e r  gas was t hen swept  t h r o u g h  

t h e  sma l l  s y s t e m,  and t he  ph ospha t e  d e r i v a t i v e  condensed on t he  

p a c k i n g  i n  t he  oven a r e a ,  1,  a t  45°C,  w h i l e  excess  BSTFA-1%TMCS 

and some r e a c t i o n  b y - p r o d u c t s  passed t h r o u g h  t h e  oven and heat ed 

t r a n s f e r  l i n e ,  6,  and were ven t ed  t o  t he  a t mos ph e r e .  The v e n t i n g  

s t e p  r e q u i r e d  10 m i n u t e s .  Du r i n g  t h i s  t i m e ,  t h e  t u b i n g  ups t r eam 

o f  t he  f u r n a c e ,  a r ea  3 i n  F i g u r e  4,  was hea t ed  f o r  3 m i n u t e s  w i t h  

a h o t  a i r  gun t o  remove any condensed s i l y l compounds.  C a r r i e r  

gas f l o w  was s t op pe d  and t h e  oven t e m p e r a t u r e  i n c r e a s e d  t o  140°C.  

The hea t ed  t r a n s f e r  l i n e ,  a t  150°C,  was i n j e c t e d  i n t o  t he  i n j e c t i o n  

p o r t  o f  t h e  c h r o ma t o g r a p h  and t he c a r r i e r  gas f l o w  ag a i n  resumed.  

The d e r i v a t i v e  was t hus  i n t r o d u c e d  i n t o  t h e  a n a l y t i c a l  col umn 

f o r  s e p a r a t i o n  f r o m r e s i d u a l  s i l y l a t i n g  r e a g e n t  and r e a c t i o n  

b y - p r o d u c t s .  In t h r e e  m i n u t e s  t he  d e r i v a t i v e  h i t  t he  d e t e c t o r .

I f  t he  sampl e was no t  i n  t h e  ammonium o r  hyd r ogen  f o r m ,  a 45
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mo l a r  excess  o f  ammonium c h l o r i d e  o r  h y d r o c h l o r i c  a c i d  was added 

t o  t h e  sample p r i o r  t o  t he  s t a r t  o f  t h e  a n a l y s i s .

F i g u r e  5 shows t h e  f o r m i n  wh i ch  t h e  d a t a  was c o l l e c t e d .

The r a t i o  o f  t he  o r t h o p h o s p h a t e  d e r i v a t i v e  p e a k ,  4 ,  t o  t h e  s t a n d a r d  

2 - o c t a n o l  peak ,  2,  was t a k e n  as t he  r e s p o n s e  f o r  t he  p h o s p h a t e .

Peak 1 was s o l v e n t  f o r  t he  2 - o c t a n o l  and peak 3 excess  s i l y l a t i n g  

r e a g e n t .
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RESULTS AND DISCUSSION

The o n - c o l u mn  s i l y l a t i o n  p r o c e s s  had been s t u d i e d  by s e v e r a l  

a u t h o r s  p r i o r  t o  t h i s  s t u d y .  E s p o s i t o  ( 2 1 )  showed t h a t  by u s i n g  

an o n - c o l u mn  s y n t h e s i s  t e c h n i q u e ,  i t  was p o s s i b l e  t o  s i l y l a t e  

compounds d i s s o l v e d  i n  a r e a c t i v e  s o l v e n t  such as w a t e r .  He 

used sampl e c o n c e n t r a t i o n s  i n  t he  one t o  t en  p e r c e n t  r ange  and 

d i d  n o t  comment  on w h e t h e r  t h e  c o n v e r s i o n  was q u a n t i t a t i v e .

Mor row ( 1 8 )  c o n s t r u c t e d  a p r ec o l u mn  assembl y  where s o l v e n t  v a p o r  

was pur ged  t o  t he  a t mospher e  p r i o r  t o  s i l y l a t i o n .  A l l  v o l a t i l e  

r e a c t i o n  p r o d u c t s  were swept  o n t o  t h e  col umn and a n a l y z e d .  Con­

v e r s i o n  t o  t h e  o r t h o p h o s p h a t e  d e r i v a t i v e  was l e s s  t ha n  f i f t y  

p e r c e n t  w i t h  a 48 m i c r o g r a m samp l e .  Mat t hews ( 19 )  was a b l e  t o  

l o w e r  t h e  d e t e c t i o n  l i m i t  on o r t h o p h o s p h a t e  t o  1 m i c r o g r a m ,  bu t  

was u n a b l e  t o  r e p r o d u c e  peak a r e a s .  The peaks were p o o r l y  shaped 

w i t h  s e r i o u s  t a i l i n g .  Wiese and Hanson ( 11 )  q u a n t i t a t i v e l y  

s i l y l a t e d  o r t h o p h o s p h a t e  i n  a p r eco l umn i n  t h e  10-100 m i c r o g r a m 

r a n g e .

