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Abstract

Investigation o f Heterogeneous E lection  Transfer on a  M ercury Oblate 

Spheroidal M icroelectrode and Liquid Chromatography w ith  

Electrochem ical D etection for Chloroquine and M etal Ions

by

Zuopeng Huang 

Adviser: Professor Ronald L. Birke

A m ercu ry  m icroelectrode  form ed by  e lec tro red u c tio n  of 

m ercu ry  on a n  in la id  p la tin u m  m icrodisk  is  ex p erim en ta lly  show n to be 

w ell m odeled  by  ob la te  sp h e ro id a l g eo m etry  w h en  th e  ra tio  o f th e  

sem im inor axis to th e  sem im ajor ax is o f th e  p ro tru d in g  drop is less th a n  

one. T he v a lid ity  of th e  geom etry  is  e s tab lish ed  by  com parison  o f th e  

experim entally  determ ined  coefficient in  th e  steady  s ta te  diffusion cu rren t 

e q u a tio n  w ith  th e  th e o re tic a l v a lu e  for o b la te  sp h e ro id a l geom etry . 

S pherica l cap geom etry  is  also show n to be a n  equally  v a lid  geom etric 

model; however, theoretical tre a tm e n t for th is  system  is m ore difficult. The 

theory  of a  quasi-reversible electrode process is  developed and  applied to the  

d e te rm in a tio n  o f th e  e lec tro d e  p a ra m e te r s  o f th e  R u (III)(N H 3 )6  

/R u ( I I ) ( N H 3 )6  e lec tro d e  re a c tio n  on a  m erc u ry  o b la te  sp h e ro id a l



V

m icroelectrode. R esults agree well w ith  o thers found in  th e  lite ra tu re  for 

th e  sam e process on a  m ercury  electrode.

L iquid  ch rom atography  w ith  a  s ta tic  m ercury  e lectrode h as  been 

studied  to detect chloroquine based on th e  catalytic hydrogen wave. B oth the 

electrochem ical p roperties an d  op tim al conditions of chrom atography  

have been studied  in  th is  se t of experim ents. The resu lts  have show n th is 

m eth o d  can  be  u sed  a s  a n  e lectrochem ical d e tec to r for H PLC  trace  

determ ination  because of its  h igh sensitiv ity  and  good reproducibility. Since 

n itrogenous com pounds a re  w idely used  an d  m any  of these  com pounds 

have been reported  to exhibit catalytic hydrogen wave a t  m ercury electrode, 

th e  m ethod should quite general.

L iquid chrom atography w ith th in -layer cell electrochem ical detection 

h as  been  investigated  as a  m ethod for the  sim ultaneous d e te rm ina tion  of 

copper, nickel, an d  cobalt in  rock sam ples. This detection  w as based  on 

fo rm ation , se p a ra tio n , a n d  su b seq u e n t ox idation  of d ith io c a rb a m a te  

complexes. The complex form ation, reproducibility , in terferences, a n d  an  

analy tical procedure for the  detection a re  presented. L im its of detection of 

less th a n  1 ng  can be obtained for all of these  m etals. The analysis resu lts  

a re  in  good a g re e m e n t w ith  th e  v a lu e s  from  a tom ic  a b so rp tio n  

spectroscopy.
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Part I 

Theoretical and Experimental Investigation of Steady State 
Voltammetry for Quasi-reversible Heterogeneous Electron 
Transfer on a Mercury Oblate Spheroidal Microelectrode

1 .1  Introduction

V a rio u s  e lec tro d e  g eo m e trie s  hav e  b e en  c h a ra c te r iz e d  for th e  

in v e s tig a tio n  o f s tead y  s ta te  c u rre n ts  a t  m icroelectrodes inc lu d in g  th e  

in la id  m icrodisk  em bedded in  a  nonconducting p lane , th e  m icrosphere and  

m ic ro h e m isp h e re , a n d  th e  m ic ro lin e  a n d  m ic ro b an d  e lec tro d e  [1]. 

R ecently , u sin g  oblate  sphero idal geom etry , a n  eq u a tio n  w as derived  for 

steady  s ta te  diffusion controlled c u rre n t for a  reversib le  electrode reaction  

on a n  oblate  m icrospheroidal electrode em beded in  a  nonconducting b asa l 

p lane  [2]. T his cu rren t-p o ten tia l re la tio n sh ip  h as  th e  in te re s tin g  fea tu re  

th a t  i t  con ta ins bo th  th e  hem ispherical and  in la id  m icrodisk  geom etry  as 

lim iting  cases. In  th is  th es is , i t  is  show n th a t  oblate sphero idal geom etry  

can be u sed  to accu ra te ly  model an  electrode m ade by  depositing H g on an  

in la id  m icrod isk  electrode an d  th en  th e  c u rren t-p o ten tia l re la tio n sh ip  is 

developed for quasi-reversib le  heterogeneous electron tra n s fe r  (ET) on th is  

electrode. F inally , th e  theory  is applied to a n  experim ental de te rm ina tion  of 

a  heterogeneous ET  ra te  constant.



Sphero idal geom etry  is  characterized  by a n  a ltitu d e , b, above the  

basal p lan e  of th e  electrode and  by a rad iu s , a, of a  m icrodisk  (circular 

a rea) in  th e  b asa l p lane  of th e  m icroelectrode, F igure  1.1. F o r an  oblate 

sphero id  a and  b a re  th e  m ajor an d  m inor sem iaxes, respectively. The 

d iffusion  c u rre n t equation  for ob late  sphero idal geom etry  becom es th e  

equation  for th e  in la id  m icrodisk as th e  a ltitu d e , b, goes to zero or the  

m icrohem isphere in  th e  o ther lim it w hen b  becomes equal to  th e  rad iu s , a  

[2]. According to M yland and  O ldham  [3] oblate spheroidal m icroelectrodes 

belong to  a  m ore g en era l c lass of electrode geom etry  re fe rre d  to  as 

"conform ing m icroelectrodes" [3]. Along w ith  th e  oblate spheroid  and  its  

lim itin g  form s of in la id  d isk  and  hem isphere, conform ing m icroelectrodes 

include th e  hem itoroid, the  hem icylinder, th e  spherical segm ent (sphere- 

cap fam ily), an d  th e  p ro la te  spheroid. All o f th ese  e lectrodes con ta in  a  

conducting  c irc u la r a re a  in  th e  b a sa l p lan e  o f th e  e lec trode  w hich 

in te r s e c ts  a n  in f in ite  in su la tin g  p lan e , th e  s im p le s t case  be ing  a  

conducting d isk  in la id  in  a  nonconducting p lane. F u rth e rm o re , th ey  are  

all solids of revolution form ed by ro ta tio n  of a  curve segm ent about an  

axis w hich is in  th e  cen ter of and  perpend icu lar to the  conducting circular 

a re a  in  th e  b asa l p lane . For exam ple, the  oblate sphero id  conform ing 

electrode is form ed by ro ta tio n  of an  ellipse abou t i ts  m inor axis, b (see 

F igure  1.1).

In  order to use equations developed for oblate spheroidal geom etry, it 

m u s t be confirm ed th a t  th is  geom etry  is  a  good m odel for m ercury  

m ircoelectrodes form ed by electrodeposition of Hg(I) from  solution on to an  

in la id  m eta l m icrodisk electrode. I t  is c lear th a t  th e  re su ltin g  electrodes 

w ill be of th e  above described  conform ing type. Colyer, O ldham  an d  

F le tcher [4] poin t ou t th a t  in  a n  idealized system  the  m ercury would adopt a



spherical segm ent shape w hich m inim izes th e  surface a re a  of m ercury, 

a n d  th u s  m in im izes th e  in te rfac ia l energy  of th e  m ercury-so lu tion  

interface. However, the  surface a rea  of the  oblate spheroid will be very close 

to th a t  of a  spherical segm ent for the  same volume of m ercury drop and  for 

non ideal conditions (imperfections in  the  disk  surface, etc) i t  is  no t certa in  

a  p rio ri w hich shape is th e  b est model. F u rthe rm ore , th e re  a re  m any 

different ways th a t  a  m ercury overlayer could form by electrodeposition on 

an  in la id  d isk  depending on th e  in terfacia l energies [4]. In  th is  study, i t  

w as assum ed  th a t  for b /a ra tio s la rg e r th a n  0 .2  and  less th a n  1 .0  the  

m ercury  completely covers the  in laid  disk electrode and  does no t form  on 

the  in su la tin g  plane.

I t  h as  been shown by W ehm eyer and  W ightm an [5] th a t  fabricated  

m ercury  m icroelectrodes have good properties in  th a t  the  electrodes are  

durable and  can be used in  aqueous or nonaqueous m edia. Considering the 

advan tages of th e  sm ooth surface of m ercury  an d  th e  la rge  num ber of 

stud ies in  th e  lite ra tu re  for redox processes on m ercury, i t  would be an  

ad v an tag e  to  have  a w e ll-charac te rized  H g m icroelectrode  for th e  

determ ination  of redox param eters.

In  th is  investigation , bo th  th e  spherical cap and  oblate spheroidal 

geom etry  have been  exam ined. I t  is c lear th a t  bo th  a re  equally  good 

approxim ations to th e  geom etry of our H g m icroelectrode. These resu lts  

are  for microelectrodes m ade by electrodeposition of Hg from solution w hen 

th e  b /a  ra tio  is less th a n  un ity . F u rtherm ore , th e  oblate sphero idal 

geom etry h a s  th e  advan tage  th a t  a  closed form  steady  s ta te  diffusion 

curren t equation is available while a  num erical in tegration  is necessary to 

e v a lu a te  th e  c u r re n t  e q u a tio n  for d iffusion  to a sp h e ric a l cap 

m icroelectrode. A dditionally, i t  is stra igh tfo rw ard  to develop th e  steady



s ta te  cu rren t-p o ten tia l equation  for th e  quasi-reversib le  case a t  th e  oblate 

hem isphero id  m icroelectrode.

A fte r i t  w as verified  th a t  a  H g conform ing m icroelectrode can be 

described  by  s tead y  s ta te  diffusion to a n  oblate  m icrohem ispheroid , th e  

quasi-reversib le  cu rren t-po ten tia l re la tion  for th is  geom etry w as developed. 

F rom  th is  g en era l (quasi-reversible) expression, cu rren t-p o ten tia l re la tions 

can  also be found as th e  geom etry  tak e s  th e  lim itin g  form s of a n  in la id  

m icrodisk  an d  a  m icrohem isphere. The equations a re  th e n  app lied  to th e  

d e te rm in a tio n  of th e  s ta n d a rd  h e te ro g en e o u s  r a te  c o n s ta n t for th e  

R u ( I I I ) ( N H 3 ) 6  / R u ( I I ) ( N H 3 ) 6  e le c tro d e  re a c t io n  on th e  o b la te  

h e m isp h e ro id a l m ic roe lec trode . In  a d d itio n , th e  m o st a p p ro p r ia te  

m ethodology for de te rm in ing  unknow n p a ra m e te rs  of th e  electrode k inetic  

system  is d iscussed.

1 .2  Experimental Section

T he ru th e n iu m  h exa-am m ine  tr ic h lo rid e  (ICN  B iom edicals, Inc. 

C leveland, Ohio) and  th e  m ercury(I) pe rch lo ra te  (Alfa p roducts, D anvers, 

MA) w ere u sed  as received. F erricyan ide  w as ob ta ined  from  J.T . B aker 

C hem ica l Co., P h illip sb u rg , N J . A ll chem ica ls  u se d  in  e lec tro ly te  

p rep a ra tio n  w ere ana ly tica l reag en t grade. E lectrodes w ere polished  w ith  

0.05 m icron M icropolish II  (B uehler L td., L ake Bluff, IL). P u re  w a te r was 

o b ta in ed  by  p a ss in g  ta p  w a te r  th ro u g h  a  ca rb o n  f i lte r , m u ltip le  ion  

exchange sy s tem  an d  th e n  d is tillin g . S o lu tions w ere  degassed  w ith  

p repurified  n itrogen.



S teady  s ta te  cu rren ts  w ere ob tained  w ith  l in e a r  scan  vo ltam m etry  

from  a  3.0m M  ru th e n iu m (III)  hexa-am m ine  tr ic h lo rid e  so lu tio n  in  

deoxygenated 0.1M  phosphate  buffer (pH=7.0). The phosphate  buffer 

con tained  0.06M K H 2PO 4 and  0.04M N a2PC>4 and  was ad ju sted  to pH  7.0 

w ith  d ilu te  H 3 P O 4 . The m ercury  m icroelectrodes w ere w ashed  w ith  

deion ized-d istilled  w a te r  a f te r  deposition  an d  th e n  tra n s fe rre d  to th e  

ru th en iu m  ion solution. The scan po ten tial range was from  0.0V to -0.50 V 

vs. SCE w ith  a  scan ra te  of 10 mV/sec.

C hronoam perom etric  e lectrodeposition  of m ercu ry  onto a  gold 

m icrod isk  electrode an d  lin e a r  scan  experim en ts w ere m ade w ith  a  

Tacusel PRG 5, P u lse  Polarographic in stru m en t and  a  H ouston Model 200 

XY recorder. The gold m icrodisk electrode (10 m icron in  d iam eter) w as 

obtained from  Bioanalytical System s (BAS). The experim entally  determ ined  

surface a rea  of deposited  m ercury  m icroelectrodes ranged  from  84 xlO ' 8 

c m 2 to  157 x 10’8 c m 2 for ca lcu la tio n s  b a sed  on a  p e rfec t ob la te  

hem isphero id . A sa tu ra te d  calom el e lectrode  (SCE) a n d  a  p la tin u m  

electrode served as th e  reference an d  au x ilia ry  electrodes, respectively. 

Before each  experim en t, th e  w orking  m icroelectrode w as polished w ith  

0.05 m icron M icropolish II and  w ashed w ith  copious am ounts of deionized- 

d istilled  w ater. At th e  end of each experim ent, th e  electrode w as polished 

an d  dipped into concentrated n itric  acid to p revent etching of the  gold by the  

m ercury  [6 ].

N um erical com putations such as th e  solution of cubic equations and  

num erica l in teg ra tio n  w ere done w ith  th e  in te rn a l functions of Mac II - 

MATLAB on a  M acintosh SE/30 com puter. L inear lea s t squares analysis 

w as perform ed w ith  C ricket G raph  on a  v a rie ty  of M acintosh com puters



a n d  n o n lin ea r le a s t sq u a res  an a ly sis  w as perfo rm ed  w ith  a  FO RTRA N  77 

v ers io n  of th e  su b ro u tin e  N LLSQ  on a  V ax  11/780 com puter. T he la t t e r  

su b ro u tin e  w a s  w r i t te n  a t  B e ll T e lep h o n e  L a b o ra to r ie s  a n d  is  a n  

im p le m e n ta tio n  of th e  M a rq u a rd t  i te ra t iv e  schem e fo r n o n lin e a r  le a s t  

squares fittin g  w hich em ploys bo th  g ra d ie n t an d  T aylor se ries m ethods.

1 . 2 . 1  M ercury Electrode Form ation

A la rg e  n u m b er o f exam ples o f e lec trodeposited  m ercu ry  covered 

carbon a n d  solid m e ta l e lectrodes hav e  ap p ea red  in  th e  l i te ra tu re  (see [7] 

an d  references w ith in). I t  is  im p o rta n t to in su re  sm ooth sp read in g  o f th e  

m ercu ry  d u rin g  th e  e lectrodeposition  process. As th e  follow ing d iscussion  

show s th e  choice of electrode m a te ria l in fluences th e  fab rica tio n  of a  w ell 

covered electrode. A t a  p la tin u m  disk , th e  w e ttin g  process is  slow a n d  th e  

m ercu ry  e lectrodeposition  process m ay  form  one or m ore iso la ted  drops 

w hich do no t cover th e  en tire  surface, especially  on la rg e r  m icroelectrodes 

such a s  one w ith  a  10 m icrom eter d iam e te r [6 ]. S tojek an d  O steryoung  [8 ] 

sough t to in c reased  th e  r a te  o f th e  w e ttin g  process on P t  by  cycling th e  

p o ten tia l be tw een  0.0 an d  0 .8 V to form  a  th in  lay e r of H g P t2 , H gP t, an d  

H g 2P t  com pounds to  speed  u p  th e  w e ttin g  process; how ever, th e y  s till 

ob ta ined  behav io r on th e  i - t  curve t h a t  d isp layed  sudden  drops in  c u rre n t 

c h a ra c te r is t ic  o f th e  coalescence  o f m e rc u ry  d ro p le ts . F o r  m e rc u ry  

deposition  on a  carbon  d isk  e lec trode , th e  deposition  p rocess w as  v e ry  

nonreproducible an d  u su a lly  re su lte d  in  fa ilu re  of th e  drop to  ad h ere  to  th e  

carbon  [5]. S ilv e r is  m ore ea s ily  w e tta b le  by  m ercu ry  th a n  p la tin u m  

because silver so lub ility  in  m ercu ry  is  la rg e r  th a n  p la tin u m  [9]; how ever, to



enhance th e  ra te  of w e ttin g  for a  silver m icrodisk , i t  w as necessa ry  to  apply  

a n  oxidizing p rep u lse  to  form  Ag+ [8 ]. A u is  easily  w et by  H g a n d  its  

w e ttin g  process is  fa s t a n d  qu ite  sim ple. A fter po lish ing  th e  e lectrode, i t  

can be d irec tly  w e tted  w ithou t any  o th er p re trea tm en t.

B ased  on th e  p rev ious d iscussion, a  A u m icrodisk  w as se lec ted  as 

th e  b e s t e lectrode su rface  to u se  for e lectrodeposition . A deoxygenated  

so lu tion  of 0.25 M HCIO 4 con ta in ing  5.0 mM  o r 25.0 m M  H g2(C104>2  w as 

u sed  for th e  m ercu ry  deposition. M ercury  deposition on th e  gold m icrodisk  

electrode w as ca rried  o u t by  app lication  o f a  c o n s tan t p o ten tia l o f 0.0V vs. 

SCE for v a rio u s  tim es depend ing  on th e  d esired  size of th e  conform ing 

m icroelectrode. T h is app lied  p o ten tia l in su re s  H g(I) red u c tio n  b u t  is  too 

low for th e  reduc tion  of m ost o th e r m e ta l ions. T he chronoam perom etric  

i - t  cu rve  w as follow ed to  in su re  p ro p er coverage of th e  H g on th e  Au 

m icrodisk. T he  conform ing m ercu ry  m icroelectrode p rep a red  in  th is  w ay is 

re la tiv e ly  d u ra b le  a n d  rugged . T he e lec tro d e  c an  n o rm a lly  be w ashed  

rep ea ted ly  w ith  d is tilled  w a te r  or le f t in  so lu tion  w hile deoxygenating  w ith  

a  n itro g e n  s tre a m  w ith o u t loss of th e  m ercu ry . T he a lt i tu d e  b w as 

d e te rm ined  u s in g  th e  charge  ob tained  from  th e  i- t curve to  ca lcu la te  th e  

volum e of m erc u ry  from  F a ra d a y 's  law . T h en  b w as ca lcu la ted  from  th e  

volum e equations for th e  oblate sphero id  o r spherica l segm ent geom etry.

1 . 2 . 2  Evaluation o f the Steady State D iffusion Current Equation for Oblate 

Spheroidal and Spherical Cap M icroelectrodes

T he s te a d y  s ta te  c u rre n t  fo r th e  conversion  of so lub le  oxid ized  

species, O, to  soluble reduced  species, R, in  a  reversib le  electrode reaction



involving n  electrons p e r  m olecule a t  a  conform ing m icroelectrode can  be 

form ulated  [2 ] as

knFaD0C0b 
1= (i*e) (1-1)

w ith
_ Do , nF ,_  _ n... 
9  = D ^ exp f R f ( E ' E ))

w here a  is  th e  rad iu s  o f th e  d isk  in  th e  b asa l p lane , k  is  a  coefficient 

w hich depends on th e  geom etry  of th e  conform ing m icroelectrode and  th u s  

on th e  p a ram ete rs  a  and  b, Cob is th e  bu lk  concentra tion  of species O, 0  is 

th e  N e m s t factor given above , E  is th e  electrode po ten tia l and  E°' th e  form al 

po ten tia l, D 0 an d  D r  a re  diffusion coefficients of th e  ind icated  species, an d  

F  is th e  F a ra d a y  co n stan t [10]. T he value of k  is  well know n for various 

geom etries. I t  will be betw een th e  lim iting  cases o f 4  (em bedded disk) an d  2k  

(h em isp h ere) for e ith e r  a n  ob la te  h em isp h e ro id  or h e m isp h e ric a l cap 

m icroelectrode depending on th e  ra tio  b/a.

A lthough  th e  hem ispherica l electrode case, k= 2 k ,  is  well described 

th eo re tica lly , W ehm eyer an d  W igh tm an  [5] d id  n o t find  h igh ly  accu ra te  

ag re em e n t be tw een  rad ii d e te rm in ed  from  deposition  tim es a n d  those 

d e te rm in e d  by  m e a su rin g  s te a d y  s ta te  l im itin g  c u r re n ts  a ssu m in g  

h e m is p h e r ic a l  d iffu s io n . T h e se  e x p e r im e n ts  w e re  c o n d u c te d  by 

electrodeposition of H g on various sizes of in la id  P t  d isks w here  th e  rad iu s 

of th e  m icrod isk  w as u su a lly  m uch  sm alle r th a n  th e  m easu red  rad iu s  of 

th e  deposited  Hg. S tojek and  O steryoung [8 ] experim en tally  estim ated  the  

a ltitu d e  to b asa l rad iu s ratio , b/a, of deposited H g conform ing electrodes by



m easuring  th e  volume of H g deposited on P t  and  Ag in la id  m icrodisks and 

assu m in g  sp h erica l cap  geom etry . T his p rocedure  allow ed th em  to 

m easu re  the  coefficient k  of the  steady s ta te  diffusion cu rren t equation  (1-1 ) 

for spherical cap electrode geom etry. However, since they  did no t have a 

th eo re tica l re la tionsh ip  for k  in  te rm s of a  an d  b, th ey  could no t verify  

w h e th er the  assum ed geom etry w as a  good m odel for th e  m icroelectrode. 

Colyer, Luscombe and O ldham  [7] investigated  growing electrodeposited Hg 

drops based  on th e  spherica l segm ent (cap) m odel u s in g  a n  e a r lie r  

th eo re tica l tre a tm e n t of B obbert [11]. T h eir experim en ts for th e  charge 

flowing du ring  H g deposition were perform ed w ith  deposition on p la tinum  

m icrodisks for rad ii betw een 0.5pm  and  12.5 pm. They did no t find  good 

agreem ent of th is  theory  w ith  the  d a ta  of Stojek and  O steryoung [8 ] except 

for the  case w hen a  is nearly  equal to b, and  th e ir  own experim ental d a ta  

[7] only show good agreem ent w ith  theory  for deposition tim es in  100s to 

600s range  for m icrodisks of rad ii less th a n  2.5 pm. H ow ever, for sho rt 

deposition tim es (<150s), th e  theory  seem ed to fit th e  d a ta  for all of th e ir  

m icrodisks [7]. The deposition tim es used  in  th e  p re se n t experim ents, 

consistent w ith  the  condition b<a, are  in  th is  sho rt tim e range.

A fte r  in v e s tig a tin g  b o th  o b la te  sp h e ro id  a n d  sp h e ric a l cap  

m icroelectrode geom etries using  a  sim ilar experim ental approach to those 

discussed above [7, 8 ], th e  H g electrode w as form ed by electrodeposition and  

th e  value  of th e  b axis determ ined  from  the  deposition charge. However, 

th e  deposition c u rre n t (charge) w as no t used  to evaluate  k  in  th e  steady  

s ta te  cu rren t equation  (1-1), ra th e r  the  H g m icroelectrode w as tran sfe rred  

to  a  fre sh  so lu tion  an d  lin e a r  sw eep vo ltam m etric  red u c tio n  u se d  to 

m ea su re  the  lim itin g  s tead y  s ta te  c u rre n ts  an d  th u s  th e  s tead y  s ta te
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diffusion cu rren t coefficients, k. The te s t solutions contained Ru(NH3 )gCl3 

and  th e  electrode process was outer sphere reduction of Ru(III) to Ru(II). 

This procedure gave a  b e tte r  fit to theory  th a n  evaluation  using  th e  H g 

deposition current. The steady s ta te  lim iting cu rren t resu lts  were used to 

compare m easured and  calculated values of k  for th e  two geometries.

For an  oblate hem ispheroid, the  coefficient k  can be expressed [2] as

k _ 4 ( b / a )

£o0 -  (2 /  n)tan (j.2)

and  w here £ is an  oblate spheroidal coordinate (see F igure 1.1) given by £= 

b/Va2 -b2 an d  a t  electrode surface ^ = b0 H  a 02 -b02 . In

general values of a  and  b m ay be used to refer to any  % position in  th e  

coordinate space; however, in  th is experim ent, only values which refer to 

the  geom etric param eters of the  m etal electrode a re  needed, and  th u s the  

zero subscripts on a  and b are  dropped. I t  can be shown [2 ] th a t  the  value 

of k  will be 4 in  equation (1-2) when b=0 , which is th e  m icrodisk case, 

while a t  b=a th e  value of k  will be 2x, which is the  hem isphere case. As the 

ratio  of b/a changes from 0  to 1 , th e  microelectrode geom etry goes from 

in laid  disk to oblate hem isphere to hem isphere and  th e  value of k  varies 

from 4 to 2k .

