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INTRODUCTION

Twyman ( l )  g iv es  a h i s t o r i c a l  a cco u n t o f  th e  e lu c id a t io n  o f  

th e  b a s ic  p r in c ip le s  o f  atom ic s p e c tra  from th e  o r ig in a l  s tu d ie s  by- 

K ir ch h o ff (2) i n  i8 6 0 , up to  1950. In  1955, Walsh ( 3 ) ,  Alkemade 

and M ila tz  (4 ,5 ) i n  independen t s tu d ie s  e s ta b l is h e d  th e  g e n e ra l 

a p p l i c a b i l i t y  o f  atom ic a b so rp tio n  i n  flam es to  th e  a n a ly s is  o f  

t r a c e  m e ta ls . The tech n iq u es  w hich th ey  s e t  f o r th  a re  based  upon 

th e  p r in c ip le  t h a t  when a s o lu t io n  o f  an  e lem ent i s  a s p i r a te d  in to  

a flam e, a la rg e  p ro p o r tio n  o f  th e  m eta l atom s w i l l  p o p u la te  the  

flam e as  n e u tr a l  ground s t a t e  a tom s. The passage o f  a beam o f 

c h a r a c t e r i s t i c  monochromatic r a d ia t io n  th rough  th e  flam e w i l l  

r e s u l t  i n  th e  a t te n u a t io n  o f  i t s  i n t e n s i t y  a r i s in g  from i t s  

a b so rp tio n  by s p e c i f ic  atom ic vapor s p e c ie s .  S ince th e  a b so rp tio n  

i s  p ro p o r t io n a l  to  th e  c o n c e n tra tio n  o f  ground s t a t e  a tom s, t h i s  

measurement can  be used  as  a  q u a n t i ta t iv e  d e te rm in a tio n  o f  th e  

s p e c i f ic  e lem ent i n  th e  o r ig in a l  s o lu t io n .  Fuwa and V a llee  (6) 

d is c u s s  th e  p e r tin e n c e  o f  th e  Beer-Lam bert-Bouguer Law to  atom ic 

a b so rp tio n . V arious rev iew s (7 ,8 ,9 ,1 0 ,1 1 ,1 2 )  have been  w r i t t e n  

d e sc r ib in g  th e  in s tru m e n ta tio n  and l i s t i n g  numerous a p p l ic a t io n s  

o f  atom ic a b so rp tio n  sp ec tro sco p y  to  th e  a n a ly s is  o f  a g r i c u l tu r a l ,  

i n d u s t r i a l ,  m e ta l lu r g ic a l ,  geochem ical, and b io lo g ic a l  m a te r ia ls .  

This tech n iq u e  i s  be ing  adopted  w ith  in c re a s in g  con fidence  in  

c l i n i c a l  a n a ly s i s .  Emphasis has been p la ce d  on th e  d e te rm in a tio n  

o f calc ium  and magnesium (1 3 ,1 4 ,1 5 ) as  w e ll  a s  th e  t r a c e  m eta ls
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z in c  (16 ,17) , copper (1 6 ,1 7 ,1 8 ) , le a d  (1 7 ,1 9 * 2 0 ), a n d i r o n  

(1 6 ,1 7 ,2 1 ,2 2 ) . Z e ttn e r  (23) has r e c e n t ly  rev iew ed  th e  a p p l ic a t io n s  

o f  t h i s  tech n iq u e  i n  th e  c l i n i c a l  la b o ra to ry .

I n  s p i t e  o f  th e  many su cc e sses  ach iev ed  by atom ic a b so rp tio n  

a n a ly s i s ,  problem s o f te n  a r i s e  when ap p ly ing  th e se  te ch n iq u es  to  

d i f f e r e n t  sample m a te r ia ls .  For exam ple, th e  d e te rm in a tio n  o f  i r o n  

i n  u r in e  has proven to  be re a so n a b ly  sim ple (2 4 ) ; how ever, 

d i f f i c u l t i e s  a re  enco u n te red  when th e  same p rocedure  i s  a p p lie d  

to  serum i r o n .  S ig n i f ic a n t ly  d i f f e r e n t  s e n s i t i v i t i e s  and 

d e te c t io n  l im i t s  a re  r e p o r te d  fo r  serum ir o n  a n a ly s is  which seem 

to  be r e l a t e d  to  tech n iq u es  o f  sample tre a tm e n t. Numerous 

e x p la n a tio n s  can  be and o f te n  a re  g iv en  i n  o rd e r to  e x p la in  th e se  

d is c re p a n c ie s .  U n fo r tu n a te ly , a sy s te m a tic  s tu d y  o f  t h i s  problem  

r e l a t i v e  to  atom ic a b so rp tio n  tech n iq u es  ap p ea rs  to  be n o ta b ly  

a b se n t i n  th e  c u r r e n t  l i t e r a t u r e .  I t  has been  th e  purpose o f  t h i s  

s tu d y  to  a tte m p t to  i s o l a t e  and c l a r i f y  th e  s p e c i f ic  causes o f  

th e se  a p p a re n t d is c re p a n c ie s .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



INSTRUMENTATION

A J a r re l l -A s h  Atomic A b so rp tio n  U n it, model number 82-536 

w ith  in te rch an g es  A e f ix e d  s l i t s ,  was u sed  to  o b ta in  a l l  th e  atom ic 

s p e c tr a l  d a ta  in  t h i s  s tu d y . This u n i t  employs a 0 .5 -m e te r E b e rt

Scanning S pectrom eter w ith  a  150-mm. d iam eter concave m irro r  and a
o

r e p l ic a  g ra t in g  o f  1180 grooves p e r mm. b la z e d  a t  3000 A. The 

e f f e c t iv e  a p e ra tu re  r a t i o  o f  th e  sp ec tro m e te r i s  f / 8 .6  and i t s
. C

r e c ip ro c a l  l i n e a r  d is p e r s io n  a t  th e  e x i t  s l i t  i s  16 A p e r mm. in  

th e  f i r s t  o rd e r .  A graded  ( J a r r e l l -A s h  number R212) p h o to m u ltip lie r  

tube w ith  an  u l t r a v i o l e t  t ra n s m it t in g  window was u sed  a s  th e  

d e te c to r .

