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METAL CATION SPECIATION V I A  EXTRACTION REVERSED PHASE HPLC W I T H  REFRACTIVE 

INDEX AND/OR INDUCTIVELY COUPLED PLASMA EMISSION DETECTION METHODS (HPLC-RI-ICP) 

* 
D. Bushee, D. Young, and I.S. K r u l l  
I n s t i t u t e  o f  Chemical Analysis 
Department o f  Chemistry 
Northeastern Un ive rs i t y  
360 Huntington Avenue 
Boston, Massachusetts 02115 USA 

and 

R.N. Savage and S.B. Smith, Jr. 
Ana ly t i ca l  Instrument D iv i s ion  
Instrumentat ion Laboratory, I nc . 
Jonspin Road 
Wilmington, Massachusetts 01887 USA 

ABSTRACT 

Conventional h igh  performance 1 i quid chromatography (HPLC) instrumenta- 
t i o n  and packing mater ia ls  can be inexpensively and r a p i d l y  u t i l i z e d  f o r  the 
q u a l i t a t i v e  and quan t i t a t i ve  ana lys is  o f  var ious metal ca t ions .  The f i n a l  
approaches u t i l i z e  reversed phase HPLC i n  the form o f  ex t rac t i on  chromatography. 
The de tec t ion  o f  i n d i v i d u a l l y  eluted, f u l l y  resolved metal ca t ions  i s  then 
poss ib le  v i a  conventional r e f r a c t i v e  index ( R I )  and/or i nduc t i ve l y  coupled 
plasma (Im emission spectroscopic de tec t ion .  F ina l  data presentat ion can be 
i n  the  form o f  conventional, continuous R I  o r  I C P  chromatograms, via pulsed 
data I C P  presentat ions,  and/or via tabu la r  I C P  data presentat ion.  

INTRODUCTION (33) 
Inorganic metal t o x i c i t y  has long been an area o f  in tense b i o l o g i c a l ,  

t ox i co log i ca l ,  and medical i n te res ts .  The apparent t o x i c  p roper t ies  o f  most, 

i f  no t  a l l ,  metals have been e luc ida ted  and ex tens ive ly  described f o r  several 

*Author t o  whom correspondence and r e p r i n t  requests should be addressed. 
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694 BUSHEE ET AL. 

decades (1-4). U n f o r t u n a t e l y ,  t h e  v a s t  m a j o r i t y  o f  pub1 i s h e d  me ta l  t o x i c i t y  
s t u d i e s  have neve r  i n v o l v e d  a p p r o p r i a t e  and complete a n a l y t i c a l  methodology. 

Wherein a n a l y t i c a l  methods have been used as p a r t  o f  t h e  o v e r a l l  b i o l o g i c a l  

s t u d i e s ,  these have p rov ided  t o t a l  meta l  c o n c e n t r a t i o n s  o r  a b s o l u t e  l e v e l s ,  
r a t h e r  than t h e  more s p e c i f i c  and d e s i r a b l e  me ta l  s p e c i a t i o n  p r o f i l e s  f o r  t h e  

p a r t i c u l a r  b i o l o g i c a l ,  t o x i c o l o g i c a l ,  o r  medica l  samples o f  i n t e r e s t  (5-14) .  
Within r e c e n t  y e a r s  i t  has become apparent  t o  most  s c i e n t i s t s  and some 

d e c i s i o n  makers t h a t  p a r t i a l  o r  complete meta l  s p e c i a t i o n  o f  env i ronmenta l ,  

b i o l o g i c a l ,  t o x i c o l o g i c a l ,  and/or  medica l  t y p e  samples must  be under taken on 
a r e g u l a r  b a s i s .  Tha t  i s ,  o n l y  when a l l  o r  most  meta l  spec ies  p resen t  i n  any 
sample a r e  a c c u r a t e l y  known, can we then  a p p r o p r i a t e l y  a s c r i b e  b i o l o g i c a l ,  

medica l ,  o r  t o x i c o l o g i c a l  p r o p e r t i e s  t o  t h a t  p a r t i c u l a r  m i x t u r e  o f  me ta l s  
and/or  m e t a l l i c  compounds o r  i ons .  Many me ta l s  can e x i s t  as t h e  f r e e  meta l ,  
va r ious  c a t i o n i c  o r  a n i o n i c  o x i d a t i o n s  s ta tes ,  o r g a n i c a l l y  bound c h e l a t e s /  
complexes, and/or  organometals. Obvious ly .  t h e  f i n a l  s p e c i a t i o n  o f  me ta l s  i n  

a complex sample m a t r i x ,  o f t e n  i n  t h e  presence o f  o t h e r  me ta l s  and t h e i r  
spec ies,  must i n v o l v e  some s o r t  o f  an i n i t i a l  s e p a r a t i o n  process.  Within t h e  
p a s t  few years,  a tremendous i n t e r e s t  and e f f o r t  has emerged towards 
i n o r g a n i c  meta l  c a t i o n / a n i o n  a n a l y s i s ,  e s p e c i a l l y  i n  t h e  use o f  i o n  chromatog- 

raphy ( I C ) ,  and/or  h i g h  Performance l i q u i d  chromatography u s i n g  i o n  exchange 
packings, t o g e t h e r  w i t h  c o n d u c t i v i t y  and/or  e lec t rochemica l  d e t e c t i o n  (12, 15- 

