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SOLID PHASE REACTORS AS AN ANALYTICAL 
TOOL IN THE DETERMINATION OF URINARY 

NORADRENALINE AND ADRENALINE 

J .  Ruter, U. P. Kurz, and B.  Neidhart 
Institut fur Arbeitsphysiologie 
an der Universitat Dortmund 

Z WE Analytische Chemie 
Ardeystr. 67,  4600 Dortmund 1 
Federal Republic of Germany 

ABSTRACT 

The possibility of performing the oxidation of 
the catecholamines noradrenaline and adrenaline inside 
a PbO - or a MnOZ- solid phase reactor (SPR), which 
is in?egrated in the chemical reaction detector of the 
trihydroxyindole (THI) method is demonstrated. The 
adaptation of the SPR to the chromatographic conditions 
and the optimization of the different reaction parame- 
ters is described. A comparison of the two SPRs to the 
ferricyanide oxidation in the homogenous system is made 
with respect to accuracy, sensitivity and precision of 
the results. The new SPR-technique enables simplifica- 
tion and low cost running of the THI-system in routine 
analysis of urinary catecholamines. 

INTRODUCTION 

The physiological and pharmacological importance of 
the biogenic amines noradrenaline (NA) and adrenaline 
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RUTER, KURZ, AND NEIDHART 2476 

( A )  has promoted a lot of research in the analytical 
determination of these neurotransmitters. Spectrophoto- 
metric (1) and fluorometric (2-15) methods are used as 
well as electrochemical (16-21) and radioenzymatical 
(22-28) methods. Separation is performed mainly by 
high-performance liquid chromatography and sometimes by 
gas chromatography or thin-layer chromatography (15). 
Because of the instability of NA and A with respect to 
oxidation (29) and enzymatic decomposition, the isola- 
tion of the catecholamines (CA) from the matrix (urine 
or blood) is a problem. Cation-exchange procedures as 
well as adsorption onto aluminum oxide or boric acid 
gel followed by acid elution have been used success- 
fully (14,15). In our laboratory the trihydroxyin- 
dol-method (THI) in combination with A1203 extrac- 
tion and HPLC is mainly used. The measurements are per- 
formed online in a chemical reaction detector. The 
complete analytical procedure has been described else- 
where (13). Inside the chemical reaction system the 
first step within the procedure o f  forming the fluores- 
cent trihydroxyindoles is the oxidation of the cate- 
cholamines to the respective adrenochromes ( 4 ) .  For 
this step diEferent oxidants like ferricyani.de, Cu2+, 
Fe3+ or Mn02 can be used. In the case of solid re- 
agents like Mn02 time consuming batch procedures were 
employed . 

Recently we have described a solid phase reactor 
(SPR) for the online oxidation of manganese (30) and 
chromium. This SPR is filled with solid Pb02 by which 
the sample is oxidized when passing the reactor column. 
The reaction conditions are influenced by different 
parameters like pH, temperature, and reactor dimensions 
etc. (31). Other authors (32, 3 3 )  have used similar 
SPRs with other packing materials for different re- 
actions in post column detection. 
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SOLID PHASE REACTORS AS ANALYTICAL TOOL 2477 

I n  t h i s  p a p e r  w e  d e m o n s t r a t e  t h e  p o s s i b i l i t y  of 
p e r f o r m i n g  t h e  o x i d a t i o n  of c a t e c h o l a m i n e s  ( N A  + A )  

i n s i d e  a s o l i d  p h a s e  reac tor ,  i n t e g r a t e d  i n  t h e  c o n v e n -  
t i o n a l  c h e m i c a l  r e a c t i o n  d e t e c t o r  o f  t h e  THI-method. 
Lead d i o x i d e  and manganese  d i o x i d e  a r e  p r o v e n  t o  he 

s u i t a b l e  reactor  p a c k i n g  mater ia ls .  The  r e a c t i o n  c o n d i -  
t i o n s  i n  t h e  c h e m i c a l  r e a c t i o n  s y s t e m  are  a d a p t e d  t o  
t h e  c o n d i t i o n s  i n s i d e  t h e  S P R  w i t h  t h e  aim of g e t t i n g  
a n  o p t i m u m  o x i d a t i o n .  A c o m p a r i s o n  b e t w e e n  t h e  t w o  SPRs 
and  t h e  f e r r i c y a n i d e  o x i d a t i o n  is  made w i t h  respect t o  
s e n s i t i v i t y  and  p r e c i s i o n  i n  o r d e r  t o  allow t h e  j u d g e -  
ment  w h e t h e r  t h e  u s e  o f  a n  SPR e n a b l e s  s i m p l i f i c a t i o n  
and  l o w  cost  r u n n i n g  of t h e  T H I s y s t e m .  F u r t h e r m o r e ,  t h e  
SPRs are t e s t e d  i n  t h e  r o u t i n e  a n a l y s i s  o f  u r i n e  sam- 
p l e s .  

