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ABSTRACT : 

Chromium ions, a., chromic ( C r + 3  = 111) and chromate (Crt6 = V I ) ,  can 

be r e l i a b l y ,  conveniently, reproducibly,  and qu ick l y  separated and detected 
by the  use o f  conventional paired- ion,  reversed phase (RP) h igh  performance 
1 i q u i d  chromatography (HPLC) together  w i t h  r e f r a c t i v e  index (RI) and/or 

i nduc t i ve l y  coupled plasma emission spectroscopic (ICP) detect ion.  A number 

of novel paired- ion approaches have now been developed, using P I C  A ( t e t r a -  

butylammonium hydroxide) o r  PIC B (sodium n -a l ky l  su l fonate)  separately i n  

the mobile phase. This al lows f o r  the  re ten t i on  o f  each C r  species depending 

on the p a r t i c u l a r  i on  p a i r i n g  reagent being used, wh i l e  the  remaining C r  i o n  

elutes i n  the  so lvent  f r o n t .  Changing the  i on  p a i r i n g  reagent reverses the  
ove ra l l  s i t ua t i on .  The t o t a l  t ime f o r  each HPLC ana lys is  i s  about 10 mins. 
I C P  de tec t ion  provides f o r  a complete, o v e r a l l  method o f  spec ia t ion  f o r  both 
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ABSTRACT:
Chromium ions, viz., chromic (Cr+3 = III) and chromate (Cr+6 = VI), can

be reliably, conveniently, reproducibly, and quickly separated and detected
by the use of conventional paired-ion, reversed phase (RP) high performance
liquid chromatography (HPLC) together with refractive index (RI) and/or
inductively coupled plasma emission spectroscopic (ICP) detection. A number
of novel paired-ion approaches have now been developed, using PIC A (tetra
butylammonium hydroxide) or PIC B (sodium n-alkyl sulfonate) separately in
the mobile phase. This allows for the retention of each Cr species depending
on the particular ion pairing reagent being used, while the remaining Cr ion
elutes in the solvent front. Changing the ion pairing reagent reverses the
overall situation. The total time for each HPLC analysis is about 10 mins.
ICP detection provides for a complete, overall method of speciation for both
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C r  (111) and C r  ( V I )  via two separate i n jec t i ons ,  together  w i t h  quan t i t a t i on  

f o r  both species. This method o f  us ing  pa i red- ion  RP-HPLC can e a s i l y  be app l ied  

t o  o ther  mixtures o f  inorgan ic  ca t ions  and anions, presumably w i t h  equa l ly  

successful resu l t s .  Minimum l i m i t s  o f  de tec t i on  are computed f o r  chromate 

v i a  direct- ICP and HPLC-ICP, us ing  a t  l e a s t  two bas ic  methods f o r  such 

computations. It i s  suggested t h a t  v i r t u a l l y  a l l  chromatographic de tec t ion  

l i m i t s  can be s i g n i f i c a n t l y  improved by the  a p p l i c a t i o n  o f  newer, spectroscopic 

based methods o f  automated computation o f  de tec t i on  l i m i t s .  

- 

INTRODUCTIONz4 

d i f f e r e n t  i o n i c  forms, v&., chromic i o n  (+3), Cr+3, C r  (111),  and chromate 

i on  ( + 6 ) ,  Cr+6,  C r  ( V I ) ,  Cr04-*. It i s  a l so  we l l  known t h a t  each o f  these forms 

has very d i f f e r e n t  b i o l o g i c a l ,  medical, and t o x i c o l o g i c a l  p roper t ies ,  and the  

problem o f  chromium t o x i c i t y  i s  c u r r e n t l y  one of considerable i n t e r e s t  and 
~ o n c e r n l - ~ .  T r i v a l e n t  chromium (111) i s  an essent ia l  element i n  mamnalian 

systems, whereas hexavalent chromium ( V I )  i s  considered t o  be a moderate 

t o  severe i n d u s t r i a l  hazard. Epidemiologic s tud ies  have suggested t h a t  C r  (VI), 
chromate anion, i s  a carcinogen with bronchogenic carcinoma as the  p r i n c i p a l  

l es ion  . Q u i t e  obviously,  poss ib le  hea l th  hazards associated w i t h  the  

presence o f  chromium i n  foods o r  beverages f o r  human consumption wil l,%ay 

depend on which p a r t i c u l a r  ox ida t i on  s t a t e  o f  chromium i s / a r e  present. Thus, 
the  safety o f  d r i n k i n g  water suppl ies,  environmental watersheds, beverages, 

foods, and i n d u s t r i a l  environments, can on ly  be determined, a t  l e a s t  as 

regards chromium metal. once a co r rec t  determinat ion has been made as t o  the  
s p e c i f i c  forms o r  species present. For about the  past decade, a l a rge  number 

o f  t ox i co log i ca l  s tud ies  have been repor ted  r e l a t e d  t o  chromium and i t s  

var ious i o n i c  species, bu t  almost a l l  of these have omi t ted  a v a l i d  ana ly t i ca l  

determinat ion o f  t h e  p a r t i c u l a r  and ac tua l  species o f  chromium present i n  

p a r t i c u l a r  samples. The determinat ion o f  t o x i c  

nonmetal cannot be accura te ly  o r  r e l i a b l y  made i n  t h e  absence o f  appropr iate 

and r e l i a b l e  a n a l y t i c a l  spec ia t i on  determinat ions.  

regard t o  s p e c i f i c  a n a l y t i c a l  methods f o r  the  spec ia t ion  o f  chromium ions 
Most o f  these methods have used i o n  exchange res ins  f o r  pre-concentrat ion 

and separat ion p r i o r  t o  atomic absorpt ion o r  atomic emission spectroscopy, 

wh i l e  s t i l l  o thers  have used i o n  exchange HPLC separat ions o n - l i n e  w i t h  non- 

s p e c i f i c  and/or element s p e c i f i c  de tec t ion .  N a r a n j i t  3 fl. have described 
a method f o r  chromium spec ia t ion  us ing  anion and c a t i o n  exchange res ins  
together with atomic absorpt ion spectroscopy9. Tande g fl. discuss y e t  

It has long been recognized t h a t  chromium can e x i s t  i n  a t  l e a s t  two 

1 

proper t i es  f o r  any metal o r  

There have been a l a rge  number o f  repor ts  over t h e  pas t  t e n  years w i t h  
5-13 . 
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Cr (III) and Cr (VI) via two separate injections, together with quantitation

for both species. This method of using paired-ion RP-HPLC can easily be applied
to other mixtures of inorganic cations and anions, presumably with equally

successful results. Minimum limits of detection are computed for chromate
via direct-ICP and HPLC-ICP, using at least two basic methods for such
computations. It is suggested that virtually all chromatographic detection
limits can be significantly improved by the application of newer, spectroscopic
based methods of automated computation of detection limits.

INTRODUCTION24

It has long been recognized that chromium can exist in at least two
different ionic forms, viz., chromic ion (+3), Cr+3, Cr (III), and chromate

ion (+6), Cr+6 , Cr (VI)~r04-2. It is also well known that each of these forms
has very different biological, medical, and toxicological properties, and the

problem of chromium toxicity is currently one of considerable interest and
concern l -4. Trivalent chromium (III) is an essential element in mammalian
systems, whereas hexavalent chromium (VI) is considered to be a moderate

to severe industrial hazard. Epidemiologic studies have suggested that Cr (VI),
chromate anion, is a carcinogen with bronchogenic carcinoma as the principal
lesion1. Quite obviously, possible health hazards associated with the
presence of chromium in foods or beverages for human consumption will/may

depend on which particular oxidation state of chromium is/are present. ThUS,
the safety of drinking water supplies, environmental watersheds, beverages,
foods, and industrial environments, can only be determined, at least as
regards chromium metal, once a correct determination has been made as to the
specific forms or species present. For about the past decade, a large number

of toxicological studies have been reported related to chromium and its
various ionic species. but almost all of these have omitted a valid analytical

determination of the particular and actual species of chromium present in
particular samples. The determination of toxic properties for any metal or
nonmetal cannot be accurately or reliably made in the absence of appropriate
and reliable analytical speciation determinations.