V alues of a and  b were determ ined electrochem ically in  a  s tra ig h t 

forw ard m anner. F irs t, th e  rad iu s , a, on th e  m icrodisk w as m easured  

experim entally using the  lim iting form of equation (1-1 ) w ith k=4 and 0 =1 

w ith a reversible redox system  of known D0 and  C0b. Then the  value of the
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a ltitu d e , b , w as found  from  th e  volum e of th e  deposited  H g ob ta in ed  by 

cou lom etric  m e a su re m e n t. I f  a n  o b la te  sp h e ro id  is  a ssu m e d  a s  th e  

electrode geom etry  th e n  th e  volum e fo rm ula  V=(2/3)n;a2 b can  be u sed  to 

calcu late  b.

O n  th e  o th e r  h a n d , th e  sam e  e x p e r im e n t can  be  in te rp re te d  

assu m in g  th a t  th e  geom etry  is  th a t  o f a  spherica l cap (segm ent). R ecently, 

a  re la tio n  h as  been  given w hich can be used  to  calcu late  k  in  equ atio n  (1 -1 ) 

for th e  case o f s tead y  s ta te  diffusion to  a  spherica l cap electrode. F o r th is  

case [3]

T h u s  i f  a  sp h e r ic a l cap m ic ro e lec tro d e  is  a ssu m e d  th e n  b  is  

ca lcu la ted  from  th e  volum e expression for such  a  geom etry,

V= 7tb(3 a 2 + b 2)/6  w hich is a  cubic equation  in  b.

T h e  above d e v e lo p m e n ts  a re  n e c e s s a ry  fo r c o m p a riso n  o f 

e x p e r im e n ta lly  d e te rm in e d  coefficien ts, k , w ith  v a lu e s  c a lc u la te d  by 

equations (1-2 ) an d  (1-3) for th e  two geom etric m odels. A fter e s tab lish in g  the  

ap p ro p ria te n ess  of th e  oblate sphero idal m odel, only  its  volum e fo rm ula  

w as u se d  for de te rm in in g  geom etric p a ra m e te rs .

00

k" 2TC Jcosh{xcot-i(b/a)}cosh(Ttx/2) 
0

cosh lx tan-1  (b /a ) ld x  
(1-3)
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1 .3  Results and Disscusion

1 . 3 . 1  D eterm ination o f Steady State D iffusion Equation C oefficients

T he v a lu e  o f k  in  e q u a tio n  (1-1) fo r v a rio u s  v a lu e s  o f  b /a  w ere  

d e te rm in e d  ex p erim en ta lly  a n d  th e n  com pared  to  v a lu e s  ca lcu la ted  from  

e ith e r  e q u a tio n  (1-2) fo r th e  ob la te  h e m isp h e ro id  o r e q u a tio n  (3) fo r th e  

sp h erica l cap m icroelectrode. To eva lua te  th e  coefficient k  in  eq u a tio n  (1-1) 

b y  e x p erim en t, sev e ra l d iffe ren t sizes o f conform ing m icroelec trodes w ere  

m a d e  by  c o n tro llin g  th e  d e p o s itio n  tim e  in  a  c h ro n o a m p e ro m e tr ic  

experim en t. A  typ ical i vs t  curve ob ta ined  w ith  a  gold m icrod isk  is show n 

in  F ig u re  1.2 in  w h ich  th e  sm ooth  curve  show s th e  sm oo th  sp re a d in g  of 

m e rc u ry  d u rin g  th e  e lec trodepositing  process. T he c u rre n t  in c reases  w ith  

in c re a s in g  tim e  w h ich  is  due  to  th e  in c re a se  in  e le c tro d e  a re a  a s  th e  

m erc u ry  is deposited . I t  tak es  ab o u t 60 seconds to  g e t a  n e a r  h em isp h ere  a t  

a  5 p m  ra d iu s  m icrod isk  electrode.

As m en tio n  before, th e  v a lu e  of th e  m ic rod isk  ra d iu s , a , can  be 

d e te rm in e d  b y  u s in g  th e  lim itin g  c u rre n t  from  th e  e q u a tio n  ( 1 -1 ) fo r th e  

case  w h e re  k=4. F o r 5.00 m M  fe rricy an id e  so lu tio n  in  0.100M  p o ta s s iu m  

ch lo rid e , a  s te a d y  s ta te  c u r re n t  o f 7 .34 nA  w as fo u n d  a t  a  gold  d isk  

m icroelectrode  . U sin g  a  d iffusion coefficient for fe rricy an id e  of 7.6 x 10-6 

cm 2/s  [12], th is  c u rre n t gives a  ra d iu s  v a lu e  o f 5.01 pm  for th e  10 pm  

d ia m e te r  electrode, a s  rep o rted  by BAS.
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The value of th e  a ltitude  b w as evaluated  from  th e  to ta l charge passed  

for a  g iven  tim e  of m ercu ry  deposition . F o r exam ple, in  5.0 mM  

H g 2 (C1 0 4 >2 , a  to ta l charge of 0.666 jiC is found a t  t=30.0 s from  th e  a rea  

u n d e r th e  curve in  F igure  1.2. A value of h=1.95 |im  is  found based  on the  

oblate sphero idal volum e form ula V = (2 /  3 ) k3 b w hile a  value b= 2.42 |xm 

is  found based  on th e  spherical cap volum e form ula V= 7tb(3 a 2 + b 2 )/6 . A fter 

p rep a rin g  conform ing H g m icroelectrodes of d ifferen t b /a  ra tio s , th ey  w ere 

tran s fe rred  to  3.00m M  R u(III) solution. S teady  s ta te  voltam m ogram s a t  10 

mV/s w ere ru n  an d  com pared w ith  th e  voltam m ogram  of th e  sam e solution 

on th e  b a re  gold m icrodisk electrode before m ercury  deposition. F ig u re  1.3 

shows typical curves. B oth voltam m ogram s a re  sigm oidal in  shape ra th e r  

th a n  th e  custom ary  peak-shaped  curve ob tained  for lin e a r  diffusion , an d  a 

re tu rn  sw eep tra c k s  back  on i ts  self. T he c u rre n t  is  la rg e r  follow ing 

m ercu ry  deposition  ind icative  of th e  in creased  size of th e  electrode. The 

lim itin g  s tead y  s ta te  c u rre n t from  th ese  vo ltam m ogram s w as d irectly  used  

to evaluate  th e  k  coefficient of equation  (1 -1 ) using  a  diffusion coefficient for 

ru th en iu m (III) hexa-am m ine in  0.1M  phosphate  buffer so lu tion  (pH=7.0) 

of 5.93 xlO '6 cm2 s_1 obtained from  steady  s ta te  c u rren t a t  th e  b a re  5.01 |im  

gold disk  electrode. This value is  close to th a t  of 6 .0 x l0 '6 cm2 s_1 reported  

in  th e  l ite ra tu re  for th e  sam e redox system  [5].

Coefficient k  va lues u s in g  equations (1 -2 ) an d  (1-3) a re  show n in  

Table 1.1 for various b/a ra tio s assum ing  e ith e r  an  oblate hem isphero id  or 

spherica l cap m icroelectrodes. To avoid e rro r  w ith  a  fresh ly  p rep a red  

m ercury  electrode from  th e  f irs t  voltam m ogram  [5], lim iting  c u rre n ts  from  

th e  nex t th ree  scans were averaged to find experim ental coefficient values, 

k eXp- T his p a ra m e te r  is ac tu a lly  th e  c u rre n t function, liim/n F D a C 0b. The 

re la tive  s ta n d a rd  deviation for th e  th ree  ru n s  averaged over th e  te n  values
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of b /a  w as 1%. T able  1.1 show s a  com parison  of k exp w ith  coefficients 

ca lcu la ted  from  eq u a tio n  (1 -2 ) for th e  ob late  hem isphero id , k 0b , an d  w ith  

coefficients calcu la ted  from  equation  (1-3) for th e  sp h erica l cap, k sp. I t  is  

seen  th a t  a t  th e  two low est ra tio s of b /a bo th  cases show th e ir  la rg e s t re la tive  

dev iations ( u p  to  5%), b u t  th e  hem ispherical cap seem s to be a  b e tte r  m odel 

b ased  on low er dev ia tions of k exp- k m odel* How ever, a t  th e se  low ra tio s  th e  

Au d isk  m icroelectrodes m ay  n o t be  com pletely covered w ith  H g  an d  these  

two low ra tio s  w ere  d isregarded .

F o r th e  n e x t h ig h e s t e igh t va lues of b/a, th e  ob late  sphero id  m odel 

h a s  a  low er sum  of abso lu te  deviations, I k exp- k m odel I > th a n  th e  spherica l 

cap m icroelectrode m odel. In  o rder to  see i f  one geom etry  is  a  b e tte r  m odel 

th a n  th e  o ther, a  le a s t sq u ares fit o f  k exp v e rsu s k m odel to th e  re la tio n sh ip  

Y = b iX  w as used , ag a in  for th e  e ig h t h ig h est va lues o f b/a. T he slope b i, 

sum  o f sq u a res  o f th e  res id u a ls , S S r , an d  lin e a r  co rre la tio n  coefficient, r, 

an d  th e  s ta n d a rd  e rro r in  th e  slope, sb, can be found from  th e  d a ta  in  Table 

1.1. O f course a  perfect fit to th e  m odel in  th e  absence of experim en ta l e rro r 

w ould hav e  b i=  r  = u n ity  w ith  a  zero v a lu e  of SSr . F o r th e  ob la te  sphero id  

model: b i=1.007, SSr=0.0312, r=0.9866, an d  sb=0.057, w hile for th e  spherical 

cap model: bi=1.010, SSr =0.0471, r=0.9780 and  Sb=0.066. C learly , theory  and  

e x p e rim e n ts  a re  b o th  w ell c o rre la ted , a lth o u g h  th e re  is  u n d o u b ta b le  

ra n d o m  e r ro r  in  b o th  k exp a n d  k m odel v a l u e s .  F u r th e r m o r e ,  a n  

approxim ate  t  te s t  show s th ere  is no s ta tis tica l difference in  th e  slopes for 

th e  tw o g eo m etries . S ince th e  m odels f it  th e  e x p e rim e n ta l coefficients 

equally  well a n d  th e re  is  a  closed form  analy tica l expression  for th e  s teady  

s ta te  c u rre n t in  th e  ob late  sphero idal case, th is  case w as ta k e n  to be  a  

su p erio r m odel to  use  for th e  type o f conform ing H g e lectrodes th a t  have
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been  fab rica ted . T he av erag e  re la tiv e  d ev ia tio n  of th e  ex p e rim e n ta l 

coefficient from  th e  theoretical value for th e  oblate spheroid  geom etry  is  1% 

for th e  la s t  e igh t va lues of b/a w hich is  abou t th e  sam e m agn itude  as the  

re la tiv e  s ta n d a rd  dev ia tion  of th e  experim en ta lly  m easu red  s te ad y  s ta te  

lim itin g  c u rre n t va lues. T hus, to  w ith in  th is  experim en ta l p recision , the  

o b la te  sp h e ro id a l geom etry  is  ta k e n  as a n  a d e q u a te  m odel for H g 

electrodeposited m icroelectrodes w ith  b /a  ratios betw een 0.4 and  1.0.

1 . 3 . 2  Theory o f a  Q uasi-reversible E lectrode R eaction  on  an O blate 

Spheroidal M icroelectrode

T he s te a d y  s ta te  c u rre n t-p o te n tia l  re la tio n sh ip  a t  a n  ob la te  

m icrohem ispheroid  electrode for the  genera l quasi-reversib le  case can  be 

derived  b ased  on th e  oblate  sphero idal geom etry , w hich th e n  gives th e  

reversib le  an d  irreversib le  cases u n d er lim iting  conditions. The re su lts  for 

oblate spheroidal geom etry are  exact an d  can be sim ply expressed  ju s t  as in  

th e  case of a  hem ispherical electrode. These desirable  q ua lities m ay re su lt 

from  th e  fact th a t  concentration  profiles in  the  two cases can be expressed 

in  te rm s of a  single geom etric coordinate, th e  ra d iu s  r  for th e  spherica l 

case an d  th e  sphero idal coordinate  £ in  th e  ob late  sphero idal case [13]. 

T he th e o ry  w ill be  u se d  fo r th e  m e a su re m e n t o f th e  s ta n d a rd  

he te rogeneous ra te  c o n s tan t fo r th e  ru th e n iu m  h exa-am m ine  electrode 

reaction  a t  a  H g oblate sphero idal m icroelectrode m ade a s  previously  

described.



For a simple quasi-reversible electrode reaction of the  solution soluble 

redox couple 0 , R involving n  electrons

O + ne- R (1-4)

th e  electrode cu rren t can be expressed as

i = nFA (kf(E)Cos - kb(E)CRs} (1-5)

w here C os and Cr s a re  the  surface concentrations of species O and R, kf(E) 

is  th e  forw ard heterogeneous ra te  constan t and  kb(E) is the  backw ard  

heterogeneous ra te  constant, F  is  the  F a rad ay  constan t, an d  A is th e  

electrode a rea  [10], Furtherm ore , under equilibrium  conditions (i=0), the  

sy stem  obeys th e  N e rn s t eq u a tio n  w ith  th e  su rface  co n cen tra tio n s 

expressed as

w here in  th is  case R is th e  gas constant, T th e  tem p era tu re  in  degrees 

Kelvin, and  E 0’ has the  usual m eaning  in  the  electrochem ical lite ra tu re  of 

th e  form al electrode po ten tial [10]. F o r m icroelectrodes th e  r ig h t h and  

side(RHS) in  equation (1-6) is se t equal to the  ra tio  of diffusion coefficients 

tim es the  po ten tial dependent factor 0. Since under N ernst conditions 

kf(E)Cos = kb(E)CRs, we can use the RHS of equation (1-6) to express the  i 

vs. E  equation in  a  form used by Saveant and Tesser [14]

(1-6)
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Dr6  
i = nFA kf (E) [ C0 S -  CRs - ^ - ] (1-7)

F o r a  s tead y  s ta te  oblate  sphero idal electrode, we have p rev iously  derived  

th e  concen tra tion  profile Ci(£>) as  [2]

Cb- c .( £ ) . tC ib-C t>) ( l - ( 2 / n ) t w r i O
C i-C , (£ J -  ( i - ( 2 /n ) t a n - 'J ,0 ) • 1 ‘  ° ' R (1'8)

U sin g  e q u a tio n  (1-8) a n d  th e  p ro p e r  f lu x  e q u a tio n s  a n d  m e tr ic  

coefficien ts(see  [2]), th e  to ta l c u rre n t  can  be ex p ressed  in  te rm s  of th e  

su rface  co ncen tra tions. T he re s u lts  a re  c u rre n t  ex p ress io n s w hich  have  

th e  co rrect form  for s teady  s ta te  m ass  tra n sp o rt, i.e. ra d ia l like  diffusion. 

T h u s

4 n F D o f(C o b - C o s )
KQ

4n F D ofC R s

1 =— 7  ' . (1-10)

w here f= V a2 - b2 and  Ko =( 1 - (2 /T t) ta n -1  £o )• R ea rran g in g  equations (1-9) 

a n d  (1-10), w e find expressions for th e  surface  concen tra tions in  te rm s  of 

th e  s tead y  s ta te  c u rre n t ,i, an d  th e  lim iting  s tead y  s ta te  c u rre n t, iL, w here 

i= iL  w hen  C0S = 0.0

Co® (1 -1 1a)

an d
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c r s  ■ d - i i b )

w here Ko = 4nFD of/K 0 and  Kr = 4nFD Rf/xo- S ubstitu ting  equations (1-11) 

into (1-7) gives th e  quasi-reversible steady s ta te  cu rren t

M O 4 fP o  ■, 
C1 + AK0 kf(E) 3

(1-12)

T his form  of th e  cu rren t-p o ten tia l curve can be u sed  to experim en tally

m easu re  v a lu es of k f a s  a  function  of p o ten tia l w ith o u t a ssu m in g  a

rela tionsh ip  for th e  po ten tial dependency. On the  o th er hand , i f  we le t kf = 
n F  .

k° exp [-a j ^ E - E 0 )] as in  th e  Butler-Volm er equation, th e  effect of k°, the

ap p aren t s tan d ard  heterogeneous ra te , on the  cu rren t - po ten tia l curve can 

be illu s tra te d  (Figure 1.4). In  th is  plot the  charge tra n s fe r  coefficient a  is 

tak en  as 0.5 and a  typical geom etry for th e  oblate spheroid m icroelectrode is 

chosen. I t  can be seen from th e  plot th a t  th e  shape of th e  curve is strongly 

influenced by th e  m agn itude  of k°. T his type of dependence is s im ila r to 

o th er geom etries w hich give steady- s ta te  behav io r, e.g., th e  d isk  and  

hem isphere m icroelectrodes [15,16].

The characteristic  size of the  oblate spheroid electrode is  contained in  

the  reciprocal of th e  factor f/A xo- As th is  characteristic  size gets sm aller, 

i t  in troduces m ore irreversib ility  in  the  quasi-reversib le  equation  (1-12) 

since th e  th ird  te rm  in  the  denom inator of (1-12) becomes larger. T his th ird  

te rm  m u st no t be negligible w ith  respect to 1 + 0 , i f  k° is  to be m easured  

w ith  any  accuracy. To illu s tra te  th is  effect of th e  size of an  oblate spheroid 

m icroelectrode on the  m agnitude of th e  th ird  term , we tak e  th e  case w here
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D o= Dr , E  = E 0', kf = k°, and plot in  F igure 1.5 the  variab le  (1 +0 + 
4 fD 0

A ^ ^ o  ) vs log k°. Actually for these conditions 0=1, and  th u s  th e  g rea ter

th e  curves deviate from 2 the  more accurate the  m easurem ent of k°. Only, 

curve d (Figure 1.5) shows a significant deviation of th e  te rm  (4f D0/AKok°) 

from  zero. Thus, these  curves show th a t  to m easure  a  k° of 1 cm/s, for 

in s tan ce , an  e lectrode is  needed w ith  a = lp m . In  fact, th e  te rm  (4f 

Do/AKok0) m u st be g rea te r  th a n  around  0.03 to ge t any  m easu re  of th e  

value of k°. Since th e  reciprocal of f/AKo is a  ch arac te ris tic  len g th , th e  

sm aller i t  gets the  more accurately one can m easure k°.

I t  is  s tra ig h tfo rw a rd  to  ca lcu la te  th e  d im ension less q u a n tity  

4fDo/Axokf from  w hich one can determ ine th e  size electrode needed for a  

g iven  m ea su re m e n t. The electrode su rface  a re a , A, for th e  ob late  

hem ispheroid  electrode is needed and  is easily  ob tained  from  a  form ula 

such as [3]

A-rf[1*(b*M*)-i^S£U^L= ].
V 1 - ( b 2 / a 2 )

An equivalent form ula for the  surface area  in  term s of th e  readily  calculated 

logarithm ic function is also given la te r  in  equation (1-22). U sing the  above 

form ula for A and  an  expressions for Ko and f  i t  can be seen t h a t :

4 fD 0 _  4D 0 F (b /a )
A x o k °  ~  Ttak<>

w ith  kf = k°. The function F(b/a) actually  does no t va ry  m uch as b /a  goes 

from  zero to one. F o r exam ple, i t  can be shown th a t  F(0)= 1 w hich is the  

case for an  in la id  d isk  an d  F(1)=tc/4=0.7854 w hich is th e  case for a
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h em isp h e re . F o r o th e r  va lues of b /a  such  a s  0.40, 0.60, 0.80, 0.90, a n d  0.98, 

F(b/a) eq u a ls  0.975, 0.907, 0.842, 0.813, a n d  0.791, respectively . T herefore, i t  

can  be ap p rec ia ted  th a t  i t  is th e  size o f th e  rad iu s , a , of th e  d isk  in  th e  b asa l 

p lan e  of th e  ob la te  h em isp h ero id a l m icroelectrode th a t  is  th e  c h a ra c te r is tic  

le n g th  of th e  electrode. T hus i t  is rad iu s  a  a n d  n o t th e  ra tio  b /a  w hich h a s  th e  

poss ib ility  o f in fluencing  w h e th e r  a  v o ltam m etric  process is  in  a  reversib le , 

quasi-reversib le , or to ta lly  irreversib le  region. T h is fac t is  also b ro u g h t o u t by 

F ig u re  1.5 w h e re  th e  effect on th e  v a rio u s curves o f changes in  th e  ra d iu s  a  

a t  c o n s tan t b /a  can  be d ram atica lly  seen.

F o llow ing  a  s im ila r  d e fin itio n  u se d  by  O ld h am  e t  a l. [16], l e t  th e  

p a ra m e te r

T tk° a  
Kobl “  4 D 0 F (b /a )

d e fin e  th e  th r e e  v o lta m m e tr ic  reg im es . T h is  p a ra m e te r  is  j u s t  th e  

rec ip roca l o f th e  d im ension less q u a n tity  w hich  a p p e a rs  in  e q u a tio n  (1-12) 

a n d  w as d iscussed  above. T hus Kobl > 40 is  effectively reversib le, 0.2< Kobl 

< 20 is  u se fu lly  quasi-revers ib le , a n d  Kobl< 0.1 is  effectively  irrev e rs ib le , 

follow ing O ldham  e t al.[16]. To calcu late  a  va lue  of rad iu s , a, needed  for a  

g iven  v a lu e  of k° , one m u s t chose a  m ag n itu d e  for 1/ Kobl for th e  accuracy  

desired . I f  w e say  th a t  1/ Kobl m u st be  a t  le a s t  0.1, th e n  a  < 40 D 0F(b/a)/ k  k° 

a n d  for D o= l x l 0 -5 cm, F(0.9) =0.813, an d  k° = 2 cm /s, th e n  a< 2 .1 x l0 _4cm  or

2.1 |i.m. S ince  F (b /a) is  n o t m uch  d iffe re n t form  one, i t s  v a lu e  can  be 

ig n o re d  in  th e  c a lc u la tio n . A p o ss ib le  c o n s t r a in t  fo r th is  ty p e  o f 

co n sid era tio n  is  th e  difficulty  of m ak in g  th e  in la id  m icrod isks sm a lle r  th a n  

a ro u n d  0.2 |±m.



21

1 . 3 . 3  R eversible Case

F o r  a  re v e rs ib le  e le c tro n  t r a n s f e r  p ro ce ss , th e  th i r d  te r m  in  th e  

denom inato r o f (1-12) is  m uch  less th a n  1 + 0 an d  th u s

i = irev = iL / ( l  + 0 '1 3 )

4n F D 0 fC 0 b
w h e re  II = ~ . B y rea rran g in g  (1-12), i t  can beKQ

^  = 0  = (D0 /D R)ex p  ( ^ ( E  -  EO')) (1-14)

or

E =  E +  —  In — — - 
c i /  2 nF i (1 -15)

w hich  is th e  ty p ica l form  o f a  re v e rs ib le  p o la ro g rap h ic  o r s te a d y  s ta te  

vo ltam m etry  expression  a t  a  m icroelectrode [15]. E 1/2 is  th e  value  E  w hen  

i= iL  /2 an d  is  given by

E i / 2  = EO' -  (R T /n F ) ln (D 0 /DR ) (1-16)

As p rev iously  po in ted  o u t in  th e  l i te ra tu re  , th e se  eq u atio n s a re  s im ila r to 

th e  classical po larographic  re su lts  except th a t  th e  d iffusion coefficient ra tio  

Dr/D 0 does n o t ap p ea r u n d e r a  sq u are  root sign  [15].
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1 . 3 . 4  Irreversible Case

In  th e  cu rren t-p o ten tia l curve of a  to ta lly  irrev e rs ib le  e lectron  

tran s fe r  process , th e  reduction  wave is sh ifted  negatively  from  th e  form al 

p o ten tia l to such  a n  ex ten t th a t  for all po in ts on th e  voltam m ogram , th e  

te rm  exp(prp(E - E 0')) is  negligible in  com parison w ith  un ity  [ 15,16]. In  th is

case

E quation  (1-17) shows again  th a t  th e  n a tu re  of th e  vo ltam m etric  i vs. E 

curve  d ep en d s on a  c h a ra c te r is tic  size for th e  o b la te  h e m isp h e ric a l 

m icro electrode, a n d  i t  is  th is  size factor A x o /f  w hich  in flu en ces th e  

ex ten t of electrochem ical reversibility  for the  steady  s ta te  system .

