
University of New Hampshire University of New Hampshire 

University of New Hampshire Scholars' Repository University of New Hampshire Scholars' Repository 

Doctoral Dissertations Student Scholarship 

Spring 1980 

CADMIUM(II), LEAD(II), AND COPPER(II) COMPLEXATION BY CADMIUM(II), LEAD(II), AND COPPER(II) COMPLEXATION BY 

FULVIC ACIDS DERIVED FROM SOIL AND WATER: ION-SELECTIVE FULVIC ACIDS DERIVED FROM SOIL AND WATER: ION-SELECTIVE 

ELECTRODE AND SPECTROFLUOROMETRIC STUDIES ELECTRODE AND SPECTROFLUOROMETRIC STUDIES 

ROBERT A. SAAR 

Follow this and additional works at: https://scholars.unh.edu/dissertation 

Recommended Citation Recommended Citation 
SAAR, ROBERT A., "CADMIUM(II), LEAD(II), AND COPPER(II) COMPLEXATION BY FULVIC ACIDS DERIVED 
FROM SOIL AND WATER: ION-SELECTIVE ELECTRODE AND SPECTROFLUOROMETRIC STUDIES" (1980). 
Doctoral Dissertations. 1260. 
https://scholars.unh.edu/dissertation/1260 

This Dissertation is brought to you for free and open access by the Student Scholarship at University of New 
Hampshire Scholars' Repository. It has been accepted for inclusion in Doctoral Dissertations by an authorized 
administrator of University of New Hampshire Scholars' Repository. For more information, please contact 
Scholarly.Communication@unh.edu. 

https://scholars.unh.edu/
https://scholars.unh.edu/dissertation
https://scholars.unh.edu/student
https://scholars.unh.edu/dissertation?utm_source=scholars.unh.edu%2Fdissertation%2F1260&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholars.unh.edu/dissertation/1260?utm_source=scholars.unh.edu%2Fdissertation%2F1260&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:Scholarly.Communication@unh.edu


INFORMATION TO USERS

This was produced from a copy o f a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality o f the material 
submitted.

The following explanation o f techniques is provided to help you understand 
markings or notations which may appear on this reproduction.

1. The sign or “ target” for pages apparently lacking from the document 
photographed is “Missing Page(s)”. If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you o f complete continuity.

2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because o f  
movement during exposure, or duplicate copy. Unless we meant to delete: 
copyrighted materials that should not have been filmed, you will find a 
good image o f the page in the adjacentTrame.

3. When a map, drawing or chart, etc., is part o f the material being photo­
graphed the photographer has followed a definite method in “sectioning” 
the material. It is customary to begin filming at the upper left hand corner 
of a large sheet and to continue from left to right in equal sections with 
small overlaps. If necessary, sectioning is continued again—beginning 
below the first row and continuing on until complete.

4. For any illustrations that cannot be reproduced satisfactorily by 
xerography, photographic prints can be purchased at additional cost and 
tipped into your xerographic copy. Requests can be made to our 
Dissertations Customer Services Department.

5. Some pages in any document may have indistinct print. In all cases we 
have filmed the best available copy.

University
Microfilms

International
3 0 0  N. Z E E S  R O A D ,  A N N  A R B O R ,  Ml 4 8 1 0 6  
18 B E D F O R D  ROW,  L O ND O N  WC1R 4 E J ,  E N G L A N D



8027800

S a a r , R o b e r t  a .

CADMIUM(II), LEAD(II), AND COPPER(II) COMPLEXATION BY FULVIC 
ACIDS DERIVED FROM SOIL AND WATER: ION-SELECTIVE 
ELECTRODE AND SPECTROFLUOROMETRIC STUDIES

University o f  New Hampshire PH.D. 1980

University 
Microfilms

International 300 N. Zeeb Road, Ann Arbor, MI 48106 18 Bedford Row, London WC1R 4EJ, England



CADMIUM( I I ) ,  L E A D ( I I ) ,  AND COPPER(II )  COMPLEXATION BY 

FULVIC ACIDS DERIVED FROM SOIL AND WATER: 

ION-SELECTIVE ELECTRODE AND SPECTROFLUOROMETRIC STUDIES

BY

R o b e r t  A. S a a r

B. A . ,  Y a l e  U n i v e r s i t y ,  1973

A DISSERTATION

S u b m i t t e d  t o  t h e  U n i v e r s i t y  o f  New H a m p sh i r e  

I n  P a r t i a l  F u l f i l l m e n t  o f  t h e  D e g r e e  o f  

D o c t o r  o f  P h i l o s o p h y  

D e p a r t m e n t  o f  C h e m i s t r y

May, 1980



f
* ' i

T h i s  d i s s e r t a t i o n  h a s  b e e n  e x am in e d  and  a p p r o v e d .

J a m es  H. Webe r ,  D i s s e r t a t i o n  d i r e c t o r  
P r o f e s s o r  o f  C h e m i s t r y

C. L. G r a n t
P r o f e s s o r  o f  C h e m i s t r y

F r a n c i s  R. H a l l  
P r o f e s s o r  o f  H y d r o l o g y

< /h/gsishts
R o b e r t  D. H a r t e r
A s s o c i a t e  P r o f e s s o r  o f  S o i l  C h e m i s t r y

W. R u d o l f  S e i t z l  
A s s i s t a n t  P r o f e s s o r  o f  C h e m i s t r y

D a t e



ACKNOWLEDGMENTS

I  w i s h  t o  t h a n k  Dr .  J a m es  H. Weber f o r  g i v i n g  me t h e  

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

r e s e a r c h  w h e r e v e r  i t  l e d .  He a l s o  w r o t e  two p r o p o s a l s  t h o t  

t h e  N a t i o n a l  S c i e n c e  F o u n d a t i o n  f u n d e d  ( g r a n t s  OCE 7 7 - 0 8 3 9 0  

and OCE 7 9 - 1 0 5 7 1 ) .  T h e s e  g r a n t s  p a r t l y  s u p p o r t e d  t h i s  wo r k .

I  t h a n k  t h e  p e o p l e  who r e a d  p a r t  o r  a l l  o f  t h i s  

m a n u s c r i p t  and o f f e r e d  v a l u a b l e  c r i t i c i s m :  Dr .  J a m e s  H.

Webe r ,  Dr .  W. R u d o l f  S e i t z ,  D e n i s e  G r a d y ,  Dav id  Rya n ,  and 

D r .  Da v id  P.  R a i n v i l l e .

F i n a l l y ,  I  w i s h  t o  r e c o g n i z e  t h e  s u p p o r t  o f  t h e  

U n i v e r s i t y  o f  New H a m p s h i r e  w h i ch  came i n  t h e  fo rm o f  a 

t e a c h i n g  a s s i s t a n t ' s  summer f e l l o w s h i p  and a d i s s e r t a t i o n  

f e l l o w s h i p .



TABLE OF CONTENTS

ACKNOWLEDGMENTS ..................................................................................................  i i i

LIST OF TABLES .............................................................    v i i i

LIST OF FIGURES ...................................    x

ABSTRACT .  .................................................................................................................  x v i

CHAPTER PAGE

1 .  AN OVERVIEW OF METAL-ION COMPLEXATION BY

FULVIC ACID .....................................................................................  1

B a ck g r o u n d  on f u l v i c  a c i d  ........................................ 1

Com ple xes  b e t w e e n  m e t a l  i o n s  and

f u l v i c  a c i d  ...................................................................  5

C h a r a c t e r i s t i c s  o f  t h e  s o i l - d e r i v e d  and 

w a t e r - d e r i v e d  f u l v i c  a c i d s  u se d  i n  

t h i s  r e s e a r c h  .  .........................................................  10

2 .  Cd2+ COMPLEXATION BY FULVIC ACIDS DERIVED

FROM SOIL AND WATER ................................................................. 13

I n t r o d u c t i o n  ........................................................................  13

E x p e r i m e n t a l  ........................................................................  20

D i a l y s i s  .........................................................» ............. 20

U l t r a f i l t r a t i o n ........... ..............................................  22

M e t a l - i o n  l o s s e s  ............    22

L i g a n d  p a s s a g e  ............................................... 22

C l e a n i n g  t h e  c e l l  ........................................ 23

I?
i v



U l t r a f i l t r a t i o n  c o m p l e x a t i o n

s t u d y  ............    24

I o n - s e l e c t i v e  e l e c t r o d e  s t u d i e s  . . . . . .  25

M a t e r i a l s  ............................................................ 25

A p p a r a t u s  ............................................................ 26

F A - i n t o - C d ^ + t i t r a t i o n s  .......................  27

Cd^+- i n t o - F A  t i t r a t i o n s  ........................ 29

R e s u l t s  and d i s c u s s i o n  ............................................... 32

U l t r a f i l t r a t i o n  ......................................................  32

M e t a l - i o n  l o s s e s  .......................................... 32

L i g a n d  p a s s a g e  ............................................... 32

C l e a n i n g  t h e  c e l l  .......................................  33

U l t r a f i l t r a t i o n  c o m p l e x a t i o n

s t u d y  ................................................................  34

I o n - s e l e c t i v e  e l e c t r o d e  s t u d i e s  ................  37

C a l c u l a t i o n s  ....................................................  40

E f f e c t  o f  pH ....................................................  43

E f f e c t  o f  f u l v i c  a c i d

c o n c e n t r a t i o n  ............................................  50

E f f e c t  o f  e l e c t r o l y t e

c o n c e n t r a t i o n  ............................................  60

C o n c l u s i o n s  ...........................................................................  62

v



3.  Pb2+ COMPLEXATION BY FULVIC ACID AND HOW IT

COMPARES TO FULVIC ACID COMPLEXATION OF

Cu2+ AND Cd2+ ................................................................................ 64

I n t r o d u c t i o n  ........................................................................  64

E x p e r i m e n t a l  ........................................................................  72

M a t e r i a l s  ...................................................................... 72

A p p a r a t u s  ...................................................................... 73

P r o c e d u r e s  ...................................................................  75

C a l c u l a t i o n s  ..............................................................  81

R e s u l t s  and d i s c u s s i o n  ...................... ....................... 83

C o n c l u s i o n s  ...............................................................................  101

4 .  FLUOROMETRIC ANALYSIS OF COMPLEXES BETWEEN

METAL IONS AND FULVIC ACID ...................................................  105

I n t r o d u c t i o n  ........................................................................  105

E x p e r i m e n t a l  ............................................................................. 109

M a t e r i a l s  .......................................................................... 109

A p p a r a t u s  ..........................................................................  109

P r o c e d u r e s  .......................................................................  110

R e s u l t s  and  d i s c u s s i o n  ...................................    117

2 + 2 +Co and Ni  q u e n c h i n g  ......................................  135

5 .  EPILOGUE: METAL-ION COMPLEXATION BY FULVIC

ACIDS ......................................................................................................... 149

The v a r i a b l e s  i n  f u l v i c  a c i d  r e s e a r c h  . . . .  149

S o u r c e s  o f  f u l v i c  a c i d   .............................   150

I o n i c  s t r e n g t h  .............................................................  151



E f f e c t  o f  pH ..............................................................  152

Method  o f  a n a l y s i s  ............................................... 153

D a t a  m a n i p u l a t i o n  .................................................  154

E f f e c t  o f  f u l v i c  a c i d  c o n c e n t r a t i o n  . .  156

E a r l y  o n s e t  o f  p r e c i p i t a t i o n  ....................   158

F l u o r e s c e n c e  i n  f u l v i c  a c i d  r e s e a r c h  ........... 158

APPENDIX .......................   159

REFERENCES ............................................................................................. 166

v i i



PAGE

11

16

28

30

47

49

53

61

68

76

LIST OF TABLES

T a b l e  _1. C h a r a c t e r i s t i c s  o f  t h e  f u l v i c  a c i d  u s e d  i n

t h i s  r e s e a r c h .

T a b l e  2 . Ca d m i u m ( I I )  s t a b i l i t y  c o n s t a n t s  w i t h  humic

m a t e r  i a l s .

2 +T a b l e  3_. C o n d i t i o n s  f o r  f u l v i c  a c i d - m t o - C d

t i t r a t i o n s .

2 +T a b l e  _4. C o n d i t i o n s  f o r  Cd - i n t o - f u l v i c  a c i d

t i t r a t i o n s .

T a b l e  _5. E f f e c t  o f  pH on cadmium (I  I ) - f u l v i c  a c i d

c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s .

2 +T a b l e  6_. D e t e r m i n a t i o n  o f  x f o r  Cd - f u l v i c  a c i d

r e a c t i o n .

T a b l e  7_. E f f e c t  o f  f u l v i c  a c i d  c o n c e n t r a t i o n  on
2 - LCd ' - f u l v i c  a c i d  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s .

2 +T a b l e  8̂ . E f f e c t  o f  i o n i c  s t r e n g t h  on Cd - s o i l  f u l v i c

a c i d  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  a t  pH 6 . 0 .

T a b l e  9_. Lead  ( I I )  s t a b i l i t y  c o n s t a n t s  w i t h  humic

m a t e r  i a l s .

2 +T a b l e  10 .  C o n d i t i o n s  f o r  f u l v i c  a c i d - i n t o - P b



77

79

88

91

112

116

126

128

136

144

157

t i t r a t i o n s .

7 +T a b l e  1 1 . C o n d i t i o n s  f o r  Pb - i n t o - f u l v i c  a c i d  

t i t r a t i o n s .

2 +T a b l e  1 2 . C o n d i t i o n s  f o r  Cu - f u l v i c  a c i d  t i t r a t i o n s .

T a b l e  1 3 . L e a d ( I I )  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s

w i t h  f u l v i c  a c i d s  d e r i v e d  f rom s o i l  and w a t e r .

T a b l e  1 4 . S c a t t e r i n g  t h r e s h o l d s  f o r  Pb-FA c o m p l e x e s .

T a b l e  1 5 . C o n d i t i o n s  f o r  f l u o r e s c e n c e  e x p e r i m e n t s .

T a b l e  1 6 . A s s o c i a t i o n  c o n s t a n t s  f o r  f u l v i c  a c i d  and

model  co mpounds .

T a b l e  1 7 . F l u o r e s c e n c e  r e s p o n s e  o f  SFA a t  t h r e e  

w a v e l e n g t h s .

T a b l e  1 8 . • Q u e n c h i n g  o f  s o i l - d e r i v e d  f u l v i c  a c i d  

f l u o r e s c e n c e  by  h i g h  c o n c e n t r a t i o n s  o f  m e t a l  i o n s  a t  

low pH.

7 +T a b l e  1 9 . Cd -SFA f l u o r e s c e n c e  q u e n c h i n g  a t  pH 

7 . 5 - 8 . 0 .

7 4* 2  4*T a b l e  2 0 . Co -  and Ni - s a l i c y l i c  a c i d  f l u o r e s c e n c e ,

pH 5 and 8 .

T a b l e  2 1 . C o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  c a l c u l a t e d  

by  v a r i o u s  m e t h o d s  f o r  c o m p l e x e s  b e t w e e n  m e t a l  i o n s  

and s o i l - d e r i v e d  f u l v i c  a c i d .

ix



LIST OF FIGURES

PAGE

2 +35 F i g u r e  1_. C o m p a r i s o n  o f  t i t r a t i o n s  o f  Cd and

s o i l - d e r i v e d  f u l v i c  a c i d  (SFA) a s  p e r f o r m e d  by

i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t i o m e t r y  ( ISE)  and by  

u l t r a f i l t r a t i o n / a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y  

( U F ) . K i s  t h e  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t .  I o n i c  

s t r e n g t h  ( I )  = 0 . 1  M and t e m p e r a t u r e  (T) = 25°C.

2 +39 F i g u r e  2 . S c a t c h a r d  p l o t  o f  an S F A - m t o - C d

i o n - s e l e c t i v e  e l e c t r o d e  t i t r a t i o n  a t  pH 5 . 0 .  v = 
2 +

(CCd " [ C d  1 ) / CSFA* The two s Ymb° l  t y p e s  r e p r e s e n t  

r e p l i c a t e  t i t r a t i o n s .  I  = 0 . 1  M and T = 25°C.

44 Figure 3_* Conditional stability constants (K) for
2 +r e p l i c a t e  Cd - i n t o - S F A  t i t r a t i o n s  a t  e a c h  o f  f i v e  pH

v a l u e s .  The s o i l - d e r i v e d  f u l v i c  a c i d  (SFA)

— 4 oc o n c e n t r a t i o n  was 5 x 10 M. I = 0 . 1  M and T = 25 C.

45 F i g u r e  £ .  C o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  (K) f o r
2 +r e p l i c a t e  Cd - i n to - W F A  t i t r a t i o n s  a t  e a c h  o f  f i v e  pH

v a l u e s .  The w a t e r - d e r i v e d  f u l v i c  a c i d  (WFA)
— 4 oc o n c e n t r a t i o n  was  5 x 10 M. I = 0 . 1  M and T = 25 C.

51 F i g u r e  5̂ . C o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  (K) f o r  
2 +Cd - i n t o - S F A  t i t r a t i o n s  a t  f o u r  c o n c e n t r a t i o n s  o f  

s o i l - d e r i v e d  f u l v i c  a c i d  (SFA) .  I  = 0 . 1  M and T = 

2 5 ° C .



52 F i g u r e  5_. C o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  (K) f o r
2 +Cd - i n to -W FA t i t r a t i o n s  a t  t h r e e  c o n c e n t r a t i o n s  o f  

w a t e r - d e r i v e d  f u l v i c  a c i d  (WFA). I = 0 . 1  M and T = 

2 5 ° C .

2 +55 F i g u r e  7_. S c a t c h a r d  p l o t  c o m p a r i n g  Cu - i n t o - S F A  and

S F A - i n t o - C u 2+ t i t r a t i o n s  a t  pH 4 . 0 .  SFA i s
—  2 + s o i l - d e r i v e d  f u l v i c  a c i d  and v i s  (C_ - [ C u  ] ) / C _ , t.,A.

CU o c A

I  = 0 . 1  M and T = 2 5 ° C .

? +56 F i g u r e  8_. A c o m p a r i s o n  o f  Cd - i n to - W F A  and

W F A - i n t o - C d 2+ t i t r a t i o n s  a t  pH 6 . 0 .  WFA i s

w a t e r - d e r i v e d  f u l v i c  a c i d  and K i s  t h e  c o n d i t i o n a l

s t a b i l i t y  c o n s t a n t .  I  = 0 . 1  M and T = 25°C.  R e a g e n t

c o n c e n t r a t i o n s  a r e  shown f o r  one  e x p e r i m e n t a l  p o i n t  i n  

e a c h  t i t r a t i o n  w i t h  a p p r o x i m a t e l y  e q u a l  [Cd-WFAJ/CWFA.

2 +57 F i g u r e  9_. A c o m p a r i s o n  o f  Cd - i n t o - S F A  and

S F A - i n t o - C d ^ + t i t r a t i o n s  a t  pH 6 . 0 .  SFA i s

s o i l - d e r i v e d  f u l v i c  a c i d  and K i s  t h e  c o n d i t i o n a l

s t a b i l i t y  c o n s t a n t .  I  = 0 . 1  M and T = 25°C.

58 F i g u r e  1 0 . I d e a l i z e d  g r a p h  show ing  t h e  c h a n g e  i n

c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t  K w i t h  c h a n g i n g  

[C d- FA ] /C FA f o r  F A - i n t o - C d 2+ t i t r a t i o n s .  C u r v e s  A and 

B r e p r e s e n t  two f a c t o r s  t h a t  add t o  f orm t h e  o b s e r v e d  

c u r v e  s h a p e  C. D e t a i l s  on t h e s e  e f f e c t s  a p p e a r  i n  t h e  

t e x t .

2 +85 F i g u r e  1 1 . F o r m a t i o n  c u r v e s  f o r  Pb c o m p l e x e s  w i t h

x 1



s o i l - d e r i v e d  f u l v i c  a c i d  (SFA).  [SFA] = 5 x 10 M, I 

= 0 . 1  M, T = 25°C ,  and v = (Cp b - [ P b 2 + ] ) / C g FA.

P r e c i p i t a t i o n  o f  s o l i d  Pb-SFA a g g r e g a t e s  o c c u r r e d

b e f o r e  t h e  end o f  t h e s e  t i t r a t i o n s .

2  4*86 F i g u r e  1 2 . F o r m a t i o n  c u r v e s  f o r  Pb c o m p l e x e s  w i t h

w a t e r - d e r i v e d  f u l v i c  a c i d  (WFA). [WFA] = 5 x 10 ^ M,

I = 0 . 1  M, T = 25°C ,  and v = (Cp b - [ P b 2+] ) / C wpA.

P r e c i p i t a t i o n  o f  s o l i d  Pb-WFA a g g r e g a t e s  o c c u r r e d

b e f o r e  t h e  end o f  t h e s e  t i t r a t i o n s .

2 +92 F i g u r e  1 3 . F r e e  m e t a l  i on  [M ] v s .  mo le  r a t i o  o f

t o t a l  m e t a l  i o n  t o  t o t a l  SFA (CM/ C SFA) f o r  s e p a r a t e  

t i t r a t i o n s  o f  Pb ^ + , Cu^ + , and Cd^+ t i t r a n t s .  

S o i l - d e r i v e d  f u l v i c  a c i d  (SFA) c o n c e n t r a t i o n  = 5 x 

10- 5  M, pH = 5 . 0 ,  I  = 0 . 1  M, and T = 25°C .

2 +93 F i g u r e  1 4 . F r e e  m e t a l  i on  [M ] v s .  mole  r a t i o  o f

t o t a l  m e t a l  i o n  t o  t o t a l  WFA (c m/ C w f a ) f ° r s e p a r a t e  

t i t r a t i o n s  o f  Pb^ + , Cu^+ , and Cd^+ t i t r a n t s .

W a t e r - d e r i v e d  f u l v i c  a c i d  (WFA) c o n c e n t r a t i o n  = 5 x

1 0 " 5 M, pH = 4 . 5 ,  I = 0 . 1  M, and T = 25°C.

95 F i g u r e  1 5 . R e s u l t s  f o r  t h e  same t i t r a t i o n s  a s  i n

F i g u r e  13 .  The y - a x i s  v a r i a b l e  i s  t h e  f r a c t i o n  o f  a l l

m e t a l  i o n s  i n  e a c h  a l i q u o t  t h a t  becomes  bound  a s  i t  

m i x e s  w i t h  t h e  s o i l - d e r i v e d  f u l v i c  a c i d  s o l u t i o n ,  v =

(c m' [m ^ ^ s f a *

96 F i g u r e  1 6 . R e s u l t s  f o r  t h e  same t i t r a t i o n s  a s  i n
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F i g u r e  14 .  The y - a x i s  v a r i a b l e  i s  t h e  f r a c t i o n  o f  a l l  

m e t a l  i o n s  i n  e a c h  a l i q u o t  t h a t  becomes-  bound  a s  i t  

m i x e s  w i t h  t h e  w a t e r - d e r i v e d  f u l v i c  a c i d  s o l u t i o n .  v

= <c h - [ m2 + ] ) / cw p a .

7 +98 F i g u r e  1 7 . T i t r a t i o n s  o f  Pb i n t o  two c o n c e n t r a t i o n s

o f  s o i l - d e r i v e d  f u l v i c  a c i d  (SFA) .  I = 0 . 1  M, pH =

4 . 5 ,  T = 25°C ,  and v = ( C p ^ - [ P b 2+] ) / C SpA* The y - a x i s
2 +v a r i a b l e  i s  t h e  f r a c t i o n  o f  a l l  Pb i n  e a c h  a l i q u o t  

t h a t  becomes  bound  a s  i t  m i x e s  w i t h  t h e  SFA s o l u t i o n .

100 F i g u r e  1 8 . S c a t t e r i n g  a t  400 nm o f  pH 4 . 5  s o l u t i o n s
2 +c o n t a i n i n g  Pb and two d i f f e r e n t  c o n c e n t r a t i o n s  o f  

s o i l - d e r i v e d  f u l v i c  a c i d  (SFA) .  I  = 0 . 1  M and T =

2 5 ° C .

102 F i g u r e  1 9 . S c a t t e r i n g  a t  400 nm o f  pH 4 . 5  s o l u t i o n s

c o n t a i n i n g  5 x 1 0 - 5  M SFA and e i t h e r  Pb2 + , Cu2 + , o r
2 +Cd . SFA i s  s o i l - d e r i v e d  f u l v i c  a c i d .  I  = 0 . 1  M and 

T = 2 3 ° C .

120 F i g u r e  2 0 . F l u o r e s c e n c e  o f  5 x 1 0 “ ^ M s o i l - d e r i v e d

f u l v i c  a c i d  (SFA) s o l u t i o n s  i n  t h e  p r e s e n c e s  ( c r o s s e s )

o r  a b s e n c e  ( t r i a n g l e s )  o f  Cu2 + . I  = 0 . 1  M and T =

2 3 ° C .

121 F i g u r e  2 1 . F l u o r e s c e n c e  o f  5 x 10*"'* M w a t e r - d e r i v e d

f u l v i c  a c i d  (WFA) i n  t h e  p r e s e n c e  ( c r o s s e s )  o r  a b s e n c e

( t r i a n g l e s )  o f  Cu2 + . I = 0 . 1  M and T = 23°C .



2 +123 F i g u r e  2 2 . C o m p a r i s o n  o f  Cu t i t r a t i o n s  p e r f o r m e d  by

i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t i o m e t r y  and f l u o r e s c e n c e  

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

f u l v i c  a c i d  (SFA) was 5 x 10 - ^ M, I  = 0 . 1  M and T = 

2 .3-25°C.

130 F i g u r e  2 3 . C o m p a r i s o n  o f  t h e  p e r c e n t a g e  o f  s a l i c y l i c

a c i d  f l u o r e s c e n c e  t h a t  was q u e n c h e d  and t h e  c a l c u l a t e d
2 +p e r c e n t a g e  o f  s a l i c y l i c  a c i d  c o m p l e x e d  w i t h  Cu a t  pH

-46 . 0 .  S a l i c y l i c  a c i d  c o n c e n t r a t i o n  was 1 . 5  x 10 M, I 

= 0 . 1  M, and T = 2 3 ° C .

2 +132 F i g u r e  2 4 . C o m p a r i s o n  o f  Pb t i t r a t i o n s  p e r f o r m e d  by

i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t i o m e t r y  and by

f l u o r e s c e n c e  s p e c t r o p h o t o m e t r y .  The c o n c e n t r a t i o n  o f
— Ss o i l - d e r i v e d  f u l v i c  a c i d  (SFA) was 5 x 10 m , 1 =  0 . 1  

M, and T = 2 3 - 2 5 ° C .

2 +133 F i g u r e  2 5 . C o m p a r i s o n  o f  Pb t i t r a t i o n s  p e r f o r m e d  by

i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t i o m e t r y  and by

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

w a t e r - d e r i v e d  f u l v i c  a c i d  (WFA) was 5 x 1 0 " ' ’ M, I  =

' 0 . 1  M, and  T = 2 3 - 2 5 ° C .

- 5138 F i g u r e  2 6 . F l u o r e s c e n c e  o f  5 x 10 M s o l u t i o n s  o f

s o i l - d e r i v e d  f u l v i c  a c i d  (SFA) w i t h o u t  m e t a l  i o n  and
2 + 2 +i n  t h e  p r e s e n c e  o f  e i t h e r  Ni  o r  Co . I = 0 . 1  M and

T = 2 3 ° C .

139 F i g u r e  27 .  F l u o r e s c e n c e  t i t r a t i o n s  a t  pH 4 . 0  and 6 . 0
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P 4-
f o r  Co and s o i l - d e r i v e d  f u l v i c  a c i d  ( S F A ) . [SFA] =

5 x 1 0 “ 5 M, I  = 0 . 1  M, and T = 23°C.

140 F i g u r e  2 8 . F l u o r e s c e n c e  t i t r a t i o n s  a t  pH 4 . 0  and 6 . 0
9  4-

f o r  Ni and s o i l - d e r i v e d  f u l v i c  a c i d  (S F A ) . [SFA] =

5 x 1 0 ~ 5 M, I = 0 . 1  M, and T = 23°C.

