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~orced-f low chromatographic dete'rmination of 

calcium and magnesium with continuous 

spectrophotometric detection 

Michael David Argue110 

Under the supervisiorr of James S. Fritz 
From the Department of Chemistry 

Iowa State University 

.Forced-flow ion-exchange chromatography is applied to 

the separation and determination of calcium and magnesium. 

The eluted metal ions are detected by means of continuous' 

spectrophotometry using color-forming reagents. Several 

modifications to the forced-flow chromatograph are described. 

- . These include a flow-through pH monitor to continuously 

monitor the pH of the final effluent and also an active 

low-pass filter to eliminate noise in the spectrophotometric 

detector. 

All separations are performed using partially sulfonated 

XAD-2 as the ion exchanger. .Elution of calcium and magnesium 

is accomplished using ammonium chloride and ethylene- 

diammonium chloride solutions. 'calcium and magnesium are 

detected by,means of Arsenazo I and PAR-ZnEDTA color-forming 

. USERDA ..Report f S -7'-7 1 ' This. work was .performed under 
Contract w-7405.-eng-82 with the Energy Re.search and 
Development ~dministration. 
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. . 

reagents. Other metal ions are detected by' means of PAR and 

Chromazurol S color-forming reagents. 

Calcium and magnesium distributions coefficients on 

partially sulfonated XAD-2 as functions of ammonium chloride 

and ethylenediammonium. chloride concentration are given 

together with distribution coefficients of othe'r: metal ions. 

Methods for the selective elution of interfering metal ions 

p1-ioP L u  the elution of calcium and magnesium are described. 

Beryllium and aluminum are selectively eluted with 

sulfosalicylic acid. Those elements forming anionic chloride 

complexes are selectively eluted with HC1-acetone. Nickel is 

selectively eluted with HC1-acetone-dimethylglyoxime. . . 

Real and synthetic samples are analyzed using the 

procedures developed. Synthetic samples containing calcium 

and magnesium, both alone and in combination with alkali 

metals, strontium, barium, beryllium, aluminum, transition 

metals, and rare earths, are analyzed. Hard water samples 

are analyzed for calcium and magnesium and the results 

compared to those pbtained by EDTA titration, .atomic 

absorption spectroscopy, and plasma emission spectroscopy. 

Several clinical serum samples are analyzed for calcium and 

magnesium and the results compared to those obtained by 

atomic absorption spectroscopy. 



. . 

I.  INTRODUCTION 

A .  Purpose  . . 

The f a c t  t h a t  fo rced- f low chromatographic  methods 

emp loy ing ' con t i nuous  d e t e c t i o n  can  be u s e d f o r  t h e  r a p i d  and . , 

a c c u r a t e  d e t e r m i n a t i o n  o f  t r a c e  amounts o f  m e t a l  i o n s  i s  now 

w e l l  e s t a b l i s h e d .  The advan t ages  a s s o c i a t ' e d  w i t h  such  

mcthod3 i n c l u d e :  

1) The a b i l i t y  t o .  h a n d l e  samples i n  t h e  t e n s  o f  

m i c r o l i t e r s  r a n g e  c o n t a i n i n g  microgram amounts 

o f  sample i o n s .  

2 )  Extremely  r a p i d  a n a l y s i s  t i m e s  compared t o  

' g r a v i t y - f l o w  chromatographic  methods employing 

c o l l e c t i o n  of  f r a c t i o n s  fo l l owed  by s e p a r a t e  

a n a . l y s i s  o f  qach f r a c t i o n .  

3 )  Minimal sample .  h a n d l i n g  and man ipu l a t i on .  

4 )  ~ e l a t i v e l y  s imp le  and i nexpens ive  equipment 

r e q u i r e m e n t s  compared t o  most o t h e r  i n s t r u -  

men t a l  methods o f  a n a l y s i s .  , ' 

. . . . 
5 )  The p o s s i b i l i t y  o f  do ing  r o u t i n e  a n a l y s i s  o f  

p a r t i c u l a r  k i n d s  o f  samples  by u s i n g  a 
. . 

d e d i c a t e d  i n s t rumen t  de s igned  e x p r e s s l y  f o r  

t h a t  purpose .  

Because o f  t h e  impor tance  o f  r a p i d l y  and a c c u r a t e l y  

d e t e r m i n i n g  ca l c ium 'and mag,nesium i n  such  d ive r s e .  m a t e r i a l s  

a s  ha rd  wa t e r  and blood serum, i t  was f e l t  d e s i r a b l e  t o  t r y  



t o  develop forced-f low chromatographic methods f o r  ca lc ium 
. . 

and magnesium t h a t  would o f f e r  some of t h e  advantages  o u t l i n e d  

above.  A s  i n  t h e  deve lopment ,o f  . . any chromatographic method,' 

i t  was t h e n  neces sa ry  t o  i n v e s t i g a t e  such t h i n g s  a s  t h e  

p roper  cho ice  of r e s i n ,  t h e  p roper  cho ice  of  e l u e n t ,  and. t h e  

p roper  cho ice  of o p e r a t i n g  c o n d i t i o n s .  And s i n c e  i t  was 

d e s i r e d  t o  employ con t inuous  spec t ropho tome t r i c  d e t e c t i o n ,  It 

was a l s o  neces sa ry  t o  i n v e s t i g a t e  t h e  p roper  cho ice  o f  c o l o r -  

-forming r e a g e n t  and b u f f e r .  

A s  a  r e s u l t  o f  t h e s e  i n v e s t i g a t i o n s ,  a n a l y t i c a l  methods 

f o r  ca lc ium and magnesium were developed which o f f e r  a l l  of 

t h e  advantages  a s s o c i a t e d  w i t h  any forced-f low chromato- 

g r a p h i c  method employing con t inuous  d e t e c t i o n .  T h i s  was 

done by t a k i n g  advantage  of  t h e  r a p i d  s e p a r a t i o n s  which a r e  

o b t a i n a b l e  u s i n g  low c a p a c i t y  c a t i o n  exchangers  based ,on 

p a r t i a l l y  s u l f o n a t e d  XAD-2. E l u t i o n  was w i t h  ammonium 

c h l o r i d e  o r  ethylenediammonium c h l o r i d e  and Arsenazo I o r  

PAR-ZnEDTA color-forming r e a g e n t s  were used f o r  t h e  con t inu-  

ous  spec t ropho tome t r i c  d e t e c t i o n . o f  ca lc ium and magnesium. 

I n  o r d e r  t o  demons t ra te  t h e i r  u s e f u l n e s s ,  t h e  methods 
. . 

develdped were used f o r  t h e  a n a l y s i s  o f  s y n t h e t i c  samples 

and also f o r  L l l r  a r ~ a l y s i s  of . hard . wate r  a n d  blood serum. 



B.  L i t e r a t u r e  Survey 

( S e p a r a t i o n  of Calcium and Magnesium) 
. . 

The s e p a r a t i o n  of c a l c ium and magnesium p r i o r  t o  t h e i r  

i n d i v i d u a l  de t e rmina t , i on  ha s  been a probiem o f  c o n t i n u i n g  

a n a l y t i c a l  i n t e r e s t  because  of  t h e  many d i f f e r e n t  k i n d s  o f  

m a t e r i a l s  i n  which s i g n i f i c a n t  amounts of t h e s e  two e lements '  

'occur  t o g e t h e r .  Examples o f  s o m e ' m a t e r i a l s  c o n t a i n i n g  

s i g n i f i c a n t  amounts o f  b o t h  ca lc ium and magnesium i n c l u d e  

hard  wa t e r s ,  l i m e s t o n e s ,  cements ,  p l a n t  t i s s u e , .  bone a s h ,  

mil'k and m i l k . a s h ,  blood serum, and s o i l .  A s  a  r e s u l t ,  many 

d i f f e r e n t  approaches  t o  ' t h e  ' s e p a r a t i o n  o f  ca lc ium and 

magnesium have been d e s c r i b e d  i n  t h e  l i t e r a t u r e .  A number 

o f  d i f f e r e n t  p rocedu re s  u s i n g  c - a t i o n ,  exchangers ,  a n i o n  

exchangers ,  and c h e l a t i n g  r e s i n s  have  been reviewed by 

Samuelson ( 1 ) .  

The m a j o r i t y  o f  p rocedu re s  d e s c r i b e d  f o r  t h e  s e p a r a t i o n  

o f  ca lc ium and magnesium have employed c a t i o n  exchangers  and 

a  r e p r e s e n t a t i v e  o c l e c t i o r i  u f  t h e s e  i s  g i v e n  i n  Tab le  I .  

A s  can  be s een  f r o m ,  t h e '  t a b l e ,  v a r i o u s  k inds ,  o f  e l u e n t s  

have  been used . to  e l u t ' e  c a l c ium and magnesium from c a t i o n  

exchangers .  I n  some. c a s e s ,  s imp le  minera l '  a c i d s  hav.e been 

used  ,as e l u e n t s  whereas i n  o t h e r .  c a s e s  complexing a g e n t s  nr 
. . 

m i x t u r e s  of m i n e r a l  a c i d s  and o r g a n i c  s o l v e n t s  have been 

used  i n  o r d e r  t o  a c h i e v e  i n c r e a s e d  s e p a r a t i o n  f a c t o r s .  I n  

most c a se& however, t h e  s e p a r a t i o n s  des .c r ibed  a r e  r a t h e r  



Table  I .  . C a t i . ~ n  .exchan.g.e. .se .parat ion.s  of.  Ca and Mg. . . . .  . . . . . . 
. . 

-- 

c a t i o n  Exctang3r  ' C,a e l u t e d  Mg e l u t e d  - E l u t i o n  Appl ica . t ion  Refe rence  
.. w i t h :  wi th :  o r d e r  

Dowex 50 

Bio-Rad 
kG 5OW-X8 

( r e t a i n e d  1.0'5 M - H C ~  Mg,Ca 
on column) 

1 . 2 5  M - HN03 1.25'.M H C 1  - Mg,Ca 

A n a l y s i s  o f  Campbel-l and 
l i m e s t o n e s  and Kenner ( 2 )  
d o l o m i t e s  

Ion  exchange S t r e l o w  
d e t e r m i n a t i o n  o f  -- e t  a l .  ( 3 )  
major and minor 
e l ements  i n  / .  

s i l i c a t e  r o c k s  

M i c r o c s y s t a l l i n e  
c e l l u l o s e  

Bio-Rad 
AG 50W-x8 

'Leo-Karb 225 

3' M - H C 1  3' M H C ~ - 6 0 %  Mg,Ca 
e t h a n o l  

1 M ammonium 0 . 3 5  M - N H 4 C l  Mg,Ca 
a c g t y l -  
a c e t o n a t o  

S e p a r a t i o n  o f  . F r i t z  and 
a l k a l i n e  e a r t h s  P e t e r s  ( 4 )  

S e p a r a t i o n  of S t r e l o w  and 
a l k a l i n e  e a r t h s  TJan Zyl ( 5 )  

I o n  exchange Abdul lah  and 
d e t e r m i n a t i o n  R i l e y  ( 6 )  
o f  Ca and Mg i n  
s i l i c a t e  rocks .  

I.on exchange Greenhalgh 
d e t e r m i n a t i o n  o f  e t  a l .  ( 7 )  -- 
major c ~ t i o n s  i n  , . 

s e a  wa te r  

Dowex ~ O W - X ~  1' M ammogium 1 M ammonium Mg,Ca A n a l y s i s  of  do lo -  De and Sen 
a c e t a t e  a c e t a t e  m i t e  a n e  l i m e s t o n e  (8.).  . , 



.T..z~bl.e .I. . .(C.ontinue.d.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

C s t i o n  Exchanger  . ~ a  e l u t e d  Mg e l u t e d  . E l u t i o n  A p p l i c a t i o n  R e f e r e n c e  
w i t h :  w i t h :  : o r d e r  

A m b e r l i t e  I R C  50,  EGTA 
Dowex 50W-X8 pH 6.5-7 

Dowex 50 1 .5 '  M_ 
ammonium 
l a c t a t e  

Ca,Mg A n a l y s i s  o f  
a r t i f i c i a l  s e a  
w a t e r  

Mg,Ca S e p a r a t i o n  o f  
a l k a l i n e  e a r t h s  

Marhol and  
Cheng ( 9 )  

M i l t o n  and  
Grumnit t 
(10') 

Dowex 50W-X8 . . 1 M 0 . 8  M Mg,Ca S e p a r a t i o n  o f  P o l l a r d  
a-.Eydrox.y.- a-hy&oxy- a l k a l 5 n e  e a r t h s  -- e t  a l .  ( 1 1 )  
i s o b u t y r i c  S s o b u t y r i c  
a c i d  'pH 5 a c i d  pH. 4.15 



. . slow and o f t e n t i m e s  t h e  p r e s e n c e  o f  complexing a g e n t s  o r  . -  

.' o r g a n i c  s o l v e n t s  comp l i ca t e s  thG d e t e r m i n a t i o n  o f  t h e  

. i n d i v i d u a l  i o n s .  

Work o f  a more g e n e r a l  n a t u r e  r e l a t e d  t o  the '  c a t i o n  

exchange s e p a r a t i o n  of  ca lc ium and magnesium i s  t h a t  of 

s t r e l o w  and Weiner t  (12)  who compiled a n  e x t e n s i v e  t a b u l a t i o n  

o f  d i s t r i b u t i o n  c o e f f i c i e n t s  o f  t h e  a l k a l i n e  e a r t h s  on A G  

50W-X8 w i t h  v a r i o u s  complexing a g e n t s  and m i n e r a l  a c i d s .  

s t r e l o w  ( 1 3 )  ha s  a l s o  reviewed t h e  c a t i o n  exchange b e h a v i o r  

of  t h e  a l k a l i n e  e a r t h s  and d i s c u s s e d  . t h e  m e r i t s  o f  v a r i o u s  

' e l u e n t  s . 

C . L i t e r a t u r e  s u r v e y  

Salmon ( 1 4 )  i n  1971 f i r s t  sugges t ed  t h a t  ion-exchange 

chromatography needed t o  be coupled t o  a  con t i nuous  d e t e c t i o n  

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

comparable t o  t h a t  o f  g a s  chromatography.  He proposed t h e  

u s e  o f  i o n - s e l e c t i v e  e l e c t r o d e s  a s  con t i nuous  d e t e c t o r s  f o r  

ion-exc hange. chromatography.  

S i n c e  t h e n  many pro 'cedures  have been d e s c r i b e d  i n  t h e  

l i t e r a t u r e  employing fo rced- f low ion-exchange chromatography 

o f  m e t a l  i o n s  w i t h  con t i nuous  d e t e c t  i o n .  A r e p r e s e n t a t i v e  

s e l e c t i o n  of  such  p rocedu re s  i s  ' g i v e n  i n  Tab l e  11. 



T a b l e  11  , Forced-flow c h r o m a t o g r a p h i c  s e p a r a t i o n s  of  m e t a l  i , ~ n s  employing 

. , Ion  Exchanger.  

., A-26 a n i o n  . . 
exchanger  

4-26 a n i o n  
sxchanger  , ,  

A-26 a n i o n  
exchanger  

  ow ex 1-X8 
a n i o n  exchange? 

. . 

A-15 c s t i o n  
exchanger.  . . 

P--200 o r  A-15 
c a t i o n  , '  

exchanger  

c o n t i n u o u s  detsc.t . i .on 

E l u e n t  

. . 

2 M H C 1  - 

0.4  M 

NaC1oy .pH 3. 5 

HC1-HC104 
m i x t u r e s  

8. M H C 1  - 

0.5' M H B r  - 

HC1-organic 
s o l v e n t s  ' - 

. . 

Pumping 
System 

Gas p r e s s u r e  

Gas p r e s s u r e  

Gas p r e s s u r e  

- . 

 as p r e s s u r e  

Gas p r e s s u r e  

C h r m a t r o n i x  
m e t l r i n g  . 

Pum? 

.Ions S e p a r a t e d  

F e ( I I I 2  from 
o t h e r  i o n s  

C r ( V 1 )  from 
o t h e r  i o n s  

A s ( I I I ) ,  B i ( I I I ) ,  
S b ( I I 1 ) ;  N i ,  
P ~ ( I I ) ,  P t (1V) ;  
P ~ ( I I ) ,  C U ( I I ) ,  
F e ( I I 1 ) ;  H g ( I I ) ,  
Sn(1V) .' 

P b ( I 1 )  from 
o t h e r  i o n s  ' 

H g ( I I ) ,  B i ( I I I ) ,  
c d ( I I ) ,  S b ( I I 1 )  

C d ( I I ) ,  Z n ( I I ) ,  
F e ( I I 1 ) ;  P b ( I I ) ,  
C u ( 1 1 ,  C o I I ,  
Mn(I1) 

D e t e c t i o n  SysOem 

W a b s . o r p t i o n .  . 
of i r o n  c h l o r i d e .  
complex 

UV a b s o r p t i o n .  
o f  Cr(V1). 

W a b s o r p t i o n  
o f  c h l o r i d e  . 

complexes 

UV a b s o r p t i o n  
o f  l e a d  c h l o r i d e  
complex 

W absorp t . ion  
o f  bromide 
complexes 

PAR o r  PAN. . 

co lo r - fo rming  
r e a g e n t s  

Reference  

Seymour 
e t  a l .  
(15) 

F r i t z  and 
S i c k a f o o s e  
( 1 6 )  

Seymour 
and F r i t z  
(17.) 

-J 

. . 

Seymour 
and F r i t z  
( 1 8 ) .  

Willis .and ' .  

F r i t z  ( 1 9 )  

Kawazu and 
F r i t z  ( 2 0 )  



Table  11. ( c o n t i n u e d )  . 

Detec t i on  System 

PAR, Arsenazo I 
o r  Arsenazo I11 
color- forming 
r e a g e n t s  

PAR c o l o r -  
forming r e a g e n t  

Conduc t imet r i c  

. . 

. 

.Flame emiss ion  

Zirzcon c o l o r -  
f  orrning r e a g e n t  

I ons  Sepa ra t ed  ' 

Zn,. P ~ ( I I ) ,  
C u I I  M n I I ,  
N i ;  C a ,  Mg; Z r ,  
Th; La, Th. 

1 3  r a r e  e a r t h s  

a l k a l i  m e t a l s ,  
amines,  and 
qua t e rna ry '  
ammonium i o n s ;  
Ca, Mg; 
i n o r g a n i c  and 
o r g a n i c  an ions  

Ca, S r ,  Ba; . 

r a r e  e a r t h s  

Zn from o t h e r  
i .ons 

I on  Exchanger 

L& c a p a c i t y  
c s t ' i on  
exchangers  " 

50W-X8 . 

c a t i o n  
exchanger . . 

Su.rface s u l -  
f o n a t e d  c a t i o n  
exchangers ,  
s u r f a c e  agg lo-  
merated  a n i o n  
exchangers  

Zipax SCX 
c a t i o n  . . 

exchanger  

Amber l i t e  
CG-120 c a t J o n  
exchanger 

Refe rence  

F r i t z  and 
S t o r y  ( 2 1 )  

S t o r y  and 
F r i t z  ( 2 2 )  

Smal l  e t .  
- a1 .  ' ( 2 n  

. 

FPeed ( 2 4 )  

Matsui  ( 2 5  
(25 )  

. . 

E l u e n t  

Var ied  
. . 

. . 

2-Hydroxy- 
i s o b u t y r i c  
a c i d  pH . 

g r a d i e n t  

HC1,AgNO3 
Cu(N0 ) 
~ n i l i A e ? ~ ~ l  
AgN03-HN03, 
NaOH 
Na(phenate1 

0 .01  M_ HN03 
0.2 M 
c i t r i c  a c i d  

1 M N H 4 C 1  

Pumping 
System 

Chromatronix 
me te r i ng  
.P UmP 

Chromatronix 
me te r i ng  
pump 

Mi l ton  Roy 
me te r i ng  . 

pump 

; 

Waters Model 
6000 ,So lven t  
De l ive ry  
System 

F u j i  midget 
Pump 3 ' 

M i t  sumi 
p e r i s t a t i c  
P UmP 
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I o n .  Exchanger. E.luent Pumping 
System 

. . . . IRA-200. . 

