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I X  

PREFACE 

Meta ls  have p layed  an impor tan t ,  y e t  dual  r o l e  i n  t h e  h i s t o r y  o f  man. On t h e  

one hand t h e i r  inc reased i n d u s t r i a l  use has c o n t r i b u t e d  s u b s t a n t i a l l y  t o  techno- 

l o q i c a l  development, and on t h e  o t h e r  they  have l o n g  been recogn ized as p o t e n t i a l  

hazards t o  human hea l th .  Since t h e  e a r l y  days of  c i v i l i z a t i o n ,  man has been aware 

of  t h e  t o x i c  p r o p e r t i e s  of m ine ra l s  such as copper, lead ,  mercury, antimony and 

some non-meta l l i c  elements such as arsen ic .  As a r e s u l t  t hey  were, and s t i l l  are,  

f r e q u e n t l y  i n v o l v e d  i n  po ison ings ,  acc iden ta l ,  s u i c i d a l  and homic ida l .  I nc reas ing  

i n d u s t r i a l  development has inc reased t h e  o p p o r t u n i t i e s  f o r  hazardous exposures 

t o  meta ls ,  as evidenced by f requent occurrences o f  occupat iona l  d iseases. More 

r e c e n t l y ,  we have come t o  r e a l i z e  t h e  dep lo rab le  r o l e  t h a t  meta ls  can p l a y  i n  

cases o f  environmental  p o l l u t i o n .  

No tw i ths tand inq  t h e i r  l onq  h i s t o r y  i n  human t o x i c o l o g y ,  ou r  knowledge and 

unders tand inq  n f  t h e  f a t e  nf meta ls  i n  t h e  human body and t h e i r  p o t e n t i a l  t o x -  

i c i t y  i s  s t i l l  f raqmentary.  To a l a r q e  ex ten t ,  t h i s  may be a t t r i b u t e d  t o  t h e  

f a c t  t h a t  accura te ,  p r e c i s e  and s e l e c t i v e  methods f o r  t he  d e t e c t i o n  and q u a n t i -  

t a t i o n  o f  meta ls  i n  b i o l o g i c a l  m a t e r i a l s  a t  t r a c e  l e v e l s  have n o t  been r e a d i l y  

a v a i l a b l e .  

Fo r tuna te l y ,  t h e  l a s t  two decades have seen ma jo r  developments and innova t ions  

i n  a n a l y t i c a l  methodology t h a t  a l s o  seem t o  h o l d  p o t e n t i a l  f o r  t h e  t r a c e  a n a l y s i s  

o f  body f l u i d s  and t i s s u e s  f o r  metals.  However, i t  has a l s o  been recogn ized t h a t  

many of  t h e  proposed techniques have l i m i t a t i o n s  and p i t f a l l s ,  i n  p a r t i c u l a r  w i t h  

regard  t o  i n t e r f e r e n c e  by t h e  b i o m a t r i x .  

of  t o x i c o l o g i c a l  f i n d i n g s  and i n  t h e  unders tand ing  o f  t h e  r o l e  o f  me ta l s  i n  

human tox i co logy ,  i t  was f e l t  t h a t  a c r i t i c a l  rev iew  and e v a l u a t i o n  o f  t h e  cu r -  

r e n t l y  a v a i l a b l e  techn iques  f o r  t h e  b i o a n a l y s i s  of meta ls  would be h i g h l y  va lu -  

able.  Such an e v a l u a t i o n  should n o t  o n l y  be l i m i t e d  t o  t h e  techn iques  as such 

b u t  shou ld  a l s o  cons ide r  f a c t o r s  such as sample pre- t rea tment ,  d i g e s t i o n  tech-  

niques, recove r ies  and losses ,  sample th roughput ,  c o s t  and automation. However, 

as t h e  reader  shou ld  a l s o  be ab le  t o  i n t e r p r e t  a n a l y t i c a l  data, r e l a t e  them t o  

o t h e r  b i o l o g i c a l  o r  p h y s i o l o g i c a l  f i n d i n g s  and p u t  them i n t o  pe rspec t i ve  w i t h  

regard  t o  h e a l t h  and d isease s ta tes ,  t h i s  book w i l l  a l s o  deal  w i t h  t h e  t o x i c o -  

k i n e t i c s  and dynamics o f  metals,  d i s t r i b u t i o n  and e l i m i n a t i o n ,  b i o l o g i c a l  

changes, symptomatology, etc.  

As r e l i a b l e  a n a l y t i c a l  da ta  a r e  a p r e r e q u i s i t e  f o r  t h e  c o r r e c t  i n t e r p r e t a t i o n  
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Thus t h e  purpose o f  t h e  book i s  t o  a l l o w  t h e  s c i e n t i s t  faced w i t h  a p a r t i c u -  

l a r  a n a l y t i c a l  problem t o  make an o b j e c t i v e  assessment o f  t h e  methodologies open 

t o  him, t o  l e t  h im chose t h e  bes t  method f o r  t h i s  task,  then t o  i n t e r p r e t  h i s  

a n a l y t i c a l  f i n d i n g s  c o r r e c t l y  and, f i n a l l y ,  t o  p u t  these f i n d i n g s  i n t o  the  co r -  

r e c t  pe rspec t i ve  w i t h  rega rd  t o  human tox i co logy .  

Th is  book i s  t h e  second volume i n  t h e  s e r i e s  Eva lua t i on  o f  A n a l y t i c a l  Methods 

i n  B i o l o g i c a l  Systems. I am indebted  t o  Dr. An to ine  Vercruysse f o r  t rans fo rm ing  

an i d e a  i n t o  a coherent,  w e l l  balanced book and t o  t h e  au thors  f o r  t h e i r  coopera 

t i o n  and d e d i c a t i o n  i n  the  p repara t i on  o f  t h e  va r ious  chapters.  I a l s o  thank 

Dr.  Bryan S. F ink le ,  S a l t  Lake City, UT, U.S.A., f o r  many h e l p f u l  suggest ions 

and adv i ce  i n  d e f i n i n g  t h e  scope of  t h e  book. 

It i s  hoped t h a t  t h i s  volume w i l l  be a va luab le  re fe rence  source f o r  many 

s c i e n t i s t s  i n v o l v e d  w i t h  t h e  a n a l y s i s  o f  meta ls  and t h e  i n t e r p r e t a t i o n  o f  these 

f i n d i n g s  i n  human tox ico logy .  Suggestions and c r i t i c i s m s  w i l l  be welcomed, 

Groningen, The Nether lands Rokus A. de Zeeuw 
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CHAPTER 1 

METALS I N  HUMAN TOXICOLOGY 

A .  VERCRUYSSE 

CONTENTS 

1.1. I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

1.2. Human t o x i c o l o g y  . . . . . . . . . . . . . . . . . . . . . . . . . .  4 

1.2.1. Resorp t ion  . . . . . . . . . . . . . . . . . . . . . . . . .  4 

1.2.2. Transpor t ,  d i s t r i b u t i o n  and accumulat ion 7 
1.2.3. B io t rans fo rma t ion  . . . . . . . . . . . . . . . . . . . . . .  g 

1.2.4. E x c r e t i o n  and b i o l o g i c a l  h a l f - l i f e  . . . . . . . . . . . . .  10 

1.2.5. ?he dose-ef fect  r e l a t i o n s h i p  . . . . . . . . . . . . . . . .  12 

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

. . . . . . . . . .  

1.1. INTRODUCTION 

The name meta l  i s  a ve ry  broad term. Over two t h i r d s  o f  t h e  elements can, 

chemica l l y ,  be c a l l e d  meta ls .  W i t h i n  t h i s  term we f i n d  o t h e r  groups, such as 

a l k a l i ,  a l k a l i n e  ear th ,  heavy and l i g h t  meta ls .  Nor do we g e t  a more c l e a r l y  

de f ined group on t h e  b a s i s  o f  phys i ca l  p r o p e r t i e s .  Th is  enables us,  f o r  i ns tance  

on t h e  bas i s  o f  hardness, t o  d i s t i n g u i s h  t h e  b e s t  known and most used meta ls  

from t h e  non-metals. However, aga in  we a r e  soon con f ron ted  w i t h  elements t h a t  

posses p r o p e r t i e s  o f  bo th  meta ls  and non-metals. Hence we a r e  o b l i g e d  t o  c r e a t e  

a c l a s s  o f  t r a n s i t i o n  elements. The term t o x i c  elements has been used t o  de- 

s c r i b e  t h e  i n t e r a c t i o n  o f  t h i s  k i n d  o f  element and t h e i r  compounds w i t h  l i v i n g  

m a t e r i a l .  Th i s  a l s o  i s  n o t  a w e l l  de f i ned  group; indeed, a t o x i c  e f f e c t  on 

l i v i n g  m a t e r i a l  can be expected f rom a l l  elements. However, i t  i s  a f a c t  t h a t  

the te rm t o x i c  meta ls  o f t e n  i m p l i e s  the  heavy meta ls .  Never the less ,  t h e  s p e c i f i c  

g r a v i t y  o f  an element i s  n o t  t h e  b a s i s  on which t o  d e f i n e  i t s  t o x i c i t y .  Other  

workers use t h e  te rm t r a c e  elements, b u t  t h i s  i s  n o t  a c l e a r e r  d e f i n i t i o n .  

We g e t  i n t o  even g r e a t e r  t r o u b l e  when we d i scuss  the  e s s e n t i a l  cha rac te r  o f  

t he  elements.  T o x i c i t y  has a r e l a t i v e  meaning which enables us t o  compare the  

elements, b u t  i t  i s  n o t  a unique p r o p e r t y  o f  an element or  a group o f  e lements.  

From t h e  p o i n t  of v iew o f  man, t h e  animal o r  vegetab le  kingdom, we may a t t a c h  

a p o t e n t i a l l y  h i g h e r  t o x i c i t y  t o  p a r t i c u l a r  elements. We must eva lua te  t o x i c i t y  
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on the  bas i s  o f  t h e  i n t e r a c t i o n  o f  t h e  element w i th  biosystems. The elements 

s t a r t  t h e i r  i n t e r a c t i o n  w i t h  t h e  f u n c t i o n a l  groups o f  macromolecules as i o n i z e d  

s t r u c t u r e s .  Severa l  have c a l l e d  a t t e n t i o n  t o  t h e  p o s s i b i l i t y  o f  a 

more l o g i c a l  d i v i s i o n  i n t o  groups o r  t h e  d i scove ry  o f  an i n c r e a s i n g  o r  decreasing 

t o x i c i t y  w i t h i n  one p a r t i c u l a r  group o f  t h e  P e r i o d i c  System. These proposa ls  of  

d i v i s i o n s  i n t o  groups p a r a l l e l  t h e  development o f  research  i n  t o x i c o l o g y  and t h e  

b iochemica l  background o f  t h e  e f f e c t .  

t h a t  a r e  impor tan t  f o r  man and h i s  environment,  t h e  cho ice  be ing  made o f  lead ,  

mercury, cadmium, a r s e n i c ,  t h a l l i u m ,  t e l l u r i u m ,  selenium, n i c k e l  and chromium. 

The main o b j e c t i v e  i s  t o  deal  w i t h  a n a l y t i c a l  methods a p p l i c a b l e  t o  m a t e r i a l s  

o f  human o r i g i n  and a p p l i c a b l e  i n  t h e  f i e l d s  o f  f o r e n s i c ,  i n d u s t r i a l ,  eco-, 

c l i n i c a l  and fundamental t o x i c o l o g y .  

I n  t h i s  book we cons ide r  t h e  a n a l y t i c a l  t o x i c o l o g y  o f  a number o f  elements 

1.2. HUMAN TOXICOLOGY 

The t o x i c o l o g y  o f  an element i s  dependent on t h e  k i n e t i c s  o f  t he  i n t e r a c t i o n  

o f  the  element i n  i o n i z e d  fo rm o r  as an o r g a n i c  compound o f  t he  element w i t h  

t h e  human organism. The p o t e n t i a l  t o x i c  c h a r a c t e r  o r  t h e  f i n a l  t o x i c i t y  depends 

on t h e  r e s u l t a n t  o f  t h i s  i n t e r a c t i o n ,  i n  wh ich  bo th  t h e  element concerned and 

the  organism, w i t h  i t s  anatomical  and p h y s i o l o g i c a l  c h a r a c t e r i s t i c s ,  have a 

mutua 1 i n f  1 uence. 

o f  an o rgan ic  mo lecu le  and t h e  a c t u a l  p o s i t i o n  o f  the  e f f e c t  on a b iochemica l  

mechanism i n  t h e  c e l l  have d i f f e r e n t  stages. A l l  t h e  t o x i c o k i n e t i c  f a c t o r s  a r e  

comple te ly  analogous w i t h  those known i n  pharmacok ine t ics .  D i f f e r e n t  t o x i c o -  

k i n e t i c  models have been pub l ished,  e.g., f o r  Cd . 

reso rp t i on ;  ( 2 )  a s tage i n  t h e  organism where t r a n s p o r t ,  d i s t r i b u t i o n ,  accumula- 

t i o n ,  b i o t r a n s f o r m a t i o n  and t h e  e f f e c t  t ake  p lace ;  and ( 3 )  a s tage i n  which t h e  

chemical leaves t h e  organism. I n  each o f  these stages we f i n d  t h e  element i n  a 

s u i t a b l e  chemical and p h y s i c a l  fo rm t o  i n t e r a c t  w i th  t h e  anatomica l  cha rac te r -  

i s t i c s  and t h e  p h y s i o l o g i c a l  p r o p e r t i e s  o f  t he  organs o r  systems. 

The k i n e t i c s  o f  t h e  i n t e r a c t i o n  between an element i n  i o n i c  fo rm o r  as a p a r t  

6 

T o x i c o k i n e t i c s  can be cons idered i n  t h r e e  stages: (1) a s tage  o f  e n t r y  and 

1.2 .1 .  Resorption 

I n  t h i s  s tage  t h e  p h y s i c a l  and chemical  p r o p e r t i e s  of t h e  molecu les  and 

media i n  which they  a r e  p resen t  i n t r o d u c e  t h e  f i r s t  impor tan t  da ta  w i t h  r e l a t i o n  

t o  t h e  d i scuss ion  o f  t o x i c i t y .  The p o s s i b l e  con tac ts  o f  man w i th  t h e  elements Pb, 

Hg, Cd, As, T1, C r ,  N i ,  Se and Te and t h e i r  compounds d i f f e r  w i d e l y .  These e l e -  
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ments occur i n  very  d i s t i n c t  concen t ra t i ons  i n  na ture ,  i n  a i r ,  water ,  s o i l ,  food  

and beverages, so t h a t  t h e  background concen t ra t i ons  d i f f e r  th roughout  the  wor ld .  

Nan’s a c t i v i t i e s  and l i v i n g  and food h a b i t s  c r e a t e  f l u c t u a t i o n s  i n  the  concen- 

t r a t i o n s  o f  t h e  elements t o  which groups o f  t h e  p o p u l a t i o n  o r  i n d i v i d u a l s  a r e  

exposed. Many f i g u r e s  concern ing  p o t e n t i a l  exposure and concen t ra t i ons  i n  a i r ,  

food and bevera tes  and exposure i n  the  work ing  environment have been pub l i shed  
f o r  Pb7-I0, Hg 7-9 , Cd 799,  As7-9, T1739, C r 7 S 9 ,  N i 7 - 9 ,  Se7-9 and Te79’. 

The na tu re  o f  t h e  compounds (o rgan ic  o r  i n o r g a n i c )  i n  which an element occurs 

leads  t o  d i f f e r e n t  t o x i c i t i e s  o f  t he  element. The d i f f e r e n t  chemical and phys i -  

c a l  p r o p e r t i e s  t h a t  e x i s t  among compounds have impor tan t  consequences f o r  re -  

s o r p t i o n  ( s o l u b i  1 i ty, 1 i p i d  s o l u b i  1 i ty) , t r a n s p o r t ,  d i s t r i b u t i o n ,  accumulat ion 

and the  f i n a l  e f f e c t  ( t h e  b i n d i n g  c h a r a c t e r i s t i c s  w i t h  macromolecules, the  

p o s s i b i l i t y  o f  c h e l a t i o n ) .  Numerous i n f l uences  can change r a d i c a l l y  t h e  chemical 

fo rm o f  t h e  element.  Hg and As a re  the  most i l l u s t r a t i v e  examples upon which 

phys i ca l  and b i o l o g i c a l  f a c t o r s  i n  the  environment a c t .  These elements a r e  

t rans formed i n  t h e  environment i n t o  o rgan ic  molecules w i t h  g e n e r a l l y  much h i g h e r  

r e s o r p t i o n  r a t e s  i n  humans. I n  a d d i t i o n  t h e  chemical c h a r a c t e r i s t i c s ,  t h e  phys i -  

c a l  s t a t e  o f  t h e  compound i s  a l s o  a f a c t o r  t h a t  a f f e c t s  t h e  r e s o r p t i o n .  The 

p a r t i c l e  s i z e  i s  impor tan t  d u r i n g  r e s o r p t i o n  i n  the  b r o n c h i a l  tubes and a l s o  i n  

the  g a s t r o i n t e s t i n a l  t r a c t .  The s o l u b i l i z e d  form o f  a chemical i s  i d e a l  f o r  

r e s o r p t i o n  th rough t h e  s k i n  and the  gas phase i s  i d e a l  f o r  r e s o r p t i o n  i n t o  t h e  

lungs. The importance o f  t h e  p a r t i c l e  s i z e  o f  Pb d u r i n g  r e s o r p t i o n  i n  the  lungs 

has been demonstrated i n  man . 11 

Resorp t ion ,  i n  a q u a l i t a t i v e  and q u a n t i t a t i v e  sense, d i f f e r s  i n  t h e  gas t ro -  

i n t e s t i n a l  t r a c t ,  t h e  lungs and t h e  s k i n .  P h y s i o l o g i c a l  p r o p e r t i e s  such as the  

r e s p i r a t o r y  minu te  volume can increase r e s o r p t i o n  s i g n i f i c a n t l y .  The lung  minu te  

volume increases  by a f a c t o r  o r  t h ree  between r e s t  and du r ing  heavy work. The 

c h a r a c t e r i s t i c s  o f  g a s t r o i n t e s t i n a l  r e s o r p t i o n  a r e  such t h a t  t h a t  t h e  r e s o r p t i o n  

o f  Pb may be ve ry  low owing t o  t h e  fo rma t ion  o f  i n s o l u b l e  compounds. 

a re  o f t e n  o n l y  specu la t i ve .  Thus i t  i s  p o s t u l a t e d  t h a t  l ead  i s  absorbed by means 

o f  t h e  ca l c ium-b ind ing  p r o t e i n ,  where a c o m p e t i t i v e  e f f e c t  w i t h  ca l c ium resorp-  

t i o n  can occur”. A l so  the re  i s  compe t i t i on  among t h e  seve ra l  elements themselves 

and a l s o  between these elements and o t h e r  chemicals,  drugs and components o f  

n u t r i t i o n .  The q u a n t i t a t i v e  aspect o f  r e s o r p t i o n  i n  man i s  documented b e s t  f o r  

Pb and Hg and l e s s  so f o r  As, Cd and T1. There a r e  almost no da ta  a v a i l a b l e  f o r  

C r ,  N i ,  Se and Te. 

and up t o  50% f o r  ch i l d ren14 .  Resorp t i on  i n t o  the  lungs i s  dependent on the  

p a r t i c l e  s i z e  and i s  o f  t h e  o rde r  o f  30 ?r 

The exac t  mechanisms t h a t  govern r e s o r p t i o n  o f  t he  discussed elements i n  man 

13 The abso rp t i on  o f  Pb i n t o  t h e  g a s t r o i n t e s t i n a l  t r a c t  i s  o f  t he  o rde r  o f  10% , 

Resorp t ion  through t h e  s k i n  i s  
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p o s s i b l e  f o r  o rgan ic   compound^'^. The t o t a l  i n t a k e  o f  Pb i n  an average popula- 

t i o n  i n  an i n d u s t r i a l  c m u n i t y  i s  14 i 4 ug/day ( l u n g s )  and 20-40 vg/day 
16 ( o r a l l y )  . 

t i o n  o f  these compounds a r e  n o t  a v a i l a b l e ,  b u t  we have f i g u r e s  f o r  representa-  

t i v e s  o f  genera l  groups ( i n o r g a n i c  mono- and d i v a l e n t ,  e lementa l ,  o rgan ic ) ,  a l -  

though i t  would be dangerous t o  g e n e r a l i z e  these f i g u r e s  w i t h i n  the  groups. 

Elemental  mercury d i f f u s e s  very  r a p i d l y  i n t o  the  lungs  b u t  r e s o r p t i o n  i s  very  

low i n  t h e  g a s t r o i n t e s t i n a l  t r a c t 1 7 .  C o n t r a d i c t o r y  da ta  a r e  a v a i l a b l e  on resorp-  

t’.on th rough the  s k i n .  I n  p r i n c i p l e ,  r e s o r p t i o n  by  t h i s  r o u t e  must be poss ib le .  

O f  i n o r g a n i c  mercury compounds, t h e  d i v a l e n t  m e r c u r i c h l o r i d e  has been most s tud-  

i e d .  Th is  compound reso rbs  t o  t h e  e x t e n t  o f  about  1.4-15.6% o r a l l y 1 8 .  The Task 

Group on Meta l  Accumulat ion18 has a l s o  p o i n t e d  o u t  t h e  p o s s i b l e  r e s o r p t i o n  o f  

i n o r g a n i c  mercury compounds th rough t h e  l ung ,  b u t  exac t  d a t a  a r e  n o t  known. Ac- 

co rd ing  t o  F r i d b e r g  and Nordberg” the  r e s o r p t i o n  o f  sho r t - cha in  o rgan ic  com- 

pounds i s  very  impor tan t ;  o rgan ic  compounds w i t h  ve ry  r a p i d  m e t a b o l i z a t i o n  i n  

man have n o t  been s t u d i e d  so e x t e n s i v e l y .  Methylmercury compounds a r e  80% 

resorbed i n t o  t h e  lungs .  The o r a l  r e s o r p t i o n  o f  these compounds, which a r e  ma in l y  

p resen t  i n  food and bound t o  p r o t e i n s ,  i s  ve ry  

q u a n t i t a t i v e  da ta  a re  a v a i l a b l e ,  these compounds, owing t o  t h e i r  l i p i d  cha rac te r ,  

can pene t ra te  th rough t h e  s k i n .  The exposure t o  mercury o f  c e r t a i n  popu la t i ons  

i s  w ide l y  dependent on the  compos i t ion  o f  t h e i r  food, t he  consumption o f  f i s h  

be ing  an e s p e c i a l l y  impor tan t  f a c t o r .  Fo r  consumption o f  uncontaminated f i s h ,  

t h e  Swedish Exper t  Group2’ found a d a i l y  i n t a k e  o f  1-20 vg/day, w i t h  contai i i i -  

na ted  f i s h  g i v i n g  f i g u r e s  10-20 t imes h i g h e r .  The amount o f  i n o r g a n i c  mercury 

i n  food does n o t  r i s e  above 10 ;Ig/day and i s  l e s s  v a r i a b l e .  

The r e s o r p t i o n  o f  Cd i n t o  the  lungs  i s  s u b j e c t  t o  g r e a t  v a r i a t i o n ,  l e v e l s  o f  

10-50:: be ing  found. The p a r t i c l e  s i z e  seems t o  have a major  i n f l u e n c e ,  f o l l o w e d  

by t h e  c h a r a c t e r  o f  t h e  compoundz3. Ora l  r e s o r p t i o n ,  acco rd ing  t o  a s tudy  by 

McLe l lan  e t  a1.24, i s  o f  t h e  o r d e r  o f  5% b u t  can be i n f l u e n c e d  by i n t e r a c t i o n s  

w i t h  o t h e r  f a c t o r s  ( l a c k  o f  Ca, Fe and p r o t e i n  d e f i c i e n c y ,  hormones) 

da ta  a r e  a v a i l a b l e  on r e s o r p t i o n  through t h e  s k i n .  The d a i l y  i n t a k e  o f  Cd i n  

food, i n  an uncontaminated environment,  i s  o f  t h e  o rde r  o f  25-60 pg/day f o r  

a person o f  70 kgZ3. The c o n c e n t r a t i o n  and t h e  fo rm i n  wh ich  Cd i s  p resen t  i n  

the  a i r  a r e  v a r i a b l e .  They a r e  l owes t  i n  r u r a l  areas (0.006-0.036 ug/m ) and 

h i g h e s t  i n  c i t i e s  (0.002-0.05 llg/m ) .  A c i g a r e t t e  smoker i s  exposed t o  0 . 1 - 0 . 2 ~ 9  

3er  c i g a r e t t e .  

The r e s o r p t i o n  o f  a r s e n i c  compounds i n t o  t h e  lunqs  i n  man i s  p o o r l y  docu- 

mented. The o n l y  exper iment  i s  t h a t  o f  Ho l l and  e t  a l .29  w i t h  l u n g  cancer  p a t i e n t s .  

Of  t h e  t o t a l  dose added, 5-85. was resorbed. From t h e  q a s t r o i n t e s t i n a l  t r a c t  d i s -  

Very impor tan t  d i f f e r e n c e s  e x i s t  among mercury compounds. Data on t h e  resorp-  

A l though no 

25-28. No 

3 

3 



so lved  a r s e n i c ( I I 1 )  i s  80% absorbed, and a rsen ic ( \ / )  and o rgan ic  forms a r e  a l s o  

resorbed t o  a l a r g e  e x t e n t .  There shou ld  be t h e  p o s s i b i l i t y  o f  r e s o r p t i o n  

th rough t h e  s k i n .  

amounts o f  f i s h  and o t h e r  seafood consumed. I n t a k e  th rough beverages depends 

on t h e  amount p resen t  i n  d r i n k i n g  water ,  so t h a t  pub l i shed  f i g u r e s  on i n t a k e  

have o n l y  l o c a l  value. 

L i e  e t  a l .30  s t u d i e d  the  r e s o r p t i o n  o f  t h a l l i u m ( 1 )  n i t r a t e  by d i f f e r e n t  

rou tes  i n  an ima ls .  They no ted  very  good r e s o r p t i o n  (100%) by t h e  o r a l  r o u t e  and 

i n  the  r e s p i r a t o r y  t r a c t .  The d a i l y  i n t a k e  o f  t h a l l i u m  i s  very  low i n  humans. 

The r e s o r p t i o n  o f  C r  th rough t h e  lungs  i s  ma in l y  a problem o f  i n d u s t r i a l  

t o x i c o l o g y .  We have few data  and t h e  problem i s  complex because o f  t h e  severa l  

p o s s i b l e  valence s t a t e s  o f  t h i s  element.  I n  e v a l u a t i n g  the  o r a l  r e s o r p t i o n  we 

have t o  take  i n t o  account t h e  ex i s tence  o f  tri- and hexava len t  chromium. The 

e x t e n t  o f  o r a l  r e s o r p t i o n  i s  about 10%. 

Human t o x i c o l o g i c a l  da ta  on t h e  r e s o r p t i o n  o f  N i  a r e  scarce b u t  o r a l l y  and 

f rom t h e  lungs i t  i s  about 10%. 
31  Resorp t ion  o f  Se and Te f rom the  lungs  i s  n o t  documented. S tewar t  e t  a l .  

found an o r a l  r e s o r p t i o n  o f  80% f o r  Se. There a r e  no da ta  f o r  Te i n  humans. 

The t o t a l  d a i l y  i n t a k e  o f  a r s e n i c  compounds v a r i e s  cons ide rab ly  w i t h  t h e  

1.2 .2 .  Transport, d i s t r i b u t i o n  and accumulation 

A f t e r  reso rp t i on ,  t h e  molecules a r e  t ranspor ted  by t h e  bloodstream and pass 

i n t o  t h e  c e l l u l a r  f l u i d s ,  where they  e x e r t  t h e i r  t o x i c  e f f e c t .  Most o f  t h e  

elements cons idered here  show a h i g h  a f f i n i t y  f o r  c e r t a i n  a c t i v e  groups on 

plasma p r o t e i n s .  I n  genera l ,  these elements a r e  t ranspor ted  bound t o  t h e  macro- 

mo lecu la r  f r a c t i o n  o f  t he  plasma. Between t h e  d i f f e r e n t  elements t h e r e  e x i s t  

q u a l i t a t i v e  and q u a n t i t a t i v e  d i f fe rences  i n  b i n d i n g  p r o p e r t i e s .  I n  a d d i t i o n  t o  

b i n d i n g  w i t h  plasma p r o t e i n s ,  b i n d i n g  w i t h  low-molecu la r -we igh t  components and 

c e l l u l a r  elements o f  t he  b lood  a l s o  occurs.  The d i s t r i b u t i o n  may be l i m i t e d  by 

the  b ind ing ,  and on t h e  o t h e r  hand b i n d i n g  i n  t h e  t i s s u e s  causes accumulat ion.  

c e l l s  themselves i t  i s  bound t o  h a e m ~ g l o b i n ~ ~ .  A f t e r  r e s o r p t i o n  l e a d  i s  p resen t  

i n  an exchanqable compartment and i n  a one i n  which i t  accumulates. Bone t i s s u e  

i s  t he  accumulator organ. The t r a n s p o r t  of l ead  i n t o  the  foe tus  has been de- 

monstrated . 
As i n  a l l  o t h e r  phases, t h e  behav iour  d u r i n g  t r a n s p o r t ,  d i s t r i b u t i o n  o r  ac- 

cumula t ion  d i f f e r s  f o r  i no rgan ic ,  o rgan ic  and e lementa l  mercury. B e r l i n  e t  a l .  17 

showed t h a t  elemental  mercury has a h i g h  a f f i n i t y  f o r  t h e  b r a i n .  However, t he  

b i o t r a n s f o r m a t i o n  o f  e lemental  i n t o  d i v a l e n t  mercury occurs very  r a p i d l y  so t h a t  

Lead i s  95% bound t o  t h e  r e d  c e l l s  and 5% t o  plasma components. I n  t h e  r e d  

18 
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t he  e f f e c t  i n  the  b r a i n  i s  ve ry  s h o r t  i n  t h e  case o f  a s i n g l e  exposure. Elemen- 

t a l  mercury passes th rough t h e  p lacenta33.  I n o r g a n i c  mercury d i s t r i b u t e s  be- 

tween the  plasma and t h e  r e d  c e l l s  and i s  bound t o  the  t h i o l  groups o f  t he  

p r o t e i n s .  I t  i s  known t h a t  d i v a l e n t  mercury i s  n o t  d i s t r i b u t e d  i n t o  the  foe tus .  

The k idney  i s  t h e  main organ where Hg" accumulates. Methylmercury d e r i v a t i v e s  

a re  a l s o  bound t o  the  plasma components and t h e  r e d  c e l l s  b u t  i n  a d i f f e r e n t  

r a t i o  t o  o t h e r  mercury compounds. The c o n c e n t r a t i o n  i s  t e n  t imes  h i g h e r  i n  t h e  

r e d  c e l l s  than i n  t h e  plasma". The organs o f  accumula t ion  o f  methylmercury a r e  

t h e  l i v e r ,  t h e  k idney  and t h e  b r a i n ,  i t  d i s t r i b u t e s  even ly  between mother and 

foe tus .  

I n t r a -  and e x t r a c e l l u l a r  cadmium i s  bound t o  a m e t a l l o t h i o n e i n  (mol. w t .  

10,500 d a l t o n s ) ;  i n  the  c i r c u l a t i o n  70% i s  found i n  the  r e d  c e l l s .  The m e t a l l o -  

t h i o n e i n  i s  p r i m a r i l y  syn thes i zed  i n  t h e  l i v e r  and i n  many o t h e r  t i s s u e s  . 
H a l f  o f  t he  cadmium s t o r e d  i n  man i s  found i n  the  l i v e r  and t h e  k idney ,  t he  

k idney  takes one t h i r d  o f  t h e  amount23. D i s t r i b u t i o n  i n t o  the  foe tus  has been 

demonstrated i n  animal  experiment^^^. I n  man i t  i s  found t h a t  t he  p lacen ta  

conta ins  1 0 - f o l d  h i g h e r  concen t ra t i ons  than t h e  b l o o d  o f  t he  mother 

34 

36 . 
Data on the  t r a n s p o r t  and d i s t r i b u t i o n  o f  a r s e n i c  i n  humans a r e  incomple te ,  

ma in l y  because t h e  d i f f e r e n t  p o s s i b l e  valences were n o t  taken i n t o  account. 

Arsen ic  i s  t r a n s p o r t e d  b o t h  i n  plasma and bound t o  t h e  r e d  c e l l s ,  b u t  t he  e x t e n t  

o f  exDosure seems t o  i n f l u e n c e  t h e  r a t i o  between t h e  two37. A r s e n i c ( I I 1 )  i s  

accumulated i n  t h e  l i v e r  and t h e  kidney38. D i s t r i b u t i o n  i n t o  t h e  foe tus  has been 

demonstrated i n  animals a l t hough  the  D lacenta  forms an e x e l l e n t  b a r r i e r  

Tha l l i um(  I )  shows p r o o e r t i e s  i d e n t i c a l  w i t h  those o f  po tass ium i n  b i o l o g i c a l  

media. The main reason i s  t h a t  t h e  i o n i c  d iameters  and charges a r e  i d e n t i c a l .  

The d i s t r i b u t i o n  of  T1' i s  analogous t o  t h a t  of K' and i t  d i s t r i b u t e s  e s p e c i a l l y  

i n  t h e  r e d  c e l l s .  There appears t o  be a d i f f e r e n c e  i n  d i s t r i b u t i o n  i n  ch ron ic  

and i n  acute  i n t o x i c a t i o n .  T1' accumulates p r e f e r e n t i a l l y  i n  t h e  muscle o f  t h e  

h e a r t  ( v e r y  s h o r t ) ,  t h e  k idney ,  bone t i s s u e  and T1' passes r a p i d l y  

i n t o  the  foe tus .  

Chromium i s  t r a n s p o r t e d  i n  t h e  c i r c u l a t i o n  i n  b o t h  t h e  c e l l s  and plasma . 
I n  the  plasma t h e r e  e x i s t  two f r a c t i o n s ,  an albumin f r a c t i o n  (60-70:;) and a 

f r a c t i o n  bound t o  a t? -g lobu l in  ( 3 0 - 4 0 ~ ) ~ ~ ~ ~ ~ .  The h i g h e r  the  c o n c e n t r a t i o n  i n  

t h e  mother t h e  h i g h e r  i t  i s  i n  the  foe tus46.  The d i s t r i b u t i o n  o f  chromium has 

o n l y  been s t u d i e d  i n  animals.  I n  t h e  r a t  C r  d i s t r i b u t e s  i n t o  the  re t i cu loendo-  

t h e l i a l  system, l i v e r ,  sp leen  and bone marrow . 
N i c k e l  i s  t ransDor ted  i n  t h e  c i r c u l a t i o n  bound w i t h  albumin, a r x 2  macro- 

g l o b u l i n  (n i cke lop lasmin )  and d i f f e r e n t  u l t r a f i l  t r a b l e   fraction^^'*^^. The d i s -  

t r i b u t i o n  and accumula t ion  d i f f e r  f o r  acu te  and c h r o n i c  i n t o x i c a t i o n .  Parker  and 

33 . 

43 

47 
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Sunderman" found i n  t h e  r a b b i t ,  a f t e r  b r i e f  exposure, a d i s t r i b u t i o n  i n t o  t h e  

k idney  and f u r t h e r  i n t o  o t h e r  t i s s u e s .  N icke l  passes i n t o  t h e  foe tus  

su globulin^^. I n  t h e  r e d  c e l l s  t h e  concen t ra t i on  i s  much h i g h e r  than i n  plasma 

and i s  t h e r e  assoc ia ted  w i th  g l u t a t h i o n e  p e r o ~ i d a s e ~ ~ .  The k idney  i s  t h e  p r e f -  

e r e n t i a l  p lace  o f  accumulat ion o f  selenium55. Animal s tud ies  have demonstrated 

i t s  d i s t r i b u t i o n  i n t o  t h e  foe tus  . 
I n  r a t s  90% o f  t h e  t e l l u r i u m  i n  the  c i r c u l a t i o n  i s  bound t o  t h e  r e d  b lood  

c e l l s ,  b u t  i n  o t h e r  animals t h i s  p r o p o r t i o n  i s  n o t  always t h e  same. D i s t r i b u -  

t i o n  i n t o  t h e  foe tus  i s  poss ib le58.  I n  sho r t - t e rm exposure t h e  k idney, t h e  lungs  

and t h e  l i v e r  a r e  t h e  accumulator organs; i n  ch ron ic  i n t o x i c a t i o n s  Te has been 
59 found i n  bone t i s s u e  . 

51 . 
I n  t h e  plasma selenium i s  bound t o  t h r e e  k inds  o f  p r o t e i n s .  E s p e c i a l l y  a- and 

53 

56,57 

I. 2.3. Biotransformation 

The b i o t r a n s f o r m a t i o n  o f  t h e  elements and t h e i r  compounds d i f f e r s  w i d e l y  ac- 

co rd ing  t o  t h e i r  na tu re  ( i n o r g a n i c  o r  o r g a n i c ) .  B io t rans fo rma t ion  r e a c t i o n s  a r e  

m a i n l y  o x i d a t i o n s  o r  reduc t i ons ,  c leavage o f  t h e  carbon b ind ing ,  m e t h y l a t i o n  o r  

b i n d i n g  w i t h  macromolecules o r  m e t a l l o t h i o n e i n .  I t  i s  g e n e r a l l y  acceDted t h a t  

t h e  b io t rans fo rma t ion  o f  t h e  elements i s  c a r r i e d  o u t  w i t h  t h e  same enzyme systems 

as a r e  a l l  o t h e r  me tabo l i c  r e a c t i o n s  on t o x i c a .  T o x i c i t y  can be h i g h e r  o r  lower  

a f t e r  b io t rans fo rma t ion .  

I n o r g a n i c  l e a d  s tays  i n  t h e  organism i n  t h e  same valence s ta te ,  Pb2'; t h e  

me tabo l i c  changes i n v o l v e  b i n d i n g  t o  macromolecules. T e t r a e t h y l l e a d  i s  b i o t r a n s -  

formed t o  Pb2+ ions  and tr i- and d i e t h y l l e a d .  

i s  b io t rans fo rmed  f i r s t  t o  Hg+ and f u r t h e r  t o  Hg2+ 60. Th is  t rans fo rma t ion  has 

d i r e c t  consequences on t h e  symptoms o f  t he  i n t o x i c a t i o n  and g ives  d i f f e r e n c e s ,  

f o r  example, i n  ch ron ic  and acute  i n t o x i c a t i o n s .  

The b i o t r a n s f o r m a t i o n  o f  methylmercury has been e x t e n s i v e l y  s t u d i e d  i n  animals 

and was demonstrated i n  humans i n  i n t o x i c a t i o n  cases i n  I r a q  by B a h i r  e t  a l .  . 
The i n t e n s i t y  o f  t h e  b i o t r a n s f o r m a t i o n  v a r i e s  i n  d i f f e r e n t  t i ssues ,  be ing  h ighes t  

i n  t h e  k idney  and lowes t  i n  t h e  bra in62.  Other  a l ky lmercu ry  compounds a r e  me- 

t a b o l i z e d  much more r a p i d l y  than the  methyl  d e r i v a t i v e s .  The i n f l u e n c e  on t h e  

t o x i c  e f f e c t  o f  t rans fo rma t ion  o f  o rgan ic  compounds t o  i n o r g a n i c  Hg2' i s  s t i l l  

n o t  c lea r .  The p o s s i b i l i t y  o f  t h e  m e t h y l a t i o n  o f  Hg2+ by i n t e s t i n a l  b a c t e r i a  was 

descr ibed by Rowland e t  a1.63. T h i s  t r a n s f o r m a t i o n  has t o  be taken i n t o  account 

when cons ide r ing  t h e  k i n e t i c s  o f  every  mercury compound. 

Apar t  from f i x a t i o n  on macromolecules and m e t a l l o t h i o n e i n ,  no b io t rans forma-  

t i o n  i s  known f o r  Cd . 

Many mercury compounds a r e  very  e x t e n s i v e l y  metabo l ized .  Elemental  mercury 

61  

2 t  
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Arsen ic  i s  very  e x t e n s i v e l y  b io t rans fo rmed  i n  b i o l o g i c a l  m a t e r i a l .  These 

b io t rans fo rma t ions  m a i n l y  i n v o l v e  changes i n  valence. O x i d a t i o n  o f  As3+ t o  As5' 

and r e d u c t i o n  o f  As5+ a r e  p o s s i b l e .  However, t he  r e p o r t e d  da ta  a re  confus ing  

and c ~ n t r a d i c t o r y ~ ~ .  More r e c e n t  

o f  t he  m e t h y l a t i o n  o f  a r s e n i c  compounds. The end produc ts  o f  t h i s  m e t h y l a t i o n  

processes (d ime thy l  and monomethyl compounds) a r e  formed f rom b o t h  As3+ and As5'. 
The l i v e r  seems t o  be t h e  p l a c e  where t h i s  b i o t r a n s f o r m a t i o n  occurs .  B i o t r a n s -  

fo rma t ion  seems t o  have no e f f e c t  on T1 , so t h i s  element remains i n  t h e  mono- 

v a l e n t  s t a t e .  

have demonstrated t h e  p o s s i b i l i t y  

+ 

Hexavalent chromium i s  me tabo l i zed  t o  t h e  t r i v a l e n t  s t a t e ,  b u t  no da ta  f o r  

humans a r e  a v a i l a b l e .  

N i c k e l  carbony l  i s  o x i d i z e d  t o  N i 2 +  and C067. 

The b i o t r a n s f o r m a t i o n  o f  se len ium occurs  i n  two s tages .  I t  i s  f i r s t  reduced 

and then me thy la ted  i n t o  mono- and d ime thy l  compounds68. The l a t t e r  compound 

i s  v o l a t i l e  and i s  exhaled. A f i n a l  m e t h y l a t i o n  forms t r i m e t h y l s e l e n i u m  d e r i v -  

a t i v e s ,  which a r e  exc re ted  i n  i o n i z e d  fo rm i n  the  ur ine6' .  Selenomethionine and 

c y s t e i n e  a r e  formed and i n c o r p o r a t e d  i n  p r o t e i n s .  

i s  p r e c i p i t a t e d  as a b lue -b lack  d e p o s i t  i n  t h e  tissues7'. D imethy l  compounds 

a r e  a l s o  formed, wh ich  have a s p e c i f i c  odour 

The d i v a l e n t  c h a r a c t e r  o f  n i c k e l  i s  n o t  changed i n  b i o l o g i c a l  m a t e r i a l s .  

From c e r t a i n  t e l l u r i u m  compounds e lementa l  Te i s  formed th rough r e d u c t i o n  and 

71 . 

i .2 .4 .  Sxeretion urd biological h u l f - L i f e  

The e x c r e t i o n  o f  t h e  above elements and t h e i r  compounds takes  p l a c e  n ia in ly  

through t h e  k idney  ( u r i n e )  and t h e  b i l e  and g a s t r o i n t e s t i n a l  mucosa ( faeces ) .  

Less impor tan t  a r e  t h e  h a i r ,  n a i l s  and v o l a t i l e  m e t a b o l i t e s .  The f a c t o r s  t h a t  

a f f e c t  t h i s  e x c r e t i o n  a re  t h e  p h y s i c a l  and chemical  p r o p e r t i e s  o f  t h e  molecules 

and t h e  anatomical  and p h y s i o l o g i c a l  p r o p e r t i e s  of t h e  e x c r e t i o n  t i s s u e s .  

Lead i s  exc re ted  t o  t h e  e x t e n t  o f  75% through t h e  k idney  a f t e r  g lomeru la r  

f i l t r a t i o n 7 1 .  The exac t  f i g u r e  f o r  e x c r e t i o n  th rough t h e  b i l e  i s  unknown b u t  

t h e  t o t a l  g a s t r o i n t e s t i n a l  e x c r e t i o n  i s  about  16%. The faeces a l s o  c o n t a i n  90% 

o f  the  non-resorbed o r a l l y  i nges ted  lead". Lead i s  p resen t  i n  app rec iab le  

amounts i n  t h e  h a i r .  

k i n e t i c  model. The model worked o u t  by Rab inowi tz  e t  a1.72 g i v e s  a r e a l i s t i c  

i n t e r p r e t a t i o n  of t h e  k i n e t i c s .  Th i s  model descr ibes  t h r e e  compartments w i t h  

d i f f e r e n t  h a l f - l i v e s .  I n  t h e  f i r s t  compartment ( b l o o d  and r a p i d l y  exchangable 

s o f t  t i s s u e )  l e a d  has a h a l f - l i f e  of 19 days, i n  t h e  second compartment ( s o f t  

t i s s u e  and r e a d i l y  exchangeable bone t i s s u e )  21  days and i n  t h e  t h i r d  compartment 

( t h e  ske le ton )  20 yea rs .  

The b i o l o g i c a l  h a l f - l i f e  of l e a d  i s  dependent on t h e  hypo thes i s  used i n  t h e  



11 

The e x c r e t i o n  o f  e lemental  mercury a f t e r  me tabo l i za t i on  i s  i d e n t i c a l  w i t h  

t h a t  of  Hg2'. The e x c r e t i o n  model i s  a mult i -compartment system18 w i t h  a smal l  

compartment ( t h e  b r a i n )  w i t h  a h a l f - l i f e  o f  g r e a t e r  than 1 year .  The main excre- 

t i o n  rou tes  o f  HgZt a re  t h e  u r i n e  and faeces. E x c r e t i o n  through t h e  k idney  i s  

a t u b u l a r  s e c r e t i o n  a f t e r  reabsorp t i on  o f  t h e  f i l t e r e d  mercury73. E x c r e t i o n  
through the  b i l e  i s  secondary and invo lves  a mercury -pro te in  complex. Which one 

i s  t h e  most impor tan t  i s  dependent on t h e  dose: w i t h  a h i g h e r  dose t h e  main 

e x c r e t i o n  r o u t e  i s  i n  t h e  u r i n e .  

O f  t h e  d i f f e r e n t  mercury compounds, methylmercury i s  t h e  most s tud ied .  I t 

i s  exc re ted  t o  t h e  e x t e n t  o f  90% i n  t h e  u r i n e  as me thy l cys te ine  and methy l -  

g l u t a t h i o n e  compounds74. Fo r  methylmercury an impor tan t  en te rohepa t i c  r e c i  r c u l a -  

t i o n  occurs75. The b i o l o g i c a l  h a l f - l i f e  o f  methylmercury w i t h  a non - tox i c  expo- 

su re  i s  about 70 days2'. Some o f  t h e  mercury i s  exc re ted  th rough t h e  h a i r  and 

t h e  m i l k  . 
The e x c r e t i o n  o f  cadmium occurs th rough t h e  u r i n e  and t h e  faeces, b u t  very  

s l o w l y  and o n l y  as a f r a c t i o n  o f  t h e  t o t a l  body burden. The cadmium-methallo- 

p r o t e i n  complex i s  f i l t e r e d  th rough t h e  g lomeru l i  and reabsored i n  t h e  t u b u l i .  

I n  t h i s  way Cd i s  accumulated i n  t h e  c o r t e x  o f  t he  k idney. The e x c r e t i o n  i n  the  

u r i n e  inc reases  when the  k idney  f u n c t i o n  i s  impaired76. The b i o l o g i c a l  h a l f - 1  i f e  

o f  Cd i n  t h e  l i v e r  and t h e  k idney  i s  about 10 years .  

I no rgan ic  a rsen ic  i s  exc re ted  ma in l y  i n  t h e  u r i n e  and p a r t l y  i n  t h e  faeces 

According t o  Mealey e t  a l . 77 ,  e x c r e t i o n  occurs i n  th ree  d i s t i n c t  phases, which 

correspond w i t h  t h r e e  p o s s i b l e  compartments ( w i t h  h a l f - l i v e s  o f  a r s e n i c  o f  2.8 h, 

28 h and 9.6 days, r e s p e c t i v e l y ) .  There a r e  d i f f e r e n t  e x c r e t i o n  p a t t e r n s  f o r  As 

and As3' 78. The o rgan ic  forms o f  a rsen ic ,  p resen t  i n  food and e s p e c i a l l y  i n  

seafood, a re  exc re ted  very  r a p i d l y ,  i n  about 2 days, i n  t h e  urine7'. The b i o -  

l o g i c a l  h a l f - l i f e  o f  o rgan ic  a rsen ic  i s  about 20 h80. Another r o u t e  o f  e x c r e t i o n  

o f  a r s e n i c  i s  t h e  h a i r  and s k i n  . 

study, found a human e x c r e t i o n  r a t e  of  3%/day and no ted  a pronounced f l u c t u a t i o n  

d u r i n g  t h e  day. 

a1.83 desc r ibed  t h r e e  d i f f e r e n t  compartments w i t h  b i o l o g i c a l  h a l f - l i v e s  o f  

chromium o f  0.5, 5.9 and 83.4 days, r e s p e c t i v e l y .  No q u a n t i t a t i v e  and q u a l i t a t i v e  

t o x i c o l o g i c a l .  da ta  a r e  known. 

The e x c r e t i o n  o f  n i c k e l  has n o t  been w e l l  s t u d i e d  and t h e  b i o l o g i c a l  h a l f - l i f e  

has been s t u d i e d  o n l y  i n  animals.  

Q u a n t i t a t i v e  f i g u r e s  f o r  t h e  e x c r e t i o n  of se len ium and t e l l u r i u m  i n  humans 
a r e  unknown. These elements a r e  exc re ted  th rough the  u r i n e  and faeces. 

61  
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Tha l l i um i s  exc re ted  i n  u r i n e  and faeces. Ba rc lay  e t  a1.82, i n  a comparat ive 

The u r i n e  i s  t h e  most impor tan t  r o u t e  of  e x c r e t i o n  f o r  chromium. Mertz e t  
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1.2.5. The dose-effect relationship 

The b i o l o g i c a l  e f f e c t s  o f  lead have been ex tens i ve l y  described. The most 

important e f f e c t s  are the i n h i b i t i o n  o f  enzyme systems, espec ia l l y  i n  the syn- 

thes is  o f  haemoglobin ( i n h i b i t i o n  o f  Ala-D, fer rochelatase,  coproporphyrinogen- 

decarboxylase). As a r e s u l t  o f  t h i s  i n h i b i t i o n ,  the e f f e c t  on the haemopoietic 

system can be explained. The exact biochemical bas is  o f  the e f f e c t s  i n  the 

g a s t r o i n t e s t i n a l  t r a c t ,  the kidney and the cen t ra l  nervous system have s t i l l  n o t  

been establ ished. There i s  no proof t h a t  Pb i s  a carcinogen and i t s  mutagenic 

e f f e c t  i s  debatable. Z ie lhu isB4 described a dose-response r e l a t i o n s h i p  between 

blood lead concentrat ion and c e r t a i n  biochemical changes. Ala-D i n  the red blood 

c e l l  i s  already i n h i b i t e d  i n  50% o f  the populat ion a t  lead concentrat ions o f  

31-40 ug per 100 m l ,  t h i s  i n h i b i t i o n  i s  pronounced i n  50% o f  the populat ion f o r  

lead concentrat ions o f  51-60 pg per  100 m l .  An OMS ReportB5 gives a l i m i t  value 

o f  40 pg o f  lead per 100 m l  o f  blood f o r  workers i n  exposed condi t ions.  

cules and t h i o l  groups. Many enzyme systems a re  i n h i b i t e d  i n  t h i s  way. The i:?st 

important e f f e c t  o f  Hg 

kidney i s  the t a r g e t  organ f o r  inorganic  d i v a l e n t  mercury and the cen t ra l  nervous 

system i s  attached by organic methylmercury. The b i o l o g i c a l  moni tor ing o f  an 

exposure t o  mercury i s  very d i f f i c u l t  because o f  i t s  v a r i a b l e  concentrat ions i n  

foodB6. I n  a chronic  exposure t o  elemental mercury, i n t o x i c a t i o n  s t a r t s  a t  a 

l eve l  o f  exc re t i on  o f  mercury i n  the u r i n e  o f  50 ug/g c rea t i n ine .  Exposure t o  

Hg2+ i s  d i f f i c u l t  t o  evaluate through b i o l o g i c a l  moni tor ino.  

Competit ion w i t h  o the r  metals i n  enzyme systems i s  the reason f o r  the t o x i c  

e f fec t  o f  cadmium. Cadmium replaces z inc as a co fac to r  i n  c e r t a i n  enzyme systems. 

I n  add i t i on ,  cadmium i s  reac t i ve  towards the  t h i o l  groups o f  the p ro te ins .  Acute 

i n t o x i c a t i o n s  are character ized by l o c a l  e f f e c t s  on the lungs and g a s t r o i n t e s t i n a l  

t r a c t .  The c l i n i c a l  symptoms of chronic  i n t o x i c a t i o n  are deformation o f  the 

skeleton, i t a i - i t a i  desease and pa tho log i ca l  condi t ions o f  the lungs and kidney. 

The b i o l o g i c a l  l i m i t  values are cadmium i n  b lood 10 Vg/l and u r i n e  exc re t i on  

10 pg/g c rea t i n ine .  A q u a l i t a t i v e  and q u a n t i t a t i v e  determinat ion o f  the p r o t e i n  

excret ion gives the p o s s i b i l i t y  o f  e a r l y  diagnosis o f  the i n t o x i c a t i o n .  

compounds w i t h  enzyme systems. A l a r g e  number o f  enzymes are i n h i b i t e d  by arsenic  

compounds (ATPases, phosphatases, monoaminooxidases, p r o t e i n  synthesis, e t c . )  . 
As3+ f i x e s  on t h i o l  groups wh i l e  As5+ has a lower a c t i v i t y  f o r  these groups. The 

t o x i c i t y  of so lub le  arsenic  compounds i s  h ighest  and the  t o x i c i t y  decreases i n  

the order AsH3 > As3+ > As5+ > R-As-X. Many workers 87-89 have publ ished epide- 

The e f f e c t  o f  mercury can be explained by the b ind ing o f  Hg2+ t o  nacromole- 

i s  reg i s te red  on the nervous system and the b ra in ,  the 0 

Fowler64 reviewed ex tens i ve l y  the  d i f f e r e n t  i n t e r a c t i o n s  o f  d i f f e r e n t  arsenic  
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m i o l o g i c a l  s t u d i e s  and concluded t h a t  t h e r e  i s  a h i g h  r i s k  o f  l ung  and s k i n  

cancer.  However, i t  i s  t o  e a r l y  t o  say i f  a r s e n i c  i s  a carc inogen o r  a co-car-  

cinogen. 

One o f  t h e  most p l a u s i b l e  reasons f o r  t h e  t o x i c i t y  o f  T I+  i s  s u b s t i t u t i o n  

w i t h  K'. The c l i n i c a l  symptoms a r e  e s p e c i a l l y  l o c a t e d  i n  t h e  nervous system and 

a lopec ia  i s  a known e f f e c t .  The exac t  b iochemica l  d e f e c t  o f  chromium i s  n o t  

known. C l i n i c a l  symptoms a r e  l o c a l  e f f e c t s  and t h e  a l l e r g i c  r e a c t i o n s  a r e  s i g -  

n i f i c a n t .  D i f f e r e n t  workers have desc r ibed  bronchopulmonary cancers. 

N i c k e l  i s  an e s s e n t i a l  element and has an i n t e r a c t i o n  w i th  t h e  i r o n  metabo- 

l ismg3. E f f e c t s  on t h e  r e s p i r a t o r y  t r a c t  a r e  t h e  c l i n i c a l  symptoms o f  an i n t o x i -  

c a t i o n  and i n  t h e  same way way as C r  i s  i t  an a l l e r g e n .  The ques t i on  on i t s  car -  

c inogen ic  a c t i o n  has n o t  been reso lved.  

Selenium i s  a l s o  an e s s e n t i a l  e lement and d i f f e r e n t  f u n c t i o n s  o f  t h i s  element 

have been descr ibed.  Data i n  human t o x i c o l o g y  a r e  very  scarce; a t t e n t i o n  has 

been g i ven  t o  i t s  p o s s i b l e  n e u r o t o x i c i t y .  Selenium shou ld  e x e r t  some p r o p e r t i e s  
94 as an an t i - ca rc inogen  . 

When we cons ide r  c a r e f u l l y  human t o x i c o l o g i c a l  da ta  f o r  most elements, we 

have t o  conclude t h a t  t hey  a r e  very  incomplete.  Q u a l i t a t i v e l y  we can make some 

good assumptions on t h e  b iochemica l  bas i s  o f  t h e  i n t o x i c a t i o n s  t h a t  occur  w i t h  

these elements. Q u a n t i t a t i v e l y  o n l y  Pb, Hg and Cd a r e  r e l a t i v e l y  w e l l  documented. 

Very impor tan t  ques t ions  remain unsolved and t h e r e  i s  c l e a r l y  a n e e d . f o r  f u r t h e r  

research  i n  t h i s  f i e l d .  
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2.1. INTRODUCTION 

There are about 20 metals o r  m e t a l - l i k e  substances considered t o  be t o x i c  f o r  

humans. i n c l u d i n g  antimony (Sb). arsenic  (As). b e r y l l i u m  (Be). cadmium (Cd). 

coba l t  (Co) . chromium (Cr) . lead (Pb) . manganese (Mn) . mercury (Hg) . molybdenum 

(Mo). n i c k e l  (N i ) .  selenium (Se). t e l l u r i u m  (Te). t i n  (Sn). tungsten (W) and 

vanadium (V) . 
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Toxic metals may g i ve  r i s e  t o  symptoms from the cen t ra l  nervous, the haemato- 

p o i e t i c ,  the cardiovascular o r  the r e s p i r a t o r y  systems. Some of them have been 

recognized t o  be carcinogenic, teratogenic  o r  mutagenic, towards e i t h e r  man o r  

animals. 

The e f f e c t s  of a metal on a c e l l  a r i s e  as the consequence o f  the b ind ing  o f  

the metal t o  the d i f f e r e n t  l igands i n  the c e l l .  When a c e r t a i n  number o f  b ind ing 

s i t e s  are invo lved a funct ional  change may occur, and when the c r i t i c a l  concen- 

t r a t i o n  of t he  metal i n  the c e l l  i s  reached the func t i ona l  change becomes adverse. 

Accumulation (TGMA) i s  the concentrat ion a t  which undesirable funct ional  changes, 

reve rs ib le  o r  i r r e v e r s i b l e ,  occur i n  the c e l l .  The l e t h a l  concentrat ion was de- 

f i n e d  by TGMA as the c e l l u l a r  concentrat ion s u f f i c i e n t  t o  cause death o f  the 

c e l l  . 

The c r i t i c a l  concentrat ion f o r  a c e l l  as def ined by the Task Group on Metal 

1 

The various types o f  changes induced by metals can be assessed e i t h e r  by 

c l i n i c a l  observation o r  through func t i ona l  t e s t s  as we l l  as by morphological 

and biochemical techniques. The metals may g i ve  r i s e  t o  e i t h e r  l o c a l  o r  systemic 

e f f e c t s .  A f t e r  repeated exposures the metal accumulates and a subc l i n i ca l  o r  a 

c l i n i c a l  e f f e c t  may appear. It i s  then o f  the major importance t o  detect  the 

biochemical a l t e r a t i o n s  a t  subce l l u la r  l e v e l s  before the c l i n i c a l  symptoms appear. 

o f  metals on the c e l l .  The metals may i n t e r a c t  w i t h  the c e l l  membrane and w i t h  

i n t r a c e l l u l a r  organelles, b ind ing t o  c e r t a i n  l igands, thus i n t e r f e r i n g  w i t h  the 

i n t e g r i t y  o f  the c e l l .  The b ind ing of a metal w i t h  d i f f e r e n t  l igands on c e l l  

membranes, enzymes and other  c e l l u l a r  const i tuents  probably cons t i t u tes  the f i r s t  

step o f  the biochemical change known as "biochemical l es ion " .  

The biochemical l e s i o n  i s  considered t o  a r i s e  mainly as a consequence o f  the 

i n te r fe rence  o f  metals w i t h  enzyme systems, which i n  t u r n  leads t o  func t i ona l  

changes. The processes developed a t  the c e l l u l a r  membrane l e v e l  are suscept ib le  

t o  the ac t i on  o f  metals, and when the metal reaches the i ns ide  o f  the c e l l  a 

number o f  enzymatic a c t i v i t i e s  may be changed. Changes are due t o  the b ind ing 

o f  the metal a t  c e r t a i n  regions on the enzyme molecule. That reg ion o f  the enzyme 

surface where the reactants  are bound, i n t e r a c t  and are chemical ly a l t e r e d  i s  

known as the a c t i v e  centre. The changes may o r i g i n a t e  i n  a d i r e c t  i n t e r a c t i o n  a t  

the a c t i v e  centre, bu t  may equal ly  w e l l  o r i g i n a t e  i n  i n t e r a c t i o n s  between metals 

and l igands n o t  d i r e c t l y  invo lved i n  the a c t i v e  centre. Changes i n  the e l e c t r o -  

s t a t i c  charge may be produced together w i t h  s h i f t s  i n  the i o n i z a t i o n  constant o f  

the a c t i v e  centre. A change i n  the enzymatic reac t i on  may a l so  be due t o  s t ruc -  

t u r a l  changes i n  a p r o t e i n  o r  t o  the combination o f  the metal w i t h  the coenzyme. 

The a c t i v e  reg ion i s  usua l l y  on l y  a small f r a c t i o n  o f  t he  t o t a l  enzyme mole- 

cule, bu t  the regions surrounding the a c t i v e  centre can in f l uence  the a c t i v i t y  
o f  the centre through e i t h e r  s t e r i c  o r  e l e c t r o s t a t i c  e f f e c t s .  

Biochemical changes may g ive important i nd i ca t i ons  on the mechanism o f  ac t i on  
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An a c t i v e  centre may con ta in  several i n d i v i d u a l  s i t e s  on which d issoc iab le 

acceptors, a c t i v a t o r s  o r  coenzymes are bound. A metal may the re fo re  i n t e r f e r e  

i n  the b ind ing  o f  any component o r  d i s t u r b  the  coo rd ina t i on  between the s i t e s .  

AS the i n d i v i d u a l  s i t e s  can be complex and comprise a number o f  groups, the 

metal may b lock the r e a c t i o n  by several d i f f e r e n t  mechanisms. 

The c e l l u l a r  membrane i s  t he  most impor tant  s i t e  o f  a c t i o n  f o r  metals. Bio- 

l o g i c a l  membranes are organized assemblies cons is t i ng  main ly  o f  p ro te ins  and 

l i p i d s ,  a c t i n g  as h i g h l y  s e l e c t i v e  pe rmeab i l i t y  b a r r i e r s .  As they conta in  a great  

amount o f  l i p i d s ,  p a r t i c u l a r l y  phospholipids, small amounts o f  a metal may lead  

t o  changes i n  the sur face tens ion and i n  the  charge o f  t he  l i p i d i c  f i l m s .  Such 

changes r e s u l t ,  i n  turn,  i n  a l t e r a t i o n s  o f  t he  pe rmeab i l i t y  and the metabolic 

a c t i v i t y  o f  the surface enzymes. 

brane. Most o f  these l igands are essen t ia l  f o r  t h e  membrane t o  keep i t s  p roper t i es  

as a d i f f u s i o n  b a r r i e r  and are a l so  necessary f o r  the normal f unc t i on  of the 

membrane enzymes. These enzymes are impor tant  elements f o r  t he  a c t i v e  t ranspor t  

and b iosynthes is  o f  t he  membrane const i tuents .  Owing t o  i t s  l o c a l i z a t i o n ,  they 

are p a r t i c u l a r l y  s e n s i t i v e  t o  the ac t i on  o f  metals. 

i t  i s  important t o  determine i f  the  enzymes involved are i n  the c e l l ,  w i t h i n  the 

membrane, o r  outside. Some enzymes are a t  o r  near the c e l l  surface and are sus- 
c e p t i b l e  t o  in f luences t h a t  do no t  extend w i t h i n  the c e l l .  When the enzyme i s  

both a t  the membrane and i n s i d e  the  c e l l ,  s p e c i f i c  i n h i b i t i o n  may be achieved 

even i f  the  i n h i b i t o r  does no t  penetrate i n t o  the  c e l l ,  and a s p e c i f i c  funct ional  

change i n  the membrane may be brought about. 

t r a t e d  i n  compartments o r  subce l l u la r  s t ruc tu res .  This  i s  of great  importance 

f o r  the a c c e s s i b i l i t y  o f  the metal t o  the enzyme. Substrates and enzymes may 

coex is t  i n  the c e l l  w i thou t  reac t i on ,  probably owing t o  s p a t i a l  separation. I f  
enzymes are unavai lab le t o  t h e i r  subst rates they are probably protected from the 

ac t i on  o f  metals. However, although the enzymes are l o c a l i z e d  i n  compartments, 

the segregation between c e l l  f r a c t i o n s  i s  n o t  considered t o  be complete. 

Toxic metals are w e l l  known as enzyme i n h i b i t o r s ,  r e a c t i n g  chemical ly p a r t i c -  

u l a r l y  w i t h  p ro te ins  o r  nuc le i c  acids. They may cause s t r u c t u r a l  changes i n  

p ro te ins  r e s u l t i n g  i n  denaturation, a l t e r a t i o n  o f  b i o e l e c t r i c  p roper t i es ,  i m -  

pairment o f  the transmission o f  nerve impulses and loss  o f  t ranspor t  o r  o ther  

v i t a l  funct ions.  

The metal i s  usua l l y  absorbed by l igands on the  external  surface o f  the mem- 

As the membrane i s  t he  major b a r r i e r  t o  the e n t r y  o f  i n h i b i t o r s  i n t o  the c e l l ,  

Enzymes are no t  homogeneously d i s t r i b u t e d  throughout the c e l l  b u t  are concen- 

The a c t i v i t y  o f  very l a r g e  molecules such as haemoglobin, in termediate mole- 

cules such as me ta l l o th ione in  and small molecules impor tant  f o r  t h e i r  redox po- 

t e n t i a l  such as ascorbic ac id  o r  g lu ta th ione  may a l l  be a f fec ted  by t o x i c  metals. 
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An important characterist ic of toxic metals i s  the reversible formation of 
complexes with organic ligands. The different types of b i n d i n g  t o  different 
ligands consti tute the effects of toxic metals a t  the biochemical level. 

number of ligands and on the i r  structural and functional organization, e.g., 
whether active or passive binding s i t e s  are affected. Effects on biochemical 
systems may be reversible or irreversible depending on the type of b i n d i n g .  
Metals may compete for  the same b i n d i n g  s i t e  w i t h  different a f f in i ty  and different 
in t r ins ic  activity.  Interactions between b i n d i n g  s i t e s  may a l s o  influence the 
response a t  the biochemical level. The functional result  may be additive, anta- 
gonistic or synergistic. 

s i tes .  Some enzymes contain a metal that  i s  bound i n  such a specific manner that 
i t  cannot be removed without loss of enzyme activity.  Toxic metals may displace 
the essential metals from such metalloenzymes, thus b r i n g i n g  about a decrease i n  
enzyme activity.  I n  addition to the interaction of metals w i t h  enzymes per se ,  
the ra te  of enzymic reactions may be reduced by b i n d i n g  of metals w i t h  coenzymes 
o r  substrates. 

Interference with biochemical ac t iv i t ies  i n  the cell  depends on the type and 

Toxic metals may interfere w i t h  essential trace metals by competing for  binding 

When the metal affects the ce l l  permeability or  ce l lu la r  structures such as 
lysosomes, there may be an increase i n  the enzymes in i n t r a -  o r  extracellular 
f lu ids ,  b u t  some enzymes may also be directly "activated" subsequently to  metal 
interactions. 

Some ef fec ts  of toxic metals may also involve a mechanism i n  which the metal 
acts as a hapten and the protein-bound metal acts as an antigen, resulting i n  an 
a l le rg ic  type of e f fec t  such as metal fume fever and skin sensitization due t o  
nickel and chromium. 

Metals such as lead, mercury and cadmium may disrupt different pathways of 
oxidative phosphorylation, a process associated w i t h  the integrity of the mito- 
chondrial membrane. Oxidative phosphorylation - more accurately called respira- 
tory-chain phosphorylation - is  the mechanism by which the free-energy decrease 
accompanying the transfer of electrons along the respiratory chain is  coupled t o  
the formation of the high-energy phosphate groups of adenosin triphosphate (ATP) .  
The enzymes of  electron transport and oxidative phosphorylation are located i n  
the mitochondria, ATP being the major product of the mitochondria1 biochemical 
activity.  The ATP donates i t s  terminal phosphate group to  specific acceptor mole- 
cules, providing the energy necessary for  chemical work ( the  biosynthesis of cell  
macromolecules), osmotic work (the active t ranspor t  of inorganic ions and cell  
nutrients across membranes against gradients of concentration) and mechanical 
work (the contraction of muscles), 
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As the energy o f  ATP i s  de l i ve red  t o  those energy-requi r ing processes, the 

ATP undergoes cleavage t o  ADP and inorganic  phosphate. The ADP i s  then rephos- 

phorylated a t  the expense o f  energy-y ie ld ing ox ida t i on  o f  f u e l s  t o  y i e l d  ATP, 
thus completing the c e l l u l a r  energy cycle. 

Both ox ida t i on  and phosphorylat ion are t i g h t l y  coupled processes t a k i n g  place 

w i t h i n  the mitochondria. E lec t ron  t ranspor t  and the coupled generation o f  ATP 

may be d issoc iated and t h i s  d i s s o c i a t i o n  i s  c a l l e d  uncoupling o f  ox ida t i ve  phos- 

phory la t ion.  T r i a l k y l l e a d ,  inorganic  lead, cadmium and mercury are known t o  ac t  

as uncoupling agents a t  low concentrat ions. 

f e r e n t  l igands such as amino, imidazole, phosphoryl, carboxyl and hydroxyl re-  

sidues, the i n te r fe rence  o f  metals w i t h  c e l l u l a r  biochemical systems i s  o f t e n  

due t o  i n t e r a c t i o n  a t  important s i t e s  such as the su lphydry l  (SH)  groups o f  en- 

zyme systems. I n  fac t ,  they i n t e r a c t  w i t h  the t o t a l  system i n c l u d i n g  enzyme, 

substrate, cofactors  and ac t i va to rs .  The b ind ing  o f  metals t o  any o f  the com- 

ponents o f  the system may a f f e c t  the o v e r a l l  f unc t i on .  

o f  a number o f  enzymes, p a r t i c u l a r l y  f o r  dehydrogenases. I n a c t i v a t i o n  o f  SH groups 

may occur i n  d i f f e r e n t  ways, mercaptide formation being considered as the pre- 

dominant reac t i on  under ly ing metal i n h i b i t i o n .  Mercaptide format ion may be re -  

versed by the a d d i t i o n  o f  an excess o f  monothiols o r  d i t h i o l s ,  and f u l l  a c t i v i t y  

restored. 
) are among the 

metal i ons  t h a t  r e a c t  w i t h  enzyme t h i o l  groups t o  form w i t h  mercaptides . 
Cadmium and mercury are known t o  b i n d  t o  a small p r o t e i n  c a l l e d  meta l lo th ionein,  

the b ind ing probably i n v o l v i n g  p r o t e i n  SH groups. 

reac t i on  being reversed by the a d d i t i o n  o f  monothiols. The a r y l  t h ioa rsen i  t es  

produced d i ssoc ia te  i n  the organism t o  form the  t o x i c  arsenoxide. 

c e p t i b l e  t o  the ac t i on  o f  organic arsenica ls .  Inorganic  arsenic  (As 

f e c t s  t h i o l  enzymes, being l e s s  e f f e c t i v e  on a-ketoacid oxidases. 

I t has been shown t h a t  enzymes blocked by arsenica ls  are those r e q u i r i n g  a 

d i t h i o l  co fac to r  known as d i h y d r o l i p o i c  acid, essen t ia l  f o r  the a-ketoacid oxid- 

ases such as pyruvate oxidase. The enzyme system i s  i n h i b i t e d  through the  forma- 

t i o n  o f  s tab le  coord inat ion compounds ( c y c l i c  t h i o a r s e n i t e  complexes) w i t h  the 

cofactor ,  and can be reac t i va ted  by a d d i t i o n  o f  a d i t h i o l  such as dimercapto- 

propanol, which competes w i t h  the arsenica l  by d i s s o c i a t i n g  the complex and 

revers ing oxidase i n h i b i t i o n .  

Although t o x i c  metal i ons  combine w i t h  organic molecules i n t e r a c t i n g  w i t h  d i f -  

The presence o f  t he  t h i o l  groups seems t o  be essen t ia l  f o r  the f u l l  a c t i v i t y  

2 t  Mercury (Hg2+), antimony (Sb3'), lead (Pb2+) and cadmium (Cd 
2-4 

5 6 

Arsenic (As3') reac ts  w i t h  t h i o l s  t o  form mercaptides ( a r y l t h i o a r s e n i t e s ) ,  the 

The enzymic ox ida t i on  of pyruvate, a-ketoglutarate and succinate i s  most sus- 
3+ ) a l so  a f -  
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I n t e r a c t i o n  w i t h  SH groups o f  the ery throcyte membrane leading t o  membrane 

damage i s  probably the main c h a r a c t e r i s t i c  o f  the ac t i on  o f  t o x i c  metals. The 

mode o f  a c t i o n  o f  t o x i c  metals i s  s t i l l  a mat ter  o f  great  controversy. I t  has 

been suggested t h a t  the mechanism of t o x i c i t y  may be mediated through peroxida- 

t i o n  o f  membrane l i p i d s 7 y 8 ,  which i s  cons is tent  w i t h  the hypothesis t h a t  organo- 

m e t a l l i c  compounds and metals such as mercury, cadmium and lead, undergoing un i -  

va len t  redox reactions, may promote t i ssue  damage through (a)  radical- induced 

mechanisms o r  (b)  i r r e v e r s i b l e  i n h i b i t i o n  o f  enzymes such as glutathione-per- 

oxidase (GSH-Px) and superoxide dismutase (SOD), invo lved i n  the defence against  

the t o x i c  e f f e c t s  o f  oxygen . 
Channa Reddy e t  a1.l' have repor ted t h a t  the transferase and peroxidase ac- 

t i v i t i e s  o f  g lu ta th ione  transferases (GSH-Trs) were markedly i n h i b i t e d  by cadmium, 

methylmercury, mercury and lead ions, Cd2+ being the most potent  i n h i b i t o r  o f  a l l  

the metal ions invest igated.  However, the mechanism of i n h i b i t i o n  does no t  seem 

t o  be c lear .  Although i t  appears reasonable t o  assume t h a t  these metal ions might 

compete w i t h  the enzyme p r o t e i n  f o r  g lu ta th ione  (GSH), the i n h i b i t i o n  could no t  

be reversed by the a d d i t i o n  o f  GSH, suggesting t h a t  i t  i s  no t  due t o  competit ion 

f o r  GSH. These f i nd ings  l e d  the authors t o  speculate t h a t  the i n h i b i t i o n  may be 

due t o  i n t e r a c t i o n  w i t h  one o r  more essen t ia l  groups on the p r o t e i n  molecule. 

According t o  Sandstead'', some o f  the e f f e c t s  of t o x i c  elements and the pro- 

t e c t i v e  e f f e c t s  o f  essent ia l  elements might be a t t r i b u t e d  t o  competit ion f o r  

b ind ing  s i t e s  on l igands having important r o l e s  i n  homeostasis. 

9 

2.2. PRINCIPLE OF MONITORING BIOLOGICAL EFFECTS 

The bas is  o f  modern occupational medicine consis ts  i n  measuring the b i o l o g i c a l  

response o f  man t o  the c h a r a c t e r i s t i c s  o f  h i s  work environment. For t h i s  purpose 

i t  i s  necessary t o  make r o u t i n e  measurements on hea l th  and environmental i nd i ces  

w i t h  a view t o  de tec t i ng  changes i n  the hea l th  s ta tus  o f  workers and t h e i r  environ- 

ment. A ca re fu l  analys is  and evaluat ion o f  r e s u l t s  i s  requi red i n  order t o  be 

able t o  take prevence action, which i s  o f  fundamental importance i n  the f i e l d  o f  

occupational medicine. 

Environmental moni tor ing i s  c a r r i e d  ou t  w i t h  the aim o f  assessing the doses 

o f  hazardous agent(s) t o  which the worker i s  exposed a t  h i s  place o f  work, wh i l e  

b i o l o g i c a l  moni tor ing provides basel ine data f o r  measuring e a r l y  adverse ef fects  

o f  exposure, understanding by b i o l o g i c a l  moni tor ing the measurement o f  l e v e l s  o f  

t o x i c  agent(s) and/or o ther  associated parameters i n d i c a t i n g  the organism's 

response t o  them, i n  b i o l o g i c a l  mater ia ls .  This procedure provides q u a n t i t a t i v e  

evidence about the absorption and r e t e n t i o n  o f  suspect substances i n  the body, 

r e f l e c t i n g  the magnitude o f  exposure. 
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The two procedures a re  regarded n o t  as a l t e r n a t i v e s  b u t  as complementary, and 

should be c a r r i e d  on i n  p a r a l l e l  i n  order t o  evaluate e f f e c t i v e  i n teg ra ted  ex- 

posures. I t  should be remembered t h a t  t he  e a r l y  de tec t i on  o f  hea l th  impairment 

a t  a r e v e r s i b l e  stage i s  needed so t h a t  p r o t e c t i v e  ac t i on  can be taken before 

i l l n e s s  develops. 

Changes i n  biochemical parameters as measured i n  var ious b i o l o g i c a l  f l u i d s  

may o f t e n  be among the more s e n s i t i v e  i n d i c a t o r s  o f  e a r l y  changes i n  hea l th  due 

t o  hazardous agents i n  the work environment. The q u a n t i t a t i v e  evaluat ion o f  b io -  

chemical parameters i s  essen t ia l  f o r  the establ ishment o f  dose-effect/response 

re1 a t i  ons h i  ps . 
Advances i n  a n a l y t i c a l  technology have f a c i l i t a t e d  the i d e n t i f i c a t i o n  and 

q u a n t i f i c a t i o n  o f  a great  number o f  biochemical parameters, many o f  which are 

s t i l l  a mat ter  f o r  research study. I t  i s  i n t e r e s t i n g  t h a t  automatic analys is  

w i t h  microtechniques has become a va luable t o o l  i n  h e a l t h  evaluat ion by mea- 

sur ing several parameters simultaneously. 

As has already been stated, most t o x i c  metals i n t e r f e r e  w i t h  the  a c t i o n  o f  

enzymes, b r i n g i n g  about changes i n  enzymatic a c t i v i t y .  Thus, increased enzyme 

a c t i v i t y  i n  plasma o r  serum may i n d i c a t e  l es ions  o f  s p e c i f i c  organs o r  t issues.  

The presence o f  enzymes known as C-enzymes (present i n  the  cytoplasm o f  c e l l s )  

al lows the de tec t i on  o f  e a r l y  changes r e l a t e d  t o  membrane permeabi l i ty  before 

M-enzymes ( l oca ted  i n  mitochondria) - i n d i c a t i n g  more extens ive c e l l  damage - 
are released. Changes i n  the a c t i v i t y  o f  enzymes n o t  s p e c i f i c  f o r  any organ o r  

t issue, bu t  i nvo l ved  i n  d i f f e r e n t  metabol ic  pathways, may a l so  be detected. I n  

some instances the enzyme a c t i v i t y  may be decreased (enzyme i n h i b i t i o n ) .  

The f i e l d  o f  enzyme diagnosis has been enlarged by the i n t e s t i g a t i o n  o f  the 

molecular f r a c t i o n s  o f  enzymes c a l l e d  isoenzymes. The changes detected i n  i so -  

enzymograms have h ighe r  p r e d i c t i v e  v a l i d i t y  than changes i n  t o t a l  enzyme a c t i v -  

i t y .  Both increases and i n h i b i t i o n  o f  u r i n a r y  enzymatic a c t i v i t i e s  and changes 

i n  t h e i r  corresponding isoenzymes pa t te rns  are a l so  o f  g rea t  d iagnos t i c  value. 

p o t e n t i a l  harmful e f f e c t s  o f  t o x i c  metals. Serum enzyme l e v e l s  and isoenzymes 

patterns, serv ing t o  i d e n t i f y  damage t o  d i f f e r e n t  organs, are u s u a l l y  inc luded 

i n  screening p r o f i l e s  f o r  moni tor ing purposes, and u r i n a r y  enzyme a c t i v i t i e s  and 

t h e i r  isoenzymograms - r e f l e c t i n g  e a r l y  renal  damage - are a l so  included. Sub- 

l i m i n a l  i n j u r i e s  can thus be detected. 

volved i n  a t o x i c  process. 

o f  enzymes from a damaged organ i n t o  the  c i r c u l a t i o n .  However, when the  enzymes 

are located i n  subce l l u la r  f rac t i ons ,  e.g., mitochondria, no increase i n  serum 

Serum enzymology has become an impor tant  t o o l  i n  the e a r l y  diagnosis o f  

Enzyme p r o f i l e s  the re fo re  a f f o r d  a means o f  i d e n t i f y i n g  the t a r g e t  organ i n -  

An e leva t i on  o f  serum enzyme a c t i v i t y  i s  usua l l y  i n t e r p r e t e d  as the e f f l u x  
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l e v e l s  i s  shown u n t i l  a l a t e n t  per iod elapses, when the i n j u r y  i s  more severe. 

Enzymes of cytoplasmic o r i g i n ,  which are e a s i l y  released, such as o r n i t h i n e  
carbamyl transferase (OCT) and s o r b i t o l  dehydrogenase (SDH), are e a r l y  i nd i ca -  

t o r s  of l i v e r  c e l l  i n j u r y ,  wh i l e  the passage o f  glutamate dehydrogenase (GDH) 

i n t o  the  c i r c u l a t i o n  i s  evidence o f  a mitochondrial les ion.  

Serum enzyme t e s t s  may then prov ide in format ion no t  on l y  about the s e v e r i t y  
o f  the c e l l  damage b u t  a l so  about the subce l l u la r  s i t e  o f  the damage. 

Metal-induced enzyme de f lec t i ons  can manifest i n  the form o f  an i n h i b i t o r y  

ac t i on  on c e r t a i n  enzymes, leading t o  decreased a c t i v i t y ,  e i t h e r  by displacement 

o f  essen t ia l  metals i n t r i n s i c  t o  the enzyme through the  i o n i c  metal (Pb2+, Hg2+) 

o r  as a r e s u l t  o f  t he  a f f i n i t y  o f  the metal compound t o  r e a c t i v e  l igands (SH 

groups) on the enzyme surface. 

Changes i n  serum l e v e l s  o f  y-g1 utamyl transferase, o r n i  t h i n e  carbamyl t rans-  

ferase, s o r b i t o l  dehydrogenase, alcohol dehydrogenase, arginase and aminopeptidase 

may provide evidence of disturbances i n  l i v e r  funct ion.  

As the  normal serum l e v e l s  o f  s o r b i t o l  dehydrogenase are extremely low, i t s  

increased a c t i v i t y  i s  o f  great  d iagnost ic  value. Elevations o f  serum o r n i t h i n e  

carbamyl t ransferase precede the changes i n  transaminase levels ,  thus becoming 

an e a r l y  i n d i c a t o r  o f  hepat ic  disturbances. An increase i n  serum 6-glucuronidase 

has o f t e n  been used as an index o f  l i v e r  i n j u r y .  

Sometimes, combined changes i n  serum leve ls  o f  more than one enzyme may i n -  

crease p r e d i c t i v e  power. This i s  the case f o r  the De R i t i s  quo t ien t  (SGOT/SGPT), 

which i nd i ca tes  on ly  membrane permeabi l i ty  disturbance when i t  i s  l ess  than 

u n i t y .  As SGOT i s  p a r t l y  an M-enzyme, a De R i t i s  quo t ien t  greater  than u n i t y  

may i n d i c a t e  mitochondrial i n j u r y .  

The determination o f  u r i n a r y  enzymes may provide a usefu l  index of kidney 

damage. Changes i n  u r i n a r y  enzymes exc re t i on  precede changes i n  kidney physio- 

l o g i c a l  funct ion.  The measurement o f  enzyme exc re t i on  i n  the u r i n e  i s  a more 

s e n s i t i v e  and an e a r l i e r  means o f  detect ion of kidney damage than the usual 

f unc t i ona l  tests .  

Ur inary glutamic oxaloacet ic  transaminase (UGOT) measurement seems t o  be a 

r e l i a b l e  method f o r  the detect ion o f  t ubu la r  i n j u r y .  It i s  no t  in f luenced by an 

increase i n  serum glutamic oxaloacet ic  transaminase (SGOT) o f  hepat ic  o r  card iac 

o r i g i n .  I n  r a t s  poisoned w i t h  chromium, uranium and mercury, the UGOT l e v e l  has 

provided the  best  i n d i c a t o r  f o r  the q u a n t i t a t i o n  of kidney damage'*. I t  i s  con- 

sidered t o  be a renal  t e s t  prov id ing r e l i a b l e  in format ion on proximal convoluted 

tubule i n j u r y .  As the h ighest  s p e c i f i c  a c t i v i t y  o f  ac id  phosphatase i s  found i n  

the glomerul i ,  increased u r i n a r y  a c t i v i t y  o f  t h i s  enzyme can ind i ca te  an ac t i ve  

gl  omerul a r  1 es i on. 
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High ac t iv i ty  of aminopeptidase has been shown i n  the proximal tubules and 
increased ac t iv i ty  of this enzyme i n  the urine can be found in cases of tubular 
lesions induced by mercury. 

Increases in urinary lysozyme and ribonuclease ac t iv i ty ,  indicating tubular 
damage, have been found i n  cadmium-exposed workers. 

Serum transaminases levels a re  n o t  subject t o  significant changes on exposure 
to lead except a t  hazardous 
tently elevated in individuals exposed to lead without signs of toxicity and the 
magnitude of the enzyme increase has  been found to be correlated with the u r ina ry  
o u t p u t  of lead”. Subnormal levels of serum alkaline phosphatase and cholin- 
esterase have been found i n  lead-exposed workers16, the ac t iv i ty  of alkaline 
phosphatase being inversely re1 ated to the degree of haematologi cal deviation . 

Abnormal ac t iv i t i e s  for serum transaminases18, lac ta te  dehydrogenase18, a l -  
kal ine phosphatase”, and chol inesterase2O have been observed i n  mercury exposed 
subjects. A decrease in serum lac ta te  dehydrogenase i s  often found in subjects 
exposed t o  elemental mercury18, while alkaline phosphatase ac t iv i ty  i s  increased 
I n  early stages o f  overexposure to  mercury serum cholinesterase has been f o u n d  

20 to be depressed . 

been reported as early signs of exposure t o  manganese . 

malities, are considered below in more detail  f o r  individual metals. 

Serum aldolase has shown t o  be consis- 

17 

21 

A r i s e  in serum transaminases and a f a l l  in serum lac ta te  dehydrogenase have 
22 

Many other biochemical changes, some of  them associated with genetic abnor- 

2.3. THE ENZYME INDUCTION PHENOMENON 

Some toxic agents can induce the endoplasmic reticulum (mainly of the l i ve r )  
t o  produce more enzymes. Although the resulting metabolites may prove t o  be more 
toxic t h a n  the original chemical, enzyme induction i s  regarded i n  general terms 
as a defence mechanism, often being not specific.  This may explain, for  instance, 
the interference of drugs w i t h  the response t o  occupational chemicals and vice 
versa. 

The stimulation of drug-metabolizing systems of the l i ve r  i s  brought a b o u t  by 
enhanced neosynthesis o f  microsomal enzymes. Mi crosomal inducers seem t o  accom- 
plish the i r  stimulatory e f fec ts  on microsomal proteosynthesis by accelerating 
the formation of DNA-directed RNA. 

enzyme inducers. The spec i f ic i ty  and intensity of microsomal enzyme induction 
varies for  the different inducing agents 

microsomal changes, which include enhanced ethanol and drug metabolism, have 

The susceptibil i ty t o  toxic agents may be deeply influenced by microsomal 

23 

Ethanol and c igare t te  smoke are known t o  be microsomal stimulators. Adaptive 
. 
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been found f o l l o w i n g  chronic  ethanol c o n ~ u m p t i o n ~ ~ .  Although the major p a r t  o f  

ethanol ox ida t i on  i s  catalysed i n  l i v e r  c e l l s  by alcohol dehydrogenase (ADH), 

there i s  another metabolic pathway no t  mediated by cy toso l i c  ADH bu t  through a 

microsomal ethanol o x i d i z i n g  system (MEOS), leading t o  an increase i n  the ac- 

t i v i t y  o f  a number of drug-detoxifying microsomal enzymes w i t h  a concomitant 

increase i n  the content of cytochrome P-450 and NADPH cytochrome P-450 reduct- 

ase z4-z6. As some t o x i c  metals such as beryl l ium2’ and te t raethy l lead28 have 

a l so  been shown t o  s t imu la te  microsomal hepat ic  a c t i v i t y ,  whi le  cadmiumz9, i n -  

organic lead3’ and mercury3* are known as microsomal a c t i v i t y  i n h i b i t o r s ,  un- 

expected i n t e r a c t i o n s  may der ive from the presence o f  ethanol. 

been shown by the accelerated b io t ransformat ion of phenacetin i n t o  p-acetamido- 

phenol observed among heavy smokers w i t h  respect t o  n o n - ~ m o k e r s ~ ~ ’ ~ ~ ,  and by the 

f i nd ing  o f  enhanced metabolism o f  n i c o t i n e  i n  smokers . 
The microsomal metabolizing func t i on  may no t  on l y  be s t imulated bu t  a l so  

i n h i b i t e d  by a number o f  factors ,  some being environmental and occupational 

agents responsible f o r  modifying the a c t i v i t y  o f  the enzyme systems involved. 

Depression o r  t o t a l  i n h i b i t i o n  o f  hepat ic  microsomal enzyme systems br ings 

about a s t imu la t i on  o f  t o x i c i t y  when b io t ransformat ions r e s u l t  i n  the formation 

o f  innocuous metaboli tes, wh i l e  i n  cases of metabolic a c t i v a t i o n  o f  the xeno- 

b i o t i c ,  the i n h i b i t i o n  o f  microsomal enzymes means a delayed formation of t o x i c  

metabol i tes. 

That c i g a r e t t e  smoke contains s i g n i f i c a n t  amounts o f  microsomal a c t i v a t o r s  has 

34 

The chemical ly induced microsomal enzyme i n h i b i t i o n  may be mediated by d i f -  

f e ren t  mechanisms: depression o f  de novo enzyme synthesis, increased turnover 

r a t e  o f  enzyme, conformational change of the enzyme molecule, probably due t o  

b ind ing w i t h  the i n h i b i t o r ,  o r  damage t o  endoplasmic membrane st ructures.  

I t  i s  known t h a t  a l k y l l e a d  compounds (TEL and TML) exe r t  t h e i r  t o x i c  ac t i on  

on the cen t ra l  nervous system through t h e i r  dealky la ted metaboli tes ( t r i e t h y l -  

and t r ime thy l l ead ) .  It has been shown t h a t  i p r o n i a z i d  protects  experimental 

animals against  t e t r a a l k y l l e a d  compounds by i n h i b i t i n g  the dea lky la t i ng  enzyme 

systems o f  hepat ic  microsomes and consequently b lock ing  t h e i r  b io t ransformat ion 

i n t o  t r i a l k y l l e a d   metabolite^^^. Lead, z inc  and mercury have shown i n  v i t r o  i n -  

h i b i t o r y  a c t i o n  on hepat ic  enzyme systems 

The cytochrome P-450 from hepat ic  microsomes i n  i t s  reduced form has shown a 

h igh  a f f i n i t y  f o r  carbon monoxide ( ~ 0 ) ~ ~ ’ ~ ~ .  When attached t o  CO. the cytochrome 

P-450 i s  unable t o  b ind  substrates (xenobiot ics)  and therefore the whole micro- 

soma1 ox idat ion-reduct ion cyc le  becomes inopera t i ve  and hepat ic  metabolism o f  

xenobiot ics i s  then i n h i b i t e d .  Carbon monoxide i s  present i n  concentrat ions 

between 1 and 5% i n  the gaseous phase o f  c i g a r e t t e  ~ m o k e ~ ~ * ~ ’ .  It competes w i t h  

oxygen (02) no t  on l y  f o r  haemoglobin bu t  a l so  f o r  cytochrmes, p a r t i c u l a r l y  

26 . 
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cytochrome P-450, b ind ing  t o  Fe2', thus leading t o  the  i n h i b i t i o n  o f  microsomal 
40 enzymes . 

ethanol i n t o ~ i c a t i o n ~ ~ ,  by a mechanism of enzymatic competit ion. 

soc ia l  c h a r a c t e r i s t i c s  and phys io log i ca l  var iab les,  and found t h a t  smokers con- 

s w  more a l c o h o l i c  beverages than n o n - ~ m o k e r s ~ * ' ~ ~ .  Others have found d e f i n i t e  

c o r r e l a t i o n s  between c i g a r e t t e  smoking and the  consumption o f  co f fee  and alcohol . 
I n  t h i s  respect  i t  should be po in ted  o u t  t h a t  alcohol, cafe ine and n i c o t i n e  are 

considered t o  be xenobiot ic  agents l i a b l e  t o  modify the a c t i v i t y  o f  hepa t i c  micro- 

soma1 enzyme systems45, and consequently the  t o x i c i t y  o f  o the r  xenobiot ics. 

As the  above and many o the r  compounds appear t o  a f f e c t  t h e  microsomal enzyme 

system, i t  i s  o f  major importance t o  be aware o f  t he  p o t e n t i a l  t h a t  e x i s t s  f o r  

j o i n t  ac t i on  among compounds t h a t  i n h i b i t  o r  s t imu la te  microsomal enzyme a c t i v i t y .  

Exposed workers may be more suscep t ib le  o r  more r e s i s t a n t  t o  subsequent ex- 

posures o r  t o  simultaneous exposures t o  d i f f e r e n t  compounds, and the o v e r a l l  e f -  

f e c t  w i l l  depend on whether the enzyme system i s  s t imulated o r  i n h i b i t e d .  

Trace metals have been found t o  be unique regu la to rs  o f  haeme and heame 

prote ins.  They appear t o  con t ro l  both the synthesis and the  degradation o f  the 

metal loporphyr in .  through i n i t i a l  repress ion o f  6-aminolaevul inic ac id  synthetase 

(ALA-S) ( t h e  r a t e - l i m i t i n g  enzyme i n  haeme synthes is) ,  and induc t i on  o f  haeme 

oxygenase (haeme-Ox) ( t h e  r a t e - l i m i t i n g  enzyme i n  haeme degradation). There i s  

experimental evidence t h a t  t he  r a t e  o f  b iosynthes is  and degradation o f  haeme i s  

a func t i on  o f  metal i o n  concentrat ions a t  appropr ia te regu la to ry  s i t e s  i n  the 

c e l l s  . 
The r o l e  o f  haeme i n  c e l l u l a r  r e s p i r a t i o n  i s  w e l l  known, b u t  t h i s  me ta l l o -  

I n h i b i t i o n  o f  microsomal drug-metabolizing enzymes may a l s o  r e s u l t  from acute 

A number o f  i n v e s t i g a t o r s  have s tud ied smokers and non-smokers w i t h  regard t o  

44 

46 

porphyr in  i s  a l s o  essen t ia l  f o r  the o x i d a t i v e  d e t o x i f i c a t i o n  o f  a great  number 

o f  endogenous and exogenous chemicals. The a b i l i t y  of metals t o  deplete c e l l u l a r  

haeme content emphasizes the biomedical s i g n i f i c a n c e  o f  these elements. 

The induc t i on  o f  haeme-Ox i s  mediated by d i f f e r e n t  metals such as cobal t ,  

copper, chromium, manganese, i r on ,  n i c k e l ,  z inc,  cadmium, mercury, lead and 

selenium. This i nduc t i on  phenomenon r e f l e c t s  a d i r e c t  ac t i on  o f  metals on the 

enzyme regu la to ry  s i t e .  The induc t i on  o f  t he  "de novo" format ion o f  haeme-Ox 

r e s u l t i n g  i n  a dep le t i on  o f  c e l l u l a r  " f r e e  haeme" and o f  haeme p ro te ins  (mi to-  

chondr ia l  r e s p i r a t o r y  cytochromes such as cytochromes P-450, P-448 and b 5 )  under- 

l i n e s  the  i n t e r e s t  der ived from the study o f  t h i s  p a r t i c u l a r  enzyme inducing 

ac t i on  from the biochemical, pharmacological and t o x i c o l o g i c a l  viewpoints . 

bound enzyme c a t a l y s i n g  the ox ida t i on  of the a-methene b r idge  o f  haeme I X  w i t h  

the format ion o f  b i l i v e r d i n  IX-a) by Co2' i n  r a t  l i v e r ,  together  w i t h  the induc- 

46-49 

Frydman e t  a1.50 have shown the  i nduc t i on  of microsomal haeme-Ox ( t h e  membrane- 
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t i o n  o f  b i l i v e r d i n  reductase ( the  enzyme t h a t  catalyses the reduct ion o f  b i l i -  

verd in  IX-a t o  b i l i r u b i n  IX-a) . 
Copper (Cu2+) has a l so  been shown t o  be a potent  inducer o f  h a e m e - 0 ~ ~ ~ ~  and 

46 so have other  metals mentioned above . 
A f t e r  experimental exposure t o  metal ions, impaired P-450-dependent ox ida t i on  

o f  xenobiot ics  has been observed, owing t o  the deplet ion o f  cytochrome P-450, 

as a l ready mentioned. This may a l so  occur n a t u r a l l y :  i n  the newborn human the 

l i v e r  content o f  cytochrome P-450 and drug-metabolizing a b i l i t y  are markedly 

decreased, as i s  ALA-S a c t i v i t y ,  wh i l e  haeme-Ox a c t i v i t y  i s  much h igher  than 

t h a t  i n  adul ts .  The h igh  a c t i v i t y  o f  haeme-Ox and the low l e v e l s  o f  ALA-S are 

considered t o  be responsible f o r  the low content o f  P-450 i n  newborns, c o n t r i -  

bu t i ng  t o  the overproduction o f  b i l i r u b i n .  A reduct ion i n  b i l i r u b i n  glucuronida- 

t i o n  w i t h  a subsequent decrease i n  b i l i r u b i n  exc re t i on  would exp la in  the comnonly 

occurr ing jaundice i n  newborns. 

A number o f  workers have repor ted t h a t  c e r t a i n  metal ions such as CoZt, NiZt 

and Hg2+ are able t o  modify the c e l l u l a r  content o f  g lu ta th ione  (GSH) i n  the r a t  

l iver53-56,  and selenium has a lso been repor ted t o  increase c e l l u l a r  GSH 

1 eve1 s56 *57. 

selenium and the selenoenzyme g lu ta th ione  peroxidase. Chung and Maines5' have 

repor ted the e f f e c t s  o f  selenium on two other  enzymes i n  the r a t  l i v e r ,  namely 

y-glutamyl cyste ine synthetase, which i s  be l ieved t o  c o n s t i t u t e  the ra te - l im-  

i t i n g  enzyme i n  the pathway o f  GSH biosynthesis, and g lu ta th ione  d isu lph ide 

reductase (GSSG-Red), which i s  known t o  cata lyse the reduct ion o f  GSSG t o  GSH. 

They observed increases i n  the a c t i v i t i e s  o f  both enzymes a f t e r  repeated exposure 

t o  low doses o f  selenium ( the prec ise molecular mechanism has n o t  been estab- 

l i shed ) ,  accompanied by elevated c e l l u l a r  l e v e l s  o f  GSH and GSSG. The i n  v i t r o  

s tud ies c a r r i e d  ou t  i n d i c a t e  t h a t  the increased a c t i v i t i e s  o f  the synthetase and 

the reductase do no t  r e f l e c t  a c t i v a t i o n  o f  preformed enzymes, b u t  an increased 

product ion o f  the reductase and the synthetase. However, the p o s s i b i l i t y  o f  

selenium-mediated decreased catabolism o f  the enzymes cannot be excluded. 

Cobalt and n i c k e l  are known t o  produce an i n i t i a l  decrease i n  c e l l u l a r  g lu ta -  
46 th ione content fo l lowed by an increase o f  seve ra l - fo ld  above the normal values 

Cadmium and z inc  have been shown t o  induce the synthesis o f  me ta l l o th ione in  

(a low-molecular-weight p r o t e i n  conta in ing one t h i r d  o f  i t s  amino acids as f r e e  

cyste ine residues) i n  the l i v e r ,  wh i l e  mercury induces me ta l l o th ione in  synthesis 

i n  the kidney of  rat^^'-^'. Eaton e t  al.56 have repor ted t h a t  the e f f e c t s  o f  

metal ions on renal  me ta l l o th ione in  content d i f f e r e d  i n  some instances from those 

observed i n  the l i v e r ,  b u t  were s i m i l a r  i n  general terms, and z inc seemed t o  be 

the most e f f e c t i v e  inducer o f  me ta l l o th ione in  i n  both t issues.  

51 

A vast  body o f  l i t e r a t u r e  has been published on the i n t e r r e l a t i o n s h i p s  between 

. 
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2.4 .  WHERE AND WHAT TO MONITOR 

Biological t e s t s  have demonstrated r e l i ab i l i t y  in evaluating the degree of 
exposure to environmental contaminants, e i ther  i n  the f i e ld  of occupational 
medicine o r  i n  studies on a i r  pollution. Samples of blood, urine, faeces, breath, 
hair ,  nails,  saliva,  sweat and other specimens of biological o r i g i n  are submitted 
for analysis, and the results obtained are conveniently evaluated i n  order t o  
draw some conclusions about the e f fec ts  of suspected toxic substances a t  the cel- 
l u l a r  or  subcellular level. 

The analysis of biospecimens has largely replaced methods of environmental 
monitoring by a i r  sampling. Al though the analysis of a i r  samples from a working 
atmosphere may assess the degree of exposure to  a toxic agent, i t  does n o t  show 
e i ther  how much of the toxic substance has been absorbed or w h a t  the e f fec ts  on 
the ce l l s  are. 

Exposure to  a toxic substance b r i n g s  about an increase i n  the amount of the 
substance and/or i t s  metabolites i n  body fluids.  However, unless the biological 
threshold levels (BTLVs) f o r  the appearance of adverse e f fec ts  can be assessed, 
any increase in a toxic agent i n  biological media i s  meaningless. In f ac t ,  i t  
would be desirable to  f ix  not only the lowest levels tha t  cause symptoms b u t  
also other parameters that  will permit the detection of the biochemical lesion, 
i . e . ,  the biochemical changes resulting from the interaction of the toxic agent 
with different ligands located on ce l l  membranes or  in t race l lu la r  organelles, 
before the appearance of clinical  symptoms. 

should be given t o  the considerable individual variations that occur in biological 
levels from identical exposures. Such differences among individuals can be largely 
compensated for  by means of collective t e s t s ,  yielding average figures derived 
from a number of subjects under equivalent exposure circumstances. 

biospecimen. A knowledge of the normal l imits of variation of the substance i s  
thus a prerequisite t o  obtaining information on the magnitude of overexposure. 

The analysis of biospecimens i s  supplementing to an increasing extent the 
traditional environmental surveys, and biological samples a re  replacing a i r  
samples. A specimen of blood or urine may yield more information about  total  ex- 
posure t h a n  a i r  samples. Also, the measurement i s  made d i rec t ly  on the individual 
responses to  the toxic agent. 

O f  course, biological samples present more analytical d i f f i cu l t i e s  t h a n  a i r  
samples, as i t  i s  necessary to i so la te  and determine extremely small amounts of 
a substance i n  the presence of large amounts of organic matter and other in te r -  
fering substances. Serious errors can be comitted by-any laboratory, b u t  the 

I n  the interpretation of the resu l t s  of biospecimen analysis,  consideration 

Certain analyses are subject t o  l imitations owing to endogenous levels in the 
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probability of t he i r  occurrence can be minimized by good practice. A numerical 
value can only be given some meaning when i t  results from a carefully performed 
analysis in which the best available method was used. 

Various internationl committees have been s e t  u p  w i t h  the aim of performing 
intra- and inter-laboratory studies on different analytical methods, establishing 
the op t imum working conditions, l imits o f  detection, precision, accuracy, spec- 
i f i c i t y  and the correct way t o  collect  and store biological specimens. 

No laboratory can give correct information on a bad sample. When biological 
specimens are to be collected for the monitoring of workers exposed to  toxic 
metals (usually blood and urine samples), they may be grossly contaminated o r  
otherwise incorrectly taken. For many years there has been controversy on how and 
when urine samples should be collected and how large the sample should be, and 
a great deal has been written on the r e l i ab i l i t y  of urine analysis. For the 
monitoring of exposure to toxic metals 24-h specimens are desirable. When they 
are collected correctly, the urinary levels of the toxic metals tend t o  show 
smaller fluctuations than smaller samples62y63. The results from a single voiding 
of urine are mean inc~ les s~~ .  The analysis of a spot urine sample may give a com- 
pletely different result  than a 24-h sample. The variabil i ty of spot samples i s  
well known t o  impair the quality of the analysis, decreasing the significance of 
the values obtained from such specimens65. The basis on which the results from 
urinary excretion t e s t s  are expressed may a l t e r  the i r  interpretation significantly.  
The results may be expressed as ra te  of excretion or adjusted to  e i ther  a constant 
specific gravity or  creatinine concentration. The l a t t e r  may serve a reliable 

66 index of the adequacy of 24-h urine collection 
Blood analysis i s  generally believed t o  provide a better index than urine 

analysis for  expressing the degree of exposure t o  a toxic metal. In order t o  
a v o i d  sample contamination or deterioration, specific recomnendations should be 
followed i n  each case for both blood collection and blood storage. 

Blood and urinary lead levels are valuable diagnostic tools i n  assessing ex- 
cessive absorption of lead. An increase in e i ther  value represents a reliable 
guide t o  early lead exposure67. A high correlation ex is t s  between lead concentra- 
tions in a i r  and lead values i n  body fluids.  

Increased urinary mercury is  a n  early signal of exposure, b u t  no correlation 
or a poor correlation has  been shown between mercury i n  a i r  and urinary mercury 
excretion 68-70. High individual variations and large fluctuations from day to  day 
have been observed i n  urinary mercury excretion for  workers under similar ex- 
posure conditions70s71. However, on a group basis, urinary excretion i s  roughly 
proportional to elemental mercury vapour concentration in air7'. The same applies 
to mercury i n  blood levels. 

. 
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As regards cadmium the re  appears t o  be no evidence o f  a q u a n t i t a t i v e  r e l a t i o n -  

sh ip between u r i n a r y  cadmium l e v e l s  and the degree o r  du ra t i on  o f  exposure, No 
c o r r e l a t i o n  has been shown between u r i n a r y  cadmium exc re t i on  and the c l i n i c a l  

pa t te rn  o f  long-term e x p ~ s u r e ~ ~ ’ ~ ~ .  L i t t l e  o r  no i n fo rma t ion  i s  given by blood 

cadmium l e v e l s .  Both b lood and u r i n e  values can be used on ly  as rough measures 

of the r a t e  a t  which cadmium i s  being s tored as i nd i ca ted  by exposed experimental 

animals . 
Analysis o f  u r i n e  f o r  arsenic  i n  groups o f  exposed subjects  may prov ide a good 

75 

index o f  absorption. However, no b i o l o g i c a l  l i m i t s  have been establ ished t o  d i f -  

f e r e n t i a t e  safe from p o t e n t i a l l y  dangerous absorption. A number o f  workers 

have repor ted u r i n a r y  excret ions o f  arsenic  10-100 times greater  i n  asymptomatic 

exposed people than i n  con t ro l  groups. Fu r the r  s tud ies are requ i red  i n  order t o  

assess the r e l a t i o n s h i p s  between arsenic  i n  a i r  and u r i n e  concentrat ions and 

symptoms. Arsenic i n  blood l e v e l s  do n o t  seem t o  be s p e c i a l l y  meaningful. 

The value o f  u r i n a r y  manganese exc re t i on  i n  exposed subjects  i s  doubt fu l ,  as 

on l y  a minute f r a c t i o n  o f  the amount absorbed i s  excreted v i a  the kidney7’. Blood 

manganese l e v e l s  are a b e t t e r  c r i t e r i o n  f o r  the assessment o f  absorption. Exposed 

workers w i t h  on l y  s l i g h t  symptoms may a t t a i n  b lood manganese l e v e l s  as h igh as 

f o u r  times normals0. A r e l i a b l e  t e s t  based on the  determinat ion o f  manganese i n  

faeces has been proposed f o r  the mon i to r i ng  o f  exposed workers81, t ak ing  i n t o  

account t h a t  the b i l e  i s  the main rou te  f o r  removal o f  manganese. 

Chromium i s  normal ly  present i n  u r i n e  i n  on l y  t race  amounts; a subs tan t i a l  

r i s e  has been found i n  exposed workers. Blood and u r i n e  chromium l e v e l s  appear 

t o  remain e levated f o r  years a f t e r  exposure8*. However, according t o  Smith , 
blood and u r i n e  determinations o f  the metal i n  workers exposed t o  chromium do 

no t  g i ve  usefu l  i n fo rma t ion  on the degree of exposure. Others have found t h a t  the 

excreted f r a c t i o n  o f  f i l t e r e d  chromium and consequently i t s  renal  clearance are 

considerably h ighe r  i n  exposed workers than i n  subjects  n o t  occupa t iona l l y  ex- 

posedd3, the clearance increase being s t r i c t l y  co r re la ted  w i t h  the du ra t i on  o f  

working l i f e .  The clearance the re fo re  appears t o  be good index o f  absorption. 

o f  t o x i c  metals the two most f requen t l y  used body f l u i d s  are b lood and ur ine,  

and most emphasis has been placed on b lood and u r i n e  determinations, o the r  types 

o f  biospecimens may a l so  g i ve  use fu l  in format ion,  e.g., s a l i v a  and h a i r .  

Sa l i va ry  f l u i d ,  obtained from the  p a r o t i d  glands i n  a standardized way, may 

be a use fu l  b i o l o g i c a l  i n d i c a t o r  o f  t he  absorpt ion o f  t o x i c  metals. The l e v e l s  

o f  mercury i n  concur ren t l y  obtained specimens o f  blood, u r i n e  and s a l i v a  from 

exposed workers have shown a h i g h l y  s i g n i f i c a n t  c o r r e l a t i o n  between the b lood 

and s a l i v a r y  concentrat ions o f  mercury65. As s a l i v a  i s  i n  d i r e c t  e q u i l i b r i u m  

w i t h  the  c a p i l l a r y  network supply t o  the glands, t he  concentrat ion o f  mercury i n  

s a l i v a  can be d i r e c t l y  r e l a t e d  t o  i t s  concentrat ion i n  the  c i r c u l a t i n g  blood. 

76-78 

63 

Although i n  the b i o l o g i c a l  moni tor ing o f  i n d u s t r i a l  personnel f o r  absorption 
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Analysis of hair  has been used for many years t o  detect arsenic intake. In- 
creased levels of arsenic i n  the h a i r  of certain segments of the population have 
been shown t o  correlate w i t h  excessive concentrations of arsenic i n  d r i n k i n g  
watere4. Analysis of hair  for  metals has become a routine procedure for  the 
monitoring of e i ther  industrial o r  environmental exposure85, as human hair  i s  a 
readily available specimen which may re f lec t  the presence of excess of toxic 
metals i n  the body86. The amounts of trace metals internally deposited i n  hair 
may serve as a good index of the duration of exposure and the extent of storage. 
Hair analysis t e s t s  for  the screening of excessive metal absorption have been 
described for  
trace elements . 

cadmium89, arsenice5, mercuryg0, nickelg1 and other 
86 

Lead concentrations in h a i r  (and teeth) have been used as  indicators of long- 
term exposure, b u t  the information does not seem adequate t o  assess r e l i ab i l i t y  
and usefulness . 

exposedg3. However, hair  analysis seems to be of l i t t l e  value in cadmium-exposed 
subjects owing to external contamination that i s  d i f f i cu l t  t o  remove, as shown 
by Nishiyama and Nordberg . 

A relationship between arsenic levels i n  hair and in ambient a i r  has been 
reported by Hamner e t  a1.85 and Bencko e t  a1.g5, who found that the mean concen- 
t ra t ion  o f  arsenic i n  h a i r  re f lec ts  the degree of arsenic a i r  pollution in com- 
munities. Arsenic in hair seems to increase with the magnitude of exposure and 
decreases, returning to  normal levels within a short period, a f t e r  arsenic ex- 
posure has ceased. Arsenic levels in hair  may be within the normal range among 
retired workers formerly heavily exposed and s t i l l  showing symptoms or sequelae 

Increased storage of mercury in the body, as reflected by elevated levels of 
mercury i n  the hair ,  i s  regularly found in human consumers of f i sh  contaminated 
w i t h  organic mercurials, although a definite correlation between blood and hair  
levels of mercury has n o t  been shown 

A study carried out i n  Iraq d u r i n g  a methylmercury poisoning epidemicg9 d i d  
not allow any calculation of risk to  be made from the data obtained by analysis 
of hair  segments. Measurements of mercury levels i n  head and body ha i r ,  finger 
na i l s  and toe nails from dentists and dental surgery assistants showed t h a t  hair  
and nail mercury levels were significantly higher in s ta f f  handling mercury t h a n  

100 in a control group . 
Nechay and Sundermangl concluded that measurements of nickel i n  hair  may sup- 

plement nickel analyses of serum and urine as indices of the body burden of nickel. 
The highest concentrations of chromium i n  humans are found i n  ha i r ,  as reported 

by Mertz . 

92 

Large amounts of cadmium have been found in h a i r  segments of workers regularly 

94 

96 . 

97,98 . 

101 
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2.5. INTERPRETATION OF RESULTS 

When problems of i n t e r p r e t a t i o n  are overcome, use fu l  i n fo rma t ion  can be 

obtained from b i o l o g i c a l  analyses, i n c l u d i n g  the best poss ib le  assessment o f  

t o t a l  exposure t o  a t o x i c  agent i n  some instances and an i n d i c a t i o n  o f  e a r l y  

damage t o  t i s s u e  i n  others. The most obvious quest ion r a i s e d  by an a n a l y t i c a l  

r e s u l t  i s  whether i t  i s  normal o r  above-normal; the term "unexposed" i s  preferable 

t o  "normal". Re l i ab le  data on "normals" may be d i f f i c u l t  t o  f i n d  f o r  l ess  common 

parameters, and consequently the amounts t o  be expected i n  a b i o l o g i c a l  specimen 

submitted f o r  analys is .  

The h ighest  concentrat ion o f  a t o x i c  substance t h a t  can be found i n  a b io -  

l o g i c a l  medium w i thou t  damage t o  h e a l t h  has been def ined by V i g l i a n i  as the 

maximum al lowable b i o l o g i c a l  concentrat ion. The subject  o f  b i o l o g i c a l  threshold 

l i m i t s  f o r  t o x i c  metals and r e l a t e d  parameters has been a mat ter  f o r  discussion 

by a number of i n t e r n a t i o n a l  s c i e n t i f i c  comnittees and groups o f  experts. As 

long as the s e n s i t i v i t y  o f  a n a l y t i c a l  techniques continues t o  increase and new 

enzymatic and o the r  biochemical changes are being found, i t  i s  more and more 

d i f f i c u l t  t o  f i x  a l i m i t  between normal and abnormal. On the o the r  hand, the 

f i nd ing  o f  some anomalies i s  n o t  always easy t o  i n t e r p r e t  and should n o t  neces- 

s a r i l y  be considered as an adverse e f f e c t  w i t h  respect  t o  heal th .  

An In te rna t i ona l  Study Group o f  Experts1'* has proposed the term "recomnended 

health-based b i o l o g i c a l  l i m i t s " ,  t h a t  i s ,  the no-adverse-effect l e v e l  o f  t o x i c  

substances o r  t h e i r  metabol i tes i n  human b i o l o g i c a l  ma te r ia l s .  I t  seems t h a t  the 

hea l th  of the workers can be b e t t e r  protected when i n d i v i d u a l  health-based b i o -  

l o g i c a l  l i m i t s  are app l i ed  i ns tead  o f  group average leve ls .  A few countr ies have 

a lso inc luded the prevent ion o f  hea l th  impairment i n  o f f s p r i n g  as a c r i t e r i o n  i n  

determining exposure l i m i t s .  

P rac t i ca l  d i f f i c u l t i e s  are a l s o  found when dea l i ng  w i t h  b i o l o g i c a l  specimens 

i n  r e l a t i o n  t o  the method o f  expressing the r e s u l t s .  Fu r the r  problems a r i s e  

because o f  the m u l t i p l i c i t y  o f  parameters analysed and the l ack  o f  agreement on 

the method o f  expressing r e s u l t s .  

A problem o f  paramount importance concerns the  experience o f  l abo ra to r ies  per- 

forming t h i s  k ind  o f  analys is .  Such labo ra to r ies  should have experience i n  micro- 

analys is  and t race  element ana lys i s  on the one hand, and experience i n  enzymology 

on the other ,  i n  order  t o  i d e n t i f y  and e l im ina te  e r r o r s  i n  the  a n a l y t i c a l  pro- 

cedures used. Constant q u a l i t y  c o n t r o l  i s  needed i n  each i n d i v i d u a l  l abo ra to ry  

and i n t e r l a b o r a t o r y  con t ro l  i s  a l so  essen t ia l .  Whenever poss ib le ,  methods and 

recomnendations o f  i n t e r n a t i o n a l  s tandard izat ion c m i t t e e s  should be fol lowed. 
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New techniques are s t i l l  being developed f o r  the determination o f  metals i n  

b i o l o g i c a l  mater ia ls .  The l a t e s t  would be the methods f o r  the i n  v i v o  measure- 

ment o f  metals. The method o f  p a r t i a l  body i n  v i vo  neutron a c t i v a t i o n  analys is ,  

among others, has been shown t o  be p a r t i c u l a r l y  usefu l  f o r  the de tec t i on  o f  cad- 

mium i n  the l i v i n g  personlo3. In v i vo  determinations o f  l i v e r  and kidney cadmium 

by neutron capture X-ray analys is  are being performed w i t h  t ranspor tab le measure- 

ment systems developed a t  the Un ive rs i t y  o f  Birmingham, U.K. 

The need f o r  the development o f  metal-speciat ion techniques has been emphasized 

by many inves t i ga to rs ,  as d i f f e r e n t  compounds o f  the same metal may be responsible 

f o r  d i f f e r e n t  kinds of r i s k s .  It i s  the re fo re  recomnendedlo6 t h a t  whenever poss ib le  

the exposure should no t  be expressed as element leve ls ,  b u t  as the l e v e l s  o f  

s p e c i f i c  compounds. This p o i n t  s t i l l  needs f u r t h e r  research. 

104,105 

2.6. I N D I C E S  FOR LEAD EXPOSURE 

Lead induces c e r t a i n  biochemical i n j u r i e s  a t  c e l l u l a r  o r  subce l l u la r  l eve l s .  

This i s  a good example o f  a metal ac t i ng  on the  permeabi l i ty  o f  the ery throcyte 

membrane. Pb2' causes i n h i b i t i o n  o f  the a c t i v e  t ranspor t  o f  K+ and a s p e c i f i c  

increase i n  membrane permeabil i  ty. Studies c a r r i e d  ou t  on ery throcyte membranes 

o f  workers w i t h  lead exposure have shown a decrease i n  the a c t i v i t y  o f  Na+-K+/ 

ATPase ( t h i s  enzyme hydrolyses ATP, thus p rov id ing  the energy necessary f o r  the 

a c t i v e  t ranspor t  o f  Na* and K'), as w e l l  as a r a p i d  l oss  o f  i n t r a c e l l u l a r  K+ and 

a decrease i n  the i n t r a c e l l u l a r  content o f  ATP1-3. 

A g rea t  deal o f  research work has been c a r r i e d  ou t  w i t h  the aim o f  es tab l i sh ing  

poss ib le  biochemical s i t e s  f o r  the ac t i on  o f  lead on the b iosynthes is  o f  haemo- 

g lob in.  R i m i n g t ~ n ~ ' ~  gave the f i r s t  evidence t h a t  anaemia i n  the presence o f  

increased lead absorption i s  a consequence o f  the i n h i b i t i o n  o f  haeme synthesis. 

According t o  the numerous s tud ies c a r r i e d  ou t  s ince then, i t  may be concluded 

t h a t  lead can a f f e c t  a l l  steps i n  the pathway o f  haeme synthesis, although the 

degree o f  i n h i b i t i o n  o f  each enzymatic system var ies considerably. I n  v i t r o  ex- 

periments i n d i c a t e  t h a t  6-aminolaevul inic ac id  dehydratase (ALA-D) and haeme 

synthetase (Hem-S) are the two most s e n s i t i v e  enzymes t o  the  ac t i on  of lead. Some 

controversy has arisen, however, i n  connection w i t h  the i n h i b i t i o n  o f  the 

1 a t t e r 6  9 ' .  

The s e n s i t i v i t y  o f  ALA-D t o  Pb2+ has given r i s e  t o  the development of a t e s t  

based on the determination o f  the a c t i v i t y  o f  t h i s  enzyme on c i r c u l a t i n g  ery thro-  

cytes as a means o f  de tec t i ng  l ead  absorption a t  a very e a r l y  stage8-I5. ALA-D 

a c t i v i t y  i nve rse l y  co r re la tes  very c l o s e l y  w i t h  blood lead l e v e l s  and gradual ly  

becomes depressed and a t  a slow r a t e  under the i n f l uence  o f  a small uptake o f  

lead . 12 
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I t  has been found tha t  lead a f fec ts  not  only the h a m  moiety synthesis b u t  
also the globin synthesis and, as shown by Pernis and Zanardi16, the percentage 
of haemglobin A2 increases i n  human adults and laboratory animals w i t h  incre- 
asing lead absorption. Bonsignore e t  al.17 found a significant increase in foetal 
haemglobin F i n  lead-exposed workers, at tr ibuted to  the poss ib i l i ty  of dere- 
pression of the gamna gene. 

to h a m  biosynthesis. A number of investigators have described changes in the 
ac t iv i ty  of various enzymes, e.g., increases i n  transaminases 
and decreases in a1 k a l  ine phosphatase 21y22 and cholinesterase 

A group of workers w i t h  s l i g h t  t o  moderate exposure to  lead and practically 
~ympto ln le s s~~  presented no evidence of significant changes i n  the serum ac t iv i ty  
of aldolase. cholinesterase and transarninases, b u t  a significant decrease was 
shown in the total  ac t iv i ty  of lac ta te  dehydrogenase as well as the partial  in- 
hibition of i t s  cathodic molecular fractions. 

According to  Urbanowicz e t  i n  industrial  lead exposure an increased 
urinary excretion of 5-hydroxyindole ace t ic  acid becomes evident ea r l i e r  than 
the respective 6-aminolaevulinic acid and coproporphyrin maximum excretions. The 
t e s t  may be applied for  the detection of abnormal lead absorption during the 
f i r s t  weeks of exposure. However, there is  no agreement among different investi-  
gators on the relationship between lead i n  blood (PbB) levels and  hydroxyindole- 
acetic acid (HIIA) excretion. The mechanism of action is  not well understood, 
and the analysis i t s e l f  does not seem suitable fo r  epidemiological studies. 

( H V A )  i n  the urine of young children w i t h  increased lead absorption. No s igni f i -  
cant correlations between HVA, f ree  erythroporphyrin ( F E P )  and chelatable lead 
(PbU-EDTA) were found, suggesting tha t  the so-called "HVA e f fec t"  i s  n o t  related 
to lead e f fec ts  on haeme synthesis. In other words, the inhibitory e f fec t  of lead 
on haeme synthesis is  unrelated t o  i t s  apparent e f fec t  on HVA metabolism. These 
studies i n  children seem to  provide the f i r s t  evidence o f  a dose-related e f fec t  
of lead i n  man on a metabolite, which may originate in neuronal t i s sue ,  namely 
HVA. Maas and co-workers 27928  found i n  monkeys and human adults t h a t  HVA i s  the 
major catabolite of dopamine, and tha t  33% o f  urinary HVA i s  derived from the 
central nervous system. The data obtained in Chisolm and Silbergeldls study 
suggest t h a t  the e f fec t  o f  lead on urinary HVA is  reversible and dose-related, 
and may serve as potential marker fo r  lead. 

Experimental studies carried out on r a t s  fed a d i e t  containing low doses of 
lead for  7 months2' showed a number of enzymatic changes which might be induced 
e i ther  by the d i rec t  e f fec t  of lead or  by the metabolic adaptation to  the lead 
damage. The changes included decreased glutamate dehydrogenase and ma1 a t e  de- 

Lead also a f fec ts  the ac t iv i t i e s  of enzymes other than those d i rec t ly  related 

20 and aldolase 
23 . 

Chisolm and SilbergeldZ6 have found increased excretion o f  homovanillic acid 
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hydrogenase and increased glucose-6-phosphate dehydrogenase. The r a t s  showed 
increased urinary excretions of lead and 6-aminolaevulinic acid. 

A previously unrecognized enzyme specifically cleaving the phosphate bond of 
pyrimidine 5'-nucleotides i n  human red ce l l s  has been described by Valentine e t  
al .30 and called pyrimidine 5'-nucleotidase (Py 5N). The same group31 discovered 
that patients w i t h  lead poisoning exhibited a decreased ac t iv i ty  of red ce l l  
pyrimidine 5'-nucleotidase, and this finding applied both to  severely intoxicated 
patients3* and to individuals w i t h  mild exposure 

exposure, Bu.c and K a ~ l a n ~ ~  investigated the Py SN ac t iv i ty  i n  red ce l l s  together 
w i t h  the classical  parameters i n  subjects w i t h  varying degrees of lead absorption. 
The red ce l l  Py 5N ac t iv i ty  was found t o  be decreased i n  a l l  cases, even when 
most of the other biological t e s t s  remained negative. I t  was concluded that red 
ce l l  Py 5N represents a reliable and sensitive index of lead exposure. 

31 . 
In order t o  determine the value of this enzyme as a biological index of lead 

2.6.1. Interpretat ion of blood a d  urine lead levels  

The reader is  referred to  Chapter 4 for the methodology of the determination 
o f  lead i n  blood and urine. 

2.6. I .  I. Lead in blood 

PbB i n  human subjects without known exposure seems to be f a i r ly  constant 
t h r o u g h o u t  the world, ranging from 10 to  35 ug per 100 g on a ~ e r a g e ~ ~ - ~ ~ .  Con- 
s i s t en t  differences have been shown between children and  adult^^^'^^, men and 
women3' and urban and rural populations 

Levels fo r  Occupational Exposure to Inorganic Lead4* could not agree on "what 
level should be regarded as  a health-based permissible level for  occupational 
exposure", b u t  i t  was agreed that for  male workers individual PbB should not 
exceed 60 pg per 100 g in the l i gh t  of knowledge available to  the group. However, 
i t  was considered desirable to  reduce individual exposure below this leve l ,  
taking into account the effects on the haematopoietic system a t  concentrations 
above 45-50 pg per 100 g and on nerve conduction velocity a t  concentrations 
between 50 and 60 pg per 100 g. Because of potential e f fec ts  on the foetus, a 
safe practice would be to  avoid the employment of women of child-bearing age on 
lead work where blood levels might regularly exceed 40 ug per 100 g. Experiments 
carried out by H a y a ~ h i ~ ~  on pregnant and non-pregnant ra t s  led h im t o  conclude 
that avoidance of lead exposure should  be the rule during pregnancy. 

(hypersusceptibility) due to  genetic t r a i t s  ( s ick le  ce l l  anaemia, thalassaemia, 

40,41 

The group of experts who met a t  the 2nd International Workshop on Permissible 
. 

I t  should be remembered that some individuals may show increased vulnerability 



G6PD deficiency, e t c . ) ,  malnutrition, combined exposure to  other occupational 
and environmental factors,  ingestion of different drugs and alcohol, smoking of 
cigarettes,  etc.  For such individuals the g i v e n  blood lead concentrations related 
t o  other biochemical changes may be altered.  In such cases an additional safety 
margin may be desirable, as the unusually sensit ive must also be protected. 

valid indicator of total  uptake and of health risk and, therefore, the PbB level 
i s  the primary indicator of both total  exposure and health risk in screening 
individuals and population groups“. A Biological Quality Guide ( B Q G )  was proposed 
and accepted by the Comnission of European Comnunities ( C E C )  as a guideline fo r  
a general survey of population exposure, carried out i n  1979 and in 1981 i n  the 
nine member countries45; total  exposure i s  not unacceptable i f  98% of PbB levels 
are <35 ug per 100 ml, 90% <30 ug per 100 ml and 50% <20 pg per 100 ml. Taking 
into account the susceptibil i ty of young children, a lower guideline was proposed 
for  preschool children: 98% <30 ug per 100 ml, 90% <25 ug per 100 ml and 50% 
<20 pg per 100 ml . The maximum l imi t  of 30 pg per 100 m l  has been adopted by the 
 WHO^^ fo r  occupational exposure of females of f e r t i l e  age. 

According to Z i e l h ~ i s ~ ~ ,  “the lead content of whole blood (PbB) i s  the most 

2.6.1.2. Lead in urine 

Blood samples are to  be preferred for  the biological monitoring of lead ex- 
posure as they are more s tab le  and more indicative than urine samples. PbB i s  
en t i re ly  specific and reliable in indicating the extent of the absorption of 
lead47. When urine i s  chosen to  be analysed rather than blood i t  is  necessary t o  
sample more frequently. Usually the frequency i s  doubled with respect t o  blood 
sampling. 

nation of absorption in exposure t o  alkyllead compounds ( T E L  and TML) ,  and 
although a BTLV for PbU i n  workers exposed t o  alkyl derivatives has n o t  been yet 
assessed, PbU represents the most suitable t e s t  for  detecting dangerous absorp- 
tion of TEL48. 

The PbU of unexposed individuals varies from non-detectable levels up  t o  80 
pg  per 1000 ml, w i t h  an average o f  about 30 ug per 1000 m14’. More recent studies 
have revealed much lower levels. Tsuchiya e t  a1.36 obtained a mean value of 1 2  pg 

per 1000 ml fo r  a group of 2300 policemen in Japan. 
Haeger-Aronsen” obtained mean values of 14.0t9.0 ug per 1000 m l  f o r  PbU i n  

unexposed people, and when concentrations were adjusted to  creatinine excretion 
the mean value was 8.6t5.6 ug per gram of creatinine. 

Moderate lead absorption gives rise to an  increase in PbU w i t h  values ranging 
between 100 and 150 ug per 1000 m l  w i t h i n  a few weeks4’. According t o  Tsuchiya 
and Harashima’l, for  a 48-60-h working week an average a i r  lead concentration of 
100 ug/m would lead to  an average PbU level o f  150 ug per 1000 m l .  

On the other hand, PbU provides the only analytical c r i te r ion  for the d e t e n i -  

3 
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I t  should be noted, however, t h a t  "norma1"rates o f  PbU e x c r e t i o n  may be found 

even when t h e  exposure i s  high5'. Fo r  sub jec ts  who have been removed from exposure 

some months p r i o r  t o  d iagnosis  i n  whom PbB has almost re tu rned  t o  normal l e v e l s ,  

a Ca-EDTA p rovoca t ion  t e s t  may p rov ide  use fu l  i n f o r m a t i o n .  I f  PbU e x c r e t i o n  

w i t h i n  24 h a f t e r  in t ravenous i n f u s i o n  o f  1 g o f  c h e l a t i n g  agent exceeds 1000 ug, 

t h e  sub jec ts  a re  considered t o  have had abnormal ly h i g h  l ead  exposure i n  the  

past53.  The upper l i m i t  i n  h e a l t h y  a d u l t  sub jec ts  would be l e s s  than 600 pg o f  

l e a d  exc re ted  over  4 days a f t e r  a 1-g i n j e c t i o n  o f  Ca-EDTA 54 . 

2.6.1.3. Lead in other biological samples 

It has been s t a t e d  t h a t  sweat conta ins l ead  i n  concentrat ions comparable t o  

Lead i n  h a i r  has a l s o  been proposed f o r  survey ing exposed workers. Lead l e v e l s  

47 those i n  u r i n e  . 

i n  h a i r  may r e f l e c t  long- term exposure. A procedure based on a n o d i c - s t r i p p i n g  

vol tammetry (ASV) has been descr ibed55 and recomnended f o r  i t s  s i m p l i c i t y ,  speed 

and the  smal l  amounts of sample r e q u i r e d  (1-15 mg). The lead  concentrat ions i n  

t h e  h a i r  of persons working i n  a b a t t e r y  f a c t o r y  were found t o  range between 81 

and 740 ppm (mean = 321 ppm), w h i l e  those i n  the  h a i r  o f  c o n t r o l s  n o t  i n d u s t r i a l l y  

exposed ranged from 5 t o  46 ppm (mean = 39 ppm). The r e s u l t s  were s i m i l a r  t o  

those ob ta ined  by atomic-absorpt ion spectrometry (AAS)  and by the  d i t h i z o n e  

method. Jenkins56 repo r ted  values f o r  some t o x i c  meta ls  i n  human h a i r  w i t h  ten -  

t a t i v e  normal and t o x i c  l e v e l s .  The values f o r  l ead  ranged from 0 t o  70 ppm f o r  

normal and f rom 0 t o  1880 ppm f o r  exposed i n d i v i d u a l s .  

Neutron a c t i v a t i o n  ana lys i s  (NAA) has been p r e f e r e n t i a l l y  used f o r  t h e  i d e n t i -  

f i c a t i o n  o f  meta ls  i n  h a i r  i n  t h e  f i e l d  o f  cr iminology.  

The use o f  s a l i v a  has been suggested as an a l t e r n a t i v e  method t o  b lood  o r  

u r i n e  sampl ing f o r  t h e  b i o l o g i c a l  mon i to r i ng  o f  lead. S a l i v a r y  l e a d  de te rm ina t ion  

by AAS o f f e r s  t h e  advantage t h a t  i n t e r f e r e n c e  f rom sodium i s  n e g l i g i b l e  because 

o f  i t s  lower  concen t ra t i on  i n  sa l i va57 .  Lead concentrat ions found i n  human p a r o t i d  

s a l i v a  ranged f rom 0.3 t o  1.0 pg/ml. However, t h e  use o f  s a l i v a  as an approp r ia te  

medium f o r  d e t e c t i n g  l e a d  exposure i s  s t i l l  a m a t t e r  o f  cont roversy 

Teeth ( e i t h e r  deciduous o r  e x t r a c t e d )  can a l s o  be used f o r  t h e  b i o l o g i c a l  

m o n i t o r i n g  o f  l e a d  exposure. Lead has been analysed by AAS w i t h  d i r e c t  a tomiza t i on  

f rom t h e  s o l i d  state5', a f t e r  separa t i ng  enamel f rom dentine6'. Increased con- 
61 c e n t r a t i o n  o f  l e a d  i n  t e e t h  p e r s i s t s  even a f t e r  b lood  l e a d  l e v e l s  have decreased 

I t has been suggested t h a t  t he  l e a d  concen t ra t i on  i n  t h e  den t ine  o f  shed deciduous 

t e e t h  i s  a good i n d i c a t o r  o f  pas t  exposure t o  l e a d  d u r i n g  i n f a n c y  and e a r l y  c h i l d -  

hood. 

F inge r  n a i l s  and t o e  n a i l s  have been used f o r  t he  mon i to r i ng  o f  exposure t o  

lead, a l though they  have n o t  been employed as e x t e n s i v e l y  as hair6'. H a i r  and 

58 . 

. 
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nai l  samples a r e  r e l a t i v e l y  easy t o  c o l l e c t ,  a r e  small and requi re  no special 
containers  o r  r e f r i g e r a t i o n  f o r  s torage  and t ranspor t .  The methodology t o  be 
applied is  almost the same, usual ly  AAS. 

2.6.2. ALA-D a c t i v i t y  in erythrocytes 

6-Aminolaevulinic acid dehydratase (5-aminolaevulinate hydrolyase, E . C .  
4.2.1.24), ca ta lys ing  the conversion of 6-aminolaevulinic acid (ALA)  i n t o  por- 
phobilinogen ( P E G ) ,  i s  inh ib i ted  by lead r a t h e r  s p e c i f i c a l l y ,  w i t h  one known ex- 
ception i n  the case af  a l c ~ h o l i s m ~ ~ .  Because of the d i r e c t  e f f e c t  o f  tobacco 
smoke on ALA-D a c t i v i t y ,  i t  i s  recomnended t o  take smoking habi t s  i n t o  account 
when epidemiological s tud ies  a r e  car r ied  out  . 

The inhib i tory  ac t ion  of lead on ALA-D has been demonstrated i n  vivo and i n  
v i t r o  by a number of inves t iga tors  

Measurement of ALA-D a c t i v i t y  i n  erythrocytes  i s  a r e l a t i v e l y  simple procfidure, 
determining the amount o f  PBG formed per u n i t  time by a standard amount of enzyme 
source. The s implest  technique, described by Bonsignore e t  a1 .71, requires  che 
incubation of blood (source of enzyme) w i t h  ALA ( s u b s t r a t e )  a t  38OC. The amount 
of PBG formed a f t e r  incubation f o r  1 h i s  measured by means of a colour react ion 
i n  the presence o f  Ehrlich reagent. 

Many inves t iga tors  have modified the procedure and r e s u l t s  from d i f f e r e n t  
labora tor ies  a r e  not comparable, a s  shown by an in te r labora tory  study car r ied  out 
through an European standardized method has been developed, tes ted  i n  a collabo- 
r a t i v e  study and agreed upon by nineteen l a b ~ r a t o r i e s ~ ~ .  The r e s u l t s  o f  these 
tests compare very favourably w i t h  PbB determinations. The in te r labora tory  co- 
e f f i c i e n t  of var ia t ion  was 10%. 

The inh ib i t ion  of ALA-D has shown a negative cor re la t ion  with PbB. Hernberg 
e t  a1.74 showed a negative l i n e a r  regression over a range of 5 t o  90 ug per 
100 g of PbB, when ALA-D was p lo t ted  on the logarithmic sca le .  Wada e t  a l .  
reported a l imi t ing  PbB level  of about 15 ug per 100 ml, below which ALA-D 

showed no cor re la t ion  with PbB l eve ls .  

64 

65-70 . 

75 

Depression of ALA-D a c t i v i t y  i n  erythrocytes  is  not only a s e n s i t i v e  b u t  a l so  
a s p e c i f i c  index of exposure t o  lead. As s t a t e d  above, ALA-D a c t i v i t y  i n  human 
blood a l s o  decreases w i t h  the e leva t ion  of blood ethanol but re turns  t o  normal 
a t  the same r a t e  a s  the ethanol level  . 

The European standardized method 73*76 gave a range o f  ALA-D a c t i v i t i e s  from 
30 t o  60 Units per l i t r e  f o r  normal blood samples, w i t h  an average c o e f f i c i e n t  
of var ia t ion  of only 3% and a standard deviat ion of 2%. One European Unit is  the  
amount of ALA ( p o l e s )  converted i n t o  PBG per m i n u t e  per l i t r e  of red blood 
c e l l s  a t  37'~: 

63 



41 

m o l e s  ALA min- l  L R B C - ~  = U/L* 

The main f e a t u r e s  of  t h i s  method a r e  r e p r o d u c i b i l i t y ,  p r e c i s i o n ,  low c o s t  p e r  

a n a l y s i s  and easy imp lementa t ion  (no e labo ra te  equipment i s  requ i red ) .  

The i n t e r l a b o r a t o r y  comparison shows t h a t  l a b o r a t o r i e s  us ing  t h e  s tandard i zed  

European method f o r  ALA-D a c t i v i t y  can o b t a i n  comparable r e s u l t s .  Reference 

q u a l i t y  c o n t r o l  b lood  i s  n o t  a v a i l a b l e  f o r  ALA-D owing t o  t h e  i n s t a b i l i t y  o f  t h e  

enzyme, and a f r e s h  b lood  sample has t o  be ob ta ined  f rom i n d i v i d u a l s  whose b lood  

ALA-D a c t i v i t y  has been p r e v i o u s l y  determined (ALA-0 a c t i v i t y  i s  s t a b l e  w i t h  

t i m e ) .  

2.6.3. Erythrocyte porphyrins 

Pro toporphy r in  (PP o r  PP I X )  i s  formed i n  t h e  m i tochondr ia  d u r i n g  t h e  d i f -  

f e r e n t i a t i o n  o f  t h e  e r y t h r o c y t e  i n  t h e  bone marrow. The convers ion  o f  PP t o  haeme 

r e q u i r e s  t h e  i n s e r t i o n  of i r o n  i n t o  t h e  PP r i n g .  It appears t h a t  Pb2+ does n o t  

p reven t  t h e  m i tochondr ia  f rom i n c o r p o r a t i n g  i r o n  b u t  r a t h e r  f rom us ing  it. I n  

over  words, i t  may be p o s t u l a t e d  t h a t  Pb2+ e i t h e r  i n h i b i t s  haeme-S o r  i n h i b i t s  

some o t h e r  system i n  such a way t h a t  i r o n  i s  n o t  p rov ided i n  a p roper  fo rm t o  

t h e  enzyme . 

w h i l e  ALA-D a c t i v i t y  i s  n o t  a f f e c t e d  by i r o n  de f ic iency .  Lamola and Yamane 

were a b l e  t o  demonstrate t h a t  t h e  PP accumulat ing i n  l ead  exposure and i n  i r o n  

d e f i c i e n c y  anaemia i s  i n  f a c t  ZnPP and n o t  f r e e  PP. 