The t e c h n i q u e  d e v e l o p e d  i n  t h i s  s t u d y  was used t o  q u a n t i ­

t a t i v e l y  a n a l y z e  aqueous o r t h o p h o s p h a t e  i n  t h e  0 . 2 5  t o  5 . 0  m i c r o ­

gram range u s i n g  a p r eco l umn r e a c t i o n  s y s t em.  D e r i v a t i v e  peaks 

were v e r y  s ha r p  w i t h  l i t t l e  t a i l i n g .  The f a c t o r s  c o n t r i b u t i n g  

t o  i r r e p r o d u c i b i l i t y  were l o c a t e d  and c o n t r o l l e d .

Q u a n t i t a t i v e  c o n v e r s i o n  t o  t h e v o l a t i l e  d e r i v a t i v e  was 

a c c o m p l i s h e d  when t h e  sampl e was m xed w i t h  a l a r g e  excess  o f  

s i l y l a t i n g  r e a g e n t  and r e a c t e d  near  t he  l a t t e r ' s  v a p o r i z a t i o n  

t e m p e r a t u r e .  E x p e r i me n t s  where i n j e c t i o n s  o f  sampl e and s i l y l a t i n g  

r e a g e n t  were p u t  d i r e c t l y  on t h e  a n a l y t i c a l  col umn above t he
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v a p o r i z a t i o n  t e m p e r a t u r e  o f  t h e  s i l y l a t i n g  r e a g e n t  gave i r r e p r o -  

d u c i b l e  and n o n q u a n t i t a t i v e  c o n v e r s i o n  t o  t h e  d e r i v a t i v e .  T h i s  

c o n f i r m s  E s p o s i t o ' s  ( 21 )  d a t a  t h a t  t he  r e a c t i o n  i s  more q u a n t i ­

t a t i v e  i n  t h e  condensed phase.  Hi s  r e s u l t s  showed t h a t  t h e  

r e a c t i o n  gave h i g h e r  y i e l d s  i f  the l i q u i d  phase l o a d  on t h e  col umn 

was h i g h e r ,  t h u s  d i s s o l v i n g  more s i l y l a t i n g  r e a g e n t .  He i n t e r ­

p r e t e d  t h i s  t o  mean t he  r e a c t i o n  o c c u r r e d  i n  the l i q u i d  phase o f  

t h e  c o a t i n g .  In t he  t e c h n i q u e  p r e s e n t e d  i n  t h i s  r e p o r t ,  no 

l i q u i d  c o a t i n g  was r e q u i r e d  t o  d i s s o l v e  bo t h  sampl e  and r e a g e n t .

The r e a g e n t ,  k e p t  n e a r  i t s  v a p o r i z a t i o n  t e m p e r a t u r e ,  d i s s o l v e d  

t he  sampl e and a l l o w e d  t he  r e a c t i o n  t o  o c c u r .

D e t e c t o r  s e n s i t i v i t y  c o n t i n u e d  t o  change even t h o ug h  o n l y  

v e r y  l i t t l e  o f  t he  s i l i c o n - c o n t a i n i n g  compounds was a c t u a l l y  burned 

Thus ,  p r i o r  t o  i n t r o d u c i n g  t h e  d e r i v a t i v e  i n t o  t h e  a n a l y t i c a l  

co l u mn ,  5 m i c r o l i t e r s  o f  Freon 113 were i n j e c t e d  i n t o  t h e  gas 

c h r o m a t o g r a p h ,  f o l l o w e d  by 1 m i c r o l i t e r  o f  1 p e r c e n t  2 - o c t a n o l  

i n  a c e t o n e .  The r e s p o n s e  t o  t he  2 - o c t a n o l  was t a k e n  as a r e f e r e n c e  

and t he  r a t i o  o f  t h i s  r e s p o n s e  t o  t h a t  o f  t h e  d e r i v a t i v e  c a l c u l a t e d

