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COMPARISON OF REVERSED STATIONARY PHASES FOR THE 
CHROMATOGRAPHIC SEPARATION OF INORGANIC ANALYTES 

USING HYDROPHOBIC ION MOBILE PHASE ADDITIVES 

Ronald L .  S m i t h ,  Ziad Iskandarani,  and Donald J .  Pietrzyk* 
Chemistry Department 

The University of Iowa 
Iowa City,  Iowa 52242 

ABSTRACT 

A1 kyl-modified s i l i c a  (RSi) and polystyrenedivinyl benzene 
(PRP-1) s ta t ionary  phases a r e  compared f o r  the chromatographic 
separation of inorganic analyte  anions and cat ions using hydro- 
phobic ions of opposite charge as  mobile phase addi t ives .  
alkylammonium s a l t s  were used f o r  anion separat ions and alkyl 
sulfonate  s a l t s  f o r  cat ion separat ions.  Two major equ i l ib r i a  
influence the retent ion of analyte  ions on PRP-1. These are:  
re tent ion of the hydrophobic ion on PRP-1 and an ion exchange 
s e l e c t i v i t y  between the hydrophobic counterion and the analyte  
ion. 
a t  residual s i lanol  groups, which a c t  a s  weak cat ion exchange 
s i t e s .  
analyte  re tent ion a re  ident i f ied .  
favorable e lu t ing  conditions f o r  the separation of inorganic ion ic  
analytes .  Of par t icu lar  i n t e r e s t  i s  the potent ia l  use of PRP-1 
and RSi columns f o r  the separation of inorganic cat ions;  condi- 
t i ons  f o r  the  separation of a lka l i  metals and a lka l ine  ear ths  a re  
discussed. 

Tetra- 

When using RSi re ten t ion  i s  a l so  influenced by ion exchange 

Optimization of these provides 
Mobile and s ta t ionary  phase var iables  t h a t  influence 

INTRODUCTION 

A useful reversed phase 1 iquid chromatographic ( R P L C )  
technique f o r  the separation of charged organic analytes ,  of ten 
ca l led  ion pa i r  chromatography (IPC), i s  t o  add a hydrophobic ion 
of opposite charge t o  the predominately aqueous mobile phase and 
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1936 SMITH, ISKANDARANI, AND PIETRZYK 

take advantage of an enhanced analyte  re ten t ion .  Although many 
d i f f e ren t  hydrophobic ions can be used, most appl icat ions employ 
a1 kylsulfonate (RS03-) s a l t s  o r  tetraalkylammonium ( R 4 N f )  s a l t s  
f o r  the separat ion of organic analyte  cat ions and anions,  
respect ively.  Recent studies have demonstrated t h a t  this 
approach can a l so  be used f o r  the separat ion of inorganic cat ions 
(1-4) and anions (1,5-9) and should compliment the inorganic ion 
exchange LC procedures known as  ion chromatography (10) .  

Several views concerning the  importance of the  in te rac t ions  
between the organic analyte  ion, hydrophobic ion, and the 
s ta t ionary  and mobile phase have emerged as  IPC has been 
developed. A recent review t h a t  focuses on R4Nt s a l t s  as  mobile 
phase addi t ives  documents these d i f f e ren t  views (11).  
one model does not f i t  a l l  possible  experimental s i t ua t ions .  
For predominately aqueous mobile phases and low concentrations 
of hydrophobic ions of modest hydrophobicity one major view 
suggests t ha t  ion pa i r s  form between the hydrophobic ion and 
analyte  ion p r io r  t o  re ten t ion  onto the s ta t ionary  phase. 
other  suggests t h a t  the hydrophobic ion is  f i r s t  re ta ined by the 
s ta t ionary  phase and ion pair ing o r  ion exchange takes place 
between the analyte  ion and the charged s i t e  provided by the 
retained hydrophobic ion. 
evidence supporting them a re  discussed in de t a i l  elsewhere 

Clear ly ,  

The 

These models, t h e i r  var ia t ions ,  and 

(1 1 ,l 2-20). 

Recent s tud ies  of inorganic analyte  anion and cat ion reten- 
t ion  using R4N (7,19) and RS03- (20) s a l t s ,  respec t ive ly ,  and a 
polystyrenedivinylbenzene (PSDB) copolymeric nonpolar adsorbent 
as the s t a t iona ry  phase suggest t h a t  the enhanced analyte  re ten-  
t i on  is  the result o f  the  contr ibut ion of two key equ i l ib r i a .  
One describes re tent ion of the hydrophobic ion onto the  
s ta t ionary  phase surface while the second descr ibes  an ion 
exchange s e l e c t i v i t y  between the analyte  ion and the counterion 
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SEPARATION OF INORGANIC ANALYTES 1937 

accompanying t h e  hydrophobic i on .  
s i m i l a r  t o  the  i o n  i n t e r a c t i o n  (dynamic i o n  exchange) model 
suggested t o  account f o r  ana ly te  i o n  r e t e n t i o n  onto an a l k y l -  
mod i f i ed  s i l i c a  ( R S i )  s t a t i o n a r y  phase from an aqueous-organic 

m o d i f i e r  mobi le  phase con ta in ing  a hydrophobic i o n  addi t iv ,e  

(11,14,17). Apply ing t h i s  model t o  organic  ana ly te  i o n  re ten -  
t i o n  must be done w i t h  c a u t i o n  s ince  the  hydrophobic nature of 

organic  ions can vary widely .  Conductance s tud ies  (see 7, 15, 
and references w i t h i n )  have suggested t h a t  assoc ia t i on  between 
hydrophobic and organic  ana ly te  ions can be apprec iab le and 

depends on t h e  hyd rophob ic i t y  o f  both ions. 
assoc ia t i on  constants f o r  t he  more p o l a r  catecholammonium o c t y l -  
su l fona te  s a l t s  are repo r ted  t o  be about 18M-1 w h i l e  f o r  t h e  
l e s s  p o l a r  octylammonium o c t y l s u l f o n a t e  s a l t  t he  constant  i s  
500M-1 (15).  Thus, a t  some p o i n t  c o n t r i b u t i o n  o f  i o n  associa- 

t i o n  ( i o n  p a i r i n g )  i n  the  mobi le  phase must a l s o  be considered 
as t h e  hyd rophob ic i t y  o f  e i t h e r  o r  both the  organic  ana ly te  i o n  

and hydrophobic i o n  mobi le  phase a d d i t i v e  increases. 
t r a s t  conductance data (7,21) s t r o n g l y  suggest t h a t  assoc ia t i on  

between c e r t a i n  i no rgan ic  i ons  and hydrophobic ions o f  opposi te  
charge i s  n e g l i g i b l e  p a r t i c u l a r l y  i f  t h e  R groups i n  t h e  hydro- 
phobic s a l t s  a re  o f  modest hydrophobic i ty .  hydrophobic s a l t  
concentrat ions are w e l l  below c r i t i c a l  m i c e l l e  format ion,  and 
mobi le phase so l ven t  mix tures a re  predominately aqueous. 