24). It has become obvious t h a t  IC, e s p e c i a l l y  via t h e  use o f  c o m n e r c i a l l y  
a v a i l a b l e  i ns t rumen ta t i on ,  has become q u i t e  popu la r ,  v e r y  u s e f u l ,  and can be  

r e a d i l y  u t i l i z e d  i n  t r a c e  env i ronmenta l  and/or  t o x i c o l o g i c a l  s t u d i e s .  
Un fo r tuna te l y ,  such comnerc ia l  i n s t r u m e n t a t i o n  i s  o f t e n  q u i t e  expensive 
($l5.000-$25,0OO/unit), and must be t o t a l l y  ded ica ted  t o  t h e  performance o f  
i n o r g a n i c / o r g a n i c  c a t i o n  o r  an ion  t ype  separa t i ons .  I t  does n o t  l e n d  i t s e l f  
t o  t h e  performance o f  conven t iona l  HPLC s e p a r a t i o n s  

l i q u i d ,  reve rsed  phase, pa i red - ion ,  and/or  g e l  permeat ion techniques.  

work has been r e p o r t e d  i n  r e c e n t  years,  e s p e c i a l l y  w i t h  r e g a r d  t o  u s i n g  an-y 
comnerc ia l  t ype  HPLC i n s t r u m e n t a t i o n  and pack ing  m a t e r i a l s  f o r  pe r fo rm ing  
i n o r g a n i c  meta l  c a t i o n l a n i o n  t y p e  analyses.  Q u i t e  o b v i o u s l y ,  t h i s  s i t u a t i o n  
shou ld  be remedied, and t h e  work desc r ibed  he re ,  i n  p a r t ,  has been designed 

w i th  t h i s  goal i n  mind. A l l  o f  t h i s  work has u t i l i z e d  conven t iona l  reve rsed  

phase t ype  pack ing m a t e r i a l s ,  C18. w i th  e x t r a c t i o n  reagents i n  t h e  m o b i l e  
phase, e, t r i b u t y l p h o s p h a t e  (TBP). 

19705, and t h e  work o f  H o r w i t z  and co-workers i s  e s p e c i a l l y  r e l e v a n t  (25-27). 

l i q u i d - s o l i d ,  l i q u i d -  

U n f o r t u n a t e l y .  r e l a t i v e l y  l i t t l e  non-IC o r  non-ion-exchange t y p e  

E x t r a c t i o n  chromatography was developed e x t e n s i v e l y  i n  t h e  e a r l y - m i d  
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METAL CATION SPECIATION 695 

The use o f  organic phosphates f o r  t he  separat ion o f  various radiochemical 

metal species was qu ick ly  extended t o  a la rge  number o f  metal ca t ions ,  bu t  

t h i s  work almost always invo lved the  use o f  polymeric o r  s i l i c a  gel  type 
packing mater ia ls.  The usefulness o f  e x t r a c t i o n  chromatography w i t h  modern, 

bonded phase packings, espec ia l l y  CI8, has no t  been discussed i n  depth. 

o f  var ious metal ca t ions  u t i l i z i n g  e x t r a c t i o n  chromatography together  w i t h  
reversed phase (RP) type packings, wherein t h i s  has now been in te r faced  w i t h  

R I  and/or I C P  de tec t ion  methods. These methods a l l ow  f o r  the successful 

reso lu t i on  and spec ia t ion  o f  various metal ca t ions ,  espec ia l l y  when the  HPLC 
methods are combined w i t h  I C P  de tec t ion .  Reproduc ib i l i t y  studies have been 
performed using these approaches, bo th  on an in t ra -day  and in te r -day  basis.  

I n  add i t i on ,  some attempts have been made t o  compare d i rec t - ICP w i t h  HPLC- 

I C P  f o r  cadmium ion  l i m i t s  o f  de tec t ion .  

We describe here some i n i t i a l  resu l t s  i n  the  separat ion and spec ia t ion  

EXPERIMENTAL 

Reagents 

Inorganic s a l t s ,  reaaent grade, were obtained as Baker analyzed 

reagent (VWR S c i e n t i f i c ,  Inc . ,  Boston, Mass.), F isher  ACS c e r t i f i e d  (F isher  

S c i e n t i f i c ,  Inc. ,  Medford, Mass.), and/or Al fa/Ventron Inorganics,  Inc .  
(Danvers, Mass.). T r i b u t y l  phosphate was purchased from Alfa/Ventron, Inc .  

The mobile phase water was purchased from J.T. Baker Chemical Co. ( P h i l l i p s -  

burg, N.J.), o r  used d i r e c t l y  from a Corning Mega-Pure s t i l l  (Corning Corp., 

Corning, N.Y.). 

Apparatus 

the present work. However, f o r  the  e x t r a c t i o n  chromatography, no t  a l l  columns 

proved equa l ly  sa t i s fac to ry .  A t y p i c a l  HPLC arrangement consisted o f  a 
Laboratory Data Control (LDC) (R iv ie ra  Beach, F la . )  Model 711 so lvent  de l i ve ry  
system, modif ied w i t h  a special  pulse dampener, o r  a newer LDC Constametric 

111 pump, a Rheodyne Model 7125 syr inge i n j e c t i o n  va lve  (Rheodyne Corp., 
Cotat i ,  C a l i f . ) ,  an Altex/Beckman va r iab le  wavelength U V - V I S  de tec tor  (A l tex /  

Becknan Corp., I r v ine ,  C a l i f . ) ,  a Waters Model 401 R I  de tec tor  (Waters 

Assocs., M i l f o rd ,  Mass.), a modif ied Instrumentat ion Laboratory Model Plasma- 

100 induc t i ve l y  coupled plasma emission spectrometer ( Ins t rumenta t ion  

Laboratory, Inc. ,  Wilmington, Mass.), and a Linear Corp. ( I r v i n e ,  C a l i f . )  o r  

We have u t i l i z e d  a number o f  HPLC instrumentat ion arrangements f o r  
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696 RUSHEE ET AL. 