The re a d -o u t  system , F ig u re  1 , c o n s is te d  o f  a Model EUW l6A 

v o lta g e  re fe re n c e  sou rce  (H eath Company), a  decade r e s i s ta n c e  box 

(Leeds and N orthrup s e r i a l  number 1183257), and a 120 m i l l i v o l t  

s t r i p  c h a r t  re c o rd e r  (E . H. S a rg e n t Company, Model SRL).

The com pressed oxygen and a i r  were m a in ta in ed  a t  50 p . s . i .  

by means o f  two s ta g e  re g u la to r s  (L inde Company R201 and N a tio n a l 

C y linder Gas 10-61) a t  th e  c y lin d e rs  w h ile  th e  flow  r a t e s  were 

m onitored  by a flow  m eter (K atheson Company 6 0 6 ). A cety lene  

p re s su re  was k e p t a t  15 p . s . i .  by a  s in g le  s ta g e  r e g u la to r  

(Matheson Company 11 p) w h ile  th e  hydrogen u sed  a two s ta g e  

r e g u la to r  (L inde Company R219) to  m a in ta in  a  p re s su re  o f  50 p . s . i .  

Both th e  a c e ty le n e  and hydrogen flow  r a t e s  w ere m onito red  w ith  a 

flow  m eter (Matheson Company 605 -  s t e e l  f l o a t ) .
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The hollow  cathode lamp power supp ly  i s  a  m odera te ly  

re g u la te d  c u r r e n t  source  w ith  the  p ro v is io n  fo r  o p e ra tin g  c e r t a in  

lam ps, e .g .  Se or As, a t  h ig h  i n t e n s i t y .  In  th e  normal mode o f  

o p e ra tio n  a  d iode b rid g e  c i r c u i t  i s  u sed  fo r  f u l l  wave r e c t i f i c a t i o n  

a long  w ith  a  m od ified  L s e c t io n  f i l t e r .  The h ig h  i n t e n s i t y  mode 

u ses  h a l f  wave r e c t i f i c a t i o n  to  o b ta in  a  p u lsed  d i r e c t  c u r r e n t .

Here th e  r o o t  mean square  c u r re n t  w i l l  be l e s s  th an  th e  maximum 

c u r re n t  r a t in g  o f  th e  lamp b u t th e  maximum c u r re n t  w i l l  exceed  th e  

maximum c u r r e n t  r a t in g  o f  th e  lamp fo r  a s h o r t  p e r io d  o f  tim e 

d u rin g  each c y c le . In  b o th  modes o f  o p e ra tio n , th e  c u r r e n t  i s  

re g u la te d  by  means o f  a r e s i s t o r  i n  s e r ie s  w ith  th e  gas f i l l e d  

hollow  cathode lam p.

A m u ltip le  pass  o p t ic a l  system , F igu re  2 , i s  u t i l i z e d  to  

in c re a s e  th e  e f f e c t iv e  c e l l  le n g th  to  a maximum o f  12 .5  cm. ( 25) .  

One, th r e e ,  o r f iv e  p a sse s  may be made th rough  th e  flam e. F ive 

p asses  i s  th e  maximum p r a c t i c a l  l i m i t  because more r a d ia t io n  w i l l  

be l o s t  th rough  r e f l e c t i o n  o f f  a d d i t io n a l  m ir ro rs  th an  th e  

absorbance g a in ed  by in c re a s in g  th e  number o f  p a s se s .

An A.C. a m p lif ie r  was u sed  to  am p lify  th e  s ig n a l  from th e  

p h o to m u ltip lie r  tu b e , th u s  n e c e s s i ta t in g  m odulation  o f  th e  l i g h t  

beam by means o f  a m echanical chopper fo r  the  normal mode o f  lamp 

o p e ra tio n . The h ig h  i n t e n s i t y  mode o f  lamp o p e ra tio n  r e q u ir e s  no 

chopper. The a m p lif ie r  in c o rp o ra te s  a  wide band pass f i l t e r  a t  i t s  

in p u t ,  peaked a t  90 c y c le s  per second co rrespond ing  to  th e  chopper 

freq u en cy . Two advan tages a re  g a in ed  by use o f  th e  A.C. a m p lif ie r

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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system  over th e  c o n v en tio n a l D.C. a m p l i f i e r ,  th e se  be ing  g re a te r  

s t a b i l i t y  and rem oval o f  con tinuous D.C. flam e em issio n  s ig n a l s .

The H eath v o lta g e  re fe re n c e  so u rce  was connected  betw een 

th e  a m p lif ie r  o u tp u t o f  th e  atom ic a b so rp tio n  in s tru m e n t and th e  

in p u t  o f  th e  re c o rd e r  i n  o rd e r to  buck o u t a known p o r t io n  o f  th e  

s ig n a l  and to  g iv e  a fo u r - f o ld  s c a le  ex p an sio n . The decade 

r e s i s ta n c e  box was used  to  sh u n t th e  r e s i s ta n c e  o f  th e  s l id e  

w ire  p o te n tio m e te r o f  th e  re c o rd e r .

A H etco ( D i t r ic  C orpo ra tion ) t r i f la m e  b u rn e r was u sed  in  

t h i s  s tu d y . I t  may be o p e ra te d  as  a t o t a l  consum ption b u rn er 

o r  a s  a lam in a r flow  b u rn e r w ith  a 5 o r  10 cm. s l o t .  The b u rn e r 

mount was moved 1 /4  in c h  forw ard  from th e  m an u fac tu rer * s p r e s e t  

p o s i t io n  to  a llo w  th e  b u rn e r to  be moved co m p le te ly  through  th e  

o p t ic a l  p a th  and  p o s it io n e d  a t  th e  p o in t  o f  maximum a b so rp tio n .