There are several  i n t r i n s i c  d i f f e rences  between R S i  and 
PSDB s t a t i o n a r y  phases even though both a re  reversed phases. 

Th is  r e p o r t  focuses on a comparative s tudy  o f  these two 
s t a t i o n a r y  phases us ing R N and RSOj- s a l t s  as mobi le  phase 

a d d i t i v e s  
analytes.  These analy tes were used f o r  two major reaons. F i r s t ,  
e q u i l i b r i a  i n v o l v i n g  i no rgan ic  analy tes should be l e s s  complex 
than w i t h  organic  analy tes because: 1) assoc ia t i on  e q u i l i b r i a  
between ino rgan ic  ana ly te  ions and hydrophobic i o n s  shou ld  be 

This  mode o f  i n t e r a c t i o n  i s  

For example, 

I n  con- 

+ 
4 

and ino rgan ic  anions and ca t i ons ,  respec t i ve l y ,  as 
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1938 SMITH, ISKANDARANI, AND PIETRZYK 

minimal; 2 )  
unnecessary; and 3) 
s t a t iona ry  phases in  the absence of the  hydrophobic ions.  
Second, from a prac t ica l  viewpoint, t h i s  s ing le  column pro- 
cedure has many poten t ia l  appl ica t ions  i n  t he  separat ion of 
inorganic ions and should be a v iab le  a l t e r n a t i v e  t o  ion 
chromatography (1 0 ) .  

f o r  many inorganic analytes  d issoc ia t ion  via pH i s  
these ana ly tes  should not be retained by the 

MATERIALS AND METHODS 

Materials 

Analytical  reagent grade inorganic s a l t s  ac ids  , and 
bases , t e t rapenty l  ammonium (TPeA'Br-) bromide and sodi um 
octane sulfonate  (C8S03-Na+) were obtained from Aldrich,  
Eastman Kodak, o r  Sigma Chemical Co. TPeAF was prepared 
as  previously described (19) .  C8S03-Li+ was prepared by 
passing the Na s a l t  through a strong ac id  ca t ion  exchanger 
in a Ht form and subsequently t i t r a t i n g  C8S03-H+ with a 
standard LiOH solu t ion .  
qua l i t y  from MCB Manufacturing Co. 
prepared with a Sybron/Bronstead water pur i f ica t ion  u n i t .  

MeOH and CH3CN were obtained a s  LC 
LC qua l i t y  water was 

Prepacked col umns were obtained from Hami 1 ton Co. ( P R P - 1 )  
and DuPont (Zorbax C1 , C g Y  c18). 
10 m y  spherical  p a r t i c l e  while the Zorbax columns a re  6 pm, 

spher ica l ,  alkyl-modified s i l i c a  p a r t i c l e s  where the  alkyl groups 
a re  methyl octyl o r  octadecyl , respect ively.  The columns a r e  
150 mm x 4.6 mm i . d .  except PRP-1 which i s  4.2 m i . d .  

The PRP-1 column is  a PSDB, 

Instrumentation 

A Waters 202 and Altex 421 LC were used w i t h  a Beckman 160 
se lec tab le  wavelength, a Spectra Physics 770 var iab le  wavelength, 
o r  a Wescan 273 o r  213A conduct ivi ty  de tec tor .  
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SEPARATION OF INORGANIC ANALYTES 1939 

Procedures 

Procedures f o r  column cond i t i on ing ,  changing o f  counter ion 
form, and determinat ion o f  breakthrough volumes are descr ibed 

e l  sewhere (7,19,20). 
where noted, were used t o  a d j u s t  mobi le phase pti. 
s t reng th  was f i x e d  when des i red by the  a d d i t i o n  o f  known amounts 

o f  i no rgan ic  e l e c t r o l y t e .  A l l  so l ven t  mix tures are pe r  cent by 

volume and column temperature (25 - + l°C) was ambient. 

Analy te so lu t i ons ,  prepared by d i s s o l v i n g  1 t o  5 mg per 

HC1 , NaOH , and phosphate s a l t s ,  except 
I o n i c  

5 mL o f  H20, were s to red  i n  c losed conta iners and r e f r i g e r a t e d  

when n o t  i n  use. Sample a l i q u o t s  were 1 t o  5 ~ 1 .  Column i n l e t  
pressures ranged from 500 t o  3000 p s i  depending on the  column, 
mobi le  phase, and f l ow  r a t e  ( u s u a l l y  1 o r  2 mL/min). Detect ion 
was a t  254 nm o r  by conductance. Capaci ty f a c t o r s  were ca l cu la ted  

i n  the  usual way where t h e  column v o i d  volume was determined by 
us ing several  samples t h a t  were known t o  have no r e t e n t i o n  a t  

t he  mobi le cond i t i ons  being tested.  

RESULTS AND DISCUSSION 

Mobi le and S ta t i ona ry  Phase Var iables.  Two e q u i l i b r i a  which 

appear t o  be the  major f a c t o r s  i n f l u e n c i n g  the  enhanced r e t e n t i o n  
o f  inorganic  analy te anions o r  ca t i ons  on PRP-1 from a mobi le  

phase conta in ing a hydrophobic i o n  (7,20) are g iven by eq. 1 and 2 
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SMITH, ISKANDARANI, AND PIETRZYK 1940 

where 
phase 
Equat 

t 
A i s  the s ta t ionary  phase, R4N and RS03- a re  the mobile 
addi t ives ,  X i s  the analyte  ion, and C i s  the counterion. 
ons l a  and 2a describe the re ten t ion  of the  hydrophobic 

ion on PRP-1 while eqs. l b  and 26 descr ibe an ion exchange 
s e l e c t i v i t y  between the analyte  ion and any counterions t h a t  a r e  
par t  of the mobile phase due t o  the presence of hydrophobic, ionic  
s t rength ,  and buffer  s a l t s .  Both experimental evidence and 
control of experimental conditions a re  consis tent  with t h i s  view 
and a re  discussed elsewhere (7,19,20). 