There have been a large number of reports over the past ten years with
regard to specific analytical methods for the speciation of chromium ions 5-13

Most of these methods have used ion exchange resins for pre-concentration
and separation prior to atomic absorption or atomic emission spectroscopy,
while still others have used ion exchange HPLC separations on-line with non

specific and/or element specific detection. Naranjit et ~. have described
a method for chromium speciation using anion and cation exchange resins
together with atomic absorption spectroscopy9. Tande et ~. discuss yet
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another method which used sodium diethyldi th iocarbamate t o  chelate the  chromium 

ions, and these chelates were then separated and analyzed by reversed phase 

HPLC w i t h  UV de tec t ion .  O f  course, chromic and chromate ions can a lso  be 

determined using i o n  chromatography ( IC)  w i t h  e i t h e r  conduc t i v i t y  o r  e lec t ro -  
chemical detection14’ 15. However, the  cu r ren t l y  ava i l ab le  detectors fo r  I C  

do no t  r e a l l y  provide any h igh  degree o f  s p e c i f i c i t y  f o r  i nd i v idua l  ions o f  
i n te res t .  Recent developments i n  electrochemical de tec t ion  c e l l s  and methods 

suggest t h a t  improved spec ia t ion  may s h o r t l y  become ava i lab le .  

invo lve  s o l e l y  conventional reversed phase (RP) high performance 1 i q u i d  

chromatography (HPLC) i n  combination w i t h  element se lec t i ve  detect ion.  This 

would therr avoid the  somewhat tedious o f f - l i n e  separations o f  the two ions 

before the  de tec t ion  system, which was the  basis o f  a recent ly  described 

approach”’ 13. A t  t he  same time, such a method would avoid the  need f o r  

expensive i on  exchange columns i n  the  HPLC par t ,  and would permit  f o r  the 

use o f  the  somewhat l ess  expensive RP packing mater ia ls .  We have recen t l y  
developed c e r t a i n  paired- ion RP-HPLC cond i t ions  f o r  the  d i r e c t  analysis o f  

var ious metal cat ions and anions, wherein these approaches have been i n t e r -  
faced w i t h  r e f r a c t i v e  index (RI)  and/or i nduc t i ve l y  coupled plasma (ICP) 

emission spectroscopic de tec t ion  16’ 17. Other workers have a lso  described 
the  use o f  paired- ion RP-HPLC f o r  t he  separat ion o f  var ious inorganic cat ions 

and 

type counter- ion i n  the mobile phase permits metal ca t ions  t o  e lu te  as groups 
of +1, t2, +3, e tc .  species16. I n  t h i s  p a r t i c u l a r  s i t ua t i on ,  the  ICP i s  then 

able t o  speciate f o r  i nd i v idua l  monovalent, d iva len t ,  etc.  cat ions present 
w i t h i n  a s i n g l e  e lu ted  peak. I n  the  case o f  oxyanions o f  arsenic,  we and others 
have shown t h a t  the  use o f  a P I C  A type reagent ( te t rabuty lamon ium s a l t )  i n  
the  mobile phase al lows f o r  the  reso lu t i on  o f  a number o f  these species16’ ’*. 
The ICP i s  then se t  on the  p a r t i c u l a r  arsenic wavelength o f  i n t e r e s t  dur ing  

the e n t i r e  HPLC run, and it then p r i n t s  ou t  i n t e n s i t i e s  f o r  each arsenic 

conta in ing  species as these e l u t e  from the HPLC i n t o  the  plasma 

We have now inves t iga ted  the  use o f  both P I C  A and P I C  B type counter- 
ions i n  RP-HPLC f o r  the paired- ion separations o f  C r  (111) and C r  ( V I )  ions, 
which i s  then fol lowed by element se lec t i ve  I C P  de tec t ion .  Since we are dea l ing  
w i t h  one ca t ion ,  Cr+3, and one anion, Cr+6 = Cr04-2, as the  mix tu re  being 

separated, the use o f  a P I C  A o r  P I C  B type counter i o n  w i l l  on l y  r e t a i n  one 
o f  t he  two ions, and the  o ther  should then appear i n  the solvent f r o n t .  However, 
by f i r s t  using a PIC A o r  P I C  B type reagent i n  the  mobi le phase, and then re -  

i n j e c t i n g  the  same mix tu re  w i t h  the  opposi te counter- ion i n  a new mobile 

phase, one then has an o v e r a l l  system which has both resolved and re ta ined 

Perhaps an i dea l  method f o r  the  spec ia t ion  o f  C r  (111) and C r  (V I )  would 

We have a lso  shown t h a t  a P I C  B (sodium n-a lky l  su l fonate)  

16 . 
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another method which used sodium diethyldithiocarbamate to chelate the chromium
ions, and these chelates were then separated and analyzed by reversed phase
HPLC with UV detection. Of course, chromic and chromate ions can also be
determined using ion chromatography (IC) with either conductivity or electro
chemical detection 14 , 15. However, the currently available detectors for IC
do not really provide any high degree of specificity for individual ions of
interest. Recent developments in electrochemical detection cells and methods
suggest that improved speciation may shortly become available.

Perhaps an ideal method for the speciation of Cr (III) and Cr (VI) would
involve solely conventional reversed phase (RP) high performance liquid
chromatography (HPLC) in combination with element selective detection. This
would thert avoid the somewhat tedious off-line separations of the two ions
before the detection system, which was the basis of a recently described
approach 12 , 13. At the same time, such a method would avoid the need for
expensive ion exchange columns in the HPLC part, and would permit for the
use of the somewhat less expensive RP packing materials. We have recently
developed certain paired-ion RP-HPLC conditions for the direct analysis of
various metal cations and anions. wherein these approaches have been inter
faced with refractive index (RI) and/or inductively coupled plasma (ICP)
emission spectroscopic detection16 , 17. Other workers have also described
the use of paired-ion RP-HPLC for the separation of various inorganic cations
and anions 18- 20 . We have also shown that a PIC B (sodium n-alkyl sulfonate)
type counter-ion in the mobile phase permits metal cations to elute as groups
of +1, +2, +3, etc. species 16• In this particular situation, the ICP is then
able to speciate for individual monovalent, divalent, etc. cations present
within a single eluted peak. In the case of oxyanions of arsenic, we and others
have shown that the use of a PIC A type reagent (tetrabutylammonium salt) in
the mobile phase allows for the resolution of a number of these species16 , 18.
The ICP is then set on the particular arsenic wavelength of interest during
the entire HPLC run, and it then prints out intensities for each arsenic
containing species as these elute from the HPLC into the plasma16 .

We have now investigated the use of both PIC A and PIC B type counter
ions in RP-HPLC for the paired-ion separations of Cr (III) and Cr (VI) ions,
which is then followed by element selective ICP detection. Since we are dealing
with one cation, Cr+3, and one anion, Cr+6 = cr04-2, as the mixture being
separated, the use of a PIC A or PIC B type counter ion will only retain one
of the two ions, and the other should then appear in the solvent front. However,
by first using a PIC A or PIC B type reagent in the mobile phase, and then re
injecting the same mixture with the opposite counter-ion in a new mobile
phase, one then has an overall system which has both resolved and retained
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both chromium ions.  Although t h i s  p a r t i c u l a r  approach requi res  two separa te  
in j ec t ions  and analyses,  toge ther  with two separa te  mobile phases f o r  complete 
confirmation o f  t h e  spec ia t ion  r e s u l t s ,  i t  i s  s t i l l  rapid t o  perform, simple 
t o  opera te ,  and somewhat inexpensive t o  run rout ine ly .  A t  t he  same time, i t  
appears to  provide a high degree of precision from r u n  t o  r u n  and day t o  day, 
and appears t o  provide an overa l l  method of true spec ia t ion  which i s  not 
surpassed by any o f  the cu r ren t ly  ava i l ab le  a l t e r n a t i v e  methods. Minimum 
l imi t s  of de tec t ion  a r e  presented f o r  chromate ion via both direct-ICP a n d  
H P L C - I C P ,  and a comparison of these  values can then be made. Although the 
present l imi t s  of de tec t ion  poss ib le  with t h i s  pa r t i cu la r  HPLC-ICP system 
a r e  n o t  d i r e c t l y  appl icable  t o  real  world samples a t  t h e  ppb l e v e l s ,  they 
should be adaptable toge ther  w i t h  appropr ia te  sample pre-concentration. 