A number o f  methods have been proposed f o r  de termin ing  t h e  concen t ra t i on  o f  

e r y t h r o c y t e  po rphy r ins  i n  blood. Because o f  t h e  d i f f i c u l t i e s  a r i s e d  f rom t h e  l ack  

o r  r e a d i l y  a v a i l a b l e  standards t h e  comp lex i t y  o f  t h e  methodology and t h e  l a c k  o f  

agreement among l a b o r a t o r i e s ,  a Symposium on Porphyr in  Measurements - Labora tory  

and C l i n i c a l  Aspects, was sponsored by  t h e  C a p i t a l  Sec t i on  o f  t h e  AACC and t h e  

C l i n i c a l  Chemistry Se rv i ce  o f  t h e  N I H  (U.S.A.) i n  1976. A group o f  i n v i t e d  ex- 

p e r t s  i n  t h e  f i e l d  o f  po rphy r in  chemis t ry  h e l d  d iscuss ions  on t h e  methodology 

f o r  p r o t o p o r p h y r i n  measurements, among o t h e r  p o i n t s  o f  i n t e r e s t .  

b lood  i n  va r ious  ways w i th  d i f f e r e n t  so l ven ts ,  most o f  them be ing  micromethods 

r e q u i r i n g  a few m i c r o l i t r e s  o f  b l ~ o d ~ l - ~ ~ .  However, a l l  o f  these methods seem 

t o  have been d i sp laced  by t h e  use o f  a new ins t rumen t  s p e c i a l l y  designed f o r  t h e  

78,79 

PP i s  e leva ted  n o t  o n l y  i n  l e a d  exposure b u t  a l s o  i n  i r o n  d e f i c i e n c y  anaemia, 
80 

A l l  t h e  known methods c o n s i s t  i n  f l u o r i m e t r i c  assays o f  PP e x t r a c t e d  f rom 

*It has been recomnended by  t h e  IUPAC-IUB Comnission on Biochemical  Nomenclature 
(CBN) t h a t  " t h e  U n i t  i n  wh ich  enzymic a c t i v i t y  i s  expres ed be t h e  amount of 
a c t i v i t y  t h a t  conve r t s  one mole of s u b s t r a t e  p e r  second"37. Th is  u n i t  i s  c a l l e d  
t h e  k a t a l  ( k a t ) :  1 k a t  = 6 x l o 7  U; 1 U = 16.67 nkat ;  1 mU = 16.67 pkat.  
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r a p i d  assay o f  ZnPP i n  unprocessed blood. Th is  ins t rument ,  c a l l e s  a haemofluorim- 

e te rg5 ,  opera tes  w i t h  o n l y  one drop o f  b lood  ob ta ined  from a f i n g e r  punc ture ,  

which i s  p laced  on a cover  s l i p  and i n s e r t e d  i n  t h e  sample h o l d e r  o f  t h e  i n s t r u -  

ment, which a l s o  ho lds  a permanent b lank  and a f luorescence s tandard  ( u s u a l l y  

Rhodamine B). The ZnPP concen t ra t i on  i s  a u t o m a t i c a l l y  and ins tan taneous ly  com- 

pu ted  and t h e  va lue  i s  d i sp layed  on a d i g i t a l  readout  as micrograms o f  ZnPP pe r  

100 m l  of b lood  of  a s tandard  haemetocr i t .  The whole procedure takes  about 5 sec. 

The values ob ta ined  w i t h  t h e  haemato f luor imeter  c o r r e l a t e  w e l l  and l i n e a r l y  w i t h  

those g i ven  by  c u r r e n t l y  accepted e x t r a c t i o n  methods86. The median ZnPP values 

found by Olsen e t  a l .87  i n  a group o f  1050 a d u l t s  (40-year -o ld  suburban popula- 

t i o n )  were 28 ug p e r  100 m l  o f  b lood  i n  women and 25 eg pe r  100 m l  o f  b lood  i n  

men. I n  f a c t ,  t h e  average PbB l e v e l  o f  t h e  unexposed p o p u l a t i o n  w i l l  de te rmine  

t h e  PP l e v e l  as t h e r e  i s  an i n t e r r e l a t i o n s h i p  between the  two. 

High-performance l i q u i d  chromatography (HPLC) has been app l ied”  t o  t h e  ana l -  

y s i s  o f  porphyr ins .  A r a p i d  HPLC method has been developed f o r  accura te  de termi -  

n a t i o n  o f  ZnPP and PP i n  blood, and t h e  r e s u l t s  compared w i th  those ob ta ined  by 

convent iona l  methods. The t o t a l  a n a l y s i s  t i m e  r e q u i r e d  i s  about 15 min  p e r  sample. 

The r e s u l t s  ob ta ined  suggest t h a t  t h e  de te rm ina t ion  o f  ZnPP i s  a s e n s i t i v e  

t e s t  f o r  t h e  d e t e c t i o n  o f  m i l d  inc reases  i n  PbB concen t ra t i ons  i n  lead-exposed 

workers. However, i t  shou ld  be remembered t h a t  t h e  r e s u l t s  a r e  e leva ted  i n  i r o n  

d e f i c i e n c y  s t a t e s  and may a l s o  be i n f l u e n c e d  by heavy a l coho l  intake8’, as i s  

t h e  Pb8 level8’. I t  i s  recommended t h a t  p o s i t i v e  t e s t s  be supplemented by  another  

t e s t  t h a t  i s  n o t  i n f l u e n c e d  by e i t h e r  a l coho l  consumption o r  c i g a r e t t e  smoking. 

Accord ing  t o  Zielhuis4‘, a l though ZnPP i s  cons idered t o  be the  b e s t  secondary 

parameter,  i t  cannot rep lace  PbB except  f o r  sc reen ing  purposes. 

o f  t h e  i n t e n s i t y  and d u r a t i o n  o f  l e a d  exposure, w h i l e  A l e s s i o  e t  a l  .” cons ide r  

t h e  de te rm ina t ion  o f  e r y t h r o c y t e  PP t o  be a u s e f u l  t e s t  n o t  o n l y  f o r  t h e  moni- 

t o r i n g  of exposed workers b u t  a l s o  f o r  sub jec ts  w i t h  pas t  exposure. I n  a more 

r e c e n t  p u b l i c a t i o n ,  A l e s s i o  e t  a1 .92 cons idered e r y t h r o c y t e  p r o t o p o r p h y r i n  I X  

(EP)  and ALA-D a c t i v i t y  t o  be u s e f u l  t o o l s  f o r  e s t a b l i s h i n g  “ the  p e r s i s t e n c e  and 

e x t e n t  o f  an a c t i v e  d e p o s i t  o f  l e a d  i n  t h e  organism, w h i l e  PbB i s  o f  ve ry  l i m i t e d  

use”. EP and ALA-D a r e  t h e r e f o r e  suggested as two good i n d i c a t o r s  f o r  t h e  i d e n t i -  

f i c a t i o n  o f  sub jec ts  who have stopped work ing  w i t h  lead, b u t  hav ing  been seve re l y  

exposed i n  t h e  pas t .  

Haemato f l uo r ime t r i c  read ings  f o r  ZnPP have shown t o  be f u l l y  e q u i v a l e n t  t o  t h e  

e r y t h r o c y t e  PP l e v e l s  ob ta ined  by e x t r a c t i o n  techniques ( c o r r e l a t i o n  c o e f f i c i e n t  
93 r = 0.98) . 

Z i e l h u i s g 4  es t ima ted  t h a t  n o t  more than 5% o f  t h e  p o p u l a t i o n  w i l l  show a per-  

c e p t i b l e  i nc rease  i n  e r y t h r o c y t e  PP when PbB l e v e l s  a r e  30 ug p e r  100 m l  i n  a d u l t  

males, 25 pg p e r  100 m l  i n  a d u l t  females and 20 Ug p e r  100 m l  i n  c h i l d r e n .  

The ALA-D/PP r a t i o  has been suggested by  B e r i t i E  e t  al.’O as a va luab le  measure 
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Mean normal va lues  f o r  e r y t h r o c y t e  PP as g i ven  by A l e s s i o  e t  al. ' l  a r e  2 9 ~ 8  ug 

p e r  100 m l  RBC w i t h  ranges between 15 and 60 ug p e r  100 m l  RBC. Fo r  workers w i t h  

pas t  exposure t h e  mean values have found t o  be 145+85 ug pe r  100 m l  RBC w i t h  

ranges between 25 and 350 ug p e r  100 m l  RBC. 

ZnPP c o n c e n t r a t i o n  over  t h e  e n t i r e  range f rom 30 ug p e r  100 m l  o f  b lood  i n  normals 

t o  1100 ug p e r  100 m l  o f  b lood  i n  seve re l y  exposed i n d i v i d u a l s  

60 119 p e r  100 m l  showed a PP concen t ra t i on  o f  140 pg p e r  100 m l  RBC o r  above. 

The haemato f l uo r ime t r i c  read ings  have been shown t o  be l i n e a r l y  r e l a t e d  t o  

85 . 
Sassa e t  a l .79  r e p o r t e d  t h a t  over  95% o f  t h e  p o p u l a t i o n  w i t h  a PbB l e v e l  o f  

2.6.4. Ur=-inary coproporphyrins and 6-aminolaevulinic acid 

The measurement o f  coproporphyr ins  i n  u r i n e  i s  u s u a l l y  c a r r i e d  o u t  by e x t r a c -  
96 

t i o n  o f  t h e  po rphy r ins  i n t o  e i t h e r  e t h y l  ace ta te -ace t i c  ac idg5 o r  d i e t h y l  e t h e r  , 
fo l lowed by t r a n s f e r  i n t o  h y d r o c h l o r i c  ac id .  The absorbance i s  measured a t  401 nm 

w i t h  t h e  c o r r e c t i o n s  recomnended by  Rimington and Sveinssong7. Under these cond i -  

t i o n s  u roporphy r ins  a re  n o t  e x t r a c t e d  and t h e r e f o r e  do n o t  i n t e r f e r e .  An a l t e r n a -  

t i v e  method has been r e p o r t e d  i n  wh ich  t h e  f luorescence o f  t h e  a c i d  aqueous phase 

i s  measured a f t e r  adso rp t i on  on t o  magnesium hydroxideg8. The method o f  Schwartz 

e t  a1." i n  which t h e  h y d r o c h l o r i c  a c i d  e x t r a c t  i s  measured e i t h e r  by  spec t ro -  

photometry o r  by  f l u o r i m e t r y  has a l s o  been used e x t e n s i v e l y  f o r  t h e  de te rm ina t ion  

o f  u r i n a r y  coproporphyr in .  

E lec t rophores i s  on Cellogelloo revea led  t h e  u r i n a r y  u roporphy r in  w i t h  e i g h t  

c a r b o x y l i c  groups (UPU) and the  coproporphyr in  w i t h  o n l y  f o u r  c a r b o x y l i c  groups 

(CPU) by  t h e  i n t e n s e  p i n k  f luorescence o f  t h e  bands when examined under UV l i g h t .  

The techn ique i s  h i g h l y  s e n s i t i v e .  

a s e n s i t i v e  i n d i c a t o r  o f  l e a d  abso rp t i on  

values have been es t ima ted  a t  38.0Q4.0 ug pe r  gram o f  c rea t in ine5O.  CPU s t a r t s  

t o  i nc rease  a t  a PbB l e v e l  o f  approx imate ly  40 ug p e r  100 

va lue  i t  i s  p r o p o r t i o n a l  t o  PbB p rov ided  no i n t e r f e r i n g  f a c t o r s  a r e  p resent ,  e.g., 

haemoly t i c  anaemia, h e p a t i t i s  o r  c i r r h o s i s .  Fo r  PbB l e v e l s  o f  60 p g  per  100 m l ,  

t he  CPU concen t ra t i on  may reach about 200 Ug p e r  gram o f  c r e a t i n i n e .  

was developed by Mauzera l l  and Gran ick lo2 .  A f t e r  separa t i on  o f  ALA and PBG by 

column chromatography, ALA i s  e lu ted ,  complexed w i t h  ace ty lace tone and determined 

s p e c t r o p h o t o m e t r i c a l l y  by means o f  a c o l o u r  r e a c t i o n  w i t h  E h r l i c h  reagent.  A 

number o f  m o d i f i c a t i o n s  and s i m p l i f i c a t i o n s  have been repo r ted  103-'07. Caval1 e r i  

e t  a1.1°8 desc r ibed  a techn ique adapted t o  an AutoAnalyzer.  The s p e c i f i c i t y  o f  

An i nc rease  i n  CPU i s  n o t  s p e c i f i c  t o  l e a d  exposure, b u t  may be cons idered as 

The normal l e v e l s  o f  CPU a re  u s u a l l y  below 100 ug p e r  gram o f  c r e a t i n i n e .  Mean 

101 . 

and above t h i s  

The bas i c  method f o r  t h e  measurement o f  u r i n a r y  6 -amino laevu l i n i c  a c i d  (ALAU) 
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t h e  method was eva lua ted  by  comparison w i t h  the  chromatographic technique, and 

s e n s i t i v i t y ,  accuracy and p r e c i s i o n  were s tud ied .  The procedure seems t o  be 

p a r t i c u l a r l y  u s e f u l  f o r  t h e  screen ing  o f  lead-exposed workers. 

There i s  no doubt t h a t  t h e  s p e c i f i c i t y  o f  ALAU i s  b e t t e r  than t h a t  o f  1 

CPU109-111. Inc reased ALAU e x c r e t i o n  has been observed a t  b lood l e a d  l e v e l s  o f  

40-50 ug pe r  100 g 40s74'112'113, and an i nc rease  i n  ALAU becomes ve ry  marked 

when PbB l e v e l s  exceed 40-60 pg p e r  100 g, as shown by  Sakurai  e t  a l .  

c r e a t i n i n e .  Mean values have been es t imated t o  be 1.52.0.59 mg p e r  gram o f  

c rea t i n ine5O.  On a group bas is ,  a concen t ra t i on  o f  around 10 mg o f  ALAU per  

gram o f  c r e a t i n i n e  corresponds t o  a PbB l e v e l  o f  60 ug p e r  100 g 

pbUl 1,111,117 

114 . 
I n  unexposed i n d i v i d u a l s  ALAU u s u a l l y  does n o t  exceed 4.5 mg pe r  gram o f  

115 . 
115,116 or A s a t i s f a c t o r y  c o r r e l a t i o n  has been found between ALAU and PbB 

2.6.5. Red-eel 1 pyrimidine 5 ' - nuc leo t idase  

As a l ready  s ta ted ,  l e a d  abso rp t i on  i s  accompanied by an acqu i red  d e f i c i e n c y  

o f  e r y t h r o c y t e  p y r i m i d i n e - s p e c i f i c  5 ' -nuc leo t i dase  (Py 5N). When s u f f i c i e n t l y  

severe, t h e  lead- induced d e f i c i e n c y  g i ves  r i s e  t o  f i n d i n g s  s i m i l a r  t o  t h e  hered- 

i t a r y  d i s o r d e r .  

Py r im id ine  5 ' -nuc leo t i dase  ( 5 ' - r i  bonuc leo t i de  phosphohydrolase, E. C. 3.1.3.5) 

i n  normal haemolysates dephosphorylates h y d r o l y t i c a l  l y  u r i d i n e  and c y t i d i n e  

5'-monophosphates (UMP and CMP), r e l e a s i n g  i n o r g a n i c  phosphate. 

f o r  de te rm in ing  the  enzyme a c t i v i t y  

c o n s i s t s  i n  measuring t h e  amount o f  i n o r g a n i c  phosphate re leased  f rom CMP o r  UMP 

d u r i n g  a 2-h i n c u b a t i o n  w i t h  a p r e v i o u s l y  d i a l y s e d  haemolysate. T h i s  procedure 

i s  l a b o r i o u s  and u n s u i t a b l e  f o r  l a r g e  numbers of  assays. 

A s imp le  and r a p i d  r a d i o m e t r i c  assay f o r  Py 5N was developed by Torrance e t  

a1.'l8, i n  which [ CICMP serves as subs t ra te .  The CMP t h a t  i s  n o t  dephosphor- 

y l a t e d  t o  c y t i d i n e  i s  bound t o  a bar ium su lpha te  p r e c i p i t a t e  wh ich  forms i n  t h e  

d e p r o t e i n i z a t i o n  process. The c y t i d i n e  remains i n  s o l u t i o n  and i s  counted. The 

method i s  s imp le  and rep roduc ib le  and can be c a r r i e d  o u t  on l a r g e  numbers o f  

samples. 

Buc and Kap lan l l '  developed a rad ioassay  f o r  Py 5N a c t i v i t y .  The r a d i o a c t i v e  
3 u r i d i n e  re leased a f t e r  i n c u b a t i o n  w i th  b- H l u r i d i n e  5-monophosphate (UMP) i s  

separated on DEAE-cellulose paper and counted. Th is  method i s  a l s o  ve ry  s imple,  

does n o t  r e q u i r e  p r e l i m i n a r y  d i a l y s i s  o f  t h e  haemolysate and i s  5 0 - f o l d  more 

s e n s i t i v e  than t h a t  based on t h e  measurement o f  t h e  i n o r g a n i c  phosphate. With 

t h i s  procedure i t  i s  p o s s i b l e  t o  d e t e c t  1 nmol of  re leased  u r i d i n e  w i t h  good 

accuracy. It r e q u i r e s  o n l y  25 p1 o f  non-d ia lysed haemolysate and i n c u b a t i o n  f o r  

The o r i g i n a l  method o f  Va len t i ne  e t  

14 
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1 h. A f t e r  separa t i ng  UMP f rom u r i d i n e  by paper chromatography, u r i d i n e  i s  counted 

i n  a l i q u i d  s c i n t i l l a t i o n  spectrometer.  
Mean normal values f o r  Py 5N a c t i v i t y  as determined by t h e  Va len t i ne  e t  a l .  30 

method have been c a l c u l a t e d  as 7.90.8 umol P i /h /g  Hb. The range o f  va lues  f o r  

exposed workers w i t h  m i l d  exposure was shown t o  be 1.7 - 5.3 pmol P i / h / g  Hg. 

Maximum i n h i b i t i o n  o f  Py 5N i s  reached a t  a l e v e l  o f  about 200 ug o f  Pb p e r  100 m l  

o f  packed c e l l  s .  

ALA-D a c t i v i t y  i n  sub jec ts  p o t e n t i a l l y  exposed t o  lead.  

Py 5N a c t i v i t y  i s  recommended t o  be s y s t e m a t i c a l l y  i n v e s t i g a t e d  a long w i t h  

2.6.6. Other secondary parameters 

I t  has a l ready  been s t a t e d  t h a t  s i g n i f i c a n t  biochemical  changes a r e  assoc ia ted  

w i t h  gene t i c  abnorma l i t i es ,  which have been evidenced i n  workers showing hyper-  

s u s c e p t i b i l i t y  t o  c e r t a i n  i n d u s t r i a l  contaminants.  A number o f  i n v e s t i g a t o r s  have 

s t u d i e d  t h e  problem of h y p e r s e n s i t i v i t y  responses t o  x e n o b i o t i c  agents, o r i g i n a t i n g  

from h e r e d i t a r y  d i s o r d e r s  known as i nbo rn  e r r o r s  o f  metabolism. The i n h e r i t e d  sen- 

s i t i v i t y  t o  t o x i c  environmental  hazards has been e x t e n s i v e l y  descr ibed i n  t h e  

1 i t e r a t u r e  l 2 O - l Z 7 .  Most o f  these gene t i c  d e v i a t i o n s  become apparent o n l y  upon 

exposure t o  s p e c i f i c  chemicals.  

E r y t h r o c y t e  glucose-6-phosphate dehydrogenase (G-6-PD) d e f i c i e n c y  i s  one o f  

t h e  most w i d e l y  s t u d i e d  gene t i c  anomalies. Red c e l l s  w i t h  d e f e c t i v e  G-6-PD ac- 

t i v i t y  show impa i red  r e d u c t i o n  o f  g l u t a t h i o n e ,  and consequent ly c e l l u l a r  i n t e g r i t y  

i s  n o t  ensured. A vas t  c l i n i c a l  documentat ion has shown severe haemoly t i c  phenomena 

i n  lead-exposured sub jec ts  even when t h e  PbB l e v e l  was r e l a t i v e l y  low 

hyperhaemolysis cou ld  p o s s i b l y  be exp la ined  by t h e  a d d i t i o n a l  i n s u l t  o f  t h e  r e d  

c e l l  a r i s i n g  f rom t h e  i n h i b i t o r y  a c t i o n  o f  Pb2+ on t h e  membrane Na+-K+/ATPase 

and t h e  lead- induced r e d u c t i o n  o f  t h e  g l u t a t h i o n e  (GSH) l e v e l .  

cy  and f o r  p r e d i c t i n g  h y p e r s u s c e p t i b i l i t y  o f  lead-exposed workers.  The t e s t  i s  

based on t h e  r e d u c t i o n  o f  o x i d i z e d  p y r i d i n e  n u c l e o t i d e  (NADP). Minu te  amounts o f  

p y r i d i n e  n u c l e o t i d e  f l u o r e s c e  i n t e n s e l y  when reduced (NADPH) and a c t i v a t e d  w i t h  

longwave UV l i g h t .  

To t h e  b lood  sample i s  added a r e a c t i o n  m i x t u r e  c o n t a i n i n g  t h e  s u b s t r a t e  

(glucose-6-phosphate), t h e  coenzyme (NADP), a l y t i c  agent ( d i g i t o n i n )  and a bu f -  

f e r  s o l u t i o n  (potassium phosphate, pH 7.4). A c o n t r o l  base l i ne  spo t  i s  made on a 

f i l t e r - p a p e r ,  and a d d i t i o n a l  spo ts  a r e  made a f t e r  s p e c i f i e d  pe r iods  o f  i ncuba t ion .  

A f t e r  t h e  spots  have d r i e d ,  i n s p e c t i o n  under longwave UV l i g h t  w i l l  show a b r i g h t  

f luorescence f o r  normal G-6-PD a c t i v i t y .  No apprec iab le  f luorescence appears when 

G-6-PD-def ident  b lood  i s  tes ted .  

120-131. The 

A s imp le  test132 has been dev ised f o r  d iagnos is  o f  t h e  gene t i c  G-6-PD d e f i c i e n -  
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The I n t e r n a t i o n a l  Committee f o r  S tandard i za t i on  i n  Hematology (ICSH) recom- 

mended methods f o r  r e d - c e l l  enzyme analysis133, i n c l u d i n g  G-6-PD. I n d i c a t i o n s  

f o r  s to rage  o f  samples, p r e p a r a t i o n  o f  haemolysates, performance o f  enzyme assay 

and normal values were g iven.  Mean normal va lues  f o r  G-6-PO a c t i v i t y  a t  37OC a re  

as f o l l o w s :  w i t h o u t  c o r r e c t i o n ,  12.1t2.09 U/g Hb; and c o r r e c t e d  f o r  6-PGD ac- 

t i v i t y ,  8.3t1.59 U/g Hb. 

of  workers w i t h  the  r i s k  o f  l ead  exposure i s  t h e  presence o f  abnormal haemo- 

g l o b i n s ,  such as HbA2, which can a l s o  be assoc ia ted  w i t h  lead- induced anaemia. 

b lood  a t  l e v e l s  up t o  2.5% o f  t h e  t o t a l .  A tendency f o r  an i nc rease  i n  HbA2 has 

been shown i n  t h e  e a r l y  s tage o f  l e a d  exposure16. Foe ta l  haemoglobin (HbF) has 
17 a l s o  been shown i n  a d u l t s  exposed t o  l e a d  

HbF and HbA2 may be determined by  t h e  spec t rophotomet r ic  measurement o f  t h e i r  

perox idase a c t i v i t y  a f t e r  separa t i ng  HbA2 by  chromatography on DEAE-cellulose 

and o b t a i n i n g  HbF th rough a mic ro techn ique o f  a l k a l i n e  d e n a t ~ r a t i o n ' ~ ~ .  I n  normal 

a d u l t s ,  t h e  mean percentages f o r  HbA2 and HbF have been c a l c u l a t e d  t o  be HbA2 = 

1.97% (S.D. 0.53%) and HbF = 0.59% (S.D. 0.175%). Both values a re  inc reased i n  

tha lassaemia  t o  4.7% f o r  HbA2 and 2.31% f o r  HbF. 

a1.135. HbA i s  separated f rom HbA2 by  e l e c t r o p h o r e s i s  on Ce l l oge l  i n  a d iscon-  

t i nuous  b u f f e r  a t  a l k a l i n e  pH. The s t r i p s  o f  c e l l u l o s e  ace ta te  c o n t a i n i n g  t h e  

Hb f r a c t i o n s  a r e  d i sso l ved  i n  80% a c e t i c  ac id .  The percentage o f  HbA2 i s  c a l -  

c u l a t e d  f rom t h e  spec t rophotomet r ic  absorbance a t  396 nm. 

was 2.31?0.37%. I n  sub jec ts  w i t h  heterozygous 6-thalassaemia t h e  mean va lue  was 

inc reased  t o  4.64tO. 53%. 

Another g e n e t i c  anomaly t o  be taken i n t o  account i n  t h e  b i o l o g i c a l  m o n i t o r i n g  

HbA2 i s  a s l o w l y  m i g r a t i n g  v a r i a n t  o f  t h e  normal HbA and i s  p resen t  i n  normal 

. 

A s imp le  method f o r  t h e  de te rm ina t ion  o f  HbA2 has been r e p o r t e d  by V e t t o r e  e t  

The average concen t ra t i on  o f  HbA2 determined by t h i s  method i n  normal sub jec ts  

None o f  t h e  methods g i v i e s  f i g u r e s  f o r  lead-exposed workers. The au thors  c l a i m  

t h a t  t h e  e l e c t r o p h o r e t i c  method i s  s imple,  rap id ,  p rec i se ,  r e l a t i v e l y  inexpens ive ,  

r e l i a b l e  and rep roduc ib le .  

(Na+-K+/ATPase) has been shown 

(F = -0.26) has been found between PbB l e v e l  and t h e  enzyme a c t i v i t y  i n  r e d  c e l l  

membranes, on a group b a s i s  an i nc rease  o f  PbB from 32 t o  38 pg p e r  100 m l  de- 

creases t h e  enzyme a c t i v i t y  by  about 25%. A l though t h i s  t e s t  i s  s t i l l  be ing  used 

f o r  research  purpose i t  has no a p p l i c a t i o n  as a r o u t i n e  t e s t  f o r  b i o l o g i c a l  mon- 

i t o r i n g  of lead-exposed workers because t h e  methodology i s  complex and t ime  

consuming. 

l e a d  exposure, b u t  t hey  remain i n  t h e  f i e l d  o f  exper imenta l  and research  work 

Wi th  i n c r e a s i n g  l e v e l s  o f  PbB a decreased a c t i v i t y  o f  adenosine t r i phospha tase  

A l though a very  low nega t i ve  c o r r e l a t i o n  

Many o t h e r  t e s t s  have been proposed as c o n t r i b u t i o n s  t o  t h e  e a r l y  d e t e c t i o n  of 
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because o f  e i t h e r  t e c h n i c a l  d i f f i c u l t i e s  o r  poor  c o r r e l a t i o n  w i t h  PbB l e v e l s ,  o r  

s imp ly  owing t o  t h e  absence o f  a c l e a r  dose-e f fec t / response r e l a t i o n s h i p .  

2.7. I N D I C E S  FOR MERCURY EXPOSURE 

Some t o x i c  meta ls  undergo o x i d a t i o n - r e d u c t i o n  reac t i ons ,  t h e  most s t u d i e d  o f  

which a r e  those f o r  mercury.  A f t e r  i n h a l a t i o n ,  e lemental  mercury vapour crosses 

t h e  a l v e o l a r  membranes and en te rs  t h e  bloodstream, d i s s o l v i n g  i n  t h e  plasma. 

Owing t o  i t s  h i g h  d i f f u s i b i l i t y  and h i g h  l i p i d  s o l u b i l i t y ,  t h e  d i s s o l v e d  mercury 

crosses t h e  r e d  c e l l  membrane where i t  i s  o x i d i z e d  t o  Hg2+, which may r e a c t  w i t h  

d i f f e r e n t  o rgan ic  l i gands .  

The b r a i n  up take  i s  about t e n  t imes g r e a t e r  i n  animals exposed t o  mercury 

vapour than i n  those g i ven  an e q u i v a l e n t  dose of i o n i c  r n e r ~ u r y l - ~ .  Th is  l e d  t o  

t h e  i dea  t h a t ,  a l though o x i d a t i o n  w i t h i n  t h e  r e d  c e l l  i s  rap id ,  a c e r t a i n  amount 

of  d i s s o l v e d  vapour p e r s i s t e d  i n  t h e  plasma l o n g  enough t o  reach t h e  b lood -b ra in  

b a r r i e r .  On e n t e r i n g  t h e  b r a i n  t i s s u e ,  i t  was s u b j e c t  t o  t i s s u e  o x i d a t i o n  p ro -  

cesses and i o n i c  mercury was trapped, becoming bound t o  t i s s u e  p r o t e i n s .  

There i s  exper imenta l  evidence t h a t  ca ta lase  i s  d i r e c t l y  i n v o l v e d  i n  t h e  o x i -  

d a t i o n  of mercury vapour . As some subpopu la t ions  a r e  g e n e t i c a l l y  aca ta lasemic  , 
t h e y  may r e a c t  d i f f e r e n t l y  than normal i n d i v i d u a l s  t o  mercury vapour. 

The a f f i n i t y  o f  mercury f o r  SH groups i s  p robab ly  the  b a s i c  b iochemica l  prop- 

e r t y  o f  mercury and mercury compounds. The b i n d i n g  t o  SH groups o f  p r o t e i n s  i n  

membranes and enzymes i s  respons ib le  f o r  t h e  i n t e r f e r e n c e  w i t h  membrane s t r u c t u r e  

and f u n c t i o n  and w i t h  enzyme a c t i v i t y .  It i s  assumed t h a t  mercury r e a c t s  se lec-  

t i v e l y  w i t h  t h i o l  groups l o c a t e d  on t h e  su r face  o f  enzymes, a l though o t h e r  groups 

may t a k e  p a r t  i n  t h i s  r e a c t i o n .  The complex mercury-enzyme i s  enzymica l l y  i nac -  

t i v e  b u t  i t  may become a c t i v e  aga in  i f  mercury i s  removed. The c e l l  membrane i s  

t h e  f i r s t  p o i n t  o f  a t t a c k  by  meta ls .  The rne rcu r ia l s  c ross  t h e  membrane a t  d i f -  

f e r e n t  r a t e s .  As t h e  mercu r ia l  s l o w l y  pene t ra tes  t o  compartments w i t h i n  t h e  

membrane, t h e  p e r m e a b i l i t y  t o  Nat t Kt inc reases  and t h e  Nat-K+ a c t i v a t e d  membrane 

ATPase i s  i n h i b i t e d .  As t h e  m e r c u r i a l  passes th rough t o  t h e  i n t e r i o r  o f  t h e  c e l l ,  

t h e  membrane recovers  i t s  o r i g i n a l  p e r m e a b i l i t y  p r o p e r t i e s .  The more r a p i d l y  t h e  

mercury compounds pene t ra te  t h e  c e l l ,  t h e  more t r a n s i e n t  a r e  t h e  membrane ef- 

f e c t s  . 
I n  a survey c a r r i e d  o u t  on a group o f  mercury miners  a marked i n h i b i t i o n  o f  

r e d  c e l l  membrane Nat-Kt/ATPase has been demonstrated . 
Mercury a l s o  i n t e r a c t s  w i t h  phosphoryl  groups o f  c e l l  membranes8 and w i t h  

amino and ca rboxy l  groups o f  enzymes'. M e t a l l o t h i o n e i n  f rom p a t i e n t s  t r e a t e d  

w i t h  mercu r ia l  d i u r e t i c s  has been found t o  c o n t a i n  mercury bound more f i r m l y  

than e i t h e r  cadmium o r  z i n c l o y l 1 .  Mercury a l s o  i n t e r a c t s  w i th  n u c l e i c  ac ids  by 

adding n o t  o n l y  t o  t h e  phosphate groups b u t  a l s o  t o  t h e  bases 

4 5 

6 

7 

12 . 
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Mercury accumulated i n  t h e  k idney  i s  p a r t l y  i n  t h e  fo rm o f  a m e t a l l o t h i o n e i n -  

l i k e  

peated exposure t o  Hg2+ owing t o  t h e  i n d u c t i o n  o f  h i g h e r  l e v e l s  o f  t h e  m e t a l l o -  

t h i o n e i n - l i k e  p r o t e i n  by  mercury15. The same p robab ly  a p p l i e s  t o  exposure t o  

elemental  mercury vapour, as i t  r e s u l t s  i n  enhancement o f  t h e  m e t a l l o t h i o n e i n  

l e v e l  i n  t h e  k idney. 

The r e v e r s i b l e  fo rmat ion  o f  complexes w i t h  o rgan ic  l i g a n d s  has been t h e  sub- 

j e c t  of  i n t e n s i v e  i n v e s t i g a t i o n  i n  recen t  years ,  and t h e  p o t e n t i a l  f o r  t h e  f o r -  

mat ion  of  a v a r i e t y  o f  complexes i n  v i v o  i s  i n d i c a t e d  by t h e  h i g h  s t a b i l i t y  con- 

s t a n t s  f o r  i o n i c  i n o r g a n i c  mercury and f o r  methylmercury ca t i ons ,  f o rm ing  com- 

p lexes  w i t h  v i r t u a l l y  any o rgan ic  molecule o f  b i o l o g i c a l  importance 

M e r c u r i a l s  a re  non -spec i f i c  enzyme i n h i b i t o r s  and many o f  t h e  m e r c u r i a l  
8 b i n d i n g  s i t e s  a r e  i n a c t i v e ,  i . e . ,  no de tec tab le  e f f e c t s  ensue . 

S tud ies  by Kosmider17 suggested t h a t  l a c t a t e  dehydrogenase (LDH) would be one 

o f  t h e  most s e n s i t i v e  enzymes t o  t h e  a c t i o n  o f  mercury, i t s  i n a c t i v a t i o n  be ing  

r e l a t e d  t o  t h e  presence o f  SH groups. 

S tud ies  c a r r i e d  o u t  on a group o f  mercury miners' have shown an inc rease  i n  

t h e  t o t a l  a c t i v i t y  o f  serum and u r i n a r y  LDH and an i nc rease  i n  t h e  ca thod ic  

mo lecu la r  f r a c t i o n s  4 and 5. No s i g n i f i c a n t  changes were found i n  t h e  a c t i v i t y  

o f  o t h e r  enzymes s tud ied ,  such as transaminases and cho l ines terase.  

Methylmercury s a l t s  accumulate t o  a h i g h  degree i n  e ry th rocy tes .  S tud ies  by 

Takeda e t  a1.l' showed t h a t  t h e  methylmercury r a d i c a l  i s  bound t o  t h e  c y s t e i n e  

res idues  o f  haemoglobin. The b i n d i n g  would be r e a d i l y  r e v e r s i b l e  e i t h e r  f o r  

methylmercury o r  f o r  i n o r g a n i c  mercury 

i s  approx imate ly  1 f o r  i n o r g a n i c  mercury and about 10 f o r  methylmercury.  

g lu ta th ione -pe rox idase  (GSH-Px) i s  i n h i b i t e d  by  methylmercury i o n s  and suggest 

t h a t  t h e  measurement o f  t h i s  enzyme a c t i v i t y  cou ld  be a good parameter f o r  i n -  

d i c a t i n g  an e a r l y  adverse e f f e c t  o f  methylmercury.  

It has been pos tu la ted22  t h a t  t h e  n e u r o t o x i c i t y  o f  methylmercury may i n v o l v e  

f r e e  r a d i c a l s  formed by t h e  breakdown of methylmercury and does n o t  r e s u l t  s o l e l y  

f rom t h e  i n t a c t  o rganometa l l i c  compound. There i s  a l s o  evidence t h a t  h i g h  doses 

of methylmercury i n h i b i t  i t s  convers ion  i n t o  i n o r g a n i c  mercury. 

l e s i o n s  i n  humans and develop s e n s i t i v e  b iochemica l  t e s t s  f o r  t h e  e a r l y  detec- 

t i o n  o f  mercury exposure, p a r t i c u l a r l y  f o r  e lemental  mercury vapour and s h o r t -  

cha in  a l k y l  m e r c u r i a l s  ( t h e  most impor tan t  forms of mercury f rom t h e  s tandpo in t  

o f  r i s k  t o  human h e a l t h ) .  

I n  t h e  r a t ,  b i n d i n g  by t h i s  p r o t e i n  seems e f f e c t i v e  i n  r e -  

16 . 

The e r y t h r o c y t e  t o  plasma r a t i o  

Experiments c a r r i e d  o u t  by  H i r o t a  e t  al.21 have shown t h a t  t h e  a c t i v i t y  o f  

More research  work would seem d e s i r a b l e  i n  o r d e r  t o  e s t a b l i s h  t h e  b iochemica l  
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2.7.1. Interpretation of blood, urine and hair mercury levels 

The reader i s  r e f e r r e d  t o  Chapter 5 f o r  the methodology o f  the determination 

o f  mercury i n  blood, u r i ne  and h a i r .  

2.7.1.1. Mercury in blood 

having no h i s t o r y  o f  exposure were 0.54 ug per 100 g as t o t a l  mercury. Data from 

Suzuki e t  a1.24 i n d i c a t e  average o f  1.7 pg per 100 g o f  blood i n  unexposed i n -  

d i v idua ls .  Yamamura e t  al.25 repor ted f o r  blood samples i n  normal subjects an 

average content o f  mercury o f  0.9t0.6 pg per 100 g. Yoshida e t  a1.26 repor ted 

average t o t a l  mercury i n  blood o f  2.5 and 2.0 ug per I00 g i n  con t ro l  male and 

female subjects, respect ive ly .  

and wi thout  occupational exposure show mercury l e v e l s  i n  whole blood o f  6 0.5 pg 

per 100 m l .  For moderate consumption o f  f i s h  the blood l e v e l s  o f  mercury r i s e  

t o  1.0-2.0 ug per 100 m l ,  and f o r  heavy f i s h  eaters blood mercury l e v e l s  o f  

10-20 ug per 100 m l  may be observed. 

l e v e l s  ranging from 0.2 t o  80.0 pg per 100 g, wh i l e  Yamamura e t  al.25 found t h a t  

5 ou t  o f  47 workers exposed t o  elemental mercury i n  small p lan ts  manufacturing 

thermometers showed blood l e v e l s  over 10 ug per 100 g. I n  30 workers exposed t o  

m e t a l l i c  mercury Yoshida e t  a1.26 found average l e v e l s  o f  t o t a l  mercury i n  blood 

o f  10.4 pg per 100 g. 

Mercury exhalat ion found i n  animals a f t e r  exposure t o  elemental mercury 

vapourZ9 has a l so  been confirmed i n  man3’. The r e l a t i o n s h i p  o f  mercury l e v e l s  i n  

blood and i n  exhaled a i r  has been stud ied i n  i n d i v i d u a l s  exposed t o  m e t a l l i c  

mercury vapour3’ and a c o r r e l a t i o n  c o e f f i c i e n t  o f  0.867 ( p  < 0.01) was found. 

The p o s s i b i l i t y  has been considered o f  using the mercury l e v e l s  i n  exhaled a i r  

as an e f f i c i e n t  index o f  elemental mercury l e v e l s  i n  blood. 

mercury body burden, bu t  mercury blood l e v e l s  may bear a constant r a t i o  t o  the 

concentrat ion o f  mercury i n  the t a r g e t  organ. 

posure was due t o  m e t a l l i c  mercury wh i l e  f o r  ethylmercury exposure an increase 

i n  red  c e l l s  organic mercury was found. 

Magos e t  a1.23 found t h a t  the average blood l e v e l s  o f  mercury i n  i n d i v i d u a l s  

A WHO study group27 has establ ished t h a t  people who do n o t  usua l l y  ea t  f i s h  

I n  people w i t h  long-term exposure t o  methylmercury, TsubakiZ8 repor ted blood 

According t o  Clarkson3’, not  on l y  do blood samples g ive the best est imate of 

Yoshida e t  a1.26 found increased inorganic  mercury l e v e l s  i n  plasma when ex- 

2.7. I. 2. Mercury in urine  

It appears t h a t  i n  prolonged exposure a decrease i n  u r i n a r y  mercury exc re t i on  

may occur because o f  renal  i n j u r y  and/or o the r  fac to rs .  

Ur inary mercury values may serve as usefu l  guides i n  e a r l y  periods o f  exposure. 
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A l e v e l  o f  100 ug pe r  1000 m l  has been suggested as t h e  u r i n a r y  t h r e s h o l d  

l i m i t ,  b u t  c l i n i c a l  evidence o f  exposure has been seen w i t h  bo th  l ower  and con- 

s i d e r a b l e  h i g h e r  u r i n a r y  l e v e l s  than 100 ug p e r  1000 m l .  The t h r e s h o l d  l i m i t  

f o r  o rgan ic  mercury has been suggested t o  be f i x e d  a t  l e s s  than one t e n t h  o f  

t h e  l i m i t  used f o r  i n o r g a n i c  mercury vapour, keeping u r i n a r y  mercury l e v e l s  

below 10-15 vg pe r  1000 m l  

I n  unexposed sub jec ts  Yamamura e t  a1 .25 r e p o r t e d  average u r i n a r y  mercury con- 

t e n t  o f  3.5t2.3 ug p e r  1000 m l ,  w h i l e  i n  exposed workers t h e  mercury u r i n a r y  ex- 

c r e t i o n  exceeded 300 ug pe r  1000 m l  i n  13 sub jec ts  o u t  o f  47. 

F i s h  i n t a k e  h a b i t s  a r e  n o t  taken i n t o  account when r e p o r t i n g  mercury l e v e l s  

i n  u r i ne ,  as mercury i n  f i s h  i s  i n  t h e  fo rm o f  methylmercury, which c o n t r i b u t e s  

v e r y  l i t t l e  t o  mercury i n  u r i ne .  

The h i g h e s t  concen t ra t i ons  o f  mercury i n  a i r  have been found i n  s t u d i e s  o f  

m in ing  opera t ions ,  where the  mercury u r i n a r y  e x c r e t i o n  may a t t a i n  l e v e l s  as h i g h  

as 2.175 mg p e r  1000 m l .  Donovan34 r e p o r t e d  l e v e l s  o f  u r i n a r y  mercury rang ing  

f rom 30 t o  700 ug pe r  1000 m l  i n  a non-mercury-related m in ing  opera t i on .  

Observat ions by Goldwater e t  a1 .35 on workers exposed t o  mercury vapour suggest 

t h a t  some i n d i v i d u a l s  may t o l e r a t e  much h i g h e r  l e v e l s  o f  mercury than t h e  average 

person, e x c r e t i n g  over  2.0 mg o f  mercury p e r  day w i t h o u t  showing adverse symptoms. 

P i o t r o w s k i  e t  a1.36 found t h a t  t h e  concen t ra t i on  o f  m e t a l l o t h i o n e i n  i n  r a t s  i s  

e q u i v a l e n t  i n  mercury b i n d i n g  c a p a c i t y  t o  a l e v e l  o f  mercury assoc ia ted  w i t h  t h e  

onset  o f  damage t o  t h e  k idney .  Therefore,  t o x i c  e f f e c t s  w i l l  appear once t h e  

b i n d i n g  c a p a c i t y  o f  m e t a l l o t h i o n e i n  has been exceeded. Th is  would be a p o s s i b l e  

b iochemica l  exp lana t ion  f o r  t h e  development o f  t o l e r a n c e  t o  i n o r g a n i c  mercury,  

and a l s o  f o r  t he  f a c t  t h a t  u r i n a r y  e x c r e t i o n  o f  mercury may con t inue  f o r  years  

a f t e r  cessa t ion  o f  exposure w i t h o u t  any accompanying symptoms o f  t o x i c i t y  

Analyses f o r  t o t a l ,  i o n i c  and elemental  mercury have been proposed f o r  t h e  

m o n i t o r i n g  o f  workers w i t h  u r i n a r y  mercury e x c r e t i o n  l e v e l s  exceeding 250 ug pe r  

1000 m13? The r i s k  o f  mercury po i son ing  inc reases  as t h e  r a t e  o f  abso rp t i on  of  

mercury exceeds t h e  r a t e  o f  o x i d a t i o n  and b i n d i n g  c a p a c i t y  of  t h e  body's d e t o x i -  

f i c a t i o n  mechanisms so t h a t  elemental  mercury beg ins  t o  appear i n  t h e  u r i n e .  

On a group bas is ,  b lood  mercury l e v e l s  may c o r r e l a t e  w i t h  u r i n a r y  exc re t i on ,  

and t h e  l a t t e r  i s  rough ly  p r o p o r t i o n a l  t o  elemental  vapour concen t ra t i on  i n  a i r  . 
Accord ing  t o  t h e  WHO s tudy  group2' t h e  concen t ra t i ons  o f  mercury i n  b lood  and 

u r i n e  can o n l y  be  used t o  eva lua te  exposure t o  m e t a l l i c  mercury vapour and n o t  

t o  o t h e r  forms o f  mercury. 

33 . 

37 . 

39 

2.7.1.3. Mercury in hair 

Yoshida e t  a1.26 have found t h a t  t h e  average t o t a l  mercury concen t ra t i on  i n  

h a i r  f o r  24 unexposed people was 5.5 ppm (ug/g) i n  males and 3.3 ppm i n  females, 
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w h i l e  t h e  average t o t a l  mercury con ten t  of h a i r  i n  24 male workers i n v o l v e d  i n  

t h e  manufacture of thermometers was 10.3 ppm. These i n v e s t i g a t o r s  d i d  n o t  f i n d  

any s i g n i f i c a n t  c o r r e l a t i o n  between t o t a l  mercury i n  h a i r  and i n o r g a n i c  mercury 

i n  blood, b u t  d i d  f i n d  a s i g n i f i c a n t  c o r r e l a t i o n  between methylmercury l e v e l s  

i n  h a i r  and blood. 

Concent ra t ions  o f  mercury i n  h a i r  seem t o  be l i n e a r l y  r e l a t e d  t o  l e v e l s  o f  

mercury i n  r e d  b lood  c e l l s  i n  i n d i v i d u a l s  exposed t o  methylmercury compounds, 

t h e  concen t ra t i on  i n  h a i r  be ing  rough ly  300 t imes t h e  b lood  concen t ra t i on .  I n  

i n d i v i d u a l s  w i t h  a low consumption o f  f i s h ,  values o f  l e s s  than a few m i l l i g r a m s  

pe r  k i l o g r a m  o f  h a i r  a re  found. Heavy consumption o f  contaminated f i s h  may r e s u l t  

i n  va lues  o f  20-50 mg/kg 

The concen t ra t i on  o f  mercury a long t h e  l e n g t h  o f  t h e  h a i r  w i l l  n o t  be u n i f o r m  

if t h e  b lood  l e v e l  i s  n o t  steady. The most recen t  h a i r  growth w i l l  r e f l e c t  cu r -  

r e n t  b lood  l e v e l s  o f  mercury. Ana lys i s  o f  d i f f e r e n t  segments o f  h a i r  may g i v e  

a rough h i s t o r y  o f  exposure t o  mercury, t a k i n g  i n t o  account t h a t  h a i r  grows a t  

t h e  r a t e  o f  1.0-1.5 cm p e r  month. 

te rm d a i l y  i n t a k e  o f  mercury as methylmercury assoc ia ted  w i t h  t h e  e a r l i e s t  e f -  

f e c t s  i n  t h e  most s e n s i t i v e  group o f  a d u l t  p o p u l a t i o n  have been r e p o r t e d  as 

fo l lows40:  f o r  an e q u i v a l e n t  long- te rm d a i l y  i n t a k e  o f  3-7 pg/kg body weight,  

t h e  b lood mercury l e v e l s  ranged f rom 20 t o  50 ug pe r  100 m l  and t h e  h a i r  l e v e l s  

between 50 and 125 pg/g. 

The t ime-weighted average a i r  concen t ra t i ons  assoc ia ted  w i t h  t h e  e a r l i e s t  

e f f e c t s  i n  t h e  most s e n s i t i v e  a d u l t s  f o l l o w i n g  l ong - te rm exposure t o  elemental  

mercury vapour as w e l l  as t h e  e q u i v a l e n t  b lood  and u r i n e  concen t ra t i ons  have 

a l s o  been reported3’. Fo r  0.05 mg/m i n  a i r ,  b lood  mean values were 3.5 ug p e r  

100 m l  and u r i n a r y  e x c r e t i o n  150 pg pe r  1000 m l ,  and non-spec i f i c  symptoms were 

shown. When t h e  mercury i n  a i r  reached va lues  o f  0.1-0.2 mg/m3, b lood  l e v e l s  

were 7-14 pg p e r  100 m l  and u r i n e  l e v e l s  300-600 ug p e r  1000 m l ,  and t remor  

appeared. These values r e f l e c t  exposures f o r  1 y e a r  o r  more. 

27 . 

The concen t ra t i on  o f  t o t a l  mercury i n  i n d i c a t o r  media and t h e  e q u i v a l e n t  long-  

3 

2.7.1.4. Mercury i n  other biological somples 

Sweating c o n s t i t u t e s  a s i g n i f i c a n t  r o u t e  of e l i m i n a t i o n  f o r  mercury41, a f a c t  

t h a t  has n o t  been f u l l y  app rec ia ted  and n o t  w e l l  documented, as t h e  c o n c e n t r a t i o n  

o f  mercury i n  sweat may be s u f f i c i e n t l y  h i g h  t o  be taken i n t o  account i n  t h e  

o v e r a l l  mercury ba lance i n  workers exposed t o  elemental  mercury vapour. 

As s t a t e d  i n  t h e  genera l  p a r t  o f -  t h i s  chapter ,  s a l i v a r y  f l u i d  ob ta ined  f rom 

t h e  p a r o t i d  glands i s  a b i o l o g i c a l  i n d i c a t o r  f o r  abso rp t i on  o f  mercury, t h e  

concen t ra t i on  o f  mercury i n  s a l i v a  be ing  c o r r e l a t e d  w i t h  t h e  mercury b lood  l e v e l s .  

However, t h i s  t e s t  has n o t  y e t  en te red  r o u t i n e  m o n i t o r i n g  work42. In any case, 
43,44 

the  method o f  s a l i v a  c o l l e c t i o n ,  a l t hough  simple,  has t o  be w e l l  s tandard ized 
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2.7 .2 .  Other secondary parameters 

Kidney damage may be evidenced i n  mercury exposure by increased p ro te inu r ia .  

Joselow and G ~ l d w a t e r ~ ~  repor ted t h a t  i n  a group o f  workers exposed t o  elemental 

mercury vapour the mean u r i n a r y  p r o t e i n  exc re t i on  (90 mg per 1000 m l )  was s ig-  

n i f i c a n t l y  h igher  than the mean p r o t e i n  exc re t i on  i n  an unexposed group (53 mg 

per 1000 m l ) ,  and the u r i n a r y  p r o t e i n  co r re la ted  w i t h  u r i n a r y  mercury l eve l s .  

Kazantzis e t  a1.46 a lso repor ted increased u r i n a r y  exc re t i on  o f  p r o t e i n  i n  

workmen exposed t o  elemental mercury vapour. The kidney does n o t  seem involved 

a f t e r  exposure t o  methylmercury compounds47. From e lec t rophore t i c  f i nd ings  i t  

has been i n f e r r e d  t h a t  the mercury renal l e s i o n  i s  o f  the mixed (tubular-glomer- 

u l a r )  type48, albumin accounting f o r  up t o  55% o f  the t o t a l  p r o t e i n  excreted. 

A serum disproteinaemia w i t h  a reduced A/G r a t i o  i s  the usual p i c t u r e  i n  

mercury exposure. A f a l l  i n  y -g lobu l i n  content w i t h  associated r i s e s  i n  U- and 
49 B-g lobul in  l e v e l s  has been shown i n  most o f  the studies. Abdel-Kadar e t  a l .  

found t h a t  albumin and consequently the A/G r a t i o  were s i g n i f i c a n t l y  lower i n  

exposed workers than i n  contro ls ,  wh i l e  y -g lobu l i n  was s i g n i f i c a n t l y  higher. 

I n  a study c a r r i e d  out  on a group o f  mercury miners7, the most i n t e r e s t i n g  

f i nd ings  concerned (1) the serum LDH isoenzymes patterns, which showed a s h i f t  

towards a predominance o f  the ca thod ica l l y  m ig ra t i ng  bands, w i t h  the appearance 

o f  sub-bands o f  unknown o r i g i n ;  ( 2 )  the u r i n a r y  LDH isoenzymes pat terns,  showing 

a p a r t i a l  o r  t o t a l  i n h i b i t i o n  o f  bands; and (3 )  the membrane ouabaine-sensit ive 

ATPase (Nat-Kt/ATPase), showing s t rong i n h i b i t i o n  i n  most o f  the samples. 

t i v i t y  o f  SGOT and SGPT, and increases i n  the a c t i v i t y  o f  serum and u r i n a r y  

a-esterases, serum chol inesterase and u r i n a r y  r ibonucl  ease, i n  mercury-exposed 

workers. A s i g n i f i c a n t  c o r r e l a t i o n  was found between the enzyme a c t i v i t y  and 

blood mercury 1 eve1 s .  

A tendency towards an increase i n  transaminases has been shown by Cigula e t  

a1.50, no t  on l y  i n  m i l d  exposure b u t  a l so  i n  the general populat ion due t o  en- 

vironmental contamination. The increase was a t t r i b u t e d  t o  the hepatotoxic ac t i on  

o f  mercury, A decrease i n  serum LDH a c t i v i t y  i s  f requen t l y  found i n  exposure t o  

elemental mercury5'. Increas ing enzyme l e v e l s  o f  a1 ka l i ne  phosphatase p o i n t i n g  

t o  l i v e r  damage are r e g u l a r l y  found i n  p ro t rac ted  exposure t o  mercury 

Although many enzymatic changes have been shown by d i f f e r e n t  i nves t i ga to rs  

i n  mercury exposure, e i t h e r  i n  experimental animals o r  i n  humans, none o f  them 

has y e t  been found t o  be capable o f  being appl ied as a b i o l o g i c a l  t e s t  o f  ex- 

posure. 

Other enzymatic changes have been reported4', such as decreases i n  the ac- 

50 . 
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2.8. INDICES FOR CADMIUM EXPOSURE 

One of  t h e  main problems a r i s i n g  f rom cadmium absorp t i on  i s  t h e  c h r o n i c  

t u b u l a r  damage evidenced b y  a t u b u l a r  p r o t e i n u r i a .  The f i r s t  obse rva t i ons  i n -  

d i c a t e d  t h e  e x c r e t i o n  of  low-molecular-weight (LMW) p r o t e i n s .  According t o  Smith 

e t  al.’, t h e  e x c r e t i o n  of a LMW albumin cha rac te r i zed  t h e  e f f e c t s  o f  cadmium on 

workers exposed t o  t h e  metal  dus ts  and fumes. 

damage w i t h  p r o t e i  n u r i a  c h a r a c t e r i z e d  preponderant ly  by a2-, 8- and y -g lobu l  i n  

f r a c t i o n s  and low albumin. A peak l o c a t e d  i n  t h e  B r e g i o n  was found t o  be due 

t o  t h e  presence o f  a LMW p r o t e i n  . The p r o t e i n u r i a  was exp la ined  by  p o s t u l a t i n g  

t h a t  cadmium i s  t r a n s p o r t e d  by  m e t a l l o t h i o n e i n  (a  LMW Cd- and Zn-binding p r o t e i n )  

t o  t h e  prox ima l  tubu les ,  a c t i n g  t h e r e  upon enzymes wh ich  a r e  e s s e n t i a l  f o r  

reabsorp t i on  func t ions ,  and thus  b r i n g i n g  about an impairment i n  t h e  reabsorp- 

t i o n  o f  serum p r o t e i n s .  Accord ing  t o  s t u d i e s  by F r i b e r g  

t h e  p r o t e i n u r i a  can appear l o n g  a f t e r  cessa t ion  o f  exposure. 

It has been shown516 t h a t  cadmium u r i n a r y  e x c r e t i o n  i n  r a b b i t s  i s  low a t  t h e  

beg inn ing  and, a f t e r  a c e r t a i n  p e r i o d  o f  t ime, a sudden inc rease  i n  cadmium ex- 

c r e t i o n  occurs concomi tan t l y  w i t h  t h e  appearance o f  t u b u l a r  p r o t e i n u r i a .  A 

s i m i l a r  phenomenon has been observed i n  mice7, i.e., a sharp r i s e  i n  cadmium 

u r i n a r y  e x c r e t i o n  a t  t h e  t i m e  a t  which t h e  d e t e c t i o n  o f  u r i n a r y  p r o t e i n s  i n d i c a t -  

ed a r e n a l  t u b u l a r  impairment.  These r e s u l t s  a r e  i n  agreement w i t h  obse rva t i ons  

made i n  humans, as reviewed by  F r i b e r g  e t  a1.8: exposed workers w i t h o u t  p r o t e i n -  

u r i a  e x c r e t e  smal l  amounts o f  cadmium, w h i l e  h i g h  e x c r e t i o n s  o f  up t o  1.0 mg p e r  

24 h a r e  found i n  those i n d i v i d u a l s  w i t h  p r o t e i n u r i a .  

U n t i l  r e c e n t l y ,  i t  was ve ry  d i f f i c u l t  t o  e s t a b l i s h  whether a c o r r e l a t i o n  

e x i s t s  between u r i n a r y  cadmium e x c r e t i o n  and e i t h e r  l i v e r  o r  k idney  accumulat ion 

o f  cadmium. I t  was suggested t h a t  a cont inuous  accumula t ion  occurs, t h e  b i o -  

l o g i c a l  h a l f - t i m e  o f  cadmium be ing  ex t remely  long. A t  t h e  t i m e  a t  which t u b u l a r  

damage i s  evidenced by  t h e  p r o t e i n u r i a ,  u r i n a r y  e x c r e t i o n  o f  cadmium increases  

v e r y  markedly.  

The modern techn ique o f  i n  v i v o  measurement o f  me ta l s  has a l lowed some l i g h t  

t o  be thrown on t h e  l i v e r  and k idney  accumulat ion o f  cadmium. 

Roels e t  a1.’ r e p o r t e d  a s tudy  c a r r i e d  o u t  on a group o f  workers f rom two 

Be1 g i a n  zinc-cadmi um smel t e r s ,  i n  which a number o f  parameters were measured, 

namely i n  v i v o  cadmium concen t ra t i ons  i n  l i v e r  and kidney, b lood  and u r i n a r y  

l e v e l s  o f  cadmium, t o t a l  p r o t e i n u r i a ,  a lbuminur ia .  B2 -m ic rog lobu l i nu r ia ,  e t c .  

The r e s u l t s  ob ta ined  showed t h a t  k idney  d i s f u n c t i o n  i s  l i k e l y  t o  develop i n  

cadmium workers when t h e  concen t ra t i on  o f  cadmium i n  t h e  l i v e r  ranges between 

30 and 60 ppm and i s  a lmost  always observed i n  those w i t h  l e v e l s  o f  cadmium i n  

The abso rp t i on  o f  cadmium i n  man and exper imenta l  animals induces k idney  

2 

3 4 and by Bonne l l  e t  a l .  , 
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t h e  l i v e r  above 60 ppm. I n  t h e  r e n a l  co r tex ,  t h e  c r i t i c a l  concen t ra t i on  o f  cad- 

mium ranges f rom 160 t o  285 ppm; above 285 ppm t h e r e  i s  a h i g h  p r o b a b i l i t y  (>95%)  

t h a t  a l l  t h e  sub jec ts  w i l l  show s igns  o f  r e n a l  dys func t i on .  Once cadmium-induced 

r e n a l  dys func t i on  has developed t h e  r e s u l t s  suggest a p rog ress i ve  decrease i n  

r e n a l  c o r t e x  cadmium concen t ra t i on ,  p a r t i c u l a r l y  when increased B2-microglobul  i n -  

u r i a  i s  diagnosed. 

From t h e  s tudy  o f  t h e  c o r r e l a t i o n s  between t h e  parameters examined i t  can be 

concluded t h a t  t h e  r i s k  o f  deve lop ing  cadmium-induced r e n a l  d y s f u n c t i o n  appears 

t o  be ve ry  low when t h e  c r i t i c a l  cadmium u r i n a r y  e x c r e t i o n  o f  10 pg/g o f  c re -  

a t i n i n e  i s  n o t  r e g u l a r l y  exceeded, wh ich  corresponds t o  an average cadmium body 

burden o f  160-170 mg. 

by t h e  Birmingham U n i v e r s i t y  Group'' employing neut rons  from a c y c l o t r o n ,  and 

then adapted t o  p o r t a b l e  devices based on r a d i o i s o t o p i c  neut ron  sources 

Cadmium l e v e l s  i n  b lood  p robab ly  r e f l e c t  r e c e n t  exposure, as t h e  e l i m i n a t i o n  

o f  cadmium f rom b lood  seems t o  be r e l a t i v e l y  f a s t ,  t h e  metal  be ing  bound ma in l y  

t o  p r o t e i n s  w i t h i n  t h e  e ry th rocy tes .  

Some LMW p r o t e i n s  such as B2-mic rog lobu l in  (B2-m), f r e e  l i g h t  cha ins  and 

r e t i n o l - b i n d i n g  p r o t e i n  (RBP) have been i s o l a t e d  f rom t h e  u r i n e  o f  p a t i e n t s  

c h r o n i c a l l y  exposed t o  cadmium and w i t h  evidence o f  t u b u l a r  da~nage '~- '~ .  B2-m 
15 has a l s o  been i s o l a t e d  f rom t h e  u r i n e  o f  p a t i e n t s  w i t h  I t a i - i t a i  d isease 

I n  cadmium-exposed r a b b i t s  P i s c a t o r  e t  a1. I6 showed low B2-m l e v e l s  i n  serum 

w i t h  an inc reased u r i n a r y  exc re t i on ,  which would i n d i c a t e  a decrease i n  t u b u l a r  

reabsorp t i on  o f  f i l t e r e d  B2-m. 

I n  humans exposed t o  cadmium, K j e l l s t r a m  and P isca to r17  found a s i g n i f i c a n t l y  

i nc reased  u r i n a r y  e x c r e t i o n  o f  B2-m whereas t o t a l  p r o t e i n  was s t i l l  w i t h i n  normal 

l e v e l s ,  t h e  inc reased e x c r e t i o n  o f  B2-m n o t  be ing  r e l a t e d  t o  serum l e v e l s .  

Japanese i n v e s t i g a t o r s  18-20 have claimed t h a t  inc reased u r i n a r y  e x c r e t i o n  o f  

B2-m i n  cadmium-exposed people may be due t o  ove rp roduc t i on  o f  B2-m. 

I n t e r a c t i o n s  o f  cadmium w i t h  phospho l i p ids  such as phosphatidylethanolamine 

and phospha t idy l se r ine  have been reported21, suggest ing  t h a t  t hey  m i g h t  p rov ide  

a b iochemica l  b a s i s  f o r  t h e  t o x i c  e f f e c t s  o f  cadmium on mitochondr ia ,  k idney  

tubu les  and nerve  membranes. 

The techn ique o f  i n  v i v o  measurement by neu t ron  a c t i v a t i o n  was f i r s t  descr ibed 

11 . 

. 

Cadmium may e i t h e r  a c t i v a t e  o r  i n h i b i t  a number o f  enzymes bo th  i n  v i t r o  and 

i n  v i vo .  The a c t i v i t i e s  o f  6 -amino laevu l i n i c  a c i d  dehydratase, py ruva te  dehydro- 

genase and pyruvate  decarboxyl  ase a r e  among o the rs  enhanced by cadmium, w h i l e  

6 -amino laevu l i n i c  a c i d  synthetase, a l coho l  dehydrogenase, a ry l su lpha tase  and 

l i poamide  dehydrogenase a re  i n h i b i t e d  by cadmium. 

c i a l l y  a f t e r  cessa t ion  o f  exposure, i n  wh ich  case t h e  meta l  i s  n o t  exc re ted  i n t o  

The d e t e c t i o n  of t h e  cadmium p r o t e i n u r i a  i s  o f  d i a g n o s t i c  s i g n i f i c a n c e  espe- 
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t h e  u r ine ,  a l t hough  a l a r g e  amount may be accumulated i n  t h e  k idneys. Even when 

t h e r e  i s  no evidence t h a t  rena l  f u n c t i o n  cont inues  t o  d e t e r i o r a t e ,  p r o t e i n u r i a  

p e r s i s t s .  

c o r r e l a t i o n s  seem t o  e x i s t  between t h e  degree o f  exposure and b i o l o g i c a l  l e v e l s  

of  cadmium e s p e c i a l l y  concern ing  u r i n a r y  e x c r e t i o n .  The usefu lness  o f  t h i s  param- 

e t e r  i s  t h e  s u b j e c t  of  con t roversy .  I t  i s  g e n e r a l l y  accepted t h a t  a h i g h  cadmi- 

u r i a  i s  i n d i c a t i v e  of r e n a l  damage induced by t h e  meta l ,  and moderate cadmiur ia  

i n  t h e  absence o f  p r o t e i n u r i a  i s  cons idered t o  be a s i g n  o f  exposure. 

i s  cons idered t o  be t h e  main biochemical  f i n d i n g  i n d i c a t i n g  t u b u l a r  damage. 

years,  Roels e t  a1 .22 have shown g lomeru la r - type  p r o t e i n u r i a ,  w h i l e  i n  workers 

exposed f o r  more than 20 years,  mixed-type p r o t e i n u r i a  (g lomeru la r  + t u b u l a r )  

was shown. It appears t h a t  i n  t h e  e a r l y  stage o f  cadmium absorp t i on  t h e  g lomeru la r  

dys func t i on  precedes t h e  tubu lopathy ,  which i s  found o n l y  i n  workers h i g h l y  ex- 

posed t o  cadmium and e x c r e t i n g  more than 1 g o f  p r o t e i n  d a i l y  

On t h e  o t h e r  hand, t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  i s  n o t  easy. No good 

The p r o t e i n u r i a ,  cha rac te r i zed  by changes i n  t h e  e l e c t r o p h o r e t i c  pa t te rns ,  

I n  c l i n i c a l l y  h e a l t h y  workers modera te ly  exposed t o  cadmium f o r  l e s s  than 20 

23 . 
An exper imenta l  s tudy  c a r r i e d  o u t  on r a t s 2 4  conf i rmed p rev ious  observa t ions  

on man, and s t rengthened the  hypothes is  t h a t  t he  cadmium-induced p r o t e i n u r i a  

c l a s s i c a l l y  cons idered as a tubu la r - t ype  p r o t e i n u r i a  i s  i n  f a c t  a mixed-type 

p r o t e i n u r i a ,  i n v o l v i n g  n o t  o n l y  t h e  t u b u l e  b u t  a l s o  t h e  glomerulus.  Combining 

e l e c t r o p h o r e s i s  and ge l  f i l t r a t i o n  i t  has been p o s s i b l e  t o  revea l  an inc reased 

e x c r e t i o n  o f  low- and h igh-molecu la r -we igh t  p r o t e i n s .  

been proposed25: exposure t o  cadmium induces syn thes i s  o f  m e t a l l o t h i o n e i n  i n  t h e  

l i v e r  and t h i s  LMW p r o t e i n  appears t o  be i n v o l v e d  i n  t h e  t r a n s p o r t  o f  cadmium i n  

blood. Cadmium c i r c u l a t e s  i n  t h e  b lood bound t o  m e t a l l o t h i o n e i n  i n  bo th  e r y t h r o -  

cy tes  and plasma. M e t a l l o t h i o n e i n  i s  c lea red  f rom t h e  plasma and i s  taken up i n  

t h e  k idney .  I n  t h e  k idney  t h e r e  w i l l  be a cont inuous re lease  o f  cadmium f rom 

c a t a b o l i z e d  m e t a l l o t h i o n e i n .  Released cadmium w i l l  p robab ly  s t i m u l a t e  t h e  syn- 

t h e s i s  o f  m e t a l l o t h i o n e i n .  There i s  a l s o  t h e  p o s s i b i l i t y  t h a t  cadmium may b i n d  

t o  reabsorbed m e t a l l o t h i o n e i n ,  which i n  t u r n  w i l l  be ca tabo l ized ,  t h i s  procedure 

be ing  repeated  t ime  and aga in  and p reven t ing  the  s e c r e t i o n  and e x c r e t i o n  o f  

cadmium. Cadmium i n  t h e  k idney  w i l l  thus  have a v a i l a b l e  b i n d i n g  s i t e s  a l l  t h e  

t ime.  The r e s u l t  i s  a cont inuous accumulat ion o f  cadmium i n  t h e  k idney. When 

exposure t o  cadmium i s  excess ive  t h e  rena l  cadmium w i l l  e v e n t u a l l y  reach a l e v e l ,  

t h e  c r i t i c a l  concent ra t ion ,  where t h e  b i n d i n g  c a p a c i t y  o f  r e n a l  m e t a l l o t h i o n e i n  

f o r  cadmium i s  exceeded and t u b u l a r  dys func t i on  w i l l  occur.  

The f o l l o w i n g  model f o r  cadmium t r a n s p o r t  and accumulat ion i n  t h e  k idney  has 
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2.8.1. Interpretat ion of blood and urine cahiwn leve ls  

The reader  i s  r e f e r r e d  t o  Chapter 6 f o r  t h e  methodology o f  t h e  de te rm ina t ion  

o f  cadmium i n  b lood  and u r i n e .  

2.8.1.1. C h i u r n  i n  blood 

Accord ing  t o  F r i b e r g  e t  a1.8 t h e  t r u e  average l e v e l  o f  cadmium i n  whole b lood  

among non-exposed persons i s  n o t  known, b u t  can be assumed t o  be around 0.1 pg 

pe r  100 g o r  l e s s .  Most o f  t h e  s tud ies  c a r r i e d  o u t  on normal sub jec ts  have used 

d i f f e r e n t  v a r i a t i o n s  o f  AAS f o r  t h e  de te rm ina t ion  o f  cadmium i n  b lood  l e v e l s .  

Vens and Lauwerys26 r e p o r t e d  average va lues  o f  0.95 ug pe r  100 g w i t h  a s tandard  

d e v i a t i o n  o f  1.0 ug p e r  100 g and SzadkowskiE7 found mean values o f  0.35 ug p e r  

100 g o f  b lood.  Ed ige r  and Colemanz8 r e p o r t e d  t h e  mean normal l e v e l  t o  be 0.06 ug 

p e r  100 g. F r i b e r g  e t  a l . '  suggested t h a t  t h e  average normal l e v e l  o f  cadmium i n  

b lood  shou ld  be cons idered t o  be w e l l  below 1.0 pg pe r  100 g, emphasizing t h e  

d i f f i c u l t i e s  i n  t h e  accura te  de te rm ina t ion  of  low concen t ra t i ons  o f  cadmium i n  

b i o l o g i c a l  m a t e r i a l s .  It i s  obvious t h a t  a h i g h  b lood  cadmium i n d i c a t e s  h i g h  

exposure. Blood cadmium i s  g e n e r a l l y  regarded as r e f l e c t i n g  recen t  exposure 

r a t h e r  than body burden, b u t  a good c o r r e l a t i o n  has sometimes been seen between 

cadmium i n  u r i n e  and cadmium i n  b lood  a f t e r  long- te rm low- leve l  exposure o r  

a f t e r  cessa t ion  o f  exposure29. A b lood  va lue  above 1.0 ug pe r  100 g i s  suggested 

t o  be an index  o f  s i g n i f i c a n t  cadmium exposure, a l though i t  i s  n o t  always p o s s i b l e  

t o  eva lua te  t h e  r i s k  o f  rena l  damage on t h e  b a s i s  of  b lood  l e v e l s  o f  cadmium. 

2.8.1.2. Cadmim in urine 

Large d i f f e r e n c e s  i n  normal u r i n a r y  e x c r e t i o n  o f  cadmium have been repo r ted ,  

b u t  most i n v e s t i g a t o r s  have g i ven  average va lues  o f  1.0-2.0 ug pe r  24 h. Suzuki 

and Taguchi3' d i d  n o t  f i n d  any r e l a t i o n s h i p  between age and e x c r e t i o n  o f  cadmium 

( o t h e r s  d i d  f i n d  inc reases  w i t h  age), o b t a i n i n g  a mean e x c r e t i o n  o f  2.4 pg p e r  

1000 m l  f o r  men and 2.0 Vg p e r  1000 m l  f o r  women. An average cadmium e x c r e t i o n  

o f  0.39 ug p e r  24 h was found by P isca to r3 '  i n  Stockholm, w h i l e  i n  a p o l l u t e d  

area o f  Sweden t h e  mean u r i n a r y  e x c r e t i o n  was found t o  be 2.1 ug pe r  1000 m l .  

Brouwers and L a ~ w e r y s ~ ~  have r e p o r t e d  a u r i n a r y  cadmium e x c r e t i o n  o f  l e s s  than 

2.0 ug p e r  1000 m l  i n  unexposed people.  The l e v e l s  were much h i g h e r  i n  exposed 

workers, b u t  no c o r r e l a t i o n  w i t h  concen t ra t i ons  o f  cadmium i n  t h e  a i r  was found. 

Imbus e t  a l .33  r e p o r t e d  a mean va lue  o f  1.59 ug p e r  1000 m l  w i t h  ranges between 

l e s s  than 0.5 and 10.8 pg p e r  1000 m l  i n  normal persons ( spec t rog raph ic  method). 

Szadkowski e t  a1.34 r e p o r t e d  a mean va lue  o f  1.25 pg p e r  gram o f  c r e a t i n i n e ,  

wi th a range f rom 0 t o  5.0 ug/g i n  normal sub jec ts .  
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Cadmium e x c r e t i o n  i n  exposed workers has been s t u d i e d  by  a number o f  i n v e s t i -  

g a t o r ~ ~ ~ - ~ ~ ,  who r e p o r t e d  cadmium e x c r e t i o n s  f rom near  zero  t o  around 1.0 mg p e r  

day. When p r o t e i n u r i a  i s  p resen t  d u r i n g  exposure, t h e r e  i s  always an i nc rease  i n  

t h e  e x c r e t i o n  of  cadmium. The same occurs i n  exper imenta l  animals,  A f t e r  exposure 

has ceased, cadmium e x c r e t i o n  w i l l  decrease whereas p r o t e i n u r i a  w i l l  p e r s i s t .  

When e v a l u a t i n g  u r i n a r y  cadmium e x c r e t i o n  i n  exposed workers i t  i s  n o t  always 

c l e a r  whether t u b u l a r  dys func t i on  i s  p resent .  P isca tor3 '  r e p o r t e d  t h a t  i n  cases 

w i t h  l o n g  exposure t imes (more than 5 yea rs )  b u t  w i t h o u t  s igns  o f  r e n a l  dysfunc- 

t i o n ,  t h e  u r i n a r y  cadmium l e v e l  was g e n e r a l l y  below 10.0 ug p e r  gram o f  c r e a t i n i n e ,  

whereas i n  workers w i t h  s igns  of r e n a l  dys func t i on  (changes i n  e l e c t r o p h o r e t i c  

p a t t e r n s  and increases  i n  B2-m) t h e  u r i n a r y  e x c r e t i o n  o f  cadmium was h i g h e r  than 

10.0 ug pe r  gram of c r e a t i n i n e .  I n  workers s l i g h t l y  exposed t o  cadmium f o r  s h o r t  

pe r iods  o f  t ime  a t  a p l a n t  manufac tur ing  e l e c t r o l y t i c  z inc ,  S i n g e m ~ a n ~ ~  found a 

mean va lue  f o r  u r i n a r y  e x c r e t i o n  o f  cadmium o f  4.0 ug p e r  1000 m l  (7.4 ug p e r  

gram o f  c r e a t i n i n e )  w i t h  a cor respond ing  p r o t e i n u r i a  o f  68.4 mg p e r  1000 m l  

(106.6 mg p e r  gram of c r e a t i n i n e )  and no rena l  damage. The h ighes t  va lues  f o r  

cadmium and p r o t e i n s  were found t o  be 7.8 ug p e r  1000 m l  (17.3 ug p e r  gram o f  

c r e a t i n i n e )  and 121.5 mg p e r  1000 m l  (196.4 mg pe r  gram o f  c r e a t i n i n e ) ,  respec- 

t i v e l y .  

Cadmium accumulates i n  t h e  k idneys, and d u r i n g  t h e  p e r i o d  o f  accumulat ion o n l y  

smal l  amounts o f  cadmium a r e  exc re ted  i n  t h e  u r i n e .  On a group bas is ,  t h i s  excre- 

t i o n  appears t o  be r e l a t e d  t o  t h e  body burden o f  cadmium. When a c e r t a i n  concen- 

t r a t i o n  i s  reached i n  t h e  k idneys, cadmium e x c r e t i o n  inc reases  cons ide rab ly  and 

t h e  accumula t ion  r a t e  of  cadmium i n  t h e  k idney  decreases. The c r i t i c a l  concentra- 

t i o n  f o r  r e n a l  t u b u l a r  damage has been es t imated t o  be about 200 pg p e r  g wet 

we igh t  i n  t h e  c o r t e x  . 29 

.?. 8.1.  ;. C a h i m  i n  other biological samples 

Cahium i n  hair. I n  s p i t e  o f  t h e  d i f f i c u l t i e s  i n  t h e  a n a l y s i s  o f  meta ls  i n  

h a i r ,  t h e  p o s s i b i l i t y  o f  us ing  h a i r  as an i n d i c a t o r  o f  exposure t o  cadmium has 

been i n v e s t i g a t e d  and almost a l l  s t u d i e s  used AAS. Mean normal concen t ra t i ons  

o f  cadmium i n  un t rea ted  h a i r  as repo r ted  by Schroeder and N a ~ o n ~ ~  were 2.77t4.37 

,~g /g  i n  males and 1.77+1.64 ug/g i n  females, S tud ies  by N i ~ h i y a m a ~ ~  on h a i r  p re-  

t r e a t e d  w i t h  de te rgen t  showed t h e  f o l l o w i n g  mean values f o r  cadmium: i n  Yugoslavia 

( r u r a l  a rea) ,  0.54+0.27 pg/g; and i n  Sweden, 0.44tO.14 pg/g f o r  males and 

0.87t0.26 Llg/g f o r  females. 

as e x t e r n a l  con taminat ion  i s  g r e a t  and, as shown by Nishiyama and N ~ r d b e r g ~ ~ ,  i t  

i s  v i r t u a l l y  imposs ib le  t o  remove by washing procedures. 

For  exposed workers h a i r  a n a l y s i s  i s  s t i l l  cons idered t o  be o f  l i t t l e  value, 



58 

cadmiwn i n  sal iva.  Cadmium may a l s o  be exc re ted  i n  s a l i v a .  Concent ra t ions  o f  

up t o  0.1 ug/g have been r e p o r t e d  by  Dre izen e t  a1.47, b u t  t h i s  t e s t  has n o t  y e t  

found a p p l i c a t i o n  i n  b i o l o g i c a l  m o n i t o r i n g  o f  workers.  

u r i n a r y  cadmium e x c r e t i o n  above 10 pg p e r  1000 m l  o r  10 ug p e r  gram o f  c r e a t i n i n e  

may i n d i c a t e  e i t h e r  impending o r  ac tua l  r e n a l  t u b u l a r  impairment, and a b lood  

l e v e l  above 1.0 pg p e r  100 g i n d i c a t e s  s i g n i f i c a n t  cadmium exposure. 

I n  genera l  terms i t  can be s t a t e d  t h a t ,  f o r  long- te rm low- leve l  exposure, a 

It i s  impor tan t  t o  p o i n t  o u t  t h a t  smoking h a b i t s  may cons ide rab ly  i n f l u e n c e  

cadmium accumulat ion,  and a r e  respons ib le  f o r  s i g n i f i c a n t  d i f f e r e n c e s  i n  b lood  

cadmium l e v e l s  and u r i n a r y  cadmium exc re t i ons .  Cadmium i n  b lood  l e v e l s  o f  

0.84t0.26 pg per  100 m l  i n  smokers and 0.62t0.28 ug p e r  100 m l  i n  non-smokers 

have been reported48. K j e l l ~ t r t h n ~ ~  found cadmium e x c r e t i o n s  o f  0.36-0.56 ug p e r  

gram o f  c r e a t i n i n e  f o r  smokers and 0.13-0.43 pg pe r  gram o f  c r e a t i n i n e  f o r  non- 

smokers. As c i g a r e t t e  smoke i s  cons idered t o  be t h e  major  source o f  cadmium ex- 

posure t o  man5', i t  has t o  be taken i n t o  account when e v a l u a t i n g  l a b o r a t o r y  

res  u l  t s . 

2.8.2. Proteinuria 

Cadmium p r o t e i n u r i a  has been cha rac te r i zed  by means of ge l  f i l t r a t i o n ,  i o n -  

exchange chromatography and immunological  methods2'. A l a r g e  number o f  LMW 

p r o t e i n s  were p resen t  i n  t h e  u r i n e  o f  cadmium-exposed  worker^^^'^', i n c l u d i n g  

B2-rn, r ibonuc lease,  muramidase and inmunog lobu l in  cha ins .  Large amounts o f  

r e t i n o l - b i n d i n g  p r o t e i n  (RPB) were a l s o  found by Peterson and Berggdrd 

f i r s t  s i g n  o f  cadmium-induced rena l  dys func t i on .  The q u a n t i t a t i v e  de te rm ina t ion  

o f  t h e  LMW p r o t e i n s ,  and p a r t i c u l a r l y  B2-m, inc reases  t h e  d i a g n o s t i c  s e n s i t i v i t y .  

It has been shown t h a t  inc reased amounts o f  52-m may be exc re ted  w i t h o u t  any 

i nc rease  i n  t o t a l  p r o t e i n  e x c r e t i o n  o r  any ma jo r  changes i n  t h e  e l e c t r o p h o r e t i c  

p a t t e r n  o f  u r i n a r y  p ro te ins17 .  However, i t  i s  impor tan t  t o  p o i n t  o u t  t h a t  i n  a 

h e a l t h  survey c a r r i e d  o u t  i n  areas env i ronmen ta l l y  contaminated by  cadmium i n  

Japan5', i t  was found t h a t  t h e  i nc rease  i n  u r i n a r y  e x c r e t i o n  o f  LMW p r o t e i n s  i s  

n o t  s p e c i f i c a l l y  induced by cadmium o r  o t h e r  t o x i c  me ta l s  b u t  may be r e l a t e d  t o  

o t h e r  f a c t o r s  such as ageing. 

based on t h e  b i u r e t  r e a c t i o n  a f t e r  p r e c i p i t a t i o n  o f  p r o t e i n  w i t h  Tsuch iya ' s  r e -  

agent (phosphotungs t ic  a c i d  i n  h y d r o c h l o r i c  ac id -e thano l  s o l u t i o n ) .  The url'ne 

sample (1-2 m l )  i s  mixed w i t h  Tsuch iya 's  reagent,  t h e  p r e c i p i t a t e  i s  cen t r i f uged ,  

washed and d i s s o l v e d  i n  sodium hydrox ide  s o l u t i o n  and, a f t e r  a d d i t i o n  o f  Bened ic t ' s  

reagent  (copper su lpha te  i n  sodium c i . t ra te  and sodium carbonate  s o l u t i o n ) ,  t h e  

absorbance i s  read a t  330 nm. Human albumin i s  used as a standard.  

14 . 
Th is  i nc rease  i n  t h e  u r i n a r y  e x c r e t i o n  o f  LMW p r o t e i n s  i s  regarded as t h e  

P isca to rS3  developed a method f o r  t h e  de te rm ina t ion  o f  t o t a l  u r i n a r y  p r o t e i n ,  
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Studies c a r r i e d  o u t  on cadmium-exposed workers us ing  t h i s  method54 showed 

t h a t  t he  u r i n a r y  p r o t e i n  e x c r e t i o n  was r e l a t e d  t o  exposure t ime (mean values 

of 100 mg of u r i n a r y  p r o t e i n  pe r  24 h f o r  a 5-year exposure t ime t o  955 mg per  

24 h f o r  more than a 30-year exposure t ime) .  The d a i l y  e x c r e t i o n  o f  p r o t e i n  f o r  

unexposed people ranged from 25 t o  80 mg, w i t h  an average o f  50 mg. The cadmium- 

exposed i n d i v i d u a l s  excreted f rom 70 t o  2600 mg p e r  24 h. 

paper e lec t rophores i s  s ince  1959. I n  most instances t h i s  method a l lowed the  d i f -  

f e r e n t i a t i o n  of a c h a r a c t e r i s t i c  t u b u l a r  p a t t e r n  f rom g lomerular  and normal 

pa t te rns .  I n  l a t e r  s tud ies,  c e l l u l o s e  ace ta te  e l e c t r o p h ~ r e s i s ~ ~ ,  e l e c t r o p h o r e t i c  

m u l t i f r a c t i o n a t i o n  on a spec ia l  suppor t  o f  c e l l u l o s e  ace ta te  known as RS Ce l lo -  

gel43, d i s c  e l e c t r o p h o r e ~ i s ~ ~  and i s o e l e c t r i c  focusing57 have been used t o  

diagnose cadmium-induced p r o t e i n u r i a .  I n  each o f  t h e  above techniques, t h e  i n -  

crease i n  e x c r e t i o n  of LMW p r o t e i n  i s  shown by peaks i n  c e r t a i n  ranges o f  e lec -  

t r o p h o r e t i c  m o b i l i t y .  I s o e l e c t r i c  f ocus ing  i n  t h i n - l a y e r  po lyacry lamide gel  

a l l ows  the  q u a n t i t a t i v e  de te rm ina t ion  o f  B2-m. Other e l e c t r o p h o r e t i c  techniques 

such as e lec t rophores i s  i n  agarose and s t a r c h  gel  have been s tud ied  by P i s c a t o r  

and PetterssonZ9, b u t  they p r e f e r r e d  paper e lec t rophores i s .  

I n  cadmium-exposed workers a t y p i c a l  t u b u l a r  p a t t e r n  i s  shown, cha rac te r i zed  

by an albumin con ten t  o f  l e s s  than 25%, l a r g e  a2 and y f r a c t i o n s  and a d i s t i n c t  

peak i n  the  B1-B2 reg ion.  The B - f r a c t i o n  appears as t h e  l a r g e s t  o f  t he  u r i n a r y  

p r o t e i n  f r a c t i o n s .  These r e s u l t s  have been repo r ted  f o r  workers w i t h  d a i l y  ex- 

c r e t i o n s  o f  p r o t e i n  above 150 mg. Normal u r i n a r y  p r o t e i n s  r e g u l a r l y  show a d i s -  

t i n c t  a lbumin f r a c t i o n  and an otherwise d i f f u s e  pa t te rn .  

The h i g h  increase i n  B2-m e x c r e t i o n  i n d i c a t e s  t h a t  t he  q u a n t i t a t i v e  ana lys i s  

o f  S2-m may be t h e  most s e n s i t i v e  method f o r  d e t e c t i n g  t u b u l a r  damage induced 

by cadmium a t  an e a r l y  stage. I n  hea l thy  sub jec ts  w i t h  normal rena l  f u n c t i o n  

R2-m i s  c o n s t a n t l y  produced, be ing e l im ina ted  almost e x c l u s i v e l y  by the  kidneys, 

predominant ly  by g lomeru lar  f i l t r a t i o n .  A f t e r  g lomeru lar  f i l t r a t i o n  more than 

99.9% o f  excreted p r o t e i n  i s  reabsorbed i n  the  k idney tubules,  where i t  i s  catab- 

o l i zed .  An increased e x c r e t i o n  o f  R2-m i n  the  u r i n e  i s  t h e r e f o r e  a s e n s i t i v e  

i n d i c a t o r  o f  proximal t u b u l a r  d i s f u n c t i o n .  

B2-m concen t ra t i ons  i n  normal u r i n e  samples. The s e n s i t i v i t y  o f  t he  o r i g i n a l  

method goes down t o  below 2 pg pe r  1000 m l ,  t he  c o e f f i c i e n t  o f  v a r i a t i o n  i s  8.2% 

and t h e  recove r ies  a re  about 100%. The normal average u r i n a r y  e x c r e t i o n  i s  about 

100 pg pe r  24 h 

t r a c e r  and ant iserum. The range o f  t he  s tandard curve no rma l l y  used i s  2-96 ug 

per  1000 m l .  Only 0.1 m l  o f  u r i n e  i s  needed f o r  one ana lys i s .  Dur ing s torage o f  

For  the  e l e c t r o p h o r e t i c  examinat ion o f  u r i n a r y  p ro te ins ,  P i sca to rS4  has used 

57 

The development o f  a r a d i o i ~ r ~ n u n o a s s a y ~ ~  has made p o s s i b l e  t h e  measurement of  

59 . 
The method i s  performed us ing  a standard k i t  con ta in ing  l a b e l l e d  B2-m standard, 
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u r i n e  specimens B2-m may degrade i f  t h e  pH i s  lower  than 5.659. E i t h e r  s p e c i f i c  

g r a v i t y  o r  c r e a t i n i n e  concen t ra t i on  i n  u r i n e  may be used f o r  a d j u s t i n g  t h e  B2-m 

concen t ra t i ons ,  un less  24-h samples a r e  c o l l e c t e d .  

Only r e c e n t l y  has B2-m a n a l y s i s  been used on a l a r g e  sca le .  The average B2-m 

e x c r e t i o n  among h e a l t h y  a d u l t s  r e p o r t e d  by  E v r i n  and Wibe115' ranged f rom 100 t o  

125 ug p e r  24 h. These values a r e  ve ry  c l o s e  t o  those ob ta ined  by o t h e r  i nves -  

t i g a t o r s  w i t h  t h e  same procedure17. I n  sub jec ts  w i t h  cadmium i n  b lood  l e v e l s  

above 2.0 ug  p e r  100 m l  and a cadmium u r i n a r y  e x c r e t i o n  o f  more than 8.0 ug pe r  

gram of c r e a t i n i n e ,  P isca tor "  r e p o r t e d  B2-m u r i n a r y  e x c r e t i o n s  o f  142+126 ug 

p e r  gram o f  c r e a t i n i n e .  K j e 1 1 s t r & 1 1 ~ ~  found increases  i n  B2-m u r i n a r y  e x c r e t i o n  

up t o  700 pg p e r  gram o f  c r e a t i n i n e  f o r  exposed people i n  Japan. 

b i n e  t h e  de te rm ina t ion  o f  t o t a l  p r o t e i n  exc re t i on ,  t h e  e l e c t r o p h o r e t i c  separa t i on  

o f  d i f f e r e n t  f r a c t i o n s  and t h e  de te rm ina t ion  o f  B2-m exc re t i on .  

Accord ing  t o  K j e l l s t r 6 m  and P isca tor17 ,  u r i n a r y  B2-m shou ld  n o t  be used f o r  

b i o l o g i c a l  m o n i t o r i n g  o f  cadmium-exposed workers,  as a v a i l a b l e  da ta  i n d i c a t e  t h a t  

t u b u l a r  damage i s  i r r e v e r s i b l e ,  b u t  i t  i s  a u s e f u l  t o o l  f o r  t h e  screen ing  o f  

t u b u l a r  p r o t e i n u r i a .  

Bernard e t  a1.61 developed a method f o r  t h e  de te rm ina t ion  o f  B2-m i n  human 

u r i n e  ( s u i t a b l e  a l s o  f o r  t h e  measurement o f  REP i n  u r i n e )  t h a t  does n o t  r e q u i r e  

t h e  use o f  rad io i so topes .  I f  o f f e r s  t h e  same p r e c i s i o n ,  s p e c i f i c i t y  and sens i -  

t i v i t y  as t h e  radioimnunoassay methods (RIA) ,  be ing  s imp le r  and f a s t e r .  

It i s  based on d i r e c t  a g g l u t i n a t i o n  by  B2-m o f  l a t e x  p a r t i c l e s  on which an 

an t i body  a g a i n s t  02-m i s  adsorbed ( l a t e x  immunoassay). The a g g l u t i n a t i o n  i s  

q u a n t i f i e d  by coun t ing  t h e  remain ing  unagg lu t i na ted  p a r t i c l e s  o r  by t u r b i d i m e t r y .  

The d e t e c t i o n  l i m i t  i s  0.5 pg pe r  1000 m l  and t h e  a n a l y t i c a l  recovery  o f  S2-m 

i n  u r i n e  i s  around 97%. 

However, as s i g n i f i c a n t  degradat ion  o f  02-m occurs when t h e  u r i n a r y  pH i s  

lower  than 5.5 ( a c i d  u r i n e  samples), Bernard and Lauwerys62 s t u d i e d  t h e  poss i -  

b i l i t y  o f  o b v i a t i n g  t h i s  d i f f i c u l t y  by  measur ing the  u r i n a r y  e x c r e t i o n  o f  REP, 

which i s  a more s t a b l e  LMW p r o t e i n  i n  a c i d  u r i n e  samples, as an index  o f  t u b u l a r  

d y s f u n c t i o n  i n  cadmium exposed workers.  They found t h a t  t h e  RBP t e s t  i n  u r i n e  i s  

as s e n s i t i v e  as t h e  B2-m t e s t  f o r  sc reen ing  purposes. The va lues  found i n  a group 

of 150 h e a l t h y  sub jec ts  were 376 and 139 pg p e r  gram o f  c r e a t i n i n e  f o r  B2-m and 

RBP, r e s p e c t i v e l y  (expressed as t h e  geometr ic mean p l u s  2 geometr ic s tandard  

d e v i a t i o n s ) .  

parameters f o r  cons ide r ing  t h e  r e n a l  f u n c t i o n  o f  a worker as normal:  t o t a l  p r o t e i n -  

u r i a ,  4 5 0 ;  B -m ic rog lobu l i nu r ia ,  <0.2; and a lbuminur ia ,  <12 mg p e r  gram of 

c r e a t i n i  ne. 

The b e s t  way t o  o b t a i n  an accu ra te  es t ima te  o f  rena l  s t a t u s  would be  t o  com- 

Buchet e t  a1.63 adopted t h e  f o l l o w i n g  upper normal va lues  f o r  some u r i n a r y  

2 
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2.9. I N D I C E S  FOR CHROMIUM EXPOSURE 

Chromium occurs  i n  most b i o l o g i c a l  m a t e r i a l s  i n  t h e  t r i v a l e n t  f rom (Cr3'), 

s t r o n g l y  assoc ia ted  w i t h  p ro te ins ,  n u c l e i c  ac ids  ( v e r y  h i g h  concen t ra t i ons  o f  

chromium a r e  found i n  nuc leop ro te in  f r a c t i o n s )  and a v a r i e t y  o f  low-molecular-  

we igh t  l i gands .  The hexava len t  fo rm (Cr6') i s  more t o x i c  than t h e  t r i v a l e n t  

forin because o f  i t s  o x i d i z i n g  p o t e n t i a l  and i t s  easy permeat ion o f  b i o l o g i c a l  

membranes (Cr6' i s  a b l e  t o  pene t ra te  t h e  b i o l o g i c a l  membranes, w h i l e  Cr3 '  i s  n o t ) .  

Chromium i s  cons idered t o  be an e s s e n t i a l  t r a c e  element i n  man and i n  animals 

and p l a y s  an impor tan t  r o l e  i n  i n s u l i n  metabol ism as t h e  glucose t o l e r a n c e  f a c t o r  

(GTF). I t s  de f i c iency  r e s u l t s  i n  impa i red  glucose metabol ism owing t o  t h e  poor  

e f fec t i veness  of i n s u l i n .  Impairment o f  g lucose t o l e r a n c e  i s  t h e  f i r s t  symptom 

o f  chromium de f i c iency  i n  exper imenta l  animals and i t  i s  p o s s i b l e  t h a t  chromium 

de f i c iency  i s  one o f  t h e  causes of g lucose i n t o l e r a n c e  i n  man . The exper imenta l  

r e s u l t s  suggest t h a t  t h e  impa i red  glucose t o l e r a n c e  i n  chromium d e f i c i e n c y  may 

be due t o  a decreased response o f  t h e  d e f i c i e n t  animal t o  i t s  endogenous i n s u l i n .  

A d i a b e t e s - l i k e  syndrome has been observed i n  chromium-def ic ien t  r a t s  r a i s e d  i n  

a c o n t r o l l e d  environment.  

I n  t h e  r a t ,  t h e  chromium absorbed by t h e  i n t e s t i n e s  i s  almost e n t i r e l y  bound 

t o  t r a n s f e r r i n  ( t h e  i r o n - c a r r y i n g  p r o t e i n ) ,  and chromium i n  excess ive  doses i s  

a l s o  bound t o  o t h e r  p r o t e i n  f r a c t i o n s .  I n  man, t h e  b u l k  o f  an admin is te red  dose 

o f  r a d i o a c t i v e  chromium c h l o r i d e  i s  c a r r i e d  i n  t h e  albumin f r a c t i o n ,  and o n l y  

30-40% i n  g l o b u l i n s ,  o f  which t r a n s f e r r i n  i s  a p a r t .  Chromium disappears r a p i d l y  

f rom t h e  b lood  and i s  taken up b y  o t h e r  t i ssues ,  where i t  i s  concent ra ted  much 

more (by  a f a c t o r  o f  10-100) than i n  t h e  blood. 

The metabol ism o f  chromium depends h e a v i l y  on i t s  chemical form. Animal ex- 

per iments  suggest t h a t  one o r  more s p e c i f i c  o rgan ic  chromium complexes des ignated  

"g lucose t o l e r a n c e  f a c t o r "  a r e  handled by an organism i n  such a way as t o  meet 

t h e  c r i t e r i a  f o r  an e s s e n t i a l  element. GTF i s  t h e  s p e c i f i c  chromium complex t h a t  

seems t o  be p h y s i o l o g i c a l l y  a c t i v e .  The l i v e r  seems t o  be t h e  s i t e  where chromium 

b i n d i n g  t o  GTF i s  regu la ted ,  as w e l l  as t h e  s i t e  where vanadium i s  i nco rpo ra ted  

i n t o  t r a n s f e r r i n  and manganese i s  t rans formed i n t o  transmanganine-bound metal  . 
A l though GTF has n o t  y e t  been comp le te l y  i d e n t i f i e d  i t  i s  p robab ly  a d i n i c o t i n a t e -  

chromium complex. 

t i v i t y  o f  severa l  enzymes, such as urease 

reductase i s  i n h i b i t e d  w i t h i n  t h e  r e d  c e l l  by C r 6 +  '. 
RNA f r a c t i o n s  c o n t a i n  50-140 vg/g6,'. The exac t  f u n c t i o n  o f  chromium i n  RNA i s  

unknown. I t  i s  assumed t h a t  chromium i s  l i n k e d  t o  t h e  components of n u c l e i c  a c i d  
6 

by  coo rd ina t i on ,  b u t  i t  i s  n o t  known whether t h e  bond i n v o l v e s  Cr (0 )  o r  C r ( I I 1 )  . 

1 

2 

Excessive chromium ( e i t h e r  C r 6 +  o r  Cr3') has been found t o  i n h i b i t  t h e  ac- 
3 4 and B-glucuronidase . Glu ta th ione  

Chromium i s  conta ined i n  n u c l e i c  ac ids  i n  h i g h  concen t ra t i ons ;  h i g h l y  p u r i f i e d  
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2.9.1. In te rpre ta t ion  of blood and urine chromium l e v e l s  

The reader  i s  r e f e r r e d  t o  Chapter 9 f o r  t h e  methodology o f  t h e  de te rm ina t ion  

o f  chromium i n  b lood  and u r i n e .  

2.9.1.1. Chromium i n  blood 

The concen t ra t i on  o f  chromium i n  b lood has been r e p o r t e d  t o  be 2.0-3.0 p g  per  

100 m l  w i t h  an even d i s t r i b u t i o n  between r e d  c e l l s  and plasma8. Accord ing  t o  

B a e t j e r  e t  a1 .’, t h e  inc rease  i n  b lood  values upon occupat iona l  exposure r e l a t e s  

m a i n l y  t o  t h e  e ry th rocy tes .  

The values ob ta ined  by  Imbus e t  a1.l ’ f o r  chromium i n  t h e  b lood  o f  unexposed 

sub jec ts  (spec t rophotomet r ic  method) were as f o l l o w s :  median = 2.65 p g  p e r  100 g; 

mean = 2.76 pg pe r  100 g; range = 1.28-5.54 pg per  100 g. Vers ieck  e t  a l ? l  de- 

te rmined chromium i n  t h e  serum o f  h e a l t h y  i n d i v i d u a l s  by  neu t ron  a c t i v a t i o n  

ana lys i s .  The mean va lue  ob ta ined  was 0.016c0.0083 ug pe r  100 m l .  O ther  values 

repo r ted  f o r  chromium i n  serum ranged f rom 0.073 ug p e r  100 m1I2 up t o  15.0 ug 

pe r  100 m l  . 

4.0-6.0 pg per  100 m l  o f  whole blood14; 0-2.0 pg p e r  100 m l  o f  plasma’; 3.0- 

14.0 pg p e r  100 m l  o f  r e d  c e l l s  , 

13 

For  chromate workers, t h e  va lues  found i n  t h e  l i t e r a t u r e  a re  as f o l l o w s :  

9 

2.9. I .  2.  Chromium i n  urine 

Chromium i s  exc re ted  i n  bo th  u r i n e  and faeces, u r i n e  be ing  t h e  more impor tan t  

pathway. Near l y  a l l  chromium i n  u r i n e  i s  p resent  i n  t h e  fo rm o f  low-molecular-  

we igh t  complexes. Blood chromium coord ina ted  t o  smal l -molecule l i g a n d s  i s  

f i l t e r e d  a t  t h e  glomerulus,  and up t o  63% i s  reabsorbed f rom t h e  f i l t r a t e  i n  t h e  

tubu les  . 
There i s  l i t t l e  agreement on t h e  amount o f  d a i l y  u r i n a r y  chromium e x c r e t i o n .  

Values as h i g h  as 860 pg per  1000 m l  have been repor ted16.  I n  a c a r e f u l l y  con- 

t r o l l e d  s tudy  c a r r i e d  o u t  by Imbus e t  al.”, a median va lue  o f  3.77 pg per  1000 m l  

and a mean va lue  o f  4.0 ug p e r  1000 m l  w i t h  ranges f rom 1.8 t o  11.0 119 pe r  1000 m l  

have been found. P i e r c e  and Cholak” r e p o r t e d  average e x c r e t i o n  o f  5.0 p g  per  

1000 m l  f o r  unexposed sub jec ts .  The lowest  va lues  a r e  probab ly  t h e  most r e l i a b l e  

and can be accepted w i t h  conf idence. It i s  es t imated  t h a t  t h e  normal u r i n a r y  

e x c r e t i o n  o f  chromium goes up t o  about 10.0 ug pe r  24 h 

B o r g h e t t i  e t  a1.20. A t  t h e  end o f  every  work ing  day an i nc rease  i n  t h e  u r i n a r y  

e x c r e t i o n  o f  chromium was observed compared w i t h  t h e  values a t  t h e  beg inn ing  

o f  work. The r a p i d  u r i n a r y  e x c r e t i o n  o f  chromium a l l ows  t h e  chromium t o  c r e a t i n i n e  

r a t i o  i n  u r i n e  t o  be  used as a d a i l y  exposure t e s t .  The h i g h e s t  values f o r  chro-  

15 

18,19 . 
The e x c r e t i o n  o f  chromium i n  chromium p l a t i n g  workers has been measured by 
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mium u r i n a r y  e x c r e t i o n  were found i n  po l i she rs :  37.2t27.4 ug pe r  gram o f  cre-  

a t i n i n e  (AAS w i t h  carbon r o d ) ,  

According t o  Tola e t  a1 .21, bo th  wa te r -so lub le  (Cr6') and wa te r - i nso lub le  

(Cr3') chromium concentrat ions i ns tead  o f  t h e  t o t a l  chromium a i r  concen t ra t i ons  

should be measured, as water-so lub le chromium i s  t h e  more impor tan t  f rom t h e  

b i o l o g i c a l  s tandpoint .  

The u r i n a r y  e x c r e t i o n  o f  chromium has shown t o  be a good i n d i c a t o r  o f  s h o r t -  

term exposure t o  water-so lub le chromium (Cr6+) when the  exposure l e v e l  i s  above 

50 ug/m3, which represents  t h e  TWA (t ime-weighted average va lue)  recomnended by 

NIOSH (US Nat iona l  I n s t i t u t e  f o r  Occupat ional  Sa fe ty  and Heal th) ,  expressed as 

chromium t r i o x i d e  (Cr03).  

Exc re t i ons  a t  l e v e l s  above 30 ug pe r  gram o f  c r e a t i n i n e  represent  l e v e l s  o f  

C r 6 +  i n  a i r  h i g h e r  than the  TWA. Th is  app l i es  o n l y  t o  sho r t - t e rm exposure. 

When cons ide r ing  long- term exposure t h e  carc inogenic  r i s k  has t o  be taken 

i n t o  account. 

2.9.1.3. Chromium in other biological scmrples 

Chromium i n  hair. Chromium i s  found i n  h i g h  concentrat ions i n  h a i r ;  values 

from 0.2 t o  2.0 ug/g have been repor ted22.  HambidgeZ3 found 0.974 pg/g i n  t h e  

h a i r  o f  newborns and 0.382 ug/g i n  maternal  h a i r .  High concentrat ions o f  chro- 

mium i n  t h e  h a i r  o f  newborns a re  t h e  usual  f i n d i n g ,  w i t h  a gradual  d e c l i n e  

d u r i n g  chi ldhood. 

h a i r  o f  c h i l d r e n  (aged 0-15 yea rs ) ,  w i t h  a geometr ic mean o f  0.56 pg/g, and from 

0.06 t o  5.30 pg/g f o r  a d u l t s  (ove r  16 years o l d ) ,  w i t h  a geometr ic mean o f  

0.62 pg/g. 
Despi te  the  p a u c i t y  of human data on chromium l e v e l s  i n  t h e  h a i r  o f  exposed 

workers, i t  i s  ev iden t  t h a t  s i g n i f i c a n t  increases may be o f  va lue i n  b i o l o g i c a l  

moni tor ing.  On t h e  o t h e r  hand, b lood and u r i n e  contents  have i n d i c a t e d  sub- 

s t a n t i a l  increases i n  chromium exposure, and t h e i r  values remain apprec iab ly  

h i g h  f o r  yea rs  a f t e r  exposure. Al though some enzymatic changes have been observed 
i n  chromium exposure, no de f i ned  biochemical  l e s i o n  has y e t  been d isc losed.  

est imates o f  t h e  i n h a l e d  amount f rom smoking a re  known. However, smoking h a b i t s  

have t o  be taken i n t o  account i n  t h e  appra i sa l  o f  exposure. 

Creason e t  a1.24 repo r ted  values from 0.076 t o  4.80 ug/g f o r  chromium i n  the  

C iga re t tes  have been repo r ted  t o  c o n t a i n  390 pg/kg o f  chromium16 b u t  no 

2.10 INDICES FOR ARSENIC EXPOSURE 

Al though a rsen ic  has n o t  been conf i rmed as an e s s e n t i a l  element, t h e r e  i s  

evidence t h a t  i t  i s  r e q u i r e d  f o r  t h e  growth o f  some species o f  animals. 
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It has been suggested t h a t  b o t h  t h e  up take and t h e  t o x i c  a c t i o n  o f  some meta l s  
1 may be determined by  t h e i r  chemical fo rm . It i s  a l s o  p o s s i b l e  t h a t  p a r t i c u l a r  

forms o f  t h e  meta ls  may be produced w i t h i n  t h e  a l imen ta ry  t r a c t  under c e r t a i n  

c i rcumstances, thus  mod i f y ing  t h e  t o x i c  ac t i on .  Th is  a p p l i e s  w e l l  t o  a rsen ic ,  

which i s  p resen t  i n  t h e  environment m a i n l y  i n  i n o r g a n i c  f o n s  w h i l e  seafoods 

c o n t a i n  r e l a t i v e l y  h i g h e r  l e v e l s  i n  o rgan ic  forms' and methy la ted  spec ies  o f  

a rsen ic  have a l s o  been measured i n  f r e s h  and s a l t  water  . Organic forms o f  
2 a r s e n i c  have s h o r t e r  r e t e n t i o n  times, about h a l f  those o f  i n o r g a n i c  forms . 

rence o f  monomethylarsonic a c i d  (MMAA) and d i m e t h y l a r s i n i c  a c i d  (DMAA) i n  human 

u r ine ,  severa l  i n v e s t i g a t i o n s  have revea led  t h a t  a l l  mannnalian spec ies  s t u d i e d  

a r e  capable o f  c o n v e r t i n g  i n o r g a n i c  a rsen ic  i n t o  these methy la ted  forms4% It 

i s  assumed t h a t  a t  l e a s t  50% o f  i nges ted  a rsen ic  undergoes b iomethy la t i on ,  a l -  

though t h e  mechanism i s  n o t  known, and i n o r g a n i c  a rsen ic  i n  t h e  environment may 

be methy la ted  by microorganisms. 

As t h e  methy la ted  forms o f  a rsen ic  a r e  much l e s s  t o x i c  than t h e i r  i n o r g a n i c  

p a r e n t  compounds, b iomethy la t i on  would c o n s t i t u t e  an e f f i c i e n t  mode o f  d e t o x i f i -  

c a t i o n .  Th is  i s  t h e  reason f o r  t h e  inc reased i n t e r e s t  i n  s tudy ing  methods, f o r  

t h e  de te rm ina t ion  o f  methy la ted  forms o f  a r s e n i c  i n  b i o l o q i c a l  m a t e r i a l s 7  and 

i n  d r i n k i n g  wa te r  samples8, i n  which a rsen ic  i s  p resen t  i n  bo th  i n o r g a n i c  and 

o rgan ic  forms. 

A rsen ic  seems t o  concen t ra te  i n  t h e  sk in ,  h a i r  and n a i l s  because o f  i t s  h i g h  

a f f i n i t y  f o r  su lphyd ry l  (SH)  groups. Va l l ee  e t  a1.' no ted  t h a t  even w i t h  low 

doses of  a rsen ic ,  smal l  amounts may be de tec ted  i n  t i s s u e s  o f  ectodermal o r i g i n  

such as t h e  h a i r  and n a i l s  many months a f t e r  i t  has disappeared f rom t h e  u r i n e  

and faeces. 

I t  has been shown t h a t  i n o r g a n i c  a rsen ic  crosses t h e  b lood -b ra in  b a r r i e r  i n  

some anthropo ids"  b u t  n o t  i n  man. However, a rsen ic  i s  t r a n s f e r r e d  across t h e  

p lacen ta  i n  humans" and i n  r a t s  

It has been shown t h a t  enzymes i n h i b i t e d  by a r s e n i c a l s  a r e  those r e q u i r i n g  

t h e  d i t h i o l  c o f a c t o r  d i h y d r o l i p o i c  ac id ,  which i s  e s s e n t i a l  f o r  t h e  a-ke to  a c i d  

oxidases such as pyruvate  oxidase. A rsen ica l s  a r e  known t o  b l o c k  t h e  e n t r y  o f  

py ruva te  i n t o  t h e  t r i c a r b o x y l i c  a c i d  cyc le .  The o x i d a t i v e  deca rboxy la t i on  of  

py ruva te  i s  a f f e c t e d  by  t r i v a l e n t  a rsen ica l s ,  which a r e  i n h i b i t o r s  o f  t h e  py ruva te  

dehydrogenase (p robab ly  combining w i t h  t h e  d i t h i o l  1 i p o a t e  mo ie ty  o f  t h e  enzyme), 

thus  l e a d i n g  t o  t h e  accumulat ion o f  pyruvate .  T r i v a l e n t  a r s e n i c a l s  a r e  a l s o  i n -  

h i b i t o r s  o f  succinoxidase, p robab ly  due t o  t h e i r  a f f i n i t y  f o r  t h e  t h i o l  groups 

of  t h e  enzyme. 

I t  i s  a l s o  known t h a t  a r s e n i t e  may uncouple o x i d a t i v e  phosphory la t ion .  I n  t h i s  

case uns tab le  a rseny la ted  o x i d a t i o n  p roduc t  undergoes i r r e v e r s i b l e  h y d r o l y s i s  and 

o x i d a t i o n  proceeds a t  an inc reased r a t e ,  b u t  w i t h o u t  t h e  fo rma t ion  o f  t h e  h igh-  
13,14 energy phosphate bond . 

3 

3 Since t h e  o r i g i n a l  demonstrat ion by Braman and Foreback i n  1973 o f  t h e  occur-  

12 . 



65 

I n  v i t r o  and i n  v i v o  s t u d i e s  have shown t h a t  As5’ e x e r t s  i n h i b i t i o n  e f f e c t s  

s i m i l a r  t o  those o f  As3’ on mi tochondr ia1  r e s p i r a t i o n  and uncoup l ing  o f  o x i d a t i v e  

phosphoryl  a t i o n  . 

compounds i s  d i f f i c u l t  owing t o  t h e  me tabo l i c  i n te rconvers ions  o f  va r ious  arse- 

n i c a l s .  The pen tava len t  compounds ( p h y s i o l o g i c a l l y  i n a c t i v e  i n  t h i s  fo rm)  a r e  

ab le  t o  pene t ra te  a l l  p a r t s  o f  t h e  body, i n c l u d i n g  t h e  c e n t r a l  nervous system. 

They a r e  exc re ted  l a r g e l y  unchanged, b u t  smal l  amounts o f  them can be reduced 

i n  most t i s s u e s  t o  t h e  t r i v a l e n t  arsenoxides, i n  t h i s  way reach ing  o the rw ise  

i n a c c e s s i b l e  c e l l s .  

15 

Accord ing  t o  Va l l ee  e t  a1.’ t h e  i n t e r p r e t a t i o n  o f  t h e  i n  v i v o  a c t i o n  o f  a rsen ic  

I n  r a d i o a c t i v e  t r a c e r  s t u d i e s  on a rsen ic  i n  r a t s ,  95-99% o f  t h e  a r s e n i c  i n  t h e  

whole b lood  was de tec ted  i n  r e d  c e l l s ,  whereas i n  humans, monkeys and r a b b i t s ,  

a rsen ic  was more u n i f o r m e l y  d i s t r i b u t e d  between c e l l s  and plasma p r o t e i n s .  T h i s  

d i s t r i b u t i o n  was p a r t l y  dependent on t h e  fo rm of arsen ic  (As3+ o r  As 

The major  c a r r i e r s  o f  a rsen ic  i n  t h e  plasma o f  mice have shown t o  be t h e  al-glob- 

u l i n s .  

5 t  10,16 
) . 

As3’ t o x i c i t y  can be reversed by  t h i o l  compounds such as g l u t a t h i o n e  and 

Two modes o f  i n h i b i t i o n  have been proposed f o r  t h e  i n h i b i t i o n  by  a rsen ic :  

17 

9 c y s t e i n e  i n  t h e i r  reduced fo rm . 

( a )  c o m p e t i t i o n  w i t h  phosphate d u r i n g  o x i d a t i v e  phosphory la t i on  and ( b )  i n h i b i -  

t i o n  o f  ene rgy - l i nked  r e d u c t i o n  o f  NAO . 

2.10.1. Interpretation of blood, urine, hair and nail arsenic levels 

The reader  i s  r e f e r r e d  t o  Chapter 7 f o r  t h e  methodology o f  t h e  de te rm ina t ion  

o f  a rsen ic  i n  blood, u r i ne ,  h a i r  and n a i l s .  

2.10.1.1. Arsenic in blood 

Smith” found an average concen t ra t i on  o f  a r s e n i c  i n  whole b lood  o f  14.7 pg p e r  

100 m l ,  w i t h  a range o f  0.1-92.0 pg p e r  100 m l .  Va l l ee  e t  a1.’ found a range 

o f  0.0-37.0 pg p e r  100 m l ,  w h i l e  Heydorn” ob ta ined  mean a rsen ic  concen t ra t i ons  

i n  whole b lood  o f  2.2 ug p e r  100 m l  i n  Taiwanese sub jec ts  by neu t ron  a c t i v a t i o n  

ana lys i s .  

Iwa tak i  and Horiuchi”, u s i n g  a m o d i f i e d  po la rog raph ic  method, found t h a t  

l e v e l s  o f  a rsen ic  i n  whole b lood  f o r  95% o f  a h e a l t h y  Japanese urban p o p u l a t i o n  

were l e s s  than 22.0 pg p e r  100 g and f o r  99% o f  t h e  p o p u l a t i o n  t h e  va lues  were 

approx imate ly  37.0 pg p e r  100 g. 

Neuman and SingermanZ1 ob ta ined  mean l e v e l s  o f  1.1k1.0 pg p e r  100 m l  w i t h  

ranges between 0 and 4.0 pg p e r  100 m l  u s i n g  t h e  s i l v e r  d i e t h y l d i t h i o c a r b a m a t e  

method. 

Very d i f f e r e n t  f i g u r e s  have been r e p o r t e d  by va r ious  workers.  L iebscher  and 
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Damsgaard e t  a1.22 found a mean concen t ra t i on  o f  1.1 ug pe r  100 m l  i n  eleven 

normal human sera us ing  neutron a c t i v a t i o n  ana lys i s .  I n  t h e  endemic area o f  

Taiwan, w i th  h i g h  l e v e l s  o f  a rsen ic  i n  d r i n k i n g  water,  mean l e v e l s  o f  6.0 ug per  

100 m l  o f  whole b lood were repo r ted  by Heydorn”. Whanger e t  a1.23 repo r ted  mean 

values o f  12.2 and 25.1 ug per  100 m l  o f  whole b lood f o r  r e s i d e n t s  i n  two d i f -  

f e r e n t  c i t i e s  i n  Oregon, U.S.A., w i t h  a r s e n i c - r i c h  water.  

l e v e l  o f  3.3 ug pe r  100 g w i t h  a range o f  1.2-5.5 ug pe r  100 g among 33 workers 

exposed t o  90 ug/m o f  arsenic ,  w h i l e  a c o n t r o l  group showed an average va lue 

o f  0.7 pg pe r  100 g o f  whole b lood w i t h  a range between 0.1 and 1.6 pg p e r  100 g. 

Yamamura and Y a m a ~ c h i ~ ~ ,  us ing  AAS, found an average whole b lood  a rsen ic  

3 

2.10.1.2. Arsenic i n  urine 

Most o f  t h e  a rsen ic  absorbed i s  excreted v i a  t h e  u r i n e .  The data found i n  t h e  

l i t e r a t u r e  a re  v a r i a b l e  f o r  unexposed i n d i v i d u a l s ,  probably  owing t o  t h e  i n -  

f l uence  o f  t he  d i e t .  C rece l i us  

organisms i s  probably  n o t  metabol ized i n  t h e  human body b u t  excreted v i a  the  

k idneys i n  t h e  same form as ingested, and h i g h  l e v e l s  of u r i n a r y  a rsen ic  have 

been shown a f t e r  s h e l l f i s h  i nges t i on .  

Smith e t  a l  .25 repo r ted  the  concentrat ions o f  u r i n a r y  a rsen ic  ( i n o r g a n i c  

arsenic ,  MMAA, DMAA and t o t a l  a rsen ic )  found i n  a group o f  41 male workers n o t  

exposed t o  a rsen ic  as w e l l  as i n  a group o f  83 smel ter  workers o c c u p a t i o n a l l y  

exposed t o  arsenic ,  ma in l y  as a rsen ic  t r i o x i d e  as f o l l o w s  (pg pe r  1000 m l ) :  

To ta l  a rsen ic  As 3+ As5+ MMAA DMAA 

( a )  Mean u r i n a r y  e x c r e t i o n  o f  a rsen ic  i n  t h e  c o n t r o l  group: 

4 repo r ted  t h a t  o rgan ic  a rsen ic  present  i n  marine 

21.2t2.04 1 .34 .58  1.3k1.59 3.4t1.63 11.5t1.47 

( b )  Low-exposed group: 

24.7t2.01 2.2t2.19 1.6t2.32 4.9k2.13 17 . O i l .  96 

( c )  Median-exposed group: 

51.8t1.61 4.8t2.08 2.4t2.86 9.7t1.90 32.7t1.71 

(d )  High-exposed group: 

66.1t2.14 8.6t2.62 3.1t3.64 20.8f2.55 64.1t2.42 

As can be seen, d i m e t h y l a r s i n i c  a c i d  (DMAA) was t h e  major  form o f  a rsen ic  

Yamamura and Yamauchi26 repo r ted  t h e  normal background l e v e l s  o f  u r i n a r y  a r -  

present  i n  the  u r i n e  o f  t h e  smel ter  workers. 

sen ic  f o r  t he  d i f f e r e n t  a rsen ic  species as fo l l ows ,  f o r  an unexposed group 

(YI = 16) w i t h  2 days r e s t r i c t i o n  o f  i n g e s t i o n  o f  f i s h  and s h e l l f i s h  p r i o r  t o  the  
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sampling: t o t a l  arsenic, 2.15t0.70; As3+, 0.24tr0.07; As5+, 0.08tr0.07; MMAA, 

0.6250.18; and DMAA, 1.21+0.41 ug per 1000 m l .  

monomethylarsenic (MMA) and d imethy lars in ic  (DMA) acids i n  u r i n e  appears t o  be 

the method o f  choice fo r  the b i o l o g i c a l  moni tor ing o f  workers exposed t o  i n o r -  

ganic arsenic, since these measurements are not  in f luenced by the presence o f  

organoarsenicals o f  marine o r i g i n " .  From the l i n e a r  r e l a t i o n s h i p  found i n  t h e i r  

study between arsenic  administered and arsenic excreted i n  ur ine,  i t  was e s t i -  

mated t h a t  a time-weighted average (TWA) exposure o f  50 pg/m o f  arsenic would 

lead t o  an average u r i n a r y  exc re t i on  o f  220 pg o f  arsenic (Asi + MMAA + DMAA) 

per gram o f  c rea t i n ine .  

per 24 h) w i t h  a range between 0 and 15.0 ug per 1000 m l  (0-27.0 pg per 24 h )  i n  

an unexposed populat ion, wh i l e  i n  cases of  hydroarsenicism the u r i n a r y  excret ion 

o f  arsenic  a t ta ined  values up t o  1982 pg per 24 h. 

t i o n  o f  arsenic  are s i g n i f i c a n t l y  higher, which may perhaps be a t t r i b u t e d  t o  the 

a n a l y t i c a l  methodology and p a r t l y  t o  the i n f l uence  o f  d i e t a r y  sources. 

and a median o f  100 pg per 1000 m l  i n  a group o f  unexposed workers, wh i l e  i n  

workers exposed from the same p l a n t  the average and median values were 820 and 

580 ug per  1000 m l ,  respect ive ly .  Schrenk and Schreibeis" repor ted an average 

o f  80 pg per 1000 m l  w i t h  a range from 20 t o  2000 pg per 1000 m l  f o r  unexposed 

people. Val lee e t  al.' found l e v e l s  o f  3.0-150.0 ug per 1000 m l  (12.0-260 ug per  

24 h) i n  unexposed people, wh i l e  Iwatak i  and Horiuchi" repor ted 138 pg per 

1000 m l  (12-927 p s  per 24 h)  i n  a Japanese populat ion sample. 

According t o  Buchet e t  al.27, "the determination o f  inorganic  arsenic '(Asi), 

3 

Neuman and Singerman'l found mean values o f  4.5f3.9 pg per 1000 m l  (5 .5 t r l . l  pg 

It i s  i n t e r e s t i n g  t h a t  i n  the o l d e r  l i t e r a t u r e  the values f o r  u r i n a r y  excre- 

P in to  and McGi1128 found an average u r i n a r y  arsenic l e v e l  o f  130 pg per 1000 m l  

2.10. I. 3. Arsenic in hair 

Arsenic i s  u s u a l l y  found i n  h igher  concentrat ions i n  h a i r  and n a i l s  than i n  

o the r  p a r t s  o f  the body, which can be a t t r i b u t e d  t o  the h igh content o f  k e r a t i n  

i n  these t i ssues  ( t h e  SH groups would be responsible f o r  the b ind ing o f  As3+). 

According t o  Smith3', the average concentrat ion o f  arsenic  i n  h a i r  o f  unex- 

posed people was 81.0 pg per 100 g w i t h  a median o f  51.0 pg per 100 g. For the 

80% o f  the populat ion examined the values were below 100 pg per 100 g, wh i l e  

concentrat ions above 300 pg per 100 g were considered as suspect o f  exposure. 

and Kadowaki31 repor ted 17.4 pg per 100 g i n  Japan, f o r  unexposed subjects. 

arsenicism by Neuman and Singerman". Terada e t  al.32 determined h a i r  arsenic 
concentrat ions i n  39 Japanese subjects w i t h  hydroarsenicism ( t h e  we l l  d r i nk ing  

Liebscher and Smith18 repor ted concentrat ions o f  46.0 ug per 100 g i n  Scotland 

Values o f  up t o  1500 pg per  100 g have been found i n  i s o l a t e d  cases o f  hydro- 
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water contained 1-3 mg per 1000 m l  o f  arsenic) ;  54% o f  the values were above 

500 pg per  100 g and the maximum concentrat ion was 8500 pg per 100 g o f  h a i r .  

It has been stated t h a t  the content o f  arsenic i n  h a i r  o f  exposed people 

(occupat ional ly  o r  n o t )  can reach several m i l l i g rams  per 100 g33, and i n  a 

survey c a r r i e d  ou t  on mine m i l l  workers i n  Canada34 33% o f  the workers had over 

1.0 mg per 100 g o f  arsenic i n  ha i r .  

It i s  ev ident  t h a t  the arsenic  l e v e l s  i n  h a i r  are a re levant  i n d i c a t i o n  o f  

exposure, provided t h a t  external  contamination can be excluded. 

2.10.1.4. Arsenic in naiZs 

Values o f  28.3 pg per 100 g have been reported i n  Scotland18 and 89.2 pg per 

100 g i n  Japan31 f o r  unexposed people, wh i l e  values o f  up t o  368.0 pg per 100 g 
21 were found i n  cases of hydroarsenicism . 

2.11. I N D I C E S  FOR SELENIUM EXPOSURE 

Selenium has been viewed f o r  many years as a t o x i c  substance. However, i t  i s  

now considered t o  be a c r i t i c a l  n u t r i e n t ,  de f i c iency  o f  which may under l i e  a 

number o f  diseases. Selenium i s  sa id  t o  be an essen t ia l  t race  element, w i t h  a 

100-fold d i f f e rence  between the essent ia l  and t o x i c  leve ls .  According t o  Scot t  , 
the n u t r i t i o n a l  requirement f o r  selenium l i e s  between 0.1 and 0.3 mg/kg, whereas 

l e v e l s  from 2 t o  10 mg/kg may g ive r i s e  t o  t o x i c  symptoms. 

Although i t  has long been known t h a t  animals need selenium f o r  growth and 

reproduction, the U.S. National Research Council (NRC) d i d  no t  es tab l i sh  a re-  
2 commended d i e t a r y  allowance f o r  humans u n t i l  1978 . Several o f  the e a r l y  s tud ies 

repor ted t h a t  selenium may be a carcinogen3 but, as reviewed by Shapiro4, a 

number o f  workers have concluded t h a t  the assumption t h a t  selenium i s  carcinogenic 

i s  based on incomplete knowledge. According t o  the U.S. National I n s t i t u t e  f o r  

Occupational Safety and Health (NIOSH)5, "selenium has been mentioned f o r  i t s  

carcinogenic, ant icarc inogenic  and teratogenic  e f fec ts ,  bu t  t o  date, these e f -  

f e c t s  have n o t  been seen i n  man". 

e t  a1 .6 have repor ted t h a t  selenium possess antimutagenic p roper t i es  and p ro tec ts  

chromosomes against  carcinogen-induced damage. However, t h i s  s t i l l  remains a 

controvers ia l  research f i e l d .  

The capaci ty  of animals t o  reduce inorganic  se len i ca l s  from selenium valences 

o f  +4 o r  +6 t o  the  ac t i ve  selenide (Se2-) places t h i s  element i n  a unique category. 

The a f f i n i t y  o f  Se2--dependent enzymes and p ro te ins  f o r  t o x i c  metal ions such as 

cadmium, mercury and arsenic appears t o  account f o r  i t s  a n t i d o t a l  value against  

excessive amounts o f  those t o x i c  metal s7. This property, prev ious ly  assigned t o  

SH compounds, may p a r t l y  expla in  the ant icancer  value o f  h igh  n u t r i e n t  l e v e l s  of 
selenium. 

1 

I n  recent years selenium has been stud ied f o r  i t s  anticancer value. Schrauzer 
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Selenium appears t o  p l a y  an i n v a l u a b l e  r o l e  as a me tabo l i c  a n t i d o t e  t o  t o x i c  
8-13 meta ls  such as a rsen ic ,  cadmium, mercury, methylmercury, copper and l e a d  , 

and i t  shou ld  a l s o  be p o i n t e d  o u t  t h a t  compounds o f  some o f  these meta ls  have 

been r e p o r t e d  t o  d e t o x i f y  o r  coun te rac t  t o x i c  l e v e l s  o f  selenium. The mechanisms 

i n v o l v e d  i n  these r e c i p r o c a l  d e t o x i f i c a t i o n s  a r e  n o t  f u l l y  understood. 

g l u t a t h i o n e  perox idase (GSH-Px), seems t o  be i n  favour  o f  t h e  need f o r  selenium 

as an e s s e n t i a l  t r a c e  element . 
Selenium i s  p robab ly  t h e  most t o x i c ,  we igh t  f o r  weight,  o f  t h e  e s s e n t i a l  

The f a c t  t h a t  man possess a t  l e a s t  one impor tan t  selenium-dependent enzyme, 

14 

n u t r i e n t s .  However, ve ry  few ins tances  o f  human selenium i n t o x i c a t i o n  have been 

recorded. The t o x i c i t y  o f  selenium i s  thought  t o  d e r i v e  f rom s e l e n i t e  accumula- 

t i o n  and i t s  s t r o n g  o x i d a t i v e  e f f e c t s 1 5 .  Selenium t o x i c i t y  may be prevented  by 

va r ious  SH compounds, tocophero l  and some a rsen ic ,  mercury and copper compounds. 

On t h e  o t h e r  hand, t h e  g r e a t e r  a f f i n i t y  o f  se leno ls  compared w i t h  su lphyd ry l  

compounds f o r  mercury and methylmercury may account f o r  t h e  known p r o t e c t i v e  

e f f e c t  o f  selenium aga ins t  mercury t o x i c i t y  

animal t i s s u e s  t o  s e l e n o t r i s u l p h i d e s ,  se lenopersu l  phides, hydrogen se len ide ,  

d i -  and t r i m e t h y l  se len ide  and p robab ly  o t h e r  low-molecular-weight m e t a b o l i t e s  

and p r o t e i n  d e r i v a t i v e s .  The pathway o f  r e d u c t i o n  o f  selenium seems t o  be med- 

i a t e d  by g l u t a t h i o n e  (GSH) i n  t h e  presence o f  g lu ta th ione - reduc tase  (GSH-Red): 

16 . 
Accord ing  t o  Ganther17, i n o r g a n i c  s a l t s  o f  selenium a re  r a p i d l y  reduced i n  

GSH H2Se03 - GSSeSG 
( s e l e n o t r i s u l p h i d e  d e r i v a t i v e  o f  GSH) 

GSH-Red GSSeH 

(GSH-sel enopersul  p h i  de) NADPH GSSeSG 

GSH-Red H2Se (hydrogen s e l e n i d e )  NADPH GSSeH 

It i s  w e l l  known t h a t  e r y t h r o c y t e  plasma membranes a re  l a b i l e  t o  l i p i d  per -  

o x i d a t i o n  (LPO) owing t o  t h e i r  h i g h  po lyunsa tu ra ted  f a t t y  a c i d  con ten t  and t h e i r  

exposure t o  mo lecu la r  oxygen. Pe rox ida t i on  o f  e r y t h r o c y t e  plasma membrane l i p i d s  

leads  t o  haemolysis o f  t h e  c e l l s .  

g l o b i n  and t h e  e r y t h r o c y t e  membrane, and such p r o t e c t i o n  r e q u i r e s  n o t  o n l y  GSH, 

b u t  a l s o  t h e  a c t i v i t y  of enzymes such as GSH-Red and GSH-Px, as w e l l  as t h e  

p roduc t i on  o f  NADPH. 

i m p l i c a t e d  by  a number o f  au thors  i n  t h e  p r o t e c t i o n  o f  c e l l u l a r  membranes f rom 

damage due t o  LP018s19. U n t i l  a few years  ago, GSH-Px a c t i v i t y  was thought  t o  be 

due t o  a s i n g l e  enzyme (E.C. 1.11.1.9) c o n t a i n i n g  selenium i n  a p r o s t h e t i c  

Reduced g l u t a t h i o n e  (GSH) i s  cons idered e s s e n t i a l  f o r  t h e  p r o t e c t i o n  o f  haemo- 

The GSH-Px c a t a l y t i c  f u n c t i o n  o f  g l  u t a t h i o n e  t rans fe rases  (GSH-Trs) has been 
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group". Th is  enzyme u t i l i z e s  hydrogen peroxide as we l l  as a v a r i e t y  o f  organic 

and l i p i d  hydroperoxides as substrates, b u t  i s  h i g h l y  s p e c i f i c  f o r  GSH as the 

hydrogen donor". A selenium-independent peroxidase, which has been named g lu-  

t a th ione  peroxidase I 1  (GSH-Px 11), has more recen t l y  been described", the 

a c t i v i t y  o f  which does no t  decrease i n  selenium def ic iency,  and i s  d i rec ted  

on ly  toward organic hydroperoxides. 

I t  i s  genera l l y  thought t h a t  i n  the ery throcyte,  GSH i s  c o n t i n u a l l y  ox id ized 

by the ac t i on  of GSH-Px on peroxide normally formed by the ac t i on  o f  superoxide 

dismutase (SOD) on superoxide produced from oxyhaemoglobin. 

As i s  known, maintenance o f  the normally h igh l e v e l  o f  GSH i n  ery throcytes 

depends on the a c t i v i t y  o f  GSH-Red, which u t i l i z e s  NADPH f o r  the reduct ion o f  

GSSG t o  GSH, NADP being reduced t o  NADPH by the ac t i on  o f  glucose-6-phosphate 

dehydrogenase (G6PD) and 6-phosphogl uconate dehydrogenase (6-PGD) . 

The a c t i v i t y  o f  GSH-PX i s  dependent o f  the l e v e l  o f  selenium i n  the d i e t .  As 

GSH-Px can destroy l i p i d  hydroperoxides, a lack o f  i t  could r e s u l t  i n  accumula- 

t i o n  o f  those hydroperoxides which i n  t u r n  have been shown t o  degrade membrane- 

bound cytochrome P-45OZ3, the terminal  acceptor i n  the NADPH-dependent mixed- 

func t i on  oxidase system (MFOS) invo lved i n  the a c t i v a t i o n  and d e t o x i f i c a t i o n  

o f  numerous xenobiot ics. 

I n h a l a t i o n  o f  selenium compounds a t  l e v e l s  normally found i n  urban atmospheres 

does no t  seem t o  con t r i bu te  s i g n i f i c a n t l y  t o  body burdens of the metal. The 

major c o n t r i b u t i o n  t o  organ concentrat ions i s  probably provided by i nges t i on  o f  

seleniumz4. The work environment may be an add i t i ona l  source o f  exposure t o  

selenium compounds, which can be e i t h e r  inhaled o r  deposited both on the s k i n  

and the c lo thes.  

Conference o f  Governmental I n d u s t r i a l  Hygien is ts  (ACGIH) o f  0.2 mg/m o f  

selenium i n  a s imulat ion model, Medinsky e t  a1.24 ca lcu lated t h a t  the equ i l i b r i um 

concentrat ions i n  the t issues o f  workers could be three t o  fou r  times h igher  

than those r e s u l t i n g  from ingest ion,  and concluded t h a t  t h i s  concentrat ion o f  

selenium i n  the working atmosphere could represent a hazard f o r  some workers who 

may develop symptoms o f  long-term poisoning. 

I t  has been shown i n  r a t s  t h a t  the major excretory  metabol i te  i n  u r i n e  i s  the 

tr imethylselenonium ionz5, although inorganic  selenium compounds have a l so  been 

detected i n  u r i n e  a f t e r  i n j e c t i o n  o f  rad io labeled s e l e n i t e  

I n  man, the major excretory  products o f  selenium metabolism are the same 

u r i n a r y  metaboli te, the tr imethylselenonium ion, two other  u r i n a r y  organic 

metaboli tes not y e t  i d e n t i f i e d "  and a v o l a t i l e  metaboli te, dimethyl selenide. 

The presence o f  the v o l a t i l e  compound i n  expi red a i r  i s  s i g n i f i c a n t  on l y  when 

the dose o f  selenium i s  close t o  l e v e l s  t h a t  produce acute t o x i c i t y .  Therefore, 

By means o f  the time-weighted average value (TWA) establ ished by the American 
3 

26 . 
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e x h a l a t i o n  o f  selenium ( g a r l i c  odour of t h e  b rea th  considered by some workers 

t o  be the  e a r l i e s t  and most c h a r a c t e r i s t i c  s i g n  o f  selenium absorp t i on )  i s  n o t  

taken i n t o  account i n  long- term exposure t o  low doses. 

The measurement o f  GSH-Px a c t i v i t y  i n  b lood  i s  o f t e n  used as a means o f  de- 

t e c t i n g  selenium d e f i c i e n c y  because o f  t he  c o r r e l a t i o n  between GSH-Px l e v e l s  

and t h e  selenium n u t r i t i o n a l  s t a t u s  o f  bo th  animals and humans. S i m i l a r l y ,  t h e  

l e v e l  o f  GSH-Px a c t i v i t y  i n  b lood cou ld  be an i n t e r e s t i n g  parameter t o  be used 

f o r  t he  e v a l u a t i o n  o f  exposure t o  selenium, a l though i t  i s  n o t  y e t  used i n  
r o u t i n e  p r a c t i c e .  

2.11.1. Interpretation of blood, urine and hair selenium levels 

The reader  i s  r e f e r r e d  t o  Chapter 11 f o r  t he  methodology o f  t h e  de te rm ina t ion  

of selenium i n  b lood  and u r i n e .  

2.71.1.1. Selenium i n  blood, urine and hair 

Lane e t  a1.28 est imated the  plasma and e r y t h r o c y t e  mean l e v e l s  o f  selenium 

i n  a group o f  Un ive rs i t y -assoc ia ted  males and females t o  be plasma, 0.10 pg/g; 

e ry th rocy tes ,  0.73 ug/g o f  haemoglobin, 0.65 ug/g o f  p r o t e i n .  

Mean concentrat ions o f  selenium 

f e r e n t  l o c a t i o n s  w i t h i n  the  U.S.A. 

between 15 and 25.6 pg per  100 m l .  

len ium l e v e l  i n  19 U.S. c i t i e s  was 
31 New Zealand Robinson and Stewart  

i n  the  whole b lood  o f  i n d i v i d u a l s  i n  19 d i f -  

as determined by Shamberger e t  al.", ranged 

According t o  A1 laway e t  a1 . 30, t h e  mean se- 

20.6 pg pe r  100 g o f  whole blood, w h i l e  i n  

found a mean l e v e l  o f  7.0 ug pe r  100 g o f  

b lood. No values f o r  l e v e l s  o f  selenium i n  t h e  b lood o f  exposed people have 

been found i n  the  l i t e r a t u r e .  

The u r i n a r y  e x c r e t i o n  o f  selenium, as est imated by Geahchan and ChambonZ7 i n  

France, i n  a group o f  92 sub jec ts  non-occupat ional ly  exposed ranged from 2.6 t o  

47.0 pg pe r  1000 m l ,  w i t h  an average concen t ra t i on  o f  12.3k8.21 ug pe r  1000 m l .  

U r i n a r y  selenium e x c r e t i o n  has been used t o  i n d i c a t e  exposure i n  t h e  environment 

and a l s o  occupat ional  exposure. The values vary w i t h  t h e  selenium con ten t  o f  t he  

d i e t  and geographical  l o c a t i o n .  De Bruin3' s t a t e d  t h a t  t he  " r e l i a b i l i t y  o f  

u r i n a r y  selenium e x c r e t i o n  as index o f  t o t a l  exposure i s  w i d e l y  agreed upon". 

Values exceeding 100 ug pe r  1000 m l  would i n d i c a t e  an abnonnal degree o f  absorp- 

t i o n ,  w h i l e  u r i n a r y  exc re t i ons  above 500 ug pe r  1000 m l  may i n d i c a t e  t h e  develop- 

ment o f  t o x i c  symptoms. 