' . c a t i o n  
exchanger 

Zirconium 
phosphate  
c a t i o n  
exchanger 

. . . . . . . . . I . . . . . . . . . . .  . . . . . . . . . . . . .  I 

1 o n s  Separa ted  

1 L - N H 4 C 1  A l k a l i  me ta l s  H y d r o s t a t i c  
p r e s s u r e  

Se(V1) from 
o t h e r ,  i o n s  

De tec t i on .  System 

Flame i o n i z a -  
ticon . ( I n t e r -  
m i t t e n t  r a t h e r  
t h ~ n  con t inuous )  

Anodic s t r i p p i n g  
'voltammetry '  

Refe rence  

Araki  . e t  
a l .  ' ( 2 n  - 

Andrews 
and 
Johnson 
( 2 7  



Forcea-f low chromatographic  s e p a r a t i o n s  of  i n o r g a n i c  

i o n s  employing s u p p o r t s  o t h e r  t h a n  s i m p l e .  c a t i o n ' 0 . r  a n i o n  

exchangern have a l ~ o  been d e s c r i b e d  in t h e  l i t e s a t u ~ e .  

F r i t z  and Goodkin ( 2 8 )  used a d s o r p t i o n  chromatography on 

X A D - 1 1 ,  a  macroporous p o l y a c r y l a t e  r e s i n  w i t h  amide f u n c t i o n a l  

groups ,  t o  s e p a r a t e  t i n  ( IV)  from 23 o t h e r  m e t a l  i o n s .  They 

e l u t e d  t i n  (IV) from ' t he  r e s i n  w i t h  0 . 1  M - H C 1  u s i n g ' g a s  

p r e s s u r i z a t i o n  and d e t e c t e d  i t  by means o f  t h e  W abso rbance  

of i t s  c h l o r i d e  complex. 

Moyers and F r i t z  ( 29 )  s e p a r a t e d  s i l v e r  ( I ) , m e r c u r y  ( I I ) ,  

b ismuth  (III), and g o l d  ( IV)  on a c h e l a t i n g  r e s i n  c o n t a i n i n g  

h e x y l t h i o g l y c o l a t e  f u n c t i o n a l  g roups .  Using g a s  p r e s s u r -  

i z a t i o n ,  t h e y  . e l u t e d  . t h e  f i r s t  t h r e e  m e t a l s  w i t h  ' h y d r o c h l o r i c  

a c i d  and d e t e c t e d  them by t h e  W a b s o r p t i o n  o f  t h e i r  c h l o r i d e  

complexes.  Gold (111)  was t h e n  e l u t e d  w i t h  t h i o u r e a . a n d  

d e t e c t e d  by t h e  W a b s o r p t i o n  o f  i t s  t h i o u r e a  complex. 

Using l i q u i d - l i q u i d  chromatography on Zipax c o n t r o l l e d  

s u r f a c e  p o r o s i t y  s u p p o r t s  c o a t e d  w i t h  t r i c a p r y l m e t h y l  ammonium 

c h l o r i d e ,  Horwitz and Bloomquist  ( 30 )  were a b i e  t o  s e p a r a t e  

a number o f  d i f f e r e n t i m e t a l  i o n s .  Va r ious  . . m i x t u r e s  of  
. . 

d i f f e r e n t  'meta l  i o n s  were s e p a r a t e d  i nc . l ud ing  a m i x t u r e  t h a t  

c o n t a i n e d  l e a d  ( 1 1 ) ,  b ismuth  (III) ,  rhenium (III) ,  cadmium 
. . 

( X I ) ,  mercury (11), and polonium ( IV) .  ' s t epwise  e l u t i o n  w i t h  
. . . . 

m i n e r a l  a c i d s  and t h i o c y a n a t e  s o l u t i o n s  was done u s i n g  g a s  

p r e s s u r i z a t i o n  and  t h e  e l u t e d  i o n s  were d e t e c t e d  r a d i o -  



A .  Appara tus  

I. The forced-f low chromatograph h a s  been d e s c r i b e d  

, p r e v i o u s l y  ( 3 1 ) .  The chromatographic  sys tem used  i n  t h i s  

work i s  shown s c h e m a t i c a l l y  i n ' F i g u r e  1 and t h e  same 

system i n  somewhat g r e a t e r  d e t a i l  i s  shown i n  F i g u r e  2 .  

M o d i f i c a t i o n s  t o  t h e b a s i c  chromatograph t h a t  were made 

i n  t h e  c o u r s e  o f  t h i s  work i n c l u d e d  t h e  f o l l o w i n g :  

1) Mi l t on  Roy minipumps ( I n s t r u m e n t  Model and Model 3 9 6 )  

and a Chromatrix CMP-2 "Cheminert" m e t e r i n g  pump a s  

w e l l  a s  g a s  p r e s s u r i z a t i o n  were used  f o r  s o l v e n t  

d e l i v e r y .  The u s e  of m e t e r i n g  pumps p e r m i t t e d  
. . 

b o t h . r e p r o d u c i b l e  and a c c u r a t e  con t , r o l  o f  'f low 

r a t e s  r e g a r d l e s s  of changes  , i n  sys tem back p r e s s u r e  

and p rov ided  t h e  c a p a b i l i t y  o f  changing from one 
. . 

f l ow  r a t e  t o  a n o t h e r  r a p i d l y  and w i t h  a minimum of  

m a n i p u l a t i o n .  . ' . . 

2 )  The s i n g l e  t a n k  used  f o r  c o n t a i n i n g  co lo r - fo rming  . . 

r e a g e n t  was r e p l a c e d  w i t h  a  sys tem o f  p r e s s u r i i e d '  

b o t t l e s  s i m i l a r  t o  t h a t  d e s c r i b e d  p r e v i o u s l y  (32) .. 

T h i s  p e r m i t t e d  r a p i d  changes  from one co ' lor -  

forming ' r e a g e n t  t o  a n o t h e r  w i t h o u t  t h e  n e c e s s i t y  

of  hav ing  t o  empty and r e f i l l  t h e  s i n g l e  t a n k .  . , 

A d d i t i o n a l l y ,  t h e  systnem of  b o t t l e s  used t o  con- 

t a i n  co lo r - f  orming r e a g e n t  cou ld  be  p r e s s u r i z e d  



F i g u r e  1. Block d i ag ram o f  f o r c e d - f  low chromatograph 
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F i g u r e  2 .  Schemat ic  d iagram of  f orced-f low chromatograph 



. . 

s e p a r a t e l y  from t h e  e l u e n t  ' t a n k s  t h e r e b y  a l l o w i n g  

' .  th,e f low r a t e  o f  co lo r - fo rming  r e a g e n t  t o  b e  

r e g u l a t e d  i n d e p e n d e n t l y  o f  t h e  f low r a t e  o f  e l u e n t .  

3 )  A s y s t e m ' t o  c o n t i n u o u s l y  moni to r  t h e  pH o f  t h e  
/. 

f i n a l  e f f l u e n t  was' i n c o r p o r a t e d  w i t h i n  t h e  

chromatograph.  Th5s s y s t e m  i s  shown s c h e m a t i c a l l y  

4 )  An a c t i v e  low-pass f i l t e r  was I n c o r p o r a t e d  w i t h i n  

t h e  chromatograph between t h e  p h o t o m e t r i c  r e a d o u t  

u n i t  and t h e  a m p l i f i e r .  The c i r c u i t  d iagram o f  

t h e  f i l t e r  i s  shown i n  F i g u r e  4 .  Use o f  t h e  

f i l t e r  e l i m i n a t e d  h i g h  f r e q u e n c y  n o i s e  due  t o  

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

and pump p u l s a t i o n s  and p e r m i t t e d  a  c o n s i d e r a b l y  
, 

i n c r e a s e d  a m p l i f i c a t i o n .  o f .  t h e  chromatograph ic  

s i g n a l .  chromatograms i l l u s t r a t i n g  f i l t e r  

per formance  a r e  shown i n  F i g u r e s  5 and 6 .  

5 )  . The heavy i r o n  t a n k s  used  t o  c o n t a l n  t h e  " 

p r e s s u r i z e d  p o l y e t h y l e n e  e lu ' en t  b o t t l e s  were ,  

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

p l a s t i c  t a n k s  c o n s t r u c t e d  from heavy-walled 

6 i n c h  i . d .  P l e x i g l a s s  p i p e  epqx ied  5 n t o . a  

grooved p o l y c a r b o n a t e  b a s e  p l a t e .  S i m i l a r l y ,  

t h e  meta.1. c o l - l a r s  used  t o  r e t a i n  t h e  b o t t 1 . e ~  

w i t h i n  t .he t a n k s  were r e p l a c e d  w i t h  ones  con- 
. . 

strutted' o f  p o l y c a r b o n a t e  and t h e .  s t e e l  b o l t s  



Figu re  3. ~ c ' h e m a t i c  diagram of pH monltor.  



Figure  4 .  ' c i r c u i t  diagram of . a c t i v e  low-pass f i l t e r .  R v a l u ~ e s  shown 
a r e  i n  u n i t s  of Ki lo  Ohms 



F i g u r e  5'. Chromatogr&n i l l u s t r a t i n g  p e r f o r m a n c e  o f  a c t i v e  
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Figu re  6 .  Chromatogram 1 . l l . u s t r a t i n g  ~ e r f o r m a n c e  of a c t i v e  
low-pass f i l t e r  

Column: None; C i r e c t  i n j e c t i o n  i n t o  f lowing  s t ream 

~ l u e n t  : 0,1. N - I-:C1; 2 mP/min 
Detec t ion :  .BE-cL:man Model E; equipped wi th  f l o w ' c e l l  (20)  

. . 
Pt.R color-forming r eagen t ;  0 .5 ml/min . . 

. . 

Sampl'e: 51.4 p 1  
. . 

. . 





were r e p l a c e d  w i t h  nylon p i n s ;  The p i a s t i c  

t a n k s  gave  t r o u b l e - f r e e  o p e r a t i o n  and cou ld  

be used,  c o n t i n u o u s i y  a t  p r e s s u r e s  a s  h i g h  as 

50 p s i .  

11. Columns were c o n s t r u c t e d  from l e n g t h s  o f  4 mm i . d .  Pyrex 

t u b i n g  o n t o  which A l t e x  200-28 g l a s s  c o n n e c t o r s ' h a d  been 

f u s e d .  . The u s e  o f  V i ton  0 r i n g s  between t h e  poly-  
. .  . 

propy lenc  bush ings  and c a p s  of  t h e  g l a s s  c o n n e c t o r s  

r e s u l t e d  i n  columns t h a t  were b o t h  l e a k - t i g h t  and 

chemica l l y  i n e r t .  A d d i t i o n a l l y ,  t h e  columns were easy  

and i nexpens ive  t o  c o n s t r u c t .  Broken o r  d i s c a r d e d  

columns were e a s i l y  sa lvaged  by c u t t i n g  o f f  t h e  g l a s s  

c o n n e c t o r s  which cou ld  t h e n  be r e u s e d  f o r  t h e  con- 

s t r u c t i o n  o f  new columns. 

Columns were packed by. i n s e r t i n g  t h e  s m a l l e s t  

p o s s i b l e  p lug  of  g l a s s  wool i n t o  one end of  t h e  column 

so  a s  t o  r e t a i n  t h e  r e s i n  and t h e n  f i l l i n g  t h e  column 

from t h e  o t h e r  e n d , w i t h  a  s l u r r y  of  t h e  r e s i n  i n  

a c e t o n e  u s i n g  a n  A l t e x  200-19 male l u e r  a d a p t e r  and a 

s y r i n g e .  

111. A l l  plumbing components ( t u b i n g ,  tube-end f i t t i n g s ,  

c o u p l i n g s ,  p l u g s ,  t e e s ,  v a l v e s ,  sample l oops ,  e t c . )  

used were e i t h e r  purchased from Labo ra to ry  Data C o n t r o l  

o r  A l t e x  o r  were c o n s t r u c t e d  i n  t h e  Ames Labo ra to ry  

shops .  



B. Reagents  

1 .  0.01' M - ' s t ock  s o l u t i o n s  of m e t a l  i o n s  were p r e p a r e d ,  from 
. . 

' t h e  b e s t  ava i l ab1 .e  g r a d e  .of m e t a l  s a l t s .  I n  most c a s e s  
r 

r e a g e n t  g r a d e  c h l o r i d e  s a l t s .  were used  b u t  i n  a few 

c a s e s  i t  was n e c e s s a r y  t o  u s e  m e t a l  o x i d e s  o r  o t h e r  

s a l t s .  S u f f i c i e n t  h y d r o c h l o r i c  a c i d  was 'added t o  e ach  

s t o c k  s o l u t i o n .  t o  p r e v e n t  hyd ro ly s i s . ,  

2. Magnesium s t a n d a r d  s o l u t i o n  was p r epa red  b y  d i s s ' o l v i n g  

1 .000 g  of .magnesium m e t a l  i n  a  minimum amount of  hydro- 

c h l o r i c  a c i d  and d i l u t i n g  t o  1 . 0 0 0  2 w i t h  d i s t i l l e d , .  

d e i o n i z e d  w a t e r . .  

3 .  Calcium s t a n d a r d ,  s o l u t i o n  was p repa red  by d i s s o l v i n g  
. . 

2.5'00 g  o f  pr imary s t a n d a r d  ca lc ium c a r b o n a t e  i n  a  

minimum amount o f  h y d r o c h l o r i c  a c i d  and d i l u t i n g  t o  

1 .000  R w i t h  d i s t i l l e d ,  d e i o n i z e d  w a t e r .  

4 .  Ethylenediammonium c h l o r i d e  ( e n o 2 ~ C l )  was p r epa red  by 

d i s s o l v i n g  100 g  o f  e thy lened iamine  ( J .  T. Baker )  i n  

, 1 R 'o f  d i s t i l l e d  wa t e r .  The s o l u t i o n  was co,oled i n  a n  
. . . . 

i c e  b a t h  and 330 m l  .of c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  

(Dupont r e a g e n t  g r a d e )  w a s  added s l owly  w i t h  s t i r r i n g .  

The .ene2H'C1 was c r y s t a l l i z e d  by t h e  a d d i t i o n  o f  2- 

propano l ,  f i l t e r e d  w i t h  s u c t i o n ,  washed w i t h  a c e t o n e ,  

and a i r  d r i e d .  



5.  ' .  A l l  o t h e r  ' chemica l s  ( a c i d s ,  b a s e s ,  i n d i c a t o r s ,  so lven t s : ,  . ' . . 

e t c . )  used i n  t h e '  p r e p a r a t i o n  of  v a r i o u s  s o l u t i o n s  were 

t h e  b e s t '  g r a d e  a v a i l a b l e  a n d ' w e r e  used as r e c e i v e d .  



111. EXPERIMENTAL PARAMETERS 

A .  Choice o f  ~ e k i n  

The g e n e r a l  u s e f u l n e s s  o f  low c a p a c i t y - c a t i o n  exchangers  

based on p a r t i a l l y ,  s u l f o n a t e d  XAD-2 was f i r s t  demons t ra ted  by 

F r i t z  and S t o r y  (21 )  who used such  r e s i n s  f o r  t h e  fo rced- f low 

chromatographic  s e p a r a t i o n  o f  many d i f f e r e n t  m e t a l  i o n s .  

Among t h e  many s e p a r a t i o n s  demons t ra ted  were r a p i d ,  q u a l i -  

t a t i v e  s e p a r a t i o n s  o f  c a l c ium and magnesium. 

Low c a p a c i t y  c a t i o n  exchangers  based on  p a r t i a l l y  

s u l f o n a t e d  XAD-2 o f f e r  a number o f  a d v a n t a g e s  f o r  u s e  i n  

fo rced- f low chromatography ove r  b o t h  c o n v e n t i o n a l . g e 1 - t y p e  

c a t  i o n  exchangers  and c a t i o n  exchangers,  t h e  s u p e r f i c i a l l y  

porous  o r  p e l l i c u l a r  t y p e .  A s  a g a i n s t  c o n v e n t i o n a l  g e l - t y p e  

c a t i o n  exchangers ,  t h e s e  advan t ages  i n c l u d e  .bo th  b e t t e r  

mechan ica l  s t a b i l i t y  and i n c r e a s e d  e f f i c i e n c y  o f  s e p a r a t i o n .  

Compared t o  s u p e r f l c l a l l y  porous  o r  p e l l i c u l a r  r e s i n s ,  t h e  

advan t ages  i n c l u d e  g r e a t e r  economy and e a s e  o f  p r e p a r a t i o n  

as w e l l  as t h e  a b i l i t y  t o  accommodate l a r g e r  samples  due  t o  

t h e  l a r g e r  c a p a c i t i e s .  

Other  workers  have p o i n t e d  o u t  a d d i t i o n a l  advan t ages .  

I-Iansgri and G i l b e r t  ( 33 )  i n  a t h e o r e t i c a l  s t u d y  o f  s u p p o r t  

d e s i g n  f o r  liigh-speed ion-exchange chromatography c o n s i d e r e d  

t h e . e f f e c t s  o f  p a r t i c l e  s i z e ,  i n t r a - p a r t i c l e  d i f f u s i o n , . , a n d  

f i l m  d i f f u s i o n  on r e s o l u t i o n .  They concluded t h a t  optimum 
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r e s o l u t i o n  shou ld  o c c u r  w i t h  p e l l i c u l a r  s u p p o r t s  h a v i n g  

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

(<0 .100  - meq/g).  Hansen and G i l b e r t  ( 3 4 )  a l s o  d i d  a n  

e x p e r i m e n t a l  s t u d y  of  r e s i n  d e s i g n  i n  which t h e y  p r e p a r e d  

a  s e r i e s  o f  c a t i o n  exchangers  o f  v a r y i n g  c a p a c i t y  (0 .123  - 
0.642 meq/g) b y p a r t i a l l y  s u l f o ~ n a t i n g  s t y r e n e - d i v i n y l  

benzene copolymer.  They used  t h e  200-300 mesh f r a c t i o n  f o r  

t h e  s e p a r a t i o n  o f  u r a c i l ,  cytosine, and a d e n i n e . a n d  found 

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

g r e a t e r  r e t e n t i o n  o f .  t h e  l a t e  e l u t i n g  p e a k s .  

B: P r e p a r a t i o n  o f  P a r t i a l l y  S u l f o n a t e d  XAD-2 

P a r t i a l l y  s u l f o n a t e d  XAD-2 was p r e p a r e d  by a  p r o c e d u r e  

s i m i l a r  t o  t h a t  d e s c r i b e d  by F r i t z  and S t o r y  ( 2 1 ) .  XAD-2 

r e s i n ,  20-50 m e s h , . o b t a i n e d  from Rohm and Haas was S o x h l e t  

e x t r a c t e d  w i t h ' m e t h a n o l  and  a i r  d r i e d . .  The c l e a n e d . r e s i n  

was ground i n  a  Wiley m i l l  and s i e v e d  d r y .  A 5  t o  10-g 

p o r t i o n  of t h e  250-325 mesh f r a c t i o n  w a s  suspended i n  

c o n c e n t r a t e d  s u l f u r i c  a c i d  (Dupont Reagent ,  g r a d e )  and s t i r r e d .  

f o r  30 minu tes  a t  102-103 '~ .  C lose  c o n t r o l  of  t e m p e r a t u r e  

was m a i n t a i n e d  by means o f  a w e l l  r e g u l a t e d ,  e l e c t r i c a l l y  

h e a t e d  o i l  b a t h .  A t  t h e  end o f  t h e  r e a c t i o n  p e r i o d ,  t h e  

r e a c t i o n  mixtui-e was paured o v e r  i c e  and t h e  p a r t i a l l y  

s u l f o n a t e d  r e s i n  f i l t e r e d  o f f .  The r e s i n  was washed 

r e p e a t e d l y  w i t h  d i s t i l l e d  w a t e r  and f i n a l l y  w i t h  a c e t o n e .  

It was t h e n  a i r  d r i e d  o v e r n i g h t .  



. . 

The' hydrogen c a p a c f t y  of  e a c h  b a t c h  'of r e s i n  w a s  measured 

by e q u i l i b r a t i n g  a  weighed amount o f  r e s i n  w i t h  a  known e x c e s s  

o f  s t a n d a r d  b a s e .  A f t e r .  s h a k i n g  f o r  s e v e r a l  h o u r s  on a w r i s t  

a c t i o n  s h a k e r ,  t h e  r e s i n  was f i l t e r e d  o f f  and t h e  r e m a i n i n g  

b a s e  t i t r a t e d  w i t h  s t a n d a r d  a c i d .  c a p a c i t i e s  o f  r e s i n s  

p repared  i n  t h e  manner d e s c r i b e d ' a b o v e  ranged  f r o m ' 1 . 8  t o  

2 . 0  meq hydrogen pe r  gram o f  a i r - d r i e d  r e s i n .  

