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ABSTRACT 

The r o l e  of n a t u r a l  complexing a g e n t s  i n  t h e  t r a n s p o r t ,  t o x i c i t y  and 

a v a i l a b i l i t y  of t r a c e  m e t a l  i o n s  h a s  been t h e  s u b j e c t  of c o n s i d e r a b l e  

s p e c u l a t i o n  i n  r e c e n t  y e a r s .  To more d i r e c t l y  s t u d y  t h e s e  q u e s t i o n s  a  

r e l i a b l e  a n a l y t i c a l  p rocedure  f o r  measuring t h e  complexing c a p a c i t y  of 

n a t u r a l  wa te r  i s  needed. The development and t e s t i n g  of such  a  p rocedure  

h a s  been t h e  major o b j e c ~ i v e  of t h i s  p r o j e c t .  

Three  methods were e v a l u a t e d  b o t h  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y .  

S o l u t i o n s  of ethylenediaminetetraacetic  a c i d ,  a s y n t h e t i c  complexing a g e n t ,  

were  used t o  e v a l u a t e  t h e  s e n s i t i v i t y ,  accuracy  and p r e c i s i o n  of t h e  methods. 

Two methods were  based on t h e  concept  of a micro s c a l e  complexometric tit- 

r a t i o n  u s i n g  anod ic  s t r i p p i n g  voltammmetry t o  l o c a t e  t h e  endpoin t  of t h e  

t i t r a t i o n .  Although v e r y  s e n s i t i v e  b o t h  methods were r e j e c t e d  i n  f a v o r  of 

a  method i n v o l v i n g  t h e  chemical  c o n v e r s i o n  of t h e  l i g a n d s  i n  t h e  sample t o  

t h e  cor responding  c o b a l t ( I I 1 )  complex. D i f f e r e n t i a l  p u l s e  po la rography  was 

used t o  moni tor  t h e  d e c r e a s e  i n  c o b a l t ( I 1 )  c o n c e n t r a t i ~ n  a f t e r  p r o d u c t i o n  of 

t h e  c o b a l t ( I I 1 )  complexes and hence t h e  complexing c a p a c i t y  of t h e  sample.  

- 6 
The recommended procedure  has  a  d e t e c t i o n  l i m i t  of 0.6 x  1 0  moles of 

l i g a n d / l i t e r .  A r e l a t i v e  e r r o r  of 5% o r  l e s s  may b e  expec ted  a t  t h e  micro- 

molar l e v e l .  Ligands  forming 1:l complexes w i l l  b e  q u a n t i t a t i v e l y  determined 

1 7  i f  t h e  f o r m a t i o n  c o n s t a n t  of t h e i r  Co( I I1 )  complex exceeds  1 0  . 
A sampling network was s e t u p  on C r a b t r e e  Creek,  Walnut Creek and t h e  

Neuse River n e a r  Ra le igh .  The r e s u l t s  i n d i c a t e  t h a t  complexing c a p a c i t y  i s  

- 6 
approx imate ly  10 moles of l i g a n d / l i t e r .  S e v e r a l  key t r e n d s  were observed.  

Complexing c a p a c i t y  more t h a n  doubled i n  Walnut Creek a f t e r  e f f l u e n t  from 



~ a l e i g h ' s  sewage t r e a t m e n t  p l a n t  was d i s c h a r g e d  i n t o  t h e  c r e e k .  The complex- 

i n g  c a p a c i t y  of C r a b t r e e  Creek i n c r e a s e s  d r a m a t i c a l l y  a f t e r  e n t e r i n g  t h e  

e n v i r o n s  of Ra le igh .  Along t h e  Neuse R i v e r ,  complexing c a p a c i t y  was observed 

t o  d e c r e a s e  d u r i n g  t h e  20 m i l e  f l o w  from t h e  F a l l s  of t h e  Neuse t o  SR 1007. 

Whether t h i s  phenomenon i s  due t o  n a t u r a l  biodegradation/complexation of 

l i g a n d s  o r  merely  a d i l u t i o n  e f f e c t  a s  t h e  Neuse i n c r e a s e s  i n  volume cou ld  

n o t  be  de te rmined .  F u r t h e r  work on t h e  f a c t o r s  i n f l u e n c i n g  complexing 

c a p a c i t y  i s  needed. 
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SUMMARY and CONCLUSIONS 

Three  methods f o r  t h e  d e t e r m i n a t i o n  of t h e  complexing c a p a c i t y  of n a t u r a l  

w a t e r  were  examined. T e s t s  u s i n g  known samples of EDTA, a s y n t h e t i c  complex- 

i n g  a g e n t ,  were used t o  d e t e r m i n e  t h e  s e n s i t i v i t y ,  a c c u r a c y  and p r e c i s i o n  of 

each method. 

Method 1. A p rocedure  i n  which t h e  c o u r s e  of a  micro-complexometric t i t ra-  

t i o n  of n a t u r a l  w a t e r  is  fol lowed w i t h  anod ic  s t r i p p i n g  voltammetry was 

found,  on t h e o r e t i c a l  grounds,  t o  be  q u i t e  s a t i s f a c t o r y  provided t h e  m e t a l  

i o n  t i t r a n t  forms a  complex w i t h  t h e  n a t u r a l  l i g a n d s  having a  f o r m a t i o n  

10 
c o n s t a n t  g r e a t e r  t h a n  1 0  . ASV cannot  a c c u r a t e l y  d i s t i n g u i s h  between uncom- 

plexed m e t a l  i o n  t i t r a n t  and m e t a l  complex i f  t h e  f o r m a t i o n  c o n s t a n t  of t h e  

complex is  l e s s  t h a n  1 0 l 0 .  T h i s  method proved e x p e r i m e n t a l l y  u n s a t i s f a c t o r y  

because  of s y s t e m a t i c a l l y  low r e s u l t s .  The c a u s e  of t h i s  e r r o r  was found t o  

b e  complex d i s s o c i a t i o n  d u r i n g  t h e  t ime  r e q u i r e d  t o  e s t i m a t e  t h e  uncomplexed 

m e t a l  p r e s e n t  u s i n g  ASV. 

Method 2. T h i s  method was a l s o  based on a  complexometric t i t r a t i o n  b u t  

c a r e  was t a k e n  t o  minimize complex d i s s o c i a t i o n .  A d u a l  c e l l ,  t e m p e r a t u r e  

c o n t r o l l e d  a p p a r a t u s  was c o n s t r u c t e d  i n  o r d e r  t o  pe rmi t  ASV d e t e r m i n a t i o n s  

a f t e r  a  50 second e l e c t r o l y s i s  a t  0°C. The s h o r t  e l e c t r o l y s i s  t i m e  and low 

tempera tu re  reduced t h e  e f f e c t  of complex d i s s o c i a t i o n  s i g n i f i c a n t l y .  I n  

o r d e r  f o r  a d d i t i o n a l  p o r t i o n s  of metal i o n  t i t r a n t  t o  r e a c t  w i t h  t h e  sample,  

i t  was n e c e s s a r y  t o  warm t h e  s o l u t i o n  t o  25OC. The c y c l i n g  between 25°C f o r  

a d d i t i o n s  of t i t r a n t  and 0 ° C  f o r  ASV r u n s  i n c r e a s e d  t h e  t ime  of a n a l y s i s  

beyond t h a t  f e l t  t o  b e  p r a c t i c a l .  



Method 3 .  T h i s  method was n o t  a t i t r a t i o n  b u t  a  chemical  c o n v e r s i o n  of 

t h e  l i g a n d s  p r e s e n t  i n  t h e  sample t o  t h e  cor responding  c o b a l t ( I I 1 )  complex. 

The amount of c o b a l t ( I 1 )  which remained u n r e a c t e d  was de te rmined  by d i f f e r e n -  

t i a l  p u l s e  polarography.  S u b t r a c t i o n  of t h e  amount of c o b a l t ( I 1 )  l e f t  a f t e r  

t h e  r e a c t i o n  from t h a t  i n i t i a l l y  added y i e l d e d  t h e  amount complexed by l i g a n d s  

i n  t h e  sample. S i n c e  c o b a l t ( I 1 1 )  complexes d i s s o c i a t e  a t  a  v e r y  s low r a t e ,  

t h e  k i n e t i c  problems of t h e  t y p e  observed when u s i n g  methods 1 and 2 were  

n o t  observed w i t h  method 3.  

Method 3 has  been recommended a s  a  s a t i s f a c t o r y  a n a l y t i c a l  method f o r  

measur ing complexing c a p a c i t y .  The l i m i t  of d e t e c t i o n  was found t o  b e  0.6 

p m o l e s l l i t e r .  No s e r i o u s  i n t e r f e r e n c e s  were  found. A r e l a t i v e  e r r o r  of 5% 

o r  l e s s  may b e  expec ted  a t  t h e  micromolar l e v e l .  T h e o r e t i c a l  computa t ions  

i n d i c a t e  t h a t  a l i g a n d  which forms a  1:l complex w i t h  Co(I11) w i l l  b e  q u a n t i -  

t a t i v e l y  determined a t  t h e  micromolar l e v e l  i f  t h e  f o r m a t i o n  c o n s t a n t  of t h e  

cor responding  c o b a l t  (111) complex i s  1017 o r  g r e a t e r .  

N a t u r a l  Water Samples. E i g h t  sampling s t a t i o n s  i n  t h e  v i c i n i t y  of 

R a l e i g h  were  set up d u r i n g  t h e  summer of 1973. Based on  a n a l y s i s  of t h e s e  

samples ,  we have concluded t h a t  complexing c a p a c i t y  i s  a measurab le  parameter  

of w a t e r  q u a l i t y  which i n c r e a s e s  d r a m a t i c a l l y  i n  a r e a s  n e a r  d i s c h a r g e  p o i n t s  

from sewage t r e a t m e n t  f a c i l i t i e s .  Complexing c a p a c i t y  a l s o  seems t o  b e  

h i g h e r  i n  r e g i o n s  of l i g h t  i n d u s t r i a l  o r  commercial usage  t h a n  i n  p r o t e c t e d  

areas . 
It was observed t h a t  t h e  complexing c a p a c i t y  of t h e  Neuse River  d e c r e a s e d  

a s  t h e  r i v e r  f lowed p a s t  R a l e i g h .  Whether t h i s  phenomenon i s  caused by 

n a t u r a l  biodegradation/complexation o r  i s  merely  t h e  r e s u l t  of d i l u t i o n  of t h e  



Neuse by r e l a t i v e l y  p u r e  t r i b u t a r i e s  cou ld  n o t  b e  determined.  The r e s u l t s  

of o u r  l i m i t e d  sampling program i n d i c a t e d  a need f o r  a y e a r  long  program of 

sample c o l l e c t i o n  and a n a l y s i s  t o  e n a b l e  comparisons t o  b e  made between 

complexing c a p a c i t y  and o t h e r  pa ramete rs  of w a t e r  q u a l i t y  such  a s  TOC and 

t r a c e  m e t a l  c o n t e n t .  



RECOMMENDATIONS 

1. The procedure  f o r  e s t i m a t i n g  complexing c a p a c i t y  be  made a v a i l a b l e  t o  a l l  

s c i e n t i s t s  engaged i n  s t u d i e s  of t r a c e  m e t a l  t r a n s p o r t ,  t o x i c i t y  o r  a v a i l -  

a b i l i t y .  Th i s  shou ld  i n c l u d e  t h o s e  s t u d y i n g  f r e s h  w a t e r ,  s e a  w a t e r  and t h e  

s o i l  s o l u t i o n .  

2. A s a m p l i n g / a n a l y s i s  program of a t  l e a s t  a  y e a r s  d u r a t i o n  shou ld  b e  c a r r i e d  

o u t  t o  p robe  f u r t h e r  t h e  r o l e  of complexing c a p a c i t y  i n  de te rmin ing  w a t e r  

q u a l i t y .  Such a  s t u d y  shou ld  i n c l u d e  a s i t e  n e a r  t h e  d i s c h a r g e  of secondary  

sewage e f f l u e n t .  The s t u d y  shou ld  seek  t o  e s t a b l i s h  a  " m a t e r i a l  ba lance"  of 

complexing c a p a c i t y  by moni to r ing  t h e  t r i b u t a r i e s  of t h e  sampl ing a r e a .  

C o r r e l a t i o n  of complexing c a p a c i t y  w i t h  t r a c e  m e t a l  c o n t e n t  and TOC shou ld  b e  

a t t empted .  

3 .  F u r t h e r  re f inement  and improvement i n  t h e  recommended a n a l y t i c a l  method 

shou ld  b e  encouraged w i t h  t h e  e v e n t u a l  g o a l  of a  d e t e c t i o n  l i m i t  of 0 .01  

micromolar w i t h  t h e  p o l a r o g r a p h i c  t e c h n i q u e  a n d / o r  a n  a tomic a b s o r p t i o n  pro- 

cedure  a p p l i c a b l e  a t  t h e  micromolar l e v e l .  The i n t e r a c t i o n  between t h e  Co(I1)  

r e a g e n t  and l i g a n d s  a l r e a d y  bound t o  a  m e t a l  i o n  should b e  e x p l o r e d  b o t h  

e x p e r i m e n t a l l y  and t h e o r e t i c a l l y .  



INTRODUCTION 

The r o l e  of complexing a g e n t s  i n  n a t u r a l  w a t e r  h a s  r e c e n t l y  become a n  

impor tan t  t o p i c  f o r  d i s c u s s i o n  and r e s e a r c h .  Four symposiums d e a l i n g  w i t h  

o r g a n i c  m a t t e r  i n  a q u a t i c  environments  have been h e l d  i n  t h e  p a s t  5 y e a r s ;  

a l l  of t h e s e  confe rences  i n c l u d e d  one o r  more papers  on complexat ion by 

o r g a n i c  m a t t e r .  R e l a t i v e l y  l i t t l e  work h a s  been done on t h e  importance of 

complexat ion i n  de te rmin ing  t h e  q u a l i t y  of f r e s h  w a t e r ;  work i n  mar ine  

sys tems and i n  t h e  s o i l  s o l u t i o n ,  on t h e  o t h e r  hand, h a s  p r o g r e s s e d  t o  t h e  

p o i n t  of i d e n t i f y i n g  t h e  o r g a n i c  f u n c t i o n a l  groups  r e s p o n s i b l e  f o r  n a t u r a l  

complexat ion and t e s t i n g  t h e  u s e  of s y n t h e t i c  complexing a g e n t s  t o  improve 

t h e  f e r t i l i t y  of s o i l  and s e a  w a t e r  (Shap i ro ,  1964; Barber  e t  a l . ,  1971; 

S c h n i t z e r ,  1971; S i e g e l ,  1971) .  

Organic  l i g a n d s  a r e  known t o  form s o l u b l e  complexes w i t h  a  number of 

m e t a l s .  They may i n  f a c t  b e  a n  impor tan t  mechanism f o r  s o l u b i l i z i n g  

p o t e n t i a l l y  dangerous  t r a c e  m e t a l s .  It h a s  been e x p e r i m e n t a l l y  demonstra ted 

t h a t  ppm q u a n t i t i e s  of NTA can l e a c h  s i g n i f i c a n t  amounts of l e a d  from l a k e  

sediment  (Gregor,  1972) .  Chau (1973) observed  t h a t  complexing a'gents 

decreased  t h e  t o x i c i t y  of copper  and concluded t h a t  a  knowledge of com- 

p l e x i n g  c a p a c i t y  was e s s e n t i a l  i n  o r d e r  t o  e s t a b l i s h  meaningful  s a f e  l e v e l s  

of t r a c e  m e t a l s  such a s  copper ,  l e a d ,  cadmium and z i n c  i n  l a k e  wate r .  

Most of t h e  i n f o r m a t i o n  which i s  a v a i l a b l e  on t h e  l e v e l s  of complexing 

a g e n t s  p r e s e n t  i n  n a t u r a l  w a t e r  is  of t h e  one of a  k i n d  v a r i e t y ;  a  ca re -  

f u l l y  c o n t r o l l e d  survey  h a s  n o t  been performed. S t u d i e s  s e e k i n g  a  cor re -  

l a t i o n  between complexing c a p a c i t y  and t r a c e  m e t a l  l e v e l s  have n o t  appeared;  

r e l a t i v e l y  l i t t l e  i s  known of t h e  chemica l  forms of t r a c e  metals i n  n a t u r a l  

w a t e r .  S i e g e l  (1971) observed t h a t  " . , . only  r a r e l y  h a s  a body of w a t e r  



been examined w i t h  some hope of s e e i n g  t h e  m i c r o s t r u c t u r e  of t h e  t r a c e  m e t a l s  

p r e s e n t ;  t h e  c h i e f  r e a s o n  f o r  t h i s  s t a t e  of a f f a i r s  h a s  been  t h e  l a c k  of a  

s i m p l e ,  conven ien t  and w i d e l y  a p p l i c a b l e  t o o l  which c o u l d  d i s t i n g u i s h  be t -  

ween t h e  v a r i o u s  p o s s i b l e  s p e c i e s  of a  m e t a l  ion." 

One of t h e  g o a l s  of t h i s  p r o j e c t  was t o  deve lop  a  r e l i a b l e  a n a l y t i c a l  

p rocedure  c a p a b l e  of d i s t i n g u i s h i n g  between m e t a l  i o n s  which a r e  complexed 

and m e t a l  i o n s  merely  s o l v a t e d  by w a t e r  molecu les ,  We sought  t o  a p p l y  t h i s  

method t o  t h e  d e t e r m i n a t i o n  of t h e  complexing c a p a c i t y  of n a t u r a l  w a t e r  

and f i n a l l y  t o  de te rmine  whether  t h e  complexing c a p a c i t y  of North  ~ a r o l i n a ' s  

n a t u r a l  w a t e r  h a s  been a f f e c t e d  by man's u s e  of w a t e r .  

A n a l y t i c a l  Methods f o r  Determining Complexing Agents.  The b a s i c  p r i n c i p l e  

of most p u b l i s h e d  p rocedures  f o r  d e t e r m i n a t i o n  of complexing a g e n t s  i s  t h e  

measurement of t h e  amount of m e t a l  complex which r e s u l t s  when a n  e x c e s s  of 

a  m e t a l  i s  added t o  t h e  sample.  S e v e r a l  m e t a l s  have been used t o  form 

t h e  complex; t h e  method employed t o  q u a n t i t a t e  t h e  amount of m e t a l  complex 

p r e s e n t  and t h e  chemica l  p r o p e r t i e s  of t h e  m e t a l  i o n  used a r e  i m p o r t a n t  

keys  t o  t h e  a p p l i c a b i l i t y  of e x i s t i n g  p rocedures  f o r  t h e  d e t e r m i n a t i o n  of 

complexing a g e n t s  i n  n a t u r a l  wa te r .  