EXPERIMENTAL 
Reagents 

Chromic ace t a t e  (Cr (111))  was obtained from Matheson, Coleman, and 
Be l l ,  Inc. (MC&B, Norwood, Ohio), and a l s o  from Alfa/Ventron, Inc. (Danvers, 
Mass.). Chromium chlor ide  (Cr (111)) was obtained from Alfa/Ventron, I n c . ,  
and sodium chromate (Cr (VI ) )  was Mallinckrodt 's  ana ly t i ca l  reagent grade 
(Mallinckrodt,  Inc . ,  Pa r i s ,  Kentucky) obtained from Alfa/Ventron. Where 
more than one grade was comnercially ava i l ab le ,  t h a t  of the  reported highest 
purity was used. PIC reagents were purchased from Waters Associates,  Inc. 
(Milford,  Mass.), and were used d i r e c t l y  without f u r t h e r  pu r i f i ca t ion .  
The mobile phase water was purchased from the  J.T. Baker Chemical Co. 
Phi l l ipsburg ,  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 HPLC-RI-ICP instrumentation used t o  obta in  the  majority of t he  

r e su l t s  described here consisted of a Laboratory Data Control Constametric 
I11 pump (Laboratory Data Control,  LDC, Riviera Beach, F lo r ida ) ,  a Rheodyne 
Model 7125 syringe in j ec t ion  valve (Rheodyne Corp.. Co ta t i ,  C a l i f . ) ,  a b:icro- 
mer i t ics  Model 771 r e f r ac t ive  index de tec to r  (Micromeritics Corp., Norcross, 
Ga . ) ,  a modified Instrumentation Laboratory Model Plasma-100 inductively 
coupled plasma emission spectrometer (Instrumentation Laboratory, I n c . ,  
Wilmington, Mass.), and a Honeywell Corp. (Minn., Minn.) dual pen recorder 
The RI/ICP da ta  were obtained 
ICP Pr in t -out  from t h e  Plasma-100 system. Often, both the recorder I C P  

chromatogram and the  t abu la r  data format from the  ICP were obtained a t  the 
same time. A t  o the r  t imes,  the t abu la r  data format could be manually used 

a dual pen recorder,  and/or a separate 
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both chromium ions. Although this particular approach requires two separate

injections and analyses, together with two separate mobile phases for complete
confirmation of the speciation results, it is still rapid to perform, simple

to operate, and somewhat inexpensive to run routinely. At the same time, it

appears to provide a high degree of precision from run to run and day to day,
and appears to provide an overall method of true speciation which is not

surpassed by any of the currently available alternative methods. Minimum

limits of detection are presented for chromate ion via both direct-ICP and

HPLC-ICP, and a comparison of these values can then be made. Although the

present limits of detection possible with this particular HPLC-ICP system

are not directly applicable to real world samples at the ppb levels, they

should be adaptable together with appropriate sample pre-concentration.

fXPERIMENTAL
Reagents

Chromic acetate (Cr (Ill)) was obtained from Matheson, Coleman, and

Bell, Inc. (MC&B, Norwood, Ohio), and also from Alfa/Ventron, Inc. (Danvers,

Mass.). Chromium chloride (Cr (Ill» was obtained from Alfa/Ventron, Inc.,
and sodium chromate (Cr (VI) was Mallinckrodt's analytical reagent grade

(Mallinckrodt, Inc., Paris, Kentucky) obtained from Alfa/Ventron. Where

more than one grade was commercially available, that of t~e reported highest

purity was used. PIC reagents were purchased from Waters Associates, Inc.
(Milford, Mass.), and were used directly without further purification.
The mobile phase water was purchased from the J.T. Baker Chemical Co.

Phillipsburg, N.J.), or used directly from a Corning Mega-Pure still
(Corning Corp., Corning, N.Y.)

Apparatus

The HPLC-RI-ICP instrumentation used to obtain the majority of the

results described here consisted of a Laboratory Data Control Constametric
III pump (Laboratory Data Control, LDC, Riviera Beach, Florida), a Rheodyne

Model 7125 syringe injection valve (Rheodyne Corp., Cotati, Calif.), a ~1icro

meritics Model 771 refractive index detector (Micromeritics Corp., Norcross,
Ga.), a modified Instrumentation Laboratory Model Plasma-lOO inductively
coupled plasma emission spectrometer (Instrumentation Laboratory, Inc.,
Wilmington, Mass.), and a Honeywell Corp. (Minn., Minn.) dual pen recorder.

The RI/ICP data were obtained via a dual pen recorder, and/or a separate

ICP print-out from the Plasma-IOO system. Often, both the recorder ICP

chromatogram and the tabular data format from the ICP were obtained at the
same time. At other times, the tabular data format could be manually used
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t o  cons t ruc t  a pulsed type o r  continuous type HPLC-ICP chromatogram. The 

presenta t ion  o f  both pulsed type chromatograms o r  continuous type ones, 

along w i t h  simultaneous tabu la r  data presentat ion,  provided add i t iona l  

con f i rmat ion  o f  the  I C P  ove ra l l  r esu l t s .  

A number o f  HPLC columns were u t i l i z e d ,  bu t  the ma jo r i t y  o f  the  resu l t s  

obtained w i t h  I C P  de tec t ion  used a 5u commercial Ul t rasphere ODs ( 4 . 6 ~ 1  x 

15cm) C-18 type column (Altex/Beckman Corp., I r v ine ,  Ca l i f . ) .  The column was 
maintained a t  25OC using a constant temperature water bath, as was the  

mobile phase. 

Methods 

I n  a l l  o f  t h i s  work w i t h  pa i red- ion  RP-HPLC, the  mobile phase has 

consisted o f  the  P I C  reagent prepared according t o  the manufacturer's 

d i rec t i ons ,  i n  water, a t  a f i n a l  concentrat ion o f  0.005M i n  the counter- ion.  

I n  the  case o f  the  P I C  8 -5  (sodium n-pentane su l fonate)  reagent, t he  f i n a l  pH 

was about 2.9-3.0, wh i le  i n  the  case o f  the  P I C  A reagent, t h i s  pH was'about 

7.15. I n  those experiments using both P I C A  & P I C  8-5 reagents together i n  
the same mobile phase, t h i s  was 0.005M i n  each. Spec i f i c  f low ra tes ,  

e f f l u e n t  s p l i t  r a t i o s ,  and more s p e c i f i c  HPLC-detector cond i t ions  are given 

below. An approximately 50:50 s p l i t  o f  the  e f f l u e n t  was used i n  the  dual 

de tec tor  studies,  making use o f  a f i x e d  r a t i o  "T" type s p l i t t e r  a f t e r  the  

column ( A l l t e c h  Assocs., Deerf ie ld,  171.). Standard so lu t ions  of chromic o r  

chromate ions were prepared i n  t h e  mobile phase used f o r  t h a t  p a r t i c u l a r  

separat ion and a l l  HPLC i n j e c t i o n s  were o f  a 2Dul s ize.  Spec i f i c  amounts o f  
each ion  i n j e c t e d  o r  reaching the  de tec tor (s )  are i nd i ca ted  on the  i nd i v idua l  

chromatograms. The I C P  wavelength used throughout t h i s  study was 267.71nm f o r  
the  chromium emission l i n e .  

Detect ion l i m i t s  were determined i n  several  ways, us ing  standard 

chromatographic techniques (peak he igh t  o r  peak area) and a s igna l  :noise 

r a t i o  o f  3:1,  o r  using the  I C P  computer programs designed f o r  t h i s  purpose. 

I C P  computed de tec t ion  l i m i t s  were done us ing  the  standard dev ia t i on  o f  the  

background noise i n  combination w i t h  a s ing le  i n j e c t i o n  o f  a known amount o r  

concentrat ion o f  chromate anion. It i s  o f  i n t e r e s t  t h a t  there are  almost no 

l i t e r a t u r e  repor ts  wherein spectroscopic methods o f  computing de tec t ion  l i m i t s  

have been app l ied  t o  any chromatographic systems. The background npise l eve l  
was determined a t  the re ten t i on  t ime o f  t he  species o f  i n t e r e s t  using a blank. 

Chromium s a l t s  were d isso lved i n  the  mobi le phase already conta in ing  

the  paired- ion reagent(s), and a l i quo ts  o f  such so lu t i ons  were in jec ted .  

Blank i n j e c t i o n s  o f  t h e  mobi le phase alone were performed alongside those 

samples conta in ing  known concentrat ions o f  t he  chromium species. 
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to construct a pulsed type or continuous type HPLC-ICP chromatogram. The
presentation of both pulsed type chromatograms or continuous type ones,

along with simultaneous tabular data presentation, provided additional
confirmation of the ICP overall results.

A number of HPLC columns were utilized, but the majority of the results
obtained with ICP detection used a 5u commercial Ultrasphere ODS (4.6mm x

15cm) C-18 type column (Altex/8eckman Corp., Irvine, Calif.). The column was
maintained at 250C using a constant temperature water bath, as was the
mobile phase.