146 F i g u r e  2 9 . C o m p a r i s o n  o f  s t a b i l i t y  c o n s t a n t s  (K)

c a l c u l a t e d  f o r  Cd2+-SFA,  Co2+-SFA,  and N i 2+-SFA

c o m p l e x e s  a t  pH 4 . 0  and 6 . 0 .  S o i l - d e r i v e d  f u l v i c  a c i d

(SFA) c o n c e n t r a t i o n s  we r e  5 x 10 - ^ M f o r  t h e  Cd2+ 

t i t r a t i o n s  and 5 x 10~^ M f o r  t h e  Co2+ and N i 2+

t i t r a t i o n s .  I = 0 . 1  M and T = 2 3 - 2 5 ° C .
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ABSTRACT

CADMIUM(II) ,  L E A D ( I I ) ,  AND COPPER(II)  COMPLEXATION BY 

FULVIC ACIDS DERIVED FROM SOIL AND WATER: 

ION-SELECTIVE ELECTRODE AND SPECTROFLUOROMETRIC STUDIES

by

R o b e r t  A. S a a r  

U n i v e r s i t y  o f  New H a m p s h i r e ,  May, 1980

T h i s  s t u d y  d e s c r i b e s  c o m p l e x a t i o n  o f  m e t a l  i o n s  by

f u l v i c  a c i d ,  t h e  a c i d  s o l u b l e  f r a c t i o n  o f  o r g a n i c  m a t t e r

f o u n d  i n  s o i l s  (SFA) and w a t e r  b o d i e s  (WFA). Such

c o m p l e x a t i o n  a f f e c t s  t h e  t o x i c i t y  and g e o c h e m i c a l  m o b i l i t y

o f  h e a v y - m e t a l  i o n s .  A l l  t h e  work was p e r f o r m e d  w i t h  two

p r e v i o u s l y  i s o l a t e d  and  c h a r a c t e r i z e d  f u l v i c  a c i d s :  one  f rom

a p o d z o l  s o i l  and t h e  o t h e r  f r om a f r e s h w a t e r  r i v e r .  The

work  i s  d i v i d e d  i n t o  t h r e e  m a j o r  s e c t i o n s .
2 +I .  C o m p l e x a t i o n  o f  Cd by f u l v i c  a c i d .  The

c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  f o r  c o m p l e x e s  b e t w e e n
2 + 2 + a q u e o u s  Cd and t h e  two f u l v i c  a c i d s  we re  s t u d i e d  by  Cd

i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t i o m e t r y .  A t e m p e r a t u r e  o f

25°C. and a medium o f  0 . 1  M KNO^ was  u se d  t h r o u g h o u t .  The
2 +b e s t  r e s u l t s  a r o s e  when Cd ( r a t h e r  t h a n  f u l v i c  a c i d )  was 

t h e  t i t r a n t .  The e x p e r i m e n t s  show t h a t  (1) s t a b i l i t y  

c o n s t a n t s  i n c r e a s e d  w i t h  i n c r e a s i n g  pH, and (2) s t a b i l i t y  

c o n s t a n t s  d e c r e a s e d  a s  t h e  f u l v i c  a c i d  c o n c e n t r a t i o n  r o s e  

t o w a r d  70 mg/L.  The s e c o n d  e f f e c t  d o e s  n o t  o c c u r  f o r  t h e



2 +Cu - f u l v a t e  s y s t e m ,  

i n t e r a c t i o n s  among

s i t e s  o t h e r w i s e  a v a i i a D i e  t o  . f rom

l o g a r i t h m  o f  t h e  1 : 1  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t

i n c r e a s e s  f rom 3 . 1 5  t o  4 . 0 8  f o r  WFA and f rom 3 . 2 3  t o  4 . 6 3

f o r  SFA. Fewer  o x y g e n - c o n t a i n i n g  c o m p l e x a t i o n  s i t e s  p e r

mole  o f  WFA i s  a r e a s o n  f o r  t h e  l o w e r  WFA c o n s t a n t s  f ound
2 +d u r i n g  t h i s  s t u d y  and  i n  t h e  n e x t  one  w i t h  Pb

2 + 2 +I I .  C o m p l e x a t i o n  o f  Pb by f u l v i c  a c i d .  Pb fo r m s
2 +much s t r o n g e r  c o m p l e x e s  w i t h  SFA and WFA t h a n  d o e s  Cd , a s

2 +m e a s u r e d  by Pb i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t i o m e t r y  a t

25°C i n  0 . 1  M KNO^. From pH 4 . 0  t o  6 . 0 ,  t h e  l o g a r i t h m  o f  
2 +1 : 1  Pb -SFA c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  i n c r e a s e s  f rom

2 +4 . 0  t o  6 . 3 .  The c o r r e s p o n d i n g  c o n s t a n t s  f o r  Pb -WFA m  t h e

r a n g e  pH 4 . 5  t o  6 . 0  i n c r e a s e  f rom 3 . 7  t o  5 . 1 .
2  4*Pb - f u l v a t e  p r e c i p i t a t e s  a t  v e r y  low mole  r a t i o s  o f  

m e t a l  i o n  t o  f u l v i c  a c i d .  T h i s  p r e c i p i t a t i o n  l i m i t s  t h e

r a n g e  o f  r e a g e n t  c o n c e n t r a t i o n s  t h a t  c a n  be  u s e d  f o r
2 + 2 + s o l u t i o n - p h a s e  s t u d i e s  o f  Pb - f u l v a t e  c o m p l e x e s .  Pb and

2 +Cu form s i m i l a r  s t r e n g t h  c o m p l e x e s  w i t h  f u l v i c  a c i d  u n t i l  
2 +Pb - f u l v a t e  p r e c i p i t a t i o n  b e g i n s .  At t h a t  p o i n t ,  r e m o v a l  

2 +o f  h y d r a t e d  Pb i s  more  c o m p l e t e  t h a n  i s  t h e  r e m o v a l  o f  
2 +h y d r a t e d  Cu a s  d e m o n s t r a t e d  i n  p a r a l l e l  e x p e r i m e n t s .  The 

2 +e x t r a  Pb r e m o v a l  f r om s o l u t i o n  a p p e a r s  t o  o c c u r  t h r o u g h
2 +p h y s i c a l  a s s o c i a t i o n  w i t h  Pb - f u l v a t e  s o l i d s  a s  w e l l  a s  by 

c h e l a t i o n  by  s i t e s  s t i l l  a v a i l a b l e  i n  t h e  p r e c i p i t a t e s .  

On ly  a t  much h i g h e r  mole  r a t i o s  o f  m e t a l  i o n  t o  f u l v i c  a c i d

I n  r e l a t i v e l y  c o n c e n t r a t e d  s o l u t i o n s ,

f u l v i c  a c i d  m o l e c u l e s  a p p a r e n t l y  b l o c k  
2 +  _____
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2 +d o e s  Cu - f u l v a t e  p r e c i p i t a t e .

I I I .  F l u o r e s c e n c e  s t u d i e s .  T h e s e  f u l v i c  a c i d s  h a v e  a

b r o a d ,  f e a t u r e l e s s  f l u o r e s c e n c e  p e a k  a t  44 5 - 45 0  nm upon

e x c i t a t i o n  a t  350 nm. The work  shows t h a t  (1) f l u o r e c e n c e

i n t e n s i t y  v a r i e s  w i t h  pH, b e i n g  t h e  g r e a t e s t  n e a r  pH 5 . 0  and

d r o p p i n g  o f f  m o s t  n o t a b l y  b e lo w  pH 4.  (2) M e t a l  i o n s  a t
- 3c o n c e n t r a t i o n s  o f  a p p r o x i m a t e l y  10 M o r  l e s s  t h a t  a r e  n o t

co m p l e x e d  by f u l v i c  a c i d  do n o t  q u e n c h  t h e  f l u o r e s c e n c e .
2 + 2 2

(3) p a r a m a g n e t i c  i o n s  su c h  a s  Cu , Co , and Ni , when

c o m p l ex e d  by  f u l v i c  a c i d  q u e n ch  t h e  f l u o r e s c e n c e .  A

c o m p a r i s o n  o f  i o n - s e l e c t i v e  e l e c t r o d e  and f l u o r e s c e n c e
2 +s t u d i e s  f o r  Cu -SFA c o m p l e x e s  shows a d i r e c t

p r o p o r t i o n a l i t y  b e t w e e n  t h e  amount  o f  comp lex  and t h e

p e r c e n t a g e  o f  f l u o r e s c e n c e  q u e n c h e d  f rom pH 3 . 0  t o  6 . 0 .

Wi th  f u r t h e r  d e v e l o p m e n t ,  f l u o r e s c e n c e  o f f e r s  p r o m i s e  a s  a 

means  o f  m e a s u r i n g  s t a b i l i t y  c o n s t a n t s  f o r  c o m p l e x e s  b e t w e e n  

f u l v i c  a c i d  and p a r a m a g n e t i c  m e t a l  i o n s .



CHAPTER 1

AN OVERVIEW OF METAL-ION COMPLEXATION BY FULVIC ACID

BACKGROUND ON FULVIC ACID

The p a l e  y e l l o w - b r o w n  c o l o r  i n  many r i v e r s  and l a k e s  

i n d i c a t e s  t h e  p r e s e n c e  o f  d i s s o l v e d  o r g a n i c  m a t t e r .  The 

o r g a n i c  m a t t e r  comes  l a r g e l y  f rom s o i l s  c o v e r i n g  t h e  

s u r r o u n d i n g  a r e a s ,  and  i s  d e r i v e d  o r i g i n a l l y  f r om t h e  w a s t e s  

o f  p l a n t s  and a n i m a l s  and t h e  b y - p r o d u c t s  o f  t h e i r  d e c a y .  

The m a t e r i a l  i s  o f  two m a j o r  t y p e s :  b i o p o l y m e r s  ( i n c l u d i n g  

c a r b o h y d r a t e s ,  p r o t e i n  f r a g m e n t s ,  f a t s ,  and p i g m e n t s )  and 

g e o p o l y m e r s ,  w h i c h  a r e  commonly c a l l e d  humic  s u b s t a n c e s  

( R e u t e r  and P e r d u e ,  1 9 7 7 ) .

When i s o l a t e d ,  humic  s u b s t a n c e s  a r e  d a r k  brown or  

n e a r l y  b l a c k .  They  a r e  d e r i v e d  f rom b i o l o g i c a l  p r o c e s s e s  

j u s t  a s  b i o p o l y m e r s  a r e ,  b u t  t h e  humic  s u b s t a n c e s  h a v e  b e e n  

a l t e r e d  so  much by  w e a t h e r i n g  and b i o l o g i c a l  d e g r a d a t i o n  

t h a t  t h e y  l o s e  t h e  commonly known s t r u c t u r e s  o f  o r g a n i c  and 

b i o l o g i c a l  m o l e c u l e s  ( S c h n i t z e r  and Khan,  1 9 7 2 ) .  Many u s u a l  

enzymes  and m i c r o b e s  c a n n o t  e f f i c i e n t l y  b r e a k  down t h e s e

1
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u n u s u a l  s t r u c t u r e s ,  so  humic  s u b s t a n c e s  d e g r a d e  more  s l o w l y  

t h a n  do t h e  more  u s u a l  b i o l o g i c a l  m o l e c u l e s .  I t  i s  

e s t i m a t e d  t h a t  60-80% o f  d i s s o l v e d  and p a r t i c u l a t e  o r g a n i c  

c a r b o n  i n  r i v e r  w a t e r  i s  i n  humic  s u b s t a n c e s  ( R e u t e r  and 

P e r d u e , 1 9 7 7 ) .

Humic s u b s t a n c e s  ha v e  b e e n  s t u d i e d  s i n c e  t h e  e i g h t e e n t h  

c e n t u r y  ( S c h n i t z e r  and Khan,  1 9 7 2 ) ,  b u t  t h e y  a r e  so  

c o m p l i c a t e d  and d i f f i c u l t  t o  s t u d y  t h a t  t h e r e  i s  no s h o r t a g e  

o f  r e s e a r c h  p o s s i b i l i t i e s  e v e n  now. The m a t e r i a l  i s  a 

m i x t u r e  o f  many h y d r o p h i l i c  compounds  t h a t  h a v e  t h e  

c h a r a c t e r i s t i c s  o f  p o l y e l e c t r o l y t e s .  The m o l e c u l a r  w e i g h t s  

o f  t h e  compounds  i n  t h e  m i x t u r e  r a n g e  f rom a few h u n d r e d  t o  

t e n s  o f  t h o u s a n d s  o f  d a l t o n s .

I t  i s  p o s s i b l e  t o  d i v i d e  humic  s u b s t a n c e s  i n t o  s e v e r a l  

s u b g r o u p s .  The m o s t  common s e p a r a t i o n  i s  b a s e d  on 

s o l u b i l i t y  i n  a c i d  and b a s e :

Humic a c i d . S o l u b l e  i n  b a s e ,  b u t  p r e c i p i t a t e s  when 

a c i d i f i e d .

F u l v i c  a c i d . S o l u b l e  i n  b o t h  a c i d  and b a s e .

Humin . S o l u b l e  i n  n e i t h e r  a c i d  no r  b a s e .

F u l v i c  a c i d  (FA) i s  t h e  f r a c t i o n  o f  humic  s u b s t a n c e s  t h a t  

p a r t i c i p a t e s  i n  t h e  c h e m i s t r y  d i s c u s s e d  i n  t h i s  

d i s s e r t a t i o n .  I t  s h a r e s  many c h e m i c a l  c h a r a c t e r i s t i c s  o f  

humic  s u b s t a n c e s  i n  g e n e r a l ,  h a v i n g  a w ide  v a r i e t y  o f  

a r o m a t i c  and a l i p h a t i c  s t r u c t u r e s ;  i n d e e d ,  t h e r e  may n o t  be  

two m o l e c u l e s  i n  t h e  m i x t u r e  t h a t  a r e  i d e n t i c a l .  M o l e c u l a r  

w e i g h t s  o f  t h e  v a r i o u s  compounds  mak ing  up FA v a r y  f rom
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h u n d r e d s  t o  t h o u s a n d s  o f  d a l t o n s .  F u l v i c  a c i d  i s  c o n s i d e r e d  

a p o l y e l e c t r o l y t e  (Gamble ,  1 9 7 0 ) ,  l a r g e l y  b e c a u s e  i t  h a s  

many o x y g e n - c o n t a i n i n g  f u n c t i o n a l  g r o u p s ,  p a r t i c u l a r l y  -COOH 

and -OH. Many o f  t h e s e  f u n c t i o n a l  g r o u p s  c a n  be  p r o t o n a t e d  

and d e p r o t o n a t e d  i n  t h e  pH r a n g e  common i n  n a t u r a l  w a t e r s  

(pH 3 - 9 ) ,  a n d ,  t h e r e f o r e ,  FA may a l t e r  t h e  pH b u f f e r i n g  

c a p a c i t y  o f  s o i l s  and w a t e r  b o d i e s  ( B r o s s e t ,  1 9 7 9 ) .  

Hydrogen  i o n ,  t h o u g h ,  i s  n o t  t h e  o n l y  c a t i o n  t h a t  may a t t a c h  

t o  f u l v i c  a c i d  m o l e c u l e s .  M e t a l  i o n s ,  n o t a b l y  a l k a l i ,  

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  i o n s  may be  c o m p l e x e d  

by a n i o n i c  g r o u p s  on t h e  f u l v i c  a c i d  m o l e c u l e s .

The m e t a l - i o n  c o m p l e x a t i o n  by f u l v i c  a c i d  h a s  i m p o r t a n t  

i m p l i c a t i o n s .  F i r s t ,  d i s s o l v e d  o r g a n i c  m a t t e r  i n  a w a t e r  

body  may fo rm  s o l u b l e  c o m p l e x e s  w i t h  m e t a l  i o n s  t h a t  we re  

p r e c i p i t a t e d  o r  a d s o r b e d  o n t o  s e d i m e n t s .  I n  a d d i t i o n ,  some 

f r a c t i o n  o f  t h e  m e t a l  i o n s  n e w l y  e n t e r i n g  a w a t e r  body  w i l l  

be  t a k e n  up by  t h e  f u l v i c  a c i d  m o l e c u l e s .  I n  a s e n s e ,  

f u l v i c  a c i d ,  a s  w e l l  a s  o t h e r  c l a s s e s  o f  s o l u b l e  o r g a n i c  

m a t t e r ,  c a n  a c t  a s  m e t a l - i o n  b u f f e r s .  M e t a l - i o n  b u f f e r s ,  

l i k e  h y d r o g e n - i o n  b u f f e r s ,  h a v e  l i m i t s :  a t  some p o i n t ,  t h e  

c a p a c i t y  o f  d i s s o l v e d  o r g a n i c  m a t t e r  t o  c om p l ex  a d de d  m e t a l  

i on  w i l l  be  r e a c h e d .  T h i s  l i m i t  i s  c a l l e d  t h e  c o m p l e x i n g  

c a p a c i t y  o f  t h e  w a t e r  s a m p l e .  Com ple x i ng  c a p a c i t i e s  d i f f e r  

n o t  o n l y  f rom one  f u l v i c  a c i d  s a m p l e  t o  t h e  n e x t ,  b u t  a l s o  

f rom one  m e t a l  i o n  t o  t h e  n e x t .  A l t h o u g h  t h e  t h e r m o d y n a m i c  

s t r e n g t h  o f  a c o m p l e x  and t h e  number  o f  c o m p l e x a t i o n  s i t e s  

i n  a f u l v i c  a c i d  s a m p l e  a r e  n o t  d i r e c t l y  r e l a t e d ,  one  m u s t
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c o n s i d e r  b o t h  f a c t o r s  when t r y i n g  t o  d e t e r m i n e  t h e  amoun t  o f  

f r e e  ( h y d r a t e d )  • m e t a l  i o n  and t h e  amoun t  o f  c o m p l e x e d  m e t a l  

i o n  i n  a w a t e r  o r  s o i l  s a m p l e .

A s e c o n d  i m p l i c a t i o n  o f  c o m p l e x a t i o n  b e t w e e n  f u l v i c

a c i d  and m e t a l  i o n s  r e l a t e s  t o  t h e  t o x i c i t y  o f  c e r t a i n  m e t a l
04 -  2  4*i o n s .  I o n s  s u c h  a s  Cu o r  Cd h a v e  l o w e r  t o x i c i t y  when 

t h e y  a r e  p a r t  o f  a c o m p l ex  t h a n  when t h e y  a r e  f r e e ,  h y d r a t e d  

m e t a l  i o n s  ( J e n n e  and  Luoma,  1 9 7 7 ) .  Even t h o u g h  t h e  t o t a l  

c o n c e n t r a t i o n  o f  a  t o x i c  m e t a l  i o n  ( b o t h  c o m p l e x e d  and 

unc o mp lex e d )  may be  h i g h e r  i n  a w a t e r  bo dy  w i t h  h i g h  f u l v i c  

a c i d  c o n c e n t r a t i o n  t h a n  i n  a w a t e r  b ody  w i t h  low f u l v i c  a c i d  

c o n c e n t r a t i o n ,  t h e  t o x i c i t y  o f  t h e  f u l v i c  a c i d  r i c h  w a t e r  

may be  l o w e r ,  b e c a u s e  a r e l a t i v e l y  s m a l l  f r a c t i o n  o f  t h e  

t o x i c  m e t a l  i o n  i s  i n  i t s  m o s t  t o x i c  ( h y d r a t e d )  f o r m .

The f a c t  t h a t  f u l v i c  a c i d  i s  a c l a s s  o f  compounds  

r a t h e r  t h a n  a s i n g l e  s u b s t a n c e  d i s t i n g u i s h e s  i t s  s t u d y  f rom 

o t h e r  c h e m i c a l  p u r s u i t s .  For  i n d i v i d u a l  co mp ou nd s ,  we t a l k  

a b o u t  m o l e c u l a r  w e i g h t s ,  c r y s t a l  s t r u c t u r e s ,  d i s c r e t e  

d i s s o c i a t i o n  c o n s t a n t s  and d i s t i n c t  s p e c t r a .  Th ose  s t u d y i n g  

i n d i v i d u a l  compounds  a r e  o f t e n  r e w a r d e d  by  t h e  p r e c i s i o n ,  

c o m p l e t e n e s s ,  and f i n a l i t y  o f  t h e i r  s t u d i e s .

Such i s  n o t  t h e  c a s e  f o r  f u l v i c  a c i d  o r  f o r  t h e  o t h e r  

c l a s s e s  o f  n a t u r a l l y  o c c u r r i n g  o r g a n i c  s u b s t a n c e s ,  humic  

a c i d  and h u m in .  At  b e s t ,  we s p e a k  o f  a v e r a g e  m o l e c u l a r  

w e i g h t s  and r a n g e s  o f  d i s s o c i a t i o n  c o n s t a n t s  f o r  t h e  c l a s s ;  

t h e  s p e c t r a  a r e  f e a t u r e l e s s  and b r o a d .  The e f f o r t  t o  

c h a r a c t e r i z e  f u l v i c  a c i d  a s  c o m p l e t e l y  a s  h a s  b e e n  do ne  f o r
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s i n g l e  compounds  d r i v e s  r e s e a r c h e r s  t o  e v e r  more c o m p l i c a t e d  

m a t h e m a t i c s  and m o d e l s .

A p r o b l e m  may a r i s e  f r om t h i s  t y p e  o f  e f f o r t .  Are we 

t r y i n g  t o  a p p l y  t h e  v o c a b u l a r y  and m e t h o d s  u s e d  f o r  s i n g l e  

compounds  t o  c l a s s e s  o f  compounds?  M ig h t  we n e ed  a new 

a p p r o a c h ?  Or i s  i t  a d m i t t i n g  d e f e a t  i f  we do n o t  p u r s u e  t h e  

i n v e s t i g a t i o n  o f  r e l a t i v e l y  i l l - d e f i n e d  c l a s s e s  o f  

s u b s t a n c e s  t o  a h i g h  l e v e l  o f  c o m p l e t e n e s s ?

The f a c t  r e m a i n s  t h a t  d e s c r i b i n g  and w o r k i n g  w i t h  

f u l v i c  a c i d  i s  f r e q u e n t l y  d i f f i c u l t .  Bu t  o v e r  t h e  y e a r s ,  an 

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

d e v e l o p .  T h e r e  i s  no s h o r t a g e  o f  c o n t r a d i c t o r y  d a t a ,  b u t  

t h e  g e n e r a l  t r e n d  i s  t o w a r d  c l a r i t y  r a t h e r  t h a n  c o n f u s i o n .

COMPLEXES BETWEEN METAL IONS AND FULVIC ACID

M e a s u r i n g  t h e  s t r e n g t h  o f  c o m p l e x e s  b e t w e e n  m e t a l  i o n  

and f u l v i c  a c i d  i s  f r e q u e n t l y  t h e  g o a l  o f  f u l v i c - a c i d  

r e s e a r c h ,  and i t  i s  t h e  s u b j e c t  o f  t h i s  d i s s e r t a t i o n .  I n  

t h e  e n v i r o n m e n t ,  many d i f f e r e n t  m e t a l  i o n s  may c o m p e te  i n  

s o l u t i o n  f o r  f u l v i c  a c i d  b i n d i n g  s i t e s .  Howeve r ,  t h e  many 

r e a c t i o n s  b e t w e e n  t h e  v a r i o u s  m e t a l  i o n s  and f u l v i c  a c i d  

c a u s e  t h e  n a t u r a l  s y s t e m  t o  be so  c o m p l i c a t e d  t h a t  i t  m u s t  

be s t u d i e d  i n  s i m p l e r  p i e c e s :  s t a b i l i t y  c o n s t a n t s  f o r  FA 

c o m p l e x e s  a r e  c a l c u l a t e d  f o r  one  t y p e  o f  m e t a l  i o n  a t  a 

t i m e .  No t  o n l y  a r e  t h e r e  t h e s e  s o l u t i o n - p h a s e  r e a c t i o n s ,  

b u t  t h e  d i s s o l v e d  s p e c i e s  c an  a l s o  a d s o r b  o n t o  s o l i d s  and 

c o l l o i d s .  The ho p e  i s  t h a t  t h e  r e s u l t s  o f  many r e s e a r c h
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g r o u p s  may c o l l e c t i v e l y  form a r e a s o n a b l y  c l o s e  p i c t u r e  o f  

wha t  a c t u a l l y  o c c u r s .

T h e r e  a r e  s e v e r a l  ways t o  m e a s u r e  s t a b i l i t y  c o n s t a n t s  

f o r  c o m p l e x e s  b e t w e e n  m e t a l  i o n s  and f u l v i c  a c i d .  One way 

i s  t o  m e a s u r e  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  a f t e r  a d d i n g  

a known amount  o f  m e t a l  i o n .  The d i f f e r e n c e  b e t w e e n  t h e  

c o n c e n t r a t i o n s  o f  t o t a l  and f r e e  m e t a l  i o n  ( t h e  

c o n c e n t r a t i o n  o f  bound  m e t a l  i on )  c a n  be  m e a s u r e d  

p o t e n t i o m e t r i c a l l y  by  i o n - s e l e c t i v e  e l e c t r o d e s ,  w h i ch  do n o t  

d i s t u r b  t h e  e q u i l i b r i u m .  The m e th od  i s  l i m i t e d  t o  t h e  m e t a l  

i o n s  f o r  wh ic h  e l e c t r o d e s  e x i s t  ( c o p p e r ( I I ) ,  c a d m i u m ( I I ) ,  

l e a d ( I I ) ,  and c a l c i u m ( I I ) )  and l i m i t e d  by t h e  d e t e c t i o n  

l i m i t s  o f  t h e s e  e l e c t r o d e s ,  w h i ch  a r e  n o t  a s  low a s  f o r  some 

o t h e r  e l e c t r o c h e m i c a l  m e t h o d s .  M e a s u r i n g  t h e  q u a n t i t y  o f  

h y d r o g e n  i o n  r e l e a s e d  a s  m e t a l  i o n - f u l v i c  a c i d  c o m p l e x e s  

form i s  a n o t h e r  p o t e n t i o m e t r i c  me thod  t h a t  d o e s  n o t  d i s t u r b  

t h e  e q u i l i b r i u m  ( S t e v e n s o n ,  1976 ,  1 9 7 7 ) .

R e s e a r c h e r s  h a v e  u sed  s e v e r a l  v o l t a m m e t r i c  m e t h o d s ,  

i n c l u d i n g  a n o d i c  s t r i p p i n g  v o l t a m m e t r y  and p o l a r o g r a p h y , f o r  

s t a b i l i t y - c o n s t a n t  and c o m p l e x i n g - c a p a c i t y  d e t e r m i n a t i o n s  

( B r e s n a h a n  e t  a l . ,  1978;  G r e t e r  e t  a l . , 1979;  Shuman and

Cr om er ,  1 9 7 9 ) .  An o d i c  s t r i p p i n g  v o l t a m m e t r y  h a s  a v e r y  low 

d e t e c t i o n  l i m i t ,  b u t  i t  h a s  two m a j o r  p r o b l e m s :

(1) F r e e  m e t a l  i o n  and an unknown f r a c t i o n  o f  t h e  bound 

m e t a l  i o n  c a n  be p l a t e d  i n t o  t h e  e l e c t r o d e  (Shuman and 

C r om er ,  1 9 7 9 ) .  The f r e e  m e t a l - i o n  r e a d i n g ,  t h e r e f o r e ,  i s  

h i g h e r  t h a n  i t  wou ld  be  i f  o n l y  f r e e  m e t a l - i o n  were
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e l e c t r o a c t i v e .

(2) S u r f a c e - a c t i v e  a g e n t s  s u c h  a s  f u l v i c  a c i d  a d s o r b

o n t o  h a n g i n g  m e r c u r y - d r o p  o r  t h i n - f i l m  m e r c u r y  e l e c t r o d e s

and d i s t o r t  t h e  f r e e  m e t a l - i o n  r e a d i n g  ( B r e z o n i k  e t  a l . ,

1976;  E r n s t  e t  a l . ,  1975;  B a t l e y  and F l o r e n c e ,  1976 ;  B en es

e t  a l . ,  1 9 7 9 ) .  G l a s s y  c a r b o n  o r  w a x - s e a l e d  g r a p h i t e

e l e c t r o d e s  a p p a r e n t l y  do n o t  h a v e  t h e s e  p r o b l e m s  (Weber and
2+Cheng ,  1 9 7 9 ) ,  b u t  t h e  l i n e a r  c a l i b r a t i o n  r a n g e  f o r  Cu i s  

n a r r o w  ( Sm a r t  and Webe r ,  1 9 8 0 ) .  P o l a r o g r a p h y  a l s o  s u f f e r s  

f rom t h e s e  two p r o b l e m s  (Bond and H e f t e r  , 1971 ;  J a c o b s o n  and 

L i n d s e t h , 1 9 7 6 ) .

A s e c o n d  way t o  s t u d y  t h e  b i n d i n g  o f  m e t a l  i o n s  i s  t o  

s e p a r a t e  f r e e  and bound  m e t a l  i o n s  and t h e n  m e a s u r e  t h e  

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

c o n t a i n s  o n l y  f r e e  m e t a l  i o n s .  F r e e  and bound  m e t a l  i o n s  

c an  be  s e p a r a t e d  by s m a l l - p o r e  d i a l y s i s  t u b i n g  (Benes  and 

S t e i n n e s ,  1974;  Guy and C h a k r a b a r t i ,  1976)  o r  by  s m a l l - p o r e  

u l t r a f i l t r a t i o n  m e m b r a n e s .  D i a l y s i s  t u b i n g  h a s  n o m i n a l  

m o l e c u l a r  w e i g h t  c u t o f f s  a s  low a s  1000 d a l t o n s ,  and

u l t r a f i l t r a t i o n  membranes  c a n  h a v e  a n o m i n a l  c u t o f f  a s  low 

a s  700 d a l t o n s  (Amicon C o r p o r a t i o n ,  1 9 7 7 ) .  The d i a l y z e d  or  

f i l t e r e d  s o l u t i o n ,  w h i c h  i d e a l l y  c o n t a i n s  o n l y  f r e e  m e t a l  

i o n s  ( m e t a l  i o n - f u l v a t e  c o m p l e x e s  a r e  t o o  l a r g e  t o  p a s s  

t h r o u g h  t h e  m e m b r a n e ) , may be  a n a l y z e d  by a t o m i c  a b s o r p t i o n  

s p e c t r o p h o t o m e t r y  o r  by a n o d i c  s t r i p p i n g  v o l t a m m e t r y  i f  t h e  

o r g a n i c  m a t t e r  i s  d e s t r o y e d  ( G a r d i n e r  and S t i f f ,  1 9 7 5 ) .

A g a i n ,  kn ow le dg e  o f  f r e e  and t o t a l  m e t a l - i o n  c o n c e n t r a t i o n
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a l l o w s  one  t o  c a l c u l a t e  bound m e t a l - i o n  c o n c e n t r a t i o n ,  and 

u l t i m a t e l y ,  s t a b i l i t y  c o n s t a n t s .

A t h i r d  a p p r o a c h  t o  m e a s u r i n g  s t a b i l i t y  c o n s t a n t s  wou ld  

be t o  d i s t i n g u i s h  b e t w e e n  f u l v i c  a c i d  m o l e c u l e s  t h a t  h a v e  

m e t a l  i o n s  a t t a c h e d  ( co m p le xe d  l i g a n d )  and f u l v i c  a c i d  

m o l e c u l e s  n o t  h a v i n g  a m e t a l  i o n  a t t a c h e d  (u n co m p l ex e d  

l i g a n d ) . One p r o m i s i n g  me t hod  f o r  t h i s  t y p e  o f  a n a l y s i s  i s  

s p e c t r o f l u o r o m e t r y . C h a p t e r  4 c o n t a i n s  d e s c r i p t i o n s  o f  t h e

work n e e d e d  t o  d e v e l o p  t h i s  t e c h n i q u e  f o r  a n a l y s i s  o f  

l i g a n d - m e t a l  c o m p l e x e s .