A ssum ing as before th e  u su a l exponentia l form  for k f , one obtains 

from  eq u atio n (l-1 7 ) a  logarithm ic  expression  for th e  c u rre n t p o ten tia l 

curve

0 «  1 +
4 fD 0

and  equation (1-12) becomesA x o k f(E )

(1-17)

[1 + A x o k f(E )

(l-18a)
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w here
RT 4 f D 0

E l/2  = E° - ^ p p ln  AKoko (l-18b)

and o< is th e  tra n s fe r  coefficient for th e  electrode process. As expected, 

e q u a tio n s  (1-18) resem b les  th e  ir re v e rs ib le  e q u a tio n  fo r o th e r  

m icroelectrode geom etries except th a t  th e  geom etric p a ram ete rs  a re  again  

in  te rm s of the  more general oblate spheroid m icroelectrode.

1 . 3 . 5  Lim iting Forms for the Hem isphere and Inlaid D isk

Since th e  l im itin g  form s of th e  ob la te  h em isp h e ro id  a re  th e  

hem isphere and in la id  disk, equation (1-12) rep resen ts the  quasi-reversible 

i vs E re la tio n sh ip  for th ese  m icroelectrodes also. N ote th a t  th e  factor 

4f/AKo in  th e  denom inator of th is  equations only depends on the  sem im ajor 

an d  sem im inor axes, a  and  b, w hich can be m easu red  independen tly  of 

k inetic  m easu rem en ts  as discussed above. F o r a  hem isphere  (a=b) th is  

factor becomes 1/a [2], and  equation (1-12) becomes

1 +0 +
akf(E)

which is sam e resu lt as equation (1-9) of [15].

As b  goes to 0 (b/a=0), which is the  case for a  disk, the  factor 4 f  /A kq 

becomes 4/7ta [2], and  equation (1-12) becomes



T his form  of th e  cu rren t-po ten tia l re la tio n sh ip  is  equ iva len t to  th a t  given by 

G alus e t a l. [17] except th e ir  equation  w as derived  for reduced  species only 

in  th e  bu lk  a n d  is  based  on assum ing  a  l in e a r  concen tra tion  profile.

Bond, O ldham , a n d  Zoski [18] have derived expressions for th e  s teady  s ta te  

c u rre n t to a n  in la id  d isk  m icroelectrode based  on cylindrical geom etry  an d  

a  sep a ra tio n  of v a riab les  m ethod. T his m ethod  does no t give a  closed form  

so lu tion  for th e  quasi-reversib le  case a n d  ta b u la te d  n u m erica l re su lts  a re  

p resen ted  [18]. I t  is in te re s tin g  to  no te  th a t  th ese  ta b u la te d  re su lts  can  be 

rep resen ted  [15] by  a n  em pirical equation  w hich only differs from  equation  

(1-20) by  a  fac to r w hich  m u ltip lie s  th e  th ird  te rm  in  th e  d en o m in a to r of 

equation (l-20 ). In  ou r n o ta tio n  th is  fac to r is  (2x ak f+ 1 2 x D 0/4 a k f+ 1 2 x D 0) 

w hich  gives v a lu es  th a t  a re  n o t g re a tly  d iffe ren t from  one. In  fac t th e  

m ax im um  difference betw een  v a lu es  of eq u a tio n  (1-20) w ith  a n d  w ith o u t 

th is  factor is 4%.

T he e x te n t of ir re v e rs ib lity  for th e  th re e  geo m etrie s  is  show n in  

T ab le l. 2 in  te rm s of th e  deviation of E 1/2 - E ° from  0.0 w here E  = E 1/2 a t  i/iL 

= 0.5. In  th is  calcu lation , le t  D 0 /  D r =1 in  equ atio n  (1-12) w ith  a=5 |im

a n d  b=0, 2.5, a n d  5 |im  for d isk , ob la te  sp hero id  a n d  h em isp h e re  cases, 

respec tive ly . U n d e r th e se  conditions, th e  v a lu es  of E° an d  E 1/2 a re  very  

close for k° v a lu es g re a te r  th a n  2 cm /sec w hich  we ta k e  a s  th e  o n se t of 

reversib ility . H ere  th e  reversib le  case is  defined a s  th e  value  of k° a t  w hich
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th e  d ifference  E 1/2 -E °  is  so close t h a t  th e y  can  n o t be d is tin g u ish e d  

ex p erim en ta lly  in  a  v o ltam m etry  experim en t, i.e, IE 1/2 -E° I < 0.3m V  . T his 

v a lue  o f k° o f course depends on th e  size of th e  m icroelectrode. V alues in  

T ab le  1.2 show  th a t  fo r com parab le  sized  m icroelec trodes, th e  o b la te  

sp h e ro id  in tro d u ces  m ore ir re v e rs ib ility  th a n  th e  h e m isp h e re  b u t  less  

th a n  th e  disk  m icroelectrode. In  o rder to  calcu late  a  a n d  k° ,we show in  th e  

n e x t section th a t  th e  value  of E° m u s t be know n accura te ly  even w hen E 1/2 

~ E°- W hen k° is  sm a lle r  th a n  0.001 cm/s, for th e  p re se n t conditions, th e  

d ifference be tw een  E ° an d  E 1/2 become la rg e  enough so th a t  0 is  m uch  

less th a n  one an d  th e  system  tends to th e  irreversib le  case.

1 . 3 . 6  D eterm ination o f a H eterogeneous Rate Constant

A p a rtic u la r  form  of kf(E) such as th e  B utler-V olm er form  [10] can be 

a ssu m e d  to in v e s tig a te  i vs. E  behavior; how ever, i t  is  n o t n ecessa ry  to 

choose a  m odel a  priori since equation  (1-12) can  be solved d irectly  for kf(E):

. ( 4 f D o /A x o )kr(E) = t- t--------------- y-----------------------  (1-21).
- y - -  (Do /D R)ex p {n F /R T (E -E 0 ‘)}

I f  E 0' is  know n a  value of k f can be calcu lated  from  (1-21) u sin g  th e  c u rre n t 

d a ta , i(E), a t  each  value  of E  and  iL , allow ing th e  p o ten tia l dependence of k f 

to  be  dete rm ined  experim entally  [10,14].

I f  th e  B u tle r-V o lm er exponen tia l dependence is  a ssu m e d  th e n  th e  

a p p a re n t s ta n d a rd  heterogeneous ra te  c o n s tan t k° an d  th e  charge tra n s fe r  

coefficient o( a re  found by p lo tting  ln k fv s  E , since In kf(E) = In k° - (o<nF/RT)
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(E -E ° ) .  H ow ever, fo r th e  q u a s i-re v e rs ib le  case  u n le s s  E 0' is  k n o w n  

accu ra te ly , th is  p ro ced u re  m ay  le a d  to  e rro rs  in  th e  a n a ly s is  since th e  

te rm s  in  th e  d e n o m in a to r  o f e q u a tio n  (1-21) c an  be v e ry  close in  v a lu e  

lea d in g  to  e rroneous re su lts . O ne possib le  ap p ro ach  is  to  u se  a  la rg e  size 

e lectrode  w here  th e  sy stem  becom es reversib le  to  o b ta in  a n  accu ra te  v a lu e  

of E 0'. A n o th e r ap p ro ach  is  to  u se  a  n o n lin e a r  curve f itt in g  p rocedure  to 

ca lcu la te  optim ized  va lues o f o<, k°, a n d  E °’.

T he  geom etric  fac to r 4 f /A x o  in  eq u a tio n  (1-21) can  be  ca lcu la ted
2  j  2 2 *

w ith  g iven  a , b va lues, u s in g  Ko = (1 - " ta n -1 £ o  )» * = ^  a  " ^ . £  =b/f withit

£, = £,o a t  th e  e lectrode su rface , a n d  th e  ob late  sp h e re  su rface  a re a , A. 

T he  surface a re a  for th e  oblate sphero id  can  be found [19] from  th e  fo rm ula

A = 7ta2 + In
2e 1 - e  (1-22)

e = a/ a 2 -  b 2
w here ~ a

A s a  t e s t  o f th e  o b la te  h e m is p h e ro id a l  H g  m ic ro e le c tro d e , 

e lec tro ch em ica l r a te  p a ra m e te rs  w ere  o b ta in ed  fo r th e  q u a s i-re v e rs ib le  

ru th e n iu m  h ex a-am m in e  tr ic h lo rid e  redox  sy s tem  in  d eo x y g en a ted  0.1M  

p h o s p h a te  b u f fe r  (p H = 7 .0 ). F o r  e le c tro d e  k in e t ic s  e x p e r im e n ts ,  

m icroelectrodes (a=5.01}im) w ith  two b /a  ra tio s  (0.752 a n d  0.914) w ere used . 

T h eo re tica l co n sid era tio n  [20] suggested  th a t  s te a d y -s ta te  a ssu m p tio n s  

w ere  v e ry  close to  be ing  fulfilled  u n d e r  th e  ex p erim en ta l conditions w ith  a  

sw eep ra te  o f 10 mV/s. T he  diffusion coefficients w ere a ssu m ed  to be equal, 

D o = D r , a n d  a  v a lu e  of D 0 = 5 .9 3 x l0 -6 c m 2 /s  w as ta k e n  from  lim itin g  

c u rre n t experim en ts . F irs t , eq u a tio n  (1-21) w as u sed  to ca lcu la te  va lues o f 

k f  a s  a  fu n c tio n  of p o ten tia l. T he re s u lts  o f a  p lo t o f ln(kf) vs E  for n ine



27

v a lu es on th e  i vs E  curve a re  show n in  figure  1.6. T he H g m icroelectrode 

in  th is  case h a d  b/a=0.914 a n d  th e  d a ta  w as ca lcu la ted  tw ice w ith  two 

d ifferen t va lues of E 0'. For curve (b) in  F igure  1.6, a  va lue  of E 0' =-0.265V 

w as u sed  w hich is th e  E 1/2 value ob tained  experim en ta lly  from  th e  i vs E  

curve. T h is curve gives a  =0.64 an d  k° = 0.22 cm/s. In  o rder to i llu s tra te  th e  

sen sitiv ity  of th is  calculation  of k f  on E 0', a  very  sligh tly  d ifferen t value of E 0' 

(-0.2648V) w as u se d  to  calcu late  kf. T he re su lts  lead  to p lo t (a) in  F igu re  

1.6. T h is se t of d a ta  gives noticeably d ifferen t p a ra m ete rs , a  =0.69 an d  k° = 

0.19 cm/s. Since th e  correlation coefficient for both  se ts of d a ta  is  0.999, th e re  

is no w ay to decide on th e  correct p a ra m e te r  se t from  th is  s ta tis tic .

F o r  com parison , th e  M a rq u a rd t  m eth o d  w as em ployed  in  a  

n o n lin e a r  le a s t  sq u a re s  reg ress io n  an a ly s is  u s in g  e q u a tio n  (1-12). T he 

re su lts  o f th e  above m ethod  an d  th e  n o n lin e a r le a s t  sq u a res  m ethod  a re  

su m m arized  in  T able 1.3. The curve f ittin g  procedure  gives v a lu es  of a =  

0.604 ± 0.064, k° = 0.244± 0.055 cm/s, and  E°' = - 0.2651V ± 0.0003 vs SCE w ith  

th e  sum  of sq u a res  o f th e  res id u a ls  = 2.1x10'® an d  a  reduced  chi sq u are  = 

3 .5 x l0 "7. T he u n c e rta in tie s  a re  th e  s ta n d a rd  e rro rs  in  th e  p a ra m e te rs  as 

ca lcu la ted  by th e  M a rq u a rd t p rog ram  assu m in g  a ll d a ta  p o in ts  have  equal 

u n c e rta in tie s . A second experim en t w ith  a  d ifferen t H g m icroelectrode( b /a 

=0.752) w as a lso  conducted. In  th is  case only th e  n o n lin e a r  le a s t  squares 

an a ly sis  w as repo rted , w hich gives values o f a  = 0.645 ±.015, k° = 0.217±

0.012 cm /s an d  E 0’ = -0.2650V ± 8.3xl0"5 vs SCE w ith  th e  sum  of sq u ares  of 

th e  re s id u a ls  = 1 .3 x l0 '7 a n d  a  reduced  chi sq u are  = 2.2x10"®. T he curve 

fittin g  procedure gives th e  sam e E 0' a s th e  E 1/2 value, an d  th u s  th e  ln(kf) vs. 

E  p lo t should  give th e  sam e va lues as th e  curve f ittin g  procedure. Since th e  

goodness of fit s ta tis tic s  a re  b e tte r  for th e  case of b/a=0.752 m icroelectrode, i t  

can  be seen  these  va lues a re  m ore likely  to be closer to th e  tru e  values. An
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average  of all o f th e  above determ ined  values(T able 1.3) or use  o f th e  values 

for b /a=0.752 a ssu m in g  only two sig n ifican t figu res  a re  re liab le  gives k° 

=0.22 cm /s ( a  = 0.65). th is  can be com pared  w ith  a  va lue  of k° = 0.35 

cm /sec (a  = 0.65± 0.02 ) de te rm ined  for th e  sam e redox system  on  H g  w ith  

th e  ac vo ltam m etry  [21] an d  a  value 0.45 cm/sec ( a=0.63) de te rm ined  for the  

sam e  redox  sy s te m  on H g  w ith  fa s t  scan  v o lta m m e try  [22]. D iffe ren t 

su p p o rtin g  electro ly te  system s w ere u sed  in  th ese  s tu d ies  w hich accounts 

for th e  s lig h t d ifferences in  th e  m easu red  ra te  constan ts . All a lp h a  values, 

on th e  o th er h an d , a re  very  close in  value. S ince specific ad so rp tion  an d  

double la y e r  p o ten tia l w ill h ave  a n  effect on th e  v a lu e  o f th e  a p p a re n t 

s ta n d a r d  h e te ro g e n e o u s  r a te  c o n s ta n t , k ° , i t  can  be seen  th a t  th e  

ag reem en t be tw een  these  m easu rem en ts  an d  those  cited  from  th e  l ite ra tu re  

is  qu ite  good.

1 .4  Conclusion

T he re s u l ts  of th is  in v e s tig a tio n  show  th a t  a  w ell d escribed  H g 

confo rm ing  m icro e lec tro d e  can  be m ad e  by  e lec tro d ep o sitio n . T hese 

m icroelectrodes a re  ad eq u a te ly  m odeled by a n  oblate  hem isphero id  for b /a  

ra tio s  (sem im inor ax is to  sem im ajor axis) w hich  a re  be tw een  abou t 1/2 and

1. I t  is  no t necessa ry  to  fab ricate  a  perfect h em isphere  or to  u se  th e  m ore 

involved spherical cap geom etry  to have  bo th  a  good m odel for th e  geom etry 

a n d  a n  accu ra te  th eo ry  fo r th e  electrode system . F rom  th is  w ork, i t  can  be 

seen  th a t  th e  ob late  hem isphero ida l e lectrode is easily  fab rica ted  by 

e le c tro p la tin g  m e rc u ry  on a  A u m ic ro d isk . F u r th e rm o re , th e  ob la te
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hem ispheroid  steady  s ta te  theory  is  general in  th a t  i t  also describes the  

hem isphere  an d  in la id  d isk  cases. F inally , the  re su lts  also show th a t  for 

electrode reactions w hich are  close to reversible, th e  value of E 0’ used in  the  

d a ta  analysis by a  ln(kf) vs. E plot will have a  strong effect on th e  resu lts  for 

th e  o th er ET  param eters . This fact suggests th a t  a  non linear curve fitting  

procedure is th e  best approach to m easuring  kinetic values.
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Figure 1.1 Geometry of the Oblate Hemipheroidal Microelectrode.
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Figure 1.2 Chronoamperometric current vs. time curve for 
deposition of Hg on a Au disk microelectrode. 5.0 mM Hg2 (CI04)2 in 
0.25M HCI04 solution on an em bedded disk with r=5.01jxm. E=0.OV 
vs. SCE.
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Figure 1.3 Steady state voltammograms on microelectrodes 
3.0 mM ruthenium hexa-am ine chloride at (a) 5.01 |im Au disk and 
(b) oblate spheroidal electrode (mercury deposited on sam e Au disk); 
scan  rate 10m V/sec.
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Figure 1.4 Q uasi-reversible steady-state voltam m ogram s a s  a  
function of standard h eterogen eou s rate constant, k°, for an oblate 
spheroid m icroelectrode. The param eter va lu es are: a=5|im , b=2.5fim  
Dq/Dr =1 , a= 0 .5 , and Do = 9.0  x 10 -6 cm 2 /s .
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Figure 1.5 The term A K0 k °  in the quasi-reversible
i vs. E equation(1-12) a s  function of standard heterogeneous  
rate constant, k0, at different s ize  oblate spheroidal electrodes, (a) 
a=25pm , b=12.5|im ; (b) a=10pm , b=5.0pm; (c)a=5.0pm , b=2.5(im; 
(d) a=1.0pm , b=0.5pm . The parameter values: E =E0, kf =k0,
Dq/D r =1, a= 0 .5 , Do =9.0 x1 O'6 cm 2 /s.
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Figure 1.6 Plot of ln(kf) vs. potential for different values of E °\
Data calculated using equation (1-21) and experimental voltammogram  
for 3 .0  mM ruthenium hexam ine chloride in 0.1 M phosphate buffer at a 

Hg oblate spheroid microelectrode, b/a= 0.914.
(a) E°'= -0.2648V vs. SCE, (b) EO' = -0.2650V vs. SCE.



Table 1.1 Com parison of coefficients calculated from equation(1 -2), kob., 
and equation (1-3), ks p , with experim ental va lu es, kexp .

Ob. Spheroid  
b/a

Spherical Cap  
b/a

^exp. kob. ksp.

0.1824 0.2387 4.24 4.46 4.36

0.2523 0.3250 4.43 4.62 4.52

0.3606 0.4504 4.87 4.87 4.79

0.4873 0.5835 5.21 5.17 5.10

0.5579 0.6516 5.43 5.33 5.28

0.6237 0.7464 5.57 5.47 5.53

0.7338 0.8047 5.80 5.72 5.70

0.8184 0.8710 6.01 5.90 5.89

0.9036 0.9336 6.02 6.08 6.07

0.9823 0.9981 6.22 6.25 6.28
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Table 1.2 Comparison of the extent of irreversibility for the three 
geom etries in term s of the deviation of E1/2 - E0 from 0 .0  w here E =E1/2
at i/ii_=0.5. The parameter values: Dq/D r =1, ot=0.5,D0 =9.0 x 10*6 

cm 2 /s e c  w ere assum ed .

^ (c m /se c )
Ei /2 - E0 (mV)

oblate spheroid* hemisphere** disk***

5 0.10 0 .10 0.11

2 0.29 0.23 0.30

1 0.56 0 .44 0.60

0.5 1.1 0 .88 1.2

0 .2 2.8 2 .3 3.0

0.1 5.6 4 .6 6 .0

0 .05 11 9.2 12

0.02 27 22 28

0.01 48 42 50

0 .0 0 5 78 69 81

0 .002 123 114 126

0.001 158 148 161

0 .0005 194 184 197

0 .0002 241 231 244

0.0001 276 267 279

*a=5pm, b=2.5pm ; ** a=b=5|im ; *** a=5M.m, b=0pm.



Table 1.3 Estimation of kinetic parameters by different methods

Method b/a ko 
(cm /s)

a E0'
(V vs. SCE)

Ln(kf) vs E 
Plot

0.914 0.22 0.64 -0.2650*

0.914 0.19 0.69 -0.2648*

Nonlinear 
Least Sq.

0.914 0.244±.055 0.604±.064 -0.2651 ±.0003

0.752 0.217±.012 0.645±.015 - 0.2650±.00008

* Value assum ed in the calculation of kf
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Part II

Liquid Chromatography with Mercury Electrode for 
Electro-catalytic Detection of Chloroquine

H igh-perform ance liquid  ch rom atography  (H PLC) is  one o f th e  m ost 

rap id ly  expand ing  techn iques in  an a ly tica l chem istry . H PLC  b e a rs  a  close 

resem blance  to  gas chrom atography, GC. I t  arose  in  th e  la te  1960s ou t of 

th e  experience in  GC and  from  th e  app lication  to  LC o f theo ries developed 

for GC. T he m ajo r th eo re tica l in fluence cam e from  th e  w ork of G iddings

[1], a lth o u g h  H am ilton  [2] h ad  been a  p ioneer in  h is  w ork  on ion  exchange 

chrom atography . T he m ajor experim en ta l advances, w hich  b ro u g h t abou t 

p rac tica l H PLC  system s, w ere m ade by L ipsky in  1967 [3], H uber in  1967 [4] 

a n d  K irk lan d  in  1969 [5]. H PLC com plem ents GC, being  ab le  to  sep a ra te  

substances th a t  canno t read ily  be volatilised, and  is p a rticu la rly  su itab le  for 

th e  sep a ra tio n  of com pounds hav ing  h igh  m olecu lar w eigh t, h igh  po larity , 

th e rm a l in s tab ility  an d  tendency to ionize in  solution. Since a  liquid  in  place 

o f a  g aseo u s e lu e n t h a s  h igh  v iscosity  a n d  since co lum n p a rtic le s  a re  

sm all, th e  o p e ra tin g  p re ssu re  is  h igh . T he e q u ip m en t fo r H PLC  m u st be 

designed  to w ith s ta n d  th e  h igh  colum n in le t  p re s su re . T he colum n a n d  

p a rtic le  d im ensions a n d  connecting tu b in g  m u s t be  m in im ized . In  H PLC, 

th e  o p e ra tin g  conditions, nam ely, colum n te m p e ra tu re , flow ra te s  etc. a re  

closely controlled. The sam ple for an a ly sis  is sm all a n d  in jec ted  d irec tly  by 

valve onto th e  colum n; the  sep ara ted  so lu tes a re  d e tec ted  a s  th ey  em erge 

from th e  column by a detector, w hich gives a quantifiable record. H PLC can
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be carried  o u t in  any  of th e  classical m odes, o f w hich th e  m ost im p o rtan t 

a re  liq u id -so lid  a d so rp tio n  c h ro m a to g rap h y , liq u id - liq u id  p a r t i t io n  

c h ro m a to g ra p h y , liq u id -o rg an o b o n d ed  p h a se  c h ro m a to g ra p h y , ion- 

exchange chrom atography, an d  size-exclusion chrom atography.

2 .1  Basic introduction to detection systems

T he function of th e  detector in  any  chrom atograph is to m onitor the  

concen tra tion  or q u a n tity  o f th e  sam ple  com ponents em erg ing  from  the 

column. I t  should  provide an  electrical signal proportional to concentration 

or q u an tity , w hich can  be processed w ith  a  po ten tiom etric  recorder, an  

electronic in teg ra to r, or a  com puter system . The m ain  c rite ria  o f a n  ideal 

detector for liquid chrom atography are  1) su itab le  selectivity for th e  problem  

being exam ined, 2) low lim it of detection, 3) m inim al effect on peak  w idth, 

an d  4) independence of th e  detector on chrom atographic p a ra m ete rs  such 

as th e  flow ra te  of eluent. The m ost commonly used  detectors for HPLC are 

b a se d  on o p tic a l a b so rp tio n , re f ra c tiv e  in d ex , f lu o resc en c e , an d  

e lectrochem ical reac tio n . The com bination  o f liq u id  ch rom atograph ic  

se p a ra tio n  w ith  m ass spectroscopic, in f ra re d  a n d  chem ilum inescence 

detectors a re  also available.

2 . 1 . 1  Absorbance detectors

T his is th e  m ost common type of detector. I t  can be h igh ly  sensitive, 

h a s  a  w ide l in e a r  ran g e , is  re la tiv e ly  u n a ffe c te d  b y  te m p e ra tu re  

f lu c tu a tio n s an d  is also su itab le  for g ra d ie n t e lu tion . T he  abso rbance  

detecto rs w ork by p assin g  lig h t of a  specific w aveleng th  th ro u g h  a cell
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connected  to  a n  H PLC  system  an d  m easu rin g  th e  absorbance in  rea l tim e. 

T here  a re  four g en era l types of absorbance detectors: (1) fixed w aveleng th  

em ploying  a  d isc re te  w aveleng th  source such  a s  a  low -p ressu re  H g lam p;

(2) a  f i l te r  p h o to m e te r em ploying  a  co n tinuous source (e.g., d e u te r iu m  

lam p) w here  th e  w av elen g th  ran g e  of in te re s t  is  se lected  by  u se  o f optical 

f ilte rs ; (3) a  v a riab le  - w av elen g th  spectropho tom etric  d e tec to r w ith  a n d  

w ith o u t au to m atic  w aveleng th  change capab ility ; (4) m u ltich a n n e l /  rap id  

scan  v a ria b le  - w aveleng th  de tec to rs, u su a lly  b ased  on l in e a r  photodiode 

a rra y s . F ixed-w aveleng th  de tec to rs a re  typ ically  m ore sen sitiv e  a n d  have 

low er noise an d  d rif t ch arac te ris tic s  th a n  v ariab le  w aveleng th  de tec to rs[l]. 