The re la t ionship  between re ten t ion  of the analyte ,  the  
mobile phase var iab les ,  and the equilibrium constants defining 
the equ i l ib r i a  (7,19,20) i s  given by 

where k; i s  the  capacity f ac to r  for the re ten t ion  of the analyte  
ion, q i s  the r a t i o  of s ta t ionary  phase volume t o  mobile phase 
volume, KO i s  the sorpt ion capaci ty  fo r  PRP-1, and m i s  the  
mobile phase. When a R4Nf s a l t  i s  i n  the mobile phase X, L, and 
C ,  a r e  the analyte  anion, hydrophobic ca t ion ,  and counteranion 
concentration, respect ively,  and K1 and K2 a re  equilibrium 
constants f o r  re ten t ion  of the R4Nt s a l t  and f o r  the ion exchange 
s e l e c t i v i t y  between the analyte  anion and a given counteranion; 
f o r  RS03- s a l t s  X,  1, and C a r e  analyte  ca t ion ,  hydrophobic 
anion, and countercation concentrat ions,  respect ively,  and K1 
and K2 a r e  equilibrium constants f o r  the retent ion of the RS03- 
s a l t  and an i o n  exchange s e l e c t i v i t y  between the analyte  cat ion 
and a given countercation, respect ively.  
eq. 3 i s  t h a t  i t  focuses on the key equ i l ib r i a  and the con- 
t r o l l a b l e  mobile phase var iables  t h a t  influence analyte  re ten t ion .  
For PRP-1 and defined mobile phase conditions eq. 3 was consis tent  
with re ten t ion  data  when using inorganic analyte  anions and 

The s igni f icance  of 
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SEPARATION OF INORGANIC ANALYTES 1941 

ca t ions  and R4N+ ( 7 )  and RS03- (20) s a l t s  as mobi le phase 

a d d i t i v e s  , respec t i ve l y .  

t o  R S i .  When a n a l y t i c a l  samples o f  R4N+ and RSO3- s a l t s  were 

used t h e i r  r e t e n t i o n  on C1, C g y  and c18 a t  c o n t r o i l e d  mobi le 

phase condi t ions:  1) increased as R group hydrophobic i ty  

increased; 2) increased as the  mobi le phase organic  mod i f i e r :  

water r a t i o  decreased; 3 )  was g rea te r  i n  MeOH:H20 over 

CH3CN:H20 a t  i d e n t i c a l  so l ven t  r a t i o s ;  4) 
s t reng th  increased; and 5) 
i o n  accompanying the  RdN+ o r  RSO3- analy te s a l t  where r e t e n t i o n  
o f  t h e  R4N'C- and RS03-C+ analy tes f o r  t h e  counter ion C f o l l owed  

Pre l im ina ry  experiments i n d i c a t e d  t h a t  eqs. 1-2 a l s o  apply  

increased as i o n i c  
was dependent on the  type o f  counter-  

and 

These t r e  

20). 

+ M+2 > Cs+ > Rb+ > K+ ? Na+ > L i  

cls are s i m i l a r  t o  those found when u s i n  PRP-1 (7,19, 

A we l l -de f i ned  l i n e a r  r e l a t i o n s h i p  was found on PRP-1 

(7,19,20) when p l o t t i n g  r e t e n t i o n ,  l / k '  , o f  a n a l y t i c a l  samples 

o f  R4N+ and RS03- s a l t s  versus l/&, where p i s  t h e  mobi le  
phase i o n i c  s t rength.  
a double l a y e r  (22,23), where t h e  hydrophobic i o n  occupies t h e  
pr imary l a y e r  a t  t he  PRP-1 sur face and the  counter ion occupies a 
d i f f u s e  secondary l a y e r .  
the C1, C8, and C18 and several  d i f f e r e n t  RSO3- s a l t s  as analytes.  

This  i s  i l l u s t r a t e d  i n  F ig .  1 f o r  C8S03-Na+ as the  analy te 
i n d i c a t i n g  RS03- s a l t  r e t e n t i o n  occurs as a double l a y e r .  The 

mobi le  phase so lvent  f o r  C1 and PRP-1 was 1:9 CH3CN:H20 w h i l e  f o r  

This  i n d i c a t e s  analy te r e t e n t i o n  occurs i n  

A s i m i l a r  r e s u l t  was found when us ing 
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Figure 1 Re la t i onsh ip  between analy te r e t e n t i o n  on R S i  

and PRP-1 and mobi le phase i o n i c  s t rength.  

C8 and C18 i t  was f : l  MeOH:H20; t h e  i o n i c  s t reng th  covered 
the range 1.0 x t o  1.0 x 1O-*M NaC1. 

Attempts t o  determine a s i m i l a r  r e l a t i o n s h i p  between l / k '  
and l/&- f o r  r e t e n t i o n  o f  a n a l y t i c a l  samples o f  R4Nf s a l t s  on 
C1, C8, and C18 were n o t  successful. 
PRP-1 was used (20). I t  appeared t h a t  t h e  R4Nt s a l t s  (R > C2) 

were never e l u t e d  from the  column even when 100% CH3CN, a ve ry  
s t rong e l u e n t  i f  r e t e n t i o n  i s  hydrophobic i n  nature,  was used. 
The reason f o r  t h i s ,  which became c l e a r  i n  subsequent exper i -  
ments, i s  due t o  a second t ype  o f  i n t e r a c t i o n ,  namely, i o n  ex- 

This  was n o t  t h e  case when 
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SEPARATION OF INORGANIC ANALYTES 1943 

change between R4N+ and H+ a t  t h e  f r e e  - S i O H  s i t e s  w i t h i n  t h e  
R S i  s t a t i o n a r y  phase. 