Honeywell  Corp. (Minn. .  Minn.) dua l  pen reco rde r .  The R I / I C P  da ta  was o b t a i n e d  
- v i a  a dual  pen reco rde r ,  and/or  a separa te  ICP p r i n t - o u t  f rom t h e  Plasma-100 

system. Of ten,  b o t h  t h e  r e c o r d e r  I C P  chromatogram and t h e  t a b u l a r  da ta  fo rma t  
f rom t h e  I C P  were o b t a i n e d  a t  t h e  same t ime .  A t  o t h e r  t imes,  t h e  t a b u l a r  da ta  
p r e s e n t a t i o n  c o u l d  be manual ly  used t o  r e c o n s t r u c t  a pu l sed  t y p e  o r  cont inuous 

t y p e  HPLC-ICP chromatogram. T h i s  was done knowing t h e  t imed  i n t e g r a t i o n  
sequence o f  t h e  t a b u l a r  da ta  p r e s e n t a t i o n .  I n  l a t e r  runs,  t h e  Plasma-100 system 
was operated t o  p r e s e n t  b o t h  pu l sed  t y p e  chromatograms. as below, and t h e  
s imul taneous t a b u l a r  da ta  p r e s e n t a t i o n s .  T h i s  p r o v i d e d  a d d i t i o n a l  c o n f i r m a t i o n  

o f  t h e  ICP r e s u l t s  f o r  t h e  f i n a l  me ta l  s p e c i a t i o n .  

I n  t h e  work descr ibed,  t h e  HPLC columns were a l l  o f  t h e  C18 t y p e  

and u s u a l l y  o b t a i n e d  comnerc ia l l y ,  as f o l l o w s :  1) H i b a r  I1 RP-18 pre-packed 

column (4.6mn x 25cm)(MCB Chemicals, I nc . ,  Cinc., Ohio) ;  1 )  A l l t e c h  C-18 

(4.6mn x 25cm) (A l l t ech  Assocs., I n c . ,  D e e r f i e l d ,  I 1 1  . ) ;  3)  Altex/Beckman 
U l t r a s p h e r e  ODS ( 4 . h  x 15cm)(Altex/Beckman Corp.); 4) s l u r r y  packed in -  

house columns u s i n g  L i c h r o s o r b  RP-18 (4.6mn x 25cm)(MCB Chemicals, I n c . ) .  

Methods 

I n  e x t r a c t i o n  chromatography t h e  m o b i l e  phase c o n s i s t e d  o f  v a r y i n g  

m o l a r i t i e s  o f  e i t h e r  NaCl o r  LiC1, s a t u r a t e d  w i t h  TBP. The s a t u r a t i o n  was 
per formed by shak ing  t h e  s a l t  s o l u t i o n  w i t h  excess TBP, s t a n d i n g  i n  t h e  

presence o f  t h e  excess T6P o v e r n i g h t ,  and t h e n  s e p a r a t i n g  t h e  aqueous l a y e r  
f r o m  t h e  o rgan ic  l a y e r  i n  t h e  morn ing.  I n  some i n i t i a l  s t u d i e s ,  i n o r g a n i c  

phosphate b u f f e r s ,  0 . lM  sodium d ihyd rogen  phosphate/O.lM d i sod ium hydrogen 

phosphate, were added t o  t h e  m o b i l e  phase, p roduc ing  a f i n a l  pH = 3.9-4.2. 
I n  t h e  absence o f  such b u f f e r i n g  s a l t s ,  t h e  f i n a l  pH was about  6.0. These 
d i f f e r e n c e s  i n  t h e  pH o f  t h e  m o b i l e  phase d i d  n o t  appear t o  a f f e c t  any 

c a p a c i t y  f a c t o r s  f o r  t h e  meta l  c a t i o n s  s t u d i e d .  The aqueous m o b i l e  phase was 

de-gassed under vacuum, f i l t e r e d ,  and used as q u i c k l y  as f e a s i b l e .  It appears 
i m p o r t a n t  t h a t  such m o b i l e  phases a r e  prepared j u s t  p r i o r  t o  a c t u a l  use, 
o the rw ise  f i n a l  r e t e n t i o n  t imes can d i f f e r  g r e a t l y .  Omission o f  t h e  TBP 

a l t o g e t h e r ,  r e s u l t s  i n  a l l  meta l  c a t i o n s  e l u t i n g  i n  t h e  s o l v e n t  f r o n t .  