EXPERIMENTAL 

R e a g e n t s  and  S o l u t i o n s :  

The  c h e m i c a l s  and  s o l u t i o n s  u s e d  f o r  s a m p l e  p r e -  
t r e a t m e n t  a re  d e s c r i b e d  e l s e w h e r e  w i t h  t h e  e x c e p t i o n  
t h a t  t h y m o l b l u e  ( R i e d e l - D e  Haen,  S e e l z e - H a n n o v e r )  was 
used  a s  i n d i c a t o r :  1 g / 1  20 % e t h a n o l  ( 2 9 ) .  

n o r a d r e n a l i n e :  L - n o r a d r e n a l i n e  b i t a r t r a t e ,  pha rm.  
( S e r v a ,  H e i d e l b e r g ,  FRG) 

a d r e n a l i n e :  L - a d r e n a l i n e  b i t a r t r a t e ,  R g r a d e  
( C a l b i o c h e m ,  C a l i f .  U S A )  

2 - m e r c a p t o e t h a n o l :  p u r i s s  ( S e r v a ,  H e i d e l b e r g ,  
FRG) 

A l l  o t h e r  c h e m i c a l s  were o f  a n a l y t i c a l  g r a d e  and  
p u r c h a s e d  f o r m  Merck ( D a r m s t a d t ,  FRG) 
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2418 RUTER, KURZ. AND NEIDHART 

- m o b i l e  p h a s e  i n  HPLC: 0.05 M p o t a s s i u m  p e r c h l o r a t e  
+ 250 u l  a q u e o u s  c o p p e r  a c e t a t e  
s o l u t i o n  ( 3  g /100  m l  H 2 0 )  i n  
1000 m l  o f  m o b i l e  p h a s e  
+ 1 g sodium a c e t a t e  i n  100 m l  
o f  m o b i l e  p h a s e  
+ so much acet ic  a c i d  to  a d j u s t  
t h e  m o b i l e  p h a s e  to a pH = 4.45 

- r e d u c i n g  s o l u t i o n :  266 g sod ium hydroxyde 
+ 13 .4  g sod ium s u l f i t e  ( anhy-  
d r o u s )  
+ 9 m l  2 - m e r c a p t o e t h a n o l  
i n  1000 m l  b i d i s t i l l e d  w a t e r  

- l e a d  d i o x i d e  reactor: p r e p a r a t i o n  d e s c r i b e d  else- 
where ( 3 0 )  

- manganese d i o x i d e  reactor :  75.3 q manganese n i t r a t e  
a r e  d i s s o l v e d  i n  500 m l  
b i d i s t i l l e d  water. I n  t h i s  
s o l u t i o n  50 g s i l i c a  g e l  
(18-35 mesh, Mac herey-Na- 
g e l  Co., Duren,  F.R.G.) 
are s u s p e n d e d  by  v i g o r o u s  
s t i r r i n g ;  to  t h i s  s u s p e n -  
s i o n  a s o l u t i o n  o f  31.6 g 
p o t a s s i u m  pe rmangana te  i n  
500 m l  b i d i s t i l l e d  water 
is s l o w l y  added .  A p a r t  of 
t h e  p r e c i p i t a t i n g  MnO 
is a d s o r b e d  by t h e  s u s p e n -  
ded s i l i c a  g e l .  A f t e r  30 
m i n u t e s  o f  s t i r r i n g  t h e  
s i l i c a  g e l  is  f i l t e r e d  o f f  

2 
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SOLID PHASE REACTORS AS ANALYTICAL TOOL 2479 

t h r o u g h  a 5 0 0  pm s i e v e  a n d  

washed  u n t i l  n o  p e r m a n g a -  

n a t e  c o l o u r i n g  is l e f t .  

The  f i n a l  p r o d u c t  is  d r i e d  

i n  a d e s i c c a t o r .  

A p p a r a t u s  

HPLC pump: 

S w i t c h i n g  v a l v e  : 

Column : 

Pump t u b i n g  and  

accessories:  
T h e r m o s t a t :  

PTFE- tubing  and  

accessories : 
F l u o r o m e  t r  ic  
d e t e c t o r :  

Recorder: 

pH-meter : 

S PR- r e ac to r  
co lumn : 

Waters m o d e l  M-45 (Waters GmbH, 

D-6240 K o n i g s t e i n / T a u n u s ,  FRG) 
L a t e k - 7 0 1 0  ( L a t e k ,  D-6900 Heidel-  

b e r g ,  FRG) 

i f  n o t  o t h e r w i s e  s t a t e d ,  s e l f - p a c k e d  

N u c l e o s i l  5-C (SS 250/  1 /4"  / 4 , 6 )  

(Macherey -Nage l  C o . ,  D-5160 Diiren,  

FRG) 

1 8  

B i o t e c h n i k  GmbH (D-2000 Hamburg, FRG) 

I m m e r s i o n  t h e r m o s t a t  T 5 1  ( H e i d o l p h  

E l e k t r o  K G ,  D-8420 K e l h e i m ,  FRG) 

L a t e k  (D-6900 H e i d e l b e r g ,  FRG) 

Sh imadzu  F l u o r e s c e n c e  S p e c t r o m o n i t o r  

RF-530 w i t h  1 2  p l  f l o w  c e l l  (Sh imad-  

z u ,  D-4000 D u s s e l d o r f )  

C o r n i n g  r e c o r d e r  8 4 0  ( I M A  A n a l y s e n -  

t e c h n i k ,  D-6300 G i e s s e n ,  FRG) 

D i g i t a l - p H  meter CG 8 2 0 ,  S c h o t t - G e r a t e  

G m b H ,  D-6238 Hofhe im a .  T s .  

