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ANION EXCHANGE-ADSORPTION ON LOW 
CAPACITY ANION EXCHANGERS: SEPAR- 
ATION OF ORGANIC ACIDS, AMINO ACIDS, 

SMALL CHAIN PEPTIDES 

Donald J .  Pietrzykl *, Ziad Iskandarani2, 
and Gary L. Schmitt3 
I The University ofIowa 

Department of Chemistry 
l o  wa City, lo  wa 52242 
2Do w Chemical Company 
Midland, Michigan 48640 

3PPG Industries 
Barberton, Ohio 44203 

BBSTRACT 

The v a r i a b l e s  t h a t  i n f l uence  t h e  re ten t i on  o f  organic a n a l y t e  
anions on a macroporousI h igh  surface area p o l  ystyrenediv i n y l -  
benzene copolymer t h a t  i s  chemical 1 y mod i f ied  by a t tach ing  t e t r a -  
alkylammonium groups t o  t h e  copcjlymer surface are  i d e n t i f i e d  and 
s tud ied  as a func t i on  o f  anion exchange capacity. 
adsorption-anion exchange r e t e n t i o n  o f  t h e  organic a n a l y t e  anion 
i s  p o s s i b l e  p r o v i d i n g  t h e  a n a l y t e  has bo th  a hydrophophic center  
and an an ion ic  charge s i t e .  
(0 t o  173 peq o f  anion exchange sites/colurnn was studied) in-  
creases? a n a l y t e  r e t e n t i o n  due t o  adsorpt ion decreases and reten- 
t i o n  due t o  anion exchange increases. The f a c t o r s  i n f l u e n c i n g  
organic a n a l y t e  anion r e t e n t i o n  by adsorpt ion are  low apion ex- 
change capac i ty  and mob i le  phase s o l v e n t  composition, type  o f  
organic modif ier ,  and pH f o r  ana ly tes  t h a t  a re  weak organic acids. 
For anion exchange t h e  major f a c t o r s  a re  a h igh anion exchange 

A combined 

As t h e  column anion exchange capac i t y  
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2634 PIETRZYK, ISKANDARANI, AND SCHMITT 

capacity, mob i le  phase i o n i c  s t rength  and pH, and t h e  anion se lec-  
t i v i t y  f o r  t h e  niobi le phase counteranion. Separations o f  mix tu res  
o f  benzolc ac id  de r i va t i ves ,  amino acids, and smal l  cha in  pept ides 
i 1 1ustrat.e t h e  e f f e c t s  o f  combined adsorption-anicn exchange on 
s e l e c t i v i t y  and reso lu t i on .  

Lrawuum 
Low capac i ty  i on  exchangers a re  e x c e l l e n t  s ta t i ona ry  phases 

f o r  t h e  i o n  exchange separat ion o f  i n o r g a n k  and s imp le  organic 

ions (1). A po lys ty rene d iv iny lbenzene (PSDB) co-polymer, a t y p i -  

c a l  backbone f o r  i c n  exchangers, i s  a favo rab le  reverse phase 

adsorbent f o r  t h e  r e t e n t i o n  and separat ion o f  organic ana ly tes  

p a r t i c u l a r l y  when it has a h igh  sur face  area and macroporous t ype  

s t r u c t u r e  (2-4). Recently, Cantwe l l  and coworkers prepared low 

capac i ty  anion (5,6) and c a t i o n  exchangers (597) where t e t r a a l k y l -  

ammonium and s u l f o n a t e  s i t e s  were chemical l y  attached t o  a macro- 

porous PSDH backbone, respec t ive ly .  They proposed t h a t  organic 

i o n  so rp t i on  under appropr ia te  cond i t i ons  I s  due to: 1) i o n  

exchange o f  t h e  a n a l y t e  i on  i n  the  d i f f u s e  p a r t  o f  t h e  e l e c t r i c a l  

double l a y e r  r e s u l t i n g  from t h e  exchange s i t e  and i t s  counterion, 

and 2) adsorpt ion o f  t h e  organic ana ly te  i o n  p rov fd ing  it a l s o  has 

a hydrophobic center  on to  t h e  PSDB surface, The s ign i f i cance  and 

c o n t r i b u t i o n  o f  double l a y e r  e f f e c t s  i n  chromatographic r e t e n t i o n  

i s  supported by o ther  i n v e s t i g a t i o n s  whlch have focused on t h e  

r e t e n t i o n  o f  ana ly te  ions from mobi le  phases conta in ing  a l k y l s u l -  

fonate  o r  tetraalkylammonium s a l t s  as mob l le  phase a d d i t i v e s  (C,8- 

16 and references within).  

I n  t h e  present study we have mod i f ied  Hamil ton PRP-1 (a 10 

l imp spher ical ,  h igh  surface area PSDB), which prov ides  exce l  l e n t  
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ANION EX CH A NG E-A D SORPTIO N 2635 

reverse  s ta t i ona ry  phase propert ies,  by chemica l l y  bonding t e t r a -  

alkylammonium groups t c  i t s  surface. Since o n l y  a sma l l  p o r t i o n  

o f  t h e  sur face  i s  quatsrnized, t h e  s ta t i ona ry  phase s t i l l  p rov ides  

most o f  i t s  adsorbent surface area. Thus, t he  quaternized PRP-1 

has t h e  proper ty  o f  p r o v i d i n g  both adsorpt ion and anion exchange 

s i t e s  and i t  should be a u s e f u l  s ta t i ona ry  phase f o r  t h e  

chromatographic separat ion o f  organic ana ly tes  t h a t  can p a r t i c i -  

pa te  i n  e i t h e r  o r  both of these processes. 

i d e n t i f y i n g  and op t im iz ing  t h e  mob i le  phase cond i t i ons  a f f e c t i n g  a 

combined r e t e n t i o n  o r  f a v o r i n g  one ove r  the  other. Whi le many 

k inds  o f  o rgan ic  ana ly tes  are  su i ted  t o  t h i s  type  o f  mfxed reten- 

t ion ,  we have focused i n  t h i s  r e p o r t  p r i m a r i l y  on benzoic ac id  

de r i va t i ves ,  amino acids. and sma l l  cha in  pept ides as analytes. 