1-2 h r s  a t  ambient temperatures, and once t h e  R I  o r  ICP base l i nes  a r e  s t a b l e ,  

analyses can beg in .  I t  i s  p o s s i b l e  t o  a c c e l e r a t e  t h e  e q u i l i b r a t i o n  process 

by u s i n g  a s p e c i a l  e q u i l i b r a t i n g  s o l u t i o n  o f  TBP i n  Me0H:HOH (l:l), c o n t a i n i n g  
about  20% v/v  TBP. T h i s  i s  t hen  used t o  s a t u r a t e  a brand new CI8 column. I n  

t h i s  way, d a i l y  e q u i l i b r a t i o n s  w i t h  t h e  f r e s h  m o b i l e  phase took  l e s s  t i m e  t h a n  
w i t h  t h e  f i r s t  procedure above. I n  o r d e r  t o  p r o l o n g  column and component 
l i f e t i m e s ,  t h e  columns were washed f r e e  o f  a l l  i n o r g a n i c  s a l t s  w i t h  d i s t i l l e d  

The RP-HPLC columns a r e  e q u i l i b r a t e d  w i t h  t h e  m o b i l e  phase f o r  about  
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METAL CATION SPECIATION 697 

water a t  the  end o f  each day's run. They were then l e f t  standing i n  the 

presence o f  t h e  same d i s t i l l e d  water. Washing w i t h  MeOH o r  1:1 Me0H:HOH 

removed a l l  organic TBP from the packing mater ia l ,  and thus requ i red  a much 
longer e q u i l i b r a t i o n  per iod  the  next working day. I nd i v idua l  columns used and 
prepared i n  t h i s  manner have las ted  as long as s i x  months before any signs of 
column degradation o r  component corrosion began t o  appear. A mobi le phase 
sa tu ra t i on  pre-column, cons is t ing  o f  la rge  p a r t i c l e  s i ze  s i l i c a  ge l ,  was used 

on- l ine  and j u s t  before the i n j e c t i o n  valve. This was designed t o  extend 

column l i f e t i m e  by prevent ing d i sso lu t i on  o f  the  a n a l y t i c a l  packing ma te r ia l .  

I n  comparing t h e  s e n s i t i v i t i e s  f o r  d i rec t - ICP ana lys is  vs. HPLC-ICP 
i n t e r f a c i n g  f o r  the same metal ca t ion ,  y&. Cdt2, t h i s  was done by i n j e c t i n g  

a number o f  i d e n t i c a l  samples HPLC-ICP (ZOug/ZOul), and a t  the  same t ime 

determining the  I C P  response on t h a t  same day f o r  a d i rec t - ICP nebu l izer  
uptake analysis o f  the  i d e n t i c a l  so lu t i on .  Comparisons o f  both peak he igh t  

and peak area responses were then made f o r  the  direct- ICP and HPLC-ICP resu l t s .  

RESULTS AND DISCUSSION 

We have now determined re ten t i on  times and capaci ty fac to rs  ( k ' )  
f o r  a t  l e a s t  three metal cat ions,  a l l  d i va len t  species, o f  cadmium (Cd"), 

z inc (Zn 
va len t  cat ions could be separated us ing  these o r  s i m i l a r  chromatographic 

techniques. I n i t i a l  separat ion cond i t ions  were determined using both R I  and 
u l t r a - v i o l e t  ( U V )  detect ion,  where possible,  o r  R I  alone. Two inorgan ic  sa l t s ,  
NaCl and LiC1, were separately added t o  the mobile phase preparat ions,  i n  
order t o  "sa l t -ou t ' '  t he  metal ca t i on  species and increase o r  modify re ten t i on  

times. Table I sumnarizes the  ove ra l l  r esu l t s  obtained i n  t h i s  manner. Changing 
the NaCl concentrat ions from 1.OM t o  2.OM resu l ted  i n  a complete reversa l  

o f  the e l u t i o n  order f o r  Hg and Zn cat ions.  Thus, as others have prev ious ly  
noted i n  ex t rac t i on  chromatography, r e t e n t i o n  times and capaci ty fac to rs ,  as 

we l l  as e l u t i o n  orders, can be eas i l y  manipulated by varying the s a l t  
+2 concentrat ions and ho ld ing  a l l  o ther  var iab les  constant. I n  the case o f  Cd , 

no NaCl concentrat ion was able t o  increase the  re ten t i on  time beyond t h a t  o f  

the so lvent  f r o n t .  However, by going t o  the  use o f  LiC1, a t  the 2.OM leve l ,  
i t  was poss ib le  t o  ob ta in  a small, bu t  rea l ,  re ten t i on  f o r  the  Cd" ion.  

These r e s u l t s  w i t h  2.OM L iC l  a re  shown i n  Figure 1, wherein R I  alone was used 

f o r  the  detect ion,  and low ug amounts o f  a l l  th ree  metal ca t ions  were i n jec ted  
as a mixture,  as we l l  as separately.  The t o t a l  e l u t i o n  time fo r these th ree  

species i s  under s i x  minutes, w i t h  basel ine reso lu t i on  obtained f o r  a l l  cat ions 

+2 +2 ) ,  and mercury (Hg ) .  Obviously, many o the r  d i va len t  and mono- 
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698 BUSHEE ET AL. 

TABLE I 

TRIBUTY L PHOSPHATE REVERSED PHASE EXTRACTION CHROMATOGRAPHY IN H P L C ~  

RP-HPLC CONDITIONS METAL CATION 
1.OM NaCIC Hg+2 

Zn+2 
Cdt2 

2.OM NaCIC Hg" 

Zn+2 
Cdt2 

1 . 0 ~  L iC ld  Hg+2 

Zn+2 

Cd+2 
2.OM L iC ld  Hg" 

Zn+2 

Cd+2 

- t,(mins) 
4.8 
4.4 
s . f .  

4.2 
6.3 
s . f .  