Methods

In all of this work with paired-ion RP-HPLC, the mobile phase has
consisted of the PIC reagent prepared according to the manufacturer's

directions, in water, at a final concentration of 0.005M in the counter-ion.
In the case of the PIC 8-5 (sodium n-pentane sulfonate) reagent, the final pH
was about 2.9-3.0, while in the case of the PIC A reagent, this pH was' about
7.15. In those experiments using both PICA & PIC 8-5 reagents together in
the same mobile phase, this was 0.005M in each. Specific flow rates,

effluent split ratios, and more specific HPLC-detector conditions are given
below. An approximately 50:50 split of the effluent was used in the dual

detector studies, making use of a fixed ratio "T" type spl itter after the
column {Alltech Assocs., Deerfield, Ill.}. Standard solutions of chromic or

chromate ions were prepared in the mobile phase used for that particular

separation and all HPLC injections were of a 20ul size. Specific amounts of
each ion injected or reaching the detector(s) are indicated on the individual
chromatograms. The ICP wavelength used throughout this study was 267.71nm for
the chromium emission line.

Detection limits were determined in several ways, using standard
chromatographic techniques (peak height or peak area) and a signal :noise

ratio of 3:1, or using the ICP computer programs designed for this purpose.
ICP computed detection limits were done using the standard deviation of the
background noise in combination with a single injection of a known amount or

concentration of chromate anion. It is of interest that there are almost no
literature reports wherein spectroscopic methods of computing detection limits
have been applied to any chromatographic systems. The background n9ise level
was determined at the retention time of the species of interest using a blahk.

Chromium salts were dissolved in the mobile phase already containing
the paired-ion reagent{s}, and aliquots of such solutions were injected.

Blank injections of the mobile phase alone were performed alongside those
samples containing known concentrations of the chromium species.
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RESULTS AND DISCUSSION 

We have now inves t i ga ted  C r  (111), as chromic acetate and chromic ch lo r ide ,  

and C r  (V I ) ,  as sodium chromate (Na2(Cr04)), i n  th ree  separate pa i red- ion  RP- 
HPLC systems, wherein the  na ture  o f  the  pa i red- ion  species has been var ied.  

These th rce  d i f f e r e n t  pa i red- ion  mobi le phase cond i t ions  were: 1) P I C  B-5 
alone; 2) P I C  A alone; and 3) equi-molar amounts o f  both P I C  B-5 and P I C  A 
together.  The optimum r e s u l t s  f o r  a l l  th ree  systems appears t o  be t h a t  which 

uses P I C  B-5 alone i n  the  mobi le phase, and t h i s  i s  i l l u s t r a t e d  i n  Figure 1. 
This separat ion o f  C r  (111) and C r  ( V I )  from each o ther ,  as we l l  as an apparent 

re ten t i on  o f  both ions,  was obtained us ing  a C18 type column w i t h  P I C  B-5 
added t o  an aqueous mobi le phase a t  a f l ow  r a t e  o f  1.0 ml/min. The e luent  

was s p l i t  60:40 between the  1CP:RI detectors,  w i t h  the  l a r g e r  p o r t i o n  going 

t o  the  ICP.  Figure 1 c l e a r l y  shows the presence o f  both ions on both the  
R I  and I C P  detectors,  w i t h  the  amounts going t o  each de tec to r  ind ica ted .  

When C r  (111) and C r  (V I )  were i n j e c t e d  separately under these cond i t ions ,  
t h e i r  re ten t i on  times were as found f o r  the mix tu re  o f  the two. I n  add i t ion ,  

i n  the case o f  t he  C r  (111) species, the  I C P  i nd i ca ted  the  presence o f  two 

o ther  C r  con ta in ing  species. These a re  i nd i ca ted  i n  Figure 1 by quest ion marks 

( ? ) ,  because we do no t  y e t  know the prec ise  na ture  o f  these C r  con ta in ing  

mater ia ls .  I t  i s  poss ib le  t h a t  they are  mixed l i g a n d  chelates o r  hydrated 

C r  (111) species, poss ib ly  conta in ing  d i f f e r e n t  r a t i o s  o f  t he  i on -pa i r i ng  

reagent, bu t  an i n s u f f i c i e n t  amount o f  in fo rmat ion  i s  ava i l ab le  t o  spec i fy  
t h e i r  s t ruc tu res .  I n  any event, they appear t o  be minor components o f  both 

C r  (111) s a l t s  used, as o r i g i n a l l y  prepared i n  the  mobi le phase. The I C P  a lso  

ind ica tes  the  presence o f  a t  l e a s t  one add i t i ona l  C r  (111) der ived  species, 

which co-elutes along w i t h  the  C r  ( V I )  i o n  under these p a r t i c u l a r  cond i t ions .  

Under our I C P  opera t ing  parameters, on l y  C r  con ta in ing  species e l u t i n g  from 

the  HPLC i n t o  the  plasma are  being detected and recorded. The t o t a l  t ime 

f o r  t h i s  type o f  an ana lys is  i s  l ess  than s i x  minutes, w i t h  a p e r f e c t l y  
useful  reso lu t i on  o f  t h e  two ions o f  i n t e r e s t .  There i s  a l so  an apparent 

re ten t i on  o f  t he  C r  (V I )  species, a l though t h i s  i s  q u i t e  smal l ,  i f  r e a l .  

The Waters P I C  B-5 reagent, e., sodium n-pentanesulfonate anion, should on l y  
be i on -pa i r i ng  w i t h  the  C r  (111) ion ,  and there  should be no i n te rac t i ons  a t  
a l l . w i t h  the  C r  ( V I )  ion,  s ince t h i s  e x i s t s  as the  negat ive ly  charged Cr04-*. 

we have now made use o f  the  P I C  A i o n  p a i r i n g  reagent i n  the  mobi le phase, a t  
a f low r a t e  o f  2.0 ml/niin. This separat ion again u t i l i z e d  a C18 t ype  HPLC 

column, and the s p l i t  o f  the  e luen t  was 60:40 t o  the  1 C P : R I  de tec tors .  

The amounts o f  each C r  i o n  going t o  each de tec to r  a re  i nd i ca ted  i n  Figure 2, 

and these are  somewhat d i f f e r e n t  than the  amounts used i n  Figure 1. Under 

Figure 2 i l l u s t r a t e s  another separat ion o f  C r  ( V I )  from C r  (111), wherein 
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We have now investigated Cr (III), as chromic acetate and chromic chloride,
and Cr (VI), as sodium chromate (Na2(Cr04))' in three separate paired-ion RP
HPLC systems, wherein the nature of the paired-ion species has been varied.
These thrEe different paired-ion mobile phase conditions were: 1) PIC 8-5
alone; 2) PIC A alone; and 3) equi-molar amounts of both PIC 8-5 and PIC A
together. The optimum results for all three systems appears to be that which

uses PIC 8-5 alone in the mobile phase, and this is illustrated in Figure 1.
This separation of Cr (III) and Cr (VI) from each other, as well as an apparent

retention of both ions, was obtained using a C18 type column with PIC 8-5
added to an aqueous mobile phase at a flow rate of 1.0 ml/min. The eluent

was split 60:40 between the ICP:RI detectors, with the larger portion going
to the ICP. Figure 1 clearly shows the presence of both ions on both the
RI and ICP detectors, with the amounts going to each detector indicated.
When Cr (III) and Cr (VI) were injected separately under these conditions,
their retention times were as found for the mixture of the two. In addition,
in the case of the Cr (III) species, the ICP indicated the presence of two

other Cr containing species. These are indicated in Figure 1 by question marks
(?), because we do not yet know the precise nature of these Cr containing

materials. It is possible that they are mixed ligand chelates or hydrated

Cr (III) species, possibly containing different ratios of the ion-pairing

reagent, but an insufficient amount of information is available to specify
their structures. In any event, they appear to be minor components of both
Cr (III) salts used, as originally prepared in the mobile phase. The ICP also
indicates the presence of at least one additional Cr (III) derived species,
which co-elutes along with the Cr (VI) ion under these particular conditions.
Under our ICP operating parameters, only Cr containing species eluting from

the HPLC into the plasma are being detected and recorded. The total time

for this type of an analysis is less than six minutes, with a perfectly
useful resolution of the two ions of interest. There is also an apparent
retention of the Cr (VI) species, although this is quite small, if real.
The Waters PIC 8-5 reagent, viz., sodium n-pentanesulfonate anion, should only
be ion-pairing with the Cr (III) ion, and there should be no interactions at
all.with the Cr (VI) ion, since this exists as the negatively charged cr04-2.