Th is  study focuses on 

- 
-. Amino acids, peptides, and benzoic ac id  der iva-  

t i v e s  were obtained from Eastman Kodak, Sigma Chemical, Chemalog, 

and A l d r i c h  Chemical. 

Inorgan ic  s a l t s  were a n a l y t i c a l  reagent grade. 

A c e t o n i t r i l e  and water were LC q u a l i t y .  

PRP-1, a mxroporousl 10 urnr spher ica l  PSDB copolymer was 

obtained from Hamil ton Co. and quaternized (6,151. A 1.5 g sample 

o f  PRP-1 was swo l l en  i n  a mix tu re  o f  10 mL o f  chloromethyl  e the r  

(CARCINOGEN), 40 mL CH3Cl, and 3 mL CH3N02 under N2 f o r  1 hr. 

reac t i on  was i n i t i a t e d  by t h e  c a r e f u l  a d d i t i o n  of 1.2 g d r i e d  

ZnCIZI a1 lowed t o  proceed f o r  a c o n t r o l  l e d  t ime per iod  (about 5 

min f o r  10 ueq/g exchange capacity), and was stopped by t h e  addi- 

t i o n  o f  c o l d  water. The q u a l i t y  o f  t h e  chloromethyl  ether, t h e  

The 
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2636 PIETRZYK, ISKANDARANI, AND SCHMITT 

reac t i on  time, and temperature w i l l  determine t h e  degree o f  

quaternizat ion;  inc reas ing  t h e  t ime was used t o  increase t h e  

quaternizat ion.  The chloromethylated r e s i n  was f i l t e r e d  w i t h  a 

s in te red  g l a s s  s i z e  F funnel, washed w i t h  MeOH and H20 (excess 

carcinogenic ch lo romethy l  e ther  should be disposed o f  c a r e f u l  l y ) ,  

and a i r -d r i ed  overnight.  The p a r t i c l e s  were suspended i n  50 mL o f  

MeOH and t r imethy lamlne gas (generated by t h e  slow a d d i t i o n  o f  

aqueous 7M NaOH t o  an aqueous (CH3)3N-HC1 s o l u t i o n )  was s l o w l y  

bubbled through t h e  suspension overnight.  

was f i l t e r e d  and washed w i t h  1M HCl, 2-propanolr MeOH, and LC 

water. Ouaternized PRP-1 i n  t h e  C l - fo rm was s l u r r y  packed i n t o  

4.1 mtv i.d, x 150 mtii ss  t u b e s  w i t h  2 urn f i t t i n g s .  

The quaternized PRP-1 

Procedure9. I o n  exchange capac i t i es  were determined f o r  

bulk- form and column-packed quaternized PRP-1. 

t i c l e s  were d r i e d  under vacuum a t  6OoC f o r  1 hr. 

p o r t i o n  was suspended i n  50 mL o f  0.1 M NaN03 f o r  2 hrs, f i l t e r e d ,  

and t h e  supernatant was t i t r a t e d  w i t h  standard 

a Ag-SCE po ten t i omet r i c  endpoint. 

was determined by passing about 60 mL o f  0.1 M NaN03 through t h e  

C1-form column ( a l l  f l o w  ra tes  were 1 rnL/min) and t h e  c o l l e c t e d  

e f f l u e n t  was t i t r a t e d  po ten t i omet r i ca l  l y  w i t h  standard 

AgN03. 

Bu lk  C1-form par- 

A 1 g weighed 

M AgN03 us ing  

Column anion exchange capac i ty  

W 

Bulk  exchange capac i t i es  were 11 x 31 x loe3, 33 x 

210 x loe3 peq/g and corresponding column capac i t i es  were 

7.3 x 12 x 15 x loe3, and 173 x ueq/column. A 

column o f  110 peq/column was a l s o  obtained from Hamil ton Co. 

Ana ly te  s o l u t i o n s  (1 mg/rnL) were prepared i n  water, MeOH, o r  

t h e i r  mixture. Sample a l i q u o t s  were introduced by syr inge (1 t o  
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ANION EXCHANGE-ADSORPTION 2637 

10 uL). 

used t o  in t roduce s p e c i f i c  counteranions and t o  ad jus t  i o n i c  

strength. Capacity factors, k', were c a l c u l a t e d  i n  the  usual  way; 

V o  was determined w i t h  ana ly tes  t h a t  were no t  re ta ined f o r  t h e  

mob i le  phase cond i t i ons  under study. 

Mixed s o l v e n t s  a re  percent by volupe. Sodium s a l t s  were 

- 
Cantwel l  and coworkers (5-7) suggest t h a t  ana ly tes  t h a t  

possess bo th  a nonpolar p roper ty  and an an ion ic  charge s i t e  a re  

re ta ined  by a combined ion  exchange and adsorpt ion process p r o v i -  

d ing  the  s ta t i ona ry  phase i s  nonpolar, o f  h igh  surface area, and 

prov ides  r e l a t i v e l y  few anion exchange si tes.  The ion  exchange, 

IE, and adsorption, Ads, processes can be viewed as 

+ I E  + 
A-NMe3C- + R-X' + M+ -2 A-NMe3-X-R + C- + M+ (1) 

+ Ads + 
A-NMe3C- + R-X- + M+ M+'X-R**.A-NMe3C- 

where A i s  t h e  PRP-1 PSDB copolymeric matrix, C- i s  a counter- 

anion, R-X- i s  an a n a l y t e  w i t h  an anionic s i t e  X- and a hydropho- 

b i c  center  RI and M+ i s  t h e  mob i le  phase countercation. 

two processes are t r e a t e d  separa te ly  t h e  major mobi l e -s ta t i ona ry  

phase parameters i n f l u e n c i n g  each o f  them can be i d e n t i f i e d  s ince  

bo th  anion exchange and adsorp t ion  a re  well understood. 