An i n h e r e n t  d i f f i c u l t y  i n  comparing PRP-1 and RSi i s  t h e i r  
i n t r i n s i c  d i f f e rence  i n  t h e i r  a b i l i t y  t o  sorb  hydrophobic i ons ,  
eqs. l a  and 2a. 
o f  hydrophobic i o n  r e t a i n e d  (moles/column) w i l l  v a r y  f o r  t h e  
f o u r  columns. 
between t h e  r e t a i n e d  hydrophobic i o n  and t h e  a n a l y t e  i o n  o f  
oppos i te  charge (see exchange e q u i l i b r i a  i n  eqs. l b  and 2b) 
w i l l  d i f f e r  between t h e  s t a t i o n a r y  phases. I f  an e l e c t r o s t a t i c  
i n t e r a c t i o n ,  as t h e  da ta  appear t o  i n d i c a t e ,  i s  a ma jor  r e t e n -  
t i o n  process, t hen  a v i a b l e  comparison can be made o n l y  when 
t h e  number o f  such i n t e r a c t i o n s  a r e  normal ized. 
was s a t i s f i e d  by m a i n t a i n i n g  t h e  hydrophobic i o n  c o n c e n t r a t i o n  
i n  t h e  mob i l e  phase a t  a cons tan t  c o n c e n t r a t i o n  and v a r y i n g  t h e  
mob i l e  phase s o l v e n t  compos i t ion  (o rgan ic  solvent:H20 r a t i o )  so 
t h a t  t h e  amount of r e t a i n e d  hydrophobic i o n  on t h e  s t a t i o n a r y  
phase was approx imate ly  t h e  same. 

t e n t i o n  o f  TPeA'F- and C8S03-Nat on PRP-1, C1, C8, and C18 as a 
f u n c t i o n  of  hydrophobic i o n  c o n c e n t r a t i o n  i n  t h e  m o b i l e  phase. 
The amount r e t a i n e d  was c a l c u l a t e d  f rom break through volumes 
ob ta ined  by pass ing  a mob i l e  phase o f  d e f i n e d  c o n c e n t r a t i o n  
th rough t h e  column and m o n i t o r i n g  t h e  column e f f l u e n t  f o r  
appearance o f  t h e  hydrophobic i o n .  S ince  appearance t i m e  and 
t h e  m o b i l e  phase concen t ra t i ons  a r e  known t h e  amount r e t a i n e d  
can be ca l cu la ted .  M a n i p u l a t i n g  t h e  CH3CN:H20 r a t i o  (R4N+ 
s a l t s )  o r  t h e  MeOH:H20 r a t i o  (RS03- s a l t s )  c o n t r o l s  t h e  amount 
o f  r e t a i n e d  hydrophobic i on .  
composi t ions where t h e  iso therms a r e  n e a r l y  equal a r e  shown i n  
F ig .  2. As hydrophobic i o n  c o n c e n t r a t i o n  inc reases  t h e  amount 
r e t a i n e d  (number o f  apparent  i o n  exchange s i t e s ,  o r  t h e  

For  a g i v e n  m o b i l e  phase compos i t ion  t h e  amount 

Thus, t h e  number o f  e l e c t r o s t a t i c  i n t e r a c t i o n s  

T h i s  requ i rement  

F i g u r e  2 i l l u s t r a t e s  t h e  r e t e n t i o n  iso therms f o r  t h e  r e -  

Data f o r  one s e t  o f  s o l v e n t  
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Figure 2 Sorption isotherms on RSi and PRP-1  a t  a 
solvent  composition t h a t  provides the same 
number o f  re ta ined hydrophobic ion s i tes .  

apparent ion exchange capaci ty)  increases .  For TPeAF and the  
concentration range s tudied re ten t ion  from a mobile phase con- 
ta in ing  an organic modifier follows the  order  

> PRP-1 > C1 while f o r  CaS03Li re ten t ion  the  order  i s  
C18 > PRP-1 > C8 
accordingly so t h a t  the  amount of hydrophobic s a l t  re ta ined a t  a 
given mobile phase hydrophobic s a l t  concentration would be the 
same f o r  t he  four  columns. 
RS03- s a l t  concentration o r  decreasing organic modifier increases  
the  number of ion exchange s i t e s .  

According t o  eq. 3 analyte  re ten t ion  i s  i nd i r ec t ly  pro- 

c i 8  ' ca 
C1. T h u s ,  organic modifier was adjusted 

Increasing mobile phase R4N+ o r  

portional t o  analyte  and counterion concentration and d i r e c t l y  
t o  hydrophobic ion concentration. These t rends were followed 
f o r  the re ten t ion  of inorganic anion and ca t ion  analytes  when 
using PRP-1 and R4Nt ( 7 )  o r  RS03- (20 )  s a l t s ,  respect ively.  
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SEPARATION OF INORGANIC ANALYTES 1945 

S i m i l a r l y ,  an i n d i r e c t  r e l a t i o n s h i p  between ana ly te  r e t e n t i o n  
and ana ly te  o r  co- ion concentrat ion was found when us ing  R S i  

s t a t i o n a r y  phases (24). The dependence on analy te concentrat ion 
occurs on l y  a t  h ighe r  concentrat ions.  A t  low analy te concen- 
t r a t i o n  the  analy te term i n  eq. 3 becomes n e g l i g i b l e  i n  com- 

par ison t o  t h e  o t h e r  terms, and a t  these cond i t i ons  r e t e n t i o n  
i s  independent o f  analy te concentrat ion.  

experiments and separat ions were c a r r i e d  out,  i n  general , a t  
these l a t t e r  condi t ions.  
t o  e s t a b l i s h  t h a t  analy te r e t e n t i o n  a t  a f i xed  hydrophobic i o n  
concentrat ion on R S i  i s  i n d i r e c t l y  r e l a t e d  t o  the  counter ion 

concentrat ion , analy te r e t e n t i o n  v a r i e d  w i t h  t h e  type o f  
counter ion used. This  i s  cons i s ten t  w i t h  an i o n  exchange l i k e  

s e l e c t i v i t y  as shown i n  eqs. l b  and 2b. 

i o n i c  s t reng th  s a l t s  i no rgan ic  analy te anion o r  c a t i o n  r e t e n t i o n  
changes, j u s t  l i k e  w i t h  PRP-1 (7,20), according t o  the  s e l e c t i v -  
i t y  o rde r  l i s t e d  i n  eqs. 4 and 5, respec t i ve l y .  
anion and c a t i o n  r e t e n t i o n  i s  t h e  h ighest  f o r  F- and Li' s a l t  
so lu t i ons  , respec t i ve l y ,  a t  constant  hydrophobic i o n  concentra- 
t i o n .  However, when ino rgan ic  ana ly te  r e t e n t i o n  was determined 

as a f u n c t i o n  o f  hydrophobic i o n  concentrat ion (see F ig .  3 ) ,  
several  d i f f e rences  between t h e  PRP-1 and R S i  were apparent. 
Since the  number o f  i o n  exchange s i t e s  due t o  r e t a i n e d  hydro- 
phobic i o n  i s  approximately the  same f o r  t h e  f o u r  columns, t h i s  
f a c t o r  i s  n o t  responsib le  f o r  t he  d i f f e rences .  