4.5 
2.9 
s . f .  

7.6 
5.7 
3.3 

b 

- k '  (capac i ty  fac to r )  
0.68 
0.54 
s . f .  

0.45 

1.17 
s . f .  

1.3 
0.51 

s . f .  

2.0 

1.3 
0.32 

b 

a. 

b .  

HPLC cond i t ions :  H ibar - I1  RP-18 column (4 .6m x 25cm)(MCB Chemicals, I nc . ) ,  
aqueous mobile phase saturated w i t h  TBP conta in ing  NaCl o r  LiC1, pH = 
4.6-6.0, f low ra tes  0.65-1.Gml/min, R I / U V  de tec t ion .  
s . f .  = solvent f r o n t ;  c.  mobile phase f low r a t e  = 0.65ml/min; d. mobile 
phase f low r a t e  = 1.0 ml/min. 

present. These same HPLC condi t ions,  Figure 1, were then u t i l i z e d  f o r  subsequent 
HPLC-RI-ICP studies,  as we l l  as f o r  the determinat ion o f  r e l a t i v e  s e n s i t i v i t i e s  
f o r  d i rect- ICP vs. HPLC-ICP. 

ca t ion ,  Cd+2, us ing  the same HPLC condi t ions as i n  Figure 1, bu t  now w i t h  

a 50:50 s p l i t  o f  the t o t a l  column e luent  t o  both detectors.  I n  t h i s  p a r t i c u l a r  

example, Cdt2 was in jec ted  a t  a concentrat ion o f  36.6ug/2Oul, so t h a t  about 
18ug i s  reaching each detector.  Spec i f i c  de tec tor  operat ing cond i t ions  are 

ind ica ted  i n  Figure 2. It i s  apparent from the  R I  t r ace  t h a t  the  Cd+2 i o n  
i s  j u s t  separated from the so lvent  f ron t .  Also o f  i n t e r e s t  i s  the  f a c t  t h a t  

the I C P  i s  r e a d i l y  able t o  provide continuous chromatographic p r o f i l e s  of 
each peak as these e l u t e  from the column. That i s ,  i t  can func t i on  j u s t  l i k e  

any more conventional HPLC detector,  be t h i s  UV, R I ,  EC, e t c .  

such as the  I C P  o r  g raph i te  furnace atomic absorpt ion spectrometer (GFAA), 
one must expect a c e r t a i n  loss  o f  de tec t ion  l i m i t s  and ove ra l l  s e n s i t i v i t y  

(28-30). The reasons f o r  t h i s  o v e r a l l  loss o f  de tec t ion  l i m i t s  (MDLs) have been 

Figure 2 i s  a t yp i ca l  HPLC-RI-ICP chromatogram f o r  a s ing le  d i va len t  

Whenever HPLC i s  i n te r faced  w i t h  an i n i t i a l l y  designed o f f - l i n e  de tec tor ,  
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X 

I 
l I I I l 1 1 l  

0 2 4 6 
RETENTION TIMES (mins) 

Figure 1. Ext rac t ion  chromatography o f  a ca t i on  mix tu re  us ing  a 2.OM LiC1- 

TBP mobile phase a t  1.0 ml/min f low r a t e  w i t h  R I  de tec t ion  alone. 

discussed a t  leng th  by several workers, bu t  i t  i s  a t o t a l l y  general phenomenon 

whenever HPLC i s  i n te r faced  w i t h  an o f f - l i n e  type detector.  Me have now 
t r i e d  t o  determine exper imental ly the actual  d i f fe rences  i n  o v e r a l l  minimum 

detec t ion  l i m i t s  (MDLs) f o r  the  HPLC system o f  Figure 2. I n  r e a l i t y ,  we are  

no t  ac tua l l y  comparing MDLs nor determining MDLs here, bu t  we are  comparing 
r e l a t i v e  responses o r  s e n s i t i v i t i e s  f o r  these two approaches. These r e s u l t s  

a re  sumnarized i n  Table 11, which compares the  I C P  peak heights and I C P  

peak areas f o r  both direct- ICP and HPLC-ICP analyses o f  a known Cd 
concentrat ion.  The direct- ICP values f o r  peak he igh t  and peak area were 

obtained by cont inuously nebu l iz ing ,  w i t h  a conventional cross-f low type 

nebu l izer ,  a 1 ppt  (parts-per-thousand) s o l u t i o n  of Cd” i n t o  the  ICP.  Peak 

heights were then measured over several minutes, and an average reading was 
taken from these peak heights. I n  the case o f  d i rect- ICP peak area measurements, 
t h i s  was done by determining the  t o t a l  emission i n t e n s i t y  f o r  Cd+2, via 
d i r e c t  nebu l i za t i on  o f  a l p p t  so lu t i on ,  over a time span represent ing 2Oug 

t o t a l  amount (mass) o f  metal ca t ion .  Thus, we can a r r i v e  a t  two methods f o r  
d i r e c t l y  comparing s e n s i t i v i t i e s  via di rec t - ICP and HPLC-ICP f o r  Cd+* under 

these p a r t i c u l a r  HPLC and I C P  operat ing cond i t ions .  

+2 
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R. I .  RETENTION TIMES (rninsJ 

1 2 3 4 5 6 W 

w n 

BUSHEE ET AL. 