A 31*7 cm. c a p i l l a r y  tu b in g  was a t ta c h e d  to  th e  b u rn e r to  

f a c i l i t a t e  changing o f  sam ples.
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SOLUTIONS AND REAGENTS

A ll  re a g e n ts  used  in  t h i s  s tu d y  were o f  a n a ly t i c a l  re a g e n t 

q u a l i ty  ex cep t where in d ic a te d .  A c o lo r im e tr ic  p rocedure  was used  

to  determ ine i f  th e re  were any i r o n  im p u r it ie s  i n  th e  re a g e n ts .

A ll o f  th e  d i s t i l l e d  w a ter used  i n  t h i s  s tu d y  was r e d i s t i l l e d  from 

a lk a l in e  perm anganate to  remove i r o n  co n tam in an ts .

A 500 p .p .m . s ta n d a rd  i r o n  s o lu t io n  was p rep a red  by 

d is so lv in g  500.2  mg. o f  99.95$ i r o n  w ire  i n  14- m l. o f  d i lu t e  

n i t r i c  a c id  and d i lu t in g  to  1 l i t e r  w ith  d i s t i l l e d  w a te r . A 

s o lu t io n  o f  approx im ate ly  8 .8  p .p .m . i r o n  was p rep a red  by 

d is so lv in g  ?2A mg. o f  f e r r i c  p e rc h lo ra te  hexahydrate  i n  a  t o t a l  

volume o f  1 l i t e r  o f  d i s t i l l e d  w a te r .

O ther s o lu tio n s  used  i n  th e  s tu d y  were as  fo llo w s i

T r ic h lo ro a c e tic  a c id  (U .S .P .)  -  30$ (w eight/volum e)
aqueous s o lu t io n .

Sodium c i t r a t e  -  25$ (w eight/volum e) aqueous s o lu t io n .

1 ,1 0 -p h e n a n th ro lin e  -  0 .5$  (w eight/volum e) aqueous s o lu t io n .

M ercap toace tic  a c id  ( T h io g ly co lic  a c id )  -  80$ aqueous
s o lu t io n .

Bovine b lood  -  lo c a l  packing company.

8
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PROCEDURE

In s tru m e n ta l

There a re  many v a r ia b le  param eters  i n  atom ic a b so rp tio n  

sp ec tro sc o p y , some p e r ta in in g  to  sample p re p a ra t io n  and o th e rs  

r e l a t e d  to  optimum in s tru m e n t perform ance. In s tru m e n ta l v a r ia b le s  

in c lu d e  hollow  cathode c u r r e n t ,  p h o to m u ltip lie r  v o l ta g e , dampening 

and g a in  o f  b o th  a m p lif ie r  and r e c o rd e r ,  s l i t  w id th , type  o f  

b u rn e r , p o s i t io n  o f  b u rn e r ,  f u e l-o x id a n t  system s and th e i r  flow  

r a t e s . .  A s e r ie s  o f  experim ents was c a r r ie d  o u t to  determ ine th e  

e f f e c t  o f  th e se  v a r ia b le s  upon th e  a b so rp tio n  s ig n a l  o f  i r o n  a t
O

2482 A. The Hetco t o t a l  consum ption b u rn e r was p o s it io n e d  to  g iv e  

the  optimum a b so rp tio n  w h ile  bu rn in g  an  ace ty len e-o x y g en  m ix ture  

and a s p i r a t in g  an  aqueous s o lu t io n  o f  f e r r i c - p e r c h lo r a te  a t  

ap p rox im ate ly  9 p .p .m . o f  i r o n .  The optimum v a lu es  found were 5

Hollow cathode lam p.........................  14 -  22 m illiam ps

P h o to m u ltip lie r  v o l ta g e    580 -  640 v o l t s

Flow r a t e  o f  02 ............................. 7 .0  S.L .P.M .

Flow r a t e  o f  C2H2 .............................  9 .3  S.L .P.M .

The n e t  e f f e c t  o f  d e c rea s in g  th e  s l i t  w id th  i s  to  in c re a s e

th e  s ig n a l - to - n o is e  r a t i o  because th e  flam e n o ise  v a r ie s  a s  th e  

square  o f  th e  s l i t  w id th  w h ile  th e  s p e c t r a l  l i n e  i n t e n s i t y  v a r ie s  

l i n e a r ly  w ith  th e  s l i t  w id th . Due to  th e  a t te n u a t io n  o f  th e  s ig n a l ,

9
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th e  p h o to m u ltip lie r  dynode v o lta g e  m ust be in c re a s e d , th u s  

in c re a s in g  th e  s h o t e f f e c t  n o is e . C onsequently , a 100/n. e n tra n ce  

and 150 p, e x i t  s l i t s  were found to  g iv e  th e  b e s t  s ig n a l - to - n o is e  

r a t i o .

Serum A n aly sis

Due to  th e  r e l a t i v e l y  low l e v e l  o f i r o n ,  0 .5  to  1 .5  p .p .m . 

( 26) ,  i n  normal human serum , th e  v o lta g e  re fe re n c e  source  was used  

to  _expand. th e  e f f e c t iv e  o u tp u t s ig n a l  f o u r - fo ld  th u s  a llow ing  

g r e a te r  in s tru m e n ta l  s e n s i t i v i t y .  I n v e s t ig a t io n  proved th e  a i r -  

hydrogen flam e to  be more s e n s i t iv e  fo r  i r o n  analyses- th an  th e  

ox y g en-ace ty lene  flam e. Due to  th e  in c re a s e d  s e n s i t i v i t y  g a in ed  

from th e  re a d -o u t  system  and use  o f  th e  a ir-h y d ro g en  flam e , th e  

ho llow  cathode lamp and the  p h o to m u ltip lie r  v o lta g e  re q u ire d  r e ­

ad ju stm en t to  o b ta in  a b e t t e r  s ig n a l - to -n o is e  r a t i o .

Bovine serum was used  i n  p la c e  o f  human serum because i t  i s  

more r e a d i ly  a v a i la b le  and i t s  i r o n  c o n te n t i s  s im ila r  tc  t h a t  

found i n  human b e in g s  (2 7 ) .  S ince t h i s  problem  does n o t concern  

i t s e l f  w ith  th e  a b so lu te  c o n c e n tra tio n  o f i r o n ,  b u t  th e  r e l a t i v e  

amounts found by d i f f e r e n t  methods o f  sample tre a tm e n t, i t  was 

f e l t  t h a t  th e  u se  o f  bovine serum should  n o t a f f e c t  th e  v a l i d i t y  

o f  th e  s tu d y .