I n  fac t ,  t he  i n f o r m a t i o n  a v a i l a b l e  on selenium exposed people i s  scarce. Hojo 

s tud ied  t h e  u r i n a r y  selenium e x c r e t i o n  i n  var ious groups o f  people. Fac to ry  

workers exposed t o  t o x i c  me ta l s  such as manganese, chromium, cadmium and mercury 

were found t o  exc re te  s i g n i f i c a n t l y  l a r g e r  amounts o f  selenium than t h e  c o n t r o l  

33 
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group. T h i s  was p robab ly  due t o  t h e  f a c t  t h a t  selenium i s  p resen t  i n  su lph ide  

minera ls ,  and may a l s o  be because t h e  i n t a k e  of o t h e r  meta ls  inc reases  t h e  ex- 

c r e t i o n  o f  selenium as metal  se len ides .  Accord ing  t o  t h e  U.S. N a t i o n a l  Research 

Counci l ,  t h e  selenium con ten t  o f  su lph ide  ores  o f  mercury and z i n c  may be over  

The va lues  recorded by Hojo were as f o l l o w s  (means?S.D.): 

Group No. o f  sub jec ts  ug  Se p e r  1000 m l  u r i n e  ug Se pe r  g c r e a t i n i n e  
~ 

Cont ro l  21 

Mn exposed 22 

C r  exposed 14 

Cd exposed 5 

Hg exposed 1 

57.9t26.3 

68.9t48.9 

106.9k45.4 

166.4t56.6 

288 

59.9f24.5 

91.5?67.6 

146.3t85.7 

197.8t97.9 

172 

The o n l y  da ta  found i n  t h e  l i t e r a t u r e  about t h e  se len ium con ten t  o f  h a i r  a r e  

t h e  va lues  ob ta ined  by Cape1 e t  a1.35 f o r  a group of c o n t r o l  c h i l d r e n  by  AAS: 

mean l e v e l  = 0.6 pg/g, w i t h  a range o f  0.4-0.9 vg/g. No da ta  were g i ven  f o r  

adu l t s ,  e i t h e r  exposed o r  unexposed. 

2.11.2. Glutathione peroxidase in bZood 

Glu ta th ione  perox idase o r  g lu ta th ione-hydrogen pe rox ide  ox idoreduc tase (E.C. 

1.11.1.9) ca ta l yses  t h e  convers ion  of  t h e  hydroperox ides  o f  a v a r i e t y  o f  o rgan ic  

compounds such as f a t t y  a c i d s  and thymine t o  t h e  cor respond ing  a l coho ls .  T h i s  

a c t i o n  aga ins t  1 i p i d  hydroperox ides  i s  p a r t i c u l a r l y  impor tan t  i n  p r o t e c t i n g  

c e l l u l a r  and s u b c e l l u l a r  membranes f rom o x i d a t i v e  damage. 

The usual  method36 c o n s i s t s  i n  measur ing  t h e  enzyme a c t i v i t y  by c o u p l i n g  o f  

hydrogen pe rox ide  w i t h  NADPH v i a  g l u t a t h i o n e  reduc tase (GSH-Red). A f t e r  p re -  

i n c u b a t i o n  o f  t h e  r e a c t i o n  m i x t u r e  (GSH-Red, EDTA, phosphate b u f f e r ,  NADPH, GSH, 

sodium azide, and b u f f e r e d  haemolysed b lood ) ,  f o r  5 min a t  room temperature,  

H202 i s  added, Every 30 sec f o r  5 min t h e  c o n c e n t r a t i o n  o f  NADPH i s  measured 

spec t ropho tomet r i ca l l y  a t  340 nm. Enzyme a c t i v i t y  i s  expressed b o t h  as m ic ro -  

moles o f  NADPH o x i d i z e d  p e r  minu te  p e r  gram o f  haemoglobin and micromoles o f  

NADPH o x i d i z e d  p e r  minu te  p e r  gram o f  p r o t e i n ;  1 Unit  would then correspond t o  

16.67 nkat .  

good r e s u l t s  by Chung and Maines 

A m o d i f i e d  method has been descr ibed by Lawrence e t  a1.37 and a p p l i e d  w i t h  
38 . 
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2.11.2.1. Glutathione pero&dase ac t i v i t y  

I n  a group o f  unexposed ind i v idua ls ,  Lane e t  a1.28 found average values o f  

31 U per gram o f  haemoglobin (equiva lent  t o  516.8 nkat )  o r  4 1  U per gram o f  

p r o t e i n  (equiva lent  t o  683.5 nkat )  f o r  the a c t i v i t y  o f  GSH-Px, and t h i s  a c t i v i t y  

was r e l a t e d  t o  the l e v e l  o f  selenium i n  blood. 

To our knowledge, GSH-Px blood l e v e l s  i n  selenium exposed workers have n o t  

y e t  been recorded. 

2.12. I N D I C E S  FOR TELLURIUM EXPOSURE 

According t o  Weibust e t  al.', i t  i s  s t i l l  no t  known whether o r  no t  t e l l u r i u m  
2 i s  an essent ia l  e1emen.t t o  humans and animals, although Vouk s tates t h a t  " there 

i s  no evidence t h a t  t e l l u r i u m  i s  essent ia l " .  The main source o f  t e l l u r i u m  f o r  

the general populat ion i s  food, the d a i l y  i n take  having been estimated t o  be 
3 about 100 ug . 

The t o x i c i t y  o f  t e l l u r i u m  i s  considered t o  be low. The use o f  t e l l u r i u m  i n  

i ndus t r y  does n o t  appear t o  be hazardous i n  general terms owing t o  the character- 

i s t i c  g a r l i c - l i k e  odour o f  the breath, sweat and ur ine,  which i nd i ca tes  undue 

exposure . However, i t  should be pointed ou t  t h a t  i t s  use i s  increas ing i n  some 

modern i n d u s t r i e s  and the p o t e n t i a l  hazard represented by rad ioac t i ve  t e l l u r i u m  

isotopes which are formed i n  the f i s s i o n  o f  uranium and plutonium must n o t  be 

fo rgo t ten  . 
The main rou te  o f  exposure i n  i ndus t r y  i s  i n h a l a t i o n  o f  dusts and fumes, 

although percutaneous absorption from dust i s  a l so  possible. As the production 

and use o f  t e l l u r i u m  i s  r e l a t e d  t o  other  me ta l l u rg i ca l  processes, there i s  probably 

a m u l t i p l e  occupational exposure i n v o l v i n g  o the r  t o x i c  metals such as lead, 

arsenic, cadmium, tha l l ium,  selenium and zinc. 

mainly elemental t e l l u r i u m  (Te ) , t e l l u r i u m  d iox ide (Te02) and hydrogen t e l l u r i d e  

4 

5 

The chemical forms o f  t e l l u r i u m  present i n  the working atmosphere seem t o  be 
0 

1 * 
As shown i n  experiments c a r r i e d  ou t  on rats6,  the metal i s  absorbed and then 

accumulates a t  a very slow rate,  espec ia l l y  i n  the bone. The organ concentrat ing 

t e l l u r i u m  t o  the greatest  extent  i n  the sho r t  term i s  the kidney ( r a d i o t e l l u r i u m  

seems t o  concentrate i n  the cor tex)  , being the second h ighest  concentrat ion found 

i n  blood (90% o f  the blood t e l l u r i u m  isotope i s  bound t o  the ery throcyte pro-  

t e i n s )  . 
Te l l u r i um i s  removed from the body by methylat ion, It i s  excreted mainly w i t h  

u r i n e  as dimethyl t e l l  u r i d e  I ( CH3)2Te 1 , a compound w i t h  a gar1 i c-1 i ke odour t h a t  

a l so  appears i n  the expired a i r  (on l y  small amounts, around 0.1%, are excreted 

v i a  the lungs)  o f  subjects exposed t o  elemental t e l l u r i u m  and Te4+ compounds. 

5 
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The g a r l i c  smel l  o f  t he  b rea th  and sweat p e r s i s t s  f o r  a considerable p e r i o d  

a f t e r  exposure. 

The l i t e r a t u r e  on the  biochemical  e f f e c t s  o f  t e l l u r i u m  i n  humans i s  r a t h e r  

scarce. Most o f  t he  research work has been c a r r i e d  o u t  on r a t s  and o t h e r  l ab -  

o r a t o r y  animals.  

t a i n i n g  h i g h  l e v e l s  o f  e lemental  t e l l u r i u m  and i t  seems t h a t  the meta l  a c t s  

d i r e c t l y  on the  embryo . An increase i n  chromosome breakage inc idence  has been 

observed i n  human leukocytes t r e a t e d  i n  v i t r o  w i t h  sodium o r  ammonium t e l l u r i t e  , 
b u t  no animal s tud ies  on mu tagen ic i t y  are known. 

Exper imental  s t u d i e s  c a r r i e d  o u t  on r a t s  exposed t o  t e l l u r i u m  ox ide  and 

elemental  t e l l u r i u m  a e r o s ~ l s ~ - ~ l  have shown t h e  haemolyt ic  a c t i o n  o f  t e l l u r i u m  

( r e d u c t i o n  i n  haemoglobin and e ry th rocy tes ,  haematur ia and b i l i r u b i n u r i a ) .  Young 

e t  a1 . l2 demonstrated t h a t  bo th  t e l l  u r i  t e  and s e l e n i t e  cause l y s i s  o f  normal 

sheep e r y t h r o c y t e s  i n  v i t r o ,  and t h a t  GSH-def ic ient  sheep e ry th rocy tes  are con- 

s i d e r a b l y  more r e s i s t a n t  t o  haemolysis than normal c e l l s .  A t  t h e  same time, l y s i s  

i s  preceded by a decrease i n  i n t r a c e l l u l a r  GSH l e v e l .  On t h e  o t h e r  hand, diamide 

( a  t h i o l  o x i d i z i n g  agent)  i n h i b i t s  t e l l u r i t e - i n d u c e d  l y s i s ,  and a d d i t i o n  o f  ex- 

t r a c e l l u l a r  GSH t o  GSH-def ic ient  e ry th rocy tes  r e s u l t s  i n  a r a p i d  l y s i s  when 

t e l l u r i t e  ( o r  s e l e n i t e )  i s  a l s o  present.  

l u r i t e  r a t i o s .  The mechanism o f  t h e  l y s i s  has n o t  been explained, b u t  i t  cou ld  

r e s u l t  f rom t h e  fo rma t ion  o f  one o r  more i n te rmed ia te  complexes between GSH and 

TeOgZ- which would be f u r t h e r  reduced l e a d i n g  e v e n t u a l l y  t o  elemental  t e l l u r i u m .  

i n  man, and e i t h e r  t e l l u r i t e  o r  s e l e n i t e  can be used as a means o f  d e t e c t i n g  

t h i s  de f i c iency .  

Sodium t e l l u r i t e  has been found t o  reduce the  a c t i v i t y  o f  ca ta lase  and f r e e  

t h i o l  groups i n  blood13. I n h i b i t i o n  o f  ca ta lase  i n  e ry th rocy tes  was a l s o  observed 
0 by S a n d r a ~ k a j a ~ ’ ~ ~  i n  r a t s  exposed t o  Te and TeOZ aerosols.  

S i  1 i p r a n d i  e t  a l  . l4 repo r ted  some e f f e c t s  o f  t e l  l u r i  t e  on mama1 i a n  m i  tochon- 

d r i a  o x i d a t i v e  processes. According t o  t h e i r  r e s u l t s ,  t e l l u r i t e  would s p e c i f i c a l l y  

i n h i b i t  t he  o x i d a t i o n  o f  NAD-dependent subs t ra tes  ( i n  i n t a c t  mi tochondr ia  o f  r a t  

l i v e r  and k idney)  such as pyruvate,  a -ke tog lu ta ra te  and glutamate,  w i t h o u t  a f -  

f e c t i n g  t h e  o x i d a t i o n  o f  succinate,  a-glycerophosphate and ascorbate.  The i n h i b i -  

t i o n  i s  cons idered t o  be a consequence o f  t h e  i n t e r a c t i o n  between t e l l u r i t e  and 

some mi tochondr ia1 SH groups, as t h e  e f f e c t  i s  reversed on the a d d i t i o n  o f  d i -  

t h i o e r y t h r i  t o 1  . 

T e l l u r i u m  was shown t o  be te ra togen ic  on t h e  foetuses o f  r a t s  f e d  a d i e t  con- 

7 

8 

T e l l u r i t e - i n d u c e d  l y s i s  o f  e ry th rocy tes  appears t o  occur  o n l y  a t  h i g h  GSH/tel- 

I t  should be p o i n t e d  o u t  t h a t  i n h e r i t e d  e r y t h r o c y t e  GSH-deficiency a l s o  occurs 
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2.12.1.  Interpretation o f  blood and urine tellurium Zevels 

The reader  i s  r e f e r r e d  t o  Chapter 11 f o r  t h e  methodology o f  t h e  de te rm ina t ion  

o f  t e l l u r i u m  i n  b lood  and u r ine .  

2.12.1.1. Tellurium i n  blood 

The e a r l y  da ta  ob ta ined  f o r  t h e  concen t ra t i on  o f  t e l l u r i u m  i n  b i o l o g i c a l  

m a t e r i a l s  a r e  cons idered t o  be ve ry  h i g h  and confus ing ,  p robab ly  owing t o  ana l -  

y t i c a l  d iscordances. The va lues  g i v e n  by Schroeder e t  a1.6 f o r  human serum 

(107 pg  p e r  100 m l )  and those r e p o r t e d  by  Soman e t  a1.15 f o r  d i f f e r e n t  organs 

and t i s s u e s  a r e  today cons idered t o  be t o o  h igh .  The values ob ta ined i n  more 

recen t  s tud ies ,  two t o  t h r e e  orders  o f  magnitude lower  seem t o  be more r e l i a b l e .  

unexposed people u s i n g  microwave-induced emiss ion  spectrometry.  Some o t h e r  

i n v e s t i g a t o r s  1s17,18, t r y i n g  d i f f e r e n t  v a r i a t i o n s  o f  AAS and NAA, were n o t  ab le  

t o  d e t e c t  any t e l l u r i u m  s i g n a l  ( t h e  d e t e c t i o n  l i m i t s  were 3 ng/ml f o r  e l e c t r o -  

thermal AAS and 2 ng/ml f o r  NAA) i n  whole b lood  samples f rom unexposed sub jec ts .  

Van M o n t f o r t  e t  a1.16 ob ta ined  values o f  25 ng p e r  100 m l  o f  whole b lood  i n  

2.12.1.2. Tellurium i n  urine 

T e l l u r i u m  was found a t  l e v e l s  o f  10-60 ug pe r  1000 m l  i n  t h e  u r i n e  o f  a l l  

workers exposed t o  t e l l u r i u m - c o n t a i n i n g  fumes i n  an i r o n  foundry  where t h e  con- 

c e n t r a t i o n  i n  a i r  was 10-100 ,g/m3, b u t  n o t  i n  any o f  t h e  c o n t r o l  group''. T e l -  

l u r i u m  has a l s o  been found i n  t h e  u r i n e  o f  workers a c c i d e n t a l l y  exposed t o  t e l -  

l u r i u m - c o n t a i n i n g  fumes f o r  n o t  more than 30 minZ0 a t  concen t ra t i ons  o f  8-16 pg 

p e r  1000 m l .  

be o f  u n c e r t a i n  va lue  i n  r e l a t i o n  t o  exposure. 

However, u r i n a r y  t e l l u r i u m  e x c r e t i o n  i s  cons idered by some i n v e s t i g a t o r s  t o  

2.13. I N D I C E S  FOR THALLIUM EXPOSURE 

Tha l l i um and potassium i o n s  seem t o  be b i o l o g i c a l l y  i n t e r r e l a t e d .  Experiments 

w i t h  f r o g  muscle' have shown t h a t  K+ and T1' c ross  c e l l  membranes i n  a s i m i l a r  

way and t h e  a c t i v e  t r a n s p o r t  mechanism f o r  K i n t o  r a b b i t  e r y t h r o c y t e s  appears 

t o  t r a n s p o r t  T1' also'. Tha l l i um i o n s  move between e x t r a c e l l u l a r  and i n t r a c e l l u l a r  

compartments l i k e  potassium i o n s 3  and a r e  exc re ted  by t h e  same rou tes  v i a  t h e  

k idney  and i n t o  t h e  g a s t r o i n t e s t i n a l  t r a c t  v i a  t h e  s a l i v a  and t h e  b i l e .  However, 

a l t hough  t h e  movements o f  bo th  i o n s  seem t o  be c l o s e l y  r e l a t e d ,  once i n s i d e  t h e  

c e l l  11' appears t o  be l e s s  r e a d i l y  re leased  than K+ '. T1' can s u b s t i t u t e  f o r  

K' i n  caus ing  a c t i v a t i o n  of  ATPase, which would i n d i c a t e  t h a t  t h e  mechanism in -  
5 

vo lved i n  t h e  a c t i v e  t r a n s p o r t  of  Kt cannot d i f f e r e n t i a t e  between t h e  two i o n s  . 

+ 
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S k u l s k i i  e t  a1.6 have shown t h a t  Tl', i n  c o n t r a s t  t o  K', may r e a d i l y  pene t ra te  

t h e  membranes o f  e ry th rocy tes ,  and t h a t  t h e  cel l /medium d i s t r i b u t i o n  o f  T1' i n  

e r y t h r o c y t e s  can be used t o  es t ima te  t h e  membrane p o t e n t i a l .  However, t h e  i n t e r -  

a c t i o n  of T1' w i t h  motochondr ia s t i l l  remained c o n t r o v e r s i a l .  I n  a subsequent 

study', evidence was presented t h a t  T1' i s  a b l e  t o  permeate t h e  mi tochondr ia1  

i n n e r  membrane, and t h e  movement o f  T1' was shown t o  be e l e c t r o p h o r e t i c .  T h i s  

f a c t  a l l ows  t h e  use o f  T1' as a probe o f  t h e  membrane p o t e n t i a l  , which i s  ve ry  

impor tan t  i n  t h e o r i e s  about t h e  mechanism o f  o x i d a t i v e  phosphory la t ion .  

T1' can t h e r e f o r e  a c t  as a l i p id -pe rmeab le  c a t i o n  i n  m i t ~ c h o n d r i a ~ ' ~ ,  d i s -  

t r i b u t i n g  across the  membrane a t  t h e  same r a t i o  as o t h e r  l i p id -pe rmeab le  c a t i o n s  

such as tetraphenylphosphonium. On t h e  o t h e r  hand, i t  d i s t r i b u t e s  i n  r e d  c e l l s  

i n  a r a t i o  oppos i te  t o  t h a t  o f  C1- ', which i s  i n  e lec t rochemica l  e q u i l i b r i u m  

w i t h  t h e  measured membrane p o t e n t i a l .  

and has been shown t o  be 

t r a n s p o r t e d  by t h i s  enzyme i n  squ id  axon". I n  a s tudy  on t h a l l i u m  i n t e r a c t i o n  

w i t h  g a s t r i c  ATPase, which u s u a l l y  exchanges H' f o r  K', Rabon and Sachs'l have 

shown t h a t  t h i s  ATPase i s  ab le  t o  use T1' as a s u b s t i t u t e  f o r  K', and t h a t  T1' 

a c t i v a t e s  t h e  ATPase w i t h  a h i g h e r  a f f i n i t y  than K'. 

9 T1' i n t e r a c t s  w i t h  Na'-K'/ATPase o f  e r y t h r o c y t e s  

2.13.1. Interpretat ion of blood, urine and hair thalliwn levels  

The reader  i s  r e f e r r e d  t o  Chapter 8 f o r  t h e  methodology o f  t h e  de te rm ina t ion  

o f  t h a l l i u m  i n  blood, u r i n e  and h a i r .  

2.13.1.1. Thallium i n  blood 

Few data  a r e  a v a i l a b l e  on l e v e l s  o f  t h a l l i u m  i n  b i o l o g i c a l  media o f  unexposed 

sub jec ts .  Blood u s u a l l y  con ta ins  ve ry  l i t t l e  t h a l l i u m ,  i f  any. I n  animal e x p e r i -  

ments t h a l l i u m  cou ld  n o t  be de tec ted  i n  b lood  20 min a f t e r  i n j e c t i o n .  I n  r a t s  

c h r o n i c a l l y  f e d  w i t h  t h a l l i u m  t h e  h i g h e s t  concen t ra t i on  o f  meta l  was found i n  

t h e  kidney12. I n  man, t h e  h i g h e s t  concen t ra t i on  o f  t h a l l i u m  i s  a l s o  found i n  
13 k idney  . 

t h e  

2.13.1.2. Thallium i n  urine 

T h a l l i u m  i s  exc re ted  v i a  t h e  k idney  and i n t e s t i n e ,  and a l s o  p a r t l y  by  t h e  

s a l i v a r y  gland, h a i r  and m i l k .  

A l though t h e  l e v e l s  o f  t h a l l i u m  i n  u r i n e  a r e  n o t  r e l a t e d  t o  t h e  degree o f  

exposure, t hey  may be o f  some h e l p  i n  d iagnos is .  Weinig and Zink14 found excre- 

t i o n s  o f  0.13-1.69 pg p e r  1000 m l  i n  e a r l y  morning u r i n e  samples o f  unexposed 

sub jec ts .  



2.13.1.3. Thalliwn in hair 

The h i g h e s t  values of t h a l l i u m  i n  t i s s u e s  o f  unexposed peop le  were found i n  

h a i r ,  where Weinig and Zink14 r e p o r t e d  concen t ra t i ons  o f  4.8-15.8 vg/kg. They 

a l s o  found l e v e l s  o f  0.72-4.93 pg/kg f o r  n a i l s .  The analyses were performed by  

mass spec t romet ry .  

e x c r e t i o n  o f  t h a l l i u m  f rom t h e  body. The l e v e l s  o f  t h a l l i u m  i n  u r i n e  and h a i r  

may be used as parameters o f  i n t e r n a l  exposure. 

I n  a s e r i e s  o f  surveys c a r r i e d  o u t  by Brockhaus e t  a1 . I5  t o  e s t a b l i s h  t h e  

degree o f  t h a l l i u m  exposure i n  a p o p u l a t i o n  l i v i n g  around a cement p l a n t  e m i t t i n g  

t h a l l i u m - c o n t a i n i n g  dus t ,  24-h u r i n e  samples were analysed f o r  t h a l l i u m  by AAS, 

w i t h  t h e  f o l l o w i n g  r e s u l t s  ( n  = 1265): meantstandard d e v i a t i o n  = 5.2t8.3 ug o f  

t h a l l i u m  p e r  1000 m l  o f  u r i ne ,  w i t h  a range o f  <0.1-76.5 pg pe r  1000 m l .  

loss o f  h a i r  i s  n o t  always p resen t  as an e a r l y  symptom, i t  may be a s i g n i f i c a n t  

s i g n  o f  overexposure. 

I n  t h e  l o n g  term, h a i r  and n a i l s  may p rov ide  an impor tan t  r o u t e  f o r  t h e  s low 

T h a l l i u m  may be de tec ted  i n  s i n g l e  h a i r  and t o e n a i l  samples by  NAAl6. A l though 

2.14. I N D I C E S  FOR NICKEL EXPOSURE 

N i c k e l  i s  cons idered t o  be an u l t r a t r a c e  element ( d i e t a r y  requ i rement  650 ng)  

o f  n u t r i t i o n a l  s i g n i f i c a n c e ,  t h e  same as a r s e n i c  and vanadium . However, sponta- 

neous d i f i c i e n c y  s t a t e s  a re  u n l i k e l y  i n  man o r  animals.  

A n i c k e l - c o n t a i n i n g  a2-macroglobul in c a l l e d  n i cke lop lasmin  has been found i n  

human and r a b b i t  se razy3 .  The presence o f  t h i s  n i c k e l - c o n t a i n i n g  m e t a l l o p r o t e i n  

i n  sera  suggested t h a t  n i c k e l  may p l a y  an e s s e n t i a l  p h y s i o l o g i c a l  r o l e .  Th i s  

i dea  was suppor ted  by the  f i n d i n g  t h a t  ch i cks  t h a t  were f e d  d i e t s  c o n t a i n i n g  

o n l y  40-80 ppb o f  n i c k e l  showed an apparent n i c k e l  d e f i c i e n c y  syndrome4y5. Other 

 investigator^^'^ d i d  n o t  cons ide r  these r e s u l t s  t o  be conc lus ive .  

Spears e t  a1.8 suggested t h a t  n i c k e l  may s u b s t i t u t e  f o r  copper a t  c e r t a i n  

b i o l o g i c a l  s i t e s ,  spa r ing  copper f o r  some v i t a l  f unc t i ons .  I n  copper -de f i c ien t  

r a t s  n i c k e l  has shown a tendency t o  decrease the  copper concen t ra t i on  i n  c e r t a i n  

t i ssues .  

N icke l  may a l s o  be e s s e n t i a l  e i t h e r  f o r  t h e  enzymatic fo rma t ion  o r  f o r  t he  

s t r u c t u r a l  i n t e g r i t y  o f  a mo lecu le  i n v o l v e d  i n  t h e  t r a n s p o r t  o f  f e r r i c  i o n  (Fe3'). 

As i s  known, ATP i s  hydro lysed by Nat-Kt/ATPase (E.C. 3.6.1.3) i n  t h e  presence 

of  Na', K t ,  and Mg", accord ing  t o  t h e  f o l l o w i n g  r e a c t i o n :  

1 

Na', Kt, Mg2T ADP t Pi enzyme 

N i c k e l  i o n s  (Ni") may s u b s t i t u t e  f o r  MgZt ( r e q u i r e d  f o r  t h e  a c t i v i t y  o f  t h e  

enzyme), i n  wh ich  case t h e  maximum r a t e  o f  t h e  enzymic r e a c t i o n  i s  much lower  than 

i t  i s  i n  t h e  presence o f  Mg2' '. The same occurs  w i th  Co 
2+ . 
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Nicke l  i s  one o f  t h e  meta ls  found f i rm ly  associated w i th  DNA and RNA", and 

i t  appears t o  a c t i v a t e  c e r t a i n  enzyme systems i n  v i t r o  

N icke l  has been found t o  a c t  i n  a s i m i l a r  way t o  c o b a l t  i n  r e g u l a t i n g  haeme 

metabol ism i n  l i v e r  and kidney. It induces haeme oxygenase a c t i v i t y  ( t h e  r a t e -  

l i m i t i n g  enzyme i n  haeme degradat ion)  i n  bo th  organs, and causes t r a n s i e n t  de- 

p ress ion  o f  c e l l u l a r  g l u t a t h i o n e  content  f o l l owed  by increases above normal i n  

l i v e r  . 
N icke l  has been shown t o  depress a-aminolaevul inate synthetase a c t i v i t y  

11,12 . 

13 

13 , 
which i s  t h e  r a t e - l i m i t i n g  enzyme i n  haeme synthes is .  Th i s  would be the  way 

n i c k e l  ( t h e  same as c o b a l t )  regu la tes  c e l l u l a r  haeme p ro te ins .  

a re  complete ly  blocked. 

When n i c k e l  complexes w i t h  su lphyd ry l  agents i t s  a c t i o n s  on haeme metabol ism 

2 . 1 4 . 1 .  In te rpre ta t ion  of blood, urine and h a i r  nickel  l e v e l s  

The reader i s  r e f e r r e d  t o  Chapter 10 f o r  t he  methodology o f  t h e  de te rm ina t ion  

of n i c k e l  i n  b lood and u r i n e .  

2 . 1 4 . 1 . 1 .  Nickel i n  blood 

Although d e t a i l e d  opin ions vary, i t  i s  g e n e r a l l y  accepted t h a t  t h e  determina- 

t i o n  o f  n i c k e l  i n  serum, u r i n e  and h a i r  can be o f  value i n  b i o l o g i c a l  m o n i t o r i n g  

o f  i n d u s t r i a l  exposure, p a r t i c u l a r l y  i n  e l e c t r o p l a t i n g  works and i n  the  tungsten 

ca rb ide  i ndus t r y .  McNeely e t  a l .14 consider  the  measurement o f  n i c k e l  i n  serum 

and u r i n e  t o  represent  a v a l i d  b i o l o g i c a l  index o f  environmental  exposure t o  

n i c k e l .  I n  two groups o f  people r e s i d i n g  i n  two d i f f e r e n t  U.S. c i t i e s ,  none o f  

whom had occupat ional  exposure t o  n i c k e l ,  t he  f o l l o w i n g  r e s u l t s  were obta ined 

f o r  n i c k e l  i n  serum: group A 0.46f0.14 ug per  100 m l  and group B 0.26t0.10 pg 

pe r  100 m l .  The concentrat ions o f  n i c k e l  i n  t h e  munic ipa l  t a p  water  were 200143 

and 1.1t0.3 vg pe r  1000 m l  f o r  t he  popu la t i on  groups A and B, r e s p e c t i v e l y .  

o f  0.26t0.08 pg pe r  100 m l  f o r  n i c k e l  i n  serum and 0.48r0.13 pg pe r  100 m l  f o r  

n i c k e l  i n  whole blood. 

Nomoto and Sunderman'' obta ined f o r  groups o f  hea l thy  sub jec ts  average values 

The values obta ined by Zachariasen e t  a1.I6 i n  Norway f o r  h e a l t h y  persons 

The method employed i n  a l l  cases was AAS. 

were 0.60t0.1 and 0.47f0.1 vg pe r  100 m l  i n  whole b lood  and plasma, r e s p e c t i v e l y .  

2.14.1.2. Nickel i n  urine 

A good c o r r e l a t i o n  was found by Tola e t  a1. I7  between t h e  concen t ra t i on  o f  

n i c k e l  i n  a i r  and n i c k e l  i n  t h e  u r i n e  o f  e l e c t r o p l a t i n g  workers. Fo r  concentra- 

t i o n s  o f  100 ug/m o f  n i c k e l  i n  t h e  e l e c t r o p l a t i n g  shop a i r ,  t h e  l e v e l s  o f  n i c k e l  3 
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i n  u r i n e  were about 80 ug  p e r  1000 m l  ( c o r r e c t e d  t o  a s p e c i f i c  g r a v i t y  o f  1.018) 

i n  t h e  a f te rnoon  o f  t h e  same day and about 65 pg pe r  1000 m l  ( c o r r e c t e d  i n  t h e  

same way) t h e  n e x t  morning. 

Zachar iasen e t  a1 .I6 was 2424 ug p e r  1000 m l .  McNeely e t  a1 .14 found mean va lues  

i n  two d i f f e r e n t  c i t i e s  o f  7.923.7 and 2521.4 ug/day. Nomoto and Sunderman 

found a va lue  o f  2.421.1 ug/day. 

The average va lue  found f o r  n i c k e l  i n  t h e  u r i n e  o f  unexposed sub jec ts  by 

15 

2.15. FINAL REMARKS 

The de te rm ina t ion  o f  t r a c e  elements i n  b i o l o g i c a l  m a t e r i a l s  i s  s u s c e p t i b l e  t o  

e r r o r s ,  un less  spec ia l  p recau t ions  a r e  taken d u r i n g  c o l l e c t i o n  and s to rage  o f  

samples and i n  t h e  a n a l y s i s  i t s e l f .  Contaminat ion d u r i n g  c o l l e c t i o n  and proces- 

s i n g  as w e l l  as a t t e n u a t i o n  of  t h e  ana ly te  concen t ra t i on  d u r i n g  s to rage  must be 

avoided. Otherwise, t h e  r e s u l t s  ob ta ined  a re  n o t  v a l i d  even though t h e  methods 

o f  a n a l y s i s  may be ex t remely  s e n s i t i v e  and accura te .  Cont ro l  procedures shou ld  

be a p p l i e d  a t  a l l  stages f o r  a s c e r t a i n i n g  t h e  sources o f  e r r o r  and e l i m i n a t i n g  

them. Developments i n  methodology and i n s t r u m e n t a t i o n  f o r  t race-e lement  a n a l y s i s  

have been enormous, whereas developments i n  q u a l i t y  c o n t r o l  and re fe rence  m a t e r i a l s  

have n o t  exper ienced such progress.  

i n  t race-e lement  ana lys i s ,  recommending t h e  development and ex tens i ve  use o f  

q u a l i t y  c o n t r o l  ma te r ia l s ,  as w e l l  as i n t e r -  and i n t r a l a b o r a t o r y  e v a l u a t i o n s  a t  

t h e  n a t i o n a l  and i n t e r n a t i o n a l  l e v e l ,  i n  o rde r  t o  e s t a b l i s h  whether d i sc repanc ies  

i n  r e p o r t e d  va lues  f rom va r ious  l a b o r a t o r i e s  a r i s e  f rom poor  methodology, f a u l t y  

technique, l o s s  o f  specimen i n t e g r i t y  o r  o t h e r  causes. A n a l y t i c a l  procedures t h a t  

a re  n o t  under c o n t r o l  w i l l  n o t  g i v e  r e s u l t s  w i t h  t h e  necessary p r e c i s i o n .  Q u a l i t y  

c o n t r o l  procedures shou ld  a l s o  be a p p l i e d  t o  da ta  processing. It i s  impor tan t  t o  

bear i n  mind t h a t  t race-element a n a l y s i s  must meet t h r e e  main c r i t e r i a  i f  t h e  

r e s u l t s  a r e  t o  be meaningful  w i t h  respec t  t o  h e a l t h - r e l a t e d  s tud ies :  s p e c i f i c i t y ,  

p r e c i s i o n  and s e n s i t i v i t y .  

enzymes and o t h e r  b iochemica l  parameters assoc ia ted  w i t h  exposure t o  t o x i c  meta ls ,  

whenever a v a i l a b l e .  

The Commission o f  European Comnunities (CEC), t h e  World Hea l th  Organ iza t i on  

(WHO) and t h e  U n i t e d  Nat ions  Environment Programne (UNEP) have r e c e n t l y  under- 

taken ex tens i ve  b i o l o g i c a l  m o n i t o r i n g  programmes i n  t h e  f i e l d  o f  environmental  

hea l th ,  w i t h  t h e  purpose o f  p r o v i d i n g  i n f o r m a t i o n  on exposure l e v e l s  f o r  bo th  

t h e  general  p o p u l a t i o n  and e s p e c i f i c a l l y  exposed p o p u l a t i o n  groups, w i t h  re fe rence  

t o  q u a l i t y  c o n t r o l .  The CEC programme, l i m i t e d  a t  t h e  moment t o  l e a d  i n  b lood  de- 

Var ious  e x p e r t  comnit tees have emphasized t h e  n e c e s s i t y  f o r  q u a l i t y  assurance 

I n t e r n a t i o n a l  recomnendations shou ld  a l s o  be f o l l o w e d  f o r  t h e  a n a l y s i s  o f  
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terminat ions,  w i l l  assess the  r e s u l t s  i n  terms o f  re ference values agreed by 

Member States.  The WHO/UNEP programne w i l l  i n c l u d e  more p o l l u t a n t s ,  namely l ead  
i n  blood, cadmium i n  b lood and k idney and mercury i n  b lood and/or h a i r ,  among 

t o x i c  metals.  

ment o f  Human Exposure t o  Environmental P o l l u t a n t s  was organized by WHO/UNEP and 

CEC j o i n t l y  w i t h  the  U.S. Environmental P r o t e c t i o n  Agency (EPA) (Luxembourg, 

1977), w i t h  the  aim o f  examining the  techn ica l  f e a s i b i l i t y  o f  programmes designed 

t o  c o l l e c t ,  analyse and s t o r e  samples, and t o  develop gu ide l i nes  f o r  sampling, 

sample p repara t i on ,  a n a l y t i c a l  requirements and storage, i n  connect ion w i t h  b i o -  

l o g i c a l  moni tor ing.  

Both programmes (WHO/UNEP and CEC) recognize the  utmost importance o f  qua1 i t y  

c o n t r o l  i n  v iew o f  t he  se r ious  d i f f i c u l t i e s  t h a t  may a r i s e  d u r i n g  t h e  a n a l y t i c a l  

process ing o f  b i o l o g i c a l  m a t e r i a l s .  These o rgan iza t i ons  understand t h a t  c lose  

t e c h n i c a l  cooperat ion a t  i n t e r n a t i o n a l  l e v e l  i s  ind ispensable i f  acqui red ex- 

per ience i n  q u a l i t y  c o n t r o l  i s  t o  be e x t e n s i v e l y  a p p l i e d  i n  the  f i e l d  o f  b i o -  

l o g i c a l  mon i to r i ng  f o r  t h e  p reven t ion  o f  h e a l t h  impairment. 

As has been seen i n  t h i s  chapter,  advances i n  b i o l o g i c a l  chemist ry  and i n  

biochemical  t ox i co logy  have prov ided v i t a l  t o o l s  f o r  t h e  d e t e c t i o n  and evalua- 

t i o n  o f  minor  c e l l u l a r  damage, i n d i c a t i n g  i n  some cases o n l y  r e v e r s i b l e  changes 

t h a t  do n o t  have an ac tua l  e f f e c t  on heal th .  Some biochemical  parameters w i t h  a 

w e l l  e s t a b l i s h e d  s i g n i f i c a n c e  have been inco rpo ra ted  i n  r o u t i n e  s tud ies  con- 

ce rn ing  exposure t o  t o x i c  metals.  Others r e q u i r e  f u r t h e r  research i n  o rde r  t o  

become a v a i l a b l e  f o r  modern technology i n  t h e  f i e l d  o f  occupat ional  hea l th ,  b u t  

w i l l  p robably  be p a r t  o f  r o u t i n e  p r a c t i c e  i n  the  near fu tu re ,  

An I n t e r n a t i o n a l  Workshop on The Use o f  B i o l o g i c a l  Specimens f o r  t he  Assess- 
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3.1. INTRODUCTION 

There i s  an u rgen t  demand f o r  t h e  r e l i a b l e  and r a p i d  a n a l y s i s  o f  t r a c e  e l e -  

ments i n  b i o l o g i c a l  m a t e r i a l s .  The most impor tan t  a r e  meta ls  and m e t a l l o i d s  

t h a t  a r e  cons idered as e s s e n t i a l ,  t o x i c  o r  p o s s i b l y  t o x i c  t o  man, animals and 

p l a n t s .  I n  c o n j u n c t i o n  w i t h  s i m i l a r  a n a l y t i c a l  demands f rom o t h e r  research  

branches, t h i s  s i t u a t i o n  has s t i m u l a t e d  i n  r e c e n t  decades p r o g r e s s i v e l y  i n t e n -  

s i f i e d  development and progress  ma in l y  i n  t h e  f i e l d  o f  i ns t rumen ta t i on .  Trace 

a n a l y t i c a l  methods have become i n c r e a s i n g l y  access ib le  and ind i spensab le  f o r  

numerous s c i e n t i f i c ,  medical  and l e g a l  a p p l i c a t i o n s .  Manufacturers o f  a n a l y t i c a l  

i ns t rumen ts  have t h e r e f o r e  i n c r e a s i n g l y  designed and o f f e r e d  h i g h l y  advanced 

systems f o r  t r a c e  a n a l y t i c a l  purposes. Th is  was l i n k e d  w i t h  a r a p i d  change f rom 

c l a s s i c a l ,  i .e., p redominant ly  manual , t o  i ns t rumen ta l ,  i .e., mechanized, o r  

even comp le te l y  automated methods. 

However, t h e  tremendous inc rease  i n  d e t e c t i o n  power and t h e  v a s t  i nc rease  

i n  t h e  number o f  a n a l y t i c a l  systems on o f f e r  has l e d  t o  t h e  p u b l i c a t i o n  o f  many 

i n c o n s i s t e n t  da ta  i n  t h e  f i e l d  o f  t r a c e  and u l t r a t r a c e  a n a l y s i s .  The reasons 

f o r  t h i s  s i t u a t i o n  became obvious as i n t e r - l a b o r a t o r y  surveys were i n c r e a s i n g l y  

conducted. They d i s a p p o i n t i n g l y  o f t e n  showed a wide s c a t t e r  o f  r e s u l t s  f o r  t h e  

c o n c e n t r a t i o n  o f  a c e r t a i n  element o r  compound i n  a c e r t a i n  homogeneous mate- 

These f a c t s  have d i f f e r e n t  sources: t he  a b i l i t y  t o  app ly  

as w e l l  as, t y p i c a l l y ,  e r roneous ly  h i g h  averages o f  t h e  lower  ( i . e . ,  

normal )  

w i t h  exper ience and a broad chemical and t r a c e  a n a l y t i c a l  knowledge t h e  o v e r a l l  

a n a l y t i c a l  procedures f rom sampl ing , through sample p r e p a r a t i o n  and p r e - t r e a t -  

ment t o  t h e  de te rm ina t ion  s t e p  cou ld  n o t  keep up w i t h  t h e  tremendous inc rease  

i n  s e n s i t i v i t y  a t t a i n a b l e  w i t h  t h e  new genera t i on  o f  a n a l y t i c a l  i ns t rumen ts .  One 

reason was t h a t  these ins t rumen ts  were i n t roduced  i n  numerous l a b o r a t o r i e s  h i t h -  
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e r t o  n o t  exper ienced i n  a n a l y t i c a l  chemis t ry ,  wh ich  then o f t e n  used a s i n g l e  

dev i ce  i n  a "b lack  box" manner. Th i s  was a l s o  t h e  consequence o f  exaggerated o r  

even unsound b u t  persuas ive  commercial adver t i sements .  Thus, i n  a d d i t i o n  t o  

e r r o r  sources stemning m a i n l y  f rom sampl ing and sample pre- t rea tment ,  t he re  

were a l s o  numerous ins t ruments  t h a t  cou ld  be r e l i a b l y  opera ted  o n l y  by  t h e  most 

exper ienced a n a l y s t s  conduct ing  a comparison w i t h  methods based on d i f f e r e n t  

p h y s i c a l  p r i n c i p l e s  . I n  those ins tances ,  t h e  a p p l i c a t i o n  o f  m a t e r i a l s  w i t h  

known, p r e f e r a b l y  low, concen t ra t i ons  o f  t r a c e  meta ls ,  t h a t  i s  a l l  types o f  

c o n t r o l ,  standard,  s tandard  re fe rence  and c e r t i f i e d  s tandard  re fe rence  m a t e r i a l s ,  

would c e r t a i n l y  have had improved the  s i t u a t i o n  s i g n i f i c a n t l y  i f  t h e r e  had been 

more of these m a t e r i a l s  a v a i l a b l e .  These aspects and t h e  paramount importance 

o f  a c l e a r  sampl ing s t r a t e g y ,  p roper  sampl ing and sample s to rage  have been more 

e x t e n s i v e l y  t r e a t e d  elsewhere8-I3 and w i l l  a l s o  be addressed i n  some d e t a i l  i n  

t h e  chapters  on t h e  elements. 

f u l ,  i .e . ,  f rom t h e  p resen t  s t a t e  o f  t he  a r t  accura te ,  da ta  on a more extended 

s c a l e  than be fore .  I n  o rde r  t o  achieve t h i s  t a r g e t ,  some change i n  a n a l y t i c a l  

ph i l osophy  by producers and users o f  t r a c e  a n a l y t i c a l  da ta  i s  e s s e n t i a l .  Th i s  

doubt less  a p p l i e s  a l s o  t o  t h e  more exper ienced l a b o r a t o r i e s ,  because even they  

s t i l l  cannot always f u l f i l l  t h e  r e q u i r e d  ex t remely  r i g i d  demands on accuracy 

and p r e c i s i o n  i n  a l l  stages o f  t r a c e  a n a l y t i c a l  procedures.  The b e n e f i t s  o f  t h e  

g r e a t  p o t e n t i a l  o f  p resen t  h i g h l y  advanced i n s t r u m e n t a t i o n  can o n l y  be gained 

+i a comprehensive a t t i t u d e  on t h e  a n a l y t i c a l  problems as a whole i s  adopted. 

Th is  a l s o  i nc ludes  a p re fe rence  f o r  h i g h - q u a l i t y  r e s u l t s  i n  l i m i t e d  numbers over  

t h e  p r o d u c t i o n  o f  a v a s t  amount o f  mediocre data.  T h i s  approach needs, i n  ad- 

d i t i o n  t o  t h e  use o f  t h e  most s u i t a b l e  i n s t r u m e n t a t i o n  f o r  a c e r t a i n  task ,  t h e  

me t i cu lous  performance o f  a l l  s teps  o f  an a n a l y t i c a l  procedure t h a t  a l s o  r e -  

q u i r e s  p r e c i s e  p r o t o c o l s .  In t h i s  chapter ,  t h e r e f o r e ,  we s h a l l  d i scuss  c r i t i c a l l y  

t h e  p resen t  s t a t e  o f  t h e  a r t  w i t h  respec t  t o  sample p r e p a r a t i o n  and a n a l y s i s  

f rom o u r  p r a c t i c a l  exper ience i n  o r d e r  t o  p r o v i d e  some adv ice  on t h e  performance 

o f  t r a c e  a n a l y s i s  on a c o s t - b e n e f i t  bas i s .  

There a r e  numerous books, rev iews and research  papers on t h e  t o p i c s  t r e a t e d  

here.  We quote  o n l y  a s e l e c t i o n  o f  them, and those quoted shou ld  be cons idered 

mere ly  as examples r e l a t i n g  t o  t h e  f a c t s  p resented  r a t h e r  than  as a judgement 

on these and o t h e r  p u b l i c a t i o n s .  

8 

A g r e a t  cha l l enge  f o r  a n a l y t i c a l  chemists now i s  t h e r e f o r e  t o  achieve meaning- 

3.2. SAMPLE PREPARATION 

The p repara to ry  s teps  p r i o r  t o  t r a c e  metal  o r  spec ies  de te rm ina t ion  a r e  

man i fo ld .  Numerous workers d i scuss  t h i s  aspec t  from t h e  i n i t i a l  p u r i f i c a t i o n  o f  
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reagents  t o  the  re lease  and l o s s  o f  elements f rom and a t  su r faces  d u r i n g  d iges -  

t i o n  and p re -concen t ra t i on  procedures 8y12y13-25. These s teps  may i n t r o d u c e  

numerous e r r o r  sources. The e v a l u a t i o n  o f  a r e l i a b l e  d i g e s t i o n  procedure,  f o r  

example, f o r  a c e r t a i n  m a t e r i a l  and one o r  more t r a c e  meta ls  can be performed 

s u c c e s s f u l l y  o n l y  i f  d i f f e r e n t  and a l s o  as f a r  as p o s s i b l e  independent methods 

a r e  a p p l i e d  f o r  t h e  e v a l u a t i o n  o f  op t ima l  c o n d i t i o n s  a n d e r r ~ r m i n i m i z a t i o n ~ ~ ~ ~ ~ ~ ~ .  

Fo r  re fe rence  methods and r e l e v a n t  a p p l i c a t i o n s ,  t h e  p re - t rea tmen t  procedures 

under c o n s i d e r a t i o n  shou ld  be c a r e f u l l y  checked by i n t r a -  and i n t e r - l a b o r a t o r y  

surveys . 27 

3.2 .1 .  Homogeneity and weight normalization 

Prov ided t h a t  t he  sampl ing s t r a t e g i e s ,  sampl ing and sample s to rage  f u l f i l l  

a l l  demands, t he  n e x t  s teps  o f  an a n a l y t i c a l  procedure have a l s o  t o  be performed 
w i t h  g r e a t  care.  The r e p r o d u c i b i l i t y  o f  t h e  da ta  ob ta ined  can depend cons ider -  

a b l y  on t h e  homogeneity of t h e  m a t e r i a l .  As t h e  l e v e l  o f  t h e  s t a t i s t i c a l  homo- 

g e n e i t y  i s  a f u n c t i o n  o f  t h e  we igh t  o f  t h e  subsamples taken f o r  an a n a l y t i c a l  

run, t h e  we igh t  i t s e l f  a l s o  has t o  be cons idered.  Moreover, t he  we igh t  shou ld  

be expressed i n  c l e a r l y  d e f i n e d  terms. 

Homogeneity of a sample i s  r e q u i r e d  f o r  a r e l i a b l e  average va lue .  However, 

m a t e r i a l s  hav ing  a s t r u c t u r e  t h a t  leads t o  an inhomogeneous d i s t r i b u t i o n  o f  t h e  

t r a c e  metal  t o  be analysed (e.g. ,  Cd i n  t h e  k idney  and k idney  c o r t e x )  can be 

o f  p a r t i c u l a r  va lue  and r e q u i r e  sampl ing o f  micro-samples f rom these s t r u c t u r e s .  

A l so  i n  t h a t  case t h e  degree o f  inhomogeneity w i t h i n  these s t r u c t u r e s  may be 

o f  i n t e r e s t  f o r  a r e l i a b l e  o v e r a l l  de te rm ina t ion .  Th is  i s  o f  p a r t i c u l a r  s i g n i f -  

i cance if smal l  s o l i d  samples [e.g., w i t h  g r a p h i t e  fu rnace a tomic-absorp t ion  

spec t romet ry  (GFAAS) o r  neu t ron  a c t i v a t i o n  a n a l y s i s  (NAA)] a r e  used, which o f  

course always have t o  be checked w i t h  c o n t r o l  m a t e r i a l s  homogeneous even a t  t h e  

m i l l i g r a m  l e v e l  w i t h i n  t h e  e r r o r  of  t h e  a n a l y t i c a l  techn ique app l i ed .  

Fo r  b i o l o g i c a l  and env i ronmenta l  m a t e r i a l s  the  concen t ra t i ons  a r e  o f t e n  g i ven  

f o r  f r e s h  we igh t .  Fresh we igh t ,  however, has t h e  disadvantage t h a t ,  owing t o  

t h e  cont inuous  l o s s  o f  mo is tu re ,  even d u r i n g  sho r t - te rm s to rage  i n  f reeze rs ,  

t h e  f r e s h  we igh t  r e p o r t e d  may decrease cons ide rab ly  depending on t h e  s to rage 

t ime  and temperature.  Hence, i f  i t  i s  n o t  p o s s i b l e  t o  c a r r y o u t  subsampling and 

we igh ing  o f  these subsamples e x a c t l y  a t  t h e  t i m e  o f  sampling, t h e  te rm f r e s h  

we igh t  must be rep laced  by t h e  more p r a c t i c a l  terms wet we igh t  o r  a c t u a l  we igh t .  

Th is ,  however, needs c l a r i f i c a t i o n  and we propose t o  use t h e  f o l l o w i n g  order :  

f r e s h  we igh t  > wet we igh t  > a c t u a l  weight.  As a c t u a l  we igh t  can a l s o  be used 

t o  d e f i n e  t h e  we igh t  of, e.g., a m a t e r i a l  p r e v i o u s l y  f reeze -d r ied  b u t  l a t e r  aga in  

c o n t a i n i n g  some mois ture ,  a l l  o f  these terms shou ld  be c l e a r l y  d e f i n e d  i n  t h e  

a n a l y t i c a l  p r o t o c o l .  
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From these d e f i n i t i o n s ,  i t  i s  obvious t h a t  t h e  terms wet we igh t  and a c t u a l  

we igh t  mean o n l y  t h a t  t h e  m a t e r i a l  s t i l l  has a cons ide rab le  mo is tu re  con ten t .  

With a l a r g e  sample, f o r  example a whole organ, i t  i s  e v i d e n t  t h a t  t h e  o u t e r  

p a r t s  w i l l  c o n t a i n  l e s s  mo is tu re  than t h e  i n n e r  p a r t s .  Th i s  a l s o  has t o  be 

cons idered i f  subsamples have t o  be taken f rom such a sample. Another f a c t ,  

a l s o  ment ioned i n  t h e  chap te r  on cadmium, i s  t h e  change i n  we igh t  and e lementa l  

compos i t ion  o f  autopsy m a t e r i a l s  if they cou ld  n o t  be taken  imned ia te l y  p o s t  
28 mortem . 

These f a c t s  r e q u i r e ,  whenever p o s s i b l e ,  we igh t  no rma l i za t i on .  It i s  obvious 

t h a t  terms such as wet we igh t  and a c t u a l  we igh t  i n  most i ns tances  cannot be 

used r e l i a b l y  f o r  r e p o r t i n g  a n a l y t i c a l  da ta .  Th is  i s  t h e  reason why a n a l y t i c a l  

chemists p r e f e r ,  f o r  b i o l o g i c a l  m a t e r i a l s  w i th  an i n i t i a l l y  h i g h  mo is tu re  

conten t ,  t o  r e p o r t  da ta  on a d r y  we igh t  bas i s .  Wi th  a c o r r e c t i o n  f a c t o r  f o r  

f r e s h  we igh t ,  which can be determined w i t h  r e a l  f r e s h  samples, t he  d a t a  normal- 

i z a t i o n  t o  f r e s h  we igh t ,  i s  e a s i l y  and r e l i a b l y  p o s s i b l e .  

f o r  a n a l y s i s .  There a r e  elements o r  compounds t h a t  may be p a r t i a l l y . o r  even 

comp le te l y  l o s t  o r  decomposed d u r i n g  d ry ing .  A lso ,  on d r y i n g  p r i o r  t o  a n a l y s i s  

an a d d i t i o n a l  con taminat ion  r i s k  may occur  a t  u l t r a t r a c e  l e v e l s .  From these 

m a t e r i a l s  subsamples have t o  be taken f o r  p re - t rea tmen t  as w e l l  as independent ly  

f o r  d r y i n g  t o  o b t a i n  a normal ized  we igh t .  As t h i s  i s  common a n a l y t i c a l  p r a c t i c e  

i t  does n o t  need f u r t h e r  exp lana t ion .  

S t i l l  under d i scuss ion ,  however, i s  t h e  mode o f  d r y  we igh t  de te rm ina t ion  o r ,  

Th i s ,  o f  course, does n o t  mean t h a t  d r i e d  m a t e r i a l s  shou ld  always be  taken 

g e n e r a l l y ,  n o r m a l i z a t i o n  o f  a n a l y t i c a l  da ta  t o  an, a l s o  b i o l o g i c a l l y ,  sound 

bas i s  29,30 

Oven-drying procedures t o  cons tan t  we igh t  a t  around 100°C doubt less  a r e  

e x c e l l e n t  f o r  r o b u s t  m a t e r i a l s  and hence e s s e n t i a l  i n  c l a s s i c a l  a n a l y t i c a l  

chemis t ry ,  b u t  they  a r e  f a r  f rom op t ima l  f o r  b i o l o g i c a l  m a t e r i a l s .  B i o l o g i c a l  

m a t e r i a l s  may be s e n s i t i v e  and may decompose d u r i n g  thermal t rea tment .  Hence 

they  may n o t  reach a cons tan t  we igh t  w i t h i n  a reasonable t ime pe r iod .  There fore ,  

d r y i n g  a t  temperatures f a r  below 100°C, d r y i n g  i n  a d e s i c c a t o r  w i t h  P205, some- 

t imes a t  s l i g h t l y  e leva ted  temperatures,  o r  f reeze -d ry ing  i s  f r e q u e n t l y  advo- 

ca ted  as more r e l i a b l e .  I n  a n a l y t i c a l  p r a c t i c e ,  however, these methods, as a l s o  

oven d r y i n g ,  can be a p p l i e d  o n l y  i f  they  have been c a r e f u l l y  checked w i t h  a 

c e r t a i n  m a t e r i a l .  They commonly p rov ide  s u f f i c i e n t l y  accura te  i n f o r m a t i o n  f o r  

we igh t  n o r m a l i z a t i o n  and a t  l e a s t  a r b i t r a r y  con ten t /we igh t  r e l a t i o n s h i p s .  I f  

an a p p r o p r i a t e  and p r o p e r l y  s tandard i zed  d r y i n g  procedure i s  app l ied ,  e r r o r s  

a r i s i n g  f rom t h i s  source a r e  commonly w e l l  below t h e  average e r r o r  o f  t h e  de- 

t e r m i n a t i o n  s tep .  
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I f  b i o l o g i c a l  m a t e r i a l s  have t o  be d r i e d  p r i o r  t o  ana lys i s ,  t he  o n l y  method 

w i t h o u t  s t a t i s t i c a l l y  s i g n i f i c a n t  element losses, c a r e f u l l y  checked w i t h  me- 

t a b o l i z e d  r a d i o t r a c e r s ,  i s  f reeze-drying, w h i l e  oven d r y i n g  can lead, probably  

depending on t h e  temperature app l i ed ,  t o  losses a t  l e a s t  f o r  elements such as 

Hg, Se, I ,  Sb and Zn. I t  should be mentioned, however, t h a t  these f i n d i n g s  i n  

general  a re  con t rad i c to ry ,  i n d i c a t i n g  t h a t  t he  behaviour appears t o  be h i g h l y  
dependent on the  p a r t i c u l a r  m a t r i x  and the species i n v e s t i g a t e d  31-34 . 

As weight  i s  o n l y  one f a c t o r  i n  t h e  ana lys i s  o f  b i o l o g i c a l  m a t e r i a l s ,  o t h e r  

f a c t o r s  must a l s o  be considered. For example, t h e  a p p l i c a t i o n  o f  i n t e r n a l  b i o -  

chemical standards, i . e . ,  t h e  de te rm ina t ion  o f  carbon, su lphur  o r  n i t rogen ,  may 

g i v e  a d d i t i o n a l  i n fo rma t ion .  This  doubt less should be i nc luded  i n  f u r t h e r  re -  

search e f f o r t s  towards b i o l o g i c a l  l y  meaningful  data a o n a l i z a t i o n .  

3.2 .2 .  D i g e s t i o n  m e t h o d s  

An impor tant ,  sometimes c r u c i a l ,  s tep  i n  the  a n a l y t i c a l  procedure i s  t he  

t rans fo rma t ion  o f  a s o l i d  o r  a l i q u i d  sample i n t o  an ana ly te  s o l u t i o n .  This  

o f t e n  requ i res  a more o r  l ess  complete d i g e s t i o n  o f  the m a t e r i a l s  t o  be analysed. 

Because each a d d i t i o n a l  s tep  i n t roduces  a new source o f  e r r o r s ,  t h e r e  e x i s t  

numerous methods f o r  t he  d i r e c t  ana lys i s  o f  body f l u i d s  and even s o l i d  m a t e r i a l s  

or  s l u r r i e s  by c i rcumvent ing d i g e s t i o n  o r  by e f f e c t i n g  a decomposi t ion i n s i d e  

the  a n a l y t i c a l  d e t e c t i o n  system, e.g., as i n  GFAAS, flame AAS and i n d u c t i v e l y  

coupled plasma-atomic-emission spectrometry (ICP-AES). 

s i t a t e  i n  most instances a complete o r  a t  l e a s t  a p a r t i a l  d i g e s t i o n  p r i o r  t o  

the  de te rm ina t ion  s tep.  Moreover, most o f  the re fe rence  methods p r e s e n t l y  ap- 

p l i e d  f o r  t h e  c a l i b r a t i o n  o f  s imp le r  and f a s t e r  methods, e.g., t he  r e c e n t l y  

publ ished I U P A C  reference method f o r  n i c k e l  i n  ur ine35,  a re  based on a d iges-  

However, homogeneity reasons and se r ious  m a t r i x  i n t e r f e r e n c e s  s t i  11 neces- 

t i o n  s tep.  Thus, d i g e s t i o n  procedures s t i l l  p l a y  a dominant r o l e  i n  most o f  the 

p r e s e n t l y  app l i ed  a n a l y t i c a l  methodologies16-19y22y25~27y30y36. The most f r e -  

quen t l y  a p p l i e d  d i g e s t i o n  techniques a re  c r i t i c a l l y  discussed below w i t h  regard 

t o  p a r t i c u l a r  advantages and disadvantages, sample throughput and cos ts .  I n  

Table 3.1 the p r i n c i p l e s  o f  the d i g e s t i o n  techniques discussed a re  summarized 

toge the r  w i t h  t y p i c a l  costs  ( i n  US $ )  o f  commercial ly a v a i l a b l e  dev ices.  

3.2.2.1.  Dry a s h i n g  a t  h i g h e r  tmperatures  

I f  the  v o l a t i l i t y  o f  the element t o  be analysed and o f  i t s  compounds up t o  

a t  l e a s t  823'K (550OC) i s  n e g l i g i b l e ,  d r y  ashing i n  var ious,  and sometimes very 

soph is t i ca ted ,  types o f  m u f f l e  furnaces, e.g., w i t h  temperature p r o g r a m i n g  

and quar t z  walls3', can be the method o f  choice.  This  i s  v a l i d  p a r t i c u l a r l y  a t  

37,38 
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TABLE 3.1 

DIGESTION METHODS 

Method Features  P r i c e  o f  s tandard  C o s t - b e n e f i t  
Equipment (US $ )  r a t i o  

Dry ashing, 
h i g h e r  temp. 

Dry ashing, 
low temp. 

Combus t i  on 

Wet ash ing  , 
open systems 

Wet ashing, 
c losed  systems 
under p ressure  

T issue s o l u b i l i -  
z a t i o n  w i t h  Qua- 
t e r n a r y  ammonium 
compounds 

Simple and cheap b u t  expe- 
r i e n c e  needed, l e s s  recom- 
mendable f o r  p r e c i s i o n  
a n a l y s i s  a t  lower  l e v e l s .  
Usefu l  f o r  a l l  methods 

I f  p r o p e r l y  a p p l i e d  ex- 
t reme ly  low blank, b u t  
t ime consuming. Usefu l  f o r  
a l l  methods 

Complete ash ing  o f  a l l  ma- 
t e r i a l s ,  b u t  sometimes n o t  
f r e e  f rom contaminat ion .  
Usefu l  f o r  a l l  methods 

Very s imp le  and inespen- 
s i v e  i n  r o u t i n e  use, b u t  
sometimes elemental  losses  
and b lank  problems i f  par -  
t i c u l a r  p recau t ions  a r e  n o t  
taken. Wi th  a few l i m i t a -  
t i o n s  u s e f u l  f o r  a l l  meth- 
ods 

Method o f  cho ice  f o r  vo la -  
t i l e  elements,  u s e f u l  f o r  
most methodologies.  I f  p ro -  
p e r l y  a p p l i e d  ve ry  low t o  
ex t remely  low b lanks .  Cau- 
t i o n :  b l o w - o f f  p o s s i b l e .  
Incomple te  m i n e r a l i z a t i o n  
can pose problems m a i n l y  
i n  vol tammetry,  r e q u i r i n g  
f u r t h e r  t rea tment .  Organo- 
m e t a l l i c  compounds o f  As 
a r e  i ncomp le te l y  decom- 
posed, r e q u i r i n g  f u r t h e r  
t rea tmen t  

Rapid, s imp le  and cheap. 
Not  u s e f u l  f o r  a l l  e l e -  
ments and methods. Con- 
s i d e r a b l e  b lanks  due t o  
t h e  reagents  s t i l l  n o t  
avo idab le  

a103 Good 

4 32x10 

25x1o3 

3 4  <10 -10 

Medium 

Medi um 

Good t o  
e x c e l l e n t  

Good 

< l o 3  Good t o  
exce l  1 en t 
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the higher micrograms per gram (ppm)  level and i f  the subsequent analytical step 
requires a completely ashed material. Further, oven ashing i s  inexpensive and 
comparatively easy under the mentioned conditions. If amounts a t  the lower 
micrograms or even nanograms per gram ( p p b )  level are to be analysed, however, 
dry ashing becomes d i f f i cu l t .  Thus, i f  highly accurate data a t  the trace and 
ultratrace level are needed, oven ashing i s  usually less recommendable and may 
introduce errors due tocontamination from the oven material (walls) ,  dust or 
ashing aids such as H2S04, HN03 or Mg(N03)2. Also, substantial and irrepro- 
ducible losses can occur because o f  adsorption on the walls of the crucibles 
used. Despite the f ac t  t h a t  some workers have reported the successful applica- 
tio'n of dry ashing under controlled conditions even for  analyses a t  the nanograms 
per gram level3', th i s  needs particular sk i l l  and experience. The routine use 
of dry ashing for  sample pre-treatment a t  nanograms per gram levels i s  therefore 
questionable i f  an inexperienced s ta f f  without a substantial knowledge of trace 
analytical chemistry i s  involved. 

3.2.2.2. Dry ashing at lower temperatures 

From the point of view of contamination from the laboratory environment, 
trace element losses, adsorption and blank minimization, the so-called low- 
temperature ashing ( L T A )  i n  microwave-excited oxygen plasmas, with partial pres- 
sures 4 1 Torr, a t  average temperatures below 423'K (150°C)40, i s  often said 
to  be the most promising approach fo r  trace and ultratrace analysis. 

vo la t i le  elements such as Hg, As and Se, and sometimes also Cry b u t  here pub- 
lished papers are contradictory. Systems avoiding these losses by cooling traps 
have also been designed41 and are now comnercially available. 

Some workers advocate the use of low-temperature ashers for  biological ma- 
t e r i a l s ,  for  example, prior to as well as a f t e r  neutron, photon and particle 
activation analysis, prior t o  X-ray fluorescence 41-43 and prior to spark-source 
mass ~ p e c t r o m e t r y ~ ~ .  Excellent recoveries and dissolution properties from the 
ash for  a l l  elements investigated have been reported. 

A comnercial low-temperature ashing system was more recently modified for  
an extremely contamination-free ashing of whole blood samples. Ashing times 
varied from 6 t o  12 h ,  prior to the voltammetric determination of Pb ,  Cd and 

45 c u  . 

The majority of comercially available instruments, however, show losses of 

Limitations of t h i s  method are the expensive ashing devices and the usually 
lengthy procedure. As the excited plasma only reacts a t  the sample surface, 
the l a t t e r  can pose problems in preparing samples for  low-temperature ashing. 
If materials such as bones and plants contain large amounts of inorganic con- 
s t i tuents ,  a complete ashing i s  extremely time consuming 46 . 
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3.2.2.3.  Combustion 

stream, which i s  reported t o  be espec ia l l y  e f f e c t i v e  f o r  f a t t y  mater ia ls ,  f o r  

example adipose t i ssue .  As the reac t i on  takes p lace a t  very h igh temperatures, 

v o l a t i l e  compounds have t o  be trapped i n  appropr ia te absorbing so lu t i ons ,  a t  

coo l i ng  f i nge rs ,  on cooled surfaces, e tc .  Because i n  these systems h igh surface 

areas u s u a l l y  have t o  be used, methods o f  t h i s  type, despi te  i t s  exce l l en t  

ashing p o t e n t i a l ,  were h i t h e r t o  not  very extens ive ly  used i n  trace and u l t r a -  

t race  analys is .  

d i r e c t  i n t r o d u c t i o n  i n t o  an oxygen-hydrogen flame i s  known as Wickbold combus- 

t i o n .  This method can be used successfu l ly  p r i o r  t o  the determination o f  mercury 

i n  b i o l o g i c a l   material^^^-^'. A s l i g h t l y  modi f ied Wickbold system was a l so  shown 

t o  be usefu l  p r i o r  t o  the analys is  o f  o ther  elements50. Recently a system was 

described and made comnercial ly ava i l ab le  f o r  the combustion o f  up t o  20 g o f  

wet ma te r ia l  i n  a s ta in less -s tee l  bomb under an oxygen pressure o f  330 bar . 
An improved a l l - q u a r t z  combustion system w i t h  the volume minimized as much 

as poss ib le  t o  ob ta in  a small r e a c t i v e  surface developed e a r l i e r  i s  now com- 

m e r c i a l l y  a v a i l a b l e  i n  a s l i g h t l y  modi f ied vers ion.  This device i s  app l i cab le  

for  micrograms t o  nanogram amounts o f  elements, as was demonstrated r e c e n t l y  

by the a p p l i c a t i o n  o f  d i f f e r e n t  a n a l y t i c a l  p r i n c i p l e s  

Methods o f  t h i s  kind, however, are usefu l  w i t h i n  the concept o f  the a p p l i c a t i o n  

o f  independent a n a l y t i c a l  p r i nc ip les ,  and a l so  o f  d i f f e r e n t  a l t e r n a t i v e  ashing 

procedures, t o  confirm independently t race  a n a l y t i c a l  r e s u l t s  

Another technique i s  the combustion o f  organic ma te r ia l  i n  a pure oxygen 

Burning o f  a s o l i d  ma te r ia l  i n  a quartz dish, a s o l u t i o n  o r  a s l u r r y  by 

51 

52 . 
A l i m i t a t i o n  o f  combustion methods i s  the comparatively low sample throughput. 

3,8,13,17,25,27,32,52 

3.2.2.4.  Wet ashing, open systems 

HNO,, w i t h  the a i d  o f  UV i r r a d i a t i ~ n ~ ~ ,  and a l so  w i t h  ac id  mixtures such as 

Wet d iges t i on  o f  b i o l o g i c a l  mater ia ls ,  f requen t l y  w i t h  a s i n g l e  acid, mainly 

J 

HN03-HC104, HN03-HC103-HC104, HN03-HC104-H2S04, HNO -H SO H SO -H 0 and H 02- 
HNO, has been extens ive ly  t rea ted  i n  the l i t e r a t u r e  1 2, T 8, 4 '  9,26~3j~3g~569 53-5g. 

" 

Another, s l i g h t l y  d i f f e r e n t  technique f o r  the ox ida t i ve  degradation o f  organic 

mat ter  i s  Fenton's react ion.  Here f r e e  hydroxyl rad i ca l s  a re  generated by the 

ac t i on  o f  c a t a l y t i c  amounts o f  Fe( I1)  on H202 a t  low temperatures above 80- 

9 0 ~ ~ ~ ~ * ~ ~ 9 ~ ~ .  This  approach probably i s  p re fe rab le  t o  other  methods i n  which 

H202 i s  used i n  connection w i t h  acids, p a r t i c u l a r l y  i f  v o l a t i l e  elements have 

t o  be determined . 
Wet d iges t i on  i s  s t i l l  the most f requen t l y  used d iges t i on  technique p r i o r  

t o  a l l  t r ace  a n a l y t i c a l  determination methods. The reason i s  the s i m p l i c i t y  and 

12 
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a d a p t a b i l i t y  o f  wet d i g e s t i o n  procedures t o  n e a r l y  every  a n a l y t i c a l  task .  A lso ,  

a h i g h  sample th roughput  can be achieved. Sample we igh ts  can amount t o  severa l  
12,56 grams, and f o r  t h e  Fenton method even. up t o  100 g o r  more 

p l a t e s  56’59y60, i n  h e a t i n g  b locks ,  i n  microwave dev ices  and sometimes a l s o  i n  

a f l ow- th rough  manner, rang ing  f rom s imp le  t o  s o p h i s t i c a t e d  mechanized and a l s o  

programmable dev ices  which a r e  p a r t l y  commerc ia l l y  a ~ a i l a b l e ~ l - ~ ~ .  D i g e s t i o n  

dev i ces  c o n s i s t  o f  s imp le  vesse ls  o f  va r ious  forms o r  tubes made f rom l a b o r a t o r y  

g lass ,  Pyrex o r  qua r t z  and o f  va r ious  r e f l u x  systems t o  enhance t h e  d i g e s t i o n  

p o t e n t i a l  and t o  min imize  as f a r  as p o s s i b l e  reagent  comsumption and t r a c e  

element l osses  and contaminat ion  59-62s64y66-68. Disadvantages a r e  t h e  h i g h  con- 

sumpt ion o f  ac ids  i n  c o n j u n c t i o n  w i t h  e leva ted  temperatures (>3OO0C) i f  a com- 

p l e t e  d i g e s t i o n  i s  r e q u i r e d  and r e l a t e d  contaminat ion  problems f rom t h e  w a l l s  

o f  t h e  vesse ls  and the  reagents ,  Trace element l e v e l s  i n  ac ids  can, o f  course, 

f rom wet d i g e s t i o n  may a l s o  pose problems, f o r  example, i n  GFAAS i f  they  c o n t a i n  

t o o  much ac id ,  f o r  example, HC104 o r  H2S04. I n  t h a t  event  evapora t ion  i s  neces- 

sa ry  p r i o r  t o  t h e  de te rm ina t ion  s tep .  

. 
Ser ies  o f  samples can be processed i n  sand o r  qua r t z  ~ a n d - b a t h s ~ ~ ,  on h e a t i n g  

be d r a s t i c a l l y  reduced by s u b - b o i l i n g  d i s t i l l a t i o n  16917 , 2 1 9 2 4 3 .  S o l u t i o n s  

3’. 2.2.5.  Wet ashing, closed systems under pressure 

pressu r i zed  decomposi t ion was found t o  be advantageous i n  comparison w i t h  most 

open d i g e s t i o n   procedure^^^-^^. Commonly HN03 i s  used as the  main ox idan t ,  b u t  

a d d i t i o n  o f  o t h e r  ac ids  f o r  p a r t i c u l a r  purposes (HF, CH104, H2S04) have a l s o  been 

r e p o r t e d  27y36y69. As t h e  o x i d a t i o n  p o t e n t i a l  o f  HN03 increases  s i g n i f i c a n t l y  

a t  e leva ted  temperature and pressure36, the  consumption o f  ac id ,  p r e f e r a b l y  f rom 

s u b - b o i l i n g  d i s t i l l a t i o n ,  i s  u s u a l l y  lower  than f o r  open wet d i g e s t i o n .  T h i s  i s  

a l s o  advantageous i f  b lanks  have t o  be ex t remely  low. 

Var ious dev ices ,  a l l  equipped w i t h  s a f e t y  systems t h a t  a l l o w  b l o w - o f f  i n  

cases o f  o v e r p r e ~ s u r e ~ ~  t o  c i rcumvent  a exp los ion ,  a re  commerc ia l l y  a v a i l a b l e  

f o r  sample we igh ts  up t o  about 1 g ( d r y  we igh t ) .  A l so  systems f o r  t h e  s i m u l t a -  

neous decomposi t ion o f  up t o  t e n  samples a r e  a v a i l a b l e .  A few r e c e n t l y  i n t r o -  

duced systems w i t h  h i g h e r  volumes now make p o s s i b l e  a l s o  the  decomposi t ion o f  

sample amounts above 1 g d r y  we igh t .  

systems a re  n o t  s h i e l d e d  i n  an a p p r o p r i a t e  manner. Thus, each m a t e r i a l  t o  be 

d iges ted  needs proper  p r o g r a m  e v a l u a t i o n  and c u r r e n t  c o n t r o l  i n  o r d e r  t o  avo id  

a more o r  l e s s  v i o l e n t  b l o w - o f f  due t o  overpressure  

a t u r e  ash ing  can be achieved. The reason, i n  a d d i t i o n  t o  t h e  m i n i m i z a t i o n  o f  

I n  u l t r a t r a c e  a n a l y s i s  and p a r t i c u l a r l y  t h e  a n a l y s i s  o f  v o l a t i l e  elements,  

I t  shou ld  be mentioned t h a t  a b low-o f f  can a l s o  be hazardous t o  s t a f f  i f  t h e  

74,75 . 
I n  c losed  systems, ve ry  low b lanks  s i m i l a r  t o  those r e p o r t e d  f o r  low-temper- 
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t he  amount o f  a c i d  

g lassy  carbon76 o r  
69,76,78 w i t h  ac ids  

used, i s  t h a t  t he  decomposi t ion vesse ls  made f rom PTFE, 

qua r t z  i n s i d e  PTFE tubes77 can be ve ry  e f f i c i e n t l y  c leaned 

o r  by " c lean ing  decomposi t ion" w i t h  pure  m a t e r i a l s  

P ressu r i zed  decomposi t ion achieves o n l y  p a r t i a l  ash ing  even f o r  r e l a t i v e l y  

s imp le  m a t e r i a l s 7 5  which cou ld  be q u a n t i t a t i v e l y  m i n e r a l i z e d  by wet ash ing  a t  

h i g h e r  temperatures,  e.g. , w i t h  HN03-HC104 o r  HN03-HC104-H2S04 mixtures7'. Th is  

problem can be overcome p a r t l y  by l onger  decomposi t ion t imes than t h e  p r e v i o u s l y  

advocated 1-3 h, i .e., decomposi t ion f o r  6-12 h a t  423-433'K (15O-16O0C). The 

ash ing  achieved i s  u s u a l l y  s u f f i c i e n t  f o r  subsequent GFAAS o r  plasma-induced 

AES b u t  n o t  always f o r  vol tammetry.  For  vo l tamnet ry  the  s o l u t i o n s  f rom pres- 

s u r i z e d  decomposi t ion have t o  be a f t e r - t r e a t e d  by UV i r r a d i a t i o n 8 0 3 8 1  o r  by 

h e a t i n g  w i t h  HC104 o r  H C l O  -H SO 27'29'82 o r  w i t h  a m i x t u r e  o f  NaN03 and KN03, 

i n  the  l a t t e r  i ns tance  up t o  723 K ( 4 5 O O C )  i n  two s teps  

I n  va r ious  f o o d s t u f f s ,  ma in l y  o f  aqua t i c  o r  marine o r i g i n ,  and a l s o  i n  body 

f l u i d s ,  h igh-molecu la r -we igh t  compounds o f  o r g a n i c a l l y  bound As occur t h a t  

cannot be comple te ly  d iges ted  under p ressure  even i f  the  d i g e s t i o n  i s  prolonged. 

Thus, t h e  a n a l y t e  s o l u t i o n  f rom p ressu r i zed  decomposi t ion has t o  be a f t e r -  

t r e a t e d  p r i o r  t o  hyd r ide  AAS w i t h  H2S04-HC104 up t o  about  583'K (310°C)84 o r  

w i t h  Mg(N03)2 up t o  about 723'K (45OoC), which i s  a l s o  recommended f o r  Se de- 

t e r m i n a t i  01183. 

These a d d i t i o n a l  t rea tments  can inc rease  blanks, c l e a r l y  demonst ra t ing  t h e  

l i m i t a t i o n s  o f  p re- t rea tment  procedures, p a r t i c u l a r l y  o f  p ressu r i zed  decomposi- 

t i o n ,  i n  t r a c e  and u l t r a t r a c e  ana lys i s .  I n  t h i s  con tex t  i t  i s  emphasized t h a t  

t h e  a f t e r - t r e a t m e n t  by UV i r r a d i a t i o n e 1  adds no a d d i t i o n a l  sources o f  contamina- 

t i o n .  

72 . 

4 2 3  83 . 

3 .2 .2 .6 .  Tissue  solubilization 

For  a n a l y t i c a l  methods t h a t  r e q u i r e  o n l y  a homogeneously d i s t r i b u t e d  and n o t  

a comple te ly  d iges ted  a n a l y t e  s o l u t i o n ,  as i n  p r i n c i p l e  i s  t h e  case f o r  r a d i o -  

t r a c e r  s tud ies ,  f lame and g r a p h i t e  fu rnace  AAS and ICP-AES, s imp le  t i s s u e  so lu -  

b i l i z a t i o n  by quaternary  ammonium compounds has been r e p o r t e d  t o  be a r a p i d  and 

r e l i a b l e  method. T issue and h a i r  samples were d iges ted  a t  low temperatures,  

p r e f e r a b l y  ove rn igh t ,  and t h e  d i g e s t s  d i r e c t l y  analysed a f t e r  a p p r o p r i a t e  d i -  

l u t i o n  . 85-88 

Desp i te  t h e  l ow  cos ts  and s i m p l i c i t y  o f  t h i s  techn ique and t h e  impress ive  

r e s u l t s  repo r ted ,  l i m i t a t i o n s  a r e  t h a t  f o r  lower  c o n c e n t r a t i o n  l e v e l s  contamina- 

t i o n  f rom t h e  reagents  occurs and, p a r t i c u l a r l y  f o r  GFAAS, m a t r i x  i n t e r f e r e n c e s  

have t o  be faced. Moreover, t h i s  approach can o n l y  be used f o r  a l i m i t e d  number 

of m a t e r i a l s  and de te rm ina t ion  methods and thus  probab ly  a l s o  f o r  a l i m i t e d  

number o f  elements w i t h  t h e  p resen t  s t a t e  of knowledge, b u t  shou ld  be eva lua ted  

f u r t h e r .  



106 

3.2.3.  Pre-cacentration/separation 

I n  t h e  t r a c e  and u l t r a t r a c e  a n a l y s i s  o f  meta ls  and o t h e r  elements,  pre-con- 

c e n t r a t i o n  and/or s e l e c t i v e  separa t i on  b e f o r e  the  subsequent de te rm ina t ion  s t e p  

i s  f r e q u e n t l y  requ i red .  The reasons a r e  e i t h e r  a l a c k  o f  s e n s i t i v i t y  o f  t h e  

a p p l i e d  methods o r  m a t r i x  i n te r fe rences ,  sometimes bo th .  The cor respond ing  r e -  

quirements f o r  s e l e c t i v e  separa t i on  and/or p re -concen t ra t i on  may be s a t i s f i e d  

by t h e  a p p l i c a t i o n  o f  l i q u i d  e x t r a c t i o n ,  chromatography and i o n  exchange o r  

c o p r e c i p i t a t i o n .  There i s  ample i n f o r m a t i o n  i n  t h e  l i t e r a t u r e  on genera l  aspects 

o f  l i q u i d  e x t r a c t i o n  16y17120y22~30s89-91 and a l s o  on chromatography and i o n  

exchange 16y22~30~89y92-94. Thus, o n l y  a few p a r t i c u l a r  aspects a r e  d iscussed 

here  and seve ra l  re fe rences  a r e  g i v e n  t o  p rov ide  a condensed i n t r o d u c t i o n  t o  

t h a t  f i e l d ,  as d e t a i l s  o f  t he  procedures can be found i n  the  chapters  on t h e  

e l  emen t s  . 
The p a r t i t i o n  c o e f f i c i e n t s  between t h e  aqueous and o rgan ic  phases f o r  numer- 

ous meta l  che la tes  w i t h  ammonium p y r r o l i d i n e  d i th ioca rbamate  (APDC), d i e t h y l -  

ammonium o r  sodium d i e t h y l d i t h i o c a r b a m a t e  (DDDC o r  NaDDC), hexamethylene ammonium 

hexamethylene d i th ioca rbamida te  (HMAHMDC), d i t h i z o n e  and many o t h e r  c h e l a t o r s ,  

under op t ima l  pH cond i t i ons ,  a r e  of t h e  o rde r  o f  l o2  - >lo3.  Th is  a l l ows  an 

e f f e c t i v e  p re -concen t ra t i on  and a l s o  s e l e c t i v e  elemental  o r  a t  l e a s t  a group 

separa t i on .  That  can be achieved e i t h e r  d i r e c t l y  w i t h  body f l u i d s  

w i t h  p r e - t r e a t e d  a n a l y t e  solutions58y59*101-106. P a r t i c u l a r  c o n d i t i o n s  such as 

pH, a d d i t i o n  of complexing agents, t rea tmen t  w i t h  s t r i p p i n g  reagents  o r  p a r t i c -  

u l a r  c h e l a t o r s  a l s o  make p o s s i b l e  t h e  s e l e c t i v e  separa t i on  o f  s i n g l e  metals5" 

101-104y107. Fo r  r o u t i n e  a p p l i c a t i o n s  e x t r a c t i o n  procedures were a l s o  shown t o  

be ach ievab le  i n  an automated manner'". D i g e s t i o n ,  ad jus tment  o f  t h e  a n a l y t e  

s o l u t i o n  t o  an a p p r o p r i a t e  pH and column s e p a r a t i o n  f rom m a t r i x  elements and 

a l s o  s e l e c t i v e  separa t i on  o f  s i n g l e  elements p r i o r  t o  t h e  de te rm ina t ion  s t e p  

a r e  a l s o  poss ib le .  Th i s  was demonstrated by t h e  use o f  d i f f e r e n t  column ma- 

t e r i a l s  and columns, p a r t l y  i n  an automated arrangement 109y110, which i s  p a r t i c -  

u l a r l y  va luab le  i n  rad iochemica l  a c t i v a t i o n  techn iques  

Fo r  methods such as X-ray f l uo rescence  spectroscopy, which r e q u i r e  u n i f o r m  

t h i n - l a y e r  p repara t i ons ,  c o p r e c i p i t a t i o n  i s  a u s e f u l  p re -concen t ra t i on  techn ique.  

I t  i s ,  f o r  example, p o s s i b l e  u s i n g  DDDC t o  c o p r e c i p i t a t e  C r ,  N i ,  Fey  Cu, Zn, Cd, 

Pb, As, Hg and Se w i t h  a p p r o p r i a t e  c a r r i e r s  t o  o b t a i n  t h e  mentioned prepara- 
114 t i o n  . 

The in f l uence  o f  con taminat ion ,  which i s  a l s o  impor tan t  i n  a l l  these pre- 

t rea tmen t  procedures,  i s  d iscussed i n  t h e  n e x t  sec t i on .  

8,95-100 or 

111-113 
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3 .2 .4 .  Contamination and losses 

The most se r ious  problems w i t h  analyses a t  t he  nanograms per  gram ( o r  nano- 

grams pe r  m i l l i l i t r e )  l e v e l  and below i s  contaminat ion f rom ex te rna l  sources, 

f o r  example t h e  l a b o r a t o r y  atmosphere, reagents and apparatus and a l s o  f rom t h e  

ana lys t .  But even a t  micrograms pe r  gram ( o r  micrograms pe r  m i l l i l i t r e )  l e v e l s  

the  contaminat ion s t i l l  cannot be r u l e d  o u t  complete ly .  I f  improper s torage 

c o n d i t i o n s  (pH, m a t e r i a l s  and form of t he  s torage vessels)  and/or l e s s  s u i t a b l e  

d i g e s t i o n  procedures are appl ied,  losses a re  a l s o  poss ib le .  The i n f l u e n c e  of  

improper hand l i ng  o f  s o l i d  o r  l i q u i d  samples and ana ly te  s o l u t i o n s  appears t o  

be more l i a b l e  t o  g i v e  erroneously  h igh  r e s u l t s  than t h e  i n c o r r e c t  use o f  ana- 

l y t i c a l  i ns t rumen ta t i on  o r  o t h e r  e r r o r  sources such as e v a l u a t i o n  e r r o r s  due 

t o  i n t e r f e r e n c e s .  This  i s  p a r t i c u l a r l y  ev iden t  f o r  t he  values publ ished d u r i n g  

t h e  l a s t  two decades f o r  concentrat ions supposed t o  be normal f o r  essen t ia l  and 

t o x i c  elements i n  body f l u i d s .  That was r e c e n t l y  discussed f o r  A l ,  Sb, A s ,  Br,  

Cs, C r ,  Co, Mn, Hg, Mo, N i ,  A s ,  V and Zn i n  b lood  plasma and serum115. W i t h i n  

a s h o r t  t ime span t h e  repo r ted  l e v e l s  have decreased s i g n i f i c a n t l y ,  f o r  some 

elements even by an o rde r  o f  magnitude o r  more. Th is  was probably  due t o  the 

i n t r o d u c t i o n  o f ,  as f a r  as poss ib le ,  con tamina t ion -con t ro l l ed  l a b o r a t o r i e s  o r  

a t  l e a s t  working cond i t i ons  y1169117. The l e v e l s  repo r ted  a t  present  f o r  

most o f  these elements i n  plasma o r  serum a r e  t y p i c a l l y  o f  t he  o rde r  o f  1 ng/ml 

o r  even lower.  Th i s  indeed i s  now the  domain o f  w e l l  equipped l a b o r a t o r i e s  w i t h  

broad exper ience i n  u l t r a t r a c e  ana lys i s .  A r e l i a b l e  de te rm ina t ion  a t  normal 

l e v e l s  f o r  most o f  t h e  mentioned elements r e q u i r e s  p a r t i c u l a r  s k i l l ,  s u i t a b l e  

l a b o r a t o r y  f a c i l i t i e s  such as c lean  workplaces, t h e  b e s t  i ns t rumen ta t i on  and a 

r i g i d  working d i s c i p l i n e  f o r  t he  techn ica l  s t a f f .  I n  t h i s  k i n d  o f  h i g h - q u a l i t y  

ana lys i s ,  t h e  number o f  measurements made i n  the  p repara to ry  steps, i n  contamina- 

t i o n  and q u a l i t y  c o n t r o l  f r e q u e n t l y  balance o r  even exceed the  number o f  mea- 

surements made on the  ana ly te  s o l u t i o n s  o f  t he  m a t e r i a l s  t o  be analysed. 

w e l l  evaluated, o r  example, f o r  Pb i n  b i o l o g i c a l  m a t e r i a l  and n a t u r a l  water  

and i n  b lood plasma120, f o r  n i c k e l  i n  u r i n e  and serum 

whole b lood  453100*122 and ur ine6'  and f o r  Pb i n  whole 

s tud ies  on sources o f  systemat ic  e r r o r s  due t o  contaminat ion have been performed 

f o r  Cu and Cd i n  smal l  b i o l o g i c a l  samples124 and f o r  Mg and Zn i n  va r ious  ana ly te  

so lu t i ons78 .  The authors o f  the l a s t  s tudy po in ted  o u t  t h a t  sources o f  b lanks 

ma in l y  determine t h e  ac tua l  d e t e c t i o n  l i m i t s  o f  s o l u t i o n  procedures, which can 

d i f f e r  s i g n i f i c a n t l y  f rom i d e a l i z e d  data repo r ted  i n  t h e  l i t e r a t u r e .  

The u t i l i z a t i o n  o f  m a t e r i a l s  from d i f f e r e n t  types o f  p l a s t i c  t o  minimize 

contaminat ion has been amply discussed toge the r  w i t h  app rop r ia te  c lean ing  pro-  

Typ ica l  sources of Pb b lanks and procedures f o r  b lank m in im iza t i on  have been 
118,119 

35958,599121, for Cd in 

Carefu l  
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8,16,17,21,24,36 $45 ,60,69 ,76,78,82,100,105 ,116,122,123 , 125-127. However, cedures 

i t  was a l s o  no t i ced  t h a t ,  f o r  example, beakers made from PTFE-FEP may be a 

c o n s i s t e n t  source o f  Fe, C r  and Mn i n  comparison w i t h  super io r  p r o p e r t i e s  found 

f o r  beakers made f rom po lye thy lene  o r  TPXlz5. Severe contaminat ion f o r  Cd 

and Cu12' has been observed if p a r t i c u l a r  po lypropy lene t i p s  were used f o r  t he  

dosage of  ana ly te  s o l u t i o n s .  P l a s t i c  b o t t l e s ,  however, should be avoided i n  Hg 

ana lys i s  because o f  d i f f u s i o n  o f  e lemental  Hg from the  l a b o r a t o r y  environment 

through the  w a l l s  i n t o  t h e  bott les13' .  Thus, f o r  Hg o n l y  g lass  o r  q u a r t z  b o t t l e s ,  

p r e f e r a b l y  a l s o  w i t h  stoppers made f rom t h e  same mate r ia l s ,  should be used. 

Labcratory  ware made f rom quar tz ,  desp i te  i t s  cons iderable cost ,  doubt less i s  

bes t  s u i t e d  f o r  most a p p l i c a t i o n s  i n  u l t r a t r a c e  ana lys i s ,  p a r t i c u l a r l y  a t  h ighe r  

4 5 y 4 9 y 5 2 y 5 8 y 6 0 y 6 1 ~ 8 0 ~ 1 1 6 y 1 2 1 .  I n  p a r t i c u l a r  instances,  as was repo r ted  f o r  con- 

tam ina t ion  c o n t r o l  i n  u l t r a t r a c e  ana lys i s  o f  aluminium131, a c o a t i n g  o f  boro- 

s i l i c a t e  g lass  may a l s o  be use fu l  t o  minimize contaminat ion and losses.  

can in t roduce  contaminat ion f rom the  reagents used, a p p l i c a t i o n  o f  gaseous 

reagents considerably  minimizes t h i s  e r r o r  source . 

i n  l a b o r a t o r y  p r a c t i c e ,  IUPAC Commission V.2 (Microchemical  Techniques and Trace 

Ana lys i s )  reviewed the  s t a t u s  o f  t he  Contaminat ion problem i n  t r a c e  ana lys i s  

w i t h  t h e  a i d  o f  a ques t i onna i re  and by l i t e r a t u r e  c o n ~ u l t a t i o n ' ~ ~ .  From t h i s  

comp i la t i on  t h e  p r o b a b i l i t y  o f  contaminat ion evaluated from t h e  answers f rom 

96 l a b o r a t o r i e s  around the  wor ld  was repo r ted  t o  be g r e a t e s t  d u r i n g  decomposi- 

t i o n  (65%) fo l l owed  by separa t i on  (55%) , sample c o l l e c t i o n  (46%), i ns t rumen ta l  

measurement (32%), comninut ion (18%), f i l t r a t i o n  (18%), d e s i c c a t i o n  (11%) and 

s i e v i n g  (10%). From more recen t  exper inece gained i n  u l t r a t r a c e  ana lys i s ,  one 

may d i s p u t e  t h e  o rde r  o f  these i tems. Poss ib l y  sample c o l l e c t i o n  i s  a t  l e a s t  

e q u a l l y  prone t o  systemat ic  e r r o r s  as decomposi t ion 115'120. The paramount i m -  

por tance o f  contaminat ion d u r i n g  decomposi t ion and separation/pre-concentration, 

however, i s  c l e a r l y  ev iden t .  Thus, much more work should be devoted t o  t h e  

i d e n t i f i c a t i o n  o f  contaminat ion sources and t h e i r  m in im iza t i on  o r  even e l im ina -  

t i o n .  T h i s  may be p a r t i c u l a r l y  e f f e c t i v e  i f  c o n t r o l  and s tandard m a t e r i a l s  are 

a v a i l a b l e  con ta in ing  minimum amounts o f  t h e  t r a c e  elements sought. Th is  approach 

should render  poss ib le  c a r e f u l  s tud ies  on e r r o r  sources o f  a l l  c r i t i c a l  stages 

o f  an a n a l y t i c a l  I n  a spec ia l  i s s u e  of Talanta,  e n t i t l e d  "Gains 

and Losses i n  Trace Analys is" ,  t h i s  aspect w i l l  be considered as p a r t  o f  ana- 

l y t i c a l  research a c t i v i t i e s  w i t h i n  the  Specimen Bank P r o j e c t  i n  the  Federal  
134 Republ ic o f  Germany . 

100,128 

temperatures and a l s o  i f  su r face  adso rp t i on  i s  considered 8,12,15-19,24,27,36,41, 

As ex t rac t i on /separa t i on  procedures f r e q u e n t l y  r e q u i r e  pH adjustment,  which 

132 

I n  o rde r  t o  c o l l e c t  data on i n d i v i d u a l  exper ience w i t h  contaminat ion gained 
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Losses, i n  comparison w i t h  contaminat ion ,  do n o t  p l a y  such a dominant r o l e  

i n  a n a l y t i c a l  p r a c t i c e .  There a r e  va r ious  p o s s i b i l i t i e s  f o r  m in im iz ing  losses  

f rom a n a l y t e  s o l u t i o n s ,  f o r  example by d i l u t i n g  a n a l y t e  s o l u t i o n s  o n l y  ve ry  

s h o r t l y  b e f o r e  t h e  measuring step, and by a c i d i f i c a t i o n  o r  complexat ion t o  

p reven t  adso rp t i on  o f  t r a c e  elements a t  t h e  wal ls135. I t  should be mentioned, 

however, t h a t  losses  appear ing i n  d i l u t e  c a l i b r a t i o n  s o l u t i o n s  l e a d  t o  an ap- 

p a r e n t  i nc rease  i n  t h e  a n a l y t i c a l  r e s u l t s .  Thus, con t inuous  c o n t r o l  and d a i l y  

d i l u t i o n s  f rom s tock  c a l i b r a t i o n  s o l u t i o n s  a r e  e s s e n t i a l  f o r  a v o i d i n g  sys temat ic  

e r r o r s  f rom t h i s  source. Th is  e r r o r  source, however, has a l ready  been amply 

d iscussed i n  t h e  a n a l y t i c a l  l i t e r a t u r e .  

Owing t o  t h e  use o f  r a d i o t r a c e r s ,  r e l i a b l e  decomposi t ion s t u d i e s  cou ld  be 

performed r e l a t i v e l y  e a r l y ,  c l e a r l y  i n d i c a t i n g  d i f f i c u l t  s teps  i n  an a n a l y t i c a l  

procedure.  The p ioneer ing  work o f  Gorsuch, pub l i shed  i n  1959136, was a t h o r -  

ough ly  performed r a d i o t r a c e r  s tudy  on recove r ies  o f  Pb, Hg, Zn, As, Cu, Co, Ag, 

Cd, Sb, C r ,  Mo, S r  and Fe a f t e r  d i f f e r e n t  wet and d r y  ash ing  procedures.  The 

exper iments were c a r r i e d  o u t  by adding a p p r o p r i a t e  r a d i o t r a c e r s  t o  t h e  model 

m a t e r i a l  cocoa. The r e s u l t s  showed t h a t  f o r  a l l  elements, except  Hg, i t  was 

wet d i g e s t i o n  procedures t h a t  gave q u a n t i t a t i v e  recove r ies .  Under op t ima l  con- 

d i t i o n s  t h e  losses  o f  Hg due t o  v o l a t i l i z a t i o n  d i d  n o t  exceed about 10%. Dry 

ash ing  i n  some ins tances  l e d  t o  s i g n i f i c a n t  losses ,  wh ich  except  f o r  Hg, cou ld  

be  overcome n e a r l y  comple te ly  by t h e  a d d i t i o n  o f  ash ing  a ids .  S i m i l a r  s t u d i e s  

were performed p a r t l y  a l s o  w i t h  metabo l ized  r a d i o t r a c e r s  (e.g., r e f s .  27, 58, 

61, 137-145). From t h i s  work the  f o l l o w i n g  can be summarized. 

4 a d i o t r a c e r  and comparat ive a n a l y t i c a l  s t u d i e s  w i t h  As, Cd, Cr, I, Mg, Fe, 

Mn, Cu, Zn, N i  and Hg, a p p l y i n g  wet ashing, revea led  q u a n t i t a t i v e  

61’138y140’141’144’145, which cou ld  a l s o  be achieved f o r  Hq if c a r e f u l l y  con- 
140,135 

t r o l l e d  c o n d i t i o n s  were main ta ined and s p e c i a l  ash ing  dev ices  used 

I n  d r y  ashing, severa l  workers observed losses  due t o  adso rp t i on  on t h e  sur -  

i t  was desc r ibed  t h a t  rad io i so topes  were b i o l o g i c a l l y  taken up by mol luscs ,  t h e  

s o f t  p a r t s  o f  which were ashed. S i g n i f i c a n t  losses  were observed f o r  a l l  e l e -  

ments s tud ied ,  v i z . ,  Mn, Coy Zn, Ru, Ce and Pa, f rom 383’K (l10°C)137. S i m i l a r  

exper iments performed l a t e r  w i t h  mar ine  and t e r r e s t r i a l  b i o l o g i c a l  m a t e r i a l s  

and Ca, Mg, Cd, C r ,  Te, Zn, Sb, Ag, Mn, Cu and N i  a t  ash ing  temperatures up t o  

773’K (5OOOC) o r  even h ighe r ,  however, d i d  n o t  c o n f i r m  these e a r l i e r  f i n d i n g s  
138,139,141,142,144 

face  o f  c r u c i b l e s  f o r  N i ,  Zn, Fe. C r ,  Cd, Co and Fe 58,139,141,144. In one paper 

58, 

The same, i n  p r i n c i p l e ,  a p p l i e s  t o  low-temperature ashing. The p o s s i b l e  loss 
o f  elements such as As, Cd, Se143 and Cr146 c o u l d  e i t h e r  n o t  be observed i n  

o t h e r  s t u d i e s  w i t h  o t h e r  m a t e r i a l s  o r  cou ld  be overcome as f o r  Hg by t h e  use o f  

coo l  i ng t r a p s  40,41,43,45 



TABLE 3.2 

TYPICAL RELATIVE DETECTION LIMITS FOR TRACE METHALS AND METALLOIDS OF TOXICOLOGICAL SIGNIFICANCE: COMPARISON OF THE MOST 

POWERFUL TRACE ANALYTICAL METHODS 

Aqueous, n o n - i n t e r f e r i n g  ana ly te  s o l u t i o n  f o r  AAS, DPSV and ICP-AES, n o n - i n t e r f e r i n g  m a t r i x  f o r  N A A .  Values are based on 
th ree  t ime t h e  standard d e v i a t i o n  o f  t he  respec t i ve  noise o r  blank l e v e l  f o r  spectroscopic and NAA methods and g iven i n  
g/kg x (i .e., u g / Q  o r  ns/g). 

Element ICP-AES* F1 ame GFAAS** Cold vapour/ DPSV*** NAAt  
argon-plasma hydr ide 

0.3 0.03 0.1 1.0 - - 0.1 
As 100 30 
Ba 0.1 15 1.5 
Be 0.1 3 0.1 - - - 

1 3 0.003 - 0.0005 0.2 
co 1 15 0.15 - 0.01 0.05 
Cd 

C r  2 4.5 0.3 - 3.0 1.0 
cu 0.5 1.5 0.06 - 0.005 0.5 

0.1 - 30 2.0 - 0.015 0.02 0.001 
Fe 0.6 15 

6 300 
Mn 0.6 3 0.01 - 1.0 0.5 
Hg 

Mo 3 30 0.1 - 100 0.3 
N i  3 3 0.06 - 0.001 200 
Pb 30 15 0.06 - 0.001 - 
Se 20 150 1.5 0.03 0.05 0.02 
Sn 
Te 
T1 
V 
Zn 

40 
60 

30 
75 

10 30 
1 75 
0.5 1.5 . 

0.3 
0.3 
0.3 - 
3 
0.0015 

- 

0.01 

0.01 

0.01 

- 
100 

2.0 
0.1 

0.1 
0.1 

- 



* ICP-AES,  compromise conditions, data a f t e r  re f .  148; detection l imi t s  vary considerably w i t h  the conditions applied and 
**the instrumentation used and values given here should be considered as optimal. 

AAS, data from ref .  149 and measurements of the authors; graphite furnace data are calculated for  a 5O-ul sample, which 
seems more reasonable t h a n  the usual 100-~1 based calculation; cold vapour/ hydride fo r  a sample of 10 m l .  For Hg a pre- 
concentration on s i lve r  or gold-wool can be carried out and the volume much increased. T h u s  a detection l imi t  of less  

The d a t a  presented represent determination l imits and stem mainly from research work carried out in the laboratory o f  
the authors and usually refer t o  a PAR 174 or equivalent instrument in connection with hanging mercury drop, mercury 

Values given refer to a sample s ize  o f  0.5 g wet weight and a thermal neutron flux of 1013 cm-l sec-l ( re f .  147).  

,,,than 0.001 ug/kg i s  achievable. 

+film or gold disc working electrodes. Average analyte volume in the ce l l :  20 ml. 

* ICP-AES,  compromise conditions, data a f t e r  re f .  148; detection l imi t s  vary considerably w i t h  the conditions applied and 
**the instrumentation used and values given here should be considered as optimal. 

AAS, data from ref .  149 and measurements of the authors; graphite furnace data are calculated for  a 5O-ul sample, which 
seems more reasonable t h a n  the usual 100-~1 based calculation; cold vapour/ hydride fo r  a sample of 10 m l .  For Hg a pre- 
concentration on s i lve r  or gold-wool can be carried out and the volume much increased. T h u s  a detection l imi t  of less  

The d a t a  presented represent determination l imits and stem mainly from research work carried out in the laboratory o f  
the authors and usually refer t o  a PAR 174 or equivalent instrument in connection with hanging mercury drop, mercury 

Values given refer to a sample s ize  o f  0.5 g wet weight and a thermal neutron flux of 1013 cm-l sec-l ( re f .  147).  

,,,than 0.001 ug/kg i s  achievable. 

+film or gold disc working electrodes. Average analyte volume in the ce l l :  20 ml. 
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Thus, i t  can be concluded t h a t  d e s p i t e  some d i sc repanc ies  i n  t h e  judgement 

o f  p o s s i b l e  losses ,  sys temat ic  e r r o r s  a r i s i n g  f rom t h i s  source, even i f  t h e  

wors t  case i s  considered, may n o t  exceed 20% a t  most. Th i s  i s  cons ide rab le  i f  

p r e c i s i o n  a n a l y s i s  i s  requ i red .  However, compared w i t h  e r r o r s  p o s s i b l y  i n t r o -  

duced by contaminat ion ,  t h i s  i s  a minor  problem which neve r the less  a l s o  shou ld  

be eva lua ted  f u r t h e r .  

3.3. ANALYTICAL METHODS 

T h i s  s e c t i o n  dea ls  w i t h  a n a l y t i c a l  methods t h a t  a re  e i t h e r  ma in l y  used o r  

s t i l l  n o t  i n  comon use b u t  a re  ve ry  p romis ing  f o r  t r a c e  metal  a n a l y s i s  i n  b i o -  

l o g i c a l  m a t e r i a l s .  The methods a r e  l i s t e d  i n  t h e  o rde r  o f  importance f o r  t he  

mentioned task ,  b r i e f l y  i n t roduced  and t h e i r  i n s t r u m e n t a t i o n  and performance 

d iscussed.  

I n  Table 3.2, based on severa l  recen t  comp i la t i ons  and a l s o  t h e  exper ience 

o f  t h e  au thors ,  average d e t e c t i o n  l i m i t s  f o r  a number o f  elements t h a t  can be 

ob ta ined  by va r ious  methods a r e  l is ted25~30y80y147y149-152.  The g i ven  da ta  r e f e r  

t o  i n t e r f e r e n c e - f r e e  s o l u t i o n s  o r  ma t r i ces .  The d e t e c t i o n  l i m i t s ,  wherever pos- 

s i b l e ,  a re ,  normal ized  t o  t h e  3s va lue  recommended by IUPAC153. These da ta ,  

however, have t o  be t r e a t e d  c a r e f u l l y ,  and w i t h  some r e s t r i c t i o n s  because i n  

p r a c t i c a l  ana lys i s  t h e  d e t e c t i o n  l i m i t s ,  due t o ,  f o r  example, m a t r i x  i n t e r f e r -  

ences and/or b lanks ,  may be h i g h e r  by an o r d e r  o f  magnitude o r  even more. The 

l a t t e r  reasons were discussed i n  d e t a i l  i n  Sec t i on  3.2.4. 

I n  Table 3.3 (see Sec t ion  3.3.8), a c o m p i l a t i o n  i s  g i ven  o f  t h e  c o s t s  o f  

i n s t r u m e n t a t i o n  and t h e  c o s t - b e n e f i t  r a t i o  f o r  va r ious  task-devoted a p p l i c a t i o n s  

3.3.1. Atomic spectroscopy 

3.3. I .  I. Principles 

The b a s i s  o f  a tomic  spectroscopy i s  t h e  genera t i on  o f  f r e e  atoms and subse- 

quent  r a d i a t i o n  abso rp t i on  o r  emiss ion  by d i s t i n c t  t r a n s i t i o n s  o f  va lency  

(pho to )e lec t rons  w i t h i n  t h e  outermost s h e l l  o f  t h e  atom. The s p e c i f i c  i d e n t i f i -  

c a t i o n  o f  elements i s  p o s s i b l e  by c h a r a c t e r i s t i c  l i n e s  a t t r i b u t e d  t o  t h e  atomic 

s t r u c t u r e  w i t h i n  a range f rom approx imate ly  200 t o  800 nm 

t o  absorb a t  t h e  same wavelength a t  wh ich  i t  emi t s  r a d i a t i o n  i s  used for  ana ly -  

s i s .  The t r a n s f o r m a t i o n  i n  t h e  a tomic  s t a t e  i s  performed by a p p l y i n g  thermal 

energy, then t h e  l i g h t  abso rp t i on  o f  t he  r a d i a t i o n  f rom an approp r ia te  l i g h t  

source i s  measured. The atoms i n v o l v e d  a re  predominant ly  g round-s ta te  atoms f rom 

149,154-158 

I n  a tomic-absorp t ion  spectroscopy (AAS), t h e  p r i n c i p l e  t h a t  an atom i s  a b l e  
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it; e l e c t r o n i c  con f igu ra t i on ,  t h e  number o f  which i s  p r o p o r t i o n a l  t o  t h e  t o t a l  

number of  atoms present .  As t h e  so -ca l l ed  resonance l i n e s ,  rep resen t ing  t h e  

energy a b s o r p t i o n  by ground-s ta te  e l e c t r o n s ,  a r e  much l e s s  f requen t  than t h e  

e m i t t e d  l i n e s ,  t h e  abso rp t i on  spectrum i s  s imp le r  than an emiss ion  spectrum. 

Because o f  r e l a t i v e l y  weak l i g h t  sources and t h e  necessary sequen t ia l  o r  

s imultaneous measurement and s u b t r a c t i o n  o f  t h e  t r a n s m i t t e d  and i n i t i a l  l i g h t  

i n t e n s i t y ,  t h e  dynamic range i s  l i m i t e d .  Th is  makes t h e  simultaneous determina- 

t i o n  o f  e lements o c c u r r i n g  a t  d i f f e r e n t  concen t ra t i on  l e v e l s  d i f f i c u l t  and hence 

AAS i s  more o r  l e s s  a s ing le -e lement  approach. 

I n  a tomic-emiss ion  spectroscopy ( A E S )  , t h e  sample i s  atomized by means o f  

a rcs ,  f lames o r  plasmas, and the  atoms generated a r e  e x c i t e d  t o  emission. A s  

va r ious  t r a n s i t i o n s  a r e  poss ib le ,  t h e  spec t ra ,  p a r t i c u l a r l y  those o f  heav ie r  

elements, c o n t a i n  numerous l i n e s ,  t h e  number o f  which a l s o  depends on t h e  tem- 

p e r a t u r e  app l i ed .  The r a d i a t i o n  p r a c t i c a l l y  depends o n l y  on the  number o f  atoms 

p resen t  i n  t h e  e x c i t i n g  system. The dynamic range o f  i n t e n s i t y  versus concentra- 

t i o n  i s  thus  h i g h  and makes AES an e x c e l l e n t  mu l t i - e lemen t  approach. 

f o r  AAS absorb c h a r a c t e r i s t i c  l i n e s  f rom a p p r o p r i a t e  sources, p roduc ing  e x c i t e d  

s t a t e s .  The decay o f  these e x c i t e d  atoms by e m i t t i n g  the  e x c i t a t i o n  energy 

( f luorescence r a d i a t i o n )  i s  n o t  o n l y  p r o p o r t i o n a l  t o  t h e  number o f  atoms p resen t  

b u t  a l s o  t o  the  i n t e n s i t y  o f  t h e  source. Thus, AFS can p r o v i d e  extended dynamic 

ranges comparable t o  those o f  emiss ion  spectroscopy combined w i t h  t h e  s i m p l i c i t y  

o f  a tomic -absorp t ion  spec t ra .  

I n  a tomic- f luorescence spectroscopy ( A F S ) ,  t h e  atoms generated as desc r ibed  

.<. 2 .1 .2 .  Atomic a b s o T t i o n  - i n s t i m e n t a t i o n  and percgrmonce 

The combina t ion  of AAS w i t h  f lame e x c i t a t i o n ,  f i r s t  proposed 1955, s t a r t e d  

a un ique expansion15’. Owing t o  i t s  s e n s i t i v i t y ,  s p e c i f i t y ,  element coverage, 

speed, p r e c i s i o n  and t h e  i n i t i a l l y  inexpens ive  i ns t rumen ta t i on ,  d e s p i t e  the  f a c t  

o f  be ing  a s ing le -e lement  method, f lame AAS q u i c k l y  dominated o t h e r  e s t a b l i s h e d  

a n a l y t i c a l  techniques, as i s  obv ious  by the  vas t  number o f  papers pub l i shed  and 

by t h e  adop t ion  o f  AAS i n  numerous l a b o r a t o r i e s .  I n  1970 more than lo4 AAS i n -  

s t ruments  were i n  use around t h e  w o r l d  160’161. The n e g l e c t  o f  t h e  paramount 

i n f l u e n c e  o f  non-atomic abso rp t i on ,  however, f o r  many yea rs  l e d  t o  some confu-  

s i o n  and d isappo in tment .  The commercial a v a i l a b i l i t y  o f  compensation methods 

by cont inuum l i g h t  sources cou ld  p a r t l y  improve t h i s  s i t u a t i o n  f o r  f lame AAS 

and subsequent ly a l s o  f o r  GFAAS. I n  1969, t h e  f i r s t  commerc ia l l y  a v a i l a b l e  graph- 

i t e  fu rnaces  were i n t roduced .  They promised, however, f o r  t h e  p r i c e  o f  a con- 

s i d e r a b l y  lower  sample th roughput  and a poore r  p r e c i s i o n ,  d e t e c t i o n  l i m i t s  

severa l  o rders  of  magnitude lower  than w i t h  f lame AAS. Thus, i n  p r i n c i p l e  a 

s imp le  d i s s o l u t i o n - d i l u t i o n  and subsequent i n j e c t i o n  i n t o  a g r a p h i t e  fu rnace 
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as w e l l  as s o l i d  sampl ing seemed w i t h i n  easy r e a l i z a t i o n .  However, as a r e s u l t  

o f  t h e  t remendously inc reased s e n s i t i v i t y  and t h e  use o f  g r a p h i t e  as t h e  b a s i s  

f o r  thermal e x c i t a t i o n ,  numerous problems arose, rang ing  f rom severe d e f i c i e n -  

c i e s  i n  n o n - s p e c i f i c  abso rp t i on  c o r r e c t i o n  ove r  gas-phase r e a c t i o n s  which fo rm 

s igna l - suppress ing  v o l a t i l e  molecules162 t o  complex r e a c t i o n s  o f  t h e  m a t r i x  and 

a l s o  t h e  elements t o  be determined w i t h  t h e  su r face  o f  t h e  g r a p h i t e  tube. The 

l a t t e r  a l s o  can be cons ide rab ly  a f f e c t e d  by random d i f f e r e n c e s  i n  p a r t i c u l a r  

tubes o r  batches o f  tubes changing the  r e s i s t a n c e  ( tempera ture) ,  t h e  use fu l  

a n a l y t i c a l  l i f e t i m e  and thus  a l s o  peak h e i g h t s  d r a s t i c a l l y  163 '164. Those e r r o r  

sources were n o t  comple te ly  understood e a r l i e r  and i n  numerous l a b o r a t o r i e s  

were n o t  even recognized165. I f  t h e  o p t i m i s t i c  f o r e c a s t s  o f  t h e  manufac turers  

a re  considered, t h i s  indeed c o n s t i t u t e d  a severe disappointment.  I n  t h e  meantime, 

however, owing t o  va luab le  c o n t r i b u t i o n s  from bo th  t h e  p r a c t i c a l  and t h e  theo- 

r e t i c a l  v iewpo in ts ,  a b e t t e r  i n s i g h t  i n t o  p h y s i c a l  and physico-chemical  mecha- 

nisms o f  i n t e r f e r e n c e  e f f e c t s  and accuracy d e f i c i e n c i e s  have been achieved, and 

new concepts f o r  a b e t t e r  performance have been eva lua ted .  

From these understandings, some ins t rumen ta l  p rogress  cou ld  be achieved. The 

p resen t  s t a t e  o f  t h e  a r t  i n  AAS w i l l  t h e r e f o r e  be c r i t i c a l l y  discussed, t a k i n g  

i n t o  account seve ra l  improvements and new concepts ma in l y  f o r  commerc ia l l y  

a v a i  1 a b l e  systems. 

The scheme o f  a tomic -absorp t ion  systems i n  p r i n c i p l e  i s  s t i l l  ve ry  s i m i l a r  

t o  t h a t  known f o r  many years .  An AAS dev i ce  c o n s i s t s  o f  a r a d i a t i o n  source, an 

a tomizer ,  a wavelength i s o l a t o r  (monochromator), a r a d i a t i o n  d e t e c t o r  (photo-  

m u l t i p l i e r )  and a readout  system. Desp i te  t h e  f a c t  t h a t  t h i s  has n o t  changed 

fundamenta l l y  w i t h i n  t h e  l a s t  decade, p a r t i c u l a r l y  w i t h i n  the  l a s t  4-5 yea rs ,  

s i g n i f i c a n t  p rogress  has been made i n  t h e  d e t a i l s  and components. 

mized by t h e  use of modulated l i g h t  sources, t h a t  i s ,  t he  s o - c a l l e d  a.c.  tech-  

n iques .  Th is  was f o l l o w e d  by t h e  i n t r o d u c t i o n  o f  more power fu l  l i g h t  sources, 

such as h i g h - i n t e n s i t y  and e l e c t r o d e l e s s  d ischarge lamps (EDLs), t o  improve 

s i g n a l - t o - n o i s e  r a t i o s  and p r o v i d e  a b e t t e r  d e t e c t i o n  l i m i t .  Also,  background 

c o r r e c t i o n  systems work ing  w i t h  cont inuum lamps were improved, e i t h e r  by modi- 

f i c a t i o n s  t o  t h e  o p t i c a l  system w i t h  respec t  t o  lamp p o s i t i o n ,  lenses  and m i r r o r s  

o r  by t h e  use of  a two-source system. The l a t t e r  c o n s i s t s  o f  a UV (deu te r ium 

lamp) and a v i s i b l e  ( tungs ten  h a l i d e  lamp) source f o r  wavelenths up t o  400 and 

f rom about 400 t o  about 700 nm, r e s p e c t i v e l y ,  a l s o  w i t h  cons ide rab ly  inc reased 
149 l i g h t  o u t p u t  . 

Dur ing  compensation opera t i on ,  t h e  s i g n a l  o f  t h e  cont inuum source o n l y  co r -  

responding t o  non -spec i f i c  abso rp t i on  b u t  i n  a d i s t i n c t  " s p e c t r a l  window" 

i s  e l e c t r o n i c a l l y  sub t rac ted  f rom t h e  ve ry  sharp s i g n a l  o f  t he  l i n e  source. The 

165-171 

R e l a t i v e l y  e a r l y ,  emiss ion  i n t e r f e r e n c e s  f rom a tomiza t i on  dev ices  were m i n i -  

149 
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l a t t e r ,  o f  course, i nc ludes  bo th  s p e c i f i c  and n o n - s p e c i f i c  absorp t ion .  Th is  

system, used f o r  yea rs  and s t i l l  p redominant ly  app l i ed ,  however, has s e r i o u s  

l i m i t a t i o n s .  Even under op t ima l  c o n d i t i o n s ,  w i t h  t h e  h i g h e s t  p o s s i b l e  i n t e n s i t y  

f o r  t h e  cont inuum sources and p e r f e c t  o p t i c a l  and e l e c t r o n i c  matching o f  t h e  

l i g h t  beams o f  t h e  l i n e  and cont inuum source, t h i s  c o r r e c t i o n  system can o n l y  

r e l i a b l y  c o r r e c t  s t a t i c  ( i . e . ,  f lame)  s i g n a l s  up  t o  an absorbance o f  about  1.0.  

The compensation a b i l i t y  f o r  dynamic s i g n a l s  (cup, c o l d  vapour-hydr ide tech-  

niques, g r a p h i t e  fu rnaces )  i s  always much poorer .  I f  the  background, however, 

i s  s t r u c t u r e d ,  a sys temat i c  e r r o r  i n  p r i n c i p l e  cannot be avoided, owing t o  t h e  

d i f f e r e n t  p r i n c i p l e s  o f  t h e  re fe rence  and resonance beams. I n  a n a l y t i c a l  r o u t i n e ,  

however, owing t o  a sometimes l e s s  than op t ima l  r a d i a t i o n  o f  t h e  lamps and a 

mismatch o f  t he  re fe rence  and l i n e  source s i g n a l s  o p t i c a l l y  and e l e c t r o n i c a l l y ,  

op t ima l  c o n d i t i o n s  a r e  seldom a t t a i n a b l e .  Th is  i s  o f  p a r t i c u l a r  importance i f  

t h e  system i s  opera ted  c l o s e  t o  t h e  de te rm ina t ion  o r  d e t e c t i o n  l i m i t .  Thus, t h e  

performance o f  an AAS i ns t rumen t  o f  t h i s  des ign  must be  checked f r e q u e n t l y  t o  

avo id  se r ious  sys temat ic  e r r o r s  f rom t h i s  source. Th is  can e a s i l y  be achieved 

i f  t h e r e  i s  a non-resonant l i n e  o f  t h e  element t o  be determined c l o s e  t o  t h e  

a n a l y t i c a l  l i n e .  A p p l i c a t i o n  o f  continuum compensation a t  t h a t  l i n e  shou ld  

r e s u l t  i n  aporoaching zero  l e v e l  i f  conyensat ion  i s  o p e r a t i n g  c o r r e c t l y .  

The commercial i n t r o d u c t i o n  o f  t h e  Zeeman ef fect-compensated ins t ruments  was 

a s i g n i f i c a n t  improvement i n  background compensation. The Zeeman e f f e c t  i s  t h e  

s p l i t t i n g  o f  s p e c t r a l  l i n e s  o f  an atom i n t o  t h r e e  ( o r  more) components under 

the  i n f l u e n c e  o f  a magnet ic f i e l d .  I f  s p l i t t i n g  i s  a p p l i e d  t o  AAS resonance 

l i n e s ,  bo th  measurement and c o r r e c t i o n  a re  poss ib le ,  a p p l y i n g  the  d i f f e r e n t  

p r o p e r t i e s  o f  t he  s h i f t e d  l i n e s  o f  a s i n g l e  l i g h t  source 172-175. Th is  makes 

p o s s i b l e  ve ry  e f f i c i e n t  compensation f o r  n o n - s p e c i f i c  adso rp t i on  a t  t h e  same 

wavelength o r  very  c lose  t o  i t  w i t h o u t  t h e  need f o r  t h e  d i f f i c u l t  beam matching, 

which always i s  prone t o  e r r o r s  as was ment ioned above. 

i ns t rumen ta l  designs, t h a t  i s ,  s h i f t i n g  of t h e  source and s h i f t i n g  o f  t h e  ana ly te .  

The l a t t e r  i s  a l s o  c a l l e d  t h e  i n v e r s e  Zeeman e f fec t174 .  Both o f  these p r i n c i p l e s  

a r e  now used i n  commercial i ns t rumen ts .  

Source s h i f t i n g  i s  s i m i l a r  t o  t h e  a p p l i c a t i o n  o f  a non-resonant l i n e  o f  the  
149,155 in 

same element f o r  compensation, as a p p l i e d  i n  some o l d e r  i ns t rumen ts  

t h a t  i t  generates a p a i r  o f  non-resonant l i n e s  c lose  t o  t h e  resonance l i n e  . 
Source s h i f t i n g  has t h e  advantage of  p r o v i d i n g  more f l e x i b i l i t y  f o r  t h e  des ign  

o f  a tomiza t i on  dev ices .  Th is  was used t o  i n t r o d u c e  an i ns t rumen t  wi th a g r a p h i t e  
177-179 furnace p a r t i c u l a r l y  devoted t o  s o l i d  sampl ing by t h e  manufac turer  Gruen 

Problems may a r i s e ,  however, w i t h  t h e  spec ia l  l i g h t  sources needed, which seem 

t o  r e q u i r e  some a d d i t i o n a l  development. 

Two d i f f e r e n t  designs, each i n  va r ious  m o d i f i c a t i o n s ,  may be a p p l i e d  i n  

i 76  
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Ana ly te  s h i f t i n g  u t i l i z e s  t h e  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  o f  t he  a n a l y t e  

resonance l i n e  t o  pe r fo rm background c o r r e c t i o n  and thus  can u t i l i z e  a l l  com- 
m e r c i a l l y  a v a i l a b l e  l i g h t  sources. Two ins t rumen ta l  concepts, one o f  them o f f e r e d  

by H i t a c h i  as an improvement o f  t h e  f i r s t  s u c c e s s f u l l y  a p p l i e d  device"', a l s o  

i n c l u d i n g  f lame Zeeman compensation, use a n a l y t e  s h i f t i n g .  The H i t a c h i  system 

p laces  the  sample i n  a cons tan t  (a.c.) magnet ic f i e l d .  By a l t e r n a t e l y  p o l a r i z i n g  

t h e  i n c i d e n t  l i g h t  p a r a l l e l  and pe rpend icu la r  t o  t h e  magnet ic f i e l d ,  one sees 

f i r s t  background abso rp t i on  and then background and sample abso rp t i on .  Thus, 

t h e  dev i ce  i s  a t r u e  double-beam spectrometer w i t h  bo th  beams t r a v e l i n g  t h e  same 

pa th  l e n g t h  a t  t h e  same wavelength. The e a r l i e r  i n t roduced  system was shown t o  

compensate e f f e c t i v e l y  non -spec i f i c  abso rp t i on  up t o  about 1.7 absorbance u n i t s  

i n  t h e  a n a l y s i s  o f  Pb and Cd i n  b i o l o g i c a l  m a t e r i a l s  (e.g., r e f s .  181-184). 

Another system, very  r e c e n t l y  i n t roduced  by Perkin-Elmer,  i s  i n t e g r a t e d  i n t o  an 

a l ready  e x i s t i n g ,  f u l l y  computer ized dev i ce  (PE 5000). It a p p l i e s  a modulated 

(d .c . )  magnet ic f i e l d .  I n  opera t i on ,  one sees f i r s t ,  i f  t h e  magnet ic f i e l d  i s  

on, background abso rp t i on  and, i f  t h e  f i e l d  i s  o f f ,  background and sample ab- 

s o r p t i o n .  The o p e r a t i o n  mode, as i n  t h e  o t h e r  sou rce -sh i f t ed  design, i s  a t r u e  

double-beam mode w i t h  compensating a b i l i t i e s  c la imed t o  be around 2.0 absorbance 

u n i t s .  The appearance o f  a nega t i ve  s lope  o f  t h e  c a l i b r a t i o n  graph a t  i n c r e a s i n g  

a n a l y t e  concen t ra t i ons ,  however, as known f rom a.c. magnet ic f i e l d  systems as 

a r e a l  d isadvantage o f  Zeeman AAS, was l e s s  pronounced i n  t h e  d.c. mode 

Doubt less,  t h e  wide a v a i l a b i l i t y  o f  Zeeman AAS, w i t h  a t  p resen t  t h r e e  com- 

185,186 

p e t i n g  designs, w i l l  h e l p  t o  min imize  most o f  t h e  h i t h e r t o  observed i n t e r f e r e n c e s  

due t o  mo lecu la r  abso rp t i on .  Th is ,  however, i s  v a l i d  o n l y  i f  t h e  background 

does n o t  a l s o  possess Zeeman s p l i t i n g  p o t e n t i a l .  I n  t h a t  case, comparison w i t h  

cont inuum source compensation o r  a p h y s i c a l l y  d i f f e r e n t  approach i s  r e q u i r e d  i n  

o r d e r  t o  avo id  erroneous data.  

Some progress  cou ld  a l s o  be achieved w i t h  a tomiza t i on  dev ices .  Desp i te  t h e  

e x t r a o r d i n a r y  growth o f  e lec t ro the rma l  methods, p a r t i c u l a r l y  t r u e  f o r  t h e  ana l -  

y s i s  o f  b i o l o g i c a l  m a t e r i a l s ,  f lame AAS i s  s t i l l  used i n  numerous l a b o r a t o r i e s  

i f  h i g h e r  concen t ra t i ons  have t o  be analysed. Flame AAS i s  a l s o  s u p e r i o r  t o  

e l e c t r o t h e r m a l  techniques, u s u a l l y  w i t h o u t  r e q u i r i n g  expensive accessor ies ,  i f  

p r e c i s i o n ,  sample th roughput  and m a t r i x  i n t e r f e r e n c e s  a r e  considered. I n  com- 

p a r i s o n  w i t h  t h e  g r a p h i t e  fu rnace,  w i t h  a t y p i c a l  day- to-day reproduc i  b i  1 i t y  

o f  ca. 5% ( a t  Al.05 absorbance), t h e  f lame a t t a i n s  a t y i c a l  day-to-day rep ro -  

d u c i b i l i t y  o f  <2%. The d u r a t i o n  o f  a s i n g l e  measurement w i t h  a f lame on average 

i s  10 sec ( w i t h  i n t e g r a t i o n ) ,  whereas e l e c t r o t h e r m a l  methods on average r e q u i r e  

about 100 sec 149s187. Th is  g r e a t l y  i n f l uences  t h e  a n a l y t i c a l  c a p a c i t y  and a l s o  

c o s t / b e n e f i t  r a t i o s ,  and shou ld  be c a r e f u l l y  cons idered i f  a d e c i s i o n  about the  

r o u t i n e  a p p l i c a t i o n  o f  a p a r t i c u l a r  method has t o  be made. 
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There a r e  a l s o  techniques f o r  enhancing f lame s e n s i t i v i t y .  They c o n s i s t  i n  

t h e  improvement o f  bu rne r  des ign  148s149y155 

s o l v e n t s  a f t e r  c h e l a t i o n - s o l v e n t  extractioni49y156s188 and t h e  boat  o r  cup tech-  

n ique .  The l a s t  approach uses a boa t  o r  cup made f rom tan ta lum o r  n i c k e l ,  wh ich  

con ta ins  the  d r i e d  res idue  of  a known amount o f  a l i q u i d  sample. I t  i s  i n s e r t e d  

i n t o  t h e  f lame f o r  t h e  de te rm ina t ion  o f  e a s i l y  a tomizab le  elements such as Ag, 

Pb and Cd 149’156y189. This  inexpens ive  and r a p i d  techn ique can compete success- 

f u l l y  t o  some e x t e n t  w i t h  GFAAS, a t  l e a s t  f o r  Pb and Cd de te rm ina t ions  i n  body 

f l u i d s ,  as descr ibed i n  the  chapters  on Pb and Cd. Techniques o f  t h i s  k i n d  may 

have an even more extended rena issance i f  a p p l i e d  w i t h  the  Zeeman-compensated 

f lame.  

i n p u t  i n t o  t h e  f lame i n  o rgan ic  

As manual f lame o p e r a t i o n  i s  cumbersome, mechanized o r  even automated sample 

changers were a p p l i e d  r e l a t i v e l y  e a r l y .  More r e c e n t l y  t he  automated i n j e c t i o n  

of up  t o  100-cl  a l i q u o t s  f rom mul t i -sample  t u r n t a b l e s  has prov ided a ve ry  eco- 

nomical  use o f  a n a l y t e  s o l u t i o n s  f o r  t h e  sequen t ia l  a n a l y s i s  o f  seve ra l  e l e -  

ments’”. Sampling t a b l e s  have a l s o  been comnerc ia l l y  i n t roduced  f o r  p rocess ing ,  

e.g. ,  50191 o r  95 samples192, i n  a f u l l y  automated mode. Th is  p rov ided an ex- 

t reme ly  r a p i d  sample th roughput  i n  t h e  sequen t ia l  mode by  h i g h l y  s o p h i s t i c a t e d  

i ns t rumen ta t i on .  

A l so  i n  f lame o p e r a t i o n  w i t h  d i f f e r e n t  systems t h e  op t ima l  ad jus tment  i s  

impor tan t  f o r  r e l i a b l e  de terminat ions ,  as was r e c e n t l y  descr ibed i n  some d e t a i l  

The genera t i on  o f  e lemental  Hg o r  hyd r ides  o f  As, Se, Sn, B i ,  Sb, Te, e t c . ,  

and t h e  i n t r o d u c t i o n  o f  gaseous compounds a t  ambient o r  s l i g h t l y  e leva ted  tem- 

pe ra tu res  f o r  Hg o r  a t  temperatures around 1173’K (90OOC) i n t o  the  f lame o r  

e l e c t r o t h e r m a l l y  heated dev ices  has been known f o r  years .  For  Hg, p re-concent ra -  
149,155 t i o n  techn iques  based on t h e  amalgamation o f  nob le  me ta l s  a r e  a l s o  common 

Several  commercial systems a re  a v a i l a b l e  t h a t  can be opera ted  i n  a semi-automated 

mode as an accessory t o  most AAS ins t ruments  

193 . 

149.194 

I t  shou ld  be mentioned, however, t h a t  these techniques, f r e q u e n t l y  c la imed 

t o  be i n t e r f e r e n c e - f r e e ,  can produce se r ious  e r r o r s  i f  used w i t h o u t  p a r t i c u l a r  

exper ience.  These e r r o r  sources can be e l i m i n a t e d  o n l y  by t h e  a p p l i c a t i o n  o f  

procedures t h a t  have been eva lua ted  very  c a r e f u l l y  w i t h  t h e  a i d  o f  independent 

methods, as has been demonstrated f o r  Se 

As a l r e a d y  discussed, g r a p h i t e  fu rnace  techn iques  s u f f e r  f rom se r ious  i n h e r -  

e n t  l i m i t a t i o n s  owing t o  the  b a s i c  concept o f  tube a tomiza t i on  and t h e  p r o p e r t i e s  

o f  t h e  p a r t i c u l a r  g r a p h i t e  used. Some progress cou ld  be achieved f rom the  work 

o f  numerous exper t s  f o r  commercial systems. 

duced a remarkable i nc rease  i n  p r e c i s i o n  compared w i t h  manual sample i n t r o d u c -  

195,196 

Automated sample i n j e c t i o n ,  now o f f e r e d  f o r  n e a r l y  a l l  GFAAS systems, i n t r o -  



118 

t i o n .  Thus, a s i g n i f i c a n t  r e d u c t i o n  o f  manpower i n  GFAAS cou ld  be ob ta ined.  I n  
p r i n c i p l e ,  round- the-c lock  o p e r a t i o n  has now become p o s s i b l e  58,100,163 

Problems due t o  ca rb ide - fo rm ing  meta ls  o r  those w i t h  h i g h  b o i l i n g  p o i n t s  can 

be min imized by impregnat ion  o f  g r a p h i t e  tubes w i t h  compounds o f  Ta and W o r  a 

a l s o  a p p l i e d  t o  c o m r c i a l l y  a v a i l a b l e  g r a p h i t e  tubes and enhances t h e  a n a l y t i -  

c a l l y  u s e f u l  l i f e t i m e  o f  tubes and a l s o  the  d e t e c t i o n  power f o r  elements such 

as A l ,  Ba, Co, Cr. Mn and N i .  A d isadvantage, however, i s  t h a t  owing t o  an a t t a c k  

o f  t h e  r a t h e r  t h i n  coat ing ,  a s i g n i f i c a n t  decrease i n  s i g n a l  h e i g h t  can some- 

t imes occur  lg7*lg8. This  may a l s o  generate sys temat ic  e r r o r s  i f  t h e  behav iour  o f  

t h e  tubes i s  n o t  c o n t r o l l e d .  

su r face  c o a t i n g  w i t h  p y r o l y t i c  carbon 58,149,1669170,137. Th is  techn ique is now 

L ' v o v l 7 l  proposed t h e  i n s e r t i o n  i n t o  t h e  g r a p h i t e  tube  f o r  t h e  i n j e c t e d  

sample a smal l  p la t fo rm,  p r e f e r a b l y  made f rom a h i g h l y  r e s i s t e n t  m a t e r i a l  such 

as p y r o l y t i c  carbon. Th is  i s  c la imed t o  r e s u l t  i n  a more un i fo rm thermal e n v i -  

ronment and thus  i n  more p r e d i c t a b l e  r e s u l t s .  Th is  cou ld  i n  p r i n c i p l e  be con- 

f i r m e d  i n  p r a c t i c a l  a p p l i c a t i o n s ,  p a r t i c u l a r l y  f o r  s o l i d  samples. Th is  approach 

has a l s o  been commercial ized 179,199,200-203 

Desp i te  t h e  f a c t  t h a t  t h i s  i s  a very  r e c e n t l y  i n t roduced  techn ique,  f rom the  

s t i l l  ve ry  l i m i t e d  exper ience i t  appears t h a t  p l a t f o r m  a p p l i c a t i o n s  toge the r  

w i t h  an improved background compensation, t h e  use o f  a p p r o p r i a t e  m a t r i x  rnod i f i ca-  

t i o n  where necessary and peak-area r a t h e r  than peak-he igh t  e v a l u a t i o n  promise 

ga ins  i n  accuracy and p r e c i s i o n .  

Moreover, remarkable t e c h n i c a l  and e l e c t r o n i c  improvements i n  commercial 

a tomizers  have been achieved. They c o n s i s t ,  f o r  example, o f  independent ly  con- 

t r o l l a b l e  i n t e r n a l  and e x t e r n a l  gas f l ows ,  temperature programming and r a p i d  

h e a t i n g  w i t h i n  the  concept o f  f u l l y  computer ized opera t i on ,  f o r  wavelength,  

lamp and o p t i c s  ad jus tment  204,205. Attempts have a l s o  been made t o  e f f e c t  tem- 

p e r a t u r e  c o n t r o l  e i t h e r  i n  t h e  a tomiza t i on  stage206 o r  over  t h e  whole temperature 

rangezo7. Systems o f  t h a t  k ind ,  however, a r e  s t i l l  f a r  f rom op t ima l  because they  

p e r m i t  o n l y  r e l a t i v e  p r o g r a m i n g  w i t h o u t  p r o v i d i n g  abso lu te  temperature i n d i c a -  

t i o n  and c o n t r o l .  

F i n a l l y ,  i t  shou ld  be mentioned t h a t  w i t h i n  t h e  l a s t  few years  s i g n i f i c a n t  

improvements i n  a l l  modes o f  AAS have be 

s k i l l e d  a n a l y s t  t o  r e l y  more on AAS resu  

impr0v.ement.s pushed t h e  p r i c e s  o f  bas i c  

t h e  l e v e l  o f  o t h e r  spec t roscop ic  systems 

element a n a l y s i s  (see Table 3 .3 ) .  

achieved. Th is  w i l l  now enab le  t h e  

t s  than i n  the  pas t .  Regre t tab l y ,  these 

nstruments and accessor ies  n e a r l y  t o  

which can p r o v i d e  simultaneous m u l t i -  
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3.3 .1 .3 .  Atomic emission - instrwnentat ion and performace 

An instrumental system f o r  emission spectroscopy cons is t s  in  pr inc ip le  of (1) 

the  atomization-excitation p a r t ,  ( 2 )  a spectrometer, where the emitted rad ia t ion  
i s  separated in to  a l i n e  spectrum, and ( 3 )  appropriate  means f o r  recording and 
sometimes a l s o  evaluation of the usually very complex spectra  14,22,23 

h i g h  instrumental c o s t s ,  provide r e l a t i v e l y  poor accuracy and precis ion.  For 
decades, together  with color imetr ic  methods, they played an important ro le  in  
t race  ana lys i s ,  because a t  t h a t  time t h i s  type of AES was the only ava i lab le  
multi-element technique. The appearance of NAA, AAS a n d ,  f o r  higher concentra- 
t i o n s ,  radiat ion counting in  XRF l a t e r  precluded a fur ther  s i g n i f i c a n t  growth 
of c lass ica l  AES, desp i te  some obvious improvements in  flame emission spectro- 
scopy as  well as  i n  opt ics  and e lec t ronics .  

The introduct ion of novel approaches in  commercially ava i lab le  systems, how- 
ever ,  has changed t h i s  s i t u a t i o n  d r a s t i c a l l y  within the l a s t  decade. The use of 
plasma sources f o r  atomization-excitation [the most f requent ly  applied a t  pre- 
sen t  i s  the induct ively coupled plasma (ICP) source; s ign i f icant ly  improved 
detect ion l i m i t s ,  accuracy and precis ion.  The detect ion l imi t s  f o r  about 40 
elements could be decreased t o  a few nanograms per m i l l i l i t r e  or  even less  
208-211 ( see  a l s o  Table 3 .2) .  

with e i t h e r  a conventional dispers ion u n i t  o r  echel le  gra t ings ,  there  a r e  now 
a number of d i f f e r e n t  systems commercially ava i lab le .  These systems o f f e r  a 
wide var ie ty  of designs, ranging from simple instruments permitting only sequen- 
t i a l  operation t o  highly sophis t icated devices f o r  the simultaneous mu1 ti-element 
determination of up t o  40 elements with background subt rac t ion .  These novel 
approaches have doubtless s i g n i f i c a n t l y  increased the importance of advanced 
AES i n  recent  years f o r  t race  element ana lys i s .  There a r e  now numerous ins t ru-  
ments, predominantly in  the sequential mode, in  operation i n  a l l  kinds of 
research and rout ine labora tor ies .  The cos ts  of the current ly  ava i lab le  ins t ru-  
mentation range from about t h a t  of highly sophis t icated AAS systems t o  a high 
level f o r  f u l l y  computerized AES systems capable of performing simultaneous 
m u 1  ti-element determinations with background correct ion ( see  Table 3 .3) .  

As plasma sources provide temperatures above 5000°K in  cont ras t  t o ,  e . g . ,  a l l  
modes of AAS, t h i s  wil l  render possible  a s i g n i f i c a n t  decrease or  even elirnina- 
t i o n  of matrix in te r fe rences .  Moreover, owing t o  i t s  multi-element potent ia l  and 
superior  detect ion power f o r  various elements and an equal o r  only s l i g h t l y  
i n f e r i o r  precis ion,  plasma AES a t  present competes s t rongly with flame AAS. This 
leads t o  nearly complete super ior i ty  f o r  ICP-AES i f  multi-element determinations 
a r e  required, as i s  a l so  of ten the case i n  the analysis  of biological materi- 

Classical  AES methods with d.c. a r c  o r  a .c .  spark f o r  so l id  samples, desp i te  

1413,157, 

Owing t o  promising accessories  such as e l e c t r o n i c  emission detectors  coupled 
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a1 s 210-212. I t has been shown t h a t  s i m i l a r l y  t o  t h e  i n j e c t i o n  techn ique desc r ibed  

f o r  f lame AAS (see Sec t ion  3.3.1.2), smal l -volume samples can a l s o  be  used f o r  
ICp-AES2I3 ,214. 

Desp i te  numerous obv ious l y  ve ry  p romis ing  p r o p e r t i e s  o f  plasma AES, i t  appears 

t h a t  compared w i t h  t h e  a l ready  advanced high-performance AAS-flame systems now 

a v a i l a b l e ,  some improvement i n  performance and components i s  s t i l l  necessary.  