T h is is  due  to  th e  u se  of specialized lam ps or phosphor filte rs  th a t  em it one 

or tw o in te n se  a n d  na rro w  bands o f UV or v isib le  ligh t. T he n a rro w  b an d s 

of e m itte d  l ig h t p rov ide  m ax im u m  ad h eren ce  to  B eer's  law . T he f ilte r  

p h o to m e tric  d e te c to r is  a  com prom ise b e tw een  a  fixed -w aveleng th  an d  

v a riab le  - w avelength  detector. T he m ajor ad v an tag e  of a  f ilte r  photom etric  

d e te c to r re la tiv e  to a  fixed-w avelength  d e tec to r is  th e  op tion  of m u ltip le  

w a v e le n g th s . H ow ever, th e  b a n d w id th  o f th e  se lec ted  w a v e le n g th  is 

ty p ic a lly  la rg e r  for th e  f i l te r  p h o to m etric  d e te c to r  th a n  fo r th e  fixed- 

w aveleng th  detector. T herefore, i t  g ives low er sen sitiv ity  a n d  h ig h e r noise 

a n d  d r if t  c h a ra c te ris tic s  th a n  th e  fixed w av e len g th  d e tec to r. V ariab le  - 

w a v e le n g th  sp e c tro p h o to m e tric  d e te c to rs  [6-8] h a v e  n o ise  a n d  d r if t  

c h a rac te ris tic s  app roach ing  those  o f fixed-w avelength  de tec to rs. H ow ever, 

th e y  prov ide  a  co n tinuum  of w aveleng th s from  < 200 n m  to  th e  visible. 

T h e re fo re , a  v a r ia b le  - w a v e le n g th  sp e c tro p h o to m e tric  d e te c to r  is  a  

com m only u sed  detecto r for HPLC. T he photodiode a rra y  d e tec to r (PDA) is 

in h e re n t ly  a n  in fo rm a tio n -ric h  d e te c to r  [9-11]. P e a k  sp e c tra  can  be 

com pared w ith  those  o f s ta n d a rd s  to confirm  th e  id en tity  o f unknow ns, th u s
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providing an o th e r d im ension of in form ation  besides re ten tio n  tim es. Peak  

p u rity  can be easily  a sce rta in ed  th ro u g h  a  v a rie ty  of techn iques to  aid  

m ethod  developm ent a n d  to provide confidence in  q u a n tita tiv e  re su lts . 

C hrom atogram s a t  m u ltip le  w aveleng ths can e ith e r  be  sim u ltaneously  

sto red  or ex trac ted  post m easu rem en t from  th e  th ree-d im ensional d a ta  

m atrix  to enable q u an tita tio n  of m ultip le  peaks a t  each of th e ir  optim um  

w av elen g th s of de tec tion . Photodiode a rra y  de tec to rs  g ive s im ila r 

sensitiv ity  as filte r photom etric  detectors i f  th e  detector p a ram ete rs  [i.e., 

w avelength , bandw id th , etc.] of th e  PDA a re  optim ized correctly  [12]. In  

general, novel separa tion  approaches have been the  d riv ing  force for new 

absorbance detection schem es. Absorbance detection is following th e  la te s t  

trends in  liquid  chrom atographic separa tion  in strum en ta tion ; for exam ple, 

th e  g row th  of m icrobore, packed  cap illa ry , a n d  open tu b u la r  H PLC 

colum ns has produced a  tren d  tow ard  th e  m in ia tu riza tio n  of absorbance 

detector flow cells to reduce detector band  broadening. Absorbance detection 

continues to be the  forefront of the  detection methodology for HPLC.

2 . 1 . 2  Refractive index detectors

A refractive  index  detector (RI) w as generally  considered to  be  th e  

m ost common "universal" detector. The R I de tec to r is a  b u lk  p ro p erty  

detector th a t  m easures very  sm all differences betw een th e  refractive index 

of the  e luen t and  solute. U nfortunately , th e  refractive index of liquids is a  

very sensitive function of tem pera tu re , p ressure , and  dissolved gases. M ost 

comm ercially available RI detectors e ith er have addressed  th e  tem p era tu re  

control problem  by providing for an  ex ternal c irculating  b a th  or have bu ilt 

e lectron ic  th e rm a l contro l in to  th e  in te rn a l  design  o f th e  de tecto r.
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Therefore, th e  un iv ersa lity  is  n o t only th e  RI detector’s b iggest advantage 

b u t also its  g rea te s t source o f problem s. M uch of th e  recen t work h as been 

directed tow ard m inim izing these  lim ita tions in  the  R I detector. Refractive 

index  g rad ie n t (RIG) detection  is  developing in to  a  u se fu l RI detection  

m ethod [13-15]. I t  is  a  laser-based  beam  deflection sensor th a t  m easures the  

concen tra tion  g rad ie n t (refractive  index  g rad ien t) o f a  chrom atographic  

peak. T his refractive index g rad ien t (RIG) detector h as th e  advan tage  th a t  

i t  can  d isc rim inate  betw een  long-term  refrac tive  index  changes such as 

those  caused  by  tem p era tu re  change or g rad ien t e lu tion  an d  sho rt-term  

changes due to th e  e lu tion  of an  analy te . The developm ent of th e  RIG 

d e tec to r w as rep o rted  to be app lied  to  m icrobore LC. Low nan o g ram  

q u an titie s  w ere detectab le  a t  a  nonabsorbing  w avelength  [16-17] by  RIG 

de tec tio n  follow ing m icrobore LC. In  o th e r w ork [18], th e  RIG  w as 

successfully  u sed  in  bo th  m obile-phase g rad ie n t an d  th e rm a l g rad ien t 

m icrobore LC.

2 . 1 . 3  Fluorescence Detectors

Some com pounds th a t  absorb  UV lig h t can su b seq u en tly  em it a  

frac tion  o f th e  absorbed  lig h t as fluorescence. The w aveleng th  of th e  

e m itte d  fluo rescence  is a lw ays h ig h e r th a n  th a t  o f th e  absorbed  lig h t 

(S tokes’Law) and  i t  is  therefo re  possible to  ir ra d ia te  a  so lu tion  w ith  a  

w avelength a t  w hich th e  solute absorbs strongly (usually  in  th e  UV region) 

an d  observe th e  fluorescen t em ission th ro u g h  a  filte r th a t  cu ts  ou t th e  

irrad ia tin g  light. In  LC, fluorescence detectors a re  often preferred  for trace 

analy tical stud ies because of th e ir  good selectivity and  excellent sensitivity. 

The sensitiv ity  m ay be up  to 1000 tim es g rea te r th a n  absorbance detection.
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T he p rincipal lim ita tio n  of fluorim etric  de tecto rs is  low em itted  lig h t levels. 

S ince th e  n u m b er o f lig h t q u a n ta  em itted  is  p ropo rtiona l to  th e  absorbed  

l ig h t energy, a n  increase  in  in te n s ity  of th e  exciting  rad ia tio n  will increase  

th e  in te n s ity  of th e  fluorescence proportionally . B ecause of th e  h igh-photon 

flux  a n d  th e  excellent sp a tia l reso lu tion  of th e  la se r, th e  m ajority  of papers 

h a v e  d e a l t  w ith  th e  m odifica tion  a n d  e v a lu a tio n  o f new  flu o ro m etric  

d e tec tio n  sy stem s b ased  on th e  L aser-Induced  F luorescence  (LIF). M any 

s tu d ies  hav e  been  m ade  on th e  incorpora tion  o f la se rs  an d  m in ia tu riza tio n  

to  m ake  th is  de tecto r com patible w ith  m icrobore an d  /o r cap illa ry  H PLC  [19- 

22]. E m iss io n  can  a lso  be  s tim u la te d  by s im u ltan eo u s ab so rp tio n  o f two 

p h o to n s  o f low er in d iv id u a l energy  [23]. T he  tw o-pho ton  spectroscopy  

provides add itiona l de tector selectivity. T he h igh  pho ton  density  o f la se rs  is  

req u ired  for th e  techn ique to  be feasible since th e  tw o-photon even t is  m uch 

le ss  p robab le  th a n  th e  one-photon even t [24]. T he approach  o f frequency  

doubling , a n d  v a riab le  w aveleng th  dye la s e r  ex ten d s app licab ility  o f L IF  

[22,25].

2 . 1 . 4  C hem ilum inescence detectors

C h e m i lu m in e s c e n c e  d e te c tio n  in  l iq u id  c h ro m a to g ra p h y  h a s  

received  in c reas in g  re sea rch  effort a s a re s u l t  of th e  excellen t sen sitiv ity  

a n d  selectiv ity  o f th is  technique. M any p ap ers  have rep o rted  th a t  detection 

l im its  a re  su p e rio r  to  fluorescence d e te rm in a tio n . T h is  is  d u e  to  th e  

reduced  background  since ex traneous rad ia tio n  assoc ia ted  w ith  photolytic 

excita tion , i.e. R ayleigh  an d  R am an  sca tte rin g  a n d  source in s tab ilitie s  a re  

e lim in a te d  [26]. M oreover, chem ilum inescence d e tec to rs  cause less b a n d  

b ro ad en in g  th a n  fluorescence detecto rs an d  o th e r  de tec to rs w hich req u ire
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going to  la rg e r  cells [27]. Therefore, th e  chem ilum inescence system  is very  

su itab le  as a  detection m ethod for capillary  liquid  chrom atography [28,29]. 

T he fu n d a m e n ta l w ork in  chem ilum inescence  d e tec tio n  in c lu d es novel 

in s tru m e n ta tio n  for CL, theoretical s tud ies  o f photolysis coupled w ith  CL, 

new  so lid -p h ase  a n d  im m ob ilized  re a g e n ts  a n d  in s tru m e n ta t io n . 

R ecently , a  su lfur-se lective  chem ilum inescence de tec to r (SCD) h a s  been  

developed [30}. The analy tes decompose in to  su lfu r monoxide an d  reac t w ith  

ozone, th u s  c rea ting  chem ilum inescence. T his can  be u sed  to  detect m any 

su lfu r -c o n ta in in g  com pounds su ch  a s  e n v iro n m e n ta lly  in te r e s t in g  

pestic ides, a n d  in d u s tr ia l su rfac tan ts  w hich a re  n o t chrom atographab le  by 

gas chrom atography. Time resolved detection w ith  a  pu lsed  Xe lam p an d  a 

g a ted  pho tom u ltip lier,u sing  a  long lum inescence decay tim e  (>0.1m s) has 

been  developed [31]. The CL m ethod can  also be used  in  th e  analysis of trace  

m etals. M etals sep ara ted  by ion chrom atography displace cobalt from  a  Co- 

EDTA postcolum n reagen t. The lib e ra ted  cobalt is  de tec ted  by  a  lum inol- 

peroxide reag en t. D evelopm ents in  in s tru m e n ta tio n  for CL have also been  

reported  [32].

2 . 1 . 5  LC/MS detectors

T he com bination  of liq u id  ch ro m ato g rap h ic  a n d  m ass  sp ec tra l 

d e tec tio n  is a n  im p o rta n t an a ly tic a l tech n iq u e . B o th  tech n iq u es  have  

m a tu re d  to th e  p o in t th a t  th ey  rep re se n t two of th e  m ost im p o rtan t tools 

av a ilab le  for th e  ch arac te riza tio n  of w ide ran g e  o f com pounds. LC/MS 

re se a rc h  h a s  b een  focused s trong ly  on in te rface  technology. T he f ir s t  

successful com m ercially availab le  in te rface  w as th e  tra n sp o rt, or moving- 

b e lt  sy stem  [33,34], The opera ting  princip le  can be se p a ra ted  in to  th ree
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d istinc t steps: deposition of th e  eluent, rem oval o f the  solvent in  a  vacuum , 

an d  volatilization  of th e  sam ple in to  th e  ion source. A shortcom ing of th is  

m ode is  th e  requ irem en t of e ith e r reduced chrom atographic flow ra te s  or 

p a r t ia l  sp littin g  of effluen t aw ay from  th e  in te rface. T he o th e r popu lar 

mode of LC/MS h as  been called d irect liquid  in troduction  (DLI) [33,35,36]. 

The effluent from th e  liquid  chrom atograph is in troduced  d irectly  in to  the  

MS ion source region. However, the  gas bu rden  from  conventional LC flow 

ra te s  (1 m L/m in of w a te r produces 1.2L/min of gas) creates nearly  20 tim es 

m ore gas th a n  a  cryopum ped vacuum  system  can  h an d le . T hus, DLI 

LC/M S often  u ses a  sp litte r  such th a t  only 1-5% of th e  to ta l effluen t is  

in tro d u c e d  in to  th e  m a ss  sp ec tro m ete r. T h is , o f cou rse , sacrifices 

sensitiv ity . A lthough th e  above two in terfaces w ere availab le  in  th e  la te  

1970s, th ey  w ere no t rou tine  techniques such as GC/MS w as a t  th a t  tim e. 

Since th en , however, advancem ent includ ing  th e  therm ospray , fa s t atom  

bom bardm ent, an d  electrospray, have increased  the  ease of accom plishing 

LC/M S. A w ide v a r ie ty  of LC/M S ap p lica tio n s  h av e  a p p e a re d  an d  

comm ercial m ass spectrom eters dedicated to LC/MS a re  available [37].

To be successful, a n  LC/MS in terface m u st not only d ivert a  large 

frac tion  of mobile phase  from  th e  m ass spectrom eter in le t b u t also m u st 

m ake possible th e  tran sfo rm ation  of nonvolatile  an d  frag ile  species from  

so lu tes in  a  liqu id  to  ions in  a  vacuum  read y  for m ass analysis . The 

th e rm o sp ray  in te rface  is  th e  m ost ro u tin e ly  u sed  in te rface  for LC/MS. 

B ecause th e  th erm o sp ray  in terface  read ily  accom m odates conventional 

reversed-phase  H PLC a t  h igh  flow ra te s  w hich rep re se n t th e  m ajority  of 

HPLC applications today, i t  is  frequen tly  app lied  to ob tain  m olecular 

w eight inform ation [38,39]. The FAB interface for LC/MS has proved useful 

for th e  analysis of polar, nonvolatile, and  therm ally  lab ile  compounds and
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c an  p ro v id e  b o th  m o lecu la r w e ig h t a n d  s t ru c tu re  in fo rm a tio n . T he 

in te r fa c in g  o f FA B to  m icroco lum n  LC a llow ed  h ig h  re so lu tio n  

m ultid im ensional in fo rm ation  to be ob tained  [40]. E lec tro sp ray  h a s  been  

u sed  to  s tu d y  various positive ions includ ing  N H 4+, N a +, K+, Cs+, Ca+, and  

the  BH+ of organic n itrogen  bases. D etection lim its in  th e  subfem tom ole to 

attom ole  range  w ere achieved [41]. Inductively  coupled p lasm a (ICP) an d  

MS m eth o d s have  been  u sed  to  d e te c t tra c e  ra re -e a r th  e lem en ts  as 

im p u ritie s  in  o th e r ra re -e a r th  m a te ria ls . T he detection  lim its  for th e  14 

ra re  e a r th  e lem ents ran g ed  from  1 to 5 pg/m l in  solution [42]. T he role of 

chem istry  in  LC/M S h as been  sm all an d  is generally  neglected, since often 

a s  a  p rim ary  goal o f LC/M S coupling i t  is  fo rm ula ted  th a t  an a ly sis  can  be 

perform ed w ithou t th e  need  to perform  th e  k ind  o f chem ical m odifications 

w hich a re  often  n ecessa ry  in  gas chrom atography . H ow ever, som e of th e  

in te rfac es  strong ly  re ly  on  chem istry  in  th e ir  LC/M S opera tion , such  as 

therm ospray , DLI a n d  FAB. I t  is  c lear th a t  th e  detection  can  be im proved 

considerably i f  th e  chem istry  is tim ed  properly  [43, 44], Therefore, th e  role 

of chem istry  is  becom ing m ore im p o rtan t since m an y  in te rfaces a re  linked  

w ith  ion ization  conditions possesing a n  im p o rtan t chem istry  com ponent.

2 . 1 . 6  LC/FT-EEt detectors

D e s p ite  th e  fac t th a t  m ass  sp e c tro m e try  is  th e  m o st com m only 

app lied  tech n iq u e  for c h a rac te riz in g  su b stan ces ch rom atograph ica lly , i t  

h a s  c e r ta in  d raw b ack s. F o r  exam ple , s t ru c tu ra l  isom ers can  n o t be 

d ifferen tia ted  by MS and  lib ra ry  searches can  som etim es lead  to  erroneous 

iden tifications. U nder these  circum stances, th e  F o u rie r tran sfo rm  in fra red  

(FT-IR) spectroscopy h a s  em erged as th e  m ost generally  useful a lte rna tive .
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The in te rfaces w hich jo in  LC and  FT-IR generally  fall in to  one of two 

categories. All early  HPLC/FT-IR in terfaces involved passing  th e  column 

effluent th rough  a  flow cell and  continuously m easuring  spectra  [45-47]. 

Since a ll mobile phases absorb IR  rad ia tio n  a t  certa in  w avelengths and  

some, such as w ater, have in tense  absorption across m ost o f th e  spectrum , 

th e  absorbance of inc iden t rad ia tio n  by th e  solvent m u st alw ays be 

co m p en sa ted . T h is  co m p en sa tio n  is  a lm o st im possib le  w h en  th e  

composition of th e  mobile phase is  changing (i.g. during  g rad ien t elution). 

The absorbance of th e  solvent lim its the  use of a  flow cell interface. The 

o ther category is to e lim inate  the  solvent p rio r to th e  IR  m easurem ent. 

T his approach  is  to vaporize th e  solvent, th e n  depositing th e  dissolved 

ana ly tes on some m oving m edia, ideally  as sm all spots w hich a re  th en  

scanned. In  th e  firs t stage, 80-90% of th e  solvent is evaporated, in  the  

second stage , each  so lu te  is  deposited  onto a  su itab le  su b s tra te  for 

m easu rem en t of i ts  IR  spectrum . D uring  th e  deposition, th e  rem ain ing  

mobile phase  m u st be completely evaporated to obtain  a  spectrum  free of 

solvent absorption bands. D etection lim its achieved using  th is  principle are 

about 2 orders o f m agnitude lower th a n  can be obtained w ith  a  flow cell 

in terface [48]. However, th is  in terface is  not w ithout its  drawbacks. F irst, i t  

is necessary  to dispose of a  considerable quan tity  of solvent vapor. Second, 

th e  detection lim it is reduced w hen th e  solution comes into contact w ith a  

powdered substra te , as i t  can spread  rapidly by capillary action. Therefore, 

m ost work has focused on th e  solvent rem oval technique based on th e  use of 

microbore columns, w here th e  am ount of solvent is g reatly  reduced [49-51].
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2 . 1 . 7  Electrochem ical detectors

M odern  liq u id  c h ro m a to g ra p h y  h a s  re l ie d  h e a v ily  on th e  

developm ent of su itab le  detection system s th a t  a re  capable of determ ining 

th e  separa ted  compounds rapidly, reliably  an d  w ith  a  m inim um  sam ple 

volume [52-53]. The ideal detectors are  those th a t  have a  h igh  sensitivity, 

h igh  selectivity, and  m inim al effect on peak w idth, and  do no t significantly 

a tte n u a te  th e  sep ara tio n  achieved by th e  colum n. W hile no un iversally  

accepted detecto r sa tisfies all of th e  requ irem ents for h igh  perform ance 

liquid  chrom atography, electrochem ical detectors have found w idespread 

application and  a  variety  of indicator electrodes and  flow-cell designs have 

been developed for use in  combined LCEC m ethods [54].

All the  electrochemical detector devices depend on F araday 's law  and 

can be divided in to  two extrem e m odes of operation  in  electrochem ical 

m onitoring : coulom etric  and  am perom etric . In  th e  f i r s t  m ode, th e  

electrolysis is tak en  to completion for each solute. Since the ra te  of reaction 

a t  th e  electrode surface m ay be lim ited by the  ra te  of diffusion of reactan ts 

through the  solvent in  the flow cell, g rea t a tten tion  to th e  design is required. 

The electrode m u st have a large  surface a rea . T his can  be achieved in  

practice only a t  th e  expense of a  large dead volume an d  residence tim e. 

Such cells are  difficult to construct [55-56]. Despite th e  analytical advantage 

of coulometric detectors which give a  d irect m easure of th e  to ta l am ount of 

reacting  solute, electrochem ical detectors w hich appear to be gaining the 

w idest acceptances a re  those using  th e  am perom etric  mode. In  the 

am perom etric mode, the  detector typically consists of a  w orking electrode, a 

reference electrode, and  a n  aux iliary  electrode. The po ten tia l applied to
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w orking  electrode is k ep t co n stan t w ith  resp ec t to  th e  p o ten tia l o f reference 

e lectrode a n d  for m ax im um  sen sitiv ity  a n d  rep ro d u c ib ility  is  p referab ly  

chosen  in  th e  l im itin g  c u rre n t  ran g e  of su b s ta n c e  to  be  d e tec ted . The 

d e te c t io n  p o te n t i a l  is  g e n e r a l ly  fo u n d  f ro m  a  h y d ro d y n a m ic  

v o lta m m o g ra m . A n  a m p e ro m e tr ic  c u r r e n t  i s  p ro d u c e d  w h ic h  is  

p ro p o rtio n a l to  th e  concen tra tion  o f a n a ly te  e n te r in g  th e  electrochem ical 

cell. T he concen tra tion  changes a s  a  function  o f tim e  due  to  e lu tion  of the  

a n a ly te  fro m  th e  c h ro m a to g rap h ic  co lum n a n d  so does th e  c u rre n t. 

A m perom etric  d e tec to rs  have  th e  ad v an tag e  o f  b e in g  e a s ie r  to  construct, 

can  be m ore specific, an d  low er detection lim its  a re  feasible. B ecause th in- 

la y e r  cells have  excellen t flow charac teristics an d  a  h igh  ra tio  o f electrode 

su rface  a re a  to  so lu tion  volum e, th e  m ost p o p u lar electrochem ical detectors 

to  d a te  have  been  based  on th e  am perom etric  de tec tion  of an a ly te  in  th in - 

la y e r  cells. P re se n tly , considerab le  effort in  th e  fie ld  o f LCEC is be ing  

devoted to  th e  developm ent of m ore selective, sensitive  an d  stab le  detection  

sy s tem s, to  su p p le m e n t th e  ra p id  advances ta k in g  p lace  in  se p a ra tio n  

m ethods. F o r exam ple, i t  is  possible to app ly  fa s t-scan n in g  vo ltam m etric  

de tection , in s te a d  o f am perom etric  de tection  [57-60]. S erious d raw backs, 

how ever, a re  th e  s ig n ifican t in c rease  in  b a ck g ro u n d  (m ain ly  ch a rg in g  

c u rre n t)  a n d  th e  sh if t  in  th e  v o ltam m etric  w ave to w a rd  m ore  ex trem e 

p o te n tia ls  i f  th e  electrode reac tions a re  no t fa s t. T h ese  p rob lem s can  be 

p a r tly  overcome b y  application  of m ore soph istica ted  p o ten tia l w ave form s 

a n d  d a ta  acqu isition  m ethods. These include th e  d iffe ren tia l pu lse  [61] and  

sq u a re  w ave [62-65] a n d  coulostatic  com pensation  o f  ch arg in g  c u rre n t [66- 

68]. A no ther app roach  is th e  use  of m icroelectrodes [65,69,70]. T hese  have 

been  found to  offer advan tages over conventionally  sized electrodes in  LCEC 

w ork  such  a s  sm all volum e an d  tim e in d ep e n d en t c u rre n t  response. The
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s te ad y  s ta te  c u rre n t response  h a s  a  sm all d iffusion  la y e r  (an a ly tica l 

response is  significantly  less dependent on flow ra te ), less ohm ic IR  drop, 

an d  little  o r no supporting  electrolyte is needed. C hem ically m odifying the  

su rface  of a n  electrode h a s  been  u sed  to  im prove th e  specificity  of 

electrochem ical detection for certa in  classes of compounds [71-72]. The use 

of dual-electrode electrochem ical detectors h a s  also been  explored [73-76]. 

T he advantage of two w orking electrodes w ith  po ten tia ls E l  an d  E2 is th a t  

several k inds of experim ents can be done. In  one, d ifferent po ten tia ls are  

app lied  to E l  an d  E2 so th a t  c u rre n t response is  d ifferen t an d  perm its 

d isc rim ina tion  be tw een  species, even though  th ey  m ay be incom pletely 

reso lved  chrom atographically . In  an o th e r type of experim en t, th e  down 

s tre am  electrode of the  dual-series electrode is  used  to collect th e  product 

g en era ted  a t  th e  u p stream  electrode. T hus, th e  dow nstream  electrode is 

sen sitiv e  only to  electrochem ically  reversib le  species g en era ted  a t  th e  

u p s tre a m  electrode. T he analy te  can  th u s  be "derivatized" an d  detected  

w ith in  the  de tec to r cell. T his circum stance is s im ila r to th a t  o f ro ta tin g  

r in g -d is k  e le c tro d es . S e v e ra l e ffo rts  to  o b ta in  th re e -d im e n s io n a l 

in fo rm ation  have been  m ade. The p o ten tia l of th e  w orking  electrode is 

lin e a r ly  v a rie d  in  scann ing  e le trochem ical de tection , w ith  or w ithou t 

superim posed  voltage pu lses [77-79]. The re su ltin g  c u rre n t vs. voltage 

cu rves can  be d isp layed  as a  function  of th e  tim e fo rm ing  a th re e  

dim ensional chrom ato - voltam m ogram  [80-81]. T his provides inform ation 

abou t th e  electrochem ical ch arac te ris tics  of e lu tin g  substances an d  th e  

possibility  to detect each com ponent in  a  m ix ture  a t  a n  optim um  detection 

po ten tia l in  a  single chrom atographic run .