Two p rocedures were u sed  to  s e p a ra te  th e  serum from th e  

whole b lo o d . P rocedure 1 was to  a llo w  th e  b lo o d  to  c l o t  a t  room 

te m p e ra tu re , th e n  b re a k  up th e  c l o t  and remove th e  co ag u la ted
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p ro te in  by means o f  vacuum f i l t r a t i o n .  The f i l t r a t e  was p laced  

i n  a  S o rv a ll  RC-2 r e f r i g e r a t e d  c e n tr ifu g e  (10°C) fo r  25 m inutes 

a t  16,000 x  g . The su p e rn a ta n t l i q u id  was r e f r i g e r a te d  o v e rn ig h t, 

c e n tr ifu g e d  (5°C) f o r  30 m inutes a t  27,000  x  g , decan ted  and th en  

f ro z e n . In  p rocedu re  2 (28) th e  whole b lood  i s  a llow ed to  c lo t  

a t  room tem p eratu re  i n  g la s s  b o t t l e s  su p p o rted  a t  an an g le  o f 

app ro x im ate ly  30° to  ^5°• The b o t t l e s  were th en  p laced  i n  a 

r e f r i g e r a t o r  o v e rn ig h t, d ecan ted  the  fo llo w in g  morning and 

c e n tr ifu g e d  f o r  25 m inutes a t  1500 x g . The su p e rn a ta n t

l i q u i d  was r e f r i g e r a t e d  fo r  im m ediate u se  r a th e r  th an  fro zen  as 

i n  p rocedure 1 . The serum o b ta in e d  from b o th  p rocedures e x h ib ite d  

a  re d d ish -y e llo w  c o lo r .  M icroscopic exam ination  o f  th e  se ra  

o b ta in e d  from b o th  p ro cedu res in d ic a te d  th e  absence o f  any re d  

c e l l s  or c e l l  frag m en ts .

A s l i g h t  m o d if ic a tio n  o f  th e  c o lo r im e tr ic  method d e sc rib e d  

by P e te rs  and G io v an n ie llo  (29) was u sed  to  determ ine th e  concen­

t r a t i o n  o f  i r o n .  Two m l. o f  serum , 1 m l. o f  0.6N HC1 and 1 drop 

o f  m ercap to ace tic  a c id  were p laced  i n  a sm all t e s t  tu b e , mixed 

w e ll and a llow ed  to  s ta n d  fo r  30 m in u tes . N ext, 1 m l. o f  f r e s h  

30# t r i c h lo r o a c e t ic  a c id  was added and mixed w ith  th e  s o lu t io n  and 

a llow ed to  s ta n d  fo r  15 m inutes fo llow ed  by c e n tr i fu g a t io n  fo r  15 

m inutes u s in g  a semimicro c e n tr i fu g e .  To 4 m l. o f th e  su p e rn a ta n t 

l i q u i d  18 drops o f sodium c i t r a t e  ( f i n a l  pH ^3»5) a^d 1 m l. o f  

0 .5#  1 ,1 0 -p h e n a n th ro lin e  were added. The c o lo r  was a llow ed  to  

develop o v e rn ig h t and th e  absorbance was re a d  on a Cary Model 1̂4-
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Spectrophotom eter a t  5 H  • AH  s ta n d a rd  i r o n  s o lu t io n s  and 

b lan k s were t r e a te d  i n  an  i d e n t i c a l  m anner. From th e  d a ta  o f th e  

s tan d a rd s  a c a l i b r a t io n  curve o f  absorbance v e rsu s  c o n c e n tra tio n  

o f  i r o n  was c o n s tru c te d . The c o n c e n tra tio n  o f  serum i r o n  was 

th en  determ ined  as 1 .6 6  p .p .m . In  o rd e r  to  cover a range o f  __ 

c o n c e n tra t io n s , th e  serum was d i lu te d  w ith  d i s t i l l e d  w a ter to  

o b ta in  s to c k  s o lu t io n s  o f  serum c o n ta in in g  0 .5 5 , 0 .8 3 , 1 .1 1 , 1 .3 9  

and 1 .6 6  p .p .m . o f  i r o n .

Three methods f o r  th e  d e te rm in a tio n  o f  i r o n  i n  b lo o d  serum 

by atom ic a b so rp tio n  tech n iq u es  were s tu d ie d . The f i r s t  o f  th e se  

i s  a m o d if ic a tio n  o f  th e  P e te rs  and G io v an n ie llo  p r e c ip i t a t io n  

p rocedure  (29) where 1 m l. o f  0.6N HC1 and 1 drop o f  m ercap to ace tic  

a c id  were added to  2 m l. o f  serum and d i lu te d  to  5 m l. The 

s o lu t io n  was mixed and th e n  t r a n s f e r r e d  to  a  t e s t  tu b e . A fte r  

30 m inutes 1 m l. o f  f r e s h  30$ t r i c h lo r o a c e t i c  a c id  was added and 

mixed i n  th e  s o lu t io n  and a llow ed  to  s tan d  fo r  15 m in u tes .

Follow ing c e n tr i f u g a t io n  fo r  15 m in u te s , th e  su p e rn a tn a t l i q u id  

was an a ly zed  fo r  i r o n  w ith  th e  a tom ic a b so rp tio n  in s tru m e n t.

A b lan k  was a ls o  c a r r ie d  through th e  same p ro ced u re .

A second procedure  fo r  th e  a n a ly s is  o f  i r o n  i n  b lood  serum 

was r e c e n t ly  re p o r te d  by Sprague and S la v in  (1 6 ) . This p rocedure  

in v o lv e s  th e  d i lu t io n  o f  th e  serum w ith  an  eq u a l volume o f 

d i s t i l l e d  w a te r and i t s  d i r e c t  a n a ly s is  by atom ic a b so rp tio n  

sp ec tro sc o p y . In  t h i s  case  d i s t i l l e d  w a ter i s  u sed  as  a b lan k .
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The t h i r d  p roced u re  i s  a w e t-o x id a tio n  method whereby 2 m l. 

o f  a n i t r i c - p e r c h lo r i c  a c id  m ix tu re  (one to  two p a r t s  by volume) 

a re  added to  1 m l. o f  serum c o n ta in ed  i n  a 25-m l. e rle rm y er f l a s k .  