C .  Choice' of Color-forming Reagen t s  
. . 

1. G e n e r a l  r e q u i r e m e n t s  

I n  o r d e r  f o r  any g i v e n  co lo r - fo rming  r e a g e n t  t o  be u s e f u l  

f o r  t h e  c o n t i n u o u s  s p e c t r o p h o t o m e t r i c ' a n a l y s i s  of f o r c e d - f l o w  

chromatogra.phic e f f l u e n t s ,  I t  i s  n e c e s s a r y  t h a t  t h e  r e a g e n t  

e x h i b i t  certain.characteristics. Among t h e  most i m p o r t a n t  of 

t h e s e  . a r e  . t h e  f o l l o w i n g :  

'1) The p r o d u c t  of t h e  co lo r - fo rming  r e a c t i o n  s h o u l d  , 

have a  l a r g e  e f f e c t i v e  molar  a b s o r p t i v i t y , i n  o r d e r  

t h a t .  i t  may be used  f o r  t h e  a c c u r a t e  a n a l y s i s  of 

t r a c e  amounts of m e t a l  i o n s .  

2 )  Color  development s h o u l d  be  f a s t  e n o u g h . t h a t  t h e  

u s e  of a  d e l a y  l o o p  c a n  be avo ided  s i n c e  such  

l o o p s  a lways  r e s u l t  i n  a  d e c r e a s e  i n  r e s o . l u t i o n  

due t o  band s p r e a d i n g  ( 3 5 ) .  

3 )  The color- forming r e a g e n t  shou ld  be i n s e n s i t i v e  

t o  t h e  p r e s e n c e - o f  background e l e c t r o l y t e  from 

the e lue r l l  arid b u f f e r  u s e d .  1 



4) The' p r o d u c t s  o f  t h e  co lo r - fo rming  r e a c t i o n  

should  be s o l u b l e  because  r e a c t i o n s  t h a t  r e s u l t  . ,  

i n  t h e  fo rma t ion  of l a k e s  and p r e c i p i t a t e s  c an  

cause  - c o a t i n g  o f  c e l l  windows. 
. . 

5 )  The reag.ent  shou ld  be s t a b l e  i n  s o l u t l o n  and . . 

ea sy  and economical  t o  p r e p a r e .  

6 )  The s e l e c t i v i t y  o f  t h e  r e a g e n t  shou ld  be  s u i t e d  

t o  t h e  r equ i r emen t s  of t h e  p a r t i c u l a r  a n a l y s i s  

be ing  performed.  I n  c a s e s  i n  which two o r  more 

i o n s  a r e  comple te ly  r e s o l v e d  and i t  i s . d e s i r e d  

t o  a n a l y z e  each  o f  'them i n  t u r n ,  i t  i s  

n e c e s s a r y  t o  u s e  a  n o n s p e c i f i c  r e a g e n t .  I n  

c a s e s  i n  which t w o ' o r  more i o n s  a r e  i ncomple t e ly  

. . . r e s o l v e d  and i t  i s  d e s i r e d  t o  a n a l y z e  . on ly  one 

o f  them, a  r e a g e n t  of g r e a t e r  s p e c i f i c i t y  must 

be used .  

2 .  Arsena io  I r e a g e n t  

Wlth t h e s e  c r i t e r f a  i n  mind, a number o f  r e a g e n t s  t h a t  

have .been used o r  sugges ted  f o r  t .he co1o : r imet r i c  de t e rmi -  

na t ' ion  o f  ca1c.ium and /or  magnesium were f i r s t  b r i e f l y  
. . 

examined by means of t h e  f o l l o w i n g  exper iment .  

S t o c k  s o l u t i o n s  of  t h e  v a r i o u s .  r e a g e n t s  i n c l u d i n g  

Arsenazo I, Arsenazo 111, Sul fonazo  111, Methyl.Thymo1 Blue ,  

~ u r e x i d e , '  - T i t a n  yel low,  Sodium Rhodizonate.,  Er iochrome Black  



T, ~ h l o r o ~ h o ' s ~ h o ' n a z o  II.1, and TAR. ' ( 4 ' - ( 2 - ~ h i a z o l y l - a z o ) -  

r e s o r c i n o l )  were p r e p a r e d  i n  d i s t i l l e d  w a t e r .  Measured 

a l i q u o t s  of  e a c h  s t o c k  s o l u t i o n  were mixed w i t h  a n  e q u a l  

volume of  b u f f e r  (pH 4 .2 ,  4 .9 ,  6 .1 ,  7 . 0 ,  8 . 0 ,  9 . 0 ,  1 0 . 0 ,  

1 1 . 0 ,  o r  1 2 . 0 )  a n d . . t h e  f i n a l  s o l u t i o n s  made a p p r o x i m a t e l y  

0 .001 M - i n  c a l c i u m  o r  magnesium. The e x t e n t  o f  r e a c t i o n ,  if 

any,  compared - t o  t h a t  of  b l a n k s  c o n t a i n i n g  o n l y  col .or - forming 

r e a g e n t  and b u f f e r ,  was judged on t h e  b a s i s  o f  c o l o r  c o n t r a s t ,  

c o l o r  i n t e n s i t y ,  and t i m e  of development .  Based on t h e s e  

c o n s i d e r a t i o n s ,  it was conc luded  t h a t  o f  t h e  r e a g e n t s  

su rveyed ,  Arsenazo I a p p e a r e d  b e s t  s u i t e d  f o r  u s e  i n  t h e  

c o n t i n u o u s  s p e c t r o p h o t o m e t r i c  d e t e c t i o n  of  c a l c i u m  and /o r  

magnesium i n  column e f f l u e n t s . ,  

These r e s u l t s  a r e  i n  a c c o r d  w i t h  t h e  p r e v i o u s  u s e  of  

t h e  r e a g e n t  f o r  t h a t  purpose  ( 2 1 )  and w i t h  i t s u s e  a s  a n  

i n d i c a t o r  i n  w a t e r  h a r d n e s s  t i t r a t i o n s  ( 3 6 ) .  It h a s  a l s o  

been used  f o r  t h e  d e t e r m i n a t i o n  o f  magnesium i n  a l l o y s  ( 3 7 )  

.and f o r  t h e  d e t e r m i n a t i o n  o f  c a l c i u m  and magnesium i n  b lood  

serum ( 3 8 ) .  O t h e r  u s e s  of  t h e  r e a g e n t .  have been reviewed by 

Savv in  ( 3 9 ) .  

I n  t h e  p r e p a r a t i o n  of  ~ r s e n a z o  T r e a g e n t ,  1 2 1 . 1  g  of  

THAM (Tris(hydroxymethyl)aminomethane) was d i s s o l v e d  i n  

a p p r o x i m a t e l y  750 m l  o f ,  d i s t i l l e d  w a t e r .  S u f f i c i e n t  concen- 

t r a t e d  hydroch1.oric  a c i d  was added t o  a d j u s t  t h e  pH o f  t h e  

s o l u t i o n  t o  9 .0  a n d ,  t h e  .volume was made up t o  1 l i t e r  u s i n g  



d i s t i l l e d  wa' ter .  '0.100 g  o f  Arsenazo I was t h e n  added w i t h  

.. s t i r r i n g .  The r e s u l t i n g  s o l u t ' i o n  c o u l d  b e . u s e d  immedia te ly  
. . 

and was s t a b l e  a t  room t e m p e r a t u r e  f o r  a month o r  l o n g e r .  

THAM was chosen  a s  a b u f f e r  s i n c e  i t  i s  p u r e , . n o n -  
. . 

hydroscop ic ,  and o n l y  weakly complexing ( 4 0 ) .  A d d i t i o n a l l y ,  

.it i s  n o n v o l a t i l e  and t h i s  i s  a n  a d v a n t a g e  s i n c e  t h e  u s e  of 

ammonia-based b u f f e r s  m a y ' r e s u l t  i n  clogging of  t h e  h e l i u m '  

supp ly  l i n e s  w i t h . d e p o s i t s  of ammonium c h l o r t d e  and i n  

c o r r o s i o n  o f  b r a s s  f i t t i n g s . .  

3.  . PAR r e a g e n t  

PAR (4 - (2 -Pyr id 'y1azo) - reso rc ino l ' )  i s  one o f . t h e  most 

v e r s a t i l e  co lo r - fo rming  r e a g e n t s  a v a i l a b l e .  It h a s  been  used ' 

o r  proposed f o ~  t h e  c o l o r i m e t r i c  d e t e r m i n a t i o n  o f  many 

d i f f e r e n t  m e t a l  i o n s  i n c l u d i n g  vanadium (v )  ( 4 1 ) ,  manganese 

(11) ( 4 2 ) ,  i r o n  (111) ( 4 3 ) ,  ; o b a l t  (11) ( 4 4 ) ,  n i c k e l  (11) 

( 4 5 ) ,  copper  (11) ( 4 6 1 ,  z i n c  (11) , ( 4 2 ) ,  l e a d  (11) (471,  

g a l l i u m '  (111) ( 4 8 ) ,  indium (111) (481,  t h a l l i u m  (111) ( 4 8 ) ,  

osmium ( T V )  ( 4 9 ) ,  p a l l a d i u m  (11) ( 5 0 ) ,  t a n t a l u m  (v )  ( 5 1 ) ,  

niobium ( V )  ( 5 2 ) ,  scandium (111) ( 5 3 ) ,  t h e  r a r e  . e a r t h s  ( 5 4 ) ,  

u.raniwn ( V I )  (551,  neptunium ( V )  (561,  and t h o r i u m  ( I V )  ( 5 7 ) .  

The f i r s t  u s e  of  PAR a s  a  co lo r - fo rming  r e a g e n t  f o r  t h e  

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

chromatograph ic  column e f f l u e n t s  was r e p o r t e d  by S i c k a f o o s e  

( 4 6 )  who used  i t  f o r  t h e  d e t e r m i n a t i o n  o r  copper  (11) and  

z i n c  (11). PAR h a s  s i n c e  been employed i n  a s i m i l a - r  f a s h i o n  



by ~ r i t z  and S t o r y  ( 2 1 )  for* t h e  c o n t i n u o u s  d e t e r m i n a t i o n  o f  

l e a d  ( 1 1 ) ,  n i c k e l  . (II),  t h e  r a r e  e a r t h s , . a n d  z i n c  (11). 

~ d d i t i o n a l l ~ ,  Kawazu and F r i t z  ( 2 0 )  and Kawazu, S h i b a t a ,  and 

Kakiyama ( 5 8 )  have used i t  f o r  t h e  d e t e r m i n a t i o n  o f  

cadmi'um .(I.I) ,. c o b a l t  (1.11, copper  (II) ,  i r o n  (111), l e a d  
. . 

( I I ) ,  manganese '(IT), and'  z i n c  (11). PAR i s  p r o b a b l y  t h e  

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

o f  m e t a l  I o n s  i n  fo rced- f low chromatograph ic  column e f f l u e n t s  

due t o  i t s ,  ext reme S e n s i t i v i t y ,  immediacy o f  r e a c t i o n ,  
. . 

' 

i n d i f f g r e n c e  t o  background e l e c t r o l y t e ,  and s t a b i l i t y  i n  
. . 

' s o l u t i o n .  

I n  t h e  p r e p a r a t i o n  of PAR r e a g e n t  0 .100 g  o f  PAR 

(Eastman, #7714) was d i s s o l v e d  w i t h  s t i r r i n g  i n  1 R o f  

THAM-HCl . b u f f e r  (pH 9 ) .  The b u f f e r  s o l u t i o n  was . p r e -  

p a r e d  i n  an.  i d e n t i c a l  manner t o  t h a t  of t h e  THAM-HCJ. b u f f e r  
. . 

used  i n  t h e  p r e p a r a t i o n - o f  Arsenazo I r e a g e n t .  T h e . s o l u t i o n  

o f  PAR r e a g e n t  was 4.65 x M i n  PAR. It c o u l d  be used  - 

immedia te ly  and was ' s t a b l e  i n d e f i n i t e . 1 ~ .  

. . . . . . . . , , .  . . .  

. 4. . 'PxR-ZnEDTA pea'g&'nt . 

/ 

I n  o r d e r  t h a t  ' s m a l l  samples  c o n t a i n i n g  q u i t e  low l e v e l s  

of  c a l c i u m  a n d / o r  magnesium 'might  be a n a l y z e d ,  i t  was deemed 

ne.ceSsary. : t o  e m p . 1 0 ~  a color- f  orming r e a g e n t  w i t h  g r e a t e r  

s e n s . i t . i v i t y .  . than  . . that .  o f f e r e d  by Arsenazo I. A d d i t i o n a l l y ,  
. . 

a r e a g e n t  w a s  sought .  t h a t  o f f e r e d  good s e n s i t i v i t y  f o r  t h e  
. . . . 

.det:e.ction o f  s t r o n t i u m  a n d  bar ium.  : V a r i o u s  p o s s i b i l i t . i e s  



. . 

were c o n s i d e r e d  and it was concluded t h a t  t h e  u s e  o f  a d i s -  
. . 

placement r e a c t i o n  o f f e r e d  t h e  g r e a t e s t  chance  o f  s u c c e s s .  

Many such r e a ~ t i o ~ s . ,  i n  which one i o n - d i s p l a c e s  a n o t h e r  from 

a complex t h e r e b y  f r e e i n g  t h e  second. i o n ' t o  p a r t i c i p a t e  i n  a  

r e a c t i o n ,  have been d i s c u s s e d  by P e r r i n  ( 5 9 ) .  
. . 

For  t h e  d e t ' e c t i o n  o f  t h e  a l k a l i n e  ea r ths ' ,  i t  was d e c i d e d '  

t o  u se  a  d i sp lacement  r e a c t i o n  based on complexa t ion  by EDTA 

because  EDTA forms s t r o n g  c'omplexes w i t h  t h e  a l k a l i n e  e a r t h s  

a t  h i g h e r  PH v a l u e s .  It i s ' a l s o  r e l a t i v e l y  ' i n expens ive  and 

r e a d i l y  a v a i l a b l e . .  Zinc was chosen as t h e  i o n  t o  be. d i s -  
. . 

p l aced  because  it fo rms  EDTA complexes i n t e r m e d i a t e  i n  

s t a b i l i t y  between t h o s e  o f  t h e  a l k a l i n e  e a r t h s  and most o t h e r  
. . 

m e t a l  i o n s  ( 6 0 ) .  A d d i t i o n a l l y ,  d e t e c t i o n  o f  z i n c  w i t h  PAR i s  

ex t remely  s e n s i t i v e  ( 4 2 ) .  

Other .  examples of  displac.ement r e a c t i o n s  t h a t  have been 

u t i l i z e d  f o r .  t h e  . s .peot rophot 'ometr ic  . d e t e r m i n a t i o n  o f  one o r  
. . . . 

mor-e qf' the '  a l k a l f n e  e a r t h s  i n c l u d e  t h e  u s e  o f  Mg-EDTA and . . 
.. . . 

Calmagi te  t o  de t e rmine  ca l c ium C61), t h e  u s e , o f  Zn-EGTA a n d .  , 

Zincon t o  de t e rmine  ca l c ium i n  t h e  p r e sence  o f  magnesium 

( 6 2 ) ,  and t h e  u s e  o f  SR-EGTA and Eriochrome Black  T t o  

de te rmine  magnesium i n  t h e  p r e sence  o f  c a l c ium ( 6 3 ) .  
. . 

Use of  a co lo r - fo rming  rea .gent  based on t h e  r e a c t i o n  of  

a m e t a l  i o n  with Zn-EDTA ana  PAR t o  form the '  EDTA complex o f  

t h e  m e t a l  i o n  and Zn-PAR r e s u l t e d  i n  a  s ens i t . i . v e  and a c c u r a t e  
. . 

d e t e r m i n a t i o n  o f  t h e  a l k a l i n e  e a r t h s .  A d d i t i o n a l l y ,  a l l  o f  



. . 

t h e  me ta l '  i o n s  t h a t  can be d e t e c t e d  u s i n g  PAR a l o n e  c o u l d  be 

, d e t e c t e d  a s  w e l l  o r  b e t t e r  u s i n g - t h e  mixed r e a g e n t .  The PAR- 

ZnEDTA r e a g e n t  was k i n e t i c a l l y  f a s t  enough t o  be u s e d  wi thout  

a  de l ay  loop  and was n o t  a f f e c t e d  by t h e  p re sence  of back- 

ground e l e c t r o l y t e .  ;It was s t a b l e  i n  s o l u t i o n  and e a s i l y  

p repared .  The e x t e n t  o f  t h e  color- forming r e a c t i o n  i s  

a f f e c t e d  by pH and i n  p r a c t i c e  i t  was found neces sa ry  t o  

ensure  tha ' t  t h e  pH of t h e  f i n a l  mix ture  o f  e f f l u e n t  and 

color- forming r e a g e n t  was' - > 9 f o r  s e n s i t ' i v e ,  . a c c u r a t e  
. . 

d e t e c t i o n  of t h e  a l k a l i n e  e a r t h s .  The PAR-ZnEDTA r e a g e n t  

was developed i n  t h e . l a t t e r  p a r t  o f  t h i s  work. It was used 
. . 

bo th  f o r  t h e  a n a l y s i s  o f  serum.s'amples and f o r  t h e  de te rmi-  
. . 

. n a t i o n  .of column. d i s t r i b u t i o n  . c o e f f i c i . e n t s  o f  t h e  a l k a l i n e  

e a r t h s .  

. . 
. . 

A s t .ock '  s o l u t i o n  of Zn(EDTA) was p repa red  by r e a c t i n g  

s t o i c h i o m e t r i c  'amounts o f '  zi'nc and' EDTA s t o c k  s o l u t i o n s .  The 
. . 

c o r r e c t  r a t i o  was ,de te rmined  by p r i o r  t i t r a t t o n  of  t h e  z inc  

s t o c k  so . l u t i on  w i t h  the '  EDTA s t o c k  s o l u t i o n  u s i n g  x y l e n o l  
. . 

orange a s  i n d i c a t o r  a t  pH 5.  S e v e r a l  NaOH p e l l e t s  were added 

t o  each l i t e r  o f ' f . r e s h l y  p repa red  s - o l u t i o n  t o  r a i s e  t h e  pH 

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

form of EDTA. The . . Zn(EDTA) c o n c e n t r a t i o n  of t h e  f i n a l  

50 m l .  o f  t h i s  s o l u t i o n  was added ,to. each l i t e r  of  PAR 

r e a g e n t  and t h e  f i n a l  s o l u t i o n  was made'0.200' M - i n  sodium 

hydroxide .  The r e s u l t i n g  s o l u t i o n -  .of PAR-z~(EDTA) reagent  



was 4.43 x  iOy4 M - i n  PAR a n d .  3.64 x  M i n  ~ ~ ( E D T A )  and - 
. . t h e  pH was approx' imately 1 2 .  

5 . C hr'o'ma'zu'r'a'l' S' 'r'ea'g'e'n t 

Chr'omazurol S  '(3''-Sulf0-2", 6"-dichloro-3,3'  -dimethyl-4- 
. . 

hydroxyfuchsone-5,5f-dicarboxylic a c i d )  ha s  been used f o r  t h e  

d e t e r m i n a t i o n  of  aluminum i n  i r o n  o r e s ,  s i n t . e r s ,  and .open 
. . 

h e a r t h  s l a g s  '(64) and i n  s t e e l ,  z i n c ,  and g a l v i n i z e d  c o a t i n g  

( 6 5 ) .  Other  a p p l i c a t i o n s  o f  t h e  r e a g e n t  have been l i s t e d  by 

Bishop ( 6 6 ) .  