made of s t a i n l e s s  s t e e l  t u b i n g  or 
g l a s s  t u b i n g  ( O m n i f i t )  
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reducing solution 

RUTER, KURZ, AND NEIDHART 

TR1 

0.025" - - 

TR2 

waste I fluorimeter I 1 
FIGURE 1. Scheme of the heterogeneous chemical reaction 

detector for NA and A 

SPR: Solid Phase Reactor (PbO 
TR1: Teflon Reactor (1 = 3 . 5  4, i.D. = 0.8 mm) 
TR2: Teflon Reactor (1 = 2.0 m, i.D. = 0.8 mm) 

or Mn02) 

Method 

The experimental set-up is shown in Fig. 1. After 
pretreatment of the samples a 250 ~1 aliquot of the 
eluate is injected onto the analytical column. The se- 
paration takes place at room temperature and at a flow 
rate of the mobile phase of 1 ml/min resulting in a 
pressure drop of 1800 psi of the Nucleosil 5-C co- 
lumn. The oxidation of the catecholamines noradrenaline 
and adrenaline to the respective adrenochromes takes 
place inside the solid phase reactor coupled close be- 
hind the analytical column. The optimize dimensions 
are : 

18 
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SOLID PHASE REACTORS AS ANALYTICAL TOOL 248 1 

- Pb02-SPR length = 50 mm i.d. = 3 mm glass column; 

- MnO -SPR length = 50 mm i.d. = 2,l mm stainless 
particle size = 18-35 mesh 

2 
steel; particle size = 18-35 mesh 

In both cases the SPR is kept at room temperature. 
The alkaline rearrangement takes place at 3OoC for- 
ming the fluorescent trihydroxyindoles. The measure- 
ments are performed atxex = 400 nm andAem = 500 nm. 
The fluorometer adjustements are: sensitivity " H " ,  

range = 1. The recorder voltage is 5 mV and the recor- 
der speed is 5 mm/min. The dimensions of the reaction 
coils of the homogenous part of the chemical reaction 
detector are: First PTFE-coil (TR1): 1 = 3 . 5  m, i.d. = 

0.8 mm; second PTFE-coil (TR2): 1 = 2 m, i.d. = 0.8 mm. 

RESULTS AND DISCUSSION 

Although the chemical reaction detector which is 
used in our laboratory €or the determination of urinary 
NA and A works without any problems in routine analysis 
(13) we reduced the equipment, the consumption of sol- 
vents, and manpower by introducing a solid phase rcac- 
tor into the system. The oxidation of NA and A now 
takes place inside the SPR instead of mixing the sample 
with ferricyanide solution. MnO as oxidant has been 
used earlier ( 4 )  by other authors, but not as an inte- 
grated part of the chromatographic system: whereas lead 
dioxide has not been used so far in catecholamine oxi- 
dation. 

2 

In the first step of simplification, the all homo- 
geneous chemical reaction system as shown in Fig. 2 was 
varied by simply leaving the K3 (Fe(CN)6) out of 
the buffered oxidizing solution. The Pb02- SPR was 
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248 2 RUTER, KURZ, AND NEIDHART 

peristaltic pump 
(speed 600) 
1i.d. of tubes1 

copper acetate solution 0.030" 
air 0.040" 
HPLC 

reducing solution 0.030" 

acid solution 0.045" 
0.056 

oxidizing solution ' 0.030" 

- 
FIGURE 2 .  Scheme o f  t h e  a l l  homogeneous c h e m i c a l  

r e a c t i o n  d e t e c t o r  f o r  NA and A 

i n t e g r a t e d  i n  t h e  r e a c t i o n  s y s t e m  d i r e c t l y  a f t e r  t h e  
i n l e t  o f  t h e  c o p p e r  a c e t a t e  s o l u t i o n .  F u r t h e r m o r e ,  t h e  
g l a s s  r e a c t i o n  co i l s  (MC 1 and MC 2 )  were r e p l a c e d  by 
s e l f k n i t t e d  and t w i s t e d  PTFE c a p i l l a r i e s  ( 0 . 8  mm i . d . ) .  

MC 1 was r e p l a c e d  by  a 4 in PTFE- reac to r .  MC 2 was re- 
p l a c e d  by two PTFE- reac to r s :  o n e  ( 3  m l o n g )  a f t e r  t h e  
i n l e t  of t h e  r e d u c i n g  s o l u t i o n  and t h e  o t h e r  one  (3m 
l o n g )  a f t e r  t h e  i n l e t  o f  t h e  a c i d  s o l u t i o n .  F u r t h e r -  
more, t h e  a i r  t u b e  was removed, b e c a u s e  SPRs c a n n o t  b e  
used i n  a i r  segmented s y s t e m s .  The r e s u l t s  o f  CA measu- 
r e m e n t s  w i t h  t h i s  a r r a n g e m e n t  a re  g i v e n  i n  F i g .  3 .  

( 7  pm, 250 x 4mm) was used t o g e t h e r  w i t h  0 . 1  M p e r c h l o -  
r i c  a c i d  a s  m o b i l e  p h a s e .  F i g .  3 shows t h a t  t h e  l e a d -  
d i o x i d e  SPR is s u i t a b l e  €or t h e  c o n t i n u o u s  d e t e c t i o n  
o f  NA and A by  t h e  THI-method. A d i s a d v a n t a g e  of t h e  
SPR is  t h e  a p p a r e n t  d e t e r i o r a t i o n  o f  t h e  c h r o m a t o g r a -  
p h i c  r e s o l u t i o n  d u e  t o  p e a k  b r o a d e n i n g  i n s i d e  t h e  SPR. 