D u rin g  th e  la s t  te n  y ea rs , e lectrochem ical d e tec to rs  for liqu id  

chrom atography have reached  a  level of m a tu r ity  such th a t  thousands of
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these  devices a re  in  rou tine  daily  u se  for a  v a rie ty  of purposes. A lthough 

th is  detection scheme offers several inheren t advantages over spectroscopic 

techniques in  te rm s of selectivity, lin e a r  dynam ic range, response tim e, 

cost an d  versatility , i t  still suffers from  certain  draw backs. F or exam ple, 

th e  m obile phase  m u st be very  pu re  an d  special care  ta k e n  to  exclude 

oxygen in  th e  negative po ten tial range. For th is  reason, significantly fewer 

applications have been m ade in  HPLC using a  H g electrode detector which 

has a  su itab le  voltage range for reductive electrochem istry. The purpose of 

th is  p a r t  of my thesis w as to explore a  sensitive Hg detector for a  system  in  

which a  catalytic  redox hydrogen k inetic  cu rren t was used as a  detection 

signa l.

2 .2  Basic introduction to the catalytic hydrogen current

2 . 2 . 1  Diffusion current and kinetic current

T here  a re  two k inds of cu rren ts  in  po larographic  m easu rem en ts  

which a re  called diffusion and  k inetic  curren t. A cu rren t whose m agnitude 

is controlled only by th e  ra te  of diffusion is  called a  diffusion cu rren t. 

D iffusion  m ay . be described  as a  sp o n tan eo u s p rocess le a d in g  to 

equilibration  of concentration differences in  a  concentration grad ien t. I f  a  

concentration g rad ien t a rises in  a  solution, th e  solute s ta r ts  to move from 

a re a s  o f h igh  to those of low er concentration . The ra te  o f diffusion is 

proportional to the  concentration gradient. On the o ther hand, there  a re  an  

appreciable num ber of electrode processes w here the  c u rren t is controlled 

by a  chem ical reaction  tak in g  place in  th e  vicinity  of th e  electrode. These 

curren ts are  called kinetic curren ts. The quan tita tive  investigation of these 

kinetic cu rren ts  was in itia ted  by W iesner in  1943 [82]. Chem ical reactions
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m ay  be  com bined  w ith  e lectrode  p rocesses in  th re e  w ays [83-84]: a) th e  

reac tio n  p recedes th e  e lectrode  process p roper, b) th e  reac tio n  follows th e  

e lectrode process, or c) th e  reac tio n  ru n s  p a ra lle l to  th e  e lectrode process. 

B o th  p rec ed in g  a n d  follow ing rea c tio n s  a re  fre q u e n tly  n o t su ita b le  for 

a n a ly tica l ap p lica tio n s since th e  lim itin g  c u rre n ts  in  th e se  cases a re  n o t 

d ep en d en t on th e  concen tra tion  or do n o t provide h igh  sensitiv ity . However, 

w h en  th e  re a c tio n  is  in  p a ra lle l  to  th e  e lec trode  p rocess , th e  s ta r t in g  

m a te r ia l can  be g e n e ra ted  by  a  chem ical reac tio n  occurring  su b seq u en t to 

th e  in i t ia l  c h a rg e  s te p . T h u s , th e  e lec tro ac tiv e  m a te r ia l  is  e ffectively  

reduced  m ore th a n  once, an d  s ta r tin g  m a te ria l is  p roduced a t  th e  electrode 

su rface  b y  b o th  d iffusion  a n d  th e  chem ical s tep . T he lim itin g  c u rre n t is  

p ropo rtiona l to  concen tra tion  o f s ta r tin g  m a te r ia l i f  th e  so lu tion  conditions 

a n d  in s t r u m e n ta l  c o n d itio n s  a re  c a re fu lly  c o n tro lle d . R e m a rk a b le  

in c re a se s  in  l im itin g  c u rre n t  can  occur, a n d  th e se  h ig h  c u rre n ts  a re  

ob tained  if  th e  ra te  o f chem ical reaction  is  very  fast.

/

2 . 2 . 2  C atalytic hydrogen current

T h e  c a ta ly tic  h y d ro g en  c u r re n t  is  th e  m o st im p o r ta n t  c a ta ly tic  

c u r re n t  fo r u se  a s  a  h ig h  se n s itiv ity  m eth o d  in  a n a ly tic a l ch em istry . 

C a ta ly tic  hydrogen  w aves a re  those  in  w hich th e  no rm ally  irrev e rs ib le  a n d  

v e ry  n eg a tiv e  red u c tio n  w ave involv ing  hydrogen  ions is  sh ifted  to  m ore 

positive p o ten tia ls  by  th e  presence of a  ca ta lyst. T he lim itin g  c u rre n t o f th e  

h y d ro g en  io n  red u c tio n  w ave is  a  fu n c tio n  of th e  c o n ce n tra tio n  of th e  

ca ta lyst. T he po larographic  m ethod  h as  been  u sed  to ob ta in  a  la rg e  num ber 

o f e x p e r im e n ta l o b se rv a tio n s  th a t  have  he lped  to  e x p la in  th e  ca ta ly tic  

activ ity  o f substances. T he types o f ca ta ly st m ay  be divided in to  two groups:
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a) electroactive species, w hich a fte r  reduction  form  cata ly tically  active 

c lu s te rs  o f a tom s on th e  electrode surface, an d  b) ce rta in  c lasses of 

substances containing groups capable of protonation th a t  a re  adsorbed on 

th e  electrode surface. The firs t group of cata lyst includes p latinum  m etal 

sa lts  th a t, even a t  trace  level, cause a  catalytic hydrogen wave. The wave 

appears a t  a  potential about 250 mV m ore positive th a n  th a t  for norm al 

evolution of hydrogen and grows w ith  increasing  concentration  of these 

sa lts . A t constan t sa lt  concentration, th e  c u rre n t rises w ith  increasing  

acid concentration to a  lim it. The sensitivity  of th is  k ind  of catalytic cu rren t 

is  very high in  certain  cases. A m etal concentration as low as 10'10 M can be 

detected  [82]. The second group of cata lysts com prises a  large  num ber of 

organic substances th a t  a t  low concen tra tion  also sh ift th e  reduction  

po ten tia l of hydrogen ions to positive va lues a n d  th u s  yield cataly tic  

hydrogen waves. The cataly tic  cu rren t is  a  function of pH  and  buffer 

com position . A w ell-buffered  m ed ium  m u s t be em ployed fo r th e  

investigation  of the  catalytic current. For unbuffered n eu tra l m edia, where 

du rin g  th e  cataly tic  evolution of hydrogen a pH  change occurs in  the  

vicinity  of th e  electrode, th e  conditions a re  especially  com plicated and 

w ater molecules function as proton donors. I t  h as been found th a t  th is type 

of catalyzed process shows sensitivity  of as h igh  as one thousand  tim es the 

lim iting curren ts on the  noncatalyzed waves [84].

I t  can be expected th a t  such a  catalytic process has th e  possibility of 

be ing  a sensitive  detecto r for HPLC. H ow ever, very  few papers have 

reported  th e  use of a catalytic process in  HPLC electrochem ical detection. 

H euser and  G ira r [85] reported a dram atic  electrocatalytic effect th a t  was 

applied to  th e  detection of tran sitio n  - m eta l ions. These ions a re  easily
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oxidized a t  low positive  ox idation  p o te n tia ls . F o r exam ple, th e  s igna l 

o b ta in e d  fo r C o(II) w as 50 tim e s  t h a t  p re d ic te d  b y  F a ra d a y 's  law . 

V o ltam m etric  s tud ies  in d ica te  th a t  th e  effect involves a n  e lec tro n -tran sfe r 

reac tio n  be tw een  th e  m e ta l ca tion  a n d  th e  ta r t r a te  an ion  w ith  w hich i t  is  

complexed. T his effect provided enhanced  detection  for Co(II) a n d  M n(II) in  

ion  chrom atography. I t  is  c lear, th is  electrocataly tic  effect does n o t belong to 

a  hydrogen  ca ta ly tic  system . In  ou r lab o ra to ry , s tu d ies  u s in g  th e  v itam in  

B 12 cata lyzed  hydrogen reduc tion  reaction  have  dem o n stra ted  th e  feasib ility  

o f u s in g  th is  type  o f k in e tic  c u rre n t  for sen sitiv e  EL-LC d e te rm in a tio n . 

U sing  a n  ace to n itrile /w a ter (pH=5.0) m obile phase , a  detection  lim it of 1.2 

pm ol o f v ita m in  B 12 w as found  [86]. T he objective o f th e  ex p erim en ts  

p re se n te d  in  th is  c h a p te r  is  to  d e m o n s tra te  th e  su ita b ility  o f a  m ercu ry  

e lec tro d e  a s  a  w o rk ing  e lec tro d e  in  a  h y d ro g en  c a ta ly tic  sy s te m  fo r 

d e te rm in a tio n  of ch loroquine an d  o th e r  com pounds. F o r th is  purpose, 

b o th  th e  e lectrochem istry  a n d  ch rom atography  of chloroquine have  been  

stud ied  in  detail.

2 .3  Overview of the experim ent

F o r a n  EC-HPLC stu d y  th e  experim en tal se t-up  consists of th e  solvent 

d e liv ery  sy stem , th e  c h ro m a to g rap h ic  co lum n a n d  th e  e lectrochem ical 

de tec to r. T he so lven t de livery  sy stem  w as a  very  basic  pum p from  Bio- 

A naly tica l S ystem s o r a  W ate rs  M -6000A pum p. T he colum n w as a  C-18 

rev e rse d  p h a se  colum n from  e ith e r  W a te r  A ssocia tes or Supelco. T he 

e lectrochem ical de tec to r consists o f a  com pu ter controlled  system  th a t  can 

app ly  th e  p o ten tia l w ave form  a n d  acqu ire  a n d  analyze  th e  d a ta  a n d  a n
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electrochem ical cell in  w hich a  s ta tic  m ercury  drop electrode SMDE) was 

used  as a  w orking electrode.

2 . 3 . 1  Computer controlled system  [87].

A D igital E quipm ent Corporation (DEC) 11/73 com puter w as used  to 

produce a la rge  v a rie ty  of pu lse  w aveform s for o u tp u t to  a  p o ten tio s ta t 

th ro u g h  a  16-bit d ig ita l to  analog  converter (D/A), to acquire  electrode 

c u rren t th ro u g h  a  12 b it analog  to digital (A/D) converter, and  to control a 

M etrom  M ulti-M ode M ercury E lectrode via an  a ir  valve and  drop knocker. 

The d iagram  of th e  overall experim ental set-up is shown in  F igure 1.1. The 

p ara lle l ou tpu t of th e  DEC 11/73 com puter is connected to a  Burr-B row n 

729K (D/A) converter th a t  is used  to o u tp u t a n  electrode po ten tia l. This 

po ten tia l w as applied  to th e  control po ten tia l in p u t of a V enking m odel 68 

FR  0.5 po ten tio ta t. T he p o ten tio ta t controls the  po ten tia l betw een a  SCE 

reference electrode and  the  M ulti-M ode M ercury Electrode(M M E). C u rren t 

a t  th e  MME is m easured  v ia  a  K eithley 614 electrom eter th a t  serves both  

as a  c u rre n t to voltage (I/V) converter and  as a n  am plifier. T he c u rre n t 

d a ta  a re  stored  in  th e  com puter in  norm al form. D ifference or sum m ed 

c u rre n ts  m ay be d isp layed  an d  lis ted , and  th e  orig inal no rm al form  is 

available for exam ination. W hen th e  experim ent is completed, th e  d a ta  m ay 

be d isp layed  on a  T ektron ix  4014 com patible m onitor an d  p lo tted  on  a  

H ew lett-Packard 7475 pen plotter.

The program  for th e  com puter control system  is  called  HSWAVE. 

The com puter a long  w ith  th e  p rog ram  HSWAVE is  th e  h e a r t  o f th e  

in s tru m e n t, se rv in g  a s  th e  o p e ra to r’s con tro l p an e l fo r ru n n in g  a n  

ex p erim en t. HSW AVE is a  w aveform  g e n e ra tio n  p ro g ram  for H PLC
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detection  a n d  g en era l vo ltam m etry . I t  is  th e  m a in  p rog ram  u se d  in  th is  

in s tru m e n t for d a ta  acqu isition , experim en ta l control, a n d  o u tp u t o f th e  

voltage w aveform s. The HSWAVE program  is  controlled by com m ands th a t  

a re  en te red  th ro u g h  th e  te rm in a l keyboard. Some of th e  com m ands include 

c h an g in g  p a ra m e te rs , ru n n in g  a n  e x p e rim e n t, a n d  d isp lay in g  d a ta . 

A c tiva ting  a  com m and m ay  change a  p a ra m e te r , a  m en u  or s ta r t  some 

action  (such  a s  in itia te  a  w aveform  scan). T he ran g e s  of control po ten tia ls  

a re  +/- 2.5 volts, +/- 5.0 volts, or +/- 10.0 volts. N orm ally, th e  range  is  se t to 

+/- 2.5 vo lts  a s  th is  is  th e  m o st com m on ra n g e  of p o te n tia ls  u se d  in  

e lec trochem istry . T he 4096 d a ta  po in ts  in  a n  ex p erim en t can  be s to red  

au to m atica lly .

In  th is  in s tru m e n t, th e  scan  ra te  is  a  value th a t  is  m ean ingfu l only 

w h en  v iew ed to g e th e r  w ith  d a ta  acqu isition  re so lu tio n  o r th e  n u m b er 

poin ts of d a ta  p e r  scan. Scan  ra te  is  no t re la ted  to the  slew ra te  as in  analog 

in s tru m e n ts . Obviously, i f  g re a te r  reso lu tion  is  desired , along th e  voltage 

axis , th e  va lue  o f scan  r a te  can  be decreased ; conversely, i f  few er d a ta  

po in ts a re  req u ired , th e  ra te  can  be increased . A  lim it o f th e  scan  ra te  is  

im posed  due to th e  fac t th a t  th e  d a ta  acq u isitio n  is  pe rfo rm ed  u n d e r 

softw are control.

The c u rre n t o f in te re s t  a t  th e  w orking electrode is  m easu red  by an  

e lec trom eter th a t  converts th e  c u rre n t to  a  p roportional v a lu e  of voltage. 

This voltage o u tp u t is  th e n  connected v ia  a  12 b it  (1 p a r t  in  4096 resolution) 

d if fe re n tia l in p u t  A/D c o n v e rte r  w ith  p ro g ram m ab le  g a in . In  th is  

in s tru m e n t, th e  in p u t of th e  A/D converter is  connected to  th e  o u tp u t of the  

K eith ley  e lec trom eter. T he e lec trom eter h a s  a n  o u tp u t vo ltage  w hich  is  

p roportional to in p u t signal. W hen  i t  is  se t to  c u rre n t mode, i t  serves a s  a 

c u rre n t to voltage converter. W hen th e  e lec trom eter is  se t on th e  20 |iA
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scale , th e  re so lu tio n  of c u rre n t  is  0 .00488 p.A. To in c re a se  c u rre n t 

resolu tion  an d  com pensate for th e  lim ited  offset c u rre n t of th e  electrom eter, 

a  c u r re n t  in je c to r  h a s  been  p laced  in  p a ra lle l  a t  th e  in p u t  o f th e  

e lectrom eter. T h is device is  sim ply a  p o ten tio m ete r across a  s tab le  DC 

voltage  source (a m ercu ry  b a tte ry ) sh ie lded  in  a  box w ith  ap p ro p ria te  

triax ia l connector and  a  sw itch th a t  controls both po larity  and  power to keep 

th e  in p u t cu rren t from  going out of range.

2 . 3 . 2  Electrochem ical cell

The electrochem ical cell for flow detection  in  HPLC consists of two 

p a rts : th e  flow cell an d  polarographic cell as show n as F igu re  2.2. The 

polarographic cell is  a  B rinkm an 6.1415.250 electrochem ical cell w ith  a  hole 

d rilled  in  th e  g lass abou t 20 m m  from  th e  top to provide for overflow of 

liq u id . E lu e n t from  th e  colum n w as ca rr ied  by  T eflon  tu b in g  an d  

in troduced  in  th e  im m ediate vicinity  of th e  suspended  m ercury  drop. The 

flow cell is m ade out of Teflon and  fits on th e  electrode glass capillary  which 

is  op tim ized  for sm all dead  volum e. T he e lu e n t flow from  th e  colum n 

capillary  tub ing  fits th rough  th e  o ther end of th e  flow cell and  is b rought as 

close as possib le  to  a  s ta tic  or d ropp ing  m ercu ry  drop in  a  w all je t  

configuration. The flow cell is im m ersed  in  th e  po larographic cell w hich 

con ta in s th e  reference  and  counter electrodes, degassing  tu b e , an d  th e  

sam e buffer as th e  m obile phase. In  operation, solution e lu ting  from  the  

colum n flows across th e  m ercury drop an d  diffuses in to  the  bu lk  solution. 

T he bu lk  solution is deoxygenated by bubbing  w ith  n itrogen  or argon gas. 

T he overflow hole is  loosely coupled to a  p ipette  th a t  draw s overflow into  a
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large  collection vessel. T his overflow can be used to collect excess solution 

for disposal or used for m easurem ent and  determ ination  of the  flow rate .

2 . 3 . 3  Working electrode

The w orking electrode is connected to th e  inpu t of th e  I/V converter. 

The choice of w orking electrode depends upon th e  experim ent. In  th is  

experim ent, the hydrogen-catalytic cu rren ts were determ ined a t  relatively  

low pH  and  very negative potential. T hus a  m ercury electrode w as selected 

as th e  w orking electrode. T here a re  several modes of operation  for the  

m ercury  electrode. In  th is  experim ent, the  sta tic  m ercury  electrode (SME) 

was used. The difference betw een a sta tic  m ercury electrode and trad itiona l 

dropping  m ercury  electrode (DME) is  th a t  w ith  th e  DM E, m ercury  is 

flowing all th e  tim e w hile in  th e  SME mode, a m ercury  drop is grown 

quickly and then  held a t a  constant size for a  period of tim e when a  potential 

is  applied  to  it. W hen used  as a  s ta tic  electrode, the  theories describing 

electrode cu rren t a re  sim pler th a n  th a t for the  DME since i t  is  possible to 

neglect com plicating te rm s such as th a t  due to th e  continually  changing 

DME area. In  th is  in strum en t, the  m ercury  drop grow th does not depend 

upon he igh t of the  m ercury column and  capillary length . I t  was controlled 

by a n  a ir  valve to  provide a  gas p ressu re  to push  out th e  drop. W hen the  

valve is  off, th ere  is  no p ressure  applied and  the m ercury flow is cu t off. 

W hile th e  a ir  valve is  energized, ta n k  p ressu re  will provide a  p ressu re  

which allows the  m ercury to flow freely. T here is  a n  a ir  valve and  control 

c ircu it w hich is u sed  to provide a  voltage controlled  in te rface  to  th e  

com puter.
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2 . 3 . 4  Experim ental procedure for electrochem ical detection in  HPLC

T he m obile p h a se  u se d  w as a  m ix tu re  o f w a te r  a n d  a ce to n itr ile  

c o n ta in in g  0.05M  sodium  a c e ta te  an d  w as t i t r a te d  to a  pH  o f 5.0 u s in g  

g lacial acetic  acid. The m obile p h ase  is  deoxygenated by  sp arg ing  he lium  

in  a  custom  m ade  f la t  bo ttom  fla sk  w ith  a n  a ir - t ig h t  g la ss  cover. The 

h e lium  is p re sa tu ra te d  w ith  ace ton itrile  from  th e  m obile phase . T he m obile 

p h ase  is  th e n  pum ped  th ro u g h  th e  colum n a t  a  flow ra te  o f a ro u n d  o f 1.0 

m l/m in u te . T he  e lu e n t  e x its  d ire c tly  below  th e  m erc u ry  d ro p  in  th e  

po larographic  cell. T he b u lk  so lu tion  in  th e  cell is m a in ta in ed  oxygen-free 

by  bubbling  n itrogen  th ro u g h  a  specially  constructed  bubb ler th a t  h a s  a  fine 

f r i t  a t  th e  t ip  an d  hood covering th e  frit. T he hood v en ts  d irec tly  above th e  

liq u id  level in  th e  cell. T h is a rra n g e m e n t allow s con tinuous b u b b lin g  of 

n itro g en  even as th e  ch rom atogram  is be ing  recorded. Any d is tu rb an ce  due 

to  bubbling  is  con ta ined  w ith  th e  hood an d  will no t con tribu te  to noise a t  th e  

m erc u ry  drop. C om plete  deoxygenation  is  v e ry  im p o r ta n t  in  red u c tiv e  

e lectrochem istry  a s  dissolved oxygen is  easily  reduced  a t  m ercury .

Sam ples o f size a b o u t 25 |il w ere  in jec ted  in to  a  20 |il sam ple  loop, 

w ith  th e  overflow d iscarded . T he com puterized  in s tru m e n t an d  H PLC w ere 

synchron ized  m an u a lly .

2 . 3 . 5  Apparatus for electrochem istry study

S evera l in s tru m e n ts  w ere u sed  in  e lectrochem istry  stu d ies . A BAS- 

100 a n a ly z e r  w as u sed  fo r cyclic v o lta m m e try  ex p erim en ts . A th ree -  

e lectrode  cell sy s tem  w ith  a  g la ssy  carbon  w o rk ing  e lec trode , a  s ilv e r 

chloride (sa tu ra te d  po tassium  chloride) reference electrode an d  a  p la tin u m
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aux iliary  electrode w ere used. C lassic polarographic experim en ts w ere 

carried  ou t on a  T acussel PRG-5 polarographic in stru m en t. A dropping 

m ercury electrode w as used  a  working electrode, a  p la tinum  electrode as 

th e  auxiliary  electrode, w ith  a  sa tu ra ted  calomel electrode as th e  reference 

electrode.

All chem icals w ere analy tical-reagent g rade (F isher Scientific Co or 

J.T .B aker C hem ical Co.) and  w ere used  as received. All so lu tions w ere 

prepared  w ith  pure  w ater obtained by passing  tap  w ater th rough  a  carbon 

filter, a  m ultiple ion exchange system  followed by distilling.

2 .4  Results and Discussion

2 . 4 . 1  Electrochem ical study

T he p re req u isite  for th e  detectab ility  of organic com pounds in  a

reductive H g electrochem ical detector is  th e  presence of a  functional group

which can be reduced directly  a t  the  electrode or a  functional group which

will act ind irectly  by. catalyzing  a  sim ple reduction  process such  a s  the

conversion of hydrogen  ion to  hydrogen  gas. In  th is  re sea rch , th e

determ inations were based  on the  ind irect m ethod utilizing  th e  catalytic

hydrogen process w hich can g rea tly  enhance determ ination  sensitiv ity . In

term s of the  ind irect m ethod, v irtua lly  all n itrogen  heterocycles or am ine

compounds w hich are  capable of b inding a  proton w ith a lone p a ir  should 
*

catalyze th e  hydrogen  red u c tio n  reaction . C hloroquine consists  of a 

heterocyclic rin g  and  am ine groups as show n in  F igure 2.3. I t  can  be 

expected th a t  chloroquine will catalyze the  hydrogen reduction reaction  and 

should be detectable in  acid mobile phases.
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C hlo roqu ine  w as f irs t  d iscovered  by  G erm an  sc ie n tis ts  in  th e  la te  

1930's who w ere  a tte m p tin g  to  develop a  syn the tic  a n tim a la r ia l d rug . T hey 

n e v e r  te s te d  i t  b e c a u se  th e y  th o u g h t  i t  w ou ld  be  too  toxic. I t  w as 

red isco v e re d  by  A m erican  sc ie n tis ts  in  th e  1940 's a n d  w as soon in  

w id e sp re a d  u se  [87]. A m ong se v e ra l a n t im a la r ia  com pounds o f th e  

am in o q u in o lin e  c lass  t h a t  p o ssess  s ig n if ic a n t a c tiv ity  a g a in s t  h e p a tic  

am o eb iasis  in  h a m s te r  a n d  in  m a n , th e  m o st im p o r ta n t  is  ch loroquine 

since chloroquine h a s  found acceptance in  th e  t r e a tm e n t  o f m any  types of 

m a la r ia . C h lo ro q u in e  is  u se d  fo r th e  t r e a tm e n t  o f e x tr a - in te s t in a l  

am o eb iasis  in  m an , b u t  h a s  poor a c tiv ity  a g a in s t  th e  in te s t in a l  form , 

p resu m ab ly  because  i t  is  so read ily  absorbed th a t  i t  does n o t reach  effective 

co n cen tra tio n  [88]. T here  a re  only a  few p a p e rs  re p o rte d  for chloroquine 

m easu rem en t. T he US. P harm acopoeia  [89] recom m ended  th a t  chloroquine 

in  p h a rm a c e u tic a l  p re p a ra t io n s  be d e te rm in e d  by  e x tra c tio n  w ith  

ch lo ro fo rm  follow ed b y  sp ec tro p h o to m e try  a t  343 n m . U sin g  a  PVC 

m em brane  electrode Cosofret an d  B uck [90] show ed a  n e a r  N e m s t response 

in  th e  10‘2 - 10 6 M range  and  a  detection lim it of 2*10’7M.