The r e a g e n t  was us.ed f o r  the  con t i nuous  . spec t ropho to -  

m e t r i c  a n a l y s i s  of .aIuminum i o n s  because  o f  t h e  e x c e l l e n t  
. . . . 

c o l o r  c o n t r a s t  bet.ween t h e  f r e e  (yel low-orange)  and bound 

( . v i o l e t )  forms. of  t h e  r e a g e n t .  ' Extended.  u s e  of t h e  r e a g e n t  

r e s u l t e d  i n  c o a t i n g  .of  t h e  l i n e s  and 'f,low c e l l  a u r f a c e s . w i t h  

- t h e  v i o l e t  p r o d u c t s .  o f  t h e  co lo r - fo rming  r e a c t i o n  and i t  was 

necegsa ry  t o  p e r i o d i c a l l y  f l u s h  t h e  l i n e s  w i t h  h y d r o c h l o r i c  

a c i d  i n  o rder  t o  r'emove t h i s '  c o a t i n g .  The u s e  o f  s t a b i l i z e r s  
. . 

and d i o p e r s i n g  agrr i ts  i n c l u d i n g  T r i t o n  X-100, Tween 80, and 
. . 

methanol  was t r i e d  b u t  n o t  e x t e n s i v e l y  i n v e s t i g a t e d  i n  a n  

e f f o r t  to '  minimize fo rma t ion  o f ' t h i s  c o a t i n g .  

. . . . . . . . . 

6 . . E rre'c't'l 've mo'l'a'r' 'ab's'o'rp ti 'vi 't.i 'e's '  .o.f .c.o'l.o~r'-'f drming rea 'geri t  s 

~ x ~ e ~ - - i n l e n t a l  b o n d i t  i o n s  employed i n  d e t e r m i n i n g  t h e  

e f f e c t i v e  molar  a b s ~ r ~ t i v i t i e s  o f  t h e  d i f f e r e n t  co lo r - fo rming  

r e a g e n t s  a r e  g iven  i n  Tab le  IIT. I n  a l l .  c a s e s ,  pH 9 THAM-HCl 



buffer was used to adJust the pH and.all absorbance measure- 

meits were made using a Cary'l6double-beam spectrophotometer 

and 1- or 10-cm cells. Similarly, all measurements were run 

versus reagent blanks c,onta'ining concentrations of color- . . 
. . 

':forming reagent, buffer, and background electrolyte identical 
. . 

to those of the solution. being measured. 

Table 111. Experimental conditions employed in determining 
effective molar absorptivities of different 
color-forming reagents 

X Con~e~trat'ion Concentration ., . Concentration 
of color-forming of metal ion of background 

. . . . . . . . . . . . . . .  
. . .  r.e.a.g.ent. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  electrolyte 

490 nm 4.2 x M PAR - 2;oo i i0-5 M --- 
. - 

.. - 5. 
4.6 x 10 M ZnEDTA' Mg, Ca, Sr, Ba - 

590 nm 7.0 x 10 -5. 
- 2 . 5 0 ~  io-5 M --- - - 

Arsenazo I Mg, Ca 

590 nm 1.24 x .- M , '  , '  , 2 '00-4.00 x M - 0.8 M - N H ~ C ~  

Arsenazo .I M ~ Y  Ca ' .  

. . 

590 nm 1.24 x M - 2 .OO-4.00 x i0-5 M 0..03 M - - 
:en*2HCl, 

Arsenazo I Mg; Ca 



-1 -1 Table  . . IV .  . Ef.f ec  t i .ve molar.  a.b.s.or.p.t.i.v.i.t.i.e.s.,. M .  cm . . .  

Metal  . . Color-Forming Reagents  
I o n s  

~ r s e n a z o  I a ,  . Arsenazo I ~ r s e n a z d .  1. PAR-Zn(EDTA).. . .  

( 0 . 8  M - N H 4 C 1 )  
, . (0.03..M . . . . . - . e n .  . . . . 2 ~ ~ 1 ) ~  . . . . . . . . . .  

a Values  i n  p z r e n t h e s e s  r e f e r  t o  background e l e c t r o l y t e .  



7 . Wa~e1 'e '~g ' th  'o'f 'd.e't'e'c't'i'on 

Optimum w a v e l e n g t h . s e t t i n g s  f o r  u s e  w i t h  t h e  d i f f e r e n t  

co lo r - fo rming  r e a g e n t s  were d e t e r m i n e d  by i n j e c t i n g  i d e n t i c a l  

a l i q u o t s  o f  m e t a l  i o n s  under  f i x e d  c o n d i t i o n s  and  measur ing  

t h e  r e s u l t i n g  peak h e i g h t s  a s  a  f u n c t i o n  o f  wave leng th .  

R e s u l t s  o f  some of t h e s e  s t u d i e s  a r e  shown i n  F i g u r e s  7 and  

8 .  

A s  can  be  s e e n  from F i g u r e s  7-8, t h e  r a n g e  of wave- 

l e n g t h s  g i v i n g '  maximum s e n s i t i v i t y  i s  somewhat ' s m a l l e r  when 

u s i n g  Arsenazo I a s  a  c o l o r - f o r m i n g  r e a g e n t  t h a n  when u s i n g  

PAR-ZnEDTA. T h i s  presumably i s  r e l a t e d  t o  t h e ,  g r e a t e r  s h i f t  

i n  absorbance  between t h e  f r e e  and bound forms o f  PAR 

( y e l l o w  t o  r e d )  compared t o  ~ r s e n a z o  I ( red-orange  t o  

v i o l ' e t ) .  Based on t h e s e  s t u d i e s ,  a  wavelength  s e t t i n g  of  

590 nm was chosen f o r  u s e  i n  c o n j u n c t i o n  w i t h  Arsenazo I 

and a  s e t t i n g  o f  495 nm f o r  u s e  w i t h  PAR-ZnEDTA. 

D. Choice o f  E l u e n t s  

. . I n  f o r c e d - f  low chromatography w i t h  c o n t i n u o u s  s p e c t r o -  

p h o t o m e t r i c  d e t e c t i o n  i t  i s  o f t e n  advan tageous  t o  employ' s a l t  

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

. t h e n  much e a s i e r  t o  buSt'er t h e  f i n a l  pH ot' t h e  m f x t u r e  oi'  

e f f l u e n t  and c o l o r - r o r m i n g  r e a g e n t  t o  any d e s i r e d  v a l u e .  

T h i s  makes f o r  more c o n v e n i e n t ,  more p r e c i s e  s p e c t r o p h o t o -  

m e t r i c  d e t e c t i o n ,  p ' a r t i c u l a r l y  i n  c a s e s  where c l o s e  pH 

, ' c o n t r o l  o f  t h e  co lo r - fo rming  r e a c t i o n  i s  r e q u i r e d  f o r  maximum 
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Figure.7. Peak height of calcium and magnesium.as a 
function of wavelength of detection using 
Arsenazo I color-forming reagent 

, Column: 1.9 meq/g low capacity catex.; . . 

7 cm x 0.4 .em 
Eluent: 1 M - NH4C1; 1.15 ml/min 
Detection:. Arsenazo I color-forming reagent; 

0.5 ml/min 

Sample: 51.4 ~ 1 ;  179 pg Ca and 53 - 8  Ug Mg 
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F i g u r e '  8 .  Re l a t . i . ve .peak  h e i g h t  o f  ca lcrum as a  f u n c t i o n  
of 'wave.1engt.h o f '  .de. tect  i o n  u s i n g  PAR-ZnEDTA 
c o l o r - f  orming rea .gen t  

Column: 2'. 0 meq/e; ].ow, capac i ty .  ' c a t e x ;  
7 'em x' 0 . 4  'cm 

. . 
E l u e n t :  O.b3? - M en*2bTCl;. 2 ml/min 

De tec t  io'n: PAR-ZnEDTA .color- forming.  . . r e a g e n t ;  
0 .25  mi/mfn - . 

. .  . . . 

Sample: 4 2 . 2  ~ 1 ;  2 . 1  .pg C a  
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s e n s t t i v i t y  . A d d i t i o n a l l y ,  i t  i s  p o s s i b l e  t o  c o n t r o l  t h e  

f low r a t e s  o f  e l u e n t  and co lo r - fo rming  r e a g e n t  i n d e p e n d e n t l y ,  

of e ach  o t h e r  o v e r  a r e l a t i v e l y  b road  r ange  w h i l e  s t i l l  

m a i n t a i n i n g  a d e b i r e d  f i n a l  pH. Accord ing ly ,  i t  was dec ided  

t o  employ s a l t  s o l u t i o n s  as e l u e n t s  wherever p o s s i b l e  i n  t h i s ,  
. . 

work. 

Ammo.n.~u.m. ' . ' c h  l'o'r'i'd e  

An exper iment  was' performed i n  which s o l u t i o n s  o f  . . 

v a r i o u s  sa l t s  were e v a l u a t e d  f o r  p o s s i b l e  u s e  o f  e l u e n t s . i n  

t h e  s e p a r a t i o n ' o f  ca lc ium and magnesium on low-capac i ty  

c a t i o n  exchangers .  Th i s  w a s  done by u s i n g  t h e  same concen- 

t r a t i o n  o'f v a r i o u s  s a l t s  t o  e l u t e  i d e n t i c a l  a l i q u o t s  o f  a  

m ix tu r e  o f  ca lc ium and magnesium under  f i x e d  c o n d i t i o n s .  

R e s u l t s  o f  t h i s  s t u d y  a r e  shown i n  Tab1.e .V t o g e t h e r  w i t h  ' '  

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

Based on t h e s e  r e s u l t s ,  i t  was concluded t h a t  o f  t h e  

d i f f e r e n t  s a l t s  s t u d i e d ,  ammonium c h l o r i d e  appeared  t o  be 

t h e  b e s t  c h o i c e  from t h e  s t a n d p o f n t s . , o f  d e t e c t i o n ,  D 
Mg' 

Accordingly ,  s o l u t i o n s  o f  ammonium c h l o r i d e  DCa, and a .  Mg 
were chosen f o r  u s e  a s  e l u e n t s  i n  t he  i n i t i a l  phase  o f  t h i s  

work. . . 

F r i t z  and Kar raker  ( 6 7 )  were t h e  f i r s t  t o  us'e e t h y l e n e -  

diammonium c h l o r i d e  s o i u t i ~ n s  as e l u e n t s  i n  ion-exchange 



Table  V. , '  ComparTson- o f  v a r i o u s  e l u e n t s  f o r  t h e .  s e p a r a t  i o n  
. . . . . . . . . . . . . . . . . . . . .  . .o.f...C.a. .an.d. .Mg . . 

Ca E l u e n t .  , D a D ~ g  . ~ . a  : . ~ g  .:: Comments . . . . . . .  . . .  . . ' .  . . . .  

0.6 M ~ i C l  30 '75 --- - Poor d e t e c t i o n .  o f  Mg, 
Ca n o t  e l u t e d  

c o n s i d e r a b l e  t a i l i n g  
o f  b o t h  Ca and Mg 

Cons ide r ab l e  t a i l i n g  
o f  b o t h  Ca and Mg 



chromatography.  They used 0 . l  M_ ethylenediammonium c h l o r i d e  

t o  s e p a r a t e  z i n c  from lanthanum o.n Dowex 50 X 8. and t h e n  

t i t r a t e d  t h e  e l u t e d  z i n c  w i t h  EDTA u s i n g  a  v i s u a l  i n d i c a t o r .  

They a l s o  p o i n t e d  o u t  some o f  t h e  advan t ages  o f  e t h y l e n e -  

diammonium c h l o r i d e  as a n  e l u e n t .  These i n c l u d e d  b e i n g  a b l e  , . 

t o  u s e  a  much, lower  c o n c e n t r a t i o n .  o f  ethylenediammonium 

c h l o r i d e  t o  e l u t e  z i n c  t h a n  i s  p o s s i b l e  w i t h  s imp le  m i n e r a l  

a c i d s  and a l s o  t h e  n o n i n t e r f e r e n c e  o f  t h e  ethylenediammonium 

i o n  w i t h  subsequen t  a n a l y t i c a l  o p e r a t i o n s .  

F r i t z  and Kar raker  (,68.) a l s o  used  ethylenediammonium 

p e r c h l o r a t e  t o  s e p a r a t e  d i v a l e n t  i o n s  from t r . i v a l e n t  i o n s .  

They e l u t e d  most d iva . l en t  i o n s  w i t h  0'. 1 M ethylenediammonium - 
p e r c h l o r a t e  and t h e n  s t r i p p e d '  t h e  t r i v a l e n t  i o n s  w i t h  0 . 5  M 

. . - 

ethylenediammonium.perchlorate. The s e p a r a t e d  i o n s  were 

subsequen t l y  ana lyzed  b y  EDTA t i t r a t i o n s .  

Ethy1enediammo.nium c h l o r i d e  s o l u t i o n s  o f f e r  s e v e r a l  

advan tages  f o r  u s e  as e l u e n t s  i n  fo rced- f low c a t i o n  exchange 

chromatography o f  doubly  charged m e t a l  i o n s .  

The f irst '  o f  t h e s e  advan t ages  d e r i v e s  from t h e  similar 

a f f i n i t y  f o r  t h e  ca t ion-exchange  r e s i n  o f  t he .  +2 e t h y l e n e -  

diammonium i o n  compared t o  t h e  a f f i n i t i e s  o f  t h e  +2 me'tal 

i o n s .  Because o f , t h e s e  s i m i l a r  a f f i n i t i e s ,  i t  i s  p o s s i b l e  t o  

r a p i d l y  e l u t e  t2 metal i o n s  from t h e  r e s i n  w i t h . s m a l 1  volumes 

of e l u e n t  c o n t a i n i n g  low c o n c e n t r a t i o n s  o f  ethylenediammonium . . 

c h l o r i d e .  Much more c o n c e n t r a t e d  s o l u t i o n s a r e  r e q u i r e d  



u s i n g  e l u e n t s  c o n t a i n i n g  +1  i o n s  such  a s  hydrogen o r  ammonium 

s i n c e  +1 i o n s  have 'much s m a l l e r  a f f i n i t ' i e s  f o r  t h e  r e s i n  t h a n  

do +2 m e t a l  i o n s .  Thus, i t  i s  p o s s i b l e  t o  u s e  0 .035  M 

ethylenediamrnonium: c h l o r i d e  i n  p l a c e  o f  1 M - ammonium c h l o r i d e  

f o r  t h e  r a p i d  e l u t i o n  of  c a l c i u m  and magnesium from low 

c a p a c i t y  c a t i o n  exchangers .  

A second a d v a n t a g e  r e l a t e s  t o  t h e  n o n i n t e r f e r e n c e  o f  t h e  

ethylenediammonium i o n  w i t h  d e t e c t i o n  o f  t h e  e l u t e d  m e t a l  

i o n s  by means of  t h e i r  r e a c t i o n  w i t h  co lo r - fo rming  r e a g e n t s .  

Here t h e  a b i l i t y  t o  u s e  q u i t e  d i l u t e  s o l u t i o n s  as e l u e n t s  i s  

a l s o  i m p o r t a n t  because  background caused  by m e t a l  ion .  

i m p u r i t i e s  i n  t h e  e l u e n t  i s  minimized.  Addi t  i o n a l l y ,  such 

d i l u t e  s o l u t i o n s  a r e  e a s i l y  b u f f e r e d  t o  any  d e s i r e d  f i n a l  pH 
. . 

r e q u i r e d  f o r . s u c c e s , s f u l  c o l o r  f o r m a t i o n .  F i n a l l y ,  t h e  

ethylenediamrnonium c h l o r i d e  c a n  b e  e a s i l y  and economica l ly  

p r e p a r e d  i n  p u r e  form. 



' I V .  RESULTS AND DISCUSSION 

A .  D i s t r i b u t i o n  C o e f f f c i e n t s  

Both b a t c h  and column d i s t r i b u t i o n  c o e f f i c i e n t s  were 

measured u s i n g  e s t a b l i s h e d  p rocedu re s  ( 6 9 ) .  For  t h e  de t e rmi -  

n a t i o n  of  column d i s t r i b u t i o n  c o e f f i c i e n t s ,  t h e  amount o f  

me t a l  i o n  i n j e c t e d  was chosen s o  t h a t  n.0 more t h a n  3% and i n  

most c a s e s  l e s s  t han  1% of t h e  t o t a l '  a v a i l a b l e  column 

c a p a c i t y  w a s u s e d .  The column dead volume, Vm, was de te rmined  

by i n j e c t i n g  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  and measur ing  t h e  

volume i n  which it e l u t e d .  The u n r e t a i n e d  h y d r o c h l o r i c  a c i d  

was d e t e c t e d  by t h e  pronounced change i n  absorbance  which 

r e s u l t e d  from i t s  passage  t h rough  t h e  d e t e c b o r .  D i f f e r e n t  

m e t a l  i o n s  were d e t e c t e d  b y m e a n s  o f  a p p r o p r i a t e  co lo r - fo rming  

r e a g e n t s .  The a l k a l i n e  e a r t h s  w e r e  d e t e c t e d  u s i n g  Arsenazo I 

a n d ,  PAR-Zn EDTA, aluminum was d e t e c t e d  u s i n g  Chromazural S,  

and t h e  r e m a i n i i ~ g  me ta l '  i o n s  were d e t e c t e d  u s i n g  .P.AR and 

PAR-Zn EDTA. 'Column d i s t r i b u t i o n  c o e f f i c i e n t s  were computed 

i n  t h e  u s u a l  way by means o f -  t h e  e x p r e s s i o n :  

Vr - Vm 
D = W 

where D i s  Lhe distribution c o c f f i c i e n t ,  Vf i s  the peak 

raeLerlLiuii vulume, Vm i o  t h e  dead volume, and W i s  t h e  weight  



For  t h e  d e t e r m i n a t i o n  o f  b a t c h  d i s t r i b u t i o n  c o e f f i c i e n t s ,  

t h e  amount of m e t a l  ion .  p a r t i t i o n e d  was chosen t o  be  no more 

than '  1 0 %  o f  t h e  t o t a l  a v a i l a b l e  r k s i n  c a p a c i t y .  E q u i l i -  

b r a t i o n  was c a r r i e d  o u t  by s h a k i n g  a  weighed amount o f  r e s i n  

w i t h  a  measured volume of  s o l u t i o n  c o n t a i n i n g  a  knowrl 

c o n c e n t r a t i o n  o f  m e t a l  i o n .  A f t e r  e q u i l i b r a t i o n ,  t h e  r e s i n  

was f i l t e r e d  o f f  and t h e  c o n c e n t r a t i o n  of m e t a l  i o n  r e m a i n i n g  

i n  s o ' l u t i o n  was de te rmined  by a tomic  a b s o r p t i o n  s p e c t r o s c o p y .  

Ba tch  d i s t r i b u t i o n  c o e f f i c i e n t s  were t h e n  c a l c u l a t e d  by means 

of t h e  e x p r e s s i o n :  

amount o f  i o n / g  o f  r e s i n  D .=' amount o f  ion/ml o f  s o l u t i o n  

Column d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  ca lc ium,  magnesium, 

and a  r e p r e s e n t a t i v e  s e l e c t i o n  of o t h e r  m e t a l  i o n s  on 1 . 9  

meq/g low c a p a c i t y  c a t i o n  e x c h a n g e r  a s  a f u n c t i o n  'of  ammonium 

c h l o r i d e  c o n c e n t r a t i o n  a r e  shown i n  F i g u r e s . 9 - 1 0 ' a n d  F i g u r e s  

1 2 - 1 6 . '  Calcium/magnesium s e p a r a t i o n  f a c t o r s  on t h e  same 

r e s . i n  a s  a  f u n c t i o n  o f  al~rrnonium c h l o r i d c  o o n c e n t r a t i o n  

a r e  shown i n  F i g u r e  11. ~ i s t r i b u t i o n  c o e f f i c i e n t s  and  

s e p a r a t i o n  f a c t o r s  0 . n . ~ ~  5 0 ~ - ~ 8  were t a k e n  from S t r e l o w  and 

Weiner t  ( 1 2 )  and a r e  shown f o r  t h e '  purpose  o f  &ompar ison.  

C o l u m n , d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  ca lc ium,  magnesium, and 

s e v e r a l .  o t h e r  d i v a l e n t  m e t a l  i o n s  on 2 . 0  meq/g low c a p a c i t y  

c a t i o n  exchanger  a s  a  f u n c t i o n  o f  e thylenediammonium c h l o r i d e  

c o n c e n t r a t i o n  . a r e  shown' i n  F i g u r e  1 7 .  



. ' CONCENTRATION OF NH4CI 

F i g u r g  9 .  D i . s t r i b u t i o n  c o e f f i c . 1 e n t  .of c a l c i u m .  on .AG  OW-~8 
and 1 . 9  meq/g low. capac . i ty .  c a t e x  .as a  . f u n c t i o n  

-:' . o f  ammonium' c h l o r i d e .  c o n c e . n t r a t i o n  



I 

; I M 2M 3M 4 M  
CONCENTRATION OF NH4CI 

10 .. D i s t r i b . u t i o n  coeff ; ic . ients .  o f  magnes 
X 8  and 1. 9' meqJg low c.apac.ity. c.a.tex 
o f  a'mmoni'um chi'or.i.de concentr .a t . ion,  



CONCENTRATION OF NH4CI . 

