
— 67 — 

AN ELECTROANALYTICAL TECHNIQUE FOR THE DETERMINATION OF 
TOTAL IRON IN NUTRIENT SOLUTIONS 

W. J . A l b e r y and M a r i a M. P. M. Neto* 
Department o f C h e m i s t r y , I m p e r i a l C o l l e g e , London SW7 2AY, 
E n g l a n d 

A b s t r a c t 
A new on l i n e t e c h n i q u e , t h e packed bed w a l l - j e t e l e c t r o d e , 
f o r t h e d e t e r m i n a t i o n o f t o t a l i r o n i n h y d r o p o n i c s o l u t i o n s 
has been d e v e l o p e d . T o a v o i d i n t e r f e r e n c e f r o m 0- and t o 
c o n v e r t F e ( I I I ) t o F e ( I I ) a pa c k e d bed e l e c t r o d e i s i n s e r t e d 
u p s t r e a m o f a w a l l - j e t e l e c t r o d e . The t o t a l i r o n i s t h e n 
d e t e r m i n e d by t h e o x i d a t i o n o f F e ( I I ) on t h e downstream 
e l e c t r o d e . The bed i s shown t o remove 99% o f t h e 0 2 p r e s e n t 
i n a i r s a t u r a t e d s o l u t i o n s , t h e r e b y r e m o v i n g t h e n e c e s s i t y 
f o r d e o x y g e n a t i n g t h e t e s t s o l u t i o n by b u b b l i n g N 2 . L i n e a r 
c a l i b r a t i o n p l o t s have been o b t a i n e d f o r i r o n c o n c e n t r a t i o n s 
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from 0.050 t o 1.5 mmol dm and t h e t e c h n i q u e has been 
t e s t e d i n samples o f n u t r i e n t f i l m s o l u t i o n . 

I n t r o d u c t i o n 
The aim o f t h i s work has been t o f i n d a method t o 

d e t e r m i n e t o t a l i r o n c o n c e n t r a t i o n i n n u t r i e n t s o l u t i o n s 
f o r h y d r o p o n i c s . I r o n i s a v i t a l e lement f o r t h e g r o w t h o f 
p l a n t s and i s p r e s e n t i n n u t r i e n t s o l u t i o n s as a complex 
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o f EDTA i n c o n c e n t r a t i o n s o f about 50 umol dm ( 1 ) . The 
p l a n t t i l l t a k e up b o t h t h e F e ( I I ) and F e ( I I I ) c omplexes 
and so t h e r e q u i r e m e n t i s t o d e t e r m i n e t h e t o t a l i r o n 
c o n c e n t r a t i o n . I n o u r method t h i s i s d e t e r m i n e d a m p e r o m e t r i c 
a l l y and t h e e l e c t r o d e o f c h o i c e i s a w a l l - j e t e l e c t r o d e ( W J E ) 
T h i s i s b e c a u s e , f i r s t i t i s one o f t h e most s e n s i t i v e on 
l i n e d e t e c t o r s and s e c o n d l y i t i s a s t a t i o n a r y e l e c t r o d e w i t h 
no moving p a r t s and o p e r a t e s under f o r c e d c o n v e c t i o n i n t h e 
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F i g u r e 1 - The W a l l - J e t D i s c E l e c t r o d e (WJE). 
The ' i n s e t shows t h e f l o w p a t t e r n . 

f l o w i n g s o l u t i o n ( 2 ) . The e l e c t r o d e i s i l l u s t r a t e d i n F i g u r e 1. 
The i n s e t shows t h e f l o w due t o a j e t o f f l u i d s t r i k i n g a 
p l a n e s u r f a c e a t r i g h t a n g l e s and s p r e a d i n g o u t r a d i a l l y o v e r 
t h e d i s c s u r f a c e . Yamada and Matsuda(2) d e r i v e d an e x p r e s s i o n 
f o r t h e l i m i t i n g c u r r e n t , i T , a t an e l e c t r o d e , under l a m i n a r 
f l o w , where a j e t i s s u i n g from a c i r c u l a r n o z z l e i m p i n g e s 
n o r m a l l y on t h e c e n t r e o f a d i s c e l e c t r o d e : 

i czn u ™ 2 / 3 "5/12 T T3/4 -1/2 3/4 ... i T = 1.60 knFD ' v ' VV a c r (1) 