O t h e r  m e t h o d s  f o r  d e t e r m i n a t i o n  o f  s t a b i l i t y  c o n s t a n t s  

b e t w e e n  m e t a l  i o n s  and o r g a n i c  m a t t e r  i n c l u d e  i o n  e x c h a n g e  

( S c h n i t z e r  and H a n s e n ,  1970;  Randhawa and B r o a d b e n t ,  1 9 6 5 ) ,  

g e l  f i l t r a t i o n  c h r o m a t o g r a p h y  ( M a n t o u ra  and R i l e y ,  1 9 7 5 ) ,  

and e l e c t r o n  s p i n  r e s o n a n c e  s p e c t r o s c o p y  (Gauer  e t  a l . ,  

1976;  T e m p l e t o n ,  1 9 8 0 ) .

P o t e n t i o m e t r i c , v o l t a m m e t r i c  and f l u o r e s c e n c e  a n a l y s i s  

hav e  a d v a n t a g e s  and d i s a d v a n t a g e s  r e l a t i v e  t o  e a c h  o t h e r  and 

r e l a t i v e  t o  o t h e r  t e c h n i q u e s .  I o n - s e l e c t i v e  e l e c t r o d e  

a n a l y s i s  i s  q u i c k  and d o e s  n o t  d i s t u r b  t h e  s y s t e m ' s  

e q u i l i b r i u m ,  b u t  t h e  d e t e c t i o n  l i m i t  i s  n o t  a s  low a s  i t  i s  

f o r  a n o d i c  s t r i p p i n g  v o l t a m m e t r y .  Anod ic  s t r i p p i n g  

v o l t a m m e t r y  and p o l a r o g r a p h y  h a v e  d i s a d v a n t a g e s :  o r g a n i c

m a t t e r  a d s o r b s  o n t o  t h e  e l e c t r o d e ,  and some bound m e t a l  i o n  

may be  e l e c t r o a c t i v e ,  t h a t  i s ,  v o l t a m m e t r y  d o e s  n o t  s t r i c t l y  

d i s t i n g u i s h  b e t w e e n  f r e e  and bound  m e t a l  i o n .  F l u o r e s c e n c e  

a n a l y s i s  may v a r y  f rom l i g a n d  t o  l i g a n d ,  d e p e n d i n g  on t h e
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l i g a n d ' s  f l u o r e s c i n g  p r o p e r t i e s .  F u r t h e r m o r e ,  u n l e s s  

s p e c i a l  f l o w  a p p a r a t u s  i s  a v a i l a b l e ,  s e p a r a t e  s a m p l e s  w i t h  

d i f f e r e n t  mo le  r a t i o s  o f  m e t a l  i o n  t o  l i g a n d  m u s t  be  

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

Howeve r ,  t h e  i n f o r m a t i o n  o b t a i n e d  i s  d i f f e r e n t  f r o m t h a t  

p r o v i d e d  by  a n y  o f  t h e  e l e c t r o c h e m i c a l  o r  s e p a r a t i o n  

m e t h o d s .  Any e x t r a  p e r s p e c t i v e  on a s y s t e m  a s  c o m p l i c a t e d  

a s  t h e  m e t a l  i o n - f u l v i c  a c i d  one  i s  h e l p f u l .

C h a p t e r  2 o f  t h i s  d i s s e r t a t i o n  c o n t a i n s  a d e t a i l e d  

d e s c r i p t i o n  o f  c a d m i u m ( I I )  c o m p l e x a t i o n  by  two t y p e s  o f  

f u l v i c  a c i d s ,  one  d e r i v e d  f rom a s o i l  and t h e  o t h e r  f r om a 

f r e s h w a t e r  r i v e r .  T h e r e  i s  a b r i e f  d i s c u s s i o n  o f  a 

c o m p l e x a t i o n  s t u d y  u s i n g  u l t r a f i l t r a t i o n / a t o m i c  a b s o r p t i o n  

s p e c t r o p h o t o m e t r y ,  b u t  i o n - s e l e c t i v e  e l e c t r o d e  was t h e  

me thod  o f  a n a l y s i s  f o r  m o s t  o f  t h i s  w o r k .  The pX^ f o r  

c a d m i u m ( I I )  h y d r o l y s i s  i s  1 1 . 7 0  ( H u he ey ,  1 9 7 8 ) ,  s o  Cd^+ 

h y d r o l y s i s  i s  n o t  a p r o b l e m  e v e n  f o r  e x p e r i m e n t s  up. t o -  pH

8 . 5 ,  two pH u n i t s  h i g h e r  t h a n  t h o s e  o f  t h e  l e a d  ( I I )  and 

c o p p e r  ( I I )  w o r k .

C h a p t e r  3 c o n t a i n s  d e t a i l e d  i n f o r m a t i o n  on l e a d ( I I )  

c o m p l e x a t i o n  by  SFA and  WFA. A l s o  i n c l u d e d  t h e r e  i s  a 

d e s c r i p t i o n  o f  c o p p e r ( I I )  c o m p l e x a t i o n  by  SFA. An 

i o n - s e l e c t i v e  e l e c t r o d e  was a g a i n  t h e  means  o f  a n a l y s i s .  

A l t h o u g h  c o p p e r  ( I I ) - f u l v i c  a c i d  s t u d i e s  w e r e  d o n e  e a r l i e r  

i n  t h i s  g r o u p  ( B r e s n a h a n  e t  a l . ,  1 9 7 8 ) ,  t h o s e  e x p e r i m e n t a l  

c o n d i t i o n s  we r e  d i f f e r e n t  f r om t h e  c o n d i t i o n s  o f  t h e s e  

l e a d ( I I )  t i t r a t i o n s ,  so  t h a t  r e s u l t s  c a n  n o t  be  c o m p a r e d .



10

The new c o p p e r ( I I ) - f u l v a t e  e x p e r i m e n t s  w e r e  d e s i g n e d  t o  be  

c o m p a r a b l e  t o  t h i s  l e a d ( I I )  work and  t o  t h e  f l u o r e s c e n c e  

work t h a t  f o l l o w e d .

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

m e a s u r i n g  s t a b i l i t y  c o n s t a n t s  f o r  c o m p l e x e s  b e t w e e n  ' m e t a l  

i o n s  and f u l v i c  a c i d  i s  t h e  s u b j e c t  o f  C h a p t e r  4 .  The work 

shows t h e  d i f f e r e n t  q u e n c h i n g  a b i l i t y  o f  s e v e r a l  d i v a l e n t  

c a t i o n s ,  i n c l u d i n g  c o p p e r ( I I ) ,  l e a d ( I I ) ,  c a d m i u m ( I I ) ,  

c o b a l t ( I I ) ,  and  n i c k e l ( I I ) .  F u r t h e r  d i s c u s s i o n  a p p e a r s  

t h e r e  on t h e  p o s s i b i l i t i e s  f o r  f l u o r e s c e n c e  i n  t h i s  

a 'ppl  i c a t i o n .

CHARACTERISTICS OF THE SOIL-DERIVED AND WATER-DERIVED 

FULVIC ACIDS USED IN THIS RESEARCH

D u r i n g  1 9 7 3 - 1 9 7 7 ,  w o r k e r s  i n  t h i s  r e s e a r c h  g r o u p  

i s o l a t e d  f u l v i c  a c i d  f ro m two s o u r c e s :  f r om t h e  B2 h o r i z o n  

o f  a p o d z o l  s o i l  (Conway,  New H a m p s h i r e )  and  f ro m f r e s h  

w a t e r  f l o w i n g  i n  t h e  O y s t e r  R i v e r ,  L e e ,  New H a m p s h i r e . (Weber 

and W i l s o n ,  1 9 7 5 ) .  They  p e r f o r m e d  e l e m e n t a l  a n a l y s i s ,  

f u n c t i o n a l - g r o u p  a n a l y s i s  and pH t i t r a t i o n s ,  and  m e a s u r e d  

t h e  n u m b e r - a v e r a g e  d i s s o c i a t i o n - c o r r e c t e d  m o l e c u l a r  w e i g h t  

( W i l s o n  and W eb e r ,  1 9 7 7 a ) .  T h e s e  m o l e c u l a r  w e i g h t s  a r e  644 

d a l t o n s  f o r  t h e  s o i l - d e r i v e d  f u l v i c  a c i d  and 626 d a l t o n s  f o r  

t h e  w a t e r - d e r i v e d  f u l v i c  a c i d .  T h e s e  v a l u e s  and  t h e  r e s u l t s  

o f  e l e m e n t a l  and g r o u p  a n a l y s e s  a p p e a r  i n  T a b l e  1 .  W i l s o n  

and Weber ( 1 9 7 7 b ,  1979)  a l s o  i n v e s t i g a t e d  t h e  s e m i q u i n o ’ne

f r e e - r a d i c a l  n a t u r e  o f  t h e s e  f u l v i c  a c i d s .
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TABLE I

C h a r a c t e r i s t i c s  o f  t h e  f u l v i c  a c i d s  u s e d  i n  t h i s  r e s e a r c h 3

S o i l - d e r i v e d  W a t e r - d e r i v e d
f u l v i c  a c i d  f u l v i c  a c i d

(SFA) (WFA)

n u m b e r - a v e r a g e  
d i s s o c i a t i o n - c o r r e c t e d
m o l e c u l a r  w e i g h t  ( d a l t o n s )  644 626

e l e m e n t a l  a n a l y s i s

c a r b o n 5 3 . 1 5 1 . 1

n i t r o g e n 0 . 90 1 . 1 3

h y d r o g e n 3 . 24 3 . 6 2

a s h 0 . 3 1 . 0

f u n c t i o n a l  g r o u p s  ( m i l l i e q u i v a l e n t s  p e r  gram)

t o t a l  a c i d i t y 1 3 . 4 1 0 . 6

c a r b o x y l 8 . 2 6 . 3

p h e n o l i c ^ 5 . 2 4 . 3

c a r b o n y l 3 . 5 4 . 3

3 From Weber  and  W i l s o n ,  1 9 7 5 .

D i f f e r e n c e  b e t w e e n  t o t a l  a c i d i t y  and  c a r b o x y l  v a l u e s .
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F u l v i c  a c i d  h a s  l o n g  b e e n  s t u d i e d  b e c a u s e  o f  i t s

a b i l i t y  t o  c o m p l e x  m e t a l  i o n s  (Gamble  and S c h n i t z e r ,  1973 ;  

R e u t e r  and P e r d u e ,  1977 ;  J a c k s o n  e t  a l . ,  1 9 7 8 ) .  T h i s

c o m p l e x a t i o n  p r o b a b l y  o c c u r s  t h r o u g h  o x y g e n - a t o m  d o n o r s ,  

b e c a u s e  o f  t h e  p r e v a l e n c e  o f  o x y g e n - b e a r i n g  f u n c t i o n a l  

g r o u p s  and t h e  v e r y  l ow c o n c e n t r a t i o n  o f  n i t r o g e n ,  o r  any  

o t h e r  a t om t h a t  c a n  d o n a t e  e l e c t r o n  p a i r s  t o  a  m e t a l  i o n

( B e c k w i t h ,  19 5 9 ;  Khanna  and S t e v e n s o n ,  1 9 6 2 ) .  The

p o s s i b i l i t y  e x i s t s  t h a t  an  a v e r a g e  f u l v i c  a c i d  m o l e c u l e  h a s  

more  t h a n  one  b i n d i n g  s i t e  and t h a t  a m e t a l  i o n  c a n  be  

s u r r o u n d e d  by  more  t h a n  one  b i d e n t a t e  l i g a n d .  T h e s e  

p o s s i b i l i t i e s  r a i s e  q u e s t i o n s  a b o u t  t h e  p r o p e r  s t o i c h i o m e t r y  

o f  m e t a l  i o n - f u l v i c  a c i d  c o m p l e x e s  and  a b o u t  t h e  m a t h e m a t i c s  

n e e d e d  t o  c a l c u l a t e  t h e  s t a b i l i t y  c o n s t a n t s .  C a d m i u m ( I I ) ,  

l e a d ( I I ) ,  and c o p p e r ( I I )  i o n s  h a v e  r a t h e r  d i f f e r e n t  

c h e m i s t r i e s ,  and  a s  t h e  f o l l o w i n g  d i s c u s s i o n s  show,  

d i f f e r e n t  a s s u m p t i o n s  and  m e t h o d s  o f  c a l c u l a t i o n  may be  b e s t  

s u i t e d  f o r  e a c h  o f  t h e  m e t a l - i o n  c o m p l e x e s .



CHAPTER 2

Cd2+ COMPLEXATION BY FULVIC ACIDS DERIVED FROM SOIL AND WATER

INTRODUCTION

A l t h o u g h  s e v e r a l  t r a n s i t i o n  m e t a l s  s u c h  a s  c o b a l t ,

molybdenum and i r o n  a r e  e s s e n t i a l  m i c r o n u t r i e n t s ,  no ne ed
2 4*f o r  cadmium h a s  b e e n  d e m o n s t r a t e d .  I n d e e d ,  Cd i s  a p o i s o n  

t h a t  a c c u m u l a t e s  i n  p l a n t s  and a n i m a l s  e x p o s e d  t o  i t .  I n

hum ans ,  r e n a l  a r t e r i a l  h y p e r t e n s i o n  and I t a i - I t a i  d i s e a s e
2 +  2 4-may r e s u l t  f r om o v e r - e x p o s u r e  t o  Cd . To p r e v e n t  Cd

p o i s o n i n g ,  a p a n e l  f r om t h e  N a t i o n a l  Academy o f  S c i e n c e s
2 +recommended  a l i m i t  o f  no more  t h a n  0 . 0 1  mg/L o f  Cd i n

d r i n k i n g  w a t e r  ( N a t i o n a l  Academy o f  S c i e n c e s ,  1 9 7 2 ) .

C a d m i u m ( I I )  t o x i c i t y  i n  w a t e r  and s o i l s  i s  n o t
2 +n e c e s s a r i l y  i n  d i r e c t  p r o p o r t i o n  t o  t o t a l  Cd

2 +c o n c e n t r a t i o n .  The  t o x i c i t y  o f  d i f f e r e n t  Cd - b e a r i n g
2 + 2 +s p e c i e s  ( h y d r a t e d  Cd , Cd - o r g a n i c  m a t t e r  c o m p l e x e s ,  and 

2 +i n o r g a n i c  Cd c o m p l e x e s )  may v a r y ,  e i t h e r  b e c a u s e  s u c h  

s p e c i e s  a r e  p i c k e d  up by  p l a n t s  and a n i m a l s  t o  d i f f e r e n t  

e x t e n t s ,  o r  b e c a u s e ,  o n c e  i n  t h e  o r g a n i s m ,  t h e y  a r e

13
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a s s i m i l a t e d  t o  v a r y i n g  d e g r e e s .
2 +N a t u r a l l y  o c c u r r i n g  o r g a n i c  m a t t e r  may c h e l a t e  Cd

2 +Humic a c i d  d i m i n i s h e s  Cd a v a i l a b i l i t y  t o  D a p h n i a  magna  m

Lake  S u p e r i o r  w a t e r  ( P o l d o s k i ,  1 9 7 9 ) .  Aq u e ou s  o r g a n i c
2 +f r a c t i o n s  a l s o  r e d u c e d  t h e  t o x i c i t y  o f  Cd t o w a r d  

S i m o c e p h a l u s  s e r r u l a t a s  and t o w a r d  Ga m bu s i a  a f f i n i s  ( G i e s y  

e t  a l . ,  1977)  .
2 +I t  i s  c l e a r  t h a t  t h e  v a r i o u s  Cd - b e a r i n g  s p e c i e s ,  

p a r t i c u l a r l y  t h o s e  c o n t a i n i n g  o r g a n i c  m a t t e r  l i g a n d s ,  h a v e  

d i f f e r e n t  b i o l o g i c a l  a v a i l a b i l i t y  and  move d i f f e r e n t l y  i n

g e o c h e m i c a l  s y s t e m s .  T h e r e  a r e  a number  o f  ways  t o  m e a s u r e
2  4-t h e  s t r e n g t h  o f  a s s o c i a t i o n  b e t w e e n  Cd and  t h i s  o r g a n i c

2 +m a t t e r .  S e v e r a l  r e s e a r c h e r s  m e a s u r e d  t h e  s p e c i a t i o n  o f  Cd 

( B a t l e y  and  G a r d n e r ,  1978 ;  M a n t o u r a  e t  a l . ,  1978 ;  G a r d i n e r ,  

1 9 7 4 a ,  1 97 4b ;  F l o r e n c e  and B a t l e y ,  197 7 ;  B l u s t e i n  and S m i t h ,  

1 9 7 8 ) .  O t h e r s  h a v e  t a k e n  t h e  a n a l y s i s  one  s t e p  f u r t h e r  by  

d e t e r m i n i n g  t h e  c o m p l e x i n g  c a p a c i t y  o f  a g i v e n  b o d y  o f  w a t e r  

f o r  Cd2+ ( G i e s y  e t  a l . ,  1 9 7 8 ) .
2 +C a l c u l a t i o n  o f  s t a b i l i t y  c o n s t a n t s  f o r  Cd - o r g a n i c

m a t t e r  c o m p l e x e s  r e p r e s e n t s  an  e v e n  more  d e t a i l e d  a t t e m p t  t o  
2 +u n d e r s t a n d  Cd t r a n s p o r t .  Mos t  o f t e n  r e p o r t e d  i s  t h e  

c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t ,  t h a t  i s ,  a s t a b i l i t y  

c o n s t a n t  a t  a s p e c i f i e d  pH and  i o n i c  s t r e n g t h .  The t o t a l  

c o n c e n t r a t i o n  o f  f u l v i c  a c i d  l i g a n d  i s  u s u a l l y  u s e d  i n  t h e  

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

d e p r o t o n a t e d  and a v a i l a b l e  f o r  c o m p l e x a t i o n .  The f r a c t i o n  

o f  d e p r o t o n a t e d  f u l v i c  a c i d  c h a n g e s  w i t h  pH, and h e n c e ,  t h e
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c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t  a l s o  v a r i e s  w i t h  pH. By 

d e f i n i t i o n ,  t h e  t h e r m o d y n a m i c  s t a b i l i t y  c o n s t a n t  d o e s  n o t  

v a r y  w i t h  pH; i t  e x p r e s s e s  i n  a f u n d a m e n t a l  way t h e  a f f i n i t y  

o f  a d e p r o t o n a t e d  l i g a n d  f o r  t h e  h y d r a t e d  m e t a l  i o n .  The 

e x t e n t  o f  d e p r o t o n a t i o n  n e e d e d  f o r  comp lex  f o r m a t i o n ,  

h o w e v e r ,  v a r i e s  d e p e n d i n g  on t h e  m e t a l  i o n .  F u r t h e r  

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

W o rk e r s  i n  a t  l e a s t  s e v e n  r e s e a r c h  g r o u p s  h a v e  

p u b l i s h e d  s t a b i l i t y  c o n s t a n t s  m e a s u r e d  i n  s e v e r a l  w ay s .  The 

key r e s u l t s  a p p e a r  i n  T a b l e  2 .  M a n t o u r a  e t  a l . (1978)

e x t r a c t e d  humic  a c i d  f rom s e v e r a l  s a m p l e s  o f  f r e s h  and 

s a l t w a t e r  and e x t r a c t e d  f u l v i c  a c i d  f rom p e a t .  They  

employed  g e l  f i l t r a t i o n  c h r o m a t o g r a p h y  t o  c a l c u l a t e  t h e  

s t a b i l i t y  c o n s t a n t s .  T h i s  t e c h n i q u e ,  b a s e d  on t h e  

Hummel -Dreyer  p r o c e d u r e  ( M a n t o u ra  and R i l e y ,  1975;  Hummel 

and D r e y e r ,  1 9 6 2 ) ,  i s  v e r y  t i m e  co n su m in g  and m i g h t  w e l l  n o t  

have  worked f o r  o u r  l o w - w e i g h t  f u l v i c  a c i d s .  Such s m a l l  

m o l e c u l e s  wou ld  r e q u i r e  t h e  s m a l l e s t  p o r e  Se p h a d e x  r e s i n  

( G - 1 0 ) ; i r r e v e r s i b l e  i n t e r a c t i o n s  b e t w e e n  a r o m a t i c  g r o u p s  i n  

t h e  f u l v i c  a c i d  and t h e  t i g h t l y  c r o s s - l i n k e d  G-10 r e s i n  

c o u l d  e a s i l y  r u i n  t h e  a n a l y s i s  ( G e l l o t e ,  1 9 6 0 ) .

Guy and C h a k r a b a r t i  (1976)  emp loyed  d i a l y s i s / a t o m i c

a b s o r p t i o n  s p e c t r o p h o t o m e t r y  t o  s e p a r a t e  and m e a s u r e  f r e e
2 4*and co m p le xe d  Cd . The o r g a n i c  m a t t e r  t h e y  u s ed  was 

c o m m e r c i a l l y  a v a i l a b l e  humic  a c i d  ( A l d r i c h  C h e m i ca l  

Company) , and t h e y  a n a l y z e d  t h e i r  d a t a  by t h e  S c a t c h a r d  

method  ( S c a t c h a r d ,  1 9 4 9 ) .  A g a i n ,  t h e  m o l e c u l a r  s i z e  o f  ou r
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TABLE 2

C a d m i u m ( I I ) s t a b i l i t v  c o n s t a n t s  w i t h  hu m ic  m a t e r i a l s

Com plex 3 pH I Log K Method

C d - ( p e a t  FA)b 8 . 0 0 . 0 2 4 . 8 3 1

Cd- ( l a k e  HA)b 8 . 0 0 . 0 2 4 . 57 1

Cd-  ( l a k e  HA)b 8 . 0 0 . 0 2 4 .70 1

C d - ( l o c h  HA)b 8 . 0 0 . 0 2 4 . 9 5 1

Cd- ( l o c h  HA)b 8 . 0 0 . 0 2 4 . 8 7 1

C d - ( s e a  HA) 0 8 . 0 0 . 0 2 4 . 6 9 1

Cd-SFA 4 . 9 0 . 1 3 . 0 4 2

Cd-SFA 5 . 9 5 0 . 1 3 . 64 2

R e f e r e n c e

2

2

Cd-SFA 5 . 7 0 . 0 1 5 . 3 2 3

Cd2-SFA 5 . 7 0 . 0 1 9 . 8 2 3

Cd3-SFA 5 . 7 0 . 0 1 1 4 . 0 2 3

Cd-SFA 6 . 7 0 . 0 1 5 . 6 2 3

Cd2-SFA 6 . 7 0 . 0 1 10 . 6 2 3

Cd3-SFA 6 . 7 0 . 0 1 15 .  5 2 3

Cd-SFA 7 . 7 0 . 0 1 6 . 0 2 3

Cd2-SFA 7 . 7 0 . 0 1 1 0 . 7 2 3

Cd3-SFA 7 . 7 0 . 0 1 1 5 . 4 2 3

C d - ( c o a l  HA) 5 . 5 0 . 1 4 . 9 + 0 . 2 2 4

C d - ( c o a l  HA) 6 . 0 0 . 1 5 . 3 + 0 . 2 2 4

C d - ( c o a l  HA) 7 . 0  0 . 1  5 . 9 + 0 . 2
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T a b l e  2 ,  c o n t i n u e d

C d - ( c o a l  HA) 7 . 5 0 . 1 6 . 3 +0 . 2 2 4

Cd2“ ( c o a l  HA) 6 . 0 0 . 1 9 . 2+0  . 2 2 4

Cd2“ ( c o a l  HA) 7 . 0 0 . 1 1 0 . 6+0 . 2 2 4

Cd2- ( c o a l  HA) 7 . 5 0 . 1 1 1 . 7 + 0 . 2 2 4

Cd2 ~ ( c o a l  HA) 6 . 0 0 . 1 1 3 . 7 + 0 . 2 2 4

C d ^ - C c o a l  HA) 7 . 0 0 . 1 1 5 . 7 + 0 . 2 2 4

Cd2“ ( c o a l  HA) 7 . 5 0 . 1 1 6 . 5 + 0 . 2 2 4

Cd- ( p e a t  HA) c 0 . 1 5 . 0 7 3 5

C d - ( l i g n i t e  HA) c 0 . 1 5 . 3 2 3 5

C d - ( l i g n i t e  HA) c 0 . 1 6 . 0 1 4 5

Cd-SHA c 0 . 1 5 . 1 4 3 5

Cd-SHA c 0 . 1 6 . 0 6 4 5

C d - ( p e a t  HA) c 0 . 0 1 6 . 3 9 3 5

C d - ( l i g n i t e  HA) c 0 . 0 1 6 . 69 4 5

Cd-SHA c 0 . 0 1 6 . 3 8 3 5

Cd-SHA c 0 . 01 6 . 9 2 '4 5

Cd-SHA 6 . 0 0 . 1 3 . 4 6 d 2 6

Cd-(SHA ) 2 - 0 . 1 e 2 6

Cd-AHA 6 . 8 0 . 0 1

14-1'3'O•in 5 7

Cd-SFA 0 . 1 2 . 7 8 3 8
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T a b l e  2 ,  c o n t i n u e d

a A b b r e v i a t i o n s . FA ( f u l v i c  a c i d ) ;  HA (humic  a c i d ) ;  SFA 
( s o i l - d e r i v e d  f u l v i c  a c i d ) ; SHA ( s o i l - d e r i v e d  hu m ic  a c i d ) ; 

AHA ( A l d r i c h  h u m ic  a c i d ) .

k Humic m a t e r i a l s  i s o l a t e d  by  a d s o r p t i o n  o n t o  A m b e r l i t e  
XAD-2 r e s i n  and  e l u t e d  w i t h  1 : 1  v / v  m e t h a n o l  and  2 M 
a m m o n i a .

c A v e r a g e  o f  pH 4 and  5 .

A v e r a g e  o f  13 d i f f e r e n t  s o i l  s a m p l e s .

e 6 . 25 + 0 . 63 (pH -  5) .

^ V a l u e  f o r  t h e  s t r o n g e s t  c l a s s  o f  s i t e s  a s  c a l c u l a t e d  by  
t h e  S c a t c h a r d  m e t h o d .

M e t h o d s . (1) G e l  f i l t r a t i o n  c o m p l e x i m e t r y .  (2) I o n - s e - l e c t i v e
e l e c t r o d e  p o t e n t i o m e t r y . (3) C o n v e n t i o n a l  h y d r o g e n - i o n
p o t e n t i o m e t r y . (4) M o d i f i e d  h y d r o g e n - i o n  p o t e n t i o m e t r y .
(5) D i a l y s i s / a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y .

R e f e r e n c e s . (1) M a n t o u r a  e t  a l . ,  1 9 7 8 .  (2)  Cheam and  G a m bl e ,
1 9 7 4 .  (3) B r a d y  and  P a g e n k o p f ,  1 9 7 8 .  (4) W h i t w o r t h  and
P a g e n k o p f ,  1 9 79 .  (5) S t e v e n s o n ,  1 9 77 .  ( 6 ) T a k a m a t s u  and
Y o s h i d a ,  1 9 7 8 .  (7) Guy and  C h a k r a b a r t i ,  1 9 7 6 .  ( 8 )
Ramamoor thy  and  M a n n i n g ,  1 9 74 .
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SFA and  WFA i s  s m a l l e r  t h a n  t h e  p o r e s  o f  d i a l y s i s  t u b i n g

t h a t  i s  a v a i l a b l e .  The S c a t c h a r d  m e t h od  o f  d a t a  t r e a t m e n t

was somewhat  u n s u i t a b l e  b e c a u s e  t h e  c o m p l e x i n g  s i t e s  i n  o u r

SFA and  WFA do n o t  f a l l  i n t o  d i s c r e t e  c l a s s e s .

S t e v e n s o n  ( 1 9 7 6 ,  1977)  and Ramamoor thy  and  Manning

(1974)  u se d  h y d r o g e n - i o n  p o t e n t i o m e t r y  t o  m e a s u r e  t h e
2 4*s t a b i l i t y  c o n s t a n t s  o f  Cd w i t h  v a r i o u s  o r g a n i c  f r a c t i o n s .

A l l  o f  S t e v e n s o n ' s  s a m p l e s  w e re  hum ic  a c i d s ;  Ra mam oor th y  and

M a n n i n g ' s  o r g a n i c  m a t t e r  was  s o i l - d e r i v e d  f u l v i c  a c i d .  The
2 +method  w o r k s  b e c a u s e  p r o t o n s  a r e  r e l e a s e d  a s  Cd - o r g a n i c

m a t t e r  c o m p l e x e s  f o r m .  I t  i s  n o t  an e a s y  m e t ho d  o f

a n a l y s i s ;  p r e c i s e  pH c o n t r o l  i s  e s s e n t i a l .

To a v o i d  t h i s  n e ed  f o r  s t r i c t  c o n t r o l  o f  pH,  s e v e r a l
2 +g r o u p s  h a v e  c h o s e n  Cd p o t e n t i o m e t r y . An i o n - s e l e c t i v e

2 4“e l e c t r o d e  s e n s i t i v e  t o  Cd p r o v i d e s  d a t a  f o r  s t a b i l i t y

c o n s t a n t  c a l c u l a t i o n s .  Cheam and Gamble  (1974)  c a l c u l a t e d
2 *+■1 : 1  s t a b i l i t y  c o n s t a n t s  f o r  Cd -SFA.  B r a d y  and  P a g e n k o p f

(1978)  a l s o  e x p e r i m e n t e d  w i t h  SFA, b u t  t h e y  c a l c u l a t e d

s t a b i l i t y  c o n s t a n t s  f o r  Cd-SFA,  Cd2 “ SFA, and  Cd^-SFA

c o m p l e x e s .  W o r k e r s  i n  t h e  same g r o u p  ( W h i t w o r t h  and

P a g e n k o p f ,  1979)  c a l c u l a t e d  s t a b i l i t y  c o n s t a n t s  f o r  t h e  same
2 +t h r e e  s t o i c h i o m e t r i e s  f o r  c o m p l e x e s  c o n t a i n i n g  Cd and

humic  a c i d  d e r i v e d  f rom c o a l .  T a k a m a t s u  and  Y o s h i d a  (1978)

d e r i v e d  hum ic  a c i d  f ro m  13 s o i l  s a m p l e s  and  c a l c u l a t e d

c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  f o r  1 : 1  and 1 : 2  c o m p l e x e s .
2 4*When one  c o n s i d e r s  t h e  t o x i c i t y  o f  Cd , t h e  work c i t e d  

above  d o e s  n o t  f o r m  a l o n g  l i s t ,  e s p e c i a l l y  when c o m p a r e d
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2+w i t h  work  do ne  on Cu A m a j o r  r e a s o n  may b e  t h a t
2 +  •a n a l y t i c a l l y ,  Cu i s  much e a s i e r  t o  h a n d l e ,  i n  p a r t  b e c a u s e

i t s  a s s o c i a t i o n s  w i t h  o r g a n i c  m a t t e r  a r e  much s t r o n g e r  t h a n
2 +a r e  t h o s e  o f  Cd , and  t h e r e f o r e ,  e f f e c t s  a r e  much e a s i e r  t o  

m e a s u r e .  The r e s u l t  i s  t h a t  much work  r e m a i n s  t o  be  d o n e  on
2  4 - .

t h e  i n t e r a c t i o n  b e t w e e n  Cd and  n a t u r a l l y  o c c u r r i n g  o r g a n i c  

m a t t e r .