That,  however, seems t o  be  ach ievab le  i n  t h e  near f u t u r e  . 211 

From t h e  p resen t  s t a t e  o f  t h e  a r t  and/or t h e  p r i n c i p l e s  o f  t h i s  approach, 

t h e  f o l l o w i n g  disadvantages o r  l i m i t a t i o n s  a r e  obv ious :  t he  occur rence of  spec- 

t r a l  i n t e r f e r e n c e s  and p r e c i s i o n  and s i g n a l  d r i f t  d e f i c i e n c i e s  due t o  a i r  con- 

d i t i o n i n g  o r  c o o l i n g  problems, t h e  i n f l u e n c e  o f  a n a l y t e  s o l u t i o n s  ( d e n s i t y ) ,  

t ype  o f  plasma used can g r e a t l y  i n f l u e n c e  t h e  o r d e r  o f  magnitude o f  p a r t i c u l a r  

i n t e r f e r e n c e s  encountered. I o n i z a t i o n  suppress ion  may occur  i n  the  presence o f  

sodium2''. Thus, a l s o  i n  ICP-AES t h e  i n t r o d u c t i o n  o f  o rgan ic  e x t r a c t s  o f  t r a c e  

meta ls  may be u s e f u l  approach t o  improve p r e c i s i o n  and accuracy 

Not y e t  c o m e r c i a l l y  i n t roduced ,  b u t  s imp le  and p a r t i c u l a r l y  p romis ing  f o r  

those elements which a r e  l e s s  s e n s i t i v e  i n  AAS, i s  t he  use o f  carbon furnaces 

as e x c i t a t i o n  source f o r  AES. T h i s  may p r o v i d e  i n  t h e  f u t u r e  r o u t i n e  sequen t ia l  

o r  o l i go -e lemen t  de te rm ina t ions  u s i n g  systems based ma in l y  on commerc ia l l y  a v a i l -  

a b l e  a tomic-absorp t ion  components o f  moderate cos t ,  as r e c e n t l y  proposed and 

i n t r o d u c t i o n  o f  t h e  sample as a s l u r r y  i n t o  t h e  n e b u l i s e r  211,215-217. A l s o ,  t h e  

218 . 

demonstrated by seve ra l  workers 219-222 

3 . 3 . 1 . 4 .  Atomic fluorescence - instrumentation and performance 

Owing t o  t h e  s imp le  f l uo rescence  spectrum, a se tup  u s e f u l  f o r  a to rn ic - f luo-  

rescence spectroscopy (AFS) c o n s i s t s  o f  an a p p r o p r i a t e  source, an a tomiza t i on  
dev ice ,  a monochromator and t h e  d e t e c t i o n  system 23 '155 '158. Compared w i t h  AAS 

t h e r e  a r e  some advantages. I n  AAS, f o r  example, t h e  r a d i a t i o n  source has t o  be 

p laced  on t h e  o p t i c a l  a x i s ,  whereas i n  AFS t h e  source i s  u s u a l l y  p laced a t  r i g h t -  

angles t o  t h e  o p t i c a l  a x i s ,  Thus, d i r e c t  source  i n f l uences .  f o r  i ns tance  f rom 

o t h e r  wavelengths, ve ry  o f t e n  a l i m i t i n g  f a c t o r  i n  AAS. a r e  a lmost  n e g l i g i b l e  

i n  AFS. Moreover, t he  s e n s i t i v i t y  a t t a i n a b l e ,  i f  lower  concen t ra t i ons  a re  con- 

s ide red ,  depends o n l y  on t h e  i n t e n s i t y  o f  t h e  l i g h t  source. 

An advantage d e r i v i n g  f rom t h e  p r i n c i p l e  o f  AFS i s  t h a t  i t  p rov ides  broader 

dynamic ranges, which,  t oge the r  w i t h  more power fu l  l i g h t  sources, e.g., l a s e r s  

for  s e n s i t i v i t y  enhancementzz3, shou ld  make p o s s i b l e  mu l t i - e lemen t  o r  a t  l e a s t  

o l i go -e lemen t  ana lys i s .  F o r  some elements AFS f u r t h e r  has s u p e r i o r  d e t e c t i o n  

l i m i t s  t o  AAS 
23,158 
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Desp i te  these promis ing  p r o p e r t i e s  and seve ra l  success fu l  a p p l i c a t i o n s ,  e.g. ,  

Cd de te rm ina t ions  i n  body f l u i d s ,  which a l s o  demonstrated t h e  p o s s i b i l i t y  o f  a 

r e l i a b l e  background compensation222, w ide r  r o u t i n e  a p p l i c a t i o n  has n o t  y e t  oc- 

cur red .  

I t  appears t h a t  t he  s u b s t a n t i a l  growth o f  plasma AES techniques i n  t h e  l a s t  

decade and t h e  cons ide rab le  r e c e n t  p rogress  i n  AAS i n s t r u m e n t a t i o n  (see Sect ions  

3.3.1.2 and 3.3.1.3) have prevented  t h e  development and commercial i n t r o d u c t i o n  
o f  AFS ins t ruments .  From p resen t  p rogress  based on impor tan t  pas t  developments, 

however, t h e r e  i s  s t i l l  a d i s t i n c t  hope t h a t  these ins t ruments  w i l l  be a v a i l a b l e  

i n  t h e  near f u t u r e ,  p o s s i b l y  a l s o  us ing  the  advantage o f  Zeeman e f fec t -based  
158 background c o r r e c t i o n  . 

3.3.2.  VoZtammetry 

3 . 3 . 2 . 1 .  Principles 

Many i n o r g a n i c  and o rgan ic  compounds can be reduced by up take  o f  e l e c t r o n s  

o r  o x i d i z e d  by re lease  o f  e l e c t r o n s  a t  an i n e r t  t e s t  e l e c t r o d e  i f  a p o t e n t i a l  

c h a r a c t e r i s t i c  o f  a p a r t i c u l a r  compound i s  ad jus ted .  Such an e l e c t r o d e  process, 

p roceed ing  i n  e i t h e r  a ca thod ic  o r  an anodic d i r e c t i o n ,  can be f o l l o w e d  by 

reco rd ing  i t s  c u r r e n t - p o t e n t i a l  curve. The e l e c t r o d e  p o t e n t i a l  i s  t h e  ad jus ted  

parameter and t h e  c u r r e n t  t h e  measured s i g n a l .  The complete o r  p a r t i a l  reco rd ing  

of  t h i s  c u r r e n t - p o t e n t i a l  curve, o r  i t s  f i r s t  o r  second d e r i v a t i v e ,  c o n s t i t u t e s  

t h e  p r i n c i p l e  o f  po la rog raph ic  and v o l  tammetr ic a n a l y t i c a l  methods 

The most p romis ing  p r o p e r t i e s  o f  t h i s  a n a l y t i c a l  approach become obvious i f  

t h e  l a r g e  charge t r a n s f e r r e d  pe r  mole of any po la rog raph ic  a c t i v e  compound i s  

considered. Th is  charge i s  t h e  number o f  e l e c t r o n s  taken up o r  re leased  by t h e  

spec ies  undergoing the  e l e c t r o d e  r e a c t i o n  m u l t i p l i e d  by 96,500 C (Faraday con- 

s t a n t ) .  As t h e  f a r a d a i c  c u r r e n t  i t s  p r o p o r t i o n a l  t o  t h e  concen t ra t i on  o f  t he  

chemical species o f  i n t e r e s t  i n  s o l u t i o n ,  vo l tammet r ic  methods o f f e r  e x c e l l e n t  

p o t e n t i a l  f o r  t h e  t r a c e  and u l t r a t r a c e  a n a l y s i s  o f  numerous heavy meta ls  and 

m e t a l l o i d s  t h a t  a r e  e a s i l y  access ib le  t o  such e l e c t r o d e  reac t i ons .  

A p p l i c a t i o n s  o f  vol tammetry a r e  based ma in l y  on mercury e lec t rodes ,  b u t  

work ing  e lec t rodes  made from o t h e r  m a t e r i a l s ,  f o r  example va r ious  forms o f  

g r a p h i t e ,  carbon pas te ,  g lassy  carbon and go ld ,  a r e  a l s o  comnon. 

I f  t h e  t e s t  e l e c t r o d e  i s  a d ropp ing  mercury e l e c t r o d e  (DME) w i t h  a t y p i c a l  

drop t ime o f  a few seconds, t h e  method i s  termed po la rography .  Techniques ap- 

p l y i n g  s t a t i o n a r y  t e s t  e lec t rodes  a re  termed vo l  tamnetry.  

80,224-229 
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3.3.2.2. Instrumentation and perfomance 

I n  c l a s s i c a l  d.c. polarography, t he  s e n s i t i v i t y  is l i m i t e d ,  w i t h  t y p i c a l  de- 

t e r m i n a t i o n  l i m i t s  around 5 x M. Methodo log ica l  improvements, f o r  example 

t h e  i n t r o d u c t i o n  o f  pu l se  and d i f f e r e n t i a l  pu l se  po la rography  and v o l t a m  
met ry  228-230, and the  use o f  s t r i p p i n g  techn iques  150,229,231-233, provided 

s i g n i f i c a n t  improvements i n  t h e  de te rm ina t ion  l i m i t s  f o r  many heavy meta ls .  I n  

pu l se  and d i f f e r e n t i a l  pu l se  vo l tamne t ry  o r  po la rography  the  p o t e n t i a l  is ap- 

p l i e d  i n  the  fo rm o f  a t r a i n  o f  r e c t a n g u l a r  pu lses .  These techniques can a t t a i n  

t y p i c a l  de te rm ina t ion  l i m i t s  a t  t he  M l e v e l  whether t h e  e l e c t r o d e  r e a c t i o n  

i s  r e v e r s i b l e  o r  i r r e v e r s i b l e .  

A f u r t h e r  i nc rease  i n  s e n s i t i v i t y  can be ob ta ined  by e lec t rochemica l  p re-  

c o n c e n t r a t i o n  o f  meta ls  performed by a ca thod ic  d e p o s i t i o n  f o l l o w e d  by anodic 

s t r i p p i n g  o f  t h e  metal  t o  be analysed. I n  o r d e r  t o  speed up mass t r a n s f e r ,  

s t i r r i n g  o r  t he  use o f  r o t a t i n g  e lec t rodes  i s  advantageous. The d e p o s i t i o n  t ime 

depends on t h e  c o n c e n t r a t i o n  l e v e l  i n  t h e  a n a l y t e  s o l u t i o n  and t h e  volume o f  

t h e  a p p l i e d  t e s t  e lec t rode ,  b u t  u s u a l l y  l i e s  between 5 and 15 min. It i s  empha- 

s i z e d  t h a t  t h i s  i n  s i t u  e lec t rochemica l  p re -concen t ra t i on  has t h e  s i g n i f i c a n t  

advantage o f  adding no contaminat ion  r i s k s ,  i n  c o n t r a s t  t o  a l l  chemical  p re-  

concen t ra t i on  procedures common i n  t r a c e  metal  a n a l y s i s .  Subsequently, i n  t h e  

so -ca l l ed  s t r i p p i n g  s tep  t h e  p o t e n t i a l  of  t h e  work ing  e l e c t r o d e  i s  scanned 

u s u a l l y  i n  t h e  d i f f e r e n t i a l  pu l se  mode i n  an anodic d i r e c t i o n .  Th is  most impor- 

t a n t  vo l tammet r ic  mode f o r  t r a c e  metal  a n a l y s i s  i s  termed d i f f e r e n t i a l  p u l s e  

anod ic  s t r i p p i n g  vol tammetry (DPASV). The most common t e s t  e l e c t r o d e  i s  t h e  

hanging mercury d rop  e l e c t r o d e  (HMDE), which can be used a t  a n a l y t e  concent ra -  

t i o n s  down t o  0.1-0.05 v g / l .  

W i th  t h e  mercury f i l m  e l e c t r o d e  (MFE) on a s p e c i a l l y  prepared g lassy  carbon 

suppor t ,  de te rm ina t ion  l i m i t s  down t o  l e s s  than lo-’’ m o l / l  i n  t h e  a n a l y t e  can 

be a t t a i n e d  f o r  Pb, Cd, B i  and o t h e r  meta ls  . 234 

D i f f e r e n t i a l  pu l se  anodic s t r i p p i n g  vol tammetry (DPASV) w i t h  a mercury e l e c -  

t r o d e  i s  app l i cab le ,  b u t  w i t h  d i f f e r e n t  s e n s i t i v i t i e s ,  t o  me ta l s  and m e t a l l o i d s  

such as B i ,  Cd, Cu, Ga, In, Mn, N i ,  Pb, Sb, T1 and Zn. Meta ls  w i t h  an o x i d a t i o n  

p o t e n t i a l  anodic t o  mercury as Hg and a r s e n i c  a t  low concen t ra t i ons  r e q u i r e  

s o l i d  e lec t rodes  81,235,236 

Owing t o  s o l u b i l i t y  and amalgamation problems w i t h  mercury e lec t rodes ,  s o l i d  

e lec t rodes  have been shown t o  be advantageous f o r  o t h e r  elements,  f o r  example, 

t h e  g o l d  e l e c t r o d e  f o r  t he  s imultaneous de te rm ina t ion  o f  Hg and Cu. 

A r e c e n t  and power fu l  p r i n c i p l e  f o r  t h e  s imultaneous de te rm ina t ion  o f  N i  and 

Co was r e c e n t l y  i n t roduced  i n  r o u t i n e  t r a c e  a n a l y s i s .  I t  i s  based on t h e  a p p l i -  

c a t i o n  o f  d.c. o r  d i f f e r e n t i a l  p u l s e  vol tammetry a f t e r  p r i o r  i n t e r f a c i a l  accumu- 
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l a t i o n  by an adso rp t i on  l a y e r  o f  a metal  c h e l a t e  a t  t h e  HMDE. I n  t h i s  case 

m o l / l  f o r  N i  and around 

vou rab ly  w i t h  respec t  t o  de te rm ina t ion  power and r e l i a b i l i t y  w i t h  o t h e r  impor tan t  

t r a c e  a n a l y t i c a l  methods such as GFAAS, ICP-AES and NAA. Fo r  t h e  s imultaneous 

de te rm ina t ion  o f  Cu, Pb, Cd, Zn, N i  and Co i n  f r e s h  waters,  sea water,  r a i n  and 

d r i n k i n g  water ,  DPASV i s  now regarded as t h e  method o f  choice.  However, a l s o  

f o r  t h e  a n a l y s i s  o f  t r a c e  meta ls  i n  b i o l o g i c a l  m a t e r i a l s  DPASV has become i n -  

d ime thy lg l yox ime  (DMG) i s  used. Th is  method a t t a i n s  d e t e c t i o n  l i m i t s  below 10- 11 

ml/ l  f o r  C 0 l 5 I .  

Fo r  a number o f  metals,  t h e  descr ibed v o l  tammetr ic approaches compete f a -  

c r e a s i n g l y  a power fu l  and i n  many ins tances  s u p e r i o r  a l t e r n a t i v e  t o  t h e  non- 

e lec t rochemica l  methods mentioned be fo re  45,60,i30,81,150,151,237-241 

A s i g n i f i c a n t  advantage o f  vo l tamne t ry  i s  t h a t  t h e  i n s t r u m e n t a t i o n  i s  f a r  

l e s s  expensive than  t h a t  f o r  most o t h e r  a n a l y t i c a l  methods (see Table 3 .3 ) .  

Commercial ly a v a i l a b l e  vo l tammet r ic  i ns t rumen ts  a r e  a l l  o f  mult imode design. 

Thus, they  o f f e r  t o  t h e  a n a l y s t  t h e  cho ice  o f  a v a r i e t y  o f  power fu l  modes. T h i s  

a l l ows  t h e  a p p l i c a t i o n  of t h e  techn ique b e s t  s u i t e d  t o  the  r e q u i r e d  task .  Fur-  

t h e r ,  t h e  compactness o f  modern po la rog raph ic  equipment and i t s  low v u l n e r a b i l i t y  

t o  mechanical and e l e c t r o n i c  breakdown make i t  t h e  most favourab le  method f o r  

f i e l d  s tud ies  w i t h ,  e.g., mob i l e  l a b o r a t o r i e s  and on board research  vesse ls .  

Moreover, i t  shou ld  be no ted  t h a t  vo l tamne t ry  i s  an o l igo-subs tance method. Thus, 

i t  p rov ides  t h e  advantage t h a t  severa l  meta ls ,  e.g., t he  groups B i  , Cu, Pb, Cd, 

Zn o r  N i ,  Co o r  Cu, Hg can be determined s imu l taneous ly  i n  t h e  same run .  

An e a r l i e r  d isadvantage o f  vol tammetry was t h e  t ime  needed f o r  a s i n g l e  ana l -  

y s i s  and hence t h e  manpower r e q u i r e d  i n  d a i l y  r o u t i n e .  The i n t r o d u c t i o n  o f  

automated, compu te r -con t ro l l ed  systems w i l l  soon overcome t h i s  1 i t : i t a t i o n .  Th is  

w i l l  be poss ib le ,  o f  course, w i t h o u t  p r e c i s i o n  and s p e c i f i t y  d e f i c i e n c i e s .  he 

extended use o f  mic roprocessors  and ded ica ted  con?uters ,  a1 ready commercial y 

a v a i l a b l e ,  promises s i g n i f i c a n t  c o s t  sav ings  even f o r  h i g h l y  s o p h i s t i c a t e d  

vo l  tammetr ic instruments343. Hence, i n  numerous research  f i e l d s  and f o r  impor tan t  

t o x i c  t r a c e  me ta l s  such as B i ,  Cu, Pb, Cd, Zn, N i ,  Co, As and Hg t h e  p resen t  

preference f o r  t h e  a p p l i c a t i o n  o f  va r ious  modes o f  AAS over  vo l tammet r ic  methods 

i s  expected t o  d i ~ a p p e a r ' ~ ' .  P a r t i c u l a r l y  i f  r e l i a b l e  high-performance a n a l y t i c a l  

da ta  f o r  severa l  s imu l taneous ly  de terminab le  heavy meta ls  a r e  requ i red ,  vol tam- 

metry,  d e s p i t e  i t s  more s t r i n g e n t  d i g e s t i o n  demands, i s  becoming the  determina- 

t i o n  method of cho ice  (80, 184, 233, 241). Moreover, vol tammetry i s  an o l i g o -  

substance method. Thus, i t  p rov ides  t h e  advantage t h a t  severa l  metals,  e.g., t h e  

groups B i ,  Cu, Pb, Zn o r  N i ,  Co o r  Cu, Hg, can be determined s imu l taneous ly  i n  

the  same run. Th is  s t i l l  seems t o  be v a l i d  i f  t h e  ga ins  i n  accuracy i n  AAS by 
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t h e  i n t r o d u c t i o n  o f  improved background c o r r e c t i o n  by Zeeman compensation, GFAAS 

p la t fo rm,  h y d r i d e  and c o l d  vapour techn iques  a r e  considered. 

A l i m i t a t i o n ,  however, i s  t h a t  o n l y  a d i s t i n c t ,  a l though impor tan t ,  number 

o f  meta ls  a r e  e a s i l y  access ib le  t o  po la rography  and v o l t a m e t r y  compared w i t h ,  

f o r  example, a tomic  spec t roscop ic  methods. As i s  u s u a l l y  t h e  case f o r  most o t h e r  

non-e lec t rochemica l  t r a c e  a n a l y t i c a l  methods, a l s o  f o r  v o l  tammetry t h e  d i r e c t  

de te rm ina t ion  o f  t r a c e  meta ls  i n  b i o l o g i c a l  m a t e r i a l s  r e q u i r e s  a p r i o r  d i g e s t i o n  

f o r  t h e  t o t a l  d e s t r u c t i o n  o f  o rgan ic  m a t t e r ,  as a l ready  d iscussed i n  d e t a i l  i n  

Sec t i on  3.2.2. The reason i s  t h a t  numerous o rgan ic  species,  owing t o  t h e i r  su r -  

f ace  a c t i v i t y ,  o f t e n  i n h i b i t  o r  even suppress t h e  e l e c t r o d e  r e a c t i o n  and t h e i r  

e l i m i n a t i o n  p r i o r  t o  the  vo l tammet r ic  measurement i s  t h e r e f o r e  e s s e n t i a l .  T h i s  

d i g e s t i o n  s t e p  may be prone t o  contaminat ion  e r r o r s ,  which l i m i t s  t o  some e x t e n t  

t h e  tremendous de te rm ina t ion  power a t t a i n a b l e  i n  p r i n c i p l e  f o r  seve ra l  meta ls  

i n  vol tammetry,  owing t o  t h e  remain ing  b lank  l e v e l s  i n  t h e  0.05-0.5 a g / l  range 

a f t e r  a p p l i c a t i o n  o f  d i g e s t i o n  procedures 45,60,80,81,151,239,241 

I n  impor tan t  s p e c i a l  cases t h e  u s u a l l y  r e q u i r e d  m i n e r a l i z a t i o n  by ash ing  

procedures can be s u b s t i t u t e d  by r a p i d  p re - t rea tmen t  a l t e r n a t i v e s .  An impor tan t  

example i n  occupat iona l  med ic ine  i s  t h e  de te rm ina t ion  o f  Pb i n  whole b lood  and 

b lood  serum. The b lood  sample i s  t r e a t e d  f o r  seve ra l  minutes w i th  a h igh ,  

swamping C a ( I 1 ) - C r ( I I 1 )  concen t ra t i on  (ca .  6 M) w i t h  s w i r l i n g .  I n  t h i s  manner 

t h e  Pb i s  t rans formed by ion-exchange processes i n t o  species r e a d i l y  access ib le  

t o  subsequent anodic s t r i p p i n g  vol tammetry a t  a l a rge -a rea  t u b u l a r  mercury f i l m  

e l e c t r o d e  on a g r a p h i t e  suppor t  242 . 

3.8.3. Nuclear a c t i v a t i o n  ana lys i s  techniqwes 

Nuc lea r  a c t i v a t i o n  has been a p p l i e d  f o r  decades i n  the  t r a c e  and u l t r a t r a c e  

a n a l y s i s  o f  numerous elements as a r e a l  mu l t i - e lemen t  approach. Thus i t  can be 

regarded as a c l a s s i c a l  approach i n  t r a c e  element a n a l y s i s .  

3.3.3.1.  Pr inc ip l e s  

I f  an atom ( i s o t o p e )  o f  an element i s  bombarded ( i r r a d i a t e d )  w i t h  p a r t i c l e s  

o r  photons, i n e l a s t i c  s c a t t e r i n g  e i t h e r  r a i s e s  i t s  nucleus i n t o  an e x c i t e d  s t a t e  

o r  t ransmutes i t  i n t o  another  element o r  i so tope .  The l a t t e r  takes p lace  by 

absorb ing  t h e  bombarding p a r t i c l e  and fo rming  a compound nucleus. React ions o f  

t h i s  k ind ,  p redominant ly  achieved by slow- o r  f as t -neu t ron  nuc lea r  r e a c t o r s  o r ,  

l e s s  f r e q u e n t l y ,  by h igh-energy  charged p a r t i c l e s  and high-energy y - ray  photons 

f rom acce le ra to rs ,  a r e  a l s o  c a l l e d  " a c t i v a t i o n "  r e a c t i o n s .  

Usua l l y ,  subsequent t o  t h e  s c a t t e r  and t h e  i n t e r m e d i a t e  fo rma t ion  o f  a com- 

pound o r  e x c i t e d  nucleus, a d i s t i n c t  e lemental  p a r t i c l e  o r  r a d i a t i o n  i s  re leased  



126 

i m n e d i a t e l y  and t h e  r e s u l t i n g  nucleus becomes r e l a t i v e l y  s tab le .  Fo l l ow ing  t h i s ,  

an e x c i t e d  nuc leus  can "decay", t h a t  i s ,  w i t h  emiss ion  o f  p a r t i c l e s  o r  quanta 

i t  reaches a lower  energy s t a t e .  The decay f o l l o w s  t h e  r u l e s  o f  a f i r s t - o r d e r  

r e a c t i o n  as t h e  i n t e n s i t y  o f  t h e  r a d i a t i o n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

number o f  e x c i t e d  atoms present .  Consequently, t h e  number o f  e x c i t e d  n u c l e i  o f  

a c e r t a i n  element ( i s o t o p e )  i s  p r o p o r t i o n a l  t o  t h e  abso lu te  number o f  atoms o f  

t h a t  e lement p resen t  i n  t h e  sample. 

e x c i t i n g  p a r t i c l e s  o r  quanta and the  s t a t i s t i c a l  p r o b a b i l i t y  o f  t h e  bombarded 

nuc leus  r e a c t i n g ,  which i s  termed i t s  "c ross-sec t ion ' '  ( u n i t :  ba rn ) .  

S p e c i f i c  and s e n s i t i v e  d e t e c t i o n  and a l s o  q u a n t i t a t i v e  de te rm ina t ion  a r e  p o s s i b l e  

f rom t h e  energy and t h e  h a l f - l i f e  o f  t h e  r a d i o n u c l i d e  formed, i . e . ,  t h e  t i m e  

span w i t h i n  which 50% o f  t h e  i n i t i a l l y  formed r a d i o i s o t o p e  has decayed. 

Because a lmost  every  element can fo rm e x c i t e d  iso topes ,  t h e  spec t ra  ob ta ined 

a r e  u s u a l l y  complex, so t h a t  f o r  r e l i a b l e  a n a l y s i s  ve ry  s o p h i s t i c a t e d  d e t e c t i o n  

systems and/or rad iochemica l  separa t i on  procedures p r i o r  t o  coun t ing  a r e  r e q u i r e d .  

A c t i v a t i o n  a n a l y t i c a l  p r i n c i p l e s  and techniques f o r  b i o l o g i c a l  m a t e r i a l s  have 

been e x t e n s i v e l y  t r e a t e d  i n  d e t a i l  i n  va r ious  books and rev iews (e.g. ,  r e f s  

243-247). There a r e  a l s o  t a b l e s  a v a i l a b l e  l i s t i n g  t h e  p r o p e r t i e s  o f  each i n d i -  

v i d u a l  rad io i so tope248  and p r a c t i c a l  r a d i a t i o n  i d e n t i f i c a t i o n  and e v a l u a t i o n  

sheets  . 

A p a r t i c u l a r  a c t i v a t i o n  depends on t h e  type ,  energy and d e n s i t y  ( f l u x )  o f  

The e m i t t e d  r a d i a t i o n  ma in l y  c o n s i s t s  o f  y-quanta, 6 - p a r t i c l e s  and a - p a r t i c l e s .  

249 

3.3.3.2.  Instrumentation and perfonance 

Nuc lear  r a d i a t i o n  d e t e c t i o n  i s  achieved i n  va r ious  energy-absorbing media 

(gases, l i q u i d s  and s o l i d s ) ,  which a re  ab le  t o  t rans fo rm t h e  i n i t i a l  energy i n t o  

i o n i z a t i o n  and/or l i g h t  energy.  Th is  t r a n s f o r m a t i o n  must be p r o p o r t i o n a l  t o  the  

i n i t i a l  energy.  

Fo r  numerous elements and m a t e r i a l s  i t  i s  s u f f i c i e n t  t o  count  and eva lua te  

t h e  spec t ra  o f  an i r r a d i a t e d  sample w i t h o u t  any f u r t h e r  t rea tmen t  ( i n s t r u m e n t a l  

neu t ron  a c t i v a t i o n  a n a l y s i s ,  I N A A ) .  H i g h l y  s o p h i s t i c a t e d  i n s t r u m e n t a t i o n  i s  

a v a i l a b l e  f o r  t h i s  purpose a t  compara t i ve l y  moderate c o s t  (see  Table 3.3).  Such 

i n s t r u m e n t a t i o n  c o n s i s t s  o f  h igh-energy  r e s o l v i n g  Ge(1 i )  semiconductors coupled 

w i th  mu l t i - channe l  ana lysers  o r  separa te  computer ized da ta  e v a l u a t i o n  systems. 

IYAA-analysis proceeds i n  a s imp le  way and thus  can f r e q u e n t l y  be c a r r i e d  

o u t  i n  a comple te ly  automated manner w i t h  a th roughput  o f  l a r g e  numbers o f  sam- 

p les .  

I f ,  however, v e r y  complex spec t ra  w i t h  ove r laps  i n  t h e  energy range o f  i n -  

t e r e s t  occu r  o r  if very  low de te rm ina t ion  l i m i t s  a r e  requ i red ,  a rad iochemica l  

group separa t i on  o r  even a separa t i on  o f  s i n g l e  elements becomes necessary 
111-113 
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(see Sec t ion  3.2.3).  I n  such cases t h e  l e s s  s e n s i t i v e  Ge(L i )  d e t e c t o r s  may be 

rep laced  by more s e n s i t i v e  NaI de tec to rs ,  which show, however, poo re r  energy 

r e s o l u t i o n .  

If t h e  n u c l i d e  t o  be determined emi ts  6 - p a r t i c l e s ,  which i s  o f t e n  the  case, 

6 -count ing  techniques w i t h  n e a r l y  100% coun t ing  e f f i c i e n c i e s  by l i q u i d  s c i n t i l -  

l a t i o n  and g a s - f i l l e d  4 n  counters  a r e  used. L i q u i d  s c i n t i l l a t i o n  count ing ,  f o r  

example, pe rm i t s  computer -cont ro l  l e d  coun t ing  w i t h  p re -se lec ted  doub le  o r  t r i p l e  

channel e v a l u a t i o n  and the  automated process ing  o f  up t o  severa l  hundred samples. 

The h i g h  coun t ing  capac i t y  o f  up t o  6 x 10 counts/min t h a t  i s  a t t a i n a b l e  p ro -  

v ides  an ex t remely  h i g h  dynamic range, which i s  advantageous f o r  r a d i o t r a c e r  

s t d d i e s  a l so .  

6 

As n a t u r a l  r a d i o a c t i v i t y  con ta ins ,  i n  a d d i t i o n  t o  a d i s t i n c t  y-background, 

high-energy p a r t i c l e s ,  f o r  example f rom cosmic r a d i a t i o n ,  d e s p i t e  c a r e f u l  

s h i e l d i n g  t h e r e  i s  always a d e f i n i t e  background l e v e l  t h a t  i n f l u e n c e s  the  de- 

t e c t i o n  l i m i t s  a t t a i n a b l e .  Thus, ex t remely  low d e t e c t i o n  l i m i t s  r e q u i r e  spec ia l  

and sometimes expensive arrangements, such as an t i co inc idence  devices.  

An advantage o f  r a d i o a c t i v i t y  coun t ing  i s  t h a t  by i n c r e a s i n g  t h e  coun t ing  

time, owing t o  t h e  s imp le  dependence o f  e r r o r  on count  r a t e ,  t he  de te rm ina t ion  

l i m i t s  can be improved s i g n i f i c a n t l y .  The s tandard  d e v i a t i o n  depends on t h e  

square r o o t  o f  t h e  count  r a t e .  The cor respond ing  improvement a t t a i n a b l e  i s ,  

however, o n l y  f e a s i b l e  i f  t h e  h a l f - l i v e s  o f  t h e  r a d i o n u c l i d e s  cons idered a re  

s u f f i c i e n t l y  l ong  t o  a f f o r d  extended coun t ing  t imes.  

I n  a d d i t i o n  t o  i t s  remarkable p o t e n t i a l  as a f i n g e r p r i n t  method (e.g. ,  r e f .  

250),  a ma jor  advantage o f  a c t i v a t i o n  ana lys i s  i s  t h a t  t h e  contaminat ion  r i s k  i s  

i n h e r e n t l y  lower  than those o f  o t h e r  t r a c e  a n a l y t i c a l  methods, because f r e q u e n t l y  

the  samples can be i r r a d i a t e d  w i t h o u t  p re- t rea tment ,  which always may be prone 

t o  contaminat ion .  Never the less ,  even sample hand l i ng  p r i o r  t o  i r r a d i a t i o n  can 

i n t r o d u c e  contaminat ion  i f  n o t  p r o p e r l y  performed115. I f  t h e  s t a f f  a r e  w e l l  

t r a i n e d  and a l l  p recaut ions  a r e  taken, however, a c t i v a t i o n  a n a l y s i s  can be re -  

garded as a very  p romis ing  checking method f o r  o t h e r  a n a l y t i c a l  approaches t h a t  

r e q u i r e  a p a r t i c u l a r  sample p re - t rea tmen t  expected always t o  be a f f e c t e d  by a 

c e r t a i n  contaminat ion  r i s k .  

As i n  o t h e r  t r a c e  a n a l y t i c a l  methods, a c t i v a t i o n  a n a l y s i s  a l s o  i s  n o t  an 

abso lu te  method, owing t o  f l u x  v a r i a t i o n s  and m a t r i x  i n f l uences .  Hence i t  always 

needs s tandard i za t i on .  The abso lu te  s e n s i t i v i t i e s  a t t a i n a b l e  f o r  a l a r g e  number 

o f  elements access ib le  t o  a c t i v a t i o n  techniques depend on i n d i v i d u a l  cross-sec- 

t i o n s ,  on t h e  a v a i l a b l e  f l u x  o f  a c t i v a t i o n  p a r t i c l e s ,  i r r a d i a t i o n  and " c o o l i n g "  

pe r iods  and the  coun t ing  e f f i c i e n c y .  S e n s i t i v i t y  d a t a  can be found i n  va r ious  

comp i la t i ons  22925,147s152a247y251. For  meta ls  and m e t a l l o i d s  o f  p a r t i c u l a r  t ox -  
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i c o l o g i c a l  i n t e r e s t  t y p i c a l  determination 1 i m i t s  o f  various t race  a n a l y t i c a l  

methods are compared i n  Table 3.2. 

The p r e c i s i o n  o f  NAA i n  general i s  comparable t o  t h a t  o f  GFAAS, i .e . ,  a day- 
to-day p rec i s ion  o f  ca. 5% i s  a t t a i n a b l e  under optimal condi t ions w i t h  some ex- 

ceptions i n  very favourable o r  a l so  l ess  advantageous cases. 

dence on nuc lear  research reactors  o r  accelerator  f a c i l i t i e s  and the costs of 

i r r a d i a t i o n ,  storage and rad ioana ly t i ca l  processing i n  lead-shielded c e l l s .  

Often the necessary cool ing time makes a r a p i d  instrumental determination i n  a 

p a r t i c u l a r  ma t r i x  d i f f i c u l t  o r  even impossible i f  the generated i n t e r f e r i n g  

a c t i v i t y ,  such as t h a t  o f  24Na, i s  very high. Another disadvantage, p a r t i c u l a r l y  

of NAA, i n  a p p l i c a t i o n  t o  b i o l o g i c a l  ma te r ia l s  i s  the poor s e n s i t i v i t y  f o r  t o x i c  

metals such as Pb, Cd and N i ,  which are usua l l y  no t  accessible t o  instrumental 

techniques. P a r t i c l e  and photon a c t i v a t i o n  prov ide a super ior  p o t e n t i a l  f o r  a 

few elements of i n t e r e s t  b u t  f requen t l y  are l i m i t e d  by the r e s t r i c t i o n  t o  very 

small (and t h i n )  targets  and serious q u a n t i f i c a t i o n  problems. This a l so  l i m i t s  

the r o u t i n e  a p p l i c a t i o n  o f  a c t i v a t i o n  techniques i n  basel ine s tud ies and b io -  

l o g i c a l  moni tor ing despi te  there doubtless value f o r  c e r t a i n  research purposes. 

Hence, i n  general, the app l i ca t i on  o f  nuclear a c t i v a t i o n  analys is  w i l l  be 

r e s t r i c t e d  t o  s p e c i a l l y  equipped labo ra to r ies  and cannot be regarded as an ap- 

roach f o r  general r o u t i n e  app l i ca t i on .  

L i m i t a t i o n s  t o  the broader r o u t i n e  use o f  a c t i v a t i o n  methods are the depen- 

3 . 3 . 4 .  X-Ray fluorescence 

3 . 3 . 4 . 1 .  PrincipZes 

I f  atoms are bombarded w i t h  r a d i a t i o n  o f  d i s t i n c t  energy, e lect rons can be 

removed from an inne r  s h e l l ,  the K, L, M, ..., she l l s ,  r e s u l t i n g  i n  exc i ted  

atoms. This causes an e l e c t r o n i c  rearrangement i n  t h a t  e lect rons from outer  

s h e l l s  f a l l  i n t o  the "holes" o r  vacancies l e f t  by the e jec ted  e lect rons according 

t o  d e f i n i t e  t r a n s i t i o n  ru les .  The electromagnetic r a d i a t i o n  thus emi t ted presents 

a c h a r a c t e r i s t i c ,  simple and r e a d i l y  p red ic tab le  spectrum f o r  each exc i ted  e le -  

ment: the frequency (u)  o f  the c h a r a c t e r i s t i c  l i n e s  i s  propor t ional  t o  the 

square of the atomic number (2). The r a d i a t i o n ,  a f t e r  an appropriate wavelength 

o r  energy separation, can be used f o r  the non-destructive q u a l i t a t i v e  de tec t i on  

and q u a n t i t a t i v e  determination o f  most elements. Roentgen, who discovered the 

ef fect  i n  1895 w h i l e  experimenting w i t h  cathode rays, c a l l e d  t h i s  r a d i a t i o n  

X-rays. 

o f  the ou te r  s h e l l  a re  involved, the t r a n s i t i o n  o f  outer  e lect rons i n t o  inner  

s h e l l  vacancies leads t o  a comparably high-energy r a d i a t i o n  w i t h  a range from 

I n  comparison w i t h  o p t i c a l  atomic spectroscopy, where mainly photoelectrons 
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about 0.6 up t o  about 120 keV. Expressed i n  terms o f  wavelength, t h i s  i s  equ iv -  

a l e n t  t o  a range f rom 2 down t o  about nm. The energy o f  t h e  emi t ted  X-rays 

inc reases  depending on t h e  a tomic  s t r u c t u r e  and hence t h e  wavelength decreases 

w i t h  i n c r e a s i n g  a tomic  number. 

C h a r a c t e r i s t i c  X-rays can be generated i n  t h e  c l a s s  c a l  manner w i t h  X-ray 

tubes, w i t h  X-rays o r  y - rays  f rom r a d i o a c t i v e  sources, and w i t h  p a r t i c l e s  such 

as e lec t rons ,  p ro tons ,  a - p a r t i c l e s  o r  even heav ie r  i o n  f rom a p p r o p r i a t e  ac- 

c e l e r a t o r s .  The use o f  X-rays as e x c i t i n g  r a d i a t i o n  i s  termed X-ray f luorescence.  

I n  p a r t i c l e - i n d u c e d  X-ray emiss ion  (PIXE) a high-X-ray i n t e n s i t y  i s  generated by 

t h e  incoming p a r t i c l e s  l o s i n g  a lmost  a l l  o f  t h e i r  energy i n  t r a v e l l i n g  th rough 

t h e  sample. P I X E  i s  advantageous f o r  v e r y  t h i n  samples and t h e  e x c i t a t i o n  o f  

elements o f  low a tomic  number. 

Fundamental aspects and a l s o  a p p l i c a t i o n s  o f  X-ray methodology have been 

t r e a t e d  by va r ious  au thors  (e.g., r e f s .  23, 252, 253, 255-257). 

3 . 3 . 4 . 2 .  Instrumentation and performance 

An X-ray spectrometer c o n s i s t s  o f  (1) an X-ray genera t i ng  system, ( 2 )  t h e  

sample compartment, ( 3 )  a d i s p e r s i o n / d e t e c t i o n  system and ( 4 )  e l e c t r o n i c s  and 

readout  . 
Wavelength-dispersive spec t romet ry  produces t h e  e x c i t i n g  X-ray i n  a h igh -  

vo l tage  tube w i t h  h i g h  ou tpu t  ( h i g h  wat tage)  by e l e c t r o n  bombardment o f  an ap- 

p r o p r i a t e  t a r g e t  made from, e.g., tungs ten .  As t h e  generated r a d i a t i o n  i s  n o t  

monoenergetic, a p p r o p r i a t e  f i l t e r s  o r  secondary t a r g e t s ,  e x c i t e d  by t h e  p r imary  

tube r a d i a t i o n ,  a r e  a l s o  comnon. Fo r  r e l i a b l e  r e s u l t s  t h e  sample must f u l f i l l  

d i s t i n c t  demands o f  s i z e ,  d e n s i t y  and su r face  s t r u c t u r e .  L i q u i d s  a r e  a l s o  u s e f u l .  

The c h a r a c t e r i s t i c  X-rays generated pass th rough a c o l l i m a t o r  and a r e  d i f -  

f r a c t e d  by an ana lys ing  c r y s t a l .  The sequen t ia l  d e t e c t i o n  o f  t h e  separa ted  l i n e s  

i s  performed by moveable c o l l i m a t o r - d e t e c t o r  o r  d e t e c t o r - c r y s t a l  combinat ions 

mounted on a goniometer c i r c l e .  The counters  used a r e  s c i n t i l l a t i o n  o r  p ropor -  

t i o n a l  (gas) counters .  Commercial ly a v a i l a b l e  arrangements o f  t h i s  k i n d  range 

f rom s imp le  t o  ve ry  s o p h i s t i c a t e d  systems w i t h  computer e v a l u a t i o n .  

I f  l a r g e  numbers o f  samples have t o  be analysed f o r  severa l  e lements,  m u l t i p l e  

c r y s t a l  spectrometers and an automated sample supp ly  can be used. These i n s t r u -  

ments c o n t a i n  a p a r t i c u l a r  c r y s t a l  and d e t e c t o r  f o r  each element t o  be analysed, 

and a r e  f u l l y  computer ized f o r  s imultaneous mu1 t i - e l e m e n t  de te rm ina t ion .  

t i o n  losses  a t  t h e  ana lys ing  c r y s t a l s .  Moreover, t h e  p r o p o r t i o n a l  counters  

f r e q u e n t l y  a p p l i e d  have a low d e t e c t i o n  e f f i c i e n c y  a t  lower  wavelengths, i . e . ,  

h i g h e r  energ ies ,  Hence s t r o n g  r a d i a t i . o n  sources a r e  needed f o r  s a t i s f a c t o r y  

work ing  c o n d i t i o n s  b u t  t h e  o p e r a t i o n  mode a l l ows  t h e  h a n d l i n g  o f  a h i g h  count  

r a t e  p e r  energy i n t e r v a l .  

Wavelength-dispersive systems have a l ow  o v e r a l l  e f f i c i e n c y ,  owing t o  r a d i a -  
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I n  ene rgy -d i spe rs i ve  ins t ruments ,  e x c i t a t i o n  i s  performed by tubes o f  lower  

o u t p u t  ( l o w  wat tage)  by secondary t a r g e t s ,  by r a d i o a c t i v e  sources o r  by  charged 

p a r t i c l e s .  The e x c i t e d  r a d i a t i o n  i s  de tec ted  by S i ( L i )  semiconductor d e t e c t o r s ,  

which have a poor r e s o l u t i o n  a t  low energ ies  b u t  s a t i s f a c t o r y  r e s o l u t i o n  a t  

h i g h e r  energ ies .  As i n  nuc lea r  r a d i a t i o n  eva lua t i on ,  mu l t i - channe l  o r  computer 

modes can be app l i ed .  However, as t h e  s i g n a l s  a t t r i b u t e d  t o  a l l  t h e  energ ies  

appear ing  reach t h e  d e t e c t o r  s imu l taneous ly ,  t h e  da ta  a c q u i s i t i o n  r a t e  i s  l i m i t e d  

t o  a t o t a l  o f  about  5 x 10 counts258, wh ich  necess i ta tes  computer e v a l u a t i o n  

by p a r t i c u l a r  approaches such as u n f o l d i n g  

I f ,  i n s t e a d  o f  a l i g h t  beam, an e l e c t r o n i c  beam i s  used and focused on t o  a 
sample u s i n g  adapted microscope o p t i c s ,  v e r y  smal l  areas can be i n v e s t i g a t e d .  

The r e s u l t i n g  X-ray spec t ra  can be eva lua ted  q u a l i t a t i v e l y ,  and a l s o  q u a n t i t a -  
260 t i v e l y  i f  t h e  sample i s  prepared i n  an a p p r o p r i a t e  manner, e.g., on f i l t e r s  . 

Those microprobes use d i f f e r e n t  means o f  r e s o l u t i o n  and computer e v a l u a t i o n  b u t  

a r e  expensive (see Table 3.3).  

Advantages o f  X-ray methods a r e  t h e i r  comprehensive element coverage f rom 

a tomic  number 6, t h e i r  n o n - d e s t r u c t i v i t y  and the  un ique p o t e n t i a l  f o r  s imu l -  

taneous mu l t i - e lemen t  de te rm ina t ions .  Th is  makes XRF an i d e a l  f i n g e r p r i n t  

approach. Disadvantages a r e  t h a t  w i t h  mult i -component samples o f  more than a 

c r i t i c a l  t h i ckness  the  i n t e n s i t y  o f  any a n a l y t i c a l  l i n e  i n  p r i n c i p l e  becomes 

m a t r i x  dependent. Hence t h i s  i n t e n s i t y  must be expected t o  va ry  w i t h  t h e  amount 

o f  every  element w i t h  Z > 20 

and de te rm ina t ion  l i m i t s ,  t h e  use o f  c e r t i f i e d  s tandard  re fe rence  m a t e r i a l s  w i t h  

a compos i t ion  as c l o s e  as p o s s i b l e  t o  the  m a t e r i a l  t o  be analysed i s  e s s e n t i a l .  

I f  such m a t e r i a l s  a r e  n o t  a v a i l a b l e ,  c a r e f u l  a n a l y s i s  by independent methods i s  

r e q u i r e d  i n  o rde r  t o  o b t a i n  r e l i a b l e  data.  F o r t u n a t e l y ,  i f  t r a c e  meta ls  i n  l i g h t ,  

f o r  example ca rbon- r i ch ,  ma t r i ces  a r e  t o  be analysed, s imp le r  c a l i b r a t i o n  ap- 

proaches, such as d i l u t i o n  techniques, can be app l i ed .  

4 

259 . 

253 . 
As back -sca t te r  e f f e c t s  f rom t h e  e x c i t i n g  r a d i a t i o n  can a l s o  i n f l u e n c e  spec t ra  

As d iscussed above (see Sec t ion  3.2.3),  m a t r i x  e f f e c t s  can be overcome by 

s e l e c t i v e  s e p a r a t i o n / p r e c i p i t a t i o n ,  which a l s o  may i n c l u d e  group separa t i ons .  

i n  t h e  

they  a re  f r e q u e n t l y  a p p l i e d  i n  homogeneity s tud ies .  The d e t e c t i o n  power, how- 

ever,  i s  n o t  s u f f i c i e n t  f o r  d i r e c t  u l t r a t r a c e  de te rm ina t ions  i n  numerous b i o -  

l o g i c a l  m a t e r i a l s .  Much lower  abso lu te  d e t e c t i o n  l i m i t s ,  down t o  lo-' g,  can 

be achieved by t h e  a l ready  ment ioned mic roprobe techniquez6'. The 

can be reached if energy -d i spe rs i ve  SRF w i t h  a t o t a l l y  r e f l e c t i n g  sample suppor t  

and i n f i n i t e l y  t h i n  samples i s  used261. These approaches a r e  advantageous, f o r  

example, i f  p a r t i c u l a r  b i o l o g i c a l  m a t e r i a l s  have t o  be analysed f o r  t r a c e  meta ls .  

Convent ional  techn iques  i n  X-ray a n a l y s i s  ach ieve  abso lu te  d e t e c t i o n  l i m i t s  

g range w i t h ,  under op t ima l  c o n d i t i o n s ,  a p r e c i s i o n  o f  ca. 2%. Hence 

g l e v e l  
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The advanced technique using protons as  the means of e x c i t a t i o n ,  giving f o r  
p a r t i c u l a r  elements absolute detect ion l i m i t s  a t  about the same l e v e l ,  however, 
has the l imi ta t ion  of depending on expensive acce lera tor  f a c i l i t i e s  and on ex- 
tremely small and th in  samples, and faces problems with accurate  quant i f ica t ion .  
This makes t h i s  technique more promising f o r  metal d i s t r i b u t i o n  s t u d i e s ,  e .g . ,  
i n  h a i r  262y263, than f o r  conventional quant i ta t ive  analysis .  

3.3.5. Mass spectrometry 

Owing t o  i t s  comprehensive element coverage with a determination l i m i t  of 
down t o  
s c i e n t i f i c  research. 

g or  even l e s s ,  mass spectrometry i s  widely used i n  fundamental 

3.3.5.1. Principles 

The pr inc ip le  of mass spectrometry (MS) of metals i s  the generation of gas- 
eous posi t ive ions and t h e i r  separat ion and detect ion according t o  t h e i r  mass/ 
charge ( m / z )  r a t i o .  Ions can be generated thermally, by e lec t ron  impact, by a 
high-voltage spark and by ion bombardment. The separat ion of the ions and/or 
charged molecular fragments formed can be achieved by energy and mass focusing 
i n  strong magnetic f i e l d s .  The detect ion of the  ions or  molecular fragments i s  
performed by photographic o r ,  more recent ly ,  e l e c t r i c a l  detect ion ( d i r e c t  
reading) and allows the  precise  measurement of isotopes 264,265 

3.3.5.2.  Instrumentation and perfonname 

This simultaneous determination of t r a c e  elements i n  widely d i f f e r e n t  ma- 
t e r i a l s  i s  performed predominantly by spark-source MS (SSMS) using e l e c t r i c a l l y  
conducting, e .g . ,  graphi te ,  supports. In the l a s t  decade the method has been 
s u b s t a n t i a l l y  improved by the  introduction of e l e c t r i c a l  detect ion techniques. 

Limitations, i f  only the analyt ical  potent ia l  i s  considered and despi te  the 
recent ly  improved precision (around 10% under optimal condi t ions) ,  a r e  the poor 
accuracy i f  no appropriate  standard reference mater ia ls  f o r  the correct ion of 
matrix interferences a r e  ava i lab le .  Also, the instrumental cos ts  a r e  prohibi- 
t i v e l y  high (see  Table 3 . 3 ) .  The use of r e l i a b l e  reference mater ia l s ,  however, 
can s i  gni f i can t ly  improve accuracy266. Separati on-concentrati on procedures can 
a l s o  be used t o  minimize matrix interferences and t o  enhance s e n s i t i v i t y  in  
SSMS26’. 

Extraordinary precision and accuracy, however, a re  achieved by the isotope 
d i lu t ion  approach268 using s p a r k - s o u r ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  o r ,  f o r  more volat ive elements 
such as  P b ,  Cd, T 1 ,  Hg and Z n ,  thermal ionizat ion o r  ion-impact techniques 8,265, 
271-275 
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I n  i s o t o p e  d i l u t i o n  mass spectroscopy (IDMS), a known amount o f  an a p p r o p r i a t e  

i s o t o p e  o f  t h e  element t o  be determined is added as a sp i ke  t o  a sample a l i q u o t  

p r i o r  t o  a n a l y s i s .  Subsequent ly t h e  mass r a t i o s  a r e  determined. As t h e  de termina-  

t i o n  o f  mass r a t i o s  i s  much more p r e c i s e  than  t h e  measurement o f  a mass/charge 

r a t i o  s i g n a l  , t h i s  method p rov ides  ex t remely  r e l i a b l e  a n a l y s i s .  However, each 

i s o t o p e  d i l u t i o n  procedure r e q u i r e s  h i g h l y  s k i l l e d  s t a f f  and ve ry  r i g i d  conta- 

m i n a t i o n  p recau t ions  b e f o r e  s p i k i n g  o f  t h e  sample a l i q u o t  t o  p reven t  b iased  

data118. I f  c a r e f u l  o p e r a t i o n  i s  ma in ta ined,  t h e  accuracy and p r e c i s i o n  a r e  o f  

t h e  o r d e r  o f  1% o r  l e s s  f rom t h e  m i l l i g r a m s  pe r  k i l o g r a m  down t o  t h e  micrograms 

p e r  k i l o g r a m  l e v e l .  Hence t h i s  approach has been a p p l i e d  w i t h  ou ts tand ing  r e s u l t s  

as a r e f e r e n c e  method, b u t  owing t o  t h e  t ime  needed and the  h i g h  i ns t rumen ta l  

c o s t s  i t  cannot be regarded as a r o u t i n e  method. The f i e l d  o f  a p p l i c a t i o n  ma in l y  

l i e d  i n  env i ronmenta l  and t o x i c o l o g i c a l  research  and a l s o  i n  the  ve ry  impor tan t  

c e r t i f i c a t i o n  of s tandard  re fe rence  mater ia ls9y269-271 o r  t e n t a t i v e  s tandard  

ma t e r  i a 1 s 8y134. P a r t i c u l a r l y  f o r  t h e  l a t t e r  tasks  IDMS has proved t o  be a method 

o f  g r e a t  r e l i a b i l i t y  . 
The ex t reme ly  p r e c i s e  de te rm ina t ion  of  i s o t o p e  r a t i o s  makes a l l  modes o f  MS 

a un ique t o o l  f o r  s tud ies  on p a r t i c u l a r  sources o f  Pb i n  t h e  environment 

A l s o ,  IDMS i s  e s s e n t i a l  f o r  me tabo l i c  s t u d i e s  w i t h  s t a b l e  i so topes  i n  man and 

l a b o r a t o r y  an ima ls  

265 

275,276 

277,278 

3.3.6.  Other methods for  elemental determination 

There a r e  some o t h e r  methods o f  de te rm ina t ion  o f  some va lue  o r  o f  p robab le  

i n c r e a s i n g  i n t e r e s t  f o r  t h e  a n a l y s i s  o f  t r a c e  elements i n  b i o l o g i c a l  m a t e r i a l s .  

Co lo r ime t ry ,  c a t a l y t i c  r e a c t i o n s ,  chemiluminescence and chromatographic tech-  

n iques  a r e  b r i e f l y  cons idered below. 

3 .3 .6 .1 .  Colorimetry (spectrophotometry) 

The p r i n c i p l e  o f  spec t rophotomet ry  ( o p t i c a l  mo lecu la r  spectroscopy) i s  t h e  

use o f  r a d i a t i o n  a b s o r p t i o n  o r  emiss ion  f o r  t h e  de te rm ina t ion  of p a r t i c u l a r  

compounds. I f  these compounds c o n t a i n  t r a c e  elements, t h i s  a l l ows  t h e i r  sens i -  

t i ve de te rm ina t ion .  

I n  c o n t r a s t  t o  a tomic  spectroscopy, c h a r a c t e r i z e d  by sharp l i n e s  due t o  

d i s c r e t e  e l e c t r o n  t r a n s i t i o n s ,  t h e  abso rp t i on  o r  emiss ion  o f  l i g h t  by  molecu les  

i s  much more complex. Thus, e l e c t r o n i c  t r a n s i t i o n s  i n  a mo lecu le  cor respond ing  

t o  t h e  e x c i t i n g  r a d i a t i o n  a r e  s p l i t  i n t o  va r ious  quant ized  v i b r a t i o n a l  and r o -  

t a t i o n a l  energy l e v e l s .  These d i f f e r e n t  energy l e v e l s  appear i n  t h e  vapour phase 

w i t h  minimal molecule-molecule i n t e r a c t i o n s  as s e r i e s  o f  abso rp t i on  o r  emiss ion  

bands. I n c i d e n t a l l y ,  bands of t h i s  o r i g i n  can cause i n t e r f e r e n c e s  i n  AAs and AFS. 
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I n  t h e  condensed phase, however, s o l u t e - s o l v e n t  i n t e r a c t i o n s  t rans fo rm the  
sharp  l i n e s  i n t o  much broader  bands w i t h  c h a r a c t e r i s t i c  b u t  broad a b s o r p t i o n  

o r  f luorescence maxima and minima. Th is  i s  t h e  reason why i t  i s  n e a r l y  imposs ib le  

t o  d i s t i n g u i s h  a p a r t i c u l a r  compound by a s imp le  measurement a t  a d e f i n e d  wave- 

l e n g t h  i n  a m i x t u r e  o f  compounds. C o l o r i m e t r i c  t r a c e  element de te rm ina t ions ,  

t h e r e f o r e ,  a r e  f e a s i b l e  i n  most i ns tances  o n l y  if, f o r  example, c h e l a t i n  a en ts  
!2 ,!3,279 and s e l e c t i v e  separa t i on  procedures a r e  a p p l i e d  p r i o r  t o  t h e  measurement 

Ins t rumen ta l  designs f o r  mo lecu la r  spectroscopy a r e  s i m i l a r  t o  those f o r  AAS. 

Because o f  t h e  broad wavelength maxima, however, t h e  s p e c t r a l  d i s s o l u t i o n  o f  

t h e  monochromators i s  a t  b e s t  comparable t o  those used i n  AAS. Modern spec t ro -  

pho tomet r i c  ins t ruments ,  f r e q u e n t l y  designed as double-beam ins t ruments ,  o f f e r  

e x c e l l e n t  s t a b i l i t y ,  low no ise  l e v e l s  and a l l  t h e  advantages o f  mic roprocessor  

c o n t r o l  and e v a l u a t i o n  such as background c o r r e c t i o n ,  i n t e g r a t i o n ,  au tomat ic  

changing, scan programming and p o s s i b i l i t i e s  f o r  d e r i v a t i v e  spectroscopy . 
Th is  a l s o  i n  p r i n c i p l e  makes p o s s i b l e  p r e c i s i o n  spectrophotometry and t h e  de- 

t e r m i n a t i o n  o f  ve ry  low amounts o f  elements, down t o  t h e  nanogram l e v e l ,  i n  

smal l  sample volumes 

Molecu la r  spectroscopy i s  a f r e q u e n t l y  and, i n  some a n a l y t i c a l  branches, 

p a r t i c u l a r l y  i n  c l i n i c a l  chemis t r y  and b iochemica l  ana lys i s ,  i n c r e a s i n g l y  used 

techn ique.  For  h i g h  l e v e l s  o f  t o x i c  elements, f o r  i ns tance  i n  acute  po ison ing ,  

t h e  method i s  va luab le  as a r a p i d  and inexpens ive  approach f o r  i n s t a n t  med ica l  

dec i s ions .  I n  environmental  research  and f o r  sc reen ing  purposes, i n  occupa t iona l  

exposure, however, t h e  importance o f  spectrophotometry f o r  t o t a l  meta l  a n a l y s i s  

i s  d e c l i n i n g  owing t o  t h e  f u r t h e r  growth o f  AAS, v o l t a m t r y  and ICP-AES for 
r o u t i n e  a p p l i c a t i o n s .  On t h e  o t h e r  hand, f o r  some p a r t i c u l a r  t asks  i n  s p e c i a t i o n  

and f o r  t h e  de te rm ina t ion  of  anions t h e r e  s t i l l  appears t o  e x i s t  a s t r o n g  demand 

f o r  mo lecu la r  spec t roscop ic  methods 23*283 (see a l s o  Sec t i on  3.3.7).  

280 

281,282 

3.3.6.2.  C a t a l y t i c  (ampZi f i ca t ion )  r eac t ions  

C a t a l y t i c  a n a l y t i c a l  methods a l l o w  the  s e n s i t i v e  de te rm ina t ion  o f  t r a c e  e l e -  

ments w i t h o u t  g r e a t  expense. However, t h e  s e l e c t i v i t y  i s  u s u a l l y  lower  than t h a t  

o f  o t h e r  t r a c e  a n a l y t i c a l  methods 284y285. Sometimes i t  can be improved by m o d i f i -  

c a t i o n  o f  t he  i n d i c a t o r  r e a c t i o n  o r  by combina t ion  w i t h  a separa t i on  method such 

as s o l v e n t  e x t r a c t i o n .  Thus, i t  i s  p o s s i b l e  t o  a t t a i n ,  f o r  example, f o r  N i ,  Mo, 

Fe and Cu, abso lu te  d e t e c t i o n  l i m i t s  o f  a few nanograms pe r  m i l l i l i t r e  o f  ana- 

l y te285 .  Methods o f  t h i s  k i n d  may be usefu l  where another  independent a n a l y t i c a l  

approach i s  r e q u i r e d  f o r  t e s t i n g  t h e  accuracy o f  a r o u t i n e  procedure.  A t  p resent ,  

however, i n  t h e  a u t h o r s '  o p i n i o n  i t  does n o t  appear t h a t  t h e  usage of c a t a l y t i c  

r e a c t i o n s  w i l l  p l a y  a s i g n i f i c a n t  r o l e  i n  p r a c t i c a l  a n a l y s i s .  
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3 . 3 . 6 . 3 .  Chemilwninescence 

Var ious  chemical  t rans fo rma t ions  produce e x c i t e d  spec ies  e m i t t i n g  l i g h t  

quanta t o  reach t h e  ground s t a t e .  Th is  e f f e c t  i s  c a l l e d  chemiluminescence and 

can a l s o  be used f o r  q u a n t i f i c a t i o n 2 8 6 .  Measurement o f  l i g h t  emiss ion  can be 

achieved w i t h  s imp le  and inexpens ive  dev ices  and chemiluminescence can reach 

ex t remely  h i g h  s e n s i t i v i t i e s ,  e.g., a t  t h e  low nanogram o r  even picogram l e v e l  

f o r  elements such as Fe, Hg, Ag, O s ,  Ru, V,  Mn, Cu, C r  and Co. The f u r t h e r  s tudy  

o f  p r e v i o u s l y  unexp lo i ted  l i g h t - e m i t t i n g  processes toge the r  w i t h  o t h e r  aspects 

as i ns t rumen ta l  improvements and s p e c i f i c  ana ly tes  may s i g n i f i c a n t l y  i nc rease  

t h e  p o t e n t i a l  o f  t h i s  p r i n c i p l e .  Thus, cheni luminescence i n  s o l u t i o n  and i n  

t h e  gas phase, e.g., f o r  n i c k e l  carbony l  287y288, can be regarded as an a n a l y t i c a l  

approach w i t h  p o s i t i v e  p rospec ts  f o r  a s i g n i f i c a n t  i nc rease  i n  importance i n  

t h e  near f u t u r e .  

,,. 7 .,. 7 6 . 4 .  Chromatographic techniques 

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

o f  compounds th rough a system o f  two phases, one o f  which i s  mob i le .  The s o l i d  

phase u s u a l l y  c o n s i s t s  o f  a suppor t i ng  m a t e r i a l ,  impregnated w i t h  a p p r o p r i a t e  

substances. Dur ing  a n a l y s i s  t h e  l i q u i d  phase passes th rough t h i s  column; thus ,  

t h e  separa t i on  o f  t he  components o f  a m i x t u r e  a p p l i e d  t o  t h e  t o p  o f  t h e  column 

i s  performed. T h i s  process i s  ab le  t o  separa te  numerous components i f  t h e  column 

l e n g t h  and p r o p e r t i e s  and t h e  s o l i d  phase a r e  p r o p e r l y  se lec ted .  Th is  procedure 

leads  t o  d i s t i n c t  f r a c t i o n s  c o n t a i n i n g  t h e  d e s i r e d  components p roduc ing  more o r  

l e s s  sharp  peaks i n  t h e  t ime /concen t ra t i on  eva lua t i on .  These peaks can be iden-  

t i f i e d  by va r ious  types  o f  de tec to rs  ab le  t o  d i f f e r e n t i a t e  between t h e  background 

(mob i l e  phase) and t h e  a n a l y t e  species 289,290,291 -293,299 

I n  gas chromatography (GC), t h e  mob i l e  phase i s  i n  i n e r t  gas (e.g. ,  n i t r o g e n ,  

hydrogen, a rgon) .  Usua l l y  h e a t i n g  i s  necessary f o r  t h e  v o l a t i l i z a t i o n  o f  nu- 

merous compounds, which can cause problems w i t h  compounds t h a t  a r e  n o t  t h e r m a l l y  

s tab1 e289 y290. 

I n  l i q u i d  and column chromatography, t h e  method o f  cho ice  a t  p resen t  i s  h igh-  

performance 1 i q u i d  chromatography (HPLC) 291'292. The mob i l e  phase i s  a l i q u i d ,  

hence t h e  temperature i s  compara t ive ly  low and a l s o  t h e r m a l l y  uns tab le  compounds 

can be determined. 

Modern i n s t r u m e n t a t i o n  f o r  GC, i n c l u d i n g  automated pressure-temperature-t ime 

p r o g r a m i n g  toge the r  w i t h  numerous accessor ies ,  i s  a v a i l a b l e  a t  moderate p r i z e s  

(see Table 3.3). The accessor ies  o f f e r e d  range f rom a wide s e l e c t i o n  o f  detec- 

t o r s ,  such as thermal c o n d u c t i v i t y ,  f l a m e - i o n i z a t i o n ,  e lec t ron -cap tu re  and, more 

r e c e n t l y ,  f lame and a l s o  g r a p h i t e  fu rnace  AAS297, t o  very  p o t e n t  ded ica ted  com- 

pu te rs  f o r  t h e  s imultaneous c o n t r o l  o f  seve ra l  GC u n i t s .  The cos ts  f o r  HPLC de- 
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v i ces  a r e  cons ide rab ly  h i g h e r  than those f o r  GC, owing t o  the  p ressu r i zed  opera- 

t i o n  usua l  i n  t h i s  approach, which r e q u i r e s  cons ide rab ly  more complex ins t rumen-  

t a t i o n  w i t h ,  e.g., UV, f luorescence295, Zeen~an-AAS~'~  and v o l t a m t r i c  detec- 

t o r ~ ~ ~ ~ , ~ ~ ~  (see Table 3.3). 

spec t roscop ic  methods, such as AAS, AES, AFS, XRF and MS, and t h e  chromatographic 

methods i s  t h a t  t h e  l a t t e r ,  as a l s o  a r e  v o l t a m t r y  and spec t rophotomet ry  

( c o l o r i m e t r y ) ,  a r e  s e n s i t i v e  t o  t h e  chemical  spec ies  o f  t h e  me ta l s  p resen t ,  

whereas the  spec t roscop ic  methods a r e  i n  p r i n c i p l e  r e s t r i c t e d  t o  t h e  q u a n t i f i -  

c a t i o n  o f  t h e  t o t a l  e lemental  con ten t .  Th i s  aspect o f  chromatographic methods 

w i l l  be t r e a t e d  aga in  i n  more d e t a i l  i n  t h e  s e c t i o n  on s p e c i a t i o n  ( S e c t i o n  3.3.7). 

As i n o r g a n i c  compounds a r e  f r e q u e n t l y  n o t  access ib le  t o  normal gas chroma- 

One o f  t h e  most impor tan t  and fundamental d i f f e r e n c e s  between seve ra l  o f  t h e  

tography, t h e i r  p r i o r  t r a n s f o r m a t i o n  i n t o  uncharged compounds o f  t h e  meta l  w i t h  

o rgan ic  l i gands ,  f o r  example che la to rs ,  i s  more promising299. T h i s  renders  

poss ib le ,  f o r  example, t he  s imultaneous GC de te rm ina t ion  o f  B i ,  Pb, Fe, Co, N i ,  

Hg, Cd, Cu and Zn a t  t h e  abso lu te  nanogram o r  even picogram l e v e l  as d i ( t r i -  

fluoroethy1)dithiocarbamates w i t h  f l a m e - i o n i z a t i o n  detection3''. Co, N i  , Cu and 

Pb have been s imu l taneous ly  separa ted  and determined a t  t h e  nanograms p e r  m i l l i -  

l i t r e  l e v e l  as che la tes  o f  t e t r a d e n t a t e  6-ketoamines u s i n g  HPLC and UV detec- 

t ion301.  Fu r the r ,  i t  has been demonstrated t h a t  t h i n - l a y e r  chromatography, as 

a s imp le  and inexpens ive  approach, i s  a l s o  u s e f u l  i n  combina t ion  w i t h ,  e.g., 

GFAAS f o r  t he  i d e n t i f i c a t i o n  and q u a n t i f i c a t i o n  o f  i n o r g a n i c  and organometal l i c  

compounds . 
Techniques o f  t h i s  k ind ,  which a t  p resen t  s t i l l  cannot be r o u t i n e l y  app l i ed ,  

may p r o v i d e  i n  t h e  near  f u t u r e ,  i n  a d d i t i o n  t o  an impor tan t  r o l e  i n  s p e c i a t i o n ,  

a l s o  a p o t e n t i a l  f o r  t h e  s imp le  screen ing  o r  f i n g e r p r i n t i n g  o f  va r ious  impor tan t  

t r a c e  meta ls  even i n  complex m a t e r i a l s .  However, as w i th  o t h e r  t r a c e  and u l t r a -  

t r a c e  methods, here  a l s o  r i g i d  contaminat ion  p recau t ions  and s k i l l e d  s t a f f  a r e  

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

302 

3.3.7. SPECIES SEPARATION, IDENTIFICATION AND QUANTIFICATION 

The c u r r e n t l y  a p p l i e d  wide v a r i e t y  o f  separa t i on  and d e t e r m i n a t i o n  methods 

i n  p r i n c i p l e  a l l o w  t h e  i d e n t i f i c a t i o n  and q u a n t i f i c a t i o n  o f  n e a r l y  a l l  spec ies  

regarded as impor tan t  i n  human and env i ronmenta l  t o x i c o l o g y .  Doubt less t h i s  

w i l l  be  o f  i n c r e a s i n g  va lue  f o r  p resen t  and f u t u r e  research. I n  t h i s  s e c t i o n ,  

t h e r e f o r e ,  a few examples w i l l  be g i v e n  o f  methodo log ica l  p o t e n t i a l  and t h e  

s t a t e  o f  t h e  a r t  i n  a growing research  area. 

Prov ided t h a t  t o t a l  e lemental  a n a l y s i s  can be performed a c c u r a t e l y ,  f o r  t he  

d e t e r m i n a t i o n  o f  t o x i c o l o g i c a l  s i g n i f i c a n c e  t h e  i d e n t i f i c a t i o n  and q u a n t i f i c a -  
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t i o n  o f  va lency  s t a t e ( s )  i s  r e q u i r e d  i n  numerous ins tances .  Th is  i s  o f  p a r t i c u -  

l a r  importance as d i f f e r i n g  valency s t a t e s  may l e a d  t o  ve ry  d i f f e r e n t  t o x i c  

ac t i ons ,  e.g., w i t h  C r ,  Sb, As and Se. 

compl ica ted .  The problem i s  t h a t  p r i o r  t o  t h e  i d e n t i f i c a t i o n  r e a c t i o n  t h e  sample 

u s u a l l y  has t o  be p r e - t r e a t e d  i n  such a way t h a t  t h i s  i d e n t i f i c a t i o n  r e a c t i o n  

and t h e  subsequent q u a n t i f i c a t i o n  can be performed i n  a manner t h a t  avo ids  

se r ious  i n te r fe rences  f rom t h e  m a t r i x .  Another p r e r e q u i s i t e ,  o f  course, i s  t h a t  

no s u b s t a n t i a l  change i n  t h e  chemical s t a t e  o f  t h e  elements t o  be c h a r a c t e r i z e d  

shou ld  occur  d u r i n g  t h e  aforement ioned clean-up stage. Clean-up f o r  body f l u i d s ,  

e s p e c i a l l y  u r i n e ,  i s  s imp le r  than t h a t  f o r  t i s s u e s .  Clean-up f o r  t i s s u e s  may 

even be imposs ib le  i f  va lency  s t a t e  q u a n t i f i c a t i o n  i s  requ i red .  

ments f rom a n a l y t e  s o l u t i o n s  can be  achieved by  s p e c i f i c  ope ra t i ons  such as 

s o l  ven t  e x t r a c t i o n ,  i o n  exchange and chromatography w i t h  subsequent elemental  

de te rm ina t ions  u s i n g  va r ious  a n a l y t i c a l  methods 303-307. A spec ia l  case i s  e l e -  

ments access ib le  t o  h y d r i d e  fo rma t ion  w i t h  subsequent separa t ion .  Owing t o  the  

pH-dependent f o r m a t i o n  o f  t h e i r  hydr ides ,  A s ( I I 1 )  and As(V),  f o r  example, can 
308,309 be e a s i l y  separa ted  and t h e  p r o p o r t i o n  o f  each va lency  s t a t e  q u a n t i f i e d  

They a r e  produced by  e i t h e r  b i o l o g i c a l  or chemical  t r a n s f o r m a t i o n  o f  n a t u r a l l y  

o c c u r r i n g  compounds o r  by an thropogen ic  a c t i v i t i e s  3109311. As compounds o f  t h i s  

k i n d  a r e  e i t h e r  more (e.g., Hg, Pb, Sn) o r  l e s s  (As) t o x i c  f o r  man and mammals 

than the  i o n i c  forms, a c l e a r  d i f f e r e n t i a t i o n  i s  needed. 

The most t o x i c  compounds, such as methylmercury and l e a d  a l k y l s ,  a r e  s imp le  

o rganometa l l i cs .  T h e i r  a n a l y s i s  down t o  very  low l e v e l s  i s  u s u a l l y  performed 

a f t e r  a p p r o p r i a t e  c lean-up by chromatographic separa t i on  techniques u s i n g  d i f -  

f e r e n t  d e t e c t i o n  p r i n c i p l e s .  The procedures a p p l i e d  a1 low t h e  simultaneous 

separa t i on  and q u a n t i f i c a t i o n  o f  a l l  r e l e v a n t  The s i t u a t i o n  f o r  

As, however, i s  more complex. I no rgan ic  A s ( I I 1 )  i s  s i g n i f i c a n t l y  more t o x i c  

than As(V), f o l l o w e d  by low-molecular-weight o rgan ic  m e t a b o l i t e s  such as methy l -  

a r s o n i c  a c i d  and d i m e t h y l a r s i n i c  a c i d .  The l a t t e r  compounds a r e  p a r t l y  produced 
316,317 i n  man and mammals as me tabo l i c  p roduc ts  o f  A s ( 1 I I )  and As(V) i o n i c  forms 

I n  seafood, which u s u a l l y  con ta ins  s i g n i f i c a n t  amounts o f  As a t  t he  m i l l i g r a m s  

p e r  k i l o g r a m  leve1318, t h i s  element occurs i n  s t a b l e  compounds i n  some organisms, 

such as arsenobetaine, wh ich  a r e  regarded as much l e s s  t o x i c  than  t h e  compounds 

ment ioned above. Owing t o  i n t e r f e r e n c e s  f rom As f rom t h i s  source, t he  determina- 

t i o n  o f  t o t a l  As i s  meaningless i n  occupat iona l  exposure i f  consumption o f  f i s h  

takes  p lace .  Thus, chromatographic and hyd r ide - fo rm ing  procedures w i th  AAS and 

v o l  t amne t r i c  d e t e c t i o n  have been developed and a p p l i e d  t o  t h e  separa t i on  and 

The de te rm ina t ion  o f  t h e  va lency  s t a t e  i n  a b i o l o g i c a l  m a t e r i a l ,  however, i s  

I n  p r i n c i p l e ,  t h e  i d e n t i f i c a t i o n  and de te rm ina t ion  o f  va lency  s t a t e s  o f  e l e -  

Organometals and organometa l lo ids  p l a y  a s i g n i f i c a n t  r o l e  i n  t h e  environment.  



TABLE 3.3 

COST-BENEFIT RATIO OF COMMERCIALLY AVAILABLE DEVICES FOR INSTRUMENTAL TRACE AND ULTRACE ANALYSIS 

Method Device(s) Approx. price Properties Remarks on cost-benefit ratio 
range 
(US $ 103) 

AAS Basic instruments with 
deuterium compensation 
and recorder 
Complete setup with 
a1 1 accessories, deute- 
rium compensation and 
automated sampling 
Complete setup with 
all accessories, 
Zeeman compensation 
and automated sam- 
pling 

complete unit 
ICP-AES Sequential systems, 

Multiple channel, com- 
plete unit 

15-30 Flame only; <20 sec per 
measurement 

40-60 All modes possible with 
microprocessor control ; 
<lo0 sec for graphite 
furnace measurement 

All modes possible but 
allways wjth highly so- 
phisticated electronics 

60-80 Not for all instruments. 

DPP/DPSV Basic instruments with 8-10 
recorder 

40-80 <20 sec per measurement 
with microprocessor 

100-200 With background compen- 
sation up to 50 ele- 
ments simultaneously, 
with complete computer 
evaluation 
For several elements 
simultaneously, also 
species detection 

Good for single samples, good excellent for 
series and higher concentrations 

Poor for single samples, medium for series of 
normal samples, medium-good for difficult 
samples, good for 24 h operation 

Poor for normal single samples, medium for 
difficult samples, medium-good for series of 
difficult samples, good for 24 h operation 

Poor-medium for normal single samples, medium 
for difficult samples and series, high gas 
consumption 
Poor for normal single samples, medium for 
difficult samples, good for series because of 
high sample thoughput but high gas (argon) 
consumption 

Excellent for single samples, good for series 
but increasing manpower needed 



NAA 

XRF 

Ms 

Colori- 
metry 

GC 

HPLC 

Partly computerized 
setups with all acces- 
sories 

Complete system with 
4096 channels, com- 
puter evaluation and 
Ge(Li) detector 

Multiple crystal, 
wavelength dispersive 

Energy dispersive 

Spark source MS, com- 
plete setup with com- 
puter evaluation 

Isotope ratio and iso- 
tope dilution with, 
e.g., thermionic 
sources 
Complete device with 
microprocessor control 

Complete device with 
conventional detec- 
tors, automated injec- 
tion and computer con- 
trol 
Complete with auto- 
mated injection, UV 
detector or voltam- 
metric and micro- 
processor evaluation, 
conventional detectors 

20-30 Microporcessor control 
and evaluation 

100-120 

6150 

40-60 

a300 

)ZOO 

10-25 

25-40 

35-60 

Mu1 ti-element method; 
access to nuclear re- 
actor necessary 

Mu1 ti-element method 
with computer evalua- 
tion standards needed 

30 or more elements 
simultaneously 

A few elements simul- 
taneously 

Second and higher or- 
ders, also automated 
operati on 

Fingerprint method 

Fi ngerpr i n t method , 
very versatile 

Good-excellent for single samples, excellent 
for series due to automated operation also for 
an oligo-element approach and 24 h operation 
INAA:  medium-poor except for simple series. 
Radiochemical NAA: poor-very poor owing to 
high nampower requirement 

Poor for single samples, medium for series, 
medium-good for 24 h operation 

Poor-medium for single samples, medium for 
small series, medium-good for 1 arger series, 
good for 24 h operation 

Very poor for single samples, poor-medium for 
small series, medium for larger series, high 
manpower needed for isotope dilution 

Medium for single samples, medium-good for 
small series owing to outstanding properties 
(definite method) 

Good for single samples, excellent for series 

Medium-good for single samples, good-excel lent 
for series, medium with, e.g., AAS detection 

Medium for single samples, good for series and 
with AAS detector, good-excellent with DPSV 
detector 

c. 
W 
4 
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q u a n t i f i c a t i o n  o f  1 ow-molecul a r -we igh t  spec ies  319-323. The r a p i d  d i f f e r e n t i a t i o n  

o f  these spec ies  f rom t h e  mentioned s t a b l e  complex As compounds f rom seafood i s  

p o s s i b l e ,  however, by a s im  l e  r e a c t i o n  w i t h  NaBH4, which o n l y  t ransforms t h e  
i n o r g a n i c  me tabo l i t es  324,32! 

Meta ls  i n  t h e  human body occur  o n l y  i n  very  low amounts i n  t h e  fo rm of f ree  

i o n s  as they  a r e  predominant ly  bound t o  t h e  e r y t h r o c y t e s  326y327 and t o  r e l a t i v e l y  
low-molecular-weight p r o t e i n s  such as m e t a l l o t h i o n i n e  and s i m i l a r  compounds 328 . 
Thus, low-molecu la r -we igh t  p r o t e i n s  a b l e  t o  b i n d  me ta l s  a r e  regarded as key 

compounds i n  ve ry  impor tan t  i n v e s t i g a t i o n s  on p h y s i o l o g i c a l  t r a n s p o r t  and s t o r -  

age mechanisms and w i t h  respec t  t o  t h e i r  r o l e  i n  d e t o x i f i c a t i o n  processes. 

Separa t ion ,  i d e n t i f i c a t i o n  and q u a n t i f i c a t i o n  can be performed w i t h  tech-  

n iques  s u i t a b l e  f o r  p r o t e i n  separa t ion ,  t h a t  i s ,  a l l  modes o f  chromatography, 

p a r t i c u l a r l y  a l s o  u s i n g  i s o e l e c t r i c  f ocus ing  329'330 coupled w i t h  power fu l  detec- 

t i o n  systems 331-336. P a r t i c u l a r l y  advantageous i n  t h i s  c o n t e x t  i s  t h e  a p p l i c a -  

t i o n  o f  l a b e l l i n g  techn iques  w i t h  r a d i o n u c l i d e s  i n  the  i d e n t i f i c a t i o n  o f  metal  
b i n d i n g  s i t e s ( " s i n k s " )  i n  va r ious  p h y s i o l o g i c a l  media 326,327,331,333-338. More- 

over ,  vo l tamne t ry  p rov ides  a ve ry  power fu l  approach f o r  heavy meta l  s p e c i a t i o n  

by p l a n k t o n i c  exudates and o t h e r  components o f  d i s s o l v e d  o rgan ic  m a t t e r  i n  

n a t u r a l  waters  232,339-342 

3.3.8. INSTRUMENTAL COSTS, COST-BENEFIT RELATIONSHIPS 

The p r i c e s  o f  commerc ia l l y  a v a i l a b l e  dev ices  and accessor ies  f o r  i ns t rumen ta l  

ana lys i s ,  t h e i r  sample c a p a c i t y  and es t imates  o f  t h e  c o s t - b e n e f i t  r e l a t i o n s h i p s  

a r e  g i v e n  i n  Table 3.3. Th i s ,  i n  p r i n c i p l e ,  i s  s e l f - e x p l a n a t o r y  b u t  a few add i -  

t i o n a l  comnents w i l l  be g iven.  I f  l a r g e  numbers o f  s i m i l a r  samples have t o  be 

analysed, d e s p i t e  t h e  h i g h  inves tment  p a r t l y  o r  even comp le te l y  automated 

systems f o r  AAS, ICP-AES, DPSV, XRF, e tc . ,  a r e  t h e  most s u i t a b l e  f o r  decreas ing  

runn ing  cos ts  by sav ing  manpower. The cho ice  and a p p l i c a t i o n  o f  a p a r t i c u l a r  

method f o r  r o u t i n e  d u t i e s ,  however, depends n o t  o n l y  on t h e  problem b u t  a l s o  

on t h e  exper ience and knowledge o f  t h e  l a b o r a t o r y  s t a f f ,  which can g r e a t l y  

i n f l u e n c e  pre ferences  f o r  a c e r t a i n  method and even f o r  t h e  produc ts  a p a r t i c u l a r  

ma nu f ac t u r e r  . 
such as NAA, PAA, X-ray microprobe, P I X E  and a l l  modes o f  MS i n  numerous i n -  

stances a r e  va luab le  re fe rence  methods and, i s o t o p e  d i l u t i o n  MS a d e f i n i t i v e  

method of h i g h  a n a l y t i c a l  power. Never the less ,  t h e  h i g h  inves tment  cos ts  and 

t h e  e x p e r t i s e  r e q u i r e d  f o r  r e l i a b l e  use comnonly exc lude t h e i r  i n s t a l l a t i o n  i n  

s m a l l e r  r o u t i n e  and even i n  many research  l a b o r a t o r i e s .  On t h e  o t h e r  hand, i t  

shou ld  be emphasized t h a t  w i t h  respec t  t o  r e l i a b i l i t y  o f  t he  a n a l y t i c a l  da ta  

Moreover, i t  i s  obvious t h a t  h i g h l y  s o p h i s t i c a t e d  and expensive methodologies 
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produced, a t  l e a s t  two independent a n a l y t i c a l  methods shou ld  be regarded as 

minimal f o r  r o u t i n e  and research  l a b o r a t o r i e s  work ing  on t r a c e  meta l  a n a l y s i s  o f  

b i o l o g i c a l  m a t e r i a l s  i n  occupat iona l  med ic ine  and t o x i c o l o g y ,  environmental  

s u r v e i l l a n c e ,  food c o n t r o l  o r  c l i n i c a l  chemis t ry .  A t  p resen t  t h e  two most com- 

monly used methods a r e  AAS and voltammetry. 

3.4. FUTURE PROSPECTS 

The most d e s i r a b l e  p rogress  doubt less  would be t h e  adop t ion  o f  t r a c e  ana- 

l y t i c a l  chemis t r y  as an o v e r a l l  approach, as a l ready  ment ioned above, i n  a 

s t e a d i l y  i n c r e a s i n g  number o f  l a b o r a t o r i e s .  Th is  cou ld  be achieved f i r s t  by 

g a i n i n g  t h e  necessary exper ience and s k i l l  w h i l e  pe r fo rm ing  p r a c t i c a l  t r a c e  and 

u l  t r a t r a c e  analyses and second by  i n t r o d u c i n g  improved c o n d i t i o n s  such as c lean  

workplace methods, t h e  use o f  independent a n a l y t i c a l  approaches, wherever pos- 

s i b l e  i n  t h e  same labo ra to ry ,  and t h e  use o f  a good s e l e c t i o n  o f  a p p r o p r i a t e  

c o n t r o l ,  s tandard  re fe rence  and c e r t i f i e d  s tandard  re fe rence  m a t e r i a l s .  There 

a r e  good reasons t o  b e l i e v e  t h a t  such progress cou ld  be achieved w i t h i n  a few 

years.  

ous t h a t  a l s o  here  cons ide rab le  p rogress  i s  poss ib le .  AAS has inc reased i t s  

r e l i a b i l i t y  by t h e  r e c e n t  commercial i n t r o d u c t i o n  o f  s i g n i f i c a n t  improvements 

such as Zeeman background compensation and p l a t f o r m  techniques f o r  g r a p h i t e  

fu rnaces .  T h i s  shou ld  make poss ib le ,  f o r  numerous m a t e r i a l s  and f o r  a number o f  

elements, much s i m p l e r  sample p re - t rea tmen t  o r  a t  l e a s t  a t  e leva ted  t r a c e  e l e -  

ment l e v e l s  t h e  d i r e c t  a n a l y s i s  o f  l i q u i d  o r  even s o l i d  samples, which can con- 

s i d e r a b l y  reduce t h e  need f o r  con taminat ion  p recau t ions .  Rapid s i g n a l  r e c o r d i n g  

and a e f f e c t i v e  temperature c o n t r o l  f o r  a l l  stages o f  fu rnace p r o g r a m s  coupled 

w i t h  a s teady  improvement i n  fu rnace m a t e r i a l s  and fu rnace techniques can be  

expected i n  t h e  near f u t u r e  f o r  r o u t i n e  use. Th is  shou ld  f u r t h e r  improve t h e  

p r e c i s i o n  and accuracy down t o  the  p i  cogram per  gram o r  picogram per  m i  11 i 1 i t r e  

l e v e l .  

Plasma AES, owing t o  steady progress  i n  a l l  components o f  c o m r c i a l  dev ices  

and d e s p i t e  i t s  h i g h  inves tment  cos ts ,  w i l l  compete s u c c e s s f u l l y  w i t h  f lame AAS 

i f  .s imultaneous mu l t i - e lemen t  a n a l y s i s  i s  requ i red .  The l a t t e r  i s  advantageous 

i n  a l l  t ypes  o f  environmental  and b iochemica l  research  because o f  a l a c k  o f  da ta  

on elemental  c o r r e l a t i o n s ,  a task  which h i g h l y  favours  mu l t i - e lemen t  methods. 

be a p lace  f o r  AFS, which p o s s i b l y  w i l l  l ead  t o  t h e  p roduc t i on  o f  commercial 

f lame AFS ins t rumen ts  i n  t h e  near f u t u r e .  

I f  t h e  s t a t e  o f  t h e  a r t  o f  i ns t rumen ta l  techniques i s  reviewed, i t  i s  obv i -  

Desp i te  t h e  progress i n  GFAAS and plasma AES techniques, t h e r e  seems s t i l l  t o  
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Voltammetry a t  p resen t  has un ique p o t e n t i a l  as a s imp le  b u t  ex t remely  versa- 

t i l e  and s e n s i t i v e  o l igo-e lement  approach. However, t h e r e  a r e  s t i l l  some i n s t r u -  

mental demands t h a t  need t o  be s a t i s f i e d  i n  o rde r  t o  o f f e r  t h e  user  o f  c o n e r c i a l  

i ns t rumen ts  a l l  t he  advantages o f  t h i s  approach, i . e . ,  computer c o n t r o l  and 

e v a l u a t i o n  and wide s e l e c t i o n  o f  commercial work ing  e lec t rodes .  Also,  s imp le r  

e v a l u a t i o n  methods and an ex tens ion  t o  n e a r l y  d i r e c t  methods, a t  l e a s t  i n  s imp le r  

ma t r i ces  o r  f o r  sc reen ing  purposes i n  environmental  chemis t ry  o r  occupat iona l  

exposure, can be expected. Th is  may aga in  i n i t i a t e  a s i g n i f i c a n t  growth o f  ap- 

p l i c a t i o n s  i n  a l l  t r a c e  a n a l y t i c a l  branches, because even h i g h l y  s o p h i s t i c a t e d  

and v e r s a t i l e  i ns t rumen ta t i on  would be s t i l l  a v a i l a b l e  a t  reasonable p r i c e s .  

Whereas o t h e r  methods i nd i spensab le  f o r  a v a r i e t y  o f  t r a c e  and u l t r a t r a c e  

a n a l y t i c a l  tasks ,  such as NAA, XRF and MS, w i l l  s t i l l  h o l d  t h e i r  p o s i t i o n  w i t h -  

o u t  excep t iona l  growth, chemiluminescence can be expected t o  g a i n  i n f l u e n c e  

owing t o  i t s  s i m p l i c i t y ,  s p e c i f i t y  and s e n s i t i v i t y ,  a t  l e a s t  f o r  p a r t i c u l a r  

elements and when t h e  s t i l l  necessary bas i c  research  has been completed. 

q u a n t i f i c a t i o n  can be fo recas t ,  as i n t e r e s t  w i l l  swing more towards methodologies 

t h a t  a r e  ab le  t o  answer p a r t i c u l a r  ques t ions  on species d i s t r i b u t i o n  and f a t e  

f o r  a b e t t e r  i n s i g h t  i n t o  t h e  mechanisms i n v o l v e d .  Th is  may be coup led  a l s o  

w i t h  t h e  c r i t i c a l  b u t  i n c r e a s i n g  use o f  computer techniques i n  a l l  a n a l y t i c a l  

branches d e a l i n g  w i t h  t r a c e  element d i s t r i b u t i o n  and c o r r e l a t i o n  i n  b i o l o g i c a l  

and env i ronmenta l  ma te r ia l s .  

A l so  a ga in  i n  a p p l i c a t i o n  and s i g n i f i c a n c e  f o r  species i d e n t i f i c a t i o n  and 
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4.1. INTRODUCTION 

Several  c l a s s i c a l  w r i t e r s  have descr ibed t h e  t o x i c  p r o p e r t i e s  o f  l ead  and 

2 
i t s  compounds' and h i g h  l ead  exposures i n  p rev ious  t ime  pe r iods  have been docu- 

mented . A l though t h e  hazards assoc ia ted  w i t h  l ead  i n t a k e  a r e  now commonly known 

and t h e  exposure l e v e l s  a r e  s u b j e c t  t o  r e g u l a t i o n ,  cases o f  l ead  po ison ing  s t i l l  

occur .  

Lead and i t s  compounds have ve ry  u s e f u l  p h y s i c a l  and chemical  p r o p e r t i e s ,  and 

l e a d  i s  probab ly  t h e  most w i d e l y  used non- fe r rous  meta l3 .  A v a i l a b l e  f i g u r e s  f rom 

t h e  U.S.A.,  F i n l a n d  and Denmark suggest t h a t  about 1% o f  t h e  work ing  p o p u l a t i o n  

has a s i g n i f i c a n t  occupat iona l  exposure t o  l e a d  . C h i l d r e n  may i n g e s t  dangerous 

amounts o f  l ead  by e a t i n g  o r  mouthing f l a k e s  o f  l e a d  p a i n t  ( " p i c a " ) ,  and i n  some 

U.S. c i t i e s  severa l  percent  o f  young c h i l d r e n  have h i g h  b lood l e a d  l e v e l s  . 
Hence t h e r e  i s  a cons ide rab le  need f o r  l ead  analyses as a mon i to r  o f  l e a d  expo- 

sure.  Indeed, b lood lead  de te rm ina t ion  has become a r o u t i n e  procedure i n  a l a r g e  

number o f  l a b o r a t o r i e s .  

4 

5 
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More than 100 years  ago i t  was d iscovered t h a t  l e a d  i s  p resen t  as a u b i q u i -  

tous  element even i n  human t i ssues6 .  The a n a l y t i c a l  method o f  t h a t  t i m e  was 

p r e c i p i t a t i o n  w i t h  hydrogen su lph ide  and we igh ing  t h e  b lack  precip ' i tate.  Al though 

n o t  s p e c i f i c  f o r  lead ,  t h i s  method was t h e  s tandard  cho ice  u n t i l  t h e  beg inn ing  

o f  t h i s  century .  Then, f o r  about f o u r  decades, c h e l a t i o n  w i t h  d i t h i z o n e  and 

po la rog raph ic  d e t e c t i o n  of  t h e  l ead  complex was t h e  method o f  cho ice .  Expensive 

emiss ion  spectrographs came i n  use f o r  l e a d  analyses more than 20 yea rs  ago, b u t  

t h e  major  s t e p  fo rward  was t h e  a tomic-absorp t ion  spectrophotometer,  which was 

l a t e r  improved w i t h  g r a p h i t e  tubes f o r  f lameless  de te rm ina t ions .  Atomic absorp- 

t i o n  i s  a t  p resen t  t h e  most w i d e l y  used method f o r  t h e  de te rm ina t ion  o f  l e a d  i n  

b lood  and o t h e r  b i o l o g i c a l  samples. Dur ing  t h e  l a s t  few years ,  anodic s t r i p p i n g  

vo l tamne t ry  ( A S V )  has been developed and improved t o  a degree t h a t  makes i t  com- 

p a r a b l e  t o  a tomic  abso rp t i on .  Other recen t  developments i n c l u d e  some s p e c i a l i z e d  

methods t h a t  need v e r y  c o s t l y  i ns t rumen ta t i on .  Proton- induced X-ray emiss ion  

(PIXE) can o n l y  be used f o r  smal l ,  t h i n  samples. Mu l t i - e lemen t  a n a l y s i s  by X-ray 

f l uo rescence  may become one o f  t h e  most power fu l  a n a l y t i c a l  methods i n  t h e  f u -  

t u r e ;  present-day i ns t rumen ts  a r e  n o t  ve ry  s e n s i t i v e  t o  lead, b u t  a p o r t a b l e  

model has been developed t o  measure l ead  i n  c a l c i f i e d  t i s s u e s  i n  v i vo7 .  Fas t -  

neu t ron  a c t i v a t i o n  a n a l y s i s  i s  p o s s i b l e  b u t  has n o t  been e x t e n s i v e l y  used . 

o f  pub l i shed  r e s u l t s  on b lood l e a d  l e v e l s  i n  t h e  genera l  p o p u l a t i o n  has shown 

t h a t  t h e  l e v e l s  have been decreasing'. Th i s  i s  p r i m a r i l y  due t o  b 'e t te r  a n a l y t i c a l  

accuracy and more s t r i n g e n t  contaminat ion  c o n t r o l .  Some o f  t h e  t r a d i t i o n a l  

d i t h i z o n e  methods i n v o l v e d  severa l  steps and a d d i t i o n  o f  chemicals t h a t  were n o t  

n e c e s s a r i l y  lead- f ree .  E s p e c i a l l y  when l e a d  l e v e l s  a r e  low, such f a c t o r s  become 

a problem. R e l i a b l e  r e s u l t s  a t  low lead  concen t ra t i ons  can be ob ta ined  by i s o -  

t o p i c  d i l u t i o n  and mass spec t romet ry  under c lean  l a b o r a t o r y  c o n d i t i o n s ,  b u t  few 

need such s o p h i s t i c a t e d  methodology f o r  r o u t i n e  l e a d  analyses. 

As l e a d  de te rm ina t ion  was a cumbersome process u n t i l  a decade o r  two ago, 

o t h e r  b i o l o g i c a l  t e s t s  o f  l e a d  exposure came i n t o  use. For  many years  the  

b a s o p h i l i c  s t i p p l i n g  of  t h e  e r y t h r o c y t e s  was used as an i n d i c a t o r  o f  l e a d  expo- 

sure  . La te r ,  u r i n a r y  e x c r e t i o n  o f  coproporphyr in  I V  and 6'-aminolaevul inate 

(ALAU) were introduced".  Dur ing  t h e  l a s t  decade an i n c r e a s i n g  number o f  labora-  

t o r i e s  have performed de te rm ina t ions  o f  aminolaevul  i n a t e  dehydratase (ALAD) 

a c t i v i t y  and z i n c  p r o t o p o r p h y r i n  (ZPP) c o n c e n t r a t i o n  i n  e r y t h r o c y t e s .  These b i o -  

chemical  t e s t s  show a b i o l o g i c a l  e f fec t  of t h e  l e a d  exposure, n o t  j u s t  a temporary 

exposure l e v e l .  Not a l l  t e s t s  are,  however, s p e c i f i c  f o r  lead. Some o f  t h e  most 

u s e f u l  measurements w i l l  be d iscussed i n  a l a t e r  p a r t  o f  t h i s  chapter ,  

8 

As a n a l y t i c a l  c a p a b i l i t i e s  improved, contaminat ion  problems arose. A survey 

8 
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4.2. SAMPLING AND STORAGE 

No a n a l y t i c a l  techn ique can p rov ide  r e s u l t s  t h a t  a r e  b e t t e r  than t h e  sample 

presented  t o  i t .  As the  development o f  new methods has pe rm i t ted  t h e  d e t e c t i o n  

of t r a c e  me ta l s  i n  t h e  ppb (ug /kg)  and sub-ppb range, measurements a t  such low 

l e v e l s  genera te  un ique problems t h a t  do n o t  c o n f r o n t  workers concerned w i t h  

analyses o f  concent ra ted  samples. Owing t o  ub iqu i tous  l ead  p o l l u t i o n ,  extreme 

c a u t i o n  must be taken t o  avo id  contaminat ion  o f  b i o l o g i c a l  specimens. Almost 

every  s t e p  f rom sample c o l l e c t i o n  t o  f i n a l  l ead  d e t e c t i o n  i s  s u s c e p t i b l e  t o  t h e  

i n t r o d u c t i o n  o f  exogenous lead.  Dust may c o n t a i n  more than 1% o f  lead, and a 

few p a r t i c l e s  can inc rease  t h e  l ead  con ten t  cons ide rab ly .  Fu r the r ,  h a i r s  and 

shed s k i n  c e l l s  o f  l a b o r a t o r y  personnel  o f t e n  c o n t a i n  much h i g h e r  l ead  con- 

c e n t r a t i o n s  than t h e  samples be ing  analysed. Blank samples should always be 

i nco rpo ra ted  i n  each ba tch ,  b u t  t h i s  procedure does n o t  p r o t e c t  aga ins t  contami-  

n a t i o n .  I n  genera l ,  t h e  s imp le r  t h e  a n a l y t i c a l  method, t he  sma l le r  i s  t h e  r i s k  

o f  con taminat ion .  Acids must be o f  u l t r a - p u r e  q u a l i t y ,  and a l l  equipment must 

be cleaned w i t h  d i l u t e  n i t r i c  a c i d  (1%)  o r  c h e l a t i n g  s o l u t i o n s .  I n  spec ia l  cases, 

procedures have t o  be c a r r i e d  o u t  i n  a l am ina r  a i r  f l o w  bench o r  i n  a " c lean  

room"". Genera l l y ,  more r i g o r o u s  contaminat ion  c o n t r o l  i s  needed when t h e  l ead  

l e v e l s  i n  t h e  specimens a r e  low. 

Most b lood samples a r e  ob ta ined  by venepuncture, and low- lead Vacuta iners  

a r e  a v a i l a b l e  (Nos. 4610 and 6527 f rom Becton-Dickinson, Ruther fo rd ,  NJ, U.S.A.). 

As t h e  b lood  runs  d i r e c t l y  f rom t h e  v e i n  i n t o  the  tube, Contaminat ion problems 

d u r i n g  sampl ing a r e  v e r y  r a r e .  I f  o t h e r  techniques a r e  used i t  becomes impor tan t  

t o  check t h e  l ead  leakage f rom needle, tube and s topper ,  and i f  necessary t o  

wash t h e  equipment w i t h  d i l u t e  a c i d  o r  de te rgen t  b e f o r e  use. Mic ro-sampl ing  o f  

b lood f rom a s k i n  punc ture  has been used e x t e n s i v e l y ,  because some i n d i v i d u a l s ,  

e s p e c i a l l y  c h i l d r e n ,  may n o t  accept  venepuncture. The punc ture  i s  u s u a l l y  per -  

formed on a f i n g e r - t i p  i n  t h e  U.S.A., w h i l e  ear - lobe punc ture  i s  cornonplace i n  

Europe. Commercial ly a v a i l a b l e  ' l ance ts  can be used f o r  t h i s  purpose, b u t  v igorous  

c l e a n i n g  o f  t h e  s k i n  i s  necessary, p r e f e r a b l y  w i t h  bo th  soap and 70% a l c o h o l  

Dur ing  t h i s  procedure, t h e  t i s s u e  becomes f i l l e d  w i t h  blood, thus  making the  

sampl ing e a s i e r .  To avo id  contaminat ion  f rom d i r t  on the  f i n g e r s ,  c o l l o d i o n  spray 

can be used t o  cover  t h e  s k i n  b e f o r e  f i n g e r  punc ture .  The b lood i s  u s u a l l y  

sampled i n  a 5 0 - 1 0 0 - ~ 1  large-base c a p i l l a r y  tube. 

b u t  concen t ra t i ons  o f  hepar in  g r e a t e r  than t w i c e  the  recommended concen t ra t i on  

can cause i n t e r f e r e n c e  w i t h  l ead  abso rp t i on  i n  some a tomic-absorp t ion  spec t ro -  

m e t r i c  (AAS) procedures. A d d i t i o n  o f  EDTA may i n t e r f e r e  w i t h  complex fo rma t ion  

i n  some methods. As whole b lood i s  t h e  specimen analysed, haemolysis does n o t  

12 . 

The cho ice  of a n t i c o a g u l a n t  may be impor tan t .  Hepar in  i s  most comnonly used, 
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l n t e r f e r e  w i th  t h e  de te rm ina t ion ,  b u t  t he  presence o f  mic ro-coagu la tes  can make 

t h e  t r a n s f e r  o f  a r e p r e s e n t a t i v e  sub-sample d i f f i c u l t .  E x t r a c t i o n  o f  l e a d  f rom 

t h e  coagu la tes  may be necessary13. Blood samples can be s to red  f o r  o n l y  a l i m i t e d  

t ime  i n  a r e f r i g e r a t o r ,  and i t  i s  recomnended t o  deep-freeze samples. 

observed bo th  f o r  aqueous s o l u t i o n s  and f o r  b lood.  Fo r  Pyrex and Kimax con ta in -  

e r s  a l o s s  o f  30% o f  t he  l e a d  was observed i n  a 400 ppb aqueous s o l u t i o n  w i t h i n  

5 min  and a l o s s  o f  50% a f t e r  1 h14. The l o s s  i n  po l ye thy lene  con ta ine rs  was 

sma l le r ,  be ing  10% a f t e r  15 min. Adding 1 m l  o f  e i t h e r  concent ra ted  HN03 o r  

H202 t o  100 m l  o f  s o l u t i o n  changed t h e  r e s u l t s  d r a m a t i c a l l y ,  and no l o s s  was 

observed a f t e r  a s to rage  f o r  1 week14. Other exper iments i n d i c a t e d  a l o s s  o f  

about 50% o f  l e a d  i n  aqueous s o l u t i o n  f o r  bo th  Pyrex and po lye thy lene ;  a 3% H202 

s o l u t i o n  seemed s u f f i c i e n t  t o  p revent  t h e  l o s s  o f  l ead  by w a l l  adsorp t ion15.  I n  

ou r  exper ience, however, HN03 i s  s u p e r i o r  t o  H202 as an a d d i t i v e  t o  aqueous 

s o l u t i o n s  f o r  long- te rm s to rage.  However, a l ead  contaminat ion  o f  0-33 ug/ml i n  

tubes f i l l e d  w i t h  1% HN03 d u r i n g  14 days has been repor ted16.  For  b lood  samples 

t h e  r e s u l t s  were more v a r i a b l e  as bo th  losses  and ga ins  o f  as much as 15 ug o f  

l ead  pe r  100 m l  was observed ( t h e  l e a d  l o s t  cou ld  be q u a n t i t a t i v e l y  recovered 

f rom t h e  w a l l s  by washing w i t h  1% HN03). Nackowski e t  a1.16 " s t r o n g l y  recommend 

t h a t  seve ra l  o f  t h e  evacuated b lood tubes f rom each l o t  ... be leach  t e s t e d  

p r i o r  t o  use w i t h  b lood  o r  plasma and t h e  e l u a t e  analysed f o r  p o t e n t i a l  t r a c e  

metal  con taminat ion  problems". 

A fundamental problem i s  t h e  g a i n  o r  l o s s  o f  l e a d  d u r i n g  sample s to rage,  

4.3. BLOOD LEAD ANALYSIS 

The l e a d  concen t ra t i on  i n  b lood  has h i t h e r t o  been regarded as t h e  b e s t  e s t i -  

mator o f  t h e  r i s k  o f  l ead  po ison ing8.  Because o f  t h e  g r e a t  need f o r  b lood lead  

measurements, a wide v a r i e t y  o f  a n a l y t i c a l  methods has been descr ibed,  and 

improvements a re  c o n s t a n t l y  be ing  repo r ted .  Popu lar  methods i n  t h e  p a s t  were 

t h e  c o l o r i m e t r i c  d i  t h i zone  method17 and the  e x t r a c t i o n  method a f t e r  a c i d i c  p ro-  

t e i n  p r e c i p i t a t i o n  fo l lowed by flame AAS1*. A t  p resent ,  i n  our  op in ion ,  f lame- 

l e s s  AAS, p r e f e r a b l y  a f t e r  a c i d i c  ashing, and anodic s t r i p p i n g  vo l tamne t ry  (ASV) 

seem t o  be t h e  methods o f  cho ice .  These methods, and u s e f u l  m o d i f i c a t i o n s ,  w i l l  

be discussed i n  d e t a i l  below. 

One a n a l y t i c a l  method i s  s u p e r i o r  t o  a l l  o t h e r  methods i n  accuracy and sen- 

s i t i v i t y :  i s o t o p e  d i l u t i o n  and d e t e c t i o n  by mass spec t romet ry .  Al though t h i s  

techn ique i s  p robab ly  t h e  most r e l i a b l e  re fe rence  method a v a i l a b l e  f o r  lead ,  i t  

i s  t o o  s low and expensive t o  f i n d  a p p l i c a t i o n  i n  t h e  r o u t i n e  de te rm ina t ion  o f  

l ead  i n  b lood.  
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4.3.1.  Atomic-absorption spectrometry 

I n  t h i s  techn ique t h e  p r e - t r e a t e d  sample i s  atomised i n  a f lame o r  on e l e c -  

t ro the rma l  l y  heated  metal  o r  carbon. L i g h t  o f  t h e  c h a r a c t e r i s t i c  wavelength from 

a w e l l  d e f i n e d  source i s  absorbed by t h e  atoms i n  t h e  ground s t a t e .  Re-emission 

o f  photons i s  i s o t r o p i c ,  r e s u l t i n g  i n  a decreased i n t e n s i t y  o f  t h e  s i g n a l .  Com- 

p l e t e  a t o m i z a t i o n  i s  necessary and i s  p robab ly  achieved v i a  the  oxide. Dur ing  

p re - t rea tmen t  w i t h  low-temperature ash ing  ( w i t h  r a d i o  f i e l d  e x c i t e d  oxygen) t h e  

ox ide  i s  formed d i r e c t l y .  I n  a c i d i c  ash ing  methods, e.g., w i t h  HN03, t h e  ox ide  

i s  formed d u r i n g  t h e  ash ing  procedure.  HN03 i s  e x c e l l e n t  a l s o  f o r  d e p r o t e i n i z a -  

t i o n  and m a t r i x  m o d i f i c a t i o n .  The n i t r a t e  r e a c t s  th rough t h r e e  steps, t h e  over -  

a l l  process be ing  Pb(N03)2 Z PbO + 2N02 + 30,. Sturgeon e t  a1 . l '  showed t h a t  

t h e  carbon o f  t h e  w a l l s  o f  a g r a p h i t e  tube  a tomizer  reac ted  w i t h  PbO, thus  

a i d i n g  t h e  a t o m i z a t i o n  process, which seemed t o  occur  i n  two s teps  ( a t  t h e  

s t a t e d  tempera tures) :  

r e d u c t i o n  
a t  carbon Lb,,,1 

where ( s )  = s o l i d ,  ( 1 )  = l i q u i d  and (9 )  = gaseous s t a t e .  Lead c h l o r i d e ,  which 

i s  formed a f t e r  HC1 d i g e s t i o n ,  i s  hydro lysed t o  t h e  ox ide  which then  f o l l o w s  t h e  

same r e a c t i o n  scheme. A p p l i c a t i o n  of an i n e r t  purge gas ( u s u a l l y  argon) p r o t e c t s  

t h e  g r a p h i t e  tube  a g a i n s t  combustion, removes sample vapours and fumes formed 

d u r i n g  t h e  d r y i n g  and ash ing  stages and prevents  o x i d a t i o n  o f  t h e  atomized lead.  

Dur ing  t h e  a t o m i z a t i o n  s t e p  ( w i t h  temperatures t y p i c a l l y  reach ing  20OO0C) an 

e x t e r n a l  gas s t ream w i l l  p reven t  i n t r u s i o n  o f  oxygen i n t o  the  a n a l y t i c a l  volume 

o f  l e a d  atoms. The i n t r o d u c t i o n  o f  such carbon tubes2' and e q u i v a l e n t  carbon 

rods  improved t h e  s igna l - to -no ise  r a t i o  and t h e  d e t e c t i o n  l i m i t  compared w i t h  

f lame a t o m i z a t i o n  methods w i t h  tan ta lum o r  carbon f i l a m e n t s .  

Dur ing  t h e  p a s t  decade a number o f  methods have been i n  use f o r  p re- t rea tment .  

Among these, f o u r  ma jor  groups can be o u t l i n e d :  (1) a c i d i c  ashing, ( 2 )  haemolysis 

w i th  de te rgen ts  o r  by s imp le  d i l u t i o n  w i t h  water ,  ( 3 )  d r y i n g  and ash ing  w i t h  

H202 i n  a Delves cup and (4 )  d r y i n g  b lood  spo t ted  on f i l t e r - p a p e r  accord ing  t o  

Cern ik .  O f  these, ( 1 )  and (2) are  now t h e  most popu lar ,  as a v a i l a b i l i t y  o f  au to-  

samplers has so l ved  t h e  , p i p e t t i n g  problem. 

A c i d i c  ash ing  methods seem t o  be s u p e r i o r  t o  o t h e r  p re- t rea tments .  Garnys 

and Matousek" ashed 2 u l  o f  b lood  w i t h  1 u l  of conc. HN03 i n  a carbon cup w i t h  

a th ree -s tep  temperature programne. The p r e c i s i o n  was 6.7 and 4.5% a t  14 and 
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20 ug p e r  100 m l ,  r e s p e c t i v e l y .  HN03was shown t o  be ve ry  e f f i c i e n t  a t  e l i m i n a t i n g  

t h e  background s igna l .  D i l u t i o n  w i t h  T r i t o n  X-100 was l e s s  e f f i c i e n t .  Measure- 

ment w i th  a g r a p h i t e  tube of t h e  supernatan t  f rom b lood ashed a t  65-70°C f o r  
22 20 min w i t h  HN03 gave a c o e f f i c i e n t  of  v a r i a t i o n  (CV) o f  3.5%. Posma e t  a l .  

p laced  5 u1 o f  b lood  d i r e c t l y  i n  t h e  g r a p h i t e  tube f o l l o w e d  by 10 111 of conc. 

HN03. T h e i r  d e t e c t i o n  l i m i t  was 1.5 Ug p e r  100 m l  w i t h  C.V.=15% a t  25 ug p e r  

100 m l .  L a t e r  work u s i n g  t h i s  method gave C.V. = 45, 14and 6% a t  4, 12and 28 pg 

p e r  100 m l ,  r e ~ p e c t i v e l y ~ ~ .  C a s t i l h o  and Herber24 d i l u t e d  50 v l  o f  b lood  w i t h  

950 u1 o f  water  and 5 u1 o f  concent ra ted  HN03 and i n j e c t e d  5 u1 o f  t h e  m i x t u r e  

i n t o  a g r a p h i t e  tube.  The d e t e c t i o n  l i m i t  was 0.1 ug p e r  100 m l  w i t h  C.V. = 4% 

a t  15 Vg pe r  100 m l .  

auto-sampler e l i m i n a t i n g  persona l  e r r o r s  i n  p i p e t t i n g  t h e  a n a l y t i c a l  sample o f  

10 u1 has been developed i n  c o l l a b o r a t i o n  w i t h  Perkin-Elmer.  The volume d e l i v -  

e red  had a p r e c i s i o n  o f  C.V.=0.15%. Dahl and Stoeppler"  showed t h a t  t he  pre-  

c i s i o n  o f  de te rm ina t ion  o f  l ead  i n  a c i d i c  s o l u t i o n s  was b e t t e r  w i t h  HN03 and 

HC1 (C.V.=2%) than w i t h  HC104 (C.V.=4-5%), t h e  l a r g e s t  s i g n a l  be ing  ob ta ined  

w i t h  HN03. The s i g n a l  h e i g h t  and t h e  l i f e t i m e  o f  t h e  tube decreased w i t h  i n -  

c reas ing  a c i d i t y .  The lowes t  p o s s i b l e  concen t ra t i on  o f  HN03 a l l o w i n g  e f f i c i e n t  

ash ing  ( d e p r o t e i n i z a t i o n  and m a t r i x  m o d i f i c a t i o n )  shou ld  t h e r e f o r e  be app l i ed .  

The au tho rs  recommended m i x i n g  2 M HN03, b lood and water  (3:2:3) f o r  30 sec. 

The supernatan t  was then autosampled i n t o  t h e  g r a p h i t e  tube, d r i e d  a t  100°C, 

ashed a t  6OO0C and atomized a t  220OOC. The C.V .  was 8.4, 5.0, 4.3 and 3.52 a t  

10, 17.5, 23.3 and 48 ;lg pe r  100 m l ,  r e s p e c t i v e l y .  The p r e c i s i o n  was h i g h e r  

w i t h  the  s i g n a l  read as i t s  maximum h e i g h t ,  i . e . ,  "peak mode", than w i t h  t h e  

s i g n a l  c a l c u l a t e d  as the  i n t e g r a l  o f  t h e  curve, i . e . ,  "area mode". The inc rease  

i n  p r e c i s i o n  was h i g h e r  (18%) w i t h  s tandard  g r a p h i t e  tubes than w i t h  tubes 

p y r o l y t i c a l l y  t r e a t e d  (8%). C o r r e l a t i o n  w i t h  an ASV method was good. 

Koizumi and co-workers 30'31 have descr ibed a un ique method f o r  e l i m i n a t i o n  

o f  t h e  problem w i t h  u p l i t t i n g  o f  t h e  a n a l y t i c a l  and t h e  background compensating 

l i g h t  beams by a p p l i c a t i o n  o f  a steady magnet ic f i e l d  s p l i t t i n g  t h e  wavelength,  

accord ing  t o  t h e  Zeeman e f f e c t ,  i n  components w i t h  d i f f e r e n t  p o l a r i z a t i o n  char -  

a c t e r i s t i c s .  App ly ing  p o l a r i z a t i o n  modu la t ion  made i t  p o s s i b l e  t o  compute t h e  

d i f f e r e n c e  between a component p r o p o r t i o n a l  t o  t h e  sum o f  a n a l y t i c a l  and back- 

ground and one g i v i n g  t h e  background alone. The o n l y  sample p r e p a r a t i o n  was 

d i l u t i o n  w i t h  water ,  and measurement was made a t  cons tan t  temperature (18OO0C). 

The d e t e c t i o n  l i m i t  was 0.2 Ug p e r  100 m l .  Th i s  Zeeman e f fec t -based  background 

compensation seems ve ry  p romis ing ,  and i t s  use shou ld  be encouraged. 
32 

o r  d r y i n g  on f i l t e r - ~ a p e r ~ ~  o r  i n  a n i c k e l  c r u c i b l e  f o l l o w e d  by ash ing  w i t h  

Graph i te  tube AAS has been pe r fec ted  by t h e  group a t  KFA J U l i ~ h ~ ~ - ~ ' .  An 

Other  popu la r  methods o f  p repara t i on  have been haemolysis w i t h  de te rgen ts  

H2O234. 
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H e ~ s e l ~ ~  re leased  ery th rocy te-bound lead  by haemolysis w i t h  t h e  de te rgen t  

T r i t o n  X-100 [a s a l t  o f  t h e  su lpha te  e s t e r  o f  alkylphenoxypoly(ethy1eneoxy) 

ethanol]. I n  t h e  o r i g i n a l  method t h e  l ead  was then e x t r a c t e d  w i t h  amnonium 

p y r r o l  i d i n e - 1 - d i t h i o a t e  (e r roneous ly  named ammonium p y r r o l  i d i n e  d i  th iocarbamate ,  

APDC) i n t o  4-methyl-2-pentanone (methyl  i s o b u t y l  ketone, MIBK) and measured by 

f lame AAS. M o d i f i c a t i o n s  u s i n g  f lameless  l ead  d e t e c t i o n  a r e  c u r r e n t l y  used 

A s p e c i a l  c h e l a t e  s o l u t i o n  was developed by Kon and Sarkoz i  

K n u t t i  e t  a l . 37  ob ta ined  good p r e c i s i o n  even a t  low lead  l e v e l s  (C.V.=3.5% 

a t  5 pg p e r  100 m l )  by add ing  HN4N03 t o  t h e  sample i n  an a t tempt  t o  remove 

c h l o r i d e  as NH4C1 d u r i n g  t h e  ash ing  phase, thereby  e l i m i n a t i n g  t h e  i n t e r f e r e n c e  

w i th  l e a d  f rom NaCl d r u i n g  t h e  a tomiza t i on  phase. 

Delves34 developed t h e  f i r s t  micromethod used i n  mass screen ing  by d r y i n g  

and ash ing  ( w i t h  H202) 10 ~l o f  b lood  i n  a s p e c i a l l y  designed n i c k e l  c r u c i b l e  

now c a l l e d  a Delves cup. He ob ta ined  a d e t e c t i o n  l i m i t  o f  1 . 2  ug p e r  100 m l  and 

C.V.=15% a t  10 ug p e r  100 m l  and C.V.=4% a t  30 ug  p e r  100 m l .  I n  Ed iger  and 

Coleman’s38 m o d i f i c a t i o n  the  sample was ashed by i g n i t i n g  i t  near  t h e  f lame o f  

t he  AAS i ns t rumen t .  The C.V.  was 6% and c o r r e l a t i o n  w i t h  t h e  H202-ashing method 

was good. 

t h e  b lood  on t o  f i l t e r - p a p e r ,  d r y i n g  i t  i n  t h e  a i r  and p l a c i n g  a punched-out 

d i s c  i n  a n i c k e l  c r u c i b l e  f o r  f lame AAS a n a l y s i s .  Blood sp iked w i t h  5 1 C r  showed 

t h a t  f l u c t u a t i o n s  i n  b lood  d e n s i t y  across t h e  s p o t  cou ld  be c o r r e c t e d  f o r  by 

us ing  d i s c s  l a r g e r  than 4 mm. The p r e c i s i o n  was C.V.=4%. Low haemoglobin con- 

c e n t r a t i o n s  may, however, r e s u l t  i n  abnormal and v a r i a b l e  spreads . 

lead  measurements. As opera to r  s k i l l  i s  an impor tan t  f a c t o r ,  a l t hough  l e s s  so 

w i t h  autosamplers be ing  a v a i l a b l e ,  i t  i s  impor tan t  t o  avo id  changing techn iques .  

Pre- t rea tment  w i t h  HN03, o r  o t h e r  s imp le  methods, shou ld  be p r e f e r r e d .  I n t e r -  

l a b o r a t o r y  comparison programnes, however, have n o t  shown any major  d i f f e r e n c e s  

between t h e  performances o f  t h e  va r ious  AAS methods 

35,36 . 
13 . 

Cern ik  and Sayers33 rep laced  p i p e t t i n g  o f  t h e  b lood microsample w i t h  s p o t t i n g  

39 

The methods desc r ibed  i n  t h i s  s e c t i o n  a re  a l l  a p p l i c a b l e  and u s e f u l  f o r  b lood  

40,41 . 

4.3.2.  Anodic-stripping v o Z t m e t r y  

C l a s s i c a l  po la rography  i s  now o u t  o f  d a t e  as improvements i n  s e n s i t i v i t y  and 

p r e c i s i o n  have been ob ta ined  by u s i n g  carbon e lec t rodes  and ASV. The m o d i f i c a -  

t i o n  d i f f e r e n t i a l  pu lse  ASV (DPASV) has the  lowest  d e t e c t i o n  l i m i t .  I n  ASV t h e  

metal  i s  p l a t e d  by e l e c t r o p o s i t i o n  on a mercury d rop  o r  on a mercury f i l m  on a 

carbon e lec t rode .  A f t e r  t h i s  p l a t i n g  phase, t h e  c u r r e n t  i s  reve rsed  and s t r i p s  

t h e  me ta l s  f rom t h e  e l e c t r o d e  a t  more p o s i t i v e ,  i . e . ,  anodic,  p o t e n t i a l s  t h a t  
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are  s p e c i f i c  f o r  each element. The peak c u r r e n t  i s  p r o p o r t i o n a l  t o  t h e  amount 

of meta l  i n  t h e  mercury and a l s o  t o  t h e  concen t ra t i on  i n  the  s o l u t i o n .  

Duic e t  a1.42 used DPASV a f t e r  ash ing  w i t h  H2S04-CH104 o f  200 u1 o f  b lood 

w i t h  C.V.=5%. M o r r e l l  and G i r i dha r43  used a c o n e r c i a l l y  a v a i l a b l e  chromium- 

calc ium-mercury reagent,  Metexchange, t o  re lease  ery th rocy te-bound l e a d  i n  

100 m l  o f  b lood w i t h  C.V.=8% a t  35 pg p e r  100 m l  and 25% a t  11 ug pe r  100 m l .  

From t h e i r  da ta  t h e  d e t e c t i o n  l i m i t  can be c a l c u l a t e d  t o  be ca. 5 pg p e r  100 m l .  
DeAngelis e t  a l .44  used a t h i n - l a y e r  method i n  a m i c r o - c e l l  w i t h  50 p 1  o f  

s o l u t i o n .  Blood was ashed w i t h  a c i d  (H2S04, HN03, HC104). Oxygen was reduced t o  

water  d u r i n g  t h e  p l a t i n g  phase, thereby  making t h e  degassing w i t h  n i t r o g e n ,  

t y p i c a l l y  l a s t i n g  15 min, unnecessary. We suggest t h a t  t h e  p o s s i b i l i t i e s  i n h e r e n t  

i n  t h e  (1) smal l  volume and ( 2 )  s h o r t  p l a t i n g  t ime (60 sec) ,  ( 3 )  w i t h o u t  degas- 

s ing ,  be e x p l o i t e d  f u r t h e r ,  perhaps w i t h  wet ash ing  s u b s t i t u t e d  by low-tempera- 
t u r e  ash ing  o f  b lood sampled d i r e c t l y  i n t o  t h e  e lec t rochemica l  c e l l  f rom e a r  

l o b e  o r  f i n g e r  puncture.  

s c r i b e d  by Va len ta  e t  a1.45, who used low-temperature ash ing  and DPASV w i t h  

e x c e l l e n t  r e s u l t s .  The d e t e c t i o n  l i m i t  was ca. 0.4 ug p e r  100 m l  w i t h  C.V.=2%. 

C o r r e l a t i o n  w i t h  AAS a f t e r  a c i d i c  ash ing  accord ing  t o  S toepp le r  e t  a1." was 

e x c e l l e n t .  

The most r e l i a b l e  r o u t i n e  method f o r  b lood lead  de te rm ina t ion  i s  t h a t  de- 

A t  low b lood lead  l e v e l s  many AAS methods a r e  probab ly  s t i l l  s u p e r i o r  t o  ASV 

techniques. Both are,  however, u s e f u l  a t  h i g h e r  l e v e l s .  ASV o f f e r s  t h e  a d d i t i o n -  

a l  p o s s i b i l i t y  of concomi tan t  measurement o f  concen t ra t i ons  o f  cadmium and o t h e r  

meta ls .  Po r tab le  ins t ruments  f o r  b lood  l e a d  de te rm ina t ion  have been designed. 

Thus, i n  some circumstances, ASV may be t h e  method o f  cho ice .  

4.3 .3 .  Additional detection methods 

47 V i s i b l e  f luorescence was recommended by Amos e t  a1.46 and Human and Norva l  , 
who found a d e t e c t i o n  l i m i t  o f  0.1-0.5 ug  p e r  100 m l  and C.V.=5%. The method 

has no t ,  however, been used on a l a r g e r  sca le .  
48 Radioisotope- induced X-ray f luorescence was a p p l i e d  by Laure r  and Kneip 

who e x c i t e d  elements i n  a d r i e d  b lood  sample w i t h  a 238Pu source. C o r r e c t i o n  

f o r  d i f f e r e n c e s  i n  mass (Hb con ten t )  was p o s s i b l e  by s imu l taneous ly  r e g i s t e r i n g  
f l uo rescence  f rom Pb and Fey  t h e  l a t t e r  be ing  p r o p o r t i o n a l  t o  t h e  Hb con ten t .  

C o r r e l a t i o n  w i t h  AAS was good. The p o s s i b i l i t y  o f  a c t i v a t i o n  w i th  f a s t  neut rons  

has been The s e n s i t i v i t y  f o r  l ead  i s  low, however. Proton- induced 

X-ray f luorescence may be poss ib le ,  e s p e c i a l l y  i f  a c a l i b r a t i o n  method such as 

t h a t  o f  Lau re r  and K n e i ~ ~ ~  i s  used. As AAS and ASV i ns t rumen ts  w i t h  e x c e l l e n t  

, 
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performance a r e  comnercially ava i lab le  a t  r e l a t i v e l y  low pr ices ,  the. o ther  m e t h -  
ods mentioned here a r e  of l imited i n t e r e s t  a t  present. 

4 . 4 .  STANDARDS AND C A L I B R A T I O N  

Reference mater ia ls  a r e  ava i lab le  from National Bureau of Standards (U.S. 

Department of Comnerce, Washington, D C ,  U.S.A.). Most re levant  i s  bovine l i v e r  
(Standard Reference Material No. 1577) with 34 f 8 119 of lead per 100 g .  This 
concentration was measured by isotope d i l u t i o n  mass spectrometry. Matrix char- 
a c t e r i s t i c s  may vary among d i f f e r e n t  species  and d i f f e r e n t  t i s s u e s ,  b u t  in  s p i t e  
of the  r e l a t i v e l y  high lead leve ls  in the reference material i t  should preferably 
be analysed regular ly  by labora tor ies  with current  lead ana lys i s  p r o g r a m s .  

be used as  primary ca l ibra t ion  mater ia l .  
Aqueous standards of 1000 u g / 1  a r e  avai lable  from several companies and can 

Secondary ca 
t a t e  or  n i t r a t e  
discussed above 
dards. 

The matrix e 

ib ra t ion  mater ia ls  can be made i n  the laboratory from lead ace- 
(analyt ical-reagent  grade) dissolved i n  r e d i s t i l l e d  water. As 
( see  Section 4 .2) ,  i t  i s  necessary t o  add HN03 t o  aqueous s tan-  

f e c t  of blood i n  AAS i s  obvious when comparing p lo ts  of standard 
addi t ion curves f o r  aqueous solut ions and f o r  blood. E l l e r  and Haartz4’ found 
the s lope of the  former t o  be about twice t h a t  of the l a t t e r ,  and t h i s  i s  i n  
agreemht  with our experience. This e f f e c t  i s  due t o  i n i t i a l  var ia t ions i n  atom 
formation, escape of the analyte  i n  molecular form and formation of non-volatile 
compounds. The use of blood standards i s  therefore  highly recommended. Such 
control mater ia ls  can be prepared by enriching specimens of a large blood sample 
with d i f f e r e n t  amounts of lead. Although the lead wi l l  rapidly be bound t o  
e ry throcytes ,  some var ia t ion  may occur owing t o  prec ip i ta t ion  or  adsorption t o  
the walls of the container .  We have obtained b e t t e r  r e s u l t s  by mixing various 
proportions of blood form an individual with heavy occupational lead exposure 
with blood of the  same blood type from an unexposed individual .  

The prof ic iency-test ing programme of the Center f o r  Disease Control of the 
U.S. Department of Health, Education and Welfare has used isotope d i lu t ion  mass 
spectrometry as  the reference method41. I f  a reference method, o r  mater ia l ,  i s  
not ava i lab le ,  inter- laboratory comparisons wil l  be necessary. Mostly, such 
s tudies  a r e  group mean comparisons, and i t  i s  assumed t h a t  the mean o r  median, 
i . e .  , the  concensus, provides the bes t  answer. Specimens from a comparison 
p r o g r a m  a r e  probably t rea ted  in  a manner d i f f e r e n t  from t h a t  used f o r  rout ine 
samples, and the r e s u l t s  may not represent the average performance of the l a -  
boratory. Apart from these l i m i t a t i o n s ,  inter-comparison programs a r e  very 
useful .  
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I n  a rev iew o f  t he  s t a t e  o f  t h e  a r t  i n  1975, P ie rce  e t  a1.40 concluded t h a t  

t he  f i n d i n g s  o f  30% o f  t h e  l a b o r a t o r i e s  enga,ged i n  r o u t i n e  a n a l y s i s  f o r  l ead  i n  

b lood  d i f f e r e d  by more than 15% f rom t h e  " t r u e "  value. They suggested t h a t  t he  

s t a t e  o f  t h e  a r t  o f  b lood l e a d  a n a l y s i s  was probab ly  improv ing  a t  t h e  40 .,g per  

100 m l  l e v e l  and above, b u t  s t i l l  many erroneous va lues  were be ing  r e p o r t e d  and 

much improvement was needed. Wi th  rega rd  t o  low lead  (20-30 iJg per  100 m l  l e v -  
,, 40 e l s )  t h e  s i t u a t i o n  was "d i sas t rous  . 

I n  t h e  p rev ious  s tudy  by Keppler e t  a la5' ,  t h e  repo r ted  values f o r  one b lood 

sample (known t o  c o n t a i n  ca. 40 ug pe r  100 m l )  ranged f rom 0 t o  29,200 Jg  p e r  

100 m l !  The r e p o r t  on a s i m i l a r  s tudy  by Lauwerys e t  a1.51 was l e s s  d i scou rag ing ,  

a l t hough  sys temat ic  e r r o r s  were found t o  be respons ib le  f o r  a h i g h  i n t e r - l a b o -  

r a t o r y  v a r i a t i o n  o f  about C.V. = 50%. Only h a l f  o f  t h e  l a b o r a t o r i e s  had acceptab le  
p r e c i s i o n  i n  t h i s  s tudy .  The d i f f e r e n c e s  among values ob ta ined  by l a b o r a t o r i e s  

e i t h e r  w i t h  d i f f e r e n t  methods o r  w i t h  d i f f e r e n t  degrees o f  exper ience were 

smal l  . 
Few l a b o r a t o r i e s  comply w i t h  the  cond i t i ons  f o r  con taminat ion  c o n t r o l  re -  

commended by  Pa t te rson  and S e t t l e " .  P a r t i c i p a t i o n  i n  in te rcompar ison programs 

and increased exper ience seem, however, t o  have improved t h e  performance o f  

many l a b ~ r a t o r i e s ~ l .  We a r e  aware o f  recen t  unpub l ished comparisons t h a t  have 

revea led  e x c e l l e n t  r e s u l t s  w i t h  C.V.  ~ 1 5 %  even a t  low b lood  l e a d  l e v e l s .  I n  

s k i l l e d ,  b u t  cau t ious ,  hands, b lood lead  analyses are,  t h e r e f o r e ,  r e l i a b l e  and 

u s e f u l  i n  most ins tances .  

5 1  

4.5, ANALYSIS OF OTHER BIOLOGICAL SAMPLES 

I n  t h e  pas t ,  de te rm ina t ion  o f  u r i n a r y  l ead  e x c r e t i o n  has been v e r y  popu la r .  

The u n a v a i l a b i l i t y  o f  24-h u r i n e  samples and d i f f i c u l t i e s  assoc ia ted  w i t h  co r -  

r e c t i o n s  accord ing  t o  c r e a t i n i n e  e x c r e t i o n  decreased t h e  p o p u l a r i t y  o f  u r i n a r y  

l ead  de te rm ina t ions .  Moreover, day-to-day v a r i a t i o n s  were l a rge .  Reduced 

g lomeru la r  f i l t r a t i o n  r a t e  a f t e r  long- te rm l e a d  exposure52 may r e s u l t  i n  de- 

creased u r i n a r y  l ead  e x c r e t i o n .  Should a u r i n a r y  l e a d  a n a l y s i s  be conven ien t ,  

however, v i r t u a l l y  a l l  a n a l y t i c a l  methods f o r  b lood  l e a d  a r e  a p p l i c a b l e  w i t h  

l i t t l e  change needed. As f o r  b lood lead, l a r g e  i n t e r - l a b o r a t o r y  v a r i a t i o n s  have 
51  

been documented i n  u r i n a r y  l ead  a n a l y s i s  

-T issue samples f rom b i o p s i e s  o r  au tops ies  have been analysed i n  t h e  p a s t  and 

p rov ided  much i n f o r m a t i o n  on t h e  metabol ism o f  lead. Most l ead  i s  s t o r e d  i n  the  

bones and tee th .  Both t i s s u e s  may be d i s s o l v e d  d i r e c t l y  i n  concent ra ted  HNO3. 

and t h e  d i l u t e d  s o l u t i o n  can be used f o r  AAS53. Wet ash ing  w i t h  HC104 may be 

used b e f o r e  ASV d e t e r m i n a t i ~ n ~ ~ .  As most t o o t h  l e a d  i s  i n  t h e  secondary den t ine ,  

. 
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t h i s  t i s s u e  can, p r e f e r a b l y ,  be i s o l a t e d  by the  e legan t  methods dev ised by 

Shap i ro  and c o - ~ o r k e r s ~ ~ ’ ~ ~ .  The hard  t i s s u e s  a r e  e s p e c i a l l y  s u i t a b l e  f o r  non- 

d e s t r u c t i v e  methods such as X-ray f luorescence . 
S o f t  t i s s u e s  a r e  n o t  always s u i t a b l e  f o r  wet ash ing .  Dry ash ing  i n  a k i l n  

always c a r r i e s  w i t h  i t  a r i s k  o f  loss o f  lead,  e s p e c i a l l y  a t  temperatures above 

4 5 0 ’ ~ ~ ~ .  Yeager e t  a l . 5 8  recomnended a combina t ion  o f  d r y  and wet ash ing .  A 

s o p h i s t i c a t e d  i ns t rumen t  has been developed t o  ash t i s s u e s  a t  low temperatures 

by means o f  a c t i v a t e d  oxygen. Th is  low-temperature asher has proved very  u s e f u l  

f o r  t i s s u e  analyses . 
H a i r  has been used r e g u l a r l y  f o r  m o n i t o r i n g  l e a d  exposure. D i f f e r e n t  washing 

methods t o  remove e x t e r n a l  con taminat ion ,  v a r i a b l e  sampl ing schemes and t h e  

p o s s i b l e  i n f l u e n c e  o f  h a i r  c o l o u r  and age on t h e  l ead  l e v e l  have made compari- 

sons between d i f f e r e n t  s t u d i e s  d i f f i c u l t .  As contaminat ion  inc reases  a long the  

h a i r  

be analysed. Simple washing i n  an u l t r a s o n i c  ba th  f o r  30 sec o r  1 min w i t h  ace- 

tone o r  Freon TF i s  an easy and adequate method t o  remove su r face  contamina- 

t i on6* ’12 .  H a i r  l e a d  can be determined d i r e c t l y  by f lameless  A A S 6 l S l 2 ,  b u t  

t r a d i t i o n a l  ash ing  and d e t e c t i o n  as descr ibed above a r e  a l s o  f e a s i b l e .  

7 

59,60 

o n l y  t h e  f i r s t  1-cm segment o r  so c l o s e  t o  t h e  h a i r  r o o t  shou ld  

4.6. ORGANIC LEAD 

Organic l e a d  compounds, e.g., t e t r a e t h y l -  and te t ramethy l l ead ,  d i f f e r  f rom 

o t h e r  l e a d  compounds i n  physico-chemical  p r o p e r t i e s  and t o x i c o l o g i c a l  charac- 

t e r i s t i c s .  Thus, when organolead exposure i s  suspected, t h e  b lood l e a d  l e v e l  

may n o t  be ve ry  h igh .  However, t h e  l e a d  concen t ra t i on  i n  t h e  l i p i d  f r a c t i o n  of  

t h e  b lood  i s  u s u a l l y  increasedh3. Fu r the r ,  u r i n a r y  l e a d  e x c r e t i o n  i s  h igh ,  w h i l e  

t h e  haem b i o s y n t h s s i s  may n o t  be much a f fec ted64.  The source o f  exposure i s  o f ten  

occupa t iona l ,  b u t  gaso l i ne  s n i f f i n g  and acc iden ta l  i n h a l a t i o n  o r  i n g e s t i o n  may 

cause p ~ i s o n i n g ~ ~ .  A l though o rgan ic  l e a d  compounds may be determined by gas 

chromatography-mass spec t romet ry ,  a n a l y t i c a l  techniques a re  n o t  y e t  a v a i l a b l e  

f o r  r o u t i n e  de te rm ina t ions  o f  low concen t ra t i ons  i n  b i o l o g i c a l  samples. 

4.7. ASSESSMENT OF LEAD T O X I C I T Y  

3965-67- The The t o x i c  e f f e c t s  o f  l ead  have been reviewed i n  d e t a i l  e lsewhere 

main i n t e r e s t  f o r  d i a g n o s t i c  and screen ing  purposes i s  focused on two b iochemica l  

assays o f  e f f e c t s  on haem b iosyn thes i s .  Both t e s t s  a r e  inexpens ive  and may, 

the re fo re ,  i n  many ins tances  rep lace  more compl ica ted  de te rm ina t ions  o f  l e a d  i n  

b lood  and o t h e r  b i o l o g i c a l  samples. 
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Since Hernberg and Nikkanen’s68 o r i g i n a l  demonstrat ion t h a t  t h e  enzyme amino- 

l a e v u l i n a t e  dehydratase (ALAD) i s  i n h i b i t e d  even a t  low enr i ronmenta l  l e a d  expo- 

sures, t h i s  enzyme assay has been very popular.  The c o r r e l a t i o n  w i t h  b lood l e a d  

i s  e x c e l l e n t ,  and t h e  enzyme a c t i v i t y  decreases e x p o n e n t i a l l y  w i t h  l i n e a r  i n -  

creases i n  b lood  lead66. Th is  assay i s  e s p e c i a l l y  u s e f u l  i n  t h e  b lood  lead  range 

f rom 10 ug pe r  100 m l ,  where i n h i b i t i o n  begins, t o  about 60 l.ig per  100 m l ,  where 

i n h i b i t i o n  i s  almost complete. A European standard method f o r  t h i s  assay has 

been described6’. Recent research i n d i c a t e s  t h a t  t h e  r a t i o  between ac tua l  enzyme 
66 a c t i v i t y  and r e a c t i v a t e d  a c t i v i t y  i s  a more exac t  measure o f  l ead  t o x i c i t y  

Al though the  assay i s  s imple and f a s t ,  a s l i g h t  d isadvantage i s  t h a t  t he  b lood 

sample must be assayed a few hours a f t e r  c o l l e c t i o n ,  o r  f rozen  i n  l i q u i d  n i t r o g e n  

u n t i l  assay. 

Another biochemical  assay i s  a n a l y s i s  o f  z inc -p ro toporphy r in  (ZPP) i n  e r y t h r o -  

cytes.  This  compound i s  accumulated and bound t o  t h e  haem-binding s i t e s  i n  

haemoglobin when lead  i n h i b i t s  f e r roche la tase  ac t i v i t y7 ’ .  As ZPP i s  s t a b l e  and 

i s  r e t a i n e d  i n  the  e ry th rocy tes  d u r i n g  t h e i r  l i f e t i m e  (ca. 3-4 months) the  ZPP 

l e v e l  i n  b lood i s  an average measure o f  l ead  t o x i c i t y  d u r i n g  t h e  prev ious 3-4 

months. ZPP can now be measured i n  a few seconds by means o f  an impor tan t  de- 

velopment, t h e  h a e m a t ~ f l u o r i m e t e r ~ ~ .  ZPP l e v e l s  c o r r e l a t e  w e l l  w i t h  b lood  lead  

l e v e l s ,  e s p e c i a l l y  above 30 ug pe r  100 m l  4972,73, and they are u s e f u l  p r e d i c t o r s  

o f  l ead  t ~ x i c i t y ~ ~ ’ ~ ~ .  B i l i r u b i n  and o t h e r  substances i n  the  b lood  may i n t e r f e r e  
w i th  the  measurement75973, and ZPP may increase as a r e s u l t  o f  i r i n  d e f i c i e n c y  76 . 

This ,  however, i s  uncomnon i n  males b u t  may be encountered more o f t e n  i n  females 

and c h i l d r e n .  The haematof luor imeter  i s  a powerfu l  inst rument  w i th  impor tan t  
a p p l i c a t i o n s  f o r  screening and d i a g n o s t i c  purposes 72,4 . 

. 

