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A KEW FOLAROGRAPHIC EZOI-THROUGH DETECTOR. 

A.  Trojgneli and L, K3esIan. 
J, Heyrovsk9 I n s t i t u t e  o f  Physi.ca,l Chemistry 
and Electrochemistry,  Czechoslovak Academy 

Prague 1, J i l s k 6  1 6 ,  Czechoslovakia 
o f  Sciences,  

ABSTRACT 

The cons t ruc t ion  o f  a fl om-through polrrographj  c 
de t ec to r  i s  descr ibed,  based on in t roduc t ion  o f  t he  
t e s t  s o l u t i o n  i n t o  a space f i l l e d  wi th  mercury, Two 
v a r i a n t s  o f  t he  de t ec to r  have been Ceveloped, w i t h  t he  
i n l e t  j e t  placed v e r t i c a l l y  and ho r j  zonta l ly .  The 
dynamic p rope r t i e s  o f  t ke  t w o  de t ec to r  v a r i a n t s ,  t he  
l i n e a r  dymamic rsnge and the  response r ep roduc ib i l i t y  
were tes ted  using o-nltrop&enol as a model substance.  
The de tec to r  wi th  the  v e r t i c a l  j e t  has  a wide l j n e a r  
d3;nam:ic range snd t h a t  wtth the  h o r j  eonta l  j e t  e x h i b i t s  
an extreniely r ap id  response with a time constant  o f  t he  
order  t en ths  o f  a second, 

INTRODUCTION 
Mc s t p r a c t i c a l l y  used f 1 ow- through v o l t  m e t r i c  

? e t e c t o r s  opere te  w i t h  s o l i d  e l ec t rodes  a n d  respond t o  
anodical ly  oxidizable subs tmces .  However, t he re  e x i s t  
many imp o r  t ant  c omp ouncl s con t a in in  g furl c t iona l  group s 
t h a t  can be ca thodica l ly  reduced under c e r t a i n  condi-ti- 
ons ( n i t r c - ,  n i t ro so -  a d  azo-compounds, aldehydes,  
oximes, hydrazones, e t c . ) .  To de t ec t  these  compounds 
i n  flow-through instruments ,  a number of pol.arographlc 
c?etectors have been constructed over l e s t  twenty years, 
employing the  a2vantages o f  mercury e l ec t rodes  and sup- 
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1760 TROJANEK AND KRESTAN 

p r e s s i n g  t o  a v a r y i n g  e x t e n t  t h e i r  u n d e s i r a b l e  proper;- 
t i e s ,  A l l  t h e  p o l z r o g r a p h i c  d e t e c t o r s  that have s o  f a r  
been 2 e s c r i b e d  (1,2) a r e  b a s i c a l l y  flow-through v e r s i o n s  
o f  a common p o l a r o g r s p h i c  c e l l ,  c o n s t r u c t e d  so t h a t  t h e  
i n t e m a l  volume i s  as s m a l l  as p o s s i b l e ,  They a l l  con- 
t a i n  a dropping mercury e l e c t r o d e  c o n s i s t i n g  o f  a glass  
c a p i l l a r y ?  which i s  t h e  most s e n s i t i v e  and most expen- 
s i v e  p a r t  o f  the d e t e c t o r .  

T h i s  pape r  d e s c r i b e s  t h e  c o n s t r u c t i o n  and proper-  
tie:: of a flcw-through p o l e r o g r a p h i c  de t ec to r .  based on 
a new p r j r L c i p l e ,  w i t h o u t  a g lass  c a p i l l e r y .  

EXPERIMEXI TAL 
CPemicals 

Methanol, a c e t i c  a c i d ,  sodium a c e t a t e ,  o-ni t ro-  
phenol and 2 , 6 - d i n i t r o p h e n o l  (all from LEchema, Brno, 
Czechoslcvakia)  were o f  p.2. p u r i t y  end were n o t  f u y t h e r  
p u r i f i e d .  The samples and t h e  base  e l e c t r o l y t e  were 
deae ra t ed  p r io r .  t o  measurement by passage  o f  argon. 
Instrunen-Ls 

a h igh -p res su re  l j n e a r  p m p  (PPY 4001, L a b o r a t c r c f  P X -  
s t r o j e ,  Prague,  Czechoslcvakia)  and a sampling v a l v e  
whose c o n s t r u c t i o n  i s  d e s c r i b e d  below, For t h e  con- 
n e c t i o n s ,  a s t a i n l e s s - s t e e l  c a p i l l a r y ,  0.4 m r  I . D . ,  
w a s  empl ciyed, 