I f  t h e  

Anion exchange w i l l  be a f fec ted  by i o n i c  strength, type  and 

concent ra t ion  o f  counteranion, and mob i le  phase pH and s ta t i ona ry  

phase anion exchange capacity. Inc reas ing  i o n i c  s t rength  reduces 

a n a l y t e  r e t e n t i o n  by reve rs ing  t h e  exchange e q u i l i b r i u m  shown i n  

eq. 1. S i m i l a r l y ,  changing t h e  counteranion w i l l  a l t e r  t h e  mob i le  
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2638 PIETRZYK, ISKANDARANI, AND SCHMITT 

phase e l u t i o n  s t rength  accordlng t o  t h e  anion exchange s e l e c t f v i t y  

def ined by eq. 1. M o b i l e  phase pH w i l l  i n f l uence  ana ly te  disso- 

c ia t i on ,  i f  it i s  a weak acid, w h i l e  b u f f e r  components w i l l  deter-  

mine t h e  i o n i c  s t reng th  and type o f  mob i le  phase counteranions. 

Inc reas ing  t h e  anion exchange capac l ty  p rov jdes  more exchange 

s i tes ;  f o r  a g i ven  column dimension t h i s  leads t o  g rea ter  a n a l y t e  

anion re ten t ion .  Furthermore, more exchange s l t e s  w i l l  consume 

more PSDB sur face  area reducing i t s  p a r t i c i p a t i o n  i n  adsorption. 

Anion exchange s e l e c t i v i t i e s  w i l l  be a f fec ted  by mob i le  phase 

s o l  vent composition. 

e f f e c t  on anion exchange w i l l  o f t e n  be small .  

However, i f  t h e  sol vent  change i s  modest t h e  

Adsorption w i l l  be in f luenced by mob i le  phase s o l v e n t  compo- 

s i t i o n ,  i o n i c  s t reng th  and pH, i f  t h e  a n a l y t e  i s  a weak acid, 

s ta t i ona ry  phase nonpo lar i t y ,  and ana ly te  hydrophobicity. As t h e  

ana ly te  hydrophobic center  Increases i n  hydrophobicity, r e t e n t i o n  

increases. Add i t i on  o f  organic mod i f i e r  w i l l  decrease r e t e n t i o n  

and t h e  ex ten t  o f  t h e  e f f e c t  i s  dependent on organic m o d i f i e r  

hydrophobicity. The s ta t i ona ry  phase hydrophobic i ty w i l l  be 

determined by t h e  number o f  anion exchange s i t e s  on t h e  s ta t i ona ry  

phase; as these increase i n  number hydrophobic a c t i v i t y  o f  t h e  

sur face  decreases. 

charge o f  a weak ac id  ana ly te  and consequently i t s  hydrophobic i ty 

w h i l e  i o n i c  s t reng th  adjustment causes a modest change i n  adsorp- 

t i o n  when d e a l i n g  w i t h  r e t e n t i o n  o f  a charged analyte.  

Adjustment o f  mob i le  phase pH determines t h e  

p. The exchange capac i ty  f o r  t h e  

serfes  o f  columns s tud ied  was from 7 t o  173 ueq/15 cm column, A 
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ANION EXCHANGE-ADSORPTION 2639 

PRP-1 column (no exchange s i t es )  was used t o  determine reverse 

phase retent ion as a funct ion o f  t he  mobile phase conditions. 

halide, NO3-, NOp- mixture and an aqueous 2 x 

mobi le phase was used as t h e  t e s t  sample and eluent, respect ively,  

t o  monitor column e f f i c i ency  and peak shape. When the capacity o r  

e f f i c i ency  measurements showed s i g n i f i c a n t  changes, which ind icate 

column deterioration, a new column was prepared. 

A 

M Na benzoate 

Since low capacity anion exchangers have t h e  po ten t i a l  t o  

pa r t i c i pa te  i n  a combined adsorption-anion exchange, analytes 

sui ted t o  t h i s  s ta t ionary phase are those t h a t  have ac ld l c  sites, 

hydrophobic centers, and t h e i r  combination. I n i t l a l  ly ,  our goal 

was t o  explore how t h i s  mixed retent ion could be used advanta- 

geously f o r  amlno acid and peptide separations. A t  an ac ld ic  

mobile phase pH they are cations, a t  intermediate pH they are 

zwitterions, and a t  a basic pH they are anions. 

condi t ions would thus favor  anion exchange, Adsorption should be 

poss ib le  through in teract ions between amino acid and peptide s ide 

chain groups and the  adsorbent surface. 

peptide retent ion on a PSDB stat ionary phase are reported else- 

where (3) .  As side chain hydrophobicity increases adsorptlon a l so  

increases. Amino acids and pep t ides  however, are not  ideal  

analytes f o r  studying the var iab les a f fec t i ng  t h l s  mixed mode o f  

i n te rac t i on  because these analytes are always charged. Even i n  an 

ac ld ic  mobile phase they are cat ions and t h i s  charge w i l l  reduce 

adsorption ef fects.  Weak acld analytes on the  other hand do not  

su f fe r  from t h i s  problem. 

The l a t t e r  two 

Studies o f  amino acid and 

Depending on t h e i r  Ka va lue a mobile 
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2640 PIETRZYK. ISKANDARANI, AND SCHMITT 

phase pH can be adjusted t o  one where t h e  a n a l y t e  i s  e i t h e r  undis- 

sociated o r  i s  anionic; t h e  former f a v o r s  adsorpt ion and t h e  

l a t t e r  anion exchange. Several  mono- and d i - subs t i t u ted  benzoic 

ac id  (BA) ana ly tes  were chosen as model analytes.  These t e s t  

ana ly tes  v a r i e d  w ide ly  i n  t h e i r  Ka values; also, r e t e n t i o n  data on 

PSDB adsorbents were a v a i l a b l e  from prev ious  s tud ies  (2,161. 