Thompson and Duth ie  (1968) proposed a s p e c t r o p h o t o m e t r i c  p r o c e d u r e  

based on measur ing t h e  absorbance  of Zn z i n c o n a t e .  A v a r i a t i o n  of t h e i r  

t e c h n i q u e  h a s  been adopted a s  a  s t a n d a r d  method f o r  d e t e r m i n i n g  NTA i n  

w a t e r  (E.P.A., 1971) .  S e v e r a l  s p e c t r o p h o t o m e t r i c  p rocedures  f o r  t h e  

d e t e r m i n a t i o n  of EDTA a t  t r a c e  l e v e l s  have been r e p o r t e d  (Menis e t  a l e ,  

1956; Knight  and Osteryoung, 1958; Roubalova and D o l e z a l ,  1960; K r a t o c h v i l  

and White,  1965; Huber and T a l l a n t ,  1968) ;  presumably t h e s e  p rocedures  cou ld  



b e  modi f i ed  s o  a s  t o  de te rmine  any complexing a g e n t .  I n t e r f e r e n c e  from 

sample t u r b i d i t y  would seem t o  l i m i t  t h e  u s e f u l n e s s  of spec t rophotomet ry  

a s  a  t o o l  i n  q u a n t i t a t i n g  t h e  c o n c e n t r a t i o n  of m e t a l  complexes i n  n a t u r a l  

w a t e r .  

A number of e l e c t r o c h e m i c a l  t e c h n i q u e s  have been  used t o  de te rmine  

t r a c e  l e v e l s  of complexing a g e n t s .  LeBlanc (1959) measured t h e  concentra-  

2- 
t i o n  of C ~ N T A -  and CdEDTA p o l a r o g r a p h i c a l l y  i n  o r d e r  t o  de te rmine  NTA 

and EDTA a t  t h e  m i l l i m o l a r  l e v e l .  Asplund and Wanninen (1971) a l s o  u t i l i z e d  

cadmium complexes and DC po la rography;  t h e i r  method was s a t i s f a c t o r y  f o r  

NTA a t  t h e  1-10 ppm l e v e l .  Haberman (1971) used indium t o  form complexes 

and l i n e a r  sweep voltammetry t o  q u a n t i t a t e  t h e  r e s u l t s ;  i f  p r e c o n c e n t r a t e d  

by a n i o n  exchange,  0 .02 ppm of NTA cou ld  b e  determined.  Afghan and Goulden 

(1971) used d u a l  c e l l  ca thode-ray polarography t o  d e t e r m i n e  NTA a t  t h e  

lOpgm/ l i t e r  l e v e l ;  b o t h  l e a d  and bismuth were  i n v e s t i g a t e d  as metals f o r  

forming NTA complexes. An automated method employing a  s i m i l a r  t e c h n i q u e  

has  been d e s c r i b e d  (Afghan, Goulden and Ryan, 1972) .  

Matson and coworkers ( A l l e n ,  1970; Bender, 1970) were  f i r s t  t o  employ 

anod ic  s t r i p p i n g  voltammetry t o  e s t i m a t e  complexing c a p a c i t y .  T h i s  t echn i -  

que i s  a  v e r y  s e n s i t i v e  one and u n l i k e  p r e v i o u s  methods measures t h e  amount 

of uncomplexed m e t a l  p r e s e n t  i n  t h e  sample. D e t e c t i o n  l i m i t s  a t  t h e  micro- 

2+ 
molar l e v e l  were r e p o r t e d  u s i n g  Cu t o  form t h e  complexes. Chau (1973) 

employed a  s i m i l a r  method b u t  s t r e s s e d  t h e  importance of a l l o w i n g  s u f f i c i e n t  

t ime  ( a t  l e a s t  2 h r . )  f o r  t h e  complexat ion r e a c t i o n s  t o  r e a c h  e q u i l i b r i u m  

b e f o r e  measuring t h e  amount of f r e e  copper p r e s e n t .  I o n  s e l e c t i v e  e l e c t r o d e s  

have a l s ~  been employed i n  de te rmin ing  complexing a g e n t s  (Rechni tz  and 

Kenny, 1970; Blay and Ryland, 1971; v a n ' t  R i e t  and Wynn, 1969) .  



S e v e r a l  t r a c e  m e t a l s  a r e  known t o  c a t a l y z e  t h e  r a t e  of chemical  r e a c t i o n s ;  

complexat ion of t h e s e  m e t a l s  r e d u c e s  t h e i r  c a t a l y t i c  e f f e c t .  S e v e r a l  k i n e t i c  

p rocedures  s e n s i t i v e  i n  t h e  sub-micromolar range  which are based  on t h e  mea- 

surement  of t h e  d e c r e a s e  i n  r e a c t i o n  r a t e  i n  t h e  p r e s e n c e  of complexing 

a g e n t s  a r e  a v a i l a b l e  (Mottola ,  1967; 1968 and 1970) .  The c a t a l y t i c  e f f e c t  

i s  i n h i b i t e d  by t h e  p r e s e n c e  of c e r t a i n  combinat ions  of t r a c e  m e t a l s  and 

enhanced by o t h e r s ,  S i n c e  n a t u r a l  w a t e r  c o n t a i n s  a v a r i e d  a r r a y  of t r a c e  

m e t a l s ,  s e r i o u s  m a t r i x  e f f e c t s  a r e  l i k e l y  i f  t h e s e  p rocedures  are a p p l i e d  

t o  samples  of n a t u r a l  wa te r .  

Kunkel and Manahan (1973) employed t h e  enhanced s o l u b i l i t y  of copper  

hydrox ide  a t  pH 1 0  a s  a moni to r  of complexing c a p a c i t y .  Atomic a b s o r p t i o n  

was used t o  moni to r  t h e  l e v e l  of s o l u b l e  copper ;  t h e  u s e  of a pH 1 0  medium, 

however, d i s r u p t s  t h e  n a t u r a l  e q u i l i b r i a  p r e s e n t  i n  t h e  sample.  

Theory of Vol tammetr ic  De te rmina t ion  of Complexing Capac i ty .  A f t e r  r ev iewing  

a v a i l a b l e  p r o c e d u r e s ,  we e l e c t e d  t o  u s e  a vo l tammet r ic  method f o r  measur ing 

complexing c a p a c i t y .  At tempts  have been made by o t h e r  workers  t o  a p p l y  

vo l tammet r ic  t echn iques  t o  t h e  d e t e r m i n a t i o n  of complexing a g e n t s  i n  n a t u r a l  

sys tems ;  t h e  t h e o r e t i c a l  a s p e c t s  of t h e s e  methods have n o t  been  d i s c u s s e d  

n o r  have t h e  expec ted  accuracy  and p r e c i s i o n  been  r e p o r t e d .  We f e l t  i t  

e s s e n t i a l  t o  f u l l y  unders tand  what t h e  method was measur ing,  what i n t e r -  

f e r e n c e s  might b e  expec ted  and how r e l i a b l e  t h e  numbers were  b e f o r e  beginn- 

i n g  a n  e x t e n s i v e  sampl ing program. The t h e o r e t i c a l  b a s i s  of v o l t a m m e t r i c  

methods f o r  measur ing complexing c a p a c i t y  w i l l  b e  b r i e f l y  d e s c r i b e d  h e r e ;  

t h e  r e s u l t s  of i n t e r f e r e n c e  s t u d i e s  and a c c u r a c y  measurements a r e  found i n  

t h e  RESULTS s e c t i o n .  



The a b i l i t y  of voltammetry t o  d i s t i n g u i s h  between complexed and uncom- 

plexed m e t a l  i o n s  l i e s  i n  t h e  f a c t  t h a t  more energy must b e  s u p p l i e d  t o  

reduce  (o r  o x i d i z e )  a complexed m e t a l  i o n  than  an  uncomplexed one.  Qual i -  

n+ 
t a t i v e l y  t h e  r e d u c t i o n  of m e t a l  complex ML can  b e  viewed a s  shown below. 

n+ -a n+ 
s t e p  1: ML M + L 

- A  
s t e p  2: M"+ + n e  - M 

n+ 
S i n c e  ML"' i s  a s t a b l e  chemica l  s p e c i e s  energy must b e  expended t o  f r e e  M 

from t h e  complex b e f o r e  r e d u c t i o n  can t a k e  p l a c e .  Uncomplexed m e t a l ,  Mn+, 

n+ 
i s  t h e r e f o r e  reduced a t  a lower a p p l i e d  p o t e n t i a l  t h a n  ML . T h i s  argument 

i s  somewhat o v e r s i m p l i f i e d  and a p p l i e s  on ly  t o  methods i n  which t h e  p roduc t  

of t h e  e l e c t r o d e  p r o c e s s  c o n t a i n s  fewer l i g a n d s  t h a n  t h e  i n i t i a l  m a t e r i a l .  

S i n c e  most of t h e  m e t a l  i o n s  used by p r e v i o u s  workers  (and by u s )  a r e  

reduced t o  t h e  z e r o  v a l e n c e  s t a t e  t h e  s imple  model w i l l  a p p l y .  

The measurement b a s e  of a l l  vo l t ammet r ic  methods i s  a c u r r e n t - v o l t a g e  

curve .  T h i s  e x p e r i m e n t a l l y  o b t a i n e d  c u r v e  i s  a p l o t  of t h e  c u r r e n t  f lowing  

i n  an  e l e c t r o c h e m i c a l  c e l l  v e r s u s  t h e  v o l t a g e  a p p l i e d  t o  t h e  c e l l .  Although 

each t y p e  of voltammetry o b t a i n s  t h i s  c u r v e  u s i n g  a s l i g h t l y  d i f f e r e n t  

e x p e r i m e n t a l  approach t h e  r e s u l t s  of a l l  of t h e  methods can b e  t h e o r e t i c a l l y  

p r e d i c t e d  from t h e  same c u r r e n t - v o l t a g e  r e l a t i o n s h i p .  The p r i n c i p l e s  of t h e  

v a r i o u s  vo l tammet r ic  methods have been reviewed (Osteryoung and Osteryoung, 

1972; F l a t o ,  1972; S t r o b e l ,  1973, pp.  687-724). 

The c u r r e n t - v o l t a g e  c u r v e s  expected f o r  a sys tem c o n t a i n i n g  2 x 

- 6 
Mn+ and 1 0  g L a r e  shown i n  f i g u r e  1. These c u r v e s  were  c a l c u l a t e d  f o r  t h e  

vo l tammet r ic  t e c h n i q u e  known a s  DC po la rography;  g i v e n  s u f f i c i e n t  computer 

t ime  t h e  c u r v e s  a p p r o p r i a t e  t o  t h e  o t h e r  vo l tammet r ic  methods could  have 
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Figure 1. Effect of formation constant on- 

theoretical current-voltage curve. Analytical 
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concentration of M~' = 2 x 10 M; analytical - 
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concentration of L = 10 M. Formation constant: - 
10 

A lo7, B lo8, C lo9, and D 10 . 



been c a l c u l a t e d  b u t  t h e  p o l a r o g r a p h i c  c a s e  was chosen f o r  i t s  s i m p l i c i t y .  

The e q u a t i o n s  d e r i v e d  and d i s c u s s e d  by Macovschi (1968) were  used i n  ca lcu-  

l a t i n g  t h e  c u r v e s  shown i n  f i g u r e s  1 and 2.  

It i s  obvious  from f i g u r e  1 t h a t  t h e  p resence  of two s p e c i e s  ( i . e .  Mn+ 

n+ 
and ML ) i s  n o t  d e t e c t e d  u n t i l  t h e  fo rmat ion  c o n s t a n t  of t h e  complex exceeds  

8 n+ 
10 . To p r a c t i c a l l y  measure t h e  c u r r e n t  due t o  M and t h a t  due t o  ML"+ t h e  

1 0  
f o r m a t i o n  c o n s t a n t  must b e  1 0  o r  g r e a t e r .  

F i g u r e  2 i l l u s t r a t e s  how t h e  c u r r e n t  v o l t a g e  c u r v e s  change d u r i n g  t h e  

n+ 
t i t r a t i o n  of ~ o - ~ M  - L w i t h  Mn+. I f  t h e  c u r r e n t  i n d i c a t i v e  of M i s  p l o t t e d  

n+ v e r s u s  t h e  amount of M added c u r v e s  of t h e  t y p e  shown i n  f i g u r e  3 a r e  

o b t a i n e d .  Exper imenta l ly  t h e  amount of complexing a g e n t  i n  a  sample i s  

ob ta ined  from t h e  x - i n t e r c e p t  of t h e  t i t r a t i o n  c u r v e  ( s e e  f i g u r e  3 ) .  C l e a r l y  

i n  o r d e r  t o  de te rmine  t h e  c o n c e n t r a t i o n  of a complexing a g e n t  t o  w i t h i n  a n  

e r r o r  of 1-2% t h e  f o r m a t i o n  c o n s t a n t  of t h e  m e t a l  complex used must exceed 

1 0 l 0 .  Samples c o n t a i n i n g  l i g a n d s  c a p a b l e  of forming complexes weaker t h a n  

l o l o  w i l l  on ly  be  p a r t i a l l y  t i t r a t e d  ( i .  e, t h e  x - i n t e r c e p t  o c c u r s  be£ o r e  

t h e  t h e o r e t i c a l l y  p r e d i c t e d  p o i n t ) .  The f r a c t i o n  of weakly complexing 

m a t e r i a l s  which a r e  determined w i l l  depend on t h e  s t r e n g t h  of t h e  complex 

7 
( f i g u r e  3 ) ;  complexes weaker t h a n  1 0  w i l l  n o t  b e  measured a t  a l l .  T a b l e  1 

compares t h e  p r e d i c t e d  accuracy  w i t h  t h e  fo rmat ion  c o n s t a n t  of t h e  complex. 







Table  1 

P r e d i c t e d  Accuracy of Voltammetric Methods 

Format ion Constant  of Complex P e r c e n t  R e l a t i v e  E r r o r  

l o 7  no l i g a n d  d e t e c t e d  

EXPERIMENTAL 

Reagents ,  The w a t e r  used i n  t h i s  work was d e i o n i z e d  t h e n  passed th rough  a n  

a c t i v a t e d  c h a r c o a l  column and d e i o n i z e d  a  second t ime.  F i n a l l y  t h e  w a t e r  

was f i l t e r e d  th rough  a n  0.20 pm membrane f i l t e r .  The s p e c i f i c  r e s i s t a n c e  

of t h e  w a t e r  was checked p e r i o d i c a l l y  and was c o n s i s t e n t l y  found t o  b e  

g r e a t e r  t h a n  17  megohm-cm. The d e i o n i z a t i o n  system was i n s t a l l e d  and main- 

t a i n e d  by C o n t i n e n t a l  Water Condi t ion ing  Corpora t ion .  

Reagent g r a d e  EDTA ( F i s h e r  S c i e n t i f i c )  was d r i e d  a t  80°C f o r  1 hour 

b e f o r e  use .  Eastman w h i t e  l a b e l  NTA was used w i t h o u t  a d d i t i o n a l  p u r i f i c a t i o n  

e x c e p t  d r y i n g  f o r  1 hour a t  80°C. 

S tock  s o l u t i o n s  of metal i o n s  were  p repared  by d i s s o l v i n g  t h e  appro- 

p r i a t e  amount of m e t a l  i n  n i t r i c  a c i d  ( u l t r e x ,  J. T. Baker ) ;  a l l  r e a g e n t  

s o l u t i o n s  were  s t o r e d  i n  p o l y e t h y l e n e  c o n t a i n e r s .  

Po tass ium n i t r a t e  was r e c r y s t a l l i z e d  5 t i m e s  from w a t e r  t o  e l i m i n a t e  a  

l e a d  i m p u r i t y .  The phosphate  and a c e t a t e  s a l t s  used f o r  p r e p a r a t i o n  of 



b u f f e r s  were  r e a g e n t  g r a d e  ( F i s h e r  S c i e n t i f i c )  and were  n o t  f u r t h e r  p u r i f i e d .  

A c e t a t e  b u f f e r  was found t o  c o n t a i n  i n t o l e r a b l e  q u a n t i t i e s  of l e a d  which was 

removed by c o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s ;  t h e  t e c h n i q u e  and a p p a r a t u s  

have been p r e v i o u s l y  d e s c r i b e d  (Barendrech t ,  1967; M i t c h e l l ,  1973).  

S o l u t i o n s  of c a t a l a s e  were prepared by d i s s o l v i n g  1 0  mg of t h e  powder 

(Calbiochem, bovine l i v e r  3100 u n i t s l m g )  i n  100 m l  of p r e v i o u s l y  a u t o c l a v e d  

d e i o n i z e d  wate r .  One m i l l i l i t e r  p o r t i o n s  of t h i s  s o l u t i o n  were p i p e t t e d  i n t o  

s m a l l  g l a s s  b o t t l e s  w i t h  screw caps  which had been p r e v i o u s l y  a u t o c l a v e d .  

A l l  c a t a l a s e  s o l u t i o n s  were  s t o r e d  a t  5°C; one s m a l l  b o t t l e  was removed from 

t h e  r e f r i g e r a t o r  j u s t  b e f o r e  u s e  and r e t u r n e d  immediate ly  a f t e r  u s e .  

S tock  s o l u t i o n s  of e thy lened iamine  were  p repared  by d i l u t i n g  d i s t i l l e d  

anhydrous e thy lened iamine  ( F i s h e r  S c i e n t i f i c )  1 : 5  w i t h  w a t e r ;  s t o c k  s o l u t i o n s  

were s t o r e d  a t  5OC. 

Hydrogen perox ide  s o l u t i o n s  were p repared  by d i l u t i n g  30% H 0 ( F i s h e r  2 2  

S c i e n t i f i c )  w i t h  wa te r .  S t o c k  s o l u t i o n s  of H202 ( t y p i c a l l y  0 . 5  PI) were 

s t o r e d  a t  5°C and p e r i o d i c a l l y  checked f o r  H 0  c o n t e n t  by c e r a t e  t i t r a t i o n .  2  2  

Ni t rogen  gas  (Air  P roduc t s  p r e p u r i f i e d  g r a d e )  was used t o  d e a e r a t e  

s o l u t i o n s  and was f u r t h e r  p u r i f i e d  by passage  th rough  a  column of Ridox 

( F i s h e r  S c i e n t i f i c )  t o  r e d u c e  i t s  oxygen c o n t e n t .  

E l e c t r o d e s  and c e l l s .  Corning s a t u r a t e d  calomel  r e f e r e n c e  e l e c t r o d e s  ( c a t .  

no. 476002) were  used.  A  dropping mercury e l e c t r o d e  of c o n v e n t i o n a l  d e s i g n  

was used;  e l e c t r i c a l  c o n t a c t  was made u s i n g  a  commercially a v a i l a b l e  mercury 

c o n t a c t  ( P r i n c e t o n  Appl ied Research Corp. p a r t  no. 9308). Glassy  ca rbon  

e l e c t r o d e s  used i n  t h e  a n o d i c  s t r i p p i n g  s t u d i e s  were  prepared by s e a l i n g  a 

2  cm l e n g t h  of GC-A g l a s s y  carbon ( I n t e r n a t i o n a l  Carbon Corp.) i n t o  6  mm 

g l a s s  t u b i n g  w i t h  epoxy cement. E l e c t r i c a l  c o n t a c t  was made th rough  mercury 



i n s i d e  t h e  g l a s s  t u b e .  A 6  mm g l a s s  t u b e  whose ends  had been p a r t i a l l y  c losed  

was i n s e r t e d  i n t o  t h e  c e l l  t o p ;  a n  a p p r o p r i a t e  l e n g t h  of 26 gauge P t  w i r e  in-  

s e r t e d  th rough  t h e  t u b i n g  s e r v e d  a s  a  c o u n t e r  e l e c t r o d e .  Commercial g a s  

d i s p e r s i o n  c y l i n d e r s  were  found t o  b e  bulky and i n e f f i c i e n t ;  g a s  d i s p e r s i o n  

t u b e s  p repared  by s e a l i n g  - c a .  2  cm of a  1 0  mm medium p o r o s i t y  s e a l i n g  t u b e  

t o  10 cm of 7  mm g l a s s  t u b i n g  were  used throughout  t h i s  work. 