The chromatcgraphic  measurements were c a r r i e d  o u t  
on an LC-XP l j  qu id  chromatograph (Pye Ur; icm,  Cambi.5 dge, 
Grea t  B r i t z i n ) ,  w i t h  a Separon C I 8  col.v~m, 25 cm I c n g ,  
0.e cm I.D,, 10 p (Labora to rn f  P Z s t r o j e ,  Prague,  
Czechoslovakia) .  Samples were i n j e c t e d  through a 20 ,ul 
s m p l i n c  loop. 

h a n d l i n g  t h e  c u r r e n t  s igna l  and t h e  c i r c u i t  f o r  t h e  

The d e t e c t o r  was t e s t e d  i n  a system c o n s i s t i n g  o f  

A t h r e e - e l e c t r o d e  po1arogra.ph w i t h  c i x u i t s  f c y  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



POLAROGRAPHIC FLOW-THROUGH DETECTOR 1761 

measurement o f  e lec t ro l .y t i  c conductsnce were assembled 
f r o m  opera t iona l  am-plifj e r s .  The c o n d u c t a c e  w a s  mea- 
sured w i t h  a large-nrea plstinim- e l ec t rode  i n  t h e  
working e l t c t r o d e  compilrtment a t  a fiequency o f  1 kHz. 

The output s i g n a l  w a s  recorded usj-ng a TZ 4200 
l j n e  recorder  (Laboratornf P X s t r o j e ,  Prague, Czecho- 
s l cvak ia )  or a Tektronics  5703 s torage  osc i l loscope  
(Tekt ronics ,  Beverton, USA). 
Sampling V d v e  

the  Eanple i n t o  tke flowing s t r e a n  as a zone w 5 t L  a 
sharp f r o n t  edge. As the  de t ec to r s  t e s t ed  do not  cause 
a pe rcep t ib l e  pressure  g rad ien t  i n  the  l i q u i d  stream, 
the  sampling valve was' cons t ruc ted  a s  a low-pressure 
device. The ro t t i t ing  sandwich va lve  w i t h  a r o t o r  
between two s t a t o r s  i s  made o f  plexi.gless.  The ad jacent  
sur faces  a r e  lub r i ca t ed  w i t h  g raph i t e  and the  bored 
channels a r e  0.4 mrn j n  diameter. F ig ,  1 dep ic t s  t he  
valve i n  p o s i t i o n  "LOADtt ,  when the  sampling l o o p  i s  
f i l l e d  w i t h  tbe  samp1.e us ing  pressur ized  argon.. O r  
tu rn ing  the  r o t o r  by 60' the  l o o p  conten t ,  inc luding  
the  recttaagular channels,  is  swept i n t o  the  stream 
between the  pwnp and the  de t ec to r .  
Detectcr  

One requirement of the sampling valve i s  to introduce 

The de tec to r  cons t ruc t ion  i s  schematical ly  gfven 
i n  Fig. 2, The whole d e t e c t o r  i s  a l s o  made o f  p lex i -  
g l e s s  and ite body c o n s i s t s  o f  t w o  main p a r t s ,  one 
conta in ing  t h e  re ference  electl2ode and the  o ther  t he  
mercuiy compartment, The two main par.ts a r e  comiected 
by ii. th read  and the  connection between them and 

between the  j e t  holder  ar?d the  f r o n t  o f  t he  mercury 
conpartxent a r e  Beale&, The i n l e t  channel (0.4 mi 1 . D . )  
and the  j e t  a r e  t i g h t l y  Find f l e x i b l y  connected by h 

small s e a l  a t  t h e  channel cimumference.  The two  
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1762 TROJANEK AND KRESTAN 

sample- w 
pump- 

.--* waste 

-detector 

FIGURE 1. Ssmpl jng  valve.  

o u t l e t s  i n  the  mercury compartment permit t he  work wf t h  
the de t ec to r  i n  both v e r t i c a l  and kiori7onl;al pos i t i on ,  

The moot important p a r t  of t he  de t ec to r  i s  the  J e t  
through which the  t e s t  s o l u t i o n  1s introduced i n t o  the  
aercury ,  It i s  made o f  prlrous ceramics and pressed i n t o  
the  p l ex ig l a s s  holder .  The j e t  h a s  a channel 0,4 m i  Ln 
d i a m e t e r ,  and t h e  j e t  is narrowed t o  0 . 2  mm for 1 mm a t  

the  t i p ,  The pcir t  o f  t he  5 e t  t h a t  i s  i n  con7,Ect wi th  
mercury i s  covered wi th  a p r o t e c t i v e  lacquer  (Brush-on 
P l a s t i c  Tape, No.  1672-2C, TechSpray USA), Corn on 
epoxide mater j  a l s  a r e  ur lsui table  f o r  the  Se t  i n s u l a t i o n ,  
because they cannot r e s j  s t  prolonged a c t i o n  of methanol, 
Af ie r  drying o f  the  l ecque r ,  the  j e t  t i p  was g round  
w i t h  a f i n e  emery paper ,  thus  obta in ing  a non-insulated 
contac t  a r ea  wi th  a diameter o f  about 0.7 mm wi th  the 
0.2  mm j e t  and about 1 mm with the 0.4 mm j e t ,  