The f l a s k  and c o n te n ts  a re  p la ce d  on a h o t  p la te  (ap p ro x im ate ly  

260°'C) fo r  15 m in u te s . A fte r  c o o lin g , th e  s o lu t io n  was t r a n s f e r r e d  

to  a 5-mlo v o lu m e tric  f l a s k ,  d i lu te d  to  volume w ith  d i s t i l l e d  

w a te r and an a ly zed  fo r  i r o n .  A w ater b la n k  was c a r r ie d  th rough  

th e  same p ro ced u re .
O

The 2483 A i r o n  l i n e  was u sed  f o r  th e  a n a ly s i s .  The a i r  

flow  r a t e  was 8 .4  S.L .P .M . w h ile  th e  hydrogen flow  r a t e  was 

53 S.L .P.M . and th e  to p  o f  the  b u rn e r was p o s i t io n e d  4 .1  cm. below 

th e  o p t ic a l  p a th . The hollow  cathode lamp c u r r e n t  was a d ju s te d  to  

tf .0  ma. w h ile  th e  p h o to m u ltip lie r  v o lta g e  was 595 v o l t s  w ith  f u l l  

g a in  and th e  in s tru m e n t f u l l y  dampened. The r e c o r d e r ,  r e s i s ta n c e  

box and v o lta g e  re fe re n c e  source  were a d ju s te d  so t h a t  the  

re c o rd e r  would g iv e  a f u l l  s c a le  re a d in g  fo r  25$  a b s o rp tio n .
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DISCUSSION

©
The i r o n  a b so rp tio n  l i n e  a t  2483 A g iv es  th e  b e s t

a n a ly t ic a l  s e n s i t i v i t y  (3 0 ) .  Z e t tn e r ,  S y lv ia  and Capacho-

Delgado (22) in d ic a te  t h a t  narrow  s l i t s  m ust be u sed  to  s e p a ra te
0

t h i s  l i n e  from th e  2488 A l i n e  s in c e  th e  l a t t e r  l i n e  i s  n o t as
O

s e n s i t iv e .  The a b so rp tio n  a t  2483 A i s  th e  r e s u l t  o f  a t r a n s i t i o n  

from a 5D4 (0 .000  e le c t ro n  v o l ts )  ground s t a t e  l e v e l  to  th e  x 5F§ 

(4 .991  e le c t ro n  v o l ts )  s t a t e ,  a reso n an ce  a b s o rp tio n . The 

t r a n s i t i o n  a t  2488 A i s  from th e  a 5D3 (0 .0 5 2  e le c t r o n  v o l t s )  s t a t e  

to  th e  x5F£ (5»033 e le c t r o n  v o l ts )  l e v e l ,  a non-resonance 

a b so rp tio n . Assuming a Boltzmann d i s t r i b u t io n  (3 1 » 3 2 ), th e re  

should  be more atoms a v a i la b le  fo r  a b so rp tio n  i n  th e  low er energy  

s t a t e  thus acco un ting  fo r  i t s  g r e a te r  s e n s i t i v i t y .

The d a ta  fo r  th e  th re e  methods o f  sample tre a tm e n t a re  

summarized i n  Table I .  The f i n a l  c o n c e n tra t io n , A, was c a lc u la te d  

by tak in g  l /3 »  1 /2 ,  and 1 /5  o f  th e  o r ig in a l  c o n c e n tra tio n  fo r  th e  

p r e c ip i t a t io n ,  d i lu t io n  and w e t-o x id a tio n  methods r e s p e c t iv e ly .  

These f r a c t io n s  r e p re s e n t  th e  d i lu t io n  f a c to r s  o f  each m ethod. 

F ig u re  3 shows th e  r e l a t io n s h ip  o f  one method to  a n o th e r . I t  was 

f e l t  t h a t  th e  low absorbance v a lu es  fo r  th e  p r e c ip i t a t io n  method 

were due to  a lo s s  o f  i r o n  e i th e r  th rough  a d so rp tio n  o r o c c lu s io n . 

T h e re fo re , th e  p r e c ip i t a t e s  from th i s  method were c a r r ie d  through  

th e  w e t-o x id a tio n  procedure  and an a ly zed  fo r  i r o n .  The 

p r e c ip i ta te s  were found to  c o n ta in  i r o n  e q u iv a le n t  to  0 .44  to  0 .91

14
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TABLE I

Method Cone. Fe (p .p .m .) Number o f  
Detn* s

(Abs. 1  a-) 
x  103

I n i t i a l F in a l

A B

1.66 0.55 5 1 3 .1  -  1 .2

1 .39 0.46 5 1 1 .0  t  1 .5

P r e c ip i ta t io n 1.11 0 .3 ? 4 9 .1  - 1 .0

0.82 0.27 5 6 .7  -  0 .6

0.55 0.18 3 5 .4  ± 0 .4

1.66 0.83 1 .90 4 41 .2  ± 0 .4

1 .39 0.70 1 .5 8 5 37 .1  ± 0 .5

D ilu tio n 1.11 0.56 1 .2 7  ~ 5 32.6  t  1 .4

0.82 0.41 0.95 5 24 .8  ± 0 .7

0.55 0.28 O.63 5 1 7 .3  -  0 .4

1 .66 0.33 0.76 5 1 4 .8  ± 3 .1

1 .39 0 .28 0 .63 5 1 1 .0  t  0 .8

W et-o x id atio n 1 .11 0.22 0.51 4 8 ,2  t  1 .1

0.82 0.16 0 .32 5 6 .1  t  1 .3

0.55 0.11 0.25 5 3 .9  -  0 .8
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FIGURE 3
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p .p .m . i n  th e  f i n a l  s o lu t io n .  This co u ld  p o s s ib ly  be due to  th e  