Tab le  I shows how r e t e n t i o n  changes f o r  seve ra l  BA ana ly tes  

as a func t i on  o f  column anion exchange capac i ty  a t  a mob i le  phase 

pH o f  1.3 and 11.0, respec t i ve l y .  

c i a t i o n  and t h e  f r a c t i o n  o f  ion ized ana ly te  present depends on i t s  

Ka  value. 

ion ized anion form. Al though no t  shown re ten t i on  was a l s o  deter-  

mined a t  in te rmed ia te  pH values. When these data were p l o t t e d  

versus pH t h e  graph shape changes 2s t h e  apion exchange capac i ty  

increases. I n  t h e  absence o f  exchange s i t e s  an S-shape cu rve  o f  

h igh  re ten t i on  a t  low pH (EA ana ly te  i s  undissociated) and low 

r e t e n t i c n  a t  h igh pH (BA ana ly te  i s  d issoc ia ted)  i s  obtained which 

i s  cons i s ten t  w i t h  an equat ion t h a t  c o r r e l a t e s  ana ly te  r e t e n t i o n  

t o  pH (171, w i t h  t h e  break occur r ing  a t  pH = pKa. 

o f  anion exchange s i t e s  i s  low an S-shaped c u r v e  t h a t  f i t s  t h e  

equat ion i s  s t i l l  obtained, however, t h e  graph i s  s h i f t e d  s ince  

t h e  r e t e n t i o n  i s  g rea ter  a t  both low and h igh  pH. As t h e  exchange 

capac i ty  increases r e t e n t i o n  a t  low pH (BA ana ly tes  are  no t  appre- 

c i a b l y  dissociated) r i s e s  g r a d u a l l y  and approaches a maximum a t  

about 100 ueq o f  s i tes/column and then decreases. Th is  i s  con- 

s i s t e n t  w i t h  r e t e n t i o n  t h a t  i n i t i a l l y  i s  ma in ly  due t o  adsorpt ion 

The former pH f a v o r s  undisso- 

The l e t t e r  pH ensures t h a t  a l l  BA ana ly tes  a re  i n  an 

When the  number 
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TABLE I 

264 1 

Retent ion o f  Benzoic Acid Der i va t i ves  as a Funct ion o f  Anion 
Exchange Sites/Column from an Ac id i c  and Basic Mobi le Phase 

Benzoic 
Acid 
D e r i v a t i v e  peq Exchange Sites/Column peq Exchange Sites/Column 

k l  a t  pH = 1.3a k '  a t  pH = l l . O b  
-11 -_--_--I I---- 

I - 
0 8.7 108 173 0 8.7 108 173 

4-OH 1.24 1.24 1.93 2.04 0 0.03 1.40 1.49 
- -- - - I -- - -  

3-OH 1.49 1.53 2.48 2.61 0 0.09 2.52 3.12 

H 4.66 4.86 7.02 5.66 0.12 0.28 3.00 3.62 

4-F 5.94 6.17 9.00 7.38 0.17 0.43 4.60 5.54 

3-NO2 6.92 7.34 11.6 9.02 0.22 0.76 8.84 11.4 

4-NO2 7.70 8.20 13.1 10.2 0.24 0.78 9.02 11.2 

4-CH3 8.54 8.89 13.3 10.2 0.18 0.44 4.83 5.69 

3-CH3 9.11 9.55 14.3 11.1 0.18 0.46 5.00 6.02 

4-C 1 13.5 14.6 24.2 19.4 0.28 0.96 11.0 14.5 

4-Br 18.6 19.8 35.0 27.6 0.34 1.28 14.8 20.3 

3~5-NO2 12.5 12.5 21.7 16.2 0.47 2.48 29.4 39.2 

4-CI-3-NO2 16.9 17.6 31.2 24.3 0.48 2.32 28.1 37.1 

a. A 3:7 CH3CN:H20, 5 ~ 1 0 ~ '  M HCl, NaCl t o  g i ve  )J = 0.10 M mobi le 

b. A 3:7 CH3CN:H20, l ~ l O - ~  M NaOH, NaCl t o  g i ve  V = 0.10 M 

phase a t  1.0 mL/min. 

mobi le phase a t  1.0 mL/min. 
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2642 PIETRZYK, ISKANDARANI, AND SCHMITT 

and o n l y  p a r t i a l l y  t o  anion exchange. The adsorpt ion e v e n t u a l l y  

decreases as t h e  adsorbent surface i s  converted i n t o  a charged 

surface. 

r e t e n t i o n  increases r a p i d l y  as t h e  exchange capac i ty  increases 

i n d i c a t i n g  a major dependence on anion exchange. 

t rendsr i nd i ca ted  by comparing t h e  data i n  Tab le  I f o r  t h e  two pH 

extremes for any g i v e n  number o f  anfon exchange s i t e s r  were 

observed f o r  a l l  12 BA ana ly tes  s tud ied  and are  cons is ten t  w i t h  a 

c o n t r i b u t i o n  o f  i o n  exchange and adsorpt ion t o  the  observed reten- 

t i on .  As t h e  exchange s i t e s  increase anion exchange i s  g rea ter  

w h i l e  adsorpt ion decreases. 

t i o n  i s  reduced t h e  t rends  are  t h e  same except t h a t  r e t e n t i o n  i s  

a t  a h igher  l e v e l .  

A t  a h igh  pH (BA ana ly tes  are  predominately anions) 

These general  

I f  t h e  mob i le  phase CH3CN concentra- 

BA a n a l y t e  r e t e n t i o n  was determined as a func t i on  o f  anion 

exchange capac i ty  and CH3CN:H20 mob i le  phase s o l v e n t  r a t i o  a t  an 

a c i d i c  pH where t h e  BA ana ly tes  are  undissociated and a bas ic  pH 

where they  are dissociated. Resu l ts  fo r  two BA d e r i v a t i v e s  are  

l i s t e d  i n  Tab le  11; t h e  combined anion exchange-adsorption t rends  

ind ica ted  i n  Tab le  I1 were observed f o r  t h e  o ther  t e n  BA ana ly tes  

s tud ied  except t h a t  r e t e n t i o n  was s h i f t e d  depending upon t h e  

subs t i t uen t  (compare t o  Tab le  I f o r  an est imate o f  t h e  s u b s t i t -  

uent e f fec t ) .  A t  both a c i d i c  and bas ic  mob i le  phase cond i t i ons  

and a t  a l l  l e v e l s  o f  anion exchange capac i ty  s tud ied  BA ana ly te  

re ten t i on  decreases as CH3CN mob i le  phase concent ra t ion  increases. 