I n  a R4N+ s a l t  mobi le phase r e t e n t i o n  of i no rgan ic  ana ly te  
anions on PRP-1 increases w i t h  TPeA' s a l t  concentrat ion and 
passes through a we l l -de f i ned  maximum; o n l y  NO2- r e t e n t i o n  i s  

shown i n  F ig .  3a. The maximum i s  l e s s  def ined on R S i  and appears 

t o  r e q u i r e  a h igher  TPeA' s a l t  concentrat ion.  
d i f f e r e n c e  i s  a reduced r e t e n t i o n  on R S i  compared t o  PRP-1. 
S i m i l a r  r e s u l t s  were found when us ing  o the r  monovalent i no rgan ic  
analytes.  

Subsequent column 

When d i f f e r e n t  e l e c t r o l y t e s  were used 

Thus, f o r  d i f f e r e n t  

That i s ,  ana'lyte 

The major 

The maximum i s  cons is ten t  w i t h  an i o n  exchange l i k e  
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Figure 3 Retention o f  analyte  ion on RSi and PRP-1 as  
a function o f  hydrophobic ion concentration. 

Analyte i s  NO2- (A) and k (B); mobile phase 
composition i s  adjusted t o  provide the same 
number of r e t a i  ned hydrophobic ion s i t e s  in  
( A )  and ( B ) .  

+ s e l e c t i v i t y ,  a s  shown i n  eq. lb .  
increases ,  i t s  re ten t ion ,  and subsequently the number o f  exchange 
s i t e s  , becomes l a rge r  causing increased analyte  re tent ion.  
Since the counteranion concentration a l so  increases ,  i t  competes 
with the analyte  anion f o r  the charge s i t e  and causes analyte  
re tent ion t o  decrease (analyte  re ten t ion  is  inversely re la ted  t o  
counteranion concentration a s  shown i n  eq. 3) due t o  mass act ion 
and the ion exchange s e l e c t i v i t y  constant  f o r  the exchange 
between the analyte  anion and the counteranion; t h i s  competition 
i s  discussed i n  de t a i l  elsewhere (7,19,20).  

As the R4N s a l t  concentration 

For a RS03- s a l t  
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SEPARATION OF INORGANIC ANALYTES 1947 

and Kt (or other inorganic cations) as the analyte (see F i g .  38) 
retention on RSi di f fers  significantly from that on PRP-1. On  
PRP-1 a well-defined maximum i s  observed and i s  consistent w i t h  
the i o n  exchange l ike select ivi ty  shown i n  eq. 2b and the 
influence of mass action and select ivi ty  due t o  the counter- 
cation. 
concentration approaches zero and no maximum was found even when 
dilute RS03-C+ solutions were examined. The data further suggest 
t h a t  inorganic cations are retained by RSi in the absence of 
RS03- and that retention differs  between these cations. 
was verified in subsequent experiments (see F i g .  7 ) .  

In contrast, retention increases on RSi as the RS03-Ct 

This 

These trends on RS1 are consistent with the presence of two 
types of cation exchange s i t e s .  One i s  provided by the retained 
hydrophobic ion while the other, we conclude, i s  provided by the 
residual -SiOH groups on the RSi stationary phase. When using 
a R4N s a l t  as an analyte, i t s  retention on the RSi , as i n -  
dicated previously, i s  very high because of cation exchange a t  
the -SiOH group. 
additive i t  i s  par t ia l ly  consumed by the -SiOH cation exchange 
s i t e .  
dicated by the isotherms i n  Fig. 2A are less than that  shown 
and analyte anion retention on RSi compared t o  PRP-1 (see 
Fig. 3A) i s  less .  
Kt and other inorganic cations on RSi i s  high even a t  low RS03- 
s a l t  concentration because of the availabil i ty of the -SiOH 
exchange s i tes .  
RSi coverage increases probably making the -SiOH exchange s i t e s  
less accessible and causes the exchange between the RSOjC' 
s i t e s  and the analyte cation, see eq. 2 ,  t o  become the more 
important interaction. 

+ 

+ Similarly when R4N i s  used as a mobile phase 

T h u s ,  the available hydrophobic ion exchange s i t e s  in- 

When RS03- s a l t s  are used, the retention of 

As the RSO; s a l t  concentration increases , the 

The presence of -SiOH exchange s i t e s  i n  RSi and the i r  
chromatographic effects  have been noted by many workers (25-28). 
Several have suggested using short chain R4N 

t cations t o  mask the 
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1948 SMITH, ISKANDARANI, AND PIETRZYK 

-SiOH groups v i a  cation exchange (25-27). 
RSi stationary phases obtained from different  manufacturers will 
d i f f e r  in amounts of residual -SiOH exchange s i t e s ;  only Zorbax 
RSi stationary phases were used i n  this study. 

I t  i s  also l ikely t h a t  

2 A typical s i l i c a  i s  estimated t o  have about 7 pmol/m o f  
reactive, f ree  silanol groups (29). Depending on the derivati-  
za t ion  procedure, approximately half of these are available fo r  
conversion t o  the -SiOR group. 
coverage o f  organic material of abou t  3.5 pmol/m i s  obtained; 
i t  i s  n o t  unusual for  commercial R-Si stationary phases t o  be 
below th i s  value. Because of s te r ic  properties the number and 
accessibi l i ty  of the remaining -SiOH groups should d i f f e r  
between C1, C8, and C18. Any other variable which influences 
accessibi l i ty  will therefore also influence exchange capacity. 
Our experiments, based on breakthrough measurements indicated 
a cation exchange capacity o f  abou t  4 t o  17  pmole/column for  the 
three RSi columns; capacit ies of 10 t o  15 umole/column have been 
reported fo r  a C8 column (30). 
difference between the three RSi columns an accurate determina- 
tion of the exchange capacity a t  these low levels i s  d i f f i c u l t  
because -SiOH i s  a weak acid and i t  shows a high exchange selec- 
t i v i t y  for  H + .  Even the higher capacit ies reported for  s i l i c a  
(0 .2  to 1.0 mmole/g) are d i f f i c u l t  t o  determine accurately (29). 