4.8. INTERPRETATION OF RESULTS 

The a n a l y t i c a l  r e s u l t  must f i r s t  be evaluated w i th  regard t o  the  v a l i d i t y  o f  

t h e  a n a l y t i c a l  method. Poor a n a l y t i c a l  q u a l i t y  may lead  t o  f a l s e  conclus ions . 
Some controversy e x i s t s  concerning the  e v a l u a t i o n  o f  b lood l e a d  l e v e l s .  An 

i n t e r n a t i o n a l  work ing group reached a compromise, t h a t  a b lood lead  l e v e l  o f  

60 ug per  100 m l  should be regarded as the  pe rm iss ib le  l i m i t  f o r  occupat ional  

l e a d  exposure78. However, t h e  exper t s  recognized t h a t  some man i fes ta t i ons  o f  

l ead  t o x i c i t y  develop a t  lower  b lood  lead  values, and t h a t  females may be more 

s u s c e p t i b l e  than males. Subsequently, t h e  Occupat ional  Safety  and Hea l th  Admin- 

i s t r a t i o n  i n  the  U.S.A. decided on a b lood l e a d  l i m i t  o f  40 ug pe r  100 m l  

Al though the  f i r s t  mentioned l i m i t  may p r o t e c t  aga ins t  gross c l i n i c a l  l ead  

poisoning,  i n s i d i o u s  e f f e c t s  on nervous system, k idney and rep roduc t i ve  func- 
t i o n s  may occur  a t  l e v e l s  between 40 and 60 ug pe r  100 m l  (see Table 4.1). The 

77 

79 . 
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TABLE 4.1 

APPARENT BLOOD LEAD "THRESHOLDS" FOR ADVERSE EFFECTS 

Blood lead  l e v e l  (ug pe r  100 m l )  E f f e c t  

10 
15 
25 
35 
35 
40 
40 
40 
50 
60 

ALAD i n h i b i t i o n  
ZPP accumula t ion  ( c h i l d r e n )  
ZPP accumulat ion (women) 
ZPP accumula t ion  (men) 
CNS d y s f u n c t i o n  ( c h i l d r e n )  
ALA e x c r e t i o n  i n  u r i n e  inc reased 
CNS d y s f u n c t i o n  ( a d u l t s )  
Decreased nerve  conduct ion  v e l o c i t y  
Decreased haemoglobin concen t ra t i ons  
C o l i c  and o t h e r  c l i n i c a l  e f f e c t s  

Commission o f  t h e  European Cornun i t i es  recormnends t h a t  t h e  median b lood l e a d  

l e v e l  o f  t h e  genera l  p o p u l a t i o n  shou ld  n o t  exceed 20 ug pe r  100 m l ,  and t h a t  

v i r t u a l l y  a l l  (98%) r e s u l t s  shou ld  be below 35 pg per  100 m l  

C h i l d r e n  a re  more s u s c e p t i b l e  than a d u l t s  (Tab le  4 .1 ) .  Thus, they  can deve lop  

encephalophathy a t  lower  b lood  lead  l e v e l s .  A lso ,  t h e  haem s y n t h e t i c  pathway 

i n  c h i l d r e n  i s  more s e n s i t i v e  t o  lead.  There fore ,  t he  U.S. Environmental  Pro tec-  

t i o n  Agency has proposed t h a t  mean b lood  l e a d  l e v e l s  i n  c h i l d r e n  be k e p t  below 

15 ug p e r  100 m l  and almost a l l  below 30 ug p e r  100 m l  

"Na tu ra l "  l ead  exposure i s  p robab ly  o n l y  about 1% o f  present-day l e v e l s  i n  

a0 . 

81  . 

i n d u s t r a l i z e d  coun t r i es53 .  However, d i e t a r y  l e a d  i n t a k e  v a r i e s  geograph ica l l y  a . 
The b lood  lead  l e v e l  i s  r e l a t e d  t o  occupat ion ,  smoking, a l coho l  consumption, 

d i e t  and o t h e r  fac to rsa2 .  I n  most coun t r i es ,  average b lood  lead  va lues  a r e  be- 

tween 10 and 20 ug pe r  100 m l .  A r e s u l t  above 30 ug p e r  100 rnl i s  cons idered 

e leva ted .  The source o f  l ead  exposure should be sought and e l i m i n a t e d  i f  the  

b lood  l e a d  l e v e l  i s  above 40 i1g pe r  100 m l  ( a d u l t s )  o r  30 ug pe r  100 m l  ( c h i l -  

d ren ) .  I f  symptoms occur,  and t h e  b lood lead  l e v e l  i s  above 60 ug per  100 m l ,  

c h e l a t i o n  therapy  may be considered. 

Recent s t u d i e s  have i n d i c a t e d  t h a t  t h e  b lood lead  l e v e l s  i s  n o t  always t h e  

bes t  r i s k  e s t i m a t ~ r ~ ~ .  Other t e s t s  may be more p r a c t i c a l ,  too. The c o r r e l a t i o n  

among some o f  these t e s t s  i s  shown i n  Table 4.2. 

I n t e r n a t i o n a l  ( S I )  recomnendations have been w i d e l y  accepted i n  European c l i n -  

i c a l  chemis t ry ,  b lood  lead  l e v e l s  a r e  s t i l l  m o s t l y  r e p o r t e d  I n  i Ig-%, i .e . ,  ug 

per  100 m l  o r  pg pe r  100 g ( t h e  l a t t e r  u n i t  i s  ca. 6% g r e a t e r  than t h e  fo rmer ) .  

Sow con fus ion  e x i s t s  as t o  t h e  u n i t s  o f  measurement. Whi le t h e  Systi2me 
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TABLE 4.2 

APPROXIMATE LEVELS OF OTHER DIAGNOSTIC TESTS AT TWO BLOOD L E A D  LEVELS ( A D U L T  
MALES) 

Other level Blood lead ( v g  per 100 ml) 
40 60 

Urine lead (vg/ l )  70 100 
Urine ALA (mg/l) 5 10 
Hair lead (vg/g) 20 70 
ZPP ( v g  per 100 ml) 70 180 

I t  seems, however, t h a t  the molar concentrations wi l l  become more popular in  the 
fu ture .  Blood lead concentrations should, therefore  be given i n  vmol/l, where 
1 Umol/l = 20.7 pg per 100 ml o r  19.5 vg per 100 g of blood. 

4.9. FUTURE DEVELOPMENTS 

AAS wi l l  continue t o  be the  preferred rout ine method f o r  measuring lead i n  
blood and other  biological  samples, and some of the techniques wi l l  probably be 
f u r t h e r  ref ined.  ASV wi l l  continue to  be a useful a l t e r n a t i v e ,  espec ia l ly  f o r  
blood lead. Further developments i n  X-ray fluorescence techniques a r e  expected. 
Such methods wi l l  allow multi-element determinations of hard and, possibly,  s o f t  
t i s s u e s  even a t  low leve ls  i n  vivo and w i l l ,  therefore ,  become important diag- 
nos t ic  too ls .  Compared with the f luor imet r ic  measurement of protoporphyrin, 
blood lead analysis  i s  expensive and cumbersome. For screening of la rge  popula- 
t i o n  groups the haematofluorimeter wi l l  p.robably become increasingly popular. 
As epidemiological s tud ies  tend t o  show toxic  e f f e c t s  of lead a t  lower and lower 
leve ls ,  the need f o r  blood lead and o ther  analyses wi l l  continue, even though 
some lead exposure sources a re  being control led.  The ul t imate  goal o f  complete 
prevention o f  undue lead exposure would make most lead analyses unnecessary, 
b u t  t h i s  goal i s  not i n  s i g h t .  
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NOTE ADDED I N  PROOF 

Since t h i s  chapter  was f i n i s h e d  i n  1979, Zeeman background c o r r e c t i o n  equip-  

ment has become commercial ly a v a i l a b l e  w i t h  AAS instruments.  New developments 

have a l s o  occurred w i t h  i nduc t i ve l y -coup led  plasma (ICP) emission spectrometry,  

a l though t h e  d e t e c t i o n  l i m i t  f o r  l e a d  i s  n o t  y e t  q u i t e  s a t i s f a c t o r y .  Usefu l  

re fe rence  m a t e r i a l s  a r e  becoming a v a i l a b l e  f rom t h e  I n t e r n a t i o n a l  Atomic Energy 

Agency and soon through t h e  EEC Community Bureau o f  Reference. New i n f o r m a t i o n  

has suggested lower  th resho lds  f o r  l e a d  t o x i c i t y ,  e s p e c i a l l y  f o r  c h i l d r e n ,  and 

a b lood  lead  l e v e l  above 25 pg per  100 m l  i n  a c h i l d  is no longer  considered 

sa fe  o r  innocuous. The i n t e r e s t e d  reader  i s  r e f e r r e d  t o  M. Ru t te r  and R.R. Jones 

( E d i t o r s ) ,  Lead versus Health,  Wiley, Chichester,  1983; and Royal Commission on 

Environmental P o l l u t i o n ,  N i n t h  Report, Lead i n  the  Environment, H.M. S t a t i o n a r y  

O f f i c e ,  London, 1983. 
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5.1. INTRODUCTION 

Development i n  t h e  ana lys i s  o f  mercury i n  b i o l o g i c a l  samples,has been bo th  

the  cause and the  consequence o f  changes i n  our  views on mercury as a p o t e n t i a l  

environmental  h e a l t h  hazard. k lh i l e  t h e  need f o r  h ighe r  s e n s i t i v i t y  and p r e c i s i o n  

s t i m u l a t e d  t h e  development o f  new a n a l y t i c a l  techniques, improved methodology 

has been ins t rumen ta l  i n  s tudy ing  t h e  ep idemio log i ca l  i m p l i c a t i o n s  and behaviour  

o f  environmental  mercury. Cases o f  homicide and su i c ide ,  when t h e  use o f  cor-  

r o s i v e  subl imate (HgC1 ) was suspected, requ i red  crude a n a l y t i c a l  techniques 

such as Reinsch's t e s t  . The e f f e c t i v e  c o n t r o l  o f  occupat ional  mercury exposure 

advanced the  need f o r  more s e n s i t i v e  methods2. The d r i v e  f o r  h ighe r  s e n s i t i v i t y  

rece ived  a powerful  impetus when t h e  causa t i ve  f a c t o r  i n  the  so -ca l l ed  Hinamata 

epidemic was t r a c t e d  back t o  methylmercury i n  f i s h 3  and i t  was d iscovered t h a t  

methylmercury i s  synthes ized i n  aqua t i c  ecosystems and accumulates i n  t h e  food 

cha i  n4 y5. 

Mercury as an environmental  hazard presented a need n o t  o n l y  f o r  increased 

s e n s i t i v i t y ,  b u t  a l s o  f o r  methods t h a t  make p o s s i b l e  determinat ions on a l a r g e  

scale.  The importance o f  t he  s u i t a b i l i t y  o f  a method f o r  l a r g e  numbers o f  de- 

te rm ina t ions  i s  i l l u s t r a t e d  by t h e  f a c t  t h a t  n e a r l y  150,000 determinat ions were 

made w i th in  a few years w i t h  a mod i f i ed  ve rs ion  o f  t h e  s e l e c t i v e  atomic-absorp- 

t i o n  a n a l y s i s  o f  flaqos6 by t h e  Medical Serv ices Branch, Na t iona l  Hea l th  and 

Wel fare Canada . floreover, new methodology extended t h e  scope and p o s s i b i l i t i e s  

o f  exper imenta l  t ox i co logy .  I n  t h i s  f i e l d  t h e  most impor tan t  s tep  was t h e  use of  

203Hg-label led mercury, which made i t  p o s s i b l e  t o  determine, w i t h o u t  any proces- 

s ing,  mercury concen t ra t i ons  i n  whole organs' o r  t o  f o l l o w  mercury c learance i n  
9 10 t h e  whole animal o r  i n  man . 

? 

7 
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The s e l e c t i o n  of  t h e  a n a l y t i c a l  method and f r e q u e n t l y  t h e  t a r g e t  o f  a n a l y s i s  

a r e  i n f l u e n c e d  by t h e  a v a i l a b i l i t y  o f  l a b o r a t o r y  f a c i l i t i e s :  i n s t r u m e n t a t i o n  and 

t ime. Thus b e f o r e  t h e  method i s  s e l e c t e d  t h e  a n a l y t i c a l  aim must be c l e a r :  i s  

t h e  de te rm ina t ion  o f  t o t a l  mercury s a t i s f a c t o r y ,  i s  t h e r e  a meed t o  make a d i s -  

t i n c t i o n  between i n o r g a n i c  and o rgan ic  mercury o r  shou ld  t h e  organomercur ia l  be 

i d e n t i f i e d ?  The aim o f  t h e  a n a l y s i s  i n f l u e n c e s  a l s o  t h e  requ i rement  f o r  accuracy, 

p r e c i s i o n  and d e t e c t i o n  l i m i t .  

A tomic-absorp t ion  spectrometry,  gas chromatography o r  neu t ron  a c t i v a t i o n  

a n a l y s i s  u s u a l l y  s a t i s f y  t h e  requ i rements  f o r  s e n s i t i v i t y ,  accuracy and p r e c i s i o n  

and a t  t h e  same t i m e  inc rease  t h e  p o s s i b l e  number o f  analyses p e r  work ing  day. 

I n  t h e  absence of such f a c i l i t i e s ,  t h e  remain ing  cho ice  i s  co lo r ime t ry .  

5.2. SURVEY OF PIETHODS 

5.2.7. TotaZ and inorganic mercury determinations 

5.3.1.1. CoZorimetry 

The most popu la r  forms o f  c o l o r i m e t r i c  methods use t h e  orange c o l o u r  o f  t h e  

complex o f  Hg2+ w i t h  d i t h i z o n e  (C6H5N=NCSNHNHC6H5). Th is  complex i s  s o l u b l e  i n  

ch lo ro fo rm and i s  u s u a l l y  e x t r a c t e d  f rom an a c i d  d i g e s t  o f  t h e  sample. The r a t e  

o f  a n a l y s i s  w i th  t h e  d i t h i z o n e  method i s  3-6 samples p e r  work ing  day and r e -  

covery  i s  about 80% w i t h  a r e l a t i v e  s tandard  d e v i a t i o n  f rom 5.011 t o  10-20%12 

f o r  5 pg o f  Hg p e r  50 g sample. As c o l o r i m e t r i c  de te rm ina t ions  need l a r g e  amounts 

o f  reagents,  t h e  b lank  can be as h i g h  as 1.0 pg p e r  

a f f e c t s  t h e  l i m i t  o f  de tec t i on .  Moreover, l a r g e  reagent  volumes and a l o n g  pro- 

cess ing  t ime  inc rease  t h e  p o s s i b i l i t y  o f  e r r o r  by  contaminat ion  n o t  o n l y  w i t h  

mercury b u t  a l s o  w i t h  o t h e r  meta ls  o r  elements t h a t  i n t e r f e r e  w i t h  c o l o u r  deve l -  

opment. E r r o r  a t  b e s t  can be suspected o n l y  a t  t h e  v e r y  end o f  t h e  a n a l y t i c a l  

procedure and most f r e q u e n t l y  o n l y  when de te rm ina t ion  i s  repeated  w i t h  a more 

r e l i a b l e  method. Thus i n  t h e  Plinamata epidemic,  de te rm ina t ion  o f  mercury i n  

autopsy m a t e r i a l s  by a tomic-absorp t ion  spec t romet ry  revea led  t h a t  %he d i t h i  zone 

method f r e q u e n t l y  underest imated mercury concen t ra t i ons  by a f a c t o r  o f  t h r e e  

and i n  one i n  t e n  cases by a f a c t o r  o f  12.7 

which n a t u r a l l y  

13 . 

5.2. I .  2. Atomic-absorption spectrometry 

Atomic-absorp t ion  de te rm ina t ion  a t  f i r s t  o n l y  rep laced  t h e  f i n a l  s tep  i n  

mercury de te rm ina t ion  t h a t  f o l l o w e d  d i g e s t i o n  and e x t r a c t i o n .  Mercury f rom i t s  

d i t h i z o n a t e  was re leased  by  heat  and moved by a e r a t i o n  th rough t h e  gas c e l l  o f  

an a tomic-absorp t ion  spectrophotometer where abso rp t i on  a t  253.9 nm was measured 

i n  a quartz-windowed gas cell14s15. Th is  method showed improved s e n s i t i v i t y  

compared w i t h  c o l o r i m e t r i c  de te rm ina t ion  b u t  d i d  n o t  reduce t h e  p rocess ing  time. 
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Ex t rac t i on  and evaporation are e l iminated when, as i n  the atomic-absorption 

method of  Hatch and O t t I 6  adapted t o  b i o l o g i c a l  samples, mercury i s  reduced t o  

atomic mercury by t i n ( I 1 )  o r  t i n ( I 1 )  p lus  hydroxylamine i n  the ac id  d iges t  

?he processing t ime depends mainly on the method of d igest ion,  which w i t h  cereals, 

vegetables o r  t inned tuna f i s h  i s  long22, whereas w i t h  u r i n e  simple a c i d i f i c a -  

t i o n  of the sample i s  s a t i s f a c t o r y  . 
The s e n s i t i v i t y ,  p rec i s ion  and accuracy o f  atomic-absorption determinations 

are good. I n  the most widely  used f low-through methods the peak absorbance can 

be changed by such simple measures as adjustments of the ae ra t i on  f low-rate,  

s o l u t i o n  volume i n  reduct ion vessel , dead space between reac t i on  mixture and 

gas c e l l ,  gas c e l l  dimensions and the type o f  u l t r a v i o l e t  r a d i a t i o n  source i n  

the s p e c t r ~ p h o t o m e t e r ~ ~ .  Reduction by SnC12 l i n k e d  t o  the a l k a l i n i z a t i o n  o f  the 

a c i d i f i e d  ur inez3 e l iminates i n te r fe rence  by i od ide  o r  bromide25 and dup l i ca te  

determinations requ i re  l ess  than 5 min. About 95% o f  the mercury i s  v o l a t i l i z e d  

from samples and mercury added i n  sa l i ne  o r  i n  u r i n e  gives i d e n t i c a l  peak 

heights, which makes unnecessary the use o f  i n t e r n a l  standards. Results obtained 

w i t h  the SnC12-alkal inization method o f  Magos and CernikP3 were i n  good agreement 

w i t h  those o f  the c o l o r i m e t r i c  ion-exchange method o f  Kopp and Kennan26. The 

de tec t i on  l i m i t  i s  l ess  than 5 ng/ml i n  u r i n e  w i t h  a maximum dev ia t i on  o f  13% 
from the  mean; a t  10.0 ng/ml the maximum dev ia t i on  i s  10.0%23. The mat r i x  e f f e c t  

in f luences the r a t e  o f  release and consequently the peak he igh t  from blood, and 

thus i t s  analys is  by t h i s  method requi res the use o f  i n t e r n a l  standards. More- 

over, the method o f  Magos and Cerni k23, u n l i k e  the atomic-absorption determina- 

t i o n  of digested samples, determines on ly  inorganic  mercury. This  can be an 

advantage when on ly  inorganic  mercury concentrat ions are requi red o r  when values 

given w i t h  o r  wi thout  ox ida t i ve  d igest ions are compared t o  ca l cu la te  the con- 

cen t ra t i on  of o r g a n o m e r ~ u r i a l s ~ ~  o r  a disadvantage when on ly  t o t a l  mercury con- 

cen t ra t i on  i s  required. The methods of Lindstedt18 and SkareZ8 s a t i s f i e d  the 

l a t t e r  requirement, have s i m i l a r  prec is ion,  accuracy and s e n s i t i v i t y  and are 

s u i t a b l e  f o r  automation25s28. Another semi-automated method f o r  d igested samples 
29 was described by Armstrong and Uthe 

The se lec t i on  o f  d iges t i on  methods w i t h  the aim o f  conver t ing a l l  forms o f  

mercury i n t o  inorganic  mercury and making i t  accessible t o  the  reducing agent 

depends on the sample. Digest ion genera l ly  invo lves ac id  treatment w i t h  o r  

wi thout  heat o r  an o x i d i z i n g  agent3'. The conventional d iges t i on  can be replaced 

by oxygen bomb c o m b ~ s t i o n ~ ~  o r  decmpos i t i on  i n  a closed-system Teflon-1 ined 

pressure chamber32y33. Losses dur ing d iges t i on  w i t h  heat ing can be minimezed by 

the use o f  a r e f l u x  condenser34 and losses on opening the  bomb o r  decomposition 

chamber can be corrected by the a d d i t i o n  o f  203Hg t o  the  sample fo l lowed by the 

determination o f  t he  recovery by gamma counting3'. D igest ion can be avoided with 

17-22 . 

13,23 

. 
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u r i n e  by the  i n j e c t i o n  o f  the sample i n t o  the flame o f  an atomizer burner and 

by passing t h e  exhaust gases from the combustion chamber through condensers and 

f i l t e r s  before atomic-absorption d e t e r m i n a t i ~ n ~ ~ .  The d i f f i c u l t y  o f  the complete 

removal o f  i n t e r f e r i n g  substances expla ins why t h i s  simple method has n o t  gained 

popular i ty .  The combination o f  co ld  vapour atomic-absorption spectrometry w i t h  

d i r e c t  combustion i n  oxygen requi res an elaborate f i l t e r  system and the absorp- 

t i o n  of  mercury vapour on gold, before i t s  subsequent release by heat f o r  atomic- 

absorption m e a ~ u r e m e n t ~ ~ .  Atomic-absorption analys is  w i t h  a graphi te  furnace 

requi res m a t r i x  mod i f i ca t i on  i n  order  t o  increase the  v o l a t i l i t y  o f  t he  m a t r i x  

and promote i t s  removal before atomization and t o  make mercury non -vo la t i l e  

dur ing cha r r i ng  . 
Although predigest ion decreases the sample e f f e c t  on the r a t e  o f  mercury 

vapour re lease i n  the flow-through system, i t  does n o t  completely e l im ina te  the 

ma t r i x  e f f e c t .  Th is  n a t u r a l l y  a f f e c t s  the maximum d e f l e c t i o n  on the recorder 

attached t o  the atomic-absorption spectrophotometer. The use o f  the area under 

the peak helps t o  overcome t h i s  d i f f i c u l t y ,  b u t  i t  increases the determination 

t ime and complicates ca l cu la t i on .  Other i nves t i ga to rs  attempted t o  achieve the 

same aim by modi fy ing the i n t r o d u c t i o n  o f  mercury vapour i n t o  the gas c e l l  o f  

the atomic-absorption spectrophotometer. I n  one method the sample i s  s t i r r e d  

w i t h  a magnetic s t i r r e r  and a i r  i s  cycled through the gas c e l l  and reac t i on  

mixture by a p e r i s t a l t i c  pump u n t i l  a steady concentrat ion i s  recorded3*. The 

advantage must be se t  against  a longer reading t ime and the p o s s i b i l i t y  o f  sur- 

face absorption w i t h i n  the system w i t h  poss ib le  memory e f f e c t s .  I n  another method 

an exact amount of a i r  i s  withdrawn w i t h  a hypodermic syr inge from the closed 

a i r  space above v igorous ly  shaken reac t i on  mixture and i n j e c t e d  i p t o  the 

sealed gas cell3'. I n  a t h i r d  method the  sample i s  s t i r r e d  w i t h  a Vortex mixer 

and, 10 sec a f t e r  the add i t i on  o f  SnC12, mercury released from the reac t i on  

mixture i n t o  the  a i r  phase by p a r t i t i o n i n g  i s  forced i n t o  the gas c e l l  by f i l l i n g  

the reac t i on  vessel w i t h  tap water4'. Absorption o f  mercury vapour on a go ld 

f i l t e r a 1 ,  cadmium sulphide4' o r  charcoal43 fo l lowed by v o l a t i l i z a t i o n  by heat 

i n t o  the gas c e l l  of an u l t r a v i o l e t  spectrophotometer are other  a t t r a c t i v e  ways 

o f  overcoming the m a t r i x  e f f e c t  o f  the sample. 

37 

5.2.1.3. Fluorescence, X-ray and emission methods 

spectroscopy and emission spectrography 44-46 d i f f e r  from atomic-absorption 

spectrometry i n  the physical p r i n c i p l e s  used f o r  f i n a l  evaluat ion b u t  they 

encounter the same problems i n  sample preparat ion and in ter ferences by sample 

components. The i r  s e n s i t i v i t y  i s  no t  h igher  than t h a t  o f  atomic-absorption 

spectrometry and, i n  the  case of X-ray methods, i s  considerably lower 

Atomic-fluorescence spectrometry, X-ray spectrometry, X-ray fluorescence 

46 . 
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5.2.1.4. Neutron activation analysis 

Neutron a c t i v a t i o n  analys is  i s  usua l l y  accepted as a standard w i t h  which a l l  

o ther  methods of mercury analys is  can be compared, a1 though comparative s tud ies 

seem t o  i n d i c a t e  t h a t  i n  the neutron a c t i v a t i o n  analys is  o f  mercury " the a r t  o f  

ana lys i s "  s t i l l  plays an important role47y48. Neutron a c t i v a t i o n  analys is  i s  as 

s e n s i t i v e  t o  loss,  contamination o r  i n te r fe rence  as any other  method. I n  the most 
f requent ly  used procedures mercury must be separated e i t h e r  before o r  a f t e r  ir- 

r a d i a t i o n  from other  sources o f  rad ia t i on .  Losses o f  mercury may occur dur ing 

rad iat ion,  on opening the conta iner  i n  which the sample was i r r a d i a t e d  o r  dur ing 

d iges t i on  and separation. Although there are non-destructive methods, these 

requ i re  a longer  i r r a d i a t i o n  time, a long w a i t i n g  per iod a f t e r  i r r a d i a t i o n  and 

more s e l e c t i v e  and less  s e n s i t i v e  detectors  than the common NaI detector46. The 

de tec t i on  l i m i t  f o r  a non-destructive method i s  3.5 ng/g sample4'. I n  an i n t e r -  

l abo ra to ry  study two o f  the th ree  l abo ra to r ies  t h a t  used non-destructive tech- 

niques gave absurd values and on ly  one gave a mean reasonably near t o  the o v e r a l l  

mean estimated by des t ruc t i ve  analys is  i n  13 l abo ra to r ies .  The accuracy o f  de- 

s t r u c t i v e  techniques i n  the same study was b e t t e r ;  4 o f  the 13 l abo ra to r ies  had 

means w i t h i n  +lo% and 10 w i t h i n  +30% o f  the o v e r a l l  mean o f  4.6 ug/g. The r e s u l t  

given by one o f  the l abo ra to r ies  deviated 50- fo ld  from the o v e r a l l  mean 

However, the accuracy o f  des t ruc t i ve  neutron a c t i v a t i o n  analys is  can be very 

much higher. The accuracy was iZ% i n  another study i n  which seven labo ra to r ies  

us ing the method o f  Sj6strand51 c ~ l l a b o r a t e d ~ ~ .  The p rec i s ion  f o r  t he  f o l l o w i n g  

method o f  P i l l a y  e t  a1.48 was ca. 7% a t  the 1.5 ppm level .  I n  the f i r s t  step the 

homogenized sample sealed i n  a t h i c k  polyethylene bag i s  i r r a d i a t e d  a t  a thermal 

neutron f l u x  o f  about 5 x 10" neutrons cmm2 sec- l  f o r  2 h. I n  the  second step 

the polyethylene bag i s  trimmed around the sample and the remaining bag w i t h  

sample i s  digested i n  a n i t r i c  ac id-su lphur ic  ac id-perch lor ic  ac id  mixture. I n  

the t h i r d  step mercury i n  the condensate i s  p r e c i p i t a t e d  as sulphide and washed 

w i t h  n i t r i c  ac id  t o  separate i t  from other  sulphides. I n  the f o u r t h  step mercury 

i s  e lect rochemical ly  deposited on gold f o i l  and f i n a l l y  i t s  gamma and X-ray 

emission from Ig7Hg are counted us ing a sodium i o d i d e  detector  w i t h  a be ry l l i um 

window. The recovery i s  increased by adding c a r r i e r  mercury t o  the sample before 

d igest ion.  

50 . 

5.2.1.5. Isotope exchange method 

A radiochemical method based on an isotope exchange reac t i on  prev ious ly  used 
52 

t o  determine the r a t e  o f  cleavage o f  mercury from organic mercur ia l  d i u r e t i c s  

was adopted fo r  t he  determination o f  inorganic  mercury derived from the decom- 

p o s i t i o n  of l a b e l l e d  me thy1mer~ur -y~~ .  The isotope exchange i s  based on three 

p r i n c i p l e s :  (1) aqueous so lu t i ons  o f  mercuric s a l t s  are capable o f  undergoing 

isotope exchange w i t h  mercury vapour i n  contact  w i t h  the so lut ion;  ( 2 )  a f t e r  the 



isotope has exchanged into a vapour s t a t e ,  i t  is volati le and can diffuse from 
one l i q u i d  phase into another; (3) mercury bound covalently to a carbon atom i n  
organic mercurial compounds e i ther  does n o t  undergo isotopic exchange or does 
so much more slowly than inorganic mercury. In the method described by Norseth 
and C l a r k ~ o n ~ ~ ,  homogenate or biological f luid i s  placed i n  the outer well of a 
Conway microdiffusion u n i t  and the sample i s  mixed with cysteine and NaOH. The 
inner well contains 0.1 m l  of metallic mercury. After incubation for 4 h a t  
40°C, a l l  of the radioactivity (‘03Hg) i n  the inorganic mercury form diffused 
from the homogenate into the metallic mercury globule. The inorganic mercury 
content of the sample can be calculated from the specific ac t iv i ty  of the i n -  
jected methylmercury corrected to  decay and the radioactivity in the mercury 
pe l le t  corrected t o  self-absorption. A reversal of t h i s  radioactive technique 
i s  when unlabelled mercury i n  the sample i s  exchanged to  ‘03Hg labelled mercury. 
This isotope exchange technique, f i r s t  used t o  determine mercury concentrations 
i n  air54, was applied by Clarkson and Greenwood55 t o  biological samples. Their 
method avoids d i f f i cu l t i e s  presented by digestion and extraction. Sufficient 
amounts of cysteine are added t o  the biological sample (urine,  blood, homoge- 
nates) t o  complex a l l  the mercury present and trace amounts of radioactive *03Hg 
are added to  label a l l  mercury i n  the cysteine complex. Air containing mercury 
vapour of known concentration i s  bubbled through the impinger containing the 
sample, and  the released radiactive mercury i s  absorbed on t o  a Hopcalite f i l t e r .  
The f i l t e r  is inserted into a sodium iodide crystal well counter t o  record *03Hg 
ac t iv i ty .  The experimental conditions are adjusted so that the half-time of the 
exchange process i s  directly proportional t o  the concentration of mercury i n  the 
sample. 

5.2.2. Selective mercury determinations 

5.2.2.1. Combination of t o ta l  and inorganic mercury determinations 

Theoretically, every method i s  suitable for  differentiating between various 
forms of mercury or between inorganic and organic mercury i f  these forms are 
separated before analysis and sens i t iv i ty  permits determination a t  concentra- 

56 tions below the concentration of total  mercury, Thus, in the method of Gage 
pheny.lmercury or methylmercury i s  extracted from the strongly acidified sample 
w i t h  benzene, and a f t e r  oxidation with acidic permanganate, mercury is  determined 
w i t h  a t i t r imet r ic  dithizone method. 

Separation can be avoided when the determination of total  mercury i s  supple- 
mented w i t h  methods tha t  estimate only inorganic mercury, as i n  the methods of 
Clarkson and Greenwood55 and Magos and CernikZ3. The difference between total  
and inorganic mercury concentrations will give the concentration of organic 
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mercury. Th is  approach l e d  t o  t h e  method f o r  t h e  s e l e c t i v e  a tomic-absorp t ion  

de te rm ina t ion  o f  i n o r g a n i c  and o rgan ic  mercury 6.57 . 
5.2.2.2. Selective atomic-absorption determinations 

The a tomic-absorp t ion  de te rm ina t ion  o f  mercury vapour i s  s imp le ,  f a s t  and 

r e l i a b l e ,  b u t  when t h i s  method f o l l o w s  a c i d  d i g e s t i o n ,  t h e r e  seems t o  be an 

imbalance between t h e  a c t u a l  measurement and preced ing  work. The de te rm ina t ion  

o f  mercury i n  und iges ted  samples by Magos reso lved  t h i s  imbalance f o r  i n o r g a n i c  

mercury. However, t h e  s e l e c t i v e  a tomic-absorp t ion  de te rm ina t ion  o f  i n o r g a n i c  and 

o rgan ic  mercury r e q u i r e s  two c o n d i t i o n s :  f i r s t ,  a reagent  t h a t  can break t h e  

cova len t  mercury-carbon bond and reduce a l l  mercury t o  mercury vapour, and 

second, t h a t  depending on t h e  cho ice  o f  reagents,  i n  one r u n  o n l y  i n o r g a n i c  and 

i n  another  run  o rgan ic  o r  t o t a l  mercury cou ld  be conver ted  t o  mercury vapour i n  

o the rw ise  i d e n t i c a l l y  t r e a t e d  samples. The d i scove ry  t h a t  SnC12 i n  t h e  presence 

o f  CdC12 can reduce o rgan ic  mercury t o  mercury vapour s a t i s f i e d  t h e  f i r s t  con- 

d i t i o n  and t h e  t i m i n g  o f  t h e  r e d u c t i o n  w i t h  t h e  a l k a l i n i z a t i o n  o f  t h e  cys te ine -  

supplemented a c i d i f i e d  sample s a t i s f i e d  t h e  second . The reagent  i n t roduced  by 

Magos6, which can break t h e  cova len t  mercury-carbon bond w i t h o u t  o x i d a t i v e  

d i g e s t i o n ,  con ta ined 500 mg o f  SnC12 and 100 mg o f  CdC12 p e r  sample, w h i l e  

i n o r g a n i c  mercury can be reduced t o  t h e  vapour s t a t e  by 100 mg o f  SnC12. The 

p a r t i a l  d i s r u p t i o n  o f  t h e  mercury-carbon bond i n  e thy lmercury  by t i n ( I 1 )  makes 

t h i s  method u n s u i t a b l e  f o r  t h e  q u a n t i t a t i v e  de te rm ina t ion  o f  e thy lmercury .  A s  

i n  b i o l o g i c a l  samples n o t  d i r e c t l y  contaminated w i t h  o t h e r  o rganomercur ia ls  t h e  

o rgan ic  fo rm o f  mercury i s  always methyl ,  t h e  s e l e c t i v e  a tomic-absorp t ion  method 

g i ves  t h e  concen t ra t i on  o f  methylmercury i n  a l l  b i o l o g i c a l  samples. When i n -  

o rgan ic  mercury i s  reduced and removed f rom t h e  sample by ae ra t i on ,  i n  t h e  re -  

a c i d i f i e d  sample t h e  remain ing  o rgan ic  mercury can be conver ted  t o  mercury 

vapour by t h e  SnC12-CdC12 reagent.  Wi th  t h e  combina t ion  o f  i n o r g a n i c  and o rgan ic  

s tandards  added t o  a sample a l i q u o t  ( i n n e r  s tandards) ,  t h e  i n o r g a n i c  and o rgan ic  

mercury concen t ra t i on  i n  t h e  sample can be ca lcu la ted6.  Th is  s i n g l e  sample de- 

t e r m i n a t i o n  method was a p p l i e d  by Kacprzak and C h ~ o j k a ~ ~  t o  determine i n o r g a n i c  

and methylmercury i n  f i s h .  However, i n  most l a b o r a t o r i e s  t h a t  use t h e  SnC12-CdC12 

reagent,  t o t a l  mercury and i n o r g a n i c  mercury a re  determined separa te l y ,  and t h e  

methylmercury concen t ra t i on  i s  c a l c u l a t e d  f rom t h e  d i f f e r e n c e .  

I n  t h e  f i r s t  d e s c r i p t i o n  o f  t h e  s e l e c t i v e  a tomic-absorp t ion  de te rm ina t ion  o f  

mercury w i t h  a s imp le  mercury vapour de tec to r6  and i n  t h e  second57 w i t h  t h e  much 

more s e n s i t i v e  LDC UV Mon i to r  (Labora to ry  Data Con t ro l ,  R i v i e r a  Beach, FL, U.S.A.) 

t h e  procedure i s  as fo l l ows .  

cys te ine ,  s a l i n e ,  s u l p h u r i c  a c i d  and 1 m l  o f  SnC12 o r  SnC12-CdC12 reagent,  f o l -  

6 

6 

A I - m l  o r  g r e a t e r  volume o f  sample i s  mixed i n  t h e  r e a c t i o n  vessel  w i t h  
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lowed by  a l k a l i n i z a t i o n  w i t h  sodium hydroxide. By l i n k i n g  up t h e  r e a c t i o n  vessel  

w i t h  t h e  f low- th rough system (ca. 2 l /m in ) ,  mercury i s  f l u s h e d  th rough t h e  gas 

c e l l  of  t h e  a tomic-absorp t ion  spectrophotometer.  Peak d e f l e c t i o n  on a reco rde r  

o r  d i g i t a l  v o l t m e t e r  a t tached  t o  a UV mon i to r  i s  read and t h e  b lank  i s  deducted. 

The use o f  an i n t e r n a l  s tandard  cannot be avo ided w i t h  t h e  s e l e c t i v e  a tomic  

abso rp t i on  of t o t a l ,  i n o r g a n i c  and methylmercury w i t h  t h e  f low- th rough system 

and peak d e f l e c t i o n  measurement, and the re fo re  de te rm ina t ions  must be repeated  

w i th  i n t e r n a l  standards. As methylmercury and i n o r g a n i c  mercury standards g i v e  

i d e n t i c a l  read ings  w i t h  t h e  SnC12-CdC12 reagent,  t h e  use o f  an i n o r g a n i c  mercury 

s tandard  i s  s a t i s f a c t o r y  bo th  f o r  i n o r g a n i c  and t o t a l  mercury de terminat ions .  

I n o r g a n i c  mercury s tandards  prepared w i t h  EDTA-cysteine-NaC1 a r e  s t a b l e  f o r  a t  

l e a s t  6 months . 
b u t  f ishmeal must be s o l u b i l i z e d .  Th is  can be done i n  a t e s t - t u b e  where 0.5 g 

of f ishmeal mixed w i th  1 m l  of 1% cys te ine ,  1 m l  o f  20% NaCl and 1 m l  o f  45% 

NaOH a r e  heated j u s t  t o  t h e  b o i l i n g  p o i n t  . A s t r o n g l y  a l k a l i n e  s o l u t i o n  can 

s o l u b i l i z e  crushed grain5’  o r  hair60y61. 

The s e n s i t i v i t y  o f  t h e  s e l e c t i v e  a tomic-absorp t ion  de te rm ina t ion  depends on 

t h e  reagen t  b lank ,  t h e  d iameter  o f  t h e  r e a c t i o n  vesse l  and t h e  d iameter  and 

l e n g t h  o f  t h e  gas c e l l .  The cause o f  a h i g h  reagent  b lank  i s  e i t h e r  contaminated 

glassware o r  impure sodium hydrox ide ,  Standard a n a l y t i c a l - r e a g e n t  gt%de reagents  

o c c a s i o n a l l y  must be demercurized. SnC12 can be added t o  t h e  NaOH s o l u t i o n  t o  

h e l p  t o  remove mercury w h i l s t  bubb l i ng  th rough n i t r o g e n  o r  C02-free and mercury- 

f r e e  a i r57 .  A b e t t e r  r e s u l t  can be achieved when SnC12 i s  added d u r i n g  t h e  

p r e p a r a t i o n  o f  t h e  s o l u t i o n  and n i t r o g e n  i s  bubbled th rough u n t i l  t h e  s o l u t i o n  

i s  coo led  t o  room temperature62. O f  NaOH f rom d i f f e r e n t  sources, Riedel-de Haen 

(Seelze-Hannover, G.F.R.), Reag. ACS, DAB 7 (R 319) m a t e r i a l  gave t h e  l owes t  

blank. The b lank  can a l s o  be lowered by decreas ing  t h e  amounts o f  NaOH and H2S04 

used w i t h  a cor respond ing  decrease i n  t h e  d iameter  o f  t h e  r e a c t i o n  vesse l  

I n t e r f e r e n c e  by water  vapour i s  p revented  by  t h e  i n s e r t i o n  o f  an imp inger  t h a t  

con ta ins  i ce -coo led  wa te r  between t h e  r e a c t i o n  vesse l  and gas c e l l .  Th i s  avo ids  

t h e  problem of  temporary r e t e n t i o n  o f  mercury vapour w i th  a memory e f f e c t  t h a t  

occurs w i t h  s o l i d  absorbers. 

Some samples, m a i n l y  u r i n e  and f i s h  p r e - t r e a t e d  w i t h  NaOH-cysteine, can 

r e l e a s e  w h i t e  fumes d u r i n g  t h e  reac t i on .  These fumes a r e  n o t  observed w i t h  

p r o p e r l y  p reserved blood, f r e s h  r a t  t i s s u e  homogenates o r  NaOH-cysteine pre-  

t r e a t e d  h a i r  samples. When present,  t h e  fumes a r e  v i s i b l e  t o  t h e  naked eye and 

move more s l o w l y  than t h e  mercury vapour, b u t  can cause a l a r g e  d i f f e r e n c e  

between p a r a l l e l  de termina t ions .  Fume fo rma t ion  can be decreased by bubb l i ng  

a i r  th rough t h e  a c i d i f i e d  sample b e f o r e  t h e  reduc ing  agent i s  added and/or  by 

s t a r t i n g  a e r a t i o n  a few seconds a f t e r  sodium hydrox ide  i s  mixed w i t h  t h e  

6 

The procedure desc r ibed  i s  s u i t a b l e  f o r  b lood, u r i n e ,  t i s s u e  and homogenates, 

6 

63 . 
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a c i d i f i e d  sample. Fume fo rmat ion  i s  a l s o  decreased by  t h e  r e d u c t i o n  o f  t h e  volume 

o f  chemicals as i n  t h e  m o d i f i c a t i o n  by Fa ran t  e t  al.63. Work c a r r i e d  o u t  i n  o u r  

l a b o r a t o r y  has shown t h a t  i n t e r f e r e n c e  by  fumes i s  comple te ly  p revented  by t h e  

i n s e r t i o n  o f  a t h i n  cot ton-wool l a y e r  i n  t h e  t u b i n g  j u s t  a f t e r  t h e  r e a c t i o n  

vessel. Fo r  t h e  e l i m i n a t i o n  o f  o t h e r  p o s s i b l e  gaseous u l t r a v i o l e t - a b s o r b i n g  

substances To r iba ra  and C l a r k ~ o n ~ ~  made use o f  t h e  twin c e l l s  o f  t h e  LDC UV 

Monitor.  The a i r  f l o w  i s  d i v i d e d  i n t o  two ha lves  b e f o r e  reach ing  t h e  gas c e l l s  

and b o t h  a i r  f l o w s  pass th rough glass-wool, t h a t  o f  t h e  re fe rence  c e l l  be ing  

impregnated w i t h  pa l l ad ium c h l o r i d e  as descr ibed by James and Webb 

Selenium i n  c e r t a i n  c i rcumstances can i n t e r f e r e  w i t h  t h e  s e l e c t i v e  atomic- 

abso rp t i on  de te rm ina t ion  o f  mercury. Th is  i n t e r f e r e n c e  depends on t h e  chemical 

fo rm i n  which t h e  mercury i s  ingested. Thus no i n t e r f e r e n c e  was observed a f t e r  

t h e  a d m i n i s t r a t i o n  o f  methylmercury, a l t hough  s e l e n i t e  g i ven  t o  mice w i t h  

equ imolar  doses o f  HgC12 a f f e c t e d  bo th  t o t a l  and i n o r g a n i c  mercury determina- 

t ions66.  Th is  e f f e c t  c o u l d  be prevented  by h e a t i n g  b lood  o r  homogenates w i t h  

equal  volumes o f  45% NaOH and 1% ~ y s t e i n e ~ ~ .  I n t e r f e r e n c e  seems t o  be l i n k e d  t o  

t h e  metabol ism o f  s e l e n i t e  i n  blood, as i n  v i t r o  added s e l e n i t e  i n t e r f e r e d  w i t h  

mercury de te rm ina t ion  i n  b lood  b u t  n o t  i n  l i v e r  h ~ m o g e n a t e ~ ~ .  The forms o f .  

se len ium and mercury i n  food may e x p l a i n  why i n  a wide v a r i e t y  o f  b i o l o g i c a l  

samples i n t e r f e r e n c e  was absent, as judged f rom agreement between t h e  s e l e c t i v e  

a tomic-absorp t ion  and o t h e r  types  o f  de termina t ions .  

Using t h e  LDC UV Mon i to r  f o r  t h e  a n a l y s i s  o f  1 - m l  b lood  samples, Magos and 

C l a r k ~ o n ~ ~  repor ted  a d e t e c t i o n  l i m i t  of 0.5 ng/ml of  mercury w i t h  3.5-3.0-ng 

blanks. The r e p r o d u c t i b i l i t y  was 4.1% ( r e l a t i v e  s tandard  d e v i a t i o n )  f o r  t o t a l  

mercury, 8.7% f o r  i n o r g a n i c  mercury and 5.6% f o r  o rgan ic  mercury w i t h  b lood  

c o n t a i n i n g  7 ng/ml of  mercury. The recovery  was 97% f o r  bo th  i n o r g a n i c  and 

o rgan ic  mercury w i t h  r e l a t i v e  s tandard  d e v i a t i o n s  o f  6 and 12%, r e s p e c t i v e l y .  

The main d e v i a t i o n  between two s e t s  o f  r e s u l t s  was 3.6% when f i v e  f reeze -d r ied  

b lood  samples were analysed by neu t ron  a c t i v a t i o n  a n a l y s i s  and s e l e c t i v e  atomic- 

abso rp t i on  ~ p e c t r o r n e t r y ~ ~ .  I n t e r - l a b o r a t o r y  comparison o f  mercury concen t ra t i ons  

i n  b lood  ob ta ined i n  two l a b o r a t o r i e s  gave a r a t i o  o f  1.01 w i t h  a s tandard  

d e v i a t i o n  o f  0.22 f o r  t o t a l  mercury . 
The r e l i a b i l i t y  was conf i rmed by o t h e r  i n v e s t i g a t o r s  who compared s e l e c t i v e  

atomi c -abso rp t i  on spec t romet ry  w i t h  neu t ron  a c t i v a t i o n  a n a l y s i  s68, d i g e s t i o n  

fo l lowed by a tomic-absorp t ion  spec t romet ry  f o r  t o t a l  mercury2’ and gas chromato- 

graphy22’69’70 and g r a p h i t e  fu rnace a tomic-absorp t ion  spec t romet ry  f o r  methy l -  

mercury . 
M o d i f i c a t i o n s  o f  t h e  o r i g i n a l  s e l e c t i v e  a tomic-absorp t ion  de te rm ina t ion  o f  

i n o r g a n i c  and t o t a l  mercury r e t a i n  t h e  SnC12-CdC12 reagent  o f  Magos6 and f a l l  

i n t o  t h e  f o l l o w i n g  ca tegor ies :  

65 . 

61 

71 
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(1) The volume o f  chemicals and numbers o f  s teps  a r e  reduced. The reduc ing  

reagents  p l u s  c y s t e i n e  and s a l i n e  a r e  added w i t h  s u l p h u r i c  a c i d  i n  one s o l u t i o n  

( 2 )  Ha i r ,  f i shmeal  and some o t h e r  samples a r e  d iges ted  e i t h e r  i n  sodium 
h y d r o ~ i d e - c y s t e i n e ~ ~ ’ ~ ~  , o r  s u l p h u r i c  ac id -sa l  i ne -cys te ine  72,73 . 

(3)  One s t e p  i s  omit ted.  I n  one v e r s i o n  t h e  sample i s  n o t  a c i d i f i e d ,  b u t  

a l k a l i n i z e d  b e f o r e  t h e  a d d i t i o n  o f  SnC12 f o r  t h e  re lease  o f  i n o r g a n i c  mercury. 

Subsequent ly added SnC12-CdC12 re leases  t h e  o rgan ic  fo rm o f  mercury f rom t h e  

same sample74. I n  a t h i r d  v a r i a t i o n  o f  t h e  o r i g i n a l  method, i n o r g a n i c  mercury 

i s  reduced f rom t h e  a c i d i f i e d  sample by  SnC12-CdC12, which i n  t h i s  medium can 

reduce o n l y  i n o r g a n i c  mercury. Organic mercury i s  re leased  a f t e r  i n o r g a n i c  

mercury de te rm ina t ion  by a l k a l i n i z a t i o n  w i th  NaOH 

(4)  The m o d i f i c a t i o n  used i n  t h e  Ottawa R i v e r  P r o j e c t 7 *  reduces t h e  amount 

o f  SnC12 f rom 100 t o  50 mg p e r  sample, b u t  supplements i t  w i t h  hydroxylamine. 

Th is  reagent  i n h i b i t s  t h e  decomposi t ion o f  methylmercury d u r i n g  an extended 

p e r i o d  b e f o r e  mercury vapour i s  f l u s h e d  o u t  w i t h  n i t rogen .  The aim o f  t h i s  
72.73 m o d i f i c a t i o n  i s  t o  avo id  t h e  need f o r  a n a l y s i s  w i t h  i n t e r n a l  standards 

Hydroxylamine and t h e  p r e d i g e s t i o n  o f  u r i n e  and f i s h  increase-the p o s s i b i l i t y  

o f  w h i t e  fume fo rmat ion .  D i g e s t i o n  c e r t a i n l y  decreases, b u t  m igh t  n o t  comp le te l y  

e l i m i n a t e ,  t h e  e f f e c t  o f  sample compos i t ion  on peak d e f l e c t i o n .  Thus t h e  i d e n t i c a l  

h e i g h t  o f  peak d e f l e c t i o n s  caused by  t h e  a l i q u o t s  o f  s tandard  w i t h  o r  w i t h o u t  

sample must be demonstrated b e f o r e  t h e  c a l i b r a t i o n  graph i s  used f o r  c a l c u l a t i n g  

mercury concent ra t ions .  Methods t h a t  a r e  based on t h e  separa te  r e l e a s e  o f  in -  

o rgan ic  and methylmercury f rom t h e  same a l i q u o t  6 * 5 8 s 7 4 y 7 5  must be t e s t e d  w i t h  

i n o r g a n i c  and methylmercury standards f o r  peak d e f l e c t i o n s .  

I n  a m o d i f i c a t i o n  designed t o  measure o n l y  u r i n a r y  mercury concen t ra t i ons  i n  

presonnel  exposed t o  mercury vapour, u r i n e  i s  a c i d i f i e d  o n l y  f o r  t h e  t o t a l  mer- 

c u r y  de te rm ina t ion  and t h e  volume o f  chemicals i s  d e ~ r e a s e d ~ ~ .  However, t h i s  

method has no advantage over  t h e  method o f  Magos and 

mercury as mercury vapour exposure inc reases  o n l y  t h e  e x c r e t i o n  o f  t h i s  t y p e  o f  
77 mercury, A m o d i f i c a t i o n  o f  t h e  method o f  Magos and Cern ikZ3 by  Gage and Warren 

extends t h e  method t o  d i s t i n g u i s h  between t h e  va r ious  groups o f  o rganomercur ia l  s 

based on t h e i r  v a r y i n g  l a b i l i t y  i n  t h e  presence o f  a c i d i c  cys te ine .  

63 . 

75 . 

. 

f o r  i n o r g a n i c  

5.2.2.3. Gas-Ziquid chromatography 

t i o n  f rom i n o r g a n i c  mercury by  e x t r a c t i o n  i n t o  an a p p r o p r i a t e  s o l v e n t  and t h e i r  

d i f f e r e n t  r e t e n t i o n  t imes  i n  t h e  gas chromatograph. E x t r a c t i o n  i s  e f f e c t e d  i n  

m u l t i p l e  s teps  i n  o r d e r  t o  e l i m i n a t e  i n t e r f e r e n c e s , ’ b u t  l osses  must be k e p t  t o  

t h e  minimum. 

graph ic  de te rm ina t ion  by W e ~ t b ’ l l ~ ~ ,  methylmercury i s  e x t r a c t e d  f rom HC1-treated 

The gas chromatographic a n a l y s i s  o f  o rganomercur ia ls  i s  based on t h e i r  separa- 

I n  t h e  m o d i f i c a t i o n  o f  Gage’s56 e x t r a c t i o n  procedure f o r  t h e  gas chromato- 



182 

homogenates as MeHgCl i n t o  benzene, fo l l owed  by back -ex t rac t i on  i n t o  a1 k a l i n e  

sodium su lph i te .  A c i d i f i c a t i o n  o f  t h i s  aqueous phase w i t h  HC1 and r e - e x t r a c t i o n  

o f  t h e  generated MeHgCl i n t o  benzene completes t h e  separat ion and p u r i f i c a t i o n  

procedure. E x t r a c t i o n  bo th  f rom t h e  homogenate i n t o  benzene and f rom benzene 

i n t o  a l k a l i n e  sodium s u l p h i t e  i s  incomplete,  w i t h  ca. 70% recover ies .  The i n -  

t r o d u c t i o n  o f  cys te ine  f o r  t h e  e x t r a c t i o n  o f  methylmercury as t h e  methylmercury- 

cys te ine  complex f rom benzene i n t o  a l k a l i n e  su lph i te7 '  and t h e  a d d i t i o n  o f  

copper( I1)  22980 and urea t o  h o m ~ g e n a t e s ~ ~  increased recover ies.  Cor rec t i on  f o r  

loss o f  methylmercury can be made by t h e  use o f  p a r t i t i o n  c o e f f i c i e n t s 8 1  o r  by 

measuring t h e  loss o f  smal l  amounts o f  203Hg-label led methylmercury added t o  t h e  

homogenate7'. To avo id  over-correct ion,  utmost care must be taken t o  remove any 

i n o r g a n i c  mercury contaminat ion f rom t h e  l a b e l l e d  MeHgCl. I n  t h e  method o f  

Goolvarda2 t h e  i d e n t i c a l  e x t r a c t i b i l i t y  o f  methylmercury and ethy lmercury i s  

u r i l i z e d .  The unknown methylmercury concen t ra t i on  i s  c a l c u l a t e d  by t h e  r a t i o  of 

t he  area under t h e  methylmercury peak t o  t h e  area under a separate peak g iven by 

t h e  ethy lmercury i n t e r n a l  standard. M o d i f i c a t i o n s  i nc lude  t h e  use o f  hydrobromic 

a c i d  i n s t e a d  o f  h y d r o c h l o r i c  acida3 and to luene i n s t e a d  o f  benzene 22s84  and the  

use o f  a combined gas chromatograph-mass spectrometer i n s t e a d  o f  a s tandard gas 

chromatograph w i t h  an e lec t ron -cap tu re  d e t e c t o r  

f e r i n g  substances i s  o n l y  one f a c t o r  i n  ach iev ing  h i g h  s e n s i t i v i t y ,  accuracy 

and p r e c i s i o n  i n  the  gas chromatographic de te rm ina t ion  o f  methylmercury. Column 

pack ing and ins t rumen ta l  cond i t i ons  a re  the  o t h e r  fac to rs .  The s e n s i t i v i t y  i s  

1 ng o f  mercury5', accuracy and p r e c i s i o n  i s  good and d e v i a t i o n  f rom t h e  mean 

o r  from values g i ven  by o t h e r  accepted methods i s  l e s s  than 5% 

d i f f e r e n t  separat ion procedure. I n  t h e  method o f  Zelenko and Kostaa6 t h e  sample 

i s  p laced i n  the  i n n e r  compartment o f  a s tandard Conway c e l l  and mixed w i t h  

potassium hexacyanoferrate(  11) and s u l p h u r i c  acid.  A f t e r  c l o s i n g  t h e  c e l l  , 
cys te ine  buf fer - impregnated paper p laced i n  the  o u t e r  compartment absorbs 

v o l a t i l e  methylmercury cyanide. A f t e r  i ncuba t ion  f o r  14 h a t  75OC, the  paper i s  

removed and dropped i n t o  h y d r o c h l o r i c  ac id ,  f rom which i t  i s  e x t r a c t e d  i n t o  

benzene f o r  gas chromatographic determinat ion,  

u s u a l l y  complemented e i t h e r  w i t h  the  atomic-absorpt ion de te rm ina t ion  o f  t o t a l  

mercury i n  the  d iges ted  samples, o r  w i t h  neutron a c t i v a t i o n  ana lys i s .  However, 

i n o r g a n i c  mercury can be methy lated and determined gas chromatographica l ly  i n  

t h i s  form. I n  t h e  method o f  Zarnegar and Mushaka7, i n o r g a n i c  mercury i s  con- 

ve r ted  i n t o  methylmercury i n  an a c i d i c  medium by pentacyanoalkylcobaltate(II1). 

One a l i q u o t  t r e a t e d  w i th  pentacyanomethylcobaltate(II1) and another  w i th  de- 

i o n i z e d  water  be fo re  e x t r a c t i o n  pe rm i t s  t h e  de te rm ina t ion  o f  t o t a l  and methy l -  

85 . 
The recovery o f  methylmercury i n  t h e  e x t r a c t  w i t h o u t  t he  presence o f  i n t e r -  

67,70,80 

A gas chromatographic method w i t h  c la imed h ighe r  s e n s i t i v i t y  uses a complete ly  

When t h e  t o t a l  mercury concen t ra t i on  i s  requi red,  gas chromatography i s  
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mercury w i t h  t h e  same gas chromatographic method. I n  t h e  method o f  Cappon and 

Smith7' i n o r g a n i c  mercury i s  methy la ted  i n  t h e  aqueous l a y e r  o f  t h e  i n i t i a l  

benzene e x t r a c t  w i t h  me thano l i c  t e t r a m e t h y l t i n .  Recovery i s  f o l l o w e d  by t h e  

a d d i t i o n  o f  a smal l  amount of 203Hg-label led HgC12 t o  t h e  sample b e f o r e  methyla- 

t i o n .  

5.2.2.4. kfolecular act ivat ion anaZysis 

D i r e c t  mo lecu la r  a c t i v a t i o n  a n a l y s i s  combines neu t ron  a c t i v a t i o n  w i t h  h o t  

atom (Sz i la rd-Cha lmers)  chemis t r y  and u t i l i z e s  t h e  p r i n c i p l e  t h a t  t h e  d i s t r i b u -  

t i o n  of  t h e  r a d i o a c t i v i t y  o f  t h e  t a r g e t  element among i t s  p o s s i b l e  forms depends 

on t h e  n a t u r e  o f  t h e  t a r g e t  molecule:  when neu t ron  a c t i v a t i o n  and t h e  sample 

m a t r i x  a r e  k e p t  cons tan t ,  a f i x e d  p r o p o r t i o n  o f  methylmercury r e t a i n s  i t s  molec- 

u l a r  However, t h i s  rac iochemica l  r e t e n t i o n  i s  so s e n s i t i v e  t o  m a t r i x  

e f f e c t s  t h a t  i t  i s  d i f f e r e n t  n o t  o n l y  f o r  pure  methylmercury and methylmercury 

i n  f i s h  p r o t e i n ,  b u t  a l s o  between methylmercury i n  cod o r  i n  swordf isha8. More- 

over ,  i n  o l d  samples i n o r g a n i c  mercury can be methy la ted  d u r i n g  a c t i v a t i o n ,  a l -  

though t h i s  e f f e c t  can be prevented  by  p r e - r a d i a t i o n  isopropano l  e x t r a c t i o n  89 . 

5.3. ANALYTICAL TARGET 

Methods f o r  mercury de te rm ina t ion  a f t e r  a c i d  d i g e s t i o n  o r  by coun t ing  203Hg 

do n o t  d i s c r i m i n a t e  between t h e  d i f f e r e n t  forms o f  mercury. Th is  migh t  be a 

handicap when t h e  chemical fo rm o f  mercury i s  i n  doubt. However, i n  many i n -  

stances non-se lec t i ve  methods, which de termine a l l  mercury i n  t h e  sample ir- 

r e s p e c t i v e  o f  i t s  chemical  form, a r e  adequate because t h e  dominant mercury fo rm 

can be deducted f rom t h e  circumstances o f  exposure. Thus, i f  one i s  n o t  exposed 

t o  phenylmercury, methoxyethylmercury o r  e thy lmercury ,  o r  g i ven  a d i u r e t i c  

mercury compound, b lood  o r  u r i n e  cou ld  c o n t a i n  o n l y  i n o r g a n i c  o r  methylmercury. 

The d i s t r i b u t i o n  between these forms depends on t h e  t ype  o f  exposure. 

The background mercury c o n c e n t r a t i o n  i n  b lood  and u r i n e  i s  low: i n  74.5% o f  

609 b lood  and 80.8% o f  778 u r i n e  samples t h e  mercury concen t ra t i on  was l e s s  than 

5 ng/m190,91, I n  Saskatchewan res iden tsg2  and i n  h o s p i t a l  employees i n  Rochester,  

NY, U.S.A.57 t h e  b lood  mercury c o n c e n t r a t i o n  was l e s s  than 10 ng/ml and a t  t h i s  

l e v e l  one t h i r d  o f  t h e  mercury was i n o r g a n i c  and two t h i r d s  organic.  Moderate 

f i s h  consumption s l i g h t l y  inc reases  t h e  concen t ra t i on  o f  methylmercury i n  t h e  

blood57. whereas i n d u s t r i a l  mercury vapour exposure inc reases  m a i n l y  t h e  i n -  

o rgan ic  mercury concent ra t iong3.  I n  man, an i nc rease  i n  b lood  mercury concentra- 

t i o n  caused by  exposure t o  methylmercury h a r d l y  inc reases  t h e  u r i n a r y  e x c r e t i o n  

o f  mercuryg4 and thus  an abnormal ly  h i g h  u r i n a r y  mercury concen t ra t i on  i s  i n -  

d i c a t i v e  o f  i n o r g a n i c  mercury exposure. The decomposi t ion o f  t h e  d i u r e t i c  c h l o r -  
merodr in5* o r  t h e  f u n g i c i d a l  methoxyethy l -  o r  phenylmercury s a l t s  95996  i s  r a p i d ,  

which ensures t h a t  3-4 days a f t e r  exposure a l l  mercury d e r i v e d  from these com- 
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pounds i s  i n  the inorganic  form i n  both blood and ur ine.  The same r u l e  t h a t  

r e s t r i c t s  mercury t o  the inorganic  and methylmercury forms appl ies t o  food and 

environmental b i o l o g i c a l  samples, e.g., i n  marine f i s h  mercury i s  mainly i n  the 

methylated form97*98. I f  the p o s s i b i l i t y  o f  d i r e c t  contamination w i t h  phenyl-, 

methoxyethyl- o r  ethylmercury can be excluded, there i s  no p o i n t  i n  considering 

the presence o f  these compounds i n  the a n a l y t i c a l  programne. Hence, w i t h  the ex- 

cept ion o f  t h e i r  i n d u s t r i a l  o r  a g r i c u l t u r a l  use, the a n a l y t i c a l  work i s  re -  

s t r i c t e d  e i t h e r  t o  t o t a l  mercury determination alone o r  t o  one o f  the fo l l ow ing  

combinations: t o t a l  and inorganic  mercury, t o t a l  and methylmercury o r  inorganic  

mercury and methylmercury. The choice depends on the  ava i l ab le  inst rumentat ion 

and economics. 

5.4. SAMPLING AND SAMPLE STORAGE 

Conclusive environmental and epidemiological surveys o r  c l i n i c a l  diagnosis 

depend on representat ive samples. As methylmercury concentrates i n  red blood 

c e l l s  and no t  i n  plasma", the determination o f  t o t a l  mercury on l y  i n  the plasma 

o f  methylmercury-intoxicated pa t i en ts  i s  po int less.  Thus a knowledge o f  the 

d i s t r i b u t i o n  and metabolism o f  d i f f e r e n t  mercur ia ls  w i t h i n  a species o r  i n  an 

ecolog ica l  system i s  essent ia l  f o r  planning a survey. Exploratory  tes ts ,  when 

d i s t r i b u t i o n  i s  i n  doubt, and c o l l e c t i o n  o f  data on the hab i t s  o f  the t a r g e t  

populat ion i n  question are essen t ia l  f o r  good economy. Thus, wi thout  knowing 

t h a t  a r t i f i c i a l  hair-waving so lu t i ons  are popular among Japanese women and t h a t  

treatment w i t h  these so lu t i ons  decreases the concentrat ion o f  methylmercury i n  

hair1'', one might use h a i r  as an index media f o r  est imat ing t h e i r  pas t  exposure 

from segmental h a i r  analysis. The same blood mercury concentrat ion has a d i f -  

f e ren t  meaning when sampling i s  done before o r  a t  the end o f  the f i s h i n g  season 

i n  a populat ion t h a t  consumes f i s h  from mercury p o l l u t e d  lakes o r  r i v e r s .  

Even when the survey i s  p roper l y  planned, a s a t i s f a c t o r y  number o f  samples 

are co l l ec ted  from representat ive sources and the best  a n a l y t i c a l  technique i s  

used, improperly planned and executed sample handling can make the whole exer- 

c i s e  useless. Contamination and losses may occur e i t h e r  before and dur ing the 

analysis. The use o f  contaminated glass, p l a s t i c  o r  metal surfaces, losses 

through v o l a t i l i z a t i o n  (e.g., dur ing thermal neutron a c t i v a t i o n  and decomposi- 

t i o n  d igest ion) ,  inadequate absorption (e.g., on gold f o i l )  o r  e x t r a c t i o n  (e.g., 

f o r  gas - l i qu id  chromatography) are the main sources o f  e r r o r .  Contro l led losses 

(e.g., when p a r t i t i o n i n g  i s  used i n  an e x t r a c t i o n  procedure) o r  contamination 

(h igh b lank)  might no t  a f f e c t  accuracy, b u t  c e r t a i n l y  a f f e c t  s e n s i t i v i t y .  No 

co r rec t i on  can be introduced when the sample i s  contaminated w i t h  mercury dur ing 

sampling o r  mercury i s  l o s t  dur ing sample storage. 
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The sampl ing procedure must be planned and con ta ine rs  prepared. Al though 

t h e r e  a r e  d i f f e r e n c e s  i n  hand l i ng  f l u i d  o r  s o l i d  samples, organ t i s s u e  o r  h a i r ,  

t h e  genera l  r u l e s  a r e  t h e  same: c lean  demercu r i f i ed  conta iners ,  which do n o t  

absorb o r  a r e  n o t  permeable t o  any fo rm o f  mercury, and c o n d i t i o n s  t h a t  p reven t  

t h e  b i o l o g i c a l  convers ion  and v o l a t i l i z a t i o n  o f  mercury. The q u a l i t y  o f  c o n t a i n e r s  

i s  impor tan t ,  as i n o r g a n i c  mercury f rom i t s  a c i d i f i e d  s o l u t i o n  i s  l o s t  bo th  by  

abso rp t i on  i n t o  t h e  w a l l  o f  t h e  c o n t a i n e r  and by  d i f f u s i o n  th rough t h e  w a l l .  

Greenwood and Clarkson”’ found t h a t  f l i n t  g lass ,  c e l l u l o s e  n i t r a t e ,  po l ye thy lene  

and Buty rex  were t h e  wors t  and Pyrex, po lycarbonate  and T e f l o n  were t h e  b e s t  i n  

t h i s  respect.  The mercury Sampling and Ana lys i s  Review C ~ m i t t e e ~ ~  i n  Canada 

recomnends g lass  con ta ine rs  w i th  T e f l o n - l i n e d  caps, washed w i t h  n i t r i c  a c i d  o r  

concent ra ted  chromic a c i d  and r i n s e d  repea ted ly  w i t h  t a p  water  and d i s t i l l e d  

water.  F o r  s o f t  t i s s u e s  t h e  C o r n i t t e e  recomnends p l a s t i c  con ta ine rs  w i t h  t i g h t -  

f i t t i n g  l i d s  o r  p l a s t i c  bags w i t h  good c losu res  and w i t h  w a l l s  t h a t  p reven t  

mo is tu re  l oss .  P l a s t i c  t h a t  becomes b r i t t l e  when f rozen  shou ld  be avoided. The 

a i r space  i n  t h e  c o n t a i n e r  shou ld  be k e p t  t o  t h e  minimum t o  p reven t  changes i n  

t h e  wa te r  con ten t  o f  t h e  sample. C lean ing  o f  d isposab le  con ta ine rs  i s  u s u a l l y  

n o t  necessary, b u t  care  must be taken t o  p reven t  contaminat ion  d u r i n g  sampling. 

H a i r  c u t  a t  t h e  scalp,  w h i l e  t h e  bunch o f  h a i r  i s  h e l d  w i t h  a p a i r  o f  haemo- 

s t a t i c  forceps, i s  p laced i n  a po l ye thy lene  bag and s t a p l e d  t o  m a i n t a i n  a l i g n -  

ment o f  t h e  i n d i v i d u a l  s t rands  f o r  s to rage  o r  t r a n s p o r t a t i o n  . 
Since i t  was f i r s t  r e p o r t e d  by Magos e t  al,loz t h a t  u r i n e  o r  t i s s u e  homoge- 

na tes  contaminated w i t h  such b a c t e r i a  as Gram-negative Diplococcus, Pseudomoms 

Pyocyaea, Proteus and Klebe<eZla aerogenee, can v o l a t i l i z e  up t o  75% o f  t h e  

o r i g i n a l  mercury concen t ra t i on  w i t h i n  48 h, t h e  i n h i b i t i o n  o f  b a c t e r i a l  growth 

i n  b i o l o g i c a l  samples has become o b l i g a t o r y .  V o l a t i l i z a t i o n  by  b a c t e r i a  i s  t h e  

r e s u l t  o f  t h e  r e d u c t i o n  o f  Hgzt t o  mercury vapour loZ. Other  p o s s i b l e  b a c t e r i a l  

e f f e c t s  a re  HgS fo rma t ion  and t h e  v o l a t i l i z a t i o n  o f  methylmercury i n  t h e  presence 

o f  H2S103s104, which can be produced by  su lphur - reduc ing  bac te r ia ,  m e t h y l a t i o n  

o f  i n o r g a n i c  mercury by i n t e s t i n a l  b a c t e r i a  103,105 and t h e  decomposi t ion o f  

o rganomercur ia ls  by  e n t e r i c s  and pseudomanads 

eve ry  10 m l  o f  u r inez3.  A l k a l i n i z a t i o n  o f  t h e  u r i n e  o r  t h e  a d d i t i o n  o f  sulphamic 

a c i d  w i t h  T r i t o n  X-100 de te rgen t  i s  a l s o  e f f e c t i v e ,  a l t hough  a l k a l i n i t y  r e s u l t s  

i n  t h e  p r e c i p i t a t i o n  o f  i n o r g a n i c  mercuryz8. The general  procedure t o  p reven t  

l o s s  o r  change i n  t h e  fo rm o f  mercury i n  a l l  samples, w i t h  t h e  excep t ion  o f  h a i r ,  

i s  t o  d e e p - f r e e ~ e ~ ~ .  H a i r  i s  b e s t  k e p t  a t  room temperature. 

6 1  

106,107 

B a c t e r i a l  growth can be prevented  by  adding 0.1 m l  o f  concent ra ted  HC1 t o  
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5.5. EXAMPLES OF METHODS 

5.5.1. Introduction 

Methods i n  t h i s  s e c t i o n  a r e  g i ven  as examples; t h e i r  s e l e c t i o n  does n o t  r e f l e c t  

va lued judgement b u t  t h e  a u t h o r ' s  r e s t r i c t e d  persona l  exper ience. The reagents  

used a r e  a l l  o f  a n a l y t i c a l  reagent  grade. 

5.5.2. D e t e h n a t i o n  of t o ta l  mercury i n  food or other biological samples wi th  
22 the method reconmended by the Analytical Methods C o d t t e e  

5.5.2. I. Principle 

f o r  a tomic -absorp t ion  spec t romet ry  w i t h  hydroxylamnonium c h l o r i d e  and t i n ( I 1 )  

c h l o r i d e .  

D i g e s t i o n  w i t h  s u l p h u r i c  ac id ,  n i t r i c  a c i d  and hydrogen pe rox ide  and r e d u c t i o n  

Fig.  5.1. Apparatus f o r  t h e  wet decomposi t ion o f  o rgan ic  mat te r .  
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5.5.2.2. Apparatus 

su r face  r e f l u x  condenser as shown i n  F ig ,  5.1. 

(1 )  200-ml U e l d a h l  f l a s k  w i t h  a B24 socket  a t tached  t o  a s tandard  double- 

(2 )  Hea t ing  mant le.  

( 3 )  A tomic-absorp t ion  s p e c t r o p h o t m t e r  w i th  c o l d  cathode mercury lamp. 

( 4 )  Ice-bath. 

5.5.2.3. Reagents 

( 1 )  N i t r i c  ac id ,  sp. gr .  1.42. 

( 2 )  Su lphu r i c  ac id ,  sp. gr .  1.84 ( l ow  i n  l e a d  grade). 

( 3 )  Hydrogen peroxide, 50% (w/v). 

(4 )  Potassium permanganate s o l u t i o n ,  6% (w/v). 

(5)  Hydroxy lamonium c h l o r i d e  s o l u t i o n :  20 m l  o f  sodium c h l o r i d e  s o l u t i o n  

(15%, w/v) a r e  mixed w i t h  12 m l  o f  hydroxy lamonium s o l u t i o n  (21%. w/v) and t h e  

volume i s  made up t o  100 m l  . 
water  and 50 m l  o f  h y d r o c h l o r i c  acid,  sp. gr. 1.18. 

i n  0.1 N n i t r i c  a c i d  and t h e  volume i s  made up t o  100 m l  w i t h  t h e  same acid.  A 

5.0-ml volume o f  t h i s  s o l u t i o n  i s  d i l u t e d  t o  500 m l  w i t h  0.1 N n i t r i c  a c i d  and 

f rom t h i s  5 m l  a r e  f u r t h e r  d i l u t e d  w i th  0.1 N n i t r i c  a c i d  i n  t h e  presence o f  

1 m l  o f  6% potassium permanganate s o l u t i o n  t o  g i v e  a concen t ra t i on  o f  100 ng o f  

Hg i n  1 m l .  

( 6 )  T i n  c h l o r i d e  s o l u t i o n :  21 g o f  g ranu la ted  t i n  a r e  heated w i th  50 m l  o f  

( 7 )  Standard mercury s o l u t i o n :  0.135 mg o f  mercu ry ( I1 )  c h l o r i d e  i s  d i s s o l v e d  

5.5.2.4. Digestion 

A 2.5-9 amount of  homogenate i s  mixed w i t h  9 m l  of s u l p h u r i c  a c i d  i n  t h e  

K j e l d a h l  f l a s k .  A condenser i s  a t tached,  t h e  f l a s k  i s  heated on t h e  h e a t i n g  

man t le  and s w i r l e d  u n t i l  a t a r r y  f l u i d  i s  obtained. The f l a s k  i s  coo led  on i c e  

and, w h i l e  on i c e ,  2 m l  of H202 a r e  added th rough t h e  condenser and v e r t i c a l  

t a p  A. The f l a s k  i s  removed f rom t h e  i c e ,  s l o w l y  s w i r l e d  and when t h e  r e a c t i o n  

subsides t h e  con ten ts  a r e  heated aga in  and 2 m l  o f  n i t r i c  a c i d  a r e  added t o  t h e  

h o t  sample th rough t a p  A. A f t e r  2 min t h e  t a p  i s  c losed, t h e  sample i s  aga in  

heated and, when fumes a r e  evolved, t h e  condensate i s  run  o f f  f rom t a p  B i n t o  

a beaker. The l a t t e r  procedure i s  repeated  f i r s t  w i th  1 m l  o f  n i t r i c  a c i d  and 

1 m l  o f  hydrogen pe rox ide  and second a f t e r  c o l l e c t i n g  t h e  condensate i n  t h e  same 

beaker w i t h  0.5-1111 p o r t i o n s  o f  hydrogen pe rox ide  and n i t r i c  acid.  The coo l  

condensate i s  now r e t u r n e d  t o  t h e  K j e l d a h l  f l a s k  th rough t h e  r e f l u x  system and 

when t h e  whole con ten ts  a r e  cool ,  potassium permanganate s o l u t i o n  i s  added u n t i l  

a permanent p i n k  c o l o u r  i s  produced. The d i g e s t  i s  t r a n s f e r r e d  i n t o  a 50-ml 

c a l i b r a t e d  f l a s k ,  t h e  r e f l u x  system and K j e l d a h l  f l a s k  a r e  r i n s e d  w i t h  water  and 

t h e  sample i s  d i l u t e d  w i t h  r i n s i n g  p l u s  water  t o  t h e  50-ml mark. 
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5.5.2.5. At&c-absorption determination 

aera t i on  test - tube and mixed w i t h  2 m l  o f  hydroxylamnonium s o l u t i o n  and 0.2 m l  

o f  t i n ( I 1 )  ch lo r i de  so lut ion.  Mercury i s  f lushed ou t  from the  d iges t  w i t h  a i r  

(ca. 740 ml/min) which i s  passed through magnesium perch lorate and s i l ica-wool ,  

and then through the quartz-windowed gas c e l l .  A standard mercury s o l u t i o n  i s  

added t o  the aerated sample t o  ob ta in  the peak height  caused by a known amount 

o f  mercury f o r  c a l c u l a t i o n  o f  the mercury concentrat ion i n  the  digest. For a 

blank determination a s i m i l a r  sample o f  ma te r ia l  i s  selected w i t h  a low mercury 

content ( l ess  than 0.03 ug/g). 

A por t ion,  usua l l y  10 m l ,  o f  the d iges t  i s  made up t o  13 m l  w i t h  water i n  the 

5.5.3. Selective ataic-absorption determination of inorganic and t o ta l  mercury 

by the method of Magoe6 with modifications from Magos ad Clarkson5’and 

F m t  e t  al .  63 

5.5.3.1. Principle 

i nc lud ing  methylmercury, by SnCl 2-CdC12 reagent. 

Inorganic mercury i s  released from the sample by SnC12 and t o t a l  mercury, 

5.5.3.2. Apparatus 

reagents are shown w i t h  the whole assembly i n  Fig. 5.2. The cotton-wool l a y e r  

f i l t e r  removes fumes and the ice-cooled midget impinger conta in ing 10 m l  o f  

d i s t i l l e d  water removes water vapour. The mercury monitor i s  connected e i t h e r  

t o  a recorder o r  t o  a d i g i t a l  voltmeter. It i s  convenient t o  use a d i g i t a l  

vo l tmeter  which s tores and d isp lays the peak output  

Reduction vessels f o r  the o r i g i n a l  method and f o r  the reduced volume o f  

108 . 

5 . 5 . 3 . 3 .  Reagents for  wide reaction vessel 

(1)  L-Cysteine ( f r e e  base) so lu t i on ,  1% (w/v). 

( 2 )  Sodium hydroxide so lu t i on ,  45% (w/v). 

(3 )  T i n ( 1 I )  ch lo r i de  reagent; 10 g o f  SnC12 are added t o  20 m l  o f  16 1 sul -  

phur ic  ac id  and the volume i s  made up t o  100 m l  w i t h  d i s t i l l e d  water. 

(4 )  T i n ( I 1 )  chloride-cadmium ch lo r i de  reagent: 25 g of SnC12 and 5 g o f  CdC12 

are heated j u s t  t o  b o i l i n g  w i t h  water and the volume i s  made up t o  50 m l .  

( 5 )  Antifoam: t r i b u t y l  phosphate. 

( 6 )  Sulphuric ac id  so lut ion:  16 N .  

(7)  Mercury standard: 0.6767 g o f  HgC12 i s  d isso lved i n  5% sulphur ic  acid. 

A 1-ml volume o f  t h i s  s o l u t i o n  i s  d i l u t e d  t o  1 1 w i t h  d i s t i l l e d  water conta in ing 

9.1 g o f  NaC1, 0.7545 g o f  sodium ethylenediaminetetraacetate and 100 mg o f  

L-cysteine. This s o l u t i o n  contains 500 ng/ml o f  mercury and i s  s tab le  a t  5OC f o r  

a t  l e a s t  6 months. 
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Fig. 5.2. Schematic representat ion o f  the assembled apparatus f o r  s e l e c t i v e  
atomic-absorptio determination o f  mercury. The narrow reac t i on  vessel described 
by Farant e t  al, l3 i s  f u r t h e r  modi f ied w i t h  the  i n t e n t i o n  o f  automation. It has 
separate i n l e t s  f o r  the two reagents and a valve a t  the bottom t o  permi t  i n  s i t u  
r i ns ing .  

5.5.3.4. Reagents for  narrm reaction vessel  (Farant e t  a p 3 )  

and made up t o  volume (500 ml)  wi th ,  4.5 N sulphur ic  ac id  conta in ing 1% (w/v) 

sodi um chlor ide.  

i n ,  and made up t o  volume (500 m l )  wi th ,  4.5 N sulphur ic  ac id  conta in ing 1% 

(w/v) sodium chlor ide.  

( I )  T i n ( I 1 )  ch lor ide:  10 g of SnC12 and 1 g o f  L-cysteine are d isso lved i n ,  

(2 )  10 g o f  t i n ( I 1 )  ch lor ide,  2.5 g o f  CdC12 and 1% L-cysteine are d isso lved 

(3 )  Sodium hydroxide so lu t i on ,  35% (w/v). 

5.5.3.5. Sample preparation 

hydroxide-cysteine so lut ion.  Glhen the re  i s  a p o s s i b i l i t y  o f  the formation o f  

mercury co l l o ids ,  such as HgSe, a l l  o the r  samples are pre- t reated w i t h  sodium 

hydroxide-cysteine: blood o r  homogenates i s  mixed w i t h  equal volumes o f  1% 

L-cysteine and 45% NaOH; 20-80 mg o f  h a i r  o r  500 mg o f  f ishmeal are mixed w i t h  

Tissues are homogenized; h a i r ,  f ishmeal o r  g r a i n  are d isso lved i n  sodium 
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1 m l  o f  20% NaC1, 1 m l  o f  45% NaOH and 1 m l  o f  1% cys te ine .  Samples a r e  heated 

on a h o t - p l a t e  j u s t  t o  b o i l i n g .  The volume i s  made up t o  10 m l  w i t h  s a l i n e  and 

a l i q u o t s  a r e  used f o r  a tomic -absorp t ion  de terminat ion .  

5.5.3.6. Detem’nation 

A 1-ml  sample ( o r  more when des i red )  i s  p i p e t t e d  i n t o  t h e  r e a c t i o n  vessel  

f o l l o w e d  by t h e  a d d i t i o n  o f  ant i foam, 1 m l  o f  cys te ine ,  20 m l  o f  s a l i n e ,  10 m l  

o f  s u l p h u r i c  a c i d  and 1 m l  o f  SnC12 o r  SnC12-CdC12 reagent. The con ten ts  a r e  

mixed, 20 m l  o f  NaOH s o l u t i o n  added and a e r a t i o n  i s  s t a r t e d ,  W i th  a narrow 

r e a c t i o n  vessel ,  sma l le r  volumes o f  sample can be analysed. A f t e r  a d d i t i o n  o f  

t b e  sample and an t i f oam e i t h e r  5 m l  o f  SnC12 o r  5 m l  o f  CdC12 reagent  a r e  added, 

f o l l o w e d  by  5 m l  o f  NaOH s o l u t i o n  and ae ra t i on .  

The mercury concen t ra t i on  i s  c a l c u l a t e d  f rom t h e  peak h e i g h t  g i ven  by t h e  

sample minus reagent  blank. The d i f f e r e n c e  i n  peak h e i g h t s  g i v e n  by t h e  sample 

w i t h  and w i t h o u t  a mercury s tandard  d i v i d e d  by  t h e  amount o f  added mercury i n  

nanograms g i ves  t h e  d e f l e c t i o n  caused by 1 ng o f  mercury i n  t h e  presence o f  t h e  

sample. When t h e  b lank  i s  h igh ,  t h e  d i f f e r e n c e  i n  d e f l e c t i o n  caused by a s tandard  

added t o  t h e  reagent  and t o  t h e  sample i s  used f o r  t h e  p r o p o r t i o n a t e  c o r r e c t i o n  

o f  t h e  blank. 

When a l a r g e  number o f  samples o f  i d e n t i c a l  compos i t ion  (e.g., 1 m l  o f  b lood  

o r  1 m l  o f  10% homogenate) a r e  analysed, t h e  mean d e f l e c t i o n  caused by i n t e r n a l  

s tandards  i n  a r e p r e s e n t a t i v e  p r o p o r t i o n  o f  samples (e.g., eve ry  f i f t h  o f  100 

samples) can be used t o  c a l c u l a t e  t h e  concen t ra t i ons  i n  eve ry  o t h e r  sample. I n  

these circumstances t h e  use o f  t h e  mean d e f l e c t i o n  a c t u a l l y  decreases e r r o r s .  

5.6. DATA EVALUATION 

5.6.1. General considerations 

The genera l  aim o f  t h e  de te rm ina t ion  o f  mercury i n  b i o l o g i c a l  samples i s  

always t o  assess whether mercury i n  an e c o l o g i c a l  system, i n  a p o p u l a t i o n  o r  i n  

an i n d i v i d u a l  can a f fec t  normal f u n c t i o n ,  t o  assess t h e  r o l e  o f  mercury i n  

e x i s t i n g  f u n c t i o n a l  d i s tu rbances  o r  t o  assess t h e  l e v e l  o f  exposure. The end- 

p o i n t s  on t h e  s c a l e  used i n  t h e  assessment o f  mercury concen t ra t i ons  a r e  t h e  

background c o n c e n t r a t i o n  and t h e  c o n c e n t r a t i o n  range which i s  assoc ia ted  w i t h  

severe, perhaps l e t h a l  damage. Between these two p o i n t s  t h e r e  i s  t h e  so -ca l l ed  

t h r e s h o l d  concen t ra t i on  f o r  m i l d  t o x i c  e f f e c t s .  None o f  these p o i n t s  a r e  absolute.  

Tha background concen t ra t i on  i s  a measure o f  t h e  range o f  l ow- leve l  and 

p r a c t i c a l l y  unavo idab le  exposure, which can change w i t h  t ime  o r  f rom l o c a t i o n  t o  

l o c a t i o n .  S e n s i t i v i t y  t o  t o x i c  concen t ra t i ons  may depend on species,  age, sex, 
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n u t r i t i o n a l  s t a t u s  and p h y s i o l o g i c a l  cond i t i ons ,  w i t h  wide i n d i v i d u a l  v a r i a t i o n s  

even w i t h i n  one subgroup. Es tab l i shed  t h r e s h o l d  l i m i t s  can change w i t h  t h e  d i s -  

covery  o f  popu la t i ons  w i t h  s e n s i t i v i t i e s  h i g h e r  than those c u r r e n t l y  known. 

Moreover, t h e r e  i s  always some u n c e r t a i n t y  i n  l i m i t s  o f  t o x i c i t y :  those which 

a r e  based on animal exper iments encounter t h e  problem o f  e x t r a p o l a t i o n  f rom one 

spec ies  t o  another  and those based on human observa t ions  s u f f e r  f rom o t h e r  

r e s t r i c t i o n s .  Con t ra ry  t o  exper iments,  t h e  c o n d i t i o n s  o f  c l i n i c a l  and epidemio- 

l o g i c a l  s t u d i e s  a r e  such t h a t  t h e  i n v e s t i g a t o r  cannot i nc rease  p o p u l a t i o n  numbers 

a t  w i l l ,  o r  s e l e c t  t h e  optimum sampl ing t ime, o r  migh t  n o t  be ab le  t o  o b t a i n  

f u r t h e r  samples t o  check suspect de termina t ions .  

The de te rm ina t ion  o f  mercury i n  b i o l o g i c a l  samples has an impor tan t  r o l e  i n  

t h e  assessment o f  exposure. I n  c o n t r a s t  t o  t h e  b i o l o g i c a l  l i m i t s  o f  t h e  c l i n i c a l  

t h r e s h o l d  o f  t o x i c i t y ,  t h e  concepts o f  t h r e s h o l d  l i m i t  va lue  (TLV) o r  p e r m i t t e d  

concen t ra t i on  l e v e l s  a re  a d m i n i s t r a t i v e ,  which m igh t  o r  m igh t  n o t  correspond t o  

t h e  b i o l o g i c a l  t h r e s h o l d  o f  t o x i c i t y .  When t ime  i s  q u a n t i t a t e d  f o r  i n h a l a t i o n  

exposure, as i s  i d e a l l y  t h e  case i n  occupat iona l  exposure t o  a i r b o r n e  chemicals,  

t h e  TLV f o r  a c e r t a i n  chemical i s  equals t o  a c e r t a i n  dose and has a more o r  

l e s s  w e l l  d e f i n e d  r e l a t i o n s h i p  t o  t h e  b i o l o g i c a l  t h r e s h o l d  o f  t h e  chemical. When 

c o n c e n t r a t i o n  l i m i t s  a r e  s e t  i n  food, as t h e  0.5-1.0 ppm mercury l i m i t s  i n  t h e  

e d i b l e  raw p o r t i o n  o f  f i s h ,  one impor tan t  parameter, which i s  r e q u i r e d  f o r  t h e  

convers ion  o f  these l i m i t s  t o  dose, i s  missing. Th is  parameter i s  t h e  amount o f  

f i s h  consumed, which shows enormous i n d i v i d u a l  v a r i a t i o n .  L i m i t s  f o r  mercury i n  

f i s h  aim t o  p r o t e c t  t h e  most s e n s i t i v e  i n d i v i d u a l s  aga ins t  t h e  e f f e c t s  o f  p ro -  

longed heavy f i s h  consumption. U n l i k e  concen t ra t i ons  i n  d i f f e r e n t  food produc ts ,  

t h e  t o l e r a b l e  weekly i n t a k e  w i t h  food i s  dose e q u i v a l e n t  and t h e r e f o r e  can be 

r e l a t e d  t o  t h r e s h o l d  t o x i c i t y .  

5.6.2. Exposure t o  ??lQrCUl'y V a p O U P  

The p resen t  TLV f o r  occupat iona l  mercury vapour exposure i n  many c o u n t r i e s  
3 i s  0.05 mg/m . As t h e  a i r  t o  u r i n e  mercury r e l a t i o n s h i p  f o r  t ime-weighted aver-  

3 age (TWA) exposure i n  ug/m and f o r  u r i n e  i n  p g / l  c o r r e c t e d  t o  s p e c i f i c  g r a v i t y  

i s  l d o 9 ,  t h e  0.05 mg/m TLV corresponds t o  50 ug/1 i n  u r i ne .  An upward s h i f t  

f rom t h i s  e x c r e t i o n  l e v e l  i n d i c a t e s  d e t e r i o r a t i n g  environmental  cond i t i ons .  

Resu l t s  above 200 p g / l  a r e  cons idered p o t e n t i a l l y  dangerousllO, as above 300 u g / l  

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

c l i n i c a l  m a n i f e s t a t i o n s  i s  high'". Moreover, Suzuki112 no ted  hand t remor  w i t h  

l e v e l s  as l ow  as 114 ug / l  i n  u r i ne .  Nearer t o  t h e  upper end o f  t h e  sca le  a 

2400-8300 p g / l  u r i n a r y  mercury e x c r e t i o n  was assoc ia ted  w i t h  t remor,  i r r i t a b i l i t y ,  

s k i n  rash, p a i n f u l  mouth and b leed ing  gums i n  a f a m i l y  exposed t o  mercury vapour 

i n  t h e i r  home a f t e r  s p i l l i n g  a few hundred m i l l i l i t r e s  o f  mercury on t o  t h e  carpe t .  

3 
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Mercury b lood  concen t ra t i ons  a t  t h e  t ime  o f  t h e  u r i n e  c o l l e c t i o n  ranged f rom 

183 t o  620 ng/m1113. The r e l a t i o n s h i p  between u r i n a r y  and b lood  mercury concen- 

t r a t i o n s  can be shown o n l y  by ranking114, a l t hough  on a group b a s i s  mercury i n  

b lood  shows a f a i r  c o r r e l a t i o n  w i t h  exposureg0. Smith e t  a l . l I 5  p l o t t e d  t h e  

weighted average a i r  concen t ra t i on  a g a i n s t  b lood  concen t ra t i on :  eve ry  0.1 ppm 

inc rease  i n  t h e  t ime-weighted occupat iona l  mercury exposure caused an approx i -  

ma te l y  45 ng/ml i nc rease  i n  t h e  b lood  mercury concen t ra t i on  above t h e  9 ng/ml 

background. The background l e v e l  i n  o c c u p a t i o n a l l y  unexposed popu la t i ons  i s  

lower,  be ing  l e s s  than 5 ng/ml i n  bo th  b lood  and u r i n e  

The WHO Task Group116 assoc ia ted  35 ng/ml o f  mercury i n  b lood  and 150 p g / l  

i n  u r i n e  w i t h  an 8-h exposure t o  0.05 ppm Hg vapour and 70-140 ng/ml i n  b lood  

and 300-600 ug / l  i n  u r i n e  w i t h  0.1-0.2 ppm exposure. When t h e  p e r i o d  o f  exposure 

i s  24 h pe r  day, t h e  same u r i n a r y  and b lood  concen t ra t i ons  a r e  reached by a t h i r d  

o f  t h e  above mercury vapour c o n c e n t r a t i  ons. 

90,91 . 

5.6.3. Inorganic mercury s a l t s  and methoxyethyl-  o r  p h e n y h e r n u y  

I no rgan ic  mercury s a l t s  and methoxyethy l -  o r  phenylmercury compared w i t h  

mercury vapour o r  sho r t - cha in  a l k y l m e r c u r i a l s  have l i t t l e  s i g n i f i c a n c e  as oc- 

cupa t iona l  and environmental  t o x i c  agents. They a r e  a l s o  l e s s  t o x i c  as judged 

f rom t h e  recommendation o f  an I n t e r n a t i o n a l  C o n i  ttee117 which reconended  a 

mercury TLV o f  0.1 mg/m f o r  these compounds, t h a t  i s ,  t w i c e  t h e  TLV f o r  mercury 

vapour. 

I n t e n t i o n a l  o r  acc iden ta l  i n g e s t i o n  o f  i n o r g a n i c  mercury s a l t s ,  m a i n l y  HgC12, 

r e s u l t s  i n  c o r r o s i o n  o f  t h e  a l imen ta ry  t r a c t  and rena l  damage. The de te rm ina t ion  

o f  i n o r g a n i c  mercury i n  vomi t  o r  stomach con ten ts  has a d i a g n o s t i c  va lue ,  and 

i n  s u r v i v i n g  p a t i e n t s  t h e  de te rm ina t ion  o f  mercury i n  t h e  u r i n e  o r  b lood  he lps  

t o  eva lua te  t h e  success o f  t h e  t rea tment .  The probab le  minimal l e t h a l  dose o f  

HgC12 f o r  c h i l d r e n  i s  120 mg and f o r  a d u l t s  180-500 mg, b u t  w i t h  c h e l a t i o n  

therapy  recovery  was r e p o r t e d  a f t e r  t h e  i n g e s t i o n  o f  1.5-20 g o f  HgCl2 l I8 .  A 

73-year-old c h i l d  who su rv i ved  t h e  i n g e s t i o n  o f  435 mg o f  HgC12 a had b lood  

mercury l e v e l  o f  1100 ng/ml w i t h  a peak u r i n a r y  mercury e x c r e t i o n  o f  9.0 mg/l o f  

HgC12’”. Ch i l d ren  who s u f f e r e d  f rom acrodyn ia  exc re ted  100 t o  400 ug Hg/l u r i n e  

and t h e  e x c r e t i o n  o f  mercury he lped t o  i d e n t i f y  calomel as t h e  causa t i ve  agent 

k idneys  have t h e  h i g h e s t  concent ra t ion ,  be ing  approx imate ly  40 t imes h i g h e r  than 

t h e  0.15-1.2 pg/ml measured i n  b lood  . 
no se r ious  i n t o x i c a t i o n  o f  occupat iona l  o r i g i n  has been a t t r i b u t e d  t o  methoxy- 

e t h y l -  o r  phenylmercury. Go ldwa te r ’e t  a1 

o f  a worker who had been sprayed w i t h  phenylmercury ace ta te .  The concen t ra t i on  

3 

120 

According t o  pos t  mortem a n a l y s i s  o f  mercury i n  v i c t i m s  o f  HgC12 i n t o x i c a t i o n ,  

. 

118 

121 I n  a d d i t i o n  t o  i r r i t a t i o n  o f  sk in ,  caused by a l l  organomercur ia l  f u n g i c i d e s  , 

r e p o r t e d  t h e  a c c i d e n t a l  i n t o x i c a t i o n  
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o f  mercury increased t o  8.5 mg/l i n  h i s  ur ine,  b u t  apar t  from m i l d  p r o t e i n u r i a  

he showed no signs of i n tox i ca t i on .  Data f o r  the evaluat ion o f  blood and u r i n a r y  

mercury concentrat ion i n  r e l a t i o n  t o  t o x i c  thresholds are missing. 

o f  the l a s t  exposure might he lp t o  p i n p o i n t  organomercury exposure as a cause o f  

elevated leve ls .  A f t e r  2 days a l l  o f  the mercury i s  expected t o  be i n  the i n -  

organic form because o f  the r a p i d  i n  v i vo  decomposition o f  both methoxyethyl- 

and phenylmercury . 

D i f f e r e n t i a t i o n  determination o f  inorganic  and organic mercury w i t h i n  1-2 days 

96 

5.6.4.  Short-chain aZkyZmercuriaZs 

Methyl- and ethylmercury are the two short-chain a1 ky lmercur ia ls  which, a f t e r  

prolonged exposure, are ab le t o  cause i r r e v e r s i b l e  damage i n  the nervous system. 

Ethylmercury i s  l ess  s tab le  than methylmercury and probably t h i s  f a c t o r  expla ins 

signs of renal  damage i n  ethylmercury-intoxicated patients123. I n  s p i t e  o f  t h i s  

d i f ference i n  t o x i c  effects, gu ide l ines f o r  methylmercury may be extended t o  

ethylmercury. Exposure t o  ethylmercury i s  r e s t r i c t e d  t o  i t s  production o r  use 

and t o  the misuse of ethylmercury-dressed grain. I n  con t ras t  t o  ethylmercury, 

methylmercury i s  a general environmental hazard, as t h i s  form o f  mercury i s  

synthesized by microorganisms i n  the aquatic environment and concentrates i n  the 

aquat ic  food chain415. 

An In te rna t i ona l  Comnittee117 d i d  n o t  se t  a permi t ted a i r  concentrat ion l e v e l  

f o r  short-chain a1 ky lmercur ia ls  f o r  occupational exposure, bu t  recomnended t h a t  

the maximum permi t ted blood concentrat ion o f  mercury should be 100 ng/ml. The 

WHO Task Group116 d i d  n o t  recommend any threshold l i m i t  f o r  i n take  o f  methyl- 

mercury w i t h  food bu t  proposed t h a t  a d a i l y  3-7 ug/kg body weight i n take  o f  

mercury as methylmercury could lead t o  200-500 ng/ml o f  mercury i n  blood and 

50-125 pg/g i n  h a i r  and t o  paraesthesia i n  5% o f  the exposed populat ion w i t h  

prolonged exposure. 

w i t h  265 n d m l  o f  mercury i n  t h e i r .  Although the mercury was organic and the 

fishermen were probably i n  a steady s t a t e  f o r  methylmercury, the neuro log ica l  

f i nd ings  were negative. The same concentrat ion, whether i t  represents a steady- 

s t a t e  cond i t i on  o r  a peak value achieved dur ing a sho r t  exposure time, has a 
126 d i f f e r e n t  s ign i f i cance  from the p o i n t  o f  view o f  n e ~ r o t o x i c i t y l ~ ~ .  Sker fv ing 

measured 1100 and 1200 ng/ml o f  mercury i n  red blood c e l l s  i n  two men who regu- 

l a r l y  consumed f i s h  w i t h  h igh mercury concentrat ions i n  l a rge  amounts dur ing 

the f i s h i n g  season wi thout  any adverse e f f e c t .  

I n  the  I r a q  methylmercury epidemics, paraesthesia became more frequent on l y  

i n  those w i t h  500-1000 ng/ml o f  mercury i n  t h e i r  blood127. However, on p l o t t i n g  

the frequency o f  paraesthesia against the blood concentrat ion o f  mercury measured 

Clarkson and Marsh124 found ten  Korean fishermen w i t h  120-200 ng/ml and one 
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65 days a f t e r  t h e  end of exposure w i t h  e x t r a p o l a t i o n  t o  t h e  end o f  exposure, t h e  

t h r e s h o l d  b lood  concen t ra t i on  cou ld  n o t  be l e s s  than 350 ng/ml, which i s  t h e  

s teady -s ta te  b lood mercury cgncen t ra t i on  f o r  long- te rm methylmercury consumption 

o f  about 5 vg/kg/day of  mercury128. The Research Committee on Minamata Disease 

a l s o  concluded t h a t  5 ug/kg/day i s  t h e  minimum t o x i c  dose. 

The c a l c u l a t i o n s  a r e  n a t u r a l l y  based on two assumptions: t h e  f i r s t  i f  t h a t  

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

i n d i v i d u a l s  i n  t h i s  p o p u l a t i o n  a r e  no l e s s  s e n s i t i v e  than t h e  most s e n s i t i v e  ones 

i n  o t h e r  popu la t ions ;  t h e  second i s  t h a t  a t h r e s h o l d  f o r  pa raes thes ia  p revents  

any adverse e f f e c t  caused by  methylmercury.  Thus, i f  one cons iders  t h e  p o s s i b i l -  

i t y  of acce le ra ted  c e l l  death  w i t h o u t  paraes thes ia  o r  a b iochemica l  d e f e c t  i n  

t h e  nervous system w i t h o u t  h i s t o l o g i c a l  abnormal i t y ,  a t h r e s h o l d  f o r  paraes thes ia  

m igh t  n o t  be adequate. However, u n t i l  now e f f o r t s  t o  f i n d  these types  o f  " s i l e n t  

damage" remained f r u i t l e s s  . 
p a t i e n t s  w i t h  severe a t a x i a  and many w i t h  hea r ing  and v i s u a l  d e f e c t s  and/or  a 

l e t h a l  outcome127, I n  t h e  h a i r  and b lood  o f  methy lmercury - in tox ica ted  p a t i e n t s  

about 90% o f  t h e  mercury i s  m e t h y l m e r ~ u r y ~ ~ ~ .  The mean r a t i o  o f  t h e  concentra- 

t i o n  i n  t h e  h a i r  a t  t h e  s c a l p  t o  t h a t  i n  t h e  b lood  i s  ca. 25Ol3 l  and segmental 

h a i r  a n a l y s i s  can be used t o  assess pas t  exposure, l i m i t e d  by t h e  l e n g t h  o f  

hair6', and t o  c a l c u l a t e  c learance h a l f - t i ~ n e l ~ ~  i n  methylmercury-exposed popula- 

t i o n s .  There appears t o  be a c l i n i c a l l y  d e t e c t a b l e  r i s k  o f  f o e t a l  b r a i n  damage 

when t h e  peak materna l  h a i r  concen t ra t i on  i s  about 100 ug/g, t h a t  i s  400 ng/ml 

i n  blood133. The l a t e s t  fo l low-up s tudy  by Marsh e t  al.134 i n d i c a t e s  t h a t  t h e  

f o e t a l  b r a i n  m igh t  be a f f e c t e d  a t  a s i g n i f i c a n t l y  lower  materna l  exposure l e v e l  

(67.6 ug/g i n  h a i r  = 270 ng/ml i n  b lood ) ,  and i n  t h i s  case t h e  t h r e s h o l d  l i m i t  

l e v e l  o f  350 ng/ml i n  b lood  i s  n o t  v a l i d  f o r  t h e  ma te rna l - foe ta l  u n i t .  

Near t o  t h e  lower  end o f  t h e  s c a l e  a r e  t h e  mercury c o n c e n t r a t i o n  va lues  o f  

f i s h i n g  communities around t h e  coas ta l  area o f  t h e  North-Eastern I r i s h  Sea, 

Haxton e t  a1.68 repo r ted  a mean mercury concen t ra t i on  o f  5.0 ng/ml i n  b lood  and 

2.0 ug/g i n  h a i r  w i t h  a d i e t a r y  i n t a k e  o f  1.9 ug/kg/week. I n  another  f i s h i n g  

community i n  Cornwal l  w i t h  a mercury i n t a k e  o f  1.3 ug/kg/week t h e  cor respond ing  

va lues  were 3.5 ng/ml and 1.35 ug/g. About 90% o f  t h e  b lood  mercury was o rgan ic  

and a 1 u n i t  i nc rease  i n  b lood  mercury concen t ra t i on  corresponded t o  a ca. 250 

u n i t  i nc rease  i n  h a i r  mercury concent ra t ion .  The va lues  r e p o r t e d  by Haxton e t  

al." a re  s i m i l a r  t o  those found i n  h o s p i t a l  employees i n  Rochester, NY,  U.S.A. 

o r  i n  Sasketchewan res iden ts "  and 'consequent ly fa1  1 i n t o  t h e  background ca tegory .  

129 ,-' 

130 

The upper end o f  t h e  s c a l e  a r e  t h e  3.0 and 5.0 ug/ml b lood  concen t ra t i ons  i n  

57 
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6.1. INTRODUCTION 

For  years.  de termina t ions  o f  cadmium i n  b i o l o g i c a l  m a t e r i a l s  were ma in l y  per -  

formed by c o l o r i m e t r y .  i.e., spec t r~photomet ry ' .~ .  f requen t l y  by t h e  use of 

d i t h i z o n e  subsequent t o  a p r i o r  separa t i on  f rom i n t e r f e r i n g  ~ u b s t a n c e s ' ~ ~ ' ~  . 
However. emiss ion  s p e ~ t r o s c o p y ~ . ~ .  neu t ron  a c t i v a t i o n  a n a l y s i s  (NAA)' '5s7s8 and 
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c l a s s i c a l  po la rog raph ic   method^^'^" were a l s o  app l ied .  Wi th  t h e  excep t ion  o f  

rad iochemica l  NAA, which i s  s e n s i t i v e  b u t  n o t  used as a r a p i d  r o u t i n e  screen ing  

technique, these methods t y p i c a l l y  had abso lu te  d e t e c t i o n  l i m i t s  o f  t h e  o r d e r  

o f  1 pg of  cadmium. Thus, if lower  l e v e l s  had t o  be analysed, p re -concen t ra t i on  

was always necessary. These methods, however, were s u f f i c i e n t l y  s e n s i t i v e  f o r  

t h e  de te rm ina t ion  o f  cadmium i n  organs and h a i r  w i t h  average concen t ra t i ons  a t  

t h e  micrograms p e r  gram 

f lame a tomic-absorp t ion  spec t romet ry  (FAAS), which owing t o  i t s  s p e c i f i t y  and 

speed has been i n c r e a s i n g  and s u c c e s s f u l l y  used f o r  cadmium a n a l y s i s  f rom i t s  

i n t r o d u c t i o n  i n  19551’2’5,12. Normal cadmium l e v e l s  i n  body f l u i d s ,  however, a r e  

i n  t h e  l ow  nanograms p e r  gram range’’. Even i n  occupat iona l  exposure, average 

l e v e l s  o f  cadmium i n  u r i n e  and whole b lood  n o t  exceeding a maximum o f  about 

100 ng/ml were r e p o r t e d  . 
Some o f  these da ta  were ob ta ined by FAAS a f t e r  p re-concent ra t ion ,  b u t  t h e  

comnercial  i n t r o d u c t i o n  o f  more power fu l  t r a c e  a n a l y t i c a l  methods i n  t h e  decade 

f rom 1970 g r e a t l y  extended r o u t i n e  a n a l y t i c a l  p o t e n t i a l i t i e s ,  p a r t i c u l a r l y  f o r  

cadmium. Graph i te  fu rnace AAS (GFAAS) 5*11-13 anodic s t r i p p i n g  vol tammetry (ASV) 

and d i f f e r e n t i a l  pu l se  anodic s t r i p p i n g  vol tammetry (DPASV) 5,11,14-17 decreased 

t h e  abso lu te  d e t e c t i o n  l i m i t s  t o  1 pg abso lu te  (GFAAS) o r  l e s s  than 10 pg/ml 

(DPASV), w i t h  p o t e n t i a l  f o r  de te rm ina t ions  down t o  0.1 ng/g i n  b i o l o g i c a l  mate- 

r i a l s .  The r e c e n t l y  i n t roduced  mercury f i l m  e l e c t r o d e  (MFE) f o r  DP&V aga in  

improved d e t e c t i o n  l i m i t s  t o  below 0.1 pg/ml, thus  render ing  p o s s i b l e  i n  p r i n c i -  

p l e  p r e c i s e  and accura te  de te rm ina t ions  a t  t h e  l owes t  known n a t u r a l  concent ra -  

t i o n s  . 

The same, i n  p r i n c i p l e ,  a l s o  a p p l i e s  t o  

11 

17,18 

6.2. THE ANALYTICAL C H A I N  

6.2.1. SampZing, sample preparation and pre-treatment 

Cadmium l e v e l s  i n  body f l u i d s ,  w i t h o u t  occupat iona l  o r  env i ronmenta l  exposure, 

a r e  a t  t h e  low nanograms pe r  m i l l i l i t r e  l e v e l .  Thus, con taminat ion  d u r i n g  sampl ing 

o r  sample p r e p a r a t i o n  f rom l a b o r a t o r y  ware, made f rom d i f f e r e n t  p l a s t i c s ,  i s  

h i g h l y  probable.  Proper s e l e c t i o n  and c l e a n i n g  o f  a l l  vesse ls  and ins t rumen ts  

used and b lank  de te rm ina t ions  a re  t h e r e f o r e  mandatory f o r  r e l i a b l e  ana lys i s .  

Only a few examples w i l l  be g i ven  here, because t h i s  i s  g e n e r a l l y  t r e a t e d  i n  t h e  

chapter: on i ns t rumen ta t i on .  

The sy r inges  used f o r  whole b lood  sampl ing by venepuncture, a v a i l a b l e  w i th  

d i f f e r e n t  an t i coagu lan ts  (hepar in ,  potassium EDTA, amnonium c i t r a t e ) ,  a l l  c o n t a i n  

d e t e c t a b l e  amounts o f  cadmium. The cadmium b lank  l e v e l  can v a r y  s i g n i f i c a n t l y  

depending on t h e  a n t i c o a g u l a n t  and t h e  manufacturer.  
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Ur ine  vo id ings  a re  extremely prone t o  cadmium contaminat ion du r ing  sampl ing 

from t h e  body and from outs ide,  and a l s o  from t h e  con ta ine rs  used. As co loured 

u r i n e  sampl ing b o t t l e s  can show contaminat ion w i t h o u t  t h e  p o s s i b i l i t y  o f  be ing  

s a t i s f a c t o r i l y  c leaned f o r  u r i n e  sampling, s torage b o t t l e s  made f rom c o l o u r l e s s  

high-pressure po lye thy lene  should be used. Cleaning procedures f o r  those b o t t l e s  

have been descr ibed r e ~ e n t l y ~ ~ , * ~ .  

l i v e r ,  k idney and faeces has a l s o  t o  be performed w i t h  g r e a t  care,  b u t  precau- 

t i o n s  aga ins t  contaminat ion a re  n o t  so s t r i n g e n t  as f o r  body f l u i d s .  Autopsy 

ma te r ia l s ,  however, should be taken as e a r l y  as poss ib le  a f t e r  death, because 

of  changes i n  weight  and elemental  composi t ion d u r i n g  pos t  mortem storage . 
a l l y  c o n s i s t s  i n  operat ions f o r  complete homogenization, i f  necessary, f o l l owed  

by, f o r  instance,  so l ven t  e x t r a c t i o n  pre-concentrat ion o r  t he  a p p l i c a t i o n  o f  
va r ious  decomposi t ion  procedure^^^'^^. The most impor tan t  methods f o r  cadmi um 

a re  mentioned below and a few references given. 

Low-temperature ashing i s  a p p l i c a b l e  p r i o r  t o  a l l  de te rm ina t ion  methods and 

shows, i f  p r o p e r l y  appl ied,  ve ry  low b lanks 

Dry ashing owing t o  t h e  v o l a t i l i t y  o f  cadmium and i t s  compounds, r e q u i r e s  

s t r i c t  temperature c o n t r o l ,  e.g., by programmable furnaces which l i m i t  t h e  max- 

imal temperature t o  d ioO0Cz7 .  For low concentrat ions ashing i n  qua r t z  tubes i s  

recommended . 
s u l p h u r i c  and p e r c h l o r i c  acids,  hydrogen peroxide, etc.)  u s u a l l y  achieves com- 

p l e t e  m i n e r a l i z a t i o n  a t  temperatures up t o  31D°C, a l s o  w i t h  mechanized systems 

31. Wet ashing i s  recomnended f o r  a l l  modes o f  DPASV b u t  can in t roduce  e leva ted  

b lanks i f  proper  s e l e c t i o n  o f  reagents and vessels i s  n o t  performed. Acids w i t h  

h i g h  b o i l i n g  p o i n t s  and/or a h i g h  o x i d a t i o n  p o t e n t i a l ,  i f  n o t  complete ly  removed, 

can l e a d  t o  d i f f i c u l t i e s  i n  g r a p h i t e  furnace AAS (GFAAS) owing t o  the  low ashing 

temperature p o s s i b l e  f o r  cadmium. 

operated, has ve ry  low cadmium blanks and i n  general  i s  very  use fu l  f o r  f lame 

AAS and GFAAS32s33. However, owing t o  incomplete m i n e r a l i ~ a t i o n ~ ~  t h e  method i s  

n o t  a p p l i c a b l e  f o r  subsequent e lect rochemical  ana lys i s  w i t h o u t  p a r t i c u l a r  pro- 

grammes and/or a f u r t h e r  t reatment.  

The de te rm ina t ion  o f  cadmium i n  m a t e r i a l s  w i t h  h ighe r  l e v e l s  such as placentae, 

21 

Sample pre- t reatment  f o r  cadmium ana lys i s  t o  o b t a i n  an ana ly te  s o l u t i o n  gener- 

24-26 . 

28 

Wet ashing us ing  d i f f e r e n t  ac ids  and ox idants  and m ix tu res  o f  ac ids  ( n i t r i c ,  

29- 

Pressure decomposi t ion up t o  about 17OoC, ma in l y  w i t h  n i t r i c  ac id ,  i f  p r o p e r l y  

6.2.2. D e t e m ’ n a t i m  methods 

6.2.2.1. A t m n k  spectroscopy 

Analys is  us ing  d i f f e r e n t  modes o f  AAS prov ides a ve ry  s e n s i t i v e  determinat ion 
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o f  cadmium a t  228.8 n d 2 .  De tec t i on  l i m i t s  o f  <3 ng/ml a r e  a t t a i n a b l e  f o r  t h e  

flame method and o f  40.002 ng/ml f o r  t h e  g r a p h i t e  fu rnace method. These da ta  

show p o t e n t i a l  a l s o  f o r  d i r e c t  ana lys i s .  However, l i g h t  s c a t t e r i n g  due t o  

Ray le igh ’s  law and mo lecu la r  abso rp t i on  d e r i v i n g  f rom t h e  m a t r i x  s t r o n g l y  i n -  

crease below 300 nm, p a r t i c u l a r l y  f o r  cadmium. The low  b o i l i n g  p o i n t  o f  cadmium 

a d d i t i o n a l l y  p revents  v e r y  e f f e c t i v e  removal o f  i n t e r f e r i n g  m a t t e r  a t  t h e  tem- 

pe ra tu res  a p p l i e d  (30O-45O0C) d u r i n g  t h e  c h a r r i n g  step. Th is  o f t e n  seve re l y  i n -  

f l uences  compensation e f f i c i e n c y .  I n  such a case improvements a re  p o s s i b l e  by 

s o p h i s t i c a t e d  temperature programming w i t h  oxygen a d d i t i o n ,  so -ca l l ed  m a t r i x  

m o d i f i c a t i o n  and/or s o l v e n t  e x t r a c t i o n .  However, more r e c e n t  compensation p r i n -  

c i p l e s  such as Zeeman compensation seem t o  be v e r y  p romis ing  f o r  cadmium35. A 

d isadvantage, p a r t i c u l a r l y  f o r  GFAAS, i s  t h e  poor p r e c i s i o n  o b t a i n a b l e  owing t o  

t h e  p r o p e r t i e s  o f  g r a p h i t e  tubes d iscussed elsewhere 

and s e n s i t i v e  approach f o r  de te rm in ing  cadmium, based on r e l a t i v e l y  inexpens ive  

f lame  technique^^^. Owing t o  t h e  l a c k  o f  commerc ia l l y  a v a i l a b l e  i ns t rumen ts ,  

however, t h e  r o u t i n e  a p p l i c a t i o n  o f  AFS i s  n o t  p o s s i b l e  i n  numerous l a b o r a t o r i e s .  

The growth o f  atomic-emission spec t romet ry  (AES) based on (e.g., i n d u c t i v e l y  

coupled) plasma sources a l s o  o f f e r e d  new p o t e n t i a l  f o r  cadmium de te rm ina t ion  i n  

t h e  frame o f  a mu l t i - e lemen t  approach35. Wi th  op t ima l  d e t e c t i o n  l i m i t s  o f  about 

5 ng/ml f o r  sequen t ia l  and about 20 ng/ml f o r  s imultaneous mu l t i - e lemen t  a n a l y s i s  

(compromise cond i t i ons ) ,  t h e  d e t e c t i o n  power i s  comparable t o  t h a t  o f  f lame AAS 

b u t  cons ide rab ly  poorer  than t h a t  o f  GFAAS. Thus ICP-AES u s u a l l y  i s  t h e  method 

o f  cho ice  i f  h i g h e r  l e v e l s  have t o  be analysed and a d d i t i o n a l l y  a mu l t i - e lemen t  

approach i s  requ i red .  However, i f  such expensive i ns t rumen t  i s  a v a i l a b l e ,  s o l v e n t  

ex t rac t i on /p re -concen t ra t i on  may a l s o  be use fu l .  It i s  w e l l  known, however, t h a t  

a l l  methods w i t h  h i g h e r  p re -concen t ra t i on  f a c t o r s  a r e  p a r t i c u l a r l y  prone t o  con- 

t ami n a t i  on. 

35 . 
Atomic-f luorescence spectroscopy (AFS) has a l s o  been shown t o  be a va luab le  

6.2.2.2. ElectroanalyticaZ methods 

A t  p resen t  e lec t rochemica l  methods p rov ide ,  i n  a d d i t i o n  t o  wide p o t e n t i a l  

as o l igo-e lement  approaches, t h e  h i g h e s t  p o s s i b l e  d e t e c t i o n  power f o r  cadmium 

i n  s o l u t i o n  w i t h o u t  i n t e r f e r e n c e s  f rom i n o r g a n i c  c o n s t i t u e n t s  17s18,35. The most 

s e n s i t i v e  DPASV system i s  equipped w i t h  a r o t a t i n g  g lassy  carbon e l e c t r o d e  (RGCE) 

i n  s i t u  coated  w i t h  a t h i n  mercury f i l m  and achieves d e t e c t i o n  l i m i t s  o f  cO.1 n g / l  

i n  a n a l y t e  s o l u t i o n .  T h i s  e x c e l l e n t  d e t e c t i o n  power would g i v e  abso lu te  s u p e r i o r -  

i t y  i f  i t  cou ld  be a p p l i e d  d i r e c t l y  t o ,  e.g., body f l u i d s  as i s  p o s s i b l e  i n  sea, 

i n l a n d  and r a i n  water  analysis” .  Un fo r tuna te l y ,  t h e r e  i s  always more o r  l e s s  

i n t e r f e r e n c e  f rom o rgan ic  m a t r i x  c o n s t i t u e n t s ,  which d r a s t i c a l l y  i n f l u e n c e s  t h e  

d e t e c t i o n  l i m i t s  a t t a i n a b l e  i n  p r a c t i c e .  Thus, i f  accura te  and p r e c i s e  determina- 
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t i o n s  a t  l ower  concen t ra t i on  l e v e l s  a r e  r e q u i r e d  f o r  body f l u i d s  and s o l i d  mate- 

r i a l s  as w e l l ,  complete m i n e r a l i z a t i o n  p r i o r  t o  e lec t rochemica l  a n a l y s i s  i s  nec- 

essary. Th is  t o  some e x t e n t  balances t h e  advantages of  DPASV i n  comparison w i t h  

AAS. However, l ow  b lank  d i g e s t i o n  procedures i n  c lean  l a b o r a t o r i e s  and c lean  

benches 36,37 a r e  f e a s i b l e  w i t h o u t  extreme expense. Desp i te  t h e  d iscussed 1 i m i t a -  

t i o n s ,  e l e c t r o a n a l y t i c a l  methods always c o n s t i t u t e ,  based on ve ry  r e l i a b l e  and 

cheap ins t rumen ta t i on ,  an i n v a l u a b l e  checking p o t e n t i a l  f o r  o t h e r  methods used 

i n  cadmium a n a l y s i s  such as AAS and ICP-AES. Fu r the r ,  DPASV competes favourab ly  

w i t h  GFAAS, and even f lame AAS i f  p r e c i s i o n  a n a l y s i s  i s  mandatory. 

6.4.2.3. Other methods 

As cadmium l e v e l s  i n  b i o l o g i c a l  m a t e r i a l s  on average a r e  low, l e s s  s e n s i t i v e  

methods such as  c o l o r i m e t r y  and wavelength- o r  energy-d ispers ive  X-ray f l u o r e s -  

cence a r e  o f  minor  importance. Th is  i s  a l s o  t r u e  o f  t h e  s e n s i t i v e  b u t  l e s s  p r e c i s e  

spark-source mass spec t romet ry  (SSMS) . 
Several  o t h e r  methods, however, were and s t i l l  a r e  of b e n e f i t  f o r  t h e  estab- 

l i shmen t  o f  " t r u e "  cadmium l e v e l s  i n  d i f f e r e n t  ma te r ia l s .  T h i s  i s  p a r t i c u l a r l y  

t h e  case f o r  doub le  r e f l e c t i n g  X-ray rad iochemica l  NAA7'35'  

3 9 y 4 0  and i s o t o p e  d i l u t i o n  mass spec t romet ry  (IDMS) w i t h  spark source and thermal 

i o n i z a t i o n  exc i ta t i on35s41 .  These techniques a r e  l e s s  s u i t a b l e  f o r  r o u t i n e  a p p l i -  

c a t i o n s  b u t  a r e  e x c e l l e n t  t o o l s  t o  c o n f i r m  independent ly  v e r y  l ow  cadmium l e v e l s ,  

as was t h e  case f o r  rad iochemica l  NAA and cadmium i n  whole b lood  u s i n g  a ve ry  

s e n s i t i v e  method f o r  cadmium de te rm ina t ion  , 
40,42 

6.2.3. Qual i ty  control 

Rout ine  a n a l y s i s  i s  u s u a l l y  performed by  a s i n g l e  method, f r e q u e n t l y  depending 

on t h e  s tandard  equipment a v a i l a b l e  i n  a p a r t i c u l a r  l abo ra to ry .  A t  p resen t  t h e  

de te rm ina t ion  of cadmium i n  b i o l o g i c a l  m a t e r i a l s  i s  p redominant ly  performed w i t h  

va r ious  more o r  l e s s  e q u a l l y  s e n s i t i v e  GFAAS systems. From i n t e r - l a b o r a t o r y  com- 

pa r i sons  c a r r i e d  o u t  i n  t h e  l a s t  decade a cons ide rab le  l a c k  o f  accuracy i s  

o b ~ i o u s ' l ' ~ ~ .  Th is  i s  d i s a p p o i n t i n g  because o f  t h e  importance o f  cadmium da ta  

f o r  med ica l ,  occupa t iona l  and l e g i s l a t i v e  dec is ions .  Thus c u r r e n t  q u a l i t y  c o n t r o l ,  

a l s o  i n c l u d i n g  o t h e r  t o x i c  me ta l s  such as Pb, Hg, As and N i ,  has t o  be e s t a b l i s h e d  

by d i f f e r e n t  measures, as fo l l ows .  

o f  a s a t i s f a c t o r y  number o f  a p p r o p r i a t e  c o n t r o l  and s tandard  re fe rence  m a t e r i a l s  
44 

f o r  con t inuous  c a l i b r a t i o n  and methodo log ica l  developments i s  u r g e n t l y  needed . 
For tuna te l y ,  owing t o  e f f o r t s  f rom n a t i o n a l  and i n t e r n a t i o n a l  o rgan iza t i ons  and 

i n d u s t r y ,  t h e  number o f  such m a t e r i a l s  now a v a i l a b l e  o r  i n  t h e  f i n a l  p repara to ry  

To min imize  sys temat i c  a n a l y t i c a l  e r r o r s  t h e  eva lua t i on ,  p roduc t i on  and use 
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stages i s  increas ing.  Recent ly  i t  cou ld  the re fo re  be s t a t e d  t h a t  i n  a d d i t i o n  t o  

NBS m a t e r i a l s  a l s o  a f i r s t  s e l e c t i o n  o f  d r y  ( h a i r ,  b lood)  and l y o p h i l i z e d  mate- 

r i a l s  t h a t  can e a s i l y  be r e c o n s t i t u t e d  (bov ine blood, a r t i f i c i a l  u r i n e )  a re  i n  

preparation' '. Cadmium concentrat ions range from very low t o  e leva ted  l e v e l s  

t y p i c a l  o f  occupat ional  and/or environmental  exposure. 

A d d i t i o n a l l y ,  t h e  a p p l i c a t i o n  o f  independent methods i n  e i t h e r  t h e  same o r  

d i f f e r e n t  l a b o r a t o r i e s  w i t h  recognized e x p e r t i s e  can be o f  va lue i n  e s t a b l i s h i n g  

normal o r  e leva ted  cadmium l e v e l s  and i n  c o n t r o l l i n g  r o u t i n e  procedures. A phys- 

i c a l l y  independent method, e.g., D P A S V ,  NAA o r  IDMS, compared w i t h  GFAAS can 

thus a l s o  serve t o  d e t e c t  b i a s  due t o  an inadequate method o r  t he  improper func- 

t i o n i n g  o f  a p a r t i c u l a r  instrument.  

To e l u c i d a t e  t h e  comparab i l i t y  o f  data repo r ted  by d i f f e r e n t  l a b o r a t o r i e s  and 

t o  improve a n a l y t i c a l  s k i l l ,  t h e  ana lys i s  of c o n t r o l  samples i n  numerous l abo ra -  

t o r i e s  ( i n t e r - l a b o r a t o r y  comparisons) i s  a l s o  o f  h igh  value. The r o u t i n e l y  per-  

formed d i s t r i b u t i o n  o f  c o n t r o l  b lood samples t o  numerous l a b o r a t o r i e s  has, e.g. 

w i t h i n  t h e  EEC, r e s u l t e d  f o r  l ead  i n  a considerable improvement o f  a n a l y t i c a l  

performance which can now a l s o  expected f o r  cadmium 45 . 
6.2.4. HandZing and in terpre ta t ion  of resuZts 

The d i scuss ion  of t h e  i tems o f  t h i s  s e c t i o n  i s  based on t h e  assumption t h a t  

t h e  r e l i a b i l i t y  o f  t he  method(s) considered i s  conf i rmed by measures o u t l i n e d  

i n  Sect ion 6.2.3. 

I f  a n a l y t i c a l  data were repo r ted  f o r  f u r t h e r  evaluat ion,  e.g., i n  environmental  

o r  medical  a f f a i r s ,  t he  user  should be p r o p e r l y  in formed o f  t h e  t y p i c a l  e r r o r  o f  

t h e  g i ven  value. Frequent ly  t h i s  e r r o r  i s  repo r ted  as t h e  s tandard d e v i a t i o n  o f  

a few ( r a r e l y  more than t h r e e )  independent determinat ions i n  subsamples o f  t h e  

specimen t o  be i nves t i ga ted .  I n  most instances these determinat ions,  owing t o  

r o u t i n e  requirements and costs  and i n  o rde r  t o  o b t a i n  t h e  r e s u l t s  as e a r l y  as 

poss ib le ,  were c a r r i e d  o u t  consecut ive ly .  Thus t h e  value, e.g., 10 f 0.5 ng/ml 

o f  cadmium i n  whole blood, i s  repo r ted  f o r  w i th in - run  p rec i s ion ,  I f ,  however, 

these determinat ions were c a r r i e d  o u t  on th ree  d i f f e r e n t  days w i t h i n  1 week, the  

va lue might  change to ,  say, 9 ? 1 ng/g. The l a t t e r  va lue doubt less represents  a 

more r e a l i s t i c  es t ima t ion  o f  t h e  t r u e  e r r o r  o f  t h e  repo r ted  value. Thus, t h e  

day-to-day p r e c i s i o n  f o r  t y p i c a l  and r o u t i n e l y  analysed l e v e l s  i n  g iven m a t e r i a l s  

w i t h  a g i ven  method has t o  be evaluated i n  o rde r  t o  r e p o r t  t y p i c a l  e r r o r s ,  which 

i s  o f  p a r t i c u l a r  importance i f  th resho ld  l i m i t s  have t o  be considered. Resul ts  

repo r ted  on such a sound bas i s  a re  meaningful  f o r  t he  user  and c l e a r l y  demonstrate 

t h e  u n c e r t a i n t y  o f  a g i ven  r e s u l t  f o r  a g i ven  m a t r i x  if. e.g., i nc reas ing  o r  

decreas ing l e v e l s  have t o  be considered. 
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I f  b iopsy  and autopsy ma ' te r ia ls  have t o  be analysed f o r  cadmium i t  shou ld  be 

f u r t h e r  borne i n  mind  t h a t  p a r t i c u l a r l y  i n  blood, l i v e r  and k idney  t h e  cadmium 

l e v e l s  o f  smokers on a group bas i s  a re  h i g h e r  than those o f  nonsmokers. M o n i t o r i n g  

o f  modera te ly  exposed sub jec ts  shou ld  always be c a r r i e d  o u t  by comparison w i t h  a 

c o n t r o l  group, and t h e  c o n t r o l  group shou ld  have a s i m i l a r  d i s t r i b u t i o n  of  smokers 

and nonsmokers as t h e  exposed group. 

6.2.5. Cost-benefit relationships 

Cost -benef i t  r e l a t i o n s h i p s  f o r  cadmium analyses have t o  cons ider ,  i n  a d d i t i o n  

t o  t h e  bare  deduced inves tment  cos ts  f o r  t h e  a p p l i e d  ins t ruments  and manpower, 

a l s o  t h e  genera l  d u t y  o f  a l a b o r a t o r y ,  t h a t  i s ,  i f  i t  i s  per fo rming  occas iona l  

o r  r o u t i n e  analyses of  cadmium and o t h e r  t o x i c  metals,  t h e  i n s t r u m e n t a t i o n  a t  

hand and t h e  exper ience o f  t h e  l a b o r a t o r y  s t a f f .  

l e v e l s  i t  can be assumed t h a t  AAS systems, p robab ly  a l s o  ICP-AES and p o s s i b l y  

a l s o  DPASV, w i l l  be ava i l ab le .  Th is ,  t oge the r  w i t h  an exper ienced s t a f f ,  a l l ows  

cadmium analyses t o  be handled w i t h o u t  p a r t i c u l a r  d i f f i c u l t i e s  and w i t h  easy 

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

If var ious  o r  numerous t r a c e  meta ls  have t o  be analysed r o u t i n e l y  a t  d i f f e r e n t  

If, however, t h e r e  i s  some exper ience o f  h i g h e r  concen t ra t i ons  and t h e  ana l -  

y s i s  i s  u s u a l l y  performed by, f o r  example, XRF, ICP-AES and/or FAAS and add i -  

t i o n a l l y  cadmium a n a l y s i s  a t  t r a c e  l e v e l s ,  p o s s i b l y  toge the r  w i t h  o t h e r  t o x i c  

metals,  i s  necessary, t h e  f i r s t  ques t i on  i s  t h e  number o f  analyses t o  be per -  

formed p e r  u n i t  t ime  and t h e  q u a l i t y  ( p r e c i s i o n ,  de te rm ina t ion  l i m i t )  requ i red .  

I t i s  a l s o  o f  i n t e r e s t  i f  t h e r e  i s  a p o s s i b i l i t y  o f  a s i n g l e  a n a l y t i c a l  campaign 

f o r  a d i s t i n c t  p e r i o d  (month) o r  i f  a r a p i d  a n a l y s i s  a f t e r  sampl ing i s  necessary 

(day, week). The second ques t i on  then i s  whether t h e  i n s t r u m e n t a t i o n  a v a i l a b l e  

can be completed by accessor ies  a l l o w i n g  t h e  des i red  q u a l i t y  o f  ana lys i s ,  f o r  

example t h e  supp ly  o f  a g r a p h i t e  fu rnace t o  a b a s i c  ins t rument .  I f  t h i s  i s  t h e  

case, and s to rage  o f  samples f o r  about one a n a l y t i c a l  campaign ( f o r t n i g h t  o r  

month) i s  poss ib le ,  t h i s  i s  t h e  s imp les t  and a l s o  l e a s t  expensive approach. The 

s t a f f ,  a l ready  exper ienced w i t h  AAS, now have o n l y  t o  l e a r n  c a r e f u l  con taminat ion  

c o n t r o l  and t h e  p a r t i c u l a r  requirements o f  GFAAS. I f  t h e  i n s t r u m e n t a t i o n  a v a i l a b l e  

does n o t  a l l o w  s imp le  comple t ion  and an a d d i t i o n a l  i ns t rumen t  i s  needed, another  

s i t u a t i o n  i s  faced. Fo r  h i g h  sample th roughputs ,  even i f  t h e  inves tment  i s  h igh ,  

a t  p resen t  AAS o f f e r s  wide element coverage and, owing t o  automated sample i n -  

t r o d u c t i o n  o p e r a t i o n  c o n t r o l  and da ta  eva lua t i on ,  f a i r l y  economic use. I f  t h e  

t o t a l  number o f  analyses t o  be performed, however, i s  r e l a t i v e l y  l ow  o r  a ve ry  

h i g h  f requency  w i t h  sma l le r  sample numbers i s  r e q u i r e d  and a d d i t i o n a l  elements 

t h a t  have t o  be determined a r e  r e a d i l y  access ib le  t o  e lec t rochemica l  methods, 
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t h e  i n t r o d u c t i o n  of an e l e c t r o a n a l y t i c a l  system w i th  low inves tment  cos ts  b u t  

h i g h  d e t e c t i o n  power, p r e c i s i o n  and accuracy i s  p robab ly  t h e  b e t t e r  choice,  Th is  

i s  t r u e  even i f  t h e  l a b o r a t o r y  s t a f f  i n i t i a l l y  a re  n o t  f a m i l i a r  w i t h  DPASV, 

because i n  t h e  l ong  r u n  t h i s  method w i l l  be use fu l  as an independent approach 

w i t h o u t  expensive accessor ies.  

i s  t r u e  as descr ibed above. AAS o r ,  e.g., ICP-AES w i l l  be s u p e r i o r  i f  numerous 

elements and samples have t o  be analysed, and DPASV i s  s u p e r i o r  i f  t h e  elements 

t o  be analysed a re  w e l l  w i t h i n  t h e  excep t iona l  a b i l i t i e s  o f  t h a t  techn ique and 

t h e  sample th roughput  i s  n o t  excess i ve l y  high. 

can be found elsewhere . 

I f  a l a b o r a t o r y  has t o  take  over  t r a c e  meta l  a n a l y s i s  as a new duty,  t he  same 

A d e s c r i p t i o n  o f  t y p i c a l  cos ts  and sample th roughput  f o r  a n a l y t i c a l  systems 
35,46 

6.3. PARTICULAR ANALYTICAL PROCEDURES 

Owing t o  cont inuous progress  i n  methodo log ica l  and ins t rumen ta l  performance, 

t h e  g i ven  examples shou ld  be taken o n l y  as a more o r  l e s s  genera l  i n t r o d u c t i o n  

t o  p r a c t i c a l  ana lys i s .  Fo r  d e t a i l s  o f  t h e  descr ibed procedures, t h e  re fe rences  

c i t e d  shou ld  be consul ted.  

Tab le  6.1 summarizes t h e  most impor tan t  f ac ts ,  t y p i c a l  cadmium l e v e l s  and/or 

ranges o f  t h e  m a t e r i a l s  d iscussed below i n  about t h e  o r d e r  o f  appearance i n  t h e  

t e x t ,  t oge the r  w i t h  some a d d i t i o n a l  ' references. 

6.3.1. Whole blood and s e m  (plasma) 

6.3.1.1. Atomic spectroscopy 

on t h e  Delves cup AAS method47. Th is  i n v o l v e s  t h e  i n t r o d u c t i o n  o f  10-20 ~1 

subsamples o f  whole blood, etc., p laced on smal l  n i c k e l  cups, i n i t i a l l y  b rough t  

t o  dryness, i n t o  t h e  a i r - a c e t y l e n e  f lame o f  an AAS ins t rument .  Th is  produces 

r a p i d l y  h i g h  s i g n a l s  f o r  r e l a t i v e l y  v o l a t i l e  elements such as Pb and Cd. Based 

on some improvements t o  t h i s  method descr ibed by  Ed iger  and 

and A x e l ~ s o n ~ ~ ,  E l i n d e r  e t  a1.50 were a b l e  t o  ana lyse  numerous whole b lood  sam- 

p l e s  w i t h  e x c e l l e n t  d i f f e r e n t i a t i o n  between smokers and nonsmokers. The detec- 

t i o n  l i m i t  o f  t h i s  method i s  ~ 0 . 3  vg/1 o f  cadmium and i t  has been used success fu l -  

l y  i n  many l a b o r a t o r i e s  w i t h i n  a WHO b i o l o g i c a l  m o n i t o r i n g  p r o g r a i ~ n e ~ ~ .  Cern ik  
54 

and Vesterberg  and B e r g ~ t r B m ~ ~  used t h e  method a f t e r  a p r i o r  d r y  ashing. Delves 

l a t e r  m o d i f i e d  t h e  procedure by  phosphate a d d i t i o n  i n  o rde r  t o  r e s o l v e  b e t t e r  t h e  

cadmium a tomic  s i g n a l  f rom t h e  mo lecu la r  abso rp t i on  s igna ls ,  and Car te r  and 

Yeoman55 a p p l i e d  r a p i d  low-temperature ash ing  u s i n g  carbon t e t r a f l u o r i d e  p r i o r  

A v e r y  rap id ,  s imp le  and cheap b u t  neve r the less  e f f e c t i v e  approach i s  based 

and Ulander 

52 
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t o  t h e  cup procedure. The l a t t e r  method, however, r e q u i r e s  s k i l l e d  s t a f f  and 

p roper  a l ignment  of  deuter ium compensation, b u t  s t i l l  competes s u c c e s s f u l l y  w i t h  

o the r ,  more expensive techn iques  and thus  doubt less  i s  t h e  method o f  cho ice  i f  

o n l y  f lame AAS i s  a v a i l a b l e .  More r e c e n t l y  automat ion o f  t h e  method was proposed . 
Many methods based on t h e  g r a p h i t e  fu rnace  have been pub l i shed  and seve ra l  o f  

them r o u t i n e l y  app l ied .  At tempts were made t o  overcome t h e  i n t e r f e r e n c e  o f  non- 

a tomic  abso rp t i on  e f fec ts  by a p a r t i c u l a r  sample p r e p a r a t i o n  o r  new ins t rumen ta l  

concepts.  Schumacher and U ~ n l a n d ~ ~  mixed whole b lood  w i th  acetone and p e r c h l o r i c  

a c i d  and i n j e c t e d  20 u l  of  t h e  1:lO d i l u t e d  s o l u t i o n  i n t o  an HGA-72 ins t rument .  

Th i s  procedure min imized s p e c t r a l  i n t e r f e r e n c e s  and a d e t e c t i o n  l i m i t  o f  about 

0.1 u g h 1  of cadmium i n  whole b lood  was repor ted .  A d isadvantage i s  poor  p r e c i s i o n  

even a t  modera te ly  h i g h  l eve l s58 .  Pe r ry  e t  a l .59 d iges ted  0.5 m l  o f  b lood  by ad- 

d i t i o n  o f  n i t r i c  a c i d  fo l lowed by hydrogen pe rox ide  and Brod ie  e t  a1.60 d iges ted  

w i t h  n i t r i c  a c i d  a t  75OC i n  a water-bath. Hudnik e t  a1.61 used p ressu r i zed  de- 

compos i t ion  w i t h  n i t r i c  a c i d - p e r c h l o r i c  a c i d  (3: l ) .  Hinderberger  e t  a l  .62 d iges ted  

whole b lood  a t  100°C w i t h  n i t r i c  a c i d  and analysed t h e  s o l u t i o n  u s i n g  t h e  L ' vov  
63 p l a t f o r m  by  phosphate a d d i t i o n  f o r  m a t r i x  m o d i f i c a t i o n .  Lagesson and Andrasko 

ashed t h e  b lood  o u t s i d e  u s i n g  g r a p h i t e  mic roboats  p r i o r  t o  GFAAS. 

been a l s o  advocated. U l l u c i  and H ~ a n g ~ ~  e x t r a c t e d  cadmium d i r e c t l y  f rom b lood  w i t h  

APDC-MIBK a f t e r  a d d i t i o n  o f  saponin and f ~ r m a m i d e ~ ~ .  Bo i teau  and M e t a ~ e r ~ ~  wet 

d iges ted  t h e  b lood  w i t h  n i t r i c  a c i d  and hydrogen perox ide ,  e x t r a c t e d  cadmium w i t h  

d i t h i zone-ch lo ro fo rm,  back-ex t rac ted  w i t h  d i l u t e  HC1 and i n j e c t e d  i n t o  an HGA-72 

ins t rument .  A l l a i n  and Mauras66 haemolyzed b lood  by a d d i t i o n  o f  de ion i zed  water ,  

e x t r a c t e d  cadmium w i t h  APDC-MIBK and i n j e c t e d  an a l i q u o t  o f  t h e  MIBK phase d i -  

r e c t l y  i n t o  an HGA-2100 ins t rument .  Dornemann and K l e i ~ t ~ ~  d iges ted  whole b lood  

w i t h  HN03-H2S04 o r  w i t h  HN03 under p ressure  and e x t r a c t e d  Cd w i t h  hexamehtylene- 

ammonium hexamethylenedithiocarbamidate (HMA-HMDC) i n t o  a d i i s o p r o p y l  ketone- 

xy lene  mix tu re .  They i n j e c t e d  t h e  o rgan ic  phase d i r e c t l y  i n t o  an HGA-72 i n s t r u -  

ment. S p e r l i n g  and Bahr 68s69 wet d iges ted  whole b lood  w i t h  HN03-H2S04, n e u t r a l -  

i z e d  w i t h  NaHC03 e x t r a c t e d  w i t h  APDC i n  CC14  and i n j e c t e d  20 111 o f  t h e  o rgan ic  

phase i n t o  an HGA-74 ins t rument .  The d e t e c t i o n  l i m i t  was r e p o r t e d  t o  be about 

0.1 u g / l  o f  cadmium. 