E 
0 
W I- 
W 
0 

V 

Figure 2 .  Ext rac t ion  RP-HPLC o f  Cdt2 (36.6ug/2Oul) s p l i t  50:50 between R I  

and I C P  de tec tors .  HPLC mobi le phase of 2.0M LiCl-TUP a t  1.0 ml/min 
I C P  se t  a t  214.4411111, R I  s e t  a t  0.10 x u n i t s .  

TABLE I 1  
COMPARISON OF SENSITIVITIES FOR DIRECT- ICP AND HPLC-ICP INTERFACING 

METHOD OF COMPARISON OIRECT-ICP~ HPLC- I C P ~  ,d OIRECT-ICP/ 
HPLC-ICP 

I C P  PEAK HEIGHTS 10.2, 11.4cmb 0.57 0.02cm 18.0 

I C P  PEAK AREAS 1,037,577- 435.587 2.6 
1,198, 310b 12,3OOc 

a. Determined by i n j e c t i n g  a l p p t  so lu t i on  (2Oug/2Oul) o f  Cd+2 onto 
HPCC-ICP o r  using a l p p t  s o l u t i o n  f o r  d i r e c t  nebu l iza t ion  i n t o  I C P .  
Peak heights and peak areas were determined from these analyses. 

b. Numbers represent two separate runs on same day, average of these 
resu l t s  used f o r  f i n a l  ca l cu la t i ons  o f  direct-ICP/HPLC-ICP. 

c .  Numbers represent the  average * standard dev ia t i on  f o r  th ree  separate 
runs on the same day (n=3). 

d. HPLC-ICP used ex t rac t i on  RP-HPLC w i t h  2.OM LiC1-TBP mobile phase a t  
O.Sml/min, no s p l i t  a f t e r  column, 20ul i n j e c t i o n s  o f  20ug Cd(+2). 
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I n  u s i n g  t h e  I C P  peak h e i g h t  measurements a lone,  t h e  r a t i o  o f  d i r e c t -  
ICP/HPLC-ICP t u r n s  o u t  t o  be about 18.0. That i s ,  t h e  s e n s i t i v i t y  - HPLC-ICP 

approaches i s  about  18 t imes worse than  

peak h e i g h t s  a r e  used. Using a comparison o f  peak area i n t e n s i t i e s  on 

t h e  ICP, t h e  r a t i o  o f  direct-ICP/HPLC-ICP comes o u t  t o  be abou t  2.6, Table 

11. D i f f e r e n t  HPLC cond i t i ons ,  w i t h  l o n g e r  r e t e n t i o n  t imes  and more peak 
sp read ing  f o r  Cd" would tend  t o  produce even l a r g e r  d i f f e r e n c e s  i n  these  

o v e r a l l  r e s u l t s .  These r e s u l t s  suggest  t h a t  t h e  I C P  i s  a c t i n g  as a mass 

s e n s i t i v e  d e t e c t o r  i n  t h e  HPLC mode, r a t h e r  than  as a c o n c e n t r a t i o n  

s e n s i t i v e  t y p e  d e t e c t o r .  Thus, when t h e  t o t a l  mass i n  terms o f  peak areas 

i s  measured and compared f o r  d i r e c t - I C P  vs. HPLC-ICP, t h e i r  r e l a t i v e  

d i f f e r e n c e s  tend  t o  cancel o u t  and t h e  r a t i o  approaches a v a l u e  o f  1.0. I n  

f a c t ,  i n  o t h e r  systems and w i t h  o t h e r  meta l  c a t i o n s ,  we have o b t a i n e d  

r e l a t i v e  r a t i o s  wh ich  a r e  between 1.0-1.5 u s i n g  peak a rea  measurements (31).  
Using peak area measurements, as opposed t o  peak h e i g h t s ,  t h e  d i f f e r e n c e s  

i n  t h e  d i r e c t - I C P  vs.  HPLC-ICP responses f o r  t h e  same mass o f  c a t i o n  approach 

ze ro  ( r a t i o  = 1.0). From these  measurements and comparisons, one m i g h t  

i n i t i a l l y  assume t h a t  abso lu te  l i m i t s  o f  d e t e c t i o n  
s i m i l a r  t o  d i rec t - ICP,  and t h a t  even i f  one used peak h e i g h t s  f o r  such 

measurements, f i n a l  MDLs m i g h t  be 15-25 t imes worse HPLC-ICP. I n  f a c t ,  

where in  we have measured MDLs d i r e c t l y ,  t h e  HPLC-ICP r e s u l t s  a r e  o f t e n  2-3 

o r d e r s  o f  magnitude worse than  f o r  t h e  d i r e c t  mode (31) .  Th i s  i s  d iscussed 

a t  much g r e a t e r  l e n g t h  e lsewhere (32 ) .  

I n  any s t u d y  i n v o l v i n g  t h e  i n t e r f a c i n g  o f  HPLC w i t h  an  o f f - l i n e  t y p e  

d e t e c t o r ,  i t  i s  o f  i n t e r e s t  t o  determine t h e  o v e r a l l  system r e p r o d u c i b i l i t y  

w i th in  any g i ven  day, as w e l l  as t h e  comparable r e p r o d u c i b i l i t i e s  between days. 