The c e l l s  used were  100 m l  t a l l  form Pyrex beakers  f i t t e d  i n t o  a  commer- 

c i a l l y  a v a i l a b l e  p o l y e t h y l e n e  c e l l  t o p  (Leeds and Northrup c e l l  cover  no. 

067513 and r i n g  no. 127182). 

E l e c t r o n i c  a p p a r a t u s .  A P r i n c e t o n  Appl ied Research Model 174 P o l a r o g r a p h i c  

Analyzer  was used  t o  make most of t h e  e l e c t r o c h e m i c a l  measurements. I n  t h e  

e a r l y  p o r t i o n s  of t h e  work a Heath EUW-401 Polarography System was u t i l i z e d .  

A Hewlett-Packard Moseley 2001A X-Y r e c o r d e r  was used i n  c o n j u n c t i o n  w i t h  

t h e  P.A.R. 174. During t h e  l a t t e r  s t a g e s  of t h e  work t h e  P.A.R. 174 was 

modi f i ed  t o  a l l o w  semi-automatic d i f f e r e n t i a l  p u l s e  p o l a r o g r a p h i c  measure- 

ments.  These  m o d i f i c a t i o n s  a r e  shown i n  f i g u r e  4. A Heath EU-805 U n i v e r s a l  

D i g i t a l  Ins t rument  was used a s  a  d i g i t a l  v o l t m e t e r  t o  moni tor  t h e  p o t e n t i a l  

t h e  P.A.R. 174 was a p p l y i n g  t o  t h e  c e l l .  

The c i r c u i t  of f i g u r e  4  was c o n s t r u c t e d  u s i n g  a  Heath EU-80lA Analog- 

D i g i t a l  Des igner  a s  a  s o u r c e  of power and as a  s u p p o r t  f o r  p r i n t e d  c i r c u i t  

c a r d s .  The f o l l o w i n g  Heath c a r d s  were  used:  EU-800-JC, EU-800-LA, EU-900-JA, 

EU-800-JD, EU-800-CD and (2) EU-800-DE. The FET s w i t c h e s  on t h e  EU-900-JA 

c a r d  were  opened by a  l o g i c  0 and c l o s e d  by a  l o g i c  1. The monostable  ou t -  

pu t  p u l s e  was a  l o g i c  1 of 1 second d u r a t i o n .  An SU-50-JA permanent p a t c h  

a c c e s s o r y  was used  t o  ha rd  w i r e  t h e  c o n n e c t i o n s  between c a r d s .  The p r i n c i -  

p l e s  of d i g i t a l  c i r c u i t r y  have been reviewed (Malmstadt and Enke , 1969) .  
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When making semi-automatic d i f f e r e n t i a l  p u l s e  measurements,  a n  i n i t i a l  

s c a n  i s  made t o  de te rmine  t h e  peak p o t e n t i a l  and t h e  b a s e l i n e  p o t e n t i a l .  The 

c i r c u i t  shown i n  f i g u r e  4  i s  a c t i v a t e d  by c l o s i n g  t h e  ON/OFF s w i t c h .  The 

b a s e l i n e  p o t e n t i a l  i s  a d j u s t e d  t o  t h e  d e s i r e d  v a l u e  w i t h  t h e  i n i t i a l  p o t e n t i a l  

c o n t r o l  of t h e  P.A.R. 174;  t o  p r e v e n t  t h e  modulat ion p u l s e  from i n t e r f e r i n g  

w i t h  t h i s  measurement t h e  drop t i m e  s e l e c t o r  shou ld  b e  o f f .  The peak poten- 

t i a l  i s  a p p l i e d  t o  t h e  P.A.R. 174 by momentari ly c l o s i n g  t h e  s t a r t  s G i t c h ;  

t h e  peak p o t e n t i a l  may b e  a d j u s t e d  t o  t h e  d e s i r e d  v a l u e  w i t h  t h e  E peak con- 

t r o l .  Measurements a r e  begun by (1) s e t t i n g  t h e  drop t i m e  s e l e c t o r  t o  2  

seconds ,  ( 2 )  momentari ly c l o s i n g  t h e  r e s e t  s w i t c h ,  and (3) momentar i ly  

c l o s i n g  t h e  s t a r t  s w i t c h .  

The P.A.R. 174 s u p p l i e s  a  v o l t a g e  s p i k e  approx imate ly  75 m i l l i s e c o n d s  

b e f o r e  each  mercury d rop  i s  d i s l o d g e d .  Momentari ly c l o s i n g  t h e  reset s w i t c h  

sets FF1 and FF2. G 1  i s  a t  l o g i c  0 t h e r e f o r e  FET 3  i s  open and t h e  i n s t r u m e n t  

a p p l i e s  t h e  b a s e l i n e  p o t e n t i a l  t o  t h e  c e l l .  NAND g a t e  3 h a s  a 0 o u t p u t  con- 

s e q u e n t l y  FET 1 i s  open and t i m i n g  s p i k e s  a r e  n o t  t r a n s m i t t e d  t o  t h e  c o u n t e r s .  

When t h e  s t a r t  s w i t c h  i s  momentari ly c l o s e d ,  FET 2  c l o s e s  t h e r e b y  r e s e t t i n g  

t h e  decade count ing  u n i t s  and s t a r t i n g  t h e  r e c o r d e r .  FF1 is  c l e a r e d ,  Q 1  = 0 

and 01 = 1 t h e r e f o r e  FET 3 c l o s e s  and t h e  i n s t r u m e n t  a p p l i e s  t h e  peak p o t e n t i a l  

t o  t h e  c e l l .  FF2 a l s o  changes ,  42 = 0 f o r c i n g  NAND 3 t o  a  1 o u t p u t  t h e r e b y  

t u r n i n g  FET 1 on and a l l o w i n g  t iming  p u l s e s  t o  b e  counted by D C U l  and DCU2. 

When 50 s p i k e s  have been  counted ( i . e .  50 d r o p s  d i s l o d g e d )  NAND 1's o u t p u t  

changes from 1 t o  0 t r i g g e r i n g  t h e  monostable  which i n  t u r n  s u p p l i e s  a  1 p u l s e  

t o  FF1, Q 1  i s  now 1 and Ql i s  0 opening FET3 and t h e  i n s t r u m e n t  a p p l i e s  t h e  

b a s e l i n e  p o t e n t i a l  t o  t h e  c e l l .  The 1 -+ 0 from NAND1 i s  i n v e r t e d  by NAND2, 

t h e  r e s u l t i n g  0 -+ 1 r e s e t s  t h e  D C U ' s  and t h e  coun t ing  c y c l e  r e p e a t s .  A f t e r  



a n  a d d i t i o n a l  50 d rops  t h e  monostable  i s  t r i g g e r e d  a g a i n ;  Q l  = 0 ,  Q 1  = 1, 

42 = 0 ,  FET 3 i s  opened and t h e  i n s t r u m e n t  a p p l i e s  t h e  peak p o t e n t i a l  t o  

t h e  c e l l .  A f t e r  a n o t h e r  50 d rops  have been d i s l o d g e d ,  t h e  monostable  

t r i g g e r s  f o r  t h e  l a s t  t ime.  Q 1  = 1, 61 = 0 ,  Q2 = 1 ,  FET 3 i s  open and t h e  

i n s t r u m e n t  a p p l i e s  t h e  b a s e l i n e  p o t e n t i a l  t o  t h e  c e l l .  NAND 3 ,  however, 

h a s  a  0  o u t p u t  which opens FET 1 p r e v e n t i n g  f u r t h e r  c y c l i n g .  To i n i t i a t e  

a  second sequence t h e  s t a r t  s w i t c h  i s  depressed  momentari ly.  

P rocedures .  The p rocedures  employed t o  de te rmine  complexing c a p a c i t y  were 

based on measuring t h e  amount of m e t a l  i o n  which remains  uncomplexed when 

a  known amount of t h e  m e t a l  i o n  i s  added t o  t h e  sample. Both anod ic  s t r i p p -  

i n g  voltammetry and d i f f e r e n t i a l  p u l s e  po la rography  were  used t o  q u a n t i t a t e  

t h e  uncomplexed f r a c t i o n  of m e t a l  i o n  t i t r a n t .  

A r o t a t e d  t h i n  f i l m  Hg e l e c t r o d e  ( g l a s s y  ca rbon  b a s e )  was used i n  t h e  

anod ic  s t r i p p i n g  p r o c e d u r e s ;  a  Sargen t  synchronous r o t a t o r  was used t o  r o t a t e  

t h e  e l e c t r o d e .  The e l e c t r o d e  was i n i t i a l l y  p o l i s h e d  w i t h  500A s i l i c o n  ca r -  

b i d e  paper  t o  remove t h e  e x c e s s  epoxy cement. Two g r a d e s  of alumina (0 .3  

and 0 . 1  pm) were  used f o r  f i n a l  p o l i s h i n g  of t h e  newly p repared  e l e c t r o d e  

and f o r  r e - p o l i s h i n g  p r e v i o u s l y  p l a t e d  e l e c t r o d e s .  A  1 micron Hg f i l m  was 

e l e c t r o d e p o s i t e d  on t h e  e l e c t r o d e  a t  a  c o n s t a n t  c u r r e n t  of 1 mAmp i n  0.05M - 

mercurous n i t r a t e  i n  0 . 1 g  H C l O  The ASV e l e c t r o l y s i s  p o t e n t i a l  was s e l e c t -  
4' 

ed by f i r s t  o b t a i n i n g  a  DC polarogram of t h e  m e t a l  i o n  t i t r a n t  o r  c o n s u l t -  

i n g  t h e  p o l a r o g r a p h i c  l i t e r a t u r e .  A p o t e n t i a l  120111 mV n e g a t i v e  of t h e  

p o l a r o g r a p h i c  E  was used a s  a n  i n i t i a l  g u e s s  a t  a  s a t i s f a c t o r y  e l e c -  
112 

t r o l y s i s  p o t e n t i a l .  S e v e r a l  ASV r u n s  were made u s i n g  s o l u t i o n s  1 0 - ' ~  - i n  

m e t a l  i o n  t i t r a n t .  The e l e c t r o l y s i s  p o t e n t i a l  was a d j u s t e d  an  a d d i t i o n a l  

6011-1 mV i n  t h e  n e g a t i v e  d i r e c t i o n  and s e v e r a l  ASV r u n s  o b t a i n e d .  I f  t h e  



a v e r a g e  peak c u r r e n t  of t h e  two s e r i e s  d i f f e r e d  by l e s s  t h a n  10% t h e  f i r s t  

p o t e n t i a l  was used a s  t h e  ASV e l e c t r o l y s i s  p o t e n t i a l ;  i f  agreement was n o t  

found t h e  f i r s t  s e t  of r u n s  was d i s c a r d e d  and a  t h i r d  s e r i e s  r u n  u s i n g  a n  

e l e c t r o l y s i s  p o t e n t i a l  6011-1 mV n e g a t i v e  of t h e  p o t e n t i a l  used f o r  t h e  

second s e r i e s .  The p r o c e s s  was r e p e a t e d  u n t f l  agreement was found. An 

e l e c t r o l y s i s  p o t e n t i a l  was o b t a i n e d  f o r  each  m e t a l  i o n  employed and f o r  

each b u f f e r  system. D e t a i l s  of o p e r a t i n g  a n  a n o d i c  s t r i p p i n g  vol tammeter  

a r e  a v a i l a b l e  (Barendrech t ,  1967; E l l i s ,  1973) .  

The d i f f e r e n t i a l  p u l s e  p o l a r o g r a p h i c  p rocedure  was developed t o  

minimize some of t h e  problems i n h e r e n t  i n  t h e  ASV procedure .  A d e t a i l e d  

p rocedure  s u i t a b l e  f o r  u s e  a s  a  s t a n d a r d  method i s  c o n t a i n e d  i n  appendix  

A. B r i e f l y  a n  a l i q u o t  of co2' was added t o  a measured p o r t i o n  of t h e  

sample which was b u f f e r e d  a t  pH 7.  Hydrogen perox ide  was added t o  o x i d i z e  

t h e  Co(I1)  complexes formed t o  Co( I I1 )  complexes. The e x c e s s  p e r o x i d e  

was removed w i t h  t h e  enzyme c a t a l a s e .  The uncomplexed co2+ was measured 

i n  a n  e thy lened iamine  medium u s i n g  d i f f e r e n t i a l  p u l s e  po la rography .  G e n e r a l  

o p e r a t i n g  i n s t r u c t i o n s  f o r  t h e  d i f f e r e n t i a l  p u l s e  po la rograph  a r e  a v a i l a b l e  

( P r i n c e t o n  Appl ied Research,  1971  a ) .  

RESULTS 

Q u a n t i t a t i o n  Using Anodic S t r i p p i n g  Voltammetry. The i o n i c  c o n t e n t  of 

n a t u r a l  w a t e r  i s  t o o  low t o  pe rmi t  u s e  of e l e c t r o a n a l y t i c a l  t e c h n i q u e s .  It 

was n e c e s s a r y  t o  add a n  e l e c t r o l y t e  t o  t h e  sample which would n o t  c o n t r i -  

b u t e  t o  t h e  complexing c a p a c i t y  of t h e  sample nor  d i s t u r b  t h e  n a t u r a l  

e q u i l i b r i a  p r e s e n t .  The e l e c t r o l y t e  shou ld  t h e r e f o r e  change t h e  pH 

of t h e  sample as l i t t l e  a s  p o s s i b l e .  F u r t h e r  t h e  medium chosen must 

a l l o w  t h e  ASV peak t o  b e  observed a t  a  conven ien t  



p o t e n t i a l .  Four e l e c t r o l y t e s  were e v a l u a t e d :  NaC1, KN03,acetate b u f f e r  

(pH 5) and Na2C4H406 (sodium t a r t r a t e ) .  The t a r t r a t e  sys tem proved 

u n s a t i s f a c t o r y  because  of l a r g e  l e v e l s  of t r a c e  m e t a l  i m p u r i t i e s  which 

could  b e  removed o n l y  by prolonged c o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s .  

The complexing power of t h e  t a r t r a t e  i o n  was found t o  b e  s o  h i g h  a s  t o  

d i s t u r b  n a t u r a l  e q u i l i b r i a .  Sodium c h l o r i d e  was s u f f i c i e n t l y  p u r e  b u t  

t h e  ASV peak of cu2+ (one of t h e  m e t a l  i o n  t i t r a n t s  t o  b e  e v a l u a t e d )  was 

p o o r l y  r e s o l v e d  from t h e  background c u r r e n t .  Potass ium n i t r a t e  was 

s a t i s f a c t o r y  e l e c t r o c h e m i c a l l y  b u t  d i d  n o t  pe rmi t  r i g o r o u s  pH c o n t r o l .  

A c e t a t e  b u f f e r  (pH 5) gave t h e  b e s t  r e s u l t s  and was adopted a s  t h e  medium 

even though i t  d i s t u r b s  n a t u r a l  e q u i l i b r i a  somewhat because  of t h e  pH 

change and mi ld  complexing power of t h e  a c e t a t e  i o n .  It was s u b s e q u e n t l y  

l e a r n e d  t h a t  a n o t h e r  r e s e a r c h  group (Chau, 1973) had s e l e c t e d  a n  a c e t a t e  

medium f o r  i t s  s t u d i e s  of m e t a l  complexat ion i n  n a t u r a l  w a t e r .  

The m e t a l  i o n  t i t r a n t  s e l e c t e d  must form s t r o n g  complexes w i t h  o r g a n i c  

l i g a n d s  and must b e  d e t e c t a b l e  by a n  e l e c t r o c h e m i c a l  method. Four m e t a l  

i o n  t i t r a n t s  were  e v a l u a t e d  i n  pH 5 a c e t a t e  b u f f e r :  cu2+, pb2+, cd2+ and 

3+ I n  . The e l e c t r o l y s i s  p o t e n t i a l s  f o r  each i o n  a r e  shown i n  t a b l e  2. 

Tab le  2  

ASV E l e c t r o l y s i s  P o t e n t i a l s  
9e k 

I o n  No. of E l e c t r o n s  Epeak E e l e c t r ~ l y s i s  

*versus  SCE 



Indium was s e l e c t e d  as t h e  b e s t  m e t a l  i o n  t i t r a n t  because  of i t s  s t r o n g  com- 

p l e x i n g  a b i l i t y ,  low d e t e c t i o n  l i m i t  ( 3  e l e c t r o n  p r o c e s s ) ,  low n a t u r a l  l e v e l s  

i n  w a t e r ,  and t h e  e a s e  w i t h  which i t  may b e  d e t e c t e d  e l e c t r o c h e m i c a l l y .  

The r e s u l t s  summarized i n  t a b l e  3  a r e  t y p i c a l  of t h e  numerous s y n t h e t i c  

34- 
samples of EDTA which were t i t r a t e d  w i t h  I n  . The r e s u l t s  were  n e a r l y  

always low s u g g e s t i n g  t h e  p r e s e n c e  of a  s y s t e m a t i c  e r r o r .  The r e s u l t s  of 

Tab le  3 

ASV Dete rmina t ion  of EDTA 

EDTA t a k e n  EDTA found P e r c e n t  R e l a t i v e  
(pmolar)  (vmo lar  ) E r r o r  

3+ 
t a b l e  3 i n d i c a t e  t h e  I n  t i t r a t i o n  t o  b e  a n  u n a c c e p t a b l e  method f o r  approx i -  

mat ing t h e  complexing c a p a c i t y  of a  s y n t h e t i c  sample. E r r o r s  of 20% a t  t h e  

molar l e v e l  would b e  s a t i s f a c t o r y  i f  s y s t e m a t i c  e r r o r s  were  a b s e n t  o r  

a t  l e a s t  c o n t r o l l e d .  The f o r m a t i o n  c o n s t a n t  of t h e  I ~ E D T A -  complex i s  

approx imate ly  1017 a t  pH 5,  w e l l  i n  e x c e s s  of t h e  minimum v a l u e  of 1 0  1 0  

needed f o r  q u a n t i t a t i v e  work. 

The t h e o r y  p r e s e n t e d  e a r l i e r  (pg. 4 )  does  n o t  c o n s i d e r  complex l a b i l i t y .  