2 . 4 . 1 . 1  C yclic voltam m etry

The electrochem ical behavior of chloroquine w as s tu d ied  by  severa l 

d iffe ren t e lec trochem istry  m ethods w ith  d iffe ren t e lectrodes. A t firs t, th e  

BAS 100 w as u sed  to  stu d y  chloroquine by lin e a r  scan  cyclic vo ltam m etry  

in  a  conven tiona l e lectrochem ical cell. Cyclic v o lta m m e try  is  th e  m ost 

effective  a n d  v e rs a ti le  e le c tro a n a ly tic a l . te c h n iq u e  a v a ila b le  fo r th e  

m echan istic  s tu d y  o f redox system  [83]. T he tr ia n g u la r  p o ten tia l signal for 

cyclic v o ltam m etry  causes th e  p o ten tia l o f th e  w ork ing  e lectrode to sweep
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back an d  fo rth  betw een two designated  values(the sw itching potentials). To 

o b ta in  a  cyclic voltam m ogram , th e  c u rre n t a t  th e  w ork ing  electrode in  

u n s t i r r e d  so lu tio n  is  m easu red  d u r in g  th e  p o te n tia l  scan . A cyclic 

vo ltam m ogram  w as ob ta ined  w ith  a  g lassy  carbon  w ork ing  e lectrode 

im m ersed  in  a  2.0*10*4M chloroquine solution w ith  50% aceton itrile /w ater 

(pH=5.0) supporting  electrolyte as show n a t  F igure 2.4. The electrochem ical 

process is  irrevers ib le  w hen th e  p o ten tia l o f th e  w ork ing  electrode w as 

scanned in  th e  range  of 0.0V to -1.0V vs. SCE a s  only one reduction  peak 

w as found a t  -0.64V w ith  no peak  in  th e  reverse  scan. A n in te re s tin g  

observation is th a t  w hen the  negative scan po ten tia l is extended to -1.60V, 

one h igh  sensitiv ity  reduction peak can be observed followed by a  curve for 

th e  n o rm al evolution of hydrogen. T he h igh  sen sitiv ity  reduc tion  peak  

a rises  from  th e  cataly tic  hydrogen c u rre n t because chloroquine can  b ind  

pro tons w ith  its  n itrogen  lone pair. The bond hydrogen ion can be reduced 

a t  a  m ore positive po ten tia l th a n  th e  free hydronium  ion giving rise  to a  

cata ly tic  cu rren t.

2 . 4 . 1 . 2  Squarewave voltammetry

To c h a ra c te r is e  th e  c a ta ly tic  h y d ro g en  c u r re n t ,  sq u a rew av e  

vo ltam m etry  w ith  a  s ta tic  m ercury electrode w as also used . As th e  nam e 

im p lies , a  sym m etrica l sm all-am p litude  sq u are  vo ltage  is  added  to a 

sta ircase  w ith  a  fix period. The response c u rre n t is  sam pled  a t  th e  end of 

b o th  th e  fo rw ard  an d  rev e rse  h a l f  cycles. A d ifference  c u rre n t  is  

de term ined  by sub trac ting  th e  c u rre n t m easu red  on th e  reverse  cycle from  

th a t  m easu red  on th e  forw ard cycle. Squarew ave vo ltam m etry  is a  very  

pow erful techn ique , since i t  can  be used  w ith  fa s t scan  ra te . W hen a
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dropping m ercury  electrode is u sed  one can app ly  th e  e n tire  excita tion  

waveform  during  one drop period. Besides being fast, the  technique is more 

sen sitiv e  t h a n . th e  p o p u la r  d iffe ren tia l pu lse  tech n iq u e  because  bo th  

forw ard  a n d  reverse  cu rre n ts  a re  m easu red  in  squarew ave vo ltam m etry  

[91]. The squarew ave vo ltam m etry  experim ents w ere carried  out by th e  

com pu ter sy stem  described  in  th e  ex p erim en t section . T he M etrohm  

m ultim ode s ta tic  m ercu ry  e lectrode was used  a s  a  w ork ing  electrode. 

F igure  2.5 shows the  squrew ave voltam m etry  curves of chloroquine in  50% 

ace to n itr ile /w a te r (pH=5.0) w ith  a  s ta tic  m ercury  drop electrode. The 

po ten tia l scan s ta r te d  -1.0V w ith  a  step  heigh t of 10 mV and  squarew ave 

am plitude  of 25 mV. W hen th e  so lu tion  con ta ins chloroquine as low as 

1.0*10*6M, th e re  is  a  sensitive reduction peak  a t  -1.53V. T his is, obviously, a 

chloroquine catalyzed hydrogen wave since in  the  absence of chloroquine, 

th e  c u rre n t does no t begin  to rise  u n til -1.60V. A sim ila r behav io r was 

observed in  sam e solution by using  differential pulse  polarography.

2 . 4 . 1 . 3  D irect current polarography

T he e lectrode process of chloroquine w as also s tu d ied  by d irec t 

cu rre n t (DC) polarography. The g rea tes t advantage of DC polarography is 

p robab ly  th e  re la tiv e  sim p lic ity  o f th e  th eo ry  an d  i ts  u se  [83]. An 

u n d e rs tan d in g  of th e  n a tu re  of th e  electrode process is  e ssen tia l in  th e  

system atic  u se  of any  po larographic  analy tica l m ethod. Since F a rad ay 's  

tim e, m ercu ry  h as  been  u se d  in  e lectrochem istry  a s  th e  m ost su itab le  

m ate ria l for electrodes because of its  chem ical nobility, i ts  h igh  hydrogen 

overvoltage a n d  ease  of purification . M oreover, in  th e  dropping  electrode 

used  in  po larography, th ese  p roperties  a re  com bined by th e  continuous
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re n e w a l o f th e  e lec tro d e  su rface ; co n seq u en tly , th e  d ro p p in g  m e rc u ry  

e lec tro d e  is  re m a rk a b ly  co nven ien t for in v e s tig a tin g  e lec tro d e  p rocesses 

a n d  chem ical change  in  so lu tion . W ith  a  d ropp ing  m e rc u ry  e lectrode, th e  

c u r re n t-p o te n tia l  c h a ra c te r is t ic s  o f  ch lo ro q u in e  in  DC p o la ro g ra p h y  

(F igu re  2.6) show  a  w ave th a t  rises  in  a n  irrev e rs ib le  fash io n  a n d  reach es a  

lim itin g  p la te a u  a t  -1.52V, w here  th e re  is  no p e ak  in  th e  so lu tio n  w ith o u t 

ch lo roqu ine . T h is  c lea rly  d e m o n s tra te s  t h a t  th e  p resen ce  o f ch lo roqu ine  

a cc e le ra te s  th e  h y d ro g en  evolu tion . T he e lectrode  p ro cess  o f ch lo roqu ine  

h a s  b een  s tu d ie d  fu r th e r  b y  u s in g  a  d ro p p in g  m erc u ry  e lec tro d e  in  th e  

follow ing ex p erim en ts .

2 . 4 . 1 . 4 .  C urrent - tim e curves

Im p o rta n t in fo rm atio n  on th e  electrode process can  be o b ta in ed  from  

c u rre n t-tim e  curves recorded  by  app ly ing  th e  p o ten tia l successively  to  th e  

d rop  a t  d iffe ren t p h a ses  d u rin g  its  life. W ith  d iffusion-contro lled  c u rre n ts , 

a  la rg e  in c re ase  in  c u rre n t, caused  by  accum ula tion  o f d ep o la rize r in  th e  

v ic in ity  o f th e  drop , occurs a f te r  in te r ru p tin g  a n d  a g a in  ap p ly in g  th e  

p o ten tia l; th is  c u rre n t, how ever, rap id ly  sin k s to  th e  v a lu e  a sso c ia ted  w ith  

th e  c u rre n t  o b ta in ed  by  app ly ing  th e  voltage a t  th e  b e g in n in g  of th e  drop- 

life. A ccording to  th e  Ilkovic equation  for a  po larograph ic  w ave [83]

id = 0.732 nFC  m 2/3 t i/6  ( 2 .  i )

w h ere  id is  d iffusion  c u rre n t; n  is  th e  n u m b er o f e lec trons involved  in  th e  

ch arg e  t ra n s fe r  process; F  is  th e  F a ra d a y  constan t; C is  th e  co n cen tra tio n  

o f electroactive  species a t  th e  electrode surface; D is th e  d iffusion  coefficient;
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m  is th e  flow ra te  o f m ercury  an d  t  is  th e  drop  tim e. T he in s tan tan e o u s  

c u rre n t  tim e  cu rv es(i-t)  shou ld  be p a ra b o la s  w ith  th e  e x p o n en t 1/6 

in d e p e n d e n t o f p o te n tia l, re g a rd le ss  o f w h e th e r  th e  rea c tio n  p ro d u c t 

diffuses back  in to  th e  bulk  o f th e  solution or in to  th e  m ercury  drop. T h is is  a  

consequence of th e  concept of th e  l in e a r  ch arac te r o f diffusion as postu la ted  

in  th e  deriva tion  of th e  Ilkovic equation. In  th e  case o f a  k inetic  cu rren t, th e  

in s ta n ta n e o u s  c u rre n ts  a t  a ll p h ases  o f th e  drop-life a re  equal to  those  

ob tained  a t  c o n s tan t voltage, regard less of th e  in s ta n t  w hen  th e  voltage is 

app lied . T he exponen t o f th e  c u rre n t tim e curves h a s  been  found to be 

2/3[83]. F o r hy d ro g en  ca ta ly tic  current* th e  exponen ts o f c u rre n t  tim e 

curves w ere found to be in  th e  range 0.5 ~ 0.6 [82 ]. In  th is  experim ent, the  

c u rre n t  tim e  cu rves a s  show n in  F ig u re  2.7 for ch lo roqu ine  in  50% 

ace to n itrile  (pH  =5.0) w as te s te d  w ith  a  m ercu ry  drop  w ith  a n  app lied  

po ten tial a t  -1.53V (vs. SCE). F igure  2.8 shows th a t  plot of log i vs log t  is  a  

s tra ig h t line  T he slope calcu lated  from  the  p lo t w as 0.60 w hich is  g re a te r  

th a n  1/6 a n d  corresponds qu ite  well to  va lues for k in e tic  cu rren ts . T his 

experim ent provided additional evidence th a t  th e  in s tan tan eo u s c u rre n t is 

contro lled  by  a  k in e tic  electrode process r a th e r  th a n  a  l in e a r  d iffusion  

process.

2 . 4 . 1 . 5  D ependence o f currenton height o f the m ercury head

T he stu d y  of dependence of c u rre n t on cap illary  ch arac te ris tics  is  an  

a n o th e r  m eth o d  for in v e s tig a tin g  th e  e lectrode process. In  th e  Ilkovic 

equation  (2-1), m  is d irectly  proportional and  t  inversely  proportional to the  

he ig h t of th e  m ercu ry  head.

m = k 'h ; (2 -2 )
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a n d  t= k"(l/h ) (2 -3 )

w here k 1 an d  k" a re  constants. S ubstitu tion  in  th e  Ilkovic equation , leads 

to

id = k  m2/3 t™  = k  (k'h)2/3 (k 'T h)^  

and  on com bining all constan ts

id = kfh)172 (2 - 4)

w here k  is a  constan t, i.e., th e  diffusion cu rren t is  d irectly  p roportional to 

th e  square-roo t o f th e  he ig h t o f th e  m ercury  h ead  (reservoir). T his lin ear 

dependence provides an  easily  accessible experim ental te s t  for a  diffusion 

controlled  cu rren t. W ith  a  diffusion controlled cu rren t, th e  p lo t gives a  

s tra ig h t line , w hich passes th rough  th e  origin. H ow ever, th e  cataly tic  

c u rre n t is proportional to  m ^3 t 2*3 [4], Therefore a  cataly tic  c u rre n t can be 

easily  recognized because of th e  independence of ic on th e  m ercury  

colum n height. Since m  is  directly proportional to th e  heigh t of th e  m ercury 

head  b u t t  inversely  proportional to th e  he igh t of th e  m ercury  head , the  

m 2/312/3 re su lt is  independen t of h. The experim ents for chloroquine in  the  

50% ace ton itrile  (pH=5.0) w ere m easured  w ith  th e  he igh t of th e  m ercury  

head  from  37.5cm to 87.5cm. The experim ental re su lts  indicate th a t  th e  DC 

lim iting  curren ts a re  not proportional to the  square-root of th e  heigh t of the  

m ercu ry  h ead  (reservoir) w hich ind ica tes th is  system  is  no t a  diffusion 

controlled electrode process. In  viewing d a ta  from F igure 2.9, i t  can be seen 

th a t  th e  lim itin g  c u rre n ts  increase  very  slowly w ith  th e  h e ig h t of th e  

m ercury  head . T his can  be explained from  th e  m echanism  of th e  hydrogen 

cataly tic  cu rren t. Substances th a t  low er th e  hydrogen overvoltage m ay be 

divided in to  two groups: (a) electroactive species which a fte r reduction form 

ca ta ly tica lly  active c lu s te rs  of atom s on th e  electrode surface, and  (b) 

certa in  classes of substances containing groups capable of pro tonation  th a t
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a re  adsorbed  on th e  electrode surface; chloroquine belongs to th e  second 

group. Because chloroquine is adsorbed on electrode surface, th e  lim iting 

cu rren t increases slowly w ith th e  heigh t of th e  m ercury head.

2 . 4 . 1 . 6  Dependence of current on concentration of buffer solution

The varia tions of the  peak  cu rren t w ith a  buffer a t  constant pH=5.0 

w ere also exam ined. I t  w as found from  Figure 2.10 th a t  th e  cu rren t rises 

w ith  increasing buffer capacity. W hen th e  concentration of buffer a t  pH=5.0 

w as ra ised  from 0.01M to 0.50M, th e  c u rren t for chloroquine is  increased 

around  7 tim es. The lim iting  cu rren t is  proportional to th e  square  root of 

the  buffer concentration, since a  log-log plot gives an  exponent of 0.49 w ith a  

lin ear correlation coefficient of 0.998. This behavior of th e  lim iting  curren t 

w ith  bu ffer concen tra tion  is co n sis ten t w ith  an  e lectrode m echanism  

involving a  hom ogeneous ra te  de term in ing  step  in  w hich th e  conjugate 

acid of the  buffer participates. A well buffered m edium  m u st be employed 

for th e  investigation  of catalytic curren t. This precaution prevents possible 

complications due to pH  changes in  the  vicinity of the  electrode.

In  general, viewing th e  electrochem ical behavior of chloroquine from 

cyclic v o lta m m e try , sq u a rew av e  v o lta m m e ry  a n d  d ire c t c u rre n t  

polarography, i t  is  found th a t  chloroquine will give a  cataly tic  hydrogen 

wave in  th e  50% acetonitn le/w ater (pH=5.0) buffer solution. The application 

of th is  cataly tic  hydrogen cu rren t to  HPLC detection, allows a  sensitive 

electrochem ical detector to be developed. Com bining these  two techniques 

should provide a  new a rea  which couples electroanalytical chem istry  and 

liqu id  chrom atography. One ob ta in s th e  h igh  sep a ra tio n  reso lu tion  of
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H P L C  w hich  can  d is t in g u is h . am ong m an y  a n a ly te s  a n d  th e  h igh  

se n s itiv ity  of hydrogen  ca ta ly tic  c u rre n t w hich can  in c rease  detection  

l im its .

2 . 4 . 2  Chromatography study

As expected  from  th e  e lectrochem istry , a  h ig h  sen sitiv ity  HPLC 

m ethod  can  be developed by using  a  m ercury  electrode as a  de tecto r in  a 

ca ta ly tic  electrochem ical system . F igure  2.11 shows th e  chrom atogram , of 

ch lo roqu ine  in  a  m obile p h ase  of 50% ace to n itr ile /w a te r (pH=5.0). A 

d iffe ren tia l pu lse  po ten tia l technique w as applied  to th e  s ta tic  m ercury 

electrode to  de tec t th e  cataly tic  c u rre n t of chloroquine e lu tin g  from  the  

colum n. F igu re  2.12 show s th e  d ua l pu lse  waveform . The m ercu ry  drop 

grows du rin g  th e  tair tim e u n d er constan t p ressu re  and  is kep t sta tic  a t  t i  

an d  th e n  the  poten tial is  stepped from V i to V2 a t  t 2 . T he c u rre n t sam pling 

takes place a t  the  end of t i  and  t 2 . The m ercury  drop is  renew ed by knocking 

i t  off a t  the  end of t 2 . Obviously, the  drop size of sta tic  m ercury electrode can 

be controlled by changing th e  value of e ith e r  tair o r th e  p ressu re . The 

longer th e  period of W ,  th e  la rg e r will be the  size of m ercury  drop under 

co n stan t p ressu re . W hen th e  t air= 300 m s w as se lec ted . u n d er constan t 

p ressu re  (46 m m  Hg), the  d iam eter of each sta tic  m ercury  drop w as 1.5 m m  

w hich is la rg e r  th a n  th e  bore of Teflon tub ing  (0.3 m m ) from  w hich the  

e lu en t comes ou t from  th e  column. Therefore, th e  configuration of th is  flow 

cell m eets th e  definition of a  w all-jet cell system .
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2 . 4 . 2 . 1  E ffect o f drop size o f electrode

T h e  e le c tro d e  d ro p  size  w as v a r ie d  to  e x am in e  th e  s e n s it iv i ty  

dependence  on drop  size. A ccording to th e  th eo ry  o f th e  w all-je t cell system , 

th e  c u rre n t ch a rac te ris tic s  a re  expressed  by  th e  following equation  [92-93].

iWJ= 0.439nrc F  a- uV5/12Vf3/4 c0 R3/4 (2  - 5)

W h ere  Vf is  th e  flow ra te ;  a  is  th e  in le t  d iam e te r; v  is  th e  k in em atic  

viscosity ; R  is  th e  rad iu s  of th e  electrode; a ll o th e r  te rm s  have  th e ir  u su a l 

m ean ing . F ig u re  2.13 show s th e  p eak  c u rre n ts  a s  a  function  of th e  rad iu s  

o f th e  e lectrodes. T he resp o n se  c u rre n ts  in c reased  lin e a r ly  w ith  R 3/4 from  

0 .81m m  to 1.32m m  w hich corresponds to  tair tim e  from  300 m s to  1300 m s 

u n d e r  c o n s ta n t p re s su re  (48 m m  Hg). T h ese  re s u lts  a re  c o n s is ten t w ith  

t h a t  expected  from  equation  (2-5). I t  is  obvious th a t  th e  sen s itiv ity  can  be 

in c re a se d  w h en  la rg e r  d rop  s izes  a re  u sed . In  th e  o th e r  w ords, in  th is  

e x p e r im e n t th e  re sp o n se  c u r re n ts  w ill in c re a s e  w ith  t air a t  c o n s ta n t 

p re s s u re .

A pplica tion  of a  long  tair tim e  in  flow -injection an d  chrom atograph ic  

sy s tem s can  re s u l t  in  few er d a ta  po in ts  needed  for accu ra te  d e te rm in a tio n  

o f tru e  p e ak  shape. P erone a n d  H si [94-95] recom m ended  th a t  a  m in im um  

o f 10 p o in ts  a re  needed  for each  p e ak  to  p re v e n t p e ak  d isto rtion . In  w ork 

described  h e re , th e  base  line  w id th s of th e  p eak  v ir tu a lly  alw ays exceeded 25 

seconds, th e re fo re , th e  d ro p tim e  (T=tair + t i  + t 2 ) can  be se lec ted  a s  2.5 

seconds a s  a  m ax im um  value . I f  ti= 6 5 0 m s a n d  t2=50m s a re  u sed  in  th e  

ex p erim en t, th e  tair v a lu e  can  be selected  a s  a  v a lu e  u p  to  a  m ax im um  o f
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1800 m illiseconds. In  our experim ent, to p reven t peak  d isto rtion  and  to 

obtain  an  accurate determ ination , a  tair = 300 milliseconds was used in  all 

the  experim ents.

2 . 4 . 2 . 2  Optimization of detection pulse potential

In  order to determ ine th e  optim um  applied potential for chloroquine 

detection in  HPLC w ith  a  m ercury electrode, th e  peak cu rren t response as a  

function of applied potential was studied. The relationship betw een th e  peak 

heigh t of th e  differential cu rren t and  pulse heigh t of the  potential is shown 

in  Figure 2.14. In  th is  experim ent, th e  voltage of th e  first potential, w as 

se t a t  -1400 mv and  th e  potential pulse V2, was se t for a  duration  of 50 ms 

for each injection to values in  the  range from -1425 to -1825 mV in  25 mV 

increm ent. I t  can be seen th a t  th e  d ifferen tia l c u rren t of chloroquine 

increases slowly w ith  the  po ten tia l pu lse V2 a t  th e  beg inn ing  and  th en  

increases a t  a  more rap id  ra te  b u t afterw ard  reaches a  p lateau . I t  is clear 

th a t  th e  curve of th e  peak  cu rren t vs. pulse heigh t po ten tial is sigmoidal 

which is  in  good agreem ent w ith  the  theory.

For any  given analy te, th e  optim um  polarization voltage is  given by 

th e  value of pulse m agnitude (V2 -Vi), w here the  useful signal/noise ratio  

reaches its  h ighest a tta inab le  value. I f  V2 is se t a t the  heigh t of the  p la teau  

in  F igu re  2.14, th e  m ax im un  sen sitiv ity  m ig h t be ob tained  a lthough  

voltam m etric peaks a re  broadened as pulse m agnitude increases. On the  

o ther hand , because th e  experim ental re su lt is  th e  difference betw een th e  

cu rren ts  flowing th rough  th e  w orking electrode a t  potential V i (before the 

pulse) and  V2 (after th e  pulse), both  values, Vi and  V2 a re  im portan t. In  

choosing Vi and  V2, i t  is logical to exam ine the  cu rren t vs. potential curves
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in  e lectrochem ical ex p erim en ts . T h is  is  s im ila r  to u tiliz in g  in fo rm atio n  

from  th e  UV-VIS sp e c tru m  o f a  com pound in  choosing th e  w av elen g th  

se ttin g  of a  UV-VIS detector. In  o rder to  give th e  h ig h es t sensitiv ity , V i an d  

V 2 shou ld  be  se t a t  th e  v a lu es w hich  give th e  la rg e s t  slope of difference 

c u r re n t  v s. p o te n tia l  cu rv es. T h e  DC p o la ro g ra p h y  a n d  sq u a rew av e  

e lectrochem ical e x p e rim e n ts  h av e  show n th a t  th e  ch lo roqu ine  ca ta ly tic  

c u rre n t d id  n o t r ise  before th e  -1400m V a n d  h a d  a  m ax im um  d ifferen tia l 

c u rre n t a ro u n d  -1530 mv. Therefore, in  o rder to  g e t th e  h ig h es t sensitiv ity , 

V i an d  V2 w ere  selected a s  -1400mV an d  -1600 mV, respectively.

2 . 4 . 2 . 3  E lim ination o f interference from  dissolved oxygen

S ign ifican tly  few er app lica tions have  been  m ade  in  H P L C  u sin g  a  

m ercu ry  electrode w hich  h a s  a  su itab le  voltage ran g e  for electrochem ical 

red u c tio n . O ne im p o r ta n t  considera tion  for a  red u c tiv e  tech n iq u e  is  th e  

in te rfe ren ce  from  dissolved oxygen. In  a ir -sa tu ra te d  aqueous so lu tion , the  

concen tra tion  of oxygen in  th e  m obile p h ase  is  abou t 0.5 mM . T h is resu lts  

in  a  h ig h  red u c tio n  b ack g ro u n d  c u rre n t . Also h y d ro g en  p e rox ide , a n  

in te rm e d ia te  in  th e  re d u c tio n  p ro cess  m ay  ch em ic a lly  r e a c t  w ith  

com pounds in  th e  m obile phase. In  th is  experim ent, severa l m ethods have 

been  u sed  to  e lim in a te  in te rfe ren ce  from  dissolved oxygen. S p a rg in g  w ith  

a n  in e r t  g a s  is  p ro b ab ly  th e  m o st fre q u e n tly  u sed  m e th o d  fo r oxygen 

rem o v a l. T h e  m o b ile  p h a s e  in  th e  H P L C  re s e rv o ir  a n d  in  th e  

e lectrochem ical cell is  co n tin u a lly  degassed  w ith  th e  a rgon  o r n itro g en . 