These o v e r a l l  r e s u l t s  a r e  sumnarized i n  Table 111, f o r  two separa te  days, 

where in  we have i n d i c a t e d  r e t e n t i o n  t imes f o r  Cd+2 by I C P  and R I  d e t e c t i o n ,  
I C P  maximum i n t e n s i t y  l e s s  background ( t a b u l a r  p r i n t - o u t ) ,  I C P  peak h e i g h t s  

f rom chromatograms, and t h e  number o f  separa te  analyses per formed.  O v e r a l l  

r e t e n t i o n  t imes b y  b o t h  R I  and I C P  measurements a r e  ex t reme ly  r e p r o d u c i b l e ,  

b o t h  i n t r a -  and i n t e r - d a y ,  w i t h  a s tandard  d e v i a t i o n  o f  l e s s  than  5%. The ICP 
peak i n t e n s i t y  and peak h e i g h t s  a l s o  e x h i b i t  a s tandard  d e v i a t i o n  o f  l e s s  than  
5% w i t h i n  each day, and t h e  i n t e r - d a y  comparisons a r e  a l s o  q u i t e  c lose ,  a g a i n  

l e s s  than  a 5% o v e r a l l  d i f f e r e n c e .  Thus, f rom these  i n i t i a l  r e p r o d u c l b i l i t y  
s t u d i e s ,  i t  would appear t h a t  e x t r a c t i o n  chromatography can indeed  p r o v i d e  a 

h i g h  degree o f  chromatographic  r e p r o d u c i b i l i t y  b o t h  i n t e r -  and i n t r a - d a y .  

I n  a d d i t i o n ,  t h e  ICP i n t e r f a c e d  t o  HPLC seems t o  p r o v i d e  a h i g h  degree o f  ove r -  

a l l  r e p r o d u c i b i l i t y  i n  t h e  responses ob ta ined ,  aga in  b o t h  i n t r a -  and i n t e r -  
day. The amounts o f  Cd+2 used i n  these  r e p r o d u c i b i l i t y  s t u d i e s  a r e  q u i t e  h igh ,  

d i r e c t - I C P  methods where 

HPLC-ICP c o u l d  be 
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about 17Oug/2Oul i n j e c t i o n s .  There i s  a p o s s i b i l i t y  t h a t  w i t h  l o w e r  amounts 
and concen t ra t i ons  used, t h e  degree o f  r e p r o d u c i b i l i t y  ev idenced i n  Table I11 
may n o t  be f u l l y  r e a l i z e d .  

as a meta l  s e l e c t i v e  d e t e c t o r  f o r  HPLC i s  t o  demonstrate i t s  t r u e  c a p a b i l i t i e s  
and p o t e n t i a l s .  We have t h e r e f o r e  a p p l i e d  t h e  above HPLC approaches f o r  t h e  
t h r e e  meta l  spec ies i nvo l ved ,  Cd+*, Znt2, and Hg+2, u s i n g  e x t r a c t i o n  chromatog- 

raphy, F igu re  1. f o r  a d i r e c t  i n t e r f a c i n g  o f  b o t h  R I  and ICP. These o v e r a l l  
r e s u l t s  a r e  dep ic ted  i n  F i g u r e  3 ,  wh ich  i s  a dual  RI/ICP t y p e  chromatogram f o r  
a s p l i t  e l u e n t  f rom t h e  e x t r a c t i o n  chromatographic  separa t i on .  I n d i c a t e d  i n  
F igu re  3 a r e  t h e  s p e c i f i c  peak shapes f o r  each me ta l  c a t i o n  by b o t h  R I  and I C P ,  
r e t e n t i o n  t imes f o r  each c a t i o n ,  s p e c i f i c  wavelengths used via ICP, and t h e  

a b s o l u t e  amounts of each meta l  spec ies  go ing  t o  t h e  RI o r  ICP. The apparent  
chromatographic peak shapes 
R I  d e t e c t i o n ,  w i th  an i nc reased  band broadening b e i n g  observed f o r  those me ta l s  

w i th  l o n g e r  r e t e n t i o n  t imes.  We have o b t a i n e d  b a s e l i n e  r e s o l u t i o n  f o r  each 
o f  t h e  t h r e e  meta l  c a t i o n s ,  as i n  F i g u r e  1, b u t  we have n o t  y e t  o p t i m i z e d  t h e  
f i n a l  d e t e c t i o n  l i m i t s  f o r  each c a t i o n  on t h e  ICP. Thus, t h e  r e s u l t s  g i v e n  
he re  a r e  n o t  t o  be cons t rued  as MDLs f o r  these spec ies .  Work remains t o  be 
done w i th  rega rd  t o  o p t i m i z i n g  HPLC peak shapes, em iss ion  wavelengths used, 

nebul i z e r / i  n t e r f a c e  arrangements and e f f e c t i v e n e s s  , as we1 1 as s e v e r a l  o t h e r  
parameters o f  i n t e r e s t  i n  t h e  o v e r a l l  HPLC-ICP system. Never the less,  these 
i n i t i a l  r e s u l t s  f o r t h e  d i r e c t  i n t e r f a c i n g  o f  e x t r a c t i o n  HPLC w i th  R I  and I C P  

d e t e c t i o n  appear q u i t e  u s e f u l  and o f  p r a c t i c a l  i n t e r e s t / a p p l i c a t i o n .  
T h i s  i s  n o t  t o  i m p l y  t h a t  t h e r e  a r e  no p r a c t i c a l ,  t e c h n i c a l  problems w i th  

t h e  l o n g  term use o f  e x t r a c t i o n  HPLC f o r  HPLC-ICP meta l  c a t i o n  s p e c i a t i o n .  