The two e l ec t ros t a t i c  interactions t h a t  appear t o  be re- 
sponsible fo r  the retention of inorganic c a t i o n  analytes, X', 
on RSi from mobile phases containing RS03- s a l t s  are schemati- 
cal ly  shown i n  eq, 6 .  The corresponding equi l ibr ia  
contributing t o  t h i s  retention are: 1 )  retention of the 
RSO -C+ on RSi (eq. 2 b ) ;  2 )  
between the countercation accompanying the RS03- s a l t  and the 
inorganic analyte cation; 3)  dissociation of the weak acid 
-SiOH group;  i t s  pKa i s  estimated t o  be 4 t o  7 (25,29); and  

T h u s ,  a maximum mono-layer phase 
2 

Although the da ta  suggested a 

an ion exchange se l ec t iv i ty  3 
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SEPARATION OF INORGANIC ANALYTES 1949 

Primary Secondary 
La y e  r Layer 

0 0 R S 0 5  i 
0 SiOSi R; 0 Si 0s i R; I c+ 
0 -I- RSOJrC+ == 0 t 

H+ 
( 6 )  I 

0 SiO-H+ OSiO- 
0 0 I +** 

0 R S O T  I 

Ht + Ct + 0 I 

OSiOSiRs i x +  
OSiO- i x +  
0 I 

I 

4) 
and/or Ht assoc ia ted  w i t h  t h e  s i l a n o l  s i t e s ,  and t h e  a n a l y t e  
c a t i o n .  

i o n  exchange s e l e c t i v i t i e s  between t h e  coun te rca t i ons ,  Cf 

I f  i t  i s  assumed t h a t  a n a l y t e  c a t i o n  r e t e n t i o n  a t  t h e  

a c c e s s i b l e  -SiOH exchange s i t e s  i s  e l e c t r o s t a t i c  and i s  o n l y  by 

c a t i o n  exchange, r e t e n t i o n  a t  t h i s  s i t e ,  cons ide r ing  t h e  c a t i o n  
exchange s e l e c t i v i t i e s  and t h e  i o n i z a t i o n  o f  t h e  - S i O H  s i t e ,  can 

be shown (24,30) t o  be g i ven  by  

t 
where k I X +  i s  t h e  c a p a c i t y  f a c t o r  f o r  t h e  r e t e n t i o n  o f  X by 
c a t i o n  exchange a t  t h e  - S i O H  s i t e ,  q i s  t h e  r a t i o  o f  s t a t i o n a r y  
phase volume t o  mob i l e  phase volume, KO i s  t h e  a v a i l a b l e  ex- 

change capac i t y ,  m i s  t h e  m o b i l e  phase, Ka i s  t h e  i o n i z a t i o n  
cons tan t  f o r  t h e  - S i O H  s i t e ,  and K3 and K4 a r e  c a t i o n  exchange 

s e l e c t i v i t i e s  accord ing  t o  eqs. 8 and 9, r e s p e c t i v e l y .  Thus, 
i n o r g a n i c  c a t i o n  r e t e n t i o n  a t  t h e  - S i O H  s i t e s  i s  i n d i r e c t l y  
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1950 SMITH, ISKANDARANI, AND PIETRZYK 

t 
p r o p o r t i o n a l  t o  H , a n a l y t e  c a t i o n  ( a t  low c o n c e n t r a t i o n  

r e t e n t i o n  becomes independent of a n a l y t e  c o n c e n t r a t i o n )  , and 
c o u n t e r c a t i o n  concen t ra t i on ,  t o  s i l a n o l  K a y  and d i r e c t l y  t o  t h e  

c a t i o n  exchange s e l e c t i v i t i e s  between t h e  a n a l y t e  c a t i o n  and 
mob i l e  phase c a t i o n s .  

c a t i o n  exchange a t  bo th  t h e  r e t a i n e d  RS03- s i t e  and t h e  - S i O H  
s i t e  (24) y i e l d s  

Combing eqs. 3 and 7 t o  account f o r  

where k I X +  i s  now t h e  c a p a c i t y  f a c t o r  f o r  r e t e n t i o n  a t  t h e  two 

s i t e s ,  KA i s  t o t a l  r e t e n t i o n  c a p a c i t y  due t o  t h e  two exchange 
s i t e s ,  K1 i s  an e q u i l i b r i u m  cons tan t  f o r  t h e  r e t e n t i o n  o f  t h e  
RS03- s a l t ,  K2 i s  t h e  c a t i o n  exchange s e l e c t i v i t y  a t  t h e  RS03- 
s i t e  f o r  exchange between t h e  a n a l y t e  c a t i o n ,  X and a mob i l e  

phase coun te rca t i on ,  C , K3 and K4 a r e  c a t i o n  exchange se lec-  
t i v i t i e s  f o r  c a t i o n  exchange a t  t h e  - S i O H  s i t e  accord ing  t o  eqs. 

8 and 9, r e s p e c t i v e l y ,  and Ka i s  t h e  i o n i z a t i o n  cons tan t  f o r  t h e  

- S i O H  group. 
then i t s  r e t e n t i o n  i s  independent o f  c o n c e n t r a t i o n  and [X'] i s  
i n s i g n i f i c a n t  i n  eq. 10. A p r a c t i c a l  consequence o f  eq. 10 i s  
t h a t  i t  i d e n t i f i e s  t h e  key m o b i l e  phase parameters and e q u i l i b r i a  

and how they  can be man ipu la ted  i n  o r d e r  t o  o p t i m i z e  separa t i on  
o f  i n o r g a n i c  a n a l y t e  c a t i o n s  on R S i .  