'I?iguke 1.1. Calciuni/magnesium s e p a r a t i o n  f:ac t o r s  o n  , ' 

AG   OW-~8‘ and 1.9' meq/g .low' cap.ac.ity. -ca tex  a s  
' a f u n c t i o n  of 'ainmonium .chlor'i.de. conce.ntra ' t  i o n '  



. . CONCENTRATION OF NH4 C I 

~ i ~ i r e  1 2 .  D ? s t r i h u t i o n  c o e f f i c i e n t s  of .  c a i c i u m ,  magnesium, ' , 

. s t r o n t i u m ,  and bar ium on 1.9' meq/g low c a p a c . i t y  . . 

c a t e x  as a f u n c t i o n  o f  ammonium c h l a r . i d e  . . 

c o n c e n t r a t i o n  
, , 



CONCENTRATION OF NH4 C I 

F i g u r e  .13. Dis t r i bu t i -on  c o e f f . i c i e n t s  o f .  -calcium, '  magnesl'um, 
. . be ry l l i um,  and alumin'um on 1.. 9' meq/g .low c a p a c i t y  

c a t e x . a s  a  f u n c t i o n  of.amrnonium c h l o r i d e  
c o n c e n t r a t i o n  



CONCENTRATION OF NH4 C I 
. .  . 

Figure 1 4  . ~iktrlbht ion coef f ieient s of calcium,: magnesium, 
. . 

. manganese (1.1) , iron (11~) , .copper .(.II) , and' zinc 
o f  1.9' meq/g low.. capacity. catex as a function of 
'ammonium chloride concentration, 



' ' CONCENTRATION OF NH4CI 

F i g u r e  15.  D i s t r i b . u t i o n  c o e f f i c i e n t s  of .  calci'um,' magnesium, 
and n i c k e l  on 1.9' meq/g .low cap.ac i ty .  c . a t ex  as a  
f u n c t i o n  o f  'a'mmonium ch lo r . ide ;  c o n c e n t r a t i o n  



. -  I M '  2M 3 ~ '  4M 

CONCENTRATION OF NH4 C I 
. . 

F i g u r e  '16.. ' ' D i s t r i b u t i p n  c o e f f . i c . i e n t s  of . .  calci 'um,'  magnesium, 
.yt terbi 'um,,  y.t.tri'um, and .cerium '(111) on'  

. . l a g  meq/g low c a p a c i t y .  c a t e x  as a f u n c t i o n  o f  
ammoni'um c h l o r i d e  c o n c e n t r a t i o n  



. . 

CONCENTRATION OF en.2HCI . 

F i g u r e  17. , D i s t r i b u t i o n  c o e f f i c i e n t s .  o f  s.e.vera1 d i v a l e n t  
m e t a l  i o n s  on 2'.0 meq/g .low capac . i ty .  c . a t ex  a s  
a f u n c t i o n  o f  ethylenedi'ammoni'um c h l o r i d e  
c o n c e n t r a t i o n  . . 



B. Opera t ing  ~ o n d i t  i o n s  

The impor tance  o f  v a r i o u s  f a c t o r s  i n  e s t a b l i s h i n g  

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

been d i s c u s s e d  by s e v e r a l  workers .  

  irk land (70)  reviewed '  p r e f e r r e d  expe r imen t a l  c o n d i t i o n s  

f o r  t r a c e  a n a l y s i s  by l i q u i d  chromato.graphy. and. emphasized 

t h e  impor tance  o f  sampl ing t e chn ique ,  d e t e c t i o n  method, and 

sample p r e t r e a t m e n t .  Mar t i n  e t  a l .  ( 7 1 )  d i s c u s s e d  t h e  -- 
c u r r e n t  t r e n d  i n  l i q u i d  chromatography toward t h e  u s e  o f  

s h o r t e r  columns packed w i t h  f i n e  p a r t i c l e s . a n d  o p e r a t e d  a t  

low i n l e t  p r e s s u r e s .  They d i s c u s s e d  o p t i m i z a t i o n  i n  t e rms  ' 

of f low r a t e ,  p a r t i c l e  .d iamete r ,  and a n a l y s i s  t i m e .  Mar t i n  

e t  a l .  (72.) a l s o  d i s c u s s e d  t h e  impor tance  o f  op t ima l  equip-  - - .  

ment d e s i g n  and showed how peak b roaden ing  i s  a f f e c t e d .  by 

such . . f a c t o r s  a s  th.e volume of  sample i n j e c t e d ,  t h e  amount o f  

connec t i ng  t ub ing ,  t h e  d e t e c t o r ,  c e l l  volume, and t h e  d ,e tec  t o r  

. r e s p o n s e  t i m e .  

I n  t h i s  work, e f f o r t  was d i r e c t e d  towards o p t i m i z i n g  

bo th  t h e  t i m e  of  a n a l y s i s  and t h e  s e n s i t i v i t y  of d e t e c t i o n .  

Ana lys i s -  t i m e  was op t imized  by u s i n g  s h o r t  columns and f a s t  

e l u e n t  f l ow  r a t e s .  With a 7-cm column and e l u t i o n  a t  a f l ow  

r a t e  o f  2 ml/min, i t  was p o s s i b l e .  t o  c u t  t h e  t i m e  o f  a n a l y s i s  

f o r  b o t h  ca lc ium and magnesium t o  1 0  m inu t e s  p e r  sample.  

T h i s  was done u s i n g  s i n g l e - s t a g e  e l u t i o n ,  LC., u s i n g  a 

s i n g l e  e l u e n t  of f i x e d :  c o n c e n t r a t i o n  chosen t o  e l u t e  bo th  



c a l c i u m  and magnesium s e q u e n t i a l l y .  S t e p w i s e  e l u t i o n  w i t h  . 

d i l u t e  e l u e n t  t o  f i r s t  remove t h e  magnesium f o l l o w e d  by more 

c o n c e n t r a t e d  e l u e n t  t o  r a p i d l y  s t r i p  t h e  ca lc ium r e s u l t e d  i n  

a  f u r t h e r  r e d u c t i o n  of a n a l y s i s  t i m e  . t o  l e s s  t h a n ' 5  m i n u t e s  

p e r  sample.  A comparison of  t h e  two d i f f e r e n t  methods o f  

e l u t i o n  i s  shown i n  F i g u r e  1 8 .  A l l  q u a n t i t a t i v e  a n a l y s e s  

were performed u s i n g ' s i n g l e - s t a g e  e l u t i o n  o f  c a l c i u m  and  

magnesium s i n c e  t h i s  method i n v o l v e d  t h e  l e a s t  amount of 

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

. r e p r o d u c i b i l i t y .  
I 

S t e p w i s e -  e l u t i o n  i s  most u s e f u l  i n  c a s e s  i n  which a l l .  

i o n s  a r e  t i g h t l y  s o r b e d  t o  t h e  upper  end o f  a c.olumn b e c a u s e  

d i f f e r e n t  s tepwis.e  changes  c a n  t h e n  be  performed s e q u e n t i a l l y  

w i t h o u t  d i s t u r b i n g  t h e  r e m a i n i n g  i o n s .  I n  s u c h  s i t u a t i o n s ,  

t h e  ti ,me o f  e a c h  s t e p w i s e  change i s  n o t  p a r t i c u l a r l y  

i m p o r t a n t  because  i t  d o e s  n o t  a f f e c t  t h e  e l u t i o n  b e h a v i o r  of  

t h e  r e m a i n i n g  i o n ? .  ' I n . t h e  p r e s e n t  c a s e ,  however, b o t h  t h e  , 

c a l c i u m  and magnesium i o n s  move down t h e  column from t h e  

moment o f  i n j e c t i o n .  A s  a  r e s u l t ,  t h e  t i m e  of any  s t e p w i s e  

change t o  a  more c o n c e n t r a t e d  e l u e n t  i n  o r d e r  t o  r a p i d l y  
. . 

s t r i p  t h e  ca lc ium,becomes  i m p o r t a n t  s i n c e  t h e  p o s i t i o n  o f  

c a l c i u m  o n  t h e  column and hence  i t s  e l u t i o n  b e h a v i o r  ( i . ~ .  - , 
peak h e i g h t )  depend on  t h c  p r c c i n c  t i m c  when t h e  change i~ 

performed.  Too r a p i d  a s t e p w i s e  change r e s u l t s  i n  a  t a l l e r ,  

more narrow p e a k ' w h e r e a s  t o o  s low a s t e p w i s e  change r e s u l t s  
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F i g u r e  18 .  Comparison o f  s t e p w i s e  and s i n g l e  s t a g e  e l u t i o n  
. . 

' o f  c a l c i u m  and magnesium 

Column: 2.0 meq/g low c a p a c i t y  c a t e x ;  
7 cm x  0 . 4  .cm 

E l u e n t s :  0.03' M en*2HCl; 2 ml/min 
0 . 1  -  en-2~~1; ' 2 ml/min 

Detect1 : A.r'ser~azo T co lor - fo rming  r e a g e n t ;  
0 . 5  ml,/min; 590 nm 

Sample: 3 8 . 1  p 1 ;  4.:63 pg Mg and 30.5  pg Ca 





i n  a  s h o r t e r ,  b roade r  peak.  It i s  d i f f i c u l t  t o  r ep roduce  

s t e p w i s e  changes  manual ly  t o  b e t t e r  t h a n  a  few seconds  e i t h e r  

w a y  and.  t h e  r e p r o d u c i b i l i t y  o f  peak h e i g h t s  d e c r e a s e s  as a 

r e s u l t .  

T h i s  l i m i t a t i o n  of  s t e p w i s e  e l u t i o n  can ,  however, be 

overcome s1mply .by  employing a  more automated approach .  One 

o f  t h e  c h i e f  advan t ages  o f  any automated approach  i s  t h a t  i t  

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

a r e  d i f f i c u l t  o r  i m p o s s i b l e  t o  r ep roduce  m a n u a l l y . .  Thus, 

by d e s i g n i n g  a  chromatograph d e d i c a t e d  s o l e l y  t o . t h e  

r e p e t i t i v e  a n a l y s i s  of  c a l c ium and magnesium, t h e  c a p a b T l i t y  

o f  a u t o m a t i c a l l y  changing from one  e . luen t  t o ' t h e  n e x t  a t  a 

p r e c i s e  ti,me a f t e r  i n j e c t i o n  cou ld  be p rov ided  t h rough  t h e  

u s e  of s u i t a b l e  t i m e r s  and v a l v e s .  S i n c e  t 'he  t ime  of e ach  

s t e p w i s e  change would be h i g h l y  r e p r o d u c i b l e ,  t h e  . e l u t i o n  

behav io r  and hence t h e ' p e a k  h e i g h t  o f  c a l c ium would a l s o  b e  

. . r e p r o d u c i b l e .  

I n  fo rced- f low chromatography w i t h  c .ontinuous s p e c t r o -  

pho tomct r i c  d e t e c t i o n ,  t h e  s e n s i t i v i t y  and l i n e a r i t y  of 

d e t e c t i o n  depend on  many d i f f e r e n t  f a c t o r s  ( 4 6 ) .  These 

f a c t o r s  i n c l u d e  t h e  f low r a t e  of t h e  e l u e n t ,  t h e  f l ow  r a t e  

o f  t h e  co lo r - fo rming  . . rea .gen t ,  and t h e  c o n c e n t r a . t i o n  of .  t 'he .  

co lo r - fo rming  reagen t . .  Because o f  t h e . c o m p l e x  i n t e r a c t i o n s  

between t h e  v a r i o u s  f a c t o r s ,  t h e  m o s t . p r a c t i c a 1  approach  i s  

f , irst  t o  deve lop  s u i t a b l e  c o n d i t i o n s  f o r  t h e  d e s i r e d .  . 

. s e p a r a t i o n  u s i n g  any  conven2ent  c o n d f t i o n s  f o r  d e t e c t i o n .  
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. . . . 
Once s u i t a b l e  e l u e n t  f l ow  r a t e s  and c o n c e n t r a t i o n s  have  been 

e s t a b l i s h e d ,  t h e  f l ow  r a t e  and c o n c e n t r a t i o n  o f  co lo r - fo rming  

r e a g e n t  can  be op t im ized  t o  g i v e  maximum s e n s i t i v i t y  and 

l i n e a r i t y .  

T h i s  approach  was u s e d . i n  t h i s  work. It was found t h a t -  

~ r s e n a z o  I co lo r - fo rming  r e a g e n t  a t  a  f l ow  r a t e  o f  0.5-0.9 

ml/min and a c o n c e n t r a t i o n  of 0 . 1  mg/ml gave  good d e t e c t i o n  

i n  c o n j u n c t i o n  w i t h  ammonium c h l o r i d e  e l u e n t s  a t - a  f l ow  r a t e  

of 2 ml/min. PAR-ZnEDTA a t  a f l ow  r a t e  ,of 0.25 ml/min and a  

-4 
c o n c e n t r a t i o n  o f  5 x  1 0  M gave e x c e l l e n t  d e t e c t i o n  i n  con- 

. . 

j u n c t i o n  w i t h  ethylenediammo.nium c h l o r i d e  e l u e n t s  a t  a  f low.  . ' 

r a t e  o f  2 ml/min. The s o r t  o f  s e n s i t i v i t y  t h a t  cou ld  be 

o b t a i n e d  u s i n g  PAR-ZnEDTA i s  shown i n '  ~ i ~ u r e  1 9 .  

Some o p e r a t i n g  h i n t s  a r e :  

1) It i s  sometimes advan tageous  t o  k e e p  . t h e  Heath,  

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

s i n c e  t h i s  e l i m i n a t e s  o t h e r w i s e  l e n g t h y  warmup t i m e s  and 

a l s o  makes f o r  more s t a b l e  o p e r a t i o n .  

2 )  Columns shou ld  o c c a s i o n a l . l y  be  unpacked and t h e  

r e s i n  s l u r r i e d  i n  a c e t o n e .  The columns can  t h e n  be  repacked  

w i t h  t h e  same r e s i n , a f t e r  d e c a n t i n g  t h e . f l n e s . '  T h i s  pro-  

c e d u r e  s e r v e s  t o  p r e v e n t  t h e  b u i l d u p  o f  f i n e s  which may 

o t h e r w i s e  l e a d  t o  e x c e s s i v e  column back p r e s s u r e s  and a l s o  

h e l p s  t o  c o u n t e r a c t  ' t h e  tendency of  the '  r e s i n  t o  pack down 

somewhat w i t h  con t i nued  u s e .  
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Figu re  1 .  P a r t i a l  s e p a r a t i o n  of s m a l l  amounts of  
s . t ron t i - JK and t a r i u m  

Column: 2 - 0  meq/g low c a p a c i t y  c a t e x ;  
7 cm x 0 . 4  cm 

E luen t :  0.035: M - e.n02HC1; 1 ml/min 
Detect ion . :  P'AF.-ZnEDTA co lor - fo rming  r e a g e n t ;  

0 . 5  ml/min 

Sample: 4 2 . 4  p 1  
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3,) ~ a s e l i n e  s h i f t s ,  such  a s ,  someti.mes o c c u r  when 

. changing from one e l u e n t  t o  a n o t h e r ,  can  of t :en  be  c o r r e c t e d  

f o r  by mean8 OF t h e  Heath u Y P ~ e t  module, This Is done by 

f i r s t  chang ing  from one e l u e n t  t o  a n o t h e r  and t h e n  

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

v o l t a g e  n e c e s s a r y  . t o  b r i n g  t h e  b a s e l i n e  back t o  z e r o .  Once 

t h e  c o r r e c t  o f f s e t  v o l t a g e  f o r  e a c h  e l u e n t  change h a s  been  

d e t e r m i n e d ,  i t  c a n  s imply  b e  s w i t c h e d  i n  e a c h  t i m e '  t h e  e l u e n t  

change i s  made. 

C .  Ana lyses  

~ i k a l i  m e t a l  i o n s  and ammonium i o n s  a r e  n o t .  d e t e c t e d ,  

u s i n g  e i t h e r  Arsenazo I o r  PAR-ZnEDTA. co lo r - fo rming  r e - .  

a g e n t s .  V i r t u a . l : . r e s o l u t i o n  of c a l c i u m  and  magnesium from 

t h e s e ,  i o n s  i.s t h e . r e f o r e  p o s s i b l e  and m i x t u r e s  of c a l c i u m  

and magn.e,sium w i t h . t h e s e  i o n s  were a n a l y z e d  d i r e c t l y .  

7-cm x 0.4-cm columns of  1.8-1.9 meq/g low c a p a c i t y  

c a t i o n  exchanger  were used  f o r  s e p a r a t i o n  and t h e . s a m p l e s  

were e l u t e d  w i t h '  0'. 8-1'. 0. M ammonium c h l o r i d e  a t  a  f l o w  r a t e  
. . , . - 

. . 

o f .  2 m.l/min. ' Ar.senazo I co lo r - fo rming  r e a g e n t  a t  a .  f low r a t e  

. ' o f '  0 . 5  ml'/mPn was, used f o r  de t , ec t ion ' .  3ample l o o p  s i z e  was 
. . 

51.4 ~ 1 .  Time between S n j e c t i o n s  was 10-12.5 m i n u t e s .  

C a l i b r a t i o n  was accompl ished by means o f  c a l i b r a t i o n  c u r v e s .  

The c a l i b r a t i o n  c,ur.v.es were c o n s t r u c t e d  by ' i n j e c t i n g  
. b . . 



standards containing known amounts of calcium.(O-5'0 pg).and 

magnes'ium (0-30 pg) and .plotting the result.ing peak heights 
. . 

against the amounts of calcium and magnesium injected. 

Three or more standards were used to construct each cali- 

bration .curve. 

Those samples containing a ten-fold molar excess of 

calcium over magnesium or magnesium over calcium were first 

analyzed for the minor corr~ponent using more dilute ammonium 

chloride solutions as eluents in order to obtain adequate 

resolution of the minor component from the major component. 

0.4 M - ammonium chloride at a flow rate of.2 ml/min was, 

used to resolve calcium from a ten-fold molar excess of 

magnesium. Under these conditions, calcium was completely 

eluted in 25 minutes. 0.3' M - ammonium chloride at a flow 

rate of 2 ml/min was used to resolve magnesium from a 

ten-fold molar excess of calcium. Under these conditions, 

magnesium.was completely eluted in 5 minutes. The uneluted 

calcium could then be rapidly stripped from the resin using . 

more concentrated ammonium. chloride solutions. In order. to 

analyze for the major component, it was only necessary to 

.accurately dilute the samples by a factor 0.f ten. The 

major component was then analyzed using a procedure similar 

to that first.described. 



2 .  Samples c o n t a i n i n g  ca lc ium and magnesium i n  combina t ion  

w i t h  s t r o n t i u m  and barium 

S t ron t i um and barium g i v e  ' q u i t e  weak d e t e c t , i o n  u s i n g  

Arsenazo I color- forming r e a g e n t  and ammonium c h l o r i d e  

e l u e n t s .  It was t h e r e f o r e  p o s s i b l e  t o  o b t a i n  " v i r t u a l "  

r e s o l u t i o n  of  ca lc ium and magnes5um from sma l l  amounts o f  

s t r o n t i u m  and equimolar  amounts of barium s imply  by e l u t i n g  

ca lc ium and magne~ium d i r e c t l y .  A ,  7-cm x 0.4-cm column of  

1 . 9  meq/g low c a p a c i t y  c a t i o n  exchanger was used  f o r  

s e p a r a t i o n  and t h e  samples were e l u t e d  w i t h  0.8-1 M .  - 

ammonium c h l o r i d e  , a t  a  f l ow  r a t e  of  2 ml/min. Arsenazo I 

co lo r - fo rming  r e a g e n t  a t  a  .flo.w r a t e  of  0 .5  ml/min was used  

f o r  d e t e c t i o n .  Sample l oop  s i z e  was 51.4 p 1 .  T o t a l  a n a l y s i s  . 

t i m e  wa.s 1 0  minu tes  p e r  sample.  C a l i b r a t i o n  was by means o f  

c ' a l i b r a t i o n  c u r v e s .  The c a l i b r a t i o n  c u r v e s  were c o n s t r u c t e d  

by i n j  e c t i n g .  s t a n d a r d s .  c o n t a i n i n g  known amounts o f  c a l c ium 

(0-50 pg) and magnesium . . (0-30 . . pg)  and p l o t t i n g  t h e  r e s u l t i n g  

peak h e i g h t s  a g a i n s t  t h e  amounts o f  ca lc ium and magnesium 

i n j e c t e d .  Three o r  more' s t a n d a r d s  were used t o  c o n s t r u c t  

e ach  c a l i b r a t i o n  c u r v e .  