p re sen ce  o f  hem oglobin i r o n  from e ry th ro c y te s  t h a t  may have been  

ru p tu re d  d u rin g  th e  s e p a ra t io n  o f th e  serum. One sh o u ld  a lso  

c o n s id e r  th e  p o s s i b i l i t y  o f  th e  a d so rp tio n  or o c c lu s io n  o f  i r o n  

w ith  th e  p r e c ip i t a t e d  p r o te in .  T h e re fo re ," a  second sample o f 

b lo o d  was o b ta in e d  and th e  serum was se p a ra te d  by p rocedure  2 i n  

th e  hope o f  e lim in a tin g  h em o ly s is . This sample was an alyzed  by 

th e  d i l u t i o n  and p r e c ip i t a t i o n  m ethods. There was no s ig n i f i c a n t  

d if f e r e n c e  i n  the  r e s u l t s  o b ta in e d  fo r  th e  two methods used  to  

s e p a ra te  th e  serum . This does n o t r u le  o u t th e  p o s s i b i l i t y  o f  

hem olysis  tak in g  p la c e  b u t  does in d ic a te  th a t  th e  r e s u l t s  a re  

in d ep en d en t o f  which p rocedure  i s  used  fo r  s e p a ra tin g  th e  serum 

from th e  whole b lo o d .

The c o lo r im e tr ic  d e te rm in a tio n  o f  i r o n  i n  th e  serum employed 

a p r e c ip i t a t io n  method and th e re fo re  does n o t in d ic a te  th e  t o t a l  

amount o f  i r o n  p re s e n t .  The t o t a l  i r o n  was o b ta in e d  by c a rry in g  

s ta n d a rd  i r o n  s o lu t io n s  th ro u g h  th e  w e t-o x id a tio n  m ethod. From 

th i s  c a l i b r a t io n  curve th e  t o t a l  i r o n  c o n c e n tra tio n  fo r  the  

u n d ilu te d  s to c k  serum was found to  be 3*80 p .p .m . The c o n c e n tra tio n s  

o f  th e  s to c k  s o lu t io n s  were r e c a lc u la te d  and m u l t ip l ie d  by th e  

d i l u t i o n  f a c to r s  f o r  th e  d i l u t i o n  and w e t-o x id a tio n  methods to  

o b ta in  th e  f i n a l  c o n c e n tra t io n , B, i n  Table I .  I n  F ig u re  k t h i s  

r e c a lc u la te d  d a ta  i s  p lo t te d  a long  w ith  th e  o r ig in a l  p r e c ip i t a t io n  

m ethod. Over the  c o n c e n tra tio n  range s tu d ie d  a l l  o f th e  l in e s  have 

eq u a l s lo p es  w ith in  ex p erim en ta l e r ro r  which would in d ic a te  t h a t  the
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FIGURE 4

GRAPH OF RELATIVE ABSORBANCE 
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th re e  methods have equal s e n s i t i v i t i e s .  The d i lu t io n  method g iv e s  

a g r e a te r  absorbance v a lu e  th an  e i th e r  th e  p r e c ip i t a t io n  o r th e  

w e t-o x id a tio n  method fo r  th e  same i r o n  c o n te n t . A p o s s ib le  

e x p la n a tio n  o f  t h i s  may be r e l a t e d  to  th e  d if fe re n c e s  i n  th e  m a trix  

o f  th e  sam ples. I ro n  r e a d i ly  forms oxides i n  th e  flam e which co u ld  

r e s u l t  i n  a d im in u tio n  o f atom ic vapor th e re b y  g iv in g  r i s e  to  low er 

ab so rb an ces . This shou ld  e s p e c ia l ly  be t ru e  i n  th e  o x id iz in g  

p e rc h lo r ic  a c id  m edia. I n  th e  d i lu t io n  method th e  i r o n  i s  bonded 

to  th e  p ro te in  which may ten d  to  i n h i b i t  oxide fo rm atio n  and more 

e a s i ly  f a c i l i t a t e  th e  co n v ersio n  o f  i r o n  to  th e  atom ic s t a t e  th u s  

le a d in g  to  an enhancem ent.

The d i lu t io n  method shows c o n s id e ra b le  c u rv a tu re  a t  h ig h e r 

c o n c e n tra tio n s . This cou ld  be in te r p r e te d  as  be ing  r e l a t e d  to  

changes i n  v i s c o s i ty  s in c e  th e  s to c k  serum was d i lu te d  w ith  

d i s t i l l e d  w ater to  o b ta in  th e  low er c o n c e n tra tio n s . I f  t h i s  i s  

t ru e  i t  shou ld  be p o s s ib le  to  m odify th e  Beer-Lam bert-Bouguer Law 

to  in c o rp o ra te  a v i s c o s i ty  dependence.

The Beer-Lam bert-Bouguer Law s ta t e s  t h a t  th e  ab so rb an ce , A, 

i s  a fu n c tio n  only  o f  th e  c e l l  le n g th ,  b ,  and th e  c o n c e n tra t io n , c ,  

o r

^ = ( " H b b d0 + ( " t b L  db  (1>

M alm stadt and Chambers (33) have in d ic a te d  th a t  th e  absorbance i s  

d i r e c t ly  p ro p o r tio n a l to  th e  flow  r a t e  o r  the  volume p e r  u n i t  tim e ,

A = k* ( ^ )  (2)
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P o i s e u i l l e 's  Law s t a t e s  t h a t  th e  v i s c o s i ty ,  7 \»  o f  a l iq u id  

flow ing  th rough  a c a p i l l a r y  i s  in v e r s e ly  p ro p o r t io n a l  to  th e  

flow  r a t e .  —

p = d if f e r e n c e  i n  p re s su re  a t  th e  ends o f  th e  tube

r  = ra d iu s  o f  th e  tube

1 = le n g th  o f  th e  tube

t  = tim e

v = volume

Using th e  r e la t io n s h ip  t h a t  th e  d e n s i ty ,  d , i s  eq u a l to  m ass, m, 

p e r u n i t  volume and s u b s t i tu t in g  t h i s  in to  E q uation  3 y ie ld s