RS03- s a l t  c o n c e n t r a t i o n  and d e c e a s i n g  H and c o u n t e r c a t i o n  con- 

+ 
+ 

I f  t h e  a n a l y t e  c a t i o n  c o n c e n t r a t i o n  i s  low enough 

For  example, i n c r e a s i n g  + 
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SEPARATION OF INORGANIC ANALYTES 1951 

c e n t r a t i o n  shou ld  i nc rease  a n a l y t e  r e t e n t i o n .  However, t h e  range 
over  which these can be a d j u s t e d  i s  n o t  u n l i m i t e d  because o f  

a d d i t i v e  and/or c o m p e t i t i v e  e f f e c t s .  Thus, u s i n g  b u f f e r  s a l t s  t o  
c o n t r o l  pH and - S i O H  i o n i z a t i o n  w i l l  a l s o  c o n t r i b u t e  t o  C+ con- 
c e n t r a t i o n .  S i m i l a r l y ,  i n c r e a s i n g  t h e  RS03-C+ c o n c e n t r a t i o n  w i l l  
i nc rease i t s  c o u n t e r c a t i o n  concen t ra t i on .  
t y p e  o f  c o u n t e r c a t i o n  w i l l  a l s o  i n f l u e n c e  a n a l y t e  c a t i o n  r e t e n -  
t i o n  because o f  t h e  c a t i o n  exchange s e l e c t i v i t i e s  and e l u t i n g  

power can be a l t e r e d  acco rd ing  t o  eq. 5. 
s e l e c t i v i t y  o r d e r  i s  s i m i l a r  t o  t h a t  observed when u s i n g  con- 

v e n t i o n a l  s t r o n g  a c i d  c a t i o n  exchangers (32) .  

Adjustment of  t h e  

I n  genera l ,  t h i s  

Separa t ions .  F i g u r e  4 shows t h e  s e p a r a t i o n  o f  a m i x t u r e  o f  
f ou r  i n o r g a n i c  an ions  on PRP-1, C1, C8, and C18 u s i n g  a TPeAF 
mob i le  phase. 
s a l t  i s  t h e  same f o r  t h e  f o u r  columns (15 2 1 umole/column); 

t h i s  was accomplished by a d j u s t i n g  t h e  s o l v e n t  m i x t u r e  accord ing  

t o  t h e  iso therms i n  F ig .  2. The r e t e n t i o n  o r d e r  i s  t h e  same on 

t h e  f o u r  columns and i s  a l s o  i d e n t i c a l  t o  t h e  o r d e r  found f o r  

t y p i c a l  s t r o n g  base an ion  exchangers (32) .  R e s o l u t i o n  a t  these 
c o n d i t i o n s  i s  b e t t e r  on PRP-1 because o f  a h i g h e r  r e t e n t i o n  and a 
more f a v o r a b l e  s e l e c t i v i t y  even though e f f i c i e n c y ,  which f a v o r s  
t h e  o r d e r  c18 > C8 > C1, i s  more f a v o r a b l e  w i t h  t h e  R S i  columns 
( p a r t  o f  t h i s  i s  due t o  s m a l l e r  R S i  p a r t i c l e s  and lower  r e t e n -  

t i o n  t imes ) .  I n c r e a s i n g  t h e  i o n i c  s t r e n g t h  o r  u s i n g  a counter -  
an ion  o f  g r e a t e r  e l u t i n g  power (see eq. 4) reduces a n a l y t e  r e t e n -  

t i o n .  The reasons f o r  u s i n g  TPeAF and t h e  concen t ra t i ons  l i s t e d  
a r e  p rov ided  elsewhere (7,19). I n  genera l ,  i t  would appear t h a t  
t h e  h i g h  e f f i c i e n c y  o f f e r e d  by c18 would be p r e f e r a b l e ,  however, 
i f  a b a s i c  (pH > 8) m o b i l e  phase c o n d i t i o n  i s  r e q u i r e d ,  as would 
be t h e  case f o r  an ions  d e r i v e d  f rom c e r t a i n  weak ac ids ,  o n l y  
PRP-1 would be compat ib le  w i t h  t h i s  c o n d i t i o n .  

The exchange c a p a c i t y  due t o  t h e  r e t a i n e d  TPeA' 
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0 4  

a. NO; 
b. Br- 

mL 

Figure 4 Separation of inorganic a n i o n s  on PRP-1 and 
RSi columns using a TPeA'F- mobile phase additive. 

PRP-1:  A 22:78 CH3CN:H20, 1 .O x 10-3W TPeA'F- 
mobile phase; C1:  
c8: Same except 30:70 CH3CN:H20; C,8: Same 
except 35:65 CH3CN; a t  1.0 mL/min flow rate .  

Same except 15:85 CH3CN:H20; 

Figures 5 t o  7 focuses on the parameters t ha t  influence 
inorganic cation retention. 
a lkal i  metals are shown in Fig. 5. 
i s  adjusted to  f i x  the exchange capacity of the retained C8S03- 
s a l t  a t  30 pmole/column (see isotherms in F i g .  28). 
pared with PRP-1 w i t h  a similar number of s i t e s  (20) ,  retention 
on the C8 i s  higher apparently due t o  the contribution of the 
-SiOH exchange s i t e s .  

Chromatograms fo r  the separation of 
In F i g .  5 ,  the MeOH:H20 ra t io  

When com- 
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K+ 

Rb+ 

Bt" 
I 
0 

9- 
0 

ml 

1953 

C b  

I I I I 
2 4 6 8  

Figure 5 Separation of a l k a l i  metal cat ions on a Zorbax C8 
column as  a funct ion of mobile phase var iab les .  

( A )  A 27.5:72.5 MeOH:H20, 2.5 x 10m3M C SO - L i +  mobile 

1.0 x 10-2M LiCl , 1.0 x 10q3M HC1 (pH=2.9) mobile 

phase; (C) 
(pH=5.2) mobile phase; a t  a 1 .0  mL/min flow r a t e .  

phase; (B) A 100% H20, 1 .o X m3M c8so3-Li 3, , 

Same as  B except 1.0 x 10-51vI HC1 

The mobile phase solvent  composition has opposing e f f e c t s  on 
When the MeOH increases  a t  l o w  MeOH:H20 r a t i o s  re ten t ion .  

re ten t ion  drops because re ten t ion  of the  RS03- s a l t  decreases.  
However, a t  higher MeOH r a t i o s  the  MeOH inf luences the  ca t ion  ex- 
change s e l e c t i v i t y .  The former produces the more s ign i f i can t  
change. 4- For example, k '  f o r  the re ten t ion  of Na on C,8 i s  6.10 
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1954 SMITH, ISKANDARANI, AND PIETRZYK 

mL 

Figure 6 Separation o f  a lka l ine  ear th  cat ions on a Zorbax C8 
column using a C8S03-Li 

A 3:7 MeOH:H20, 5.0 x w4M c8so3-Li+, 5.0 x 
Na c i t r a t e  (pH=7.0), 1.0 x lO-3M LiCl mobile phase 
a t  a 1 .0  rnL/min flow r a t e .  