The term l a b i l i t y  r e f e r s  t o  t h e  r a t e  a t  which a  m e t a l  complex exchanges i t s  

l i g a n d s  e i t h e r  w i t h  w a t e r ,  a n o t h e r  l i g a n d  o r  a  l i g a n d  i d e n t i c a l  t o  t h a t  i n  



t h e  complex. Whether a  m e t a l  complex i s  l a b i l e  ( i . e .  exchanges l i g a n d s  

r a p i d l y )  o r  i n e r t  ( i . e .  exchanges l i g a n d s  s lowly)  i s  predomina te ly  a  

f u n c t i o n  of t h e  m e t a l  i o n  i n  t h e  complex; t h e  n a t u r e  of t h e  l i g a n d  e x e r t s  

r e l a t i v e l y  l i t t l e  i n f l u e n c e  i n  de te rmin ing  complex l a b i l i t y .  The e l e c t r o n i c  

s t r u c t u r e  of a l l  t h e  m e t a l  i o n s  t e s t e d  u s i n g  t h e  ASV procedure  i s  such  t h a t  

l a b i l e  complexes w i l l  b e  formed w i t h  t h e  n a t u r a l  l i g a n d s  p r e s e n t  i n  t h e  

sample.  

A s m a l l  f r a c t i o n  of m e t a l  i o n  i s  removed from s o l u t i o n  w h i l e  monitor-  

i n g  t h e  f r a c t i o n  of m e t a l  i o n  t i t r a n t  which i s  uncomplexed. T y p i c a l l y  2 

minute  e l e c t r o l y s i s  were  used f o r  t h e  ASV measurements; t h e  f r a c t i o n  of f r e e  

m e t a l  i o n  p l a t e d  i n t o  t h e  e l e c t r o d e  i s  approx imate ly  1% under  t h e s e  condi-  

t i o n s .  The c o n c e n t r a t i o n  of f r e e  m e t a l  i o n  a t  t h e  e l e c t r o d e  s u r f a c e  i s  v e r y  

c l o s e  t o  ze ro  d u r i n g  t h e  e l e c t r o l y s i s .  The l o s s  of f r e e  m e t a l  i o n  from t h e  

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

t end  t o  d r i v e  t h e  m e t a l  i o n / m e t a l  complex e q u i l i b r i u m  i n  t h e  d i r e c t i o n  of t h e  

f r e e  m e t a l  ion .  The r e s u l t  i s  t h a t  d u r i n g  t h e  t ime  t h e  f r e e  m e t a l  i o n  con- 

c e n t r a t i o n  i s  be ing  sampled t h e  amount of f r e e  m e t a l  i o n  i n  t h e  v i c i n i t y  of 

t h e  e l e c t r o d e  s u r f a c e  i n c r e a s e s  because  of t h e  d i s s o c i a t i o n  of t h e  m e t a l  

complex. Consequently t h e  e l e c t r o d e  "sees"  more f r e e  m e t a l  i o n  t h a n  i s  

a c t u a l l y  t h e r e ;  t h e  amount of complexing a g e n t  determined i s  t h e r e f o r e  s m a l l e r  

t h a n  expected.  I f  t h e  r a t e  of complex d i s s o c i a t i o n  i s  r a p i d  on t h e  t ime  s c a l e  

of t h e  measurement, t h e  e n t i r e  c o n c e n t r a t i o n  of m e t a l  i o n  ( i . e .  b o t h  complexed 

and uncomplexed) w i l l  b e  sensed by ASV and no complexing c a p a c i t y  w i l l  b e  

d e t e c t e d .  

The e f f e c t  of chemical  r e a c t i o n s  can  b e  minimized by s h o r t e n i n g  t h e  

t i m e  of measurement and by lowering t h e  t empera tu re  t h u s  s lowing t h e  r a t e  of 



t h e  r e a c t i o n .  I t  was n o t  p o s s i b l e  t o  o b t a i n  a  u s e a b l e  c u r r e n t  peak from ASV 

a t  t h e  ~ o - ~ M  l e v e l  u n l e s s  t h e  t ime  of e l e c t r o l y s i s  exceeded a  few minu tes .  - 
To e l i m i n a t e  t h i s  problem a d u a l  e l e c t r o d e  ASV procedure  was d e v i s e d .  

Two Hg p l a t e d  e l e c t r o d e s  were  p laced  i n  t h e  c e l l ;  one was r o t a t e d  as 

b e f o r e  b u t  t h e  second e l e c t r o d e  was s t a t i o n a r y  and was i s o l a t e d  from t h e  

b u l k  of t h e  c e l l  s o l u t i o n  by a  s m a l l  t u b e  capped w i t h  a  g l a s s  f r i t .  The two 

e l e c t r o d e s  were i n t e r c o n n e c t e d  u s i n g  a  P.A.R. model 174 /51  L i n e a r  Sweep 

Module, D e t a i l s  on  t h e  o p e r a t i o n  of t h i s  d e v i c e  a r e  a v a i l a b l e  e l sewhere  

( P r i n c e t o n  Appl ied Research,  1971b).  By e l e c t r o n i c a l l y  s u b t r a c t i n g  t h e  

background c u r r e n t  common t o  b o t h  e l e c t r o d e s  t h e  d u a l  e l e c t r o d e  p rocedure  

p e r m i t t e d  ASV measurements a f t e r  o n l y  1 0  seconds  of e l e c t r o l y s i s .  

Tab le  4  summarizes t h e  r e s u l t s  o b t a i n e d  u s i n g  d u a l  e l e c t r o d e  ASV t o  

d e t e r m i n e  t h e  complexing c a p a c i t y  of n i n e  samples each c o n t a i n i n g  96.2 

nmoles of EDTA. 

Tab le  4 

E f f e c t  of E l e c t r o l y s i s  Time on ASV R e s u l t s  

nmoles EDTA found 

E l e c t r o l y s i s  S tandard  
Time ( s e c )  Sample 1 Sample 2  Sample 3  Average D e v i a t i o n  

1 0  126.3  91.9 106.5 108.2 1 7 . 3  
2  0  110.7 101.3  56.4 89.5 29.0  
5  0  70.9 10.4 28.2 36.5  31.1  

An a n a l y s i s  of v a r i a n c e  of t h e  d a t a  i n  t a b l e  4  a t  t h e  95% l e v e l  i n d i c a t e d  

t h a t  e l e c t r o l y s i s  t ime  s i g n i f i c a n t l y  a f f e c t e d  t h e  nmoles of EDTA found.  

Lowering t h e  sample t empera tu re  t o  O°C was found t o  b e  ex t remely  e f f e c -  



t i v e  i n  d e c r e a s i n g  t h e  l a b i l i t y  of meta l  complexes. A t  O°C t h e  r a t e  i s  s o  

slow t h a t  t h e  m e t a l  i o n  t i t r a n t  does  n o t  complex t h e  l i g a n d s  i n  t h e  sample 

a t  a  r e a s o n a b l e  r a t e ;  t h e  lowered t empera tu re  s lows b o t h  t h e  r a t e  of com- 

p l e x  breakup and t h e  r a t e  of complex f o r m a t i o n ,  It was n e c e s s a r y  t o  add 

t h e  m e t a l  t i t r a n t  t o  a  25°C sample,  a l l o w  t h e  complexat ion r e a c t i o n s  t o  

r e a c h  equ i lb r ium,  and t h e n  c o o l  t h e  sample t o  0 ° C  b e f o r e  moni to r ing  t h e  f r e e  

m e t a l  i o n  c o n c e n t r a t i o n ,  The sample must b e  warmed t o  25" i f  a n o t h e r  a l i q u o t  

of t i t r a n t  i s  added t h e n  cooled f o r  t h e  ASV measurement. Although t h i s  

t e c h n i q u e  i s  q u i t e  t ime  consuming r e a s o n a b l e  r e s u l t s  were  o b t a i n e d  u s i n g  i t  

( t a b l e  5 ) .  

Tab le  5  

R e s u l t s  of ASV Procedure  w i t h  Temperature V a r i a t i o n  

A 
Sample No. nmoles EDTA Found 

100.4 
114.6 
114.6 

77.5 
75.3 

118.9 
100.4 

9 7 . 1  
Mean 99.8 t 13.8 

9; 
103.7 nmoles EDTA t a k e n  f o r  each sample 

A t  0°C t h e  h e i g h t  of a n  1n3' ASV peak i s  approx imate ly  one t h i r d  t h a t  

a t  25OC. Lowering t h e  t empera tu re  minimized t h e  l a b i l i t y  e f f e c t s  a t  t h e  

expense of s e n s i t i v i t y  and l e n g t h  of a n a l y s i s .  Cycl ing t h e  Hg f i l m  e l e c t -  

rodes  between 25" and 0" g r e a t l y  reduced t h e  l i f e t i m e  of t h e  e l e c t r o d e s ;  a  



s i n g l e  p l a t i n g  a t  b e s t  l a s t e d  f o r  o n l y  a s i n g l e  sample b e f o r e  t h e  Bg f i l m  

beaded up exposing u n p l a t e d  carbon.  I n  s p i t e  of i t s  s i m p l i c i t y  and low 

c o s t  we have concluded t h a t  ASV i s  n o t  a s a t i s f a c t o r y  method f o r  measur ing 

t h e  complexing c a p a c i t y  of n a t u r a l  w a t e r .  

Q u a n t i t a t i o n  Using D i f f e r e n t i a l  P u l s e  Polarography.  Based on  our  e x p e r i e n c e  

w i t h  ASV we have concluded t h a t  t h e  m e t a l  i o n  t i t r a n t  approach i s  a good one 

p rov ided  t h e  m e t a l  i o n  s e l e c t e d  a s  t i t r a n t  h a s  c e r t a i n  p r o p e r t i e s .  These  

are : 

1. Reac t s  r a p i d l y  w i t h  l i g a n d s  i n  t h e  sample. 

2. Forms s t o i c h i o m e t r i c  complexes of h i g h  s t a b i l i t y .  

3 .  Forms k i n e t i c a l l y  i n e r t  complexes o r  can  b e  conver ted  t o  a 

k i n e t i c a l l y  i n e r t  form. 

4 .  The c o n c e n t r a t i o n  of f r e e  m e t a l  i o n  can  b e  determined by DPP o r  ASV. 

The coZC i o n  is  t h e  o n l y  r e a d i l y  a v a i l a b l e  i o n  which s a t i s f i e s  each  of t h e  

requ i rements .  Although co2+ can  b e  determined u s i n g  ASV (Hovsepian and 

S h a i n ,  1966) ,  t h e  p rocedure  r e q u i r e s  c o n s i d e r a b l e  sample t r e a t m e n t ;  we have 

e l e c t e d  t o  q u a n t i t a t e  co2+ w i t h  DPP. S i n c e  a p rocedure  f o r  d e t e r m i n i n g  

co2+ w i t h  DPP h a s  n o t  been r e p o r t e d ,  a p rocedure  was developed.  

The r e d u c t i o n  of co2' i s  u s u a l l y  n o t  o b s e r v a b l e  i n  aqueous e l e c t r o l y t e s  

n e a r  pH 7 ;  when t h e  r e d u c t i o n  can  b e  observed i t  f r e q u e n t l y  o v e r l a p s  w i t h  

2+ 2+ t h e  r e d u c t i o n s  of F e  , zn2+ and Mn (Mei tes ,  1963) .  C o b a l t ( I 1 )  y i e l d s  a 

w e l l  d e f i n e d  o x i d a t i o n  wave i n  s o l u t i o n s  c o n t a i n i n g  e thy lened iamine .  A 

t y p i c a l  d i f f e r e n t i a l  p u l s e  polarogram of co2+ i n  0.05M - e thy lened iamine  i s  

2+ 
shown i n  f i g u r e  5. A c a l i b r a t i o n  c u r v e  f o r  t h e  d e t e r m i n a t i o n  of Co by 

DPP i s  shown i n  f i g u r e  6 ;  f o u r  s e t s  of d a t a  t a k e n  on d i f f e r e n t  days  were  

used t o  c o n s t r u c t  f i g u r e  6.  Tab le  6 summarizes t h e  l e a s t  s q u a r e s  a n a l y s i s  







of seven  co2+ c a l i b r a t i o n  curves .  I n  no c a s e  was a s t a t i s t i c a l l y  s i g n i f i c a n t  

x - i n t e r c e p t  obse rved ;  t h e  s l o p e s  of a l l  seven  r u n s  a r e  i d e n t i c a l  t o  w i t h i n  

t h e  u n c e r t a i n i t y  of measurement. 

Tab le  6 

co2+ C a l i b r a t i o n  Data 

Run - Slope  x - i n t e r c e p t  (pmolar)  

1 
2 
3 
4 
5 
6 
7 

Composite 

Range of co2+ c o n c e n t r a t i o n :  2.9 - 58 pmolar 

Four 50 m i l l i l i t e r  samples of a 5.14 pmolar s o l u t i o n  of EDTA were determined 

w i t h  t h e  DPP procedure ;  a composi te  p l o t  of a l l  f o u r  r u n s  i s  shown i n  f i g u r e  

7 .  Data from each r u n  and f o r  a second more d i l u t e  sample a r e  g i v e n  i n  

t a b l e  7 .  The p e r c e n t  r e l a t i v e  e r r o r  of t h e  mean f o r  t h e  samples a r e + O . l 9 %  

and -3.8% r e s p e c t i v e l y .  

Ana lys i s  of N a t u r a l  Water Samples. E i g h t  sampling si tes were  s e l e c t e d  a f t e r  

c o n s u l t a t i o n  w i t h  t h e  N. C. O f f i c e  of A i r  and Water Resources.  

Tab le  7 

De te rmina t ion  of Known EDTA Samples Using coZf and DPP 

Sample 1: 5.140 pmoles EDTA p e r  l i t e r  



Run - 
1 
2 
3 
4 

Average 
Composite 

Slope 

0.0032 + 0,0001 
0.0033 + 0.0001 
0.0034 + 0.0001 
0.0034 + 0.0001 

Sample 2: 1.798 limoles EDTA per liter 

Run - Slope 

PmoleslR found 

6.3 + 1.9 
4.7 + 2.2 
4.5 + 1.2 
5.1 + 2.1 
5.15 + 1.28 
5.3 + 2.8 

pmoleslR found 

0*000482 + 0.000007 1.4 i 0.5 
2 0*000486 + 0.000006 1.4 + 0.4 
3 0*000434 + 0.000013 2.8 i 1.1 
4 0.000440 + 0~000013 1.3 i 1.1 

Average 1.73 2 1.14 
Composite 0*000461 + 0.000018 1.7 + 2.5 

The sites were chosen to reflect industrial, commercial and municipal usage; 

a site in Umstead Park was chosen as a control. 

Table 8 

Sampling Sites 

Site No. Location Comments Classification* 
- 

Sycamore Creek Umstead Park B 
at SR1647 

2 Crabtree Creek Crabtree Valley C 
at SR 1669 Shopping Center 

3 Crabtree Creek Below all known C 
at SR 2030 industrial users 

4 Neuse River Above Burlington A11 
at SR 2000 Industries 

5 Neuse River Below Burlington C 
at SR2215 Industries 

Neuse River 
at SR 1007 

Above entrace of 
Walnut Creek 



S i t e  No. Loca t ion  Comments C l a s s i f  ication9: 

7  Walnut Creek Below Rale igh  D 
a t  SR 2551 t r e a t m e n t  p l a n t  

8  Walnut Creek Above R a l e i g h  D 
a t  SR 2564 t r e a t m e n t  p l a n t  

9; 
A s  determined by N. C.  Bd. of A i r  and Water Resources  ( s e e  appendix C f o r  
f u r t h e r  d e t a i l s )  

The sampling s i t e s  a r e  mapped i n  f i g u r e  8 .  

Approximately 300 m l  of w a t e r  was c o l l e c t e d  a t  each s i t e  u s i n g  a  c l e a n  

pyrex b o t t l e  w i t h  a p o l y e t h y l e n e  l i n e d  cap.  No p r e s e r v a t i v e s  were used.  

A l l  samples were s t o r e d  a t  5OC u n t i l  ana lyzed .  A l l  e i g h t  samples from a  

s i n g l e  t r i p  through t h e  s i t e s  were  ana lyzed  w i t h i n  48 h o u r s  of c o l l e c t i o n .  

The r e s u l t s  of a n a l y s i s  of 50.0 m l  a l i q u o t s  of each sample a r e  shown 

i n  t a b l e  9 .  

Tab le  9 
i'i 

Complexing Capac i ty  of N a t u r a l  Water 

A. Sampling Network 

Date  c o l l e c t e d  

I (5/28/73)  

11 (6 /4 /73)  

111 (6111173) 

I V  (6 /18/73)  

Averages 



B. Miscellaneous Samples 

Raleigh City tap water N.D. 
Raleigh sewage effluent 4.1 t 0.9 (5111173) 
Raleigh sewage effluent 2.9 t 1.2 (519173) 
Briery Swamp (Stokes, N.C.) 0,6 + 0.1 
Tar River (Greenville,N.C.) N.D. 
Aquarium water 7.5 t 0.1 

i'< 

pmoles ligandlliter 
ND = not detectable 

The data in table 9 was obtained semi-automatically employing the circuit 

shown in figure 4. A conventional differential pulse polarogram of sample 

11-3 is shown in figure 9, the semi-automatic output of this sample is shown 

in figure 10. Clearly the peak current and baseline current are much easier 

to obtain from figure 10 than from figure 9. 

Four known additions of co2+ were used in obtaining each data paint of 

table 9. Table 10 illustrates the effect of using only a single addition of 

co2+ beyond the initial co2+ spike. 

Table 10 

Effect of Using a Single co2+ Addition 

Date collected 1 2 3 4 5 6 7 8 - - - -  
I (5128173) 1.65 2.49 1.99 2.46 2.86 2,14 2.12 1.68 

Average 1.14 1.89 1.71 1.80 1.44 1.04 1.42 1.12 





Figure 8. Location of sampling sites. 

3 0 



-E, v o l t s  
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F i g u r e  9.  D i f f e r e n t i a l  p u l s e  polarogram of 

sample 11-3 a f t e r  complexat ion by Co( I11) .  



Time 
Figure 10. Semi-automatic readout of differential 

pulse polarogram of sample 11-3. 



Using o n l y  one c a l i b r a t i o n  p o i n t  i n s t e a d  of f o u r  r e s u l t s  i n  a s a v i n g  of 

t i m e  a t  t h e  expense of accuracy ;  n e a r l y  every  a n a l y s i s  r e p o r t e d  i n  t a b l e  10 

i s  h i g h e r  t h a n  i t s  c o u n t e r p a r t  i n  t a b l e  9.  

Each sample c o l l e c t e d  from t h e  sampling network on 6 / 4 / 7 3  was s p l i t ;  

one f r a c t i o n  was s e n t t o  t h e  N. C.  S t a t e  U n i v e r s i t y  Department of B i o l o g i c a l  

and A g r i c u l t u r a l  Engineer ing  f o r  carbon a n a l y s i s ;  t h e  complexing c a p a c i t y  

of t h e  remaining f r a c t i o n  was determined i n  our  l a b o r a t o r y .  The r e s u l t s  a r e  

compared i n  t a b l e  11. 