3 .  Choice of  e l u e n t s  f o r  t h e  s e l e c t i v e  e l u t i o n  o f  

i n t e r f  e r ' ing  i o n s  

Based on a n  examinat ion '  o f  t h e ' i r  d i s t r i b u t i o n  

c o e f f i c i e n t s , ,  i t  .was a p p a r e n t  t h a t  c e r 8 t a i n  m e t a l  i o n s  would 

s e r i o u s l y  i n t e r f e r e  ' w i t h  t h e d e t e r m i n a t i o n  o f  c a l c ium and 



magnesium due  b o t h  t o  . t h e  s i m i l a r i t y  o f  t h e i r  d i s t r i b u t i o n  

c o e f f i c i e n t s  t o  t h o s e '  o f  c a l c ium and magnesium and t h e  f a c t  

t h a t  t h e y  a r e  s t r o n g l y  d e t e c t e d  by b o t h  Arsenazo I and' PAR- 

ZnEDTA. .N icke l  i s  one o f  t h e  most s e r i o u s  i n t e r f e r e n c e s  o f  

t h i s  k ind .  

Accordingly ,  i t  was n e c e s s a r y  t o  d e v i s e  methods f o r  t h e  

s e l e c t i v e  s e p a r a t i o n ' o f  i n t e r f e r i n g  i o n s  p r i o r  t o  t h e  e l u t i o n  

and d e t e r m i n a t i o n  o f  c a l c ium a n d ,  magnesi.u.m . T h i s  was 

r e l a t i v e l y  ea sy  t o  do u s i n g  forced-f low.chromatography w i t h  

con t i nuous  s p e c t r o p h o t o m e t r i c  d e t e c t i o n  s i n c e  va . r ious  methods 

which have been used  o r  proposed f o r  t h e  s e l e c t i v e  s e p a r a t i o n  

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

approach  t o  t a k e  q u i c k l y  de t e rmined .  

Based on t h e i r ,  known chemica l  behav io r ,  t h e  d i f f e r e n t  

i n t e r f e r i n g  i o n s  were d i v i d e d  i n t o  g roups  and c o n d i t i o n s  were 
. . 

found f o r  t h e  s e l e c t i v e  s e p a r a t i o n  of  each  group p r i o r  t o  t h e  

e l u t i o n  arid d e t e r m l n a t f o n  o f  c a l c ium and magnesium. 

The d i f f e r e n t  g roups  and t h e  methods used  f o r  t h e i r  

s e l e c t i v e  s e p a r a t i o n  were a s  f o l l o w s :  

IONS METHOD 

Be, A 1  S e l e c t i v e l y  e l u t e d  w i t h  
s u l f o s a l i c y l i c  a c i d  

Mn(II1,  F ~ ( I I I ) ,  C U ( I I ) ,  ' Zn, e t c .  S e l e c t i v e l y  e l u t e d  w i t h  
HCP-acetone 

s e l e c t i v e l y  e l u t e d  w i t h  
HC1-acetone-DMG 



Batch d i s t r i b u t i o n  c o e f f i c i e n t s  of c a l c i u m ' a n d  magnesium 

were measured i n  t h e  d i f f e r e n t  s o l u t i o n s  used  f o r  t h e  

s e l e c t i v e  e l u t i o n  o f  i n t e r f e r i n g  i o n s .  The r e s u l t s  of t h i s  

s t u d y  a r e  shown i n  Tab le  V I  t o g e t h e r ' w i t h  d i s t r i b u t i o n  

c o e f f i c i e n t s  of  some of' t h e  i n t e r f e r i n g ' i o n s .  

The b a t c h  d i ' s t r i b u t i o n  c o e f f i c i e n t s  were de te rmined  by 

e q u i l i b r a t i n g  1 .00  g  o f  a i r - d r y  r e s i n  ( 1 . 8  meq/g, 250-325 

mesh) w i t h  50 m l  o f  s o l u t i o n  c o n t a i n i n g ' 0 . 2  meq of ca lc ium.  
. L 

or. magnesium. A f t e r  shak ing  f o r  s e v e r a l  h o u r s  on a  w r i s t  

a c t i o n  s h a k e r ,  t h e  r e s i n  was f i i t e r e d  o f f  and t h e  amount o f  

i o n  remain ing  i n  s o l u t i o n  was de te rmined .  Each s o l u t i o n  was 

ana lyzed  by s t a n d a r d  at'omic a b s o r p t i o n  methods a f t e r  

a p p r o p r i a t e  . p r e t r e a t m e n t .  The s u l f o s a l i c y l i c . a c ' i d  s o l u t i o n s  

were d i l u t e d  t e n - f o l d  and r u n  d i r e c t l y  v e r s u s  s t a n d a r d s  

con t a in . i ng  t h e  same c o n c e n t r a t i o n  o f .  s u l f o s a l i c y 1 . i ~  a c i d .  
. . 

The HC1-acetone and HC1-acetone-DMG s o l u t i o n s  were evapo- 

r a t e d  t o  d r y n e s s  under  h e a t  lamps and t h e  , r e s i d u e  a shed  by 

bak ing  w i t h  a small amount of  c o n c e n t r a t e d  n i t r i c  a c i d .  The 

remain ing  a s h  was t a k e n  up i n  d i s t i l l e d  wa t e r  and ana lyzed  

d i r e c t l y  f o r  c a l c ium o r  magnesium. D i s t r i b u t i o n  . coe f f . i c i ' en t s  
. . 

were. t h e n , c a l c u l a t e d  by  Irleans o f  t h e  fo rmula :  



  able V I .  D i s t r i b u t i o n  c o e f f i c i e n t s  o f  m e t a l  i o n s  i n  e l u e n t s  
, . u.s.ed. .f.or. .th.e. .s.e.par.a.t.i.on. .o.f. .int.er.f.er.i.ng .i.on.s. 

Elue.nt D i s t r i b u t i o n  C o e f f i c i e n t s  
. .  . . . . .  . . .  . . . . . . , . . . . . .  . . . . . . . . . . .  . . . . . . . .  

S u l f o s a l i c y l i c  a c i d  . DMg = 6 4  
pH 3.2-3.6 D ~ e  small 

DAl small 

0 . 4  N - HC1-95% a c e t o n e  D = 135 DCa 
Mg 

= 1550 DZn = 2 . 2  

0 .4  N HC1-95% a c e t o n e  D .= 73 
Mg 

= 930 D ~ a  .. D ) , ~  = 4 . 3  -0 .27  M DMG 



4 . Samp l e  s ' ~ ' o n t a i ~ i ' n ' g  'cal'ci'um 'and ;magne.s'ium ' i n  'c'o'mb i n a t  i o n  

'w'i t h b'e'r'y'l'l'i'u'm' 'a'n'd a'l'u'm'i'n'um 

. , 

Using 0.19.M - s u l f o s a l i c y l ' i c  a c i d ' s o l u t i o n s  a t  pH 6 t o  7, 

F r i t z  and Palmer (73)  were a b l e  t o  e l u t e  q u a n t i t a t i v e l y  

aluminum (III) ,  i r o n  ( 111) , t i t a n i u m  ( I V )  , uranium ( V I )  , 
vanadium ( I V ) ,  and z i rcon ium ( I V )  from 4- t o  8-cm columns of 

Dowex 50W-X8. Other  b i v a l e n t  me t a l  i o n s  and r a r e  e a r t h s  

i n c l u d i n g  c o b a l t  ( 1 1 ) ;  cadmium ( I I ) ,  lanthanum (III),  

l e a d  ( I I ) ,  magnesium (11), n i c k e l  ( I I ) ,  y t t e r b i u m  (III) ,  

y t t r i u m  (III),  a n d . z i n c . ( I I ) . ,  were q u a n t i t a t i v e l y  r e t a i n e d  

under  t h e s e  c o n d i t i o n s .  A similar approach.  was used  i n  t h i s  

work f o r  t h e  s e l e c t i v e  e l u t i o n  o f  aluminum and b e r y l l i u m  

p r i o r  t o  t h e  e l u t i o n .  of ca lc ium and magnesium. 

Var ious  c o n c e n t r a t i o n s  o f  s u l f o , s a l i c y l i c  a c i d  i n  t h e  

pH r a n g e  o f '  0 .7 t o ' 7 . 5  were t e s t e d  f o r .  u s e  as e l u e n t s  and i t  

was de te rmined  t h a t  0.1' M s u l f o s a l i c y l i c  aci.d n e u t r a l i z e d  t o  - 
a  pH of  3 .2  t o  3 .6  w i t h  ammonia was o u i t a b l e  f o r  s e p a r a t i n g  

b e r y l l i u m  (11) and aluminum (111) from equ imola r  amounts o f  

'calciurn (11) and magnesium (11). 

Samples c o n t a i n i n g  ca lc ium and magnesium i n  combina t ion  

w i t h  b e r y l l i u m  and aluminum were ana lyzed  u s i n g  a 7 cm x 

0 . 4  cm column of  1 . 9  meq/g l o w c a p a c i t y  c a t i o n  e.xchanger.  

Be ry l l i um and aluminum were s e l e c t i v e l y  e l u t e d  w i t h  0 . 1  M - 

s u l f o s a l i c y l i c  a c i d  ( p H ' 3 . 6 )  a t  a f l ow  r a t e  o f ' 3 , 5 ' m l / m i n .  

2 . 5  minu tes  a f t e r  i ' n j e c t i on ,  t h e  e l u e n t  was swi tched  t o  

0.8' M - ammonium. c h l o r i d e  a t  a f low. r a t e  of 2 ml'/min i n  u lader  



t o  e l u t e  t h e  ca lc ium a n d  magnesium. T o t a l  a n a l y s i s  t i m e ,  

i n c l u d i n g  2 .5  minu tes  e q u i l i b r a t i o n  w i t h  s u l f o s a l i c y l i c  a c i d  

p r i o r  t o  i n j e c t i o n ,  was 1 5  m i n u t e s  p e r  sample.  

5. Sam'ples c o n t a i n i n g  c a l c i u m  and magnesium i n  c o m b i n a t i o n  

w i t h  t h o s e  e lements  t h a t  form a n i o n i c  c h l o r i d e  complexes 

Owing t o  t h e  pronounced enhancement o f  complex fo rmat i ' on  

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

h y d r o c h l o r i c  a c i d - a c e t o n e  m i x t u r e s  'have  found c o n s i d e r a b l e  

u s e  i n  c a t  i o n  exchange chromatography f o r  t h e  s e l e c t i v e  

e l u t i o n  o f  thos'e' m e t a l s  t h a t  form a n i o n i c  o r  ' n e u t r a l  c h l o r i d e  

complexes.  

S e v e r a l  s y s t e m a t i c  s u r v e y s  of m e t a l  i o n  d i s t r i b u t i o n  

c o e f f i - c i e n t s  on v a r i o u s  c a t i o r i  e x c h a n g e r s  as a  f u n c t i o n  o f  
. . 

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

These i n c l u d e  s t u d i e s  by F r i t z  and R e t t i g  ( 7 4 ) ,  by P e t e r s o n  

e t  a l .  ( 7 5 ) ,  by P e t e r s  and Del  F i o r e  ( 7 6 ) ,  and by S t r e l o w  -- 

e t  a l .  ( 7 7 ) .  Q u a n t i t a t i v e  g r a v i t y - f l o w  s e p a r a t i o n s  o'n c a t i o n  -- 

exchangers  w i t h  h y d r o c h l o r i c  a c i d - a c e t o n e  n i i x t u r e s  as e l u e n t ~  

have  been d e s c r i b e d  by F r i t z  and Abbink ( 7 8 ) .  Rapid f o r c e d -  

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

h y d r o c h l o r i c  a c i d - a c e t o n e  m i x t u r e s  a s  e l u e n t s '  and c o n t i n u o u s  

s p e c t r o p h o t o m e t r i c  d e t e c t i o n  have  been . d e s c r i b e d  by Kawazu 

and F r i t z  ( 2 0 )  and by Kawazu e t  a l .  (58 , ) .  C a t i o n  exchange -- 

s e p a r a t i o n s  i n  h y d r o c h l o r i c  a c i d - a c e t o n e  have been rev iewed  



. . 
by S t r e l o w  and s u i t a b l e  c o n d i t i o n s  f o r  t h e  s e p a r a t i o n  of  

v a r i o u s  i o n s  d i s c u s s e d  ( 7 9 ) .  

Column d i s t r i b u t i o n  c o e f f i c i e n t s  o f  s e v e r a l  r e p r e s e n t a -  

t i v e  e.lements were measured as a f u n c t i o n  o f  h y d r o c h l o r i c  

acid-ac,etorie c o n c e n t r a t i o n  i n  o r d e r  t o  e s t a b l i s h  s u i t a b l e  

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

fo rming  a n i o n i c . 0 ~  n e u t r a l  c h l o r i d e  complexes.  P a r t i c u l a r  

a t t e n t i o n  was g i v e n  t o  manganese (11) s i n c e  i t  i s  u s u a l l y  t h e  

most d i f f i c u l t  e lement  t o  s e l e c t i v e l y  e l u t e  from c a t i o n  

exchanger 's  w i t h  HC1-acetone m i x t u r e s  ('13, pp . '  170-175) : 

D i s t r i b u t i o n  c o e f f i c i e n t s  o f '  manganese (11) a s  a  f u n c t i o n  

o f . h y d r o c h l o r i c  a c i d - a c e t o n e  c o n c e n t r a t i o n  a r e  shown i n  

F i g u r e  20 t o g e t h e r  w i t h  d i s t r i b u t i o n  c o e f f i c i e n t s  o f ' z i n c .  

Zinc i s  one of  t h e  e a s i e s t  e l e m e n t s  t o  s e l e c t i v e l y . e l u t e  

from c a t i o n  exchangers  w i t h  h y d r o c h l o r i c  a c i d - a c e t o n e  

m i x t u r e s  (13 ,  pp. 170-175) and i t s  d i s t r i b u t i o n  c o e f f i c i e n t s  

a r e  shown f o r  t h c  purpose  o f  compar lsun.  Based on t h e s e  

r e s u l t s ,  0.4 M - HC1-95% a c e t o n e  w a s  chosen t o  b e  used, a s  a n  

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

t h a t  form c h l o r i d e  complexes.  

Samples c o n t a i n i n g  c a l c i u m  and magnesium i n  combina t ion  

w i t h .  e l e m e n t s  forming a n i o n i c  c h l o r i d e  complexes such  as 

cadmium, c o b a l t ,  copper  ( I I ) ,  iron (1111, manganese (II), 

uranium (VI), and z i n c  were a n a l y z e d  u s i n g  a  7 4 m  x 0.4-cm 

column o f ' 1 . 8  meq/g low c a p a c i t y  c a t i o n  exchanger .  Elements  



F i g u r e  20.. . ~ i s t r i b . u t i o n  . c o e f f i c i e n t s  o f  mangane.se. (.I11 
and z i n c  on 1.9 ,meq/g .low capac. i ty .  c .atex .as 
a f u n c t i o n  of HC~-ac .e . t  one .concentr.at. i .on 



formi'ng a n i o n i c  -chl 'orl .de complexes were s e l e c t i v e l y  e l u t e d  

w i t h  0 . 4  .M'HCl-95% - a c e t o n e  a t  f l ow  r a t e s  o f  1 . 6  - 2 ml/min. 

S u f f i c i e n t  t ime  , ( 7 . 5  - 15 '  m i n u t e s )  was a l lowed  f o r  complete  ' , 

e l u t i o n  o f  t h e  i n t e r f e r i n g  ions: A f t e r  t h e  r e c o r d e r  t r a c e .  
. . 

had r e t u r n e d  t o  b a s e l i n e , .  t h e  ca lc ium and magnesium were 

e l u t e d  w i t h  0 ;8  - 1 M - ammonium c h l o r i d e  a t  a  f l o w . r a t e  of 

2 ml./min. Other  e l emen t s  known t o  form a n i o n i c  c h l o r i d e  

complexes such  a s  mercury ( 1 1 ) ,  g o l d  ( I I I ) ,  pal l .adium ( I I ) ,  

i r i d i u m  ( I V ) ,  rhenium (111), vanadium ( V ) ,  molybdenum ( V I ) ,  

b ismuth  (111), germanium ( I V ) ,  s e len ium ( I V )  , t e l lu rZum (v I ) ,  

a r s e n i c . ( I I I ) ,  and antimony (111) cou ld  presumably be 

s e p a r a t e d  by similar means'. 

6 .  Samples c o n t a i n i n g  ca l c ium and magnesfum i n  combina t ion  

w i t h  n i c k e l  

Using h y d r o c h l o r i c  a c i d - o r g a n i c  solvent-dimethylglyoxime 

m i x t u r e s ,  Wahlgr.en e t  a l .  (79)  were a b l e  t o  s e p a r a t e  -- 
s e l e c t i v e l y  n i c k e l  from more t h a n  30 e l emen t s  on Dowex 

50W-X8. Because o f  t h e  s p e c i f i c i t y  and e f f e c t i v e n e s s  o f  t h e  
. . 

method d e s c r i b e d ,  i t  was dec ided  t o  u s e  a . s i m i l a r  approach  

i n .  t h . i s  work. 

Column d i s t r i b u t i o n  c o e f f i c i e n t s  .of n i c k e l  'were measured 

a t  ' s e v e r a l  d i f f e r e n t  . c o n c e n t r a t  i o n s  of  h y d r o c h l o r i c  a c i d -  

acetone-DMG and i t  was observed  t h a t  t h e  d i s t r i b u t i o n  

c o e f f i c i e n t  of  n i c k e l  d e c r e a s e d  from a  v a l u e  g r e a t e r  t h a n  

75 i n  0 . 1  M hydro ' ch lo r ic  ac id -0 .25  M - DMG-95%'acetone t o  a  



v a l u e  o f . 4 . 3  i n  0.4 M - h y d r o c h l o r i c  ac id -0 .25  M - DMG-95% 

a c e t o n e !  ~ c c o ' r d i n ~ l ~ ,  a  m i x t u r e  o f  0 . 4  M - h y d r o c h l o r i c  a c i d -  

0.25 M - DMG-95% a c e t o n e  was used  f o r  t h e  s e l e c t i v e  e l u t i d n  o f  

n i c k e l  p r i o r  t o  t h e .  e l u t i o n  of  c a l c i u m  and magnesium. A s  

might  be  e x p e c t e d ,  t h i s  m i x t u r e  was a l s o  e f f e c t i v e ,  i n  e l u t i n g  

any of t h e  i o n s  t h a t  cou ld  b e  e l u t e d  by 0 .4  M - h y d r o c h l o r i c  

ac id-95% a c e t o n e  a l o n e .  When measur ing  column d i s t r i b u t i o n  

c o e f f i c i e n t s ,  i t  was n e c e s s a r y  t o  u s e  a  m e t h a n o l i c  s o l u t i o n  

o f  PAR s a t u r a t e d  w i t h  THAM a s  a co lo r - fo rmfng  r e a g e n t  r a t h e r  

t h a n  t h e  u s u a l  aqueous  s o l u t i o n  s o  as  t o  p r e v e n t  problems 

w i t h  p r e c i p i t a t i o n  o f  DMG.  

Samples c o n t a i n i n g  c a l c i u m  and magnesium i n '  combina t ion  

w i t h  n i c k e l  were. a n a l y z e d  u s i n g  a  7 cm x  0'.4 cm column o f '  

1 . 8  .meq/g low c a p a c i t y  c a t i o n  exchanger. .  N i c k e l  was 

s e l e c t i v e l y  e l u t e d  w i t h  0 .4  M HC.1-95% ace tone-0 .25  M - 

dimethylglyoxime a t  a  f l o w  r a t e  o f  2  ml/min. F i v e  m i n u t e s  

a f t e r  i n j e c t i o n ,  t h e  e l u e n t  was s w i t c h e d  t o  a c e t o n e  at a  

f l o w  r a t e  o f  1 ml/min i n  o r d e r  t o  f l u s h  t h e  column f r e e '  o f  

a l l  traces ot' d imethy lg lyox ime .  A f t e r  a f u r t h e r  f i v e  

minu tes ,  t h e  e l u e n t  was s w i t c h e d  t o  1 M ammonium c h l o r i d e  - 

a t  a f l o w  r a t e . o f  2 ml/mi.n i n  o r d e r  t o  e l u t e '  t h e  c a l c i u m  
. . 

and magnesium. 