The r a t e  o f  changer however, d i f f e r s  f o r  t h e  two condi t ions.  I n  

t h e  a c i d i c  mob i le  phaser where t h e  BA ana ly te  i s  undissociated and 
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TABLE I1 

2643 

Retent ion o f  Two Benzoic Acid Der i va t i ves  as a Funct ion o f  Anion 
Exchange Sites/Column and CH3CN:H20 Ra t io  from an Ac id i c  and 
Basic Mobi le Phase 

0 

8.7 

108 

173 

0 

8.7 

108 

17 3 

k f ,  Acid ic  Mobi le Phasea 
------------I----_---- --- ------ - 

Benzoic Acid 4-Methyl-Benzoic Acid 
------ ----I_---- --- 

%CH3CN %CH3CN -- - -- - - - - 

25% 3 0% 35% 25% 30% 35% 

6.84 4.40 2.91 13.8 8.02 4.89 

6.73 4.44 2.82 13.5 8.10 4.58 

9.88 6.00 4.26 20.4 11.1 7.38 

8.28 5.56 3.37 16.0 9.44 5.35 

I --- -- -- - -- 

k f i  Basic Mobi le Phaseb 
--1----- ------ - ---- - ------__I-- 

20% 3 0% 4 0% 20% 30% 40% 

0.10 0.04 0.02 0.23 0.10 0.04 

0.68 0.39 0.02 1.36 0.64 0.41 

10.1 6.04 4.20 20.3 9.80 5.99 

12.1 7.66 5.24 23.2 12.6 7.40 

-- --- - -I - -- 

a. A CH3CN:H 0, 5 . 5 ~ 1 0 - ~  M HClr NaCl t o  g i v e  1-I = 0.050 M mobi le 
phase a t  f . 0  mL/rnin. 

A CH3CN:H 0, L O X ~ O - ~  M NaOH. NaCl t o  g i ve  U = 0.050 M mobile 
phase a t  f . 0  mL/min. 

b. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
4
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2644 PIETRZYK, ISKANDARANI, AND SCHMITT 

adsorpt ion should be favored, t h e  decrease i n  r e t e n t i c n  i s  g rea ter  

than i n  t h e  basic mob i le  phase, where t h e  BA ana ly te  i s  disso- 

c i a t e d  and anion exchange i s  favored. E l s o ,  r e t e n t i o n  i n  t h e  

a c i d i c  mob i l e  phase increases modestly a s  t h e  exchange capac i ty  

increases and passes through a r e t e n t i c n  maximum a t  about 100 ueq 

o f  anion sites/column. 

number o f  s i t e s  increase adsorpt ion decreases due t o  t h e  increased 

charge on t h e  s t a t i o n a r y  phase surface w h i l e  r e t e n t i o n  due t o  

anion exchange increases. Since t h e  BA ana ly te  i s  no t  d issoc ia ted  

r e t e n t i o n  by anion exchange i s  o n l y  a modest cont r tbu t ion .  

con t ras t  i n  t h e  bas ic  mob i le  phase, re ten t i on  o f  t h e  6A a n a l y t e  

increases sha rp l y  due t o  anion exchange as column anion exchange 

c a p a c i t y  increases. 

The maximum i s  present because as t h e  

I n  

A l t e r i n g  t h e  mobf le  phase i o n i c  s t reng th  a f f e c t s  BA a n a l y t e  

r e t e n t i o n  and depends on t h e  pH (determines ana ly te  d i ssoc ia t i on )  

and t h e  number o f  column anion exchange si tes.  

t r a t e s  t h e  t rends  using benzoic ac id  as t h e  analyte. S i m i l a r  

e f f e c t s  were observed f o r  a l l  t h e  BA ana ly tes  accept t h a t  t h e  

l e v e l  o f  r e t e n t i o n  d i f f e r e d  according t o  t h e  type  and p o s i t i o n  o f  

t h e  subst i tuent.  A t  low pH, Fig. l A ,  where BA i s  unionized favo r -  

i n g  adsorption, r e t e n t i o n  increases s l i g h t l y  as i o n i c  s t rength  

increases even though anion exchange f a v o r s  t h e  opposite. The 

r e t e n t i o n  increase i s  cons is ten t  w i t h  p rev ious  s tud ies  on i o n i c  

s t rength  e f f e c t s  on uncharged a n a l y t e  r e t e n t i o n  on PSDB absorbents 

(2,161. A t  a b a s i c  pH, F ig .  lB, where BA i s  i o n i z e d  f a v o r i n g  

anion exchange, t h e  reverse  occurs o r  r e t e n t i o n  decreases as i o n i c  

F igu re  1 i l l u s -  
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L 

0- 
* Q8.7 

ueqkolumn - 

k' 3 

- 
1 A 4 -  

I 
I 

- 

- 
- 

I08 
173 - 

2645 

8.7 - 
0 

pH= 2.3 
6 

2t  1 

FIGURE 1 

Retent ion o f  Benzoic Acid from an Ac id ic  (A)  and a Basic (B) 
Mob i le  Phase as a Funct ion o f  Column Anion Exchange Capacity and 
Mob i l e  Phase I o n i c  Strength 

A. A 3:7 CH3CN:H 0, 5.5 x lo-* M H C l ,  pH = 2.3, v a r y i n g  i o n i c  
s t rength  (NaC?) mob i le  phase and 0, 8.7, 108, and 173 ueq o f  
anion exchange sites/column. 

B. Same as A except 5.5 x M NaOH, pH = 11.0. 
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2646 PIETRZYK, ISKANDARANI, AND SCHMITT 

s t rength  increases and t h e  r a t e  o f  change i s  g rea ter  as exchange 

capac i ty  increases. I f  t h e  counteranion i n  t h e  bas ic  mob i le  phase 

i s  changed w h i l e  i o n i c  s t rength  I s  Rlatntained t h e  e f f e c t  on BA 

ana ly te  r e t e n t i o n  i s  cons is ten t  w i t h  t h e  counteranSon exchange 

s e l e c t i v i t y  t y p i c a l  o f  anion exchange (18). Thus, fo r  example, 

S04-2 i s  a stronger e l u e n t  counteranion than C1-. 