Figure 2 illustrates another separation of Cr (VI) from Cr (III), wherein
we have now made use of the PIC A ion pairing reagent in the mobile phase, at
a flow rate of 2.0 ml/min. This separation again utilized a C18 type HPLC

column, and the split of the eluent was 60:40 to the ICP:RI detectors.
The amounts of each Cr ion going to each detector are indicated in Figure 2,

and these are somewhat different than the amounts used in Figure 1. Under
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Fig. 1. Paired-ion RP-HPLC-RI-ICP analysis for a mixture of Cr+3 
(chromic acetate) and Cr+6 (sodium chromate, CrOk-') using an 
Altex Ultrasphere ODs (Cu) column, 15cm x 5.6nnn i . d . ,  with PIC 
B-5 mobile phase at  flow rate 1.0 ml/min, 1CP:RI spl f t  of 60:40,  
ICP emission at  267 .71w,  amounts indicated a t  each detector. 

the  cond i t ions  o f  the  PIC A type i o n  p a i r i n g  reagent, which i s  the  t e t r a -  

butylamoniunr s a l t ,  on l y  the  anions present should be retained, and indeed 

t h i s  i s  now seen t o  be the  s i t ua t i on .  Thus, Cr (VI) has an ove ra l l  r e ten t i on  

t ime o f  about 8.0 mins, wh i le  the  Cr (111) species e lu tes  immediately i n  the  

so lvent  f ron t .  The t o t a l  t ime f o r  t h i s  p a r t i c u l a r  ana lys is  i s  about 9.0 
minutes, Figure 2, bu t  t h i s  could be shortened somewhat by going t o  a 

f a s t e r  mobile phase f l o w  ra te .  Both RI and ICP detec t ion  methods prov ide  an 

i n d i c a t i o n  o f  t he  presence o f  the two major Cr ions, bu t  there  i s  an inhermt ly  

greater degree of s p e c i f i c i t y  via the  ICP method o f  de tec t ion I6 '  17. 
The above r e s u l t s  now provide us w i t h  an o v e r a l l  approach t o  the  r e l i a b l e  

speciat ion of Cr (111) and Cr (VI) via two separate i n j e c t i o n s  o f  the  same 
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Fig. 1. Paired-ion RP-HPLC-RI-ICP analysis for a mixture of Cr+3
(chromic acetate) and Cr+6 (sodium chromate, CrOq-Z) using an
Altex Ultrasphere ODS (C Ja) column, 15cm x 5.6mm Ld., with PIC
B-5 mobile phase at flow rate 1.0 ml/min, ICP:RI split of 60:40,
ICP emission at 267.71nm, amounts indicated at each detector.

the conditions of the PIC A type ion pairing reagent, which is the tetra
butylalllllonium salt, only the anions present should be retained, and indeed
this is now seen to be the situation. Thus, Cr (VI) has an overall retention
time of about 8.0 mins, while the Cr (III) species elutes illlllediately in the
solvent front. The total time for this particular analysis is about 9.0
minutes, Figure 2, but this could be shortened somewhat by going to a
faster mobile phase flow rate. Both RI and ICP detection methods provide an
indication of the presence of the two major Cr ions, but there is an inherently

greater degree of specificity via the ICP method of detection16 , 17.

The above results now provide us with an overall approach to the reliable
speciation of Cr (III) and Cr (VI) via two separate injections of the same
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F i g .  2 .  Paired-ion RP-HPLC-RI-ICP analysis for  a mixture of Cr+3 
(chromic acetate)  and Cr+6 (sodium chromate, CrOb-’), using on 
Altex Ultrasphere ODS ( C u ) ,  15cm x 4 . 6 m  i . d . ,  with PIC A mobile 
phase a t  flow rate  of Z.Gml/min, 1CP:RI s p l i t  of 60:40, ICP 
emission a t  267 .71~~1 ,  amounts indicated a t  each detector.  

sample under two very d i f f e r e n t  pa i red- ion  RP-HPLC cond i t ions .  It i s  c lea r  t h a t  

each separate HPLC-ICP ana lys is  f o r  C r  ions requires less  than 10 mins t o t a l  
time, ou ts ide  o f  t he  time i n i t i a l l y  requ i red  t o  set-up and e q u i l i b r a t e  the  

HPLC-ICP instrumentat ion.  Because we are  now us ing  two oppos i te ly  charged i o n  

p a i r i n g  reagents, t he  order  o f  the  e l u t i o n  f o r  t h e  two C r  ions i s  reversed, 

and there fore  both the  q u a l i t a t i v e  and q u a n t i t a t i v e  r e s u l t s  should agree under 

very d i f f e r e n t  HPLC e l u t i o n  times and peak shapes, Figures 1 and 2. The o v e r a l l  

spec ia t ion  f o r  both C r  ions i s  there fore  improved by t h e  use o f  these two 

d i f f e r e n t  HPLC mobile phases, above and beyond t h a t  provided by t he  HPLC 
re ten t i on  times and I C P  element s p e c i f i c i t y  f o r  chromium. I t  would be d i f f i c u l t  
t o  imagine a s i t u a t i o n  wherein o the r  C r  ions would e l u t e  c o i n c i d e n t a l l y  w i t h  
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Fig. 2. Paired-ion RP-HPLC-RI-ICP analysis for a mixture of Cr+ 3
(chromic acetate) and Cr+6 (sodium chromate, Cr04-2), using an
Altex Ultrasphere ODS (C~), lScm x 4.6mm i.d., with PIC A mobile
phase at flow rate of 2.Oml/min, ICP:RI split of 60:40, ICP
emission at 267.71nm, amounts indicated at each detector.

sample under two very different paired-ion RP-HPlC conditions. It is clear that
each separate HPlC-ICP analysis for Cr ions requires less than 10 mins total
time, outside of the time initially required to set-up and equilibrate the
HPLC-ICP instrumentation. Because we are now using two oppositely charged ion
pairing reagents, the order of the elution for the two Cr ions is reversed,
and therefore both the qualitative and quantitative results should agree under
very different HPlC elution times and peak shapes, Figures 1 and 2. The overall
speciation for both Cr ions is therefore improved by the use of these two
different HPlC mobile phases, above and beyond that provided by the HPlC
retention times and rcp element specificity for chromium. It would be difficult
to imagine a situation wherein other Cr ions would elute coincidentally with
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the C r  (111) and C r  ( V I )  ions under both sets o f  paired- ion condi t ions.  We 

suggest t h a t  t h i s  combined approach f o r  C r  i o n  spec ia t ion  provides an unusual 

and unique degree o f  element and i o n  s p e c i f i c i t y  and s e l e c t i v i t y .  One o ther  

approach was of i n t e r e s t ,  and t h a t  invo lved the  possible use o f  a mixed 

pa i red- ion  mobile phase, conta in ing  both the  P I C  8 -5  and P I C  A together.  

the poss ib le  uses o f  a mixed paired- ion mobile phase i n  RP-HPLC, e i t h e r  f o r  
organic o r  inorganic type ions.  When equi-molar (0.005M) amounts o f  P I C  A 
and P I C  B-5 a re  added i n  the  same f lask ,  there  i s  no format ion o f  any 

inso lub le  p rec ip i t a te ,  which suggested t h a t  some f ree  P I C  A and P I C  B-5 

reagents remained uncoordinated t o  each other.  However, when t h i s  mobile 
phase was used f o r  t he  ana lys is  o f  t he  C r  ions, now i n j e c t e d  separately,  

i t  became r e a d i l y  apparent, Figure 3, t h a t  t he  actual  amounts o f  f r e e  

reagents were considerably less  than when e i t h e r  o f  these had been used alone. 