Table  11 

C o r r e l a t i o n  of Complexing Capaci ty  w i t h  Carbon Content  

Sample TOC - T C - Complexing Capac i ty  
(pmolar)  

Complexing c a p a c i t y  does  v a r y  w i t h  TOC b u t  t h e  c o r r e l a t i o n  i s  n o t  s t r o n g  

enough t o  pe rmi t  a n  e s t i m a t e  of t h e  f r a c t i o n  of TOC which i s  c a p a b l e  of 

b i n d i n g  m e t a l s .  The i n s t r u m e n t a t i o n  used f o r  t h e  TOC and TC measurements 

was n o t  des igned  f o r  samples below 1 5  m g C / l i t e r ;  t h e  v a r i a t i o n s  observed 

may r e f l e c t  t h e  u n c e r t a i n i t y  i n  t h e  carbon measurements more t h a n  t h e  

v a r i a t i o n s  of TOC o r  TC between samples.  



DISCUSSION 

Method Development. Three distinct procedures for determining complexing 

capacity have been evaluated. The general characteristics of each are 

summarized in table 12. 

Table 12 

Evaluation of Methods for Determining Complexing Capacity 

Quantitation Accuracy at Man-hours Competence 
Method Electrode Titranr the l~molar level per sample Required 

ASV Hg thin In 3+ 25% 
film on 
glassy 
carbon 

ASV with Hg thin In 3+ 25% 
temp. varia- film on 
tion and glassy 
dual cell carbon 

1.0 Expert 

Expert 

DPP semi- DME 
automatic 
mode 

C 0 
2+ +5% 1.4 

Technican 

Both Q£ the procedures employing ASV possessidiosyncrasies which limit their 

use to expert electroanalytical chemists. The Hg thin film electrodes are 

needed for sufficient sensitivity, but they are relatively difficult to pre- 

pare reproducibly. The dual cell/temperature variation technique is parti- 

cularly touchy as the two electrodes must be closely matched in order for 

the dual cell apparatus to function well. Location of a satisfactory base- 

line for an anodic stripping voltammogram is somewhat arbitrary, consequently 

ASV measurements are difficult to automate. Peak currents frequently increase 



between one r u n  and t h e  n e x t ;  r e p r o d u c i b i l i t y  can b e  o b t a i n e d  b u t  on ly  by ca re -  

f u l  concern f o r  d e t a i l s  such  a s  t ime  of e l e c t r o l y s i s ,  un i fo rm s t i r r i n g  d u r i n g  

e l e c t r o l y s i s ,  p o t e n t i a l  of t h e  e l e c t r o d e  between r u n s  and q u a l i t y  of t h e  

t h i n  Hg f i l m .  

Some of t h e  problems observed w i t h  t h e  ASV t e c h n i q u e s  cou ld  b e  so lved  

by u s i n g  hanging mercury drop e l e c t r o d e s  i n s t e a d  of t h i n  mercury f i l m  e l e c -  

t r o d e s .  The peak c u r r e n t s  o b t a i n e d  w i t h  t h e s e  e l e c t r o d e s  a r e  much s m a l l e r  

t h a n  t h o s e  o b t a i n e d  w i t h  t h i n  f i l m  e l e c t r o d e s .  Th i s  i s  due mainly  t o  t h e  

low a r e a  t o  volume r a t i o  of a  s p h e r e  of Hg compared t o  t h e  a r e a  t o  volume 

r a t i o  of a  p l a n a r  f i l m  of Hg a  few micrometers  t h i c k .  I n i t i a l  exper iments  

w i t h  t h e  HMDE i n d i c a t e d  i n s u f f i c i e n t  s e n s i t i v i t y  f o r  t i t r a t i o n s  a t  t h e  micro- 

molar l e v e l  p a r t i c u l a r l y  i f  e l e c t r o l y s i s  t ime  was h e l d  below 1 minute.  The 

s t r i p p i n g  peaks o b t a i n e d  w i t h  a n  HMDE a r e  q u i t e  broad and t a i l  o f f  s lowly  

on t h e  anod ic  s i d e  of t h e  peak p o t e n t i a l ,  compl ica t ing  measurement of t h e  

b a s e l i n e  c u r r e n t .  

Recen t ly  Schuman and Woodward (1973) t i t r a t e d  EDTA w i t h  cd2' u s i n g  ASV 

w i t h  a n  HMDE t o  l o c a t e  t h e  e q u i v a l e n c e  p o i n t  of t h e  t i t r a t i o n ,  The l o w e s t  

- 5  c o n c e n t r a t i o n  s t u d i e d  was 4 .45  x  10 % w h i c h  i s  more t h a n  t e n  times h i g h e r  

t h a n  t h e  h i g h e s t  c h e l a t e  l e v e l s  which we found i n  n a t u r a l  w a t e r .  I n  s p i t e  

of t h e  r e l a t i v e l y  h i g h  l e v e l s ,  s e v e r a l  anomalous e f f e c t s  were  observed 

i n c l u d i n g  s i g n i f i c a n t  d i s s o c i a t i o n  of t h e  m e t a l  complex d u r i n g  t h e  deposi -  

t i o n  s t e p .  Our d a t a  u s i n g  ASV a l s ~  i n d i c a t e  t h e  p r e s e n c e  of complex d i s s o -  

c i a t i o n  d u r i n g  d e p o s i t i o n .  Schuman and Woodward o f f e r  a  c o r r e c t i o n  proce- 

d u r e  which i f  p r o p e r l y  a p p l i e d  a l lows  e s t i m a t i o n  of t h e  f o r m a t i o n  c o n s t a n t  

of a  m e t a l  complex from ASV d a t a  t a k e n  d u r i n g  a  complexometric t i t r a t i o n .  



A comparison of t h e  expec ted  and observed volume of cd2' consumed by samples 

of EDTA were  n o t  r e p o r t e d .  

The d i f f e r e n t i a l  p u l s e  method e l i m i n a t e s  t h e  problem of complex 

2+ l a b i l i t y  by u s i n g  a  l a b i l e  m e t a l  i o n  (Co ) t o  complex t h e  l i g a n d s  i n  t h e  

sample t h e n  chemica l ly  producing a  n o n - l a b i l e  m e t a l  complex by o x i d i z i n g  

t h e  Co(I1)  complexes t o  C o ( I I 1 )  complexes which a r e  n o n - l a b i l e .  Although 

sample p r e p a r a t i o n  t ime  is  i n c r e a s e d ,  t h e  r e l i a b i l i t y  of t h e  p rocedure  i s  

g r e a t l y  improved and t h e  need t o  mathemat ica l ly  c o r r e c t  

i a t i o n  i s  e l i m i n a t e d .  

The d i f f e r e n t i a l  p u l s e  i n s t r u m e n t  i s  s i m p l e  enough 

t h e  d a t a  f o r  d i s s o c -  

t o  b e  used by a  

t e c h n i c i a n .  The DME i s  t h e  most r e l i a b l e  vo l tammet r ic  e l e c t r o d e ;  i t  i s  n o t  

s u b j e c t  t o  t h e  problems of t h e  t h i n  Hg f i l m  e l e c t r o d e s .  Measurement of peak 

c u r r e n t  can  b e  a s  au tomat ic  a s  one wishes  t o  make i t .  Our i n s t r u m e n t  d i s -  

p l a y s  t h e  peak and b a s e l i n e  c u r r e n t  on a  r e c o r d e r ;  i t  would n o t  h e  d i f f i -  

.. c u l t  t o  i n c o r p o r a t e  a d d i t i o n a l  d i g i t a l  c i r c u i t r y  s o  t h a t  t h e  peak and base- 

l i n e  c u r r e n t s  a r e  s u b t r a c t e d  and p r i n t e d  on paper  t a p e  o r  s e n t  d i r e c t l y  t o  

a computer f o r  a n a l y s i s .  

Our i n i t i a l  c a l c u l a t i o n s  i n d i c a t e d  t h a t  vo l t ammet r ic  t e c h n i q u e s  a r e  

c a p a b l e  of a c c u r a t e l y  de te rmin ing  t h e  complexing c a p a c i t y  of l i g a n d s  which 

form complexes w i t h  t h e  m e t a l  i o n  t i t r a n t  hav ing  f o r m a t i o n  c o n s t a n t s  g r e a t e r  

10 1 0  
than 10 I n  systems having f o r m a t i o n  c o n s c a n t s  below 10 , voltammetry 

cannot  a c c u r a t e l y  d i s t i n g u i s h  between f r e e  m e t a l  and complexed m e t a l .  The 

10 
f i g u r e  of 10 , hcwever, cannot b e  a p p l i e d  t o  t h e  method we have adopted.  

Our c a l c u l a t i o n s  assumed t h a t  t h e  e l e c t r o d e  p r o c e s s  used t o  q u a n t i t a t e  t h e  

n+ 
amount of f r e e  m e t a l  p r e s e n t  was t h e  r e d u c t i o n  ( o r  o x i d a t i o n )  of M ; t h e  

n+ n+ 
s p e c i e s  M was assumed t o  b e  i n  e q u i l b r i u m  w i t h  t h e  m e t a l  complex ML I n  



t h e  DPP method t h e  e l e c t r o d e  p r o c e s s  used f o r  q u a n t i t a t i o n  i s  t h e  o x i d a t i o n  

of t r i s - e t h y l e n e d i a m i n e  c o b a l t ( I 1 )  t o  t r i s -e thy lened ia rn ine  c o b a l t ( I I 1 ) ;  

t h e  compl ica t ing  f a c t o r s  i n t r o d u c e d  by adding e thy lened iamine  and by 

c h e m i c a l l y  o x i d i z i n g  C O L ~ +  t o  C O L ~ '  were n o t  cons idered  e a r l i e r  and w i l l  b e  

d i s c u s s e d  h e r e .  

The r e a c t i o n  sequence i n  t h e  DPP method i s  b e l i e v e d  t o  i n v o l v e  two 

s t e p s  : 

CoL, 
2+ 

The n e t  r e a c t i o n  i s  t h e  sum of t h e  two s t e p s :  

The o v e r a l l  e q u i l b r i u m  c o n s t a n t  f o r  t h i s  r e a c t i o n  i s :  

I n  o r d e r  t o  g a i n  a n  i n s i g h t  i n t o  t h e  magnitude of t h e  f o r m a t i o n  c o n s t a n t s  

r e q u i r e d  f o r  a  q u a n t i t a t i v e  d e t e r m i n a t i o n ,  (Keq)o.a, must b e  e s t i m a t e d .  

Three  p r i n c i p l e s  of thermodynamics w i l l  b e  u t i l i z e d  i n  deve lop ing  a n  e s t i -  

mate f o r  (Keq)o.a. . F i r s t  t h e  s t a n d a r d  f r e e  energy of r e a c t i o n  A G O ,  i s  

r e l a t e d  t o  t h e  e q u i l b r i u m  c o n s t a n t  of t h e  r e a c t i o n  by: 

Second, f o r  a n  o x i d a t i o n / r e d u c t i o n  r e a c t i o n  AGO i s  r e l a t e d  t o  t h e  s t a n d a r d  

p o t e n t i a l s  of t h e  c e l l  invo lved :  



Finally, AGO of a reaction does not depend on the path taken to achieve a 

chemical change; hence AGO'S for intermediate chemical reactions may be 

summed to yield AGO for the net reaction: 

Net: 2Co 2+ + 2mL + H202 + 2~' 2CoL 
m 3+ + 2H20; (AGO)o.a. 

AGO1 may be estimated from the formation constant of CoL 2+; this formation 
m 

constant will be given the symbol Kf2 (the subscript 2 indicates that the 

complex involves Co(I1)): 

' AGO2 may be estimated from the standard potential of the H ~ O ~ / C O L ~ ~ +  cell: 

E O = 1.77 volts; EoCoLm 21 = 1.84 + Fln(Kf2) 
H2Q2 Kf3 

Finally : (AGO) RT Kf 2 
0.a. 

= -2RTln(Kf2) + 2F[0.07 + T in (-) ] 
Kf3 

log (Keq) o . a. = 210g(Kf2) - '2'(F) [0.07+ 2.303RT 
(2. 303R~) log ( K f 2 )  ] 

Kf3 



log(Keq) 0. a. = -2.37 + 210g(Kf3) (at 25°C) 

The magnitude of the overall equilbrium constant and hence the quantitativeness 

3+ 
of the determination depends on K the formation constant of CoL . 

£3' n 

If the H 0 reaction scheme converts 95% of the ligand in the sample 2 2 

to COL,~', a 5% error will occur. Such an error does not seem unreasonable 

at the molar level. One may compute (K ) by evaluating all of the eq 0.a. 
3+ 

concentration terms. Assuming a 95% conversion of ligand to CoLn , an 

initial ligand concentration of ~ o - ~ M ,  - an initial co2+ concentration of 

- 5 10 M and a buffer of pH 7 minimum (K ) values for n = 1, 2, 3 and 6 
eq 0.a. 

were evaluated (Table 13). The minimum values of K f 3 needed to achieve 

(Keq)o.a. 
and hence a minimum of 5% error are also tabulated. 

Table 13 

Variation of Equilbrium Constant with m 

Minimum Values of K f 3 
(5% error) 

m - (Keq)o. a. 5% error 95% error 

3 1 1.0 x 10 
17 

2.6 x 10 
14 

1 4.6 x 10 

45 1.0 x 10 24 1.4 x 10 2 0 2 4.1 x 10 

Ligands forming complexes with Co(ZI1) weaker than indicated in table 13 will 

be only partially determined. The weaker the ligand the smaller its percent 



convers ion  t o  CoL 3+ and t h e  l a r g e r  t h e  e r r o r  i n  t h e  a n a l y s i s .  The minimum m 

v a l u e  of K t h a t  a  l i g a n d  must have t o  b e  d e t e c t e d  may b e  e s t i m a t e d  by com- 
£3 

p u t i n g  a (K ) 
eq 0.a.  

based on a  minimum c o n v e r s i o n  of L t o  CoL 3+; a v a l u e  of 
n  

5% c o n v e r s i o n  was used t o  compute t h e  d a t a  i n  t a b l e  13.  Thus a  1:l complex 

w i l l  b e  d e t e c t e d  a t  t h e  1 0 ~ ~ ~ 1  l e v e l  i f  K 2 2.6 x 1014 and s a t i s f a c t o r i l y  - f  3  
17  

determined i f  K > 1 . 0  x 1 0  . 
£3 - 

U n f o r t u n a t e l y  r e l a t i v e l y  few Co( I I1 )  f o r m a t i o n  c o n s t a n t s  have been tabu- 

l a t e d  ( S i l l e n  and Martell, 1964; Y a t s i m i r s k i i  and ~ a s i l ' e v ,  1960) making i t  

d i f f i c u l t  t o  p r e d i c t  which l i g a n d s  cou ld  b e  determined.  K f 3  f o r  EDTA (m = 1 )  

i s  4.8 x  a t  pH 7; K f 3  f o r  NTA (m = 2) i s  unknown. Both EDTA and NTA 

have been t i t r a t e d  s u c c e s s f u l l y .  Cyanide shou ld  b e  d e t e r m i n a b l e  as a  6 : l  

64 
complex s i n c e  K = 1 0  ; ammonia, however, forms too  weak a complex t o  

f  3 

de te rmine  a c c u r a t e l y .  

The v a l u e  of K f 3  needed f o r  d e t e r m i n a t i o n  may b e  decreased  by i n c r e a s i n g  

2+ 
t h e  i n i t i a l  c o n c e n t r a t i o n  of Co o r  H20Z The s e n s i t i v i t y  of t h e  method 

depends on o b s e r v i n g  a l o s s  i n  t h e  amount of Co(I1)  because  of t h e  f o r m a t i o n  

3+ 
of CoLm . I f  t h e  i n i t i a l  co2+ l e v e l  i s  h i g h  v e r y  l i t t l e  d e c r e a s e  w i l l  be  

observed.  I f  t h e  d e c r e a s e  is  of t h e  same o r d e r  of magni tude a s  t h e  uncer-  

2+ 
t a i n i t y  i n  measur ing t h e  Co c o n c e n t r a t i o n ,  no l o s s  w i l l  b e  d e t e c t e d  and 

hence no complexing c a p a c i t y  found. Our e x p e r i e n c e  h a s  been t h a t  a  1 0  f o l d  

e x c e s s  of Co2+ o v e r  l i g a n d  i s  a s  h i g h  a s  i s  f e a s i b l e .  I f  t h e  i n i t i a l  H 0 2 2  

l e v e l  i s  i n c r e a s e d ,  c o m p l i c a t i n g  s i d e  r e a c t i o n s  i n v o l v i n g  o x i d i z a b l e  o r g a n i c  

m a t t e r  may appear .  A s  t h e  H 0  l e v e l  i s  i n c r e a s e d  t h e  amount of t i m e  r e q u i r e d  2  2  

f o r  i t s  c a t a l a t i c  d e s t r u c t i o n  i n c r e a s e s  p r o p o r t i o n a l l y .  An a d d i t i o n  of 60 

-5 
u n i t s  of c a t a l a s e  was found t o  s a t i s f a c t o r i l y  decompose 50 m l  of 1 0  M - 

H202 i n  1 0  minu tes  a t  37OC. I n c r e a s i n g  t h e  amount of H 0  used by a  f a c t o r  2  2  



of 10 w i l l  c a u s e  (Keq)o.a. t o  d e c r e a s e  by abou t  a  f a c t o r  of 1 0  b u t  t h e  t ime  

needed t o  decompose t h e  e x c e s s  H 0 w i l l  i n c r e a s e  p r o p o r t i o n a l l y .  The de- 2  2  

composi t ion t ime  could  b e  reduced by adding more u n i t s  of c a t a l a s e  b u t  a t  

t h e  r i s k  of i n t r o d u c i n g  e r r o r s  because  of Co(I1)  b i n d i n g  t o  t h e  p r o t e i n  

s t r u c t u r e  of c a t a l a s e ;  60 u n i t s  of c a t a l a s e  r e p r e s e n t  approx imate ly  1 0  
-10 

moles of p r o t e i n  (Samejima, Kamata and S h i b a t a ,  1962) .  

The s e n s i t i v i t y  of t h e  method toward l i g a n d s  forming weak complexes 

w i t h  Co(1I I )  may b e  improved by changing t h e  pH. A d e c r e a s e  i n  pH w i l l  

c a u s e  a d e c r e a s e  i n  t h e  (K ) needed f o r  q u a n t i t a t i v e  convers ion  of L 
eq 0 .a .  

t o  COL,~' and a  cor responding  d e c r e a s e  i n  t h e  minimum v a l u e  of K f 3  a  l i g a n d  

must have t o  b e  determined.  The e f f e c t i v e  fo rmat ion  c o n s t a n t  f o r  l i g a n d s  

c o n t a i n i n g  c a r b o x y l  o r  o t h e r  a c i d  groups  i s  a l s o  a  f u n c t i o n  of pH; a s  pH 

i s  decreased  t h e  e f f e c t i v e  fo rmat ion  c o n s t a n t  d e c r e a s e s .  Thus t h e  e f f e c t  

of d e c r e a s i n g  t h e  pH c a n  n o t  b e  r e a d i l y  p r e d i c t e d  u n l e s s  t h e  i d e n t i t y  of t h e  

sample l i g a n d s  i s  known. An i n c r e a s e  i n  pH w i l l  have t h e  o p p o s i t e  e f f e c t .  