For  t h e s e  measu remen t s  a Chromosorb RP-18 column 
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- -  
E E E  

m a  c 

.6 0 /\ 

z z  
9 '  
\ \  

I I I I 
0 10 20 30 10 tlmin 

z z  
9 '  
\ \  

- 
0 10 
7 
20 
I 

30 - 
FIGURE 3 .  Chromatogram of NA and A standard solutions 

measured with a partially simplified hetero- 
geneous chemical reaction detector 

This effect has been discussed in detail by several au- 
thors (35, 3 6 ) .  In the given case of NA and A a suffi- 
cient chromatographic resolution can only be achieved 
i f  the difference in the retention times is at least 
two minutes. 

After these screening experiments, systematic 
investigations on the influence oE different parameters 
on the oxidation of NA and A were started in order to 
construct a simpler, with respect to the experimental 
set-up, chemical reaction detector. 
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2484 RUTER, KURZ, AND NEIDHART 

FIGURE 4 .  Oxidation of A to its trihydroxyindole 
(analogous for NA) 

The controlled oxidative cyclization of the cate- 
cholamines to their chrome derivatives and the follo- 
wing intramolecular rearrangement in a strong alkaline 
solution in the presence of reducing agents (Fig. 4 )  

was first investigated by Lund (9, 10, 37, 38) and Ehr- 
len (39). These authors showed that the transient fluo- 
rescence is due to an uncontrolled oxidation of the 
fluorophore molecules by dissolved oxygen. The incorpo- 
ration of a suitable reducing agent in the alkaline 
solution prevents the undesired oxidation by an excess 
of oxidant and the dissolved oxygen, thus leading to a 
stabilization of the fluorophore molecules in the solu- 
tion. A differentiation between NA and A can be 
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SOLID PHASE REACTORS AS ANALYTICAL TOOL 2485 

a c h i e v e d  by r u n n i n g  t h e  o x i d a t i o n  p r o c e d u r e  a t  two d i f -  
f e r e n t  pH-values .  T h i s  is d u e  t o  t h e  €ac t  t h a t  b o t h  

c a t e c h o l a m i n e s  a r e  o x i d i z e d  o v e r  a w i d e  pH r a n g e ,  b u t  
w i t h  d i E f e r e n t  rate and e x t e n d  o f  o x i d a t i o n  f o r  e a c h  

amine. A t  lower pH-values  (pH 2-4) t h e  f o r m a t i o n  o f  t h e  
A- f luo rophore  is  f a v o u r e d  w h e r e a s  a t  h i g h e r  pH-values  
(pH 5-7)  t h e  f l u o r e s c e n c e  of t h e  NA o x i d a t i o n  p r o d u c t  
is more i n t e n s i v e .  A f u r t h e r  d i f E e r e n t i a t i o n  be tween  NA 

and A is  p o s s i b l e  by c h o o s i n g  d i f f e r e n t  d e t e c t i o n  wave- 

l e n g t h s  f o r  t h e  two f l u o r o p h o r e s .  
Lund ( 3 8 )  used  t h e s e  p H - e f f e c t s  f o r  t h e  d i f f e r e n -  

t i a t e d  d e t e r m i n a t i o n  o f  t h e  two c a t e c h o l a m i n e s  a f t e r  

o x i d a t i o n  w i t h  manganese d i o x i d e .  E u l e r  and F l o d i n g  (5) 
p r e f e r r e d  t h e  o x i d a t i o n  w i t h  f e r r i c y a n i d e .  I n  o u r  l a b o -  

r a t o r y ,  t h e  a n a l y s i s  o f  NA and A is  perfomed by  HPLC 
s e p a r a t i o n  f o l l o w e d  by a c h e m i c a l  reaction d e t e c t o r .  
The pH-value f o r  t h e  o x i d a t i o n  is a d j u s t e d  i n  a way 
t h a t  f o r  t h e  NA/A-ratio o f  2 .5 ,  which i s  most f r e q u e n t  
i n  u r i n e ,  t h e  same d e t e c t o r  r e s p o n s e  is o b t a i n e d .  

For t h e  o x i d a t i o n  i n  a PbO or a Mn02-reactor 2 
t h e  pH-valua was s y s t e m a t i c a l l y  v a r i e d  be tween  4 . 0  and 
5.0 i n  o r d e r  t o  find t h e  optimum f o r  b o t h  a m i n e s .  The 

resu l t s  o f  t h e s e  measu remen t s  were i n  good a g r e e m e n t  
w i t h  e a r l i e r  i n v e s t i g a t i o n s :  a t  pH 4 t h e  o x i d a t i o n  o f  A 

g i v e s  v e r y  good y i e l d s  and t h e  s i g n a l  f o r  NA is l o w ,  a t  
pH 5 t h e  r e v e r s e  result  is  f o u n d .  The o p t i m u m  pH-values  
f o r  b o t h  amines were found t o  l i e  be tween  4.3 and 4.4. 
F u r t h e r m o r e ,  i t  c o u l d  be  shown t h a t  b o t h ,  t h e  t e m p e r a -  