50% mtl anol was used, 
An Ag/P.gCl re ference  e l ec t rode  wi th  1 M  L i C l  i n  

RESULTS AFD DISCUSSIOTT - 
The princip1.e o f  i h e  de t ec to r  i s  in t ro t i i x t ion  o f  

the  t e s t  s o l u t i o n  i n t o  a space f i l l e d  with mercury. 
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POLAROGRAPHIC FLOW-THROUGH DETECTOR 1763 

1 cm - 

a Iw 

FIGURE 2. Schematic d.iagram o f  the  de tec tor .  
a )  mercury compartment , b )  po rous  j e t  i n  the  p1ex:igl.a.s~ 
holder ,  c )  re fe rence  e1ectrod.e compartment. Contacts 
t o  the  working (W) and re ference  e l ec t rodes  (Eef)  a.re 
depicted . 

The working e l ec t rode  i s  the  mer.cul-y sur face  surrowld- 
ing  the  drop  o r  l a y e r  o f  t he  t e s t  lriquicl. and can he 
connected wi.th t h e  o the r  e1.ectrod.e~ i n  var ious  ways. 
To t e s t  th-e  prope17ties o f  t h i s  d-etector,  we used the  
i n l e t  s ta in less -s tee l .  capil1~a.i.y a s  the  a u x i l i a r y  
e l ec t r cde  ar,d. the  working and. re ference  el .ectrodes 
were conriected by the  j e t  mad.e o f  a porous mater ia l .  

the  response s t a b i l i t y  and. r a t e ,  the  l i n e a r  dymmic 
range (th.e concentrat ion range wi th in  which the  
response i s  l j n e a r )  and the  dependences o f  the measured 
q u a n t i t i e s  on the  f lcw-rate  were determined. A s  th.e 
mod.el substance,  o-nitrophencl (ONPh) wzs s e l e c t e d  i n  
a med.ium of 0,lM a c e t a t e  bu f fe r  o f  pH 4.6 conta in ing  
50% vol .  methanol. Thus the  d.etector was in ten . t iona l ly  
t e s t e d  uLE.er d i f f i c u l t  chroms.tographic condi t ions  wi th  
a l o w  e l e c t r i c  conductance. When the  de t ec to r  contained 
this  e l e c t r o l y t e ,  a res i - s tance  o f  ca. 2CO k a w a . s  
measured betweer_ the  t i p  o f  t he  j e t  and the  a u x i l i a r y  
electrode.  I n  the  Eeasurement, 400 pl o f  the  sample w a s  

Amon-g the  p rope r t i e s  i - n i p o r t a t  f o r  p r a c t i c a l  use,  
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1764 TROJANEK AND KRESTAN 

usual ly  in j ec t ed  i n t o  the  d e t e c t o r ,  thus ensuring t h a t  
the  amourJt i n j e c t e d  m s  s u f f i c i e n t  for t h e  a t t a im-en t  o f  
a s t eady-s t a t  e curroent s i g c a l ,  

The a x i s  o f  the  d e t e c t o r  j e t  can b a s i c a l l y  be 
o r i ec t ed  i n  two d i r e c t i o n s ,  v e r t i c a l l y  o r  ho r i zon ta l ly .  
A s  w i l l  be seen below, d i f f e r e n t  d i r e c t i o m  o f  the  j e t  
ax i s  with r e spec t  t o  the d i r e c t i o n  o f  the  g r a v i t a t i o n a l  
f o r c e  and buoyancy l e a d  t o  de t ec to r s  with d i f f e r e n t  
p rope r t i e s  and thus  they a r e  discussed separa te ly .  
Detector wi th  V e r t i c a l  J e t  Axis 