Although a  h i g h e r  (K ) i s  r e q u i r e d  a n  i n c r e a s e  i n  pH w i l l  a l s o  i n c r e a s e  
eq 0 .a .  

t h e  K of l i g a n d s  c o n t a i n i n g  a c i d i c  f u n c t i o n a l  groups .  The e f f e c t  of pH 
f  3  

on t h e  d e t e r m i n a t i o n  of EDTA a r e  shown i n  t a b l e  14.  

Tab le  14 

E f f e c t  of pH on Dete rmina t ion  of EDTA 

6  4.6 x  1 0  29 1 . 0 ~ 1 0  l6 2 . 2 ~ 1 0  3  1 

7 4.6 x  10 31 1 . 0 ~ 1 0  l7 4 . 8 ~ 1 0  3  2 

8 4.6 x  10 33 1 . 0 ~ 1 0  5 . 4 ~ 1 0  3  3  

A 95% convers ion  of ~ o - ~ M  L  t o  CoL 3+ 
- 3  



The p r a c t i c a l  pH range  i s  5  t o  1 0  because  t h e  e f f i c i e n c y  of c a t a l a s e  i n  

decomposing H202 d e c r e a s e s  r a p i d l y  below pH 5 ;  t h e  c a t a l a s e  molecu le  decom- 

poses  above pH 10.  

The e f f e c t  of l i g a n d  c o n c e n t r a t i o n  on t h e  f e a s i b i l i t y  of d e t e r m i n a t i o n  

i s  s i m i l a r  t o  t h a t  of i n c r e a s i n g  t h e  i n i t i a l  c o n c e n t r a t i o n  of co2+ o r  H 0  
2  2' 

The p roduc t  o f  (Keq)o.a, and CL 2m+1 w i l l  b e  c o n s t a n t  p rov ided  t h e  i n i t i a l  

c o n c e n t r a t i o n  of co2+ and H 0  a r e  made e q u a l  t o  10CL ( s e e  t a b l e  1 5 ) .  
2 2  

Tab le  1 5  

E f f e c t  of Ligand C o n c e n t r a t i o n  on Minimum K 
f  3 

The r e s u l t s  of t a b l e  1 5  imply t h a t  l i g a n d s  having a  h i g h  K f g  can b e  d e t e r -  

mined a t  lower c o n c e n t r a t i o n s  t h a n  l i g a n d s  of low K 
f 3 '  

A t  pH 7 K f 3  f o r  EDTA 

i s  4.8 x consequen t ly  a  3.6 x 10-17M s o l u t i o n  shou ld  b e  d e t e r m i n a b l e !  - 

In o r d e r  t o  pe r fo rm such  a n  a n a l y s i s  a n  a n a l y t i c a l  method s e n s i t i v e  a t  t h e  

10-16 molar  l e v e l  i s  r e q u i r e d ;  s i n c e  DPP i s  n o t  r e l i a b l e  a t  c o n c e n t r a t i o n s  

below ~ o - ~ M ,  - d e t e r m i n a t i o n  of l i p a n d s  a t  c o n c e n t r a t i o n s  below 1 0 - ~ m o l e s /  l i t e r  

2+ i s  i m p o s s i b l e  r e g a r d l e s s  of pH o r  i n i t i a l  c o n c e n t r a t i o n  of C o  and H202- 

The d e t e c t i o n  l i m i t  of t h e  DPP method under t h e  c o n d i t i o n s  we employed 

may b e  e s t i m a t e d  from t h e  v a r i a n c e  of t h e  x - i n t e r c e p t  of t h e  " s t a n d a r d  

a d d i t i o n "  p l o t  by a p p l i c a t i o n  of t h e  t test.  I f  f o u r  a d d i t i o n s  a r e  made t h e  



n u l l  h y p o t h e s i s  t h a t  t h e  x - i n t e r c e p t  e q u a l s  z e r o  ( i . e .  no l i g a n d s  d e t e c t e d )  

may b e  r e j e c t e d  i n  f a v o r  of t h e  a l t e r n a t e  h y p o t h e s i s  t h a t  t h e  x - i n t e r c e p t  i s  

g r e a t e r  t h a n  ze ro  ( i s @ .  l i g a n d s  d e t e c t e d )  i f  t h e  computed s t a t i s t i c  t exceeds  

1.947 (95% conf idence  l e v e l ) .  The v a r i a n c e  of t h e  x - i n t e r c e p t  i s  about 0.10 

f o r  s o l u t i o n s  of EDTA below 2 pmolar. The minimum c o n c e n t r a t i o n  of l i g a n d s  

which can b e  d e t e c t e d  w i t h  95% c o n f i d e n c e  i s  t h e r e f o r e  0.6 x  m o l e s / l i t e r .  

The v a r i a n c e  of t h e  x - i n t e r c e p t  of t h e  " s tandard  a d d i t i o n "  p l o t  may b e  

reduced by making more t h a n  f o u r  a d d i t i o n s  o r  by i n c r e a s i n g  t h e  number of 

r e p l i c a t e  measurements a f t e r  each a d d i t i o n  (La i sen ,  Hartmann and Wagner, 

1973) .  E i t h e r  s t e p  w i l l  i n c r e a s e  t h e  l e n g t h  of t i m e  r e q u i r e d  f o r  a n  a n a l y s i s ;  

t h e  recommended procedure  r e p r e s e n t s  a r e a s o n a b l e  s a c r i f i c e  of p r e c i s i o n  f o r  

s h o r t e n e d  a n a l y s i s  t i m e  i n  view of t h e  many a n a l y s e s  t h a t  a r e  needed b e f o r e  

c o n c l u s i o n s  may b e  drawn, 

The DPP t e c h n i q u e  i s  n o t  a f f e c t e d  by t h e  p r e s e n c e  of c h l o r i d e ,  c a r b o n a t e ,  

b i c a r b o n a t e ,  M~~~ o r  ca2' a t  l e v e l s  normal ly  found i n  groundwater .  Two i o n s  

2+ 
which can c a u s e  a n  i n t e r f e r e n c e  a r e  cu2* and ~ e ~ '  ( o r  Fe  These sub- 

s t a n c e s  e x h i b i t  e l e c t r o e h e m i c a l  behav ior  i n  0 .05g e thy lened iamine  a t  n e a r l y  

2+ 
t h e  same p o t e n t i a l  a s  t h a t  of Co . It was f o r  t h i s  r e a s o n  t h a t  a  b l a n k  was 

r u n  f o r  each n a t u r a l  w a t e r  sample;  t h e  b l a n k  c o n s i s t e d  of 50 m l  of n a t u r a l  

w a t e r  sample p l u s  e thy lened iamine ,  I f  a  peak a p p e a r s  t h e  peak c u r r e n t  i s  

s u b t r a c t e d  from each of t h e  peaks o b t a i n e d  when t h e  sample p l u s  co2+ and 

H 0 i s  run .  No b l a n k  peaks from Cu o r  Fe were  observed i n  a c t u a l  n a t u r a l  2  2  

w a t e r  samples.  

Subs tances  which i n h i b i t  t h e  a c t i o n  of c a t a l a s e  cou ld ,  i f  p r e s e n t ,  c a u s e  

s e r i o u s  e r r o r s ,  I f  t h e  e x c e s s  H 0 i s  n o t  p r o p e r l y  and complete ly  decomposed 
2 2  

by c a t a l a s e ,  h i g h  r e s u l t s  w i l l  b e  o b t a i n e d  because  B202  w i l l  o x i d i z e  Co(en) 2+ 
3 



2+ t o  Co(en) 3+ t h u s  d e c r e a s i n g  t h e  c o n c e n t r a t i o n  of Co(en) s e e n  by DPP; t h i s  3 3 

d e c r e a s e  i n  Co(I1) l e v e l  cannot  b e  d i s t i n g u i s h e d  from t h a t  caused by complex- 

a t i o n  w i t h  sample l i g a n d s .  Chloroform, ca rbon  monoxide, hydrogen c y a n i d e ,  

hydrogen s u l f i d e ,  hydroxylamine and a s c o r b a t e  a r e  known t o  i n h i b i t  c a t a l a s e  

(Bergmeyer 1963) .  These s u b s t a n c e s  a r e  n o t  normal ly  p r e s e n t  i n  n a t u r a l  

w a t e r  i n  s u f f i c i e n t  c o n c e n t r a t i o n  t o  c a u s e  e r roneous  r e s u l t s .  

E f f e c t  of Complexing Capac i ty  on Water Q u a l i t y .  Tab le  9 summarizes o u r  d a t a ;  

appendix B c o n t a i n s  t h e  raw d a t a  from which t a b l e  9 was c o n s t r u c t e d .  I n  com- 

p u t i n g  t h e  c o n c e n t r a t i o n  of l i g a n d s  i n  a  sample i n  which t h e  chemical  iden- 

t i t y  of t h e  l i g a n d s  i s  unknown a v a l u e  of m must be  assumed. We have  assumed 

2+ 
t h a t  m = 1 ( i . e .  one Co b i n d s  one l i g a n d  molecu le ) .  Most of t h e  l i g a n d s  f o r  

which m would b e  g r e a t e r  t h a n  1 form Co( I I1 )  complexes which a r e  t o o  weak t o  

b e  d e t e c t e d .  S i n c e  complexing c a p a c i t y  i s  e q u a l  t o  t h e  p roduc t  of m and 

t h e  x - i n t e r c e p t  of t h e  s t a n d a r d  a d d i t i o n  p l o t ,  assumption of any v a l u e  of m 

g r e a t e r  t h a n  l w o u l d  i n c r e a s e  t h e  observed complexing c a p a c i t i e s .  Our p r i -  

mary purpose  was t o  compare complexing c a p a c i t i e s  t h e  v a l u e  of m assumed 

i s  t h e r e f o r e  of minor importance.  

The d a t a  from our  sampl ing network f a l l s  i n t o  two groups:  s i t e s  1, 5 ,  

6 ,  8 and s i t e s  2 ,  3 ,  4 ,  7. The average  complexing c a p a c i t y  of each s i t e  i n  

t h e  f i r s t  group was abou t  0.8 ~ m o l e s / l w h i l e  t h a t  of t h e  second group was 

abou t  1 . 4  ymoles / l .  

S i t e s  1, 5 ,  6 and 8 a r e  l o c a t e d  on streams which r e c e i v e  r e l a t i v e l y  

l i t t l e  i n d u s t r i a l  o r  muncipal  u s e ,  Sampling s t a t i o n  1, f o r  example, i s  

l o c a t e d  on a  t r i b u t a r y  of C r a b t r e e  Creek i n  Umstead S t a t e  Park.  S i t e s  2 ,  3, 

4 and 7 a r e  l o c a t e d  on s t r e a m s  which r e c e i v e  moderate  i n d u s t r i a l  and m u n i c i p a l  



u s e .  S t a t i o n  7 i s  l o c a t e d  on Walnut Creek j u s t  below t h e  Ra le igh  sewage 

t r e a t m e n t  p l a n t .  Based on t h e  l i m i t e d  number of samples examined, complexing 

c a p a c i t y  i s  h i g h e r  i n  s t reams  which r e c e i v e  w a s t e  e f f l u e n t s  t h a n  i n  s t reams  

f r e e  of such  e f f l u e n t .  

A number of i n t e r e s t i n g  t r e n d s  were  observed,  The cornplexing c a p a c i t y  

of Walnut Creek i s  i n c r e a s e d  by t h e  e f f l u e n t  from t h e  R a l e i g h  t r e a t m e n t  

p l a n t ;  on on ly  one o c c a s i o n  (6111173) was t h e  c a p a c i t y  below t h e  p l a n t  s m a l l e r  

t h a n  t h a t  above t h e  p l a n t .  T h i s  i s  n o t  unexpected s i n c e  t h e  c a p a c i t y  of p u r e  

e f f l u e n t  from t h e  Ra le igh  t r e a t m e n t  p l a n t  was more t h a n  double  t h a t  of t h e  

h i g h e s t  n a t u r a l  w a t e r  sample.  

S t a t i o n  4 ,  l o c a t e d  above B u r l i n g t o n  I n d u s t r i e s  on t h e  Neuse R i v e r ,  was 

c o n s i s t e n t l y  h i g h e r  t h a n  s t a t i o n  5 ,  l o c a t e d  below B u r l i n g t o n  I n d u s t r i e s ;  t h e  

average  c a p a c i t y  of s t a t i o n  6 ,  l o c a t e d  about  7 .5  m i l e s  downstream from 

s t a t f o n  5,  was lower t h a n  t h a t  of s t a t i o n  5. The d e c r e a s e  i n  eomphexing 

c a p a c i t y  a s  t h e  Neuse f lows from s i t e  4 t o  6 (ca .  1 9 , 5  m i l e s )  i s  c u r i o u s .  

N a t u r a l  b i o d e g r a d a t i o n  o r  complexatfon of t r a c e  m e t a l s  from sed iments  i s  a  

p o s s i b l e  r a t i o n a l e  f o r  t h e  d e c r e a s e .  A d i l u t i o n  e f f e c t  a s  t h e  volume of t h e  

Neuse i s  s w e l l e d  by numerous t r i b u t a r i e s  i n c l u d i n g  C r a b t r e e  Creek cannot  b e  

ignored .  C l e a r l y  f u r t h e r  work i n  t h i s  a r e a  i s  needed t o  de te rmine  whether  

t h e  d e c r e a s e  i s  r e a l  and i f  s o  what c a u s e s  i t .  

C e r t a i n  samples i n  t a b l e  9 were  d e s i g n a t e d  N.D.  T h i s  d e s i g n a t i o n  was 

used whenever t h e  u n c e r t a i n i t y  i n  t h e  x - i n t e r c e p t  was g r e a t e r  t h a n  t h e  v a l u e  

of t h e  i n t e r c e p t .  It i s  most u n l i k e l y  t h a t  t h e  complexing c a p a c i t y  of t h e s e  

samples is ze ro .  The g e n e r a l  t r e n d s  a r e  changed v e r y  l i t t l e  i f  t h e  N.D. 

d e s i g n a t i o n  i s  r e p l a c e d  by a  c a p a c i t y  of 0 ,6  ymolar ( t h e  d e t e c t i o n  I f m i t  of 



our  method);  t h e  a v e r a g e  c a p a c i t i e s  of t h e  s t a t i o n s  become 1 .0 ,  1 .6 ,  1 .5 ,  1 .5 ,  

1.1, 1 .0 ,  1 . 3  and 0.9 r e s p e c t i v e l y .  

The r e s u l t s  of our s t u d y  a r e  s i m i l a r  i n  magnitude t o  t h o s e  r e p o r t e d  by 

o t h e r  workers .  Chau (1973) r e p o r t e d  v a l u e s  r a n g i n g  from 0.7 t o  1 . 0  i n  w a t e r  

from Hamilton Harbor ,  1 . 8  t o  2 .5  i n  sewage e f f l u e n t  and 0.6 i n  w a t e r  from 

t h e  Niagara  River  n e a r  Niagara  F a l l s .  Bender,  e t  a l .  (1970) r e p o r t e d  v a l u e s  

rang ing  from 1 . 0  t o  8 .0  i n  sewage e f f l u e n t .  Kunkel and Manahan (1973) ,  u s i n g  

a n  a tomic a b s o r p t i o n  t e c h n i q u e ,  found c a p a c i t i e s  rang ing  from 15.4 t o  23.3 

i n  n a t u r a l  w a t e r  and from 14.2  t o  53.4 i n  sewage e f f l u e n t .  The h i g h  

c a p a c i t i e s  found by Kunkel and Manahan may b e  due t o  t h e  pH 1 0  medium employ- 

ed;  weak l i g a n d s  which would n o t  b e  determined by our  method a t  pH 7 may form 

s t r o n g  enough complexes t o  b e  determined a t  pH 10. 
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GLOSSARY 

A. T e r m s  and A b b r e v i a t i o n s  

ASV: a n o d i c  s t r i p p i n g  voltammetry.  An e l e c t r o a n a l y t i c a l  t e c h n i q u e  i n  

which a  t r a c e  m e t a l  i s  c o n c e n t r a t e d  by e l e c t r o l y t i c  r e d u c t i o n  

i n t o  a n  amalgam e l e c t r o d e  t h e n  r e o x i d i z e d  by a  l i n e a r  p o t e n t i a l  

scan.  The maximum c u r r e n t  r e s u l t i n g  from t h e  r e o x i d a t i o n  i s  

d i r e c t l y  p r o p o r t i o n a l  t o  t h e  t r a c e  m e t a l  c o n c e n t r a t i o n .  

Complexing Capac i ty :  The a b i l i t y  of a  sample of w a t e r  t o  complex m e t a l  

DCU : 

DME : 

DPP : 

3+ i o n s ;  measured by forming complexes w i t h  Co . U s u a l l y  expressed  

3+ 
as ymoles of Co complexed p e r  l i t e r  of sample. 

decade c o u n t i n g  u n i t .  An e l e c t r o n i c  c i r c u i t  c a p a b l e  of c o u n t i n g  

i n  b a s e  1 0  a r i t h m e t i c .  Each u n i t  c o n t a i n s  s e v e r a l  b i n a r y  c o u n t e r s  

a p p r o p r i a t e l y  connected s o  t h a t  a f t e r  every  t e n t h  e v e n t  t h e  c o u n t e r  

i s  r e s e t  t o  z e r o .  

d ropp ing  mercury e l e c t r o d e .  An a p p a r a t u s  c o n s i s t i n g  of a  40-50 

c e n t i m e t e r  l e n g t h  of 7 mm g l a s s  t u b i n g  connected t o  a 5-10 c e n t i -  

mete r  l e n g t h  of c a p i l l a r y  t u b i n g  (0.06-0.08 mm I D ,  6-7 mm O D ) .  

When t h e  t u b i n g  i s  f i l l e d  w i t h  mercury,  d rops  of mercury f a l l  f rom 

t h e  end of t h e  c a p i l l a r y  once every  4-6 seconds  depending on t h e  

h e i g h t  of t h e  mercury head.  E l e c t r i c a l  c o n t a c t  is  u s u a l l y  made 

th rough  a P t  w i r e  s e a l e d  i n  t h e  w a l l  of t h e  g l a s s  t u b i n g .  

d i f f e r e n t i a l  p u l s e  polarography.  An e l e c t r o a n a l y t i c a l  t e c h n i q u e  

i n  which a  s lowly  changing p o t e n t i a l  i s  a p p l i e d  between a  DME and 

a n  a p p r o p r i a t e  r e f e r e n c e  e l e c t r o d e .  The c u r r e n t  f lowing  i s  mea- 



sured  j u s t  b e f o r e  and approx imate ly  40 m i l l i s e c o n d s  a f t e r  a  50 

m i l l i s e c o n d  s q u a r e  wave p u l s e  (5-200 m i l l i v o l t s  i n  h e i g h t )  i s  

a p p l i e d  on t o p  of t h e  s lowly  changing p o t e n t i a l .  The d i f f e r e n c e  

between t h e  two c u r r e n t s  i s  measured and d i s p l a y e d  a s  a  f u n c t i o n  

of t h e  p o t e n t i a l  of t h e  DME a t  t h e  t i m e  t h e  v o l t a g e  p u l s e  was 

a p p l i e d .  The d i s p l a y e d  c u r r e n t  i s  d i r e c t l y  p r o p o r t i o n a l  t o  

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

EDTA: ethylenediaminetetraacet ic  a c i d .  A s y n t h e t i c  complexing a g e n t  

which forms s t r o n g  1:1 complexes w i t h  most a l k a l i n e  e a r t h  and 

t r a n s i t i o n  m e t a l  ions .  