Thus, Figure 3 i s  a sumnary o f  separate i n j e c t i o n s  o f  f i r s t  C r  (111) ( l e f t )  
and then C r  ( V I )  ( r i g h t ) ,  w i t h  the  amounts going t o  the  I C P  alone ind ica ted .  
No R I  de tec t ion  was used i n  t h i s  study. The o v e r a l l  r e s u l t s  i nd i ca te  t h a t  i n  

the  case o f  C r  (111) there  i s  v i r t u a l l y  no re ten t i on  a t  a l l .  I n  the  case o f  

C r  (V I ) ,  there  appears t o  be some re ten t ion ,  bu t  much less  than was seen when 

P I C  A was used alone, Figure 2. Also, the shape o f  the  C r  (V I )  peak i s  very 

d i f f e r e n t  than t h a t  seen i n  Figure 2, i t  i s  much broader-and less  we l l  

defined. These i n i t i a l  r e s u l t s  suggest t h a t  i t  i s  no t  f eas ib le  a t  present t o  

u t i l i z e  a mixed paired- ion type  mobile phase f o r  the  separat ion o f  these Cr 
ions. This may be due t o  the  f a c t  t h a t  organic paired- ion reagents tend t o  

coordinate ( i on -pa i r )  w i t h  each o ther  i n  preference t o  t h e i r  separate 
coord ina t ion  ( i on -pa i r i ng )  w i t h  the metal ions present i n  so lu t ion .  

there  are no reported p r a c t i c a l  approaches, on- l ine ,  f o r  C r  spec ia t ion  o f  rea l  

wor ld samples. The recent ly  reported use of a pre-concentratin, se lec t i ve  

ex t rac t i on  of one C r  species i n  the presence o f  the  other,  fo l lowed by 
12, 13 separate I C P  analyses, i s  usable, but  i t  i s  an i n d i r e c t ,  o f f - l i n e  method 

The problem i n  us ing  an on - l i ne  HPLC-ICP approach t o  solve t h i s  t race  ana lys is  
C r  spec ia t ion  problem resides, a t  the  present time, i n  ob ta in ing  usable 

minimum detec t ion  l i m i t s  (MDLs). The publ ished MDL f o r  chromium via the  
Instrumentat ion Laboratory Plasma 100 instrument i s  about 3 ppb. We have 

independently determined t h a t  w i t h  our non-rout ine opera t ing  plasma i n  the  

d i r e c t  mode, C r  has an MDL o f  about 15ppb. This method o f  determining de tec t ion  
l i m i t s  u t i l i z e s  a computer determined standard dev ia t ion  o f  the  background 
noise l eve l .  It then computes the amount o f  C r  necessary t o  produce a s igna l /  

noise peak o f  2.0-3.0, u t i l i z i n g  a s ing le  i n j e c t i o n  o f  a known amount o f  C r .  

Strangely enough, there  i s  very l i t t l e  i n  the  l i t e r a t u r e  which discusses 

Other than the already reported use o f  HPLC-GFAA, in  an o f f - l i n e  manner, 
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the Cr (III) and Cr (VI) ions under both sets of paired-ion conditions. We

suggest that this combined approach for Cr ion speciation provides an unusual

and unique degree of element and ion specificity and selectivity. One other
approach was of interest, and that involved the possible use of a mixed
paired-ion mobile phase, containing both the PIC 6-5 and PIC A together.

Strangely enough, there is very little in the literature which discusses
the possible uses of a mixed paired-ion mobile phase in RP-HPLC, either for
organic or inorganic type ions. When equi-molar (0.005M) amounts of PIC A

and PIC 6-5 are added in the same flask, there is no formation of any
insoluble precipitate, which suggested that some free PIC A and PIC 6-5

reagents remained uncoordinated to each other. However, when this mobile
phase was used for the analysis of the Cr ions, now injected separately,

it became readily apparent, Figure 3, that the actual amounts of free
reagents were considerably less than when either of these had been used alone.
Thus, Figure 3 is a summary of separate injections of first Cr (III) (left)
and then Cr (VI) (right), with the amounts going to the ICP alone indicated.
No RI detection was used in this study. The overall results indicate that in
the case of Cr (III) there is virtually no retention at all. In the case of
Cr (VI), there appears to be some retention, but much less than was seen when

PIC A was used alone, Figure 2. Also, the shape of the Cr (VI) peak is very
different than that seen in Figure 2, it is much broade~ and less well

defined. These initial results suggest that it is not feasible at present to
utilize a mixed paired-ion type mobile phase for the separation of these Cr
ions. This may be due to the fact that organic paired-ion reagents tend to
coordinate (ion-pair) with each other in preference to their separate
coordination (ion-pairing) with the metal ions present in solution.

Other than the already reported use of HPLC-GFAA, in an off-line manner,

there are no reported practical approaches, on-line, for Cr speciation of real
world samples. The recently reported use of a pre-concentratin, selective

extraction of one Cr species in the presence of the other, followed by
separate ICP analyses, is usable, but it is an indirect, off-line method12 , 13
The problem in using an on-line HPLC-ICP approach to solve this trace analysis
Cr speciation problem resides, at the present time, in obtaining usable
minimum detection limits (MOLs). The published MOL for chromium via the
Instrumentation Laboratory Plasma 100 instrument is about 3 ppb. We have
independently determined that with our non-routine operating plasma in the
direct mode, Cr has an MOL of about 15ppb. This method of determining detection
limits utilizes a computer determined standard deviation of the background
noise level. It then computes the amount of Cr necessary to produce a signal/
noise peak of 2.0-3.0, utilizing a single injection of a known amount of Cr.
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Fig. 3 .  
and Cr'6 (sodium chromate, CrOk-' using an Altex Ultrasphere ODS 
(Cis) column, 15cm x 4 . 6 m  i . d . ,  with a mixture of both P I C  A and 
P I C  B-5 (0.005m) i n  mobile phase a t  f l o w  r a t e  of 2.Oml/min, ICP 
emission a t  2 6 7 . 7 1 w ,  amounts ind ica ted  t o  ICF' alone. 

Paired-ion Rp-HPLC-ICP ana lys i s  of C r + 3  (chromic ace t a t e )  

For some strange reason, t h i s  method o f  determining MDLs i s  ra re l y ,  i f  a t  
a l l ,  used i n  any form o f  chromatography-detection system. The same approach 

can be used t o  determine the  MDL f o r  C r  ions (as chromate) via HPLC-ICP, 
i n  combination w i t h  a separate computer program, d i f f e r e n t  from t h a t  used 

f o r  the d i rec t - ICP ca lcu la t i ons .  We have now used t h i s  method, v i a t h e  HPLC 

cond i t ions  of  Figure 1, t o  determine the  MDL f o r  C r  as chromate ion .  The 

value we ob ta in  i s  about 10-20ppm 

the p a r t i c u l a r  HPLC cond i t ions  employed. With longer r e t e n t i o n  times f o r  

chromate, one would expect worse MDLs using the  peak he igh t  method. We have 
a lso  determined the  MDL f o r  both C r  (111) and C r  ( V I )  us ing  both PIC A and 
P I C  B-5 HPLC cond i t ions ,  Figures 1 and 2, using measured peak he igh ts  f o r  

HPLC-ICP, bu t  t h i s  obv ious ly  depends on 
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Fig. 3. Paired-ion RP-HPLC-ICP analysis of Cr+ 3 (chromic acetate)
and Cr+6 (sodium chromate, Cr04-2 using an Altex Ultrasphere ODS
(C1S) column, 15cm x 4.6mm Ld., with a mixture of both PIC A and
PIC B-5 (O.005m) in mobile phase at flow rate of 2.Oml/min, ICP
emission at 267.71nm, amounts indicated to ICP alone.

For some strange reason, this method of determining MOLs is rarely, if at
all, used in any form of chromatography-detection system. The same approach
can be used to determine the MOL for Cr ions (as chromate) via HPLC-ICP,
in combination with a separate computer program, different from that used
for the direct-ICP calculations. We have now used this method, via the HPLC

conditions of Figure 1, to determine the MOL for Cr as chromate ion. The
value we obtain is about 10-20ppm via HPLC-ICP, but this obviously depends on
the particular HPLC conditions employed. With longer retention times for

chromate, one would expect worse MOLs using the peak height method. We have
also determined the MOL for both Cr (III) and Cr (VI) using both PIC A and
PIC B-5 HPLC conditions, Figures 1 and 2, using measured peak heights for
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TABLE 1 
CHROMATOGRAPHICALLY DETERMINED MINIMUM DETECTION LIMITS (PlDLS) FOR CHRONIUM 

CHROMIUM ION PIC A H P L C ~  PIC B-5 HPLCb 

Cr (111) 0.22ug/ulC 1.75ug/ulC 

Cr (VI) 0.45ug/ulC 0.4ug/ulC 

a.  calculated using a peak height ra t io  of 3 : l  on the ICP chromatogram, 

b. calculated using a peak height r a t i o  of 3: l  on the ICP chromatogram, 

c. ug/ul = p p t  (parts per thousand), 0.22ug/ul = 220ppm, 1.75ug/ul = 

together with HPLC conditions as indicated in Figure 2.  

together with HPLC conditions as indicated in Figure 1. 