D u rin g  th e  experim en t, th e  flow of g as  w as h e ld  ju s t  above th e  liqu id  to 

p rev e n t tu rbu lence . In  add ition , th e  d iffe ren tia l techn ique  a lso  w as u sed  

w hich  d isc rim in a tes  a g a in s t oxygen in te rfe ren ce  in  o u r ex p erim en t, since
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in  th is  experim ent, th e  voltages V i and  V2 a re  -1400 and  -1600 m v which are 

on th e  p la teau  of th e  oxygen wave. Before th e  difference is  tak en , a  sim ilar 

c u rre n t response is  obtained  a t  V i and  V2 ; th u s , a f te r  th e  difference is 

tak en , equal responses will cancel out. For a  very  sm all am oun t of sam ple 

solution, i t  is  im possible to  rem ove all oxygen dissolved in  th e  sam ple by 

bubbling w ith  a n  in e rt gas. An elution peak  of oxygen w as alw ays observed 

an d  is close to  chloroquine p eak  in  50% ace to n itrile /w a ter (pH=5.0) as 

show n in  F igu re  2.15. The re ten tio n  tim e is  5.68 m in u tes  for chloroquine 

and  is 5.02 m inu tes for oxygen. In  th is  case, i t  is difficult to  determ ine low 

concentrations o f chloroquine in  th e  solution since th e re  is a n  oxygen peak 

in  fron t of it. However, changing the  ra tio  o f com position of mobile phase 

w ould help  in  th e  sep ara tio n  of chloroquine an d  oxygen. W ith  a  mobile 

phase  of 65% aceton itrile  and  35% w ater (pH=5.0), oxygen e lu tes from the 

colum n fa s te r  ( tOXygen=4.35 m in.) and  th e  chloroquine come ou t a t  little  

longer tim e(tchiOroquine=7.05). F igure 2.16 shows in  th is  mobile phase th e  two 

e luen t peaks a re  well separated . This is  because a  w eaker po larity  of mobile 

phase w as used  w hich favors oxygen over chloroquine since the  polarity  of 

chloroquine is la rg e r  th a n  oxygen.

2 . 4 . 2 . 4  A nalytical precision

T en rep lica te  in jections of a  s ta n d a rd  so lu tion  con ta in ing  1.0 |ig  of 

chloroquine w ere carried  ou t separa te ly  to de term ine  th e  precision of the  

LC m ethod  w ith  th e  s ta tic  m ercury  drop electrode (SMDE). The rela tive  

s ta n d a rd  dev ia tio n  w as 0.73% (RSD). I t  is  w ell know  th a t  m ercu ry  

electrodes a re  qu ite  reproducible because th e  electrode surface is  clean and  

easily  renew ed. However, th e re  a re  few app lica tions in  w hich a  m ercury
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electrode is used  as a n  electrochem ical detector in  HPLC. Two reasons for 

th is  are  probably im portan t. F irst, the  dropping electrode does no t provide 

h ig h  sen s itiv ity  in  a  po larography  d e te rm in a tio n  w ith o u t a  ca ta ly tic  

system . Second, the  continuously changing a rea  of the  drop resu lts  in  large 

capacitance current. Kok [95] com pared the sensitiv ity  and  reproducibility 

o f th re e  e lec tro ch em ica l d e tec tio n  sy s tem s, th e  m erc u ry  (DM E), 

am algam ated  gold electrode, and  system  in  w hich iodine is genera ted  

electrochem ically in  th e  colum n effluent, and  found th a t  th e  DME had  the  

best reproducibility. The day to day variance w as w ith in  1.0% for a  standard  

solution. However, the  m ethod lacked th e  sensitiv ity  for rea l trace analysis 

in  th a t  system . In  our experim ent, the  peak  cu rren ts  w ere based  on the 

hydrogen catalytic redox cycle. I t  was evident th a t such a  redox cycle has a  

h igh  sensitiv ity , around one thousand  tim es the  lim iting  cu rren ts  on the  

noncatalyzed  wave. On th e  o ther hand, the  s ta tic  m ercury  electrode was 

used  in  our system  which provides less capacitance cu rren t com pared w ith  

dropping m ercury  electrode. M ercury is  flowing a ll th e  tim e w ith  DME 

m ode while in  th e  SMDE mode a m ercury drop is grown quickly and  then  

h e ld  a t  a  co n stan t size w hen sam pling  th e  c u rre n t. B ecause of th e  

dislodgm ent of th e  drop a fte r each sam pling, th e  sta tic  m ercury  electrode is 

a lso  renew able . The h igh  sensitiv ity , good rep ro d u c ib ility  an d  low er 

capacitive c u rre n t should  m ake HPLC w ith  such a  m ercury  electrode 

system  a  very  powerful technique for trace  analysis.

2 . 4 . 2 . 5  D etection lim it

The detection lim it can be expressed in  various ways. Norm ally, i t  

can be defined based on the  standard  derivation in  th e  regression curves.
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A n o ften  u se d  ru le  is  t h a t  th e  m in im u m  d e te c ta b le  c o n c e n tra tio n  

corresponds to  a n  in s tru m e n t rea d in g  w hich  is  th re e  s ta n d a rd  dev ia tions 

la rg e r  th a n  th a t  observed fo r th e  b lan k . A lte rna tive ly , a  c rite rio n  can  be 

u sed  of th a t  q u a n tity  of solute in troduced  in to  th e  detector w hich produces a  

peak  c u rre n t two tim es th e  noise level. T he im plicit assu m p tio n  here  is  th a t  

th e  d e tec to r, a n d  n o t th e  a n a ly tic a l m ethod , lim its  th e  p rec ision  of th e  

de te rm in a tio n . In  th is  experim ent, th e  noise w as m easu red  as th e  full p eak  

to  p e ak  v a ria tio n  in  th e  baseline . U n d e r conditions o f th e  flow ra te  o f 1.0 

m l/m in  a n d  app lied  p o ten tia ls  a s  V i=-1400 m V an d  V2=-1600 m V vs. SCE, 

th e  noise levels w ere 0.006 pA, w ith  negligible d rift. F igure  2.17 shows th a t  

w ith  ch loroquine in  a s  low a s  2.0 n g  in  a n  injection, th e  p eak  cu rren t, still 

is  detectable.

T h ere  a re  severa l fac to rs w hich  a ffect th e  d e tec tio n  l im it o f th e  

d e tec to r. T he  d e te c to r  is  b a se d  on th e  h y d ro g en  c a ta ly tic a lly  c u rre n t  

p roduced  on th e  e lectrode su rface  w hich is h igh ly  sensitive  to th e  m ass 

tra n s fe r  r a te  in  th e  w ell-jet configuration . E ven  u s in g  a s tead y  pum p, th e  

so lu tion  m ovem ent from  th e  colum n to th e  cell due to  th e  reg u la r  pum ping  

can  cause a  change o f th e  m ass tra n s fe r  ra te . T he o th er factor th a t  can  

a d d  to  th e  noise  is  m ercu ry  drop  osc illa tion  cau sin g  v ib ra tio n . In  o u r 

e x p e rim en t, e ach  sam p lin g  o f c u rre n t  is  done on a  new  drop w hich  is  

d is lodged  by  th e  a rm  o f th e  d ro p  k n o c k er h i t t in g  th e  cap illa ry . T he 

d iffe ren tia l c u rre n t is  th e  a n o th e r  fac to r w hich  affects th e  detection  lim it 

because in  th e  d ifferen tia l m ethod, th e  level o f random  noise increases by  a  

factor of two. T his is  th e  price to be pa id  for u se  o f th e  d ifferen tial technique.
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2 . 4 . 2 . 6  Squarewave detection in  HPLC

A pplication of th e  voltam m etric  fast-scan  techn ique of squarew ave 

v o ltam m etry  (SWV) as a  chrom atographic  detection  m ethod  ap p ea rs  to 

hav e  th e  a d v an tag e  over o th e r  m ethods, such  as s ta irc a se  scann ing  

m e th o d s  o f  b e t t e r  c h a rg in g  c u r r e n t  d is c r im in a t io n  [96-98]. A 

chrom atovoltam m ogram  of chloroquine w ith  a  m ercury  electrode coupled 

w ith  squarew ave detection  is  show n in  F igu re  2.18. A 20 (a.1 so lu tion  

con ta in ing  1.0 pg chloroquine w as in jected onto th e  colum n w ith  a  mobile 

p hase  of 50% A cetonitrile/w ater (pH=5.0). The squarew ave p o ten tia l w as 

scanned every 2.7 sec from -1300 mV to -1900 mV w ith  a  step  he igh t of 5 mV 

an d  squarew ave am plitude of 25 mV. Several papers have reported  [97-99] 

using  SWV in  com bination w ith a  solid electrode and  HPLC. I t  w as pointed 

o u t t h a t  th e  p re tre a tm e n t o f th e  e lectrode w as c ruc ia l to  th e  signa l 

response. In  com parison w ith  a  solid electrode, th e  m ercury  electrode is 

reproducible and  easy  to use. B u t chrom atographic resolution is  worse th a n  

w ith  th in -lay e r ECLC flow cell. Also, w ith  com puter control of a n  ECLC 

system , SWV can be ru n  in  a  bo th  a  two dim ensional mode, signal (cell 

cu rren t) response vs. re ten tion  tim e, or a  th ree  d im ensional m ode called 

ch ro m a to g rap h ic  v o ltam m etry  w here  c u rre n t vs. b o th  p o te n tia l  an d  

re ten tio n  tim e is m easured . The use  of po ten tial a s  a  variab le  should  help 

in  identification  of compounds which have the sam e re ten tion  tim e.
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2 . 4 . 2 . 7  G radient elution  to separate chloroquine and other com pounds

T h e  a p p l ic a t io n  o f  c a ta ly t ic  h y d ro g e n  r e d u c t io n  in  a n  

e lec tro ch em ica l-H P L C  m eth o d  o pens u p  a n  a re a  o f e le c tro a n a ly tic a l 

c h e m is try  t h a t  h a s  long  b een  u n d e r  u til iz e d  b e ca u se  w ith  s t r a ig h t  

p o la ro g ra p h ic  m e th o d s  th e re  is  no s im p le  w ay  to  d is t in g u is h  am ong 

an a ly te s  w hich catalyze hydrogen reduction . B ased  on th e  in d irec t m ethod, 

a ll com pounds, such  a s  n itro g e n  he tercyc les or am ine  com pounds w ith  a  

lone p a ir  e lectron  on n itrogen  w ill catalyze hydrogen  reduc tion  a n d  should 

be detectab le  in  acid  m obile phase. C learly, th e re  will be m an y  com pounds 

th a t  a re  de tectab le  by  com bining th e  cata ly tic  techn ique w ith  H PLC. In  th e  

p re se n t experim en t, g rad ie n t e lu tion  h a s  been  stud ied  to  achieve a  b e tte r  

se p a ra tio n  fo r a  m ix tu re  o f ch lo roqu ine, 3 -q u in o lin eca rb o n itr ile  a n d  4- 

ch loroquinoline. T he d iffe ren t sen sitiv itie s  o f th e  th re e  com pounds in  th is  

ca ta ly tic  system  a re  also discussed.

C hloroquine, 3 -qu ino linecarbonitrile  an d  4-chloroquinoline, have th e  

sam e skeleton  r in g  b u t d ifferen t su b s titu te s  a s  show n in  th e  F ig u re  2.19. To 

se p a ra te  th e se  com pounds w ith  g rad ie n t e lu tion , th e  re la tio n sh ip s  betw een 

re te n tio n  tim e  o f th e  com pounds a n d  p o la rity  of m obile p h a se  w ere f irs t  

in v e s tig a te d . F ig u re  2 .20 show s t h a t  th e  r e te n tio n  t im e s  o f th e se  

com pounds v a ry s w ith  p o la rity  o f th e  m obile phase . I t  is  c lear, from  th e  

F igu re  2.20, th a t  3- quino linecarbonitrile  and  4-chloroquinoline a re  no t very  

p o la r since th e  re te n tio n  tim es for bo th  com pounds increase  a s  th e  po larity  

o f m obile p h ase  is  in c reased . Since th e  s tru c tu re  o f 4 -chloroquinoline  is 

m ore sym m etric  th a n  th a t  o f 3 -qu ino linecarbon itrile , i t  h a s  th e  longest 

* re te n tio n  tim e  of th e  th re e  compounds. F o r th e  sam e reason , a s  th e  po larity  

o f th e  m obile p h ase  g e ts  w eaker, bo th  com pounds come o u t o f th e  colum n
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faster. However, th e  re ten tio n  tim e of chloroquine is  n o t changed as m uch 

as th ese  two compounds w hen the  po larity  o f th e  m obile phase  is  changed 

over th e  sam e range . T his is because  ch loroquine h a s  two d ifferen t 

functional groups. The two am ine groups a re  easily  p ro tonated  in  th e  acid 

buffer solution an d  i t  can be expected to have a  la rge  polarity . On o ther 

h an d , chloroquine h as  a  long sidechain  and  rin g  th a t  a re  favorable to  a 

less po lar environm ent. Com bining th e  two d ifferen t functional groups 

re su lts  in  re ten tio n  tim es which do not change very  m uch w ith  polarity  of 

th e  mobile phase.

Since 3 -qu ino linecarbonitrile  and  4-chloroquinoline a re  of sim ila r 

s tru c tu re , a  la rg e r  po larity  of th e  m obile phase  h a s  to be used  to get 

separa tion  of bo th  two compounds. However, u sing  a  la rge  po larity  in  th e  

m obile phase  will cause longer re ten tion  tim e. In  th is  experim ent, g rad ien t 

e lu tion  w as used  and  10% and  65% acetonitrile  w ere selected as solvent A 

(in itial condition) and  solvent B ( final condition), respectively. The g rad ien t 

e lu tion  program  has a  10 m inute  period to go from  th e  in itia l condition to 

the  final condition. To select th e  optim ization condition, th e  effect of varying 

th e  ra tio  o f so lvent A an d  B w as investiga ted . F ig u re  2.21 shows th e  

re ten tio n  tim es change as solvent B goes from  a  30% ram p  to 60% w hen 

keeping 10% solvent A constant. In  general, th e  th ree  compounds were well 

se p a ra ted  u s in g  th e  above conditions. The re te n tio n  tim es of th e  th ree  

com pounds decreased  w ith  increased  polarity . I t  in te re s tin g  th a t  w hen 

60% solvent B is selected as a  final condition, th e  com pound w hich elutes 

from  th e  colum n f irs t is 3-quinolinecarbonitrile an d  n o t chloroquine. For a  

good separa tion  and  a n  acceptable separation  tim e, a  40% system  of solvent 

B is selected to use for th e  grad ien t program .
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T h ere  is  one m ore cond ition  th a t  can  a ffect th e  se p a ra tio n  a fte r  

se lec ting  in itia l an d  final conditions for th e  g rad ie n t e lu tion  program . This 

is  th e  shape  o f th e  g rad ie n t curves, w hich can  be concave, convex or lin e a r  

g ra d ie n t  cu rves. T he re s u lts  show  th a t  th e  l in e a r  a n d  concave g rad ie n t 

cu rv es  w ere  u n a b le  to  s e p a ra te  ch loroquine a n d  3 -qu ino linecarbon itrile . 

F ig u re  2.22 is  a n  e lu tion  curve for a  so lu tion  m ix tu re  con ta in ing  th e  th ree  

com pounds w ith  a  convex g rad ie n t curve.

2 . 4 . 2 . 8  D ifferent sensitivity in  the heterocyclic com pounds

A lthough  chloroquine, 3 -qu ino linecarbon itrile  a n d  4-chloroquinoline 

a re  h e te ro cy c lic  com pounds t h a t  h a v e  sam e  a ro m a tic  sk e le to n , th e  

se n s itiv itie s  o f th e  th re e  com pounds in  H PLC  w ith  th e  electrochem ical 

d e tec to r a re  very  different. C hloroquine h a s  th e  h ig h es t sen sitiv ity  in  th is  

e x p e r im e n t w ith  a  c u r re n t  t h a t  is  a b o u t 160 tim e s  la rg e r  th a n  3- 

q u in o lin e c a rb o n itr i le .  T h e  4 -c h lo ro q u in o lin e  h a s  lo w e r s e n s i t iv i ty  

com pared  w ith  chloroquine b u t i t  is  ab o u t 20 tim e  m ore sensitive  th a n  3- 

qu ino linecarbon itrile . T h e ir d ifferen tia l sensitiv ity  can  be expla ined  by  the  

m e c h a n ism  o f th e  hydrogen  c a ta ly tic  reac tio n . T he m ec h an ism  o f a n  

in d ire c t  EC -LC  m ethod  u tiliz in g  th e  ca ta ly tic  hyd rogen  p rocess for a 

com pound co n ta in in g  n itro g e n  w ith  a  lone  p a ir  can  be re la te d  to  th e  

follow ing se t o f reactions:

2 x H  + + RN: = RNH+

2 x RNH+ + e = RNH-

2RNH- = H 2 + 2RN:

2H+ + 2e = H 2



80

w here  RN: is  a n  organic m olecule capable of b ind ing  a  proton w ith  a  

n itro g en  lone p a ir. T he com pound w ith  a  bound  pro ton , RN H +, will be 

reduced  a t  a  m ore positive p o ten tia l th a n  th e  free  hydron ium  ion giving 

rise  to th e  cata ly tic  cu rren t. V aria tions of th is  m echanism  a re  possible and  

fu r th e r  study  is  necessary  to w ork ou t th e  exact de ta ils  o f th e  process.

I t  is  clear, based  on th e  m echanism  of th e  cataly tic  hydrogen process, 

d iscussed  above, th a t  a  h igh  e lec tron  charge  d e n s ity  for n itro g e n  is  of 

benefit in  th e  ab ility  of th e  base  to b ind  a  proton. T he s tru c tu re s  o f these  

com pounds can be used to explain  th e  d ifferent sensitiv ities for the  different 

com pounds.

C om pared  w ith  o th e r  two com pounds, chloroquine h a s  two am ine 

groups along w ith  th e  sam e heterocyclic quinoline ring . T hese two am ine 

groups on th e  sidechain  can  be p ro to n a ted  very  easily  in  th e  acid buffer 

so lu tion  since th e y  have  la rg e  pK a v a lu es. In  add ition , th e  resonance  

s tru c tu re s  show n in  F ig u re  2.23 a re  s ta b le  w hich  p rov ides for m ore 

electron  density  o f the  nitrogens. T h a t m ay  be w hy th e  chloroquine h a s  th e  

h ig h est sensitiv ity  of th e  th ree  compounds. Both th e  3-quinolinecarbonitrile  

an d  4-chloroquinoline have  only one am ine  g roup  in  th e  qu ino line r in g  

w hich is  a  w eaker base  th a n  th e  one on th e  sidechain  of chloroquine. This 

is  because th e re  is  a  sp 2 h y b rid  o rb ita l for th e  n itro g e n  a tom  on  th e  

quinoline rin g  w hile th e re  is sp3 hybrid  o rb ita l for th e  n itrogen  atom  on the 

sid ech a in  o f ch loroquine. O n th e  o th e r  h an d , th e re  a re  d iffe ren t r in g  

su b s titu en ts  in  th e  two compounds. B oth  of th em  a re  electron w ithdraw ing  

functional g roups m ak ing  a  low er e lectron  d ensity  on th e  n itro g en  atom . 

S ince th e  -CN is  a  s tro n g e r w ithd raw ing  functional g roup  th a n  -Cl, 4- 

chloroquinoline is m ore sensitive  th a n  3- qu inolinecarbonate. O n th e  o ther
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hand , th e  resonance s tru c tu re  of th e  4-chloroquinoline can  enhance th e  

charge density  of th e  electrons on the  nitrogen. However, th e re  is no stable 

reso n an ce  s tru c tu re  in  th e  3- q u in o lin eca rb o n ate . T here fo re , th e  3- 

quinolinecarbonate provides less sensitiv ity  in  these  th ree  compounds.

2 .5  Conclusions

L iquid  chrom atography  w ith  a  s ta tic  m ercu ry  electrode h a s  been  

investigated  to detect chloroquine based on a  catalytic hydrogen wave. Both 

th e  electrochem ical p roperties and  optim ized H PLC conditions have been 

stud ied  in  th is  se t of experim ents. The resu lts  show th a t  th is  m ethod can 

be used  a s  a n  electrochem ical de tec to r for H PLC trac e  d e te rm in a tio n  

because of h igh  sen sitiv ity  an d  good reproducib ility . S ince n itrogenous 

com pounds a re  w idely u sed  an d  m any of th e se  com pounds hav e  been  

reported  to exhib it a  cata ly tic  hydrogen wave a t  a  m ercury  electrode, th e  

m ethod m ay  be of practical value.
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F igure 2 .3 Structure of chloroquine
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F ig u r e  2 .4  Cyclic voltam m ogram  of 2 .0*10-4M  of chloroquine 
at a  carbon disk electrode. Conditions : 50%  acetonitrile 50%  
aceta te  buffer solution (0.02M , pH =5.0), S can  rate 100m v/S ec . (a) 
sca n  from 0 to -1000  mv; (b) scan  from 0  to  -1 6 0 0  mv.
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Figure 2 .5  Squarew ave voltammogram of 1.0*10-6M of chloroquine 
at static mercury electrode in 50% acetonitrile 50%  acetate  buffer 
solution (0.02M , pH=5.0). Scan from -1.0V with a step  height of 10 mv 
and squarew ave amplitude of 25  mv.
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Figure 2 .6  D.C polarography of 5.0*10-5M chloroquine in 
50% acetonitrile 50% acetate buffer solution (0.02M, pH=5.0), 
scan rate 4.0 mv/sec.
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F igure 2 .7  Current-time curve for chloroquine in 50%
Acetonitrile 50%  aceta te  buffer solution (0.02M , pH=5.0) at 
potential of the limiting current, E =-1.53V (vs SCE).
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Figure 2 .9  The variation of the limiting current with 
the height of the mercury head for chloroquine in 50%  
Acetonitrile 50% aceta te  buffer solution (0.02M , pH =5.0).
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F igu re 2 .1 1  Chromatogram of 1.0 |ig of Chloroquine in 20|il. 
Column C-18 ; mobile phase, 50% acetonitrile 50% acetate buffer 
solution (0.02M, pH=5.0). Flow rate 1.0ml/min. Differential pulse 
potential (DPP) detection with initial potential of -1400m v and a 
pulse amplitude of -200mv. Static mercury drop electrode: 
tair=300ms, t|=650m s and t2=50m s. Mercury electrode is renewed 
by knocking at the end of t2.
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V2  during t2 . The current sampling will be at the end of ti and 
t2 . Mercury electrode is renewed by knocking it off at the end of t2 .
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F igure 2 .1 3  Differential current a s  a  function of the s ize  of the  
electrode. DPP detection with a  tajr value from 300m s to 1300m s. 
Other conditions: Column C -18 ; Mobile phase: 50%  acetonitrile 50%  
aceta te  buffer solution (0.02M , pH=5.0); Flow rate 1.0ml/min; Static 
mercury drop electrode: ^=6501713, t2=50m s.
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Figure 2 .1 4  Differential current a s  a function of applied  
pulse potential. Conditions: initial potential -1400m v and pulse  
amplitude varies from 25 to 400  mv. Column C-18 ; mobile 
p h ase , 50%  acetonitrile 50%  acetate buffer solution (0.02M , 
pH=5.0). Flow rate 1.0ml/min. Static mercury drop electrode, 
tair=300m s, t ,-6 5 0 m s  and t2=50m s. Mercury electrode is 
renew ed by knocking at the end of t2.
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Figure 2 .15  Chromatogram of 0.5 p.g of Chloroquine and trace 
oxygen in sample solution( injected solution w as not sparged by 
helium).Column C-18 ; Mobile phase: 50% acetonitrile 50% acetate buffer 
solution (0.02M, pH=5.0). Flow rate 1.0ml/min. Differential pulse potential 
detection with a initial potential of -1400mv and a pulse amplitude of 
-200mv. Static mercury as working electrode, tair=300ms, t|=650m s and 
t2=50ms. Mercury electrode is renewed by knocking at the end of t2.
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Figure 2 .1 6  Chromatogram of 0 .5  jig of Chloroquine and trace 
oxygen in sample solution{ injected solution w as not sparged by 
helium). Column C-18 ; Mobile phase: 65%acetonitrile 50% acetate  
buffer solution (0.02M, pH=5.0). Flow rate 1.0ml/min. Differential pulse 
potential detection with initial potential of -1400m v and a  pulse 
amplitude of -200mv. Static mercury drop electrode: tair=300m s, 
t^ S O m s  and t2=50ms. Mercury electrode is renewed by knocking at 
the end of t2.
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Figure 2 .1 7  Chromatogram of 2.0 ng of chloroquine. Column 
C -18 ; mobile ph ase, 50% acetonitrile 50% acetate buffer solution 
(0.02M, pH=5.0). Flow rate 1 .Oml/min. Differential pulse potential 
detection with a  initial potential of -1400m v and a  pulse amplitude of 
-200m v. Static mercury a s  working electrode, tair=300m s, t^OSOms and 
t2=50m s. Mercury electrode is renewed by knocking at the end of t2.
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F ig u re  2 .1 8  Square w ave chromatovoltammogram of 1.0 jxg 
chloroquine. Potential scan  every 2 .7  secon d  from -1300 mv t o -1900 with 
a step  height of 5 .0  mv and squarew ave amplitude of 25  mv. Column C-18 ; 
Mobile phase, 50% acetonitrile 50% acetate buffer solution (0.02M, pH=5.0). 
Flow rate 1.0ml/min.
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Figure 2 .1 9 Structure of three com pounds
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Figure 2 .2 0  Relationship of retention tim es of three 
com pounds with polarity of mobile ph ase, (a) chloroquine; 
(b) 4-chloroquinoline;(c)3-quinolinecarbonitrile.
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constant, (a) 4-chloroquinoline, (b)3-quinolinecarbonitrile and (c) 
chloroquine.