k i s a c o n s t a n t d e t e r m i n e d by e x p e r i m e n t t o be 0 . 8 6 ( 3 ) , n i s 
t h e number o f e l e c t r o n s t r a n s f e r r e d , F i s t h e F a r a d a y c o n s t a n t , 
D i s t h e d i f f u s i o n c o e f f i c i e n t o f t h e e l e c t r o a c t i v e s p e c i e s , 
v i s t h e k i n e m a t i c v i s c o s i t y o f t h e b ackground e l e c t r o l y t e , 
i s t h e volume f l o w r a t e , a i s t h e d i a m e t e r o f t h e j e t , c^ i s 
t h e b u l k c o n c e n t r a t i o n and r i s t h e r a d i u s o f the d i s c e l e c t r o d e . 
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A l b e r y and B r e t t ( 3 ) o b t a i n e d t h e same e x p r e s s i o n b u t i n 
t h e i r d e r i v a t i o n t h e y f o u n d t h e s t r e a m l i n e s shown i n F i g u r e 1. 

I n t h i s work t h e w a l l - j e t e l e c t r o d e i s f u r t h e r i m p r o v e d 
by a d d i n g a bed i n t h e f l o w s t r e a m b e f o r e t h e j e t . T h i s bed 
e l e c t r o d e i s d e s i g n e d f i r s t l y t o remove oxygen and s e c o n d l y 
t o c o n v e r t F e ( I I I ) t o F e ( I I ) t h e r e b y a l l o w i n g a d e t e r m i n a t i o n 
o f t o t a l i r o n r a t h e r t h a n e i t h e r F e ( I I ) o r F e ( I I I ) . The t h e o r y 
o f t h e p a c k e d bed w a l l - j e t e l e c t r o d e (PBWJE) has been p r e s e n t e d 
e l s e w h e r e ( 4 ) . 

E x p e r i m e n t a l 

A p p a r a t u s 
The w a l l - j e t e l e c t r o d e a s s e m b l y has been d e s c r i b e d 

p r e v i o u s l y , ( 5 ) , ( 6 ) . The p a c k e d bed a d d i t i o n i s shown i n 
F i g u r e 2. I t c o n s i s t s o f t h r e e v i t r o c a r b d i s c s and t h e space 

graphite 
counter electrode 

brass contact 

Ag/AgCI 
reference electrode 

F i g u r e 2 - The P acked Bed W a l l - J e t E l e c t r o d e (PBWJE). 
The c o u n t e r e l e c t r o d e f o r t h e p a c k e d bed 
i s l o c a t e d i n a s i d e arm t o a l l o w t h e 
e s c a p e o f . The i n s e t shows t h e p u l s e 
damper f o r t h e p e r i s t a l t i c pump. 

2 
between them i s f i l l e d w i t h P t c h i p s (about 100 u * 1 urn ) . 
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T h i s a s s e m b l y i s f i t t e d i n t o a g r a p h i t e t u b e and t h e n 
p l a t i n i s e d t o i n c r e a s e t h e s u r f a c e a r e a . The p o r o u s v i t r o c a r b 
( r e c t i c u l a t e d v i t r e o u s c a r b o n ) was s u p p l i e d by F l u o r o c a r b o n . 
I t has t h e f o l l o w i n g a d v a n t a g e s . F i r s t l y i t s r e s i s t a n c e t o 
s o l u t i o n f l o w i s l o w . S e c o n d l y i t i s a m a t e r i a l o f low 
e l e c t r i c a l r e s i s t i v i t y , h a v i n g a p h y s i c a l l y c o n t i n u o u s 
s t r u c t u r e , and a l a r g e s u r f a c e a r e a . The f e a t u r e s l e a d t o a 
h i g h c o n v e r s i o n e f f i c i e n c y . The c o u n t e r e l e c t r o d e , a l s o shown 
i n F i g u r e 2, was a g r a p h i t e t u b e s e a l e d i n t o a v e r t i c a l 
l e n g t h o f s i l i c o n r u b b e r t u b i n g f i l l e d w i t h t e s t s o l u t i o n . 
Oxygen b u b b l e s formed on t h e c o u n t e r e l e c t r o d e e s c a p e d i n t o 
t h i s s i d e t u b e r a t h e r t h a n b l o c k i n g the e l e c t r i c a l c o n t a c t 
between t h e w o r k i n g and c o u n t e r e l e c t r o d e s . The r e f e r e n c e 
e l e c t r o d e was a s i l v e r - s i l v e r c h l o r i d e e l e c t r o d e (E° = 2 04 mV 
on t h e n o r m a l h y d r o g e n s c a l e ) . The s o l u t i o n was pumped t h r o u g h 
t h e e l e c t r o d e a s s e m b l y by a P h a r m a c i a P-3 p e r i s t a l t i c pump 
p r o d u c i n g s o l u t i o n f l o w r a t e s between 9 and 6 0 mm3 s - 1 . I n 
eac h e x p e r i m e n t t h e f l o w r a t e s were c a l i b r a t e d v o l u m e t r i c a l l y . 
A l l e x p e r i m e n t s were c o n d u c t e d a t room t e m p e r a t u r e . 