A r e l a t i v e l y  s imp le  p re- t rea tment ,  proven f o r  l e a d  i n  whole blood. i s  depro- 

t e i n i z a t i o n  w i t h ,  f o r  example, t r i c h l o r o a c e t i c  a c i d  p r i o r  t o  AAS, as f o r m e r l y  

advocated by E inarsson and Lindstedt7O. If, however, d i l u t e  n i t r i c  a c i d  i s  used 

as d e p r o t e i n i z i n g  agent m a t r i x  m o d i f i c a t i o n  w i t h  cons ide rab le  background min imi -  

z a t i o n  i n  GFAAS was a l s o  found by  S toepp le r  e t  al." f o r  lead .  S toepp ler  and 

Brandt73 a p p l i e d  t h e  same p r i n c i p l e  t o  cadmium i n  whole blood: p r o t e i n  was 

p r e c i p i t a t e d  w i th  1 M n i t r i c  ac id ,  t h e  sample c e n t r i f u g e d  and t h e  supernatan t  

56 

So lven t  e x t r a c t i o n ,  i.e., complete separa t i on  o f  cadmium f rom t h e  m a t r i x ,  has 



TABLE 6.1 

TYPICAL CADMIUM LEVELS I N  HUMAN BIOPSY AND AUTOPSY MATERIALS WITH METHODS AND REFERENCES 

Values i n  ng/g (ppb) wet weight i f  n o t  otherwise s tated.  For probable averages o n l y  those data are inc luded t h a t  have been 

confirmed r e c e n t l y  and independently by d i f f e r e n t  methods o r  were obtained app ly ing  r i g i d  q u a l i t y  c o n t r o l  measures. 

Ma te r ia l  Probable Range Remarks 

average (approx. ) 
Appl ied methods Ref. 

Whol e blood, 
non-exposed 
nonsmokers 

< 1  0.2-3 GFAAS, DPASV/HMDE, NAA, 
f lame AAS (cup), Zeeman 
GFAAS 

25, 40, 49, 50, 51, 
53, 66, 68, 69, 73, 
74, 82, 84, 85, 87, 
154, 155 

Whol e blood, 
non-exposed 
smokers 

Whol e blood , 
occupational 
exposure 

Serum 

Urine, non- 
exposed 

Urine, occupa- 
t i o n a l  exposure 

P a r o t i d  s a l i v a  

<1.5 0.2-6 

Up t o  150 
o r  h igher  

<O.l 0.05-0.4 

50.5 0.1-3.0 Values t o  some ex ten t  
age dependent 

up t o  100 
o r  h igher  

GFAAS, AFS, flame AAS 
(CUP 1 

GFAAS, DPASV 

AAS (cup), GFAAS, Zee- 
man GFAAS, DPASV 

Flame AAS , GFAAS , 
DPASV 

GFAAS 

25, 73, 75, 86, 90, 
156, 157 

76, 91  

65, 66, 68, 69, 72, 
82, 95, 96, 99, 103, 
104, 107, 158, 159 

35, 75, 104, 129, 
156 

< 2  Cd i n  p r o t e i n  f rac -  
t i o n s  a l so  determined 

107 



Teeth 

Hair,  non-exposed 

Ha i r  , exposed 

Faeces 

P1 acentae 

L i  ver, 
non-exposed 
non-smokers 

L i v e r  , 
non-exposed 
smokers 

L i ve r ,  
exposed 

Kidney, 
non-smokers 

Kidney , 
smokers 

<500 50-2.500 

<500 100-2000 

- Up t o  several 
PPm 

- 100-800 

20-160 
( d r y  weight) 

1000-3000 

2000-6000 

5000-15,000 

<3000 

~ 6 0 0 0  

108,109, 110 Cd content  may vary 
f o r  d i f f e r e n t  p a r t s  
o f  a too th  DPASV/MFE 

GFAAS , so l  i d  sampl i ng 
flame AAS (boat), 

I f  o n l y  taken c lose  NAA, GFAAS, GFAAS 
t o  scalp the value 
ma in l y  r e f l e c t s  
endogenous in f l uence  

The d i s t a l  reg ion  Flame AAS. GFAAS 
seems main ly  t o  re -  
f l e c t  exogenous i n -  
f luences 

w i t h  s o l i d  sampling 

D i f f e r e n t  i n  d i f f e r e n t  
countr ies:  Sweden, 
U.S.A. , Japan 

D i f f e r e n t  values found GFAAS, NAA 
i n  d i f f e r e n t  geograph- 
i ca l  regions ( r u r a l  - 
i n d u s t r i a l  ) 

GFAAS, flame AAS 

L im i ted  study I n  v i v o  NAA 

I n  v i v o  NAA 

L im i ted  study, pg 
per  kidney 

L im i ted  study, ug 
per kidney 

I n  v i v o  NAA 

112, 113, 115, 117, 
118, 120, 121 

111, 112, 119, 157 

103, 122, 123, 124, 
160 

125, 126, 127 

128 

129 

128 

h) 

(Continued on p. 210) 
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Table 6.1 ( con t inued)  c. 

Materi a1 Probable Range Remarks Applied methods Ref. 
average (approx. ) 

Kidney, occupa- 
t i o n a l  exposure 
Kideny c o r t e x ,  
unexposed 
Kidney c o r t e x ,  
exposed 

Muscle 

Pancreas 

Lung 

Bone 

up t o  
30,000 

10,000- 
130,000 

20,000 
500,000 

20-300 

10-800 
(Sweden) 

400-2500 

250 

ug p e r  kidney 

Very d i f f e r e n t  i n  
d i f f e r e n t  c o u n t r i e s :  
Sweden, U.S.A., Japan 

Smokers show h ighe r  
va lues  d i f f e r e n t  
averages:  Sweden 500, 
U.S.A. 700, Japan 2200 

Much lower than 
h i t h e r t o  supposed 

In vivo NAA 129 

2, 122, 134 

2 
N A A ,  flame AAS 

GFAAS and flame 122 
AAS, checked by 
NAA 

Flame AAS o r  GFAAS 122, 124 

Flame AAS (cup)  119. 131 

GFAAS, s o l i d  sampling 140, 141, 142 
N A A ,  GFAAS and DPASV 



211 

used f o r  automated determination of cadmium by GFAAS7‘. The method served success- 

f u l l y  f o r  basel ine s tud ies on normal l eve l s  (smokers and nonsmokers) i n  medical 
and occupational  investigation^^^-^^. With high-performance instruments, a d i l u -  

t i o n  f a c t o r  of 1:2 (blood + 1 M n i t r i c  ac id)  and a 20-ul i n j e c t i o n ,  a de tec t i on  
l i m i t  as low as 0.1 ug/ l  can be achieved. Precision, expressed as day-to-day 

prec is ion,  t y p i c a l l y  i s  i n  the range from about 30 t o  about 4% depending on con- 

centrat ion,  a t  the 1.3 ppb leve l ,  e.g., r o u t i n e  day-to-day p rec i s ion  i s  <15%. 

The low de tec t i on  l i m i t  permi t ted a p re l im ina ry  study o f  cadmium i n  serum w i t h  

an average below 0.1 v g / l ,  wh i l e  whole blood averaged 1 ~ g / l ~ ~ .  This method was 

a1 so checked by independent methods 37’72a77. Owing t o  i t s  a d a p t a b i l i t y  t o  a l l  

e x i s t i n g  GFAAS systems w i t h  background correct ion,  the method was adopted w i t h  

minor a1 t e r a t i o n s  fo r  r o u t i n e  use as a Deutsche Forschungsgemeinschaft (DFG) 

reference method . 

i n  an oxygen atmosphere (HGA-500) was proposed by Delves and Woodward7’. They 

reported a de tec t i on  l i m i t  o f  0.15 ug/l  f o r  a 20-ul i n j e c t i o n .  The p rec i s ion  o f  

the method a t  the 1.6 ppb l e v e l  was 23%. 

i s  GFAAS determination o f  cadmium i n  whole blood w i t h  minimal pre-treatment. 

With commercially ava i l ab le  GFAAS inst rumentat ion t h i s  seems t o  be poss ib le  

w i thou t  any techn ica l  mod i f i ca t i on  a t  present on l y  by Zeeman compensation 

Pleban and Pearson” added t o  whole blood samples the same amount o f  a 0.1% 

T r i t o n  X-100 s o l u t i o n  and manually t rans fe r red  7 ~1 o f  t h i s  s o l u t i o n  i n t o  the 

graphi te  cup cuvet te  o f  a H i tach i  170-70 instrument. They repor ted a de tec t i on  

l i m i t  o f  0.12 ug/ l  and a p rec i s ion  o f  about 11% a t  the 0.6 pg/ l  l eve l .  The values 

a1 so given f o r  smokers and nonsmokers agree p e r f e c t l y  w i t h  those repor ted by 

others 50973*74883-85. Owing t o  the p roper t i es  o f  comnercial AAS instrumentation, 

p a r t i c u l a r l y  problems w i t h  tubes and thus f requen t l y  occuring compensation de- 

f i c i e n c i e s ,  the d i r e c t  determination o f  cadmium i n  whole blood a t  normal l e v e l s  

(i.e., 42 p g / l )  i s  extremely d i f f i c u l t .  With the  exception o f  Cernik and Sayers , 
who described the  app l i ca t i on  o f  t h e i r  paper d i sk  technique a l so  t o  the  d i r e c t  

determination o f  cadmium i n  whole blood by using an e laborate temperature program- 

me, a l l  o ther  workers proposed instrumental modi f icat ions f o r  t h i s  purpose. Posma 

e t  al.87 used blood, on l y  d l l u t e d  w i t h  u l t rapu re  water, and a r a p i d  response 

system t o  separate the atomic peaks o f  cadmium from the background wi thout  any 

compensation. The inst rumentat ion consisted o f  a Varian-Techtron AA5 w i t h  carbon 

cup and carbon tube atomizer, The method was l a t e r  modi f ied by Cast i lho and 

Herber”, who introduced an AA-6 spectrometer equipped w i t h  a Varian-Techtron 

simultaneous background co r rec t i on  system (Model BC-6). The s e n s i t i v i t y  (i.e., 

the concentrat ion t h a t  produces a 1% absorption s i g n a l )  was 

78 

Ma t r i x  mod i f i ca t i on  w i t h  amnonium phosphate i n  combination w i t h  in- tube ashing 

The s implest  and l e a s t  vulnerable approach, i f  contamination i s  considered, 

77,80,81 

86 

0.1 ppb and a t  
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3 ppb o f  cadmium i n  blood a p rec i s ion  o f  7% could be achieved. Lundgren8’ d i l u t e d  

the whole blood 1:9 w i t h  d i s t i l l e d  water and added 20 u l  o f  2% T r i t o n  X-100. He 

appl ied a temperature-control led graphi te  tube atomizer o f  h i s  own design. The 

temperature con t ro l  permi t ted the s e l e c t i v e  vapor izat ion o f  cadmium and mat r i x  

a t  a h igh heat ing r a t e  w i t h  an atomizing temperature o f  83OoC f o r  cadmium. The 

s e n s i t i v i t y  was 0.1 ug/ l  o f  cadmium and the detect ion l i m i t  0.6 ug/ l .  

Using flame atomic fluorescence; F e l l  e t  al.” repor ted the  determination o f  

cadmium d i r e c t l y  i n  whole blood d i l u t e d  w i t h  hydrochlor ic  ac id  and c e n t r i f u g a t i o n  

p r i o r  t o  analysis. They claimed a de tec t i on  l i m i t  o f  0.1 pg / l  and a t y p i c a l  run- 

to-run p rec i s ion  o f  8.1%. 

6.3.7.2. Voltamnetry 

Sinko and Gomiscekgl appl ied anodic s t r i p p i n g  v o l t a m t r y  a f t e r  n i t r i c - p e r -  

c h l o r i c  ac id  decomposition under pressure o f  blood serum and repor ted a detec- 

t i o n  l i m i t  o f  0.01 ng/ml o f  cadmium. 

then d isso lved the ash i n  d i l u t e  HC1 and simultaneously determined Cd, Pb and 

Cu by DPASV-HMDE (pH 2.0-2.4). The determination l i m i t  was 0.1 ug/ l  o f  cadmium 

i n  whole blood w i t h  a contamination i n te r fe rence  o f  about 0.1 pg/ l  o f  cadmium. 

The prec is ion,  expressed as day-to-day p rec i s ion  a t  the 0.75 ppb l e v e l  was 23%. 

The authors a l so  repor ted a t y p i c a l  cadmium l e v e l  o f  0.79 ug/1 i n  whole blood 

f o r  60 non-exposed persons. 

Franke and de Zeeuw” used a r e l a t i v e l y  simple and r a p i d  DPASV procedure fo r  

systematic screening f o r  10 heavy metals, i nc lud ing  cadmium. I d e n t i f i c a t i o n  was 

made from peak p o t e n t i a l s  i n  two d i f f e r e n t  e l e c t r o l y t e  so lu t i ons  w i t h  the hanging 

mercury drop e lect rode (HMDE) as we l l  as the mercury f i l m  e lect rode (MFE). For 

whole blood and cadmium, however, a p r i o r  d iges t i on  and the use o f  t he  MFE i s  

recomnendedg2. Christensen and Angelog3 described a d i r e c t  ASV method w i t h  an 

MFE i n  whole blood using a metal-exchange reagent t o  determine cadmium. The 

reagent l e d  t o  r a p i d  decomplexation o f  cadmium. I f  EDTA was present i n  the 

mater ia l  , the i n h i b i t i o n  was repor ted t o  be overcome by add i t i on  o f  n i c k e l  

ch lor ide.  The de tec t i on  l i m i t  was about 0.4 pg / l  o f  cadmium w i t h  a p rec i s ion  o f  

about 9% a t  the 3 ppb l e v e l  and about 4% a t  the 25 ppb leve l .  Intercomparisons 

w i t h  other  l abo ra to r ies  were performed and showed s a t i s f a c t o r y  p rec i s ion  b u t  

l ess  -acceptable i n te r - l abo ra to ry  var ia t ions.  

Valenta e t  a1.25 f i r s t  digested the blood sample i n  a low-temperature asher, 

6.3.2. Urine 

6.3.2.7. Atomic spectroscopy 

proache’s: so lvent  ext ract ion- f lame o r  graphi te  furnace AAS and d i r e c t  GFAAS by 

The determination o f  cadmium i n  u r i n e  has been performed mainly by two ap- 
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making use o f  t h e  easy v o l a t i l i z a t i o n  of cadmium by p a r t i c u l a r  temperature pro-  

grammes. Owing t o  severe contaminat ion problems i n  f lame AAS, i t  can no more be 

recommended f o r  r o u t i n e  use and thus w i l l  n o t  be discussed here. 

Kubasi k and Volosing4 e x t r a c t e d  cadmium w i t h  NaDDC-MIBK and i n j e c t e d  t h e  

o rgan ic  phase d i r e c t l y  i n t o  a carbon r o d  atomiz2r. The same procedure was ap- 

p l i e d  by Stoeppler  and Brandt73 w i t h  a d e t e c t i o n  l i m i t  o f  ~ 0 . 1  ug / l  and a day- 

to-day p r e c i s i o n  of 26% a t  t h e  0.6 ug / l  l eve l .  Kovats and B5hmg5 and A l l a i n  and 

Mauras66 used t h e  same procedure b u t  w i t h  APDC-MIBK. E l i n d e r  e t  al.96 i n i t i a l l y  

wet d iges ted  t h e  u r i n e  samples, ashed i n  a m u f f l e  oven a t  45OoC and f i n a l l y  ex- 

t r a c t e d  w i t h  APDC-MIBK a t  pH 8.3. The cadmium values found ranged f o r  d i f f e r e n t  

groups (smokers and nonsmokers) f rom 0.07 t o  about 1 ug/24 h w i t h  s l i g h t l y  h ighe r  

averages f o r  smokers. These values were i n  acceptable agreement L t i t h  those re -  

po r ted  by o t h e r  workers s tudy ing  occupa t iona l l y  unexposed groups 

The method used was compared w i t h  o t h e r  AAS techniques and NAA and good agreement 

was found. 

S p e r l i n g  and Bahr 68y69 used t h e  same procedure f o r  u r i n e  as described.above 

f o r  whole b lood 68969 b u t  s t a t e d  t h a t  d i r e c t  e x t r a c t i o n  i s  n o t  ab le  t o  recover  

complete ly  the  cadmium present  i n  ur ine.  A p r e c i s i o n  of  about 8% was obta ined 

a t  a l e v e l  o f  0.2 ug/ l .  

Another approach was app l i ed  by Lund and Larseng7, viz., e l e c t r o l y s i s  o f  

66,73,94,97-102 

cadmium from u r i n e  on t o  a t h i n  p la t i num w i re ,  f o l l owed  by e lec t ro the rma l  vo la-  

t i l i z a t i o n .  

D i r e c t  de te rm ina t ion  o f  cadmium i n  g r a p h i t e  furnaces w i t h  o r  w i t h o u t  pre-  

t reatment  has been descr ibed by severa l  authors.  Pe r ry  e t  al.59 wet d iges ted  

u r i n e  as a l ready  mentioned f o r  whole b lood and analysed t h e  r e s u l t i n g  s o l u t i o n s  

by GFAAS w i t h  a d e t e c t i o n  l i m i t  o f  0.1 ug/1. 

t h e  r e s u l t s  w i t h  an e x t r a c t i o n  procedure. The temperature programne o f  t h e  HGA- 

2100 inst rument  gave a good r e s o l u t i o n  o f  t h e  cadmium peak from i n t e r f e r i n g  

m a t r i x  cons t i t uen ts ;  t h e  a tomiza t i on  temperature was 13OO0C. 

Vesterberg and Wrangskogh” d i l u t e d  u r i n e  samples w i t h  an equal volume o f  

0.3 M HN03 and analysed the  s o l u t i o n  us ing  a carbon r o d  w i t h  temperature c o n t r o l  

by e l e c t r o n i c  feedback. The d e t e c t i o n  l i m i t  was about 0.1 p g / l  w i t h  an average 

p r e c i s i o n  o f  8% i n  t h e  range 2-10 ug/ l .  R e l i a b i l i t y  was tes ted  by a c h e l a t i o n -  

e x t r a c t i o n  method. Pleban and Pearson82 d i l u t e d  u r i n e  1:l w i th  5% n i t r i c  ac id ,  

i n j e c t e d  a 10-pl a l i q u o t  i n t o  a g r a p h i t e  cup and analysed by Zeeman GFAAS. They 

repo r ted  a d e t e c t i o n  l i m i t  of 0.25 p g / l  i n  u r i n e  and a w i th in - run  p r e c i s i o n  o f  

11% a t  t h e  0.62 ug/1 l e v e l .  

Carmack and Evensonlo4 i n j e c t e d  1O-ul u r i n e  samples d i r e c t l y  i n t o  molybdate- 

coated tubes o f  an HGA-2000 instrument.  O p t i c a l  , temperature-contro l led hea t ing  

Ross and G o n z a l e ~ ’ ~ ~  i n j e c t e d  a c i d i f i e d  u r i n e  samples d i r e c t l y  and compared 
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of the  furnace allowed the s e l e c t i v e  atomization o f  cadmium a t  900°C. The detec- 

t i o n  l i m i t  was 0.05 pg/l .  

Gardiner e t  al.” described the op t im iza t i on  o f  the working condi t ions o f  

three comnercial GFAAS instruments (CRS-90, SP 9-01 and HGA 72) f o r  the d i r e c t  

determination of cadmium i n  urine. A t  atomizing temperatures from 1100 t o  15OO0C, 

depending on the instrument, a s u f f i c i e n t  separation o f  the cadmium s ignal  from 

the background could be achieved. Comparative analyses o f  a se r ies  o f  u r i n e  

samples w i t h  i n j e c t i o n  volumes o f  5-10 111 showed good agreement and i t  was s ta ted  

t h a t  a l l  three instruments could be used a t  cadmium l e v e l s  down t o  0.2 ug/ l .  The 

p rec i s ion  a t  the 1.2 ug/1 l e v e l  was 25%. Ind i v idua l  standard a d d i t i o n  was neces- 

sary. Comparison w i t h  the AFS method i n  use i n  the same 1aboratorylO’ showed 

s i m i l a r i t y  i n  terms o f  de tec t i on  l i m i t  and prec is ion,  The AFS method, however, 

had the advantages o f  speed owing t o  the use o f  a flame and t h a t  standard addi- 

t i o n  i s  no t  required. Regrettably, AFS instruments up t o  now are no t  commercially 

avai lab le.  

Legotte e t  a1 .Io1 f i r s t  digested the ur ine,  prepared a concentrated s o l u t i o n  

and i n j e c t e d  i n t o  an HGA-2100 instrument w i t h  atomization a t  2100°C. Standard 

a d d i t i o n  was repor ted n o t  t o  be necessary. 

an HGA-74 instrument by using a ramp char r i ng  up t o  35OoC and atomizat ion a t  

1200°C w i t h  good r e s o l u t i o n  o f  the cadmium peak. A de tec t i on  l i m i t  bf 0.2 ug / l  

and a p rec i s ion  o f  8% a t  the 3.3 Ug/l l e v e l  (moderately exposed persons) i s  

obtainable. For p rec i s ion  analys is  i n d i v i d u a l  standard a d d i t i o n  i s  recommended. 

The accuracy was found t o  be acceptable by intercomparison w i t h  solvent-extrac- 

t i o n  GFAAS and DPASV 18,37972. The same workers a l so  performed storage experiments 

w i t h  Io9Cd rad io t race r  i n  order t o  e s t a b l i s h  whether an i n i t i a l  a c i d i f i c a t i o n  t o  
about pH 2 suf f ices t o  ho ld cadmium i n  so lut ion.  For normal ur ines no s t a t i s t i c a l -  

l y  s i g n i f i c a n t  losses could be observed. Even i n  a se r ies  o f  samples w i t h  s i g n i f -  

i c a n t  p ro te ine  p r e c i p i t a t i o n  due t o  p r ~ t e i n u r i a ~ ~ ,  which were a c i d i f i e d  l a t e r  t o  

pH 2 ,  losses o f  cadmium due t o  adsorption on these p r e c i p i t a t e s  were r a t h e r  low 

and i n  no instance exceeded 5% , 

Stoeppler and Brandt7‘ i n j e c t e d  d i l u ted ,  s l i g h t l y  a c i d i f i e d  (HN03) u r i n e  i n t o  

102 

6.3.2.2. V o l t m e t r y  

The a l ready described d i r e c t  method o f  Franke and de Zeeuwg2 seems t o  be ap- 

p l i c a b l e  a l so  t o  the determination o f  cadmium i n  u r i n e  a t  l e a s t  f o r  h igher  con- 

cen t ra t i ons  i n  cases o f  occupational exposure w i t h  r a t h e r  h igh l e v e l s  

Lund and Er iksenlo6 used DPASV w i t h  an HFIDE f o r  the simultaneous determina- 

t i o n  o f  Cd, Pb and Cu i n  ur ine.  They repor ted t h a t  u r i n e  can be analysed d i r e c t l y  

f o r  Cd and Pb wi thout  any pre-treatment. A s i g n i f i c a n t  s e n s i t i v i t y  enhancement 

was observed a t  e levated temperatures. For comparison purposes a l so  a complete 

105 . 
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d i g e s t i o n  w i th  HN03-HC104-H2S04 m i x t u r e  was performed and showed good agreement. 

H ighe r  va lues  ob ta ined  a f t e r  decomposi t ion were exp la ined  as an i n f l u e n c e  o f  

v a r y i n g  blanks. Golimowski e t  a1 .Io2 descr ibed a r a p i d  high-performance t r a c e  

a n a l y t i c a l  procedure based on a l ow  b lank  wet d i g e s t i o n  w i th  HN03-HC104 a f t e r  

f reeze-dry ing  o f  t h e  u r i n e  samples. Subsequently t h e  a n a l y t e  s o l u t i o n  was ad- 

j u s t e d  t o  pH 4.5 and Pb and Cd were determined s imu l taneous ly  by DPASV a t  a 

r o t a t i n g  mercury f i l m  e l e c t r o d e  (MFE). The q u a r t z  d i g e s t i o n  vessel  was used as 

t h e  v o l t a m n e t r i c  c e l l .  T h e o r e t i c a l l y ,  t h e  d e t e c t i o n  l i m i t  i s  f a r  below 0.1 u g / l ,  

b u t  i s  l i m i t e d  i n  p r a c t i c a l  use by t h e  cadmium b lank  o f  ca. 0.05 ng/ml. The 

p r e c i s i o n  expressed as day-to-day p r e c i s i o n  was 43% a t  t h e  0.32 ppb l e v e l  (con- 

t r o l s )  and 5.3% a t  t h e  8.3 ppb l e v e l  (exposed persons). The au thors  emphasized 

t h a t  t h e  d i r e c t  de te rm ina t ion  o f  cadmium i n  u r i n e ,  a l t hough  f e a s i b l e ,  does n o t  

always g i v e  t h e  whole cadmium con ten t  o f  t h e  sample, because a c e r t a i n  amount o f  

cadmium migh t  be t rapped by  o rgan ic  che la to rs .  To a v o i d  t h i s  u n c e r t a i n t y ,  p r i o r  

wet d i g e s t i o n  o f  t h e  u r i n e  i s  regarded as mandatory. 

6.3.3. Other biopsy and aZso autopsy materiaZs 

I n  a d d i t i o n  t o  t h e  r o u t i n e l y  performed de te rm ina t ion  o f  cadmium i n  b lood  and 

u r i n e ,  o t h e r  b iopsy  and autopsy m a t e r i a l s  can a l s o  be o f  va lue  as b i o i n d i c a t o r s .  

I n  env i ronmenta l ,  balance, ep idemio log i ca l  and occupat iona l  exposure s t u d i e s  

b iopsy  m a t e r i a l s  such as p a r o t i d  s a l i v a ,  tee th ,  h a i r ,  faeces, p lacentae  and 

autopsy m a t e r i a l s  such as l i v e r ,  k idney, pancreas, lung, muscle, bone and f o e t a l  

t i s s u e  have been analysed i n  numerous s t u d i e s  by d i f f e r e n t  methods. As t h e  normal 

cadmium concent ra t ions ,  except f o r  p a r o t i d  s a l i v a ,  a r e  h i g h e r  f o r  these m a t e r i a l s  

than f o r  b lood  and u r ine ,  t h e  a n a l y s i s  i n  genera l  poses no extreme d i f f i c u l t i e s  

p rov ided  t h a t  exper ienced l a b o r a t o r i e s  a re  i nvo l ved .  Thus i t  can be expected 

t h a t  t h e  p r e c i s i o n  f o r  GFAAS, DPASV and o t h e r  methods such as NAA and ICP-AES 

can u s u a l l y  be ma in ta ined  a t  around 5% and f o r  f lame AAS a t  around 2%, wh ich  

means a t o t a l  e r r o r  around o r  even below 10% f o r  most i n v e s t i g a t i o n s .  

6.3.3. I .  Biopsy matem'azs 

The cadmium con ten t  o f  p a r o t i d  s a l i v a  i s  o f  t h e  same o r d e r  as i n  whole b lood  

o r  u r i ne .  Langmyhr e t  a1.In7 a p p l i e d  m a t r i x  m o d i f i c a t i o n  w i t h  n i t r i c  and s u l p h u r i c  

a c i d  t o  min imize  t h e  i n f l u e n c e  of  sodium c h l o r i d e  p r i o r  t o  GFAAS. 

i s  c a r r i e d  o u t  by d i f f e r e n t  methods. Langmyhr e t  a1.ln8 p u l v e r i z e d  t h e  m a t e r i a l  

p r i o r  t o  a tomiza t i on  o f  0.5-3-1119 amounts i n  a g r a p h i t e  fu rnace  o f  t h e i r  own 

des ign  by t h e  s o l i d  sampl ing techn ique a t  2400°C. Hydroxyapa t i t e  was used as a 

s o l i d  standard.  Fosse and Berg-Iustesenln '  d i s s o l v e d  t h e  p u l v e r i z e d  m a t e r i a l s  i n  

The de te rm ina t ion  o f  cadmium i n  t e e t h  w i t h  t y p i c a l  l e v e l s  of  up t o  about 1 ppm 
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2 ?I HCl ,  ex t racted cadmium w i t h  APDC-saturated xylene, back-extracted i n t o  2 M 

HN03 and determined cadmium us ing a boat technique. Pinchin e t  a1."' t r ea ted  

whole t e e t h  w i t h  HN03 and HC104 and analysed the analy te so lu t i ons  w i t h  DPASV-MFE 

a t  pH 5. 

Analysis o f  h a i r  can g i ve  in format ion on t race  metals and a l s o  on cadmium 

exposure, as discussed by Creason e t  al.'ll, Valkovic112 and the  I A E A  113. A 

f a i r  d i sc r im ina t i on  between endogenous and exogenous in f luences on t race  element 

l e v e l s  i s  poss ib le  i f  h a i r  i s  analysed along i t s  length, s t a r t i n g  c lose t o  the 

scalp '14-'17 w i t h  t y p i c a l  l e v e l s  i n  the ppb range. The l e v e l s  found were approx- 

imate ly  50-800 ppb i n  the proximal reg ion and up t o  ppm l e v e l s  i n  the d i s t a l  

region112s117. Various procedures have been appl ied t o  t h i s  task. I n  a d d i t i o n  t o  

the frequent use o f  NAA 113'118, AAS has been inc reas ing l y  app l i ed  i n  basel ine 

and i n  p a r t i c u l a r  s tud ies on occupational o r  environmental exposure t o  cadmium 

112s115s1179118. A f t e r  p r i o r  washing w i t h  various so lut ions,  as r e c e n t l y  com- 

p a r a t i v e l y  s tud ied by Stoeppler e t  a l  

have been applied: O l e r ~ ~ ~ ~  used d ry  ashing, Bertram and KemperlZ0 wet ashing 

w i t h  HN03-H202 and Stoeppler e t  al 

p o s i t i o n  w i t h  n i t r i c  acid, w i t h  subsequent analys is  by flame o r  g raph i te  furnace 

a v a i l a b i l i t y  o f  a h a i r  con t ro l  ma te r ia l  w i t h  a reasonable cadmium content can 
37 now f u r t h e r  improve r e l i a b i l i t y  . 

a valuable t o o l  f o r  i n take  estimation, as demonstrated by KjellstrSm122. This 

ma te r ia l  a l so  poses no a n a l y t i c a l  problems, as shown by i n t e r - l a b o r a t o r y  com- 

parisons122. For analysis, flame AAS, sometimes a f t e r  so lvent  ex t rac t i on ,  and 

a1 so GFAAS have been appl ied 

and Copius-Peereboom e t  a1 .Iz7, and s i g n i f i c a n t  c o r r e l a t i o n s  w i t h  environmental 

f ac to rs  125s126 and smoking h a b i t s l Z 7  were found. Thieme e t  a l .  e i t h e r  wet ashed 

and determined cadmium by GFAAS125 o r  i r r a d i a t e d  the d r i e d  ma te r ia l  i n  a nuclear 

reac to r  and subsequently determined cadmium a f t e r  d iges t i on  and radiochemical 

separationlZ6. Copius-Peereboom e t  a l  used e i t h e r  wet ashing w i t h  n i t r i c -  

p e r c h l o r i c  ac id  o r  pressurized decomposition i n  PTFE bombs w i t h  n i t r i c  ac id  and 

r i g i d  q u a l i t y  cont ro l .  The so lu t i ons  were subsequently analysed by GFAAS. 

Cadmium stores i n  the l i v e r  and kidney can be r e l i a b l y  determined by i n  v i t r o  

NAA, which i s  performed by i r r a d i a t i n g  the t a r g e t  organs w i t h  a co l l ima ted  beam 

o f  thermal neutrons. The isotope '13Cd (abundance 12.2%) captures these neutrons 

by forming '14Cd, which promptly decays 

e m i t t i n g  a cascade o f  y-rays t h a t  can be detected us ing a Ge(Li) de tec to r  ex- 

t e rna l  t o  the body128. E l l i s  e t  a1.lZR, us ing a mobile i r r a d i a t i o n  u n i t ,  were 

able t o  d i sc r im ina te  between smokers and nonsmokers w i t h  t y p i c a l  values o f  about 

111, 

several types of d iges t i on  procedures 

and Bagliano e t  a1.I2l pressurized decom- 

. Alder e t  a1.'15 atomized d i r e c t l y  from the s o l i d  state. The AAs111,117-121 

For balance and exposure studies, the determination o f  cadmium i n  faeces i s  

103,122,123,124 

125,126 Cadmium l e v e l s  i n  placentae were determined by Thieme and co-workers 

sec) t o  the ground s t a t e  by 
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6 mg cadmium per  l e f t  kidney i n  smokers versus about 3 mg f o r  nonsmokers. For 

l i v e r  they found 4 ppm f o r  smokers and about 2.3 ppm f o r  nonsmokers. A s i m i l a r  

approach was used by Roels e t  al.I2’ t o  determine the  cadmium burden i n  occupa- 

t i o n a l  l y  exposed workers. Despite i t s  importance f o r  i n v e s t i g a t i n g  poss ib le  cor- 

r e l a t i o n s  between cadmium stores i n  the l i v e r  and kidney and cadmium l e v e l s  i n  

whole blood and urine, owing t o  the drawbacks o f  r a d i a t i o n  exposure and the  

expensive, complex inst rumentat ion used, i n  v i vo  NAA, however, does n o t  seem 

s u i t a b l e  f o r  r o u t i n e  appl icat ion.  

6.3.3.2. Autopay materials 

For autopsy ma te r ia l s  the same i n  p r i n c i p l e  appl ies as f o r  biopsy ma te r ia l s  

i f  methodology, average p rec i s ion  and accuracy are considered. Thus, when ex- 

perienced labo ra to r ies  were involved, no d i f f i c u l t i e s  were observed dur ing i n t e r -  

comparison s tud ies f o r  cadmium i n  the l i v e r ,  kidney, muscle and pancreas 

Livingston13’ appl ied NAA a f t e r  d ry ing  and subsequent y-counting t o  the deter- 

minat ion o f  cadmium, mercury and z inc  i n  sections o f  human kidney t i ssue ,  

p a r t i c u l a r l y  the kidney cortex. U l l u c c i  and digested kidney samples w i t h  

n i t r i c  ac id  and hydrogen peroxide and used the tantalum r ibbon e lect rothermal  

AAS method. Jackson and Mi tchel l13 ’  homogenized kidney, l i v e r  and lung samples, 

d i l u t e d  the homgenate and analysed the samples i n  n i cke l  microsampling cups i n  

an a i r -acety lene flame by AAS. Evenson and Anderson13‘ digested human l i v e r  

t i ssue  i n  n i t r i c  ac id  and i n j e c t e d  the s o l u t i o n  i n t o  an HGA-2000 instrument. 

Oleru119 d ry  ashed kidney, l i v e r  and lung samples and analysed the residue, d i s -  

solved i n  HNO , by flame AAS. E l i nde r  and K j e l l ~ t r d ~ ~ ,  E l i nde r  e t  a1.134 and 

K j e l l ~ t r i i m ~ ~ ~ ~ d r y  ashed l i v e r ,  kidney, muscles and pancreas, d isso lved the ash 

i n  n i t r i c  ac id  and determined cadmium by flame AAS f o r  h igher  and by GFAAS f o r  

lower concentrat ions. Accuracy checks were performed by NAA. Wet o r  pressurized 

decomposition o f  t i ssues  w i t h  subsequent d i r e c t  GFAAS was appl ied by Hudniket  a l .  

Stoeppler e t  al.37 and Bertram135. Dornemann and K l e i s t  67,136 used wet o r  pres- 

sur ized decomposition, fo l lowed by HMA-HMDC e x t r a c t i o n  and GFAAS. Sper l ing 

appl ied a wet d iges t i on  w i t h  subsequent APDC-CC14 e x t r a c t i o n  and GFAAS . 
Schramell” demonstrated the a b i l i t y  o f  ICP-AES t o  determine cadmium i n  b io -  

l o g i c a l  ma te r ia l s  using the s o l u t i o n  a f t e r  pressurized decomposition w i t h  n i t r i c  

acid138. Casey and Robinson13’ d ry  ashed human f o e t a l  t issues,  dissolved the ash 

i n  hydrochlor ic  ac id  and determined cadmium by flame AAS. 

The determination o f  cadmium i n  human bone can be performed by procedures 

s i m i l a r  t o  t h a t  described above f o r  teeth. Langmyhr and Kjuusl4’ appl ied d i r e c t  

determination by s o l i d  sampling using hydroxyapati te as the standard, Lindh and 

Brune141 used NAA f o r  the determination o f  cadmium i n  human bone and Simon 
used wet d iges t i on  fo l lowed by e lect rothermal  AAS and by DPASV 

122 . 

6 1  , 

137 

137 

142 

142 . 
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6.4. FUTURE PROSPECTS 

The very low l e v e l s  of cadmium i n  body f l u i d s  and i n  some environmental 

samples, e.g., ra in ,  sea and i n l a n d  

by improved sampling techniques, the app l i ca t i on  o f  clean workplaces and extremely 

powerful methods. Prec is ion analysis, however, a t  t race  and u l t r a t r a c e  l e v e l s  i s  

s t i l l  d i f f i c u l t  i f  b i o l o g i c a l  ma te r ia l s  are considered. Also the t ime requi red 

i s  excessive a t  l e a s t  f o r  the lower leve ls .  Hence methodological improvements 

are needed. 

Prerequis i tes o f  paramount importance f o r  methodological development and the 

i n t r o d u c t i o n  o f  faster ,  cheaper and more r e l i a b l e  r o u t i n e  procedures i s  a wide 

s e l e c t i o n  o f  con t ro l  and c e r t i f i e d  reference materials44. This chal lenge f o r t u -  

n a t e l y  has been recognized, so t h a t  the appearance o f  a number o f  add i t i ona l  

ma te r ia l s  o f  t h i s  type together w i t h  r i g i d  q u a l i t y  con t ro l  regu la t i ons  can be 

expected i n  the near future11s37. This, together w i t h  some p o s i t i v e  methodological 

prospects discussed below, should change the  present s i t u a t i o n ,  which s t i l l  is 

character ized by h i g h l y  biased t race analys is  a t  l e a s t  i f  d a i l y  r o u t i n e  i s  con- 

s i  dered. 

have been confirmed r e c e n t l y  

I n  AAS i t  has t o  be i nves t i ga ted  whether flame AAS a t  moderately low concentra- 

t i o n s  can be more f requen t l y  appl ied i n  con t ras t  t o  the present p r a c t i c e  favour ing 

GFAAS whenever possible. This would improve both p rec i s ion  and accuracy because 

the flame i s  always l ess  prone t o  random errors .  Thus, new flame procedures, 

c a r e f u l l y  checked by appropr ia te con t ro l  and standard mater ia ls ,  could probably 

compete successfu l ly  w i t h  GFAAS a t  l e v e l s  down t o  20-50 ppb, provided t h a t  the 

sample s izes are s u f f i c i e n t  o r  i n j e c t i o n  techniques can be used143. This, o f  

course, would inc lude the improvement o f  e x i s t i n g  sample preparat ion methods w i t n  
respect t o  capaci ty  and e f f i c i e n c y  as we l l  as f o r  blank min imizat ion under clean 

workplace condit ions. 

t a t i o n s  o f  e x i s t i n g  continuum source compensation and the d isappoint ing p roper t i es  

o f  g raph i te  tubes f requen t l y  prevent p rec i s ion  analysis, even i f  the s ignal  

he ights  obta inable i n  the analy te so lu t i ons  are optimal. For both o f  these d i s -  

advantages a t  l e a s t  p a r t l y  successful approaches are now on the horizon. The 

Zeeman compensation in t roduced comnercial l y  by a few manufacturers promises t o  

GFAAS s u f f e r s  from some p a r t i c u l a r  disadvantages. For cadmium the severe l i m i -  

solve the  most severe compensation de f i c ienc ies  encountered i n  cadmium analy- 

s i s  77-82 

A p a r t i c u l a r  improvement i n  GFAAS i s  the recent  i n t r o d u c t i o n  o f  the p la t fo rm 

technique w i t h  min imizat ion o f  m a t r i x  i n te r fe rences  and a considerable enhance- 

ment o f  the a n a l y t i c a l l y  usefu l  

more prec ise and accurate determinations i n  complex so lu t i ons  and even d i r e c t l y  

from the s o l i d  s t a t e  w i l l  now be f e a s i b l e  . 

I t  i s  t o  be expected t h a t  

147 
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The most severe sample throughput  and s e n s i t i v i t y  1 i m i  t i n g  f a c t o r  f o r  vo l  tam- 

m e t r i c  cadmium determinat ions w i t h i n  an approved o l igo-e lement  approach ( a t  l e a s t  

Pb, Cd and Cu can be determined s imul taneously  i n  d i g e s t s  o f  b i o l o g i c a l  m e t e r i a l s )  

i s  s t i l l  sample pre-treatment.  A d d i t i o n a l l y  t h e  c u r r e n t l y  comnerc ia l ly  a v a i l a b l e  

automated e lec t rochemica l  inst ruments do n o t  have a performance comparable t o  

t h a t  o f  AAS o r  ICP-AES systems.. I f  t h i s  can be improved, a f u r t h e r  i nc rease  i n  

the  a p p l i c a t i o n  o f  v o l t a m t r y  i n  cadmium ana lys i s  cou ld  be expected. Automation 

a t  moderate c o s t  and w i t h  a p o s s i b l y  good o v e r a l l  performance could l ead  t o  an 

This  i s  p a r t i c u l a r l y  t r u e  i f  d i r e c t  ana lys i s  a t  h igher ,  i.e., t o x i c ,  l e v e l s  i n  

body f l u i d s  w i l l  a l l o w  r a p i d  and inexpensive screening i n  occupat ional  exposure, 
which f rom present  exper ience seems t o  be achievable t o  some e x t e n t  92,93,105 

For  h ighe r  l e v e l s  and t h e  mul t i -e lement  approach, p a r t i c u l a r l y  f o r  f i n g e r -  

expansion o f  t h i s  s imple and a l ready  ve ry  r e l i a b l e  a n a l y t i c a l  p r i n c i p l e  18,148-152 

p r i n t  s tud ies,  i n  a d d i t i o n  t o  t h e  s t i l l  c o n t i n u i n g  a p p l i c a t i o n  o f  o t h e r  approved 

t r a c e  a n a l y t i c a l  methods such as NAA and XRF, an i n c r e a s i n g  use of plasma emission 

spectroscopy can be expected. Techn ica l l y  improved devices, permi t t i n g  s imul  t a -  

neous mul t i -e lement  determinat ions,  can now s u c c e s s f u l l y  compete, i f  cos ts  a re  

considered, w i t h  computer ized AAS systems f o r  automated f lame ana lys i s  . 
Thus, f u t u r e  prospects  f o r  t he  de te rm ina t ion  o f  cadmium i n  b i o l o g i c a l  mate- 

r i a l s  a re  p o s i t i v e .  Subs tan t i a l  improvements i n  sample pre-treatment,  sample 

throughput,  p r e c i s i o n  and accuracy toge the r  w i t h  f r u i t f u l  compe t i t i on  o f  methods 

can be expected. 
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7.1. INTRODUCTION 

7.1.1. BioavailabiLity 

Arsen ic  f a l l s  between phosphorus and antimony i n  Group Vb o f  t h e  P e r i o d i c  

Tab le  and has an a tomic  number o f  33. Elemental  a r s e n i c  i s  ob ta ined  by reduc- 

t i o n  o f  t h e  ox ide .  The meta l  burns i n  a i r  t o  fo rm the  o x i d e ( s )  and r e a c t s  r e a d i -  

l y  w i t h  some non-metals t o  y i e l d  cova len t  compounds. A l l o y s  can be formed w i t h  

me ta l s  such as i r o n ,  c o b a l t  and copper. As a Group V element, a rsen ic  can assume 

t h e  fo rmal  va lence s t a t e s  o f  -3, t 3 ,  and t5. The -3 s t a t e  i s  seen as t h e  hyd r ide  

o r  h a l i d e  and t h e  p o s i t i v e  formal valences predominate as ox ides ,  mixed OXO- 

h a l i d e s  o r  o rganoarsen ica ls .  

c u r i n g  a rsen ic .  Other f o r m u l a t i o n s  u s u a l l y  c o n t a i n  a meta l  i o n  such as i r o n ,  

Arsen ic  t r i o x i d e  (As203) appears t o  be t h e  predominant form o f  n a t u r a l l y  oc- 
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copper, n i c k e l  o r  lead ,  e i t h e r  as t h e  s a l t  such as l ead  arsenate  o r  as a rsen ic -  

c o n t a i n i n g  ores .  The t rea tment  o f  a r s e n i c a l  o res  t o  o b t a i n  t h e  base me ta l s  and 

t h e  use o f  a r s e n i c  t r i o x i d e  f o r  i n d u s t r i a l  purposes a r e  t h e  two causes o f  most 

of  t h e  t o x i c i t y  problems r e l a t e d  t o  a rsen ic .  A rsen ic  t r i o x i d e  i s  used as an 

i n s e c t i c i d e  i n  v ineyards ,  as a d i p  f o r  sheep and goats,  i n  combina t ion  w i t h  

mercu ry ( I1 )  c h l o r i d e  as a f u n g i c i d e  f o r  fence-pos ts  and as a d e c o l o r i z i n g  ad- 

d i t i v e  i n  g l a s s  manufacture.  

about i n d u s t r i a l  procedures t h a t  e i t h e r  produce a r s e n i c  t r i o x i d e  as a by-product 

o r  use i t  i n  t h e  p r e p a r a t i o n  o f  h e r b i c i d e s  o r  p e s t i c i d e s .  I n  a d d i t i o n ,  a rsen ic  

i s  p resen t  a t  app rec iab le  l e v e l s  i n  coa l  and o i l  sha les  and increased usage o f  

these f u e l  sources i n  t h e  p resen t  "energy c r i s i s ' '  w i l l  cause increased human 
1 exposure t o  a r s e n i c  . Stud ies  o f  workers i n  t h e  s m e l t i n g  i n d u s t r y  exposed rou-  

t i n e l y  t o  a r s e n i c  t r i o x i d e  have demonstrated a c o r r e l a t i o n  between a i r b o r n e  

l e v e l s  o f  a r s e n i c  and u r i n e   concentration^^'^ Also, u r i n e  and h a i r  a rsen ic  
4 l e v e l s  were e leva ted  i n  r e s i d e n t s  o f  a community c l o s e  t o  a s m e l t i n g  p l a n t  . 

Thus, occupat iona l  and environmental  exposure t o  a rsen ic  does occur  and r e s u l t s  

i n  inc reased body burdens o f  t h e  element. 

The major  cause o f  exposure t o  a rsen ic  t r i o x i d e ,  however, i s  by i n g e s t i o n  

th rough e i t h e r  homic ida l ,  s u i c i d a l  o r  acc iden ta l  causes. The use o f  a r s e n i c  

t r i o x i d e  i n  i n s e c t i c i d e s  provudes a ready source o f  t h e  m a t e r i a l ,  which appar- 

e n t l y  i s  t a s t e l e s s  and hence h i s t o r i c a l l y  popu la r  f o r  homic ida l  purposes. The 

e f f e c t i v e n e s s  o f  a r s e n i c  t r i o x i d e  as a homic ida l  po ison r e s u l t s  f rom i t s  solu- 
b i l i t y  i n  g a s t r i c  f l u i d s  and ease o f  abso rp t i on  f rom the  a l i m e n t a r y  t r a c t 5 ;  i t  

cont inues  t o  be used n e f a r i o u s l y  . I n  s u i c i d a l  i n c i d e n t s  t h e  i n g e s t i o n  o f  a n t  

o r  r a t  poisons i s  t h e  most popu la r  mode. Acc iden ta l  i n g e s t i o n ,  u s u a l l y  i n  

c h i l d r e n ,  f o l l o w s  t h e  same modus. There i s  a t  l e a s t  one ins tance  where a rsen ic  

t r i o x i d e  was inges ted  as a r e s u l t  o f  r e s i d u a l  i n s e c t i c i d e  be ing  dehydrated f rom 

oxoac id  as a rsen ic  t r i o x i d e ,  then v o l a t i l i z e d  and depos i ted  on food  d u r i n g  a 

cook ing  process . 
Exposure t o  t h e  i o n i c  forms o f  i n o r g a n i c  a r s e n i c  i n  t h e  fo rm o f  t h e  t r i v a l e n t  

a r s e n i t e s  and pen tava len t  a rsenates  occurs by t h e  same pathways as t h e  t r i o x i d e ,  

i . e . ,  i n h a l a t i o n ,  d i r e c t  s k i n  c o n t a c t  and i n g e s t i o n .  I n d u s t r i a l  occurrences 

predominant ly  i n v o l v e  t h e  f i r s t  two rou tes  and n o n - i n d u s t r i a l  occurrences i n -  

v o l v e  t h e  l a s t  rou te .  

and ex t remely  t o x i c .  These compounds u s u a l l y  p resen t  an a c c i d e n t a l  exposure r i s k  

i n  i n d u s t r i a l  s e t t i n g s .  Both  a r e  severe haemoly t i c  agents and man i fes t  t h e i r  

t o x i c i t y  i n  t h i s  manner. 

The predominant concern about t h e  e f f e c t s  o f  human exposure t o  a r s e n i c  cen t res  

6 

7 

A r s i n e  and t h e  a r s e n i c  t r i h a l i d e s  do n o t  occur  na tu ra ; l y  and a r e  bo th  uns tab le  
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F u r t h e r  evidence of t h e  u b i q u i t y  o f  a r s e n i c  was demonstrated by Schroeder 

and Balassa8, who analysed commerc ia l l y  a v a i l a b l e  common f o o d s t u f f s  and vege- 

t a b l e s  grown on v i r g i n  s o i l  and s o i l  f e r t i l i z e d  w i t h  superphosphate h i g h  i n  

a rsen ic .  Examinat ion o f  t h e i r  da ta  shows t h e  amount o f  a r s e n i c  p resen t  i n  t h e  

"market basket  survey",  h i g h l i g h t e d  by the  h i g h  l e v e l s  i n  seafood and the  con- 

c e n t r a t i o n s  of a rsen ic  i n  c e r t a i n  o f  t h e  vegetab les .  

The o rgan ic  a rsen ica l s ,  e.g., m e t h y l a r s i n i c  and d i m e t h y l a r s i n i c  ac ids ,  a r e  

g e n e r a l l y  p resen t  i n  low concen t ra t i ons  i n  t h e  environment r e l a t i v e  t o  t h e  

i n o r g a n i c  forms. There a r e  some lakes  and ponds t h a t  have h i g h e r  concen t ra t i ons  

o f  a rsen ic ,  p robab ly  as a r e s u l t  o f  b i o m e t h y l a t i o n  o f  i n o r g a n i c  forms o f  a r s e n i c  

t o  h i g h e r  methy la ted  forms and t o  methy la ted  a r s i n e s .  The b i o t r a n s f o r m a t i o n  

r e a c t i o n s  and t h e i r  e f f e c t s  on t h e  food cha in  a r e  sub jec ts  o f  c u r r e n t  i n v e s t i g a -  

t i o n .  The a b i l i t y  o f  aqua t i c  organisms t o  accompl ish t h i s  t r a n s f o r m a t i o n  and 

Because o f  t h e  r e l a t i v e  d i f f i c u l t y  posed by the  a n a l y t i c a l  problems the  e l u c i d a -  

t i o n  o f  t h e  a c t u a l  b iochemica l  mechanisms by which the  t rans fo rma t ion  occurs 

i s  d i f f i c u l t  and t h e r e  i s  l i t t l e  i n f o r m a t i o n  a v a i l a b l e  concern ing  t h i s  ex t remely  

impor tan t  aspec t  o f  a r s e n i c  t o x i c i t y .  

accumulate t h e  organoarsen ica ls  has been demonstrated i n  mar ine  i n v e r t e b r a t e s  9,lO . 

7 .  I .  2 .  Absorption and excretion 

The a r s e n i c a l s  a r e  absorbed s l o w l y  th rough t h e  s k i n ,  b u t  abso rp t i on  v i a  

r e s p i r a t o r y  and d i g e s t i v e  rou tes  i n  r e l a t i v e l y  r a p i d .  Immediately a f t e r  absorp- 

t i o n  95-99% o f  t h e  a r s e n i c  i s  found i n  e r y t h r o c y t e s  bound t o  the  g l o b i n  o f  

haemoglobin. W i t h i n  24 h t h e  metal  i s  d i s t r i b u t e d  t o  t h e  l i v e r ,  k idney, lung ,  

w a l l  o f  t h e  g a s t r o i n t e s t i n a l  t r a c t  and spleen. A f t e r  about  2 weeks t h e  s k i n ,  

h a i r  and bone beg in  t o  accumulate t h e  metal". The p r imary  r o u t e  o f  e x c r e t i o n  i s  

u r i n a r y 8 ,  w i t h  a minor  amount be ing  c l e a r e d  i n  t h e  faeces5. A rsen ica l s  apparen t l y  

a r e  exc re ted  ma in l y  th rough t h e  b i l i a r y  rou te .  The t r i v a l e n t  fo rm o f  a rsen ic  

supposedly i s  concent ra ted  i n  the  leukocy tes12 and, as such, has been eva lua ted  

as an an t i - l eukaemic  agent I3 .  T ransp lacenta l  passage o f  a rsen ic  has been demon- 

s t r a t e d  by s t u d y i n g  a case o f  f o e t a l  death  o f  a 30-week pregnancy14 where t h e  

mother had taken  As203 about 72 h p r i o r  t o  d e l i v e r y .  Analyses o f  f e t a l  organs 

11 h . a f t e r  d e l i v e r y  showed 0.74 mg/dl As203 i n  t h e  l i v e r ,  0.15 mg/dl i n  t h e  k i d -  

neys and 0,021 mg/dl i n  the  b ra in .  

by i t s  a b i l i t y  t o  form cova len t  bonds w i t h  t h i o l  anions, hence t h e  g r e a t e r  

t o x i c i t y  o f  t h e  t r i v a l e n t  than t h e  pen tava len t  form, i .e.  t h e  t r i v a l e n t  fo rm 

can accept  a n u c l e o p h i l e  and inc rease  i t s  number o f  bonded atoms i n  a r e l a t i v e l y  

easy r e a c t i o n .  Some o f  t h e  enzymes known t o  be i n h i b i t e d  by a r s e n i c  a r e  mono- 

amine oxidase, urease, g lucose oxidase, c h o l i n e  oxidase, a l a n i n e  aminotransferase, 

The t o x i c  e f f e c t s  o f  a rsen ic  a re  dose r e l a t e d .  I t s  e f f e c t s  a r e  man i fes ted  
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a s p a r t a t e  a m i n ~ t r a n s f e r a s e ~ ,  py ruva te  oxidase, 2 -g lu tamic  a c i d  ox idase 13 , 

fumarase and py ruva te  dehydrogenase. W i t h i n  the  pyruvate  dehydrogenase enzyme 

complex, a r s e n i t e  i s  presumed t o  e x e r t  i t s  i n h i b i t o r y  e f f e c t  by  i n t e r a c t i o n  

w i t h  d ihydro l ipoamide,  which i s  an e s s e n t i a l  coenzyme. A f t e r  t r a n s f e r  o f  the  

" a c t i v e  a c e t y l "  group t o  coenzyme A, a reduced i ipoamide r e s u l t s .  Th i s  f ree  

d i t h i o l  mo ie ty  then may r e a c t  r a p i d l y  w i t h  a r s e n i t e  t o  fo rm a six-membered r i n g .  

The n u c l e o p h i l i c i t y  o f  t h i o l  an ion  and e x p a n d a b i l i t y  o f  t he  p o l a r i z a b l e  a rsen ic  

mo lecu la r  o r b i t a l s  c o n t r i b u t e  t o  the  s t a b i l i t y  o f  t h e  As02 l ipoamide spec ies .  

The usefu lness  o f  2.3-dimercaptopropanol (BAL) i n  t rea tment  i s  thought  t o  a r i s e  

i n  p a r t  f rom t h e  m e t a t h e t i c a l  replacement o f  t he  enzymic o r  p r o s t h e t i c  group 

t h i o l ( s )  by the  v i c i n a l  d i t h i o l  groups o f  BAL t o  y i e l d  the  t h e o r e t i c a l l y  more 

s t a b l e  five-membered r i n g  conformat ion .  Arsen ic  a l s o  has an e f f e c t  on DNA syn- 

t h e s i s "  and repa i r16 ,  presumably by b i n d i n g  t o  t h i o l  groups o f  DNA polymerase. 

Arsenate may f o l l o w  a d i f f e r e n t  method o f  e x h i b i t i n g  t o x i c i t y ,  t h a t  o f  an 

uncoup ler  o f  o x i d a t i v e  phosphory la t i on  by fo rma t ion  o f  uns tab le  a rsenate  e s t e r s  

which s u b s t i t u t e  f o r  phosphate e s t e r s  i n  ATP fo rmat ion17.  In t h i s  case arsenate  

i s  a s t r u c t u r a l  analogue o f  phosphate. 

7 . 1 . 3 .  C l i n i c a l  f e a t u r e s  of expposoe t o  a r s e n i c  

C l i n i c a l  man i fes ta t j ons  o f  ch ron ic  a rsen ic  po i son ing  i n c l u d e  p e r i p h e r a l  

n e u r i t i s  w i t h  a t a x i a ,  weakness, numbness and t i n g l i n g  i n  t h e  l imbs.  Transverse 

s t r i a t e  leukonych ia  (Aldr ich-Mees l i n e s ) 1 8  appear 40-60 days f o l l o w i n g  inges- 

t i o n  of a l a r g e  amount o f  a rsen ic .  However, t h i s  f i n d i n g  i s  n o t  pathognomonic o f  

a r s e n i c  po i son ing  as i t  i s  found a l s o  i n  cases o f  t h a l l i u m  and i s o n i a z i d  p o i -  

soning. Bone marrow depress ion  f r e q u e n t l y  i s  observed i n  p a t i e n t s  w i t h  ch ron ic  

a r s e n i c  po ison ing .  Leukopenia and normochromic anemia predominate and a re  con- 

s ide red  t o  r e f l e c t  t he  bone marrow depression. 

When a l a r g e  amount o f  a s o l u b l e  a r s e n i c  compound i s  inges ted ,  e s p e c i a l l y  on 

an empty stomach, death may occur  w i t h i n  a few hours.  Th is  f a t a l  r e s u l t  i s  f rom 

acu te  po ison ing  o f  t h e  myocardium, which may o r  may n o t  be assoc ia ted  w i t h  b r a i n -  

stem medu l l a ry  f a i l u r e .  A less dramat i c  r e s u l t  occurs w i th  i n g e s t i o n  o f  s m a l l e r  

amounts o f  a rsen ic .  Usua l l y  swa l low ing  o f  a r s e n i c  i s  pa in less  b u t  o c c a s i o n a l l y  

some e p i g a s t r i c  p a i n  i s  exper ienced. S h o r t l y  a f t e r  t he  i n g e s t i o n ,  vomi t i ng  and 

d ia r rhea  occur,  Dur ing  the  nex t  seve ra l  days the re  may be i n f l a m n a t i o n  o f  t he  

c o n j u n c t i v a l  and r e s p i r a t o r y  mucous membranes, e p i s t a x i s ,  t r a n s i e n t  jaund ice ,  

cardiomyopathy, erythematous o r  v e s i c u l a r  rashes, sweat ing  and then haematolog- 

i c a l ,  r e n a l  o r  panc rea t i c  d y s f u n c t i o n  may be  observed. Symptoms o f  neuropathy 

develop 1-2 weeks l a t e r  and t y p i c a l l y  c o n s i s t  o f  numbness w i th  pa ras thes i s  i n  



229 

t h e  ex t remet ies .  A comprehensive rev iew  o f  i n o r g a n i c  a r s e n i c  and t h e  nervous 

system has been pub l i shed  . 

(25-30%) proved t o  be f a t a l .  Genera l l y  a de lay  o f  2-24 h occurs b e f o r e  onset  

o f  symptoms. C h a r a c t e r i s t i c  symptoms a r e  abdominal pa in ,  nausea, vomi t ing ,  

haematur ia and jaund ice .  The c l i n i c a l  l a b o r a t o r y  abnorma l i t i es  o f  g r e a t e s t  

s i g n i f i c a n c e  a r e  anaemia and i n  v i v o  haemolysis.  

There i s  s t r o n g  ep idemio log i ca l  evidence t h a t  a r s e n i c  i s  ca rc inogen ic ;  how- 

ever,  c a r c i n o g e n i c i t y  i n  exper imenta l  animals has n o t  y e t  been confirmed. The 

main r i s k s  o f  cancer i n v o l v i n g  a rsen ic  a r e  s k i n  cancers f rom i a t r o g e n i c  po i son ing  

o r  f rom some o t h e r  source such as water .  Cancers o f  t h e  r e s p i r a t o r y  t r a c t  a r e  

an occupat iona l  hazard i n  manufac tur ing  p l a n t s  and mines where a rsen ic  i s  p resen t  

a t  h i g h  l e v e l s .  A rev iew by Sunderman2O covers the  r e l a t i o n s h i p  between a r s e n i c  

exposure and cancer.  

19 

A r s i n e  has been i m p l i c a t e d  i n  seve ra l  hundred po ison ing  cases, many o f  which 

7.2. ANALYTICAL PROCEDURES 

The d e t e r m i n a t i o n  o f  a rsen ic  i n  b i o l o g i c a l  samples has caused cons ide rab le  

problems and a g r e a t  deal  o f  e f f o r t  has been expended i n  t h e  search f o r  good 

p r a c t i c a l  methods. Several  cho ices  p resen t  themselves t o  t h e  a n a l y s t ,  b u t  a1 1 

a r e  s u b j e c t  t o  se r ious  problems o f  accuracy,  p r e c i s i o n ,  s e n s i t i v i t y  and tech-  

n i c a l  complex i ty .  

B i o l o g i c a l  samples u s u a l l y  a r e  o x i d i z e d  p r i o r  t o  ana lys i s .  Most of  t h e  pro-  

cedures desc r ibed  t o  da te  i n v o l v e  the  use o f  such o x i d i z i n g  m a t e r i a l s  as s u l p h u r i c  

ac id ,  n i t r i c  ac id ,  p e r c h l o r i c  a c i d  and hydrogen perox ide .  O x i d a t i o n  w i t h  these 

m a t e r i a l s  r e q u i r e s  hea t  and i t  i s  e s s e n t i a l  t o  e x e r c i s e  ca re  t o  avo id  losses  o f  

a r s e n i c  d u r i n g  the  h e a t i n g  process. An o x i d a t i o n  s t e p  i n  t h e  a n a l y s i s  must be 

avo ided when methy la rsen ic  compounds a r e  be ing  measured. 

The most comnon f i r s t  s t e p  i n  a r s e n i c  analyses has been t h e  separa t i on  of 
arsen ic  f rom i n t e r f e r i n g  sample m a t r i x  m a t e r i a l s  by convers ion  t o  a r s i n e .  Re- 

d u c t i o n  o f  a r s e n i c  i n  a c i d i c  media by a c t i v e  me ta l s  such as z i n c  o r  magnesium i s  

t h e  c l a s s i c a l  approach. Some z i n c  r e d u c t i o n  methods r e q u i r e  up t o  90 min.  Sodium 

bo rohydr ide  r e d u c t i o n  i s  a more r e c e n t  m o d i f i c a t i o n  and p rov ides  a more r a p i d  

r e d u c t i o n  than z i n c .  A f u r t h e r  advantage o f  sodium bo rohydr ide  i s  t h a t  u s u a l l y  

i t  i s  n o t  s u b j e c t  t o  t h e  same a r s e n i c  contaminat ion  as i s  t h e  z i n c  reagent .  

E l e c t r o l y t i c  r e d u c t i o n  u s i n g  an apparatus i n c o r p o r a t i n g  a mercury cathode a l s o  

can be used. Me thy la rsen ic  compounds and i n o r g a n i c  a r s e n i c  ac ids  a r e  a l l  reduced 

t o  t h e  cor respond ing  a r s i n e  o r  methyl  a r s i n e .  

r e c t l y  w i t h  a r s i n e  genera t i on  u s i n g  sodium bo rohydr ide  reduc t i on .  

T issue samples homogenized w i t h  0.05 M sodium hydrox ide  can be analysed d i -  
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Th is  rev iew covers t h e  va r ious  i ns t rumen ta l  approaches t o  a r s e n i c  a n a l y s i s .  

The p re - t rea tmen t  o f  a b i o l o g i c a l  specimen has a l ready  been sumnarized and 

f u r t h e r  d e t a i l s  a r e  i n c l u d e d  i n  some o f  t h e  more s i g n i f i c a n t  techn iques .  

7.2.1. Methods based on spectrophotometric techniques 

As a l ready  mentioned, among t h e  e a r l i e s t  techniques f o r  d e t e c t i n g  a rsen ic  

w i t h  reasonable s e n s i t i v i t y  were those i n v o l v i n g  the  v o l a t i l i z a t i o n  o f  t h e  metal  

as a r s i n e  and comparison o f  i t s  r e a c t i o n  under c e r t a i n  exper imenta l  c o n d i t i o n s  

w i th  s tandard  s o l u t i o n s  o f  a rsen ic .  Var ious approaches have been proposed. Marsh 

u t i l i z e d  t h e  fo rma t ion  o f  t h e  " m i r r o r "  o f  a r s e n i c  produced by t h e  a c t i o n  o f  heat ,  

w h i l e  t h e  method o f  G u t z e i t  compared t h e  c o l o r a t i o n s  formed on d i s c s  o f  d r y  

paper impregnated w i t h  mercu ry ( I1 )  c h l o r i d e .  The r e d u c t i o n  t o  a r s i n e  can be 

accompl ished e l e c t r o l y t i c a l l y  i n  an apparatus i n c o r p o r a t i n g  a mercury cathode, 

w i th  t h e  use of  a r s e n i c - f r e e  z i n c  and h y d r o c h l o r i c  a c i d  o r  w i t h  sodium boro- 

hyd r ide .  

t reme ly  s e n s i t i v e  m o d i f i c a t i o n 2 1  o f  t h e  G u t z e i t  t e s t  de tec ted  0.1-0.8 ug o f  

a rsen ic .  Th i s  m o d i f i c a t i o n  used mercu ry ( I1 )  ch lo r ide- impregnated  paper as an 

i n d i c a t o r  and a spec ia l  r e f l e c t o m e t e r  t o  d e t e c t  t h e  ars ine-mercury  spots .  

The molybdenum b l u e  method has been w i d e l y  used b u t  possesses s e r i o u s  sensi -  

t i v i t y  l i m i t a t i o n s  and i n t e r f e r e n c e  f rom phosphorus has been observed. The 

procedure  i nvo l ves  o x i d a t i o n  o f  As (  111) t o  As(V) by n i t r i c  acid-sodium su lpha te  

s o l u t i o n s  f o l l o w e d  by t rea tment  w i t h  ammonium molybdate s o l u t i o n .  The r e s u l t i n g  

h e t e r o p o l y  mo lybd ia rsenate  (arsenomolybdate) i s  reduced t o  t h e  s o l u b l e  b l u e  

complex "molybdenum b l u e " .  The most popu la r  spec t rophotomet r ic  method, because 

o f  i t s  s i m p l i c i t y ,  i s  based on t h e  complex o f  a r s i n e  w i t h  s i l v e r  d i e t h y l d i t h i o -  

carbamate. I n  one v e r s i o n  o f  t h i s  method22, a r s i n e  was bubbled th rough a p y r i d i n e  

s o l u t i o n  o f  s i l v e r  d i e t h y l d i t h i o c a r b a m a t e  and t h e  r e s u l t i n g  complex measured 

s p e c t r o p h o t o m e t r i c a l l y  a t  560 nm. Hydrogen su lph ide  caused i n t e r f e r e n c e  i n  t h i s  

method b u t  cou ld  be removed by a g l a s s - f i b r e  f i l t e r  impregnated w i t h  l ead  ace- 

t a t e .  The s i l v e r  d i e t h y l d i t h i o c a r b a m a t e  method has poor p r e c i s i o n  a t  a r s e n i c  

l e v e l s  below 1 ug and consequent ly i s  of va lue  o n l y  i n  d e t e c t i n g  t o x i c  l e v e l s .  

Me thy la rsen ic  compounds compl ica te  t h e  procedure.  M e t h y l a r s i n i c  a c i d  and d i -  

m e t h y l a r s i n i c  a c i d  a r e  reduced t o  t h e  me thy la rs ines  by nascent hydrogen and bo th  

fo rm co lou red  complexes w i t h  s i l v e r  d i e t h y l d i t h i o c a r b a m a t e  wh ich  have d i f f e r e n t  

mo lar  a b s o r p t i v i t i e s  t o  t h e  a r s i n e  complex. Th is  d i f f e r e n c e  has been used as a 

means o f  measuring me thy la rsen ic  compounds 

The Reinsch t e s t  has been used e x t e n s i v e l y  f o r  t h e  d e t e c t i o n  o f  a r s e n i c  i n  

b i o l o g i c a l  samples, p a r t i c u l a r l y  u r i n e .  T h i s  s imp le  r a p i d  method invo lves  t h e  

Several  spec t rophotomet r ic  methods can be used f o r  a r s e n i c  a n a l y s i s .  An ex- 

23 . 
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d e p o s i t i o n  o f  a grey coa t ing  o f  a rsen ic  on a pure copper f o i l  o r  w i r e .  Antimony 

and bismuth bo th  depos i t  on the  copper. The Reinsch t e s t  w i l l  o n l y  d e t e c t  h i g h l y  

t o x i c  l e v e l s  o f  a rsen ic  and, t he re fo re ,  i s  n o t  r e l i a b l e  enough f o r  a screening 

t e s t .  I n  t h e  au tho rs '  l a b o r a t o r y  many cases o f  acute a rsen ic  po i son ing  have had 

nega t i ve  u r i n e  Reinsch t e s t s .  

A novel  approach has been repor ted24 us ing  t h e  e f f e c t  o f  a r s e n i c ( I I 1 )  as an 

a u x i l i a r y  c a t a l y t i c  agent i n  t h e  osmium(VII1)-catalysed redox r e a c t i o n  o f  bro-  

mate- iod ide.  When a p p l i e d  t o  1 ng o f  t i s s u e ,  d i g e s t i o n  was accomplished by 

m ine ra l  ac ids o r  by ashing i n  a rad iof requency low-temperature d r y  asher.  The 

r e a c t i o n  m i x t u r e  cons is ted  o f  t he  sample c o n t a i n i n g  a rsen ic (  I I I ) ,  ace ta te  b u f f e r ,  

potassium i o d i d e  s o l u t i o n ,  s t a r c h  s o l u t i o n  and osmium(VII1).  The absorbance was 

measured a f t e r  40 min a t  580 nm. The l i m i t  o f  d e t e c t i o n  was anprox imate ly  1 1Jg 

of a rsen ic  i n  t h e  sample (40  u g / l ) ,  which i s  n o t  s e n s i t i v e  enough f o r  broad 

a p p l i c a t i o n  i n  instances o f  occupat ional  exposure o r  i n  m i l d  po isoning.  

An ext remely s e n s i t i v e  enzyme-catalysed r e a c t i o n  r a t e  method has been de- 

sc r i bed  f o r  t h e  de te rm ina t ion  o f  a rsen ic  i n  water  samples25. The enzyme g l y c e r -  

aldehyde-3-phosphate dehydrogenase was used t o  per form an o x i d a t i v e  a r s e n o l y s i s  

o f  0-glyceraldehyde-3-phosphate. The r a t e  o f  r e a c t i o n ,  as measured by f l u o r e s -  

cence due t o  p roduc t i on  o f  NADH, i s  f i r s t  o rde r  f o r  a rsen ic (V ) .  The method had 

a d e t e c t i o n  l i m i t  o f  20 u g / l .  Poss ib le  a p p l i c a t i o n  o f  t h i s  approach t o  the  

a n a l y s i s  o f  b i o l o g i c a l  specimens i s  debatable owing t o  i n t e r f e r e n c e  f rom sodium 

c h l o r i d e .  

Spectrophotometr i  c procedures f o r  t h e  measurement o f  a rsen ic  i n  b i o l o g i c a l  

samples should cont inue t o  p l a y  an impor tan t  r o l e  i n  many l a b o r a t o r i e s .  Carefu l  

a n a l y t i c a l  technique i s  e s s e n t i a l  f o r  s a t i s f a c t o r y  r e s u l t s .  However, t he  use 

o f  convent ional  i ns t rumen ta t i on  makes spect rophotometr ic  techniques ext remely 

a t t r a c t i v e .  

7.2.2. Neutron activation analysis 

I n  c e r t a i n  l a b o r a t o r y  s i t u a t i o n s  neutron a c t i v a t i o n  ana lys i s  can p rov ide  a 

s a t i s f a c t o r y  means o f  d e t e c t i n g  a rsen ic  i n  b i o l o g i c a l  samples. Arsenic  can be 

r e a d i l y  i d e n t i f i e d  and q u a n t i t a t e d  by the  r a d i a t i o n  emi t ted  f rom t h e  r a d i o a c t i v e  

n u c l i d e  76As, which is produced when t h e  b i o l o g i c a l  sample c o n t a i n i n g  t h e  s t a b l e  

i so tope  i s  bombarded i n  a neutron f l u x .  Arsenic  has a h i g h  c ross -sec t i on  f o r  

thermal neutron capture ( 5 . 4  barn) ,  and i t  decays w i t h  a h a l f - l i f e  o f  26.5 h, 

which i s  s h o r t  enough t o  p rov ide  a good a c t i v i t y  b u t  l ong  enough t o  a l l o w  chem- 

i c a l  separa t i on  procedures o f  some l e n g t h  t o  be accomplished. Workers u s i n g  

neutron a c t i v a t i o n  ana lys i s  t o  s tudy t r a c e  meta ls  i n  b i o l o g i c a l  samples have 

used a number o f  techniques t o  overcome t h e  problems encountered due t o  t h e  
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presence o f  severa l  elements i n  t h e  a c t i v a t e d  samDle. Some o f  these elements, 

e s p e c i a l l y  24Na, g r e a t l y  confuse and obscure t h e  pu lse -he igh t  spec t ra  o f  t h e  

t r a c e  elements. I n  p u r e l y  i ns t rumen ta l  analyses o f  b i o l o g i c a l  m a t e r i a l  workers 

u s i n g  Ge(L i )  de tec to rs  have a l lowed t h e i r  samples t o  decay f rom 2 t o  8 weeks 

be fore  measuring the  y - ray  spec t ra ,  as i n t e r f e r e n c e s  due t o  sodium, potassium 

and bromine decay comp le te l y  over  t h i s  p e r i o d  o f  t ime.  However, w i t h  modern 

coun t ing  equipment measurements o f  76As can be made on t h e  i r r a d i a t e d  sample 

a f t e r  2-3 days. Thus, i t  i s  p o s s i b l e  t o  use non-des t ruc t i ve  techniques f o r  

a r s e n i c  p rov ided  t h a t  t h e  t ime  o f  a n a l y s i s  i s  no problem. Smithz6 measured 

a r s e n i c  i n  h a i r  by i r r a d i a t i o n  f o r  24 h i n  a thermal neut ron  f l u x  o f  10 

neutrons/cm /sec. He then a l lowed the  sample t o  decay f o r  2 days b e f o r e  a t -  

tempt ing  t o  measure t h e  a rsen ic .  Th i s  t y p e  o f  method i s  s a t i s f a c t o r y  i f  a m u l t i -  

channel gamma-ray spectrometer i s  a v a i l a b l e  t o  d e t e c t  s p e c i f i c a l l y  t h e  76As. 

More commonly i n  t h e  a n a l y s i s  o f  b i o l o g i c a l  samples t h e  element o f  i n t e r e s t  

i s  separated, i n  t h e  presence o f  a c a r r i e r ,  f rom i n t e r f e r i n g  elements p r i o r  t o  

coun t ing  . 
Mackintosh and J e r v i s Z 7  separa ted  t h e  a rsen ic  f rom t h e  d iges ted  b i o l o g i c a l  

sample by p r e c i p i t a t i n g  m e t a l l i c  a rsen ic  w i t h  ammonium hypophosphi te.  The arse-  

n i c  was p u r i f i e d  f u r t h e r  by d i s s o l u t i o n  i n  h y d r o c h l o r i c  ac id .  The a r s e n i c  tr i- 

i o d i d e  then was e x t r a c t e d  w i t h  ch lo ro fo rm and r e p r e c i p i t a t e d  as arsen ic  metal  

u s i n g  hypophosphi te.  The procedure took  90 min ne r  samDle. Smith" f o l l o w e d  

i r r a d i a t i o n  w i t h  a d d i t i o n  o f  i n a c t i v e  a r s e n i c  as a c a r r i e r  f o l l o w e d  by a c i d  

d i g e s t i o n .  A rsen ic  was i s o l a t e d  by a G u t z e i t  separa t i on  us ing  t i n ( I 1 )  c h l o r i d e  

r e d u c t i o n  and c o l l e c t i o n  o f  t h e  a r s i n e  i n  a mercu ry ( I1 )  c h l o r i d e  s o l u t i o n ,  which 

was counted. Another approach used f o r  t h e  a n a l y s i s  o f  a v a r i e t y  o f  b i o l o g i c a l  

t i s s u e s  and f l u i d s  employed i r r a d i a t i o n  o f  whole samples. Separa t ion  o f  a r s e n i c  

was accomplished by a d d i t i o n  o f  20-30 mg o f  non - rad ioac t i ve  a r s e n i c  pentox ide  

f o l l o w e d  by a c i d  d i g e s t i o n  and p r e c i p i t a t i o n  o f  a r s e n i c  t r i s u l p h i d e  by  bubb l i ng  

hydrogen s u l p h i d e  gas th rough t h e  d i g e s t .  The p r e c i p i t a t e  was i s o l a t e d  by f i l t r a -  

t i o n  and counted. Kr ishnan and Er icksonZ9 f o l l o w e d  d i g e s t i o n  o f  b i o l o g i c a l  

samples by separa t i on  o f  t h e  arsenate  i o n  f rom i n t e r f e r e n c e s  such as sodium and 

copper us ing  a cat ion-exchange column. Fo l l ow ing  e l u t i o n  f rom t h e  column, t h e  

a r s e n i c  was counted us ing  a sodium i o d i d e  s c i n t i l l a t i o n  c r y s t a l  and a 403-channel 

pu lse-he i  gh t  ana lyser .  Heydorn3' measured a rsen ic  i n  plasma and e r y t h r o c y t e s  by 

i r r a d i a t i o n  a t  a thermal neu t ron  f l u x  o f  7 ~ 1 3 ~ '  neutrons/cm /sec f o r  30 min. 

Longer i r r a d i a t i o n  t imes l e d  t o  coagu la t i on  o f  t h e  plasma samples w i t h  subsequent 

hand l i ng  d i f f i c u l t i e s .  A f t e r  a 16-20 h decay, a c a r r i e r  m i x t u r e  o f  a rsen ic ,  cop- 

p e r  and ant imony ox ides  was added, f o l l o w e d  by a c i d  d i g e s t i o n  and p r e c i p i t a t i o n  

o f  a r s e n i c  w i t h  th ioacetamide.  The p r e c i p i t a t e  was red i sso l ved  i n  a n o n i u m  

su lph ide  and counted i n  a NaI(T1) s c i n t i l l a t i o n  d e t e c t o r  connected t o  a m u l t i -  

12 

2 

2 
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channel .  T h i s  techn ique was a p p l i e d  t o  a s tudy  o f  o a t i e n t s  w i t h  B l a c k f o o t  d isease 

i n  an area  o f  Taiwan where t h e  a r t e s i a n  w e l l  water  con ta ins  a h i g h  c o n c e n t r a t i o n  

o f  a r s e n i c .  SjOstrand3'  f o l l o w e d  t h e  i r r a d i a t i o n  and a c i d  d i g e s t i o n  s tage by 

a d d i t i o n  o f  d i l u t e  hydrobromic a c i d  and d i s t i l l a t i o n  o f  t h e  a rsen ic  a t  100-llO°C. 

The method was used f o r  t h e  s imultaneous measurement o f  a rsen ic  and mercur.y and 

ach ieved a s e n s i t i v i t y  as low as 0.1 ug/1. A separa t i on  techn ique i n v o l v i n g  a c i d  

d i g e s t i o n  and c o l l e c t i o n  o f  a r s i n e  on mercu ry ( I1 )  bromide-impregnated paper was 

found t o  l ower  t h e  l i m i t  o f  d e t e c t i o n  t o  0.001 ug / I3* .  A procedure u s i n g  d i s t i l -  

l a t i o n  o f  a r s e n i c  and o t h e r  v o l a t i l e  elements f o l l o w i n g  a c t i v a t i o n  has been de- 

sc r ibed33.  The sample a f t e r  a d d i t i o n  o f  c a r r i e r  i s  burned i n  a combustion tube 

w i t h  a s t ream o f  n i t r o g e n  t o  f l u s h  t h e  a r s e n i c  i n t o  a c o l d  t r a p .  Th is  procedure 

was a p p l i e d  t o  t h e  a n a l y s i s  o f  o rcha rd  leaves, bov ine  l i v e r ,  tuna f i s h ,  coa l  and 

r e s i d u a l  o i l .  

Neut ron  a c t i v a t i o n  a n a l y s i s  i n  genera l  has n o t  proved t o  be a u s e f u l  techn ique 

f o r  t h e  t r a c e  metal  a n a l y s i s  o f  b i o l o g i c a l  samples. Problems o f  sodium i n t e r -  

f e rence  t o g e t h e r  w i t h  t h e  ex t remely  l i m i t e d  a v a i l a b i l i t y  o f  r e a c t o r s  has h indered 

g r e a t l y  any w ide  a p p l i c a t i o n  o f  t h e  technique. Arsen ic ,  however, i s  one element 

where neu t ron  a c t i v a t i o n  ' ana lys i s  has c o n t r i b u t e d  cons ide rab ly  as an  a n a l y t i c a l  

approach. The s e n s i t i v i t y  o f  t h i s  technique, t oge the r  w i t h  t h e  r e l a t i v e l y  l o n g  

h a l f - l i f e  o f  76As p l u s  the  ease o f  separa t i on  o f  a r s e n i c  f rom i n t e r f e r e n c e s ,  

has made neu t ron  a c t i v a t i o n  a n a l y s i s  a t t r a c t i v e  t o  seve ra l  workers.  

7.2.3. Atomic-absorption spectrometry 

Atomic-absorp t ion  spec t romet r i c  d e t e c t i o n  o f  a rsen ic  p rov ides  b e t t e r  sens i -  

t i v i t y  than spec t rophotomet r ic  methods. The i n s t r u m e n t a t i o n  i s  o n l y  modera te ly  

expensive;  i t  i s  a l s o  a v a i l a b l e  i n  most s e r v i c e  and research  t o x i c o l o g y  l abo ra -  

t o r i e s .  The de te rm ina t ion  o f  a rsen ic  by a tomic-absoro t ion  spectr0metr.y u s i n g  

t h e  conven t iona l  a i r - a c e t y l e n e  f lame has se r ious  d i f f i c u l t i e s  owing t o  t h e  i n -  

tense a b s o r p t i o n  o f  t h e  f lame i t s e l f  a t  wavelengths below 200 nm, which i s  where 

t h e  most s e n s i t i v e  resonance l i n e s  o f  a rsen ic  e x i s t .  The resonance l i n e s  o f  a r -  

sen ic  a r e  a t  189.0, 193.7 and 197.2 nm. The 189.0 nm l i n e  i s  t h e  most s e n s i t i v e ,  

f o l l o w e d  by t h e  193.7 nm l i n e .  E a r l y  work i n v o l v i n g  a tomic-absorp t ion  methods 

f o r  a r s e n i c  was h indered by t h e  d i f f i c u l t i e s  o f  des ign ing  hol low-cathode tubes 

because o f  t h e  h i g h  v o l a t i l i t y  o f  t h i s  element; t h i s  t e c h n i c a l  problem has now 

been overcome. The argon-hydrogen a i r - e n t r a i n e d  f lame has been a p p l i e d  t o  t h e  

measurement o f  a rsen ic ,  r e s u l t i n g  i n  reduced f lame  interference^^^. However, 

t h e  r e l a t i v e l y  low temeprature o f  t h i s  f lame i n e v i t a b l y  r e s u l t e d  i n  i n t e r f e r e n c e s  

f r o m  mo lecu la r  abso rp t i on  and incomple te  s a l t  d i s s o c i a t i o n .  The use o f  a n i t r o g e n -  
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hydrogen a i r - e n t r a i n e d  f lame a l s o  has been repor ted35,  w i t h  a m i n i m i z a t i o n  o f  

t h e  i n t e r f e r e n c e s  and s e n s i t i v i t i e s  i n  t h e  range 6-20 p g / l  o f  a rsen ic  have been 

achieved. 

Most a n a l y t i c a l  techniques f o r  a rsen ic  use t h e  conversion t o  a r s i n e  and i t  

i s  t h i s  approach t h a t  appears t o  o f f e r  t h e  b e s t  means o f  p repar ing  the  sample 

p r i o r  t o  atomic abso rp t i on  measurements. H ~ l d k ~ ~  was the f i r s t  t o  employ t h i s  
37,38 approach, us ing  an argon-hydrogen a i r - e n t r a i n e d  flame, and o t h e r  workers 

have employed a s i m i l a r  system. These f lame methods appear t o  have a l i m i t  o f  

d e t e c t i o n  of approx imate ly  40 ng i n  the  s a m l e  o r  5 pg / l  on a concen t ra t i on  

b a ~ i s ~ - ~ .  Chu e t  al.39 used a f lameless system where a r s i n e  was swept i n t o  a 

Vycor g lass  tube (150 x 4.5 mm 1.0.) heated t o  7OO0C w i t h  asbestos-covered 

Chromel A w i r e  ( a r s i n e  decomposes r e a d i l y  t o  a rsen ic  and hydrogen a t  tempera- 

t u r e s  above 230OC). Ars ine generated f rom an a c i d  d i g e s t  o f  t he  sample was f i r s t  

c o l l e c t e d  i n  a b a l l o o n  r e s e r v o i r  and then swept by a stream o f  argon i n t o  t h e  

heated tube. This  system g r e a t l y  reduced background abso rp t i on  over  the f lame 

methods; an e s s e n t i a l  f e a t u r e  o f  t h e  low background was a h i g h  f l o w - r a t e  o f  

argon through the  tube. The s e n s i t i v i t y  o f  t h e  e lec t ro the rma l  method was t w i c e  

t h a t  o f  a f lame system, hav ing d e t e c t i o n  l i m i t s  o f  b e t t e r  than 0.05 p g  i n  t h e  

sample. The p r e c i s i o n  on an i n - r u n  bas i s  was 0.36% ( r e l a t i v e  standard d e v i a t i o n )  

and recove r ies  were q u a n t i t a t i v e ,  

F i t c h e t t  e t  a l  .40 dev iated f rom the a r s i n e  generat ion p ro toco l  and developed 

a g r a p h i t e  tube e lec t ro the rma l  a tomic-absorpt ion method f o r  a rsen ic  i n  u r i n e  

and water. In t h e i r  technique u r i n e  was heated w i t h  h y d r o c h l o r i c  a c i d  and t r e a t e d  

w i t h  i o d i d e  i on .  Arsenic  species,  as iod ides,  were e x t r a c t e d  i n t o  ch lo ro fo rm and 

e i t h e r  re -ex t rac ted  i n t o  de ion ized water f o r  measurement o f  i no rgan ic  a rsen ic ,  

o r  re -ex t rac ted  i n t o  d i l u t e  d i ch rona te  s o l u t i o n  f o r  t o t a l  a rsen ic  determinat ion.  

The e x t r a c t s  were analysed u s i n g  e lec t ro the rma l  a tomic-absorpt ion spectrometry 

w i t h  a g r a p h i t e  furnace and an a rsen ic  e lec t rode less  d ischarge lamp. The sensi -  

t i v i t y  was as low as 10 gg / l  and recove r ies  were e s s e n t i a l l y  q u a n t i t a t i v e .  This  

method o f f e r s  the  p o s s i b i l i t y  o f  d i f f e r e n t i a t i n g  between organic  and ino rgan ic  

arsenic .  I n  another  r e p o r t  f rom t h e  same labo ra to ry4 ' ,  t he  procedure was adapted 

t o  the  measurement o f  i no rgan ic  arsenic ,  monomethylarsenic and d ime thy la rsen ic  

i n  homogenates o f  l i v e r ,  k idney, e t c .  

The recen t  i n t r o d u c t i o n  o f  sodium borohydr ide as a reducing agent f o r  t he  

generat ion o f  a r s i n e  was i n i t i a l l y  adapted t o  an atomic-absorpt ion method w i t h  

an argon-hydrogen a i r - e n t r a i n e d  flame42. I n  the  au tho rs '  l a b o r a t o r y  use o f  t h i s  

r e d u c t i o n  technique and a mod i f i ca t i on  o f  t h e  e lec t ro the rma l  system (heated 

Vycor tube)  o f  Chu e t  a1 .39 prov ided  an ext remely convenient system f o r  measuring 

a rsen ic  i n  b i o l o g i c a l  specimens43. The tube used i n  t h i s  procedure was 150 x 8 mm 

1.0. heated t o  70OoC w i t h  asbestos-covered Chromel wi re.  The r e a c t i o n  vessel  f o r  

t he  ana lys i s  was a mod i f i ed  50-1111 graduated c y l i n d e r  f i t t e d  w i t h  a sy r inge  f o r  
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adding reagents,  an i n l e t  f o r  argon and a connect ion  t o  t h e  quar t z  tube. Fo r  t h e  

a n a l y s i s ,  1 m l  of u r i n e  p l u s  0.5 m l  o f  s a t u r a t e d  o x a l i c  a c i d  conta ined i n  t h e  

r e a c t i o n  vesse l  was t r e a t e d  w i t h  1.5 m l  o f  5% sodium borohydr ide  s o l u t i o n .  The 

a r s i n e  generated i n  t h e  r e a c t i o n  was swept by a stream o f  argon th rough t h e  

q u a r t z  tube and t h e  abso rp t i on  recorded a t  193.7 nm w i t h  background c o r r e c t i o n  

a t  191.5 nm. The l i m i t  o f  d e t e c t i o n  was 50 u g / l  and t h e  c a l i b r a t i o n  graph was 

l i n e a r  up t o  200 u g / l .  I n t e r f e r e n c e s  were n o t  observed and t h e  p r e c i s i o n  o f  t h e  

method i s  adequate f o r  d e t e c t i n g  t o x i c  l e v e l s .  Th is  procedure has been used i n  

ou r  l a b o r a t o r y  t o  c o n f i r m  severa l  cases o f  a rsen ic  oo i son ing  r e s u l t i n g  f rom 

homic ida l  and acc iden ta l  i n c i d e n t s .  
44 An automated v e r s i o n  o f  t h i s  system has been r e p o r t e d  by Rose and Renoe . 

The module cou ld  be q u i c k l y  s e t  up i n  p lace  o f  t h e  bu rne r  on t h e  atomic-absorp- 

t i o n  i ns t rumen t  t o  p rov ide  a p r e c i s i o n - c o n t r o l l e d  and t imed a n a l y t i c a l  sequence 

f o r  ana lys i s .  The dev i ce  i nco rpo ra ted  c o n t r o l  va lves  f o r  d i r e c t i o n  o f  purge gas 

f l o w  and f o r  c o n t r o l  o f  t h e  reagents used f o r  sample a c i d i f i c a t i o n  and boro- 

h y d r i d e  reduc t i on .  Timing and l o g i c  c i r c u i t r y  p rov ided  exac t  t imed i n t e r v a l s  

f o r  t h e  a n a l y s i s  events (purge gas f l o w  th rough samples, sample a c i d i f i c a t i o n ,  

f i n a l  metal  reduc t i on ,  t r i g g e r i n g  f o r  t h e  da ta  a c q u i s i t i o n  c y c l e  o f  t h e  atomic- 

abso rp t i on  spec t rometer  and f i n a l  r e s e t ) .  The module has p rov ided  improved 

a n a l y t i c a l  i n t e g r i t y  f o r . a r s e n i c  i n  comparison w i t h  a manual ly man ipu la ted  and 

t imed  procedure,  as well as p r o v i d i n g  t h e  f l e x i b i l i t y  necessary t o  ana lyse  t h e  

o t h e r  e a s i l y  v o l a t i l i z e d  metals.  

spec t romet ry  have been discussed by Robinson e t  a1 .45.  The a r s i n e  genera t i on  

methods were c r i t i c i z e d ,  as a r s i n e  can decompose a t  room temperature,  and t h i s  

suggests t h a t  t h e  absorbance ob ta ined  i n  a heated tube m igh t  n o t  i n d i c a t e  t h e  

t o t a l  amount o f  a r s i n e  produced by t h e  sample. A lso ,  i n  f lame atomizers,  a tomic  

a rsen ic  can be changed q u i c k l y  t o  mo lecu la r  a r s e n i c  (As4 and As2) w i t h  a severe 

decrease i n  s e n s i t i v i t y .  I n  non-flame a tomizers  t h e  problem i s  f u r t h e r  compl i -  

ca ted  by  a p o s s i b l e  i n t e r a c t i o n  w i t h  carbon. Only under r i g i d l y  c o n t r o l l e d  

c o n d i t i o n s  w i l l  r e p r o d u c i b l e  da ta  be ob ta ined.  However, i n  many l a b o r a t o r i e s ,  

a tomic -absorp t ion  spec t romet ry  w i l l  be t h e  most conven ien t  method f o r  t h e  de- 

t e r m i n a t i o n  o f  a rsen ic  i n  b i o l o g i c a l  specimens as t h e  i n s t r u m e n t a t i o n  i s  u s u a l l y  

r e a d i l y  a v a i l a b l e .  I t  i s  impor tan t  t o  recogn ize  t h a t  t h e  problems o f  s e n s i t i v i -  

ty o f  t h e  assay w i l l  l i m i t  t h e  a p p l i c a b i l i t y  o f  a tomic  abso rp t i on  and probab ly  

exc lude c a r e f u l  s tud ies  o f  a r s e n i c  s p e c i a t i o n  i n  environmental  specimens. 

Some o f  t h e  d i f f i c u l t i e s  i n  t h e  de te rm ina t ion  o f  a rsen ic  by a tomic -abso rp t i on  
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7 .2 .4 .  Gas chromatography 

For  a metal  such as a rsen ic ,  which r e a d i l y  forms v o l a t i l e  d e r i v a t i v e s ,  gas 

chromatography o f f e r s  a u s e f u l  approach. Most a n a l y t i c a l  procedures i n v o l v e  

t o t a l  a rsen ic  measurement w i t h o u t  regard  t o  t h e  s p e c i f i c  chemical  f o rm(s )  o f  

a r s e n i c  p resent .  A number o f  r e p o r t s  i n d i c a t e  t h a t  t h e r e  i s  some va lue  i s  as- 

sess ing  a r s e n i c  i n  i t s  va r ious  forms, p a r t i c u l a r l y  t h e  methy la ted  d e r i v a t i v e s .  

Daughtrey e t  a1 .46 descr ibed a procedure f o r  t h e  de te rm ina t ion  o f  i n o r g a n i c  

and methy la ted  a r s e n i c a l s  i n  u r i n e  by gas chromatographic measurement o f  t h e  

d i e t h y l d i t h i o c a r b a m a t e  complexes. U r i n e  was t r e a t e d  w i t h  potassium i o d i d e ,  

f o rm ing  t h e  i o d i d e s  o f  i n o r g a n i c  and mono- and d ime thy l -a rsen ica l s .  These i o -  

d ides  were sub jec ted  t o  r e a c t i o n  w i t h  d i e t h y l d i t h i o c a r b a m a t e  and t h e  complexes 

were e x t r a c t e d  and then measured by gas chromatography u s i n g  e lec t ron -cap tu re  

d e t e c t i o n .  A l a t e r  r e p o r t  f rom t h e  same l a b o r a t o r y 4 1  adapted a s i m i l a r  procedure 

t o  t h e  a n a l y s i s  o f  t i s s u e  homogenates. The t i s s u e  samples were handled as homo- 

genates (10%) made up i n  de ion i zed  wa te r  and then f reeze -d r ied .  T o t a l  a rsen ic  

was measured by wet ash ing  t h e  l y o p h i l i z e d  samples w i t h  n i t r i c  and s u l o h u r i c  

ac ids .  To t h e  coo led  res idues  8 N h y d r o c h l o r i c  a c i d  and potassium i o d i d e  so lu -  

t i o n s  were added, f o l l o w e d  by  benzene p l u s  diethylamnonium d ie thy ld i t h ioca rbamate .  

A f t e r  t h e  i n i t i a l  s tep  t h e  benzene e x t r a c t s  were then t r a n s f e r r e d  i h t o  v i a l s  

c o n t a i n i n g  h y d r i o d i c  a c i d  and s o l u t i o n s  o f  c h e l a t i n g  agent and sodium metab i -  

s u l p h i t e  were then in t roduced .  Me tab isu lph i te ,  a reduc ing  agent,  served t o  p re-  

ven t  t h e  presence o f  i od ine ,  which r e a c t s  w i t h  and des t roys  t h e  complexing e f -  

f i c i e n c y  o f  t h e  che lan t .  The o rgan ic  e x t r a c t  now c o n t a i n i n g  t h e  a r s e n i c a l s  as 

t h e  d i e t h y l d i t h i o c a r b a m a t e  complexes were t r e a t e d  w i t h  d i l u t e  a l k a l i  t o  remove 

chromatographic i n t e r f e r e n c e s  and t o  min imize  an e f f e c t  on e lec t ron -cap tu re  

d e t e c t o r  s e n s i t i v i t y  due t o  t h e  genera t i on  o f  su lphu r -con ta in ing  fragments when 

t h e  c h e l a n t  was in t roduced  i n  a c i d i c  media. Subsequent t o  a l k a l i  c lean-up t h e  

l a y e r s  were d r i e d  over  anhydrous sodium su lpha te  and a l i q u o t s  i n j e c t e d  i n t o  a 

gas chromatograph equipped w i t h  an e lec t ron -cap tu re  d e t e c t o r  and a 5% O V - 1 7  

g lass  column. The o r d e r  o f  e l u t i o n  f o r  t h e  column was so l ven t ,  d i m e t h y l a r s i n e  

complex and monomethylarsine complex. 

a n i  trogen-phosphorus d e t e c t o r  has been reported4’. The method employed a r s i n e  

p r o d u c t i o n  w i t h  sodium borohydr ide  w i t h  sample i n t r o d u c t i o n  v i a  a headspace 

techn ique.  The method was r e p o r t e d  t o  possess adequate s e n s i t i v i t y  f o r  specimens 

of  t o x i c o l o g i c  i n t e r e s t .  Gas chromatography-mass spec t romet ry  has been used t o  

d e t e c t  d imethy l  a r s i n a t e  i n  t h e  blood, u r i n e  and faeces o f  r a t s .  T h i s  power fu l  

techn ique undoubtedly i n  t h e  f u t u r e  w i l l  c o n t r i b u t e  a g r e a t  dea l  t o  t h e  under- 

s tand ing  o f  a rsen ic  metabol ism and t o x i c i t y .  

A gas chromatographic de te rm ina t ion  o f  a r s e n i c  i n  b i o l o g i c a l  m a t e r i a l s  u s i n g  
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Gas chromatography has n o t  f u l l y  r e a l i z e d  i t s  p o t e n t i a l  as a t o o l  f o r  a r s e n i c  

a n a l y s i s .  The c a p a b i l i t y  o f  d e t e c t i n g  spec ies  o f  a r s e n i c  i s  e x c i t i n g  and shou ld  

be o f  cons ide rab le  importance i n  f u t u r e  env i ronmenta l  s tud ies .  

7.2.5. Electrochemical methods 

48 
A cou lomet r i c  procedure f o r  measuring a rsen ic  i n  u r i n e  has been r e p o r t e d  

t h a t  i n v o l v e d  a c i d  d i g e s t i o n  and e x t r a c t i o n  o f  a r s e n i c ( I I 1 )  as a r s e n i c ( I I 1 )  

c h l o r i d e .  F o l l o w i n g  back -ex t rac t i on ,  t h e  a r s e n i c ( I I 1 )  was t i t r a t e d  w i t h  e l e c t r o -  

generated i o d i n e .  The s e n s i t i v i t y  was o n l y  500 ug / l  i n  u r i n e  us ing  a 10-ml sam- 

p l e  f o r  t h e  a n a l y s i s .  Anod ic -s t r i pp ing  vo l tamnet ry  has been a p p l i e d  t o  t h e  

measurement o f  a rsen ic  i n  urine4'. The sample (1 -2  m l )  was d iges ted  w i t h  m ine ra l  

ac ids  f o l l o w e d  by i s o l a t i o n  o f  a r s e n i c ( I I 1 )  c h l o r i d e  f rom t h e  d i g e s t  by d i s t i l -  

l a t i o n .  The a rsen ic  i n  t h e  d i s t i l l a t e  was p l a t e d  on a g o l d  e l e c t r o d e  f o r  1-2 min 

u s i n g  a un ique ins t rumen ta l  c o n f i g u r a t i o n  w i th  a h i g h l y  e f f i c i e n t  s t i r r i n g  system. 

A f t e r  d e p o s i t i o n  o f  t h e  a rsen ic ,  t h e  p o t e n t i a l  o f  t h e  e l e c t r o d e  was scanned i n  

a p o s i t i v e  d i r e c t i o n  and q u a n t i t a t i o n  made f rom t h e  area o f  t he  curve  as t h e  

a r s e n i c  was s t r i p p e d  f rom t h e  e l e c t r o d e .  The s e n s i t i v i t y  was 1 p o / l ,  r ecove r ies  

were 80-100% and t h e  p r e c i s i o n  was approx imate ly  10% ( r e l a t i v e  s tandard  dev ia -  

t i o n )  a t  10 u g / l .  Th is  method appears t o  have cons ide rab le  p o t e n t i a l  f o r  t he  

a n a l y s i s  o f  b i o l o g i c a l  specimens and f u t u r e  a p p l i c a t i o n s  w i l l  undoubtedly be 

f o r t  hcomi ng . 

7 .2 .6 .  Emission spectrometric method? 

Emission spec t romet r i c  methods have been a o p l i e d  i n  some ins tances  t o  t h e  

measurement o f  a rsen ic .  Only a few papers i n  t h e  l i t e r a t u r e  a r e  concerned w i t h  

f lame emission. One o f  these5' used a s p i r a t i o n  o f  a methyl  i s o b u t y l  ketone so lu -  

t i o n  o f  o r g a n i c  a rsen ic  compounds i n t o  an acetylene-oxygen f lame w i t h  measurement 

o f  a r s e n i c  emiss ion  a t  235 nm. The d e t e c t i o n  l i m i t  was 2.2 mg/l and i t  i s  un- 

l i k e l y  t h a t  such a method cou ld  have widespread a p p l i c a b i l i t y  t o  b i o l o g i c a l  

samples. However, some o f  t h e  b e s t  s e n s i t i v i t i e s  have been ob ta ined  by t h e  emis- 

s i o n  d e t e c t i o n  methods. L i c h t e  and Skoberboe51 coupled an a rs ine -genera t i on  

dev i ce  t o  a mic rowave-s t imu la ted  plasma d ischarge and ob ta ined  a l i m i t  o f  detec- 

t i o n  o f  5 ng (2 .5  u g / l )  u s i n g  a 2-ml sample. Braman e t  a l . 5 2  used t h e  sodium 

borohydr ide  method f o r  genera t i ng  a r s i n e  and s t i b i n e ,  which were swept o u t  o f  

t h e  s o l u t i o n  by he l i um th rough a d.c. d ischarge d e t e c t o r .  Th i s  approach gave a 

lower  l i m i t  of  d e t e c t i o n  o f  1 ng (0.1 u g / l )  u s i n g  a 10-ml sample. When a l i q u i d  

n i t rogen-coo led  U- t rap  was used t o  t r a p  o u t  a r s i n e  and reduced o rgan ic  a rse-  

n i c a l s ,  t h e  l i m i t  o f  d e t e c t i o n  was improved t o  0.2 ng (0.002 u g / l )  u s i n g  t h e  
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same d.c. d ischarge method53. Separa t ion  o f  t h e  a rs ines  was accompl ished i n  t h i s  

method o f  Braman and F ~ r e b a c k ~ ~  i n  t h e  f o l l o w i n g  manner. A f t e r  removal o f  t h e  

l i q u i d  n i t r o g e n  and g e n t l e  warming o f  t h e  U-tube, t h e  a r s i n e s  evo lved f rom t h e  

t r a p  one a t  a t i m e  and de tec ted  i n  t h e  d.c. d ischarge emiss ion  spec t rometer .  

E x c e l l e n t  separa t i on  o f  t h e  a r s i n e s  was ob ta ined  w i t h  l i m i t s  o f  d e t e c t i o n  near 

0 . 5  ng (0.05 u g / l )  f o r  t h e  me thy la rs ines .  Crece l iusS4 in t roduced  seve ra l  modi- 

f i c a t i o n s  t o  t h e  method o f  Braman e t  a l .  The m o d i f i c a t i o n s  i n v o l v e d  adding t h r e e  

e x t r a  t r a p s  t o  t h e  system: a wa te r  vapour t r a p ,  a second carbon d i o x i d e  t r a p  

and a wa te r  t r a p .  

The mic rowave-s t imu la ted  plasma d e t e c t o r  combined w i t h  gas chromatographic 

separa t i on  o f  t h e  a rs ines  i n  t h e  method o f  Talmi and B o ~ t i c k ~ ~  e x h i b i t e d  a l i m i t  

o f  s e n s i t i v i t y  o f  0.02 ng. Ars ines  were t rapped i n  5 m l  o f  c o l d  to luene,  10 ~l 

o f  which were separa ted  on t h e  gas chromatograph. Un fo r tuna te l y ,  as o n l y  a smal l  

f r a c t i o n  o f  t h e  o r i g i n a l  sample was analysed, t h e  c o n c e n t r a t i o n  l i m i t  o f  de tec-  

t i o n  was o n l y  o f  t h e  o r d e r  o f  1 u g / l .  

The s e n s i t i v i t y  of  these emiss ion  d e t e c t i o n  systems appears t o  be adequate 

f o r  s t u d i e s  o f  a rsen ic  i n  t h e  environment and they  o f f e r  cons ide rab le  p o t e n t i a l  

where methods o f  t h e  h i g h e s t  s e n s i t i v i t y  a r e  requ i red .  

7.2.7. Miscellaneous techniques 

E l e c t r o n  microprobe a n a l y s i s  has been used f o r  t h e  a n a l y s i s  o f  h a i r  samples 

f rom i n h a b i t a n t s  o f  an area c l o s e  t o  a sme l te r  e m i t t i n g  a r s e n i c  t r i ~ x i d e ~ ~ .  The 

techn ique i s  non -des t ruc t i ve ,  s e n s i t i v e  and has t h e  c a p a b i l i t y  o f  measur ing many 

elements s imu l taneous ly .  

The scanning p r o t o n  microprobe w i t h  i t s  i n t e n s e  c o l l i m a t e d  beam and low back- 

ground s i g n a l  has advantages over  t h e  e l e c t r o n  microprobe. The techn ique has a 

h i g h  s e n s i t i v i t y  f o r  most elements heav ie r  than sodium. One r e p o r t  u s i n g  t h i s  

techn ique descr ibed t h e  a n a l y s i s  o f  s i n g l e  s t rands  o f  h a i r  f rom po ison ing  v i c -  

t ims  . 
These h i g h l y  s o p h i s t i c a t e d  techn iques  a r e  e x c i t i n g  f o r  c e r t a i n  s p e c i f i c  

s t u d i e s  b u t  t h e  comp lex i t y  o f  t h e  i n s t r u m e n t a t i o n  l i m i t s  t h e  approach t o  o n l y  

a few cen t res .  

57 

7.3. CONCLUSION 

Arsen ic  i s  ub iqu i tous  i n  t h e  environment and p robab ly  i s  an e s s e n t i a l  t r a c e  

element i n  n u t r i t i o n .  Exposure t o  h i g h  concen t ra t i ons  o f  a r s e n i c  causes a de- 

b i l i t a t i n g  and o f t e n  f a t a l  i l l n e s s  t h a t  a f f e c t s  most o rgan systems. Chron ic  

exposure appears t o  cause cancer, p a r t i c u l a r l y  o f  t h e  s k i n  and lungs .  A rsen ic  
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i s  a d i f f i c u l t  element t o  measure i n  b i o l o g i c a l  m a t e r i a l s  and the  most succesfu l  

approaches have invo lved  t h e  separat ion o f  a rsen ic  f rom t h e  sample m a t r i x  by 

means o f  e v o l u t i o n  o f  t he  v o l a t i l e  a rs ine .  De tec t i on  o f  a r s i n e  by atomic-absorp- 

t i o n  or-emiss ion techniques shows considerable promise f o r  adap ta t i on  t o  a wide 

v a r i e t y  o f  l a b o r a t o r i e s ,  a1 though spectrophotometr ic,  e lect rochemical  , gas chro- 

matographic and neutron a c t i v a t i o n  approaches have received considerable a t t e n -  

t i o n .  P ro ton  microprobe ana lys i s  should be o f  va lue i n  c e r t a i n  s p e c i f i c  s tud ies  

r e q u i r i n g  non-des t ruc t i ve  techniques and h i g h  s e n s i t i v i t y .  

b io l .ogica1 m a t e r i a l s  has been descr ibed.  The a v a i l a b i l i t y  o f  i ns t rumen ta t i on  

w i l l  determine the  a n a l y t i c a l  approach t o  be used i n  any p a r t i c u l a r  s i t u a t i o n .  

A t  t he  present,  no i d e a l  re fe rence  method f o r  t he  measurement o f  a rsen ic  i n  
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8.1. INTRODUCTION 

T h a l l i u m  i s  an impor tan t  metal  i n  tox i co logy .  I t  has a r e l a t i v e l y  h i g h  t o x i c  

p o t e n t i a l ,  i s  easy t o  o b t a i n  as a r o d e n t i c i d e  and thus has become a w e l l  known 

poison. I n  t h e  U.S.A. t h e  use o f  t h a l l i u m  compounds (ca.  5 t ons l yea r  a t  i t s  

peak) i n  r o d e n t i c i d e s  and i n s e c t i c i d e s  was terminated i n  1972 because o f  i t s  

t o x i c  po ten t i a l ' .  The c u r r e n t  usage i n  t h e  U.S.A. i s  now est imated a t  0.5 ton /  

yea r .  I n  va r ious  o t h e r  coun t r i es ,  however, t h a l l i u m  i s  s t i l l  i n  use as a r o -  

d e n t i  c i  de. 

Tha l l i um forms compounds i n  both the  monovalent and the  t r i v a l e n t  s t a t e s .  

T l ( 1 )  resembles t h e  a l k a l i  metal  ca t i ons ,  e.g., K', i n  i o n i c  rad ius  and chemical 

behaviour,  as appears from the  replacement o f  K(1) by T l ( 1 )  in potassium i r o n ( I I 1 )  

hexacyanoferrate(  11) (Pruss ian Blue) ,  g i v i n g  t h e  l a t t e r  powerful  p r o n e r t i e s  as 
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an a n t i d o t e  i n  t h a l l i u m   intoxication^^-^. However, i n  c o n t r a d i c t i o n  t o  a 

meta ls ,  T l ( 1 )  forms s p a r i n g l y  s o l u b l e  compounds w i t h  su lph ides ,  i od ides ,  

mates, e tc . ,  analogous t o  t h e  heavy meta ls  o f  Group I b  (Cut, Agt and Au' 

l a t t e r  p r o p e r t i e s  o f  t h a l l i u m  have been used i n  methods o f  ana lys i s ,  e.g 

k a l  i 

chro-  

. The 

, i n  

p re -concen t ra t i on  techniques, e x t r a c t i o n  and p r e c i p i t a t i o n ,  and a l s o  i n  q u a n t i -  

t a t i v e  assays by g rav ime t ry  o r  i o d i m e t r i c  t i t r a t i o n .  

r e s u l t i n g  i n  p r e c i p i t a t i o n  o f  t h a l l i u m  hydrox ide  o r  ox ide .  The o rgan ic  T l ( I I 1 )  

compounds a r e  more s t a b l e  than o rgan ic  T1 ( I )  compounds. 

E lec t rochemica l l y ,  t h e  s tandard  p o t e n t i a l  o f  t he  T13+/Tl+ coup le  i n  most i n -  

stances favours  T1'. Recent i n v e s t i g a t i o n s ,  however, i n d i c a t e  t h a t  t h e  forma- 

t i o n  o f  t h a l l i u m  c h l o r i d e  complexes i n  media w i t h  a h i g h  c h l o r i d e  c o n c e n t r a t i o n  

would favour  t h e  t r i v a l e n t  s t a t e  . 

I n o r g a n i c  t h a l l i u m (  111) compounds a re  more water  s o l u b l e  b u t  h y d r o l y s i s  occurs,  

1 

The c l i n i c a l  aspects o f  t h a l l i u m  po ison ing ,  such as t o x i c i t y ,  c l i n i c a l  course 
5 and t rea tment ,  have been reviewed by Moesch l in  . 

8.2.  HISTORICAL R E V I E W  

I n  t h e  pas t ,  t h e  d e t e c t i o n  o f  t h a l l i u m  was e f f e c t e d  ma in l y  by spectroscopy. 

As t h a l l i u m  has an emission l i n e  a t  535.0 nm, t h a l l i u m  s a l t s  would g i v e  a green 

c o l o u r  t o  t h e  flame. Th is  p r o p e r t y  i s  o f  l i m i t e d  va lue  i n  d e t e c t i n g  t h a l l i u m  

i n  b i o l o g i c a l  material 's. 

The o l d e r  q u a n t i t a t i v e  assays were n o t  very  s e n s i t i v e  and d e s t r u c t i o n  o f  t h e  

o rgan ic  mat te r ,  f o l l o w e d  by a p re -concen t ra t i on ,  was r e q u i r e d  t o  ach ieve  detec- 

t i o n  l i m i t s  low enough t o  e s t a b l i s h  i n t o x i c a t i o n s .  The p re -concen t ra t i on  s tevs  

used were e x t r a c t i o n  o f  t h a l l i u m ( I I 1 )  c h l o r i d e  o r -  bromide (T1C13 o r  T1Br3) i n  

d i e t h y l  e the r ,  o r  p r e c i p i t a t i o n  o f  t h a l l i u m ( 1 )  su lph ide  (T12S) f rom s l i g h t l y  

a l k a l i n e  s o l u t i o n s .  The l a t t e r  procedure i s  s t i l l  used t o  i nc rease  t h e  s e n s i t i v -  

i t y  o f  modern spec t rophotomet r ic  assays. 

i n  which t h a l l i u m ( 1 )  i o d i d e  was p r e c i p i t a t e d  and t h e  p r e c i p i t a t e  weighed, o r  by 

a t i t r i m e t r i c  assay i n  which T l ( I I 1 )  was formed, then sub jec ted  t o  r e a c t i o n  

w i t h  i o d i d e ,  f o rm ing  i o d i n e  and t h a l l i u m ( 1 )  i o d i d e ,  and t h e  l i b e r a t e d  i o d i n e  

was subsequent ly t i t r a t e d  w i t h  sodium t h i o s u l p h a t e  s o l u t i o n  . 

I n  t h e  f i n a l  step, t h a l l i u m  was q u a n t i t a t e d  e i t h e r  by a g r a v i m e t r i c  procedure 

6 

The d e t e c t i o n  l i m i t s  ob ta ined  w i t h  t h e  above assays i s  i n  t h e  low m i l l i g r a m  

range. Hence, even i n  acu te  i n t o x i c a t i o n s ,  l a r g e  samples o f  b i o l o g i c a l  m a t e r i a l  

were requ i red ,  e.g., 50 g . 
Recent ly,  methods have been in t roduced  t h a t  can determine t h a l l i u m  much more 

s e n s i t i v e l y ,  p r e c i s e l y  and a c c u r a t e l y  owing t o  t h e  development o f  i ns t rumen ta l  

techn iques  such as f lameless  a tomic-absorp t ion  spec t romet ry  and mass spec t romet ry .  

7 
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8.3. SAMPLE PREPARATION 

I n  genera l ,  l i t t l e  a t t e n t i o n  has been p a i d  t o  sampl ing and sample prepara-  

t i o n ,  y e t  w i t h  most methods reasonab ly  accu ra te  and p r e c i s e  r e s u l t s  have been 

ob ta ined,  i n d i c a t i n g  t h a t  t h a l l i u m  assays a r e  n o t  ve ry  s e n s i t i v e  t o  sampl ing 

c o n d i t i o n s .  F o r  ins tance,  i n t e r f e r e n c e s  f rom reagents,  l a b o r a t o r y  u t e n s i l s ,  e t c . ,  

i n  c o n t r a s t  t o  many o t h e r  heavy metals,  a re  n o t  l i k e l y  t o  occur  as t h e  concen- 

t r a t i o n  o f  t h a l l i u m  i n  these m a t e r i a l s  i s  ve ry  low compared w i t h  t h e  exDected 

concen t ra t i ons  i n  body f l u i d s  i n  i n t o x i c a t i o n s .  However, i f  normal l e v e l s  have 

t o  be determined t h e  reagents have t o  be c a r e f u l l y  examined f o r  t h e i r  t h a l l i u m  

con ten t ,  as t h e  t h a l l i u m  l e v e l s  i n  body f l u i d s  a r e  i n  t h e  ppb (ng /g)  range 

t h a l l i u m  may p r e c i p i t a t e  as t h e  su lpha te  o r  h a l i d e .  Hence, f o r  u r i n e  a n a l y s i s  

c e n t r i f u g a t i o n  o f  t h e  sample shou ld  be avoided. On t h e  o t h e r  hand, t h e  ahys ico-  

chemical  p r o p e r t i e s  o f  t h a l l i u m ( 1 )  i n d i c a t e  t h a t  losses  d u r i n g  a n a l y s i s  due t o  

complex fo rma t ion  o r  h y d r o l y s i s  a r e  n o t  l i k e l y  t o  occur .  

D e s t r u c t i o n  o f  t h e  b i o l o g i c a l  sample p r i o r  t o  a n a l y s i s  i s  o f t e n  r e q u i r e d .  I t  

has been shown t h a t  t h e r e  i s  no reason t o  expec t  d i f f i c u l t i e s  w i t h  t h e  recove ry  

o f  t h a l l i u m  when adequate d e s t r u c t i o n  methods such as wet d i g e s t i o n ,  o x i d a t i v e  

f u s i o n  i n  a c losed  system ( P a r r  bomb) o r  low-temperature ash ing  i n  an oxygen 

atmosphere a r e  p r o p e r l y  app l i ed .  Dry ash ing  has a l s o  been used, b u t ' w i t h  t h i s  

techn ique t h e r e  i s  more r i s k ,  as nanogram t o  microgram amounts o f  t h a l l i u m  may 

be l o s t  . Low recove r ies  o f  t h a l l i u m  have been r e p o r t e d  i n  d r y  ashings i n  c ru -  

c i b l e s  owing t o  s i l i c a t e  fo rma t ion  and t o  v o l a t i l i z a t i o n  

a 

Losses o f  t h a l l i u m  may occur  d u r i n g  sampl ing as t h e  monovalent fo rm o f  

9 

10 . 

8.4. STANDARD METHODS 

9 .4 .1 .  Spectrophotometry and colorimetry 

Spect rophotomet r ic  assays a r e  based on t h e  e x t r a c t i o n  o f  t h a l l i u m  as a com- 

p l e x  i n  an o rgan ic  phase, a f t e r  which t h e  absorbance o f  t h e  organ ic  phase i s  

measured. F o r  ins tance,  t h a l l i u m (  I )  can be e x t r a c t e d  by d i t h i z o n e  i n t o  ch lo ro -  

fo rm a t  pH va lues  o f  11 o r  h ighe r .  As many o t h e r  meta ls  may a l s o  r e a c t  w i t h  

d i t h i z o n e  a t  t h i s  pH, a separa t i on  s t e p  i s  r e q u i r e d  

a t h a l l i u m ( I I 1 )  h a l i d e  an ion  (T lXq)  and a l a r g e  co loured o rgan ic  c a t i o n .  An 

advantage of  t h i s  method i s  t h a t  t h i s  e x t r a c t i o n  i s  more s e l e c t i v e  f o r  t h a l l i u m .  

Only l a r g e  nega t i ve  i ons ,  e.g., pe rch lo ra te ,  o r  a n i o n i c  de tergents  may i n t e r f e r e .  

Dyes tu f f s  such as B r i l l i a n t  Green, Rhodamine B y  Malach i te  Green and Gent ian  

V i o l e t  have been used as t h e  o rgan ic  c a t i o n  

11 . 
Tha l l i um(  111) may be e x t r a c t e d  as a co loured  i o n - a s s o c i a t i o n  complex between 

12-16 . 
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Some c o l o r i m e t r i c  assays d i r e c t l y  i n  u r i n e  w i t h o u t  d e s t r u c t i o n  have been 

descr ibed 12s13s16. Other workers, however, r e p o r t e d  i n t e r f e r e n c e s  f rom o rgan ic  

compounds such as drugs, p r o t e i n s ,  de tergents ,  e t c .  Thus, a1 though t h a l  1 ium can 

be de tec ted  d i r e c t l y  i n  u r i n e  o r  b lood  serum by spectrophotometry,  we recommend 

t h a t  f o r  q u a n t i t a t i v e  assays a d e s t r u c t i o n  i s  c a r r i e d  o u t  t o  m in im ize  t h e  

chances o f  i n t e r f e r e n c e .  

A r e l i a b l e  q u a n t i t a t i v e  assay t h a t  can be reconended  i s  t h a t  desc r ibed  by 

A r i e l  and Bach13 and m o d i f i e d  by De Wolf and Lenstra14, based on e x t r a c t i o n  o f  

t h e  t h a l l i u m ( I I 1 )  b r o m i d e - B r i l l i a n t  Green complex i n  to luene.  The l a t t e r  workers 

i nco rpo ra ted  a wet d i g e s t i o n  by means o f  a s u l p h u r i c  a c i d - n i  t r i c  a c i d  m i x t u r e .  

P r i o r  t o  e x t r a c t i o n  n i t r a t e  was removed as i t  can i n t e r f e r e  a t  h i g h e r  concen- 

t r a t i o n s .  P e r c h l o r i c  a c i d  shou ld  n o t  be used i n  t h e  d i g e s t i o n  because t r a c e  

amounts o f  p e r c h l o r a t e  can s e r i o u s l y  i n t e r f e r e .  The s u l p h u r i c  a c i d  concent ra -  

t i o n s  j u s t  b e f o r e  e x t r a c t i o n  must be i n  t h e  range 1-3 1. Other  p o s s i b l e  i n t e r -  

fe rences  i n  t h i s  method a r e  l ead  (>250 ug)  and a n i o n i c  de tergents .  The l a t t e r  

may be removed by tho rough ly  r i n s i n g  t h e  glassware. The method was o r i g i n a l l y  

developed f o r  u r i ne ,  b u t  can a l s o  be used f o r  o t h e r  b i o l o g i c a l  f l u i d s .  

Q u a n t i t a t i o n  i s  e f f e c t e d  by means o f  c a l i b r a t i o n  graphs, which were l i n e a r  

f o r  t h a l l i u m  l e v e l s  up t o  16 114. The d e t e c t i o n  l i m i t  o f  t h e  assay i s  about 0.5 ;lg 

(10 ng/ml i n  u r i n e ) .  The method i s  accura te  as recove r ies  o f  more than 98% were 

found w i t h  sp iked u r i n e  samples i n  a concen t ra t i on  range f rom 60 ng/ml t o  1 . 2  rig/ 

m l  w i t h  a p r e c i s i o n  o f  b e t t e r  than 10%. 

and p rec i se ,  t h a t  t h e  bas i c  equipment i s  p resen t  i n  most l a b o r a t o r i e s  and t h a t  

no s k i l l e d  personnel  a r e  needed. Disadvantages a re  t h a t  t he  t o t a l  procedure i s  

ve ry  l e n g t h y  ( c a r e f u l  d e s t r u c t i o n ,  o x i d a t i o n  o f  T1' t o  T13', removal o f  o x i d i z i n g  

reagents and e x t r a c t i o n ) ,  t h a t  a l a r g e  sample i s  r e q u i r e d  so t h a t  b lood  analyses 

cannot be recommended and t h a t  t h e  method i s  m e t a l - d i r e c t e d  so t h a t  i n  s p i t e  o f  

t h e  l o n g  procedure o n l y  t h a l l i u m  i s  determined: no screen ing  system. 

adays c o l o r i m e t r y  has been rep laced by newer techniques such as atomic-absorp- 

t i o n  spec t romet ry ,  i t  i s  s t i l l  a u s e f u l  t o o l  i n  s m a l l e r  c l i n i c a l  l a b o r a t o r i e s  

w i t h  a low sample th roughput  f o r  metal  a n a l y s i s .  

Advantages o f  t h e  spec t rophotomet r ic  assay a r e  t h a t  t h e  method i s  accu ra te  

Spectrophotometry has been i n  use f o r  many years  i n  t o x i c o l o g y .  k l t h o u g h  now- 

8.4.2. b'lame atomic-absorption spectrometry ( F A A S )  

8 .4 .2 .1 .  Direct u sp i ru t ion  

FAAS may be used i n  t h e  a n a l y s i s  o f  t h a l l i u m  w i t h o u t  an e x t r a c t i o n  procedure,  

i . e . ,  by d i r e c t  a s p i r a t i o n  o f  t h e  sample o r  d i l u t e d  sample i n  t h e  f lame.  Th is  

makes t h e  method ve ry  r a p i d  and s imp le ,  e s p e c i a l l y  f o r  b i o l o g i c a l  f l u i d s  such as 
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u r i n e .  However, t h i s  method i s  r a t h e r  i n s e n s i t i v e ,  w i t h  a d e t e c t i o n  l i m i t  of 

about  0.2 ppm and a s e n s i t i v i t y  o f  0 .8  ppm i n  aqueous s o l u t i o n s .  I n  AAS sens i -  

t i v i t y  i s  u s u a l l y  d e f i n e d  as t h e  concen t ra t i on  o f  e lement r e q u i r e d  t o  g i v e  a 1% 

change i n  abso rp t i on .  According t o  Veenendaal and Polak17 and Cur ry  e t  a l .  

v a r i o u s  i n o r g a n i c  anions and c a t i o n s  can i n t e r f e r e ,  r e s u l t i n g  i n  a cons ide rab le  

i nc rease  i n  t h e  t h a l l i u m  s i g n a l  (1-25%). There fore ,  q u a n t i t a t i v e  r e s u l t s  ob ta ined  

by t h e  d i r e c t  a s p i r a t i o n  techn ique must be regarded c a r e f u l l y ,  a l t hough  f o r  

u r i n e  a n a l y s i s  t h i s  i n t e r f e r e n c e  w i t h  t h e  t h a l l i u m  s i g n a l  has n o t  always been 

conf i rmed19. I n  o r d e r  t o  min imize  these phenomena, the  use o f  s a l t  b u f f e r s  a t  

concen t ra t i ons  o f  about 1000 ppm f o r  b o t h  the  sample and standards i s  recom- 

mended so t h a t  t h e  t h a l l i u m  s i g n a l  i s  measured a g a i n s t  s i m i l a r  backgrounds. Thus. 

i n  acu te  po i son ing  cases t h a l l i u m  can be de tec ted  i n  u r i n e  by t h e  d i r e c t  asp i ra -  

t i o n  method and an impress ion  can be ob ta ined  o f  t h e  s e v e r i t y  o f  t h e  i n t o x i c a -  

t i o n .  However, f o r  r e l i a b l e  and s e n s i t i v e  q u a n t i t a t i v e  r e s u l t s  a s e l e c t i v e  

e x t r a c t i o n  procedure b e f o r e  t h e  FAAS de te rm ina t ion  i s  recommended. 

18 , 

5 . 4 . 2 . 2 .  h t r a c t i o n  

The e x t r a c t i o n  o f  t h a l l i u m  i n t o  a s u i t a b l e  o rgan ic  s o l v e n t  r e s u l t s  i n  an 

enhancement o f  s e n s i t i v i t y  and, moreover, such an e x t r a c t i o n  may i n t r o d u c e  a 

pre-concent ra t ion" .  The de te rm ina t ion  o f  t h a l l i u m  a f t e r  e x t r a c t i o n  i n  d i f f e r e n t  

k inds  o f  samples has been descr ibed 19s21*22 and i n  genera l  body f l u i d s  such as 

whole blood, b lood  plasma and u r i n e  d i d  n o t  appear t o  r e q u i r e  d e s t r u c t i o n .  

The e x t r a c t i o n  i s  i n f l u e n c e d  by the  f o l l o w i n g  parameters:  

The pH o f  t he  aqueous s o l u t i o n .  A l though Cur ry  e t  a1.18 found an optimum i n  

the  recovery  o f  t h a l l i u m  u s i n g  sodium d i e t h y l d i t h i o c a r b a m a t e  and methy l  i s o b u t y l  

ke tone a t  pH 6.0, o t h e r  workers 21'22 repo r ted  t h a t  t h e  t h a l l i u m  e x t r a c t i o n  i s  

e f f i c i e n t  i n  t h e  pH range 5-8. 

The complexing agent.  Sodium d i e t h y l d i t h i o c a r b a m a t e  (SDOC) and ammonium p y r r o -  

l i d i n e  d i t h i o c a r b o n a t e  (APDC) have b o t h  been used as complex-forming agents.  

They b o t h  g i v e  s t a b l e  complexes i n  t h e  o rgan ic  phase. A l though APDC i s  more 

s t a b l e  i n  t h e  aqueous phase a t  lower  pH values, h i g h e r  recove r ies  were found 

u s i n g  SODC23. 

The o rgan ic  phase. U s u a l l y  methyl  i s o b u t y l  ke tone (MIEK) has been used w i t h  

success. D i i s o p r o p y l  ke tone (DIPK) may improve t h e  e x t r a c t i o n  because o f  i t s  

good p r o p e r t i e s  i n  t h e  flame, i t s  good phase separa t i on  a b i l i t y  and i t s  lower  

s o l u b i l i t y  i n  wa te r  . 
I n  conc lus ion ,  f o r  t h e  de te rm ina t ion  o f  t h a l l i u m  i n  whole b lood  t h e  method 

descr ibed by Armore'* can be used, whereas f o r  u r i n e  and t i s s u e  t h e  procedure 

descr ibed by Berman" was found t o  be adequate18, w i t h  a sample s i z e  o f  5 g f o r  

b lood  and t i s s u e  and 30 m l  f o r  u r i n e .  

24 
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The d e t e c t i o n  l i m i t  ob ta ined  f o r  t h a l l i u m  i n  b lood  and t i s s u e  was about  0.08 

ug/g and f o r  u r i n e  about 0.01 pg/ml. Recover ies o f  more than 95% were found w i t h  

a c o e f f i c i e n t  o f  v a r i a t i o n  o f  w e l l  under 10%. I n t e r f e r e n c e  f rom t h e  masking agent 

EDTA was n o t  seen. 

The FAAS method w i t h  e x t r a c t i o n  i s  ve ry  s u i t a b l e  f o r  t h e  de te rm ina t ion  o f  

t h a l l i u m  i n  body f l u i d s  i n  cases o f  i n t o x i c a t i o n .  The procedure i s  p r e c i s e  and 

s e n s i t i v e  enough, and about  30 samples can be analysed pe r  day, i n c l u d i n g  t h e  

p r e p a r a t i o n  o f  c a l i b r a t i o n  graphs, which a r e  ob ta ined  by t h e  same procedure as 

f o r  t h e  samples. A d isadvantage i s  t h a t  t h e  sample s i z e  r e q u i r e d  i s  r e l a t i v e l y  

l a r g e .  I n  comparison w i t h  o t h e r  methods, FAAS i s  r e l a t i v e l y  cheap and can be 

r e a d i l y  automated. 

8.4.3.  Non-flame atomic-absorption spectrophotornetry ( I F A A S )  

Non-flame a tomic  abso rp t i on  i s  more s e n s i t i v e  than f lame atomic abso rp t i on ,  

b u t  f o r  t h a l l i u m  t h i s  i nc rease  i n  s e n s i t i v i t y  i s  accompanied by more i n t e r f e r -  

ence problems. Only u r i n e ,  a f t e r  a 1 0 - f o l d  d i l u t i o n  w i t h  1% s u l p h u r i c  a c i d  can 

be i n j e c t e d  d i r e c t l y  i n t o  t h e  fu rnace o f  t h e  a tomic-absorp t ion  spectrophotometer.  

Other samples r e q u i r e  e i t h e r  d e s t r u c t i o n  o r  e x t r a c t i o n ,  o r  bo th .  I n  t h e  d i r e c t  

de te rm ina t ion  o f  t h a l l i u m  i n  u r i ne ,  q u a n t i t a t i o n  has t o  be c a r r i e d  o u t  by s tan-  

dard a d d i t i o n s ,  as t h e  aqueous standards g i v e  d i f f e r e n t  responses t o  s tandards  

i n  a u r i n e  ma t r i x25 .  Kubasik and Vo los in26 even recommended s tandard  a d d i t i o n s  

f o r  t h e  q u a n t i t a t i o n  o f  t h a l l i u m  i n  u r i n e  a f t e r  an e x t r a c t i o n  procedure.  

i s  o f  s p e c i a l  i n t e r e s t  i n  cases i n  which o n l y  a smal l  sample i s  p rov ided,  f o r  
27,28 i ns tance  b lood  o r  h a i r  , 

The d e t e c t i o n  l i m i t  i s  about 0.2 ng o f  t h a l l i u m  i n j e c t e d  i n t o  t h e  fu rnace  and, 

An impor tan t  advantage o f  NFAAS i s  t h a t  o n l y  a smal l  sample i s  r e q u i r e d .  Th is  

depending on t h e  sample s i z e  and d i l u t i o n  f a c t o r ,  de te rm ina t ions  can be c a r r i e d  

o u t  i n  t h e  lower  ng/g range; however, t h i s  s e n s i t i v i t y  i s  n o t  h i g h  enough f o r  

t h e  measurement of  normal l e v e l s  i n  b i o l o g i c a l  m a t e r i a l s .  

l a t t e r  may happen when t h e  sample s i z e  i s  l i m i t e d  o r  when a h i g h  s e n s i t i v i t y  i s  
requ i red ,  f o r  i ns tance  i n  s u b c l i n i c a l  i n t o x i c a t i o n s  o r  when t h e  i n f l u e n c e  o f  

t he rapy  w i t h  Pruss ian  B lue  has t o  be fo l l owed .  Disadvantages must be borne i n  

mind: a s l i g h t l y  lower  p r e c i s i o n ,  more i n t e r f e r e n c e  problems and h i g h e r  cos ts ,  

a1 though au tomat ion  can improve t h e  p r e c i s i o n  cons ide rab ly .  Automated equipment 

i s  now comnerc ia l l y  a v a i l a b l e .  

I n  conc lus ion ,  NFAAS i s  a good techn ique when FAAS de te rm ina t ions  f a i l .  The 
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8.4 .4 .  Emission spectrometry 

C l a s s i c a l  emiss ion  spectrography, i . e . ,  w i t h  a spark  source and photograph ic  

p l a t e s  as t h e  d e t e c t i o n  system, a l l ows  t h e  s e n s i t i v e  d e t e c t i o n  o f  t h a l l i u m .  I n  

a 2-ml u r i n e  sample about 0.02 ug cou ld  be detected’’. Moreover, i n  t h e  same 

r u n  o t h e r  me ta l s  can a l s o  be de tec ted .  A r e l i a b l e ,  q u a n t i t a t i v e  assay, however, 

i s  more troublesome. 

New e x c i t a t i o n  sources i n  emiss ion  spec t romet ry  such as t h e  i n d u c t i v e l y  

coup led  plasma ( ICP) ,  l a s e r  beam e x c i t a t i o n  and e l e c t r i c a l l y  heated fu rnaces  

a l l o w  much s m a l l e r  samples t o  be used (0.2 m l  o r  l e s s )  and, i n  combina t ion  w i t h  

p h o t o m u l t i p l i e r  d e t e c t i o n  o f  t h e  emiss ion  s i g n a l ,  a more r e l i a b l e  q u a n t i t a t i v e  

assay can be ~ b t a i n e d ~ ’ ’ ~ ~ .  A t  p resent ,  however, these newer techn iques  a r e  s t i l l  

ve ry  expensive,  so t h a t  t h e i r  use i s  recommended o n l y  f o r  f o r e n s i c  l a b o r a t o r i e s  

w i t h  a h i g h  th roughput  o f  samples t h a t  have t o  be screened f o r  unknown metal  

po ison ings .  

a l l o w i n g  f lame emiss ion  measurements, t h e  d e t e c t i o n  l i m i  

l o g i c a l  m a t e r i a l  o f  about  10 ug/g i s  o f t e n  n o t  s e n s i t i v e  
18 t i o n  o f  t h a l l i u m  i n t o x i c a t i o n  i n  b lood  o r  u r i n e  . 

A l though a tomic -abso rp t i on  spectrometers may be used n an emiss ion  mode, 

f o r  t h a l l i u m  i n  b i o -  

enough f o r  t h e  de tec-  

8 . 4 . 5 .  Polarography and anodic-stripping v o l t m e t r y  

C l a s s i c a l  po la rography  has been used t o  de termine t h a l l  ium i n  b i o l o g i c a l  ma- 

t e r i a l ~ ~ ~ ’ ~ ~ .  However, f o r  a s e n s i t i v e  and r e l i a b l e  assay a r e l a t i v e l y  l a r g e  

sample (5-30 g )  and a l e n g t h y  procedure was necessary, i n c l u d i n g  d e s t r u c t i o n  o f  

t h e  sample and e i t h e r  an e x t r a c t i o n  o r  p r e c i p i t a t i o n  s tep  f o r  p re -concen t ra t i on  

and clean-up. There fore ,  po la rography  as such, i s  no l onger  i n  use. 

The development o f  a n o d i c - s t r i p p i n g  vol tammetry (ASV) , e s p e c i a l l y  i n  combina- 

t i o n  w i t h  t h e  d i f f e r e n t i a l  pu l se  techn ique,  r e s u l t e d  i n  a number o f  a p p l i c a t i o n s  

as t h a l l i u m  proved t o  be very  s u i t a b l e  f o r  ASV  determination^^^-^^. ASV a l l ows  

screen ing  f o r  a s e r i e s  o f  t o x i c o l o g i c a l l y  i n t e r e s t i n g  metals41. One o f  t he  prob- 

lems encountered w i t h  ASV i s  t h a t  ove r lapp ing  peaks may occur.  For  t h a l l i u m ,  

however, t h i s  problem can be circumvented as o t h e r  p o t e n t i a l l y  i n t e r f e r i n g  met- 

a l s  can be masked by t h e  a d d i t i o n  o f  a complexing agent such as EDTA33, The 

t h a l l i u m  peak i s  n o t  a f f e c t e d  by t h i s  a d d i t i o n  so t h a t  t h a l l i u m  can be i d e n t i f i e d  
40 unequ ivoca l l y  by ASV . 