P r i o r  e l u t i o n  of  i n t e r f e r i n g  .7'..?ns : w i t h  HC1-acetone o r  

HC1-acetone-dimethylglyoxime a lways  r e s u l t e d  i n  p a r t i a l  

e l u t i o n . o f  magnesiuin. . Although c a l c i u m  a p p e a r e d  t o  move 
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somewhat on t h e  column, i,t was s u f f i c i e n t l y  r e t a i n e d  t h a t  i t  

c o u l d  be  r e c o v e r e d  q u a n t i t a t i v e l y  by e l u t i o n  w i t h  ammonium 
. . 

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

b u t  i t  a p p e a r e d  t o  be r e l a t e d  t o  t h e  change from t h e  hydrogen 

form o f  t h e  r e s i n  t o  t h e  ammonium form.  S l i g h t  s h r i n k a g e  

o f  t h e  r e s i n  was obse rved  e a c h  t i m e  t h i s  change was made. 

V a r i o u s  approaches  were t r i e d  i n  a n  e f f o r t  t o  o b t a i n  a  

q u a n t i t a t i v e  r e c o v e r y  o f  magnesium. They i n c l u d e d  such  

t h i n g s  as p u t t l - n g  a . sample  down i n  d i s t i l l e d  w a t e r  p r i o r  t o  

. e l u t i n g  w i t h  HC1-acetone and a l s o  t h e  u s e  o f  more d i l u t e  

HC1-acetone s o l u t i o n s  a s  e l u e n t s . '  No a p p r o a c h  t r i e d ,  

however, was c o m p l e t e l y  s u c c e s s f u l .  F o r  example, t h e  u s e  

of more d i l u t e  HC1-acetone s o l u t i o n s  s u c h  a s  0 .2  M HC1-95% - 

a c e t o n e  d i d  n o t  r e s u l t  i n  comple te  r e t e n t i o n  o f  magnesium. 

Al though t h e  b a t c h  d i s t r i b u t i o n  c o e f f i c i e n t  of  magnesium i n  

0 . 2  M HC1-95% a c e t o n e  was d e t e r m i n e d  t o  b e  n e a r l y  900, u s e  

of  0 .2  - M.HC1-95% a c e t o n e  as a.n e l u e n t  r e s u l t c d  i n  e l u t i o n  

of 50 t o  75% o f  t h e  magnesium. 

7 .  Sair~ples c o n t a i n i n g  c a l c i u m  and magnesium i n  combina t ion  

w i t h  s t r o n g l y  r e t a i n e d  e l e m e n t s  

Samples c o n t a i n i n g  c a l c i u m  and magnesium i n  combina t ion  

w i t h  s t r o n g l y  r e t a i n e d  e l e m e n t s  such  a s  t h e  r a r e  e a r t h s  and 

ce r ium (111) were' a n a l y z e d  u s i n g  a  7  cm x  0.'4 cm column o f  

1 . 8  meq/g low c a p a c i t y  c a t i o n  exchanger .  Calcium a n d  

magnesium were e l u t e d  w i t h  1, M ammonium c h l o r l d e  a t  a f l o w  - 



r a t e  o f  2 ml/min. Af t 'e r  1 0  minu tes ,  t h e  e l u e n t  was swi tched  

t o  4 - M ammonium c h l o r i d e  a t  a f l ow  r a t e  o f  1.5-2 ml/min i n  

o r d e r  t o  s t r i p  t h e  more s t r o n g l y  r e t a i n e d  i o n s .  T h i s  

approach  shou ld  a l s o  be  v a l i d  f o r  t h e ' a n a l y s i s  o f  samples 

c o n t a i n i n g  ca lc ium and magnesium t o g e t h e r  w i t h  such  i o n s  a s  

t h e  o t h e r  r a r e  e a r t h s ,  y t t r i u m  ( I I I ) ,  .sc.andium (III) ,  

lanthanum ( I I I ) ,  o r  thor ium ( I V ) .  

I Js ing t h e  s e l e c t i v e  s e p a r a t i o n  methods d e s c r i b e d ,  

e l u t i . a n  cu rves  f o r  ca lc ium and magnesium i n  t h e  p r e s e n c e . o f  

o t h e r  i o n s  a r e  shown i n  F i g u r e s  21-23. 

D .  O ther  S e p a r a t i o n s  

The methods developed f o r  t h e  s e l e c t i v e  removal  o f  

i n t e r f e r i n g  i o n s  p r i o r  t o  t h e  e l u t i o n . o f  c a l c i u m ' a n d  

magnesium can  a l s o  be used f o r  t h e  s e p a r a t i o n  o f  some of  

t h e s e  i o n s  a l o n e .  Th i s  i s  shown i n  F i g u r e 2 4  where manganese 

(11) i s  s e p a r a t e d  from n i c k e l  u s i n g  0 . 4  M HC1-95% a c e t o n e  - 

t o  s e l e c t i v e l y  e l u t e  manganese ( 1 1 )  and t h e n  s w i t c h i n g  t o  

0 . 4  M - ~ ~ 1 - 9 5 %  ace tone-0 .25  M DMG t o  e l u t e  n i c k e l .  - 

. . 

E .  R e s u l t s  o f  Ana1yse.s 

1. S y n t h e t i c  mi'xtures ">.,.,. 

The r e s u l t s  o f  q u a n t i t a t i v e  a n a l y s e s  o f  known m i x t u r e s  

o f  ca lc ium and magnesium, b o t h  a l o n e  and i n  combina t ion  w i t h  

o t h e r  e lements ,  a r e  shown i n  Tab l e s  V I I  and V I I I .  A l l  
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F i g u r e  21. Sepa ra t , i on  o f  calc ium and magnesium: from 
beryl l - ium and aluminum 

Column: 1 . 9  meg/g low c a p a c i t y  catex; 
7 'cm x 0 . 4. c m  

E l u e n t s :  0.1' M s u l f o s a l i c y l i c  a c i d ;  
pH' 31-6;' 3.'5 rnl../.mjn; 

' 0 . 8  M - N H 4 C 1 ;  2 ml/min 

De tec t ion :  Ar.senazo I color-forming 
r e a g e n t  ; 0.. 5' ml/min 
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F i g u r e  2 2 .  S e p a r a t i o n  of ca lc ium and magnesium from 
cadmium, c o b a l t ,  copper  ( I T ) ,  and z i n c  

Column: 1 . 9  meq/g l o w  c a p a c i t y  c a t e x ;  
7 cm x '  0 . 4  c m  

Sample: 51.4~1; 41.2 p g  Ca, 25 .0  ug lvlg,, 
1 2 o . . b g  cd,. ' 61 pg G o , '  65 pg C u ( I I ) ,  
67 bg .Zn 
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~ i g u r e  .23.. ~ e p a r a . b i o n  of: ca lc ium and magnesium from 
cer ium . ( I I I )  

Column: 1.9 meg(a low c a p a c i t y  c a t e x ;  
7 cm x 0 . 4  cm 

E l u e n t s :  1 M N H q C l ;  2 m l / m l n ;  
4 - NH4C1; 2 ml/min . . 

D e t e c t i o n :  Arsenazo I co lor - fo rming  r e a g e n t ;  
0 .5  snl/min 

. . . . . . 

Sample: 51.. 4 . . p l ;  41.2 pg Ca; 25'.0 pg Mg; 
1 4 4  pg ce(111)' 
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F i g u r e  24.. 
. . 

S e p a r a t i o n  of manganese ,.(II) and . n i c k e l  

Column: 1 . 9 '  rneq/g low c a p a c i t y  ca. tex;  ' 
7 'cm x '  i3.4 cm 

. . 
. . 

Eluent 's:  ' . 0:. . 4' g HC1-95% :ace.tone; 1.5'  ml/min; 
0. ..4. M HC1.-.95% acetone-U..25 M DMQ; 
I. 5' ml'/mln 

- .  

Dete .c t ion :  Methanol ic  s o l u t i o n  of ' PAR 
s a t u r a t . e d  wi.th THAM; . 4 '  ml/min; 
490 'nm 
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Table  V I . 1 .  . Ana lys i s  of known mix tu r e s  c o n t a i n i n g  v a r y i n g  
. . . . .  mo.lar. ra.t.i.0.s. .o.f. .C.a and. Mg. . . . .  

meq Ca/meq Mg, Mg ' ' Ca 
Taken Found Taken Found 

. .  . . . . .  . . . . .  . . . . . . .  .(mg.). . . . . . .  .(mg.). : .(mg.): (mg) 



? a b l e  V I I I .  A n a l y s i s  of  known m i x t u r e s  c o n t a i n i n g  equimolar  amounts of  Ca and Mg 
and var.y.i.ng.. amount s. of  .o t .her  .i.on.s. . . . . . . . . . . 

Other  I o n  meq. o t h e r '  i o n  Mg Ca 
.meq Ca, Mg Taken Found . . .Taken 'Found 

. . . .  . . .  .{mg) . . g ) . : . . . .(mg.). (mg)- 



T a b l e  V I I I .  (C0ntinu.e.d.). . . . . . . . . . . . ' .  . . . . . . 
. . . .  

.Other  i o n  meq o t h e r  'i'on M.g Ca 
meq Ca, YIg Taken Found Taken Found 

. . . . . . . .  . . . . .  . . . .  . . .  . . .  .(mg.). (mg): .(mg). .(mg) 

- 
H2P04 2 .5 /1  . . 0.0250 0 .  02.55 0 . 0 4 1  0 .041  

NQ - n o t  q u a n t i t a t e d  - r e c o v e r i e s  low and  v a r i a b l e .  co .a 



r e s u l t s  shown a r e  t h e  a v e r a g e  of  two o r  more d e t e r m i n a t i o n s  

and t h e  o v e r a l l  a v e r a g e  r e l a t i v e  e r r o r  based  on a l l  samples  

a n a l y z e d  was 3 . 0  pph i n  t h e  d e t e r m i n a t i o n  o f  magnesium and 

3 . 3  pph i n  t h e  d e t e r m i n a t i o n  of  ca lc ium.  

The p r e c i s i o n  o f  t h e  method compared f a v o r a b l y  w i t h  

t h a t  o f  o t h e r  i n s t r u m e n t a l  methods used f o r  t h e  a n a l y s i s  of 

s m a l l  amounts o f  ca lc ium and magnesium. An e s t i m a t e  o f  

p r e c i s i o n  was o b t a i n e d  u s i n g  a 7-cm x 0.4-cm column of 

1 . 8  meq/g low c a p a c i t y  c a t i o n  exchanger .  E l u t i o n  was 

accompl ished u s i n g  0 .8  M - ammonium c h l o r i d e  a t  a  f l o w  r a t e  

o f  2 ml/min and Arsenazo I co lo r - fo rming  r e a g e n t  a t  a  f l o w  

r a t e  of  0 . 5 m l / m i n  was used  f o r  d e t e c t i o n . ,  A c a l i b r a t i o n  

curve  was c n n s t r u c t e d  i n  t h e  u s u a l  manner b y .  i n j e c t i n g  

s t a n d a r d s  c o n t a i n i n g  known amounts o f  c a l c i u m  and magnesium 

and p l o t t . i n g  t h e  r e s u l t i n g  peak h e i g h t s  a g a i n s t  t h e  amounts '  

of c a l c i u m  and magnesium i n j e c t e d .  

A s i n g l e  s o l u t ' i o n  tha t  c o n t a i n e d  41 .,2 pg c a l c i u m  and 

2 5 . 0  ~ ( g  magnesium p e r  51.4-ml i n j e c t i o n  was t h e n  a n a l y z e d .  

Based on  f i v e  d e t e r m i n a t i o n s ,  r e l a t i v e  s t a n d a r d  d e v i a t i o n s  

of  2 . 0  pph f o r  ca lc ium and 1 . 4 4  pph f o r  magnesium were 

o b t a i n e d .  These may be  compared t o  r e l a t i v e  s t a n d a r d  

d e v i a t i o n s  of  1.7-3.3 pph f o r  c a l c i u m  and 2.4-4.8 pph f o r  

magnesium o b t a i n e d  u s i n g  a tomic  a b s o r p t i o n  s p e c t r o s c o p y  

( 8 0 ) .  



Aria .s'i's. 'o.f ha.r.d . . . . . . . . . . . . 
2. Y water samples 

Samples of Iowa State University and Ames city tap water 

were collected using approved (81). The samples 

were analyzed for calcium and magnesium using a 7-cm column 

.containing'O.4 g of 1.8 meq/g resin with 1' M - ammonium 

chloride as the eluent at a flow rate of 2 ml/min. Arsenazo . . 

I color-forming reagent at a flow rate 'of 24 ml/hr was used 

for detection. sample loop size varied with a0.969-m1 loop 

used for analysis of the Iowa State University tap water 

and a 2.34-m1 loop used for analysis of the Ames. city tap 

water. Calibration, curves were constructed by i'njecting 

standards containing known amounts of calcium and magnesium 

and plotting the resulting peak heights a s  a function of 

concentration. 

The samples were also analyzed for calclum and 

magnesium by means of titration with EDTA, atomic absorption 

spectro.scopy, and .plasma emission spectroscopy. ~esu1.t~ 

obtained by the different analytical. methods are shown in 
I I 

Table IX and it can be seen that the different methods give 

c'omparable results. 
. . 

The zinc, iron, and copper content of'these samples 'was 

measured . . by plasma emission spectroscopy and found to be 

insignificant (low ppb levels). The samples could therefore 

be analyzed ,directly by forced-flow chromatography or EDTA 

titration without prior separation or masking of these 



Table IX.. Analysis 0.f. hard .water. .samp.les - . 

. . 

Iowa State University tap water 

Our A A . Plasrra EDTA Our A A Plasma EDTA 
analysis . . emission titration . analysis ' emission titratio'n 

(ppm) (ppm) . .  spectrosc.opy .(p,pm). (PP~) (-ppm) (ppm) spectrosco~y .(.p.p.m.). ( P P ~  
. . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

City of Ames tap water 

Our AA P1asrr.a EDTA Our . AA Plasma EDTA 
analysis . emission titration analysis emission titration 

(ppd (ppm) spectroscopy 
. . . . .  . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  . . .  

(ppm) (ppm) (ppd s~ectroscopy .(. (PP~) 
(ppm) PP 

'10.5 10.1 10.5 10.5 38.0 36 9 36.0 35.9. 



elements. If it had been necessary to analyse samples con- 

taining interfering levels o f  copper and/or iron the 

procedure of Fritz and King (82) could have been used to 

remove the copper and/or iron prior to.the determination of 

calcium and magnesium by forced-flow chromatography or EDTA 

titration. 

Total hardness due to calcium and magnesium was deter- 

mined using the EDTA titl-ation procedure of Fritz et al. -- 

(36) and calcium hardness was determined by EDTA titration 

using the procedure of Patton and.Reeder (83). Hardness due 

.' to magnesium was then calculated by difference. The samples 

were analysed.for calcium and magnesium by atomic absorption 

spectroscopy using standard procedures (84). The plasma . 

emission spectroscopy analyses were performed by Walter 

Sutherland on the inductively coupled plasma-optical emission 

spectroscopy analytical system located in the Ames'Laboratory. 
. < 

The analytical use of such systems has been discussed by 

Fassel and Kniseley '(85). 

Most existing methods for the determination of calcium 

or magnesium in blood serum rely either on atomic absorption 

spectroscopy or on a colori.metric determination of one 

element in the presence of the other.' Typical of the atomic 

absorption'methods that have been described for the determi- 

nation of calcium and magnesium are those of Willis '(86,87). 



Such methods, a l t h o u g h  q u i t e  s p e c i f i c  f o r  ca lc ium o r  

magnesium, s u f f e r  c e r t a i n  impor t an t  l i m i t a t i o n s . .  These 

l i m i t a t  i o n s  i n c l u d e  r e l a t i v e l y  complex equipment r e q u i r e m e n t s  

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

A d d i t i o n a l l y ,  , s u c h  methods a r e .  no t  v e r y  ame'nable t o  a u t o -  

ma t i on  because  of  ' t h e  amount o f  m a n i p u l a t i o n  and sample 

h a n d l i n g  r e q u i r e d .  

Typ.i.cal of  t h e  col ,or j .metr ic  methods t h a t  have been 

d e s c r i b e d  f o r  t h e  ana1 ,ys i s  o f  c a l c ium o r  magnesium i n  b lood 

serum a r e  t h o s e  o f  Gi te lman and coworkers .  Fo r  t h e  a n a l y s i s  
, 

of  ca lc ium i n  b i o l o g i c a l  samples  g e n e r a l l y ,  Gi te lman (88 )  

d e s c r i b e d  an  automated s p e c t r o p h o t o m & t r i c  p rocedu re  u s ing .  a  

Technicon.  AutoAnalyzer sys tem.  He d e t e c t e d  ca l c ium w i t h  

c r e s o l p h t h a l e i n  and.masked magnesium w i t h  8 -hydroxyquino l ine .  

For  t h e a n a l y s i s . o f  magnesium i n  , b i o l o g i c a l  samples ,  Gitelman 

e t  a l .  ( 6 3 )  d e s c r i b e d  a n  AutoAnalyzer  p rocedu re  u s i n g  -- 

Eriochrome Black T t o  d e t e c t  magnesium and strontium-EGTA t o  

mask ca l c ium.  They a p p l i e d  t h e i r  p rocedu re  t o  t h e  d e t e r m i -  

n a t i o n  of magnesium i n  plasma,  serum, u r i n e ,  t i s s u e ,  and 

d i e t  samples a f t e r  a p p r o p r i a t e  sample p r e t r e a t m e n t .  Lamkin 

and Wtl l iams (38 ) descr . ibed  a manual s p e c t r o p h o t o m e t r i c  

p rocedu re  f o r  t h e  d e t e r m i n a t i o n  o f  c a l c ium and magnesium i n  ' 

blood oerum u ~ i n g  s imu l t aneous  apec t ropho tome t ry .  They 

de te rmined  t h e  t o t a l  c o n c e n t r a t i o n  o f  c a l c i u m  and magnesium 

u s i n g  ,Arsenazo I and  t h e n  masked t h e  ca lc ium with,EGTA. The 



c o n c e n t r a t i o n  o f  ca lc ium 'was found d i f f  eren.ce a f t e r  

de t e rmin ing  t h e  magnesium c o n c e n t r a t i o n .  , The c h i e f  l i m i t a -  

t i o n s  o f  such co ' lori 'metr ic  methods as t h e  above a r e  l a c k  o f  

s e n s i t i v i t y  and l a c k  of  s p e c i f i c i t y .  A d d i t i o n a l l y ,  such  

methods n e c e s s i t a t e  a s e p a r a t e  d e t e r m i n a t i o n  o f  e ach  e lement .  

A s  a  r e s u l t ,  t h e y  i n v o l v e  c o n s i d e r a b l e  sample h a n d l i n g  and 

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

Impor tan t  c o n s i d e r a t i o n s  i n  t h e  d e t e r m i n a t i o n  of  ca lc ium 

i n  blood serum have been o u t l i n e d  by W i l l i s  ( 8 6 )  and t h e s e  

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

magnesium i n  b l o o d  serum. ~ m o n ~  o t h e r s ,  t h e s e  c o n s i d e r a t  i o n s  

i n c l u d e  minimal sample p r e t r e a t m e n t ,  r a p i d  d e t e r m i n a t i o n ,  

a ccu racy ,  minimal sample s i z e ,  and r e l a t i v e l y  i n e x p e n s i v e  

equipment r equ i r emen t s .  O the r  c o n s i d e r a t i o n s  s u c h , a s  

, . s e n s i t i v i t y  and a d a p t a b i l i t y '  t o  au toma t ion  might  w e l l  be  

added. t o  t h e s e .  