When Na a l ky l su l fona tes ,  which a re  s t rong e l e c t r o l y t e s ,  were 

used as ana ly tes  t h e  anion exchange s i t e s  s i g n i f i c a n t l y  enhance 

t h e i r  retent ion.  Th is  i s  shown i n  Fig. 2 where r e t e n t i o n  o f  t h e  

a l k y l s u l f o n a t e  anions increases as the  a l k y l  cha in  hydrophobic i ty 

increases. 

drops as t h e  i o n i c  s t reng th  increases f o r  a column containing 8.7 

ueq o f  anion exchange si tes.  

curves e t o  d i n  Fig. 2 )  ana ly te  r e t e n t i o n  i s  a l s o  sha rp l y  

increased. 

p a r t i c u l a r l y  f o r  t h e  lower number o f  anion exchange s i tes .  

anion exchange s i t e s  a re  absent a l k y l s u l f o n a t e  r e t e n t i o n  us ing  t h e  

cond i t i ons  i n  Fig. 2 i s  no t  observed u n t i l  t h e  a l k y l  cha in  i s  

apprec iab ly  hydrophobic; f o r  example, p e n t y l s u l f o n a t e  has a k '  < 1 

i n  t h e  absence o f  anion exchange s i t e s  a t  t h e  cond i t i ons  used i n  

F ig .  2. 

I n  curves a t o  d a l k y l s u l f o n a t e  re ten t i on  sha rp l y  

I f  t h e  capac i ty  increases (compare 

Reducing t h e  CH3CN concentrat fon increases r e t e n t i o n  

I f  

Because o f  a dual  r e t e n t i o n  and a low number o f  column anion 

exchange s i tes ,  it i s  necessary to v e r f f y  t h a t  t h e  ana ly te  concen- 

t r a t i o n  used i s  w i t h i n  t h e  l i n e a r  p o r t i o n  o f  t h e  re ten t i on  iso- 

therm. The upper l i m i t  should increase as exchange capac i ty  

increases s ince  anion exchange becomes a major c o n t r i b u t i o n  par- 
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ANION EXCH ANGE-ADSORPTION 2647 

carbon number, RSO, 

FIGURE 2 

Retentlon o f  A l k y l s u l f o n a t e s  as a Functlon o f  Mobl le  Phase I o n i c  
Strength and Column Anion Exchange Capacity 

a-d. A 1.9 CH3CN:H 0, 1.0 M (a) ,  5.0 x M (b) 1.0 x 
M (c), 5% x lo-’ M (d) Ionic strength (NaCl), moblle 

phase and 8.7 peq o f  anion exchange sltes/colurnn. 

Same as d except t h e  column contains 173 Peq o f  anion 
exchange s i t e s .  

8. 
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2648 PIETRZYK, ISKANDARANI, AND SCHMITT 

t i c u l a r l y  when t h e  ana ly te  i s  i n  an anion form. I n  these s tud ies  

ana ly te  load ing  was always below 5 x umole o f  analyte. When 

t h e  re ten t i on  o f  (L-AlaI2 as an anion was determined on columns 

w i t h  capac i t i es  o f  7 and 12 Ueq/colunin using an aqueous, 0.010 M 

NaF, pH = 11.0 mob i le  phase r e t e n t i o n  for both columns was inde- 

pendent o f  concentrat ion below t h i s  loading. A t  h igher loadings 

(up t o  5 x 

changed by about 10% when concent ra t ion  was doubled. Prev lous  

s tud ies  had shown t h a t  higher ana ly te  loadings were permiss ib le  

when re ten t i on  was due o n l y  t o  adsorpt ion (3,8,9,16). 

As a l k y l  s u l  fonate hydrophobic i ty increases, re ten t i on  i s  

wale o f  ana ly te  load ing  was studied) r e t e n t i o n  

greater. A 1  SO, increasing t h e  c o l  unin exchange capaci ty increases 

re ten t i on  (see Fig. 2) .  A s i m i l a r  r e s u l t ,  Fig. 39 was found when 

using a s e r i e s  o f  (L-Ala), pept ides as t h e  ana ly tes  and a basic 

mob i le  phase t o  ensure t h e i r  anion form. 

Ala), i n  t h e  absence o f  anion exchange s i t e s  are a l s o  inc luded i n  

Fig. 3. The enhanced r e t e n t i o n  due t o  t h e  c o n t r i b u t i o n  o f  anion 

exchange and adsorpt ion through t h e  s ide  chain groups prov ides  a 

b e t t e r  s e l e c t i v i t y  which becomes even more favo rab le  as t h e  cha in  

l eng th  of t h e  peptfde increases. 

Retent ion data f o r  (L- 

Retent ion o f  pept lde  anions l i k e  t h e  BA ana ly tes  i s  counter- 

anion dependent which i s  t y p i c a l  o f  anion exchange. Th is  i s  shown 

i n  Fig. 4 where s a l t s  t h a t  d i f f e r  i n  t h e  anion are used f o r  

adjustment o f  i o n i c  strength. The e f f e c t  on retent ion,  which i s  

t y p i c a l  o f  strong base anion exchange s e l e c t i v i t y  (181, i s  NO3- > 

C1- > F-. The data i n  Fig. 4 a l s o  i nd i ca te  t h a t  re ten t i on  i s  
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I t 1 I I I 1 

(L-Ala), ue qtc o lum n _ -  

20 301 
k 

10 

/I2 

/.i7 
OO / I 2 3 n 4 5 6 7  

FIGURE 3 

The E f f e c t  o f  Side Chain Hydrophobic i ty f o r  (L-Ala) 
Retent ion as a Funct ion o f  Chain Length and Column an ion  Exchange 
Capacl ty 

Pept ides on 

A 100% H O D  1.0 X l o m 2  M NaFD 1.0 X l o m 3  M NaOH, pH = 11.0 
mobi le  p8ase and OD 7D and 12 ueq o f  anion exchange 
sites/column. 

cons is ten t  w i t h  s ide  cha in  s t r u c t u r a l  e f f e c t s  on anion exchange 

and adsorption. 

hydrophobic Phe s l d e  chain. 

causes t h e i r  r e t e n t i o n  t o  be 2 t o  3 t imes higher compared t o  a 

column t h a t  has no exchange si tes.  