1.75ppt, etc. 

each ion on the ICP chromatograms. This was done manually, using the same 
method that  chromatographers have long used t o  crudely calculate MDLs via 
any detection system. Owresults using th i s  older approach are indicated 
in Table 1. These manual determinations of MDLs for  both chromic and chromate 

ions were done using a signa1:noise ra t io  of 3:1, and therefore the observed 
MDLs are  considerably greater ( larger)  than those determined by computer 
program, as above. Clearly, the computer controlled, automated method of 
determining MDLs for  any HPLC peak i s  t o  be preferred over the older, some- 
what cruder manual calculations. The spectroscopic method i s  j u s t  as valid 
and re l iable ,  i f  not more so, than our somewhat older, manual methods. 

Clearly, a MDL of even 10-23ppm for  chromate i s  not satisfactory, and 
woula not serve usefully as a general HPLC-ICP approach for  trace metal 
analysis-speciation. Pre-concentration methods for  Cr from aqueous samples 
might suff ice  t o  provide the HPLC-ICP method with f inal  concentrations usable 
with t h i s  MDL. However, t o  be truly useful and applicable t o  real world 
samples, some improvements are required in a final MDL for  chromium and 
other metal species via HPLC-ICP speciation methods. We have i n i t i a l l y  
determined relat ive sens i t iv i t ies ,  not true detection l imits ,  for  chromate 
via HPLC-ICP and direct-ICP methods, Table 2.  This table l i s t s  the ICP peak 
heights and peak areas for  a known amount (mass) of Cr (VI) injected onto the 
HPLC in 2 0 ~ 1 ,  and for  the same absolute amount of Cr (VI) going to  the ICP via 
the direct-ICP approach16. T h a t  i s ,  we are  here injecting 1.8ug/ZOul of Cr (VI) 
onto the HPLC-ICP, the ICP peak heights and areas for  th i s  amount of ion 
are then compared with an identical amount and concentration of the same 
ion reaching the ICP direct  nebulization. The only variables in th i s  
type of a comparison are the band spreading (broadening) effects  due to  the 
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TABLE 1

CHROMATOGRAPHICALLY DETERMINED MINIMUM DETECTION LIMITS (MDLS) FOR CHROMIUM

CHROMIUM ION PIC A HPLCa PIC B-5 HPLCb

Cr (III)

Cr (vI)

O.22ug/ul c

O.45ug/ul c
1. 75ug/ul c

O.4ug/ul c

a. calculated using a peak height ratio of 3:1 on the ICP chromatogram,
together with HPLC conditions as indicated in Figure 2.

b. calculated using a peak height ratio of 3:1 on the ICP chromatogram,
together with HPLC conditions as indicated in Figure 1.

c. ug/ul = ppt (parts per thousand), O.22ug/ul = 220ppm, I.75ug/ul =
1.75ppt, etc.

each ion on the ICP chromatograms. This was done manually, using the same
method that chromatographers have long used to crudely calculate MDls via
any detection system. Ourresults using this older approach are indicated
in Table 1. These manual determinations of MDls for both chromic and chromate

ions were done using a signal :noise ratio of 3:1, and therefore the observed
MDls are considerably greater (larger) than those determined by computer
program, as above. Clearly, the computer controlled, automated method of
determining MDLs for any HPLC peak is to be preferred over the older, some
what cruder manual calculations. The spectroscopic method is just as valid
and reliable, if not more so, than our somewhat older, manual methods.

Clearly, a MDl of even 10-23ppm for chromate is not satisfactory, and
woul~ not serve usefully as a general HPLC-ICP approach for trace metal
analysis-speciation. Pre-concentration methods for Cr from aqueous samples
might suffice to provide the HPLC-ICP method with final concentratio~usable
with this MDl. However, to be truly useful and applicable to real world
samples, some improvements are required in a final MDL for chromium and
other metal species via HPLC-ICP speciation methods. We have initially
determined relative sensitivities, not true detection limits, for chromate
via HPlC-ICP and direct-ICP methods, Table 2. This table lists the ICP peak
heights and peak areas for a known amount (mass) of Cr (VI) injected onto the
HPlC in 20ul, and for the same absolute amount of Cr (VI) going to the ICP via
the direct-ICP approach16 . That is, we are here injecting I.8ug/20ul of Cr (VI)
onto the HPlC-ICP, the ICP peak heights and areas for this amount of ion
are then compared with an identical amount and concentration of the same
ion reaching the ICP via direct nebulization. The only variables in this
type of a comparison are the band spreading (broadening) effects due to the
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TABLE 2 
COMPARISON OF SENSITIVITIES FOR DIRECT-ICP AND HPLC-ICP WITH C r  (VI)  ALONE^ 
METHOD OF COMPARISON DIRECT-ICP~ HPLC-ICP~ DIRECT-ICP/ 

HPLC-I CP- 

2.13 2 O.Oge 9.2 + d I C P  PEAK HEIGHTS (cm) 

I C P  PEAK HEIGHTS 777,287 f 58,614 t 13.3 

19.5 - 0.7 

(ICP u n i t s )  24,104 2,654 

ICP PEAK AREAS 855,105 589,879 1.5 
( I C P  u n i t s )  26,515 31,185 

a. a n a l y s i s  f o r  C r  ( V I )  per formed w i t h  sodium chromate i n  P I C  8-5 i n  wa te r .  
b. determined by d i r e c t  n e b u l i z a t i o n  i n t o  ICP of  a s o l u t i o n  o f  sodium 

chromate a t  a c o n c e n t r a t i o n  o f  1.8ug/2Oul, ICP emiss ion a t  267.71nm. 
c .  determined u s i n g  C-18 t y p e  column, 15cm x 4 . 6 m  i . d . ,  w i t h  PIC 6-5 m o b i l e  

phase a t  1.0 ml /min f l o w  r a t e ,  ICP emiss i cna t  267.71nm. 
d.  numbers r e p r e s e n t  t h e  average f s tandard  d e v i a t i o n s  f o r  f i v e  separate 

e. numbers r e p r e s e n t  t h e  average 2 s tandard  d e v i a t i o n s  f o r  t h r e e  separa te  
' tuns on t h e  same day (n=5) .  

runs  on t h e  same day (n=3). 

HPLC i n t e r f a c e  i n  t h e  HPLC-ICP arrangement. The ICP o p e r a t i o n a l  parameters 
a r e  i d e n t i c a l  i n  b o t h  s i t u a t i o n s .  The f i n a l  r e s u l t s ,  Tab le  2, i n d i c a t e  t h a t  

t h e  r e l a t i v e  d i f f e r e n c e s  i n  responses f o r  chromate a r e  g r e a t e r  when peak 
h e i g h t s  a r e  used r a t h e r  than  peak areas.  Thus, t h e  r a t i o s  f o r  d i r e c t - I C P /  

HPLC-ICP i n  u s i n g  peak h e i g h t  (cm) measurements i s  about  9.2, w h i l e  u s i n g  

peak h e i g h t s  i n  terms o f  ICP a r b i t r a r y  u n i t s ,  t h i s  r a t i o  i s  about  13.3. 

I d e a l l y ,  as a r e f e r e e  has i n d i c a t e d ,  t hese  two r a t i o s  shou ld  be i d e n t i c a l .  

I n  p r a c t i c e ,  because t h e  methods o f  measur ing these two r a t i o s  a r e  d i f f e r e n t ,  

v i z . ,  a manual method w i t h  a r u l e r  and an e l e c t r o n i c  computer program, t h e  

f i n a l  r a t i o s  a r e  somewhat d i f f e r e n t .  I n  t h e  manual method, t h e  e r r o r s  i n  

measuring t h e  peak he igh ts (cm)  f o r  d i r e c t - I C P  and HPLC-ICP may be d i f f e r e n t ,  

and t h e r e f o r e  t h i s  r a t i o  w i l l  be d i f f e r e n t  f rom t h a t  o b t a i n e d  by u s i n g  

t h e  computer p r i n t - o u t  o f  I C P  peak h e i g h t s  ( ICP u n i t s ) ,  Table 2. When peak 
areas a r e  used f o r  t h e  same comparison, t hen  t h e  r a t i o  i s  o n l y  about 1 .5 .  