Due t o  t he  formation o f  d rop le t s  o f  the  l i q u i d  a t  
the  j e t  t i p  and t h e i r  d i sconrec t ion  caused by buoyancy, 
the  cur>rer*t s igma1  obtained o s c i l l a t e s  sinrjlar t o  t h a t  
measured wi th  a dropping mercury e l ec t rode ,  The o~cf .1-  
l a t i o n s  cause d i f f i c u l t i e s  i n  the  eva lua t ion  of t he  
cur ren t  s i g n a l ,  e spec ia l ly  &t l o w  conce r t r a t ions  o f  the  
e l e c t r o a c t i v e  substance (Fig. 3 ) .  The c s c i l l a t i o n s  cen 
be suppressed by using the  sampling method bssed on a 
peak de tec to r  t h a t  does not  r equ i r e  sycchronizat ion 
with the  drop disconnect ion (3). 
Response Rate 

The response r a t e  i s  an impcrtant property t h a t  i s  
o f t e r  u s ~ d  as  the main c r i t e r i o n  f c r  the  comparison c f  
de t ec to r s  o f  var ious  designs,  However, i t  i s  p r a c t i c s l -  
l y  imyfossible t o  compare de t ec to r s  on the ' ,asis o f  the  
da t a  given i n  the  l i t e r a t u r e  i n  terms o f  geometric,  
response,  i n t e r n a l ,  e f f e c t i v e ,  r i n s e ,  hold-up, wash-cut, 
dead, e t c . ,  volumes, as the  r e l a t i o n s h i p s  mong these 
q u a n t i t i e s  a r e  n c t  unambiguously defined a n 2  their .  
values  var ious ly  deFer-d on the  experimeKta1 condi t iocs .  

A r e l a t i v e l y  r e l i a b l e  dynamic p a r m e t e r  i s  the  
response time cons tan t ,  whose value genera l ly  depenzs 
on the  flow-rate and poss ib ly  o r  c t h e r  experimental  
parameters, The f ind ing  o f  these  deper-dences can be 
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20 s 
H 

I ?: U 

a 

4 
time c--- I 

FIGURE 3. Response o f  t he  v e r t i c a l  j e t  de t ec to r ;  
400 pl o f  2xIa'M CNFh in j ec t ed .  J e t  dit-meter 0.4 PI, 
flovr-rate 0.5 ml/m;n. a )  s i g n a l ,  b )  ssmpled s igna l .  

considered a s  a s u f f i c i e n t  c h a r a c t e r i s t i c  of the  
response r a t e  of the  de t ec to r  o r ,  more p r e c i s e l y ,  o f  
the  whcle de t ec t ion  systerr. The time constant  o f  t he  
d e t e c t o r  response can be determined fi+orn t,he output 
sigma1 recorded a f t e r  a stepwise change i n  the  input  
concec t ra t ion .  It i s  o f t e n  Foss ib le  (and the  present  
d e t e c t o r s  a r e  not  an except ion)  t o  express the  time- 
-ccurse c f  the  output s i g n a l  with a s u f f i c i e n t  prec i -  
s i o n  by the  exponential  equat ion,  S = SM(l-exp(-t/t")), 
where 2 i s  the s igna l  amplitude a t  time t ,  zM i s  the  
maximal amplitude and cis the  response time constant .  
Therefore,  t he  c v a l u e  czn be found f rom the  known 
s i g n a l  amplitude a t  any time a f t e r  the  beginning o f  t h e  
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TROJANEK AND KRESTAN 1766 

FIGUFE 4. Dependence o f  the  response time c o n s t a n t  c'n 
t he  flow-rate.  Ver t iGaj  j e t  d e t e c t o r ,  j e t  diameter 
0.2 mri. 400 pl o f  2x10- M OMPh i n j e c t e d .  

s i g n a l  growth and i t  can be used t o  compare the  per- 
formance o f  var-icua Se tec to r s  urLer the  s m e  experi-  
mental condi t ions.  

An accura te  determinat ion o f  t he  response t h e  
ccnstant  i s  somewhat d i f f i c u l t  for t he  de t ec to r  with 
the v e r t i c a l  j e t  a x i s ,  because the  s t e e p e s t  p z r t  o f  
the  curve must be approximate2 by a s t r a i g h t  l i n e ,  The 
time constant  values  given i n  Fig. 4 were thus  obtaine? 
f r o m  the  above equation by eva lua t ing  the  p a r t  of the 
curve between the  po in t s  a t  which t h e  d e t e c t o r  s i g n a l  
a t t a ined  50 and 90% o f  the  s teady-Etate  value.  