103

2.0 (jliA)

1

3o

5.0 15 2010

T im e (Min)

F igure 2 .2 2  Separation of three compounds with gradient elution. 
Mobile phase:Solvent A, 10% Acetonitrile ; Solvent B, 65% Acetonitrile.
Program:0-10 min. Inject 20 pi; (a)5.0*10-5 M chloroquine; (b)3.0*10-3 M
3-quinolinecarbonitrile and (c) 6.0*10-5 M 4-chloroquinoline. Other 
conditions: Column C-18; Flow rate 1.0ml/min. Differential pulse potential 
detection with a  initial potential of -1400mv and a pulse amplitude of 
-200mv. Static mercury drop electrode: tair=300ms, t,=650m s andt2=50ms. 
Mercury electrode is renewed by knocking at the end of t2.
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Figure 2 .2 3 R eso n a n ce  structures of Chloroquine and 4-chloroquinoline.
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Part HI

Determination of Copper, Nickel, and Cobalt in Rock 
Samples by HPLC with Thin Layer Cell 

Electrochmical Detector

3 .1  Introduction

The m ost common m ethods for de te rm in ing  m eta l ions a re  atom ic 

absorp tion  spectrom etry  (AAS) [1] an d  various colorim etric m ethods [2]. 

T echniques involving AAS have often including  ex traction  of th e  m etal's  

complexes [3-6] as a  p re lim inary  step  in  the  analysis. All of th e  m ethods 

based  on AAS or colorim etry have been  designed to be selective, an d  are  

th u s  tim e consum ing if  m ore th a n  one elem ent is  to be determ ined . The 

determ ination  of m eta l ions th rough  polarographic voltam m etry , and  o ther 

electrochem ical techn iques is ex trem ely  sensitive  [7,8]. H ow ever, m any  

determ inations a re  subject to in terference by overlapping waves[ 7-10]. The 

de te rm in a tio n  of m eta l ions by various chrom atographic  m ethods have 

become increasing  popu lar owing to th e  speed, sim plicity  an d  low cost of 

such m ethods. A n a ttrac tiv e  approach is to add a n  appropria te  complexing 

re a g e n t to  th e  sam ple  an d  se p a ra te  th e  m e ta l com plexes by liq u id  

ch rom atography . F o r exam ple, d ith io carb am ate  com pounds have been  

known since th e  la s t  century  and  form an  extensive a rea  of complexation in  

analy tical chem istry  [11,12]. T heir ab ility  to form  stab le  chelates w ith  a  

nu m b er o f m eta l ions m akes th em  ideal for th is  application. S epara tions 

have been reported  by use of both  norm al phase [13-19] and reversed  phase



[20-23] H PLC . A pplica tions have  inc luded  th e  an a ly s is  o f e le c tro p la tin g  

s o lu tio n  [24], th e  a u to m a te d  a n a ly s is  o f  w a s te w a te r  [25-27], th e  

d e te rm in a tio n  o f trace  m e ta ls  in  rice flour an d  c itru s  leaves [28], a n d  th e  

d e te rm in a tio n  of low levels o f precious m eta ls  [30].

T he lite ra tu re , especially  from  Bond an d  co-w orkers, i llu s tra te s  th a t  

in  s i t u  d i th io c a r b a m a te  c o m p le x a tio n s , c o m b in e d  w ith  l iq u id  

ch ro m ato g rap h y  u sing  electrochem ical de tection , c an  be u se d  to  develop a  

system  capab le  o f d e te rm in in g  m eta l o r o rganom etallic  species [25-28]. The 

su ccess  o f th e  e lec tro ch em ica l d e tec tio n  m e th o d , d e p en d s  u p o n  th e  

av a ilab ility  o f a  w ell-defined m etal-com plex oxidation  process. T he problem  

assoc ia ted  w ith  rem oval of oxygen, im p o rtan t in  reduc tion  processes is  less 

b o th e rso m e  fo r o x id a tio n  p rocesses. In  a d d itio n , th e  e lec tro ch em ica l 

detection  m ethod  is  know n to be m ore selective th a n  th e  spectrophotom etric  

one [31,32]. In  th e  p re se n t work, th e  d e te rm in a tio n  of m eta l ions of copper, 

n ickel a n d  cobalt as d ith io carb am a te  com plexs by  rev e rsed  p h a se  H PLC 

w ith  e lec tro ch em ica l d e te c tio n  h a s  b een  a p p lie d  to  rock  sam p les . A 

am perom etric  detection  u s in g  a  th in -lay e r cell an d  g lassy  carbon electrode 

se rv es to  m o n ito r th e  sep ara tio n . S ince only  a ro u n d  a  25 p i sam ple  is  

in jec ted  in to  th e  co lum n for s im u ltan eo u s m u ltie le m e n t d e te rm in a tio n , 

th is  tec h n iq u e  prov ides a n  add itio n a l a d v an tag e  for tra c e  m e ta l an a ly sis  

w hen  only sm all am oun ts o f sam ple a re  availab le.

3 . 2 .  Experim ental Section

3 . 2 . 1  Reagents and Standard Solutions



All chem icals  u se d  w ere  o f a n a ly tic a l g ra d e  p u r ity . A ll o rgan ic  

so lven ts w ere  liqu id  ch ro m ato g rap h y  g rad e  from  F ish e r  Scientific . M eta l 

stock  so lu tions w ere  p re p a re d  by  d isso lv ing  a p p ro p ria te  m e ta l s a l ts  in  

d istilled , deionized w ater. T he ch rom atograph ic  so lven t em ployed w as a  

m ix tu re  of w a te r a n d  ace ton itrile  con ta in ing  0.02M  sodium  ace ta te  a n d  w as 

t i t r a te d  to  a  pH  of 6.0 u sin g  glacial acetic acid. T h en  0.005M  sodium  n itra te  

w a s  a d d e d  to  th e  s o lv e n t to  p ro v id e  a d e q u a te  c o n d u c tiv ity  fo r  

e le c tro ch e m ic a l d e te c tio n . T h e  pH  v a lu e  o f  th e  b u ffe r  e n s u re d  no 

in te rfe ren ce  from  th e  red u c tio n  of hydrogen  ion  a n d  conform ed to  th e  pH  

res tric tio n s  applicable to  th e  reversed  p h ase  colum n em ployed in  th is  work. 

P u re  w a te r  w as ob tained  by  p ass in g  ta p  w a te r  th ro u g h  a  carbon f ilte r  an d  a  

m u ltip le  - ion  exchange system , a n d  th e n  d istilling .

3 . 2 . 2  Instrum entation

A T a c u s se l  P R G -5  p o la ro g ra p h ic  in s t r u m e n t  w as  u s e d  fo r 

m ea su re m e n ts  in  th e  th in  la y e r  electrochem ical flow cell. A  g lassy  carbon  

electrode w as em ployed a s  w orking electrode. T he e lectrode w as c leaned a t  

le a s t  once a  d ay  u s in g  a lu m in a  po lish ing  pow der (0.03pm ) ob ta in ed  from  

B u e h le r  L td . T he a u x ilia ry  e lec trodes w ere  e i th e r  p la tin u m  o r g la ssy  

carbon a n d  th e  reference electrode w as Ag/AgCl (3M KC1). A B ioanaly tica l 

System s (BAS) th in -lay e r flow cell w as used  in  a ll LCEC w ork. The colum n 

w as a  C-18 rev e rse d  p h a se  co lum n from  e ith e r  W a te rs  A ssoc ia tes or 

Supeleco. A H ouston  m odel 200 X-Y reco rder w as u sed  for d e te rm in in g  th e  

p e ak  c u rre n t a n d  re te n tio n  tim e. A fter each  w ork ing  period, th e  pum p and  

colum ns w ere flu shed  w ith  ace ton itrile .



A tom ic a b so rp tio n  m e a su re m e n ts  w ere  p e rfo rm ed  w ith  a n  a ir  

a ce ty len e  flam e  on a  P e rk in  E lm er m odel 4000  a tom ic  a b so rp tio n  

spectrom eter.

3 . 2 . 3  Experimental procedure

The m obile ph ases w ere continually  degassed  w ith  argon or helium . 

S am ples of ab o u t 25 p i w ere in jected  in to  a  2 0  p i sam ple  loop, w ith  the  

overflow discarded. The T acussel PRG-5 polarographic in s tru m e n t an d  the  

H PLC  w ere synchronized  m anually . T his w as accom plish by  tu rn in g  the  

knob on  th e  BAS H PL C  from  "load" to  "inject" w hile  th e  in s tru m e n t is 

sw itched  to th e  "ex ternal cell" a fte r  a ll polarographic p a ram ete rs  have been 

selected and  th e  sam ple h as  been  in jected w ith  a  syringe in to  th e  loop. The 

H PLC  w as ru n  for a t  le a s t 30 m inu te  before w ork each day . The flow ra te  of 

th e  e lu e n t from  th e  H PLC  colum n w as d e te rm in ed  by  m ea su rin g  th e  

volum e of mobile phase  o u tp u t for a  given tim e.

3 .3  Results and Discussion

3 . 3 . 1  Chromatographic behavior of diethyldithiocaiham ate complexs

L ite ra tu re  repo rts  ind icate  th a t  m etal d ith iocarbam ate  complexes a re  

e lec tro ac tiv e  a t  v a rio u s  w ork ing  e lectrodes [33-35]. B o th  processes of 

o x id a tio n  a n d  re d u c tio n  w ou ld  a p p e a r  to  be  a v a ila b le  fo r d ire c t 

e lec trochem ica l d e te c tio n  in  a  nonaqeous so lven t. T he resp o n ses  for 

d ie thy ld ith iocarbam ate  com plexes of copper, n ickel, an d  cobalt w ere f irs t  

exam ined  in  th is  experim ent. A sm all, well defined w ave for oxygen w as



alw ays observed using  DC detection a t  - 0.9V w ith  glassy carbon electrodes 

despite extensive endeavors to e lim inate oxygen from  th e  m obile phase  and 

in jected  so lu tion . H ow ever, sa tisfac to rily  response  w as ob ta ined  w hen 

using  th e  oxidation process an d  DC polarographic technique. F igu re  3.1 

sh o w s th e  c h ro m a to g ra m  o f  c o p p e r , n ic k e l ,  a n d  c o b a lt  

d iethy ld ith iocarbam ate  complexes. The e luen t baseline  is  sm ooth since the  

con tribu tion  of trace  oxygen and  trace  im puritie s  found in  m obile phase 

have been m inim ized. The first two peaks observed correspond to oxidation 

of the  lig an d  w hich re su lts  from  decom position of complex. T hese e lu te  

before th e  peaks for th e  th ree  m eta l complexes and  do no t in te rfere  in  the  

determ ination . Since th e  m easu rem en t is  a n  electrochem ical c u rren t in  

response to a  fixed electrode po ten tia l, th e  choice of applied  p o ten tia l is 

c ritic a l. In  p rac tic e , th e  p o te n tia l lim its  d epend  on a n  accep tab le  

b ack g ro u n d  c u rre n t  a n d  th e  se n s itiv ity  req u ire d . F o r s im u lta n eo u s  

dete rm ina tion  of copper, nickel, an d  cobalt, an  applied  po ten tia l w hich is 

less  positive  th a n  0.7 V will re su lt  in  a decrease  in  se n s itiv ity  for 

d e te rm ina tion  of copper an d  nickel an d  no response for cobalt. However, 

m on ito ring  th e  c u rre n t a t  p o ten tia ls  m ore positive  th a n  1.00V is no t 

effective since such po ten tia ls a re  sufficient to cause th e  second oxidation 

step of th e  free ligand [36]. Therefore, th e  potential w as selected as 1.0 V in  

these  experim ents.

3 . 3 . 2  Complex formation

All th ree  m etal ions react very  rapid ly  w ith  d iethyldith iocarbam ate to 

form  th e  co rrespond ing  com plexes. H ow ever, a n  excess of ligand  w as 

req u ire d  for fa s t, com plete complex fo rm ation . F ig u re  3.2 show s th e



v a r i a t i o n  o f  D C p e a k  c u r r e n t  w i th  t h e  c o n c e n t r a t io n  o f 

d ie th y ld ith io ca rb am ate  w hen  th e  concen tra tion  of m e ta l ion  is  constan t. 

T he p e ak  c u rre n ts  w ere n o t increased  a fte r  th e  concen tra tion  ra tio  of ligand  

an d  m e ta l ion  w as 6.8:1. A t le a s t  a  1 0 -fold excess o f lig an d  w as u sed  in  all 

th e  experim en ts. P eak  c u rre n t m easu rem en ts  w ere rep ea ted  over a  period  

of 24 h o u rs  a n d  show ed th e  complex to be s tab le  over th is  period.

3 . 3 . 3  Peak current and flow  rate

F ig u re  3.3 show s th e  v a ria tio n  of DC p eak  c u rre n t w ith  flow ra te  for 

th e  g la ssy  carbon  electrode in  a  th in -lay e r  cell. A n in c rease  in  flow ra te  

le a d s  to  a n  in c re ase  in  se n s itiv ity  b ecau se  of in c re a se d  convection. To 

a c h ie v e  good s e p a ra t io n  w ith  a c c e p ta b le  r e te n t io n  t im e s  fo r th e  

sim u ltan eo u s d e te rm in a tio n  of th e  th ree  m e ta l ions, flow ra te s  in  th e  range 

of 1 .0  - 2 .0  m l/m in w ere found to be su itab le.

3 . 3 . 4  Reproducibility

T he re p ro d u c ib ility  in  p e a k  c u rre n t m e a su re m e n t for th e  th re e  

com plexes is  show n in  Table 3.1. T his w as d e te rm in ed  by  m ak ing  7 re p e a t 

in jec tio n s  each  o f 20 jil so lu tions o f th e  com plexes c o n ta in in g  40 n g  of 

copper a n d  co b alt a n d  120 n g  of n ick e l. T he  rep ro d u c ib ility  can  be 

considered  in  te rm s  o f th e  coefficient o f v a r ia tio n  a n d  th e  m ea n  value . 

Typical va lues o f te s t  m eta l w ere 1.5% for 120 ng  n ickel an d  3.0% for 40 ng  

copper an d  cobalt, respectively.
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3 . 3 . 5  Calibration and detection lim its

T he F ig u re s  3 .4  - 3 .6  show  th e  ca lib ra tio n  p lo ts  p rep a red  from  th e  

c h ro m a to g ra p h ic  d a ta  o b ta in e d  a f te r  re a c tio n  o f kn o w n  a m o u n ts  o f a  

m ix tu re  o f  th e  th re e  m e ta l io n s w ith  th e  lig a n d . A ll p lo ts  show  good 

l in e a r i ty  for n a n o g ra m  a m o u n ts  o f th e  m e ta ls  in jec ted  in to  th e  colum n. 

T ab le  3.2 show s th e  lin e a r ity  ran g e  an d  detection  lim its . In  gen era l, low er 

d e tec tio n  lim its  w ere  observed for a ll th e  th re e  com plexes in  th e  th in  lay e r  

cell. H ow ever, i t  w as a lso  n o ted  th a t  sm a lle r  l in e a r  ran g e s  o f th e  p lo t o f 

p e a k  h e ig h t vs. c o n cen tra tio n  w ere o b ta in ed  in  com parison  w ith  a  la rg e  

cell. T hese  in d ica te  h ig h e r ohm ic IR  drop in  th e  B ioanaly tica l S ystem s cell. 

T h is  is  p robab ly  caused  in  p a r t  by  th e  fac t th a t  th e  reference electrode is n o t 

s i tu a te d  a s  close to  th e  w ork ing  electrode a s  in  th e  u su a l e lectrochem ical 

ce ll.

3 . 3 . 6  Determ ination o f Cu, Co, and N i in  rock sam ples

3 . 3 . 6 . 1  Tests for interferences

T he effects o f possible in te rfe rin g  ions w ere  s tu d ied  by add ing  v ary in g  

am o u n ts  o f se lected  foreign  ions to  sam p les o f m e ta l ions to  be dete rm ined . 

A fo reign  ion  w as considered  to  in te rfe re  w hen  th e  p e ak  h e ig h t o f a  m e ta l 

com plex w as changed  by  m ore th a n  5.0 %. Zn, C r, M n, Pb, H g, Mg, Fe, K  

ca tions w ere  added  a s  th e ir  n i tr a te  sa lt; NC>3' ,  C l-, B r-, SO4',  PO 4* an io n s 

w ere  ad d ed  in  th e  form  o f th e  sod ium  sa lt. A ll fo re ign  ions w ere  ad d ed



sep ara te ly  in  a  10 -fold w eight excess. None of these  com pounds a lte red  th e  

c u rre n t response for th e  Cu, Co, and  N i complexes. T hese d a ta  suggest th a t  

th is  is  a  re la tive ly  in terference-free m ethod for th e  de te rm ina tion  of copper, 

nickel, an d  cobalt using  th e  electrochem ical detector system .

3 . 3 . 6 . 2  Procedure to dissolve rock sample

W eigh accura te ly  abou t 0.050g rock sam ple in to  20 m l beaker add  1 0  

m l H N O 3 an d  HC1 (1:1). Cover th e  b eak e r w ith  w atch  g lass an d  keep th e  

so lu tion  ju s t  below  th e  bo iling  p o in t on a  h o t p la te  u n til  th e  sam ple  

dissolves. T his m ay  req u ire  60 to 90 m in. Remove th e  w atch  g lass an d  add  

10 m l w ater. T hen  evaporate  th e  so lu tion  u n til a ll of th e  re s id u a l acid is 

rem oved. T his m ay  be rep ea ted  several tim es. T ransfer th e  solution to a  25 

m l volum etric flask  and  r in se  w ith  70% acetonitrile  (pH=6.0 buffer solution) 

an d  d ilu te  to m ark .

F ig u re  3.7 shows th e  presence, m ainly , o f nickel an d  copper in  th e  

rock sam ple. T his is  a  pyroxene sam ple. R elative large  am oun ts o f m eta ls 

such  as Si(52%), Ca(15%), Mg(17%) and  Fe(10%) an d  o th e r com m on m eta l 

A l(l% ), N a (l% ) e x is t in  th is  sam p le  b u t  do n o t in te r fe re  w ith  th e  

d e te rm in a tio n  of Cu, Co, o r N i. T he a n a ly tica l re su lts , su m m arized  in  

Table 3.3, a re  in  good ag reem en t w ith  th e  values from  atom ic absorp tion  

spectroscopy an d  ind icate  th e  po ten tia l of th e  m ethod. F o r de te rm ina tion  of 

trace  m eta ls , AAS would genera lly  be th e  p referred  techn ique except w hen 

only sm all vo lum es of sam p le  a re  av a ilab le . H ow ever, fo r ex tensive  

m u ltie lem en t d e te rm in a tio n  on very  sm all g ra in s  of rock w here  sam ple
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volum e m u s t be k e p t sm all, LCEC could provide a  d is tin c t ad v an tag e  for 

trace  m eta l de te rm ina tion .
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Figure 3.1 Multielement Chromatogram using HPLCEC: running solvent, 
70%acetonitrile 30% acetate buffer solution(0.02 M, pH=6.0) containing
10 "^M (dedtc)' and 0 .005  M sodium nitrate; flow rate=1.5 ml/min; 
detector cell, BAS, g lassy  carbon working electrode; dc response monitored 
at 1.0 V vs.Ag/AgCI; Injection 20 pi of com plex containing 10ng of nickel,
20 ng of cobalt and 10ng copper.
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F igure 3 .2  Variation of peak current with concentration of 
diethylcarbam ate: running solvent,70% acetonitrile 30%  aceta te  buffer 
solution(0.02 M, pH=6.0); flow rate=1.5 ml/min;dc resp o n se  monitored at
1 .0  V vs.Ag/AgCI; Injection 20  pi of com plex containing 100ng copper.
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Figure 3 .3  Variation of Peak current with flow rate: running solvent, 
70% acetonitrile 30% acetate buffer solution (0.02 M, pH=6.0) containing 
10 _4M (dedtc)- and 0 .005  M sodium nitrate; dc resp on se  monitored at 
1.0 V vs.Ag/AgCI; Injection 20 pi of com plex containing 60 ng copper.
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Figure 3 .4  Calibration plot for nickel diethyldithiocarbamate determinated 
by HPLCEC: running solvent, 70% acetonitrile 30% acetate buffer solution
(0.02 M, pH=6.0) containing 10 "4 M (dedtc)' and 0 .005 M sodium nitrate; 
flow rate=1.5 ml/min; detector cell, BAS, glassy carbon working electrode; 
dc response monitored at 1.0 V vs.Ag/AgCI; each Injection 20 pi of nickel 
diethyldithiocarbamate solution.
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F igure 3 .5  Calibration plot for cobalt diethyldithiocarbamate determ inated  
by HPLCEC: running solvent, 70%  acetonitrile 30%  acetate  buffer solution
(0 .02  M, pH=6.0) containing 10 _4M (dedtc)' and 0 .0 0 5  M sodium  nitrate; 
flow rate=1.5 ml/min; detector cell, BAS, g la ssy  carbon working electrode; dc  
resp o n se  monitored at 1.0 V vs.Ag/AgCI; ea ch  Injection 20  pi of cobalt 
diethyldithiocarbamate solution.
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Figure 3 .6  Calibration plot for copper diethyldithiocarbamate 
determinated by HPLCEC: running solvent, 70% acetonitrile 30% acetate
buffer solution (0.02 M, pH=6.0) containing 10 '4 M (dedtc)" and 0 .005 M 
sodium nitrate; flow rate=1.5 ml/min; detector cell, BAS, g lassy carbon 
working electrode; dc response monitored at 1.0 V vs.Ag/AgCI; each  
Injection 20 pi of copper diethyldithiocarbamate solution.
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Figure 3 .7  Determination of Cu, Co, and Ni in rock sample: running
solvent, 70%acetonitrile 30% buffer solution 10 '3 M (dedtc)- ; flow 
rate=1.5 ml/min; g lassy  carbon woring electrode; dc response monitored
at 1.0 V vs.Ag/AgCI; Injection 20 pi slution: (— ) rock sample; (------)
added standard solution to rock sample.
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Table 3.1

Data show ing the precision of peak current m easurem ents for metal 
diethyldithiocarbamates

Metal ion Peak  current 
(nA)

Mean
(nA)

Standard
deviation

Nickel 201 206 210 205 206 .7 3 .15
208 207 210

Copper 72 70 72 74 72.8 1.80
72 70 72

Cobalt 40 38 40 40 38.7 1.25
38 38 40

Injection volum e = 20  |xl; Solvent flow rate=1.5 ml/Min; solvent system  
70%:30% acetonitrile: acetate buffer(0.02M) pH=6.0 containing
10 "4 M (dedtc)" and 0 .005  M sodium  nitrate; the DC resp on se  w as  
monitored at 1.00 V vs. Ag/AgCI.
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Table 3.2

Linear calibration range and detection  limits of metal ions

Metal ions Linear range D etection limit
(ng) (ng)*

C opper 0.2 - 60 0.2

Cobalt 0.5 - 50 0.5

Nickel 0.2 -100 0.1

* D etection limits b a sed  on the signal to n o ise  ratio of 2.
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Table 3.3

Com parison of liquid chrom atographic technique (LCEC) and atom ic 
absorption spectrom etry (AAS)

Method Amount of Ni(%) Amount of Cu(%)

LCEC* 0.020 0.11

AAS ** 0 .0 1 7 0.10

* LCEC: Injection volum e = 20  pi; solvent flow rate 1 .5  ml/Min;solvent 
system  70% :30%  acetonitrile: aceta te  buffer(0.02M, pH =-6.0) containing
10 '4 M (dedtc)- and 0 .0 0 5  M sodium  nitrate; DC resp on se  w a s monitored 
at 1 .00  V vs  Ag/AgCI.

** AAS: air-acetylene flame; slits are 0.7mm ; w avelength: 3 2 4 .8  nm for Cu,
2 3 2 .0  nm for Ni.
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