For a g iven  tu b e  w ith  c o n s ta n t p re s su re  d i f f e r e n t i a l  and c o n s ta n t 

d e n s i ty ,  E q uation  4 red u ces  to

(3)

where

-h _ T p p r * td
1 ~ 8 I n

(4)

(5)

D efin ing  th e  term  D eq u al to  -g- y ie ld s

( 6)

By in tro d u c in g  th e  v i s c o s i ty  te rm , E q u a tio n  1 becomes

( 7)
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A = £ (c ) = k2c ;  b and 7 \ a re  c o n s ta n t (8a)

A = f (b )  = k3b ; c and 7\ a re  c o n s ta n t (8b)

A = f(7^) = kijT’C’1; e and b a re  c o n s ta n t (8c)

fAA\ -  i  -  A  /n \("c—), _ -  k2 -  —  (9a)'  o c'bfr\ 2 c '

A , .
(t t ) ^  = k 3 = - r  (9b)d b c yq

<S£o,b - * . n -  -  -  \  (9 =)

S u b s t i tu t in g  E quations 9a , by c ,  in to  E q u a tio n  7 j we o b ta in

A A A , .
dA = —  dc + -r— db -  rr- dTq (10)c __ b  71

A fte r  d iv id in g  by A and in te g r a t in g ,  E quation  10 becomes 

k5bc
I n  A = In  —ŷ— (11)

or

k5bc
A = (12)

S u b s titu tin g - E q u a tio n  6 in to  E quation  12 y ie ld s

k 5bcD „ %
_ A = = k 6bcl) (13)

o r

A = kcD; f o r  c o n s ta n t b (1^)
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In  app ly ing  th i s  c o r re c t io n  to  th e  d i lu t io n  method, th e  

d e n s i t ie s  and D were m easured. To a s c e r ta in  t h a t  th e  d e n s ity  was 

e s s e n t i a l l y  c o n s ta n t ,  th e  w eight o f  a 10 m l. sample o f  the  m ost and 

l e a s t  c o n ce n tra te d  s o lu t io n s  was de term ined . The D v a lu es  were 

determ ined  by a s p i r a t io n  o f  a known w eig h t o f  sample fo r  a g iven  

tim e r a th e r  th an  m easuring v i s c o s i ty  d i r e c t l y .  In  t h i s  techn ique  

th e  a s p i r a to r  se rv es  as  a sim ple v isco m e te r . These r e s u l t s  a re  

summarized i n  Table I I .

TABLE I I

C o n cen tra tio n  
Fe p .p .m .

Number o f 
Determina t io n s

Average D 
(g m ./se c .)

Average d 
(gm ./m l.)

1 .90 3 O.O665 1.0054

1 .5 8 3 0.0719

1 . 2? 3 0.0726

0.95 3 0.0781

0.63 3 0.0814 0.9983

A r e l a t i v e  d if f e r e n c e  i n  th e  d e n s ity  o f  0 .7$  was co n sid ered  

in s ig n i f i c a n t  s in c e  i t  l i e s  w ith in  th e  l im i t s  o f  experim en ta l e r r o r .  

The d a ta  fo r  th e  d e te rm in a tio n  o f  k and th e  absorbances norm alized  

to  an  uptake r a t e  o f  O.O665 g m ./sec . a re  ta b u la te d  i n  Table I I I .
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TABLE I I I

F in a l E xperim ental ^  C orrec ted
C o n cen tra tio n  Absorbance k = Absorbance

rv  QU --Fe p .p .m .

1 .90  0.0412 0.326  0.0412

1 .5 8  0.0371 0.327 0.0343

1.27  0.0326  0 .35^ 0.0299

0.95  0 .0248 0 .33^  0.0211

O.63  0.0173 0*337 0.0141

k = 0.331

± <r = 0.005

A p lo t  o f  th e  c o rre c te d  abso rbance  v a lu e s  v e rsu s  concen­

t r a t i o n  o f i r o n  appears  i n  F igure  4 . This f ig u re  shows t h a t ,  over 

th e  c o n c e n tra tio n  range covered  and w ith in  th e  ex p erim en ta l e r r o r ,  

v i s c o s i ty  i s  th e  g r e a te s t  c o n tr ib u tin g  f a c to r  causing  th e  c u rv a tu re  

i n  the  p l o t  o f  absorbance v ersu s  c o n c e n tra tio n  fo r  th e  d i lu t io n  

method.

E rroneous r e s u l t s  may be o b ta in e d  i n  atom ic a b so rp tio n  

sp ec tro sco p y  i f  th e  p a r t i c l e s  i n  th e  flam e s c a t t e r  th e  in c id e n t  

r a d ia t io n .  The d e te c to r  w i l l  sense  th e  d ecreased  in t e n s i t y  o f  the
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in c id e n t  beam and re c o rd  t h i s  as  abso rb an ce . I n  t h i s  s tu d y  th e  

m ost c o n c e n tra te d  s o lu t io n s  o f  each method were an a ly zed  a t  th e
C

non-resonance 2788 A i r o n  l i n e  to  check fo r  s c a t t e r in g .  This 

t r a n s i t i o n  from th e  a 5F5 (0 .859  e le c t ro n  v o l t s )  s t a t e  to  th e  

y 5&6 (5 .3 0 4  e le c t r o n  v o l t s )  l e v e l  was chosen because a s ta n d a rd

5 p .p .m . i r o n  s o lu t io n  gave no a b so rp tio n  and a ls o  due to  i t s
O

r e l a t i v e  c lo se  p ro x im ity  to  th e  2483 A l i n e .  The o n ly  change i n  

in s tru m e n ta l  p a ram ete rs  was a  change i n  th e  p h o to m u ltip lie r  dynode 

v o lta g e  from 595 v o l t s  to  645 v o l t s .  The r e s u l t s  o f  t h i s  s tu d y  

in d ic a te d  t h a t  th e re  was no d e te c ta b le  s c a t t e r in g .
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CONCLUSIONS

Summary

I t  has been shown th a t  th e re  i s  a s ig n i f i c a n t  d if f e r e n c e  

between th re e  o f  th e  methods u sed  to  d e te c t  serum i r o n  by atom ic 

a b so rp tio n  sp ec tro sco p y . A ll th re e  methods u se  2 m l. or l e s s  o f 

serum and , w ith in  exp erim en ta l e r r o r ,  a l l  have th e  same s e n s i t i v i ­

t i e s  b u t  d i f f e r e n t  d e te c t io n  l i m i t s .