A v a i l a b l e  i n f o r m a t i o n  i n d i c a t e s  t h a t  c o n d i t i o n a l
2 +s t a b i l i t y  c o n s t a n t s  f o r  c o m p l e x e s  c o n t a i n i n g  Cd and a ny  o f

s e v e r a l  d i f f e r e n t  o r g a n i c  m a t t e r  f r a c t i o n s  i n c r e a s e  w i t h

i n c r e a s i n g  pH. Ho w ev e r ,  no g r o u p  h a s  a n a l y z e d  t h e
2 +c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t  f o r  Cd -WFA c o m p l e x e s ,  and 

no i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  e f f e c t ,  i f  a n y ,  o f  

d i f f e r e n t  o r g a n i c - m a t t e r  c o n c e n t r a t i o n s  on  t h e  c o n d i t i o n a l  

s t a b i l i t y  c o n s t a n t .

The work  d e s c r i b e d  h e r e  c o m p a r e s  t h e  c o m p l e x a t i o n  

a b i l i t y  o f  f u l v i c  a c i d s  d e r i v e d  f rom s o i l  and f r om  f r e s h  

w a t e r .  I  c a l c u l a t e  t h e  1 : 1  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t  

a t  pH v a l u e s  r a n g i n g  f rom 4 . 0  t o  8 . 0  and d e t e r m i n e  t h e  

e f f e c t  o f  FA c o n c e n t r a t i o n  and i o n i c  s t r e n g t h  on t h e  

s t a b i l i t y  c o n s t a n t s .

EXPERIMENTAL

D i a l y s i s

S e p a r a t i o n  t e c h n i q u e s  d o m i n a t e d  some o f  t h e  e a r l y  work  

w i t h  t h e  c a d m i u m ( I I ) - f u l v i c  a c i d  s y s t e m .  A v a i l a b l e  f o r
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s e p a r a t i n g  bound  and  f r e e  m e t a l  i o n s  w e re  d i a l y s i s  t u b i n g  

( S p e c t r u m  M e d i c a l  I n d u s t r i e s ,  Los  A n g e l e s ,  C a l i f o r n i a )  w i t h  

a n o m i n a l  m o l e c u l a r  w e i g h t  c u t o f f  o f  3500 d a l t o n s .  The same 

company b e g a n  m a n u f a c t u r i n g  1 0 0 0 - d a l t o n  c u t o f f  t u b i n g ,  b u t  

t h e y  c o u l d  n o t  d e l i v e r  a ny  w i t h  t h e  p r o p e r  p o r o s i t y  u n t i l  

t h e  i o n - s e l e c t i v e  e l e c t r o d e  work  was w e l l  u n d e r  way.  I  d i d  

n o t  r e t u r n  t o  t h e  d i a l y s i s  m e t h o d .

T e s t i n g  t h e  d i a l y s i s  t u b i n g  i n v o l v e d  m e a s u r i n g  t h e  

d a r k n e s s  o f  t h e  d i a l y s a t e  ( u l t r a v i o l e t - v i s i b l e  a b s o r p t i o n )  

o r  m e a s u r i n g  how much f r e e  c o p p e r ( I I )  t h e  d i a l y s a t e  c o u l d  

b i n d  c o m p a r e d  w i t h  known d i l u t i o n s  o f  t h e  f u l l - s t r e n g t h  

s o l u t i o n .  A l l  work was do n e  i n  0 . 1  M p o t a s s i u m  n i t r a t e  a t  

room t e m p e r a t u r e  ( 2 0 - 2 5 ° C ) . I f  t h e s e  t e s t s  o f  d i a l y s i s  

t u b i n g  ha d  b e e n  s a t i s f a c t o r y ,  t h e  n e x t  s t e p  would  h a v e  b e e n  

t o  p r e p a r e  e x t e r n a l  s o l u t i o n s  w i t h  v a r y i n g  m o le  r a t i o s  o f  

m e t a l  i o n  t o  f u l v i c  a c i d  ( p r o b a b l y  w i t h  t h e  f u l v i c  a c i d  

c o n c e n t r a t i o n  c o n s t a n t  and t h e  m e t a l - i o n  c o n c e n t r a t i o n  

v a r y i n g )  and d i a l y z i n g  a g a i n s t  an  i n n e r  s o l u t i o n  c o n t a i n i n g  

0 . 1  M KNO^. The t o t a l  m e t a l  i o n  c o n c e n t r a t i o n  i n  t h e  i n n e r  

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

unbound ( 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  i n  t h e  e x t e r n a l  

s o l u t i o n .  A to m ic  a b s o r p t i o n  s p e c t r o p h o t o m e t r y  w o u l d  be  

s u i t a b l e  f o r  a n a l y z i n g  t h e  m e t a l - i o n  c o n c e n t r a t i o n  o f  t h e  

i n n e r  s o l u t i o n .  A n o d i c  s t r i p p i n g  v o l t a m m e t r y  wo u l d  a l s o  be  

a p p r o p r i a t e  i f  no o r g a n i c  m a t t e r  p a s s e d  t h r o u g h  t h e  t u b i n g  

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

( G a r d i n e r  and  S t i f f ,  1 9 7 5 ) .



U l t r a f i l t r a t i o n

U l t r a f i l t r a t i o n / a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y  

p r o v i d e d  a mea ns  f o r  a n a l y s i s  o f  c a d m i u m ( I I ) - S F A  b i n d i n g .  

The a p p a r a t u s  was an Amicon C o r p o r a t i o n  ( L e x i n g t o n ,  

M a s s a c h u s e t t s )  mod e l  52 s t i r r e d  c e l l  f i t t e d  w i t h  Amicon UM05 

membranes  t h a t  h a v e  a n o m i n a l  m o l e c u l a r  w e i g h t  c u t o f f  o f  500 

d a l t o n s .  U n p u r i f i e d  n i t r o g e n  g a s  a t  a p r e s s u r e  o f  40 t o  45 

po u nd s  p e r  s q u a r e  i n c h  (3 x l O 3 Pa)  p r e s s u r i z e d  t h e  

u l t r a f i l t r a t i o n  c e l l  f o r  a l l  r u n s .  E a r l y  e x p e r i m e n t s  w i t h  

t h i s  s y s t e m  i n v o l v e d

(1 ) m e a s u r i n g  m e t a l - i o n  l o s s e s  t o  t h e  u l t r a f i l t r a t i o n  

c e l l  p a r t s .

(2 ) m e a s u r i n g  t h e  am ou n t  o f  l i g a n d  p a s s i n g  t h r o u g h  t h e  

mem bra ne .

(3) d e v e l o p i n g  a p r o c e d u r e  f o r  c l e a n i n g  t h e  u l t r a ­

f i l t r a t i o n  c e l l  b e t w e e n  s a m p l e s .

M e t a l - i o n  l o s s e s . I  d e t e r m i n e d  t h e  f r a c t i o n  o f  t o t a l
2 +Cd t h a t  a p p e a r e d  i n  t h e  f i l t r a t e  f o r  s o l u t i o n s  c o n t a i n i n g  

0 . 0 ,  0 . 1 ,  0 . 5 ,  1 . 5 ,  and 5 . 0  p a r t s  p e r  m i l l i o n  (ppm) Cd^ + ,

p r e p a r e d  i n  0 . 1  M KNO^. T h i s  e x p e r i m e n t  was s i m i l a r  t o  one  

t h a t  e x a m i n e d  l o s s e s  o f  1 . 3  and  13 ppm c o p p e r ( I I )  s o l u t i o n s  

i n  t h i s  c e l l .

L i g a n d  p a s s a g e . I  w i s h e d  t o  s e e  how much o f  t h e  f u l v i c  

a c i d  b i n d i n g  power  p a s s e d  t h r o u g h  t h e  m e m b r a n e .  The n i n e  

s o l u t i o n s  t e s t e d  w e r e  3 x 10 ” ^ M, 15 x 10” ^ M and 78 x 1 0 ” ^

M SFA, e a c h  a t  pH 4 ,  5 ,  and  6 . A l l  t h e  s a m p l e s  ha d  0 . 1  M

KNO^. B e c a u s e  t h e r e  was no m e t a l  i o n  i n  t h e s e  s a m p l e s ,
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t h e r e  was n e e d  o n l y  f o r  a 1 5 - m i n u t e  KOH wash  and  a 1 5 - m i n u t e

KNO^ wash  b e t w e e n  s a m p l e s .  I  p i p e t e d  3 - 4  mL o f  s o l u t i o n  o u t

o f  t h e  u l t r a f i l t r a t i o n  c e l l  b e f o r e  f i l t r a t i o n ;  t h i s  s a m p l e

s e r v e d  a s  t h e  f u l l - s t r e n g t h  r e f e r e n c e .  I  d i s c a r d e d  t h e

f i r s t  2 mL o f  f i l t r a t e  and c o l l e c t e d  t h e  n e x t  3 mL f o r

a n a l y s i s .  An O r i o n  c o p p e r ( I I )  i o n - s e l e c t i v e  e l e c t r o d e
2 +(model  9 4 - 2 9 )  m e a s u r e d  t h e  d e c r e a s e  m  f r e e  Cu 

c o n c e n t r a t i o n  i n  a 0 . 6 5  ppm s o l u t i o n  upon  a d d i t i o n  o f  1 mL 

o f  f i l t r a t e  o r  1 ml o f  a r e f e r e n c e  s o l u t i o n .

The UM05 m em b r a n e ,  u n l i k e  t h e  o t h e r  Amicon m e m b r a n e s ,  

h a s  a n e t  n e g a t i v e  c h a r g e  (Amicon ,  1 9 7 7 ) ,  w h i c h  c o u l d  a f f e c t

i t s  s e p a r a t i o n  a b i l i t y .  To c h e c k  t h e  m em b r a n e ,  I p r e p a r e d  5

- 4  - 5x 10 and  5 x 10 M s o l u t i o n s  o f  p o t a s s i u m  d i h y d r o g e n

p h o s p h a t e  (Kf^PO^)  i n  0 . 1  M KNO^, and  t h e n  f i l t e r e d  two

r e p l i c a t e s  a t  t h r e e  pH v a l u e s  ( 2 . 0 ,  4 . 5 ,  and 1 0 ) .  At  pH

2 . 0 ,  60% o f  t h e  p h o s p h a t e  i s  H^PC^ an d  40% i s  # 2 ^ 4  • At  P H

4 . 5 ,  t h e r e  i s  n e a r l y  100% H2PO4 - , and a t  pH 1 0 ,  n e a r l y  a l l
2  —

t h e  p h o s p h a t e  i s  i n  t h e  HP04 f o r m .  F o r m i n g ' t h e  p h o s p h o r u s  

m o l y b d a t e  c o m p l e x  (Brown e t  a l . ,  1970)  a l l o w e d  a n a l y s i s  o f  

p h o s p h a t e  c o n c e n t r a t i o n s  i n  t h e  f i l t r a t e  a t  882 nm w i t h  a 

Beckman DU s p e c t r o p h o t o m e t e r .  U n f i l t e r e d  r e f e r e n c e  s a m p l e s  

p i p e t e d  f ro m  t h e  u l t r a f i l t r a t i o n  c e l l  b e f o r e  f i l t r a t i o n  

s e r v e d  a s  r e f e r e n c e s  f o r  e a c h  f i l t e r e d  s a m p l e .

C l e a n i n g  t h e  c e l l . Fo r  a t i t r a t i o n  t o  be  s u c c e s s f u l ,  

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

m e t a l - i o n  r e s i d u e s  b e f o r e  a new s a m p l e  i s  a dd ed  t o  t h e  c e l l .
_3

I t e s t e d  v a r i o u s  w a s h i n g  s e q u e n c e s :  p u s h i n g  10 M HNO^,
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10" 3 M KOH, e t h a n o l ,  and KNO^ t h r o u g h  t h e  c e l l  i n  s e v e r a l

c o m b i n a t i o n s  and o r d e r s .  G e n e r a l l y ,  t h e  t o t a l  c l e a n i n g  t i m e

was one  h o u r .  A f t e r  a w a s h i n g / d r y i n g  s e q u e n c e ,  I  p l a c e d  30
2 +mL o f  1 . 3  ppm Cu m  t h e  u l t r a f l l t r a t i o n  c e l l  and c o l l e c t e d

s i x  1 - 1 . 5  mL a l i q u o t s  t o  be  a n a l y z e d  by  means  o f  t h e  O r i o n  
2 +Cu l o n - s e l e c t i v e  e l e c t r o d e .  I  co m pa re d  t h e  c o n c e n t r a t i o n  

2 +o f  Cu i n  e a c h  a l i q u o t  w i t h  t h e  c o n c e n t r a t i o n  i n  an

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

U l t r a f i l t r a t i o n  c o m p l e x a t i o n  s t u d y . I c o l l e c t e d  two
2 +s e r i e s  o f  c o m p l e x a t i o n  d a t a  f o r  Cd and SFA a t  pH 6 . 0 .  The

s a m p l e s ,  p r e p a r e d  on two d i f f e r e n t  d a y s ,  h a v e  an SFA
-4c o n c e n t r a t i o n  o f  a p p r o x i m a t e l y  1 . 5  x 10 M a t  t h e  s t a r t  o f

2 4*f i l t r a t i o n ,  and t h e  c o n c e n t r a t i o n  o f  Cd i s  v a r i e d  t o  

a c h i e v e  CSFA/ C cd = 5 0 ,  3 0 ,  20 ,  15 ,  12 ,  10 ,  8 , 6 , 4 ,  2 ,  and 

30 f o r  t h e  f i r s t  s e r i e s  and CSFA/ C cd = 5 0 ,  40 ,  30 ,  20 ,  17 ,

14 ,  11 ,  8 , 5 ,  and  3 f o r  t h e  s e c o n d  s e r i e s .  A l l  s o l u t i o n s

were  50 mL and p r e p a r e d  i n  0 . 1  M KN03 . To a l l o w  m e t a l  i o n s  

t o  s a t u r a t e  s i t e s  i n  t h e  c e l l  s y s t e m ,  I d i s c a r d e d  t h e  f i r s t  

6 mL o f  f i l t r a t e  and c o l l e c t e d  t h e  n e x t  5 mL f o r  a n a l y s i s  by 

a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y .  S c a t c h a r d  (1949)  

d e v e l o p e d  a m e t ho d  f o r  c a l c u l a t i n g  t h e  s t a b i l i t y  c o n s t a n t s  

f o r  a comp lex  and t h e  number  o f  b i n d i n g  s i t e s  on t h e  l i g a n d .  

I u sed  t h i s  me t hod  t o  p r o d u c e  a S c a t c h a r d - t y p e  p l o t  f o r  t h i s  

u l t r a f i l t r a t i o n  s t u d y .  I  l a t e r  s t o p p e d  u s i n g  t h e  S c a t c h a r d  

method o f  s t a b i l i t y  c o n s t a n t  c a l c u l a t i o n ,  and  c a l c u l a t e d  t h e  

s t a b i l i t y  c o n s t a n t  f o r  a  1 : 1  c o m p l e x .
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I o n - s e l e c t i v e  e l e c t r o d e  s t u d i e s

T h e r e  a r e  two m a j o r  ways t o  do m e t a l  i o n / f u l v i c  a c i d

t i t r a t i o n s  w i t h  a m e t a l - i o n - s e l e c t i v e  e l e c t r o d e .  The f i r s t

i s  t o  p r e p a r e  a m e t a l r i o n  s o l u t i o n  and t i t r a t e  i t  w i t h  a
2+f u l v i c  a c i d  s o l u t i o n  ( F A - i n t o - M  t i t r a t i o n ) . The s e c o n d

met hod  i s  t o  p r e p a r e  a f u l v i c  a c i d  s o l u t i o n  and t i t r a t e  i t
2 +w i t h  a m e t a l - i o n  s o l u t i o n  (M - i n t o - F A  t i t r a t i o n ) .

7 +B r e s n a h a n  e t  a l . ( 1978)  p e r f o r m e d  F A - m t o - C u  t i t r a t i o n s ;

t h e  p r o c e d u r e s  i n  t h a t  p a p e r  s e r v e d  a s  a p a t t e r n  f o r  t h e
O  _L 9  +

e a r l y  Cd - f u l v i c  a c i d  wo r k .  The l a t e r  Cd - f u l v i c  a c i d

t i t r a t i o n s  and m o s t  o f  t h e  u s e f u l  r e s u l t s  a r o s e  f rom
2 + .M - i n t o - F A  t i t r a t i o n s .  Common t o  b o t h  t y p e s  o f  t i t r a t i o n s

a r e  t h e  m a t e r i a l s  and a p p a r a t u s .

Ma te r  i a l s . A d e s c r i p t i o n  o f  t h e  s o i l - d e r i v e d  and

w a t e r - d e r i v e d  f u l v i c  a c i d s  a p p e a r s  i n  C h a p t e r  1;  t h e r e  a r e

f u r t h e r  d e t a i l s  i n  Weber and W i l s o n  (1975)  . The s o u r c e  o f

Cd 2 + i o n  was F i s h e r  SO-C-118 1000 ppm c e r t i f i e d  a t o m i c

a b s o r p t i o n  s t a n d a r d ,  d i l u t e d  a s  n e c e s s a r y  i n  0 . 1  M KNO^.
p  4-

The Cu i o n  s o u r c e ,  u se d  i n  some e x p e r i m e n t s  t o  compa re  t h e  
24* 24*r e s p o n s e  o f  Cd and  Cu s e p a r a t e l y  i n  t h e  p r e s e n c e  o f  

f u l v i c  a c i d ,  came f rom O r i o n  0 . 1 0 0 0  + 0 . 0 0 0 5  M c o p p e r ( I I )  

n i t r a t e ,  d i l u t e d  a s  n e c e s s a r y  i n  e l e c t r o l y t e .  The 

e l e c t r o l y t e  was M a l l i n c k r o d t  p u r i f i e d  g r a n u l a r  p o t a s s i u m  

n i t r a t e ,  p r e p a r e d  i n  d o u b l y  d e i o n i z e d  w a t e r .  The 

e l e c t r o l y t e  c o n c e n t r a t i o n  i n  n e a r l y  a l l  e x p e r i m e n t s  was 0 . 1  

M; i t  was 0 . 0 1  M f o r  t h e  few o t h e r s .

The a c i d  s o l u t i o n s  u s e d  f o r  pH a d j u s t m e n t  we r e  p r e p a r e d
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f rom d i l u t i o n s  o f  B a k e r  r e a g e n t  g r a d e  ( 1 5 , 9  M) n i t r i c  a c i d .  

The b a s e  s o l u t i o n s  w e re  p r e p a r e d  f rom B ake r  r e a g e n t  g r a d e  

45% KOH s o l u t i o n .  Ac id  and b a s e  s o l u t i o n s  h a v i n g  

c o n c e n t r a t i o n s  o f  0 . 0 1  M o r  l e s s  we r e  p r e p a r e d  i n  0 . 1  M 

KNO-j, r a t h e r  t h a n  i n  w a t e r .  A l l  w a t e r  u se d  f o r  t h e  

e x p e r i m e n t s  i s  d o u b l y  d e i o n i z e d .

A p p a r a t u s . An O r i o n  s o l i d - s t a t e  i o n - s e l e c t i v e
2 +e l e c t r o d e  mode l  9 4 - 4 8  m e a s u r e d  f r e e  Cd c o n c e n t r a t i o n .  The

2 +c o r r e s p o n d i n g  e l e c t r o d e  s e n s i t i v e  t o  Cu i s  O r i o n  mode l  

9 4 - 2 9 .  The r e f e r e n c e  p o r t i o n  o f  a C o r n i n g  mode l  476050 

c o m b i n a t i o n  e l e c t r o d e  was t h e  r e f e r e n c e  f o r  t h e  

i o n - s e l e c t i v e  e l e c t r o d e ;  a s e c o n d  C o r n i n g  c o m b i n a t i o n  

e l e c t r o d e  m o n i t o r e d  pH. Two O r i o n  model  701A pH/mv m e t e r s  

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

and h y d r o g e n  i o n .

The t i t r a t i o n  v e s s e l  was a P r i n c e t o n  A p p l i e d  R e s e a r c h  

( P r i n c e t o n ,  New J e r s e y )  model  9301 w a t e r - j a c k e t e d  c e l l .  A 

P. M. Tamson model  T9 c i r c u l a t i n g  w a t e r  b a t h  m a i n t a i n e d  t h e  

t e m p e r a t u r e  a t  2 5 + 0 . 2°C,  and a m a g n e t i c  s t i r  b a r  and s t i r r e r  

m a i n t a i n e d  s o l u t i o n  h o m o g e n e i t y .  A l l  s m a l l  s o l u t i o n  v o l u m e s  

were  d e l i v e r e d  t h r o u g h  G i l s o n  v a r i a b l e  p i p e t s  and E p p e n d o r f  

f i x e d - v o l u m e  m i c r o p i p e t s .

V a r i o u s  FORTRAN p r o g r a m s  r u n n i n g  on t h e  U n i v e r s i t y  o f  

New Ha m p sh i r e  DECsys tem 1090 c o m p u t e r  h e l p e d  c a l c u l a t e  and 

t a b u l a t e  r e s u l t s  f o r  t h e  t i t r a t i o n s  u s i n g  raw m i l l i v o l t  and 

c o n c e n t r a t i o n  d a t a  a s  i n p u t .  The o u t p u t  f rom some o f  t h e s e  

p r o g r a m s  w e n t  t o  t h e  Ca lcomp  936 p l o t t e r  t o  be  g r a p h e d .
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2 +D ep end in g  on t h e  r a n g e  o f  f r e e  Cd c o n c e n t r a t i o n  t o  be

m e a s u r e d ,  I  f i t t e d  e i t h e r  two s t r a i g h t  l i n e s  o r  a p o l y n o m i a l

t o  t h e  c a l i b r a t i o n  c u r v e .  Such a p o l y n o m i a l  was n e e d e d
— 6b e c a u s e  t h e  e l e c t r o d e  r e s p o n s e  f l a t t e n e d  be lo w  a b o u t  10 M 

f r e e  m e t a l  i o n .  The p o l y n o m i a l  h a s  t h e  form

n

l o g [ M ^ + ] = X! a - ( m v ) * 
i =0

2 +where  (M ] i s  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 ,  mv i s  t h e  

m i l l i v o l t  r e a d i n g ,  a^  a r e  t h e  p o l y n o m i a l  r e g r e s s i o n

c o e f f i c i e n t s  and n i s  t h e  o r d e r  o f  t h e  p o l y n o m i a l .
2 + 2 4*F A - i n t o - C d  t i t r a t i o n s . The c o n c e n t r a t i o n s  o f  Cd

and f u l v i c  a c i d  f o r  t h e s e  e x p e r i m e n t s  a p p e a r  i n  T a b l e  3 .

The p r o c e d u r e s  i n c l u d e  p l a c i n g  2 5 . 0  mL o f  0 . 1  M KNO^ i n t o

t h e  t i t r a t i o n  c e l l  and  a d d i n g  s e v e r a l  a l i q u o t s  o f  10 and 100  

2 +ppm Cd s o l u t i o n s  t o  f orm a c a l i b r a t i o n  c u r v e .  The f i n a l  
2 +Cd c o n c e n t r a t i o n  d e p e n d e d  on t h e  pH o f  t h e  e x p e r i m e n t - - a

2 4- 2 +h i g h e r  Cd c o n c e n t r a t i o n  a t  h i g h e r  pH and a l o w e r  Cd

c o n c e n t r a t i o n  a t  l o w e r  pH. D u r i n g  p r e p a r a t i o n  o f  t h i s

c a l i b r a t i o n ,  KOH a d d i t i o n s  m a i n t a i n e d  t h e  pH a t  t h e  d e s i r e d
2 +v a l u e .  A f t e r  a d d i t i o n  o f  t h e  f i n a l  a l i q u o t  o f  Cd , I  b e g a n  

t i t r a t i n g  w i t h  a c o n c e n t r a t e d  f u l v i c  a c i d  s o l u t i o n  

( t y p i c a l l y  35 mg o f  FA i n  10 mL o f  0 . 1  M KNO^ and KOH added  

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

A g a i n ,  a d d i t i o n s  o f  KOH m a i n t a i n e d  t h e  pH a t  t h e  v a l u e  o f  

t h e  e x p e r i m e n t .  I  v a r i e d  t h e  s i z e  o f  FA a l i q u o t s  t o  c a u s e  

t h e  r e a d i n g  f rom t h e  i o n - s e l e c t i v e  e l e c t r o d e  t o  c h a n g e  by
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TABLE 3
C o n d i t i o n s f o r f u l v i c 7 +a c i d - i n t o - C d  t i t r a t i o n s

Date pH

FA t i t r a n t  

(M x 1 0 3 )

I n i t i a l  Cd3+ 

i n  c e l l  

(M x 1 0 5 ) R e p l  i<

8 / 1 5 / 7 7 7 . 0 5 . 4 5 SFA 3 . 5 2

8 / 1 8 / 7 7 7 . 0 5.  05 SFA 3 . 6 2

8 / 2 0 / 7 7 6 . 0 5.  47 SFA 1.  97 2

8 / 2 1 / 7 7 8 . 0 4.  89 SFA 3 . 5 5 2

8 / 2 2 / 7 7 5 . 0 5.  44 SFA 1 . 6 2 ,  1 . 3 0 2

8 / 2 4 / 7 7 5 . 0 5 .  44 SFA 1.  27 2

8 / 2 5 / 7 7 6 . 0 5.  20 SFA 1 . 9 1 2

8 / 2 6 / 7 7 6 . 0 5.  27 WFA 1 . 9 1 ,  1 . 6 0 2

8 / 2 7 / 7 7 7 . 0 5 .  24 SFA 3 . 5 2

8 / 3 1 / 7 7 8 . 0 5 . 0 4 SFA 4 . 9 2

9 / 0 1 / 7 7 8 . 0 5.  91 WFA 4 . 9 2

1 0 / 2 1 / 7 7 6 . 0 5 . 4 8 SFA 1 . 9 2

1 0 / 2 2 / 7 7 6 . 0 5.  40 WFA 1 . 6 2

1 0 / 2 3 / 7 7 8 . 5 5 .  37 SFA 5 . 6 ,  5 . 5 ,  5 . 3  3

1 0 / 2 4 / 7 7 8 . 5 5.  50 WFA 5 . 2 ,  5 . 0 2

3 / 2 9 / 7 8 6 . 0 5 . 3 3 SFA 2 . 6 2
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a p p r o x i m a t e l y  2 mv w i t h  e a c h  a d d i t i o n .
2 +Cd - i n t o - F A  t i t r a t i o n s . E x p e r i m e n t a l  c o n d i t i o n s

a p p e a r  i n  T a b l e  4 .  On m o s t  d a y s ,  I  p e r f o r m e d  two t i t r a t i o n s

and t h r e e  c a l i b r a t i o n s  i n  t h e  f o l l o w i n g  o r d e r :  c a l i b r a t i o n

1 , t i t r a t i o n  1 , c a l i b r a t i o n  2 , t i t r a t i o n  2 , and c a l i b r a t i o n

3 .  I  f r e q u e n t l y  u s e d  b o t h  t h e  c a l i b r a t i o n  b e f o r e  and a f t e r

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

A f t e r  i n i t i a l  c a l i b r a t i o n ,  t h e  f i r s t  t i t r a t i o n  b e g a n  w i t h  25
2 +mL o f  FA s o l u t i o n  i n  t h e  c e l l .  The Cd c o n c e n t r a t i o n  o f  

t h e  t i t r a n t  v a r i e d  d e p e n d i n g  on t h e  pH o f  t h e  e x p e r i m e n t  and 

t h e  c o n c e n t r a t i o n  o f  t h e  FA, b u t  was a s  h i g h  a s  p o s s i b l e  t o  

c a u s e  o n l y  a s m a l l  c h a n g e  i n  t h e  o v e r a l l  s o l u t i o n  v o l u m e .  

A g a i n ,  a t y p i c a l  m i l l i v o l t  c h a n g e  p e r  a l i q u o t  was 2 mv.

I n i t i a l l y ,  t h e  d a t a  we re  c a l c u l a t e d  by  t h e  S c a t c h a r d  

m e t h o d .  D i f f i c u l t i e s  w i t h  t h i s  me thod  l e d  t o  t h e  s e a r c h  f o r  

a s i m p l e r  m o d e l ,  s u c h  a s  t h a t  o f  1 : 1  c o m p l e x a t i o n .