tu re  o f  t h e  c h e m i c a l  r e a c t i o n  s y s t e m  and t h e  d e l a y  t i m e  
of  t h e  s a m p l e  i n  t h e  s y s t e m ,  s t r o n g l y  i n f l u e n c e  t h e  
p e a k  h e i g h t s .  Fo r  a f u r t h e r  s i m p l i f i c a t i o n  o f  t h e  c h e -  
m i c a l  reac t ion  d e t e c t o r  a mobile p h a s e  oE pH 4 . 4  f o r  
t h e  c h r o m a t o g r a p h i c  s e p a r a t i o n  o f  NA and A p r o m i s e d  t o  
be  a d v a n t a g e o u s .  The p r o f i t s  of t h i s  a r r a n g e m e n t  a re  
f i r s t l y  a s e v e r e  r e d u c t i o n  o f  s ample  d i l u t i o n  b e c a u s e  
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2486 RUTER, KURZ, A N D  NEIDHART 

t h e  same s o l u t i o n  is used f o r  b o t h  t h e  s e p a r a t i o n  o f  
t h e  c a t e c h o l a m i n e s  and t h e i r  o x i d a t i o n .  T h i s  means t h a t  
t h e  pH v a l u e  o f  t h e  m o b i l e  p h a s e  h a s  no l o n g e r  t o  be 
a d a p t e d  to  t h e  o x i d a t i o n  by a d d i n g  two s e p a r a t e  solu-  
t i o n s  to t h e  sample  stream. S e c o n d l y ,  t h e  SPR c a n  be 

i n s t a l l e d  d i r e c t l y  behind  t h e  s e p a r a t i o n  column.  The 
m o b i l e  p h a s e  used was a 0.05 M p o t a s s i u m  p e r c h l o r a t e  
s o l u t i o n  which was a d j u s t e d  to pH 4.4 w i t h  a 0.2 M ace- 
t a t e  b u f f e r  s o l u t i o n ;  to  t h i s  m i x t u r e  250 u l / l  o f  a 
c o p p e r  acetate  s o l u t i o n  ( 3  g C U ( C H ~ C O O ) ~ /  100  m l )  
was added.  Measurements w i t h  t h i s  e x p e r i m e n t a l  s e t - u p  
showed optimum s i g n a l  h e i g h t s  a t  a temperature of 

3OoC ( a l l  PTFE c o i l s  i n s i d e  a w a t e r  b a t h ,  b u t  n o t  t h e  
SPR) and w i t h  a l e n g t h  o f  t h e  f i r s t  PTFE c o i l  oE 350 
cm. A l l  s e p a r a t i o n s  and measurements  w i t h  pH a d j u s t e d  
p o t a s s i u m  p e r c h l o r a t e  as m o b i l e  p h a s e  had to be p e r -  
formed w i t h  a Nucleosil  5-C18 p a c k i n g  mater ia l  be- 
cause t h i s  RP-phase was t h e  o n l y  o n e  o u t  o f  s e v e r a l  
c o m m e r c i a l l y  a v a i l a b l e  ClB-materials, which showed 
no pH-dependent c h r o m a t o g r a p h i c  r e s o l u t i o n  f o r  t h e  ca- 
t e c h o l a m i n e s  i n  t h e  pH r a n g e  from 1 . 5  to  5.5 ( 4 0 ,  4 1 ) .  
I n  t h e  c o u r s e  o f  t h e  r e o r g a n i z a t i o n  o f  t h e  c h e m i c a l  
r e a c t i o n  d e t e c t o r  t h e  f l o w  r a t e  o f  t h e  a l k a l i n e  s o l u -  
t i o n  n e c e s s a r y  f o r  t h e  r e a r r a n g e m e n t  o f  t h e  d e r i v a t i v e s  
c o u l d  be reduced  to 1 m l  p e r  m i n u t e  which a g a i n  resul ts  
i n  less d i l u t i o n  o f  t h e  sample .  Under t h e  above  c o n d i -  
t i o n s  t h e  l a s t  s t ep  o f  t h e  THI-method, t h e  r e a c i d i f i c a -  
t i o n ,  c a u s e s  a p r e c i p i t a t i o n  i n  t h e  l a s t  r e a c t i o n  c o i l  
b e c a u s e  o f  h i g h  sample  and s a l t - c o n c e n t r a t i o n s .  There-  
f o r e ,  t h e  a c i d i f i c a t i o n  s t e p  w i t h i n  t h e  THI-method was 
e l i m i n a t e d  and t h e  f l u o r o p h o r e s  were measured d i r e c t l y  
i n  a l k a l i n e  s o l u t i o n ;  t h i s  d i d  n o t  cause a s e r i o u s  de-  
crease o f  t h e  s i g n a l  h e i g h t s .  

t h e  d e s c r i b e d  way i t  c o n s i s t e d  o n l y  of t h e  h e t e r o g e n o u s  
A f t e r  modi fy ing  t h e  c h e m i c a l  r e a c t i o n  d e t e c t o r  i n  
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SPR, a f i r s t  r e a c t i o n  c o i l ,  a T - p i e c e  f o r  t h e  a d d i t i o n  
o f  t h e  r e d u c i n g  a l k a l i n e  s o l u t i o n ,  t h e  s e c o n d  r e a c t i o n  
co i l  a n d  t h e  f l u o r i m e t e r .  The  e x p e r i m e n t a l  s e t - u p  is 
i d e n t i c a l  w i t h  t h a t  shown i n  F i g .  1 except o f  t w o  va -  
r i a t i o n s :  t h e  s p e e d  o f  t h e  p e r i s t a l t i c  pump is  500 i n -  
s t e a d  o f  300 and  n o  b u f f e r  s o l u t i o n  is a d d e d  t o  t h e  
e l u a t e  o f  t h e  c h r o m a t o g r a p h i c  co lumn.  Pb02- as  w e l l  
a s  Mn02-SPRs c a n  b e  used  i n  t h i s  c h e m i c a l  r e a c t i o n  
d e t e c t o r .  