The product o f  the  vclunie flow-rete and the  time 
cons tan t ,  the  respcnse volume, Vr (41, remained v i r t u a l -  
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POLAROGRAPHIC FLOW-THROUGH DETECTOR 1767 

l y  constant  over the  whole range of t he  flow-rates 
s tud ied  and a o u n i e d  on average t o  3 l , 7  pl with  a 
standard devia t ion  c f  1.8 pl, The drople t  volume, V d ,  
fourid f r o m  the  per iod o f  dropping a t  a kr,own f l o w -  
- r a t e ,  wa,s a l so  c o m t a n t  wi th in  t h i s  range. The mesn 
drople t  volume was 58.8 p1 ( s tandard  deviatior, ,  0.7 pl) 
f o r  0 .2  m j e t  and 5 2  pl f o r  0 .4  mi j e t ,  

response t h a t  99.57 o f  t he  s teady-s ta te  amplitude can, 
under optimal condi t ions ,  be a t t a i n e ?  a f t e r  discon- 
nec t ion  o f  t he  5.3 Vr/Vd d rop le t s ,  i .e.  a f t e r  about 
t h ree  drople t s .  However, a simple considerat ion shows 
that  f u l l  d e f l e c t i o n  can be reache? a t  tl:e l a t e s t  a f t e r  
two d r c p l e t s  on a s t e p  change i n  the  concentrat ion.  The 
sample zone t h a t  j u s t  pessed thrcugh the  j e t  t i p  l eads  
t o  a drcp of e l e c t r o l y t e  i n  which the  zone i s  d i l u t e d ,  
but the  fol lowing d r o p  i s  composed only of the  sample 
zone and the d e t e c t o r  should i n c i c a t e  the  f u l l  de- 

It f o l l o w s  from t he  equat ion o f  t he  expcnext ia l  

f l e c t i o n .  The slower response cbserve? can be explained 
by an assumption t h a t  the  dropz  a r e  imperfect ly  discon- 
cec ted  f r o m  the j e t  t i p .  It must be bcrne i n  mind t h a t  
a spherrical drop 60 pl i n  volume would have a diameter 
of almost 5 mm and the  t r a n s l a t i o n a l  ve loc i ty  of t he  
l i q u i d  i s  more thzn h a l f  me t re  Fer  second with a 0.2mm 
j e t  a rd  a flow-rate of I ml/min. Thus the  de t ec to r  
opera tes  probably w j t k -  elongated e l e c t r o l y t e  drops,  
deposi ted along the  ex te rna l  circumference cf  the  j e t ,  
f r o m  which a p a r t  i s  a lways  imperfect ly  separated.  
Ca l ib ra t ion  Curve 

When t h e  0.2 mm j e t  was used, a l i n e a r  ca l ib rE t ion  
-4 curve wa.s obtained f m m  5 x t o  10 M concec t ra t ions ,  

a t  a flow-rate c f  0.5 al/min. The s lope  of t he  c a l i -  
b ra t ion  s t r a i g h t  l i n e  w i t h  a r eg res s ion  c o e f f i c i e n t  of 
0.9994 was 2,26 x 10 5 uA.l ,mol-I .  The response non-line- 
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1768 TROJANEK AND KRESTAN 

a r i t y  a t  h igher  cu r rec t  d e n s i t i e s  i s  m o s t  probably 
cause? by a hjgh p c t e n t i a l  g rad iec t  i n s i d e  the  e l ec t r c -  
lyte drop that  cmxnot be compasa ted ,  even i f  a p c s i t i -  
ve feedbsck i s  in t rochee? .  T h i s  i s  supported! by the  
f a c t  t h a t  when us ing  an e l e c t r o l y t e  with a h igher  
cocductance (0,2M a c e t a t e  Buffer  conta in ing  57; methanol, 
i n  which the  memure? r e s i s t a n c e  between t h e  mercury 
and the  a u x i l i a r y  e l ec t rode  was 65 kn) t he  l i n e a r  
s ec t ion  o f  the  c a l i b r a t i o n  curve i s  doubled w i t h  the  
pos l  t i v e  feedback, 

(with B r eg res s ion  c o e f f i c i e n t  o f  0,9987) was obtained 
i n  a concent ra t ion  rar,ge o f  5 x low6 t o  2.5 x 
ever, i n  a rrediwn o f  50% methanol, when using t h e  0.41rm 
j e t .  The upper l in i l t  o f  t h i s  i n t e r v a l  w a s  giver? by the  
opera t iona l  range o f  t he  p o t e n t i o s t a t  t h a t  a t t a ined  the  
s a t u r a t i o n  vol tage  a t  a cu r ren t  o f  ca. 55 pA. The fe- 
t e c t i o n  with the  l a r g e r  j e t  w a s  v i r t u a l l y  equal ly  sen- 