A p e r i s t a l t i c pump i n e v i t a b l y p roduces p u l s a t i o n s i n t h e 
f l o w . They c an be removed by a chamber and c o i l e d l e n g t h o f 
t u b e as shown i n t h e i n s e t o f F i g u r e 2 ( 8 ) . The pump and p u l s e 
damper can be c o n n e c t e d e i t h e r upstream o r downstream o f t h e 
e l e c t r o d e a s s e m b l y . I n t h e u p s t r e a m c o n f i g u r a t i o n (push mode) 
t h e oxygen i s l e s s l i k e l y t o be sucked i n t o t h e t e s t s o l u t i o n 
b u t t h e t e s t s o l u t i o n has t o p a s s t h r o u g h t h e pump and p u l s e 
damper b e f o r e b e i n g a n a l y s e d , g i v i n g an u n d e s i r a b l e t i m e l a g . 
I n t h e downstream c o n f i g u r a t i o n ( p u l l mode) t h i s t i m e l a g i s 
a v o i d e d b u t oxygen i s more l i k e l y t o be su c k e d i n t o t h e system. 
As d e s c r i b e d b elow oxygen i s removed by t h e packed bed f i l t e r . 
T h e r e f o r e f o r n u t r i e n t s o l u t i o n d e t e r m i n a t i o n s t h e sy s t e m was 
o p e r a t e d i n t h e p u l l mode. P r e l i m i n a r y e x p e r i m e n t s w i t h o u t 
t h e p acked bed f i l t e r were c o n d u c t e d i n t h e push mode. 

C h e m i c a l s 
C h e m i c a l s o f A n a l a r g r a d e and d o u b l y d i s t i l l e d w a t e r 

were used i n t h e p r e p a r a t i o n o f a l l s o l u t i o n s . Oxygen f r e e 
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n i t r o g e n u s e d f o r d e a e r a t i o n was p a s s e d t h r o u g h D r e s c h e l 
b o t t l e s c o n t a i n i n g Na 9 , 1 0 - a n t h r a q u i n o n e 2 - s u l p h o n a t e / z i n c 
amalgam i n sodium h y d r o x i d e s o l u t i o n . Samples o f n u t r i e n t 
s o l u t i o n s f r o m an NFT c u l t u r e were p r o v i d e d by t h e 
G l a s s h o u s e C r o p s R e s e a r c h I n s t i t u t e (GCRI). 

R e s u l t s and D i s c u s s i o n 
R e d u c t i o n o f [ F e ( I I I ) E D T A J" on a P t W J E was c a r r i e d 

o u t . As shown i n F i g u r e 3, w e l l shaped voltammograms were 
o b t a i n e d f o r a s o l u t i o n c o n t a i n i n g 10 mmol dm 3 R e f i l l ) EDTAj 

-3 
i n 0.4 mol dm K 0SO.. As r e q u i r e d by eqn (1) t h e l i m i t i n g 

3/4 
c u r r e n t s v a r y l i n e a r l y w i t h V_ . From t h e g r a d i e n t t h e v a l u e 

— 6 2 — 1 
o f t h e d i f f u s i o n c o e f f i c i e n t ( D = 3 x 10 cm s ) a g r e e s 

F i g u r e 3 - T y p i c a l c u r r e n t v o l t a g e c u r v e s f o r t h e 
r e d u c t i o n o f [ F e ( I I I ) E D T A J (10 mmol dm 3 ) 
on a P t W J D E . F i g u r e 3B shows t h e v a r i a t i o n 
o f t h e l i m i t i n g c u r r e n t w i t h f l o w r a t e 
p l o t t e d a c c o r d i n g t o eqn 1 where V,. i s 

3 - 1 measured i n cm s 
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w i t h a v a l u e d e t e r m i n e d u s i n g t h e r o t a t i n g d i s c e l e c t r o d e . 
As shown i n F i g u r e 4, a t c o n s t a n t f l o w v e l o c i t y t h e l i m i t i n g 
c u r r e n t v a r i e s l i n e a r l y w i t h c o n c e n t r a t i o n i n t h e range 1 

-3 
t o 50 mmol dm . These r e s u l t s show t h a t t h e w a l l - j e t d i s c 
e l e c t r o d e p e r f o r m s w e l l and has t h e c o r r e c t h y d r o d y n a m i c s . 