B o t h  SPR-types  were u s e d  f o r  a b o u t  300 m e a s u r e m e n t s  
w i t h o u t  a n y  s i g n  o f  c o n s u m p t i o n  o f  t h e  p a c k i n g  mate- 
r i a l .  A c o m p a r i s o n  b e t w e e n  t h e  Pb02- a n d  t h e  Mn02- 
reactor  g a v e  s imi l a r  r e s u l t s  c o n c e r n i n g  t h e  r u n n i n g  
c o n d i t i o n s .  The o n l y  d i f f e r e n c e  was i n  t h e  SPR-di- 
m e n s i o n s .  Optimal d i m e n s i o n s  o f  t h e  Pb02-SPR are  a 
l e n g t h  o f  50 mm and  a n  i . d .  of 3 mm w h i l e  a l e n g t h  oE 
50 mm and  a n  i . d .  o f  2 . 1  mm is o p t i m a l  f o r  t h e  MnO 
reactor .  T h e s e  r e s u l t s  a re  o n l y  v a l i d  for t h e  s e l f m a d e  
p a c k i n g  materials.  P a c k i n g  mater ia ls  w i t h  a h i g h e r  d e -  
g r e e  o f  c o v e r i n g  f o r  i n s t a n c e  would  c a u s e  a d i s t i n c t  
d e c r e a s e  i n  s i g n a l  h e i g h t s ,  p r o v i d e d  t h a t  a l l  o t h e r  
p a r a m e t e r s  a r e  k e p t  c o n s t a n t .  

2- 

From a l l  m e a s u r e m e n t s  i t  c a n  be c l e a r l y  c o n c l u d e d  
t h a t  s l i g h t  v a r i a t i o n s  o f  pH-va lue ,  t e m p e r a t u r e ,  or 
reactor d i m e n s i o n s  h a v e  a g r e a t  i n f l u e n c e  o n  t h e  s i g n a l  
h e i g h t s .  T h e r e f o r e ,  a l l  t h e s e  p a r a m e t e r s  h a v e  t o  be 

c o n t r o l l e d  c a r e f u l l y .  
F i n a l l y ,  a c o m p a r i s o n  b e t w e e n  t h e  a l l  homogeneous  

r e a c t i o n  s y s t e m  ( F i g .  2 )  and  t h e  h e t e r o g e n e o u s  me thod  
u s i n g  SPRs was p e r f o r m e d .  

C o n c e r n i n g  t h e  c o n s u m p t i o n  o f  r e a g e n t s  t h e  h e t e r o -  
g e n e o u s  s y s t e m  s c l e a r l y  to  be p r e f e r r e d  to  t h e  homo- 
g e n e o u s  reactor  The  h e t e r o g e n e o u s  s y s t e m  h a s  a n  o v e r -  
a l l  c o n s u m p t i o n  of 1 2 0  ml/h w h i l e  t h e  " o l d  s y s t e m "  
n e e d s  a b o u t  300 ml /h .  T h i s  is a n  i m p o r t a n t  aspect  i n  
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2488 RUTER, KURZ, AND NEIDHART 

routine analysis. With regard to the handling of the 
systems it is clear that the new system is much easier 
to operate, even by an unskilled worker. Only two solu- 
tions, the mobile phase and the reducing solution, have 
to be prepared prior to the analysis. The whole appara- 
tus can be operated by one HPLC-pump and a one-channel 
peristaltic pump, while the homogeneous reaction detec- 
tor has to be run by a €our-channel peristaltic pump 
with four reagent solutions. Last but not least, the 
simplified system implies quite less sources of error. 

Another important point which had to be considered 
was the accuracy of the measurements. In order to in- 
vestigate this point quite a number of urine samples 
were analysed with both, the homogeneous reaction 
system on the basis of ferricyanide oxidation and the 
heterogeneous reaction system with solid supported 
Pb02 or Mn02 as oxidants. 

The catecholamine contents of the samples were de- 
termined via the standard additions method. Parallel to 
the analysis of the urine sample, an aliquot was ana- 
lyzed after the addition of 50 ng NA/ml and 20 ng A/ml 
urine before sample pretreatment. 

The accuracy of the determination is satisfying 
only in the analysis of A with the Mn02-reactor. All 
other correlation coeEficients are smaller than 0.9, 
which was consistent with measurements o €  standards 
which showed variations of the mean signal heights at- 
taining 25 % for  NA and 15 % for A. 