E q u i l i b r i u m  c o n s t a n t :  A  mathemat ica l  e x p r e s s i o n  r e l a t i n g  t h e  e q u i l i b r i u m  

c o n c e n t r a t i o n s  of t h e  r e a c t a n t s  and p r o d u c t s  of a  chemica l  

r e a c t i o n .  For  t h e  r e a c t i o n  - aA + bB &Z? CC + dD 

t h e  e q u i l i b r i u m  c o n s t a n t  i s  g i v e n  by K 

K = ['I C [ ~ l d  where [ ] symbol izes  a n  e q u i l i b r i u m  c o n c e n t r a t i o n .  
[ A I ~ [ B I ~  

FET: f i e l d  e f f e c t  t r a n s i s t o r .  A  s o l i d  s t a t e  e l e c t r o n i c  d e v i c e  which 

f u n c t i o n s  w i t h  o n l y  one t y p e  of c u r r e n t  c a r r i e r ,  e i t h e r  h o l e s  o r  

e l e c t r o n s ,  b u t  n o t  both .  An FET may f u n c t i o n  a s  a n  e l e c t r i c a l  

s w i t c h  by a p p l i c a t i o n  of t h e  a p p r o p r i a t e  v o l t a g e  t o  t h e  g a t e .  

F r e e  energy:  Usua l ly  t a k e n  t o  mean Gibbs f r e e  energy which i s  t h e  

maximum amount of u s e f u l  work t h a t  can  b e  accomplished by a  

chemica l  r e a c t i o n  a t  c o n s t a n t  t e m p e r a t u r e  and p r e s s u r e .  



HMDE: hanging mercury d rop  e l e c t r o d e .  An e l e c t r o d e  f a s h i o n e d  by sus-  

pending a drop of mercury o n t o  t h e  end of a  P t  w i r e  which h a s  been 

s e a l e d  i n t o  g l a s s  and ground f l u s h  w i t h  t h e  g l a s s .  Commercial 

e l e c t r o d e s  a r e  a v a i l a b l e  which f u n c t i o n  by squeez ing  a  d rop  from 

t h e  end of c a p i l l a r y  t u b i n g  by f o r c i n g  a  p lunger  i n t o  a  mercury 

r e s e r v o i r .  

I n o r g a n i c  carbon:  The m a t e r i a l s  i n  w a t e r  which upon b e i n g  r a i s e d  t o  

300°C o r  t r e a t e d  w i t h  h y d r o c h l o r i c  a c i d  g i v e  o f f  ca rbon  d i o x i d e .  

L a b i l e :  A  term r e f e r r i n g  t o  t h e  rate a t  which a  m e t a l  complex exchanges 

i t s  l i g a n d s  w i t h  o t h e r  l i g a n d s .  I f  t h e  r a t e  i s  r a p i d ,  t h e  com- 

p l e x  i s  s a i d  t o  b e  l a b i l e .  

Ligand: A s u b s t a n c e  c a p a b l e  of forming a  m e t a l  complex w i t h  a  m e t a l  i o n .  

Logic l e v e l :  The means by which v o l t a g e  magni tudes  a r e  c a t e g o r i z e d  i n  

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

Logic l e v e l  0: Any v o l t a g e  s m a l l e r  t h a n  0.2V; f r e q u e n t l y  a b b r e v i a t e d  

l o g i c  0. 

Logic  l e v e l  1: Any v o l t a g e  g r e a t e r  t h a n  3.3V; f r e q u e n t l y  a b b r e v i a t e d  

l o g i c  1. 

NAND g a t e :  An e l e c t r o n i c  c i r c u i t  c a p a b l e  of performing t h e  Boolean 

l o g i c  o p e r a t i o n  NAND; a  l o g i c  0 o u t p u t  w i l l  be  o b t a i n e d  when a l l  

l o g i c  i n p u t  s i g n a l s  a r e  l o g i c  1. 

NTA: N i t r i l o t r i a a c e t i c  a c i d .  



9 :  

TC : 

TOC : 

Symbol f r e q u e n t l y  used i n  d i g i t a l  e l e c t r o n i c s  f o r  t h e  o u t p u t  of a 

f l i p - f l o p .  

T o t a l  carbon.  The t o t a l  q u a n t i t y  of carbonaceous  m a t e r i a l s  i n  

wa te r  a s  determined by combustion t o  C02 a t  900'C. T o t a l  carbon 

i n c l u d e s  b o t h  o r g a n i c  and i n o r g a n i c  ca rbon  m a t e r i a l s .  

T o t a l  o r g a n i c  carbon.  The d i f f e r e n c e  between TC and i n o r g a n i c  

carbon.  

B. Mathemat ical  symbols 

F  = Faradays  c o n s t a n t ;  96,487 cou lombs /equ iva len t  o r  22,061 c a l o r i e s /  

v o l t - e q u i v a l e n t .  

A G O  = t h e  s t a n d a r d  Gibbs f r e e  energy change f o r  a  chemical  r e a c t i o n ;  

t h e  change i n  f r e e  energy accompanying t h e  convers ion  of r e a c t a n t s  

i n  t h e i r  s t a n d a r d  s t a t e s  t o  p r o d u c t s  i n  t h e i r  s t a n d a r d  s t a t e s .  

(Keq) o  . a .  
= t h e  e q u i l b r i u m  c o n s t a n t  f o r  t h e  o v e r a l l  r e a c t i o n  between 

C o ( I I ) ,  l i g a n d  and H202 y i e l d i n g  t h e  C o ( 1 I I )  complex of t h e  l i g a n d .  

K f 2  = t h e  e q u i l b r i u m  c o n s t a n t  f o r  t h e  f o r m a t i o n  of a  complex between 

a l i g a n d  and Co (11). 

K f 3  = 
t h e  e q u i l b r i u m  c o n s t a n t  f o r  t h e  f o r m a t l o n  of a  complex between 

a  l i g a n d  and C o ( I I 1 ) .  

m = t h e  number of l i g a n d  molecules  which i n t e r a c t  w i t h  one m e t a l  i o n  

t o  form a  m e t a l  complex. 

n  = t h e  number of e l e c t r o n s  t r a n s f e r r e d  p e r  molecu le  of r e a c t a n t  i n  

a n  e l e c t r o - r e d u c t i o n  o r  e l e c t r o - o x i d a t i o n ,  



R = gas constant; 1.9872 calories/degree-mole or 8.3143 joules/ 

degree-mole. 

T = absolute temperature. 



APPENDIX A 

Determination of Complexing Capacity Using 

Differential Pulse Polarography 

Basic Principles 

Complexing agents are converted to the corresponding Co(II1) complex 

by the reaction: 

2c02+ + 2mL + H202 + 2~' 2CoLm + 2H20 

2f remaining af t er 

the reaction has reached equilibrium is determined with differential pulse 

polarography in an ethylenediamine medium. The amount of cobalt consumed 

by ligands in the sample is best determined by the standard addition method 

but may also be determined by subtracting the micromoles of Co left after 

the reaction from the micromoles of Co added initially. 

Reagents 

a. Phosphate Buffer, 0.lM; - Dissolve 8.801g Na2HP04 and 13.799g 

NaH PO 'H 0 in deionized water and dilute to one liter. Adjust to pH 7 with 
2 4 2  

strong acid (122 HC1) or strong base (NaOH, Store at 5'C in poly- 

ethylene container. 

b. Cobalt solution, 0.012; Dissolve 0.238g CoC12 in deionized water 

and dilute to 100 ml. Store in polyethylene container and standardize before 

use. 

c. Hydrogen Peroxide solution, 0.52; Pipet 10 ml 30% H202 and dilute 

to 250 ml with deionized water. Store at 5'C in polyethylene container and 

check strength periodically. 



d .  Catalase s o l u t i o n ,  3100 uni ts /mg;  D i s s o l v e  1 0  mg C a t a l a s e  i n  auto-  

c laved  d e i o n i z e d  w a t e r  and d i l u t e  t o  100 m l .  S t o r e  a t  5 ' ~  i n  1 m l  p o r t i o n s .  

Autoc lave  a l l  g l a s s w a r e  used and check C a t a l a s e  a c t i v i t y  p e r i o d i c a l l y  by 

moni to r ing  H 0  d i s a p p e a r a n c e  as a  f u n c t i o n  of t ime.  2  2  

e. Ethylenediamine,  3.38Ma D i s t i l l  a s  70% a z e o t r o p e  and d i l u t e  5ml - 3 

of d i s t i l l a t e  t o  25 m l  w i t h  d e i o n i z e d  wate r .  S t o r e  i n  p o l y e t h y l e n e  con- 

t a i n e r  a t  5OC. 

S t a n d a r d i z a t i o n  

Coba l t  s o l u t i o n  - T i t r a t e  w i t h  s t a n d a r d  EDTA s o l u t i o n  ( ~ o - ~ M )  a t  pH 5-6 - 

(hexamethylenete t ramine b u f f e r )  and 80°C u s i n g  x y l e n o l  o range  as i n d i c a t o r .  

Hydrogen P e r o x i d e  - T i t r a t e  w i t h  s t a n d a r d  cerium(1V) s o l u t i o n  u s i n g  

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

EDTA s o l u t i o n  - T i t r a t e  w i t h  s t a n d a r d  c o p p e r ( I 1 )  p repared  by d i s s o l v i n g  

copper  w i r e  i n  n i t r i c  a c i d  and d i l u t i n g  w i t h  d e i o n i z e d  w a t e r .  Use hexamethy- 

l i n e t e t r a m i n e  b u f f e r  a t  pH 5-6 and x y l e n o l  o range  a s  i n d i c a t o r .  

NTA s o l u t i o n  - T i t r a t e  w i t h  s t a n d a r d  c o b a l t  s o l u t i o n  a t  pH 9.2 u s i n g  

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

P rocedure  

Samples shou ld  b e  s t o r e d  a t  5OC and a l lowed t o  s t a n d  u n t i l  sed iments  

have s e t t l e d ,  P i p e t  a  50 m l  a l i q u o t  i n t o  a B e r z e l i u s  beaker  ( c e l l )  and 

a d j u s t  t h e  pH by add ing  4  m l  of 0.1M Na2HP04 - NaH2P04 b u f f e r  (pH 7 ) .  Then - 
add 50 p 1  of 0.01M s t o c k  c o b a l t  s o l u t i o n  and 50 v l  o f  0.5M H202. S t i r  and - - 
a l l o w  1 5  minu tes  f o r  comple t ion  of r e a c t i o n .  Add 200 p l  of C a t a l a s e  s o l u t i o n ,  

fo l lowed  by i n c u b a t i o n  a t  36'C i n  a  wa te r  b a t h  f o r  a t  l e a s t  1 5  minu tes .  

Longer i n c u b a t i o n  may be  n e c e s s a r y  depending on t h e  C a t a l a s e  a c t i v i t y .  S t i r  
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o r  a g i t a t e  t h e  sample c e l l .  

Support  sample c e l l  on t h e  dropping mercury e l e c t r o d e  s t a n d  and purge 

t h e  s o l u t i o n  of d i s s o l v e d  oxygen by bubbl ing  p u r i f i e d  n i t r o g e n  th rough  a  

medium porous d i f f u s i o n  t u b e  f o r  1 5  minutes .  Purge t h e  s t a n d a r d  c o b a l t  

s o l u t i o n  and s t o c k  e thy lened iamine  s o l u t i o n  i n  t h e  same manner. Add 0.5g 

of KN03 and 1 m l  of 3 .38g e thy lened iamine  t o  t h e  sample s o l u t i o n .  P l a c e  

e l e c t r o d e s  i n  t h e  c e l l  and p o s i t i o n  t h e  g a s  d i f f u s i o n  t u b e  j u s t  above 

l i q u i d  s u r f a c e .  Using t h e  PAR P o l a r o g r a p h i c  Analyzer  i n  t h e  d i f f e r e n t i a l  

p u l s e  mode, s c a n  p o s i t i v e  from -6.75 v o l t s  w i t h  100 mv. modulat ion ampl i tude  

and 2 second drop t i m e .  From t h e  recorded  c u r r e n t - v o l t a g e  c u r v e ,  s e l e c t  a  

b a s e  l i n e  and peak p o t e n t i a l  t o  set t h e  p o t e n t i a l  s t e p  c o n t r o l  a c c e s s o r y  a s  

d e s c r i b e d  i n  t h e  e x p e r i m e n t a l  s e c t i o n .  A f t e r  a  s e t  of c u r r e n t  c y c l e s  h a s  

been r e c o r d e d ,  add 50 p 1  of d e a e r a t e d  0.01M - c o b a l t  s o l u t i o n ,  s t i r  f o r  a  

minute  and r e p e a t  measurements. A t  l e a s t  t h r e e  s t a n d a r d  a d d i t i o n s  a r e  

recommended . 
Blank 

A b l a n k  of each sample i s  determined by p i p e t i n g  a  50 m l  a l i q u o t  i n t o  

a  B e r z e l i u s  beaker  ( c e l l )  and a d j u s t i n g  t h e  pH by add ing  4 m l  of 0 . 1 g  

Na HP04 - NaH2P04 b u f f e r  (pH 7 ) .  Support  t h e  sample c e l l  on t h e  d ropp ing  2  

mercury e l e c t r o d e  s t a n d  and purge t h e  s o l u t i o n  of d i s s o l v e d  oxygen by 

bubbl ing  p u r i f i e d  n i t r o g e n  through a  medium porous  d i f f u s i o n  t u b e  f o r  1 5  

minutes .  Add 0 .5  g  of KN03 and 1 m l  of 3.38g e thy lened iamine  t o  t h e  sample 

s o l u t i o n .  P l a c e  e l e c t r o d e s  i n  t h e  c e l l  and p o s i t i o n  t h e  g a s  d i f f u s i o n  t u b e  

j u s t  above l i q u i d  s u r f a c e .  Using the PAR P o l a r o g r a p h i c  Analyzer  i n  t h e  

d i f f e r e n t i a l  p u l s e  mode, s c a n  p o s i t i v e  from -0.75 v o l t s  w i t h  100 mv. modula- 



t i o n  ampl i tude  and 2  second d r o p  t ime.  Record t h e  c u r r e n t - v o l t a g e  c u r v e  and 

d e t e r m i n e  t h e  peak c u r r e n t  of any i n p u r i t i e s  which are o x i d i z e d  o r  reduced 

i n  t h e  p o t e n t i a l  r e g i o n  cor responding  t o  t h e  c o b a l t  o x i d a t i o n .  The d e t e r -  

mined b l a n k  peak c u r r e n t  shou ld  b e  s u b t r a c t e d  from t h e  observed c o b a l t  

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

C a l c u l a t i o n  of R e s u l t s  

A p l o t  of t h e  recorded  c u r r e n t s  v e r s u s  t h e  m i c r o l i t e r s  of c o b a l t  so lu -  

t i o n  added w i l l  b e  l i n e a r  w i t h  a n  i n t e r c e p t  a t  t h e  o r i g i n  i f  no complexing 

a g e n t s  a r e  p r e s e n t .  The s h i f t  of t h e  i n t e r c e p t  a l o n g  t h e  a b s c i s s a  i s  a  

measure of t h e  q u a n t i t y  of l i g a n d s  i n  t h e  sample.  The c o n c e n t r a t i o n  of 

complexing a g e n t s  i n  t h e  sample i s  g i v e n  by: 

pmoles l i g a n d  p e r  l i t e r  = 
-20 x  c  x  C 

m 

where c  = t h e  y - i n t e r c e p t ,  m = t h e  s l o p e ,  and C = t h e  c o n c e n t r a t i o n  of Co(I1)  

s o l u t i o n  ( m o l e s / l i t e r ) .  From a  l i n e a r  r e g r e s s i o n  f i t  of t h e  d a t a ,  t h e  un- 

c e r t a i n i t y  of t h e  complexing c a p a c i t y  may b e  computed i n  t h e  form of a con- 

f i d e n c e  i n t e r v a l  (Larsen ,  Hartmann and Wagner, 1 9 7 3 ) :  

where t = t h e  v a l u e  of t h e  s t a t i s t i c  t a t  c o n f i d e n c e  l e v e l  (1 -a /2 )*100% 
(a,n-2) 

and n-2 d e g r e e s  of freedom, n  = t h e  number of c u r r e n t  v a l u e s  p l o t t e d ,  s - - 
Y / X  

t h e  s t a n d a r d  e r r o r  of e s t i m a t e ,  s = t h e  s t a n d a r d  d e v i a t i o n  of t h e  volumes of 
X 

c o b a l t  s o l u t i o n  added and x = t h e  mean of t h e  volumes of c o b a l t  s o l u t i o n  added. 

I f  t h e  c o n f i d e n c e  i n t e r v a l  i s  g r e a t e r  t h a n  t h e  complexing c a p a c i t y ,  t h e  r e s u l t  

i s  c o n s i d e r e d  below t h e  d e t e c t i o n  l i m i t  of t h e  method; o t h e r w i s e  t h e  c o n f i -  

dence i n t e r v a l  i s  a  measure of t h e  u n c e r t a i n i t y  of t h e  d e t e r m i n a t i o n .  



- -- - -  

APPENDIX B 

Raw Data from Complexing Capacity Measurements 

Sampling Site 1 

Current (yAmp) 

I f  111 

Sampling Site 2 

Sampling Site 3 



Sampling Site 4 

Sampling Site 5 

Sampling Site 6 



Sampling Site 7 

Current  amp ) 

Sampling Site 8 

Concentration of co2' solution was exactly 0.0100 - M. 



APPENDIX C 

North  C a r o l i n a  F r e s h  S u r f a c e  Water C l a s s i f i c a t i o n s  

C l a s s  A-I .  Source  of w a t e r  f o r  d r i n k i n g ,  c u l i n a r y ,  o r  food p r o c e s s i n g  

purposes  o r  any o t h e r  usage  r e q u i r i n g  w a t e r  of lower q u a l i t y .  T h i s  c l a s s  

i s  in tended  p r i m a r i l y  f o r  w a t e r s  having w a t e r s h e d s  which a r e  u n i n h a b i t e d  

and which r e q u i r e  o n l y  approved d i s i n f e c t i o n  i n  o r d e r  t o  meet t h e  " P u b l i c  

H e a l t h  S e r v i c e  Dr ink ing  Water Standards" .  