30

C o n d i t i o n s

TABLE 4 

f o r  Cd2 +- i n t o - f u l v i c  a c i d t i t r a t i o n s

D a t e pH

Cd2+ t i t r a n t  

(M x 1 0 3 )

I n i t i a l  FA 

i n  c e l l  

(M x 1 0 4 ) R e p l  i<

1 / 0  5 /7  8 6 . 0 6 . 58 5 . 8 2 SFA 1

1 / 0 8 / 7 8 5 . 0 3 . 4 4 5 . 1 5 SFA 1

3 / 2  6 / 7  8 6 . 0 2.  67 5 . 6 0 SFA 2

4 / 0 6 / 7 8 7 . 0 2 . 6 7 5.  90 SFA 2

4 / 0 9 / 7 8 5 . 0 1 . 6 7 5 . 4 3 SFA 2

4 / 1 1 / 7 8 6 . 0 1 . 9 9 5 . 9 4 WFA 2

4 / 1 9 / 7 8 6 . 0 0 . 2 0 9 0 . 6 0 7 SFA 1

4 / 2 1 / 7 8 6 . 0 0 . 1 0 8 0 . 3 0 2 SFA 1

4 / 2 1 / 7 8 6 . 0 0 . 3 9 5 1 . 3 3 SFA 1

4 / 2 6 / 7 8 6 . 0 1 . 0 7 2 . 3 5 SFA 1

4 / 2 6 / 7 8 6 . 0 1 . 6 8 4 . 0 5 SFA 1

5 / 0 5 / 7 8 8 . 0 4 . 1 5 5.  36 SFA 2

5 / 0 7 / 7 8 4 . 0 1 . 6 7 5.  40 SFA 2

5 / 0 9 / 7 8 7 . 0 2 . 6 9 5 . 7 0 WFA 2

5 / 1 1 / 7 8 6 . 0 1 . 5 3 5.  54 WFA 2

5 / 2 3 / 7 8 a 6 . 0 0 . 268 0 . 5 9 SFA 2

5 / 2 5 / 7  8 a 6 . 0 3 . 2 9 5 . 7 1 SFA 2

6 / 0 6 / 7 8 8 . 0 3 .30 5 . 7 6 WFA 2

6 / 0 9 / 7 8 4 . 0 1 . 0 3 5 . 4 6 WFA 2
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T a b l e  4 , c o n t i n u e d

8 / 1 4 / 7 8 5 . 0 0 .

8 / 1 4 / 7  8 5 . 0 0 .

8 / 1 5 / 7 8 5 . 0 .  0 .

8 / 1 5 / 7 8 5 . 0 1 .

8 / 1 6 / 7 8 7 . 0 0 .

8 / 1 6 / 7 8 7 . 0 0 .

8 / 1 8 / 7 8 7 . 0 0 .

8 / 1 8 / 7 8 7 . 0 2 .

8 / 2 9 / 7 8 5 . 0 0 .

8 / 2 9 / 7 8 5 . 0 1 .

4 / 2 7 / 7 9 5 . 0 0 .

7.

4 / 2 7 / 7 9 5 . 0 0 .

7 .

8 / 0 4 / 7 9 4 . 5 0 .

8 .

0 . 3 2 7  WFA 1

0 . 6 5  WFA 1

1 . 0 2  WFA 1

3 . 0  5 WFA 1

0 . 2 7 9  WFA 1

0 . 5 5 9  WFA 1

1 . 0  6 WFA 1

3 . 1 8  WFA 1

0 . 5 8 5  SFA 1

2 . 2 6  SFA 1

0 . 6 0  SFA 1

6 . 5  SFA 1

2 . 0  WFA 1

122

245

473

34

215

357

756

14

303

05

722

22

722

22

844

44

a E l e c t r o l y t e  was 0 . 0 1  M KNO^; f o r  a l l  o t h e r  t i t r a t i o n s ,  

t h e  e l e c t r o l y t e  was  0 . 1  M KNO^.
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RESULTS AND DISCUSSION

U l t r a f i l t r a t i o n

2 +M e t a l - i o n  l o s s e s . L o s s e s  o f  Cu i n  t h e

u l t r a f i l t r a t i o n  c e l l  w e re  g r e a t e r  t h a n  w e re  t h e  l o s s e s  o f

Cd2 + . The f i l t r a t e  c o n c e n t r a t i o n  r o s e  t o  96% o f  t h e

o r i g i n a l  13 ppm Cu2+ and  t o  91% o f  t h e  o r i g i n a l  1 . 3  ppm

s o l u t i o n  a f t e r  4 mL o f  f i l t r a t e  ha d  p a s s e d .  A c h e c k  o f  t h e

s o l u t i o n  a b o v e  t h e  m em b r an e ,  h o w e v e r ,  r e v e a l e d  t h a t  t h e

u n f i l t e r e d  s o l u t i o n  h ad  a l s o  l o s t  c o p p e r  i o n ,  and  t o  t h e

same e x t e n t  a s  t h e  f i l t r a t e .  S u b s e q u e n t  t e s t s  showed t h a t ,

o f  a l l  t h e  p a r t s  o f  t h e  c e l l ,  t h e  b a s e  and  t h e  t o p  w e r e  b e s t

a t  a d s o r b i n g  Cu2 + . They  a r e  made o f  g l a s s - f i l l e d  n y l o n .
2 +L o s s e s  o f  m e t a l  i o n  f ro m  Cd s o l u t i o n s  r a n g i n g  f rom 0 . 1  ppm

t o  5 ppm w e r e  l e s s  t h a n  3%, w h i c h  i s  s u b s t a n t i a l l y  b e t t e r

2 +t h a n  t h e  r e s u l t s  f o r  Cu

L i g a n d  p a s s a g e . The f i l t e r e d  f u l v i c  a c i d  s o l u t i o n s  had
2 +t y p i c a l l y  5-10% o f  t h e  a b i l i t y  . t o  c o m p l e x  Cu t h a t  an 

u n f i l t e r e d  f u l v i c  a c i d  s o l u t i o n  h a d .  T h e r e  a p p e a r e d  t o  be 

no p a r t i c u l a r  t r e n d  b a s e d  on c o n c e n t r a t i o n  o f  f u l v i c  a c i d  o r  

on pH.

The p e r m e a b i l i t y  o f  t h e  UM05 membrane  t o  p h o s p h a t e

c h a n g e s  d r a m a t i c a l l y  w i t h  pH.  The a v e r a g e  p e r c e n t a g e s  o f
- 4p h o s p h a t e  a l l o w e d  t h r o u g h  t h e  membrane  f o r  t h e  5 x 10 M 

s o l u t i o n  w e r e  84% a t  pH 2 . 0 ,  70% a t  pH 4 . 5 ,  and  14% a t  pH 

10 .  Fo r  t h e  5 x 1 0 ~ 5 M s o l u t i o n ,  t h e  v a l u e s  we re  93% a t  pH

2 . 0 ,  48% a t  pH 4 . 5 ,  and  3% a t  pH 10 .  The p h o s p h a t e  i o n  i s
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s m a l l  en ou gh  t o  p a s s  e a s i l y  t h r o u g h  t h e  membrane .  I n

c o n t r a s t ,  t h e  c h a r g e  on t h e  i o n  a p p e a r s  t o  h a v e  a m a j o r  

e f f e c t .  T he s e  r e s u l t s  a g r e e  w i t h  t e s t s  o f  t h e  amino a c i d  

p e r m e a b i l i t y  o f  t h e  UM05 membrane a t  pH 5 and 10 (Amicon ,  

1977)  .

The p h o s p h a t e  t e s t s  h a v e  i m p o r t a n t  i m p l i c a t i o n s  f o r

c o m p l e x a t i o n  s t u d i e s  b e t w e e n  f u l v i c  a c i d  and m e t a l  i o n s  i f  

u l t r a f i l t r a t i o n  w i t h  t h e  UM05 membrane i s  u s e d ,  I t  a p p e a r s  

t h a t  t h e  n e t  c h a r g e  on e i t h e r  t h e  c o m p l e x e d  o r  u nc o m p le xe d  

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

t h r o u g h  t h e  membrane .  Wh erea s  u n c o m p l e x e d  f u l v i c  a c i d  may 

hav e  s e v e r a l  n e g a t i v e  c h a r g e s ,  c o m p l e x e d  f u l v i c  a c i d  may 

h a v e  f e w e r  n e g a t i v e  c h a r g e s  and be f r e e r  t o  p a s s  t h r o u g h  t h e  

membrane .  A c h a n g e  i n  pH w i l l  a l s o  c h a n g e  t h e  a v e r a g e  

c h a r g e  on t h e  f u l v i c  a c i d  m o l e c u l e s  and m i g h t  make r e s u l t s  

o f  u l t r a f i l t r a t i o n  s t u d i e s  done  a t  d i f f e r e n t  pH v a l u e s  h a r d  

t o  c o m p a r e .  F u r t h e r m o r e ,  i t  i s  p o s s i b l e  t h a t  t h e

c o n f o r m a t i o n  and h e n c e  t h e  s i z e  and f i l t e r a b i l i t y  o f  ou r

f u l v i c  a c i d s  c h a n g e  w i t h  pH ( L i n q v i s t ,  1974 ;  G j e s s i n g ,  1971 ;  

G h a s s em i  and C h r i s t m a n ,  1 9 6 8 ) .

C l e a n i n g  t h e  c e l l . The c e l l - w a s h i n g  s e q u e n c e  o f  a c i d  /

b a s e  /  e l e c t r o l y t e  ( 20  m i n u t e s  e a c h  f o r  a t o t a l  wash t i m e  o f
2 +one  h o u r )  a p p e a r e d  t o  work s l i g h t l y  b e t t e r  a t  r e d u c i n g  Cu 

l o s s e s  t h a n  any  o t h e r  s e q u e n c e .  T h i s  may o c c u r  b e c a u s e  any  

r e s i d u a l  f u l v i c  a c i d  w i l l  p a s s  m o s t  e a s i l y  t h r o u g h  t h e

membrane and o u t  o f  t h e  c e l l  when i t  i s  l e a s t  a n i o n i c — a t  

low pH. An e t h a n o l  s o l u t i o n  d i d  n o t  c l e a n  t h e  c e l l  any
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b e t t e r  t h a n  t h e  a c i d  and b a s e .  T h e r e f o r e ,  I  u se d  t h e  a c i d  /

b a s e  /  e l e c t r o l y t e  w a s h i n g  s e q u e n c e  f o r  a l l  wo rk .

U l t r a f i l t r a t i o n  c o m p l e x a t i o n  s t u d y . F i g u r e  1 shows t h e
2 +r e s u l t s  o f  t h e  u l t r a f i l t r a t i o n  s t u d y  f o r  Cd /SFA a t  pH 6 . 0 .  

A l s o  i n c l u d e d  i n  t h e  f i g u r e  a r e  t h e  r e s u l t s  o f  i o n - s e l e c t i v e  

e l e c t r o d e  t i t r a t i o n s  a t  pH 5 . 0  and 6 . 0  f o r  Cd2 +/SFA.  ‘The 

SFA c o n c e n t r a t i o n s  a r e  2 x 10~ 4 M f o r  t h e  u l t r a f i l t r a t i o n  

e x p e r i m e n t ,  2 . 2  x 10 4 M f o r  t h e  pH 6 . 0  and 5 x 10 4 M f o r  

t h e  pH 5 . 0  i o n - s e l e c t i v e  e l e c t r o d e  t i t r a t i o n s .  The y - a x i s  

f o r  t h e  f i g u r e  i s  t h e  l o g a r i t h m  o f  K, w he r e  K i s  t h e  1 : 1  

c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t ,  w h i ch  e q u a l s

(ccd- [ c d 2+] ) / [ c d 2+] ( c SFA- ( c cd- [ c d 2+] ))

2 +where  C^d i s  t h e  t o t a l  ( a n a l y t i c a l )  c o n c e n t r a t i o n  o f  Cd ,

[Cd2+] i s  t h e  f r e e  ( h y d r a t e d )  Cd2+ c o n c e n t r a t i o n ,  and CgpA

i s  t h e  t o t a l  ( a n a l y t i c a l )  c o n c e n t r a t i o n  o f  s o i l - d e r i v e d
2 +f u l v i c  a c i d .  The x - a x i s  i s  t h e  mole  r a t i o  o f  bound  Cd t o  

FA ( [C d-S FA ] / CgFA) .

The f i r s t  o b s e r v a t i o n  t o  make i s  t h a t  t h e  

u l t r a f i l t r a t i o n  d a t a  a r e  much more s c a t t e r e d  t h a n  a r e  t h e  

i o n - s e l e c t i v e  e l e c t r o d e  d a t a .  T h i s  i s  n o t  s u r p r i s i n g  

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

Some v a r i a b i l i t y  may a r i s e  i n  t h e  h a n d l i n g  o f  t h e s e  s e p a r a t e  

s a m p l e s .  I n  c o n t r a s t ,  e a c h  i o n - s e l e c t i v e  e l e c t r o d e  

t i t r a t i o n  i n v o l v e s  o n l y  one  f u l v i c  a c i d  s a m p l e .  A l s o ,  t h e  

u l t r a f i l t r a t i o n  c e l l  and e s p e c i a l l y  t h e  membrane  may n o t  be  

i n  t h e  same c o n d i t i o n  f o r  e a c h  s a m p l e .  The s c a t t e r  i n  t h e
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2 +F i g u r e  1 . C o m p a r i s o n  o f  t i t r a t i o n s  o f  Cd and s o i l - d e r i v e d  

f u l v i c  a c i d  (SFA) a s  p e r f o r m e d  by  i o n - s e l e c t i v e  e l e c t r o d e  

p o t e n t i o m e t r y  ( ISE)  and by  u l t r a f i l t r a t i o n / a t o m i c  a b s o r p t i o n  

s p e c t r o p h o t o m e t r y  ( U F ) . K i s  t h e  c o n d i t i o n a l  s t a b i l i t y  

c o n s t a n t .  I o n i c  s t r e n g t h  ( I )  = 0 . 1  M and t e m p e r a t u r e  (T) 

25°C.
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d a t a  m i g h t  h a v e  b e e n  r e d u c e d  by  i n s e r t i n g  a new membrane f o r  

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

p r o c e d u r e ) , b u t  t h e  membranes  a r e  e x p e n s i v e  and p o s s i b l y  

v a r i a b l e ,  so  t h i s  was n o t  p o s s i b l e .

The u l t r a f i l t r a t i o n  d a t a  d o e s  n o t  go  t o  h i g h  v a l u e s  o f  

[C d -S FA ] / Cg FA (= v ) . The v a l u e s  f o r  l o g  K m u s t  be  co m pa re d  

a t  a p p r o x i m a t e l y  e q u a l  v a l u e s  o f  v b e c a u s e  t h e  c o n d i t i o n a l  

s t a b i l i t y  c o n s t a n t  i s  a f u n c t i o n  o f  t h e  e x t e n t  t o  w h i ch  t h e  

f u l v i c  a c i d  i s  l o a d e d  w i t h  m e t a l  i o n .  For  v = 0 . 2 ,  l o g  K = 

3 . 9  f o r  t h e  u l t r a f i l t r a t i o n  e x p e r i m e n t  a t  pH 6 . 0 ;  l o g  K =

4 . 3  f o r  t h e  pH 6 . 0  i o n - s e l e c t i v e  e l e c t r o d e  t i t r a t i o n  and l o g  

K = 3 . 8  f o r  t h e  pH 5 . 0  i o n - s e l e c t i v e  e l e c t r o d e  e x p e r i m e n t .

C o n s i d e r i n g  t h a t  t h e  u l t r a f i l t r a t i o n / a t o m i c  a b s o r p t i o n

s p e c t r o p h o t o m e t r y  and t h e  i o n - s e l e c t i v e  e l e c t r o d e

e x p e r i m e n t s  a r e  so  d i f f e r e n t ,  t h e  r e s u l t s  a r e  r e a s o n a b l y  i n

a g r e e m e n t .  As n o t e d  a b o v e ,  t h e  UM05 membrane l e t s  t h r o u g h
2 +a b o u t  5-10% o f  t h e  c h e l a t i o n  power  o f  f u l v i c  a c i d .  Any Cd 

bound  t o  t h i s  f r a c t i o n  o f  f u l v i c  a c i d  w i l l  show up a s  f r e e  

m e t a l  when a n a l y z e d  by  a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y .  

The e f f e c t  i s  an a p p a r e n t l y  d i m i n i s h e d  c o n c e n t r a t i o n  o f  

bound  m e t a l  i o n  a n d ,  h e n c e ,  a l o w e r  c o n d i t i o n a l  s t a b i l i t y  

c o n s t a n t  t h a n  wou ld  a r i s e  i f  no bound  m e t a l  a p p e a r e d  i n  t h e  

f i l t r a t e .

I n  t h e  f i n a l  a n a l y s i s ,  t h e  u l t r a f i l t r a t i o n  m e th od  f o r  

d e t e r m i n a t i o n  o f  s t a b i l i t y  c o n s t a n t s  i s  t i m e - c o n s u m i n g  and 

s u b j e c t  t o  l a r g e r  e r r o r s  and d a t a  s c a t t e r  t h a n  t h e  

i o n - s e l e c t i v e  e l e c t r o d e  e x p e r i m e n t .  I t  i s  r e a s s u r i n g  t o
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n o t e ,  h o w e v e r ,  t h a t  t h e  r e s u l t s  f r om t h e s e  two t y p e s  o f  

e x p e r i m e n t s  a r e  c o m p a r a b l e .

I o n - s e l e c t i v e  e l e c t r o d e  s t u d i e s

2 +A l l  e a r l y  t i t r a t i o n s  we r e  o f  t h e  F A - m t o - C d  t y p e ,  t h e

e x p e r i m e n t a l  p r o c e d u r e  u se d  e a r l i e r  i n  t h i s  g r o u p  f o r  
2 +Cu / f u l v i c  a c i d  s t u d i e s  ( B r e s n a h a n  e t  a l . ,  1 9 7 8 ) .  A l l  d a t a  

we re  i n i t i a l l y  c a l c u l a t e d  and p l o t t e d  by  t h e  S c a t c h a r d  

m e th od  { S c a t c h a r d ,  1 9 4 9 ) .  The e q u a t i o n  u se d  t o  g e n e r a t e  

s u c h  a p l o t  i s  b a s e d  on t h e  A d a i r  e q u a t i o n  (Van H o l d e ,  

19.71) ,  w h i c h ,  when s i m p l i f i e d ,  be comes

v / [ M 2+] = -vK + nK

„  2 +
w he re  v = [bound M K t h e  s t a b i l i t y  c o n s t a n t  f o r

t h e  c l a s s  o f  s i t e s  and n i s  t h e  number  o f  s i t e s  i n  t h e
  2 + —

c l a s s .  G r a p h i n g  v / [ M  ] v s .  v g i v e s  a S c a t c h a r d  p l o t ,  

whose  s l o p e  i s  -K and  x - i n t e r c e p t  i s  n .  A s y s t e m  w i t h  i  

c l a s s e s  o f  s i t e s  may h a v e  a more  c o m p l i c a t e d  c u r v e .  I f  t h e  

s y s t e m  i s  s i m p l e  e n o u g h ,  i t  i s  p o s s i b l e ,  m a t h e m a t i c a l l y ,  t o  

d i s s e c t  t h e  c u r v e  i n t o  i  l i n e s ,  h a v i n g  s l o p e s  -K^ and 

x - i n t e r c e p t s  n^ w h i c h  a r e  t h e  c o n s t a n t s  f o r  e a c h  o f  t h e  i  

c l a s s e s .  Howeve r ,  a l l  p a r t s  o f  s u c h  a c u r v e  s h o u l d  h a v e  a 

n e g a t i v e  s l o p e ,  c o r r e s p o n d i n g  t o  p o s i t i v e  v a l u e s  o f  . A 

p o s i t i v e  s l o p e  on a ny  p a r t  o f  a S c a t c h a r d  p l o t  i n d i c a t e s  a 

n e g a t i v e  v a l u e  f o r  one  o r  more  o f  t h e  Kj., a s i t u a t i o n  t h a t  

i s  d i f f i c u l t  t o  i n t e r p r e t .  Two i n t e r p r e t a t i o n s  a r e  

c o n s i s t e n t  w i t h  a p o s i t i v e  s l o p e  on a p l o t :
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(1) A d d i t i o n  o f  m e t a l  i o n  t o  a s o l u t i o n  c o n t a i n i n g  

l i g a n d  c a u s e s  d i s s o c i a t i o n  o f  some c o m p l e x e s  a l r e a d y  f o r m e d ,  

r e s u l t i n g  i n  a g r e a t e r  i n c r e a s e  i n  t h e  number  o f  f r e e  m e t a l  

i o n s  t h a n  w e r e  a d d e d  by  t h e  t i t r a n t  a l i q u o t .

( 2)  A d d i t i o n  o f  l i g a n d  t o  a s o l u t i o n  c o n t a i n i n g  m e t a l  

i o n  c a u s e s  some p r e v i o u s l y  boun d  m e t a l  i o n  t o  become  f r e e  

m e t a l  i o n ,  w i t h  t h e  n e t  r e s u l t  t h a t  t h e r e  a r e  more  f r e e  

m e t a l  i o n s  a f t e r  a d d i t i o n  o f  an  a l i q u o t  o f  l i g a n d  t i t r a n t  

t h a n  b e f o r e  t h e  a d d i t i o n .  Fo r  s u c h  an e q u i l i b r i u m  t o  a r i s e ,  

a r e a c t i o n  s u c h  a s

FA + M2+-FA = <f a >2 + m2+

wo u ld  h a v e  t o  o c c u r .

Anoma lous  S c a t c h a r d  p l o t s  a r o s e  f ro m s e v e r a l  o f  t h e

F A - i n t o - C d  t i t r a t i o n s .  Fo r  t i t r a t i o n s  a t  pH 5 . 0  and  6 . 0 ,

a s u b s t a n t i a l  p o r t i o n  o f  t h e  p l o t s  ha d  a p o s i t i v e  s l o p e .

F i g u r e  2 c o n t a i n s  an  e x a m p l e ;  i t  i s  a t i t r a t i o n  a t  pH 5 . 0
2 +w i t h  SFA t i t r a n t  and  Cd m  t h e  t i t r a t i o n  c e l l .  Even  t h e

S c a t c h a r d  d a t a  f o r  some h i g h e r  pH e x p e r i m e n t s  show a s m a l l

amoun t  o f  upward  c u r v a t u r e  a t  h i g h  v a l u e s  o f  v .

The r e a s o n  f o r  t h e  u n u s u a l  S c a t c h a r d  p l o t s  beca me  c l e a r
2 +a f t e r  I  p e r f o r m e d  many Cd - i n t o - F A  t i t r a t i o n s .  S c a t c h a r d

p l o t s  f o r  a l l  t h e s e  t i t r a t i o n s  w e re  o f  t h e  more  u s u a l  f o rm :
— 2 + —

v a l u e s  f o r  v / [ C d  ] a l w a y s  d e c r e a s e d  a s  v i n c r e a s e d .
2 +F u r t h e r m o r e ,  Cd - i n t o - F A  t i t r a t i o n s  w i t h  a v e r y  l ow 

c o n c e n t r a t i o n  o f  f u l v i c  a c i d  g a v e  d i f f e r e n t  r e s u l t s  f r om 

c o m p a r a b l e  t i t r a t i o n s  w i t h  h i g h e r  f u l v i c  a c i d  c o n c e n t r a t i o n .
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15

10ro
orH

>

0 . 1 50 . 1 00 . 0 0

2 +F i g u r e  2 . S c a t c h a r d  p l o t  o f  an  S F A - i n t o - C d  i o n - s e l e c t i v e  

e l e c t r o d e  t i t r a t i o n  a t  pH 5 . 0 .  v = ( C ^ -  [Cd^ + ] ) / C SFA. The 

two symbol  t y p e s  r e p r e s e n t  r e p l i c a t e  t i t r a t i o n s .  I  = 0 . 1  M 

and T = 2 5 ° C .



40

2 +The key d i f f e r e n c e  b e t w e e n  F A - i n t o - C d  and
2 +Cd - i n t o - F A  t i t r a t i o n s  i s  t h e  d i f f e r e n t  r a n g e  o f  FA

2 +c o n c e n t r a t i o n s .  D u r i n g  an F A - i n t o - C d  t i t r a t i o n ,  t h e  FA
2 +c o n c e n t r a t i o n  i n c r e a s e d  1 0 0 - f o l d  o r  m o r e .  For  Cd - i n t o - F A

t i t r a t i o n s ,  t h e  f u l v i c  a c i d  c o n c e n t r a t i o n  was n e a r l y

c o n s t a n t ,  c h a n g i n g  by  a p p r o x i m a t e l y  2 0 % b e c a u s e  added

t i t r a n t  a l i q u o t s  and p H - a d j u s t i n g  s o l u t i o n s  d i l u t e d  t h e

f u l v i c  a c i d .  The c o n c l u s i o n  was t h a t  f u l v i c  a c i d

c o n c e n t r a t i o n  i n f l u e n c e d  t h e  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t  
2 +o f  Cd - f u l v a t e  c o m p l e x e s .  F u r t h e r  d i s c u s s i o n  o f  t h i s

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

on c a l c u l a t i o n  m e t h o d s .

C a l c u l a t i o n s . I  f i r s t  t r i e d  u s i n g  t h e  S c a t c h a r d  method

o f  c a l c u l a t i o n  t o  d i v i d e  c o m p l e x a t i o n  s i t e s  on f u l v i c  a c i d

i n t o  c l a s s e s  o f  s i t e s .  T h e r e  we re  t y p i c a l l y  1 . 0 + 0 . 3  s i t e s

p e r  a v e r a g e  f u l v i c  m o l e c u l e ,  b u t  t h e  s i t e s  d i d  n o t  f a l l  i n t o

w e l l - d e f i n e d  c l a s s e s  w i t h  an  e q u i l i b r i u m  c o n s t a n t  f o r  e a c h .

A v a l u e  f o r  a s t a b i l i t y  c o n s t a n t  comes  f rom t h e  s l o p e  o f  a

l i n e  d r awn t h r o u g h  s e t s  o f  p o i n t s  on t h e  S c a t c h a r d  p l o t .

Howeve r ,  t h e  p o i n t s  on t h e  p l o t s  we r e  n o t  c o l i n e a r ;  t h e

s l o p e  o f  t h e  l i n e ,  and h e n c e ,  t h e  v a l u e s  o f  K and n ,

d e p e n d e d  on wh ich  p o i n t s  t h e  l i n e  was d r awn  t h r o u g h .  I t  i s

v e r y  d i f f i c u l t  t o  e s t a b l i s h  any  o b j e c t i v e  c r i t e r i a  f o r

s e l e c t i n g  wh ich  p o i n t s  a r e  t o  be  i n c l u d e d  i n  t h e  l e a s t

s q u a r e s  c a l c u l a t i o n .  I n d e e d ,  t h e  e v e r - p r e s e n t  c u r v a t u r e  i n

t h e  S c a t c h a r d  p l o t s  i n d i c a t e s  a c o n t i n u o u s  v a r i a t i o n  i n  s i t e
2 +s t r e n g t h  w i t h  r e s p e c t  t o  Cd . The S c a t c h a r d  m e t h o d ,
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t h e r e f o r e ,  a p p e a r e d  p o o r l y  s u i t e d  f o r  p r e s e n t i n g  t h e  d a t a

and c a l c u l a t i n g  t h e  s t a b i l i t y  c o n s t a n t s .  I  t h e n  t u r n e d  t o  a
2 +s i m p l e r  m o d e l ,  b a s e d  on f o r m a t i o n  o f  1 : 1  Cd - f u l v a t e  

c o m p l e x e s .

Gamble and S c h n i t z e r  (1973)  r e p o r t e d  t h a t  f u l v i c  a c i d  

c o n t a i n s  a c i d  f u n c t i o n a l  g r o u p s  w i t h  s i m i l a r  b u t  n o t  

i d e n t i c a l  pK v a l u e s .  The a c i d  s t r e n g t h  o f  t h e s e  g r o u p sCl
d e c r e a s e s  a s  t h e  d e g r e e  o f  i o n i z a t i o n  i n c r e a s e s .  Work by

s e v e r a l  g r o u p s  h a s  shown t h a t  s a l i c y l i c - a c i d - t y p e  s t r u c t u r e s

a r e  t h e  s i t e s  o f  Cu c h e l a t i o n  ( B e c k w i t h ,  1959 ;  Khanna  and

S t e v e n s o n ,  1962;  S c h n i t z e r  and S k i n n e r ,  1 9 6 3 ) .  I  a s sume
2 4*t h a t  su c h  s i t e s  a r e  a v a i l a b l e  f o r  Cd c o m p l e x a t i o n  a s  w e l l .

The e x t e n t  o f  c o m p l e x a t i o n  and h e n c e  t h e  s t a b i l i t y
2 +c o n s t a n t  f o r  t h e  Cd - f u l v a t e  s y s t e m  w i l l  de p en d  on pH and

2 +t h e  d e g r e e  o f  Cd - f u l v a t e  a s s o c i a t i o n .  The s a l i c y l i c - t y p e  

s i t e s  a r e  s i m i l a r  b u t  n o t  i d e n t i c a l ,  so  t h e  o v e r a l l  

s t a b i l i t y  c o n s t a n t  i s  a w e i g h t e d  a v e r a g e  o f  t h e  s t a b i l i t y  

c o n s t a n t s  f o r  e a c h  i n c r e m e n t  o f  c h e l a t i n g  s i t e s .  The 

r e a c t i o n  a t  t h e  i t h  t y p e  o f  c h e l a t i n g  s i t e  may be

r e p r e s e n t e d  a s

HFAi “ + Cd2+ = Cd-FA^ + H+

w he re  HFA^~ i s  t h e  i t h  t y p e  o f  f u l v i c  a c i d  b i n d i n g  s i t e
2 +w i t h o u t  m e t a l  i o n ,  Cd i s  t h e  f r e e  c a d m i u m ( I I )  i o n ,  and

Cd-FA^ i s  t h e  i t h  t y p e  o f  c a d m i u m - f u l v a t e  1 : 1  c o m p l e x .

S u b s e q u e n t  c a l c u l a t i o n ,  o u t l i n e d  b e l o w ,  showed t h a t  much
2 +l e s s  t h a n  one  h y d r o g e n  i o n  was r e l e a s e d  f o r  e a c h  Cd t h a t
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became  b o u n d .  For  t h e  s i m p l e  c a s e ,  w he r e  one  h y d r o g e n  i o n  

i s  r e l e a s e d ,  t h e  i n c r e m e n t a l  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t  

i s

= [Cd-FAj_]/[HFAj^- ] [Cd2 + ]

The o v e r a l l  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t  K i s

k k

K = Y .  [HFAi " ] K i  /  Z  [HFAi “ ] 
i = l  i = l

The w e i g h t i n g  f a c t o r s  [HFA^ ] w i l l  c h a n g e  w i t h  pH and

p o s s i b l y  w i t h  t h e  c o n c e n t r a t i o n  o f  f u l v i c  a c i d .