It was mentioned above that the oxidation process 
with SPRs is very sensitive to pH-variations. There- 
fore, the pH-value was continuously measured close 
behind the SPR column with the result that the pH was 
drifting from the adjusted value to more acidic condi- 
tions €or about 0.3 pH-units a definite time after ha- 
ving injected a sample. This eE€ect was assumed to be 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
2
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



SOLID PHASE REACTORS AS ANALYTICAL TOOL 2489 

the consequence of not adapting the sample pretreatment 
procedure to the varied conditions in the detector. Up 
to then the sample was dissolved in 0.1 M perchloric 
acid while the mobile phase consisted of 0.05 M potas- 
sium perchlorate which was buffered only weakly. After 
injection of the acidified sample an acidic zone moved 
through the system leading to other oxidation condi- 
tions on the SPR. In order to minimize this pH-shift 
the samples were buffered after pretreatment. 

Reduction of the sample volume from 250 p l  to 100 
~1 and the pH-adjustment of each sample with 100 ~1 of 
1.0 M NaAc-solution (after clean up) reduced the 
pH-shift to about 0.05 pH-units. By this measure the 
precision and the accuracy of the determinations were 
clearly increased. With this experimental set-up rou- 
tine analyses of urinary catecholamines were performed 
for two months at a frequency of 50 analyses per day. 

After this period the analytical column had lost 
its. efficiency and a new column was packed, again with 
Nucleosil 5-C18 as packing material. With this new 
column, however, no satisfying separation O E  noradrena- 
line and adrenaline could be achieved at pH-values of 
4 . 4  for the mobile phase. The packing of another analy- 
tical column did not change the situation. This was in 
crass contradiction to earlier experiences, because the 
Nucleosil 5-C18 material had allowed the separation 
of NA and A at pH-values up to 5.5 for almost five 
years (13, 4 0 ) .  A possible explanation for this effect 
is, that the new charges of the RP-material have a dif- 
ferent Si02-support or the silylation procedure was 
different compared to that of the earlier charges. 
This assumption, however, was not confirmed by the 
supplier (see appendix). 

By this surprising development we were forced to 
go back one step in the simplification procedure. The 
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new c o n d i t i o n s  are 0 .05  M p e r c h l o r i c  a c i d  as  m o b i l e  
p h a s e  and for a d j u s t m e n t  of t h e  c h r o m a t o g r a p h i c  e l u a t e  
t o  pH 4.4  a sodium a c e t a t e  s o l u t i o n  is pumped i n t o  t h e  
c h e m i c a l  r e a c t i o n  s y s t e m  j u s t  b e f o r e  t h e  SPR. F i g .  1 
shows t h e  f i n a l  e x p e r i m e n t a l  s e t - u p .  I n  t h i s  s y s t e m  t h e  
sample  c l e a n - u p  p r o c e d u r e  c a n  r e m a i n  unchanged,  which 
means no pH-adjustment  p r i o r  to  i n j e c t i o n  is n e c e s s a r y ?  
as  t h e  A 1  0 - e l u a t e  is i d e n t i c a l  w i t h  t h e  mobile 2 3  
p h a s e .  

T h i s  a n a l y t i c a l  s y s t e m  was compared to t h e  a l l  
homogeneous s y s t e m  i n  t h e  same way a s  d e s c r i b e d  b e f o r e .  
I f  a l e a d  d i o x i d e  reactor ( 5 0  x 1 . 9  nun) o r  a manganese 
d i o x i d e  reactor ( 5 0  x 3.0 m m )  w i t h  p a r t i c l e  s i z e s  o f  
18-35 mesh is u s e d ,  t h e  results f o r  b o t h  c a t e c h o l a m i n e s  
a r e  s y s t e m a t i c a l l y  too h i g h  compared to  t h e  a l l  homoge- 
neous  sys tem.  The r e a s o n  f o r  t h i s  is t h a t  t h e  c a l i b r a -  
t i o n  c u r v e s  a re  l i n e a r  o n l y  up t o  50 ng N A / m l  and 30 ng 
A / m l  and f l a t t e n  a t  h i g h e r  c o n c e n t r a t i o n s .  As t h e  ca te -  
c h o l a m i n e  c o n t e n t  o f  t h e  s a m p l e s  is c a l c u l a t e d  by t h e  
s t a n d a r d  a d d i t i o n s  method w i t h  a d d i t i v e s  o f  50 ng NA 

and 20 ng A p e r  m i l l i l i t e r  of t h e  sample and a s  t h e  
s t a n d a r d  a d d i t i o n s  method demands a l i n e a r  c a l i b r a t i o n  
c u r v e ,  too h i g h  v a l u e s  are o b t a i n e d .  A c a l c u l a t i o n  f o r  
s a m p l e s ,  h a v i n g  a d d i t i v e s  of  1 0  ng N A / m l  and 4 ng A / m l ,  

which c o r r e s p o n d s  t o  t h e  o r i g i n a l  c o n t e n t o f  t h e  sam- 
p l e s ?  shows a c o n s i d e r a b l y  smaller s y s t e m a t i c a l  error 
( s l o p e  of t h e  r e g r e s s i o n  c u r v e  = 0 . 9 0  €or NA and 0 . 9 6  

f o r  A ) .  