+ mobile phase addi t ive .  

from a I : I O  CH30H:H20, 5.0 x 1 0 - 3 ~  Lic1, 5.0 x I O - ~ M  C8S03-Lif 
mobile phase. I f  the C8S03-Lif i s  omitted, the k '  i s  0.34 while 
a t  9:l MeOH:H20, 2.5 x lO-3M LiCl the k' is  1.29. 
s imi la r  data f o r  other  cat ion analytes  suggest t h a t  the majority 
o f  the exchange s i t e s  a t  MeOH:H20 r a t i o s ,  where the  RSO3- s a l t  
i s  retained ( i t s  k '  > 3 ) ,  a r e  due t o  the RSO3- s a l t  and n o t  the 
-SiOH s i t e s .  

These and 
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I '  

1955 

0)  
0 
C 
0 
0 
3 
0 
C 
0 
0 

t 

J 
I I 
4 8  

B i  
mL 

mL 

F igu re  7 Separa t ion  of a l k a l i  meta l  ( A )  and a l k a l i n e  e a r t h  (B )  
c a t i o n s  on a Zorbax C8 column i n  t h e  absence o f  a RS03- 
s a l  t a d d i t i v e .  

(A)  
(B) A 3:7 MeOH:H20, 5 x 10-4M Na c i t r a t e  (pH=7.0) 

mob i le  phase; a t  1.0 mL/min f l o w  r a t e .  

A 3:7 MeOH:H20, 2.5 x l O - j M  L iC l  m o b i l e  phase and 

I n c r e a s i n g  t h e  pH increases  i n o r g a n i c  a n a l y t e  r e t e n t i o n  due 
t o  i o n i z a t i o n  o f  t h e  - S i O H  s i t e s ,  however, t h i s  e f f e c t  i s  r e -  

s t r i c t e d  by t h e  upper pH l i m i t  (pH = 8) o f  R S i .  

t e n t i o n  and r e s o l u t i o n  i s  l e s s  f a v o r a b l e  than  a t  t h e  h i g h e r  pH 
used i n  F i g .  5C where r e t e n t i o n  i s  a lmost  15% g r e a t e r .  

c reas ing  t h e  pH a l s o  decreases t h e  c a t i o n  exchange s e l e c t i v i t y  
due t o  Ht b u t  adds t h e  s e l e c t i v i t y  e f f e c t s  o f  o t h e r  c a t i o n s  i f  

b u f f e r  s a l t s  a r e  used. The l o c a t i o n  o f  t h e  Cst peak i n  F i g u r e  5B 
i s  n o t  w e l l - d e f i n e d  because o f  a system peak caused by t h e  Ht and 

I n  F i g .  5B r e -  

I n -  
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1956 SMITH, ISKANDARANI, AND PIETRZYK 

detected by the conductivity de tec tor .  
peak has much l e s s  e f f e c t  on the de tec tor  response. 

Cation re ten t ion  follows the order  shown in eq. 5 ( N H 4  :: 
Rb') and i s  s imi la r  t o  t h a t  found on strong acid cat ion ex- 
changers (32) .  This i s  a l so  the order f o r  e luent  s t rength fo r  
countercations t h a t  accompany the RS03- s a l t  o r  a re  introduced 
fo r  ionic  s t rength control or  a s  buffer  s a l t s .  
were usually used (Figures 5 t o  7)  s ince i t  provides the weakest 
e lu t ing  power. 
eq. 5 o r  increasing ion ic  s t rength will  decrease re ten t ion .  

A t  a higher pH the system 

t 

T h u s ,  Lit s a l t s  

Switching t o  o ther  countercations according t o  

Figure 6 i l l u s t r a t e s  the separation of a lka l ine  ear ths  on a 
C8 column. 
than monovalent ones the mobile phase e lu t ing  s t rength was 
increased t o  reduce analysis  time. 
and the e f f e c t s  of each component a r e  predictable .  
s a l t  provides many of the exchange s i t e s .  
increased more s i tes  a re  produced and re ten t ion  i s  increased. 
However, eventually t h i s  i s  compensated f o r  by increased e lu t ing  
power due t o  higher countercation concentration. 
e lu t ing  power can be achieved by using a cat ion of grea te r  selec-  
t i v i t y . )  3) Since the d iva len t  analytes  a re  highly retained 
adding a l igand ( c i t r a t e )  sharply decreases re ten t ion  due t o  
analyte-ligand complex formation; increasing l igand concentration 
therefore  decreases analyte  re ten t ion .  4) T h e  3:7 MeOH:H20 r a t i o  
influences re ten t ion  o f  the RS03- s a l t  b u t  has a l a rge r  e f f e c t  on 
the formation constant f o r  the analyte-1 igand complex; increasing 
the MeOH decreases RS03- s a l t  re ten t ion  and increases the forma- 
t ion constant both o f  which contr ibute  t o  reduced re ten t ion .  5) 
The mobile phase a t  pH = 7 provides a la rge  number of dissociated 
-SiOH s i t e s ,  t h u s ,  increasing analyte  cat ion re ten t ion .  6)  
Adding LiCl improves the  e lu t ing  power because of increased 
countercation concentration. 

Since divalent  inorganic cat ions a re  more retained 

The complex mobile phase used 
1 )  The C8S03- 

I f  i t s  concentration i s  

(Increased 
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SEPARATION OF INORGANIC ANALYTES 1957 

Figure 7 shows t h a t  even a f t e r  omitt ing the RS03- s a l t  from 
the mobile phase enough ca t ion  exchange capaci ty  due t o  the  
residual -SiOH s i t e s  i s  ava i lab le  i n  t he  RSi column t o  e f f ec t ive ly  
separate  mixtures of a l k a l i  metal and a lka l ine  ea r th  ca t ions .  
Since the t o t a l  number of ca t ion  exchange s i t e s  i s  reduced due t o  
the absence of re ta ined RS03- s a l t ,  mobile phase e lu t ing  power i s  
decreased and i t s  pH i s  adjusted t o  favor -SiOH ioniza t ion .  The 
alkyl group on RSi i s  not necessary f o r  t he  separat ion of in- 
organic ca t ions  in  the  absence of the  RS03- s a l t  and i t s  elimina- 
t i on  should increase ca t ion  exchange capaci ty ,  re ten t ion  times, 
and perhaps e f f ic iency .  .Data i l l u s t r a t i n g  the re ten t ion  and 
separat ion of a l k a l i  and a lka l ine  metal ions using ordinary 
s i  1 i ca  columns a r e  reported e l  sewhere (31 ) . 
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