5 s i t i v e  a s  that  w i t h  t he  narrower j e t ,  2.23 x 10 

On t he  c t h e r  hacd, a l i n e a r  c a l i b r a t i o n  curve 

-1 ,uA.l.rcol , 
The Dependence of the Signal Amplitude on the Flow-Rate 

The condi t ions  o f  1,he t r anspor t  o f  t he  e l ec t ro -  
s c t l v e  s u b s t a m e  t o w a r d  the  su r face  o f  a l.,ollow drop 
e l ec t r cde  are very complicate?. Convection cau.sed by 
the growth o f  the  drop a,nd tha t  caused by the  flow of  
the  e l e c t r o l y t e  a r e  combined an? the  s i t u a t i o n  i s  
f u r t h e r  compljcated by the  zbove mentioned inhomoge- 
n e i t y  o f  the  p o t e n t i a l  d i s t r i b u t i o n  over the  working 
e lec t rode  surface.  Therefore i t  w i l l  only be Etated 
t h a t  the  cu r ren t  s i g n a l  i nc reases  l i n e a r l y  with increa-  
s i n g  volume flow-rate (Fig. 5 )  and t h a t  t he  dependence 
devia tes  f r o m  l i n e a r i t y  when us ing  the  smal le r  j e t  i n  
the reg ion  o f  higher  cu r ren t  d e n s i t i e s ,  s imilar  t o  the  
c a l i b r a t i o n  curve. 
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POLAROGRAPHIC FLOW-THROUGH DETECTOR 1769 

0 

, I I 

a5 1.0 i s  2.0 w(ml/mil 

FIGURE 5. Dependence o f  t he  signa.1 amp1itud.e on the  
flow-rete.  V e r t i c a l  j e t  d e t e c t o r ,  j e t  diameter 0.2 mm, 
400 pl of a )  ~ X T O - ~  Ivi ONPh and b) 5xIO-’ M OWFh in j ec t ed ,  

Response Reproducibility 

rable to that of a classical dropping mercury 
electrode.  Twenty measurements o f  samples a t  a concen- 
t r a t i o n  o f  5 x 10-5, a t  a f low-rate o f  0.5 ml/min. 
y i e lded  a. m e m  value o f  i he  cu r ren t  o f  11.46 pA w i t h  
a standard devia t ion  o f  0.08 FA. 
Detector  w i t h  Horizontal  J e t  Axis 

The de tec to r  response r ep roduc ib i l i t y  is compa- 

I n  the  de t ec to r  with the  ho r i zon ta l  j e t  a x i s  t he  
cur ren t  s i g n a l  has  no o s c i l l a t i o n s ,  because the  s o l u t i o n  
d o e s  not  drop, but forms a t h i n  l a y e r  between the  exter-  
n a l  sur face  o f  t he  j e t  and the  mercury. The e f f e c t i v e  
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1770 TROJANEK AND KRESTAN 

a5 1.0 15 w(ml/min) 

FIGURE 6 .  Dependence o f  the  response volume and the  
time constant  on the  flow-rate.  Horizontal  j e t  d e t e c t o r ,  
j e t  diameter 0.4 mi, 400 pl o f  2 x I d 5  M ORPh i n j e c t e d .  

sur face  a rea  o f  the  working e l ec t rode  (on which the  
electrochemical  r e a c t i o n  can occur)  i s  not  exact ly  
def ined,  which l e a d s  t o  c e r t a i n  p e c u l i a r i t i e s  i n  the  
de t ec to r  behaviour,  a s  descr ibed below, 
Respcnse Rate 

Fig. 6 ,  the  de t ec to r  with the  (2.4 mm j e t  e x h i b i t s  a 
dynamic behaviour s imi l a r  t o  t h a t  o f  t he  d e t e c t o r  wi th  
the v e r t i c a l  j e t .  However, the  response volume does  no t  
remain c o n s t m t  when the flow-rate i s  changed and 
r e l a t i v e l y  r ap id ly  decreases  wi th  inc reas ing  flow-rate. 

A s  can be seen from the  time cons tan ts  given i n  
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20 G 1.5 1.0 
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u:‘\m a 0.2 5 x) 15 CM.m5 

- 

m a w ,  

I I 

G 4 
20 

1.5 
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as 

- 

- 

- 

- 

L 

FJGURE 7* Horizontcl jet detectcr: time constant VE. 
the fl ow-re1 e (a) and the concentration of 
0-nitrophenol 
injected. a) constant concentrat#ion 2x10’ M, 
b) constant flcw-rate 0.5 ml/min. 