Q u a l i t y  S t a n d a r d s  A p p l i c a b l e  t o  Class A-I Waters 

It ems 

a .  F l o a t i n g  s o l i d s ;  s e t t l e a b l e  

s o l i d s ;  s l u d g e  d e p o s i t s ;  t a s t e  

o r  odor-producing s u b s t a n c e s .  

b.  Sewage, i n d u s t r i a l  w a s t e s ,  o r  

o t h e r  w a s t e s .  

c .  Toxic  w a s t e s ;  o i l s ;  d e l e t e r -  

i o u s  s u b s t a n c e s ;  c o l o r e d  o r  

o t h e r  w a s t e s .  

d .  Organisms of c o l i f o r m  group. 

e .  R a d i o a c t i v e  Subs tances .  

S p e c i f i c a t  i o n s  

None a t t r i b u t a b l e  t o  sewage, 

i n d u s t r i a l  w a s t e s  o r  o t h e r  

w a s t e s .  

None. 

None. 

Not t o  exceed 501100 m l  ( e i t h e r  

MPN o r  MF count )  a s  a  monthly 

a v e r a g e  v a l u e .  

Gross  b e t a  a c t i v i t y  ( i n  t h e  

known absence  of Strontium-90 

and a l p h a  e m i t t e r s )  n o t  t o  exceed 

1 ,000  p i c o c u r i e s  p e r  l i t e r  a t  any 

t i m e  . 



C l a s s  A-11.  Source  of w a t e r  supp ly  f o r  d r i n k i n g ,  c u l i n a r y  o r  food p r o c e s s i n g  

purposes  o r  any o t h e r  usage  r e q u i r i n g  w a t e r  of lower q u a l i t y .  The w a t e r s ,  

i f  s u b j e c t e d  t o  approved t r e a t m e n t  e q u a l  t o  c o a g u l a t i o n ,  s e d i m e n t a t i o n ,  f i l t r a -  

t i o n  and d i s i n f e c t i o n ,  w i l l  meet t h e  "Publ ic  H e a l t h  S e r v i c e  Drinking Water 

S tandards .  I '  

Q u a l i t y  S tandard  A p p l i c a b l e  t o  C l a s s  A-I1 Waters 

I tems S p e c i f i c a t i o n s  

a .  F l o a t i n g  s o l i d s  ; s e t t l e a b l e  Only such  amounts a t t r i b u t a b l e  t o  

s o l i d s ;  s l u d g e  d e p o s i t s .  sewage, i n d u s t r i a l  w a s t e s  o r  o t h e r  

w a s t e s  a s  w i l l  n o t ,  a f t e r  r e a s o n a b l e  

o p p o r t u n i t y  f o r  d i l u t i o n  and m i x t u r e  

of same w i t h  t h e  r e c e i v i n g  w a t e r s ,  

make t h e  w a t e r s  u n s a f e  o r  u n s u i t a b l e  

a s  a  s o u r c e  of w a t e r  supp ly  f o r  

d r i n k i n g ,  c u l i n a r y ,  o r  food-process- 

i n g  purposes ,  o r  i n j u r i o u s  t o  f i s h  

and w i l d l i f e .  

b. Sewage, i n d u s t r i a l  w a s t e s ,  None which a r e  n o t  e f f e c t i v e l y  

o r  o t h e r  w a s t e s .  t r e a t e d  t o  t h e  s a t i s f a c t i o n  of t h e  

Board of Water and A i r  Resources  and 

i n  accordance  w i t h  t h e  requ i rements  

of t h e  S t a t e  Board of Hea l th .  



c.  Odor-producing s u b s t a n c e s  con- Only such  amounts,  whether  a l o n g  o r  

t a i n e d  i n  sewage, i n d u s t r i a l  i n  combinat ion w i t h  o t h e r  sub- 

w a s t e s ,  o r  o t h e r  was tes .  s t a n c e s  o r  w a s t e s ,  a s  w i l l  n o t ,  

a f t e r  r e a s o n a b l e  o p p o r t u n i t y  f o r  

d i l u t i o n  and m i x t u r e  of same w i t h  

r e c e i v i n g  w a t e r s ,  c a u s e  t a s t e  and 

odor d i f f i c u l t i e s  i n  w a t e r  supp- 

l i e s  which cannot  b e  c o r r e c t e d  by 

t r e a t m e n t  as  s p e c i f i e d  above,  o r  

impa i r  t h e  p a l a t a b i l i t y  of f i s h .  

d .  P h e n o l i c  compounds. 

f .  T o t a l  h a r d n e s s .  

g. Disso lved  oxygen. 

Not g r e a t e r  t h a n  0 .001 mg/ l  ( p h e n o l s ) .  

S h a l l  b e  normal f o r  t h e  w a t e r s  i n  

t h e  a r e a ,  which g e n e r a l l y  s h a l l  

r a n g e  between 6 .0  and 8.5 e x c e p t  

t h a t  swamp w a t e r s  may have a low 

Not g r e a t e r  t h a n  100 p a r t s  p e r  

m i l l i o n  a s  CaCO 3 ' 

Not l e s s  t h a n  6 .0  mg/ l  f o r  n a t u r a l  

t r o u t  w a t e r s ;  5.0 mg/ l  f o r  put-and- 

t a k e  t r o u t  w a t e r s ;  n o t  l e s s  t h a n  a 

d a i l y  a v e r a g e  of 5 .0  mg/l  w i t h  a 

minimum of n o t  l e s s  t h a n  4 .0  mg/ l  

f o r  non- t rout  w a t e r s ,  e x c e p t  t h a t  

swamp w a t e r s  may have lower v a l u e s  

i f  caused by n a t u r a l  c o n d i t i o n s .  



h.  Toxic w a s t e s ;  o i l s ;  d e l e t e r i o u s  

s u b s t a n c e s ;  c o l o r e d  o r  o t h e r  

was tes .  

i. Organisms of c o l i f o r m  group. 

Only such  amounts, whether  a l o n e  o r  

i n  combinat ion w i t h  o t h e r  s u b s t a n c e s  

o r  w a s t e s  a s  w i l l  n o t  r e n d e r  t h e  

w a t e r s  u n s a f e  o r  u n s u i t a b l e  a s  a 

s o u r c e  of w a t e r  supp ly  f o r  d r ink-  

i n g ,  c u l i n a r y ,  o r  food-process ing 

purposes ,  i n j u r i o u s  t o  f i s h  and 

w i l d l i f e  o r  a d v e r s e l y  a f f e c t  t h e  

p a l a t a b i l i t y  of same. 

Not t o  exceed 5,000%100 m l  a s  a 

monthly a v e r a g e  v a l u e  ( e i t h e r  MPN 

o r  MF c o u n t ) ;  nor  exceed t h i s  

number i n  more t h a n  20% of t h e  

samples examined d u r i n g  any  one 

month; nor  exceed 20,000/100 m l  i n  

more t h a n  5% of such  samples ,  F e c a l  

Col i forms (MPN and MF count )  n o t  t o  

exceed a l o g  mean of 1 ,000/100 m l  

based on a t  l e a s t  f i v e  c o n s e c u t i v e  

samples examined d u r i n g  any 30-day 

p e r i o d ;  nor  exceed 2,000/100 m l  i n  

more t h a n  20% of t h e  samples 

examined d u r i n g  such  p e r i o d .  ( n o t  

a p p l i c a b l e  d u r i n g  o r  immediately 

fohlowing p e r i o d s  of r a i n f a l l , )  



j . Temperature.  Not t o  exceed 5°F above t h e  n a t u r a l  

w a t e r  t e m p e r a t u r e ,  and i n  no c a s e  

t o  exceed 84°F f o r  mountain  and 

upper  piedmont w a t e r s  and 90°F f o r  

lower piedmont and c o a s t a l  p l a i n  

w a t e r s .  The t e m p e r a t u r e  of n a t u r a l  

t r o u t  w a t e r s  s h a l l  n o t  b e  s i g n i f i -  

c a n t l y  i n c r e a s e d  due t o  t h e  d i s -  

c h a r g e  of h e a t e d  l i q u i d s  and s h a l l  

n o t  exceed 68°F; however, t h e  tem- 

p e r a t u r e  of put-and-take t r o u t  

w a t e r s  may b e  i n c r e a s e d  by a s  much 

as 3OF b u t  t h e  maximum may n o t  

exceed 70°F. 

k. R a d i o a c t i v e  s u b s t a n c e s .  Same a s  c l a s s  A-I .  

Class B. Bes t  usage  of w a t e r s  is  b a t h i n g  o r  any o t h e r  purpose  e x c e p t  as 

s o u r c e  of w a t e r  supp ly  f o r  d r i n k i n g ,  c u l i n a r y  o r  food p r o c e s s i n g  purposes .  

The w a t e r s ,  under p roper  s a n i t a r y  s u p e r v i s i o n  by c o n t r o l l i n g  h e a l t h  a u t h o r i -  

t i e s ,  w i l l  meet a c c e p t e d  s t a n d a r d s  of w a t e r  q u a l i t y  f o r  ou tdoor  b a t h i n g  

p l a c e s .  

Q u a l i t y  S t a n d a r d s  A p p l i c a b l e  t o  C l a s s  B Waters 

I tems S p e c i f i c a t i o n s  

a .  F l o a t i n g  s o l i d s ;  s e t t l e a b l e  Only such  amounts a t t r i b u t a b l e  t o  

s o l i d s ,  s l u d g e  d e p o s i t s .  sewage, i n d u s t r i a l  w a s t e s  o r  o t h e r  

w a s t e s  a s  w i l l  n o t ,  a f t e r  reason-  

a b l e  o p p o r t u n i t y  f o r  d i l u t i o n  and 

m i x t u r e  of same w i t h  t h e  r e c e i v i n g  



w a t e r s ,  make t h e  w a t e r s  u n s a f e  o r  

u n s u i t a b l e  f o r  b a t h i n g ,  o r  i n j u r i o u s  

t o  f i s h  and w i l d l i f e .  

b. Sewage, i n d u s t r i a l  w a s t e s ,  None which a r e  n o t  e f f e c t i v e l y  t r e a t -  

o r  o t h e r  w a s t e s ,  ed t o  t h e  s a t i s f a c t i o n  of t h e  Board 

of Water and A i r  Resources  i n  d e t e r -  

mining t h e  d e g r e e  of t r e a t m e n t  re -  

q u i r e d  f o r  such  w a s t e  when d i scharg-  

ed i n t o  w a t e r s  t o  be  used f o r  bath- 

i n g ,  t h e  Board w i l l  t a k e  i n t o  cons i -  

d e r a t i o n  t h e  q u a n t i t y  and q u a l i t y  

of t h e  sewage and was tes  involved 

and t h e  p rox imi ty  of such  d i s c h a r g e s  

t o  t h e  w a t e r s  i n  t h i s  c l a s s .  

c .  Pheno l ic  compounds. Same a s  c l a s s  A-11. 

d. pH. Same a s  c l a s s  A-11.  

e .  Disso lved  oxygen Same a s  c l a s s  A-11 ,  

f .  Toxic  w a s t e s ;  o i l s ;  d e l e -  Only such  amounts,  whether  a l o n e  o r  

k r i o u s  s u b s t a n c e s ;  c o l o r e d  i n  combinat ion w i t h  o t h e r  s u b s t a n c e s  

o r  o t h e r  was tes .  o r  w a s t e s  as  will n o t  r e n d e r  t h e  

w a t e r s  u n s a f e  o r  u n s u i t a b l e  f o r  

b a t h i n g ,  i n j u r i o u s  t o  f i s h  and wild- 

l i f e  o r  a d v e r s e l y  a f f e c t  t h e  pala-  

t a b i l i t y  of same. 



g. Organisms of c o l i f o r m  group. F e c a l  c o l i f o r m s  n o t  t o  exceed a  

(Appl icab le  o n l y  d u r i n g  t h e  l o g  mean of 200/100 m l  ( e i t h e r  

months of May through MPN o r  MF count )  based on a t  

September. During o t h e r  least f i v e  c o n s e c u t i v e  samples 

months t h e  c o l i f o r m  organism examined d u r i n g  any  30-day p e r i o d  

s t a n d a r d  f o r  C l a s s  "C" and n o t  t o  exceed 400/100 m l  i n  

Waters s h a l l  a p p l y . )  more t h a n  20% of t h e  samples  

examined d u r i n g  such  p e r i o d .  (Not 

a p p l i c a b l e  d u r i n g  o r  immediate ly  

f o l l o w i n g  p e r i o d s  of r a i n f a l l ) .  

h. Temperature.  Same a s  c l a s s  A-11. 

C l a s s  C .  Bes t  used f o r  f i s h i n g ,  b o a t i n g ,  wading and any o t h e r  purpose  e x c e p t  

f o r  b a t h i n g  o r  as a  s o u r c e  of w a t e r  supp ly  f o r  d r i n k i n g ,  c u l i n a r y  o r  food 

p r o c e s s i n g  purposes .  The w a t e r s  w i l l  b e  s u i t a b l e  f o r  f i s h  and w i l d l i f e  

p ropoga t ion .  

Q u a l i t y  S t a n d a r d s  A p p l i c a b l e  t o  C l a s s  C Waters 

I tems S p e c i f i c a t i o n s  

a d  F l o a t i n g  s o l i d s ;  s e t t l e a b l e  Only such  amounts a t t r i b u t a b l e  t o  

s o l i d s ;  s l u d g e  d e p o s i t s .  sewage, i n d u s t r i a l  w a s t e s  o r  o t h e r  

w a s t e s  a s  w i l l  n o t ,  a f t e r  reason-  

a b l e  o p p o r t u n i t y  f o r  d i l u t i o n  and 

m i x t u r e  of same w i t h  t h e  r e c e i v i n g  

w a t e r s  o r  make t h e  w a t e r s  u n s a f e  

o r  u n s u i t a b l e  f o r  f i s h  and w i l d l i f e .  

b.  pH. 

c .  Disso lved  oxygen 

Same a s  c l a s s  A-11 .  

Same a s  c l a s s  A-11 .  



Toxic w a s t e s ;  o i l s ;  de le -  

t e r i o u s  s u b s t a n c e s ;  c o l o r e d  

o r  o t h e r  w a s t e s .  

Organisms of c o l i f o r m  group.  

Only such amounts, whether  a l o n e  o r  

i n  combinat ion w i t h  o t h e r  s u b s t a n c e s  

o r  w a s t e s  a s  w i l l  n o t  r e n d e r  t h e  

w a t e r s  i n j u r i o u s  t o  f i s h  and wild- 

l i f e  o r  a d v e r s e l y  a f f e c t  t h e  pala-  

t a b i l i t y  of same. 

F e c a l  c o l i f o r m s  n o t  t o  exceed a  l o g  

mean of 1 ,000/100 m l  (MPN o r  MF 

count )  based upon a t  l e a s t  f i v e  

c o n s e c u t i v e  samples  examined d u r i n g  

any 30-day p e r i o d ;  nor  exceed 

2,000/100 m l  i n  more t h a n  20% of 

t h e  samples examined d u r i n g  such 

per iod .  (Not a p p l i c a b l e  d u r i n g  o r  

immediately f o l l o w i n g  p e r i o d s  of 

r a i n f a l l ) .  

f . Temperature.  Same a s  c l a s s  A-11. 

C l a s s  D. Best used f o r  a g r i c u l t u r e ,  i n d u s t r i a l  c o o l i n g  and p r o c e s s  w a t e r  

supp ly ,  n a v i g a t i o n  and any o t h e r  usage ,  excep t  f i s h i n g ,  b a t h i n g ,  o r  a s  a 

s o u r c e  of w a t e r  s u p p l y  f o r  d r i n k i n g ,  c u l i n a r y  o r  food p r o c e s s i n g  purposes .  

The w a t e r s  w i t h o u t  t r e a t m e n t  w i l l  b e  s u i t a b l e  f o r  a g r i c u l t u r a l  u s e s  and 

w i l l  pe rmi t  f i s h  s u r v i v a l .  

Q u a l i t y  S t a n d a r d s  A p p l i c a b l e  t o  C l a s s  D Waters 

I tems S p e c i f i c a t i o n s  

a .  F l o a t i n g  s o l i d s ;  s e t t l e a b l e  Only such amounts a t t r i b u t a b l e  

s o l i d s ;  s l u d g e  d e p o s i t s .  t o  sewage, i n d u s t r i a l  w a s t e s  o r  



o t h e r  w a s t e s  as w i l l  n o t ,  a f t e r  

r e a s o n a b l e  o p p o r t u n i t y  f o r  d i l u t i o n  

and m i x t u r e  of same w i t h  t h e  

r e c e i v i n g  w a t e r s ,  r e n d e r  t h e  w a t e r s  

u n s u i t a b l e  f o r  a g r i c u l t u r e ,  indus- 

t r i a l  c o o l i n g  purposes  and f i s h  

s u r v i v a l ,  o r  c a u s e  a n  o f f e n s i v e  

c o n d i t i o n .  

b.  pH. Same a s  c l a s s  A-11.  

c .  Disso lved  oxygen. Not l e s s  t h a n  3.0 mg/ l .  

d .  Toxic  w a s t e s ;  o i l s ;  de le -  Only such  amounts a t t r i b u t a b l e  t o  

t e r i o u s  s u b s t a n c e s ;  c o l o r e d  sewage, i n d u s t r i a l  w a s t e s  o r  o t h e r  

o r  o t h e r  w a s t e s .  w a s t e s  a s  w i l l  n o t  r e n d e r  t h e  w a t e r s  

u n s u i t a b l e  f o r  a g r i c u l t u r e ,  indus- 

t r i a l  c o o l i n g  purposes ,  n a v i g a t i o n ,  

f i s h  s u r v i v a l ,  o r  c a u s e .  o f f e n s i v e  

c o n d i t i o n s .  

e .  Organisms of c o l i f o r m  group. F e c a l  c o l i f o r m s  n o t  t o  exceed a  l o g  

( a p p l i c a b l e  o n l y  t o  w a t e r s  mean of 1 ,000/100 r n l  (MPN o r  MF 

d e s i g n a t e d  by t h e  Board f o r  coun t )  based upon a t  l e a s t  f i v e  

i r r i g a t i o n  of f r u i t s  and c o n s e c u t i v e  samples examined d u r i n g  

v e g e t a b l e s ) .  any 30-day p e r i o d ;  nor  exceed 2,0001 

100 m l  i n  more t h a n  20% of t h e  

samples examined d u r i n g  such  p e r i o d .  

(Not a p p l i c a b l e  d u r i n g  o r  immedi- 

a t e l y  f o l l o w i n g  p e r i o d s  of r a i n f a l l ) .  

f .  Temperature .  Not t o  exceed 5OF above t h e  n a t u r a l  

w a t e r  t empera tu re  and i n  no c a s e  t o  



exceed 8 4 O F  f o r  mountain and upper 

piedmont w a t e r s  and 90°F f o r  lower 

piedmont and c o a s t a l  p l a i n  w a t e r s .  

Taken from "Rules ,  R e g u l a t i o n s ,  C l a s s i f i c a t i o n s  and Water Q u a l i t y  S t a n d a r d s  

A p p l i c a b l e  t o  t h e  S u r f a c e  Waters of North C a r o l i n a , "  adopted by Board of 

Water and A i r  Resources ,  O f f i c e  of Water and A i r  Resources ,  Department of 

N a t u r a l  and Economic Resources ,  1972, 