I n  ASV t h e  f o l l o w i n g  parameters a r e  o f  importance: 

The e l e c t r o l y t e  s o l u t i o n .  As t h e  presence o f  EDTA i s  recommended, t o  p reven t  

meta l  i n te r fe rences ,  an e l e c t r o l y t e  s o l u t i o n  w i t h  a pH h i g h e r  than 4 i s  t o  be 
used t o  a l l o w  s t a b l e  complexes. However, as t h e  peak p o t e n t i a l  ( i d e n t i f i c a t i o n  
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parameter)  depends on pH, i t  i s  adv i sab le  t o  use a b u f f e r .  An ace ta te  b u f f e r  

i s  o f t e n  used i n  t h e  pH range 4.5-6.434y36s38s43. A l t e r n a t i v e l y ,  an ascorbate  

b u f f e r  pH 4.5 may be used. The l a t t e r  has t h e  advantage o f  removing most, i f  

n o t  a l l ,  d i s s o l v e d  oxygen. Hence, t h e  t i m e  f o r  deaera t i on  by b u b b l i n g  an i n e r t  

gas such as n i t r o g e n  o r  h e l i u m  through t h e  s o l u t i o n  can be s u b s t a n t i a l l y  r e -  

duced 40-42y44. P e r c h l o r i c  a c i d  (0.1-0.2 M) shou ld  n o t  be used as i t  may r e s u l t  

i n  i n t e r f e r e n c e  f rom cadmium, ind ium o r  l ead  . 
Working e l e c t r o d e .  The cho ice  o f  t h e  work ing  e l e c t r o d e  i s  impor tan t  i n  r e l a -  

t i o n  t o  s e n s i t i v i t y  and r e p r o d u c i b i l i t y .  Wi th  t h e  hanging mercury d rop  e l e c t r o d e  

(HMDE) acco rd ing  t o  Kemula and w i t h  t h e  d i f f e r e n t i a l  pu l se  techn ique,  t h a l l i u m  

l e v e l s  i n  u r i n e  i n  t h e  ng/g range c o u l d  be determined d i r e c t l y  w i t h  a d e t e c t i o n  

l i m i t  o f  about 5 ng/g and w i t h  a p r e c i s i o n  b e t t e r  than 6"/,'. Other  t ypes  o f  

e l e c t r o d e s  t h a t  can be used a r e  t h e  mercury -p la ted  g r a p h i t e  e l e c t r o d e  o r  t he  

mercury -p la ted  g lassy  carbon e l e c t r o d e  (MFE) , the  l a t t e r  be ing  p r e f e r r e d  because 

o f  i t s  r e p r o d u c i b i l i t y  and s t a b i l i t y .  Th i s  e l e c t r o d e  i s  more s e n s i t i v e  than the  

HMDE, ma in l y  owing t o  i t s  l a r g e r  su r face  area. The lower  l i m i t  o f  d e t e c t i o n  i s  
i n  t h e  sub-ng/g range, which may be decreased even f u r t h e r  by l onger  e l e c t r o -  

d e p o s i t i o n  times3'. The p r e c i s i o n ,  however, i s  lower,  b u t  s t i l l  b e t t e r  than 10%. 

means t h a t  t h e  t i m e  r e q u i r e d  f o r  a t o t a l  q u a l i t a t i v e  and q u a n t i t a t i v e  a n a l y s i s  

i s  r e l a t i v e l y  l o n g  (30-60 min) .  On the  o t h e r  hand, a d i r e c t  de te rm ina t ion ,  i . e . ,  

w i t h o u t  d e s t r u c t i o n  o f  t h e  sample, can be c a r r i e d  o u t  i n  u r i n e  and i n  b lood  

plasma w i t h  1 - m l  samples o r  less42.  For  t h e  de te rm ina t ion  o f  t h a l l i u m  i n  t i s s u e  

and whole blood, d e s t r u c t i o n  i s  requ i red .  Th is  d e s t r u c t i o n  must be very  thorough 

as t h e  presence o f  t r a c e  amounts o f  o rgan ic  m a t e r i a l  can i n f l u e n c e  t h e  vol tam- 

m e t r i c  behav iour  o f  t h a l l i u m  o r  may e x h i b i t  e l e c t r o c h e m i c a l l y  a c t i v e  behav iour  

by i t s e l f  ( n i t r o  compounds). O x i d a t i v e  f u s i o n  a t  inc reased pressure  ( P a r r  bomb) 

o r  low-temperature ash ing  under an oxygen atmosphere a r e  t h e  methods o f  cho ice  

a l though  a thorough wet d i g e s t i o n  w i t h  m ine ra l  ac ids  may a l s o  be used. 

The amount o f  sample needed i s  smal l ,  e.g., 1 m l  o r  l e s s  f o r  body f l u i d s .  

Even human s k i n  and f i n g e r n a i l s  can be analysed by t h i s  method . 
I n  conc lus ion ,  ASV i n  t h e  d i f f e r e n t i a l  p u l s e  mode can be used f o r  sc reen ing  

purposes and i s  an a p p r o p r i a t e  techn ique t o  i d e n t i f y  t h a l l i u m  unequ ivoca l l y  even 

a t  low concen t ra t i ons  o r  when smal l  amounts o f  sample a r e  present .  A t o t a l  quan- 

t i t a t i v e  de te rm ina t ion ,  however, r e q u i r e s  30 min o r  more. Hence, when many sam- 

p l e s  p e r  day have t o  be analysed, a m e t a l - d i r e c t e d  techn ique such as atomic- 

abso rp t i on  spec t romet ry  i s  f a s t e r  b u t  n o t  n e c e s s a r i l y  more s e n s i t i v e  o r  more 

p rec i se .  A l though au tomat ion  i n  ASV i s  s t i l l  a t  i t s  i n fancy ,  impor tan t  develop- 

ments may be expected i n  t h e  near  f u t u r e .  

37 

Q u a n t i t a t i o n  by ASV i s  e f f e c t e d  by t h e  s tandard  a d d i t i o n s  techn ique.  Th is  

36,43 , 

35 
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5.4.6.  neutron ac t iva t ion  analysis  (NAP.) 

N a t u r a l l y  o c c u r r i n g  t h a l l i u m  i s  a m i x t u r e  of 29.5% 203Tl  and 70.5% 2 0 5 T l .  

I r r a d i a t i o n  o f  t h a l l i u m  w i t h  thermal neutrons r e s u l t s  i n  t h e  fo rma t ion  o f  204Tl 

and 206Tl, r e s p e c t i v e l y .  204T l  decays t o  t h e  e x t e n t  o f  98% i n t o  s t a b l e  204Pb 

under H - r a d i a t i o n  w i t h  a h a l f - l i f e  o f  3.5 years  and 2% i n t o  s t a b l e  *O4Hg. 206T1 

has a h a l f - l i f e  o f  4.2 min and i s  t h e r e f o r e  n o t  o f  i n t e r e s t .  Thus t h e  B- rad ia -  

t i o n  a t  0.77 MeV can be measured f o r  q u a l i t a t i v e  and q u a n t i t a t i v e  purposes. As 

many i n t e r f e r i n g  a c t i v i t i e s  a r e  t o  be expected a f t e r  i r r a d i a t i o n  o f  a b i o l o g i c a l  

sample, separa t i on  o f  t h e  t h a l l i u m  i so tope  f rom the  i n t e r f e r i n g  m a t e r i a l  has t o  
45 be c a r r i e d  o u t  . 

The f a c t s  t h a t  NAA i s  n o t  r e a d i l y  a v a i l a b l e  i n  many l a b o r a t o r i e s  owing t o  

l a c k  o f  access t o  a neu t ron  source and t h a t  a f t e r  sample i r r a d i a t i o n  a chemical  

c lean-up o r  enr ichment  s t e p  i s  r e q u i r e d  make NAA u n a t t r a c t i v e  f o r  t h e  r o u t i n e  

de te rm ina t ion  o f  t h a l l i u m  i n  f o r e n s i c  and c l i n i c a l  l a b o r a t o r i e s .  However, as t h e  

NAA assay i s  very  s e n s i t i v e ,  w i t h  a d e t e c t i o n  l i m i t  below 0.1 ng, t h e  a n a l y s i s  

o f  ve ry  smal l  samples, e.g., p a r t s  o f  one h a i r ,  i s  now poss ib le ,  so t h a t  t h e  
46 techn ique has s p e c i a l i z e d  a p p l i c a t i o n s  . 

8 .4 .7 .  Mass spectrometry 

I s o t o p e - d i l u t i o n  mass spec t romet ry  (ID-MS) a l l ows  t h e  de te rm ina t ion  o f  u l t r a -  

t r a c e  amounts o f  t h a l l i u m  i n  va r ious  b i o l o g i c a l  m a t e r i a l s .  V e i n i g  and Z ink  

determined normal t h a l l i u m  concen t ra t i ons  i n  va r ious  human t i s s u e s  by ID-MS w i t h  

a d e t e c t i o n  l i m i t  o f  about 5 pg, a p r e c i s i o n  o f  b e t t e r  than 10% and h i g h  accuracy.  

A 1  though mass spectrometers a r e  now more g e n e r a l l y  a v a i l a b l e ,  t h e i r  use f o r  

r o u t i n e  a n a l y s i s  i s  s t i l l  d i f f i c u l t ,  p a r t i c u l a r l y  as a spec ia l  i n l e t  system i s  

requ i red ,  t h e  en r i ched  *03Tl i s  n o t  g e n e r a l l y  a v a i l a b l e  and a l eng thy  procedure 

i n c l u d i n g  wet  d e s t r u c t i o n  and e x t r a c t i o n  i s  necessary. Hence, ID-MS can be used 

as a re fe rence  o r  s tandard  technique, and f o r  t h e  de te rm ina t ion  o f  ve ry  low 

concen t ra t i ons  o f  t h a l l i u m  i n  s p e c i a l i z e d  and exper ienced l a b o r a t o r i e s .  

8 

8.5. INTERPRETATION OF RESULTS 

Smyth and Carson' reviewed t h a l l i u m  concen t ra t i ons  found i n  human organs, 

t i ssues  and body f l u i d s  i n  normal sub jec ts  and i n  cases o f  po ison ing .  They c a l -  

c u l a t e d  t h a t  t h e  average d a i l y  human e x c r e t i o n  o f  t h a l l i u m  i n  u r i n e  and faeces 

i s  about 1 ug, whereas t h e  d a i l y  d i e t a r y  i n t a k e  i s  es t imated  t o  be l e s s  than 

2 pg. Weinig and Zink' determined t h a l l i u m  i n  s i x  human bodies n o t  abnormal ly  

exposed t o  t h a l l i u m .  They concluded t h a t  a l l  organs c o n t a i n  t h a l l i u m  and t h a t  



260 

t h e  concen t ra t i ons  found (0.15-29.5 ng/g) a r e  more than 100 t imes lower  than 

those found i n  po ison ing  cases. F a t t y  t i ssues ,  ce reb rosp ina l  f l u i d  and b lood 

c o n t a i n  lower  t h a l l i u m  concent ra t ions ,  whereas h i g h e r  concen t ra t i ons  were found 

i n  bones, h a i r s ,  t ee th ,  n a i l s  and kidneys. I n  t h e  lungs  o f  workers i n  mines 

s l i g h t l y  h i g h e r  t h a l l i u m  concen t ra t i ons  cou ld  be de tec ted .  Accord ing  t o  Armore 

t h a l l i u m  i n  b lood  i s  d i v i d e d  e q u a l l y  between t h e  b lood  c e l l s  and plasma. 

a r e  much lower  than those o f  t i s s u e s .  The t h a l l i u m  concen t ra t i ons  i n  t h e  k idneys  
47 and l i v e r s  o f  humans k i l l e d  by t h a l l i u m  were i n  t h e  range 18-74 ug/g 

A f t e r  an o r a l  i n t a k e  o f  t h a l l i u m ,  t h e  u r i n e  f i r s t  shows h i g h  l e v e l s  (ove r  

10 ug/ml) ,  b u t  they  f a l l  r a p i d l y .  However, as t h a l l i u m  cont inues  t o  be exc re ted  
5 s l o w l y  i n  t h e  u r i n e ,  i t  can s t i l l  be de tec ted  i n  u r i n e  a f t e r  severa l  months . 

T h a l l i u m  i s  a l s o  exc re ted  i n  s a l i v a  a t  concen t ra t i ons  even h i g h e r  than those i n  

u r i n e  . 

except  h a i r ,  w i l l  i n d i c a t e  some fo rm o f  t h a l l i u m  po ison ing .  

22 , 

T h a l l i u m  i s  accumulated i n  t i s s u e s  and thus  i n  cases o f  no i son ing  serum l e v e l s  

. 

48 

I n  conc lus ion ,  t h a l l i u m  concen t ra t i ons  above 0.01 ug/g i n  b i o l o g i c a l  m a t e r i a l s ,  

8.6. CONCLUSIONS AND FUTURE PROSPECTS 

I n  t h e  m e t a l - d i r e c t e d  techn iques  an i nc rease  i n  s e n s i t i v i t y  i s  accompanied 

by an i nc rease  i n  c o s t  ( c o l o r i m e t r y  < FAAS < NFAAS < I D - M S ) .  FAAS a l l ows  d e t e r -  

m ina t i ons  o f  t h a l l i u m  a t  concen t ra t i ons  h i g h e r  than 0.2 Uq/g; q u a n i i t a t i v e  

assays by NFAAS a r e  r e l i a b l e  a t  concen t ra t i ons  h i g h e r  than about 10 ng/cJ, where- 

as assays by ID-MS even a l l o w  de te rm ina t ions  down t o  t h e  10 pg/g l e v e l .  

day, whereas c o l o r i m e t r y  i s  much more t ime consuming. ID-MS does n o t  l e n d  i t s e l f  

w e l l  t o  automat ion, b u t  as t h i s  method i s  t h e  most s e n s i t i v e ,  r e l i a b l e  and 

p rec i se ,  i t  can be used as a re fe rence/s tandard  techn ique and t o  e s t a b l i s h  normal 

l e v e l s  o f  t h a l l i u m .  However, t h e  s p e c i a l i z e d  i n s t r u m e n t a t i o n  r e s t r i c t s  t h i s  

techn ique t o  o n l y  a few exper ienced l a b o r a t o r i e s .  

FAAS and NFAAS a l l o w  q u a n t i t a t i v e  de te rm ina t ions  o f  more than 30 samples pe r  

Methods s u i t a b l e  f o r  sc reen ing  purposes a r e  NAA, emiss ion  spec t romet ry  and 

ASV. NAA i s  i n t e r e s t i n g  because o f  i t s  low d e t e c t i o n  l i m i t ,  b u t  as the  equipment 

i s  n o t  g e n e r a l l y  a v a i l a b l e  i t  i s  used o n l y  f o r  s p e c i a l  s t u d i e s  such as t h e  ana l -  

y s i s  o f  p a r t s  o f  a h a i r .  

can be  de tec ted  i n  one run. Modern equipment t h a t  a l l ows  t h e  q u a n t i t a t i v e  ana l -  

y s i s  o f  smal l  samples w i t h  p h o t o m u l t i p l i e r  d e t e c t i o n  i s ,  however, ve ry  expensive 

and r a t h e r  i n s e n s i t i v e  f o r  t h a l l i u m .  

can be de tec ted  i s  s t i l l  l i m i t e d  t o  about t e n  b u t  ASV i s  ve ry  s e n s i t i v e  and 

h i g h l y  s e l e c t i v e  f o r  t h a l l i u m .  

Emission spec t romet ry  has t h e  advantage t h a t  a l l  meta ls  and some non-metals 

ASV i s  a much l e s s  expensive screen ing  techn ique.  The number o f  me ta l s  t h a t  
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I n  t h e  f u t u r e  i t  may be expected t h a t  f lame a tomic-absorp t ion  spec t romet ry  

w i l l  become g e n e r a l l y  a v a i l a b l e  i n  f o r e n s i c  and l a r g e r  c l i n i c a l  l a b o r a t o r i e s  

because o f  i t s  s i m p l i c i t y  i n  use and t h e  s t i l l  decreas ing  cos ts .  As t h a l l i u m  can 

be determined by FAAS, a l though n o t  ve ry  s e n s i t i v e ,  another  m e t a l - d i r e c t e d  tech-  

n ique  w i l l  be  r e q u i r e d  o n l y  f o r  s t u d i e s  i n  which lower  d e t e c t i o n  l i m i t s  a r e  

r e q u i  red. 

automated se t -up  lends  i t s e l f  t o  use i n  c l i n i c a l  l a b o r a t o r i e s ,  whereas modern 

emiss ion  spec t romet ry ,  i n  s p i t e  o f  t h e  cos ts ,  w i l l  f i n d  a p lace  i n  l a r g e r  f o -  

r e n s i c  l a b o r a t o r i e s .  

I n  cases i n  which t h e  u n d e r l y i n g  metal  i s  n o t  known beforehand, ASV i n  a more 
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9.1. HISTORY OF CHROHIUM DETERMINATION I N  BIOLOGICAL MATERIALS 

I n  l i g h t  o f  c o l l a b o r a t i v e  s t u d i e s  and i n c o n s i s t e n c i e s  i n  t h e  a n a l y t i c a l  da ta  

r e p o r t e d  by i n v e s t i g a t o r s  f o r  b i o l o g i c a l  f l u i d s  and c e r t i f i e d  SRMs.. t h e  h i s t o r y  

o f  chromium a n a l y s i s  i n  b i o l o g i c a l  m a t e r i a l s  i s  one o f  t h e  most p u z z l i n g  among 

t r a c e  elements . Recent ly.  though. t h e r e  has been b e t t e r  agreement among s c i e n t i s t s  

concenrn ing  v a l i d  a n a l y t i c a l  methods. as w e l l  as normal l e v e l s  o f  chromium i n  

body f l u i d s  . 

*For a b b r e v i a t i o n s  see p . 273 . 
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The development o f  more accurate a n a l y t i c a l  methods f o r  chromium has p a r t i c -  

u l a r l y  su f fe red  f o r  lack o f  s u i t a b l e  SRMs a t  the same concentrat ion l e v e l s  as 

those o f  b i o l o g i c a l  materials. I t  was no t  u n t i l  1978 t h a t  the NRS issued bovine 

l i v e r  (SRM 1577) f o r  chromium. This was the f i r s t  and so f a r  the on ly  s u i t a b l e  

SRM f o r  chromium i n  b i o l o g i c a l  ma te r ia l s  whose chromium content i s  approximately 

100 ng/g. No SRM is  y e t  ava i l ab le  f o r  chromium a t  the concentrat ion l e v e l  of 

1 ng/g, i.l., t h a t  which e x i s t s  i n  body f l u i d s .  

t he  determinat ion o f  chromium i n  b i o l o g i c a l  materials. These inc lude methods 

based on ~ o l o r i r n e t r y l - ~ ,  electrochemistry3, XRFS4, AES5", SSMSlO, GLC , 
FAAS14'15, GFAASl6,I7, INAA18-20 and DNAA19'21s22. MS23, MED24, AASZ5 and ECD26 

have been employed as detectors  f o r  GLC. Recently, methods based on ICPAES 

CEWM-AA3fl'31, I D M S ~ ~  and, a t  h igher  concentrat ion l eve l s ,  PIXE33 have been used 

fo r  chromium analysis. Recently the most popular methods have been GFAAS and 

NAA . 

I n  the  past, attempts have been made t o  employ numerous a n a l y t i c a l  means fo r  

11-13 . 

27-29 , 

TABLE 9.1 

CHROMIUM I N  PLASMA OR SERUM AS REPORTED BY DIFFERENT WORKERS 

Mean No. of Ana ly t i ca l  Ref. 

(ng/ml) subjects method 

185 
25 
28 
30 
23 
10 
5.1 
9.3 

3.1 

45 
14 

25 
39 

5 
132 
16 
4 
7 

127 
3 

21 

150 11 
0.73 50 
1.62 15 
0.5 
7.0 
0.160 

5 
20 

0.14 8 
4.4 196 
6.09 32 
0.45 7 
1.1 20 

AES 
AES 
AAS 
AAS 
AAS 
NAA 
AAS 
NAA 
NAA 
GLC-ECD 
AES 
c1 
AAS 
AAS 
AAS 
GLC-MED 
NAA 
AAS 
AAS 
NAA 
NAA 
AAS 

Monacell i  e t  a&.6 
Paixao and Yoe 
G1 insmann and ~ g r t z ~ ~  
Feldman e t  a1 
Levine e t  al.35 
Behne and Dieh136 16 
Davidson and Se e s t  

Maxia e t  a l .  31) 
Savory e a l .  

L i  and Hercules 41 
Graf f lage e t  a 
Pekarek e t  a1 .42 
See1 i n g  e t  a1 . 
Black and S i e v e t ~ ~ ~  
Versieck e t  . 
V i r  and Love 
Newman e t  a1 .4546 
Kasperek e t  a l .  47 
Rabinovitz e t  a l .  

Kasperek e t  ji. 55- 

Hambidge Q 

Kayne e t  al.26 $4 

40 

I ?  
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The values repo r ted  f o r  chromium i n  human serum o r  plasma by d i f f e r e n t  workers 

(Table 9.1) c l e a r l y  r e f l e c t  t h e  d i f f i c u l t i e s  found i n  chromium ana lys i s  i n  b i o -  

l o g i c a l  ma te r ia l s .  These data i n d i c a t e  ser ious e r r o r s  i n  sample c o l l e c t i o n  and/or 

analys is .  The l a r g e  downward t r e n d  w i t h  t ime  i n  repo r ted  concentrat ions shows, 

however, t h a t  cons iderable improvements i n  methods o f  contaminat ion c o n t r o l  and 

a n a l y s i s  have been made. 

t h a t  found i n  serum i s  n o t  much b e t t e r .  Table 9.2 sumnarizes t h e  concen t ra t i ons  

repo r ted  f o r  NBS bovine l i v e r  (SRtI 1577). 

The s i t u a t i o n  a t  a concen t ra t i on  l e v e l  two orders o f  magnitude h ighe r  than 

TABLE 9.2 

QEPORTED VALUES FOR CHROMIUM I N  NBS BOVINE LIVER (SRM 1577) 

NBS c e r t i f i e d  value: 88 i12 ng/g. 

Concentrat ion 

(ng/g) 

A n a l y t i c a l  Ref. 

method 

3500- 
1000 
490 
210 
150 
130 
130 

1500 

94 
80.6 
5 1  
50.1 
5 

I NAA 
DNAA 
I NAA 
DNAA 
I NAA 
GFAAS 
I NAA 
GFAA 
ONAA 
I NAA 
GFAAS 
I NAA 

20 Nadkarni and $Iyrison 
S t e l l a  e t  a148 
B r i l l  e t  , 

Grimaki s 
Mertz a@ Roginski  
P l a n t i n  
Chao and P i c k e t  
Versieck e t  a 
P ie rce  e t  a l .  
Chr istensen e t  
Kasperek e t  a l .  

McClendoag !!I 
50 

k4 

Even a t  concentrat ions h ighe r  than 2 pg/g, t he  accuracy was n o t  s a t i s f a c t o r y  

i n  an i n t e r - l a b o r a t o r y  comparison s tudy conducted us ing  NBS brewer 's  yeas t  (SRM 

1569) as an unknown sample57. Only two r e s u l t s  o u t  o f  twenty two were w i t h i n  the  

c e r t i f i e d  va lue o f  2.12t0.05 pg/g, with a range o f  0.351-5.40 ~ g / g ~ ~ .  I n  t h i s  

c o l l a b o r a t i v e  study, NAA showed b e t t e r  accuracy than GFAAS. However, Tables 9.1 

and 9.2 demonstrate t h a t  r e s u l t s  obta ined us ing  NAA can be f a r  f rom s a t i s f a c t o r y .  

One can t h e r e f o r e  conclude t h a t  i naccu rac ies  have n o t  been due ma in l y  t o  the  

a n a l y t i c a l  p r i n c i p l e  o r  t o  t h e  i ns t rumen ta l  c a p a b i l i t y  used, b u t  r a t h e r  t o  t h e  

i n a b i l i t y  o f  i n v e s t i g a t o r s  t o  recognize impor tan t  sources o f  e r r o r .  Th is  has 

e s p e c i a l l y  been t h e  case w i t h  contaminat ion c o n t r o l  i n  sampling, sample hand l i ng  

and analys is .  
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9.2. SAMPLING, SAMPLE HANDLING AND DIGESTION FOR CHROMIUM DETERMINATION 

9.2.1. Control o f  airborne contamination 

Chromium i s  present  a t  r e l a t i v e l y  h i g h  concentrat ions i n  t h e  dus t  p a r t i c l e s  

o f  any s tandard l abo ra to ry .  A c lean  room o r  a Class 100 lam ina r  f l o w  hood i s  

necessary d u r i n g  sample hand l i ng  and d i g e s t i o n  t o  avo id  a i rbo rne  contamina- 

t i ~ n ~ ~ ~ ' ~ .  Dur ing t r a n s f e r s  between rooms, samples must be kep t  i n  covered 

p l a s t i c  conta iners.  

chromium (Ni-Cr)  should be avoided3'. A d d i t i o n a l l y ,  a t  t he  u l t r a t r a c e  l e v e l ,  

c r u c i b l e s  must be covered d u r i n g  d r y  ashing6' as a i r  cu r ren ts  present  i n  t h e  

h o t  oven c a r r y  p a r t i c l e s  h i g h  i n  chromium. 

For  d r y  d iges t i ons ,  t h e  use o f  m u f f l e  furnaces whose thermocouples con ta in  

9.2.2. Sampling 

9.2.2.1. Selection o f  tools and container materials for  sampling 

Knives, homogenizer blades and needles f o r  venepuncture and l i v e r  b iops ies  

are u s u a l l y  made o f  s t a i n l e s s  s t e e l ,  which con ta ins  8-201 o f  chromium, and 

t h e r e f o r e  cannot be used f o r  sampl ing i n  chromium analys is .  It has been shown 

t h a t  t h e  use o f  normal venepuncture o r  b iopsy needles may in t roduce  chromium 

contaminat ion i n  b lood  o r  l i v e r  b iopsy samples 100 t imes h ighe r  than t h a t  which 

i s  n a t u r a l l y  present58. Tools made o f  a low-chromium s t e e l ,  qua r t z ,  t i t a n i u m  

and p l a s t i c  a re  su i tab le5* .  For t h e  sampl ing o f  blood, over- the-needle ca the te rs  

made o f  po lypropy lene a re  necessary and a l s o  comnerc ia l ly  a v a i l a b l e  

For  s torage o f  samples, h igh-pressure polyethy lene,  PVC, PTFE and s y n t h e t i c  

qua r t z  o f  t h e  h ighe r  p u r i t y  have been found s u i t a b l e  

61  . 

58,53,62 

9.2.2.2. Cleaning of containers 

t i o m  o f  a c i d  t reatment  have been proposed 58s61,63. It i s  very impor tan t  t h a t  

ac ids  used f o r  t h e  c lean ing  o f  con ta ine rs  should be low i n  chromium. Su lphur i c  

a c i d  i s  t h e  most e f f i c i e n t  o f  t h e  m ine ra l  ac ids  f o r  e x t r a c t i n g  chromium . 
Further ,  even reagent-grade concentrated s u l p h u r i c  a c i d  i s  very  low i n  chromium 

(0.2 ng/ml). Soaking c r u c i b l e s  ove rn igh t  i n  10% s u l p h u r i c  a c i d  and r i n s i n g  

severa l  t imes w i t h  doubly d i s t i l l e d  water  has been found s u f f i c i e n t  f o r  u l t r a -  

t r a c e  chromium a n a l y s i s  . 

Thorough c lean ing  o f  con ta ine rs  be fo re  use i s  necessary, and va r ious  combina- 

64 

60 
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9.2.3. SampZe handzing and s t o r a g e  

9.2.3.1. Be-treatment of hair samples 

C o l l e c t i o n  o f  h a i r  samples f o r  chromium ana lys i s  does n o t  cause any spec ia l  

problems. More problemat ic  i s  t h e  washing procedure necessary t o  remove t h e  

exogenous chromium due t o  environmental  contaminat ion.  With t h e  except ion o f  a 

few publ ished data t h i s  area i s  l a r g e l y  A recen t  methodological  

s tudy showed t h a t  1% sodium l a u r y l  su lphate of hexane-ethanol (1:l) gave t h e  
same chromium concen t ra t i on  p la teau  a f t e r  a 2 x 20 min wash, removing about 70% 

o f  t h e  chromium, whereas acetone was much l e s s  e f f e c t i v e  and d i d  n o t  p la teau  

even a f t e r  s i x  successive washes . 67 

9.2.3.2. Homogenizat ion 

Homogenizer blades a re  u s u a l l y  made o f  a high-chromium s t e e l .  For  oven-dr ied 

b i o l o g i c a l  ma te r ia l s ,  t he re fo re ,  i t  i s  o f  t h e  utmost importance t o  avo id  use o f  

b lades o f  t h i s  type. The chromium content  o f  d r i e d  bov ine l i v e r  p ieces may 

inc rease  10 - fo ld  d u r i n g  3 min o f  homogenization i n  an o r d i n a r y  homogenizer . 
Blades s p e c i a l l y  f a b r i c a t e d  o f  a low-chromium s t e e l  (0.5% Cr) have been shown 

n o t  t o  cause s i g n i f i c a n t  contaminat ion o f  d i e t  samples even a f t e r  11 min o f  

h o m ~ g e n i z a t i o n ~ ~ .  However, f o r  d r i e d  b i o l o g i c a l  m a t e r i a l s  and e s p e c i a l l y  meat, 

b lades made o f  a chromium-free a l l o y  should be used. 

68 

9.2.3.3. S t o r a g e  

For s torage o f  samples, h igh-pressure polyethy lene,  PVC, PTFE and s y n t h e t i c  

31 
quar t z  o f  t h e  h ighes t  p u r i t y  a re  

t o  be s t o r e d  frozen, un less they a re  d r i e d  and sealed i n  a i r t i g h t  con ta ine rs  

s u i t a b l e  58s59962. B i o l o g i c a l  m a t e r i a l s  have 

. 
9.2.4. Samp7,e d i g e s t i o n  

For most methods, and p a r t i c u l a r l y  w i t h  samples whose chromium con ten t  i s  a t  

t h e  u l t r a t r a c e  concen t ra t i on  l e v e l  (s5 ng/ml), chromium must be i n  s o l u t i o n  

be fo re  t h e  i ns t rumen ta l  analys is .  Dry, wet o r  oxygen plasma ashing can be 

employed. For  a l l  o f  these d i g e s t i o n  methods, however, c e r t a i n  p recau t ions  must 

be exercized. 

F i r s t ,  c e r t a i n  b i o l o g i c a l  ma te r ia l s ,  e s p e c i a l l y  brewer’s yeas t  and some p l a n t  

m a t e r i a l s ,  may con ta in  l a r g e  amounts o f  s i l i c a ,  which i s  i n s o l u b l e  i n  most ac ids.  

S i g n i f i c a n t  p ropor t i ons  o f  t h e  chromium i n  samples have been found t o  be adsorbed 

on the  s i l i c a  p a r t i c l e s ,  r e s u l t i n g  i n  erroneously  low v a l ~ e s ~ ~ ’ ~ ~ .  H y d r o f l u o r i c  

ac id ,  however, has been used s u c c e s s f u l l y  f o r  t h e  d i s s o l u t i o n  o f  s i l i c a  i n  t h e  

s o l u t i o n  . 57 
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9.2.4.1. Wet d i g e s t i o n  

I n  wet d i g e s t i o n ,  a c i d  m ix tu res  c o n t a i n i n g  p e r c h l o r i c  a c i d  must a l s o  c o n t a i n  

s u l p h u r i c  a c i d  t o  p reven t  l osses  o f  chromium. Losses o f  up t o  94% have been 

r e p o r t e d  f o r  chromium i f  p e r c h l o r i c  a c i d  i s  used alone, and 90% f o r  a m i x t u r e  

o f  p e r c h l o r i c  a c i d  and n i t r i c  acid52. Th is  i s  o b v i o u s l y  due t o  t h e  fo rma t ion  o f  

chromium(V1) o x y c h l o r i d e  (Cr02C12, b.p. 118OC). The presence o f  s u l p h u r i c  a c i d  

i n  t h e  d i g e s t i o n  m i x t u r e  seems t o  p reven t  t h e  syn thes i s  o f  t h i s  compound52 by 

fo rm ing  s t a b l e  su lpha te  complexes w i t h  chromium. 

Another p o t e n t i a l  source o f  e r r o r  i n  wet d i g e s t i o n  i s  t h e  contaminat ion  due 

t o  t h e  ac ids  used. Commercial h i g h - p u r i t y  n i t r i c  a c i d  u s u a l l y  con ta ins  about 

100 ng/ml o f  chromium and a f t e r  double d i s t i l l a t i o n  may s t i l l  c o n t a i n  more than 

10 ng/ml 59962970.  Commercial reagent-grade s u l p h u r i c  a c i d  and h i g h - p u r i t y  hydro- 

c h l o r i c  a c i d  u s u a l l y  c o n t a i n  l e s s  than  0.5 ng/ml o f  chromium59y70, b u t  can be 

used f o r  wet d i g e s t i o n  i n  m ix tu res  w i t h  o x i d i z i n g  ac ids  on ly .  Therefore,  i t  i s  

ex t remely  d i f f i c u l t  t o  use wet d i g e s t i o n  f o r  samples whose chromium con ten t  i s  

a t  t h e  u l t r a t r a c e  l e v e l  . 52 

9.2.4.2. Oxygen p l a s m a  a s h i n g  

For  samples c o n t a i n i n g  chromium a t  t h e  u l t r a t r a c e  l e v e l ,  oxygen plasma ash ing  -_ 
has been found t o  be a r e l i a b l e  d i g e s t i o n  method". The disadvantage 

i n e f f i c i e n c y ,  wh ich  prevents  i t s  a p p l i c a t i o n  t o  c e r t a i n  samples 72 . 
9.2.4.3. D r y  a s h i n g  

A long-s tand ing  con fus ion  concern ing  t h e  v a l i d i t y  o f  d r y  ash ing  i n  

s i t s  

chromi um 

a n a l y s i s  was generated by i n v e s t i g a t o r s  who c la imed t h a t  some chromium compounds 

n a t u r a l l y  p resen t  i n  b i o l o g i c a l  m a t e r i a l s  were v o l a t i l e  i n  d r y  ash ing  

The v o l a t i l e  chromium was assumed t o  be i n  t h e  fo rm o f  t h e  g lucose t o l e r a n c e  

f a c t o r .  However, numerous exper iments conducted u s i n g  c e r t i f i e d  SRMs and 51Cr 

endogenously i nco rpo ra ted  i n t o  b rewer 's  yeas t  d i d  n o t  i n d i c a t e  t h e  presence o f  

any s i g n i f i c a n t  v o l a t i l e  chromium f r a c t i o n  a t  temperatures o f  5OO0C o r  lower31 '  

20,47,73-76 

64,78-80 

Loss o f  chromium by  r e t e n t i o n  on t h e  w a l l s  o f  c r u c i b l e s  can be a problem i f  

temperatures o f  6OO0C o r  h i g h e r  a re  used78s81. Gorsuch8' showed t h a t  r e t e n t i o n  

o f  chromium a t  6OO0C o r  h i g h e r  was due t o  l a r g e  amounts o f  sodium c h l o r i d e  t h a t  

he added t o  t h e  samples f o r  exper imenta l  purposes. 

e x t e n t  o f  chromium r e t e n t i o n  i s  u s u a l l y  n o t  more than  2% 

m a t e r i a l s  whose chromium con ten t  i s  h i g h e r  than approx imate ly  8 ng/g 

Fo r  samples whose chromium con ten t  i s  lower ,  however, p o r c e l a i n  o r  q u a r t z  

A t  t h e  temperatures of  5OO0C o r  l ower  no rma l l y  employed f o r  d r y  ashing, t h e  

Dry  ash ing  has been found t o  be s u i t a b l e  f o r  t h e  d i g e s t i o n  o r  b i o l o g i c a l  

31,64 . 
31,68,80 
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c r u c i b l e s  should n o t  be used i n  d r y  ashing. It has been shown t h a t  chromium 

present  i n  c r u c i b l e  m a t e r i a l s  leaches a t  e leva ted  temperatures and can s e r i o u s l y  

contaminate samples a t  t he  u l  t r a t r a c e  concen t ra t i on  l e v e l  71 . 
9.2.5. Preparation and storage of standard solutimm 

Anand and D ~ c h a r m e ~ ~  have shown t h a t  b o r o s i l i c a t e  g lass  i s  s u p e r i o r  t o  p l a s t i c  

m a t e r i a l s  f o r  t h e  s torage of chromium standard so lu t i ons .  Depending on concen- 

t r a t i o n ,  t h e  standards remained s t a b l e  f rom 1 t o  48 weeks i n  g lass  con ta ine rs  . 
Speeke e t  al.58 a l s o  p r e f e r r e d  quar t z  t o  p l a s t i c  as a con ta ine r  m a t e r i a l  f o r  t he  

s torage o f  chromium standards. 

A t  t h e  u l t r a t r a c e  concen t ra t i on  l e v e l ,  standards must be prepared d a i l y .  I t  

i s  ext remely impor tan t  t o  prepare standards i n  d i l u t e  a c i d  s o l u t i o n s ,  as tri- 

v a l e n t  chromium has a s t rong  tendency t o  p r e c i p i t a t e  i n  aqueous s o l u t i o n s  w i t h  

pH above 3.5 owing t o  t h e  o l a t i o n  process 

83 

84 . 
9.3. METHODS CAPABLE OF CHROMIUM DETERMINATION AT THE HIGHER CONCENTRATION 

RANGE PRESENT I N  BIOLOGICAL MATERIALS 

Hai r ,  bones and most foods and d i e t s  a re  u s u a l l y  h ighe r  i n  chromium t h a t  

100 ng/g d r y  weight. Th i s  a l l ows  t h e  use o f  INAA, which i s  a non-dest ruct ive 

mu1 t i - a n a l y t i c a l  method. 

9.3. I .  Instrumental neutron activation analysis 

51 The nuc lea r  r e a c t i o n  u s u a l l y  employed i n  NAA i s  50Cr(n,y) C r .  The measure- 

ment o f  t h e  320-keV y- ray peak o f  51Cr ( t i  = 27.7 days) f o l l o w s  a f t e r  an opt imal  

decay time. With b i o l o g i c a l  ma te r ia l s ,  which a re  always f a i r l y  h i g h  i n  a l k a l i  

meta ls  and phosphorus, a t  l e a s t  1 week i s  needed t o  a l l o w  the  s h o r t e r  l i v e d  

i n t e r f e r i n g  nuc l i des  t o  decay i n  o rde r  t o  measure the  smal l  chromium y-ray peak. 

Th is  means t h a t  a l o n g  i r r a d i a t i o n  time, u s u a l l y  more than 1 week, a t  h i g h  

neutron f l u x  d e n s i t y  i s  a l s o  needed i n  o rde r  t o  o b t a i n  h igh  enough 51Cr a c t i v i t y .  

A h i g h - r e s o l u t i o n  d e t e c t o r  such as a Ge(L i )  semiconductor d e t e c t o r  should be 

used t o  avo id  poss ib le  s p e c t r a l  i n te r fe rences .  Another even more impor tan t  source 

o f  e r r o r  i s  t h e  chromium present  i n  i r r a d i a t i o n  ampoules, Even when quar t z  o f  

t h e  h ighes t  p u r i t y  i s  used, t h i s  "contaminat ion" source may cause se r ious  e r r o r s  

f o r  most b i o l o g i c a l  mater ia ls85.  Separat ion o f  t h e  i r r a d i a t e d  sample f rom i t s  

i r r a d i a t i o n  con ta ine r  be fo re  reco rd ing  t h e  a c t i v i t y  i s  t h e r e f o r e  necessary. A 

d e t e c t i o n  l i m i t  o f  approx imate ly  10 ng/g o f  chromium can be obta ined w i t h  INAA. 
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I n  sumnary, t h e  disadvantage o f  I N A A  i n  t h e  de te rm ina t ion  o f  chromium i n  

b i o l o g i c a l  m a t e r i a l s  i s  t h e  l o n g  a n a l y s i s  time. The advantages a r e  t h e  few ope- 

r a t i o n s  needed and, a f t e r  i r r a d i a t i o n ,  freedom f rom contaminat ions  and chemical  

i n t e r f e r e n c e s ,  as w e l l  as t h e  c a p a b i l i t y  o f  mu l t i - e lemen t  ana lys is .  I n  theory ,  
I N A A  i s  a lmost an i d e a l  a n a l y t i c a l  t o o l ,  b u t  as Table 9.2 shows, spec ia l  care  

must be exe rc i zed  i n  o r d e r  t o  o b t a i n  v a l i d  r e s u l t s  f o r  chromium i n  b i o l o g i c a l  

ma te r ia l s .  T h i s  i s  e s p e c i a l l y  impor tan t  i n  mu l t i - e lemen t  analyses. 

9.3.2. X-ray f l uorescence  spectrometry 

The d e t e c t i o n  l i m i t  o f  i ns t rumen ta l  X-ray f luorescence a n a l y s i s  has t r a d i -  

t i o n a l l y  n o t  been s u f f i c i e n t l y  low f o r  t h e  de te rm ina t ion  o f  chromium i n  b i o -  

l o g i c a l  m a t e r i a l s .  Lower concen t ra t i ons  can be determined, however, i f  a sample 

i s  d i g e s t e d  and chromium i s  separated f rom i n t e r f e r i n g  elements by e x t r a c t i o n .  

Us ing  t h i s  technique, Beyermann e t  al.4 repo r ted  a d e t e c t i o n  l i m i t  o f  5 ng/ml 

o f  chromium i n  u r ine .  Th is  t ype  o f  ana lys i s ,  however, i s  i m p r a c t i c a l  and i n -  

creases t h e  r i s k  o f  l osses  and contaminat ion:  

9.3.3. Flame atomic-absorpt ion spectrometry 

Idhen u s i n g  FAAS f o r  t h e  de te rm ina t ion  o f  chromium i n  b i o l o g i c a l  m a t e r i a l s ,  

chromium must be e x t r a c t e d  i n t o  an o rgan ic  s o l v e n t  a f t e r  a d iges t i on .  Th is  i s  

necessary because o f  t h e  l ow  concen t ra t i on  l e v e l ,  b u t  i s  a l s o  b e n e f i c i a l  i n  

o r d e r  t o  avo id  m a t r i x  e f f e c t s .  Feldman e t  a l . I 4  used methyl  i s o b u t y l  ke tone f o r  

t h e  e x t r a c t i o n  o f  chromium a f t e r  o x i d a t i o n  t o  t h e  hexava len t  s ta te .  I n  more 

recen t  s tud ies ,  chromium has been che la ted  p r i o r  t o  e x t r a c t i o n  w i t h  c h e l a t i n g  

agents such as 2,4-pentanedione, APDC and DDDC. 

m a t e r i a l s  a t  concen t ra t i ons  h i g h e r  than ca. 10 ng/ml 15s86987. The e x t r a c t i o n  

technique, however, i s  compl icated, t i m e  consuming and s u s c e p t i b l e  t o  l osses  

and contaminat ions  . 

Using  t h e  s o l v e n t  e x t r a c t i o n  technique, chromium can be measured i n  b i o l o g i c a l  

52 

9.3.4. Co lor ime t r i c  and electrochemical  methods 

C o l o r i m e t r i c  de te rm ina t ion  i s  based on t h e  fo rma t ion  o f  a complex when hexa- 

v a l e n t  chromium r e a c t s  w i t h  1,5-diphenyl carbazide. Th is  complex can be measured 

c o l o r i m e t r i c a l l y  a t  540 nm. Var ious  adap ta t i ons  o f  t h i s  p r i n c i p l e  have been 

d e ~ e l o p e d l - ~ .  However, o t h e r  meta ls  p resen t  i n  b i o l o g i c a l  m a t e r i a l s ,  e s p e c i a l l y  

i r o n  and vanadium, s e r i o u s l y  i n t e r f e r e  . There fore ,  t h e  use o f  t h i s  method shou ld  

be avoided. 

3 
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For reduct ion o f  hexavalent t o  t r i v a l e n t  chromium can be employed f o r  the 

electrochemical determination o f  chromium. Reyermann has examined amperometric 

chromium analys is  t o  some extent. This method, however, a l so  suf fers  from a lack 

o f  s e p c i f i c i t y  and should be used w i t h  caution. 

3 

9.3.5. Spark-source mass spectrometry 

For the  determination o f  chromium i n  several b i o l o g i c a l  ma te r ia l s  by SSMS, 

the samples need on ly  be ashed. The weak po in ts  o f  t h i s  method have t r a d i t i o n a l l y  

been unstable source behavior, va r iab le  response o f  the photoplate detector ,  

sample inhomogeneity and ma t r i x  interferences8*. Although the use o f  an e l e c t r i c a l  

de tec t i on  system coupled w i t h  a computer has improved p rec i s ion  and shortened 

the analys is  t ime o f  SSMS8’, the determination o f  chromium i n  b i o l o g i c a l  mater i -  

a l s  by SSMS remains a problemg0. Chromium has been determined i n  h a i r ,  f ingerr  

n a i l s ,  a o r t i c  t issue”  and human l i v e r  samplesg0. The r e s u l t s  o f  the l a s t  study 

showed serious s e n s i t i v i t y ,  p rec i s ion  and ma t r i x  i n te r fe rence  problems. There- 

fore, w i t h  the present s ta te-of - the-ar t ,  SSMS i s  no t  recommended f o r  analyses 

t h a t  requ i re  good accuracy and prec is ion.  

9.4. IIETHODS CAPABLE OF CHROMIUM DETERMINATION AT THE ULTRATRACE CONCENTRATION 

LEVEL 

I n  t h i s  presentation, the u l t r a t r a c e  concentrat ion l e v e l  i s  taken t o  mean 

chromium concentrat ions o f  5 ng/ml o r  less. Methods based on several p r i n c i p l e s  

are capable o f  chromium determination a t  t h i s  l e v e l :  GFAAS, DNAA, ICPAES,  IDMS 

and GLC. 

9.4.1. Methods employing gas-liquid chromatogmphy 

I n  GLC, chromium must be converted i n t o  a v o l a t i l e  chelate, usua l l y  a 

f l u o r i n a t e d  acetylacetonate. A f t e r  separation i n  the GLC column, chromium can 

be detected by ECD3’, f!ED24, AA25 o r  M S ~ ~ .  The absolute de tec t i on  l i m i t s  f o r  

these systems are 1 x 

5 x 10”’ g (MS), according t o  d i f f e r e n t  workers24y25y91992. The advantage o f  

MED, AA and MS i s  t he  good s p e c i f i c i t y .  As the de tec t i on  l i m i t s  ind icate,  under 

i d e a l  condit ions, using GLC and the most s e n s i t i v e  detectors, chromium can be 

determined i n  u l t r a t r a c e  concentrations. However, the low chromium concentra- 

t i o n s  i n  b i o l o g i c a l  ma te r ia l s  cause several problems. 

F i r s t ,  the many chemicals needed i n  the sample preparat ion r e a d i l y  render 

the analys is  impossible owing t o  the h igh blanksg2. I n  addi t ion,  s ta in les -s tee l  

g (ECD), 1 x 10-l’ g (MED), 1 x lo-’ g (AA) and 
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needles, no rma l l y  employed f o r  t h e  i n j e c t i o n  o f  samples i n  GLC. must be rep laced  

w i t h  non -meta l l i c  p i p e t t e s  o r  p i p e t t e s  made o f  a chromium-free a l l o y .  Fu r the r ,  

t h e  flame s e a l i n g  of r e a c t i o n  tubes causes e leva ted  blanksg2. F i n a l l y ,  t h e  t r i -  

f l u o r o a c e t y l  acetone commerc ia l l y  a v a i l a b l e  must u s u a l l y  be p u r i f i e d  by d i s t i l  l a t i o n  

be fo re  use i f  an ECD i s  employed. 

GLC-MS can a l s o  be used f o r  t h e  measurement of chromium by s t a b l e  i s o t o p e  

d i l u t i o n  (ID). I n  t h i s  method, t h e  samples a r e  sp i ked  w i t h  50Cr  and t h e  chromium 

i s  e x t r a c t e d  a f t e r  t h e  d i g e s t i o n  as t h e  t r i f luoroacetylacetonate .  The i s o t o p e  

r a t i o  i s  measured by GLC-t1S u s i n g  dual  i o n  mon i to r ing .  

Th is  a n a l y t i c a l  system has been employed s u c c e s s f u l l y  f o r  t h e  de te rm ina t ion  

o f  chromium i n  u r i n e  a t  normal p h y s i o l o g i c a l  concent ra t ions .  The concen t ra t i on  

of  0.32 ng/ml found i n  a poo led  u r i n e  sample of h e a l t h y  U.S. sub jec ts ,  was 

v e r i f i e d  by  independent means . 
Owing t o  t h e  compl ica ted  procedure,  l o n g  a n a l y s i s  t ime and expensive i n s t r u -  

menta t ion ,  IDMS i s  n o t  s u i t a b l e  f o r  r o u t i n e  analyses b u t  i s  an e x c e l l e n t  r e f e r -  

ence method f o r  t h e  v e r i f i c a t i o n  o f  o t h e r  methods a t  t h e  u l t r a t r a c e  concent ra -  

t i o n  l e v e l .  
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9.4.2. Inductive Zy coupled pZasrna atomic-emission spectroscopy 

Hamhidge7-' used t h e  "argon-si  1 v e r  a r c "  techn ique f o r  t h e  emission spec t ro -  

scop ic  de te rm ina t ion  of chromium i n  serum. Th is  a r c  procedure has r e c e n t l y  been 

rep laced  by t h e  ICP soiree. For  ICPAES, s o l i d  samples must be d iges ted ,  b u t  

b i o l o g i c a l  f l u i d s ,  a f t e r  d i l u t i o n ,  may be analysed d i r e c t l y  i f  t h e  concen t ra t i on  

i s  s u f f i c i e n t l y  high. A t  p resent ,  t h e  d e t e c t i o n  l i m i t  f o r  chromium i s  about 

2 ng/ml w i t h  an u l t r a s o n i c  n e b u l i z e r  and about 5 ng/ml when an pneumatic n e b u l i z e r  

i s  used". T h i s  means t h a t  n e i t h e r  system i s  capabje o f  t h e  de te rm ina t ion  o f  
chromium i n  normal u r i n e  o r  serum 27,28,30,43,44,93 

The h i g h  s a l t  con ten t  o f  most b i o l o g i c a l  f l u i d s  r e q u i r e s  cons ide rab le  d i l u t i o n  

t o  p reven t  c l o g g i n g  o f  t h e  Hence t h e  sample i n t r o d u c t i o n  dev ices  

a re  t h e  weak l i n k  i n  t h i s  method and need improvement. The advantages of t h e  

ICPAES techn ique a r e  t h e  r e l a t i v e l y  h i g h  freedom f rom m a t r i x  e f f e c t s ,  c a p a b i l i t y  

o f  mu l t i - e lemen t  ana lys i s ,  smal l  sample s i z e  requ i red ,  few sample pre- t rea tments  

needed and a w ide  dynamic range 27.28 . 

9.4.3. Destructive neutron activation amzysis  

I n  DNAA, samples a r e  u s u a l l y  n o t  d iges ted  b e f o r e  t h e  i r r a d i a t i o n .  However, i f  a 

ve ry  h i g h  neu t ron  f l u x  

develops such a h i g h  pressure  i n  t h e  sea led  q u a r t z  ampoules t h a t  t h e r e  i s  t h e  

2 neutrons/cm /sec) i s  used, t h e  r a d i a t i o n  damage 
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r i s k  o f  an exp los ion .  I n  t h i s  ins tance,  d i g e s t i o n  be fo re  t h e  i r r a d i a t i o n  may be 

necessary43. A f t e r  t h e  i r r a d i a t i o n ,  t h e  ampoules must be  tho rough ly  c leaned t o  

remove o u t s i d e  contaminat ion.  The samples a r e  then d iges ted  i n  o r d e r  t o  a l l o w  

t h e  separa t i on  o f  chromium. A f t e r  a d d i t i o n  o f  c a r r i e r ,  chromium can be separated 

from t h e  i n t e r f e r i n g  n u c l i d e s  u s i n g  d i f f e r e n t  

o f  these i s  d i s t i l l a t i o n  o f  chromium as chromium(V1) o x y c h l o r i d e  (chromyl c h l o r i d e )  

(Cr02C12, b.p. 118OC)  by b o i l i n g  t h e  sample i n  p e r c h l o r i c  a c i d  s o l u t i o n  and i n t r o -  

duc ing  d r y  hydrogen c h l o r i d e  gas. A q u a n t i t a t i v e  recove ry  can be ob ta ined  

A l though DNAA i s  a con tamina t ion - f ree  method a f t e r  t h e  i r r a d i a t i o n ,  s p e c i a l  

ca re  must be exe rc i zed  t o  avo id  chromium contaminat ion  be fo re  t h e  i r r a d i a t i o n .  

T h i s  i s  v e r y  impor tan t  when samples such as serum and u r i n e  a r e  analysed. The 

sample s i z e  i s  u s u a l l y  100 mg o r  l e s s ,  which means t h a t  a t  t h e  serum chromium 

c o n c e n t r a t i o n  l e v e l  o f  0.15 ng/ml, a ve ry  smal l  con taminat ion  causes an impor tan t  

blank. It has been shown t h a t  f lame s e a l i n g  t h e  ampoules may r e s u l t  i n  a se r ious  

contaminat ion  o f  serum samples i f  t h e  q u a r t z  used i s  n o t  pure  enougha5. Another 

source t h a t  may cause e r r o r s  i n  chromium DNAA i s  t h e  i n t e r f e r i n g  nuc lea r  r e a c t i o n  

54Fe(n,c,) C r .  As t h e  nuc lea r  r e a c t i o n  shows, t h e  e x t e n t  o f  t h i s  i n t e r f e r e n c e  
19 depends on t h e  Fe:Cr concen t ra t i on  r a t i o  i n  t h e  sample t o  be analysed. P a r r  

c a l c u l a t e d  t h e  magnitude o f  e r r o r  due t o  t h i s  nuc lea r  r e a c t i o n  f o r  severa l  b i o -  

l o g i c a l  m a t e r i a l s .  These c a l c u l a t i o n s  showed t h a t  t h e  e x t e n t  o f  e r r o r  can be up 

t o  650% f o r  whole blood, 159% f o r  l i v e r ,  28% f o r  h e a r t  and 7% f o r  animal muscle 

an i r r a d i a t i o n  t ime  o f  12 days, was a b l e  t o  show t h a t  t h e  mean chromium con ten t  

i n  t h e  serum o f  h e a l t h y  sub jec ts  was 0.160 ng/ml. Th is  concen t ra t i on  l e v e l  was 

conf i rmed by independent means44. T h i s  demonstrates t h a t  DNAA i s  a ve ry  power fu l  

a n a l y t i c a l  t o o l  when p roper  care  i s  exerc ized,  and t h e  s e n s i t i v i t y  i s  op t im ized.  

However, t h e  l o n g  a n a l y s i s  t i m e  needed, t h e  compl ica ted  procedure and t h e  ex- 

pens ive  i n s t r u m e n t a t i o n  r e s t r i c t  t h e  use o f  DNAA as a r o u t i n e  method. 

The most s e l e c t i v e  

43 . 

51  

19 . 
2 Yers ieck  e t  a1.43, u s i n g  a ve ry  h i g h  neu t ron  f l u x  neutrons/cm /sec)  and 

9.4.4. Graphite furnace-atomic absorpt ion spectrometry 

GFAA c l e a r l y  has been t h e  most popu la r  a n a l y t i c a l  t o o l  i n  t h e  de te rm ina t ion  

o f  chromium i n  b i o l o g i c a l  m a t e r i a l s  i n  t h e  past.  However, a l though t h e  determina- 

t i o n  o f  chromium i n  pure  water  and i n  s imp le  i n o r g a n i c  ma t r i xes  by GFAA i s  r e l a -  

t i v e l y  s imple,  b i o l o g i c a l  m a t e r i a l s  pose seve ra l  problems and p o t e n t i a l  sources 

o f  e r r o r , .  

9.4.4.1. Problems s p e c i f i c  t o  graph i t e  furnace-utomic absorp t ion  

9.4.4.1.1. Background correc t ion .  The non-atomic abso rp t i on  caused by mo lecu la r  

spec ies  and l i g h t  s c a t t e r i n g  l eads  t o  s e r i o u s l y  ove r - l a rge  values f o r  chromium i n  

b i o l o g i c a l  ma t r i ces  un less  c o r r e c t e d  for. I n  o r d e r  t o  s o l v e  t h e  problems o f  back- 
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ground correct ion,  three p r i n c i p l e s  have been used: (1) measuring the absorption 

of a continuum e m i t t i n g  lamp, ( 2 )  using the Zeeman ef fect  and (3) using a wave- 

l eng th  modulation technique. 

The methods based on measurement of continuum emission usua l l y  employ a 

deuterium arc lamp whose e f f e c t i v e  emission i n t e n s i t y  covers the u l t r a v i o l e t  

reg ion up t o  about 350 nm. Thus, 357.9 nm, which i s  the most sens i t i ve  absorp- 

t i o n  l i n e  f o r  chromium t h a t  has t o  be used i n  order t o  measure chromium i n  b io -  
l o g i c a l  mater ia ls ,  i s  j u s t  on the border o f  the e f f i c i e n t  emission range o f  the 

deuterium lamp. 

Recently, the adequacy i n  chromium analys is  o f  the deuterium background cor-  

r e c t i o n  system used i n  comnercial AA spectrometers has been challenged3'. The 

authors found t h a t  excessively h igh values were obtained f o r  chromium i n  an ashed 

u r i n e  ma t r i x  when us ing a Perkin-Elmer AA spectrometer. 

To improve the e f f i c i e n c y  o f  t h i s  background co r rec t i on  system i n  the 350 nm 

spect ra l  region, Kayne e t  al.04 replaced the deuterium arc lamp o f  the Perkin- 

Elmer 603 AA spectrometer w i t h  a h igh - in tens i t y  tungsten-halogen lamp and repor ted 

d ramat i ca l l y  improved background co r rec t i on  c a p a b i l i t y  f o r  the analys is  o f  chro- 

mium i n  u r i n e  and serum. I n  add i t i on  t o  the deuterium arc lamp, t h i s  type o f  lamp 

has now been i n s t a l l e d  i n  the Perkin-Elmer 5000 AA spectrometer. The e f f e c t i v e  

spect ra l  emission reg ion of t h i s  lamp covers wavelengths from 350 t o  800 nm . 
Theoret ica l ly ,  the use of the Zeeman e f f e c t  t o  solve the background c o r r e c t i o n  

problem i n  chromium analys is  looks promising, bu t  the successful adaptation o f  

t h i s  technique f o r  chromium i n  b i o l o g i c a l  ma te r ia l s  a t  the u l t r a t r a c e  concentra- 

t i o n  l e v e l  has n o t  y e t  been reported. 

Zander e t  al.95 combined a h igh - in tens i t y  continuum source and a wavelength- 

modulated h igh-resolut ion echel le  monochromator. I n  t h i s  system, termed CEWM-ASS, 

the modulation process sweeps the absorption p r o f i l e  repeatedly across the e x i t  

s l i t ,  r e s u l t i n g  i n  a r i p p l e  i n  the photosignal t h a t  i s  propor t ional  t o  the i n ten -  

s i t y  absorbed and i s  independent o f  band in ter ferences.  This system l i k e  t h a t  o f  

the Zeeman e f f e c t ,  has advantages over the conventional dual source background 

co r rec t i on  system, because a s ing le  source i s  used and on ly  a narrow spect ra l  

reg ion i s  examined. The background co r rec t i on  c a p a b i l i t y  o f  CEWM-AA i s  repo r ted l y  

super ior  t o  t h a t  o f  the conventional deuterium arc background co r rec t i on  system: 

a co r rec t i on  c a p a b i l i t y  o f  3.0 absorbance u n i t s  (A.U.) has been reportedg6 com- 

pared w i t h  1.0 A.U. w i t h  the conventional deuterium arc background correction. 

Guthr ie  e t  al.30 were the f i r s t  t o  t e s t  CEMM-AAS f o r  the determination of 

chromium i n  ashed urine. The concentrat ion they repor ted i n  a pooled u r i n e  sample 

o f  heal thy subjects ( l ess  than 1.0 ng/ml) was l a t e r  confirmed by independent 

means3'. Kumpulainen e t  a l  .31 successfu l ly  used CEWM-AA f o r  the determination 

of chromium i n  ashed d ie ts .  Unfortunately. AA instruments based on CEWM are no t  

commercially a v a i l  able. 

94 
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97 9.4.4.1.2. Temperature control i n  the graphite furnace. V e i l l o n  e t  a l .  , 
using 51Cr and a graphi te  furnace (Perkin-Elmer HGA 2100) w i thou t  the o p t i c a l  

temperature con t ro l  system, found t h a t  a s i g n i f i c a n t  amount o f  chromium i s  

re ta ined  i n  graphi te  tubes a f t e r  the atomization step. Less 51Cr was re ta ined  

i n  p y r o l y t i c a l l y  coated tubes than i n  uncoated tubes. Moreover, the use o f  a 
h igh atomizat ion temperature decreased the ex ten t  o f  51Cr r e ten t i on .  The chromium 

r e t e n t i o n  was apparently due t o  carbide formation. This hypothesis i s  supported 

by the r e s u l t s  o f  o ther   investigator^^^'^^. Imprecise 

add i t i on ,  may r e s u l t  i n  losses due t o  v o l a t i l i t y  (ashing step, temperatures near 

1300OC) and mechanical spa t te r i ng  (d ry ing  step). 

The r e s u l t s  of the above studies i n d i c a t e  the need f o r  prec ise temperature 

con t ro l  i n  the furnace, a rap id  heat ing r a t e  t o  the f i n a l  a tomizat ion temperature 

and the use o f  a h igh atomization temperature (270OOC) and p y r o l y t i c a l l y  coated 

graphi te  tubes. . 
The Perkin-Elmer HGA-500 graphi te  furnace f u l f i l  1s these c r i t e r i a  owing t o  

the optimal temperature con t ro l  system. Moreover, i t  has been shown t h a t  chromium 

can be r e l i a b l y  determined i n  ashed u r i n e  and human mi lk7 '  and i n  d i e t  samples 

us ing a Perkin-Elmer 703 AA spectrometer and an HGA-500 g raph i te  furnace, I n  

these studies, none o f  the "background co r rec t i on  r e l a t e d  problems" such as 

deformed o r  double peaks repor ted by Guthr ie  e t  a1.30 were encountered. The suf -  

f i c i e n c y  o f  the deuterium arc background co r rec t i on  system used was tes ted  by 

determining chromium i n  ashed u r i n e  samples, one h igh  (sp. gr. 1.023) and the 

o the r  low (sp. gr. 1.007) i n  s a l t  using e i t h e r  10- o r  2O-ul sample volumes. No 

s i g n i f i c a n t  d i f f e rence  between measured concentrat ions was found a t  a u r i n e  

chromium concentrat ion l e v e l  o f  5.0 ng/ml 

background co r rec t i on  was tes ted  f o r  ashed human m i l k ,  the chromium concentrat ion 

o f  which was 0.6 ng/ml 

o f  the o lde r  graphi te  furnace models, r a t h e r  than too low a photon f l u x  o f  t he  

deuterium arc lamp, was a t  l e a s t  p a r t l y  responsib le  fo r  the problems encountered 

by Guthr ie  e t  al.30. However, i t  i s  s t rong ly  recommended t h a t  the adequacy o f  

the deuterium arc lamp be tested when chromium i s  determined i n  b i o l o g i c a l  

mater i  a 1 s . 
Further, although the re  i s  a temptation t o  determine chromium i n  b i o l o g i c a l  

f l u i d s  wi thout  p re l im ina ry  ashing by i n j e c t i o n  d i r e c t l y  i n t o  the g raph i te  furnace, 

the use o f  p re l im ina ry  d iges t i on  i s  necessary i f  a deuterium background correc- 

t i o n  system i s  employed. Two inves t i ga to rs  concluded t h a t  p re l im ina ry  ashing i s  

no t  needed f o r  the determination o f  chromium i n  u r i n e  w i t h  t h a t  instrumenta- 

tionlOO,lO1. However, t he re  i s  s t i l l  no evidence tha t ,  by using t h i s  method and 

a deuterium arc lamp, r e l i a b l e  r e s u l t s  can be obtained a t  concentrat ions lower 

than 1 ng/ml. On the contraty ,  s i g h i f i c a n t l y  lower values f o r  chromium i n  u r i n e  

temperature con t ro l ,  i n  

68 

71 ). S i m i l a r l y ,  the adequacy o f  the 

71 . 
Therefore, i t  may be concluded t h a t  inadequate temperature con t ro l  systems 
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resu l ted  a f t e r  d i r e c t  i n j e c t i o n  compared w i t h  values obtained a f t e r  p re l im ina ry  

ashing102. However, d i r e c t  measurement i s  r e l i a b l e  and recomnended i f  instrumen- 

t a t i o n  comparable t o  the Perkin-Elmer 5000 and HGA-500 i s  used (see Section 

9.5.4). 

9.5. STANDARD METHODS PROPOSED 

9.5.1. A p p l h z b i l i t y  

The method employing the d ry  ashing procedure i s  appl icable t o  the determina- 

t i o n  o f  chromium i n  b i o l o g i c a l  ma te r ia l s  whose chromium content i s  approximately 

8 ng/g, o r  higher, such as most t issues, biopsy mater ia ls ,  d ie t s ,  most foods and 

p l  an t  mater i  a1 s . 
The method employing oxygen plasma ashing i s  su i tab le  f o r  the determination 

o f  chromium i n  b i o l o g i c a l  ma te r ia l s  whose chromium content i s  approximately 

8 ng/g, o r  less, such as human mi lk ,  u r i n e  and other  body f l u i d s ,  when AA i n s t r u -  

ments w i t h  background co r rec t i on  c a p a b i l i t i e s  n o t  comparable t o  the Perkin-Elmer 

5000 are used. 

samples i n t o  the g raph i te  furnace i s  reconended i f  inst rumentat ion comparable 

t o  the Perkin-Elmer 5000 AA spectrometer i n  terms o f  background co r rec t i on  capa- 

b i l i t y ,  and the Perkin-Elmer HGA-500 graphi te  furnace i n  terms o f  temperature 

con t ro l  c a p a b i l i t y ,  i s  employed. 

For b i o l o g i c a l  f l u i d s ,  the method o f  add i t i ons  us ing the d i r e c t  i n j e c t i o n  o f  

9.5.2. Sampling 

Samples must be co l lected,  handled and s tored so as t o  avoid contamination, 

o r  losses, as described i n  the Sections 9.2.1-9.2.3. I f  possible, samples o f  

0.5 g d r y  weight should be used. With l i q u i d s ,  a sample s i z e  o f  0.5-2.0 m l  i s  

su i tab le.  

9.5.3.  sample preparation 

9.5.3. I .  Dry ashing procedure 

Preferably, plat inum c ruc ib les  should be used. Quar tz  c ruc ib les  are a lso 

su i tab le.  The weighed samples i n  shielded c ruc ib les  are placed i n  a co ld  mu f f l e  

furnace (see Section 9.2.1 f o r  the furnace type). The temperature i s  gradual ly  

increased t o  5OO0C and kept  there overnight. A f t e r  the c ruc ib les  have cooled, 

the whi te  ash i s  d isso lved i n  1 m l  o f  1 /V hydrochlor ic  ac id  (sub-boi l ing d i s t i l l e d  

o r  u l t rapu re ) .  I f  the ash s t i l l  contains carbon a f t e r  the d ry  ashing, 20 u1 of 
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concent ra ted  s u l p h u r i c  a c i d  ( reagent  grade) and 50 111 o f  50% hydrogen pe rox ide  

( reagen t  grade) a r e  added t o  t h e  c r u c i b l e s  and s l o w l y  evaporated t o  dryness on 

a h o t - p l a t e  i n  a Class 100 c lean  a i r  hood o r  i n  a c lean  room. The c r u c i b l e s  a r e  

k e p t  f o r  an a d d i t i o n a l  hour i n  t h e  fu rnace  a t  50OOC. The a c i d  t rea tmen t  i s  r e -  

peated as needed. For  most b i o l o g i c a l  m a t e r i a l s ,  o n l y  one a c i d  t rea tment ,  o r  no 

t rea tments  a t  a l l ,  a r e  needed t o  complete the  d iges t i on .  A f t e r  a d d i t i o n  o f  hydro- 

c h l o r i c  a c i d  t o  t h e  c r u c i b l e s ,  t hey  a re  a l lowed t o  soak f o r  30 min b e f o r e  i n -  

j e c t i n g  samples i n t o  t h e  g r a p h i t e  furnace. I f  t h e  samples c o n t a i n  i n s o l u b l e  

p a r t i c l e s  ( u s u a l l y  s i l i c o n )  they  shou ld  n o t  be removed by f i l t r a t i o n ,  b u t  t h e  

con ten ts  shou ld  be t r a n f e r r e d  i n t o  PTFE con ta ine rs  and t h e  p a r t i c l e s  d i s s o l v e d  

u s i n g  h y d r o f l  u o r i c  a c i d  ( sub -bo i l  i n g  d i s t i l  l ed ) .  

51Cr t o  NRS bov ine  l i v e r  (SRM 1577) b e f o r e  t h e  ashing. The mean recovery  a f t e r  

t h r e e  m u f f l e  fu rnace and a c i d  t rea tments  was 95.2i1.3%31. The recove ry  o f  5 1 C r  

a f t e r  t h e  d r y  ash ing  w i t h o u t  t h e  a c i d  t rea tments  was 100.6+0.62% (n = 7 )  f o r  NBS 

brewer 's  yeas t ,  99.721.12 (n = 8)  f o r  NBS bov ine  l i v e r 3 1  and 98.3+1.1% (n = 10) 

f o r  b rewer ' s  yeas t ,  i n  which 51Cr was endogenonously i nco rpo ra ted  d u r i n g  t h e  

growth o f  t h e  yeas t  . 
t i o n  o f  ash i n  h y d r o c h l o r i c  a c i d  v a r i e d  f rom 0.4 t o  2.0% when t e s t e d  w i t h  NBS 

bov ine  l i v e r  and brewer 's  yeas t  

The recove ry  o f  chromium a f t e r  t h i s  d r y  ash ing  procedure was t e s t e d  by adding 

64 

The 51Cr which was r e t a i n e d  on t h e  w a l l s  o f  p o r c e l a i n  c r u c i b l e s  a f t e r  d i s s o l u -  

31,64 . 
9.5.3.2. Oxygen plasma ashing 

chromium con ten t  i s  about 1 ng/ml o r  less .  A f t e r  thawing  and c a r e f u l  m ix ing ,  

samples o f  0.5-1.0 m l  a r e  p i p i t t e d  i n t o  0.5-1.0-ml p l a t i n u m  o r  q u a r t z  c r u c i b l e s  

and t h e  l i q u i d  i s  s l o w l y  evaporated t o  dryness on a h o t - p l a t e  i n  a Class 100 

c lean  a i r  hood o r ,  f o r  u r i n e  samples, i n  a vacuum oven. Once d r ied ,  t h e  samples 

a r e  t r e a t e d  f o r  5 h i n  an oxygen plasma asher a t  1 mn02 pressure  and 400-W power. 

Then, 100 u l  o f  50% hydrogen pe rox ide  ( reagent  grade) a re  added t o  t h e  c r u c i b l e s  

and s l o w l y  evaporated t o  dryness as descr ibed above. The oxygen plasma ash ing  

t rea tmen t  i s  repeated  as needed. For  human m i l k  and u r i n e  samples, o n l y  one 

hydrogen pe rox ide  t rea tmen t  i s  u s u a l l y  needed. The ash i s  d i s s o l u t e d  i n  1 N 

h y d r o c h l o r i c  a c i d  ( s u b - b o i l i n g  d i s t i l l e d  o r  u l t r a p u r e )  and a f t e r  30 min samples 

a r e  i n j e c t e d  i n t o  a g r a p h i t e  furnace. 

f o r  u r i n e  and 97.6Q.4 (n = 7 )  f o r  human m i l k  71,103. The r e t e n t i o n  o f  51Cr on t h e  

T h i s  ash ing  procedure i s  recommended almost e x c l u s i v e l y  f o r  body f l u i d s  whose 

The recove ry  of  51Cr a f t e r  t h e  complete ash ing  procedure was 98.6?0.8% (n = 10) 

w a l l s  o f  t h e  c r u c i b l e s  was 0.5+0.1% (n = 5) f o r  u r i n e  and 0.6f0.1 

b r e a s t  m i  1 k 

(n = 7 )  f o r  
71,103 
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9.5.3.3. Method o f  additions 

For  human m i l k ,  a 1:2 d i l u t i o n  w i t h  water  i s  necessary i n  o r d e r  t o  o b t a i n  
c o r r e c t  c a l i b r a t i o n  l i n e s ,  whereas u r i n e  can be determined w i t h o u t  d i l u t i o n  104 . 
However, d i l u t i o n  w i t h  water  i s  a l s o  reconended  f o r  u r i n e  whenever concentra- 

t i o n  o f  chromium i s  h i g h  enough t o  a l l o w  it. 

Four sample cups a r e  used f o r  each sample: 

cup 1: 

cup 2: 

cup 3: 

cup 4: 

1 m l  of  sample t 10 u1 o f  1 v h y d r o c h l o r i c  a c i d  

1 m l  o f  sample + 10 ~1 of  25 ng/ml chromium s tandard  

1 m l  o f  sample + 10 p1 of  50 ng/ml chromium s tandard  

1 m l  o f  sample t 10 ~1 of 75 ng/ml chromium s tandard  

A l l  o f  t h e  above standards have t o  be prepared i n  1 N h y d r o c h l o r i c  acid.  The 

chromium a d d i t i o n s  suggested above a r e  s u i t a b l e  f o r  samples f rom sub jec ts  n o t  

o c c u p a t i o n a l l y  exposed t o  chromium. 

9.5.4. Methodology - a p p a r a t u s  

9.5.4.1. Instrumental 

The AA spec t rometer  employed shou ld  p r e f e r a b l y  have a tungsten-halogen lamp 

f o r  an e f f e c t i v e  background c o r r e c t i o n  c a p a b i l i t y  a t  t h e  357.9-m chromium l i n e .  

Ins t ruments  based on CEWH-AA a r e  a l s o  s u i t a b l e .  With t h e  deuter ium a r c  lamp, 

s u f f i c i e n c y  o f  t h e  background c o r r e c t i o n  must  be t e s t e d  f o r  t h e  p a r t i c u l a r  t y p e  o 

o f  samples, as descr ibed elsewhere68s71. The g r a p h i t e  fu rnace shou ld  r a t h e r  have 

t h e  op t ima l  temperature sensor. The a n a l y t i c a l  r e s u l t s  shou ld  be recorded u s i n g  

a h i  gh-qua1 i t y  c h a r t  recorder.  The shape o f  t h e  background-corrected a n a l y t e  

peaks shou ld  be checked by us ing  t h e  cont inuous  mode, e s p e c i a l l y  i f  a deuter ium 

a r c  lamp i s  used. 

9.5.4.2. A n a l y t i c a l  conditions 

9.5.4.2. I. A n a l y t i c a l  c o n d i t i o n s  for ashed  b i o l o g i c a l  m a t e r i a l s  

AA i ns t rumen t  s e t t i n g s :  

Wavelength: 357.9 nm 

Spec t ra l  band w id th :  0.7 nm 

Background c o r r e c t i o n :  

Mode : Peak h e i g h t  

I n t e g r a t i o n  t ime: 4 sec (When coupled t o  t h e  P.E. HGA-500 

Tungsten- iodide o r  deuter ium a r c  lamp 

g r a p h i t e  fu rnace)  

Furnace p r o g r a m :  

Step 1 ( d r y i n g )  : 

Step 2 (ash ins) :  

Step 3 (a tomiz ing) :  

11OoC/25 sec (ramp 10 sec)  

~IOOOC/II sec (ramp 10 sec) 

27OO0C/3 sec (ramp 0 sec) ( f o r  t h e  P.E. 
HGA- 500) 
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Optical temperature sensor: Yes 

Automatic remote basel ine correct ion:  2 sec pr ior  t o  atomization 
S t a r t  of in tegra t ion  time: 1 sec pr ior  t o  atomization 
Internal  gas flow-rate: 50 ml/min 

Other analyt ical  conditions: 
Sample matrix: 1 N HC1 

Purge gas: Argon (purest  grade ava i lab le)  
Type o f  graphi te  tubes : 

9.5.4.2.2. Analytical conditions for biological f l u ids  without preliminary 

I n  j e c t i  on volume: 20 u1 

Pyrolyt ical ly  coated 

ashing 

AA instrumental conditions: 
Instrument recommended : 

Navel ength : 
Spectral band w i d t h :  
Background correct ion:  
Mode: 
Integrat ion t i  me : 

Expansion: 

Perkin-Elmer Model 5000 o r  one w i t h  comparable 
background correct ion capabi 1 i t y  a t  the  visual 
spectral  region 
357.9 nm 
0.7 nm 
Tungsten-iodide lamp (350-800 nm spectral  region) 
Peak height 
4 sec (when coupled with the  Perkin-Elmer 
HGA-500 furnace) 
l o x  ( f o r  normal urine and serum) 

Furnace programme: 
Furnace r e c m n d e d :  Perkin-Elmer HGA-500 

Step Temperature Ramp Hold Read* B.O.C.** Rec.* 
(OC) time (sec)  time (sec)  

1 (drying) 100 15 20 - - - 
2 (drying) 130 10 20 - - - 
4 (atomization) 2700 0 3 -1 -2 -5 
3 (ashing) 1100 10 60 - - - 

*The moment when the  function i n  question i s  ac t iva ted ,  indicated i n  seconds 
from the beginning of the s tep  (Rec. = recorder) .  

**B.O.C. = automatic basel ine o f f s e t  compensation. 

Internal gas flow: 50 m l / m i n  
Optical temperature sensor: Yes 
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0.02 

0.01 

Other a n a l y t i c a l  cond i t i ons :  

Method o f  add i t i ons :  

- 

- 

- 

For  normal u r i ne ,  serum and human m i l k  add 0, 

0.25, 0.5 and 0.75 ng of C r  pe r  m l  o f  sample 

(see Sec t ion  9.2.3.3) 

I n j e c t i o n  volume: 20 u l  

Pure gas: 

Type of  g r a p h i t e  tubes: 

Argon (pu res t  grade a v a i l a b l e )  

P y r o l y t i c a l l y  coated 

The s e n s i t i v i t y  and d e t e c t i o n  l i m i t  o f  t h i s  method a r e  i l l u s t r a t e d  i n  t h e  

reco rde r  c h a r t  t r a c i n g  o f  t h e  de te rm ina t ion  o f  chromium i n  a pooled u r i n e  sample 

o f  n i n e  h e a l t h y  sub jec ts  us ing  a Perkin-Elmer 5000 AA spectrometer and an HGA-500 
g r a p h i t e  furnace (Fig.  9.1) 104 . 

cn 

z 
3 

w 
0 
z 

CC 
0 
cn 

t 

a 
m 

m 
a 

1 3  

F ig .  
F inn  
l ox .  
peak 
used 

9.1. Determinat ion o f  chromium i n  a pooled u r i n e  sample o f  n ine  hea l thy  

I n j e c t i o n  volume, 20 p l .  Peak 1, sample; peak 2, sample + 0.25 ng/ml o f  C r ;  
3, sample t 0.50 ng/ml o f  C r ;  peak 4, sample t 0.75 ng/ml o f  C r .  Inst rument  

i s h  sub jec ts  us ing  t h e  method o f  add i t i ons .  Recorder c h a r t  t r a c i n g .  Expansion 

: Perk in  Elmer Model 5000 AA spectrometer and HGA-500 g raph i te  furnacel04.  

9.5.4.3. Stmdards 

The sample response i s  compared w i t h  t h a t  o f  i no rgan ic  chromium as potassium 

chromate o r  chromium ch lo r i de ,  except when us ing  t h e  method o f  add i t i ons .  Working 

standards i n  t h e  range 0.5-5.0 ng/ml should be prepared d a i l y  and i n  the  range 

5.0-50.0 ng/ml a t  l e a s t  t w i c e  a week from a 1 mg/l s tock standard s o l u t i o n .  The 

standards should be kep t  i n  g lass conta iners.  

9 . 5 . 1 . 4 .  BZmko 

Several  b lank c r u c i b l e s  should be used f o r  each s e t  t o  f a c i l i t e  s t a t i s t i c a l  

t reatment  of t h e  b lank s ignals .  The c a l c u l a t i o n  o f  t h e  d e t e c t i o n  l i m i t  must be 

based on the  magnitude and v a r i a t i o n  o f  b lank s ignals .  
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9 . 5 . 5 .  Rel iab i l i t y  c r i t e r ia  of the rnethoda 

9.5.5.1. Method employing the dry aehing procedure 

chromium con ten t  was 20 ng/g d r y  weight  o r  h igher ,  us ing  NBS bov ine l i v e r .  The 

mean values obta ined i n  t h r e e  se r ies  o f  analyses d u r i n g  a 3-month p e r i o d  were 

88, 85 and 89 ng/g (NBS c e r t i f i e d  va lue 88?12 ng/g) 

The p r e c i s i o n  i n  the  t r i p l i c a t e  s e r i e s  o f  analyses of 30 d i e t s  expressed as the  

r e l a t i v e  s tandard e r r o r  o f  t he  mean (RSEM = 100 x SEM/mean) ranged f rom 0.2 t o  

12.1% w i t h  a mean o f  4 . 1 f 8 .  The c o e f f i c i e n t  o f  v a t i a t i o n  i n  s e r i e s  as t e s t e d  

w i t h  NBS bovine l i v e r  was 5.6% ( n  = 5) ,  7.1% ( n  = 8 )  and 9.1% ( n  = 6)68. The 

p r e c i s i o n  between t h e  t h r e e  s e r i e s  expressed as t h e  c o e f f i c i e n t  o f  v a r i a t i o n  

was 2.4%68. These t h r e e  s e r i e s  were analysed a t  1-month i n t e r v a l s .  

The accuracy o f  t he  method was t e s t e d  f o r  b i o l o g i c a l  m a t e r i a l s  whose l e v e l  o f  

68 . 
The p r e c i s i o n  o f  t h i s  method was t e s t e d  w i t h  NBS bov ine l i v e r  and d i e t  samples. 

9.5 .5 .2 .  Method employing the oxygen plasma ashing procedure 

The accuracy of t h i s  method f o r  b i o l o g i c a l  samples whose chromium con ten t  

was a t  t he  u l t r a t r a c e  concen t ra t i on  l e v e l  cou ld  n o t  be v e r i f i e d  as no c e r t i f i e d  

SRMs f o r  b i o l o g i c a l  m a t e r i a l s  a re  a v a i l a b l e  a t  t h a t  concen t ra t i on  l e v e l .  How- 

ever ,  t he  l e v e l  o f  chromium concen t ra t i on  found i n  a pooled human u r i n e  sample 

(0.55 ng /m l ) l o3  agrees w e l l  w i t h  t h e  va lue of 0.50 ng/ml obta ined f o r  t h i s  sample 

us ing  the  method. o f  a d d i t i o n s  and a Perkin-Elmer 5000 AA spectrometer w i t h  the  

improved background c o r r e c t i o n  c a p a b i l i t y  a t  t h e  v i s u a l  wavelength r e g i o n  due t o  

the  tungsten- iod ide lamplo4 (see Sect ion 9.5.5.3). 

The p r e c i s i o n  o f  t h i s  method was a l s o  t e s t e d  us ing  t h e  pooled b reas t  m i l k  

sample presented above. Al though the  c o e f f i c i e n t  o f  v a r i a t i o n  i n  s e r i e s  was 27% 

( n  = 5) and 23% ( n  = 7) t e s t e d  on d i f f e r e n t  days, t h e  day-to-day c o e f f i c i e n t  o f  

v a r i a t i o n  between se r ies  was o n l y  7.6% (3  days) 103 . 
9.5 .5 .3 .  Method o f  additions using d irec t  in jec t ion  

The accuracy and p r e c i s i o n  of t h i s  method were t e s t e d  us ing  a Perkin-Elmer 

Model 5000 AA spectrometer coupled w i t h  a Perkin-Elmer HGA-500 g r a p h i t e  furnace. 

The accuracy was t e s t e d  us ing  t h e  same pooled human m i l k  sample i n d i c a t e d  

above. The mean va lue o f  0.50 f 0.07 ng/ml o f  chromium was obtained104y108 com- 

pared w i t h  0.55 ng/ml obta ined a f t e r  oxygen plasma ashing103. For  u r i ne ,  t h e  

accuracy was t e s t e d  w i t h  two pooled round-robin u r i n e  samples c o n t a i n i n g  0.11 and 

0.51 ng/ml o f  chromium as asce r ta ined  by another  l a b o r a t o r y  us ing  IDMS and CEWM- 

AAS104’105. Using the  present  method values of 0.13 + 0.01 and 0.54 t 0.01 ng/ml 

o f  chromium were obta ined f o r  t he  same samples, r e s p e c t i v e l y  104,105,108 
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The p r e c i s i o n  o f  t h i s  method was t e s t e d  us ing  t h e  above-mentioned poo led  

human m i l k  and u r i n e  samples. The day-to-day c o e f f i c i e n t  o f  v a r i a t i o n  f o r  t h e  

u r i n e  sample was 8.7% (3 days) lo4.  Fo r  t h e  human m i l k  sample t h e  day-to-day 

c o e f f i c i e n t  o f  v a r i a t i o n  was 13.5% ( 3  days) 104 . 

9.6. FUTURE PROSPECTS 

A l though t h e  g r a p h i t e  fu rnace i s  used p r i n c i p a l l y  i n  AA spectrometry,  i t  may 

a l s o  be employed f o r  atomic-emission spectroscopy. Recent ly,  a success fu l  adap- 

t a t i o n  o f  t h i s  p r i n c i p l e  has been descr ibed u s i n g  an i ns t rumen t  cons t ruc ted  f rom 

an HGA-72 fu rnace a tomizer  w i t h  p l a t f o r m  a tomiza t i on ,  an e c h e l l e  monochromator 

and a square-wave wavelength modu la t ion  systemlo6. A d e t e c t i o n  l i m i t  o f  0.023 

ng/ml was r e p o r t e d  f o r  chromium i n  a wa te r  ma t r i x lo6 .  As t h i s  t y p e  o f  i ns t rumen t  

opera tes  i n  b o t h  t h e  UV and v i s i b l e  reg ions ,  and has t h e  p o t e n t i a l  f o r  app l i ca -  

t i o n  t o  s imultaneous m i l t i - e l e m e n t  ana lys i s ,  t h e  f u t u r e  l o o k s  p romis ing  f o r  

i ns t rumen ts  based on t h i s  p r i n c i p l e .  

w i l l  p robab ly  be a good techn ique f o r  t h e  de te rm ina t ion  o f  chromium i n  b i o l o g i c a l  

m a t e r i a l s ,  once t h e  sample i n t r o d u c t i o n  system and t h e  d e t e c t i o n  l i m i t  a r e  

improved. Owing t o  i t s  w ide  dynamic range, mu l t i - e lemen t  c a p a b i l i t y  and, p a r t i c -  

u l a r l y ,  i t s  unusual freedom f rom m a t r i x  i n t e r f e r e n c e s ,  ICPAES would be an i d e a l  

techn ique f o r  t h e  d i r e c t  de te rm ina t ion  o f  chromium i n  b i o l o g i c a l  f l u i d s .  

a cons ide rab ly  b e t t e r  d e t e c t i o n  l i m i t  than  t h a t  o f  t r a d i t i o n a l  XRFS3’. A t  p resent ,  

t h e  d e t e c t i o n  l i m i t  shou ld  be s u f f i c i e n t  f o r  t h e  de te rm ina t ion  o f  chromium i n  

h a i r  samples. T h i s  method i s  s t i l l  under r a p i d  development lo7 and may become an 

impor tan t  t o o l  f o r  cases i n  which a non -des t ruc t i ve  mu l t i - e lemen t  a n a l y s i s  i s  

r e q u i r e d  u s i n g  ve ry  smal l  t i s s u e  samples. 

As has a l ready  been ment ioned i n  t h e  s e c t i o n  d e s c r i b i n g  ICPAES, t h i s  method 

A t  t h e  h i g h e r  c o n c e n t r a t i o n  range, P I X E  i s  a p romis ing  new method. P I X E  has 

LIST OF ABBREVIATIONS 

AA 

AAS 

FAAS 

GFAAS 

CEWM-AA 

AES 

ICPAES 

MS 

SSMS 

ID 

Atomic abso rp t i on  

Atomic-absorp t ion  spec t romet ry  

Flame a tomic-absorp t ion  spec t romet ry  

Graph i te  fu rnace atomi c -abso rp t i  on spec t romet ry  

Cont inuous emiss ion  wavelength modu la t ion  a tomic  abso rp t i on  

Atomi c-emission spectroscopy 

I n d u c t i v e l y  coupled plasma atomic-emission spectroscopy 

Mass spec t romet ry  

Spark-source mass spec t romet ry  

S tab le  i s o t o p e  d i l u t i o n  
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IDHS 

GLC 

GLC-MS 

NAA 

INAA 

DNAA 

PIXE 

MED 

ECD 

XRFS 

SRM 

NBS 

PVC 

APDC 

DDDC 

SEM 

RSEH 

c1 

Stable i so tope  d i lu t ion-mass spect rometry  

Gas-1 i q u i d  chromatography 

Gas-1 i q u i d  chromatography-mass spectrometry 

Neutron a c t i v a t i o n  ana lys i s  

Inst rumenta l  neutron a c t i v a t i o n  ana lys i s  

D e s t r u c t i v e  neutron a c t i v a t i o n  ana lys i s  

Proton-induced X-ray emission spect rometry  

Microwave-excited emission d e t e c t o r  

E lect ron-capture d e t e c t o r  

X-ray f luorescence spectrometry 

Standard reference m a t e r i a l  

Na t iona l  Bureau o f  Standards, Washington, DC, U.S.A. 

Po ly (v iny1  c h l o r i d e )  

Amnonium p y r r o l  i d i n e d i n e  d i  th iocarbamate 

D i e t h y l  amnoni um d i  e t h y l  d i  t h i  ocarbamate 

Standard e r r o r  o f  t h e  mean 

R e l a t i v e  s tandard e r r o r  o f  t he  mean = 100 x SEMhean 

Chemiluminescence 
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10.1. INTRODUCTION 

1 
Rer t rand  and Macheboeuf i n  1925 were t h e  f i r s t  i n v e s t i g a t o r s  t o  measure 

n i c k e l  i n . t i s s u e s  f rom man and animals;  t hey  d iscovered t h e  r e l a t i v e  abundance 

o f  n i c k e l  i n  mar ine  mol luscs ,  The f i r s t  analyses o f  n i c k e l  i n  human u r i n e  and 

faeces were r e p o r t e d  i n  1950 by Tompsett and F i t z p a t r i c k 2 ,  and t h e  f i r s t  ana l -  

yses o f  n i c k e l  i n  human b lood  and serum were performed i n  1957 by C l u e t t  and 

*Supported by gran ts  f rom t h e  U.S. Department o f  Energy (EY-03140) and Na t iona l  
I n s t i t u t e  o f  Environmental  Hea l th  Sciences (ES-01337). 
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3 Yoe . The n i c k e l  concen t ra t i ons  ob ta ined  i n  these e a r l y  s t u d i e s  were a r t e f a c t u a l -  

l y  high, as t h e  spec t rophotomet r ic  methods were i n s u f f i c i e n t l y  s e n s i t i v e  and 

s p e c i f i c ,  These p ioneer ing  s tud ies ,  nonetheless,  i n i t i a t e d  t h e  gradua l  e v o l u t i o n  

of accura te ,  r e l i a b l e  technqiues f o r  a n a l y s i s  of n i c k e l  i n  b i o l o g i c a l  m a t e r i a l s .  

Th i s  chapter  i s  an ex tens ion  o f  e a r l i e r  p u b l i c a t i o n s  t h a t  were prepared under 

t h e  auspices o f  t h e  Na t iona l  Academy of  Sciences (U.S.A.) and t h e  I n t e r n a t i o n a l  

Union o f  Pure and App l i ed  Chemistry . The aim o f  t h i s  chap te r  i s  t o  sumnarize 

methods f o r  a n a l y s i s  o f  n i c k e l  i n  b i o l o g i c a l  m a t e r i a l s ,  A t t e n t i o n  i s  focused 

p a r t i c u l a r l y  on c l i n i c a l  a p p l i c a t i o n s  o f  such analyses t o  m o n i t o r  human exposures 

t o  n i c k e l  compounds. 

4 

5 

10.2. COLLECTION AND CONVERSION OF SAMPLES 

N i c k e l  con taminat ion  d u r i n g  t h e  c o l l e c t i o n ,  s to rage  and process ing  o f  samples 

i s  a se r ious  problem f o r  measurements o f  n i c k e l  concen t ra t i ons  i n  body 

exc re ta  and t i ssues .  Persons who handle t h e  samples o r  perform t h e  ana 
6 shou ld  wear p l a s t i c  gloves, as sweat f rom t h e  hands i s  r i c h  i n  n i c k e l  

source of n i c k e l  con taminat ion  o f  con ta ine rs  and u t e n s i l s .  Sample hand 

a n a l y s i s  shou ld  be performed i n  a l am ina r - f l ow  hood, t o  min imize  n i c k e  

f l u i d s ,  

yses 

and i s  a 

i n g  and 

contami - 
n a t i o n  from dust. Containers,  vesse ls  and Pasteur  p i p e t t e s  cons t ruc ted  of po ly -  

e thy lene,  po l ys ty rene ,  po lypropy lene o r  PTFE shou ld  be used f o r  t h e  c o l l e c t i o n ,  

t r a n s f e r  and conserva t i on  o f  samples; t h e  p l a s t i c - w a r e  shou ld  be cleaned be fo re  

use by soak ing  i n  u l t r a p u r e  n i t r i c  a c i d  ( 3  m o l / l ) .  f o l l owed  by m u l t i p l e  r i n s e s  

w i t h  water  t h a t  has been deminera l i zed  by i o n  exchange and d i s t i l l e d  i n  an a l l -  

g lass  o r  qua r t z  s t i l l ' .  P l a s t i c  sy r i nges  and tubes f o r  b lood c o l l e c t i o n  and cone- 

t i p s  f o r  m i c r o p i p e t t o r s  a r e  o f t e n  contaminated w i th  t r a c e  meta ls  ; they  shou ld  

a l s o  be acid-washed. 

soap and water  and wiped w i t h  an ethanol-soaked p ledge t  o f  gauze o r  co t ton .  A f t e r  

t h e  e thano l  has evaporated, a s t e r i l e  po l ye thy lene  canula i s  i n s e r t e d  i n t o  an 

a n t e c u b i t a l  ve in ,  and t h e  s t y l u s  o f  t h e  canu la  i s  removed. The canu la  i s  f l ushed  

w i t h  a t  l e a s t  3 m l  of b lood  (which i s  e i t h e r  d iscarded o r  used f o r  o t h e r  ana l -  

yses) b e f o r e  t h e  b lood  specimen f o r  n i c k e l  a n a l y s i s  i s  a s p i r a t e d  i n t o  a po l y -  

s t y rene  syr inge. The b lood  sample i s  a l l owed  t o  c l o t  i n  a stoppered p l a s t i c  tube 

f o r  1 h a t  room temperature. Serum i s  removed w i t h  an acid-washed Pasteur  p i p e t t e ,  

p laced  i n  a p l a s t i c  t ube  and f rozed a t  -14OC u n t i l  t h e  day o f  ana lys i s .  

To c o l l e c t  u r i n e  f o r  n i c k e l  ana lys i s ,  s t r i n g e n t  p recau t ions  a r e  necessary t o  

p reven t  contaminat ion  o f  u r i n e  specimens by d u s t  f rom t h e  s u b j e c t ' s  body o r  

c l o t h i n g .  The u r i n e  shou ld  be vo ided d i r e c t l y  i n t o  a wide-mouthed po lye thy lene  

b o t t l e  and a c i d i f i e d  by a d d i t i o n  o f  concent ra ted ,  u l t r a p u r e  n i t r i c  a c i d  ( 5  m l  of 

7-11 

To c o l l e c t  b lood  f o r  n i c k e l  ana lys i s ,  t h e  a n t e c u b i t a l  fossa i s  washed w i t h  
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a c i d  p e r  l i t r e  o f  u r i n e ) .  A 10-ml a l i q u o t  o f  a c i d i f i e d  u r i n e  i s  p laced i n  a 

p l a s t i c  t ube  and f rozen  a t  -14OC u n t i l  t h e  day o f  ana lys is .  Because o f  f l u c t u a -  

t i o n s  o f  u r i n e  n i c k e l  concen t ra t i ons  which occur  d u r i n g  t h e  work -sh i f t ,  analyses 

of  n i c k e l  i n  8-hour u r i n e  specimens shou ld  be used r o u t i n e l y  t o  mon i to r  occupa- 

t i o n a l  exposures t o  n i c k e l l ? .  I n  s i t u a t i o n s  where t imed u r i n e  c o l l e c t i o n s  a r e  

i m p r a c t i c a l ,  analyses of  n i c k e l  i n  end-sh i f t  u r i n e  specimens a r e  t h e  b e s t  a l t e r -  

na t i ve .  

Vers ieck  e t  a1.l' showed t h a t  s t e e l  s c a l p e l  b lades  o r  Menghini needles cause 

many-fold inc reases  i n  n i c k e l  concen t ra t i ons  of smal l  b i o p s i e s  o f  human l i v e r .  

P l a s t i c  kn i ves  and segments o f  r i g i d  p l a s t i c  t u b i n g  w i t h  sharpened, b e v e l l e d  

ends a r e  s a t i s f a c t o r y  t o o l s  f o r  t h e  c o l l e c t i o n  o f  post-mortem t i s s u e  specimens 

f o r  n i c k e l  ana lys i s .  Fo r  adv i ce  on contaminat ion  c o n t r o l  i n  a n a l y s i s  o f  n i c k e l  

and o t h e r  t r a c e  metals,  readers  shou ld  c o n s u l t  t h e  monographs by  Z i e f  and 

M i t c h e l l 1 4  and LaFleurl '. 

10.3. PRE-TREATMENT OF SAMPLES 

Most procedures f o r  t h e  de te rm ina t ion  of  n i c k e l  i n  b i o l o g i c a l  m a t e r i a l s  r e q u i r e  

p r e l i m i n a r y  s teps  f o r  o x i d a t i o n  o r  removal of  o rgan ic  cons t i t uen ts .  The m e r i t s  

of  va r ious  techn iques  f o r  sample pre- t rea tment  have been d iscussed by seve ra l  

i n v e s t i g a t o r s  5916-i10. Zachar iasen e t  a1.I6 eva lua ted  wet d i g e s t i o n  u s i n g  a com- 

b i n a t i o n  o f  o x i d i z i n g  a c i d s  versus d r y  ash ing  i n  a m u f f l e  fu rnace as p r e l i m i n a r y  

s teps  f o r  t h e  de te rm ina t ion  o f  n i c k e l  i n  whole b lood,  plasma and u r i n e .  Dry 

ash ing  was judged t o  be super io r ,  because i t  r e q u i r e d  l e s s  a t t e n t i o n  and min imized 

t h e  use of chemical  reagents,  which a re  sources of n i c k e l  contaminat ion.  Tor jussen 

e t  al.17 reached t h e  oppos i te  conc lus ion  i n  a s tudy  o f  n i c k e l  i n  t i ssues .  Ac id  

d i g e s t i o n  o f  t i s s u e s  was judged t o  be s u p e r i o r  t o  d r y  ashing, because i t  saved 

t ime  and t h e  sample cou ld  remain i n  t h e  same vesse l  th roughout  t h e  ana lys i s .  

M ikac-Dev i t  e t  a1.18 compared f o u r  techniques f o r  t h e  d e s t r u c t i o n  o f  o rgan ic  

c o n s t i t u e n t s  o f  serum and u r i n e ,  i n c l u d i n g  d r y  ash ing  i n  a m u f f l e  fu rnace and 

t h r e e  d i f f e r e n t  procedures f o r  a c i d  d iges t i on .  The b e s t  r e s u l t s  were ob ta ined  by 

d i g e s t i n g  t h e  samples w i t h  mixed u l t r a p u r e  a c i d s  ( n i t r i c ,  s u l p h u r i c ,  and per -  

c h l o r i c  a c i d s )  i n  a Pyrex tube  i n s i d e  an e l e c t r i c  b l o c k  heater .  Th i s  procedure 

had t h e  f o l l o w i n g  advantages: ( a )  d i g e s t i o n ,  c h e l a t i o n  and e x t r a c t i o n  s teps  were 

performed i n  a s i n g l e  tube w i t h o u t  t h e  need f o r  q u a n t i t a t i v e  t r a n s f e r ;  ( b )  con- 

s t a n t  volumes o f  ac ids  were used f o r  t h e  b lank ,  s tandard  and unknown samples; 

( c )  t h e  samples d i d  n o t  r e q u i r e  cont inuous  a t t e n t i o n ,  and (d )  t h e  samples d i d  

n o t  evapora te  t o  dryness, as s u l p h u r i c  a c i d  r e f l u x e d  i n  t h e  tubes when t h e  diges- 

t i o n  was completed. Ader and Stoepp ler "  used 6 3 N i  as a t r a c e r  t o  eva lua te  losses  

o f  n i c k e l  d u r i n g  a c i d  d i g e s t i o n  versus d r y  ash ing  o f  u r i n e  samples. Ac id  d iges-  
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t i o n  i n  quartz tubes y ie lded  q u a n t i t a t i v e  recovery o f  63Ni.  On the other  hand, 

va r iab le  amounts o f  63Ni were l o s t  dur ing d r y  ashing i n  quartz cruc ib les,  owing 

t o  the formation o f  i nso lub le  n i cke l  s i l i c a t e s .  Watl ing and Wardale2' evaluated 

f i v e  techniques f o r  the ox ida t i on  o f  t i s s u e  samples, i nc lud ing  two d ry  ashing 

procedures, two ac id  d iges t i on  procedures and a low-temperature ashing technique 

t h a t  used an oxygen plasma. One o f  the d r y  ashing procedures was unsa t i s fac to ry  

owing t o  n i c k e l  contamination of manganese n i t r a t e ,  which was added as an ashing 

aid, The other  fou r  procedures y ie lded  equiva lent  r e s u l t s  f o r  n i cke l  analyses. 

A f t e r  considering the pros and cons, Watl ing and Wardale" concluded t h a t  they 

p re fe r red  d iges t i on  w i t h  n i t r i c  and pe rch lo r i c  acids. 

Sunderman and Wacinski" t r i e d  unsuccessfully t o  determine n i c k e l  concentra- 

t i o n s  i n  t i s s u e  samples t h a t  were subjected t o  pressure d iges t i on  w i t h  n i t r i c  

ac id  i n  PTFE vessels i n s i d e  P a r r  combustion bombs. Leakage o f  n i t r i c  ac id  fumes 
22 i n t o  the s tee l  bomb casings resu l ted  i n  sporadic n i cke l  contamination. G a f f i n  

noted va r iab le  recoveries of n i c k e l  when human l i v e r  and muscle samples were 

subjected t o  pressure d iges t i on  i n  PTFE vessels by a s i m i l a r  procedure. Kaplan 

e t  al.23 determined n i c k e l  and other  t race  metals i n  r a t  lung samples (0.3 g wet 

weight) which were d isso lved and digested by incubat ion a t  6OoC f o r  24 h i n  6 m l  

o f  a toluene s o l u t i o n  o f  tetramethylamnonium hydroxide. Although t ime consuming, 

t h i s  procedure was labour-saving and d i d  n o t  requ i re  specia l  equipment. 

Schal ler  e t  al.24, Nomoto and S ~ n d e r m a n ~ ~ .  Gonzalez e t  a1.26 and Andersen e t  

al.27 repor ted t h a t  p re l im ina ry  d iges t i on  of organic matter i n  serum o r  plasma 

can be circumvented by. p r e c i p i t a t i o n  of p ro te ins  w i t h  t r i c h l o r o a c e t i c  ac id  (TCA) 

and hydrochlor ic  acid. A t  low pH, N i ( I 1 )  i s  l i b e r a t e d  from b ind ing t o  serum 

albumin and amino acids; N i ( I 1 )  can be chelated and ext racted d i r e c t l y  f r o m  the 

p ro te in - f ree  supernatant f l u i d ,  S i m p l i c i t y  and convenience o f  TCA-hydrochloric 

ac id  p r e c i p i t a t i o n  make t h i s  procedure advantageous f o r  rou t i ne  measurements of 
5 n i c k e l  concentrat ions i n  serum o r  plasma of nickel-exposed workers. Sunderman 

i d e n t i f i e d  a poss ib le  p i t f a l l  o f  t h i s  procedure, as he .found t h a t  TCA-hydrochloric 

ac id  p r e c i p i t a t i o n  d i d  no t  release n i c k e l  q u a n t i t a t i v e l y  from jackbean urease, a 

n i c k e l  meta l loprote in .  A r t e f a c t u a l l y  low values fo r  serum n i c k e l  concentrat ions 

miqht be obtained i f  s i m i l a r  n i c k e l  meta l loprote ins e x i s t  i n  mammalian t issues 

and are released i n t o  serum under patholog ica l  condit ions. Addi t ion o f  TCA and 

hydrochlor ic  ac id  has been suggested f o r  the determination o f  n i c k e l  concentra- 

t i o n s  i n  urine27, b u t  the v a l i d i t y  o f  t h i s  approach has n o t  been thorouqhly 

documented, The present author reconends t h a t  t he  ac id  d iges t i on  technique o f  

Mikac-Devil! e t  a1.I8 be used f o r  the determination of n i c k e l  i n  serum o r  urine. 

This method can a lso be used f o r  the determination o f  n i c k e l  i n  t i s s u e  samples 

(4 g wet weight) i f  increased volumes of mixed acids are used. The ac id  diges- 

t i o n  procedures o f  Nomoto and SundermanZ5 and Elakhovskaya e t  a1.28 are s u i t a b l e  

when l a r g e r  samples o f  t i s s u e  (1-5 g wet weight) are analysed. Acid d iges t i on  o f  

. 
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t i s s u e s  i s  conven ien t l y  performed i n  Erlenmeyer f l a s k s  on an e l e c t r i c  h o t - p l a t e  

t h a t  p rov ides  p r e c i s e l y  r e g u l a t e d  and u n i f o r m  h e a t i n g  . 
comparison w i t h  t h e  s e n s i t i v i t i e s  of most a n a l y t i c a l  techniques. There fore ,  

methods f o r  n i c k e l  de te rm ina t ions  u s u a l l y  i n c l u d e  che la t i on ,  e x t r a c t i o n ,  p r e c i -  

p i t a t i o n  o r  adso rp t i on  s teps  t o  concen t ra te  t h e  n i c k e l  p r i o r  t o  q u a n t i t a t i o n .  

These s teps  a l s o  h e l p  t o  separa te  n i c k e l  f rom substances t h a t  may i n t e r f e r e  w i t h  

q u a n t i t a t i o n .  I n  Table 10.1 a r e  l i s t e d  t h e  separa t i on  techn iques  t h a t  have been 

employed f o r  t h e  de te rm ina t ion  o f  n i c k e l  i n  b i o l o g i c a l  ma te r ia l s .  Other separa- 

t i o n  techniques, which haveon ly  been used f o r  t h e  de te rm ina t ion  of n i c k e l  i n  
38 aqueous s o l u t i o n s ,  i n c l u d e  t h e  f o l l o w i n g :  ( a )  p r e c i p i t a t i o n  w i t h  benz i l d iox ime  , 

p o l y v i n y l  hydroxyqu ino l  ine3' o r  tris(pyrrolidinedithiocarbamato)cobalt40; (b )  ad- 

s o r p t i o n  on polyamine-polymer res in41,  dimethylglyoxime-impregnated po lyure thane 

foam42 o r  ion-exchange membrane f i l t e r s 4 3 ;  and (c )  s o l v e n t  e x t r a c t i o n  f o l l o w i n g  

complexat ion  w i t h  t h i o t h e n o y l  t r i f l u ~ r o a c e t a t e ~ ~ ,  w i t h  a m i x t u r e  of  d i t h i z o n e ,  

q u i n o l i n o l  and a ~ e t y l a c e t o n e ~ ~  o r  w i t h  a m i x t u r e  of  d i t h i z o n e  and d ime thy l -  

g lyox ime . 

5 

N i c k e l  concen t ra t i ons  i n  human body f l u i d s ,  t i s s u e s  and exc re ta  a r e  low i n  

46 

TABLE 10.1 

SEPARATION TECHNIQUES THAT HAVE BEEN USED FOR THE DETERMINATION OF NICKEL I N  

BIOLOGICAL MATERIALS 

5 M o d i f i e d  f rom Sunderman . 
Chel a t i o n  E x t r a c t i o n  Ref. 

reagent  reagent  

Ion-exchange r e s i n  (MK-2) D i l u t e  HC1 Jan ik  and Jankowski 

Po lyd i th ioca rbamate  r e s i n  HN03, H2S04 Barnes and Genna 
D ie thy ld i t h ioca rbamate  (DDC) Isoamyl a l coho l  Sunderman 31  

29 

30 

. .  

D i  methyl  g l y o x i  me (DMG) MIBK o r  CC14 K inca ig3e t  a1 .32; 
Morgan ; 
Zachar iasen e t  a l .  16,34 

Pyrrolidinedithiocarbamate MIBK Nomoto and Sund ES rnan25*35*36; 
(PDC 1 Andersen e t  a l .  

F u r i l d i o x i m e  (FD) MIBK M i  kac-DeviE e t  a1 . 
D i  t h i  zone (DTZ) HCCl Armannsson 

18 

37 

29,30 Resin adso rp t i on  o f  n i c k e l  f rom u r i n e  has been r e p o r t e d  by  two groups . 
F o l l o w i n g  a c i d  d i g e s t i o n  o f  u r i ne ,  Jan ik  and Jankowski" n e u t r a l i z e d  t h e  d iges-  
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t i o n  m i x t u r e  and f i l t e r e d  i t  through a column o f  MK-2 ion-exchange r e s i n  a t  

pH 9.5. The adsorbed n i c k e l  was q u a n t i t a t i v e l y  e l u t e d  w i t h  d i l u t e  h y d r o c h l o r i c  

acid. Barnes and Genna3' passed f i l t e r e d  samples o f  a c i d i f i e d  u r i n e  th rough a 

column of po l yd i th ioca rbamate  res in .  The sequestered n i c k e l  was q u a n t i t a t i v e l y  

recovered by a c i d  d i g e s t i o n  o f  t h e  r e s i n ,  The s t u d i e s  o f  Jan ik  and Jankowski 

and Barnes and Genna3' were p r e l i m i n a r y  i n v e s t i g a t i o n s ;  n e i t h e r  r e p o r t  con ta ined 

comparisons w i t h  n i c k e l  analyses by re fe rence  procedures o r  da ta  f o r  n i c k e l  con- 

c e n t r a t i o n s  i n  u r i n e  samples f rom non-exposed, h e a l t h y  sub jec ts .  

carbamate (APDC), d imethy lg lyox ime (DMG), f u r i l d i o x i m e  (FD) and benz i l d iox ime  

(BD)], f o r  t h e  e x t r a c t i o n  o f  N i ( I 1 )  f rom d i g e s t s  o f  u r i n e  o r  serum i n t o  methyl  

i s o b u t y l  ke tone (MIBK) o r  n -bu ty l  acetate.  Maximum a n a l y t i c a l  s e n s i t i v i t y  by 

e l e c t r o t h e r m a l  a tomic-absorp t ion  spec t rophotomet ry  was achieved w i t h  FD o r  APDC 
19 as t h e  c h e l a t i n g  agent and MIBK as t h e  e x t r a c t i o n  so l ven t .  Ader and S toepp le r  

used 6 3 N i  as a t r a c e r  t o  compare t h e  e f f i c i e n c i e s  o f  n i c k e l  e x t r a c t i o n  by t h r e e  

c h e l a t i n g  agents (APDC, DMG and FD). Under t h e  same c o n d i t i o n s  t h a t  were employed 

Mikac-DeviE e t  al.", Ader and St0epp1et - l~  found t h a t  t h e  recovery  o f  6 3 N i  f rom 

u r i n e  d i g e s t s  i n t o  M I B K  averaged 99% f o r  APDC, 89% f o r  FD and 88% f o r  DMG. 

Zachariasen, Andersen and t h e i r  co-workers 16,17s27s34 eva lua ted  DMG and APDC as 

c h e l a t i n g  reagents  f o r  t h e  de te rm ina t ion  o f  n i c k e l  i n  b i o l o g i c a l  m a t e r i a l s .  They 

concludedz7 t h a t  APDC i s  t h e  b e s t  o f  these c h e l a t i n g  agents. 

47 has been performed a t  pH values rang ing  f rom 2.525 t o  9.OZ7. B lan ton  e t  a l .  

r e p o r t e d  t h a t  t h e  e f f i c i e n c y  o f  e x t r a c t i o n  o f  63Ni-APDC f rom aqueous s o l u t i o n  

i n t o  HIBK was cons tan t  f rom pH 1 t o  8 and was independent o f  t h e  n i c k e l  concen- 

t r a t i o n  up t o  100 ug / l .  Jenne and B a l l 4 8  found t h a t  N i -APDC e x t r a c t e d  f rom water  

a t  pH >4 was s t a b l e  i n  M I B K  f o r  a t  l e a s t  15 h a t  room temperature and up t o  1 

week a t  4OC. Ader and Stoeppler' '  observed time-dependent decomposi t ion o f  N i -APDC 

i n  MIBK a t  pH 2.6; t h e y  adv ised t h a t  q u a n t i t a t i o n  o f  n i c k e l  by a tomic-absorp t ion  

spec t rophotomet ry  be performed w i t h i n  1 h a f t e r  e x t r a c t i o n  o f  N i -APDC i n t o  MIBK.  

Sunderman 

e x t r a c t s  o f  u r i n e  o r  serum than i n  e x t r a c t s  of aqueous s tandard  s o l u t i o n s ,  and 

i s  g r e a t e r  a t  a c i d i c  than a t  n e u t r a l  pH. Q u a n t i t a t i v e  recovery  o f  n i c k e l  added 

t o  u r i n e  was achieved when e x t r a c t i o n  o f  N i -APDC i n t o  HIBK was performed a t  pH 

7.0-7.5; low recove r ies  were ob ta ined  when t h e  e x t r a c t i o n  was performed a t  pH 

2.5-3.0 o r  5.0-5.5 . Based on these f i n d i n g s ,  t h e  p resen t  au tho r  recommends 

e x t r a c t i o n  o f  n i c k e l  as t h e  N i -APDC complex i n t o  MIBK a t  pH 7.0-7.5. 

29 

H ikac-Dev i t  e t  a1 .18 t e s t e d  f o u r  c h e l a t i n g  agents [anon ium p y r r o l i d i n e  d i t h i o -  

E x t r a c t i o n  o f  N i - A P D C  f rom d i g e s t e d  o r  dep ro te ina ted  serum and u r i n e  i n t o  M I B K  

5 no ted  t h a t  decomposi t ion o f  N i -APDC i n  M I B K  i s  more pronounced i n  

5 
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10.4 ANALYTICAL METHODS 

10.4.1 Spectrophotometry and high-perfonance l iquid chromatogrnphy 

I n  Tab le  10.2 a re  l i s t e d  t h e  molar  a b s o r p t i v i t i e s  o f  c o l o r  reagents t h a t  have 

been employed f o r  spec t rophotomet r ic  measurements o f  n i c k e l .  F u r i l d i o x i m e  was 

s e l e c t e d  by t h e  U.S. Nat iona l  Bureau of Standards (NBS) as t h e  p r e f e r r e d  reagent  

f o r  spec t rophotomet r ic  de te rm ina t ions  o f  n i c k e l  i n  b i o l o g i c a l  mater ia ls6" .  Ex- 

t r a c t i o n  of  n i c k e l  f u r i l d i o x i m a t e  i n t o  ch lo ro fo rm i s  s e l e c t i v e ,  as i n t e r f e r e n c e s  

by i r o n  and aluminium can be prevented  by a d d i t i o n  o f  c i t r a t e  o r  t a r t r a t e  t o  t h e  

r e a c t i o n  m ix tu re ,  and as i n t e r f e r e n c e  by c o b a l t  and copper can be min imized by  

backwashing t h e  ch lo ro fo rm e x t r a c t  w i t h  ammonia. The NBS method f o r  t h e  de termi -  

n a t i o n  o f  n i c k e l  i n  reference samples o f  b i o l o g i c a l  o r i g i n  (e.g., o rcha rd  leaves  

and bov ine  l i v e r )  i n v o l v e s  t h e  f o l l o w i n g  steps: ( a )  wet ash ing  w i t h  n i t r i c  and 

p e r c h l o r i c  ac ids ;  ( b )  a d d i t i o n  o f  ammonium c i t r a t e  and f u r i l d i o x i m e ;  ( c )  e x t r a c -  

t i o n  o f  n i c k e l  f u r i l d i o x i m a t e  i n t o  ch lo ro fo rm and backwashing w i t h  d i l u t e  ammo- 

n i a  s o l u t i o n ;  and ( d )  spectrophotometry o f  t h e  ch lo ro fo rm e x t r a c t  a t  435 nm. The 

NBS spec t rophotomet r ic  method i s  i n s u f f i c i e n t l y  s e n s i t i v e  f o r  c l i n i c a l  a p p l i c a -  

t i o n s ,  as t h e  samples must c o n t a i n  0.5-4 ug o f  n i c k e l  

Sunderman31 employed d imethy lg lyox ime as t h e  e x t r a c t i o n  reagent  and d i e t h y l -  

d i th iocarbamate  as t h e  spec t rophotomet r ic  reagent  i n  a n i c k e l  assay t h a t  i n v o l v e d  

t h e  f o l l o w i n g  steps: ( a )  wet ash ing  o f  b i o l o g i c a l  m a t e r i a l s  w i th  n i t r i c  ac id ,  

s u l p h u r i c  a c i d  and hydrogen peroxide; (b)  separa t i on  o f  n i c k e l  f rom i n t e r f e r i n g  

meta ls  by ch lo ro fo rm e x t r a c t i o n  of  n i c k e l  d imethy lg lyox imate  i n  c i t r a t e  bu f fe r  

a t  pH 8.5; ( c )  back -ex t rac t i on  o f  n i c k e l  w i t h  h y d r o c h l o r i c  ac id ;  (d )  c h e l a t i o n  

o f  n i c k e l  as t h e  d i e t h y l d i t h i o c a r b a m a t e  complex; and ( e )  e x t r a c t i o n  i n t o  isoamyl 

a l coho l  a t  pH 8.5. The absorbance o f  n i c k e l  bisdiethyldithiocarbamate was measured 

a t  325 nm. Th is  method was s u i t a b l e  when concen t ra t i ons  o f  n i c k e l  i n  serum o r  

u r i n e  exceeded 10 ug / l ;  i t  was i n s u f f i c i e n t l y  s e n s i t i v e  t o  measure a c c u r a t e l y  t h e  

concen t ra t i ons  o f  n i c k e l  t h a t  e x i s t  i n  t h e  serum o r  u r i n e  o f  hea l thy ,  non-exposed 

sub jec ts .  Uden and I4al thersS8, L i s k a  and co-workers 61-63 and Sa i toh  and Suzuki 

used high-performance l i q u i d  chromatography (HPLC) w i t h  spec t rophotomet r ic  de- 

t e c t o r s  t o  separa te  and q u a n t i t a t e  n i c k e l  complexes i n  aqueous s o l u t i o n s ,  Uden 

and Walthers5* separa ted  n i c k e l  and copper complexes o f  N,N'-ethylenebis(salicy1- 

a l d i i m i n e )  by  HPLC on m i c r o p a r t i c u l a t e  s i l i c a  w i t h  a s o l v e n t  system c o n s i s t i n g  

o f  20% a c e t o n i t r i l e  i n  methylene c h l o r i d e ,  By means o f  an u l t r a v i o l e t  d e t e c t o r  

and a f l o w  c e l l  w i t h  a volume o f  8 u l ,  t hey  achieved a d e t e c t i o n  l i m i t  o f  ap- 

p rox ima te l y  5 ng o f  n i c k e l  p e r  sample. L i s k a  e t  al.63 separated n i c k e l  b i s d i e t h y l -  

d i th iocarbamate  f rom t h e  cor respond ing  complexes o f  Zn, Cu, F h ,  Pb, Co, Cd, and 

Fe by HPLC on m i c r o p a r t i c u l a t e  s i l i c a  w i t h  a s o l v e n t  system c o n s i s t i n g  o f  10% 

60 . 
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TABLE 10.2 

SPECTROPHOTOMETRIC REAGENTS FOR NICKEL DETERMINATION 

5 Modified from Sunderman . 
Reagent Sol vent Absorption max. Molar absorptivity, E Ref. 

(nm) (1 mol-1 cm-1 x 104) 

Dimethyl glyoxime Chloroform 335 
Benzildioxime Chloroform 406 
KCN and NH Water 267 
Thiothenoy?tri fl uoroacetone Carbon tetrachloride 480 
Cyclohexane-1 ,il-dione dioxime Water 460 
Furi 1 dioxime Chloroform 435 
6-Nitroquinoxaline-2,3-dithiol MIBK 710 
3-Nitroso-4-hydroxy-5,6-benzocoumarin Acetone 395 
Thiotrifluoroacetylacetone Chloroform 256 
Diethyl di thi ocarbamate Isoamyl a1 coho1 32 5 
N,N-Ethylenebis(salicyla1di imine) Hethylene chloride 254 
Zephi ramine Chloroform 307 
Crystal violet To1 uene 611 

0.5 
1.1 
1.2 
1.2 
1.4 
1.6 
2.1 
2.5 
3.4 
3.7 
5-0 
5.1 
8.2 

49 
50 Kuse et al. 

Banks an Barnum 

Muyle and Kho kar 

Bodart 
Bhaskare and Ja dale 
Kohli and Sing 
Barratt eijlal. 
Sun de m a n  
Uden and Wa hers 

Toei et a1:s9 

52 
Scoggi ns f1 

Perez a1.5 5 
55 

98 
e7 

58 
Kuse et a1 I b  



ch lo ro fo rm i n  cyclohexane. Sa i toh  and S ~ z u k i ~ ~  separated n i c k e l  b i s t h e o n y l t r i -  

f l uo roace tone  b i (TTA)2 ]  f rom t h e  cor respond ing  complexes o f  Cu, Zn, C r ,  Co, A l ,  

Fe, Be, and Pd by  HPLC on p o l y ( v i n y 1  ace ta te )  g e l  w i t h  p-dioxane as t h e  so lvent .  

The abso rp t i on  maximum o f  Ni(TTA)? was approx imate ly  365 nm; t h e  mo la r  absorp- 

t i v i t y  o f  Ni(TTA)2 was n o t  s p e c i f i e d ,  S a i t o h  and S u ~ u k i ~ ~  employed an HPLC ap- 

pa ra tus  i n  which a l l  components t h a t  con tac ted  t h e  s o l v e n t  were cons t ruc ted  o f  

PTFE o r  Pyrex. HPLC procedures w i t h  spec t rophotomet r ic  de tec to rs  have n o t  y e t  

achieved a n a l y t i c a l  s e n s i t i v i t i e s  s u f f i c i e n t  f o r  t h e  de te rm ina t ion  o f  n i c k e l  i n  

body f l u i d s ;  these methods, nonetheless,  h o l d  promise f o r  f u t u r e  development. 

Lower d e t e c t i o n  l i m i t s  f o r  n i c k e l  cou ld  be achieved by use o f  an e lec t ro the rma l  

a tomic-absorp t ion  d e t e c t o r  i n  p lace  o f  t h e  spec t rophotomet r ic  de tec to r .  

10.4.2 Ca8 chromatography 

Separa t ion  and q u a n t i t a t i o n  o f  n i c k e l  complexes by  gas chromatography o f  

v o l a t i l e  che la tes  has been a t o p i c  of  numerous i n v e s t i g a t i o n s  d u r i n g  t h e  p a s t  

decade (Tab le  10.3). The 6-diketone complexes possess thermal s t a b i l i t y  and 

v o l a t i l i t y  wh ich  a r e  favourab le  f o r  gas chromatography; t h e i r  s o l u b i l i t y  i n  p o l a r  

o rgan ic  so l ven ts  i s  advantageous f o r  p r e l i m i n a r y  s o l v e n t  e x t r a c t i o n .  S u b s t i t u -  

t i o n  w i th  f l u o r o  o r  t h i o l  groups inc reases  t h e  s e n s i t i v i t y  o f  B-diketone com- 

pounds f o r  e lec t ron -cap tu re  de tec t i on .  S u b s t i t u t e d  thiocarbamates, such as d i -  

p ropy ld i t h ioca rbamate  and d ie thy ld i t h ioca rbamate ,  a r e  a l s o  a t t r a c t i v e  l i g a n d s  

f o r  gas chromatographic ana lys i s .  E x c e l l e n t  separa t ions  o f  n i c k e l  f rom z i n c  and 

copper can be achieved; t h e  complexes can be q u a n t i t a t e d  by use o f  f lame- ion iza-  

t i o n  o r  e lec t ron -cap tu re  de tec to rs .  Fo r  t h e  de te rm ina t ion  o f  n i c k e l  i n  l i v e r ,  

l u n g  and kidney, Uden e t  a l .67 ashed t h e  samples i n  a m u f f l e  fu rnace and d i s -  

so lved t h e  res idue  i n  a c i d  (0.3 g o f  t i ssue /m l ) .  A l i q u o t s  (100 u1) were made 

a l k a l i n e  w i t h  gaseous a n o n i a  and 1 m l  o f  an e t h a n o l i c  s o l u t i o n  o f  H2(enTFA2) 

was added, A f t e r  a d d i t i o n  o f  20 m l  o f  water,  Ni(enTFA2) was e x t r a c t e d  i n t o  1 m l  

o f  benzene. When a l - u l  sample of t h e  benzene e x t r a c t  was i n j e c t e d  on t o  t h e  gas 

chromatographic column, t h e  d e t e c t i o n  l i m i t  w i t h  a 6 3 N i  e l e c t r o n  cap tu re  d e t e c t o r  

was 20 pg and t h a t  w i t h  a scandium t r i t i d e  e lec t ron -cap tu re  d e t e c t o r  was 4 pg p e r  

sample. The d e t e c t i o n  l i m i t  w i t h  t h e  scandium t r i t i d e  d e t e c t o r  was e q u i v a l e n t  t o  

approx imate ly  15 ug o f  n i c k e l / k g  (wet we igh t )  o f  t i s s u e .  N icke l  concen t ra t i ons  

i n  t h e  samples o f  lung ,  l i v e r  and k idney  were n o t  s p e c i f i e d ,  b u t  t h e  au thors  

no ted  t h a t  t h e  r e s u l t s  agreed w i t h  va lues  ob ta ined  by a tomic-absorp t ion  spec t ro -  

photometry. B a r r a t t  e t  a1.66 used a s i m i l a r  procedure t o  measure n i c k e l  i n  samples 

of  i n s t a n t  t e a  and hydrogenated t r i g l y c e r i d e s ,  i n  which t h e  n i c k e l  concen t ra t i ons  

ranged f rom 4 t o  13 ug/g. Gas chromatographic analyses o f  n i c k e l  i n  body f l u i d s  

o r  exc re ta  have n o t  y e t  been repo r ted ,  



TABLE 10. 3 

CHELATION REAGENTS FOR DETERMINATION 0F NICKEL BY GAS CHROMATOGRAPHY 

N 
W 
Q, 

5 Modified from Sunderman . 
Reagent Abbreviation Extraction Column Column Ref. 

sol vent packing temperature (OC) 

65 
Tri fl uoroacetyl acetone TFA Benzene 2% Silicone SE-30 165-230 Tamura et al. 

Monothiotri fluoroacetyl- T-TFA n-Hexane 5% Silicone E-350 140-170 Barratt et al. 
acetone on Universal B 

on Chromosorb W HP 
66 

Bis(trif1uoroacetylacet- H2(enTFA2) Benzene 1.5% OV-101 on 225 
0ne)ethylenediimine Chromosorb W 

Bis(trifluoroacety1acet- H2(enTFA)2 n-Hexane 3% Silicone OF-1 150 
one)ethyl enediimine on Varaport 30 

N,N'-Propylenebistri- H2 ( pnTFA2) Benzene 1.5% Dexsil 200 260 
f luoroacetylacetoneimine on Chromosorb W 

Uden et al. 67 

Belcher et a1 . 68 
Uden et al. 69 

70 
Bis(acetylpivaly1methane)- H2(enAPM)2 Cyclohexane 5% Silicone E-350 285 Belcher et al. 
ethyl ened i i mi ne on Universal B 

Di propyldi thiocarbamate DPDTC Chloroform 1% Dexsil 300 245 Gemner-Colos and Neeb 

Di e t hy 1 d i t h i oca r bama t e DDC Chloroform OV-101 in a 

Diethyl di thiocarbamate DDC Chloroform Mixture (1:l) of 240 Radecki and Halkiewicz 

71 

on Chromosorb W HP 

capi 11 ary column 

5% OV-101 and 5% 
OF-1 on Gas-Chrom Q 

72 190-246 Riekkola et al. 

73 
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10.4.3. X-Ray fluoreecence and particZeinduced X - r a y  enriseion 

Standard techn iques  of X-ray f luorescence spectrophotometry a re  i n s u f f i c i e n t l y  

s e n s i t i v e  f o r  d i r e c t  de te rm ina t ions  o f  n i c k e l  i n  body f l u i d s ,  t i s s u e s  and excre ta .  
F o r s ~ e n ~ ~  ashed human t i s s u e s  i n  a muffle fu rnace and compressed 30-mg a l i q u o t s  

of  t h e  ash i n t o  wafers (17 mm d iameter )  by  means o f  a h y d r a u l i c  press. The wafers  

served as X-ray ta rge ts .  Spec t ra l  emiss ion  l i n e s  o f  t h i r t e e n  elements, i n c l u d i n g  

n i c k e l ,  were scanned w i th  a l i t h i u m  f l i r o r i d e  de tec tor .  F ~ r s s e n ~ ~  r e p o r t e d  t h a t  

t h e  d e t e c t i o n  l i m i t  f o r  n i c k e l  was approx imate ly  10 ug/g o f  ash; she de tec ted  

n i c k e l  i n  o n l y  20 of 665 t i s s u e  samples, Kess le r  and M i t c h e l l 7 '  inc reased t h e  

s e n s i t i v i t y  of X-ray f luorescence spectrophotometry by p r e l i m i n a r y  c o - p r e c i p i t a -  

t i o n  of  t r a c e  meta ls  w i t h  t i t a n i u m  i n  t h e  presence o f  d ie thy ld i t h ioca rbamate .  

The p r e c i p i t a t e  was conf ined t o  a m ic rodo t  (1.3 m diameter )  on f i l t e r  d i s c  which 

served as t h e  X-ray ta rge t .  N icke l  was de tec ted  i n  amounts as smal l  as 0.6 ng /d i sc ,  

which was e q u i v a l e n t  t o  a n i c k e l  concen t ra t i on  o f  approx imate ly  2 p g / l  i n  aqueous 

s o l u t i o n .  Kess le r  and d i d  n o t  employ t h i s  procedure f o r  measurements 

o f  n i c k e l  i n  b i o l o g i c a l  ma te r ia l s .  

Pa r t i c l e - i nduced  X-ray emiss ion  (PIXE) spectrophotometry,  which i s  more sen- 

s i t i v e  than X-ray f luorescence spectrophotometry,  has been used f o r  t h e  d e t e c t i o n  

and q u a n t i t a t i o n  o f  t r a c e  meta ls  i n  t i s s u e s  and body f l ~ i d s ~ ~ - ~ ~ .  A p r o t o n  beam 

(2-4 MeV) f rom a Van de r  G r a f f  genera tor  i s  focused m a g n e t i c a l l y  on a d r i e d  sample 

i n s i d e  a vacuum chamber. The sample i s  depos i ted  as a spo t  (10-20 mn d iameter )  on 

a t a r g e t  composed o f  a t h i n  o rgan ic  f i l m .  The p r o t o n  beam d is lodges  i n n e r  s h e l l  

e l e c t r o n s  f rom atoms i n  t h e  sample: t h e  i n n e r  s h e l l  vacancies a r e  i m n e d i a t e l y  

f i l l e d  by o u t e r  s h e l l  e lec t rons .  T h i s  process re leases  X-rays w i t h  energ ies  

c h a r a c t e r i s t i c  o f  t h e  elements f rom which they  were der ived. The i n t e n s i t y  of 

X-ray emiss ion  a t  each s p e c i f i c  energy l e v e l  i s  de tec ted  by  a s i l i c o n  d e t e c t o r  

and i s  q u a n t i f i e d  w i t h  a mul t i -channe l  analyser.  Q u a n t i t a t i o n  o f  PIXE analyses 

i s  achieved by re fe rence  t o  i n t e r n a l  standards,  such as s t ron t ium,  o r  by  s p i k i n g  

t h e  sample w i th  known amounts o f  t h e  element t o  be' a n a l y ~ e d ~ ~ ~ ~ ' .  Several  i n -  

v e s t i g a t o r s  80-83 have a t tempted d i r e c t  measurements o f  n i c k e l  concen t ra t i ons  i n  
human serum by t h e  PIXE technique; t h e  a n a l y t i c a l  s e n s i t i v i t i e s  were i n s u f f i c i e n t  

t o  d e t e c t  n i c k e l .  Fo r  example, B a r r e t t e  e t  a1.82 found t h a t  t h e  d e t e c t i o n  l i m i t  

f o r  n i c k e l  i n  serum by P I X E  a n a l y s i s  was 19 ug / l .  B a r r e t t e  e t  a1.82 and Campbell 

concluded t h a t  ash ing  and p re -concen t ra t i on  were r e q u i r e d  f o r  q u a n t i t a t i o n  o f  

serum n i c k e l  by t h e  P I X E  technique. Chen e t  al.84 used P I X E  f o r  measurements of 
n i c k e l  concen t ra t i ons  i n  t i s s u e  specimens ob ta ined  a t  autopsy f rom p a t i e n t s  who 

had d i e d  o f  Leg ionna i res ' s  d isease and f rom c o n t r o l  p a t i e n t s .  Samples (0.1-0.5 g 

wet we igh t )  were d iges ted  i n  n i t r i c  ac id ;  10 v l  a l i q u o t s  were evaporated t o  

dryness and analysed by  PIXE w i t h  a ?-MeV p r o t o n  beam. The X-ray i n t e n s i t y  a t  

79 
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7.472 keV was used t o  c a l c u l a t e  n i c k e l  concen t ra t i ons  by t h e  method o f  s tandard  

a d d i t i o n s .  The c o r r e l a t i o n  c o e f f i c i e n t  was 0.936 between n i c k e l  concen t ra t i ons  

ob ta ined  by  Chen e t  al.84 u s i n g  P I X E  a n a l y s i s  and those ob ta ined  by t h e  p resen t  

au tho r  u s i n g  e lec t ro the rma l  a tomic-absorp t ion  spectrophotometry,  based on p a i r e d  

measurements o f  f i v e  samples of  lung. The concen t ra t i ons  of n i c k e l  i n  l u n g  samples 

from c o n t r o l  sub jec ts  and p a t i e n t s  w i t h  Leg ionna i res ' s  disease a r e  g i ven  i n  

Tab le  10.4 t o  show t h a t  comparable r e s u l t s  were ob ta ined by  t h e  PIXE and atomic- 

abso rp t i on  techniques. 

TABLE 10.4 

COMPARISON OF NICKEL DETERMINATIONS I N  LUNG BY PARTICLE-INDUCED X-RAY E M I S S I O N  

( P I X E )  AND ELECTROTHERMAL ATOMIC-ABSORPTION SPECTROPHOTONETRY (EAAS) 

Method 

~ 

Lung N i  concen t ra t i on  (ug/kg d r y  wt.)* 
~ ~~ ~~ 

Con t ro l  sub jec ts  Leg ionna i res  I s d isease 

PIXE** 

EAAS*** 

132 f 99 

81  f 51 
(9 )  

(7 )  

1170 f 1110 

790 ?r 470 
( 9 )  

( 5 )  

*Each va lue  i s  mean ?r S.D. The num r o f  sub jec ts  a r e  l i s t e d  i n  parentheses. 
**Analyses performed by Chen e t  a l .  $8 . 

***Analyses performed by  t h e  p resen t  author.  

10.4.4 Neutron and charged particZe ac t iva t ion  anaZysis 

Neutron a c t i v a t i o n  a n a l y s i s  o f  n i c k e l  i n  b i o l o g i c a l  m a t e r i a l s  i s  l i m i t e d  by 

t h e  r e l a t i v e  i n s e n s i t i v i t y  of t h i s  technique. Lux and Z e i ~ l e r * ~  employed a c t i v a -  

t i o n  a n a l y s i s  u s i n g  r e a c t o r  i r r a d i a t i o n  and y -spec t romet ry  w i t h  a Ge(L i )  w e l l -  

t ype  d e t e c t o r  f o r  measurements of  t r a c e  meta ls  i n  human connect ive  t i s s u e  samples. 

The d e t e c t i o n  l i m i t  f o r  n i c k e l  was 0.5 ug/g (wet  we igh t ) .  Lux and Z e i s l e r R 5  d i d  

n o t  d e t e c t  n i c k e l  i n  normal connec t i ve  t i ssue ,  b u t  t hey  d i d  demonstrate n i c k e l  

i n  connect ive  t i s s u e  samples near  n i c k e l - c o n t a i n i n g  meta l  imp lan ts .  Swanson and 

Truesdale86 used neu t ron  a c t i v a t i o n  f o r  t h e  de te rm ina t ion  o f  n i c k e l  and o t h e r  

meta ls  i n  human lenses  t h a t  had been l y o p h i l i z e d  a f t e r  quenching i n  l i q u i d  n i t r o -  

gen. Swanson and TruesdaleR6 specu la ted  t h a t  n i c k e l  accumulat ion m igh t  be i n -  

vo l ved  i n  t h e  pathogenesis o f  s e n i l e  ca ta rac ts ,  as n i c k e l  was i n c o n s t a n t l y  de- 

t e c t e d  i n  lenses  f rom young p a t i e n t s ,  b u t  was p resen t  i n  r e a d i l y  measured con- 

c e n t r a t i o n s  i n  ca ta rac tous  lenses  f rom s e n i l e  p a t i e n t s .  Swindle and Schweikert  87 
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described a procedure f o r  the determination of nickel by charged p a r t i c l e  ac t iva-  
t ion  analysis  using an 88-in. cyclotron,  based on the react ion 58Ni(p,pn)57Ni 
( t  = 36 h ) .  Post- i r radiat ion chemical separat ion of 57Ni resul ted i n  a detect ion 
l i m i t  f o r  nickel of approximately 1 pg/g i n  inorganic reference mater ia ls ,  
Versieck e t  a1.I3 measured 58C0 produced by the  react ion 58Ni(p,n) Co ( t t  = 71 

days) t o  study the influence of contamination from needles and sca lpe ls  on nickel 
concentration i n  human l iver .  Ward and RyanR8 used the same neutron ac t iva t ion  
react ion t o  measure concentrations of nickel and o ther  t r a c e  metals i n  NBS 
reference bovine l i v e r  and in  human whole blood and serum. Prior  t o  i r r a d i a t i o n  
i n  a reac tor ,  the  samples were subjected t o  n i t r i c  acid digest ion i n  PTFE bomb. 
Neutron ac t iva t ion  analysis  of NRS reference bovine l i v e r  yielded a nickel con- 
cent ra t ion  of 0.20+0.03 ug/g (dry weight), which agreed with the reference value 
of 0.18?0.03 ug/g (dry weight). The nickel concentration in  a pooled sample of 
human whole blood averaged 14flt20 ug/ l ;  the  nickel concentration in  a pooled 
sample of human serum was l e s s  than the  detect ion l i m i t  of 30 ug/l. 

3 

58 

10.4.5 Isotope-dilution mass spectrometry 

Paulsen e t  a1.89, Poore e t  al.’” and Kopenaal e t  a1.” described techniques 
f o r  the determination of nickel by isotope-di lut ion spark-source mass spectro- 
photometry. In the procedure of Moore e t  al.”, the  sample was sp iked  w i t h  s t a b l e  
62Ni ; nickel was extracted as the dimethylglyoxime complex from an amnoniacal 
solut ion i n t o  chloroform and back-extracted from the  chloroform with d i l u t e  n i t r i c  
acid. Nickel was separated by cation-exchange chromatography, and the  58Ni :62Ni 
and 6 o N i : 6 2 N i  r a t i o s  were determined by mass spectrometry w i t h  thermal ionizat ion 
a t  206OOC. A rhenium ribbon filament was used t o  reduce the nickel background. 
The concentration of nickel was calculated from the  r e l a t i v e  abundances o f  58Ni, 
6oNi i n  spiked and natural samples. The procedure of Koppenaal e t  al.’l involved 
( a )  acid pressure decomposition of the  sample i n  a PTFE bomb, (b)  electrochemical 
concentration of the analyte  on a gold cathode and ( c )  isotope-di lut ion spark- 
source mass spectrometry. This method minimized sample manipulation and was 
r e l a t i v e l y  immune t o  contamination. Moore e t  a1.90 and Koppenaal e t  al.” applied 
t h e i r  procedures t o  measurements of nickel and other  t race  metals i n  coa l ,  coal 
products and fuel  o i l .  In the  method of Koppenall e t  al.”, the  detect ion l i m i t  
for.nicke1 was approximately 10 ng /g  (dry weight). Isotope-dilution mass spectrom- 
e t r y  has not y e t  been used f o r  the determination of nickel concentrations i n  
biological mater ia ls .  The present author envisions t h a t  combination of isotope- 
d i lu t ion  mass spectrometry w i t h  gas chromatographic separat ion of v o l a t i l e  nickel 
chelates  wil l  eventual ly  become a d e f i n i t i v e  method f o r  the  determination of 
nickel i n  body f l u i d s ,  t i s s u e s  and excreta. 
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10.4.6 Dif ferent ial  pulse polarography 

Convent ional  po la rog raph ic  techn iques  f o r  n i c k e l  a n a l y s i s  have been descr ibed 

by seve ra l  workers45 ’92-94; these techniques have lacked s u f f i c i e n t  s e n s i t i v i t y  

t o  be employed f o r  n i c k e l  de te rm ina t ions  i n  b i o l o g i c a l  ma te r ia l s ,  F l o r a  and 

Nieboerg5 found t h a t  t h e  a d d i t i o n  o f  d imethy lg lyox ime t o  amnoniacal t a r t r a t e  o r  

c i t r a t e  b u f f e r s  enhanced by a f a c t o r  o f  15 t h e  s e n s i t i v i t y  o f  d e r i v a t i v e  po la ro -  

graphy o f  n i c k e l  a t  a d ropp ing  mercury e lec t rode.  Th is  enhancement phenomenon was 

a l s o  no ted  by Vinogradova and Prokhorovag6 and Astafeva e t  al.97. By means o f  
95 dimethylglyoxime-sensitized d i f f e r e n t i a l  pu l se  p o l  arography, F l o r a  and Nieboer 

de tec ted  n i c k e l  concen t ra t i ons  as low as 2-3 v g / l  i n  bu f fe red  r e a c t i o n  mix tu res .  