(b). Jet diameter C.2 mi, &GO p1 

When the 0,2 mm jet is used, the response rate is 
substzntially increased and the time constant becomes 
to a certein extent dependent on the electrozctive 
substance concentration (Fig. 7), This somewhat un- 
expected dependence can be wiCerstood when realizing 
that wlth increasing concentration, i,e. increasing 
electrolytic current, the inhomogeneity of the poten- 
tial distribution over tke working electrode surface 
also increases. Thus the electrode effective surface 
area decreases, leading to a decrease in the volume in 
which the detection takes place. 
Calibration Curve 

The deterioration of the geometry between the 
reference electrode tip end the working electrode sur- 
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1772 TROJANEK AND KRESTAN 

5min I - 
FPGURE 8. Horizontal  j e t  de tec tor :  chroniatogram of 
5 pg o f  2 ,6-d in i t roani l  i n e  and the  corresponding 
c a l i b r a t i o n  curve,Jet  diameter 0.2 mm, f low-rate 
1.5 ml/min. 

face (compared wi th  the  Frevious de t ec to r )  causes a 
narrowing o f  t he  linear dynamic range. Even i f  the  
0.4 vm j e t  w a s  used, the l i n e a r  c a l i b r a t i o n  curve w a s  
only obtained f r o m  5 x t o  10'4K concentrat ion a t  
a flow-rate of 0.5 ml/min. and t h i s  i n t e r v a l  could be 
extended t o  2 x 10-4M by in t roducing  p o s i t i v e  feedbzck. 
The s lope  of the  c a l i b r r t i o n  curve wi th  a regress ion  

f o r e  the  de t ec t ion  s e n s i t i v i t y  w a s  v i r t u a l l y  the  sane 
as t h a t  f o r  t he  de t ec to r  wi th  v e r t i c a l  j e t .  

c o e f f i c i e n t  of 0.9986 was 2.13 x 10 5 ).~A.l.rnol-~. There- 
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POLAROGRAPHIC FLOW-THROUGH DETECTOR 1773 

When samples were i n j e c t e d  i n  amounts corresponding 
t o  about one t h i r d  o f  the  s t z t i o n a i y  cu r ren t  s i g n a l  
( l S , 6  p l ) ,  a l i n e a r  c a l i b r a t i o n  curve w a s  obtained i n  
a concent ra t ion  range o f  
l i n e  with a r eg res s ion  c o e f f i c i e p t  o f  0.99‘70 had a 

775.5 ng o f  o-r-itrcpleno3, For t he  d e t e c t o r  wi th  the  
0.2 mm j e t ,  a s u b s t m t i a l l y  narrower l i n e a r  dynamic 
range was obtained with the  same f low-rete ,  namely, 
f r o m  5 x t o  2 x The c a l i b r a t i o n  curve ob- 
ta ined  f r o m  four experimental  po in t s  had a r eg res s ion  
c o e f f i c i e n t  o f  0.9983 and a s lope cf 4.3 x 10 
pA.l.mol-’, I n  s p i t e  o f  t he  discouragingly narrow 
l i n e a r  dyn-aic  range,  t h i s  d e t e c t o r  w a s  t e s t ed  i n  
cornkination with a l i q u i d  chromatograph, as it could  be 

expected t h a t  i t s  rapid response would be favourable.  
Fig.  8 dep ic t s  t he  response i n  the  de t ec t ion  o f  2 ,6-  
d i n i t r o a n i l i n e ,  The c a l i b r a t i o n  curve,  obtained in ten-  
t i o n a l l y  f o r  l a r g e  amounts i n j e c t e a  (1.5 t o  15 ug) a t  
-7.OV i s  r e l i a b l y  l i n e a r  because o f  low concent ra t ions  
of t he  e l e c t r o a c t i v e  substancc i n  the  e lu t ed  zone, 
It can be simply der ived ( 5 )  t h a t  t he  concentYation a t  
the  peak top was 1.2 x lom5, f o r  10 pg o f  2 ,6-&ini t ro-  
a n i l i n e  i n j e c t e 2 ,  
Dependence of t h e  S i g n a l  Amplitude on t h e  Flow-Rate 

s teady-s ta te  cu r ren t  s i g n a l  a t  concentrat ions o f  
2 x and 5 x 1 O m 5 M ,  f r o m  0.25 t o  2.4 niiI/mjn. 