F u r t h e r m o r e ,  t h e  o v e r a l l  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t  K

w i l l  v a r y  d e p e n d i n g  on t h e  p r o p o r t i o n  o f  s i t e s  o c c u p i e d  by
n +

m e t a l  i o n .  Wi th  Cd o c c u p y i n g  t h e  s t r o n g e s t  s i t e s  a t  low
2 4* 2 +mole  r a t i o s  o f  Cd t o  FA, e a c h  added  i n c r e m e n t  o f  Cd w i l l

go t o  s u c c e s s i v e l y  w e ak e r  c h e l a t i o n  s i t e s  and K w i l l  d r o p .

I c a l c u l a t e d  t h e  o v e r a l l  s t a b i l i t y  c o n s t a n t  K f o r  v a r i o u s  
2 +l e v e l s  o f  Cd l o a d i n g ,  t h a t  i s ,  f o r  v a r i o u s  v a l u e s  o f  

[C d - FA ] /C FA, w he re  CpA, t h e  t o t a l  f u l v i c  a c i d  c o n c e n t r a t i o n ,  

e q u a l s  [HFA~] + [ C d - F A ] . The S c a t c h a r d  a n a l y s i s  showed 

a p p r o x i m a t e l y  one  s i t e  p e r  f u l v i c  a c i d  m o l e c u l e ,  so  I 

a s sumed  t h a t  1 : 1  c o m p l e x e s  p r e d o m i n a t e .  The e x p r e s s i o n

K = [Cd-FA] / [HFA- ] [ C d 2 + ]

r e p r e s e n t s  t h e  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t .  S i n c e  t o t a l

Cd
2 +Cd c o n c e n t r a t i o n ,  C_,, ,  i s

CGd = [Cd-FA] + [Cd2 + ] ,
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K = [ C d - F A ] / ( C pA -  [ C d - F A ] ) [Cd2 + ]

E f f e c t  o f  pH. F i g u r e  3 shows t h e  r e s u l t s  o f
2 +c a l c u l a t i o n s  f o r  Cd -SFA c o m p l e x e s ;  F i g u r e  4 shows  t h e

9 4-
c o r r e s p o n d i n g  r e s u l t s  f o r  Cd -WFA. S e v e r a l  i m p o r t a n t

O -f
a s p e c t s  o f  Cd - f u l v a t e  c h e m i s t r y  show up i n  t h e s e  f i g u r e s .

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

i n c r e a s e s  w i t h  pH. T h i s  f i n d i n g  a g r e e s  w i t h  t h e  g e n e r a l
7 +p a t t e r n  f o r  M - f u l v a t e  c o m p l e x a t i o n  a s  o b s e r v e d  i n  t h i s

l a b o r a t o r y  ( B r e s n a h a n  e t  a l . ,  1978)  and e l s e w h e r e  ( f o r

e x a m p l e ,  T a k a m a t s u  and Y o s h i d a ,  1 9 7 8 ) .  S e c o n d ,  t h e  l o g  K

v a l u e s  f o r  SFA a r e  somewhat  l a r g e r  t h a n  t h e y  a r e  f o r  WFA.

T h i s  may be  e x p l a i n e d  by  t h e  d i f f e r e n c e  i n  t o t a l  a c i d i t y  o f

t h e  two f u l v i c  a c i d s :  1 3 . 4  meq /g  f o r  SFA and 1 0 . 6  meq /g  f o r

WFA (Weber and W i l s o n ,  1 9 7 5 ) .  The a c i d i t y  comes  f rom

c a r b o x y l i c  a c i d  and p h e n o l  g r o u p s ,  w h ic h  a r e  t h e  l i k e l y  
7 +s i t e s  o f  Cd c o m p l e x a t i o n .

A t h i r d  f e a t u r e  t h a t  shows w e l l  i n  t h e s e  f i g u r e s  i s  t h e

smooth  c h a n g e  i n  l o g  K ( f o r  any  o f  t h e  pH v a l u e s )  a s  t h e

v a l u e  o f  [Cd -FA ] /CpA i n c r e a s e s .  T h i s  i n d i c a t e s  a c o n t i n u u m
2 +o f  s i t e  s t r e n g t h s  w i t h  r e s p e c t  t o  Cd . The S c a t c h a r d  

method  f o r  d a t a  t r e a t m e n t  i s  m o s t  a p p l i c a b l e  when t h e r e  a r e  

r e l a t i v e l y  few and l a r g e l y  d i s c r e t e  c l a s s e s  o f  s i t e s .  Such 

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

A f o u r t h  f e a t u r e  t h a t  shows up i n  t h e  g r a p h s  i s  t h e  

l e v e l i n g  o f f  o f  K v a l u e s  a s  [ C d -F A ] / C p A i n c r e a s e s  and  t h e  

f a c t  t h a t  t h i s  l e v e l i n g  o f f  o c c u r s  a t  l o w e r  [ C d - F A ] / C pA f o r  

t h e  l o w e r  pH t i t r a t i o n s .
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5 . 0 ----

4 . 6 ----

’4f+H t - +  pH 7 . 0

p H 6 . 0rH

3 . 8  -b-

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8

[ Cd - SF A] /C SFA

F i g u r e  3 . C o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  (K) f o r  r e p l i c a t e

Cd2 +- i n t o - S F A  t i t r a t i o n s  a t  e a c h  o f  f i v e  pH v a l u e s .  The
-4s o i l - d e r i v e d  f u l v i c  a c i d  (SFA) c o n c e n t r a t i o n  was 5 x 10 M. 

I = 0 . 1  M and T = 25°C.
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5 . 0 ----

4 . 6 ----

4 . 2 ----■

+  %  + + • + +  pH 8 . 0

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8

[Cd-WFA]/CWFA

F i g u r e  4 . C o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  (K) f o r  r e p l i c a t e

Cd2+- i n t o - W F A  t i t r a t i o n s  a t  e a c h  o f  f i v e  pH v a l u e s .  The
— 4

w a t e r - d e r i v e d  f u l v i c  a c i d  (WFA) c o n c e n t r a t i o n  was 5 x 10 

M. I = 0 . 1  M and T = 25°C.
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As i n d i c a t e d  a b o v e ,  t h e  c o n d i t i o n a l ,  s t a b i l i t y  c o n s t a n t s

a r i s e  f r om a 1 : 1  c o m p l e x a t i o n  m o d e l .  The h i g h  [C d- F A ] /C pA

v a l u e s  r e p r e s e n t  an a v e r a g e  o f  c o m p l e x a t i o n  f o r  a l l  s i t e s

i n v o l v e d  d u r i n g  t h e  t i t r a t i o n s ,  and t h e s e  v a l u e s  f o r  t h e

c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t  K a p p e a r  i n  T a b l e  5 .

T h e s e  a r e  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  b e c a u s e  t h e

c o n c e n t r a t i o n  o f  t o t a l  l i g a n d  r a t h e r  t h a n  t h e  c o n c e n t r a t i o n

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

v a l u e s  a r e  u s e f u l  f o r  e n v i r o n m e n t a l  p l a n n i n g ,  b u t  t h e y  h i d e
2 +t h e  d e t a i l s  o f  t h e  Cd -FA c o m p l e x a t i o n  r e a c t i o n .

P o t e n t i o m e t r i c  t i t r a t i o n s  by S t e v e n s o n  ( 19 7 6 ,  1977)  show

t h a t  p r o t o n s  a r e  r e l e a s e d  a s  v a r i o u s  m e t a l  i o n s ,  i n c l u d i n g  
24*Cd , b i n d  t o  s o i l - d e r i v e d  f u l v i c  a c i d .  The number  o f

2 +p r o t o n s  coming  o f f  a s  e a c h  Cd i o n  i s  c o m p l ex e d  may be

c a l c u l a t e d .  The i n i t i a l  a s s u m p t i o n  n e e d e d  i s  t h a t  t h e

t h e r m o d y n a m i c  ( i n t r i n s i c )  s t a b i l i t y  c o n s t a n t ,  K1 , f o r  
2 +Cd -FA c o m p l e x a t i o n  d o e s  n o t  c h a n g e  o v e r  s e v e r a l  pH u n i t s .

The e x p l i c i t  e q u i l i b r i u m  t o  be  c h e c k e d  i s

H FA( 2 ' X)“ + Cd2+ = Cd-FA + xH+A

The e q u i l i b r i u m  e x p r e s s i o n  f o r  t h i s  i s

K =
[Cd-FA] [H+ ] X 

[ H F A ( 2 _X)“ ] [ C d 2 + ]A
The o n l y  d i f f e r e n c e  b e t w e e n  K' and t h e  p r e v i o u s l y  d e f i n e d

4* Xc o n d i t i o n a l  s t a b i l i t y  c o n s t a n t  K i s  a f a c t o r  o f  [H ] , t h a t

i s
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TABLE 5

E f f e c t  o f  pH on c a d m i u m ( I I ) - f u l v i c  a c i d  

c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s 3

l o g  K

pH WFA SFA

4 . 0 3 . 1 5 3 . 2 3

5 . 0 3 . 4 8 3 . 8 0

6 . 0 3 . 6 8 4 . 0 8

7 . 0 3 . 9 1 4 . 32

CO • o 4 . 0 8 4 . 6 3

a A l l  t i t r a t i o n s  h a v e  f u l v i c  a c i d  c o n c e n t r a t i o n s  o f  5 t o  6 

-4x 10 M and 0 . 1  M KNO^ a s  s u p p o r t i n g  e l e c t r o l y t e .  The 

t e m p e r a t u r e  f o r  a l l  t i t r a t i o n s  was 25°C.
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K' = K[H+ ] X.

I f  K 1 i s  c o n s t a n t  a s  i t  i s  f o r  s i m p l e  l i g a n d s ,  i t  s h o u l d  be
4" Xp o s s i b l e  t o  s e l e c t  a v a l u e  f o r  x su c h  t h a t  K[H ] f r om pH 4

t o  8 w i l l  e q u a l  a c o n s t a n t  (K1) . T a b l e  6 shows t h a t  f o r  pH

5 . 0  t o  8 . 0 ,  x = 0 . 2 8  f o r  SFA g i v e s  c o n s t a n t  v a l u e s  f o r  K ' ;  x

= 0 . 2 0  f o r  WFA a l s o  g i v e s  c o n s t a n t  v a l u e s  f o r  K ' .  T he s e

v a l u e s  mean t h a t ,  on a v e r a g e ,  0 . 2 8  p r o t o n s  a r e  r e l e a s e d  as  
2 +e a c h  Cd becomes  bound  t o  SFA and 0 . 2 0  p r o t o n s  a r e  r e l e a s e d

as  e a c h  Cd2 + be com es  bound t o  WFA. B u f f l e  e t  a l . (1977)
2 +  2 -Hc a l c u l a t e d  x v a l u e s  f o r  Cu and Pb c o m p l e x e s  o f  humic

s u b s t a n c e s .  T h e i r  v a l u e s  r a n g e  f rom 0 . 6  t o  0 . 8 .  S c h n i t z e r

and S k i n n e r  (1963)  a l s o  r e p o r t  x v a l u e s  f o r  SFA i n
3 4~ 34* 2 1e x p e r i m e n t s  r a n g i n g  f rom pH 3 t o  10 f o r  Fe , Al , Ni  ,

2+and Cu . For  t h e  pH r a n g e  o f  t h e  work d e s c r i b e d  i n  t h i s

d i s s e r t a t i o n  (pH 4 . 0  t o  8 . 0 ) ,  t h e i r  x v a l u e s  v a r y  f rom 1 . 6

t o  2 . 5  f o r  F e 3 + , 1 . 3  t o  2 . 9  f o r  A l 3 + , 0 . 4  f o r  N i 2 + , and 0 . 8
24-

t o  1 . 1  f o r  Cu . A l l  t h e s e  v a l u e s  t a k e n  t o g e t h e r  i n d i c a t e

t h a t  t h e  g r e a t e r  t h e  s t r e n g t h  o f  a comp lex  b e t w e e n  a m e t a l

i o n  and f u l v i c  a c i d ,  t h e  g r e a t e r  t h e  number  o f  p r o t o n s

r e l e a s e d  upon c o m p l e x a t i o n .  T h i s  work l e n d s  s u p p o r t  t o  t h e  

n o t i o n  t h a t  c a r b o x y l  and p h e n o l  g r o u p s  a r e  t h e  s i t e s  o f  

c o m p l e x a t i o n ,  w i t h  h i g h  i n n e r - s p h e r e  c h a r a c t e r  ( c l o s e  

a s s o c i a t i o n  o f  m e t a l  i o n  and l i g a n d  c a u s i n g  much p r o t o n  

d i s p l a c e m e n t )  f o r  s t r o n g l y  bound  m e t a l  i o n s ,  and h i g h  

o u t e r - s p h e r e  c h a r a c t e r  ( l o o s e  a s s o c i a t i o n  c a u s i n g  r e l a t i v e l y  

l i t t l e  p r o t o n  d i s p l a c e m e n t )  f o r  w e a k l y  bound m e t a l  i o n s .

For  n e i t h e r  SFA no r  WFA, do t h e  d a t a  f o r  pH 4 . 0  f i t
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TABLE 6

D e t e r m i n a t i o n o f x f o r  Cd 2+_ f u l v i c  ac id  r e a c t i o n 3

K 1 f o r SFA K1 f o r SFA K' f o r WFA K' f o r

pH x = 0 . 20 x = 0 . 28 x = 0 . 2 0 x = 0

4 . 0 270 130 220 110

5 . 0 630 250 300 120

6 . 0 760 250 300 100

7 . 0 840 230 320 90

8 . 0 1100 250 300 70

a The v a r i a b l e  x i s  t h e  a v e r a g e  number  o f  p r o t o n s  r e l e a s e d
2 +f rom f u l v i c  a c i d  when a Cd i o n  be com es  b o u n d .
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w e l l  i n t o  t h e  p a t t e r n  ( T a b l e  6 ) .  T h e r e  a r e  two p o s s i b l e

r e a s o n s .  F i r s t ,  t h e  d a t a  a t  pH 4 . 0  a r e  t h e  l e a s t  r e l i a b l e

o f  a l l  t h e  d a t a .  R e l a t i v e l y  l i t t l e  c o m p l e x a t i o n  o c c u r s ,  so
2 +t h a t  t h e r e  i s  o n l y  a s m a l l  d i f f e r e n c e  b e t w e e n  f r e e  Cd

2 4*c o n c e n t r a t i o n  and , t h e  t o t a l  Cd c o n c e n t r a t i o n .

S e c o n d ,  i t  i s  p o s s i b l e  t h a t  t h e r e  i s  some f u n d a m e n t a l  c h a n g e

i n  t h e  f u l v i c  a c i d  t h a t  o c c u r s  b e t w e e n  pH 4 and  5 .  T h i s

wou ld  be  d i f f i c u l t  t o  p r o v e  w i t h o u t  much more

e x p e r i m e n t a t i o n  i n  t h a t  pH r a n g e .

E f f e c t  o f  f u l v i c  a c i d  c o n c e n t r a t i o n . F i g u r e s  5 and 6

show t h e  e f f e c t  o f  f u l v i c  a c i d  c o n c e n t r a t i o n  on i t s  a b i l i t y  

2 +t o  complex  Cd . T a b l e  7 c o n t a i n s  t h e  c o n d i t i o n a l  s t a b i l i t y  

c o n s t a n t s  f o r  t i t r a t i o n s  w i t h  d i f f e r e n t  f u l v i c  a c i d  

c o n c e n t r a t i o n s .  For  b o t h  t y p e s  o f  f u l v i c  a c i d ,  t h e  more  

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

c o n s t a n t s .  The d e p e n d e n c e  o f  s t a b i l i t y  c o n s t a n t  o c c u r s  f o r  

s o l u t i o n s  b e l o w  a b o u t  1 x 1 0 ” ^ M (6 0 -7 0  mg/L o f  F A ) . T h i s  

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

( b e l o w  100 mg/L) whe re  R e u t e r  (1977)  f ou n d  t h a t  r e d u c e d  

v i s c o s i t i e s  o f  a q u a t i c  humus c h a n g e  w i t h  c o n c e n t r a t i o n .  

Reduced  v i s c o s i t y  i s  t h e  v i s c o s i t y  p e r  u n i t  c o n c e n t r a t i o n  o f  

t h e  s o l u t e .  The h i g h e r  r e d u c e d  v i s c o s i t y  o f  d i l u t e  

s o l u t i o n s  may i m p l y  t h a t  humus m o l e c u l e s  a r e  i n  op en  

c o n f o r m a t i o n s  o r  t h a t  t h e y  a r e  i n t e r a c t i n g  w i t h  e a c h  o t h e r  

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

S t u d i e s  i n  t h i s  g r o u p  ( B r e s n a h a n  e t  a l . ,  1978)  and

e l s e w h e r e  ( S t e v e n s o n ,  1 976 ,  1977;  Cheam and Ga mble ,  1974 ;
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0

- 4
SFA

- 4
SFA

- 4x 10 SFA8
- 4x 10 SFA

6

x > e i X
XD

4

2

0

0 . 50 . 3 0 . 40 . 2

[C d -S F A] /C spA

F i g u r e  5 . C o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  ’ (K) f o r
O .1.

Cd - i n t o - S F A  t i t r a t i o n s  a t  f o u r  c o n c e n t r a t i o n s  o f

s o i l - d e r i v e d  f u l v i c  a c i d  (SFA) .  I  = 0 . 1  M and T = 25°C .
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5.4
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3.8-

+  0 . 2 8  x 10 

A 0 . 5 6  x 10 

X 1 . 1  x 10
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M WFA

M WFA

M WFA
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+  +  +

£  +  +  
XA A A

X *  A 
X

3 . 4 - -

X

3 .0-

0 . 0 0  0 . 0 5  0 . 1 0  0 . 1 5

[Cd-WFA]/CwpA

0 . 2 0

X

0 . 2 5

F i g u r e  6 . C o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  (K) f o r  

Cd^+- i n to - W F A  t i t r a t i o n s  a t  t h r e e  c o n c e n t r a t i o n s  o f

w a t e r - d e r i v e d  f u l v i c  a c i d  (WFA). I = 0 . 1  M and T = 25°C.
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TABLE 7
2 +E f f e c t  o f  f u l v i c  a c i d  c o n c e n t r a t i o n  on Cd - f u l v i c  a c i d  

c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s

[WFA] x 1 0 4 Ma l o g  K [SFA] x 1 0 4 Mb l o g  K

0 . 2 8 3 . 9 4 0 . 3 0 4 . 4 6

0 . 5 6 3 . 8 1 0 . 6 1 4 . 3 8

1 . 0 6 3 . 4 0 1 . 3 4 .  26

3 . 1 8 3 . 6 4 2 . 4 4 . 1 1

4 . 1 4 . 1 5

5 . 6 4 . 0 8

a T i t r a t i o n s done a t pH 7 . 0 i n

i—1o

M k n o 3 a t 2 5 ° C .

b T i t r a t i o n s done a t pH 6 . 0 i n 0 . 1 M k n o 3 a t 2 5 ° C .
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T a k a m a t s u  and Y o s h i d a ,  1978;  M a n t o u r a  e t  a l . , 1978 ;  Guy and
2 +C h a k r a b a r t i ,  1976)  show t h a t  Cu b i n d s  more  s t r o n g l y  t o

2 +f u l v i c  and humic  a c i d s  t h a n  Cd d o e s .  F u r t h e r m o r e ,  t h e
2 +c o n c e n t r a t i o n  o f  f u l v i c  a c i d  d o e s  n o t  a f f e c t  t h e  Cu -FA

* s
s t a b i l i t y  c o n s t a n t .  T h i s  c l e a r l y  shows i n  F i g u r e  7:

Cu^+- i n t o - F A  and F A - i n t o - C u ^ + t i t r a t i o n s  a t  pH 4 . 0  g i v e

n e a r l y  i d e n t i c a l  r e s u l t s .  The two t y p e s  o f  t i t r a t i o n s  f o r  
7 +t h e  Cu -SFA s y s t e m  a t  pH 3 . 0  a l s o  g i v e  t h e  same c u r v e  

s h a p e .
7 4- 2 +I n  c o n t r a s t ,  r e s u l t s  f r om Cd - i n t o - F A  and  F A - i n t o - C d

e x p e r i m e n t s  c a n  be  v e r y  d i f f e r e n t .  R e s u l t s  f r om one
7 +t i t r a t i o n  o f  e a c h  t y p e  f o r  Cd -WFA a t  pH 6 . 0  a p p e a r  m

24-F i g u r e  8 . A s i m i l a r  p l o t  f o r  two Cd -SFA t i t r a t i o n s  a t  pH

6 . 0  a p p e a r s  i n  F i g u r e  9 .  A l t h o u g h  t h i s  i s  n o t  a S c a t c h a r d

p l o t ,  i t s  f orm i s  q u i t e  s i m i l a r  t o  o n e ,  so  t h a t  t h e  c u r v e
2 +s h a p e s  f o r  t h e  F A - i n t o - C d  t i t r a t i o n s  shown i n  F i g u r e s  8

and 9 a r e  v e r y  s i m i l a r  t o  t h e  c u r v e  s h a p e  shown in  F i g u r e  2
2 +f o r  a pH 5 . 0  F A - i n t o - C d  e x p e r i m e n t .

2 -I-The c o m p l i c a t e d  c u r v e  s h a p e  f o r  t h e  F A - i n t o - C d

t i t r a t i o n s  ca n  now be  e x p l a i n e d .  E a r l y  i n  su c h  a t i t r a t i o n ,

t h e  s t a b i l i t y  c o n s t a n t  d r o p s  a f t e r  e a c h  a d d i t i o n  o f  FA,

b e c a u s e  o f  t h e  c o n c e n t r a t i o n  e f f e c t  d e s c r i b e d  a b o v e .  Cu rve

A i n  F i g u r e  10 r e p r e s e n t s  t h i s  e f f e c t .  Howeve r ,  i s
2 +a l w a y s  i n c r e a s i n g ,  so  t h a t  Cd i o n s  h a v e  an e v e r  w i d e n i n g  

c h o i c e  o f  s i t e s  on t h e  FA f o r  c o m p l e x a t i o n .  The m e t a l  i o n s  

w i l l  b i n d  p r e f e r e n t i a l l y  t o  t h e  s t r o n g e s t  s i t e s ,  so  a s  more  

and more  FA i s  a d d e d ,  t h e  a v e r a g e  K v a l u e  i n c r e a s e s  ( c u r v e  B
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90

2 +S F A - i n t o - C u

2 +Cu - m t o - S F A

60

30

0

0 . 0 0 . 2 0 . 4 0 . 6

24*F i g u r e  7 . S c a t c h a r d  p l o t  c o m p a r i n g  Cu - i n t o - S F A  and
2 +S F A - i n t o - C u  t i t r a t i o n s  a t  pH 4 . 0 .  SFA i s  s o i l - d e r i v e d  

f u l v i c  a c i d  and v i s  (CCu~ [ C u 2+] ) / CSFA* I = 0 . 1  M and T = 

2 5 ° C .
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4.8

4 . 6

A WFA t i t r a n t  

+  Cd2+ t i t r a n t

4 . 4

CT>O
4 . 2 ----

4 . 0

A

+

\
WFA

'Cd

= 1 . 0  x 10 5 M 

= 1 . 6  x 1 0 “ 5 M

3 . 8

C = 5 . 2  x 10 4 M WFA
,-4C_ , = 2 . 1 x 10 MCd

+  + /

3 . 6

0 . 0 0 . 1  0 . 2

[Cd-WFA]/C

0 . 3 0 . 4

WFA

i t 2 4*
F i g u r e  8 . A c o m p a r i s o n  o f  Cd - i n to - W F A  and WFA- in to -Cd  

t i t r a t i o n s  a t  pH 6 . 0 .  WFA i s  w a t e r - d e r i v e d  f u l v i c  a c i d  and 

K i s  t h e  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t .  I  = 0 . 1  M and T = 

25°C.  R e a g e n t  c o n c e n t r a t i o n s  a r e  shown f o r  one  e x p e r i m e n t a l  

p o i n t  i n  e a c h  t i t r a t i o n  w i t h  a p p r o x i m a t e l y  e q u a l  

[Cd-WFA]/CwpA.
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5.2

5 . 0  —

A SFA t i t r a n t  

+ 2 +Cd t i t r a n t

4 . 8

+
+

" +  
+

tno 4 . 6

4 . 4
'A.  4- A  AA ^

4 . 2

4 . 0

0 . 0 0 . 1 0 . 2  0 . 3

[Cd-SFA] /C SFA

0 . 4 0 . 5

o +  2 ■+■F i g u r e  9 . A c o m p a r i s o n  o f  Cd - i n t o - S F A  and  S F A - i n t o - C d

t i t r a t i o n s  a t  pH 6 . 0 .  SFA i s  s o i l - d e r i v e d  f u l v i c  a c i d  and K

i s  t h e  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t .  I  = 0 . 1  M and  T

2 5 ° C .

-A-
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[C d - F A ] /C pA

F i g u r e  1 0 . I d e a l i z e d  g r a p h  show ing  t h e  c h a n g e  i n  

c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t  K w i t h  c h a n g i n g  [ C d - F A ] /C FA 

f o r  F A - i n t o - C d ^ + t i t r a t i o n s .  C u r v e s  A and B r e p r e s e n t  two 

f a c t o r s  t h a t  add t o  f o rm  t h e  o b s e r v e d  c u r v e  s h a p e  C. 

D e t a i l s  on t h e s e  e f f e c t s  a p p e a r  i n  t h e  t e x t .
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i n  F i g u r e  1 0 ) .  The sum o f  c u r v e s  A and B i s  c u r v e  C, w h i ch
2 +i s  t h e  s h a p e  o f  t h e  F A - m t o - C d  t i t r a t i o n  c u r v e s  a s  shown 

i n  F i g u r e s  2 ,  8 , and 9 .

The r e s u l t  i s  t h a t  t h e  s e l e c t i o n  o f  t i t r a n t  (FA o r
24 2 4*Cd ) makes  a l a r g e  d i f f e r e n c e  i n  t h e  s h a p e  o f  t h e  Cd -FA

c o m p l e x a t i o n  c u r v e .  As p r e v i o u s l y  n o t e d ,  d u r i n g  an 
2 4*F A - i n t o - C d  t i t r a t i o n ,  t h e  FA c o n c e n t r a t i o n  s t a r t s  v e r y  low

and i n c r e a s e s  1 0 0 - f o l d  o r  m o r e .  Such  low c o n c e n t r a t i o n s  o f

FA and  s u c h  a w i d e  r a n g e  o f  FA c o n c e n t r a t i o n s  do n o t  o c c u r  
2 +  .f o r  Cd - m t o - F A  t i t r a t i o n s .

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

m o l e c u l e s  r e s u l t i n g  f rom i n c r e a s e d  c o n c e n t r a t i o n  o f  f u l v i c
2 4a c i d  a r e  f o r c e f u l  enough  t o  b l o c k  some p o t e n t i a l  Cd

c o m p l e x a t i o n  s i t e s .  Howeve r ,  t h e  s t a b i l i t y  c o n s t a n t  f o r  
2 4Cu -FA i s  g r e a t  en ou g h  t o  o v e rc o m e  t h i s  r e l a t i v e l y  weak

b l o c k i n g .  The FA-FA i n t e r m o l e c u l a r  f o r c e s  a p p e a r  t o  be
2 4s t r o n g e r  t h a n  t h o s e  b e t w e e n  Cd and FA, b u t  w e ak e r  t h a n  

t h o s e  b e t w e e n  Cu^+ and FA. B u f f l e  e t  a l . (1978)  n o t e  t h a t

su c h  i n t e r m o l e c u l a r  a s s o c i a t i o n s  o c c u r  i n  humic  s u b s t a n c e s  

a t  c o n c e n t r a t i o n s  g r e a t e r  t h a n  80 mg/L.
2 +P r e d i c t i o n s  a r e  p o s s i b l e  f r om t h e  c o m p a r i s o n  o f  Cd

2+  2 +and Cu c o m p l e x a t i o n  by f u l v i c  a c i d .  A m e t a l  i o n  l i k e  Pb
2 +t h a t  c o m p l e x e s  w i t h  s i m p l e  o r g a n i c  l i g a n d s  much a s  Cu d o e s

( M a r t e l l  and S m i t h ,  1977)  wou ld  n o t  h a v e  s t a b i l i t y  c o n s t a n t s

t h a t  d e p e n d  on FA c o n c e n t r a t i o n .  R e s u l t s  i n  C h a p t e r  3

c o n f i r m  t h i s  p r e d i c t i o n .  I n  c o n t r a s t ,  a w e a k l y  c o m p l e x i n g
2 4m e t a l  i o n  l i k e  Zn m i g h t  w e l l  h a v e  c o n c e n t r a t i o n  d e p e n d e n t
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K v a l u e s .