As r e p o r t e d by Gunansinghamand 
F l e e t ( 9 ) t h e n o z z l e o f t h e 
j e t must n o t be i n s i d e t h e 
hydrodynamic boundary l a y e r . 
I n our e x p e r i m e n t s we fo u n d 
t h a t a d i s t a n c e o f about 2.5 
mm between t h e n o z z l e and t h e 
e l e c t r o d e gave s a t i s f a c t o r y 
r e s u l t s . A l t h o u g h good r e s u l t s 
were o b t a i n e d i n s o l u t i o n s o f 
1 mmol dm , t h e h y d r o p o n i c 
s o l u t i o n s t y p i c a l l y c o n t a i n 

-3 
o n l y 50 umol dm . F o r t h i s 
c o n c e n t r a t i o n i l l d e f i n e d 
voltammograms were o b t a i n e d . 
The r e a s o n f o r t h i s was t h e 
i n t e r f e r e n c e from t h e 
r e d u c t i o n o f oxygen. I n 
a d d i t i o n some o f t h e i r o n i s 
p r e s e n t as F e ( I I ) and i t i s 
p r e f e r a b l e t o m o n i t o r t o t a l 

s o l u b l e i r o n . F o r t h e s e r e a s o n s t h e packed bed e l e c t r o d e was 
i n t r o d u c e d : 

F i g u r e 4 - V a r i a t i o n o f 
l i m i t i n g c u r r e n t , i ^ , f o r 
r e d u c t i o n o f [ F e ( I I I ) E D T A J 
w i t h b u l k c o n c e n t r a t i o n , c 

Packed Bed E l e c t r o d e Fe ( I I I ) + e~ -»• Fe ( I I ) 

0 2 + 4e + 4H •> 2H 20 

D i s c E l e c t r o d e Fe ( I I ) Fe ( I I I ) + e" 

The p a c k e d bed e l e c t r o d e b o t h removes t h e oxygen and 
c o n v e r t s a l l t h e F e ( I I I ) t o F e ( I I ) . The t o t a l i r o n 
c o n c e n t r a t i o n i s t h e n f o u n d by o x i d i s i n g F e ( I I ) on t h e 
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d i s c e l e c t r o d e . The r e m o v a l o f 0 2 i s i m p o r t a n t i n o r d e r t o 
p r e v e n t o x i d a t i o n o f F e ( I I ) i n i t s p a s s a g e from t h e packed 
bed e l e c t r o d e t o t h e d i s c e l e c t r o d e . 

F i g u r e 5 compares t h e r e m o v a l o f oxygen by t h e p r e -
e l e c t r o l y s e r , and by b u b b l i n g t h e s o l u t i o n w i t h oxygen 
f r e e n i t r o g e n . I n F i g u r e 5A t h e b u b b l i n g method ( b r o k e n 
l i n e s ) s t i l l l e a v e s a s i g n i f i c a n t q u a n t i t y o f 0 2 w h i c h 
p r o b a b l y a r i s e s from o p e r a t i n g t h e system w i t h t h e pump i n 
t h e p u l l mode, as d i s c u s s e d above. The c a t h o d i c p a r t o f 

F i g u r e 5 - The Packed Bed Oxygen F i l t e r . F i g u r e s 5A 
and 5B show c u r r e n t v o l t a g e c u r v e s w i t h 
t h e p a c k e d bed s w i t c h e d o f f and on 
r e s p e c t i v e l y . I n e i t h e r c a s e b r o k e n l i n e s 
show c u r r e n t v o l t a g e c u r v e s where t h e 

_3 
t e s t s o l u t i o n (0.4 mol dm K 2 S 0 4 ) h a s 

been d e o x y g e n a t e d by b u b b l i n g w i t h N 2 , 
t h e s o l i d l i n e s show r e s u l t s where t h e 
s o l u t i o n has n o t been d e o x y g e n a t e d i n 

3 -1 
t h i s way. The f l o w r a t e was 9 mm s 
and when s w i t c h e d on t h e p o t e n t i a l o f 
t h e P a c k e d Bed E l e c t r o d e was -0.70 V. 