I n t r o d u c i n g  t h e  p h o s p h a t e  and s i l y l a t i n g  r e a g e n t  i n t o  t h e  gas 

c h r o m a t o g r a p h i c  sys t em i n  t h e  3 by 80 m i l l i m e t e r  g l a s s  t u o e s  p r oved  

t o  be f a r  s u p e r i o r  t han  i n j e c t i n g  t h e  aqueous sampl e and s i l y l a t i n g  

r e a g e n t  t h r o u g h  a septum o n t o  a p a c k i n g .  The r e  was no b u i l d u p  o f  

excess  ammonium c h l o r i d e  i n  t h e  r e a c t i o n  chamber  s i n c e  i t  was r e ­

moved a f t e r  each r u n .  A l s o ,  t h e r e  was no b u i l d u p  o f  decomposed 

m a t e r i a l  t h a t  f o r ms  when s i l y l a t e d  compounds v a p o r i z e .  T h i s  method 

p r o v i d e d  more i n t i m a t e  c o n t a c t  f o r  t h e  s o l i d  sampl e t o  r e a c t  w i t h  

t h e  l i q u i d  r e a g e n t .  The s o l i d  ammonium p h o s p h a t e  i s  s o l u b l e  i n  

s i l y l a t i n g  r e a g e n t ,  so i t  d i s s o l v e d  p r i o r  t o  r e a c t i n g .
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V a p o r i z i n g  t he  w a t e r  f r o m t he  aqueous sampl e was a c r i t i c a l  p r o ­

c e d u r e .  Care was t a k e n  so some o f  t h e  sampl e d i d  n o t  bump o u t  o f  

t h e  t u b e  a t  t h e  e l e v a t e d  t e m p e r a t u r e .  T h i s  was m i n i m i z e d  when 

g l a s s  wool  was t i g h t l y  packed i n  bo t h  ends .

The o t h e r  c r i t i c a l  p a r t  o f  t h i s  t e c h n i q u e  was t h e  t e m p e r a t u r e  

c o n t r o l  i n  zone 1 o f  F i g u r e  4.  A l l  o f  t h e  d e r i v a t i v e  must  s t a y  i n  

t h i s  c o n d e n s i n g  col umn w h i l e  most  o f  t h e  excess  s i l y l a t i n g  r e a g e n t  

passes t h r o u g h .  A 2 °C d i f f e r e n c e  f r o m t h e  c o r r e c t  t e m p e r a t u r e  

a l l o w e d  t h e  d e r i v a t i v e  t o  pass t h r o u g h .  The c o r r e c t  t e m p e r a t u r e  

had t o  be checked  d a i l y  because o f  s l i g h t  changes i n  t h e  p a c k i n g  

m a t e r i a l .  The l o n g e r  a p a c k i n g  s t a y e d  i n  t h e  c o n d e n s i n g  co l umn,  

t h e  more t h e  l i q u i d  phase b l e d .  A b u i l d u p  o f  a b l a c k  r e s i d u e  

a c c u m u l a t e d  on t h e  p a r t i c l e s  f r om d e c o m p o s i t i o n  o f  t h e  s i l y l  

c h e m i c a l s .  Fr esh  p a c k i n g  m a t e r i a l  was f ou nd  t o  r e t a r d  t h e  d e ­

r i v a t i v e  a t  l o w e r  t e m p e r a t u r e s  t han d i d  more c o n d i t i o n e d  m a t e r i a l .

In o r d e r  t o  ge t  t h e  0 . 2 5  mi c r o g r a ms  t o  5 mi c r o g r a ms  o f  sample 

i n t r o d u c e d  i n t o  t h e  s y s t e m,  5 m i c r o l i t e r s  o f  50 ppm t o  5 m i c r o l i t e r s  

o f  1 , 000  ppm ph o s p h a t e  were i n j e c t e d  i n t o  t he  sma l l  t u b e .  By s i m p l y  

i n c r e a s i n g  t h e  t u b e  vol ume t o  accommodate enough s o l u t i o n  t o  have

0 . 2 5  mi c r o g r a ms  o f  sampl e o r  by some p r i o r  c o n c e n t r a t i o n  s t e p ,  

l e s s  c o n c e n t r a t e d  sampl es  c o u l d  be h a n d l e d .  For  ex amp l e ,  50 m i c r o ­

l i t e r s  o f  5 ppm ph os ph a t e  wou l d  p r o v i d e  t h e  0 . 2 5  mi c r o g r a ms  o f  

p h o s p h a t e .

Phospha t e  i n  any f o r m o t h e r  t han hyd r ogen  o r  ammonium gave 

no c o n v e r s i o n  t o  t h e  v o l a t i l e  d e r i v a t i v e .  A l a r g e  m o l a r  e x c e s s ,

45 t i m e s ,  o f  ammonium c h l o r i d e  or  h y d r o c h l o r i c  a c i d  r e l a t i v e  t o  

p h o s p h a t e ,  was added t o  t he  sampl es p r i o r  t o  a n a l y s i s  and c o n v e r s i o n
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became c o m p l e t e .  A 5 m i c r o g r a m sample o f  sod i um ph os ph a t e  was 

t r e a t e d  w i t h  h y d r o c h l o r i c  a c i d  and a n o t h e r  w i t h  ammonium c h l o r i d e .  