A n o t h e r  p o s s i b i l i t y  m a y  e x p l a i n  t h e  FA c o n c e n t r a t i o n

e f f e c t .  B u rch  e t  a l . (1978)  n o t e  t h a t  t h e  w e i g h t e d  a v e r a g e

o f  a c i d  f u n c t i o n a l  g r o u p  i o n i z a t i o n  c o n s t a n t s  i n  f u l v i c  a c i d

w i l l  g e n e r a l l y  c h a n g e  when t h e  c o n c e n t r a t i o n  o f  s u c h  g r o u p s

c h a n g e s .  I t  c o u l d  b e  a r g u e d  t h a t  t h e  r a d i c a l l y  d i f f e r e n t  FA

2  4-
c o n c e n t r a t i o n s  i n  t h e  F A - i n t o - C d  e x p e r i m e n t  c a u s e

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

i t s  a b i l i t y  t o  b i n d  m e t a l  i o n s .  I t  a p p e a r s  t h a t  h i g h e r

c o n c e n t r a t i o n s  o f  a c i d  g r o u p s  i n c r e a s e  t h e  a m o u n t  o f  H+

d i s s o c i a t i o n  (Burch  e t  a l . , 1 9 7 8 ) .  T h i s  model  wou ld  a g r e e  
2 4-

w i t h  t h e  Cd  - F A  f i n d i n g s  p r e s e n t e d  h e r e  i f  t h e  i n c r e a s e  m

FA c o n c e n t r a t i o n  a l s o  i n c r e a s e s  t h e  d i s s o c i a t i o n  c o n s t a n t  

2  4*
f o r  C d  - F A .  H o w e v e r ,  s u c h  a  f u n d a m e n t a l  c h a n g e  m  t h e

a c i d - b a s e  p r o p e r t i e s  o f  f u l v i c  a c i d  s h o u l d  a l s o  i n f l u e n c e
2 + 2 +

t h e  c o m p l e x a t i o n  o f  C u  a n d  P b  . T h e  w o r k  s u m m a r i z e d  i n

t h i s  d i s s e r t a t i o n  shows t h a t  i t  d o e s  n o t .

E f f e c t  o f  e l e c t r o l y t e  c o n c e n t r a t i o n . T a b l e  8 s h o w s  t h e

2 +
e f f e c t  o f  i o n i c  s t r e n g t h  o n  Cd  - F A  c o m p l e x a t i o n .  T h e  I  =

0 . 0 1  M t i t r a t i o n s  r e s u l t e d  i n  h i g h e r  c o n d i t i o n a l  s t a b i l i t y

c o n s t a n t s  t h a n  f o r  t h e  I  =  0 . 1  M t i t r a t i o n s .  The FA
2  4*c o n c e n t r a t i o n  e f f e c t  f o r  Cd h o l d s  i n  e i t h e r  0 . 1  o r  0 . 0 1  M 

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

a r e  h i g h e r  i n  t h e  more  d i l u t e  e l e c t r o l y t e ,  w he r e  K+ 

c o m p e t i t i o n  f o r  FA c o m p l e x i n g  s i t e s  i s  r e l a t i v e l y  low 

(Gamble ,  1 9 7 3 ) .  F u r t h e r m o r e ,  an  i n c r e a s e  i n  i o n i c  s t r e n g t h  

i n c r e a s e s  t h e  a c i d i t y  o f  n e u t r a l  o r  n e g a t i v e l y  c h a r g e d
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TABLE 8
2 +E f f e c t  o f  i o n i c  s t r e n g t h  on Cd - s o i l  f u l v i c  a c i d  

c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  a t  pH 6 .0

[SFA] x 1 0 4 M [KN03 ] M Log K

5 . 6  0 . 1 0  4 . 0 8

5 . 7  0 . 0 1  4 . 7 6

0 . 6 1  0 . 1 0  4 . 3 8

0 . 5 9  0 . 0 1  4 . 8 9
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a c i d s ,  s u c h  a s  f u l v i c  a c i d s ,  t h r o u g h  l o w e r e d  a c t i v i t y

c o e f f i c i e n t s .  For  t h e  g e n e r a l  a c i d  d i s s o c i a t i o n  r e a c t i o n

HA" = A2"  + H+

a c h a n g e  i n  i o n i c  s t r e n g t h  f rom 0 . 0 1  M t o  0 . 1  M w i l l  l o w e r  

t h e  pK by  0 . 2 2  u n i t s  (Stumm and Morgan ,  1 9 7 0 ) .  The h i g h e r
cl

i o n i c  s t r e n g t h  wou ld  p r o b a b l y  a l s o  f a v o r  t h e  f o r w a r d

r e a c t i o n

M2+-FA = M2+ + FA2"

r e s u l t i n g  i n  t h e  l o w e r  s t a b i l i t y  c o n s t a n t s  a t  I = 0 . 1  M t h a n  

a t  I  = 0 . 0 1  M.

CONCLUSIONS

F u l v i c  a c i d  c o n c e n t r a t i o n  a p p e a r s  t o  be  an i m p o r t a n t

v a r i a b l e  when i n v e s t i g a t i n g  t h e  t r a n s p o r t  o f  w e a k l y  bound
2 +m e t a l  i o n s ,  l i k e  Cd , m  n a t u r a l  s y s t e m s .  On a p e r - m o l e

b a s i s ,  FA c o m p l e x e s  m o s t  s t r o n g l y  when FA i s  i n  low

c o n c e n t r a t i o n .  G r a p h s  s u c h  a s  t h o s e  i n  F i g u r e s  3 -6  c a n  h e l p
2 +c a l c u l a t e  t h e  p r o p o r t i o n  o f  f r e e  and c o m p l e x e d  Cd f o r  a 

g i v e n  pH, f o r  a r a n g e  o f  f u l v i c  a c i d  c o n c e n t r a t i o n s ,  and a t  

d i f f e r e n t  [ C d - F A ] /C pA v a l u e s .

The l ow [ C d - F A ] /C FA p a r t s  o f  F i g u r e s  3 - 6  a p p l y  b e s t  t o  

a v e r a g e  r i v e r  w a t e r  i n  t h e  U n i t e d  S t a t e s ,  w h i ch  h a s  10 -13  

mg/L o f  d i s s o l v e d  humic  s u b s t a n c e s  ( R e u t e r  and P e r d u e ,  1977)
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2 - i -and a b o u t  0 . 0 0 1  mg/L o f  Cd (Durum e t  a l . , 1 9 7 1 ) .  How eve r ,

a r e a s  w i t h  much h e a v y - m e t a l  p o l l u t i o n  m i g h t  be  b e s t

r e p r e s e n t e d  by  t h e  h i g h  [C d - F A ] /C FA p o r t i o n s  o f  t h e s e

g r a p h s .  F i n a l l y ,  t h i s  work  shows t h a t  f u l v i c  a c i d s  d e r i v e d
2 +f rom s o i l  and w a t e r  r e s p o n d  t o  Cd v e r y  s i m i l a r l y  i n  a l l  

a s p e c t s  i n v e s t i g a t e d  h e r e .



CHAPTER 3

Pb 2+ COMPLEXATION BY FULVIC ACID AND HOW IT COMPARES 

TO FULVIC ACID COMPLEXATION OF Cu2+ AND Cd2+

INTRODUCTION

L e a d ( I I )  d i f f e r s  c h e m i c a l l y  and  t o x i c o l o g i c a l l y  f r om

c a d m i u m ( I I ) .  L e a d ( I I )  i s  n e a r l y  100 t i m e s  a s  c o n c e n t r a t e d

i n  i g n e o u s  r o c k s  a s  i s  c a d m i u m ( I I ) ;  t h e  d i f f e r e n c e  i n

c o n c e n t r a t i o n  f a v o r s  l e a d  ( I I )  e v e n  more  i n  s e d i m e n t a r y  r o c k s

(Hem, 1 9 7 0 ) .  Cadmium i s  a g r o u p  I I B  m e t a l  i n  p e r i o d  5.

Lead  a p p e a r s  i n  g r o u p  IVA i n  p e r i o d  6 .  Cad mi um ' s  o n l y

common o x i d a t i o n  s t a t e s  a r e  0 and +2 .  Lead  c a n  a p p e a r  a s  0 ,

+2 ,  and  +4 .  The d i s c u s s i o n  h e r e  r e l a t e s  t o  t h e  +2 o x i d a t i o n

s t a t e  o f  b o t h  m e t a l s .

D e s p i t e  t h e  r e l a t i v e l y  h i g h  l e v e l s  o f  l e a d  i n  r o c k s ,

t h e r e  i s  n o t  much o f  i t  i n  n a t u r a l  w a t e r s .  L e a d ( I I )  i s

r e l e a s e d  o n l y  s l o w l y  by w e a t h e r i n g  ( L o v e r i n g ,  1976)  and e v en
7 +i f  i t  i s  r e l e a s e d ,  Pb c o n c e n t r a t i o n  c a n  be  l i m i t e d  by 

a d s o r p t i o n  and  by  t h e  l ow s o l u b i l i t y  o f  s u c h  i n o r g a n i c

64
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s p e c i e s  a s  PbCO^, PbSO^,  and PbS.  The m e d i a n  c o n c e n t r a t i o n  
2 +o f  Pb m  l a k e s  and r i v e r s  m  t h e  U n i t e d  S t a t e s  i s  0 . 0 0 2

2 4*mg/L.  T h i s  v a l u e  i s  o n l y  t w i c e  t h e  e s t i m a t e d  a v e r a g e  Cd

c o n c e n t r a t i o n  i n  U n i t e d  S t a t e s  w a t e r s  (Durum e t  a l . , 1 9 7 1 ) .

T r a n s p o r t a t i o n  v e h i c l e s  and i n d u s t r i a l  p r o d u c t s  and
2 +b y p r o d u c t s  c a n  c a u s e  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  Pb

t o  a r i s e ,  and t h e r e i n  l i e  p o t e n t i a l  h e a l t h  p r o b l e m s .  O l d e r

s t r u c t u r e s  h a v e  l e a d - b a s e d  p a i n t s  and l e a d  p l u m b i n g  (plumbum

i s  L a t i n  f o r  l e a d ) . Wate r  w i t h  low pH f l o w i n g  i n  s u c h  p i p e s
2 +c a n  m o b i l i z e  Pb . Lead c a n  e n t e r  t h e  a i r  f r om a u t o m o b i l e s

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

b u r n i n g ;  c o a l  a v e r a g e s  10 ppm l e a d  ( L o v e r i n g ,  1 9 7 6 ) .  T h e s e

f a c t o r s  c a u s e  l e a d  t o  be  c o n c e n t r a t e d  i n  u r b a n ,  i n d u s t r i a l ,

and  h i g h w a y  a r e a s .  S o i l s  and w a t e r  b o d i e s  i n  s u c h  a r e a s  c a n

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

Human a c t i v i t y  p u t s  l a r g e  a m o u n t s  o f  l e a d  i n t o  t h e

e n v i r o n m e n t  p e r h a p s  b e c a u s e  l e a d  h a s  b e e n  r e g a r d e d  a s  o n l y
2 4m o d e r a t e l y  t o x i c ,  c e r t a i n l y  l e s s  t o x i c  t h a n  Cd and v a r i o u s  

m e r c u r y - c o n t a i n i n g  s p e c i e s .  A N a t i o n a l  Academy o f  S c i e n c e s  

p a n e l  on w a t e r  q u a l i t y  c r i t e r i a  s u g g e s t s  t h a t  no more  t h a n  

0 . 0 5  mg/L o f  l e a d  a p p e a r  i n  d r i n k i n g - w a t e r  s u p p l i e s .  The 

same p a n e l  s u g g e s t s  l i m i t s  o f  0 . 0 1  mg/L f o r  cadmium and 

0 . 0 0 2  mg/L f o r  m e r c u r y  ( N a t i o n a l  Academy o f  S c i e n c e s ,  1 9 7 2 ) .  

Ho w eve r ,  l e a d  p o i s o n i n g  h a s  r e c e i v e d  i n c r e a s i n g  a t t e n t i o n ,  

so  t h a t  l e a d  p l u m b i n g  and l e a d - b a s e d  p a i n t s  a r e  now us e d  

l e s s ,  and l e a d  a n t i - k n o c k  a g e n t s  s u c h  a s  t e t r a e t h y l l e a d  a r e  

b e i n g  p h a s e d  o u t  o f  g a s o l i n e .  E x c e s s  l e a d  c a n  c a u s e
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a n o r e x i a ,  v o m i t i n g ,  m a l a i s e ,  and c o n v u l s i o n s  (due  t o  

i n t r a c r a n i a l  p r e s s u r e )  i n  c h i l d r e n ;  i n  a d u l t s ,  c h r o n i c  l e a d  

p o i s o n i n g  a p p e a r s  a s  p r o b l e m s  i n  t h e  g a s t r o i n t e s t i n a l  t r a c t

and i n  t h e  c e n t r a l  n e r v o u s  s y s t e m  (Merck I n d e x ,  1 9 7 6 ) .
2 +

The c h e m i s t r y  o f  Pb i n  n a t u r a l  w a t e r s  and  s o i l s  i s

n o t  e a s y  t o  u n r a v e l .  T h e r e  a r e  many p o s s i b l e  s o l u b l e

o r g a n i c  and i n o r g a n i c  c o m p l e x e s  o f  l e a d ,  a s  w e l l  a s  many

o p p o r t u n i t i e s  f o r  l e a d  and l e a d - c o n t a i n i n g  s p e c i e s  t o

p r e c i p i t a t e  o u t  o f  s o l u t i o n  and a d s o r b  o n t o  s o l i d s  ( J e n n e

and Luoma,  1 9 7 7 ) .  The r e l a t i v e  c o n c e n t r a t i o n s  o f  t h e

v a r i o u s  s p e c i e s  w i l l  a f f e c t  t h e  a v a i l a b i l i t y  and t o x i c i t y  o f  
2 +Pb t o  p l a n t s  and  a n i m a l s ,  and w i l l  a l s o  a f f e c t  t h e

movement  o f  l e a d  i n  g e o c h e m i c a l  p r o c e s s e s .

S p e c i a t i o n  s t u d i e s  may be  d i v i d e d  i n t o  t h o s e  a p p l y i n g

t o  s a l t  w a t e r  ( B a t l e y  and G a r d n e r ,  1978 ;  Z i r i n o  and

Yamamoto,  1 9 7 2 ) ,  t o  m ixe d  s a l t  and f r e s h  w a t e r  ( D u i n k e r  and

K r a m e r ,  1977 ;  B l u s t e i n  and S m i t h ,  1 9 7 8 ) ,  and t o  f r e s h  w a t e r

( G i e s y  e t  a l . ,  1978 ;  Ku bo ta  e t  a l . ,  1974;  Ramamoor thy  and

K u s h n e r , 1975;  B en es  e t  a l . , 1 9 7 9 ) .  O ' S h e a  and Mancy (1978)

p r e p a r e d  model  s o l u t i o n s  t o  t e s t  t h e  e f f e c t  o f  pH and

h a r d n e s s - m e t a l  i o n s  on h e a v y - m e t a l  s p e c i a t i o n .

A l t h o u g h  p a p e r s  h a v e  a p p e a r e d  sh ow ing  o n l y  t h e
2 +i n o r g a n i c  s p e c i a t i o n  o f  Pb ( Z i r i n o  and Yamamoto,  1 9 7 2 ) ,

much a t t e n t i o n  h a s  b e e n  c o n c e n t r a t e d  on t h e  i n t e r a c t i o n
2 +b e t w e e n  o r g a n i c  m a t t e r  and Pb . For  e x a m p l e ,  B o n d a r e n k o  

(1968)  f o un d  t h a t  a 0.01% s o l u t i o n  o f  s o i l - d e r i v e d  f u l v i c  

a c i d  c o u l d  d i s s o l v e  10 t o  60 t i m e s  a s  much g a l e n a  (PbS)
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d u r i n g  one  y e a r  a s  c o u l d  a s o l u t i o n  w i t h o u t  f u l v i c  a c i d .

S e v e r a l  s t u d i e s  h a v e  gone  f u r t h e r  t o  c a l c u l a t e  s t a b i l i t y
2 +c o n s t a n t s  f o r  Pb w i t h  v a r i o u s  f r a c t i o n  o f  o r g a n i c  m a t t e r  

( T a b l e  9 ) .

Of t h e  e n t r i e s  i n  T a b l e  9 ,  some o f  t h e  e a r l i e s t  work on
2 +t h e  s t a b i l i t y  c o n s t a n t s  o f  Pb and humic  s u b s t a n c e s  was

done  by  i o n  e x c h a n g e  and by  t h e  me tho d  o f  c o n t i n u o u s

v a r i a t i o n  ( S c h n i t z e r  and S k i n n e r ,  1967;  S c h n i t z e r  and

H a n s e n ,  1 9 7 0 ) .  Hope was h i g h  a t  one  t i m e  t h a t  a n o d i c

s t r i p p i n g  v o l t a m m e t r y  ( w i t h  i t s  e x t r e m e l y  low d e t e c t i o n

l i m i t s )  and p o l a r o g r a p h y  c o u l d  p r o v i d e  b e t t e r  d a t a  t o

c a l c u l a t e  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s .  E r n s t  e t  a l .

( 1975)  o b t a i n e d  d r a m a t i c a l l y  d i f f e r e n t  r e s u l t s  f rom

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 y  and d i f f e r e n t i a l  p u l s e

a n o d i c  s t r i p p i n g  v o l t a m m e t r y  when t h e y  t r i e d  t o  c a l c u l a t e
2 +s t a b i l i t y  c o n s t a n t s  f o r  Pb - h u m i c  a c i d  c o m p l e x e s .  They 

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

r u i n e d  t h e  t e c h n i q u e .  Howeve r ,  g r o u p s  c o n t i n u e  t o  u se  

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

c o n s t a n t s  ( B u f f l e  and G r e t e r ,  1 9 7 9 ) .
2 +S e v e r a l  p u b l i s h e d  s t a b i l i t y  c o n s t a n t s  f o r  Pb - h u m i c

m a t t e r  c o m p l e x e s  r e s u l t  f r om p o t e n t i o m e t r i c  t i t r a t i o n s ,
2 +w hi ch  c a n  be  done  by  m e a s u r i n g  f r e e  ( h y d r a t e d )  Pb w i t h  an 

i o n - s e l e c t i v e  e l e c t r o d e  ( T a k a m a t s u  and Y o s h i d a ,  1978 ;  B u f f l e  

e t  a l . , 1977;  Ramamoor thy  and K u s h n e r , 1 9 7 5 ) ,  o r  by

m e a s u r i n g  r e l e a s e d  h y d r o g e n  i o n  ( S t e v e n s o n ,  1976 ,  1977;  

Ramamoor thy  and Ma nn in g ,  1 9 7 4 ) .  One g r o u p  s e p a r a t e d  f r e e
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TABLE 9

L e a d ( I I )  

Com plex 3

s t a b i l i t y  

PH

c o n s t a n t s

I

w i t h  humic  m a t e r i a l s  

l o g  K Method R e f e r e n c i

Pb-SFA 3 . 5 0 . 1 3 . 1 1 1

Pb-SFA 5 . 0 0 . 1 6 . 1 1 1

Pb-SFA 3 . 0 0 . 1 2 . 6 2 2

Pb-SFA 5 . 0 0 . 1 4 . 1 2 2

Pb-SFA 3 . 0 0 . 1 2 . 7 1 2

Pb-SFA 5 . 0 0 . 1 4 . 0 1 2

Pb-(SHA) - 0 . 1 b 3 3

Pb-AHA 6 . 8 0 . 0 1 6 . 53c 4 4

Pb-AHA 6 . 8 0 . 0 1 5.  30 c 4 4

P b - ( p e a t  HA) 2 4 . 0 0 . 1 7 . 0 8 5 5

P b - ( p e a t  HA) 2
<3 0 . 1 7 . 0 0 6 5

Pb -  ( l i g n i t e HA) 2 4 . 0 0 . 1 7 . 3 6 5 5

P b - ( l i g n i t e HA) 2 a 0 . 1 7 . 0 3 6 5

Pb- (SHA ) 2 4 . 0 0 . 1 7 . 1 4 5 5

Pb- (SHA ) 2 a 0 . 1 7 . 0 3 6 5

P b - ( p e a t  HA) 2 4 . 0 0 . 0 1 8 . 1 4 5 5

P b - ( p e a t  HA) 2
a 0 . 0 1 8 . 1 1 6 5

P b - ( l i g n i t e HA) 2 4 . 0 0 . 0 1 8 . 1 8 5 5

P b - ( l i g n i t e HA) 2 d 0 . 0 1 7 . 8 0 6 5
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Table 9, continued

Pb- (SHA ) 2 4 . 0 0 . 0 1 8 . 3 8 5 5

Pb- (SHA ) 2 d 0 . 0 1 7 .  65 6 5

Pb-SFA 3 . 0 0 . 1 2 . 6 3 6

Pb-SFA 5 . 0 0 . 1 4 . 1 3 6

P b - r i v e r  w a t e r 6 . 7 0 . 1 6 . 0 3 6

P b - r i v e r  w a t e r 6 . 8 0 . 1 5 . 5 3 6

P b - ( r i v e r  w a t e r ) 2 6 . 8 0 . 1 1 0 . 4 3 6

Pb-WFA 6 . 0 0 . 1 5 . 1 8 7

Pb-(WFA) 2 6 . 0 0 . 1 9 . 7 8 7

P b - r i v e r  w a t e r 7 . 3 0 . 0 0 1 3 . 9 5 3 8

Pb-SFA - - 3 . 6 4 3 8

Pb-SFA 3 . 0 0 . 1 3 . 2 1 3 ,  5 9

Pb- (SFA)  2 3 . 0 0 . 1 5.  58 3 ,  5 9

Pb-HA - 0 . 1 4 . 0 7 10

Pb-HA - 0 . 1 6 . 1 7 10

Pb-HA 0 . 1 1 4 . 8 8 10
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Table 9, continued

a A bb re v  i a t i o n s : SFA ( s o i l - d e r i v e d  f u l v i c  a c i d ) ; SHA 
( s o i l - d e r i v e d  humic  a c i d ) ;  AHA ( A l d r i c h  humic  a c i d ) ;  HA 
(humic  a c i d ) ; WFA ( w a t e r - d e r i v e d  f u l v i c  a c i d ) .

b 8 . 3 5  + 0 . 3 0 (pH -  5 ) .

c The a u t h o r s  u se d  t h e  S c a t c h a r d  t r e a t m e n t  t o  g e n e r a t e  l o g  
K = 6 . 5 3  f o r  t h e  s t r o n g  ( f i r s t )  c l a s s  o f  s i t e s  and l o g  K = 
5 . 3 0  f o r  t h e  weak ( s e c o n d )  c l a s s  o f  s i t e s .

A v e r a g e  o f  t i t r a t i o n s  a t  pH 4 and  5 .

M e t h o d s . (1) I o n  e x c h a n g e .  (2) C o n t i n u o u s  v a r i a t i o n .  (3)
I o n - s e l e c t i v e  e l e c t r o d e  p o t e n t i o m e t r y . (4) D i a l y s i s  /
a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y .  (5) C o n v e n t i o n a l  
h y d r o g e n - i o n  p o t e n t i o m e t r y . ( 6 ) M o d i f i e d  h y d r o g e n - i o n
p o t e n t i o m e t r y . (7) D i f f e r e n t i a l  p u l s e  a n o d i c  s t r i p p i n g
v o l t a m m e t r y .  ( 8 ) 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 y .

R e f e r e n c e s  (1) S c h n i t z e r  and S k i n n e r ,  1967 .  (2) S c h n i t z e r
H a n s e n ,  19 70 .  (3) T a k a m a t s u

C h a k r a b a r t i ,  19 76 .
19 77 .  (7)

K u s h n e r ,
(10) E r n s t

and
Guy and 
B u f f l e  e t  a l . ,  
Ramamoor thy  and 
M a n n i n g ,  1974 .

and Y o s h i d a ,  1978 
(5) S t e v e n s o n ,  1977 .  

B u f f l e  and  G r e t e r ,  1979
1975 .  
e t  a l

(9)
1975

Ramamoor thy

(4)
( 6 )
( 8 )
and
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2 +and bound  Pb w i t h  d i a l y s i s  t u b i n g  and a n a l y z e d  t h e  m e t a l

i o n  c o n c e n t r a t i o n  w i t h  a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t r y

(Guy and C h a k r a b a r t i ,  1 9 7 6 ) .

The work d e s c r i b e d  i n  t h i s  d i s s e r t a t i o n  a d d s  t o  t h e

e x i s t i n g  l i t e r a t u r e  i n  s e v e r a l  w a y s .  F i r s t ,  t h e  e x p e r i m e n t s

i n v o l v e  two f u l v i c  a c i d s ,  one  d e r i v e d  f rom a s o i l  and t h e
2 +o t h e r  f r om a f r e s h w a t e r  r i v e r .  Any c o m p a r i s o n s  o f  t h e  Pb

c o m p l e x i n g  a b i l i t y  o f  t h e s e  two f u l v i c  a c i d s  w i l l  h e l p  o u r
2 +u n d e r s t a n d i n g  o f  Pb - o r g a n i c  m a t t e r  i n t e r a c t i o n s  i n  w a t e r  

by  e n a b l i n g  u s  t o  d r aw  upon t h e  l a r g e  amoun t  o f  i n f o r m a t i o n  

g a t h e r e d  on i n t e r a c t i o n s  b e t w e e n  s o i l - d e r i v e d  m a t e r i a l s  and 

h e a v y  m e t a l s .
2 +T h i s  s t u d y  a l s o  i n c l u d e s  r e s u l t s  o f  Pb c o m p l e x a t i o n

by  f u l v i c  a c i d s  a t  f o u r  pH v a l u e s ,  a l a r g e r  number  o f

h y d r o g e n - i o n  c o n c e n t r a t i o n s  t h a n  a r e  d i s c u s s e d  i n  an y  p a p e r

e x c e p t  one  ( T a k a m a t s u  and Y o s h i d a ,  1 9 7 8 ) ;  t h a t  p a p e r

d e s c r i b e s  c o m p l e x a t i o n  o n l y  f o r  s o i l - d e r i v e d  humic  a c i d

(SHA),  and t h e  c o n s t a n t s  a r e  l i s t e d  f o r  1 : 2  ( P b - ( S H A ) 2 )

c o m p l e x e s  o n l y .  A c o m p r e h e n s i v e  k n o w l e d g e  o f  t h e  pH e f f e c t  
2 +on Pb c o m p l e x a t i o n  by f u l v i c  a c i d  w i l l  a l l o w  more  a c c u r a t e

c a l c u l a t i o n s  o f  s p e c i a t i o n .

F i n a l l y ,  t h i s  work c a r e f u l l y  d e s c r i b e s  t h e  c o n d i t i o n s
2 +n e e d e d  t o  c a u s e  p r e c i p i t a t i o n  o f  Pb -FA c o m p l e x e s .  I t  i s  

i m p o r t a n t  t o  know when s o l i d s  b e g i n  t o  f o rm  d u r i n g  a 

m e t a l - i o n  t i t r a t i o n ,  so  t h a t  d a t a  a f t e r  p r e c i p i t a t i o n  b e g i n s  

a r e  n o t  i n c l u d e d  i n  c a l c u l a t i o n s  o f  s t a b i l i t y  c o n s t a n t s ,  

w h i c h  a p p l y  s t r i c t l y  t o  s o l u t i o n - p h a s e  r e a c t i o n s .
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EXPERIMENTAL

Oj_
The Pb i o n - s e l e c t i v e  e l e c t r o d e  e x p e r i m e n t s  u s e  many

2 +o f  t h e  same m a t e r i a l s  and p r o c e d u r e s  u s e d  i n  t h e  Cd

i o n - s e l e c t i v e  e l e c t r o d e  work .  T h i s  e x p e r i m e n t a l  s e c t i o n

w i l l  e m p h a s i z e  t h e  d i f f e r e n c e s  b e t w e e n  t h e s e  two s e t s  o f
2+e x p e r i m e n t s .  I n c l u d e d  h e r e  a l s o  i s  a d e s c r i p t i o n  o f  Cu 

i o n - s e l e c t i v e  e l e c t r o d e  t i t r a t i o n s .  T h e s e  t i t r a t i o n s ,  

p e r f o r m e d  un d e r  t h e  same c o n d i t i o n s  o f  pH and c o n c e n t r a t i o n  

a s  t h e  Pb 2+ t i t r a t i o n s ,  a l l o w e d  c o m p a r i s o n  o f  t h e  r e a c t i o n s  

o f  f u l v i c  a c i d  w i t h  Pb 2+ and Cu2 + . I  p e r f o r m e d  s c a t t e r i n g  

t e s t s  on s o l u t i o n s  w i t h  v a r i o u s  m o le  r a t i o s  o f  t o t a l  m e t a l  

i o n  t o  t o t a l  f u l v i c  a c i d  ĉ m//<2FA^ * T h i s  a l l o w e d  

d e t e r m i n a t i o n  o f  wha t  i o n - s e l e c t i v e  d a t a  we re  a p p l i c a b l e  t o  

c a l c u l a t i o n  o f  s t a b i l i t y  c o n s t a n t s  i n  t h e  s o l u t i o n  p h a s e .

Ma te r  i a l s

The f u l v i c  a c i d s ,  d e r i v e d  f rom s o i l  (SFA) and f rom a
2 +f r e s h w a t e r  r i v e r  (WFA), a r e  t h e  same t y p e  u s e d  i n  t h e  Cd

c o m p l e x a t i o n  e x p e r i m e n t .  C h a p t e r  1 c o n t a i n s  a b r i e f

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

c h a r a c t e r i s t i c s  a r e  l i s t e d  i n  T a b l e  1.  The s o u r c e  o f

l e a d ( I I )  i o n  was e i t h e r  F i s h e r  SO-L-21 1000 ppm a t o m i c  

a b s o r p t i o n  s t a n d a r d  ( n i t r a t e  a n i o n ) ,  o r  O r i o n  9 4 - 8 2 - 0 6  

0 . 1 0 0 0 + 0 . 0 0 0 5  M l e a d  p e r c h l o r a t e .  The s o u r c e  o f  c o p p e r ( I I )  

i o n  was e i t h e r  F i s h e r  SO-C-194 1000 ppm a t o m i c  a b s o r p t i o n

s t a n d a r d  ( n i t r a t e  a n i o n ) , o r  O r i o n  9 4 - 2 9 - 0 6  0 . 1 0 0 0 + 0 . 0 0 0 5  M
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c u p r i c  n i t r a t e .  The e l e c t r o l y t e  f o r  a l l  e x p e r i m e n t s  was 0 . 1  

M KNO^, p r e p a r e d  f rom M a l l i n c k r o d t  o r  B ake r  p u r i f i e d  

c r y s t a l s .  The medium f o r  t h e  work was d o u b l y  d e i o n i z e d  

w a t e r .