With the  0.4 I~JI j e t ,  t he  p l o t  i n  t h e  l o g a r i t h m i c  

t o  3 x 10-4M. The s t r a i g h t  

s lope  o f  5.7 x 1 0  4 p A a l * ~ o l - ’  f o r  amounts o f  25.8 t o  

5 

This  dependence was again followed for the 

coord ina tes  y i e lded  s t r a i g h t  l i n e s  wi th  s lopes  o f  0.47 
an? 0.52 and the  r e spec t ive  regyession c o e f f i c i e n t s ,  
0.9929 and 0.9983. The cu r ren t  s i g n a l  ampl j  tude thus  
inc reases  wi th  the  square roo t  o f  t ke  f low-rate ,  si- 
x i l z r  t o  th in- layer  de t ec to r s  wiih s o l i d  e lec t rodes .  
The dependence is compljcated by the  h igh  p c t e n t i a l  
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1774 TROJANEK AND KRESTAN 

gradien t  when the  s m a l l  j e t  i s  use? ,  and the dependence 
e x h i b i t s  a negat ive  dev ia t ion  fraom the  square-root 
dependence f o r  h igh  flow-rates,  
Response Reproducibility 

A s  mentioned above, the  e f f e c t i v e  su r face  a rea  of 
t he  woiking e l ec t rode  i s  not  exac t ly  def ined i n  t h i s  
de t ec t e r  type. Therefore ,  c e r t a i n  r u l e s  must be observed 
t o  obtain reproducible  r e s u l t s ,  i n  c o n t r a s t  t o  the 
2e t ec to r  w i th  the  v e r t i c a l  j e t .  

The d e t e c t o r  e x h i b i t s  optimal performame when 
the  mercury su r face  i s  v i r t u a l l y  dry ,  which can be at- 
t a ined  by modifying the  l i q u i d  o u t l e t  f r o m  the  de tec tor .  
The o u t l e t  t o  t h e  waste t h a t  i s  lower than  t h e  d e t e c t o r  
i s  through a s t a i n l e s s - s t e e l  tube brought through the  
de t ec to r  w ~ l l  t o  a d i s t ance  of about 1.5 cm above the  
j e t  base. Af t e r  f i l l i n g  the  compartment with mercury, 
t h e  mercury i s  forced t o  the  waste by t h e  l i qu id ;  
u t i l i z i n g  the  siphon e f f e c t  ( f o r  short-t ime opening o f  
the  upper c l o s i n g ) ,  a l l  excess mercury m d  e lec t ro ly t ,e  
a r e  removed, When the  upper c los ing  i s  again sea l ed ,  
t he  absence o f  t k e  e l e c t r o l y t e  on t h e  su r face  o f  t he  
nercury and a constant  mercury l e v e l  are ensured. The 
de tec to r  prepared i n  t h i s  w a y  y i e l d s  we l l  reproducible  
response z f t e r  condi t ioning under f l o w  condi t ions  f o r  
severe7 rriinutes. Twenty measurements o n  samples wi tk - ,  
2 concentrat ion of 2 x us ing  the  0.2 mi j e t  and 
a flow-rate o f  0.5 m l / m i n . ,  gave t h e  mean cu r ren t  value 
o f  8.83 pA with  a standard dev ia t ion  o f  0,17 uA. 

The r e s u l t s  obtained i n  t h e  t e s t i n g  o f  t he  c?e- 

t e c t o r s ,  some o f  which a r e  gjven i n  the  t a b l e ,  i n d i c a t e  
t h a t  de t ec to r s  o f  good p r o p e r t i e s  can be constr iActed 
using t h i s  pr2nciple .  The v e r t i c a l  j e t  d e t e c t o r  i s  
s u i t a b l e  c . g .  f o r  continuous ana lyzers ,  because o f  i t s  
slower response and a broad l i n e a r  dyromic range. The 
cons t ruc t ion  wj tk, t he  clcoed rrercury a l s o  ensures  the  
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TAELE 1 
I m p o r t a n t  P rope r t i e s  o f  Tested Detectors  

Detector  J e t  Time Response Linear  dynamj c 
diameter cons tan t  volume range 

(mm) a t  Iml/mj.n. (111) (rnol.l-l ) 
( S )  

%imj ted. by the  opera t iona l  range o f  the  p o t e n t i o s t a t  
’Dependent on the  e l e c t r o a c t i v e  substance concentrat ion 

sa fe ty  c f  the  opera tor  during the  measurement. The 
de tec to r  w i th  a ho r i zon ta l  j e t  w i t k  a small  diameter,  
which has  some p r o p e r t i e s  s i m j l a r  i,o those o f  solj d- 

- e lec t rode  th in- layer  de t ec t cps ,  s e e m  t o  be s u i t a b l e  
for de tec t ion  i n  l i q u i d  chrnniatogmphy where s m a l l  
amounts a r e  invol.ved and a f a s t  response i s  required.  
I n  a f u r t h e r  development o f  de t ec to r s  o f  i,hi,c type,  
the a t t e n t i o n  should be d i rec ted  t o  broadening o f  t k e i r  
l j n e a r  ?ynmiic range,  which ’E- d i r e c t l y  connected wi th  
the  geor,let,r.y of the  e l ec t rodes ,  
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