These  r e s u l t s  were o b t a i n e d  w i t h  reactors which 
were f i l l e d  w i t h  p a c k i n g  mater ia ls  o f  18 - 35 mesh p a r -  
t i c l e  s i z e ,  which c o r r e s p o n d s  t o  a d e g r e e  o f  c o v e r i n g  
of 1 3  % Pb02 ( 3 1 ) .  F i g .  5 shows results o b t a i n e d  w i t h  
a l e a d  d i o x i d e  s o l i d  p h a s e  reactor ( 2 0  x 4 . 6  m m )  f i l l e d  
w i t h  p a c k i n g  mater ia l  of 70  - 230 mesh p a r t i c l e  s i z e ,  
which c o r r e s p o n d s  t o  a d e g r e e  of c o v e r i n g  o f  38 % 
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FIGURE 5. Compar i son  O E  two d e t e c t i o n  m e t h o d s  €or 
u r i n a r y  c a t e c h o l a m i n e s :  
a l l  homogeneous  s y s t e m  / h e t e r e g e n e o u s  s y s t e m  

P b 0 2 .  Wi th  t h i s  reactor t h e  c a l i b r a t i o n  c u r v e  is li- 

n e a r  o v e r  t h e  w h o l e  r a n g e  f rom 0 to  1 0 0  ng  N A / m l  a n d  0 
t o  4 0  ng A / m l .  The slopes o f  1 . 0 3  ( N A )  and  0 .96  ( A )  and  
t h e  c o r r e l a t i o n  c o e f € i c i e n t s  o f  0 .97  ( N A )  and  0 .99  ( A )  

show a good a g r e e m e n t  b e t w e e n  t h e  v a l u e s  d e t e r m i n e d  
w i t h  t h e  homogeneous  and  t h e  h e t e r o g e n e o u s  c h e m i c a l  
s y s t e m  as  p a r t  of t h e  d e t e c t o r .  The a c c u r a c y  of t h e  a l l  
homogeneous  s y s t e m  h a s  a l r e a d y  b e e n  t e s t e d  b y  a compar- 
i s o n  w i t h  o t h e r  d e t e r m i n a t i o n  m e t h o d s  ( 4 0 ) .  F i g .  6 
shows a s e c t i o n  o f  a c h r o m a t o g r a m  o f  r o u t i n e  d e t e r m i n a -  
t i o n s  of u r i n a r y  c a t e c h o l a m i n e s .  The d e t e c t i o n  l i m i t  
( 3 G b a s e l i n e )  fo r  t h e  w h o l e  c o u r s e  of a n a l y s i s  is  
1 . 0  ng/ml and  0 . 4  ng/ml for  NA and  A r e s p e c t i v e l y .  The  
s t a n d a r d  d e v i a t i o n  ( n  = 1 0 )  is  5 7 % i n  t h e  r a n g e  of 

5 - 1 0 0  ng/ml.  
A c c o r d i n g  to  r e s u l t s  of t h e  s y s t e m a t i c a l  i n v e s t i -  

g a t i o n  of t h e  l e a d  d i o x i d e  reactor ,  t h e  SPR n e e d s  a 
c e r t a i n  time t o  b r i n g  f o r t h  r e p r o d u c i b l e  r e s u l t s  ( 3 1 ) .  
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I * 
t /min 

0 20 10 W 80 

FIGURE 6. Chromatogram oE routine determinations of 
urinary catecholamines using a heterogeneous 
chemical reaction detector 

index st: standard 
index 0: zero sample 
index 2: spiked sample 

This "running in" phase is completed after about 20 
circles of analysis. The exact number differs slightly 
depending on the reactor dimensions and the particle 
size of the packing material. The oxidation power of a 
lead dioxide SPR (50 x 1.9 mm) with a particle size of 
18 - 35 mesh shows no deterioration after the determi- 
nation of 400 samples. A manganese dioxide SPR 
(50 x 3 mm) with a particle size of 18-35 mesh is con- 
sumed after about 350 injections. For routine measure- 
ments a lead dioxide reactor (20 x 4.6 mm) with a par- 
ticle size of 70 - 230 mesh is recommended. 

Another advantage of the SPR-oxidation is the 
suppression of an unassigned third peak which appears 
in some of the chromatograms of urinary catecholamines 
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a certain time after the adrenaline signal, if the ho- 
mogeneous system with ferricyanide oxidation is used 
(13). The suppression of the unassigned peak is assumed 
to be the consequence of the different oxidation condi- 
tions within the heterogenous reaction system. Thus, 
because of shorter run-times of the chromatograms, the 
frequency of analysis can be increased, with a new 
sample being injected into the system every five 
minutes. 

The experimental set-up described was introduced 
into routine analysis of urinary catecholamines quite a 
time ago and still works without any problems. 

In the next stage of the investigations the adap- 
tation of the solid phase reactor to the microbore- 
technique will be examined with the aim to reduce 
further the consumption of the solvents and to increase 
the sensitivity. If this is successful, the application 
of the new technique to the analysis of plasma cate- 
cholamines should also be possible. 
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APPENDIX 

Very recent experiments with Nucleosil 5-C18 showed 
that after a special treatment of this material the 
separation of NA and A becomes possible even at pH 
values of up to 5.5. If this change in the separation 
behaviour turns out to be reproducible, the most simple 
chemical reaction system of those described in this 
paper would again be favoured. In that case the 
question has still to be answered, whether other com- 
mercially available RP-phases can be treated in a simi- 
lar way, in order to qualify for  a pH independant 
CA-separation. These experiments are now under investi- 
gation (41). 
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