t i o n  i s  p o s s i b l e  (31, r e t e n t l o n  on t h e  low capac i ty  anion 

exchanger i s  h igher  when t h e  hydrophobic sSde cha ln  i s  loca ted  

The Phe d lpept ldes  are  h i g h l y  re ta ined due t o  t h e  

The presence o f  anion exchange s i t e s  

As observed when o n l y  adsorp- 
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15 

10 
k‘ 

5 

0 

1 I I 

L- Phe-Gly 

Gly-L-Phe 
L-Tyr -G ly-GI y 
Gly -L-Tyr-Gly 

Gly-GI y-L-Ty r 

I 

F- c I’ NOS 
mobile phase counteranion 

FIGURE 4 

The E f f e c t  o f  Mob i l e  Phase Counteranion on t h e  Retent ion o f  a 
Ser ies o f  D i -  and T r ipep t ides  

A 5:95 CH CN:H20, 1.0 x M NaOH, pH = 11.0, 1.0 x 10” M 
s a l t  mob i le  phase and 12 ueq o f  anion exchange s i t edco lumn.  

away from t h e  an ion i c  charge center, thus, L-Phe-Gly i s  more 

re ta ined  than Gly-L-Phe. The L-Tyr t r i p e p t i d e s  i n  Fig. 4 con ta in  

two an ion ic  s i t e s  s ince  a t  pH = 11.0 t h e  L-Tyr s ide  cha in  i s  a l s o  

apprec iab ly  dissociated. I n  t h e  absence o f  anion exchange s i t e s  

these t r i p e p t i d e s  a re  n o t  re ta ined by adsorpt ion a t  pH = 11 even 

when t h e  s o l v e n t  i s  100% H20. I n  t h e  presence o f  anion exchange 

s i t e s  r e t e n t i o n  i s  f a v o r a b l e  due t o  anion exchange. The l a r g e r  
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re tent ion i s  favored by the  dianion t h a t  has t h e  l a rges t  charge 

separation. That is, re tent ion changes i n  the  order L-Tyr-Gly-Gly 

> Gly-L-Tyr-Gly > Gly-Gly-L-Tyr which corresponds t o  a change i n  

anion charge loca t i on  from 1,3, t o  2~3, t o  a 3 ~ 3  position. 

Figure 5 shows t h a t  manipulation o f  t he  mobile phase so l ven t  

mixture, which has a l a rge  e f fec t  on adsorption and a smal l  e f f e c t  

on ion exchange, can r e s u l t  i n  s e l e c t i v i t y  reversal. A t  low CH3CN 

L-Phe (Fig. SA) and L-Phe dipeptides (Fig. 58) are h i g h l y  retained 

because of t h e  hydrophobic s ide chain and t h e i r  re tent ion drops 

sharp ly  as CYCN 1s Increased. I n  contrast  re tent ion o f  L-Tyr, L- 

Asp, L-Glu (Fig. 5A)  and L-Tyr dipeptides (Fig. 5B), which have 

ac id i c  s ide chains and are predominately dianions a t  t h i s  pH, i s  

almost independent o f  so l ven t  composition. Since t h e i r  re tent ion 

remains near l y  constant ( i n  the  absence o f  anion exchange s i t e s  

these analytes are not retained by adsorption a t  these 

conditions), they end up being more retained than L-Phe or  i t s  

dipeptldes a t  t he  higher CH3CN concentration. 

When the  studies i n  Figs. 3-5 were done using an anion ex- 

change capacity o f  173 peq/col umn, re tent ion sharp1 y Increased. 

S i m i  l a r  trends were observed except t h a t  stronger eluents were 

required t o  reduce retent ion times i n t o  a more favorable e l u t i o n  

t ime range. This was accomplished by e i t h e r  increasing counter- 

anion concentration, organic modifiers o r  both. 

-. Examination o f  Tables 1-11 and Figs. 1-5 in-  

d icate t h a t  changes i n  analyte s e l e c t i v i t y  inc lud ing reversals, 

and subsequently reso lu t i on  are af fected by adjust ing the  rnobile- 
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I 

- A 

t \  

L-Glu 0. I 1 
I 

I 
I 

1 

B - 

I 0 l  GI y-t-Tyr 

I I I I 

5 10 15 20 
% CH3CN 

FIGURE 5 

The E f f e c t  of CH3CN:HZ0 R a t i o  on t h e  Retent ion  o f  S e v e r a l  Amino 
Acid and D i p e p t i d e  Ana ly te  Anions 

A CH CN:H20, 1.0 x 10” M NaF, 1.0 x 
mobi?e phase and 12 veq of anion exchange sites/column. 

M NaOH, pH = 11.0 
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stat ionary phase parameters t h a t  favor  analy te adsorptlon. anion 

exchange o r  t h e i r  combination. Anion exchange a t  t h e  expense o f  

adsorption i s  favored by increasing the number o f  anion exchange 

sites. Mobi le phase ion i c  strengthr pH, and counteranion se lect -  

i v i t y  are the  major e l u t i o n  var iab les a f fec t i ng  anion exchange 

wh i l e  mobile phase so lvent  composition, pHt and type o f  organic 

modi f ier  are the  major ones a f fec t i ng  adsorption. A t  an i n te r -  

mediate number of anion exchange sites. which appears t o  be about 

125 peq/g (about 100 veq/column)r a combined adsorption-anion 

exchange i s  poss ib le  depending on t h e  analy te anion structure. 

Thus, a t  these condi t ions s e l e c t i v i t y  and resolut ion changes are 

poss ib le  by focusing on parameters t h a t  in f luence e i the r  adsorp- 

t i o n  o r  anion exchange. Figures 6-8 i l l u s t r a t e  t h i s  strategy, 

Figure 6A shows a separation o f  12 BA analytes on a column 

containing 8.7 veq o f  anion exchange sites. 

mobile phase i s  used the  BA analytes are undissociated and t h e  

major source o f  re tent ion i s  adsorption. 

increased a modest increase i n  re tent ion i s  produced wh i l e  

decreasing the CH3CN sharply increases the  retention. For 

example, when CH3CN i n  Fig. 6A was 25% CH3CN, separation t ime 

increased by about 13 min. I n  Fig. 68 BA analytes are separated 

as anions on a column containing 108 ueq o f  anion exchange sites. 