The f i r s t  r e s pon s e  was 3 . 92  r e l a t i v e  u n i t s  and t h e  second 4 . 2 0  u n i t s ,  

t he  a v e r a g e  b e i n g  4 . 0 6  + 3 . 5 7 .  Memory checks  w i t h  50 t o  1 m i c r o ­

grams o f  p h o s p h a t e  gave no r e s p o n s e .  R e p r o d u c i b i l i t y  s t u d i e s  

w i t h  50 mi c r o g r a ms  o f  t h e  same p h o s ph a t e  sampl e gave r e s u l t s  t h a t  

were w i t h i n  1 p e r c e n t  r e l a t i v e  e r r o r .  T e s t s  where sod i um ph os ph a t e  

was t r e a t e d  w i t h  excess  ammonium c h l o r i d e  gave r e s u l t s  t h a t  were 

c o n s i s t e n t l y  s l i g h t l y  l o w e r  t han  t h e  c o r r e s p o n d i n g  c o n c e n t r a t i o n  

o f  p h o s p h a t e  made f r om diammonium hyd r ogen  p h o s p h a t e .  A n a l y s i s  o f  

s a mp l e s ,  w h e t h e r  i n  t h e  sod i um,  ammonium o r  hyd r ogen  f o r m s ,  c o u l d  

be a c c o m p l i s h e d  w i t h  an a c c u r a c y  e s t i m a t e d  t o  be + 7 p e r c e n t .

S u l f a t e ,  v a n a d a t e ,  c a r b o n a t e ,  o x a l a t e ,  s u l f i t e ,  b o r a t e  and 

a r s e n a t e  were t e s t e d  u s i n g  t h e  t e c h n i q u e  f o r  p h o s p h a t e .  Onl y 

s u l f a t e  gave any r e s p o n s e ,  i r r e p r o d u c i b l e  h o we v e r ,  i n d i c a t i n g  a 

d e r i v a t i v e  f o r me d .  No d e r i v a t i v e  o f  t he  o t h e r s  e v e r  r eached  t he  

d e t e c t o r .  E i t h e r  no d e r i v a t i v e  f o r m e d ,  h i g h l y  u n l i k e l y  s i n c e  

t h e y  ar e  known t o  f o r m under  s i m i l a r  c o n d i t i o n s ,  o r  i t  v e n t e d  t o  

t he  a t mospher e  w i t h  t h e  excess  BSTFA. Of  t h e s e  i o n s  t e s t e d ,  t h e  

ph ospha t e  d e r i v a t i v e  has t h e  l a r g e s t  r e t e n t i o n  t i m e  e x c e p t  f o r  

a r s e n a t e .  T h i s  means t h e  d e r i v a t i v e s  o f  t h e s e  o t h e r  i o n s  move 

t h r o u g h  t he  co l umns more r a p i d l y  t ha n  the p h o s p h a t e  o r  a r s e n a t e  

d e r i v a t i v e s  i f  c o n d i t i o n s  a r e  k ep t  c o n s t a n t .  At  a t e m p e r a t u r e  

where t h e  p h o s p h a t e  compound c on d e n s e d ,  t h e  o t h e r s  moved t h r o u g h  

t o  t h e  a t mo s p h e r e .  I f  t h e  t e m p e r a t u r e  o f  t h e  c o n d e n s i n g  col umn 

was r educed  t o  ho l d  back t h e  o t h e r  d e r i v a t i v e s ,  excess  BSTFA a l s o  

condensed and s t a y e d  b e h i n d .  In s h o r t ,  t h e  c o n d e n s i n g  co l u mn ,
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c r i t i c a l  t o  t h e  p h o s p h a t e  a n a l y s i s ,  d i d  n o t  s e p a r a t e  t h e  d e r i v a t i v e s  

o f  t h e  o t h e r  i o n s  f r o m excess  s i l y l a t i n g  r e a g e n t .  A l o n g e r  column 

wou l d  i m p r o v e  t h e  s e p a r a t i o n  and i n c r e a s e  t h e  n e c e s s a r y  v e n t  t i m e .  

However ,  t h e  t en  m i n u t e  v e n t  s t e p  a l r e a d y  i s  t o o  l o n g .

T h i s  a p p r o a c h  s t i l l  o f f e r s  p r o m i s e  o f  b e i n g  a b l e  t o  s i m u l ­

t a n e o u s l y  a n a l y z e  comp l ex  m i x t u r e s  o f  a n i o n s .  A more e f f i c i e n t  

method o f  s e p a r a t i n g  l a r g e  q u a n t i t i e s  o f  s i l y l a t i n g  r e a g e n t  f r om 

s ma l l  amounts  o f  d e r i v a t i v e s  must  be f o u n d .
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