F i g u r e 5B shows t h a t t h e pa c k e d bed removes 9 9% o f t h e oxygen. 
U n f o r t u n a t e l y t h e r e i s a s m a l l a n o d i c c u r r e n t . T h i s c u r r e n t 
i s n o t p r e s e n t i f t h e s o l u t i o n i s de o x y g e n a t e d by b u b b l i n g 
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and t h e pa c k e d bed i s s w i t c h e d on. T h i s s u g g e s t s t h a t t h i s 
s m a l l c u r r e n t i s c a u s e d by a p r o d u c t o f t h e 0^ r e d u c t i o n 
w h i c h may w e l l be H 2 0 2 . However t h e r e s u l t s i n F i g u r e 5 
show t h a t t h e p a c k e d bed i s an e f f i c i e n t f i l t e r f o r 0^ and 
t h i s t e c h n i q u e o f r e m o v i n g 0^ s h o u l d be u s e f u l f o r o t h e r 
a p p l i c a t i o n s i n v o l v i n g on l i n e f l o w t h r o u g h e l e c t r o d e s . 

F i g u r e 6 shows t y p i c a l voltammograms f o r a s o l u t i o n 
d e o x y g e n a t e d by b u b b l i n g and c o n t a i n i n g 0 . 5 mmol dm 

upper voltammogram shows t h e b e h a v i o u r w i t h Fe EDTA L] . The 

F i g u r e 6 - T y p i c a l c u r r e n t v o l t a g e c u r v e s a t t h e PBWJE 
f o r a s o l u t i o n d e o x y g e n a t ed by b u b b l i n g N 2 

and c o n t a i n i n g 0 . 5 0 mmol d m ~ 3 { F e ( I I I ) E D T A J T 
I n t h e upp e r c u r v e t h e Packed Bed E l e c t r o d e 
i s s w i t c h e d o f f , w h i l e i n t h e l o w e r c u r v e i t 
i s p o t e n t i o s t a t t e d a t - 0 . 7 0 V . The f l o w r a t e 

Q 3 - 1 was 9 mm s 

t h e packed bed s w i t c h e d o f f . There i s a wave due t o r e s i d u a l 
oxygen r e d u c t i o n f o l l o w e d by a wave due t o t h e r e d u c t i o n o f 
F e ( I I I ) . The l o w e r voltammogram shows t h e c u r r e n t v o l t a g e 
c u r v e w i t h t h e pa c k e d bed s e t t o - 0 . 7 0 V . A w e l l behaved 
voltammogram f o r t h e o x i d a t i o n o f F e ( I I ) w i t h i n s i g n i f i c a n t 
i n t e r f e r e n c e f r o m 0 2 i s o b s e r v e d . The v a r i a t i o n o f t h e 
l i m i t i n g c u r r e n t w i t h t h e c o n c e n t r a t i o n o f F e ( I I I ) i n t h e 

- 3 
range 0 . 0 5 t o 1 . 5 mmol dm , w h i c h i s t h e range r e q u i r e d f o r 
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t h e n u t r i e n t f i l m , i s shown i n F i g u r e 7 . A good l i n e a r 
r e l a t i o n s h i p i s o b t a i n e d . The t e c h n i q u e was t e s t e d u s i n g 

F i g u r e 7 - P l o t o f l i m i t i n g c u r r e n t s f o r t h e o x i d a t i o n 
o f j F e ( I I ) EDTAj 2~ as shown i n F i g u r e 6 , 
a g a i n s t t h e c o n c e n t r a t i o n o f [ F e ( I I I ) E D T A J 
i n t h e t e s t s o l u t i o n . 

s a m p l e s o f n u t r i e n t s o l u t i o n p r o v i d e d by GCRI. The samples 
were t a k e n f r o m an NFT c u l t u r e w h i c h had been u s e d t o f e e d 
t o matoes f o r f i v e months. The p l a n t s were showing good t o p 
gr o w t h and had good r o o t s y s t e m s . A t y p i c a l voltammogram 
i s shown i n F i g u r e 8 . From t h e l i m i t i n g c u r r e n t t h e 

- 3 
c o n c e n t r a t i o n o f t o t a l i r o n was fo u n d t o be 0 . 9 mmol dm 

I /uA I 
7.5 -

7.0 " 

F i g u r e 8 - T y p i c a l c u r r e n t v o l t a g e c u r v e a t t h e PBWJE 
f o r a n u t r i e n t s o l u t i o n w i t h t h e P a c k e d 
Bed E l e c t r o d e s e t a t - 0 . 7 0 V . 



and t h i s r e s u l t was i n good agreement w i t h t h a t e s t i m a t e d 
by a t o m i c a b s o r p t i o n s p e c t r o s c o p y a t GCRI. Hence t h e packed 
bed w a l l - j e t e l e c t r o d e p r o v i d e s a cheap on l i n e d e t e c t o r f o r 
t h e measurement o f t o t a l i r o n i n n u t r i e n t f i l m s o l u t i o n s . 
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