W inefordner and V ickers (3^0 have d e r iv e d  an  e x p re ss io n  

r e l a t i n g  th e  minimum d e te c ta b le  c o n c e n tra tio n  to  th e  ex p erim en ta l 

c o n d it io n s . Using th i s  r e la t io n s h ip  th e  d e te c t io n  l i m i t s  fo r  the  

d i l u t i o n ,  p r e c ip i t a t io n  and w e t-o x id a tio n  methods a re  0 .0 1 , 0.05  

and 0 .21  p .p .m . r e s p e c t iv e ly .

When a  la rg e  number o f sam ples a re  to  be  a n a ly z e d , th e  tim e 

needed p e r a n a ly s is  i s  im p o r ta n t. An a n a ly s is  can be e f f e c te d  i n  

l e s s  th an  5 m inutes by th e  d i lu t io n  m ethod. The w e t-o x id a tio n  

method re q u ire s  25 m inutes w h ile  ap p ro x im a te ly  75 m inutes a re  

needed fo r  th e  p r e c ip i t a t io n  m ethod.

D ilu t io n  and w e t-o x id a tio n  p ro cedures determ ine  th e  t o t a l  

i r o n  c o n te n t i n  th e  sam ple. T h e re fo re , i t  i s  im p o rtan t to  o b ta in  

an  e f f e c t iv e  s e p a ra t io n  o f  th e  serum w ith o u t hem olysis o c c u rr in g .

As in d ic a te d  by th e  i r o n  found i n  th e  p r e c i p i t a t e s ,  th e  p r e c ip i t a t io n  

method d id  n o t determ ine th e  t o t a l  i r o n  p r e s e n t .  Goodwin and 

Murphy (35) have used  a p r e c ip i t a t io n  te ch n iq u e  to  determ ine  non-

25
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hem oglobin-bound u r in a ry  i r o n .  I t  i s  co n ce iv ab le  t h a t  hem oglobin 

i r o n  was p re s e n t  i n  our serum sam ples and consequen tly  was 

re s p o n s ib le  fo r  th e  i r o n  found i n  the  p r e c ip i t a t e s .  F u r th e r  work 

sh o u ld  be done to  determ ine th e  e x a c t n a tu re  o f  the  p r e c ip i ta te d  

i r o n ,  e .g .  hem olyzed, ad so rbed , occluded o r i r o n  a r i s in g  from some 

o th e r  so u rc e .

The dependence o f absorbance on v i s c o s i ty  has on ly  been  

a p p lie d  to  one system  and over a l im i te d  range  o f v i s c o s i t i e s .

These s tu d ie s  shou ld  be ex tended to  o th e r  system s and a ls o  the  

l im i t a t i o n s  o f t h i s  dependence shou ld  be determ ined .

Recommendations

As a r e s u l t  o f  th e  expanded s c a le  re a d o u t system , i t  i s  f e l t  

t h a t  th e  hollow  cathode lamp power supply  should, be m o d ified  fo r  

b e t t e r  c u r re n t  r e g u la t io n .  A lso a p h a s e -s e n s it iv e  a m p lif ie r  would 

b e t t e r  se rv e  to  e lim in a te  t r a n s ie n t  D.C. s ig n a ls  which a re  a m p lif ie d  

th rough  th e  b road  band pass f i l t e r  system .

As in d ic a te d  i n  F igu re  2 , th e  o p t ic a l  p a th  t r a v e r s e s  th e  

flam e i n  d i f f e r e n t  re g io n s . The m u ltip le  p ass  o p t ic a l  system  would 

be more e f f e c t iv e  i f  i t  cou ld  be co n fin ed  to  a sm a lle r re g io n  o f  th e  

flam e o r ,  i d e a l ly ,  have th e  o p t ic a l  p a th  tr a v e r s e  th e  flam e i n  th e  

same re g io n .

O ther tech n iq u es  in c o rp o ra te d  in to  th e  i ro n  a n a ly s is  

p rocedu re  should  a ls o  be in v e s t ig a te d .  In  t h i s  r e s p e c t  a number 

o f  advan tages m ight be expec ted  by e x tr a c t io n  o f  th e  i r o n  in to  an
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o rg an ic  s o lv e n t . This shou ld  have th e  e f f e c t  o f  c o n c e n tra tin g  th e  

i r o n  and a ls o  enhancing th e  s ig n a l .  S ig n a l enhancement by o rg an ic  

s o lv e n ts  has become a w ide ly  reco g n ized  techn ique  fo r  enhancing 

flam e em issio n  and a b so rp tio n  s ig n a l s .

A nother tech n iq u e  which would seem to  o f f e r  c e r t a in  

advantages i s  th e  e le c t ro d e p o s i t io n  o f  i r o n  a t  a m ercury drop 

e le c tro d e .  Subsequent reco v e ry  o f  th e  i r o n  cou ld  be e f f e c te d  by 

anodic  d is s o lu t io n  o r a c id  d is s o lu t io n  o f  th e  e n t i r e  drop depending 

on th e  e f f e c t s  o f  a h ig h  c o n c e n tra tio n  o f  m ercury. This method in  

a d d it io n  to  c o n c e n tra tin g  th e  i r o n  co u ld  a lso  se rv e  to  remove th e  

i r o n  from c e r t a in  in te r f e r in g  sp e c ie s  c o n ta in ed  i n  th e  o r ig in a l  

sam ple.

As s ta t e d  i n  th e  p ro ced u re , bovine serum was u sed  i n  th i s  

s tu d y . B efore any d e f in i t e  co n c lu s io n s  a re  drawn betw een th i s  

s tu d y  and i r o n  a n a ly s is  i n  human serum , sam ples o f  human serum 

need to  be an a ly zed .
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