Increasing the  capacity increases retention. 

t he  condi t ions I n  Fig. 68 and a column Containing 173 peq o f  

exchange s i t e s  BA analyte re tent ion times increase t o  11.5, 19& 

24.Sr 33.6, 36.9, 75, and 78 min, respectfvely. I f  anion exchange 

Since an ac id l c  

I f  the  capacity i s  

For example. using 
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BA 

I 
0 

I I I- 
20 30 lo mL 

3-OHBA 

4-MeBA 

4-FBA 

I I 
20 30 

mL 

3-NOzBA 

FIGURE 6 

Separation o f  Substftuted Benzoic Acid (BA) Der ivat ives from an 
Acidic ( A )  and B a s k  (B) Mobile Phase 

A. A 3:7 CH CN:H20, 5.0 x 10” M NaCl, 5.5 x 
2.3 mobife phase and 8.7 Wq o f  anion exchange sites/column. 

M H C l r  pH = 

B. A 1:5 CH CN:H20r 5.0 x 10” M NaCl, 1.0 x 
11.0 mobl je phase and 108 peq o f  anion exchange sites/column. 

M NaOH, pH = 

s i t e s  are absent BA analy te e l u t i o n  I s  less than 2 min. 

anion exchange I s  t h e  major interact ion8 increaslng the  CH3CN 

concentrat Ion reduces BA re ten t  ion. For examp 1 e. i f CH3CN:H20 1 n 

Fig. 68 i s  changed from 1:4 t o  2:3 CH$N:H20 the t ime fo r  t h e  

separation i s  about 14 min. Resolution i s  a l s o  af fected and under 

Although 
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ANION EXCHANGE-ADSORPTION 2655 

these latter conditions 3-OHI 4-F, and 4-Me BA derivatives are 

poorly resolved while the 3-N02 and 4-NO2 EM derivatives are not 

resolved, Increasing the counteranion concentration or switching 

to a stronger eluent counteranion decreases BA analyte retention. 

Figure 2 indicates that only a small number of anion exchange 

sites are needed in combination with adsorption to significantly 

increase the selectivity, retention, and resolution of alkylsul- 

fonate salts. For example, for the conditions used in Fig. 28 

retention tines for methyl, propyl, butyl, and pentyl sulfonic 

acids are 95, 165, 287, 621, and 1830 sec, respectively. Increas- 

ing the counteranion concentration, switching to a stronger eluent 

counteranton, or increasing organic modifier concentration w i l l  

decrease a1 kyl sul fonate retention while increasing exchange capac- 

ity sharply increases retention. A similar combined anion 

exchangeadsarption leads to better resolution for the separation 

o f  (L-Ala), for n = 1 to 6. 

sites retention is less than 5 min. and resolution i s  poor using 

the conditions in Fig. 3. In the presence of 12 peq of anion 

sitedcolumn retention, selectivity, and resolution, particularly 

for the longer (L-Ala), chains, is significantly increased. Add- 

ing organic modifier, increasing counteranion concentration or 

using a strong eluent counteranion decreases retention. 

In the absence of anion exchange 

Figure 7 shows the separation of basic and acidic side chain 

amino acids and peptides. In Fig. 7A a column containing 108 wq 
anion sites I s  used. The effects of counteranion, its concentra- 

tiorr, number of anion exchange sites, and organic modifier on 
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0 0 5 10 0 
mL 

I I I 
5 10 15 20 

FIGURE 7 

Separation o f  Basic and Acidic Side Chain Amino Acids and Peptides 
from a Basic M o b i l e  Phase 

A. Conditions a r e  same as F i g .  66 except 5:95 CH3CN:H20. 

R. A 1:4 CH CN*H 01 1.0 x 10" M NaFt 1.0 x 
11.0 mob?le'pffase and 7 Ueq o f  anion exchange sites/column. 

Same as B except 1:9 CH3CN:H20, 

M NaOH, pH = 

C. 
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ANION EXCHANGE-ADS0 RPTION 2 6 5 1  

amino ac id  re ten t ton  are  s i m i l a r  t o  t h e  t rends  observed when 

studying o ther  analytes. 

Figures 78 and C i l l u s t r a t e s  s e l e c t i v i t y  reve rsa l  and reso lu -  

t i o n  improvement by manipulat ing adsorpt ion ra the r  than anfon 

exchange as i n  previous examples. 

anions due t o  t h e  pH = 11.0 mob i le  phase. 

i s  l a r g e l y  due t o  anion exchange s ince  the  mob i le  phase organic 

I n  Fig. 7B a l l  ana ly tes  are  

Thus, t h e i r  re ten t i on  

mod i f i e r  i s  a t  a l e v e l  t h a t  reduces adsorpt ion due t o  s ide  cha in  

hydrophobic groups. Reducing t h e  organic mod i f i e r  from 20% t o  10% 

CH$N increases re ten t i on  f o r  ana ly tes  t h a t  have a stronger 

p a r t i c i p a t i o n  i n  adsorpt ion compared t o  anion exchange; t h i s  

modest change has o n l y  a minor e f f e c t  on anion exchange. 

shown i n  Fig. 7C, L-Tyr-Gly r e t e n t i o n  i s  r e l a t i v e l y  constant be- 

cause it i s  a dianion w h i l e  t h e  o ther  th ree  analyte's re ten t i on  

compared t o  Fig. 78 sha rp l y  increase because o f  t h e i r  s ide  cha in  

hydrophobicity. The l o c a t i o n  o f  t h e  hydrophobic center r e l a t i v e  

t o  t h e  charge center  has a s i g n i f i c a n t  e f f e c t  on r e t e n t i o n  (3). 

Thus, i n  Fig, 7C L-Phe-L-Ala i s  more re ta ined than L-Ala-L-Phe 

because t h e  more hydrophobic s ide  chain i s  one subuni t  away from 

t h e  charge center  i n  t h e  former d ipept ide  w h i l e  i n  t h e  l a t t e r  it 

i s  i n  t h e  subuni t  con ta in ing  t h e  anion charge center. 

Thus, as 
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