4 .  P r e p a r a t i o n  and a n a l y s i s  o f  s y n t h e t i c  s'erum 

The s y n t h e b i c  serum was p r e p a r e d  by spPking a s o l u t i o n  

c o n t a i n i n g  potass ium d ihydrogen  phospha te ,  po tass ium c h l o r i d e ,  

. sodium c h l o r i d e ,  a n d  a lbumin wi'th a '  known amount o f  c a l c ium 

and. magnesirum. The' a lbumin had been  d e c a l c i f i e d  by pa s sage  

th rough  hydrogen 'form A-15 c a t i o n  exchanger  u 's ing a -  p rocedu re  

s i m i l a r  t o  t h a t  d e s c r i b e d  by Nate l son .  (8 '9 ) .  



The s y n t h e t i c  serum con t a ined :  

1 0  mg % Ca 

2.5 mg % Mg 

T h e s e , l e v e l s  of p r o t e i n , ' c a t l o n s ,  and a n i o n s  were chosen t o  , 

be, i n  t h e  r a n g e  of normal human s e r a  ( 9 0 ) .  

Th'e s y n t h e t i c  serum was analyz 'ed u s i n g  a 7-cm x  0.4-cm 

column of 2.0 meq/g low c a p a c i t y  c a t i o n  exchanger .  0.035 M 

ethylenediammonium c h l o r i d e  a t  a f l ow  r a t e  of  2  ml/min wa's 

used as t h e  e l u e n t  and d e t e c t i o n  was w i t h  PAR-ZnEDTA a t  a  

f low r a t e  of 0 .3  ml/min. Sample l oop  s i z e  was 42.2  p l . .  

T o t a l  a n a l y s i s  t i m e  was 12 .5  minu t e s  p e r  sample.  . C . a l i b r a t i o n '  

was accomplishe'd by means o f  c , a l i b r a t i o n  c u r v e s .  The c a l i -  

bra t i -on  ci.irves were cons. truc t ed by , i n j  e c t i n g  s t a n d a r d s  

c o n t a i n i n g  known amounts of ca lc ium ( 0 - 6  pg) and magnesium. 

(0-2 pg) and p l o t t i n g  t h e  r e s u l t i n g  peak he . igh t s  a g a i n s t  t h e  

amounts o f  ca lc ium and magnesium i n j e c t e d . ,  

, . 

Tab1e.X. Ana ly s i s  of  s y n t h e t i c  serum samples 

. . 
Taken Found D i l u t i o n  F a c t o r  

2.50 mg. % Mg , . 2.'50 mg % Mg 1 t o  2  
10 .0  mg % Ca 9.60 mg % Ca 1 t o  '2 

2.50 mg .% Mg 2.45 2 0 . 0  mg % Mg u n d i l u t e d  ' 

10 .0  mg % Ca. 10 .6  5 0.4 mg % Ca u n d i l u t e d  
. . . . 
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5 .  A n a l y s i s  of  c l i n i c a l  serum % . 

S e v e r a l  c l i n i c a l  serum samples  and a l s o  a  c o n t r o l  serum 

( ~ a d e  ~ i a ~ n o s t i c s  L a b t r o l )  were o b t a i n e d  from w a i t e r  Hyde of  

V e t e r i n a r y . M e d i c i n e .  The samples  were r e f r i g e r a t e d  p r i o r  t o  

a n a l y s i s  and were a n a l y z e d  w i t h i n .  s e v e r a l  days  o f  b e i n g  

r e c e i v e d .  A l l  'nalyses were performed u s i n g  -a 7 cm x 0.4 cm 

column o f  2.0 meq/g low c a p a c i t y  c a t i o n  exchanger .  0.'035 M - 

ethylenediamrnonium c h l o r i d e  a t  a  f l o w  r a t e  o f  2  ml/min was 

used a s  t h e  e l u e n t  and d e t e c t i o n  w a s  w i t h  PAR-ZriEDTA a t  a  

f l o w  r a t e  o f  0.25 - 0 .3  ml/min. Sample l o o p  s i z e  v a r i e d  

from 38 .1  t o  214 p1 .  Most a n a l y s e s  were  performed u s i n g  a 

38.1- o r  42.2-p1 l o o p .  T o t a l  a n a l y s i s  t i m e  was 1 2 . 5  m i n u t e s  

p e r  sample.  C a l i b r a t i o n  was by means o f  c a l i b r a t i o n  c u r v e s .  

The c a l i b r a t i o n  c u r v e s  were c o n s t r u c t e d  by i n j e c t i n g  

s t a n d a r d s  c o n t a i n i n g  known amounts o f  c a l c i u m  (0-6 pg)  and  

magnesium.(O-2 pg)  and p l o t t i n g  t h e  r e s u l t i n g  peak  h e i g h t s  

a g a i n s t  t h e  .amounts of c a l c i u m  and magnesium. i n j e c t e d .  

R e s u l t s  o f  a n a l y s e s  a r e  shown i n  F i g u r e  25 t o g e t h e r  w i t h  

r c g u l t 3  o b t a h e d  b y  WalLer Hyde using a t o m i c  a b s o r p t i o n  
. . 

s p e c t r o s c o p y .  



Table  X I .  comparison o f  a tomic  a b s o r p t i b n  and fo rced- f low 
chromatographic  a n a l y s e s  of serum samples" 

Sample R e s u l t s  

A A LC D i l u t i o n  F a c t o r  

C o n t r o l  3 mg % Mg 2.65 % 0.05 mg % Mg u n d i l u t e d  
1 0  mg % Ca - 9 . 4  ? 0 . 0  mg % Ca u n d i l u t e d  

u n d i l u t e d  
u n d i l u t e d  
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Figure 25. Calibration curves used for the analysis 
of diluted .serum s'amp.les 

Gol'umn: 2.0' mcq(g low capno l . t y  oqtn'x;  
7 'cm: x 0 ,  4' 'cm 

Eluent: ' 0'.035' M en-2HCl.; 2' ml/min - 
Detect ion : PAR-ZnEU'I'A .color-forming 

reagent; 0.3' ml/min 
. . . .  . . 

Sample: 42.2 p 1  





V. , CONCLUSIONS 

Forced-flow c a t i o n  exchange chromatography employing 

con t i nuous  s p e c t r o p h o t o m e t r i c  d e t e c t i o n  i s  s e e n  t o  b e  a p p l i -  

c a b l e  t o  t h e  r a p i d ,  q u a n t i t a t i v e  de t e rmina t i on '  o f  c a l c ium and 

magnesium i n  a v a r i e t y  o f  m a t r i c e s .  The s . epa r a t i on  .and 

measurement o f  ca lc ium and magnesium can  be combined i n  one 

e s s e n t i a l l y  con t i nuous  o p e r a t i o n  and a n a l y s i s  t i m e s  o f  t e n  

minu t e s  o r  l e s s  p e r  sample a r e  p o s s i b l e .  

Using s imple  s a l t  s o l u t i o n s  a s  e l u e n t s ,  low c a p a c i t y  

c a t i o n  exchangers  d e r i v e d  from p a r t i a l l y  s u l f o n a t e d  XAD-2 

e x h i b i t  calcium/magnesium s e p a r a t i o n  f a c t o r s  comparable t o  

t h o s e  o b t a i n e d  on c o n v e n t i o n a l  c a t i o n  exchangers  u s i n g  

e l u e n t s  c o n t a i n i n g  complexing a g e n t 3 .  The u s e  o f '  s a l t  so lu -  ' . . 

t i o n s  a s  e l u e n t s  r e s u l t s  i n  ea.sy, a c c u r a t e  d e t e c t i o n  o f  
. . 

c a l c i u m ,  and magnesium. 

Arsenazo I co lo r - fo rming  r e a g e n t  o f f e r s  good s e n s i t i v i t y  

f o r  t h e  con t i nuous  s p e c t r o p h o t o m e t r i c  d e t e c t i o n  o f  c a l c ium 
. . 

and magne~ium i n  ch?omatographic e f f l u e n t s .  PAR-ZnEDTA 

color- forming r e a g e n t o f f e r s  e x c e l l e n t  s e n s i t i v i t y  f o r t h e  

con t i nuous  s p e c t r o p h o t o m e t r i c  d e t e c t  i o n  . o f  many d i f f e r e n t  

m e t a l  i o n s ,  i n c l u d i n g  ca lc ium and magnesium, i n  chromato- 

g r a p h i c  e f f l u e n t s .  I n c o r p o r a t i o n  of  a n  a c t i v e  low p a s s  

f i l t e r .  w i t h i n  t h e  spec t ropho tome t r i , c  d e t e c t i o n  sys tem p e r m i t s  
. . 

g r e a t e r  a m p l i f i c a t i o n  o f  t h e  spec t ropho tome te r  o u t p u t  and 

r e s u l t s  i n  a c o n s i d e r a b l e  i n c r e a s e  i n  d e t e c t o r  s e n s i t i v i t y .  



' c e r t a i n  i o n s  t h a t .  would o t h e r w i s e  i n t e r f e r e  i n  t h e  

d e t e r m i n a t i o n  of  c a l c ium and magnesium may 'be  r e a d i l y  

s e p a r a t e d  by means o f  s e l e c t i v e  e l u t i o n  p rocedu re s .  

The combinat ion of  h i g h l y  e f f i c i e n t  c a t i o n  exchangers ,  
. . 

mild  e l u e n t s ,  s e n s i t . i v e  co lo r - fo rming  r e a g e n t s ,  and s e l e c t i v e  

s e p a r a t i o n  of i n t e r f e r e n c e s  r e s u l t s  i n  fo rced- f low chromato- 

g r a p h i c  methods t h a t  r i v a l  and i n  some ways s u r p a s s  o t h e r  

methods t h a t  have been used  o r  proposed f o r  t h e  a n a l y s i s  o f  

microgram amounts of c a l c ium and magnesium. A d i s t i n g u i s h i n g  

c h a r a c t e r i s t i c  of  fo rced- f low chromatographic  methods 

employing con t i nuous  d e t e c t i o n  i s  t h e  a b i l i t y  t o  accommodate 

ve ry  sma l l  samples c o n t a i n i n g  ve ry  - s m a l l  amounts o f  me t a l  

i o n s .  Using t h e  methods d e s c r i b e d ,  a  s i n g l e  sample.  o n l y  a 

f e w , t e n s  of  . m i c r o l i t e r s  i n  volume and c o n t a i n i n g  no more 

t h a n  a  few micrograms of  c a l c ium and magnesium can  be  e a s i l y  

and a c c u r a t e l y  ana lyzed . '  



V I .  FUTURE WORK 

. .  . , 

A .  ' .  Apparatus  . ' 

C o n s i d e r a t i o n  shou ld  be g i v e n  t o  modifying t h e  f o r c e d -  

f low chromatograph t o  ex tend  and improve i t s  c a p a b i l i t i e s .  

One p o s s i b l e  m o d i f i c a t i o n  would be  t o  r ebu . i l d  t h e  sys tem 

w i t h i n  one o f .  t h e  fume hoods s o  as t o  f a c i l i t a t e  working w i t h  

s o l u t i o n s  t h a t  g e n e r a t e  noxious  o r  c o r r o s i v e ~ v a p o r s .  More- 

ove r ,  b y  l o c a t i n g  t h e  v a r i o u s  e l e c t r o n i c  components o u t s i d e  

. t h e  hood, i t  would be  p o s s i b l e  t o  p r o t e c t , t h e m  from c o r r o s i o n  

t o  a  .much - g r e a t e r  e x t e n t  t h a n  i s  now f e a s i b l e .  L a s t l y , .  u s e  

of  a hood would minimize  any f i r e  hazard  when u s i n g  o r g a n i c  

s o l v e n t  m i x t u r e s  as e l u e n t s .  

A second ~ o s s i b l e  m o d i f i c a t i o n  would be t h e  rep lacement  

of t h e  Heath s p e c t r o p h o t o m e t r i c  d e t e c t o r  s e t u p  w i t h  one o f  

t h e  newer commercial i n s t r u m e n t s .  Although t h e  Heath s e t u p  

has  g i v e n  good s e r v i c e  over s e v e r a l  yea?s  o f  more .or l e s s  

con t i nuous  o p e r a t i o n ,  i t  i s  now beg inn ing  t o  show i t s  a g e  

and should  p robab ly  be r e p l a c e d .  

A t h i r d  p o s s ' i b l e  m o d i f i c a t i o n  would be  t o  r e d e s i g n  t h e  

fo rced- f low chromatograph t o  a c h i e v e  b o t h  g r e a t e r  ' c o n t r o l  

and g r e a t e r  conven ience  o f  o p e r a t i o n .  A number of  new 

d e v i c e s  ( e l e c t r o n i c  m e t e r i n g  pumps, ~ e f l p w - l i n e d  s o l e n o i d  

v a l v e s ,  e l e c t r o n i c  i n t e g r a t o r s ,  e t c . )  have be'come 

commercia l ly  a v a i l a b l e  w i t h i n  t h e  l a s t  few y e a r s  and some 



of  t h e s e  undoubtedly  cou ld  be  employed t o  g r e a t  advan t age  i n  

t h e  c o n s t r u c t  i o n  o f  a  'new chromatograph.  

I d e a l l y ,  i t  should  be p o s s i b l e  t o  d e s i g n  and b u i l d  a  

chromatograph w i t h  h i g h l y  p r e c i s e  r e g u l a t i o n  of t h e  f low 
. . 

r a t e s  of  a l l  s o l u t i o n s  i ndependen t l y  o f  one a n o t h e r .  Such a  

chromatograph would need s e p a r a t e  pumping sys tems f o r  e ach  

s o l u t i o n  and a  s e r i e s  of  e l e c t r o n i c  me t e r i ng  pumps might  be 

used f o r  t h a t  purpose .  

B. Use of  E l u e n t s  Con t a in ing  M u l t i p l y  

Charged' 'Ca t i ons  

Using fo rced- f low chromatography,  s e v e r a l  workers  have  

shown t h a t  e l u e n t s  c o n t a i n i n g  p e r c h l o r a t e  a n i o n s  can  be us'ed 

t o  r a p i d l y  e l u t e  many o t h e r w i s e  s t r o n g l y  r e t a i n e d . . a n i o n s  

from a n i o n  exchangers .  Thus, F r i t z  and S i c k a f o o s e  ( 1 6 )  used 

0 . 4  M - s o d i m ,  pe r ch lo r ' a t e  t o  r a p i d l y  s t r i p  chromium ' ( V I )  f rom 

, Amberilyst A-26 a n i o n  exchange r e s i n .  S i m i l a r l y ,  Seymour and 

F r i t z  ( 1 7 )  used m i x t u r e s  o f  h y d r o c h l o r i c  a n d ' p e r c h l o r i c  

a c i d s  t o  ~ e 1 e c t i v e l . y  e l u t e  s t r o n g l y  r e t a i n e d  a n i o n i c  c h l o r i d e  

complexes of  c e r t a i n  m e t a l  i o n s  from t h e  same r e s i n .  

Analogously ,  it  might  be p o s s i b l e  t o  r a p i d l y  e l u t e  

s t r o n g l y  r e t a i n e d  c a t  i o n s  from c a t  i o n  exchangers  by u s i n g  

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

f o r  . . t h e  r e s i n .  S o l u t i o n s  o f  p r o t o n a t e d  polyamine compounds 

might  be t h e  e l u e n t s  of  c h o i c e  s i n c e  t h e y  would no t  i n t e r f e r e  



w i t h  d e t e c t i o n  by means o f  co lo r - fo rming  r e a g e n t s .  

A d d i t i o n a l l y ,  many such compounds a r e  commonly u s e d . a s  

b u f f e r s  a n d . a r e  commercia l ly  a v a i l a b l e  i n  pu re  form. An 

example o f  such  a  compound i s  hexamethy lene te t ramine .  

C . Development of S p e c i f i c  Methods 

It shou ld  be p o s s i b l e  t o  d e v i s e  n e a r l y  s p e c i f i c  f o r c e d -  

f l ow  chromatographic  methods f o r  p a r t i c u l a r  m e t a l  i o n s  by 

u t i l i z i n g  some of  t h e  s e l e c t i v e  e l u t i o n  and d e t e c t i o n  

p rocedu re s  t h a t  have  been d e s c r i b e d  i n  t h e  l i t e r a t u r e .  

Fo r  example, i t  should  be  p o s s i b l e  t o  d e v i s e  a  f o r c e d -  

f l ow  chromatograph ic  method.  f o r  V ( V )  u s i n g  t h e  g e n e r a l  

p rocedu re  of F r i t z ,  and Abbink ( 9 1 )  who s e p a r a t e d  V ( V )  from 

25 o t h e r  m e t a l  i o n s  on Dowex 50W-X8 by s e l e c t i v e l y  e l u t i n g  

t h e  V ( V )  w i t h  0 . 0 1  - M s u l f u r i c  o r  p e r c h l o r i c  a c i d ' c o n t a i n i n g  

1% hydrogen pe rox ide .  S i m i l a r l y ,  some of  t h e  s e l e c t i v e  

e l u t i o n . p r o c e d u r c s  used i n  t h i s  work f o r  t h e  s e p a r a t i o n  o f  

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

magnesium might  be  used  i n s t e a d  f o r  t h e  fo rced- f low chromato- 

g r a p h i c  d e t e r m i n a t i o n  o f .  t h o s e  m e t a l  i o n s .  Thus, i t  shou ld  

, be p o s s i b l e  t o .  d e v i s e  a  s e l e c t i v e  fo rced- f  low, chromatograph ic  
. . 

nlethsd f o r  niclcel  u s i n g  hydrochl. .orl .c ac id -ace tone-d imethy l -  

g lyoxime a s  a n '  e l u e n t .  

. . S i m i l a r l y ;  one might  d e v i s e  n e a r l y '  s p e c i f i c  fo rced- f low 

chromatographic  methods o f  p a r t i c u l a r  m e t a l  i o n s  'by u t i l i z i n g  



s e l e c t i v e  d e t e c t i o n  of t h e  i o n s  of i n t e r e s t .  Here  one  would 

u s e  fo rced- f low chromatography t o  s e p a r a t e  t h e  i o n  o f  
. . 

i n t e r e s t  . f rom ' t h e  b u l k  o f  any i n t e r f e r i n g  i o n s  and  t h e n  u s e  

s e l e c t i v e  d e t e c t i o ' n  t o  d e t e r m i n e  i t  i n  t h e  p r e s e n c e  o f  one 

o r  more o v e r l a p p i n g  i o n s .  

There  a r e  two p o s s i b l e  a p p r o a c h e s  t o  s e l e c t i v e  d e t e c t i o n  

w i t h  sys tems  employing c o n t i n u o u s  s p e c t r o p h o t o m e t r i c  d e t e c -  

t i o n .  The f ' i rst  approach  i s  t h e  u s e  of c o l o r i m e t r i c  r e a g e n t s  

t h a t  a r e  t h e m s e l v e s  ' r a t h e r  s e l e c t i v e  as co lo r - fo rming  

r e a g e n t s .  Thus one might  d e v i s e  a s e l e c t i v e  fo rced- f low 

chromatograph ic .  method f o r .  aluminum based on d e t e c t  i o n  w i t h  

Chromazural  S.  . T h e  second approach  i s  t o  u s e  masking a g e n t s  

t o  mask o u t  i n t e r f e r i n g  i o n s .  Many p o s s i b i l i t i e s  e x i s t  

u s i n g  t h i s  approach .  For  example, i n  t h e  c o u r s e  of  t h i s  work 

i t  was obse rved  t h a t  e t h y l e n e d i a m i n e  e f f e c t . i v e l y  masked 

c o p p e r  (11) a g a i n s t  d e t e c t i o n ,  w i t h  PAR co lo r - fo rming  r e a g e n t .  

Conoequently,  onc c o u l d  b a ~ e  a method f o r  a n  i o n  such  as 

z i n c  i n ,  t h e  p r e s e n c e  o f  c o p p e r  (.II) on s e l e c t i v e  d e t e c t i o n  

with.  PAR co lo r - fo rming  r e a g e n t  c o n t a i n i n g  e t h y l e n e d i a m i n e  a s  

a  masking a g e n t .  Many o t h e r  p o s s i b i l i t i e s  e x i s t  s i n c e  many 

s e l e c t i v e  s p e c t r o p h o t o m e t r i c  methods -employing masking of  

i n t e r f e r e n c e s  have been d e s c r i b e d  i n  t h e  literature. Many 

methods of  t h i s  s o r t  have been rev iewed  by P e r r i n  ( 5 9 1 '  
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