I n  a p r e l i m i n a r y  study, Nieboer e t  a1.98 a p p l i e d  t h e  pu lse  po la rog raph ic  procedure 

t o  measurements o f  n i c k e l  i n  human u r i n e  and b lood  f o l l o w i n g  o x i d a t i o n  o f  o rgan ic  

c o n s t i t u e n t s  by d r y  ashing. S a t i s f a c t o r y  agreement was observed between n i c k e l  

analyses i n  body f l u i d s  by pu lse  po la rography  and by e lec t ro the rma l  atomic-ab- 

s o r p t i o n  spectrophotometry.  

10.4.7 Radiodisplacement and ca ta ly t ic  methods 

German e t  al.” descr ibed a r a d i o t r a c e r  displacement techn ique f o r  t h e  de te r -  

m i n a t i o n  o f  n i c k e l  in.aqueous s o l u t i o n .  N icke l  was i s o l a t e d  by  d iemthy lg lyox ime 

e x t r a c t i o n  and determined by t h e  displacement r e a c t i o n  between N i  (11)  and 

65ZnEDTA. 65Zn, d i sp laced  from 65ZnEDTA, was e x t r a c t e d  i n t o  a d i t h i zone-ca rbon  

t e t r a c h l o r i d e  s o l u t i o n  and measured by y-spectrometry. German e t  al.” demon- 

s t r a t e d  t h a t  samples c o n t a i n i n g  0.5 vg o f  n i c k e l  z o u l d  be analysed by t h i s  

technique. The rad iod isp lacement  method has n o t  been used f o r  analyses o f  n i c k e l  

i n  b i o l o g i c a l  ma te r ia l s .  Mealor and Townshend’O’ developed a k i n e t i c  method f o r  

t h e  de te rm ina t ion  o f  n i c k e l ,  based on i t s  c a t a l y t i c  e f f e c t  on t h e  decomposi t ion 

o f  permanganate i n  a l k a l i n e  s o l u t i o n  i n  t h e  presence o f  ace tod iphosphor ic  ac id .  

Th i s  r e a c t i o n  was employed by  Had j i ioannou e t  a1.’” f o r  an automated spec t ro -  

pho tomet r i c  r e a c t i o n - r a t e  system. Amounts o f  n i c k e l  i n  t h e  range 0.3-2.1 ug p e r  

sample were determined, w i th  a c o e f f i c i e n t  o f  v a r i a t i o n  o f  2.5% and measurement 

t imes  o f  10-50 sec. Kurzawa and Kubaszewskilo2 descr ibed a k i n e t i c  method f o r  

n i c k e l  de te rm ina t ion  based on t h e  r e a c t i o n  o f  sodium az ide  w i t h  i od ine .  Sodium 

d i e t h y l d i  th iocarbamate ca ta l yses  t h i s  reac t i on ;  n i c k e l  d ie thy ld i t h ioca rbamate  

does not.  I n  t h e  presence o f  a s t o i c h i o m e t r i c  excess o f  sodium d i e t h y l d i t h i o -  

carbamate, t h e  n i c k e l  concen t ra t i on  i n  t h e  r e a c t i o n  m i x t u r e  i s  i n v e r s e l y  r e l a t e d  

t o  t h e  ve1.ocity o f  t h e  i od ine -az ide  reac t i on .  Kurzawa and Kubaszewski”* a p p l i e d  

t h e  r e a c t i o n  system t o  analyses o f  samples c o n t a i n i n g  0.14-14 pg o f  n i c k e l ,  i n -  
c l u d i n g  measurements o f  n i c k e l  concen t ra t i ons  i n  margar ine  and drugs. 
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7 0.4.9 A t o m i c - d s e i a  spectraphotmetry with inductively coupled plasma 

excitation 

From 1955 t o  1964, several inves t iga tors  surveyed the concentrations of t r a c e  
metals in  human blood and autopsy t i s sues  by emission spectrography; measure- 
ments of nickel were frequent ly  included i n  the  tabulated r e s u l t s  of these 
s tud ies  103-1"9. L i t t l e  re l iance  can be placed on these measurements of n icke l ,  
as  the nickel concentrations were e i t h e r  below o r  barely above the detect ion 
1 imits. When more s e n s i t i v e  atomic-absorption procedures were developed d u r i n g  
the mid-l960s, measurements of nickel i n  biological mater ia ls  by emission spectro- 
graphy were general ly  abandoned. Renewed i n t e r e s t  in  atomic-emission techniques 
f o r  nickel analysis  has been evoked by the recent  development of induct ively 
coupled plasma atomic-emission spectrophotometry (ICP-AES) 3"'11" 'll'. Abercrombie 
e t  a1.l" prepared biological samples by acid digest ion and aspirated the dis-  
solved residues i n t o  an induct ively coupled argon plasma.. Spectral emissions of 

110 32 elements were measured with a 0.5-m Ebert polychromatro. Abercrombie e t  a l .  
reported determinations of nickel concentrations i n  orchard leaves,  bovine l i v e r ,  
bac te r ia l  cu l ture  media and bird feathers .  The approximate detect ion l i m i t  f o r  
nickel was 0.4 ug/g (dry weight), Haas e t  a1.ll1 described an instrument f o r  the  
d i r e c t  multi-element analysis  of ur ine based on ( a )  u l t rasonic  nebulization of 
the sample, (b)  asp i ra t ion  of the  sample vapour by a n  argon stream i n t o  a luminous 
plasma produced by an induction co i l  and ( c )  simultaneous detect ion of photo- 
emissions a t  twenty wavelengths by a polychromator. Emission i n t e n s i t i e s  of added 
amounts of reference elements compensated f o r  var ia t ions  i n  the  e f f ic iency  of 
nebulization. The ICP-AES instrument lacked s u f f i c i e n t  s e n s i t i v i t y  t o  detect  
nickel in  normal urine. Haas e t  al. ' ll  s t a t e d  t h a t  the  detect ion l i m i t  f o r  nickel 
was approximately 4-9 ug/l of urine. Barnes and Genna3' concentrated metals from 
urine by a f a c t o r  of 125 by use of a poly(dithi0carbamate) res in .  Samples of 
ur ine (250 ml) were passed through a resin column and the  sequestered metals were 
recovered by digest ion of the res in  t o  achieve a f ina l  sample volumes of 2 ml. 
The sample was then aspirated i n t o  an induct ively coupled plasma f o r  determina- 
t ion  of  ten t r a c e  metals, including nickel. Barnes and Genna3' reported t h a t  the 
detect ion l i m i t  f o r  nickel i n  ur ine was 0.06 \ig/l. This ICP-AES technique o f f e r s  
advantages f o r  rout ine analyses of t r a c e  metal concentrations in  ur ine specimens, 
as  many metals can be measured simultaneously. 

10.4.9 FZme atomic-absorptia and atomic-fZuorescence spectrophotaetry 

In 1960, Allan112 employed flame atomic-absorption spectrophotometry (FAAS) 
f o r  the determination of nickel i n  aqueous solut ions.  Applications of FAAS t o  
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measurements of n i c k e l  concentrat ions i n  human body f l u i d s ,  t i ssues  and excreta 

of Nomoto and S ~ n d e r m a n ~ ~ ,  samples o f  u r i n e  (50  ml)  were digested w i t h  n i t r i c ,  

su lphur ic  and pe rch lo r i c  acids, and samples o f  serum (10 m l )  were deproteinized 

w i t h  t r i c h l o r o a c e t i c  acid. Nickel was ext racted as n i c k e l  b i s d i e t h y l d i t h i o -  

carbamate i n t o  M I B K  (3 m l ) ;  the concentrat ion o f  n i c k e l  i n  the M I B K  e x t r a c t  was 
determined by atomic-absorption spectrophotometry w i t h  an a i r -acety lene flame a t  

232 nm. This procedure achieved a de tec t i on  l i m i t  f o r  n i c k e l  o f  0.1 ug / l  o f  u r i n e  

o r  0.5 ug/ l  of serumz5. The coe f f i c i en ts  of v a r i a t i o n  o f  r e p l i c a t e  n i c k e l  anal- 

yses i n  u r i n e  and serum samples were 10% and 9%, r e ~ p e c t i v e l y ~ ~ .  The la rge  sample 

requirement f o r  serum and the p ro t rac ted  d iges t i on  requi red f o r  the analys is  o f  

u r i n e  made t h i s  FAAS method cumbersome f o r  r o u t i n e  use. 

Emara e t  a l . l I 5  found t h a t  n i t r i c ,  su lphur ic  and pe rch lo r i c  acids caused sup- 

press ion of n i cke l  measurements a t  232 nm by flame atomic-absorption spectropho- 

tometry. N o ~ t o ~ ~  observed in te r fe rence  by Cu (10 mg/l) and Au, P t  and Cd (2.5 

mg/l) i n  the atomic-absorption spectrophotometry o f  n i cke l  (50 v g / l )  a t  232 nm 

i n  an a i r -acety lene flame. Sunderberg116 found t h a t  Fe, Wn, Cu and Co (2  g/1) 

suppressed the atomic absorption o f  n i cke l  (20 mg/l) i n  a i r -acety lene flames. 

Sunderberg116 repor ted t h a t  the in ter ferences could be e l iminated by ca re fu l  

adjustment o f  the height  o f  the o p t i c a l  beam above the burner head. A reference 

method f o r  the FAAS determination o f  n i c k e l  i n  foods and other  organic matter was 

described by the  Ana ly t i ca l  Methods Committee1l7, i n v o l v i n g  (a)  des t ruc t i on  o f  

organic substances by ac id  d igest ion,  (b)  e x t r a c t i o n  o f  n i c k e l  as the complex 

w i t h  ammonium pyrrolidinedithiocarbamate (APDC) i n t o  MIBK and ( c )  atomic-absorp- 

t i o n  spectrophotometry o f  n i c k e l  by a s p i r a t i n g  the M I B K  e x t r a c t  i n t o  an a i r -  

acetylene flame and measuring the absorbance a t  232 nm. The method o f  the 

Ana ly t i ca l  Methods Comnitteel l '  c l ose l y  resembles t h a t  described by Nomoto and 

SundermanZ5. I n  the present author's opinion, these FAAS procedures are both 

s u i t a b l e  f o r  the determination o f  n i cke l  concentrat ions i n  foods, faeces and 

t issues. 

were soon described by several i nves t i ga to rs  24,25,35,36,113,114. In the  procedure 

The s e n s i t i v i t y  o f  n i c k e l  determinations by flame atomic-fluorescence spectro- 

photometry (FAFS i s  greater  than t h a t  by flame atomic-absorption spectrophotom- 

e t r y  (FAAS) 'l8-'.', For example, Matousek and Sychra'l' found t h a t  the de tec t i on  

l i m i t  f o r  n i c k e l  a t  232 nm by FAFS was approximately 3 ug/1, compared w i t h  20 

ug/1 by FAAS w i t h  the same spect ra l  source and spectrophotometer. By use o f  a 

tunable dye l a s e r  as the e x c i t a t i o n  source, Weeks e t  a1.I2' obtained a detect ion 

l i m i t  f o r  n i cke l  o f  2 ug/1 by FAAS a t  352.4 m. Because even lower de tec t i on  

l i m i t s  f o r  n i c k e l  can be achieved by e lect rothermal  atomic absorption, there has 

been l i t t l e  recent  i n t e r e s t  i n  FAAS o f  n i cke l  i n  b i o l o g i c a l  mater ia ls .  

3 
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10.4.10 EZectrothemaZ atomic-absorption spectrophotometry 

When g raph i te  e lect ro thermal  atomizers became comnercial ly ava i l ab le  i n  the 

e a r l y  1970s. most l abo ra to r ies  t h a t  were engaged i n  n i cke l  analyses f o r  c l i n i c a l  

purposes sh i f t ed  from FAAS techniques t o  e lect ro thermal  atomic-absorption spec- 

trophotometry (EAAS) 16-18'26'27'34'121'122, The EAAS technique o f  Hikac-DeviE 

e t  a1.18 was t y p i c a l  o f  these procedures. Samples o f  serum o r  u r i n e  (1 ml )  were 

digested w i t h  n i t r i c ,  su lphur ic  and pe rch lo r i c  acids, and n i cke l  was ext racted 

as the fu r i l d iox ime  complex i n t o  M I B K  (0.7 ml). A l iquots  (50 ~ 1 )  o f  t he  M I B K  

e x t r a c t  were p ipe t ted  i n t o  the graphi te  tube furnace, and the temperature program- 

me f o r  d ry ing  (up t o  12OoC), ashing (up t o  95OoC) and atomization (260OOC) was 

performed. This procedure achieved a de tec t i on  l i m i t  f o r  n i c k e l  i n  serum o r  u r i n e  

of 0.4 vg/ l ;  the c o e f f i c i e n t s  of v a r i a t i o n  f o r  analyses o f  n i c k e l  i n  serum and 

u r i n e  were 10% and 7% . 
analys is  of N i -APDC i n  M I B K  extracts. He noted t h a t  M I B K  s lowly  spread l a t e r a l l y  

w i t h i n  the g raph i te  tube, provided t h a t  the dur ing cyc le  was delayed f o r  1 min 

a f t e r  sample i n j e c t i o n .  Otherwise, b o i l i n g  o f  t1IBK caused spu t te r i ng  o f  the 

sample and the a n a l y t i c a l  s e n s i t i v i t y  and r e p r o d u c i b i l i t y  became impaired. 

Ful ler124 and F ind lay e t  al.125 inves t i ga ted  losses o f  n i c k e l  dur ing the pre- 

atomization heat ing pe r iod  i n  EAAS. Ful ler124 found t h a t  heat ing a t  75OoC f o r  

60 sec was attended by minimal l oss  o f  n i c k e l ,  whereas heat ing a t  l l O O ° C  f o r  30 

sec caused a 10-35% loss  o f  n i c k e l ,  depending on the sample matrix. F ind lay e t  

al.125 repor ted t h a t  heat ing a t  900°C f o r  30 sec caused a l oss  o f  l ess  than 5% 

o f  n i c k e l  by v o l a t i l i z a t i o n .  Kantor e t  a1.lZ6 measured the  vapor izat ion o f  n i c k e l  

a t  temperatures from 1330 t o  21OO0C. Minimal vapor izat ion o f  n i c k e l  occurred a t  

133OOC; the p la teau o f  maximum atomic absorpt ion was reached a t  20OO0C. Under 

d i f f e r e n t  experimental condit ions, Czobi k and MatouseklP7 found t h a t  t he  p la teau 

o f  maximum atomic absorption o f  n i c k e l  was reached a t  171OoC. Kantor e t  a l .  

and Czobik and M a t o ~ s e k l ~ ~  both repor ted t h a t  >50-fold excess o f  copper suppressed 

the atomic absorption of n i cke l  a t  e lect ro thermal  a tomizat ion temperatures below 

2000°C. Kantor e t  a1.lZ6 d i d  n o t  observe any s i g n i f i c a n t  i n te r fe rence  by copper 

i n  the EAAS o f  n i c k e l  a t  21OO0C. Mikac-DeviE e t  a1.18 found t h a t  i r o n  (30 mg/1) 

suppressed the  EAAS o f  n i cke l  (10 p g / l )  i n  the furi ldioxime-MIBK e x t r a c t i o n  

procedure. No in te r fe rence  was noted when i r o n  was tes ted  a t  a concentrat ion of 

10 mg/118. Su t te r  and LeRoylZ8 found t h a t  the e f f e c t s  o f  i r o n  on the E M S  of 

n i cke l  were in f luenced by the concentrat ion o f  n i t r i c  ac id  i n  the sample. A t  a 

low concentrat ion o f  n i t r i c  ac id  (1.5 m m ~ l / l ) ,  a d d i t i o n  o f  i r o n  (50 mg/l) s l i g h t l y  

increased the  atomic absorption o f  n i c k e l  (40 v g / l ) ,  whereas a t  a h igh  concentra- 

t i o n  o f  n i t r i c  ac id  (1.5 m o l / l )  a s i m i l a r  a d d i t i o n  o f  i r o n  s t rong ly  suppressed 

18 

D ~ d a s ' ~ ~  s tud ied the effects of d ry ing  parameters on the s e n s i t i v i t y  o f  EAAS 

126 



TABLE 10.5 ; 
OUTLINE OF THE IUPAC PROVISIONAL REFERENCE METHOD FOR EAAS DETERMINATION OF NICKEL I N  SERUM AND U R I N E  

Digestion and extraction procedure (these steps are performed i n  a s i n g l e  tube) 
( 1 )  Serum o r  u r i n e  ( 2  m l )  and 2 m l  of HN03-H2S04-HC10 
( 2 )  Water ( 3  m l )  and bromophenol b l u e  i n d i c a t o r  (50 ~ 7 )  am, added; the m ix tu re  i s  t i t r a t e d  t o  pH 7.2 w i t h  d i l u t e  

(3 )  2% APDC s o l u t i o n  (0.5 m l )  and MIBK (0.7 m l )  are added and mixed; t he  MIBK e x t r a c t  i s  removed f o r  EAAS analys is .  

( 3 : l : l )  are d igested i n  a hea t ing  b lock f o r  4.5 h. 

amnonia so lu t i on .  

Parameters for E M S  detemrinatia of N i  ( i n  2 0 - ~ 1  samples o f  MIBK e x t r a c t )  

( 1 )  Spectrophotometer rmrZ accessories. Perkin-Elmer Model 5000 spectrophotometer; HGA-500 g raph i te  furnace; D2-back- 

( 2 )  Temperature p r o g m e .  D r y i n  

(3 )  Detection limit for nickel. 5 pg i n j e c t e d  i n t o  the  g raph i te  furnace (equ iva len t  t o  0.18 ug/ l  o f  serum o r  u r i ne ) .  

ground co r rec to r ;  p y r o l y t i c  g raph i te  tube; o p t i c a l  sensing temperature regulator ;  automatic sampler; peak 
i n t e g r a t o r .  The wavelength i s  232 nm; the  purge gas i s  argon (300 ml/min). 

f l o w  reduced t o  10 ml/min. 

cyc le :  25 sec ramp f rom 25 t o  12OoC and 10 sec p la teau  a t  12OoC. Ashing cyc le :  
45 sec ramp from 120 t o  1040 a C and 10 sec p la teau a t  1O4O0C. Atomizing cyc le :  7 sec p la teau t o  27OO0C w i t h  argon 

Precision data (day-to-day, de r i ved  from 21 analyses o f  a s i n g l e  u r i n e  specimen) 

( 1 )  Urine n i c k e l  concentrat ion (mean ? S.D.) = 4.22 * 0.33 pg/ l .  
( 2 )  Qange o f  observed values = 3.6 - 4.8 ug / l .  
(3)  Coe f f i c i en t .  o f  v a r i a t i o n  = 7.8%. 

Recovery data (der ived from a d d i t i o n  of N i  t o  12 specimens o f  u r i n e  from hea l thy  persons) 

( 1 )  Added n i c k e l  = 5 vg / l .  
( 2 )  Recovered n i c k e l  (mean ? S.D.) = 4.91 t 0.17 pg/1. 
( 3 )  Nickel  recovery = 98.1 f 3.4% (range = 94 - 107%). 
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t h e  a tomic  abso rp t i on  of  nickel'". J u l ~ h a m m ' ~ ~  r e p o r t e d  t h a t  p e r c h l o r i c  a c i d  

(1 m o l / l )  caused 18% suppress ion  o f ' t h e  a tomic  abso rp t i on  o f  n i c k e l  (1  rng/ l )  a t  

232.0 nrn, as determined by  EAAS a t  25OOOC. Th is  i n h i b i t o r y  e f f e c t  c o u l d  be 

prevented  by p r e l i m i n a r y  evapora t i on  of  t h e  p e r c h l o r i c  a c i d  s o l u t i o n .  Jackson 

and West13" observed >15% suppression o f  EAAS o f  n i c k e l  by C r ,  Be, Sn, Fe, Mg, 

Mn, Coy Cu, A1 and Ca when these meta ls  were p resen t  i n  concen t ra t i ons  100 t imes 

t h a t  o f  n i c k e l ,  based on EAAS analyses w i t h  carbon f i l a m e n t  a tomiza t ion .  I n t e r -  
ferences by these meta ls  were reduced t o  an acceptab le  l e v e l  by c o l l i m a t i n g  t h e  

o p t i c a l  pa th  w i t h  a smal l  r e c t a n g u l a r  s l i t ,  so t h a t  t h e  l i g h t  beam passed imme- 

d i a t e l y  above t h e  carbon f i lament .  Grove and Sunderman13' showed t h a t  t r i s ( h y d r o x y -  

methy1amino)methane ( T r i s )  bu f fe r  suppressed e lec t ro the rma l  atomic abso rp t i on  o f  

n i c k e l  i n  aqueous s tandard  s o l u t i o n s  b u t  d i d  n o t  i n t e r f e r e  i n  analyses o f  n i c k e l  

i n  jackbean urease. A d d i t i o n  of  T r i s  ( 2  m n o l / l )  t o  an aqueous s o l u t i o n  o f  NiN03 

(0.9 umo l / l )  caused 57% suppression of  a tomic  abso rp t i on  o f  n i c k e l  a t  232 nm 

under t h e  i ns t rumen ta l  c o n d i t i o n s  desc r ibed  by Mikac-DeviE e t  a1 .I8. A d d i t i o n s  

of  T r i s  (2-50 mmol/ l )  t o  an aqueous s o l u t i o n  o f  jackbean urease ( t h a t  con ta ined 

0.3 v n o l / l  of p ro te in -bound n i c k e l )  d i d  n o t  a f f e c t  t h e  a tomic  abso rp t i on  o f  n i c k e l  

under t h e  same cond i t i ons .  Grove and S ~ n d e r r n a n ' ~ ~  suggested t h a t  T r i s  i n h i b i t i o n  

o f  EAAS o f  f r e e  n i c k e l  i o n s  m igh t  serve as a r a p i d  and s e n s i t i v e  method t o  d i s -  

t i n g u i s h  n i c k e l  t h a t  i s  f ree  i n  s o l u t i o n  f rom n i c k e l  t h a t  i s  t i g h t l y  bound t o  

p ro te ins .  

I n t e r - l a b o r a t o r y  comparisons o f  analyses o f  n i c k e l  concen t ra t i ons  i n  body 

f l u i d s  have been conducted s i n c e  1976 by  t h e  Subcommittee on Environmental  and 

Occupat ional  Tox ico logy  o f  N icke l  o f  t h e  I n t e r n a t i o n a l  Union o f  Pure and App l i ed  

Chemistry (IUPAC). T h i s  ongoing programne i s  an i n t e r n a t i o n a l  endeavour t o  improve 

t h e  p r o f i c i e n c y  o f  n i c k e l  de te rm ina t ions  i n  body f l u i d s .  I n  1978, Adam e t  a l .  

pub l i shed  t h e  r e s u l t s  o f  t h e  two i n i t i a l  i n t e r - l a b o r a t o r y  surveys which were 

under taken by  t h e  IUPAC N icke l  Subcommittee. I n  each survey, e i g h t  o r  n i n e  u r i n e  

samples were d i s t r i b u t e d  t o  l a b o r a t o r i e s  i n  seven n a t i o n s  f o r  measurements o f  

n i c k e l  concen t ra t i ons  by a tomic-absorp t ion  spectrophotometry.  The surveys d i s -  

c losed  wide d i sc repanc ies  i n  n i c k e l  concen t ra t i ons  t h a t  were r e p o r t e d  by p a r t i c i -  

p a t i n g  l a b o r a t o r i e ~ ' ~ ~ .  A tomic-absorp t ion  procedures w i t h  p r e l i m i n a r y  o x i d a t i o n  

and e x t r a c t i o n  s teps  were g e n e r a l l y  s u p e r i o r  t o  d i r e c t  e lec t ro the rma l  a t o m i z a t i o n  

techn iques  i n  ( a )  a n a l y t i c a l  s e n s i t i v i t y ,  ( b )  recove ry  o f  added n i c k e l ,  ( c )  

i n t e r - l a b o r a t o r y  p r e c i s i o n  and ( d )  concordance o f  r a n k i n g  o f  u r i n e  samples i n  

o rde r  o f  i n c r e a s i n g  n i c k e l  concent ra t ions .  Adam e t  al . I3 '  suggested t h a t  a 

re fe rence  procedure f o r  t h e  de te rm ina t ion  o f  n i c k e l  i n  b i o l o g i c a l  m a t e r i a l s  would 

h e l p  t o  harmonize t h e  d i sco rdan t  r e s u l t s  o f  n i c k e l  de termina t ions .  The IUPAC 

N i c k e l  Subcommittee sponsored an I n t e r n a t i o n a l  Conference on N icke l  Tox i co logy  

which was h e l d  i n  K r i s t i ansand ,  Norway, i n  May 1978'~~. The work ing  Group on 

132 
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Nickel Analysis a t  the Kristiansand Conference agreed on a provisional reference 
method f o r  the EAAS determination of nickel in  serum and ur ine.  The Working Party 
selected APDC as  the chelat ing agent and M I B K  as  the extract ion solvent .  This 
method i s  cur ren t ly  being evaluated and modified i n  l abora tor ies  i n  the U.S.A., 
Canada, Great Br i ta in ,  G . F . R . ,  France, Finland, Japan and Yugoslavia, and was 
published i n  1981146. The IUPAC provisional reference method f o r  nickel de te r -  
mination by EAAS i s  out l ined i n  Table 10.5. I l l u s t r a t i v e  data  f o r  day-to-day 
ana ly t ica l  precis ion and recovery of nickel a r e  included i n  Table 10.5. The 
author considers t h a t  t h i s  EAAS procedure i s  the most s e n s i t i v e ,  accurate and 
r e l i a b l e  method cur ren t ly  avai lable  f o r  the determination o f  nickel in  urine 
and serum. 

INTERPRETATION OF ANALYTICAL RESULTS 

Nickel concentrations i n  serum o r  urine specimens from healthy adul t  inhabi- 
t a n t s  of  several regions of the world a re  l i s t e d  i n  Table 10.6. The analyses were 
performed by atomic-absorption spectrophotometry; the subjects  did not have 
occupational exposures t o  nickel compounds. Excel l e n t  anreement was observed 
between the  nickel concentrations in  serum o r  ur ine from subjects  in  G . F . R . ,  

TABLE 10.6 

AAS DETERMINATIONS OF N I C K E L  CONCENTRATIONS IN SERUM AND U R I N E  OF HEALTHY ADULTS 
WITHOUT OCCUPATIONAL EXPOSURE TO NICKEL COMPOUNDS 

5 Modified from Sunderman . 

Location Serum nickel Urine nickel Ref. 
concentration concentration 
( u g / l )  * (w3/1)* 

JLilich, G.F.R. 2.6k1.2 (21) Ader a g g , ? $ j e p ~ l e r ~ ~  
Yatsumoto, Japan 2.1k1.1 (24) 2 . 7 k l . l  (73) Nomoto 
Santiago, Spain 2.5k0.5 ( 5 )  Gonzalez e t  a1 ” 
Hartford, U.S.A. 2.621.0 (26) 2.0k0.9 (20) McNeely e t  a1.t:: 
Sudbury, Canada 4.6f1.4 (25) 7.2k3.9 (19) McNeely e t  a l .  
Kristiansand, Norway 1.9k1.4 (57)** 4.9t4.2 (57) Torjussen and Andersen 136 

* Each value i s  the  mean 2 S.D. The number o f  subjects  i s  l i s t e d  i n  parentheses. 
**Plasma specimens. 
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TABLE 10.7 

AAS ANALYSES OF NICKEL CONCENTMTIONS I N  SPECIMENS FROM HEALTHY ADULTS WITHOUT 

OCCUPATIONAL EXPOSU!?ES TO NICKEL COMPOUNDS 

1 L  H o d i f i e d  f rom Bernacki  e t  a l .  . 
Specimen No. o f  N icke l  concen t ra t i on  U n i t s  Ref. 

sub jec ts  
Mean+S.D. Range 

$5 
Whole b lood  17 4.8+1.3 2.9-7.n ug / i  Nomoto an 

Sunderman 

Serum 80 2.6*0.9 n.8-5.2 u g / i  Sunderman 

U r i n e  50 2.2.1.2 0.7-5.2 ug / l  Sunderman 

Faeces 10 14.2i2.7 10.8-18.7 ug/g ( d r y )  Horak and 

Scalp h a i r  20 220280 130-510 ,,g/kg Nechay an 
Sunderman 
Hohnadel e t  a l .  6 

P a r o t i d  s a l i v a  20 2.221.2 0.8-4.5 v g / l  Cata lanat  
Sunderman 

137 

137 

2.6~1.4 0.5-6.4 ug/day 

258i126 80-540 ug lday  S ~ n d e r m a n ~ ~ ~  

f33 

!toand 
A r m  sweat 33 52?36 7-180 ug/1 

30-280 pg/kg (we t )  Tor jussen e t  a l .  17 P a l a t i n e  t o n s i l s  15 140270 

Nasal mucosa 57 1302200 . ug/kg (wet )  Torn juss  n and 
AndersenY36 

Japan, Spain and t h e  U.S.A. 19*26 s35’134-136. Inc reased n i c k e l  concen t ra t i ons  

were found i n  u r i n e  and serum specimens f rom i n h a b i t a n t s  o f  Sudbury, Canada, 

which i s  a s i t e  of  l a r g e  n i c k e l  depos i t s  and n i c k e l  re f i ne r ies135 .  U r i n e  n i c k e l  

concen t ra t i ons  i n  i n h a b i t a n t s  o f  K r i s t i ansand ,  Norway136 were s l i g h t l y  h i g h e r  

than those i n  i n h a b i t a n t s  o f  G.F.R., Japan and t h e  U.S.A. This  f i n d i n g  may pos- 

s i b l y  be r e l a t e d  t o  t h e  l o c a t i o n  o f  a n i c k e l  r e f i n e r y  i n  Kr is t iansand.  Reference 

values f o r  n i c k e l  concen t ra t i ons  i n  body f l u i d s ,  exc re ta  and b i o p s i e s  f rom 

h e a l t h y  a d u l t  persons a r e  l i s t e d  i n  Table 10.7, and re fe rence  values f o r  n i c k e l  

concen t ra t i ons  i n  human post-mortem t i s s u e s  i n  Table 10.8. N icke l  concen t ra t i ons  

i n  u r i n e  specimens f rom workers i n  twe lve  occupat iona l  groups a re  l i s t e d  i n  Table 

10.9. The advantages and disadvantages o f  va r ious  specimens t h a t  can be analysed 

t o  mon i to r  occupat iona l  exposures t o  n i c k e l  compounds a r e  sumnarized i n  Table 

10.10. !leaders a r e  r e f e r r e d  t o  o t h e r  a r t i c l e s  and monographs f o r  i n f o r m a t i o n  

about t h e  metabolism137, r a d i o ~ h e m i s t r y l ~ ~ ,  toxicology144 and c a r c i n o g e n i c i t y  

o f  n i c k e l  and n i c k e l  compounds. 

145 
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TABLE 10.8 

AAS ANALYSES OF NICKEL CONCENTRATIONS I N  POST-HORTEM TISSUES FROM ADULT SUBJECTS, 

RANKED ACCORDING TO AGE AT DEATH 

Mod ed f rom Sunderman5. The r e s u l t s  were r e p o r t e d  by  no mot^^^ and Sunde an e t  a1.li1. A l l  analyses were performed by t h e  Nomoto and Sunderman techn ique E . 

Subjec t  Cause o f  death  N icke l  concen t ra t i on  (vg/kg wet we igh t )  

Sex Age Bone Lung* Kidney L i v e r  Hear t  

(years  1 

M 18 
F 22 
F 40 
!! 40 

?I 44 
F 46 
M 48 
F 49 
M 55 

F 58 
F 60 

F 72 

Hanging 
CO po i son ing  
B a r b i t u r a t e  po i son ing  
Amyotrophic 1 a t e r a l  360 

s c l e r o s i s  
Stab wounds 
U t e r i n e  cancer 270 
Oesophageal cancer 190 

Hepatoma and 640 

Oesophageal cancer 
Tuberculous 340 

Cholangiocarcinoma 240 

Hepatoma 290 

c i r r h o s i s  

m e n i n g i t i s  

Mean n i c k e l  concent ra t ions :  333t147 

8 
10 
22 

132 

24 
48 
81 

109 
134 

121 
104 

221 

85k65 

9.2 

14.8 
6.9 
9.6 

18.2 

6.8 
11.0 

7.7 

10.5c4.1 

7.6 4.3 
13.2 8.3 
8.6 5.7 
5.8 6.7 

5.2 6.2 
7.3 5.8 
7.1 4.4 
8.3 5.7 

10.9 8.6 

6.1 4.9 
8.8 7.2 

9.6 9.3 

8.222.3 6.4+1.6 

*The c o r r e l a t i o n  c o e f f i c i e n t  between t h e  s u b j e c t s ' s  ages and l u n g  n i c k e l  
concen t ra t i ons  i s  0.82. 

10.6 SUMMARY AND CONCLUSIONS 

The de te rm ina t ion  o f  n i c k e l  i n  b i o l o g i c a l  m a t e r i a l s  has been reviewed, w i t h  

emphasis on t h e  f o l l o w i n g  t o p i c s :  ( a )  p recau t ions  f o r  p reven t ing  n i c k e l  contami-  

n a t i o n  d u r i n g  specimen c o l l e c t i o n  and processing; ( b )  p r e l i m i n a r y  s teps  f o r  o x i -  

d a t i o n  o r  removal o f  o rgan ic  ma t te r ;  ( c )  concen t ra t i on  and separa t i on  procedures; 

( d )  i ns t rumen ta l  methods f o r  q u a n t i t a t i o n  o f  n i c k e l ;  ( e )  re fe rence  va lues  f o r  

n i c k e l  concen t ra t i ons  i n  human body f l u i d s ,  t i s s u e s  and exc re ta ;  and ( f )  n i c k e l  

concen t ra t i ons  i n  u r i n e  specimens f rom workers i n  va r ious  occupat iona l  groups. 

E lec t ro the rma l  a tomic-absorp t ion  spectrophotometry (EAAS) i s  c u r r e n t l y  t h e  

most s e n s i t i v e ,  conven ien t  and r e l i a b l e  techn ique f o r  t h e  de te rm ina t ion  o f  n i c k e l  

i n  b i o l o g i c a l  ma te r ia l s .  EAAS i s  r i v a l l e d  i n  s e n s i t i v i t y  by t h r e e  o t h e r  tech-  
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TABLE 10.9 

NICKEL CONCENTRATIONS I N  URINE SPECIMENS FROM WORKERS I N  TWELVE OCCUPATIONAL 

GROUPS* 

142 Mod i f i ed  f rom Bernacki  e t  a l .  . 
Occupat ional  Number of D e s c r i p t i o n  Ur ine  N i  concen t ra t i on  ( u g / l )  

MeankS. D. Range 
sub jec ts  

and sex 

Hosp i ta l  workers 

Non-exposed 
i n d u s t r i a l  workers 

Coal g a s i f i c a t i o n  
workers 

Bu f fe rs /po l  i s h e r s  

Ex te rna l  g r i nde rs  

Arc we1 ders 

Bench mechanics 

N icke l  b a t t e r y  
workers 

Yeta l  sprayers 

E l e c t r o p l a t e r s  

N icke l  p l a t e r s  

N icke l  r e f i n e r y  
workers 

19(15M,4F) 

23( 20H ,3F) 

9M 

7 (6M, 1F) 

9 (711,2F) 

10 (7M, 3F) 

8(  4H,4F) 

6 (5M ,1F) 

5 (  4M,lF) 

11H 

21H 

154 

Physic ians, techno- 2.74.6 
l o g i s t s  and c l e r k s  

Managers, o f f i c e  3.29.6 
workers and s t o r e -  
keepers 

Hydrogenation 4. iIc2.4 
process workers 

B u f f i n g  , po l  i s h i  ng 4. h 3 . 2  
and deburr ing p a r t s  
made o f  N i  a l l o y s  

Abrasive g r i n d i n g  5.4k2.4 
o f  p a r t s  made o f  
N i  a l l o y s  

Welding o f  p a r t s  6.3+4.1* 
made o f  N i  a l l o y s  

Assembling and 12.2*13.6* 
f i n i s h i n g  p a r t s  
made o f  N i  a l l o y s  

F a b r i c a t i n g  Ni-Cd 11.7c7.7** 
o r  Ni-Zn s torage 
b a t t e r i e s  

Flame sp ray ing  N i -  17.2+_9.8** 
con ta in ing  powders 
on t o  a i r c r a f t  p a r t s  

I n t e r m i t t e n t  ex- 10.5+8.1** 
posure t o  N i  i n  
combined p l a t i n g  
operat ions i n v o l v i n g  
Ag, Cd, C r  and N i  

F u l l - t i m e  work i n  27.5+21.2*** 
N i  p l a t i n g  opera- 
t i o n s  

Workers i n  an 222Q26*** 
e l e c t r o l y t i c  n i c k e l  

0.4-5.1 

0.3-8.5 

0.4-7.9 

0.5-9.5 

2.1-8.8 

1.6-14 

1.4-41 

3.4-25 

1.4-26 

1.3-30 

3.6-65 

8.6-813 

r e f i n e r y  

* p  < 0.05 vs. h o s p i t a l  workers, c a l c u l a t e d  by t - t e s t .  
**p < 0.01 v s .  h o s p i t a l  workers, c a l c u l a t e d  by t - t e s t .  

* * “ p  < 0.001 vs. h o s p i t a l  workers, c a l c u l a t e d  by t - t e s t .  
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TABLE 10:lO 

ADVANTAGES AND DISADVANTAGES OF VARIOUS SPECIMENS FOR NICKEL ANALYSES I N  ORDER TO MONITOR OCCUPATIONAL EXPOSURE TO NICKEL 

COMPOUNDS 

Modi f ied from Bernacki e t  a l .  , 

Specimen Advantages Disadvantages 

12 

Whole b lood C o l l e c t i o n  i s  convenient; 
c e n t r i f u g a t i o n  i s  unneccessary ; 
N i  concentrat ion i n  whole b lood i s  h ighe r  
than i n  serum 

Co l l ec t i on ,  t r a n s p o r t a t i o n  and storage 
are convenient; 
a n a l y t i c a l  methods are r e l i a b l e  

Serum o r  plasma 

Ur ine No discomfort;  
a n a l y t i c a l  methods are r e l i a b l e ;  
good d i s c r i m i n a t i o n  between exposed and 
non-exposed workers 

Venepuncture i s  s l i g h t l y  uncomfortable; 
heparinized b lood may c l o t  du r ing  storage; 
ac id  d iges t i on  o f  whole blood i s  t ime consuming; 
Fe may i n t e r f e r e  i n  E M S  ana lys i s  

Venepuncture i s  s l i g h t l y  uncomfortable; 
N i  concentrat ion may f l u c t u a t e  dur ing worksh i f t ;  
N i  concentrat ion i s  much lower than i n  u r i n e  o f  
exposed workers 

Dust causes contamination; 
8-h c o l l e c t i o n  i s  inconvenient; 
p r e c i p i t a t e  may form du r ing  storage 

Paro t i d  s a l i v a  Minimal d iscomfor t ;  
t r a n s p o r t a t i o n  and storage are convenient; 
a n a l y t i c a l  method are r e l i a b l e  

t r a n s p o r t a t i o n  and storage are convenient; 
N i  concentrat ion probably does n o t  
f l u c t u a t e  r a p i d l y  

Scalp ha i  r No discomfort;  

Nasal mucosa Good c o r r e l a t i o n  w i t h  chronic  exposure t o  
i n s o l u b l e  N i  dust  

Special c o l l e c t i o n  equipment i s  required; 
v a l i d i t y  as exposure index i s  n o t  estab l ished 

Sampl i ng i s v a r i  able; 
dust, soaps, h a i r  dyes, l o t i o n s  and sweat cause 
contamination ; 
a n a l y t i c a l  methods are n o t  standardized; 
v a l i d i t y  as exposure index i s  n o t  estab l ished 

Biopsy e n t a i l s  d iscomfor t  and some r i s k  o f  b leeding 
and in fec t i on ;  
p la t inum biopsy u t e n s i l s  are advisable t o  avoid 
n i c k e l  contamination; 
analys is  i s  more d i f f i c u l t  than serum o r  u r i n e  
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niques: d i f f e r e n t i a l  pu lse polarography, par t ic le- induced X-ray emission spec- 

t rometry  and gas chromatography w i t h  electron-capture detection. With f u r t h e r  

refinements, each of these techniques should be s u i t a b l e  f o r  c l i n i c a l  appl ica-  

t i ons .  Combination of i so tope -d i l u t i on  mass spectrometry w i t h  the gas chromato- 

graphic separation of v o l a t i l e  n i c k e l  chelates may even tua l l y  become the  de f i n -  
i t i v e  method f o r  t he  determination o f  n i cke l  i n  b i o l o g i c a l  mater ia ls .  
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11.1. INTRODUCTION 

There has been concern f o r  seve ra l  yea rs  over selenium as a n a t u r a l l y  occur-  

r i n g  t o x i c a n t .  as an e s s e n t i a l  element d e f i c i e n t  i n  foods and feeds o f  some 

areas. as a p o t e n t i a l  i n d u s t r i a l  hazard i n  c e r t a i n  manufac tur ing  processes and 

as an env i ronmenta l  p o l  1 u t a n t ’  . Because o f  these concerns. an ex tens i ve  1 i t e r a -  

t u r e  on methods o f  a n a l y s i s  f o r  t h i s  element has accumulated . On the  o t h e r  hand. 

t e l l u r i u m  has n o t  been found t o  be p resen t  i n  t o x i c  amounts i n  foods and feeds 

o r  t o  be o f  b i o l o g i c a l  s i g n i f i c a n c e .  s o  i t  has rece ived  l i m i t e d  a t t e n t i o n  . For  

selenium the re  a re  ve ry  s a t i s f a c t o r y  a n a l y t i c a l  procedures a p p l i c a b l e  t o  a wide 
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v a r i e t y  of m a t e r i a l s  and cove r ing  a w ide  range o f  concen t ra t i ons .  Fo r  t e l l u r i u m ,  

methods o f  a n a l y s i s  a r e  a v a i l a b l e ,  b u t  t h e  a n a l y t i c a l  chemis t ry  o f  t h i s  element 

i s  s t i l l  n o t  w e l l  developed. Methods f o r  these two elements w i l l  be d iscussed 

separa te l y .  

11.2. SELENIUM 

11.2.1.  Introduction 

I t  i s  n o t  t he  i n t e n t  here  t o  rev iew i n  d e t a i l  t he  ex tens i ve  l i t e r a t u r e  on 

selenium a n a l y s i s ;  t h i s  has been done e l ~ e w h e r e ~ - ~ .  Ins tead,  l i t e r a t u r e  r e l a t i n g  

t o  h i s t o r i c a l  aspects,  t h e  methods recommended here  and p o s s i b l e  a l t e r n a t i v e s  

a r e  c i t e d .  

11.2.2.  History 

E a r l y  methods f o r  se len ium a n a l y s i s  depended on i t s  separa t i on  f rom o t h e r  

elements by d i s t i l l a t i o n  as the  te t rabromide8.  The separa t i on  was completed by 

p r e c i p i t a t i o n  o f  t h e  selenium i n  i t s  i n s o l u b l e  elemental  fo rm w i t h  a v a r i e t y  

o f  reduc ing  

o f  the  element was measured e i t h e r  g r a v i m e t r i c a l l y  o r  by  c o l o r i m e t r y  based on 

the  p i n k  c o l o u r  o f  t he  f i n e l y  d ispersed elemental  selenium”. As l i t t l e  as 10 ,)g 

o f  se len ium cou ld  be de tec ted .  Methods such as t h i s  were used e x t e n s i v e l y  d u r i n g  

the  e a r l y  s tud ies  on selenium po ison ing  i n  fa rm animals.  The p r i n c i p l e s  i n v o l v e d  

a re  t h e  b a s i s  f o r  t h e  chemical separa t i on  used w i t h  some methods o f  neu t ron  

a c t i v a t i o n  a n a l y s i s  o r  f o r  the  g r a v i m e t r i c  a n a l y s i s  o f  se len ium compounds f o r  

t he  element. 

I n  1941, K l e i n 1 2  improved these e a r l y  methods by u s i n g  t i t r a t i o n  w i t h  t h i o -  

su lpha te  and i o d i n e  based on the  procedure o f  N o r r i s  and Fay13 t o  measure down 

t o  about 1 ug o f  t h e  element w i t h  reasonable accuracy.  Th is  method was f a i r l y  

w i d e l y  used u n t i l  t h e  l a t e  1950s, when i n t e r e s t  i n  se len ium as a b i o l o g i c a l l y  

e s s e n t i a l  e lement demanded more s e n s i t i v i t y .  I o d i m e t r i c  methods o t h e r  than those 

based on t h e  N o r r i s  and Fay procedure have been used w i t h  very  l i m i t e d  success. 

Another  e a r l y  method i n v o l v e d  the  development o f  a green-blue complex o f  

selenium w i t h  codeine i n  concent ra ted  s u l p h u r i c  ac id14.  Th is  d i d  n o t  g i v e  r e l i -  

ab le  q u a n t i t a t i v e  r e s u l t s ,  b u t  cou ld  be used as a q u a l i t a t i v e  t e s t  f o r  t he  i s o -  

l a t e d  element. 

The most r a p i d  s t r i d e s  i n  se len ium a n a l y s i s  have been made d u r i n g  t h e  p a s t  

two decades as a r e s u l t  o f  improved i n s t r u m e n t a t i o n  and t h e  s t imu lus  o f  research  

on t h e  r o l e  o f  t h e  element as a n u t r i e n t .  The procedures now i n  use a r e  based 

l a r g e l y  on the  developments o f  t h a t  p e r i o d .  

A f t e r  wet d i g e s t i o n  o r  ash ing  o f  t he  sample, t h e  amount 
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11.2.3.  Sump Ze preparation 

Sample c o l l e c t i o n ,  p rocess ing  and s to rage  methods a r e  ex t remely  impor tan t  t o  

the  v a l i d i t y  o f  t h e  r e s u l t s  o f  a selenium a n a l y s i s .  Th is  i s  because o f  t h e  un- 
even d i s t r i b u t i o n  o f  t h e  element i n  na tu re  and o f  i t s  many chemical  forms, some 

o f  wh ich  a re  v o l a t i l e .  Methods f o r  d e s t r o y i n g  o rgan ic  ma t te r ,  d i s s o l v i n g  t h e  

selenium, separa t i ng  i t  f rom i n t e r f e r i n g  substances and o the rw ise  p repar ing  f o r  

measurement o f  t h e  element a r e  as impor tan t  as t h e  measurement i t s e l f .  Space 

w i l l  n o t  a l l o w  f o r  t h e  d i scuss ion  i n  d e t a i l  o f  a l l  phases o f  p repara t i on ,  so 

much must be l e f t  t o  the  good judgment o f  t he  a n a l y s t .  

11.2.3.1. Sample collection, processing, and preservation 

11.2.3.1.1.  Animal specimens. Animals b iosyn thes i ze  v o l a t i l e  selenium C0m- 

pounds and exc re te  them v i a  t h e  lungs15. Methods f o r  c o l l e c t i n g  these compounds 

f rom e x p i r e d  a i r  a r e  discussed l a t e r  (Sec t i on  11.2.3.1.8). L i t t l e  i s  known about 

the  concen t ra t i ons  o f  these v o l a t i l e  compounds i n  body f l u i d s ,  t i s s u e s  o r  

exc re ta ,  so i t  may be b e s t  t o  ana lyse  these specimens w i t h o u t  d r y i n g .  Wi th  meth- 

ods o f  a n a l y s i s  t h a t  r e q u i r e  d r y i n g  t h e  sample, t h i s  has u s u a l l y  been accom- 

p l i s h e d  by  l y o p h i l i z a t i o n .  However, e i t h e r  thermal (6OoC) o r  microwave d r y i n g  

has been r e p o r t e d  t o  be s a t i s f a c t o r y  f o r  l i v e r ,  f i s h  o r  lucerne t i s s u e s  

and t h e r e  may be v a r i a t i o n  w i t h i n  an organ. I n  a d d i t i o n ,  b lood  c e l l s  u s u a l l y  

c o n t a i n  a h i g h e r  concen t ra t i on  o f  t h e  element than does the  plasma. These v a r i a -  

t i o n s  make i t  necessary t o  take  s p e c i a l  care  i n  sampl ing these m a t e r i a l s .  

S torage methods t h a t  p rec lude  s i g n i f i c a n t  decomposi t ion o f  samples a r e  re -  

q u i r e d  t o  p reven t  l o s s  o f  selenium. For  a p e r i o d  o f  a few days s to rage  a t  0-4OC 

i s  adequate, b u t  f o r  l onger  pe r iods  samples shou ld  be f rozen.  D r i e d  samples can 

be s t o r e d  a t  room temperature f o r  l ong  pe r iods  w i t h o u t  measurable l o s s  o f  se le -  

nium. 

21.2.3.1.2.  Plant specimens. The species,  s tage o f  growth,  p a r t  o f  t he  p l a n t  

16 . 
15 D i f f e r e n t  animal t i s s u e s  c o n t a i n  w i d e l y  d i f f e r i n g  concen t ra t i ons  o f  selenium , 

and a v a r i e t y  of s o i l  c o n d i t i o n s  a re  a l l  f a c t o r s  i n  de te rm in ing  t h e  se len ium 

con ten t  o f  p lan ts15 .  Proper sampl ing techniques r e q u i r e  concern f o r  a l l  o f  these.  

I n  most ins tances ,  p l a n t s  may be d r i e d  a t  7OoC w i t h o u t  measurable selenium loss ,  
b u t  some p l a n t s ,  n o t a b l y  c e r t a i n  o f  t h e  Astrugalus species,  c o n t a i n  app rec iab le  

amounts o f  v o l a t i l e  selenium compounds. Fo r  the  b e s t  r e s u l t s ,  these p l a n t s  re -  

q u i r e  a n a l y s i s  w i t h o u t  d r y i n g .  

Dur ing  hand l i ng  and g r i n d i n g  d r y  p l a n t  m a t e r i a l ,  t h e r e  i s  a tendency f o r  t he  

l ea fy  p a r t s  t o  segregate f rom the  f i b r o u s  p a r t s 1 7 .  Th is  may a f f e c t  t he  a n a l y t i -  

c a l  r e s u l t s .  I t  can be avoided t o  some e x t e n t  by p u l v e r i z i n g  i n  a b a l l  m i l l .  
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Undr ied  p l a n t  m a t e r i a l  s t o r e s  f o r  l ong  pe r iods  i n  a f rozen  s t a t e  w i t h o u t  

measurable se len ium l o s s .  Most d r i e d  samples s t o r e  w e l l  a t  room temperature.  

1 2 . 2 . 3 . 1 . 3 .  Microorganisms. Some microorganisms a re  known t o  produce v o l a t i l e  

forms o f  selenium18. I t  i s  bes t ,  t h e r e f o r e ,  t o  ana lyse  m i c r o b i a l  samples w i t h o u t  

d ry i ng . 
11.2.3.1.4.  Feeds. Most o f  what has been s a i d  here  about p l a n t  t i s s u e s  

a p p l i e s  t o  feeds. There a r e  a d d i t i o n a l  ma t te rs  t o  be considered, however. Fo r  

ins tance,  when se len ium i s  added as a supplement t o  a feed, i t  i s  o f t e n  n o t  

even ly  d i s t r i b u t e d  and g r e a t  care  must be used t o  o b t a i n  a r e p r e s e n t a t i v e  sample. 

B a l l - m i l l i n g  t o  a f i n e  powder he lps  t o  d i s t r i b u t e  the  selenium. When the  method 

o f  a n a l y s i s  used a l l ows  p r e - d i g e s t i o n  w i t h  subsampling (see Sec t ion  11.2.3.2.3),  

i t  i s  good p r a c t i c e .  L i q u i d  feeds r e q u i r e  s p e c i a l  sampl ing care  because o f  t he  

tendency f o r  some i n s o l u b l e s  c o n t a i n i n g  selenium t o  s e t t l e  ou t .  Ben ton i tes  a r e  

o f t e n  added t o  feeds and, as they  can cause a n a l y t i c a l  e r r o r s ,  t h e i r  presence 

may r e q u i r e  m o d i f i c a t i o n s  i n  some methods 

animal t i i s u e s  o r  f l u i d s .  Des icca t i on  o f  eggs w i t h  acetone2' a l s o  removes f a t  

w i t h o u t  s i g n i f i c a n t l y  a f f e c t i n g  se len ium con ten t .  The tendency f o r  se len ium t o  
21  d i s t r i b u t e  unequa l l y  between y o l k  and w h i t e  i n  eggs needs some c o n s i d e r a t i o n  

Most foods a r e  p robab ly  b e s t  analysed w i t h o u t  d r y i n g .  

11.2.d.1.6. S o i l s  and rocks. S o i l s  may vary  w i d e l y  i n  t h e i r  selenium conten ts  

over  s h o r t  d i s tances ,  and t h e r e  may a l s o  be l a r g e  d i f f e r e n c e s  due t o  depth  o f  

sampling. Because o f  t he  l a t t e r ,  sampl ing t o  p lough depth o n l y  i s  a ques t i onab le  
7 p r a c t i c e  . Indeed, t h e  a n a l y s i s  o f  s o i l  f o r  t o t a l  selenium may be o f  d o u b t f u l  

value, as t h e  r e s u l t s  do n o t  r e f l e c t  t he  c a p a c i t y  o f  t h e  s o i l  t o  p rov ide  se le -  

nium t o  p l a n t s .  Measur ing t h e  wa te r -so lub le  o r  i s o t o p i c a l l y  exchangeable se le -  

nium may o f f e r  a b e t t e r  measure o f  t h i s  capac i t y  

smal l  and i t s  l o s s  on d r y i n g  shou ld  have no measurable e f f e c t  on selenium con ten t .  

Both s o i l s  and rock  can be s t o r e d  a i r - d r i e d  f o r  many yea rs  w i t h o u t  loss o f  t h e  

e l  emen t . 
1 1 . 2 . 3 . 1 . 7 .  Waters. The p recau t ions  no rma l l y  observed i n  the  sampl ing o f  

water  f o r  o t h e r  analyses shou ld  a l s o  be observed when sampl ing f o r  selenium 

de te rm ina t ion .  I n  a d d i t i o n ,  i f  t o t a l  selenium ( s o l u b l e  p l u s  suspended) i s  t o  be 

measured, t h e  sample shou ld  be s t o r e d  a t  0-4OC and analysed w i t h i n  a few weeks. 

If s o l u b l e  se len ium o n l y  i s  t o  be measured, waters  w i t h  sediments shou ld  be 

f i l t e r e d  immedia te ly  a f t e r  c o l l e c t i o n ,  p r e f e r a b l y  th rough a 0 . 4 5 ~ ~ 1  membrane. 

Adding 1% concent ra ted  n i t r i c  a c i d  t o  the  f i l t e r e d  wa te r  p rec ludes  l o s s  o f  se le -  

nium by m i c r o b i a l  a c t i o n 2 4  o r  by c o p r e c i p i t a t i o n  w i t h  i r o n ( I I 1 )  hydrox ide  t h a t  

19 . 
11.2 .3 .1 .5 .  Foods. Foods may be processed and s t o r e d  much l i k e  p l a n t  and 

. 

22 . 
S o i l s  may c o n t a i n  some v o l a t i l e  selenium23, b u t  t he  amount i s  apparen t l y  very  
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may form i n  waters  o f  h i g h  i r o n  conten tz5 .  T rea ted  thus ,  waters  can be s t o r e d  

a t  room temperature over  l ong  pe r iods  w i t h o u t  selenium l o s s .  

which i n t roduces  some sampl ing problemsz6. Dry f i l t e r s  have been used success- 

f u l l y  i n  s t u d i e s  on p a r t i c u l a t e  selenium. A v a r i e t y  o f  l i q u i d  t r a p p i n g  agents 

have been used f o r  c o l l e c t i n g  v o l a t i l e  selenium f rom p l a n t s ,  animals,  m ic ro-  

organisms o r  t h e  atmosphere. These agents i n c l u d e  water ,  soda- l ime o r  bromine- 

hydrobromic a c i d  mix tu resz6;  mercury( 11) c h l o r i d e ,  o r  mercury( 11) ox ide  i n  

n i t r i c  ac idz7 ;  concent ra ted  o r  8 N n i t r i c  ac idz8 ;  and a v a r i e t y  o f  o t h e r  mate- 

r i a l s  . 
S o l i d  m a t e r i a l s  have a l s o  been used f o r  t r a p p i n g  v o l a t i l e  se len ium com- 

p o u n d ~ ~ ' - ~ ~ .  I n  some ins tances ,  gas chromatographic columns a re  used, s o  t h a t  

t h e  adsorbed selenium compounds can l a t e r  be i d e n t i f i e d  as w e l l  as measured by 

v o l a t i l i z i n g  them f rom t h e  column i n  an a p p r o p r i a t e  ins t rument .  

11.2.3.1.8. A i r .  Both v o l a t i l e  and p a r t i c u l a t e  selenium may be p resen t  i n  a i r ,  

29 

11.2.3.2. Preparation f o r  measurement of seLeniiun 

Methods f o r  measuring se len ium may be d i v i d e d  i n t o  two genera l  c lasses .  One 

requ i res  t h e  d e s t r u c t i o n  o f  t h e  sample, w h i l e  t h e  o t h e r  does no t .  For  non- 

d e s t r u c t i v e  methods, samples need o n l y  be d r i e d  and ground b e f o r e  measurement 

o f  t h e  selenium. Most methods, however, r e q u i r e  d e s t r u c t i o n  o f  t h e  o rgan ic  m a t t e r  

p r i o r  t o  i t s  measurement. A v a r i e t y  o f  techniques have been used t o  accompl ish 

t h i s ,  as d iscussed below. 

len ium a n a l y s i s ,  u s u a l l y  w i t h  t h e  a d d i t i o n  o f  some f i x a t i v e  t o  reduce the  l o s s  

o f  t h e  element. Th i s  has n o t  been g e n e r a l l y  found t o  be a s u i t a b l e  techn ique.  

Low-temperature ash ing  w i t h  e x c i t e d  oxygen has a l s o  been t r i e d  w i t h o u t  success . 
On t h e  o t h e r  hand, combustion i n  the  Schi jn iger f l a s k  has g i ven  e x c e l l e n t  re -  

s u l t ~ ~ ~ ,  a l though i t  i s  somewhat i nconven ien t  and t h e r e f o r e  n o t  w i d e l y  used. 

11.2.3.2.2. Fusion. Sodium carbonate,  sodium pe rox ide  and P a r r  bomb fus ions  

have a l l  been used f o r  selenium a n a l y s i s  w i t h  some success, e s p e c i a l l y  w i t h  

rocks  and s o i l s .  However, these techniques a r e  cumbersome and do n o t  work w e l l  

w i t h  wet  samples, so t h e i r  use has been ve ry  l i m i t e d  . 

o rgan ic  m a t t e r  and f r e e i n g  t h e  se len ium i n  samples has been some t ype  o f  wet 

d i g e s t i o n .  A number o f  a c i d  m ix tu res  have been used f o r  t h i s ,  most i n c l u d i n g  

n i t r i c  and p e r c h l o r i c  ac ids .  Several  a d d i t i v e s  f o r  speeding t h e  d i g e s t i o n  have 

a l s o  been used, i n c l u d i n g  hydrogen perox ide ,  molybdenum, vanadium and p e r s u l -  

phate7. Wet d i g e s t i o n  g i ves  e x c e l l e n t  recove r ies  when p r o p e r l y  handled, can be 

used f o r  a wide v a r i e t y  of  m a t e r i a l s  w i t h  o r  w i t h o u t  d r y i n g  and i s  adaptab le  

11.2.3.2.1. Combustion. The open combustion o f  samples has been used f o r  se- 

3 

3 

11.2.3.2.3. Wet d iges t ion .  The most w i d e l y  used techn ique f o r  d e s t r o y i n g  
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3 t o  a number o f  procedures f o r  measuring t h e  selenium . I t  has been adapted t o  

t h e  r o u t i n e  a n a l y s i s  o f  l a r g e  numbers o f  b lood  samples 

When t h e  method o f  a n a l y s i s  uses wet d i g e s t i o n ,  some m a t e r i a l s  t h a t  a r e  

d i f f i c u l t  t o  sample may be t r e a t e d  by a s imp le  d i s s o l u t i o n  i n  a c i d  t o  overcome 

t h i s  problem. T h i s  c o n s i s t s  o f  we igh ing  a l a r g e r  than  usua l  sample (5 -25  g of  

d r y  m a t t e r )  i n t o  a f l a s k  and adding 10 volumes o f  concent ra ted  n i t r i c  ac id .  The 

m i x t u r e  i s  heated t o  d i s s o l u t i o n  ( u s u a l l y  20-30 m in ) ,  made up t o  volume and 

subsampled f o r  a n a l y s i s .  Fa ts  and o i l s  r i s e  t o  t h e  top .  These c o n t a i n  essen- 

t i a l l y  no selenium, s o  they  can be avoided i n  subsampling, making t h e  remainder 

o f  t h e  d i g e s t i o n  f a s t e r .  The n i t r i c  a c i d  s o l u t i o n s  can be  s t o r e d  f o r  l ong  pe- 

r i o d s  a t  room temperature w i t h o u t  l o s s  o f  selenium’. Th i s  techn ique has been 

found e s p e c i a l l y  u s e f u l  i n  ana lys ing  c e r t a i n  foods, m a t e r i a l s  o f  h i g h  se len ium 

con ten t  and feed supplements o r  premixes where s a l t s  o f  t h e  element have been 

added i n  d r y  form. 

35 . 

11.2.3.3.  Concentration of seleniwn and separation from interfering substances 

When samples c o n t a i n  very  smal l  amounts o f  t h e  element, most.methods f o r  

selenium measurement r e q u i r e  i t s  concen t ra t i on .  I n  a d d i t i o n ,  some methods re -  

q u i r e  i t s  separa t i on  f rom substances t h a t  m igh t  i n t e r f e r e  i n  the  measurement 

process. There a re  a v a r i e t y  o f  techniques t h a t  can be used, some o f  which serve  

bo th  t o  concent ra te  and t o  separa te .  

11.2.3.1. Evaporation. As a r u l e ,  waters  c o n t a i n  very  smal l  amounts o f  se le -  

nium, so most methods o f  measurement r e q u i r e  some k i n d  o f  concen t ra t i on .  Except 

i n  unusual s i t u a t i o n s ,  t h e  element seems t o  occur  almost e n t i r e l y  as t h e  se le -  

n i t e  o r  t he  se lena te .  Thus, by a d j u s t i n g  t h e  pH t o  above 8.0 w i t h  sodium 

hydrox ide  and evapora t i ng  t h e  s o l u t i o n  t o  a smal l  volume o r  t o  dryness, t h e  se- 

len ium i s  r e t a i n e d 7 .  The same cannot be s a i d  f o r  u r i n e  o r  o t h e r  body f l u i d s ,  as 

they  c o n t a i n  o rgan ic  forms o f  t h e  element which m igh t  decompose t o  v o l a t i l e  coni- 

pounds. 

11.2.5.3.2.  DistiZZution. For  many years ,  d i s t i l l a t i o n  o f  t h e  selenium f rom 

d i g e s t s  as t h e  te t rab romide  and i t s  subsequent r e d u c t i o n  t o  t h e  i n s o l u b l e  e l e -  

ment was w i d e l y  used as a means of  i s o l a t i n g  and concen t ra t i ng  i t  f o r  a n a l y s i s .  

Th is  method has t h e  disadvantages o f  r e q u i r i n g  work ing  w i t h  bromine, o f  be ing  

t ime consuming and o f  l a c k i n g  s e n s i t i v i t y .  I t  i s  u s e f u l ,  however, i n  neu t ron  
7 a c t i v a t i o n  a n a l y s i s  where chemical separa t i on  i s  employed . 

i n  a tomic-absorp t ion  spec t romet ry .  Dry d i s t i l l a t i o n  o f  t h e  element has been used 

i n  c o n j u n c t i o n  w i t h  neut ron  a c t i v a t i o n  a n a l y s i s  

t i o n  as t h e  element, selenium can be p r e c i p i t a t e d  i n  chemical combinat ion w i t h  

Selenium may a l s o  be d i s t i l l e d  as hydrogen se len ide .  Th is  techn ique i s  used 

36 

11.2.3.5.3. Precipitation and coprecipitation. I n  a d d i t i o n  t o  i t s  p r e c i p i  t a -  

. 
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severa l  heavy me ta l s  o r  as i n s o l u b l e  o rgan ic  compounds5. I t  can be c o p r e c i p i -  

t a t e d  w i t h  a rsen ic ,  t e l l u r i u m ,  i r o n (  111) hydrox ide  o r  o t h e r  heavy meta ls6 .  None 

o f  these methods a r e  now i n  w ide  use. 

11.2.3.3.4. Ion-ezchmge treatment. Cation-exchange r e s i n s  have been used t o  

remove meta l s  when they  a r e  p resen t  a t  concen t ra t i ons  above wh ich  c h e l a t i n g  

agents a r e  e f f e c t i v e 3 7 .  Anion-exchange r e s i n s  have been used t o  remove s e l e n i t e  

and se lena te  f rom s o l u t i o n ,  t h e  amounts o f  each be ing  determined by t h e i r  e l u -  

t i o n  w i t h  graded concen t ra t i ons  o f  h y d r o c h l o r i c  ac id38.  Other uses o f  ion-ex-  
6 change r e s i n s  i n  selenium a n a l y s i s  have been reviewed by  Nazarenko and Ermakov . 

11.2.3.3.5. Solvent ez truct ion.  The e x t r a c t i o n  o f  selenium by t r i b u t y l  phos- 

phate,  seve ra l  o rgan ic  so l ven ts  o r  amines, o r  as che la tes  o r  t e r n a r y  complexes 

has been reviewed6. The o n l y  w i d e l y  used procedure o f  t h i s  t ype  i s  t h e  r e a c t i o n  

o f  s e l e n i t e  w i t h  an o-diamine t o  g i v e  t h e  p iazse leno l ,  which i s  e x t r a c t e d  w i t h  

decahydronaphthalene o r  cyclohexane. Heavy meta l  i n t e r f e r e n c e s  a r e  avo ided by 

t h e  a d d i t i o n  o f  ethylenediaminetetraacetic ac id ,  f l u o r i d e ,  o x a l a t e  o r  some o t h e r  

seques te r ing  agent . 
11.2.3.3.6. Other me6hods. Paper chromatography, t h e  r i n g  oven technique, 

t h i  n - l a y e r  chromatography and gas chromatography have a l s o  been used t o  separa te  
394 selenium f rom i n t e r f e r i n g  substances . 

3 

11.2.4.  Measurement o f  sezeniam 

Selenium i s  measured q u a n t i t a t i v e l y  by a wide range o f  methods. The method 

a c t u a l l y  used w i l l  depend on the  t ype  o f  samples, t he  equiprlient a v a i l a b l e ,  t h e  

number o f  analyses t o  be made, t h e  s e n s i t i v i t y  and accuracy requ i red ,  t h e  need 

t o  p reserve  t h e  sample, t h e  cos t ,  o t h e r  analyses t o  be made and o t h e r  f a c t o r s .  

No one method can be  cons idered t h a t  o f  cho ice  f o r  a l l  s i t u a t i o n s .  A few seem 

most w i d e l y  used, most r e a d i l y  adaptab le  t o  a w ide  v a r i e t y  o f  samples and most 

thorough ly  s tud ied ,  and these w i l l  be d iscussed i n  some d e t a i l .  Others a r e  merely 

ment ioned w i t h  references i n  Table 11.1. Among then a re  some t h a t  m igh t  w e l l  be 

p r e f e r r e d  i n  c e r t a i n  l a b o r a t o r i e s .  

11.2.4.1. Neutron act ivat ion analysis 

nium . O f  these, thermal neut ron  a c t i v a t i o n  i s  t h e  most common. T h i s  produces 

seve ra l  r a d i o n u c l i d e s  t h a t  have been used i n  subsequent measurement, as f o l l o w s :  

81Se, h a l f - l i f e  18.6 min; 81mSe, h a l f - l i f e  57  min; 77mSe, h a l f - l i f e  17.5 sec; 

and 75Se, h a l f - l i f e  128 days. 

A number o f  types  o f  a c t i v a t i o n  a n a l y s i s  have been used f o r  measur ing se le -  
3 
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TABLE 11.1 

SOME LESS WIDELY USED METHODS FOR SELENIUM DETERMINATION 

Method Refs. Method Refs . 
Grav ime t r i c  
Vo lumet r ic  macro) 
Vo lumet r ic  [semi-micro and 

m ic ro )  
C o l o r i m e t r i c  
Spec t rophotomet r ic  
C a t a l y t i c  
I so tope  d i l u t i o n  
Cou 1 ome t r i  c 
Po la rog raph ic  

9 , 1 1,37,39 
40,41 

12,42,43 
9,44-46 
47-54 
55,56 
57,58 
59 
60,61 

Anod ic -s t r i pp ing  v o l  tammetry 62 
C a t h o d i c - s t r i p p i n g  v o l  tamnetry 63,64 
Spark-source mass spec t romet r i c  65 
X-ray f l uo rescence  66.67 
Proton- i nduced X-ray emiss ion  68,69 
D i r e c t  i n j e c t i o n  en tha lp ime t ry  70 
Gas chromatographic 71-74 
I n d u c t i v e l y  coupled plasma emis- 

s i o n  75 
High-performance l i q u i d  chro- 
matography 76 

Neutron a c t i v a t i o n  a n a l y s i s  can be used e i t h e r  w i t h  o r  w i t h o u t  d e s t r u c t i o n  

o f  t h e  sample. More r e c e n t l y ,  t h e  non-des t ruc t i ve  techniques have u s u a l l y  been 

based on coun t ing  t h e  77mSe n ~ c l i d e ~ ~ - ~ ~ .  D e s t r u c t i v e  methods a r e  most commonly 

based on coun t ing  t h e  75Se nuclide81-86. Whi le  t h e  non-des t ruc t i ve  methods l e n d  

themselves more r e a d i l y  t o  mu l t i - e lemen t  a n a l y ~ i s ~ ~ - ~ ' ,  d e s t r u c t i v e  methods can 

a l s o  be used f o r  t h i s ,  and they  a l s o  p e r m i t  chemical  separa t i on  o f  t h e  selenium 

t o  p r o v i d e  f o r  g r e a t e r  r e l i a b i l i t y  , 
The most se r ious  drawback t o  neu t ron  a c t i v a t i o n  ana lys i s  i s  t he  c o s t  o f  t h e  

equipment requ i red .  Thus, r e l a t i v e l y  few l a b o r a t o r i e s  a r e  i n  a p o s i t i o n  t o  use 

the  technique. Those which a re  u s u a l l y  develop t h e i r  Own s p e c i f i c  methodology 

based on what i s  be ing  analysed, t he  nuinber o f  samples, t h e  p r e c i s i o n  requ i red ,  

the  equipment a v a i l a b l e  and o t h e r  cons ide ra t i ons .  

2-5,7 

11.2.4.2. Fluorimetric analysis  

leniumgO l e d  t o  a spec t rophotomet r ic  method based on i t s  useg1. E x t r a c t i o n  o f  

t he  complex w i t h  an o rgan ic  s o l v e n t  improved t h e  technique51, and i n v e s t i g a t i o n  

o f  i t s  f l u o r e s c e n t  p roper t i esg2  l e d  t o  a number o f  f l u o r i m e t r i c  methods based 

on t h e  used o f  t h i s  reagent93-96. When 2,3-diaminonaphthalene was found t o  g i v e  

more s e m i  t i v i  t y  and convenienceg7, t h i s  reagent  was soon inco rpo ra ted  i n t o  

f l u o r i m e t r i c  methods f o r  measuring selenium 17'37398. Fo l low ing  t h i s  e a r l y  work, 

a number o f  f l u o r i m e t r i c  methods based on t h e  use o f  2,3-diaminonaphthalene have 

been pub l ished,  and t h e  r e l i a b i l i t y  o f  t he  techn ique has been thorough ly  stud- 

i ed "-lo7. These methods have been found t o  be s e n s i t i v e ,  r e l i a b l e  and accura te .  

They do n o t  r e q u i r e  h i g h l y  s o p h i s t i c a t e d  equipment and t h e  c o s t  o f  t h e  ana lys i s  

The d i scove ry  t h a t  3,3 ' -d iaminobenzidine formed a co loured complex w i t h  se- 
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i s  reasonable.  The methods adapt r e a d i l y  t o  a w ide  v a r i e t y  o f  samples, wet o r  

d ry ,  There fore ,  a procedure based on f l u o r i m e t r y  i s  p resented  i n  d e t a i l  l a t e r  

(see  Sec t ion  11.2.5). A number o f  procedures e s s e n t i a l l y  t he  same and e q u a l l y  

as good as t h a t  descr ibed appear i n  t h e  l i t e r a t u r e ,  

11.2.4.3. Atomic-absorption analysis 

Atomic-absorp t ion  a n a l y s i s  o f f e r s  t h r e e  separa te  techniques f o r  t h e  de termi -  

n a t i o n  o f  selenium: d i r e c t  f lame a tomiza t i on ,  heated  g r a p h i t e  fu rnace  atoniiza- 

t i o n  and hydrogen s e l e n i d e  genera t i on  w i t h  f lame a tomiza t i on  lo8-l15. Atomic 

abso rp t i on  has f r e q u e n t l y  been h a i l e d  as a compara t ive ly  i n t e r f e r e n c e - f r e e  tech- 

nique. However, t h i s  i s  j u s t i f i e d  o n l y  f o r  d i r e c t  f lame a tomiza t i on  and even 

then i n t e r f e r e n c e s  do e x i s t .  When s u f f i c i e n t l y  h i g h  concen t ra t i ons  o f  se len ium 

a r e  be ing  measured, d i r e c t  f lame a tomiza t i on  can g i v e  s a t i s f a c t o r y  p r e c i s i o n ,  

accuracy and freedom f rom i n t e r f e r e n c e s .  The l i m i t a t i o n  t o  t h i s  techn ique i s  

i t s  l a c k  o f  s u f f i c i e n t  s e n s i t i v i t y  t o  de termine selenium a c c u r a t e l y  i n  inost 

b i o l o g i c a l  ma te r ia l s .  The most s e n s i t i v e  a tomic  l i n e  f o r  se len ium i s  a t  196 nm, 

where a s e n s i t i v i t y  o f  0.5 ug/ml can be achieved w i t h  a hydrogen-argon a i r -en -  

t r a i n e d  f lame o r  0.7 ug/ml w i t h  an a i r - a c e t y l e n e  flame116. T h i s  s h o r t  wavelength 

i n t roduces  a d d i t i o n a l  problems due t o  a b s o r p t i o n  by the  atmosphere. The hydrogen- 

argon a i r - e n t r a i n e d  f lame i s  p r e f e r a b l e  owing t o  i t s  g r e a t e r  t ransparency. Heated 

g r a p h i t e  fu rnace a tomiza t i on  and hydrogen s e l e n i d e  genera t i on  o f f e r  irliproved 

s e n s i t i v i t y .  Ihnat"' r epo r ted  a d e t e c t i o n  l i m i t  o f  0.13 ng/ml f o r  hydrogen 

se len ide  genera t i on  and 10 ng/ml f o r  t he  g r a p h i t e  furnace. The hydrogen se len ide  

genera t i on  method i s  recommended f o r  t h e  a n a l y s i s  o f  most b i o l o g i c a l  samples. 

Automated systems o f  a n a l y s i s  f o r  submicrogram amounts o f  se len ium by hydrogen 

s e l e n i  de genera t i  on have been repo r ted  112'117-119. H i l de rb rand  and D i l  l o n  

have developed a scanning method f o r  t h e  a n a l y s i s  o f  b lood  f o r  se len ium u s i n g  

a m u l t i - s t e p  fu rnace process. The r e s u l t s  compare w e l l  w i t h  those ob ta ined  by 

f l u o r i m e t r i c  ana lys i s .  The method i s  descr ibed i n  d e t a i l  l a t e r  (see  Sec t ion  

11.2.6). 

120 

11.2.5. Method f o r  f luorimetr ic  analysis 

11.2.5.1. Reagents 

NH20H-EDTA s o l u t i o n .  D isso lve  9 g o f  ethylenediaminetetraacetic a c i d  d i h y d r a t e  

Cresol  r e d  i n d i c a t o r .  D isso lve  0.05 g o f  o-creso lsu lphonphtha le in  i n  5 m l  o f  

Standard selenium s o l u t i o n ,  D isso lve  40 mg of  e lemental  se len ium i n  2 m l  of con- 

and 25 g o f  hydroxylammonium c h l o r i d e  i n  wa te r  and d i l u t e  t o  1 1. 

water  p l u s  1 drop o f  concent ra ted  NH40H and d i l u t e  t o  250 m l  w i t h  water.  

cen t ra ted  n i t r i c  a c i d  by warming g e n t l y .  D i l u t e  t o  1 1  w i t h  0.1 !/ h y d r o c h l o r i c  ac id .  
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This  s o l u t i o n  i s  s t a b l e  f o r  many months a t  room temperature. A t  about b iweek ly  

i n t e r v a l s ,  d i l u t e  t h i s  s o l u t i o n  1:lOO w i t h  0.1 N h y d r o c h l o r i c  a c i d  and use i t  

as a work ing  standard,  1 m l  = 0.4 ug o f  Se. 

h y d r o c h l o r i c  a c i d  t o  wet  t h e  reagent  thorough ly .  Add 200 m l  o f  0.1 N h y d r o c h l o r i c  

a c i d  and h e a t  f o r  15 min i n  a water -ba th  a t  5OoC. T rans fe r  i n t o  a 500-ml sepa- 

r a t o r i n g  funne l ,  e x t r a c t  t w i c e  w i th  15 m l  o f  cyclohexane and d i s c a r d  t h e  e x t r a c t .  

F i l t e r  t h e  h y d r o c h l o r i c  a c i d  s o l u t i o n  through a we t ted  f i l t e r - p a p e r  and use 

inunediately o r  s t o r e  i n  a co ld ,  dark p lace  under a 2 nun l a y e r  o f  cyclohexane. 

Note: t h e  b lank  de te rm ina t ion  shou ld  n o t  exceed t h e  e q u i v a l e n t  o f  0.025 pg o f  

.selenium. I f  i t  does, t h e  2,3-diaminonaphthalene shou ld  be r e c r y s t a l l i z e d .  

DAN s o l u t i o n .  S t i r  200 mg o f  2,3-diaminonaphthalene w i th  a few drops o f  0.1 N 

11.2.5.2. A p p a r a t u s  

Mic ro -K je ldah l  d i g e s t i o n  u n i t .  The d i g e s t i o n  u n i t  shou ld  be  p rov ided  w i t h  an 

a l l - g l a s s  fume d u c t  a t tached  t o  a g lass  a s p i r a t o r  and shou ld  be used i n  a 

p e r c h l o r i c  a c i d  fume hood. Rubber connect ions shou ld  be avoided. 

sure  t h e  f l uo resced  l i g h t  a t  525 nm. 

F luo r ime te r .  The f l u o r i m e t e r  shou ld  i r r a d i a t e  t h e  sample a t  369 nm and mea- 

Water-baths. A 5OoC and a b o i l i n g  water -ba th  a r e  needed. 

11.2 .5 .3 .  Procedure 

Weigh n o t  more than 1.5 g ( d r y  b a s i s )  o f  sample prepared as descr ibed e a r l i e r  

( S e c t i o n  11.2.3.1) and c o n t a i n i n g  n o t  more than 0.5 ug of  selenium i n t o  a 30-1111 

m ic ro -K je ldah l  f l a s k .  (Fo r  samples w i t h  h i g h e r  se len ium conten ts ,  d i g e s t i o n ,  

reduc t i on ,  d i l u t i o n  t o  a s u i t a b l e  volume and subsampling, o r  t he  p r e - d i g e s t i o n  

procedure desc r ibed  i n  Sec t i on  11.2.3.2.3 shou ld  be used.) Add a g lass  bead and 

10 m l  o f  concent ra ted  n i t r i c  a c i d  and p l a c e  t h e  f l a s k  on the  d i g e s t e r .  Heat a t  

low heat ,  watch ing  f o r  excess ive  foaming. A f t e r  t h e  i n i t i a l  v igorous  r e a c t i o n ,  

remove and add 2 m l  o f  70% p e r c h l o r i c  ac id .  Cont inue t o  hea t  u n t i l  t h e  appearance 

o f  w h i t e  p e r c h l o r i c  a c i d  fumes o r  u n t i l  t h e  s o l u t i o n  darkens. I n  t h e  l a t t e r  case, 

immediately remove t h e  f l a s k  and coo l  i t  f o r  a few seconds. Add about 1 m l  o f  

n i t r i c  a c i d  and con t inue  h e a t i n g  t o  p e r c h l o r i c  a c i d  fumes, repea t ing  t h e  n i t r i c  

a c i d  a d d i t i o n  i f  necessary.  Cont inue t o  hea t  f o r  a t  l e a s t  15 min (30 min  f o r  

u r i n e )  beyond p e r c h l o r i c  a c i d  fumes and then remove and coo l  t o  room temperature.  

Add 2.0 m l  o f  10% ( v / v )  h y d r o c h l o r i c  a c i d  and hea t  f o r  30 min  i n  a v i g o r o u s l y  

b o i l i n g  water -ba th .  

i n d i c a t o r  and 1:l amnonia s o l u t i o n  t o  a y e l l o w  c o l o u r  o f  t h e  i n d i c a t o r .  Imme- 

d i a t e l y  add 10% h y d r o c h l o r i c  a c i d  t o  a p i n k  co lou r .  T r e a t  a b lank  c o n t a i n i n g  

2 m l  o f  p e r c h l o r i c  a c i d  s i m i l a r l y .  

A f t e r  coo l i ng ,  add 5.ml o f  t h e  NH20H-EDTA s o l u t i o n ,  2 drops o f  t he  c reso l  r e d  
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Add 5 m l  o f  t h e  DAN s o l u t i o n  t o  each f l a s k  and wa te r  t o  a few m i l l i l i t r e s  

below t h e  base o f  t h e  f l a s k  neck. S w i r l  t o  m i x  and p lace  i n  t h e  5OoC water -ba th  

f o r  30 min. Remove and coo l  t o  about room temperature.  

T r a n s f e r  t h e  s o l u t i o n  i n t o  a separa t i ng  funne l  and shake v i g o r o u s l y  f o r  a t  

l e a s t  1 min w i t h  10.0 m l  o f  cyclohexane. D isca rd  t h e  wa te r  l a y e r  and wash t h e  

cyclohexane l a y e r  by shak ing  f o r  1 min w i t h  25 m l  o f  0 . 1  N h y d r o c h l o r i c  a c i d .  

D isca rd  t h e  h y d r o c h l o r i c  a c i d  l a y e r  and c e n t r i f u g e  t h e  cyclohexane l a y e r  b r i e f l y  

t o  remove wa te r  d r o p l e t s .  Read b lank ,  s tandard  and samples i n  t h e  f l u o r i m e t e r ,  

c o r r e c t  t h e  read ings  f o r  t h e  b lank ,  and c a l c u l a t e  t h e  selenium con ten t  as f o l -  

lows: 

Se  0.4 x c o r r e c t e d  Sam l e  r e a d i n  
= c o r r e c t e d  s tandard  reading’x sample :eight ( 9 )  

I f  t h e  sample con ta ins  more than about 5 ug o f  selenium r e p e a t  t h e  a n a l y s i s  

w i t h  a s m a l l e r  sample. Simply d i l u t i n g  the  cyclohexane e x t r a c t  g i v e s  f a l s e  re -  

s u l t s .  

11 .2 .5 .4 .  Coments 

The r e s u l t s  ob ta ined  w i t h  t h i s  method compare very  favourab ly  w i t h  those ob- 
103,105,106 t a i n e d  by o t h e r  procedures. It g ives  good recove r ies  of added se len ium 

and t h e  d i g e s t i o n  procedure causes no apprec iab le  l o s s  o f  t h e  element under a 

v a r i e t y  o f   condition^^^^^^, The method i s  s e n s i t i v e  t o  about 0.02 vg o f  selenium. 

Ana lys i s  o f  s tandard  samples gave t h e  r e s u l t s  i n  Table 11.2 106 . 

TABLE 11.2 

RESULTS FOR ANALYSIS OF STANDARD SAMPLES 

Sample Se con ten t  ( d g )  

C1 aimed Found 

Bowen ’ s k a l e  0.148 ? 0.014 0.136 i 0.002 
NBS bov ine  l i v e r  (SRY 1577) 
NBS Orchard leaves (SRM 1571) 0.08 t 9.005 0.089 z 0.003 

1.1 t 0.05 1.17 i 0.06 

The r e s u l t s  i n  Table 11.2 and o t h e r l o 5  da ta  a t t e s t  t o  the  r e p e a t a b i l i t y  o f  

t h e  method. A s i n g l e  de te rm ina t ion  can be made i n  about 3.5 h, b u t  w i t h  adequate 

equipment a s i n g l e  a n a l y s t  can pe r fo rm 18 analyses p e r  day. 

oped i n  l a b o r a t o r i e s  where l a r g e  numbers of  samples a r e  r o u t i n e l y  handled. 

t h e  f a i l u r e  t o  d i g e s t  t h e  sample adequately.  Th i s  i s  o f t e n  t h e  r e s u l t  o f  t h e  

Automated l2’-lZ4 and f l u o r i m e t r i c  methods have been deve l -  

Perhaps t h e  most comnon e r r o r  made i n  t h i s  type  o f  se len ium de te rm ina t ion  i s  
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f e e l i n g  t h a t  t o o  much d i g e s t i o n  w i l l  cause a l o s s  o f  selenium. A c t u a l l y ,  t he  

loss o f  se len ium d u r i n g  wet d i g e s t i o n  has been over-emphasized. 

A q u a l i t a t i v e  t e s t  capable o f  d e t e c t i n g  as l i t t l e  as 10-20 vg o f  selenium 

can e a s i l y  be made on t h e  p e r c h l o r i c  a c i d  d i g e s t  f o l l o w i n g  r e d u c t i o n  w i t h  hydro- 

c h l o r i c  a c i d  i n  t h e  b o i l i n g  water-bath.  A d d i t i o n  o f  5 m l  o f  water ,  5 nl o f  48% 

hydrobromic a c i d  and about 50 mg o f  sodium s u l p h i t e  and b o i l i n g  w i l l  p r e c i p i t a t e  

p i n k  e lementa l  selenium, e a s i l y  seen on f i l t e r i n g  th rough a pad o f  asbestos.  

A s i m p l i f i e d  spec t rophotomet r ic  method based on t h i s  f l u o r i m e t r i c  method has 

been developed f o r  use where l e s s  s e n s i t i i i t y  i s  r e q u i r e d  o r  even d e s i r a b l e ,  o r  

where a f l u o r i m e t e r  i s  n o t  ava i l ab le53 .  Th is  procedure i s  t h e  same as t h a t  de- 

s c r i b e d  above, except  t h a t  10 m l  o f  DAN reagent  i s  used, 20 ug o f  selenium 

s tandard  a r e  used, t he  p iazse leno l  i s  e x t r a c t e d  by shaking the  s o l u t i o n  a f t e r  

removal f rom t h e  5OoC water -ba th  and c o o l i n g  t o  room temperature w i t h  t h e  

cyclohexane d i r e c t l y  i n  t h e  d i g e s t i o n  f l a s k .  Enough o f  t h e  cyclohexane e x t r a c t  

i s  removed t o  read i t  i n  a spectrophotometer a t  378 nm. Th is  method i s  s e n s i t i v e  

t o  about 1 ug o f  selenium. 

11.2.6.  Atomic-absoTtion m e t h o d  for  seleniwn i n  blood 

11.2.6.  I. R e a g e n t s  

T r i t o n  X-100. Prepare a 0.1% s o l u t i o n  i n  d i s t i l l e d  water.  

Selenium s tandard  s o l u t i o n .  D isso lve  0.100 g elemental  selenium i n  5 m l  o f  

n i t r i c  a c i d  w i th  warming. D i l u t e  t o  1 1 w i t h  water.  Prepare d i l u t i o n s  c o n t a i n i n g  

0.10 and 0.20 ug/ml o f  selenium. 

11.2.6.2. Apparatus 

c o r r e c t o r ,  r e c o r d e r  readout  and se len ium e l e c t r o d e l e s s  d ischarge lamp. 

and a t o m i z a t i o n  s t e p  p r o g r a m i n g .  

A tomic-absorp t ion  spectrophotometer.  Th i s  shou ld  be equipped w i t h  background 

Heated g r a p h i t e  fu rnace.  Th is  shou ld  be capable o f  m u l t i p l e  d ry ing ,  c h a r r i n g  

11.2.6.3.  P r o c e d u r e  

Unc lo t ted  b l o o d  samples a r e  d i l u t e d  1: l  w i t h  0.1% T r i t o n  X-100. An atomic- 

abso rp t i on  i ns t rumen t  w i t h  heated g r a p h i t e  fu rnace and deuter ium background 

compensation i s  used f o r  t h e  ana lys i s .  The ins t rumen t  i s  ad jus ted  t o  t h e  196-nm 

l i n e  o f  t h e  se len ium e l e c t r o d e l e s s  d ischarge lamp. A 0.7-nm s l i t w i d t h  and back- 

ground c o r r e c t i o n  a r e  used. 

s o l u t i o n  a r e  i n t roduced  i n t o  t h e  g r a p h i t e  tube. The standards used c o n t a i n  0.0, 

0.1 and 0.2 pg/ml o f  selenium. The g r a p h i t e  fu rnace  i s  p rog ramed  t o  f o l l o w  t h e  

hea t ing  procedure sequence l i s t e d  i n  Tab le  11.3. 

A 2O-ul volume o f  sample, 10 p l  o f  s tandard  and 20 p1 o f  1000 ppm n i c k e l  
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TABLE 11.3 

PROGRAMME FOR GRAPHITE FURNACE 

Step Temperature Ramp ti me Ho ld  t ime 
(OC) (set) (set) 

Dry-1 100 30 15 
i l r y -2  110 20 10 
Dry-3 120 10 5 
Char-1 300 20 10 
Char-2 500 10 20 
Char-3 1200 20 10 
Atomize 2400 1 7 

11.2.6.4. Coments 

The maximum sample absorbance d u r i n g  t h e  a tomiza t i on  s tep  i s  determined and 

used t o  p l o t  t h e  s tandard  a d d i t i o n s  curve. Sample a r e  analysed i n  d u p l i c a t e .  

Samples analysed by t h i s  method and t h e  f l u o r i m e t r i c  techn ique repo r ted  above 

gave an average v a r i a t i o n  o f  26.8%. 

and improved equipment f o r  t h i s  genera t i on  i s  a v a i l a b l e  

108,109,126 Methods us ing  hydrogen se len ide  genera t i on  have a l s o  been descr ibed 
127 . 

1 1 . 2 . 7 .  In terpre ta t ion  of results 

Cons iderab le  judgment must be used i n  drawing conc lus ions  f rom selenium ana l -  

yses. I t  shou ld  be recogn ized t h a t  t h e r e  w i l l  be d i f f e r e n c e s  due t o  t h e  t i s s u e  

o r  specimen examined and t o  the  species.  I n  t o x i c o s i s ,  bo th  acu te  and ch ron ic  

forms must be taken i n t o  account.  F i n a l l y ,  ve ry  low values may r e f l e c t  a se le -  

nium d e f i c i e n c y .  

I t  i s  n o t  p o s s i b l e  t o  s t a t e  d e f i n i t e  g u i d e l i n e s  f o r  use i n  t h e  i n t e r p r e t a -  

t i o n  o f  r e s u l t s .  The f o l l o w i n g  i s  o f f e r e d  as a suggest ion  on ly ,  and i t  must be 

a p p l i e d  w i t h  c a u t i o n  a f t e r  cons ide ra t i on  o f  c l i n i c a l  s igns  o r  o t h e r  evidence. 

no problem f rom e i t h e r  an excess o r  a d e f i c i e n c y  o f  selenium. Values below o r  

above these ranges do n o t  n e c e s s a r i l y  r e f l e c t  a d e f i c i e n c y  o r  an excess o f  t h e  

element. However, t h e  g r e a t e r  t h e  d e v i a t i o n  o f  r e s u l t s  f rom these values t h e  

g r e a t e r  t h e  p o s s i b i l i t y  o f  a d e f i c i e n c y  o r  a t o x i c o s i s .  

I t  appears t h a t  values f a l l i n g  w i t h i n  t h e  l i m i t s  shown i n  Tab le  11.4 suggest 
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TABLE 11.4 

LIMITS OF SELENIUM CONCENTRATIONS FOR NO EXCESS OR DEFICIENCY 

Sample analysed 

Feeds o r  foods 0.1 - 2.0 
61 ood 0 .1  - 0.6 
Plasma ( o r  serum) 0.05 - 0.4 
L i v e r  0 . 1  - 3.0 
Kidney 0.1 - 3.0 
Muscle 0.03 - 0.70 
H a i r  0.1 - 3.0 

Range of selenium concen t ra t i ons  
(g /g  o r  g/ml on an undr ied  b a s i s )  

U r i n e  0.01 - 0.20 (10-300 g pe r  24 h )  

11.3. TELLURIUM 

11.3.1. Izhroduction 

The s t a t e  o f  development o f  t h e  a n a l y t i c a l  chemis t ry  o f  t e l l u r i u m  presents  

a marked c o n t r a s t  t o  t h a t  o f  selenium. Rather than be ing  ab le  t o  s e l e c t  t h e  most 

a p p r o p r i a t e  method f o r  an i n d i v i d u a l  l a b o r a t o r y  f rom a s e r i e s  o f  adequate meth- 

ods, as one can do f o r  selenium, a method which s a t i s f a c t o r i l y  es t imates  the  

c o n c e n t r a t i o n  o f  t e l l u r i u m  i n  b i o l o g i c a l  m a t e r i a l s  i s  y e t  t o  be developed. Sev- 

eral methods have been used f o r  de te rm in ing  t e l l u r i u m  concen t ra t i ons  i n  sp i ked  

b i o l o g i c a l  samples and i n  t i s s u e s  f rom animals exposed t o  very  h i g h  d i e t a r y  o r  

r e s p i r a t o r y  l e v e l s  o f  t h e  element. However, da ta  on normal o r  b a s e l i n e  concentra- 

t i o n s  i n  b i o l o g i c a l  samples a r e  very  scanty  because o f  t he  d i f f i c u l t y  i n  mea- 

s u r i n g  t h e  low l e v e l s  encountered. B lood l e v e l s  o f  0.25 ng/ml o f  t e l l u r i u m  were 

repo r ted  by  Van M o n t f o r t  e t  a1.I2*. A s tudy  on t r a c e  meta ls  i n ' t h e  h a i r  o f  Tokyo 

r e s i d e n t s  y i e l d e d  a mean t e l l u r i u m  concen t ra t i on  o f  n e a r l y  1 ug/g w i t h  a range 
129 

O f  0.79-47.4 pg/g . 

11 .3 .2 .  History 

The genera l  a n a l y t i c a l  chemis t r y  of t e l l u r i u m  has been reviewed by Green and 

Tur ley13'  and more r e c e n t l y  by  Nazarenko and Enakov6 .  The a n a l y s i s  o f  o rgan ic  

compounds and o rgan ic  m a t e r i a l s  f o r  t e l l u r i u m  was reviewed by Masson13'. Low 

concen t ra t i ons  o f  t h e  element have been determined by a tomic-absorp t ion  spec t ro -  

photometry o f  t h e  sol formed on r e d u c t i o n  o f  t e l l u r i t e  w i t h  t i n ( I 1 )  c h l o r i d e  

o r  t h i ~ a c e t a m i d e ' ~ ~ .  These procedures a r e  u s e f u l  f o r  t e l l u r i u m  concen t ra t i ons  

o f  a few p a r t s  p e r  m i l l i o n .  A t e l l u r i u m - b i s m u t h i o l  I 1  complex i n  ch lo ro fo rm was 

132 
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used by Cheng and G a y d i ~ h ' ~ ~  f o r  t h e  a n a l y s i s  o f  non -b io log i ca l  m a t e r i a l s  i n  t h e  

0.1-0.5 ppm range, I n  general ,  however, these methods do n o t  have t h e  s e n s i t i v i t y  

r e q u i r e d  f o r  b i o l o g i c a l  samples un less  they  a r e  used i n  c o n j u n c t i o n  w i t h  exten- 

s i v e  pre-concent ra t ion .  Most o f  t h e  r e c e n t  research  on t e l l u r i u m  a n a l y s i s  has 

used a tomic  abso rp t i on  as t h e  mechanism f o r  q u a n t i t a t i o n  w i t h  some emphasis on 

neu t ron  a c t i v a t i o n ,  polarography, spark-source mass spec t romet ry  and emiss ion  

spectroscopy. I n  each ins tance,  p r e l i m i n a r y  sample d i g e s t i o n  and c o n c e n t r a t i o n  

a r e  necessary f o r  meaningful  data.  

11.3.3. SampLing 

The same procedures and precaut ions  used f o r  selenium (see S e c t i o n  11.2.3) 

must be observed i n  c o l l e c t i n g ,  p rocess ing  and p rese rv ing  samples f o r  t e l l u r i u m  

assay. The s i z e  o f  t h e  sample used f o r  a n a l y s i s  i s  no rma l l y  much l a r g e r  than 

f o r  most t r a c e  element work because o f  t h e  low concen t ra t i ons  encountered. 

H a n ~ o n l ~ ~  used 200 m l  o f  u r i n e  i n  h i s  ana lys i s .  Cheng and A g n e ~ l ~ ~  d i sso l ved  

t h e  ash o f  2.0 g o f  l i v e r  t i s s u e  i n  a f i n a l  volume o f  3 m l  o f  s o l u t i o n  f o r  t h e i r  

ana lys i s .  The l i m i t i n g  f a c t o r s  f o r  t h e  s i z e  o f  sample a re  t h e  amount a v a i l a b l e  

and t h e  maximum degree o f  e n r i  chlnent c o n s i s t e n t  w i t h  q u a n t i t a t i v e  recovery.  

1 1 . 3 . 3 . 2 .  Sump l e  preparation 

The p r e p a r a t i o n  o f  b i o l o g i c a l  samples f o r  t e l l u r i u m  a n a l y s i s  has t h r e e  ob jec-  

t i v e s :  d e s t r u c t i o n  o f  o rgan ic  m a t e r i a l ,  concen t ra t i on  enr ichment and removal o f  

i n t e r f e r i n g  spec ies .  The l a s t  two s teps  can f r e q u e n t l y  be achieved s i m u l t a -  

neous ly .  

136 i s  s a t i s f a c t o r i l y  achieved by wet  d i g e s t i o n  o f  t h e  sample. F i o r i n o  e t  a l .  

ob ta ined  100 ? 7% recovery  o f  added t e l l u r i u m  us ing  a t e r n a r y  a c i d  d i g e s t i o n  

( n i t r i c ,  p e r c h l o r i c  and s u l p h u r i c  a c i d s )  where the  s o l u t i o n  was heated  u n t i l  

t h e  e v o l u t i o n  o f  s t rong  fumes o f  s u l p h u r t r i o x i d e .  Cheng and A g n e ~ l ~ ~  r e p o r t e d  

recove r ies  o f  80-133% us ing  a n i t r i c  a c i d - p e r c h l o r i c  a c i d  d i g e s t i o n  o f  l i v e r  

samples w i t h  added t e l l u r i u m .  Hanson13* achieved a 100 i 7% recovery  o f  t he  

added element f rom u r i n e  sub jec ted  t o  wet d i g e s t i o n .  The above recove r ies  a r e  

f a r  t h e  e n t i r e  a n a l y t i c a l  process f rom d i g e s t i o n  t o  measurement. Thus, rliost o f  

t h e  d e v i a t i o n  i n  t h e  recove r ies  m igh t  w e l l  be a t t r i b u t e d  t o  aspects o f  t he  

procedure o t h e r  than the  d i g e s t i o n  s tep .  

a n a l y s i s  f o r  t e l l u r i u m  128y137. Samples were f r e e z e - d r i e d  p r i o r  t o  t h e i r  i n t r o -  

d u c t i o n  ' i n t o  t h e  low-temperature ash ing  apparatus.  D e s t r u c t i o n  o f  up t o  6 g o f  

animal t i s s u e  o rgan ic  m a t t e r  was achieved i n  20-30 h a t  temperatures n o t  exceed- 

11.3.3.1.1. Destruction of organic matter. D e s t r u c t i o n  o f  o rgan ic  m a t e r i a l  

E l e c t r o n i c a l l y  e x c i t e d  oxygen has been used t o  ash animal t i s s u e s  p r i o r  t o  
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i n g  190°C. Recover ies o f  99-107% were ob ta ined.  The ashed samples were d i s s o l v e d  

i n  1 m l  o f  aqua r e g i a .  The p r imary  advantages o f  t h i s  ash ing  process a re  i t s  low 

temperature,  reduced s u s c e p t i b i l i t y  t o  reagent  contaminat ion ,  s a f e t y  and absence 

o f  t he  need f o r  m o n i t o r i n g  d u r i n g  the  ash ing  process. 

n ism f o r  t h e  d e s t r u c t i o n  o f  t he  o rgan ic  m a t e r i a l  i n  b i o l o g i c a l  samples. Dry 

ash ing  a t  h i g h  temperatures shou ld  be avoided owing t o  the  v o l a t i l i t y  o f  many 

t e l l u r i u m  s a l t s  and r e s u l t a n t  loss expected d u r i n g  t h e  ash ing  process. 

s e n s i t i v i t i e s  r e p o r t e d  w i t h  a t o m i c - a b s ~ r p t i o n ~ ~ ~ ,  neut ron  a c t i v a t i o n  

emiss ion  s p e c t r o g r a p h i ~ l ~ ~ ,  po la rog raph ic  14' 14* and spark-source mass spec t ro -  

metr ic143 techniques a l l  i n d i c a t e  t h a t  sample enr ichment w i l l  be necessary f o r  

normal t i s s u e  samples, 

E i t h e r  wet d i g e s t i o n  o r  low-temperature ash ing  prov ides  an acceptab le  mecha- 

11.3.3.1.2.  Concentration enrichment and separation from interferences.  The 
129,139 , 

T e l l u r i u m  can be concent ra ted  by use o f  a v a r i e t y  o f  p r e c i p i t a t i o n  and ex- 

B e d r o ~ s i o n ~ ~ ~  desc r ibed  an e x t r a c t i o n  procedure f o r  separa t i ng  t e l l u r i u m  

t r a c t i o n  techn iques .  Examples of bo th  processes w i l l  be discussed. 

f rom o t h e r  elements i n  s t e e l .  A 0.1-2.0-3 sample was d i s s o l v e d  i n  6 N hydro- 

c h l o r i c  a c i d  and hydrogen pe rox ide  was added t o  o x i d i z e  the  t e l l u r i u m ( I 1 )  t o  

t e l l u r i u m ( 1 V ) .  The t e l l u r i u m  was e x t r a c t e d  q u a n t i t a t i v e l y  w i t h  5% t r i o c t y l -  

phosphine i n  methyl  i s o b u t y l  ketone. The method may be a p p l i c a b l e  t o  b i o l o g i c a l  

samples a f t e r  some minor  m o d i f i c a t i o n s .  

Hanson13' e x t r a c t e d  t e l l u r i u m  f rom wet -d iges ted  u r i n e  samples as t h e  i o d i d e  

complex. As much as 200 m l  o f  u r i n e  was d iges ted .  The a c i d i t y  o f  t h e  d i g e s t  was 

ad jus ted  t o  1.0 14, i o d i d e  was added t o  0.6 !I and t h e  t e l l u r i u m  was e x t r a c t e d  

i n t o  an n -pen tano l -d ie thy l  e t h e r  o rgan ic  phase. The d i e t h y l  e t h e r  served t o  

decrease emuls ion  problems w i t h o u t  a f f e c t i n g  t h e  e f f i c i e n c y  o f  e x t r a c t i o n .  A f t e r  

evapora t i ng  t h e  o rgan ic  s o l v e n t  t o  dryness, t he  res idue  was d i s s o l v e d  i n  20% 

h y d r o c h l o r i c  ac id .  Few o t h e r  elements a r e  e x t r a c t e d  by t h i s  procedure,  p r o v i d i n g  

an e f f i c i e n t  separa t i on  and a l s o  a 50-100- fo ld  enr ichment.  The process i s  quan- 

t i t a t i v e .  Work i n  t h e  au tho rs '  l a b o r a t o r y  eva lua ted  t h e  a p p l i c a t i o n  o f  t h i s  

procedure t o  o t h e r  types  o f  samples 

C o p r e c i p i t a t i o n  on an a rsen ic  c a r r i e r  has been used t o  separa te  t e l l u r i u m  

f rom i n t e r f e r e n c e s  p r i o r  t o  a tomic-absorp t ion  a n a l y s i s  and a l s o  t o  e n r i c h  the  

c ~ n c e n t r a t i o n l ~ ~ .  Added a rsen ic  was reduced by t h e  a d d i t i o n  o f  hypophosphorous 

a c i d  t o  a f l o c c u l e n t  p r e c i p i t a t e  which c a r r i e d  bo th  se len ium and t e l l u r i u m  w i t h  

it. The t e l l u r i u m  was q u a n t i t a t i v e l y  removed i n  t h e  1-1OO-ug range by 1800 pg 

o f  a r s e n i c  and an 8-h s e t t l i n g  pe r iod .  The p r e c i p i t a t e  was d i s s o l v e d  i n  a smal l  

amount o f  n i t r i c  ac id .  

138 . 
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Aeremae and A s s a r ~ s o n l ~ ~  p r e c i p i t a t e d  t e l l u r i u m ,  f o l l o w i n g  r e d u c t i o n  by 

hydraz in ium c h l o r i d e ,  as a c o p r e c i p i t a t e  w i t h  aluminium hydroxide. A 20 - fo ld  

excess o f  a luminium hydrox ide  was r e q u i r e d  t o  ach ieve  >90% p r e c i p i t a t i o n  o f  the  

t e l l  u r i  um. 

The method o f  cho ice  f o r  t e l l u r i u m  de te rm ina t ion  depends on t h e  purpose o f  

t h e  ana lys i s .  A number o f  d i f f e r e n t  procedures can be used t o  d e t e c t  concentra- 

t i o n s  i n  t i s s u e s  and b i o l o g i c a l  f l u i d s  f rom species exposed t o  ve ry  h i g h  l e v e l s  

o f  t h e  element. However, none o f  these methods has the  s e n s i t i v i t y  t o  d e t e c t  

i t  i n  t i s s u e s  o r  f l u i d s  f rom spec ies  exposed o n l y  t o  normal l e v e l s .  The methods 

t h a t  can be used f o r  t o x i c i t y  and screen ing  s t u d i e s  w i l l  be  d iscussed i n d i v i d u -  

a l l y  and p o s s i b l e  ex tens ions  t o  normal concen t ra t i on  ana lys i s  w i l l  be evaluated. 

11.3.4.1. Atomic-absorption analysis 

Most o f  t h e  recen t  research  on methods development has used a tomic  absorp- 

t i o n  f o r  t h e  q u a n t i t a t i o n  steps. Lockwood and L i m t i a ~ o l ~ ~  used f lame a tomic  

abso rp t i on  t o  determine the  t e l l u r i u m  l e v e l s  i n  f o u r t e e n  d i f f e r e n t  t i s s u e s  f rom 

r a t s  admin i s te red  o r a l  o r  i n t r a p e r i t o n e a l  doses o f  t h e  element. They found con- 

c e n t r a t i o n s  rang ing  f rom l e s s  than  4 t o  130 ppm. The procedure was s e n s i t i v e  t o  

0.5 pg/ml i n  the  t e s t  s o l u t i o n  and had an average r e l a t i v e  e r r o r  o f  2.22%. The 

method seems r e l a t i v e l y  rap id ,  i n  terms o f  i ns t rumen t  t ime, b u t  u s e f u l  o n l y  

when ve ry  h i g h  exposure l e v e l s  a r e  o f  i n t e r e s t .  

Cheng and A g n e ~ l ~ ~  achieved improved s e n s i t i v i t y  by us ing  a mic rosampl ing  

boa t  at tachment w i t h  the  a tomic-absorp t ion  measurement. They r e p o r t e d  a detec- 

t i o n  l i m i t  o f  approx imate ly  0.03 pg/ml i n  t h e  sample s o l u t i o n s  f o r  l i v e r  homoge- 

nates.  However, t h e  p r e c i s i o n  o f  t h e  boa t  techn ique i s  i n h e r e n t l y  poor  owing 

t o  severe m a t r i x  effects14’, so t h i s  procedure i s  u s e f u l  f o r  screen purposes 

on ly .  

Flameless a tomic  abso rp t i on  s p e c t r o p h o t m e t r y  o f f e r s  t h e  b e s t  s e n s i t i v i t y  o f  

t he  a tomic-absorp t ion  * techniques. Chao e t  al.148 used i t  t o  determine t e l l u r i u m  

a t  4-200 ppb l e v e l s  i n  geo log i ca l  samples. There i s ,  however, awabsence o f  

l i t e r a t u r e  on t h e  techn ique f o r  t e l l u r i u m  i n  b i o l o g i c a l  samples. Work i n  the  

au tho rs ’  labora tory138 i n d i c a t e s  a s e n s i t i v i t y  o f  0.2 ng/ml i n  t h e  t e s t  s o l u t i o n .  

The method i s  s u b j e c t a t 0  numerous i n t e r f e r e n c e  e f f e c t s  and r e q u i r e s  a separa t i on  

s t e p  p r i o r  to t h e  a c t u a l  measurement, Corn samples have been analysed f o r  t e l -  

l u r i u m  by an adap ta t i on  o f  t h i s  method, b r i e f l y  descr ibed as fo l l ows .  A 10-g 

sample i s  d iges ted  w i t h  t e r n a r y  a c i d  i n  a 100-ml m ic ro -K je ldah l  f l a s k ,  The d i g e s t  

i s  n e u t r a l i z e d  w i t h  1:l ammonia s o l u t i o n  and e x t r a c t e d  by the  method o f  H a n s o r ~ l ~ ~ ~  
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desc r ibed  i n  Sec t i on  11.3.3.1.2. The o rgan ic  s o l v e n t  e x t r a c t  i s  evaporated 

n e a r l y  t o  dryness and i s  subsequent ly d iges ted  w i th  hydrogen perox ide  and then 

w i t h  n i t r i c  a c i d  t o  t h e  disappearance o f  t h e  l a s t  t r a c e s  o f  o i l y  res idue.  The 

s o l u t i o n  i s  d i l u t e d  t o  10.0 m l  f o r  a tomic -absorp t ion  measurement. The g r a p h i t e  

fu rnace  i s  opera ted  a t  a d r y i n g  temperature o f  125OC a c h a r r i n g  temperature o f  

5OO0C, and an a tomiz ing  temperature o f  270OOC. The f l o w  o f  argon i s  i n t e r r u p t e d  

d u r i n g  t h e  a tomiz ing  s tep  i n  o rde r  t o  enhance the  s e n s i t i v i t y  o f  t h e  method. 

The 214.3-nm a tomic  l i n e  i s  used f o r  t h e  ana lys i s .  P r e l i m i n a r y  da ta  suggest a 

d e t e c t i o n  l i m i t  o f  l e s s  than 1 ng/g and a recovery  o f  99% w i t h  a c o e f f i c i e n t  o f  

v a r i a t i o n  o f  16%. 

T e l l u r i u m  has been determined by genera t i on  o f  t h e  hyd r ide  w i t h  sodium boro- 

hydr ide-sodium hyd rox ide  s o l u t i o n .  The h y d r i d e  was c a r r i e d  d i r e c t l y  i n t o  the  

a tomic -abso rp t i on  spectrophotometer flame. A n i t r o g e n - d i l u t e d  hydrogen f lame 

was used, t h e  hydrogen sweeping t h e  h y d r i d e  i n t o  the  system. Selenium, a r s e n i c  

and antimony can be  determined by t h i s  procedure. Th is  method has been a p p l i e d  

t o  foods and t o  b i o l o g i c a l  samples d iges ted  w i t h  t e r n a r y  ac id .  Sample s i z e s  o f  

1-5 g were used. Standards c o n t a i n i n g  0.1-0.7 iJg o f  t e l l u r i u m  gave a l i n e a r  

Beer ' s  low p l o t  up t o  0.4 pg. The ins t rumen ta l  d e t e c t i o n  l i m i t  was 11 ng, cor -  

responding t o  5-10 ppb i n  t h e  o r i g i n a l  t i s s u e .  None o f  t h e  element was de tec ted  

i n  any o f  t h e  u n t r e a t e d  samples, w h i l e  a recovery  o f  100 2 7% o f  added t e l l u r i u m  

was obtained. Th is  procedure can be p a r t i a l l y  automated f o r  r o u t i n e  analyses. 

11 .3 .4 .2 .  Other methods 

H a n ~ o n l ~ ~  determined t h e  recovery  o f  t e l l u r i u m  f rom u r i n e  samples t h a t  had 

been sp i ked  w i t h  t e l l u r i u m .  H i s  a n a l y s i s  was based on t h e  absorbance o f  t h e  s o l  

formed f o l l o w i n g  r e d u c t i o n  o f  t h e  element w i t h  t i n ( I 1 )  c h l o r i d e .  The s e n s i t i v i t y  

o f  t h e  method was about 0.1 ppm f o r  1% absorbance, which corresponds t o  5 ppb 

i n  t h e  o r i g i n a l  u r i n e .  He r e p o r t e d  poor r e p r o d u c i b i l i t y ,  however, a t  concen- 

t r a t i o n s  below 50 ng/ml i n  the  u r i n e .  

V o l a i r e  e t  al.14' r e p o r t e d  a po la rog raph ic  method f o r  t he  de te rm ina t ion  o f  

t e l l u r i u m .  The suppor t i ng  e l e c t r o l y t e  was 1.0 M p e r c h l o r i c  a c i d  f o r  t h e  reduc- 

t i o n  Teo -f Te-'. The techn ique i s  capable o f  d e t e c t i n g  t h e  element i n  the  ppb 

range. The s tandard  a d d i t i o n s  techn ique was used t o  overcome i n t e r f e r e n c e s  by 

selenium, a r s e n i c  and copper. 

A s e n s i t i v i t y  of  about 10 ppb has been r e p o r t e d  f o r  neu t ron  a c t i v a t i o n  ana l -  

y s i s  o f  g e o l o g i c a l  samples f o r  te l lu r ium139,  The procedure used, however, would 

need cons ide rab le  a l t e r a t i o n  f o r  use w i t h  b i o l o g i c a l  samples. Pre-concent ra t ion  

and separa t i on  s teps  m igh t  be most h e l p f u l  here.  Neutron a c t i v a t i o n  a n a l y s i s  

has a l s o  been used i n  t h e  de te rm ina t ion  o f  t e l l u r i u m  i n  h a i r  . 129 
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P a ~ l s e n ' ~ ~  r e p o r t e d  t h a t  spark-source mass spec t romet ry  has a s e n s i t i v i t y  o f  

a few ppb f o r  t e l l u r i u m ,  However, t h e  r e p o r t  i n c l u d e d  no d e t a i l s  o f  t h e  method 

used. 

K i n s e r  and Keenan14' determined microgram amounts o f  t e l l u r i u m  i n  b i o l o g i c a l  

t i s s u e s  w i t h  an emiss ion  spec t rog raph ic  method. Tha l l i um was used as t h e  i n t e r -  

n a l  standard.  The element was q u a n t i t a t e d  by a r c  emission based on t h e  i n t e n s i t y  
o f  t h e  image o f  t h e  t e l l u r i u m  doub le t  a t  238.33 and 238.58 nm on a photograph ic  

p l a t e .  No pre -concen t ra t i on  s tep  was used: The r e l a t i v e  s tandard  d e v i a t i o n  f o r  

0.1-10 pg amounts was 10.6%, and t h e  mean recove r ies  o f  t h e  element added t o  

l i v e r  o r  b lood  were 94 and 88%, r e s p e c t i v e l y .  The method lacks  s e n s i t i v i t y ,  so 

i t  i s  u s e f u l  o n l y  f o r  survey  s t u d i e s  where h i g h  l e v e l s  o f  t h e  element a re  o f  

i n t e r e s t .  However, t h e  use o f  i n d u c t i v e l y  coupled plasmas i n  a tomic  emiss ion  

appears promising. Barnes and Genna14' measured t h e  t e l l u r i u m  con ten t  o f  u r i n e  

by t h i s  method a f t e r  p re -concen t ra t i on  on po ly ( th i0carbamate)  r e s i n  and c la imed 

a d e t e c t i o n  l i m i t  o f  about 0.4 ng/ml. 

11.3.5. Method for tel lurium detennimtion 

A procedure f o r  t h e  de te rm ina t ion  o f  t e l l u r i u m  i n  b i o l o g i c a l  samples con- 

t a i n i n g  normal concen t ra t i ons  o f  t h e  element i s  n o t  a v a i l a b l e .  Atomic-absorp- 

t i o n  a n a l y s i s  can be used, however, f o r  t i s s u e s  t h a t  c o n t a i n  abnormal ly  l a r g e  

amounts. Known procedures f o r  t e l l u r i u m  can be enhanced w i t h  respec t  t o  sens i -  

t i v i t y  by u s i n g  an enr ichment procedure.  The method descr ibed below uses the  

enr ichment  procedure o f  H a n s ~ n ' ~ ~  and measures the  element by a procedure s im i -  

l a r  t o  t h a t  o f  Lockwood and L i m t i a c o  . 137 

11.3.5. I .  Reagents 

P e r c h l o r i c  ac id ,  70%. 

Ammonia s o l u t i o n .  D i l u t e  concent ra ted  ammonia s o l u t i o n  w i t h  an equal  volume 

Sodium i o d i d e  c r y s t a l s .  

H y d r i o d i c  ac id ,  1 N s o l u t i o n  i n  water .  

T i n ( I 1 )  c h l o r i d e .  D isso lve  10 g o f  SnC12-2H20 i n  20% ( v / v )  h y d r o c h l o r i c  a c i d .  

T e l l u r i u m  s tandard  s o l u t i o n .  D isso lve  0.0625 g o f  t e l l u r i u m  d i o x i d e  and 2 g 

o f  sodium hydrox ide  i n  wa te r  and d i l u t e  t o  500 m l  (100 vg/ml o f  t e l l u r i u m ) .  Make 

a p p r o p r i a t e  d i l u t i o n s  f o r  use i n  p repar ing  t h e  c a l i b r a t i o n  graph. 

o f  water .  

11.2.5.2.  Apparatus 

Micro-  K j e l d a h l  d i g e s t  i o n  apparatus ; as f o r  s e l e n i  urn de te rm ina t ion .  

A tomic-absorp t ion  spec t rometer .  T h i s  shou ld  be equipped w i t h  a background 

c o r r e c t o r  and a t e l l u r i u m  hol low-cathode lamp. 
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11 .3 .5 .3 .  Procedure 

U r i n e  samples shou ld  be en r i ched  as f o l l o w s .  T rans fe r  200 m l  i n t o  a 400-in1 

beaker,  add 50 m l  o f  concent ra ted  n i t r i c  ac id ,  and evaporate w i t h  g e n t l e  b o i l i n g  

t o  15 m l .  T r a n s f e r  i n t o  a 100-ml m ic ro -K je ldah l  f l a s k ,  add 5 m l  o f  p e r c h l o r i c  

a c i d  and d i g e s t  as descr ibed f o r  selenium de te rm ina t ion  by the  f l u o r i m e t r i c  

method. T rans fe r  t h e  d i g e s t  i n t o  a 125-1111 separa t i ng  funne l  w i t h  wa te r  and 

n e u t r a l i z e  t o  phenophtha le in  i n d i c a t o r  w i t h  the  ammonia s o l u t i o n .  Add concen- 

t r a t e d  h y d r o c h l o r i c  a c i d  dropwise u n t i l  any w h i t e  p r e c i p i t a t e  t h a t  i s  p resen t  

red i sso l ves  and then r i n s e  t h e  f l a s k  w i t h  6 m l  o f  t h e  ac id ,  adding i t  t o  t h e  

separa t i ng  funne l  and washing w i t h  wa te r  t o  a volume o f  about 70 m l .  Add 6.6 g 

o f  s o l i d  sodium i o d i d e  and shake w i t h  20 m l  o f  n-amyl a l c o h o l  f o r  30 sec. E x t r a c t  

t h e  aqueous phase t w i c e  more w i t h  n-amyl a l coho l .  E x t r a c t  t h e  i n d i v i d u a l  a l coho l  

f r a c t i o n s  w i t h  15 m l  o f  t he  h y d r i o d i c  a c i d  s o l u t i o n ,  combine them and e x t r a c t  

w i t h  20 m l  o f  n-amyl a l c o h o l .  Evaporate the  combined a l coho l  e x t r a c t s  t o  15-20 m l  

and t r a n s f e r  them i n t o  a 100-ml m ic ro -K je ldah l  f l a s k  w i t h  40 m l  o f  wa te r .  Add 

5 m l  o f  30% hydrogen perox ide .  Evaporate u n t i l  t h e  a l coho l  i s  removed ( t h e  sam- 

p l e s  shou ld  n o t  be a l l owed  t o  go t o  d ryness) .  Cool, add 10 m l  o f  concent ra ted  

n i t r i c  a c i d  and 2 m l  o f  p e r c h l o r i c  ac id ,  and hea t  on t h e  d i g e s t i o n  rack  t o  t h e  

appearance o f  p e r c h l o r i c  a c i d  fumes. Cool and d i l u t e  t o  25 m l  w i t h  wa te r .  

Fo r  o t h e r  m a t e r i a l s ,  t he  d i g e s t i o n  procedure descr ibed f o r  se len ium i s  used, 

d i l u t i n g  t h e  d i g e s t  t o  25 m l  w i t h  water .  

The samples a r e  ready f o r  a tomic -absorp t ion  a n a l y s i s  w i t h  e i t h e r  f lame o r  

f lameless  a tomiza t i on .  Fo r  f lame ana lys i s ,  s tandard  s o l u t i o n s  c o n t a i n i n g  0, 2, 

4 ,  6 and 8 u g h 1  o f  t e l l u r i u m  and a b lank  s o l u t i o n  shou ld  be analysed w i t h  t h e  

samples. The standards a r e  used t o  c o n s t r u c t  a c a j i b r a t i o n  graph. The wavelength 

used i s  t h e  214.3-nm t e l l u r i u m  l i n e .  Fo r  f lameless  a tomiza t i on ,  s tandard  so lu -  

t i o n s  c o n t a i n i n g  0, 0.02, 0.04, 0.06 and 0.08 u g h 1  o f  t e l l u r i u m  a r e  used. A 

50-u l  volume o f  t h e  standard,  sample o r  b lank  i s  i n t roduced  i n t o  the  fu rnace 

f o r  a n a l y s i s .  The t e l l u r i u m  con ten t  o f  t h e  o r i g i n a l  sample i s  c a l c u l a t e d  by the  

f o l l o w i n g  equa t ion  f o r  e i t h e r  method o f  a n a l y s i s :  

/ m l  o f  Te f rom c a l i b r a t i o n  graph x f i n a l  volume o f  s o l u t i o n  
Te (g /g )  = g o r  m l  o f  sample used 

11.3.5.4.  Conrments 

Flameless a tomic-absorp t ion  spectrophotometry i s  s e n s i t i v e  t o  about 1 ng o f  

t e l l u r i u m  i n j e c t e d .  Fo r  200 m l  o f  u r i ne ,  t h i s  corresponds t o  0.25 ng/ml o f  

t e l l u r i u m .  Fo r  t i ssues ,  5 ng o f  t e l l u r i u m  p e r  gram o f  t i s s u e  can be de tec ted  i f  

10 g o f  t h e  t i s s u e s  a r e  used. Flame a n a l y s i s  i s  100 t imes l e s s  s e n s i t i v e  b u t  has 

b e t t e r  p r e c i s i o n  and shou ld  be used i f  h i g h e r  concen t ra t i ons  a r e  o f  i n t e r e s t .  

Flameless a n a l y s i s  f o r  t e l l u r i u m  shou ld  be cons idered as a q u a l i t a t i v e  o r  rough 

q u a n t i t a t i v e  method on ly .  
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11.3.6.  Interpretation o f  resu l t s  

A t  present ,  no procedure has been developed t h a t  i s  s e n s i t i v e  enough t o  mea- 

sure normal o r  base l i ne  concentrat ions o f  t e l l u r i u m  i n  b i o l o g i c a l  samples w i t h  

reasonable r e l i a b i l i t y .  Most o f  t he  analyses repo r ted  have been made on samples 

w i t h  added t e l l u r i u m  o r  f rom sources exposed t o  abnormal ly h i g h  l e v e l s  o f  t he  

element. Hence the  i n t e r p r e t a t i o n  o f  t he  r e s u l t s  o f  t e l l u r i u m  analyses i s  d i f -  

f i c u l t .  
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-, i n  u r i n e  66 
-, valence s t a t e s  225 
Atomic abso rp t i on  (FAAS) 113-120 
-, arsen ic  ana lys i s  233 
-, cadmium a n a l y s i s  202,206,212 
-, chromium ana lys i s  261 
-, l e a d  ana lys i s  157 
-, n i c k e l  ana lys i s  293 
-, selenium a n a l y s i s  314 
-, t e l l u r i u m  ana lys i s  322 
-, t h a l l i u m  ana lys i s  244 

Atomic absorpt ion,  non - f l  ame (NFAAS) 

-, arsen ic  ana lys i s  234 
-, mercury ana lys i s  173,186 
-, mercury s e l e c t i v e  a n a l y s i s  178 
-, selenium ana lys i s  314 
-, t h a l l i u m  ana lys i s  246 
Atomic f luorescence spectrometry 
-, cadmium ana lys i s  202 
-, n i c k e l  ana lys i s  293 
Apparatus f o r  s e l e c t i v e  mercury de te r -  

Background compensation 158,210,264 
Background concen t ra t i on  4,190 
B ind ing  
-, c e l l u l a r  elements 7,19 ' 

-, low-molecular weight  compounds 

-, macromolecules 7,9,12,19 
-, t h i o l g r o u p s  22 
Biochemical l e s i o n  19 
B i o l o g i c a l  h a l f - l i v e  10 - , arsen ic  11 
-, cadmium 11 
-, chromium 11 
-, l e a d  10 - , mercury 11 
-, n i c k e l  11 
-, selenium 11 
-, t e l l u r i u m  11 
-, t h a l l i u m  11 
B i o l o g i c a l  mon i to r i ng  23-26 
-, environmental  23 
-, where and what 36-33 
B i o l o g i c a l  t h resho ld  l e v e l s  (BTLV) 30 
Biomethyl  a t i o n  35,64,73,172,227 
B io t rans fo rma t ion  9 

Cadmi urn 
-, i n  b iopsy  and autopsy m a t e r i a l s  

-, i n  b lood  56 
-, i n  o t h e r  b i o l o g i c a l  samples 57 - , i n  u r i n e  56 
-, i n t e r p r e t a t i o n  r e s u l t s  204 
-, p r o t e i n u r i a  58 
Cal c i  um-bi n d i  ng p r o t e i n  
C a t a l y t i c  method 
-, n i c k e l  ana lys i s  292 
C e l l  u l  a r  membrane 20 
Chol i nes te rase  26 
Chol ineoxidase 227 

113-120 

m ina t ion  189 

7,19,53 

207-209 

5 
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Chromi um 
-, a i rbo rne  contamination 257 
-, i n  blood and plasma 62,225 
-, i n  l i v e r  256 
-, i n  o the r  b i o l o g i c a l  samples 63 
-, i n  u r i n e  62 
-, t o o l  and containers forsampling 

Combustion 103 
Conservation o f  samples 
-, cadmium 200 
-, chromium 257 
-, lead 155 
- , mercury 184 
-, n icke l  280 
-, selenium 309 
-, t e l l u r i u m  320 
-, t h a l l i u m  243 
Contamination 107-112,155,184,200 
Coproporphyrins 36,143 
Cost-benefit r e l a t i o n  138,205 
C r i t i c a l  concentrat ion 19 
Cytochrome P450 27,29 

Delves technique 159 
D i f f e r e n t i a l  pulse anodic s t r i p i n g  

-, lead analys is  159 
-, t h a l l i u m  analys is  247 
Oigestion 100 
Dimethyl a r s i n i c  ac id  64,66,67,227 
D i -  and t r imethy lse len ide 69 
Dimethyl t e l l  u r i  de 73 
D i s t r i b u t i o n  7 
- , arsenic  8 
-, cadmium 8 
-, chromium 8 
-, lead  7 
- , mercury 7 
-, n i c k e l  8 
-, selenium 8 
-, t e l l u r i u m  8 
-, t h a l l i u m  8 
Dose-effect 12,31-33 
- , arsenic  228 
-, cadmium 204 
-, lead  37,163-166 
-, mercury 190-194 
-, n i c k e l  298-300 
-, selenium 318 
-, t e l l u r i u m  326 
-, t h a l l i u m  249 
Dry ashing a t  lower temperatures 
Dry ashing a t  h igher  temperatures 

E f f e c t  
-, b i o l o g i c a l  17-93 - , carcinogenic 12,13,19 
-, loca l  19 
-, moni tor ing 23 

257 

voltamnetry 122,154,159 

100 
100 

-, mutagenic 12,19 
-, systemic 19 
-, types o f  changes 19-23 
Elect ron microprobe analys is  238 
E l e c t  rotherma 1 AA spec t r m e  t ry 
-, n icke l  analys is  295 
Emission spectrometry 119 
-, arsenic analys is  237 
-, cadmium analys is  202 
-, chromium analys is  263 
-, n i c k e l  analys is  293 
-, t h a l l i u m  analys is  247 
c-Enzymes 24 
m-Enzymes 24 
Enzyme induc t i on  26-29 
Erythrocyte glucose-6-phosphatede- 

hydrogenase (G-6-PO) 45 
Erythrocyte porphyrins 41-43 
Essent ia l  t race  elements 21 
Excret ion 10 
-, arsenic  11,227 
-, cadmium 11 
-, chromium 11 
-, lead 10 
- , mercury 11 
-, n icke l  11 
-, selenium 11 
-, t e l l u r i u m  11 
-, t h a l l i u m  11 
Exposure 
-, a i r  5 
-, arsenic  d a i l y  i n take  7,226 
-, beverage 5 
-, cadmium d a i l y  i n take  6 

-, lead 153,165 
-, mercury d a i l y  i n take  6 
-, mercury vapor 191 
-, mercury inorganic  192 
-, mercury shor t  chain a1 kylmercury 

-, n icke l  279 
-, selenium 308 
-, t e l l u r i u m  319 
-, t h a l l i u m  241 
Exposure, ind ices 
-, arsenic  63-68 
-, cadmium 53-60 
-, chromium 61-63 
-, lead 35-46 - , mercury 47-52 
-, n icke l  77-79 
-, selenium 68-73 
-, t e l l u r i u m  73-75 
-, t h a l l i u m  75-77 

F1 uorescence 
-, mercury analys is  175 
-, selenium analys is  314-317 
Free erythroporphyrins (FEP) 36 

-, food 5 

193 
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-, in blood 37-38,156-160 
-, in urine 38-39,162 
-, organic 163 
-, other biological samples 39,162, 

Lethal concentration 19 
Losses 107-112 
-, thallium 243 

163 

Gas-liquid chromatography 
-, arsenic analysis 236 
-, chromium analysis 262 
-, nickel analysis 287 
-, selective mercury analysis 181 
GLC/MS 263 
Glucose oxidase 227 
6-Glucuronidase 25 
Glutamic pyruvate transaminase 25 
Glutamic oxaloacetic transaminase 25 
y-Glutamyl transferase 25 
G1 utathione peroxidase 23,29,48,69, 

Glutathione reductase 6 1  
Glutathione transferase 23,69 
Graphite tube AAS (GFAAS) 113-120 
-, arsenic analysis 234 
-, cadmium analysis 202,210,213 
-, chromium analysis 264 
-, lead analysis 158 
-, selenium analysis 314 

Haemoglobin synthesis 12 
Haemeoxygenase 28 
Haemesythetase 35 
Hanging mercury drop electrode 122 
Homovanillic acid (HVA) 36 
HPLC 
-, nickel analysis 285 
Hydrogen selenide 69 
Hydrogen telluride 73 

Interference with enzymes 19 
Interpretation of analytical results 

-, arsenic 228 
-, cadmium 204 
-, lead in blood 164 
-, lead in urine 166 
-, mercury in blood 191-194 
-, mercury in urine 191-194 
-, nickel 298 
-, selenium 318 
-, tellurium 326 
-, thallium 249 
Instrumentation 
-, apparatus selective AA o f  mercury 

-, apparatus wet digestion 186 
-, atomic absorption 113-118 
-, atomic emission 119 
-, atomic fluorescence 120 
-, vol tametry 121-123 
-, X-ray fluorescence 127 
Isotope exchange 
-, mercury analysis 176 

Lactate dehydrogenase 26,48 
Lead 
-, assessment of toxicity 163 

70,72 

34 

189 

Low molecular protein 53,55,58,61, 
62 , 138 

Mass spectrometry 130 
-, isotope dilution Ni analysis 
-, reference method 161 
-, spark-source Cr analysis 262 
-, thallium analysis 249 
Maximum allowable biological concentra 

Mechanism of action 19-23 
Mercury 
-, apparatus selective determination 

-, in blood 49 
-, in hair 50 
-, in urine 49 - , inorganic 192 
-, in other biological fluids 52 
-, methylmercury 9,12,48,49 
-, vapor 47,49,191 
-, short chain alkyl mercurials 193 
Mercury film electrode 122 
Metals 
-, definition 3 
-, toxic 3 
-, heavy 3 - -  , metal-like 18 
Metal lothionein 6,9,20,53 
Monoaminooxi dase 227 
Monomethyl arsoni c acid 64,66,67 

Natrium/kalium ATPase 35,46,47,52,75, 

Neutrotoxicity 12,13,19 
Neutron activation 124 - , arsenic 231 
-, chromium 260 
- , mercury 176,183 
-, nickel 290 
-, selenium 312 
-, thallium 249 
Nickel 
-, in blood 78 
-, in faeces 299 
-, in hair 299 
-, in saliva 299 
-, occupational exposure 302 
-, postmortem 300 
Nickel opl asmi ne 8 

Organic lead (TEL) 9,27,163 

291 

tion 34 

189 

76 
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Organic l i g a n d s  21,22,25 
Organometa l l ics  135 
Ornithinecarbamyltransferase 25 
Ox ida t i ve  phosphory la t ion 21  

P a r t i c l e  s i z e  5 
Pica 153 
Phys io log i ca l  p r o p e r t i e s  4 
Plasma AES 139 
Pre-concentrat ion 98,106 
P r o t e i n u r i a  53-55,58-60 
Proton- induced X-ray emission 128, 

154,255,273,313 
Pyrimidine-5-nucleotidase 37,44 
Pyruvate oxidase 22 
Radiodisp l  acement 
-, n i c k e l  ana lys i s  292 
Receptors 19 
Reference m a t e r i a l  97 
-, cadmium 203 
-, chromium 256 
-, l e a d  161 
Reference values 

--, arsen ic  b lood  65 
-, arsen ic  h a i r  67 
-, arsen ic  n a i l s  68 
-, arsen ic  u r i n e  66 
-, cadmium blood 56,207 
-, camium h a i r  57,208 
-, cadmium p r o t e i n u r i a  58 
-, cadmium s a l i v a  58 
-, cadmium u r i n e  56,207 
-, chromium b lood  62 
-, chromium h a i r  63 
-, chromium serum 255 
-, chromium u r i n e  62 
-, coproporphyr ins 43 
-, e r y t h r o c y t e  porphyr ins 41,166 
-, l e a d  b lood  37,164,166 
-, l e a d  h a i r  39,166 
-, l e a d  n a i l s  39 
-, l e a d  s a l i v a  39 
-, l e a d  u r i n e  38,166 
-, mercury b lood  49,192-194 
-, mercury h a i r  50,194 
-, n i c k e l  b lood  78,298 
-, n i c k e l  u r i n e  78,298 
-, selenium b lood 71 
-, selenium h a i r  71  
-, selenium u r i n e  71 
-, t e l l u r i u m  b lood  75 
-, t e l l u r i u m  u r i n e  75 
-, t h a l l i u m  b lood  76,249 
-, t h a l l i u m  h a i r  77 
-, t h a l l i u m  u r i n e  78,298 
Resorpt ion 3 
-, arsen ic  6,227 
-, cadmium 6 

-, ALA 43 
-, ALA-D 40 

-, chromium 7 
-, l e a d  5 
-, mercury 6 
-, n i c k e l  7 
-, selenium 7 
-, t e l l u r i u m  7 
-, t h a l l i u m  7 

Sampl i ng 
-, b a c t e r i a  growth 185 

-, cadmium ana lys i s  200 
-, c o n d i t i o n s  31 
-, chromium ana lys i s  257 
-, l e a d  b lood ana lys i s  155 
-, lead  micro-analys is  155,159 
-, n i c k e l  ana lys i s  280 
-, selenium ana lys i s  309 
-, t e l l u r i u m  ana lys i s  320 
-, u r i n e  31 
-, v o l a t i l i s a t i o n  185 
Sample p repara t i on  97-112 
-, arsen ic  ana lys i s  229 
-, cadmium ana lys i s  200 
-, chromium ana lys i s  257-259,267 
-, d e p r o t e i n i s a t i o n  210 
-, d i g e s t i o n  100-105 
-, d r y  ashing h ighe r  temperatures 100 
-, d r y  ashing lower  temperatures ( L T A )  

-, e x t r a c t i o n  of t h a l l i u m  245 
-, homogeneity 98 
-, l e a d  ana lys i s  155,157,158,159 
-, mercury ana lys i s  174,187,189 
-, n i c k e l  ana lys i s  280 
-, selenium ana lys i s  309 
-, t e l l u r i u m  ana lys i s  320 
-, t h a l l i u m  ana lys i s  243 
-, t i s s u e  s o l u b i l i s a t i o n  105 
-, weight  no rma l i sa t i on  98 
-, wet ashing c losed systems 104,201 
-, wet ashing open systems 
Secondary parameters exposure 
-, lead  45-46 
-, mercury 52 
Sel e n i  um 
- , c a r c i n o g e n i c i t y  68 
-, g l u t a t h i o n e  peroxidase 72-73 
-, i n  b lood  71,319 
-, i n  foods 319 
-, i n  h a i r  71,319 
-, i n  k idney  319 
-, i n  l i v e r  319 
-, i n  muscle 319 
-, i n  u r i n e  71,319 
Selenopersulphides 69 
Se leno t r i su lph ides  69 
Sol ub i  1 i s a t i  on 
Sorb i  toldehydrogenase 25 
Spectrophotometry 
-, arsen ic  ana lys i s  230 

-, blood 31 

102,201 

103,201 

105 
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-, chromium analys is  261 
-, n i c k e l  analys is  285 
-, t h a l l i u m  analys is  243 
-, t o t a l  and inorganic  mercury 173 
Species separation 134,206 
Superoxidedismutase 23 

T e l l  urium 
-, i n  b lood 75,319 
-, i n  h a i r  319 
-, i n  u r i n e  75 
Tha l l  ium 
-, d a i l y  i n t a k e  249 
-, i n  blood 76,250 
-, i n  h a i r  76 
-, i n  s a l i v a  250 - , in u r i n e  76,250 
Transfer ine 61 
Transformation i n  the environment 

Transport 7 
-, arsenic  8 
-, cadmium 8 
-, chromium 8 
-, foetus 7,8,9 
-, lead 7 
- , mercury 7 

35 

-, n icke l  8 
-, selenium 9 
-, t e l l u r i u m  9 
-, t h a l l i u m  8 
Toxicok inet ic  model 4 
T r i t o n  X-100 159 

Vol t a n e t r y  121 
-, anodic s t r i p p i n g  122 
-, arsenic  analys is  237 
-, cadmium analys is  212,214 
-, dropping mercury e lect rode 121 
-, hanging mercury e lect rode 122 
-, m i c r o f i l m  e lect rode 122 
-, n icke l  analys is  292 

Wet ashing closed systems 104 
Wet ashing open system? 103 

X-ray fluorescence 127 
-, chromium analys is  261 
-, mercury analys is  175 
-, n icke l  analys is  289 
X-ray spectrometry 
-, mercury analys is  175 

Zinc-protoporphyrin (ZPP) I64 