These o v e r a l l  r e s u l t s  suggest q u i t e  s t r o n g l y  t h a t  t h e  ICP 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, and t h a t  t h e  use o f  peak areas 

should p r o v i d e  b e t t e r  HPLC-ICP d e t e c t i o n  l i m i t s  than  peak h e i g h t  measurenents 
Even f o r  t h e  worst -case s i t u a t i o n ,  Tab le  2, t h e r e  i s  s t i l l  o n l y  about  one 
o r d e r  o f  magnitude d i f f e r e n c e  between t h e  two modes (13.3 vs. 1 . 5 ) .  

t h e  MDL f o r  C r  ( V I )  u s i n g  HPLC-ICP shou ld  be about 15ppb x 13.3 = 200 ppb 

( p a r t s - p e r - b i l l i o n ) .  C l e a r l y ,  i t  i s  n o t  go ing  t o  be p o s s i b l e ,  u s i n g  peak 

I n  view o f  t h e  above r e s u l t s ,  Tab le  2, we would expec t  t h a t ,  a t  wors t ,  
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TABLE ;>

COMPARISON OF SENSITIVITIES FOR DIRECT-ICP AND HPLC-ICP WITH Cr (VI) ALONEa

METHOD OF COMPARISON DIRECT-ICpb HPLC-ICpc DIRECT-ICP/
HPLC-ICP

ICP PEAK HEIGHTS (cm) 19.5 : 0.7d 2.13 : O.0ge 9.2

ICP PEAK HEIGHTS + 58,614 : 13.3777,287 -
(ICP units) 24,104 2,654

ICP PEAK AREAS 855,105 + + 1.5- 589,879 -
(ICP units) 26,515 31, 185

a. analysis for Cr (VI) performed with sodium chromate in PIC 8-5 in water.
b. determined by direct nebulization into ICP of a solution of sodium

chromate at a concentration of 1.8u9/20ul, ICP emission at 267.71nm.
c. determined using C-18 type column, 15cm x 4.6mm i.d., with PIC B-5 mobile

phase at 1. 0 ml /mi n fl ow rate, ICP emi ssi 01 at 267. 7lnm.
d. numbers represent the average ± standard deviations for five separate

"runs on the same day (n=5). +
e. numbers represent the average - standard deviations for three separate

runs on the same day (n=3).

HPLC interface in the HPLC-ICP arrangement. The Iep operational parameters

are identical in both situations. The final results, Table 2, indicate that

the relative differences in responses for chromate are greater when peak

heights are used rather than peak areas. Thus, the ratios for direct-ICP/
HPLC-ICP in using peak height (cm) measurements is about 9.2, while using

peak heights in terms of ICP arbitrary units, this ratio is about 13.3.

Ideally, as a referee has indicated, these two ratios should be identical.

In practice, because the methods of measuring these two ratios are different,

~., a manual method with a ruler and an electronic computer program, the

final ratios are somewhat different. In the manual method, the errors in
measuring the peak heights(cm) for direct-ICP and HPLC-ICP may be different,

and therefore this ratio will be different from that obtained by using
the computer print-out of ICP peak heights (ICP units), Table 2. When peak
areas are used for the same comparison, then the ratio is only about 1.5.
These overall results suggest quite strongly that the ICP is acting as a
mass sensitive detector in the HPLC mode, and that the use of peak areas

should provide better HPLC-ICP detection limits than peak height measurements.
Even for the worst-case situation, Table 2, there is still only about one

order of magnitude difference between the two modes (13.3 vs. 1.5).

In view of the above results, Table 2, we would expect that, at worst,

the MDL for Cr (VI) using HPLC-ICP should be about 15ppb x 13.3 " 200 ppb
(parts-per-billion). Clearly, it is not going to be possible, using peak



SPECIATION OF Cr (111) AND Cr (VI) 279 

he igh t  measurements, t o  ob ta in  1 i m i t s  o f  de tec t ion  
i d e n t i c a l  w i t h  direct- ICP methods. There have been several recent l i t e r a t u r e  

repor ts  which i nd i ca te  t h a t  HPLC-ICP detec t ion  l i m i t s  f o r  c e r t a i n  metals can 

be equal t o  o r  b e t t e r  than the  direct- ICP resu l t s ,  a t  l e a s t  f o r  c e r t a i n  
arsenic species 21' ". Such repor ts  a re  o f  i n te res t ,  because on theo re t i ca l  

p r i nc ip les  alone, i t  would be d i f f i c u l t  t o  imagine ob ta in ing  these MDLs via 
HPLC-ICP. Clear ly,  the nature of the  i n te r face  and nebu l izer  arrangement i n  

any HPLC-ICP arrangement can af fect  the f i n a l  MDLs, t h i s  being i n  add i t i on  

t o  the  band broadening e f fec ts  already discussed. We suspect t h a t  the  approxi-  

mately th ree  orders o f  magnitude d i f f e rence  between our d i rec t - ICP and HPLC- 

I C P  MDLs f o r  chromate (15ppb vs l0ppm) i s  due t o  these parameters. We can 

account, a t  present, f o r  about a 10-15 f o l d  d i f f e rence  on the  basis o f  the  
band broadening and extra-column e f f e c t s  inherent i n  the  HPLC operat ion,  Table 

2. However, the  remaining almost two orders o f  magnitude d i f f e rence  cannot be 
due t o  fac to rs  inherent  i n  the  HPLC operat ions,  and must there fore  be ascribed 
t o  the nature o f  the  in te r face-nebu l izer  arrangement. There i s  a d i s t i n c t  

p o s s i b i l i t y  t h a t  conventional cross-f low o r  concentr ic tube type nebul izers 

f o r  d i rect- ICP operat ions are j u s t  no t  ope ra t i ona l l y  compatible, i n  terms o f  
MDLs, f o r  HPLC-ICP operations. Other more su i tab le  arrangements w i l l  have t o  

be developed i n  t h i s  regard, and our e f f o r t s ,  as we l l  as those o f  others,  are 

now being d i rec ted  towards so lv ing  t h i s  important problem. 

HPLC-ICP methods f o r  chromium spec ia t ion  t o  rea l  wor ld  samples, inc lud ing :  

foods, beverages, water suppl ies,  environmental matr ices,  and re la ted  items. 
We a lso  recognize t h a t  pre-concentrat ion o f  rea l  wor ld samples, as cu r ren t l y  

used i n  i o n  chromatography methods, would provide us w i t h  an a l t e r n a t i v e  

approach f o r  r e a l i z i n g  improved minimum detec t ion  l i m i t s  via HPLC-ICP . 
Pre-concentration f o r  t race  inorganic analysis has i t s  own se t  o f  problems, 

and i f  t h i s  approach i s  avoided, i t  might provide a more fool-proof method 

o f  spec ia t ion  via d i r e c t  sample i n j e c t i o n  onto HPLC-ICP. 

HPLC-ICP t h a t  a re  

A t  the  same time, we recognize the  importance o f  apply ing any f i n a l  
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height measurements, to obtain limits of detection via HPLC-ICP that are
identical with direct-ICP methods. There have been several recent literature
reports which indicate that HPLC-ICP detection limits for certain metals can
be equal to or better than the direct-ICP results, at least for certain
arsenic species21 , 22. Such reports are of interest, because on theoretical
principles alone, it would be difficult to imagine obtaining these MDLs via
HPLC-ICP. Clearly, the nature of the interface and nebulizer arrangement in
any HPLC-ICP arrangement can affect the final MDLs, this being in addition
to the band broadening effects already discussen. We suspect that the approxi
mately three orders of magnitude difference between our direct-ICP and HPLC
ICP MDLs for chromate (15ppb vs 10ppm) is due to these parameters. We can
account, at present, for about a 10-15 fold difference on the basis of the
band broadening and extra-column effects inherent in the HPLC operation, Table
2. However, the remaining almost two orders of magnitude difference cannot be
due to factors inherent in the HPLC operations, and must therefore be ascribed
to the nature of the interface-nebulizer arrangement. There is a distinct
possibility that conventional cross-flow or concentric tube type nebulizers
for direct-ICP operations are just not operationally compatible, in terms of
MDLs, for HPLC-ICP operations. Other more suitable arrangements will have to
be developed in this regard, and our efforts, as well as those of others, are
now being directed towards solving this important problem.

At the same time, we recognize the importance of applying any final
HPLC-ICP methods for chromium speciation to real world samples, including:
foods, beverages, water supplies, environmental matrices, and related items.
We also recognize that pre-concentration of real world samples, as currently
used in ion chromatography methods, would provide us with an alternative
approach for realizing improved minimum detection limits via HPLC-ICp23

Pre-concentration for trace inorganic analysis has its own set of problems,
and if this approach is avoided, it might provide a more fool-proof method
of speciation via direct sample injection onto HPLC-ICP.
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