One o f  t h e  m a j o r  goa ls  o f  any program wh ich  i n v o l v e s  t h e  use o f  ICP 

ICP a r e  comparable t o  those  observed via 

TABLE 111 
REPRODUCIBILITY STUDIES FOR HPLC-ICP ANALYSIS OF Cdt2 VIA EXTRACTION HPLCa 
PARAMETER MEASURED DAY  ONE^ DAY TWOb 
RETENTION TIME (t,) BY I C P  3.10 2 0.OOmin 3.03 O.02min 

RETENTION TIME (t,) BY R I  3.15 2 0.Olmin 3.15 O.OOmin 

I C P  PEAK HEIGHT ON CHROMATOGRAM 
NUMBER OF SEPARATE ANALYSES 4 3 

a.  Determined u s i n g  e x t r a c t i o n  RP-HPLC w i t h  a 2.OM LiCl-TBP m o b i l e  phase a t  
l .Oml/min f l o w  r a t e ,  e l u e n t  s p l i t  50:50 t o  RI:ICP, 20ul i n j e c t i o n s  of  
170ug Cd( +2) .  

b .  Numbers rep resen t  t h e  averages 2 s tandard  d e v i a t i o n s  

r c p  MAXIMUM INTENSITY-BKGRD. 301,410 t 11,730 324,451 : 9,737 

15.8 2 0.3cm 15.5 2 0.3cm 
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R.I. RETENTION TIMES (mins) 

0 1 2 3 4 5 6 1 8  
I I I I I 1 I I 

solvent 

Cdt2(2f4.44 nml 

O f 2 3 4 5 6 7 8  

I .  C. P RETENTION TIMES (mins) 

Figure 3. Ex t rac t i on  chromatography o f  a c a t i o n  mix tu re  us ing  a 2.OM LiC1- 

TBP mobile phase. Detect ion i s  by R I  and I C P  simultaneously w i t h  a 
50:50 e luent  s p l i t  r a t i o .  Amounts i nd i ca ted  are going t o  each 

detector.  

We have not,  as y e t ,  inves t iga ted  the r e t e n t i o n  proper t ies  o f  the  analogous 
monovalent cat ions,  and there remains a s l i g h t  p o s s i b i l i t y  t h a t  some metal 

species may e x h i b i t  incomplete reso lu t i on  o f  t h e i r  var ious c a t i o n i c  valence 

species. The I C P  cannot, by i t s e l f ,  d i f f e r e n t i a t e  between two d i f f e r e n t  

valences f o r  the same metal species, i t  must depend on an i n i t i a l  separat ion 

p r i o r  t o  t h e i r  i n t roduc t i on  i n t o  the I C P  system. The separat ion o f  one metal 

ca t i on  i s  apparent ly easy t o  rea l i ze ;  however, we have not as y e t  determined 

the  ex t rac t i on  chromatography separations f o r  d i f f e r e n t  ox ida t i on  s ta tes  o f  
the same metal species via ex t rac t i on  chromatography. I n  general, we would 
not expect, f o r  example, Hg'l t o  i n t e r f e r e  w i t h  the  e l u t i o n  o f  Hg 

as described i n  Figures 1 and 3, bu t  t h i s  has no t  y e t  been demonstrated. 

problem i n  the long-term use o f  t he  I C P  as an HPLC detector,  although there i s  

very l i t t l e  i n  the  l i t e r a t u r e  descr ib ing  such mobi le phases i n  HPLC-ICP. There 
i s  no apparent bu i ld -up  o f  res idua l  s a l t  onto the  plasma t i p  o r  surroundings, 

+2 , 

The use o f  1.0-2.OM s a l t  so lu t ions  does no t  appear t o  create any major 
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and there i s  no apparent problem o f  quenching o f  metal responses o r  spec t ra l  
interferences. Thus, a t  l e a s t  the  I C P  i t s e l f  appears compatible w i t h  s a l t  
so lu t ions  conteining 1.0-2.OM NaCl o r  LiC1. There remains the d i s t i n c t  problem 

o f  metal corrosion w i t h i n  the HPLC arrangement, and t h i s  i s  perhaps the grea tes t  
concern tha t  one must face i n  t h i s  type of  an HPLC-ICP approach. We have no t  

y e t  attempted t o  prevent a l l  s a l t  corrosion, such as via the use of  glass 
l i n e d  HPLC columns, glass l i n e d  connecting l i n e s ,  Te f lon  surfaced i n j e c t i o n  

valves, and re la ted  hardware mod i f i ca t ions ,  bu t  t h i s  i s  obviously a very 

des i rab le  goal. The biggest problem t h a t  we have faced i s  t h a t  due t o  r u s t /  

corrosion formation i n  a l l  metal par ts  contac t ing  the  mobile phase, bu t  
t h i s  i s  espec ia l l y  a problem w i t h i n  the  HPLC columns. This can be somewhat 
a l l e v i a t e d  o r  prevented using methods described already (Experimental), bu t  
eventual ly corrosion bu i ld -up  reaches a l e v e l  t h a t  causes severe back pressure 
i n  the column, r u s t  e l u t i n g  w i t h  column eluents, and a n c i l l a r y  d e t e r i o r a t i o n  

o f  the  ove ra l l  HPLC system. There a re  known methods o f  prevent ing such s a l t  

induced problems, and i t  may develop t h a t  such already described approaches 

would make ex t rac t i on  chromatography an extremely useful and p r a c t i c a l  approach 
f o r  performing metal cat ion/ani  on type  analyses. 
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