The a c i d  s o l u t i o n s  u se d  f o r  pH a d j u s t m e n t  we r e  known 

d i l u t i o n s  o f  B ak e r  r e a g e n t - g r a d e  ( 1 5 . 9  M) n i t r i c  a c i d ;  t h e  

b a s e  s o l u t i o n s  we r e  p r e p a r e d  f rom B ak e r  r e a g e n t - g r a d e  45% 

KOH s o l u t i o n .  A l l  a c i d  and b a s e  s o l u t i o n s  o f  0 . 0 1  M 

c o n c e n t r a t i o n  o r  l e s s  we re  p r e p a r e d  i n  0 . 1  M KNO^.

A p p a r a t u s

2 +The t i t r a t i o n  c e l l ,  a s  m  t h e  Cd t i t r a t i o n s ,  was a 

P r i n c e t o n  A p p l i e d  R e s e a r c h  (PAR) mode l  9301 w a t e r - j a c k e t e d  

c e l l .  A P.  M. Tamson model  T9 c i r c u l a t i n g  w a t e r  b a t h  

m a i n t a i n e d  t h e  s o l u t i o n  t e m p e r a t u r e  a t  2 5 + 0 .2 ° C ;  a  s t i r  b a r  

and m a g n e t i c  s t i r r e r  m ixed  t h e  s o l u t i o n  c o n t i n u o u s l y .  The
2+ 2 +e l e c t r o d e  a r r a n g e m e n t  f o r  Cu ' was  t h e  same a s  f o r  Cd : t h e

r e f e r e n c e  p o r t i o n  o f  a C o r n i n g  model  476050 c o m b i n a t i o n
2 +e l e c t r o d e  was t h e  r e f e r e n c e  f o r  an O r i o n  mode l  9 4 - 2 9  Cu

i o n - s e l e c t i v e  e l e c t r o d e .  A s e c o n d  C o r n i n g  c o m b i n a t i o n

e l e c t r o d e  ( a l s o  mode l  476050)  m o n i t o r e d  pH. The e l e c t r o d e s

w e r e  a t t a c h e d  t o  two O r i o n  mode l  701A pH/mv m e t e r s ,  w h i ch

a l l o w e d  s i m u l t a n e o u s  r e a d i n g  o f  h y d r o g e n  i o n  and f r e e  m e t a l
2+i o n  c o n c e n t r a t i o n s .  L i g h t  a f f e c t s  t h e  r e a d i n g  f rom t h e  Cu 

e l e c t r o d e ,  so  d u r i n g  t i t r a t i o n s ,  t h e  c e l l  was c o v e r e d  w i t h  

a luminum f o i l  and b l a c k  c l o t h .
2 +The e l e c t r o d e  a r r a n g e m e n t  f o r  Pb a n a l y s i s  i s  somewhat



74

d i f f e r e n t .  An O r i o n  mode l  9 4 - 82  e l e c t r o d e  i s  s e n s i t i v e  t o  
2 4*Pb , and an O r i o n  mode l  910100 Ag/AgCl  g l a s s  e l e c t r o d e  i s

s e n s i t i v e  t o  h y d r o g e n  i o n .  T he s e  two e l e c t r o d e s  s h a r e d  a

r e f e r e n c e :  a PAR model  K77 s a t u r a t e d  c a l o m e l  r e f e r e n c e

e l e c t r o d e ,  i s o l a t e d  f rom t h e  t e s t  s o l u t i o n  by  a PAR model

K65 r e f e r e n c e  e l e c t r o d e  b r i d g e  t u b e  w i t h  a Vycor  t i p .  The

s y s t e m  r e q u i r e s  t h i s  d o u b l e - j u n c t i o n  r e f e r e n c e  t o  a v o i d
2 4-c h l o r i d e  i n t e r f e r e n c e  w i t h  t h e  Pb e l e c t r o d e .  T he s e

t i t r a t i o n s  a l s o  u se  t h e  two pH/mv m e t e r s .
2 4-The s u r f a c e  o f  t h e  Pb e l e c t r o d e  c a n  be  o x i d i z e d ,  and 

i n d e e d ,  t h e  r e s p o n s e  d e t e r i o r a t e d  r a p i d l y  o v e r  t h e  c o u r s e  o f  

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

recommends  t h a t  one  p a r t  o f  a f o r m a l d e h y d e - m e t h a n o l  s o l u t i o n  

(0 . 0 0 2  M f o r m a l d e h y d e  i n  m e t h a n o l )  be  mixed  w i t h  one  p a r t  o f  

t h e  t e s t  s o l u t i o n  ( O r i o n ,  1 9 7 7 ) .  T h i s  m i x t u r e  l o w e r s  t h e  

s o l u b i l i t y  o f  t h e  e l e c t r o d e  membrane and p r o v i d e s  a r e d u c i n g  

e n v i r o n m e n t  t h a t  s l o w s  o x i d a t i o n .  Such  a m ixed  s o l v e n t  

would  n o t  be  a p p r o p r i a t e  f o r  t h i s  w o r k ,  w h i c h  i s  d e s i g n e d  t o  

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

a q u e o u s  s o l u t i o n .  A l t e r n a t i v e l y ,  membrane  o x i d a t i o n  c a n  be 

a v o i d e d  by  p u r g i n g  t h e  t i t r a t i o n  c e l l  w i t h  n i t r o g e n  g a s  t h a t  

h a s  b e e n  p a s s e d  t h r o u g h  a v a n a d i u m ( I I I )  c h l o r i d e  ox y ge n  

s c r u b b e r .

A P e r k i n - E l m e r  mode l  204 f l u o r e s c e n c e  s p e c t r o p h o t o m e t e r  

w i t h  e x c i t a t i o n  and e m i s s i o n  w a v e l e n g t h s  s e t  a t  400 nm, 

a l l o w e d  d e t e r m i n a t i o n  o f  s o l u t i o n  s c a t t e r i n g .  F u l v i c  a c i d  

s o l u t i o n s  t o  be  t e s t e d  f o r  s c a t t e r i n g  we re  f i l t e r e d  w i t h  a
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N u c l e p o r e  p o l y c a r b o n a t e  f i l t r a t i o n  a p p a r a t u s ,  f i t t e d  w i t h  

0 . 4  m i c r o m e t e r  N u c l e p o r e  p o l y c a r b o n a t e  f i l t e r s .

P r o c e d u r e s

2 +The c o n c e n t r a t i o n s  o f  Pb and f u l v i c  a c i d s  a r e  l i s t e d
7 + . . 7 +  .f o r  F A - i n t o - P b  t i t r a t i o n s  m  T a b l e  10 and f o r  Pb - m t o - F A

t i t r a t i o n s  i n  T a b l e  11 .  T a b l e  12 c o n t a i n s  e x p e r i m e n t a l
2+ 7 +c o n d i t i o n s  f o r  Cu - i n t o - F A  and F A - i n t o - C u  t i t r a t i o n s .

2 +For  t h e  Pb - m t o - F A  t i t r a t i o n s ,  w h i ch  ga v e  t h e  m o s t  u s a b l e  
2 +Pb r e s u l t s ,  I  p l a c e d  2 0 - 2 5  mL o f  t h e  FA s o l u t i o n  i n t o  t h e

t i t r a t i o n  c e l l  and t h e n  i n s e r t e d  t h e  e l e c t r o d e s .  I p o l i s h e d  
2 +t h e  Pb e l e c t r o d e  o n c e  a t  t h e  s t a r t  o f  e a c h  d a y  o f

e x p e r i m e n t a t i o n .  T h i r t y  m i n u t e s  o f  p u r g i n g  w i t h  t h e
2 +o x y g e n - f r e e  n i t r o g e n  p r e c e d e d  t h e  f i r s t  a d d i t i o n  o f  Pb

2 +t i t r a n t .  T h i s  p e r i o d  a l l o w e d  t h e  Pb e l e c t r o d e  t o  become

c o n d i t i o n e d  by t h e  o r g a n i c  m a t t e r  i n  t h e  s o l u t i o n .  I t h e n  
2 +added  Pb a l i q u o t s  t o  c a u s e  2 -4  m i l l i v o l t  c h a n g e s  i n  t h e

o u t p u t  o f  t h e  i o n - s e l e c t i v e  e l e c t r o d e .  The e l e c t r o d e

r e s p o n s e  was somewhat  s l o w e r  t h a n  was t h e  r e s p o n s e  o f  t h e  
2+  2 +Cd o r  Cu e l e c t r o d e s .  T h u s ,  a 3 - m i n u t e  w a i t  p e r  d a t a  

p o i n t  was n e e d e d .  I  a dd ed  a c i d  o r  b a s e  a s  n e c e s s a r y  t o  h o l d  

t h e  pH t o  w i t h i n  0 . 0 2  u n i t s  o f  t h e  d e s i r e d  v a l u e ,  wh i ch  was

4 . 0 ,  4 . 5 ,  5 . 0 ,  o r  6 . 0 .

The f i n a l  s t e p  o f  t h e  t i t r a t i o n s  was c a l i b r a t i o n  o f  t h e  

e l e c t r o d e  i n  0 . 1  M KNO^. For  t h e  c a l c u l a t i o n s ,  I  c h o s e  n o t  

t o  u se  c a l i b r a t i o n s  d on e  b e f o r e  a t i t r a t i o n  b e c a u s e  t h e  

f u l v i c  a c i d  c o n d i t i o n e d  t h e  e l e c t r o d e  d u r i n g  a t i t r a t i o n ;
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TABLE 10
2 + aConditions for fulvic a c i d - m t o - P b  titrations

FA t i t r a n t  I n i t i a l  Pb^ + i n

D a t e  pH (M x 1 0 3 ) c e l l  (M x 1 0 5 )

1 2 / 0 4 / 7 8 5 . 0 5 . 8 8 SFA 48.

1 2 / 0 6 / 7 8 5 . 0 6 . 0 4 SFA 3 . 6

1 2 / 1 7 / 7 8 5 . 0 3 . 8 8 SFA 5 . 2

1 2 / 1 8 / 7 8 6 . 0 3 . 5 2 SFA 8 . 6

1 2 / 1 9 / 7 8 4 . 0 3 . 5 7 SFA 3 . 3

1 / 2 6 / 7 9 5 . 0 3 . 9 SFA 5 . 2

1 / 2 8 / 7 9 6 . 7 3 . 4 SFA 15.

3 / 2 1 / 7 9 5 . 0 0 . 4 2 SFA 0 . 3 8

3 / 2 1 / 7 9 5 . 0 4 . 2 SFA 3 . 7

3 / 2 8 / 7 9 5 . 0 0 . 4 2 SFA 0 . 1 9

3 / 3 0 / 7 9 4 . 0 4 . 4 SFA 3 . 3

a A l l  t i t r a t i o n s  a r e  done  i n  0 . 1  M KN03 a t  25°C.
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TABLE 11

Conditions for Pb -into-fulvic acid titrations3

P b 2 + t i t r a n t  I n i t i a l  FA i n

D a t e  pH (M x 1 0 2 ) c e l l  (M x 1 0 4 )

1 2 / 0 7 / 7 8  5 . 0  1 . 0  7 . 8  SFA
1 0 . 0

1 2 / 1 1 / 7 8  5.  0 0 ..1 8 . 8 SFA
1 . 0

1 2 / 2 0 / 7 8  4 . 0  0 . 0 4 8  0 . 7 9  SFA
0 . 4 8

3 / 3 0 / 7 9  4 . 0  0 . 0 4 8  7 . 0  SFA

5 / 0 4 / 7 9  6 . 0  0 . 0 4 8  0 . 5 3  SFA
0 . 4 8

5 / 0 4 / 7 9  6 . 0  0 . 4 8  5 . 6  SFA
1 0 .

6 / 2 4 / 7 9  5 . 0  0 . 0 4 7  0 . 5 4  WFA
0 . 4 7

6 / 2 4 / 7 9  5 . 0  0 . 4 7  5 . 5  WFA
1 0 .

6 / 2 6 / 7 9  6 . 0  0 . 0 4 7  0 . 5 3  WFA
0 . 4 7

6 / 2 6 / 7 9  6 . 0  0 . 4 7  5 . 3  WFA
1 0 .

7 / 0 3 / 7 9  5 . 0  0 . 0 4 7  0 . 5 2  SFA
0 . 4 7

7 / 0 3 / 7 9  5 . 0  0 . 4 7  5 . 3  SFA
1 0.

7 / 0 5 / 7 9  6 . 0  0 . 0 4 7  0 . 5 2  SFA
0 . 4 7

7 / 0 5 / 7 9  6 . 0  10 .  4 . 9  SFA



Table 11, continued

7 / 1 1 / 7 9 4 . 0 0 .
0 .

7 / 1 1 / 7 9 4 . 0 0 .
1 0 .

7 / 1 3 / 7 9 5 . 0 0 .
0 .

7 / 1 3 / 7 9 5 . 0 0 .

7 / 1 5 / 7 9 6 . 0 0 .

7 / 1 5 / 7 9 6 . 0 0 .

7 / 1 7 / 7 9 4 . 5 0 .
0 .

7 / 1 7 / 7 9 4 . 5 0 .

7 / 3 1 / 7 9 4 . 0 0 .
0 .

7 / 3 1 / 7 9 4 . 0 0 .
0 .

8 / 0 2 / 7 9 4 . 5 0 .
0 .

8 / 0 2 / 7 9 4 . 5 0 .

0.52 SFA

2 . 0  SFA

0 . 5 1  SFA

2 . 0  SFA

0 . 5 1  SFA

1 . 9  SFA

0 . 5 1  SFA

1 . 9  SFA

0 . 5 1  WFA

1 . 9  WFA

0 . 5 1  WFA

1 . 9  WFA

047
47

47

047
47

47

47

47

047
47

47

047
47

047
47

047
47

47

a A l l  t i t r a t i o n s  we r e  done  i n  0 . 1  M KNO^ a t  25°C.



79

TABLE 12

Conditions for Cu2+-fulvic acid titrations3

2 +Cu t i t r a n t  I n i t i a l  FA m

D a t e  pH (M x 1 0 2 ) c e l l  (M x 1 0 4 )

6 / 1 9 / 7 8  4 . 0  0 . 5 9  5 . 4 6  SFA

6 / 2 1 / 7 8  3 . 0  0 . 3 0  5 . 5 4  SFA

6 / 3 0 / 7 8  6 . 0  0 . 1 0  7 . 3 5  SAb

7 / 0 3 / 7 8  6 . 0  1 . 0 0  7 . 2 3  SAb

4 / 1 1 / 7 9  5 . 0  0 . 1 5 7  0 . 6 3  SFA
1 . 5 7

4 / 1 1 / 7 9  5 . 0  1 . 5 7  7 . 0  SFA
1 0 .

5 / 0 2 / 7 9  6 . 0  1 . 0 0  0 . 6 0  SFA

5 / 0 2 / 7 9  6 . 0  1 . 0 0  6 . 2  SFA
1 0 . 0

8 / 0 4 / 7 9  4 . 5  0 . 1 0  1 . 9  WFA
1 . 0 0

1 1 / 2 9 / 7 9  4 . 0  0 . 1 5  0 . 5 3  SFA

1 1 / 2 9 / 7 9  3 . 0  1 . 5 1  0 . 5 2  SFA

( c o n t i n u e d )
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Table 12, continued

FA t i t r a n t  I n i t i a l  Cu3+ 

D a t e  pH (M x 1 0 3 ) c e l l  (M x 1 0 4 )

6 / 1 9 / 7 8  4 . 0  4 . 8 8  SFA 0 . 6 6 7

6 / 2 1 / 7 8  3 . 0  4 . 7 3  SFA 0 . 3 0

6 / 2 2 / 7 8  3 . 0  4 . 9 4  SFA 1 . 1 3

a A l l  t i t r a t i o n s  done  i n  0 . 1  M KNO^ a t  25°C.
u.

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

i n  r e a d i n g .

C o p p e r ( I I )  i o n - s e l e c t i v e  e l e c t r o d e  e x p e r i m e n t s  we re  

p e r f o r m e d  i n  much t h e  same way,  e x c e p t  t h a t  t h e  n i t r o g e n  

p u r g i n g  and t h e  3 0 - m i n u t e  e q u i l i b r a t i o n  p e r i o d  b e f o r e  t h e  

s t a r t  o f  a t i t r a t i o n  we re  n o t  n e e d e d .  I t  u s u a l l y  t o o k  one 

m i n u t e  t o  o b t a i n  a s t e a d y  m i l l i v o l t  r e a d i n g .

C h a ng es  i n  s o l u t i o n  s c a t t e r i n g  p r o v e d  t o  be  a s e n s i t i v e
2 +i n d i c a t o r  o f  t h e  f o r m a t i o n  o f  M -FA p r e c i p i t a t e s .  B e f o r e  

a d d i t i o n  o f  m e t a l  i o n ,  a l l  s o l u t i o n s  we re  p a s s e d  t h r o u g h  t h e  

0 . 4  m i c r o n  f i l t e r .  S e v e r a l  s e t s  o f  6 -mL s a m p l e s  c o n t a i n e d  

Pb^+ and FA, o r  Cu^+ and FA, o r  Cd^+ and FA. Each s e t  had 

one pH v a l u e  and a s p e c i f i c  t y p e  and c o n c e n t r a t i o n  o f  FA, 

b u t  e a c h  member o f  a s e t  had  a d i f f e r e n t  C^ /CFA. A s a m p le  

w i t h  a s m a l l  i n c r e a s e  i n  s c a t t e r i n g  co mp ar ed  w i t h  a s a m p l e  

w i t h  no m e t a l  i o n  had  s o l i d s  t h a t  c o u l d  be  c e n t r i f u g e d  by 30 

m i n u t e s  o f  s p i n n i n g  a t  1 0 , 0 0 0  rpm.

C a l c u l a t i o n s

T h e r e  a r e  s e v e r a l  p o s s i b l e  ways  t o  c a l c u l a t e
2 +c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  f o r  Pb -FA c o m p l e x e s .  One

c o u l d  a s sume  f o r m a t i o n  o f  o n l y  1 : 1  c o m p l e x e s ;  t h i s  i s  t h e
2 +a s s u m p t i o n  u sed  f o r  t h e  Cd -FA w o r k .  Howeve r ,  t n i s

a s s u m p t i o n  may b r e a k  down b e c a u s e  v v a l u e s  (v = 
2 +( C p ^ - fp b  ] ) / C pA) c a n  be  g r e a t e r  t h a n  1 . 0  ( e s p e c i a l l y  a t  pH 

6 . 0 ) ,  i m p l y i n g  a s t o i c h i o m e t r y  su c h  a s  Pb2 ~FA. Howeve r ,  t h e  

h i g h  v v a l u e s  o c c u r  a t  Cp j:)/ C p A whe re  p r e c i p i t a t i o n  b e g i n s ,
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so "P b 2 -FA" c o m p l e x e s  (o r  c o m p l e x e s  w i t h  e v e n  more  m e t a l

i o n s )  may n o t  e x i s t  i n  t h e  s o l u t i o n  p h a s e .

The S c a t c h a r d  me thod  o f  d a t a  t r e a t m e n t  ( S c a t c h a r d ,

1949;  Van H o l d e ,  1971)  c a n  h a n d l e  c o m p l e x e s  w i t h  s e v e r a l

s t o i c h i o m e t r i e s ,  so  i t  may o v e rc om e  t h e  w e a k n e s s  o f  t h e  1 : 1

m e t h o d .  Howeve r ,  t h e r e  i s  e v i d e n c e  i n  t h e  l i t e r a t u r e  t h a t
2 +1 : 1  and  1 : 2  c o m p l e x e s  b e t w e e n  Pb and humic  m a t e r i a l s  c a n  

form ( T a k a m a t s u  and  Y o s h i d a ,  1978;  B u f f l e  e t  a l . ,  1 9 7 7 ) .  

For  f u l v i c  a c i d ,  t h e s e  c o m p l e x e s  may be  r e p r e s e n t e d  by PbFA 

( 1 : 1 )  and P b - ( F A ) 2  ( 1 : 2 ) .  The p o s s i b i l i t y  o f  1 : 2  c o m p l e x e s  

p r e v e n t s  p r o p e r  u se  o f  t h e  1 : 1  and  t h e  S c a t c h a r d  c a l c u l a t i o n  

s c h e m e s .  A p o s s i b l e  a l t e r n a t i v e  i s  a me t hod  d e r i v e d  by 

B u f f l e  and c o w o r k e r s  ( B u f f l e  e t  a l . , 1 9 7 7 ) .  The method

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

(1) M2+ + LH = ML + xH+
A

(2) M2+ + 2LHX = ML2 + 2xH+

*
The e q u i l i b r i u m  c o n s t a n t  f o r  (1) i s  B^ and t h e  c o n s t a n t  f o r

*
(2) i s  B2 . The c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  a r e  B^ (= 

B ^ * / [ H +] X) and B2 (= B2 * / [ H +] 2 x ) .  The B u f f l e  method

r e q u i r e s  c a l c u l a t i o n  by  c o m p u t e r ,  b e c a u s e  i t  i s  n e c e s s a r y  t o  

m i n i m i z e  a c o m p l i c a t e d  f u n c t i o n  t h a t  i n v o l v e s  t h e s e  

c o n s t a n t s ,  t h e  t o t a l  m e t a l - i o n  c o n c e n t r a t i o n ,  t h e  r a t i o  o f  

t o t a l  t o  f r e e  m e t a l  i o n ,  t h e  l i g a n d  m o l e c u l a r  w e i g h t ,  and 

t h e  l i g a n d  c o n c e n t r a t i o n .  T h a t  i s ,  t h e  b e s t  v a l u e s  f o r  B^ 

and B2 a r e  s u p p o s e d  t o  g i v e  t h e  l o w e s t  v a l u e  f o r  t h e  

f u n c t i o n .  The m i n i m i z a t i o n  p r o c e s s  may be  s t r a i g h t f o r w a r d
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( t h o u g h  l e n g t h y )  f o r  a s i m p l e  s y s t e m ,  b u t  f o r  a c o m p l i c a t e d  

l i g a n d  m i x t u r e  l i k e  f u l v i c  a c i d ,  t h e  minimum i s  h a r d  t o  

f i n d .  I n  some c a s e s  t h e r e  i s  no minimum ( s e e  R e s u l t s  and 

D i s c u s s i o n ) ,  b u t  o v e r a l l ,  t h i s  m e t ho d  o f  d a t a  t r e a t m e n t  

a p p e a r s  t o  h a v e  w o r k e d .  A FORTRAN p r o g r a m  (BUF4. FOR,

A p p e n d i x ) , r u n n i n g  on t h e  U n i v e r s i t y  o f  New H a m p s h i r e  

DECsystem 1090 c o m p u t e r ,  p e r f o r m e d  t h e  c a l c u l a t i o n s .

RESULTS AND DISCUSSION

2 4-U s i n g  t h e  Pb i o n - s e l e c t i v e  e l e c t r o d e  i n  an  a q u e o u s

s o l u t i o n  w i t h  f u l v i c  a c i d  was a m a j o r  c h a l l e n g e .  Even

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

was s l o w  and d e t e r i o r a t e d  a f t e r  s e v e r a l  c a l i b r a t i o n s .

N i t r o g e n  p u r g i n g  h e l p e d  t r e m e n d o u s l y  i n  t h i s  r e s p e c t .  No t

o n l y  was t h e r e  l e s s  d e t e r i o r a t i o n  i n  r e s p o n s e ,  b u t  t h e

c a l i b r a t i o n  c u r v e s  w e r e  a l s o  s t e e p e r .  Howeve r ,  e v e n  a t  
2 4-b e s t ,  t h e  Pb e l e c t r o d e  i s  n o t  n e a r l y  a s  s e n s i t i v e  a s  t h e

2 4* 24- 2 +Cu o r  Cd e l e c t r o d e s .  Pb r e s p o n s e  was o n e - t h i r d  t o
6 2 4"o n e - h a l f  t h e  N e r n s t i a n  s l o p e  a t  10 M Pb , co m p a re d  w i t h  a

24- —7t w o - t h i r d s  N e r n s t i a n  s l o p e  f o r  t h e  Cd e l e c t r o d e  a t  10 M
2 4- 24- 24-Cd . The Cu e l e c t r o d e  p e r f o r m s  e v e n  b e t t e r  t h a n  t h e  Cd

2 4-e l e c t r o d e .  The c a l i b r a t i o n s  o f  t h e  Pb e l e c t r o d e  we re
_  c y •

q u i t e  r e p r o d u c i b l e ,  e s p e c i a l l y  a b o v e  10 M Pb , i f  t h e  

b u b b l e s  o f  n i t r o g e n  i m p i n g e d  v i g o r o u s l y  on t h e  e l e c t r o d e  

s u r f a c e .  The v i g o r o u s  a g i t a t i o n  c a u s e d  by  t h e  b u b b l e s
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b r e a k i n g  a g a i n s t  t h e  e l e c t r o d e  a p p e a r s  t o  p r o v i d e  an

homogeneous  zone  t h a t  a l l o w e d  t h e  r e p r o d u c i b l e  r e s p o n s e .

R e p r o d u c i b i l i t y  f o r  t h i s  e l e c t r o d e  means  +1 m i l l i v o l t ,  w h i c h  

c a u s e s  an e r r o r  o f  +10-15% i n  t h e  f r e e  Pb 2 + r e a d i n g .  The

Cd2+ and Cu2+ e l e c t r o d e s  a r e  r e p r o d u c i b l e  t o  + 0 . 2  

m i l l i v o l t s .
O 4 .

The F A - i n t o - P b  t i t r a t i o n s  d i d  n o t  a p p e a r  t o  be

p a r t i c u l a r l y  u s e f u l ,  b e c a u s e  t h e  h i g h  i n i t i a l  Cp b / C p A v a l u e s  

c a u s e d  p r e c i p i t a t i o n  o f  some Pb 2 *̂ "-FA s o l i d s  o f  unknown 

s t o i c h i o m e t r y .  Some o f  t h e s e  s o l i d s  w e re  r e s o l u b i l i z e d  by 

t h e  end o f  t h e  t i t r a t i o n ,  b u t  one  c o u l d  n o t  c o u n t  on 

r e s o l u b i l i z a t i o n  h a p p e n i n g .  I n  f a c t ,  t e s t - t u b e  t e s t s  showed 

t h a t  e x c e s s  f u l v i c  a c i d  a dd ed  t o  a s o l u t i o n  c o n t a i n i n g  some 

Pb2+-FA p r e c i p i t a t e s  d i d  n o t  a l w a y s  r e d i s s o l v e  t h e

p r e c i p i t a t e s ,  e v e n  a f t e r  we ek s  ha d  p a s s e d .

The Pb 2 +- i n t o - F A  t i t r a t i o n s  we r e  a t  f i r s t  f a i r l y

u n e v e n t f u l ,  e x c e p t  f o r  t h e  i n i t i a l  l a c k  o f  r e p r o d u c i b i l i t y  

t h a t  p r e c e d e d  d e v e l o p m e n t  o f  t h e  n i t r o g e n  p u r g i n g  t e c h n i q u e .  

The g r a p h s  o f  Pb2+ t i t r a t i o n  r e s u l t s  l o o k e d  much l i k e  t h o s e  

f rom Cu2+ t i t r a t i o n s .  I n d e e d ,  r e p o r t s  i n  t h e  l i t e r a t u r e

show t h a t  Cu2+ and  Pb 2+ s t a b i l i t y  c o n s t a n t s  w i t h  n a t u r a l  

o r g a n i c  m a t t e r  a r e  s i m i l a r  ( S t e v e n s o n ,  1977 ;  Guy and 

C h a k r a b a r t i ,  1976 ;  T a k a m a t s u  and Y o s h i d a ,  1 9 7 8 ) .

The b i n d i n g  c u r v e s  f o r  Pb2+ w i t h  SFA and  w i t h  WFA show 

t h e  e x p e c t e d  e f f e c t  o f  pH: t h e  h i g h e r  t h e  pH,  t h e  g r e a t e r  

t h e  amoun t  o f  b i n d i n g .  The b i n d i n g  c u r v e s  f o r  pH 4 . 0 ,  4 . 5 ,

5 . 0 ,  and  6 . 0  a p p e a r  i n  F i g u r e  11 f o r  SFA and  i n  F i g u r e  12
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F i g u r e 1 1 . F o r m a t i o n  c u r v e s f o r  Pb 2+ c o m p l e x e s w i t h

so i l - d e r  i v e d f u l v i c  a c i d  (S F A ) . [SFA] = 5 x 1 0 “ 5 M, I = 0 . 1

M, T = 2 5 ° C , and v = (Cp b - [ P b 2 + ] ) ,/CSFA* P r e c i p i t a t i o n  o f

s o l i d Pb—SFA a g g r e g a t e s  o c c u r r ed b e f o r e  t h e  end o f t h e s e

t i t r a t i o n s .

,L
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2 +F i q u r e  1 2 . F o r m a t i o n  c u r v e s  f o r  Pb c o m p l e x e s w i t h

w a t e r - d e r i v e d  f u l v i c  a c i d  (WFA).
2 +

[WFA] = 5 x 1 0  M , I =  

P r e c i p i t a t i o n0 . 1  M, T — 2 5°C , and  v — (Cp^—[Pb ])  / C ^ p  ̂ .

o f  s o l i d  Pb-WFA a g g r e g a t e s  o c c u r r e d  b e f o r e  t h e  end  o f  t h e s e  

t i t r a t i o n s .
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2 +f o r  WFA. As w i t h  Cd , more  c o m p l e x a t i o n  o c c u r s  w i t h  SFA

t h a n  w i t h  WFA. An e x p l a n a t i o n  f o r  a t  l e a s t  p a r t  o f  t h i s

d i f f e r e n c e  i s  t h a t  t h e  t o t a l  a c i d i t y  o f  SFA ( 1 3 . 4  meq /g)  i s

g r e a t e r  t h a n  i s  t h e  t o t a l  a c i d i t y  o f  WFA ( 1 0 . 6  meq /g )  (Weber

and W i l s o n ,  1 9 7 5 ) .  Under  n a t u r a l  c o n d t i o n s ,  h o w e v e r ,  t h e

d i f f e r e n c e  i n  c o m p l e x i n g  a b i l i t y  b e t w e e n  SFA and WFA w i l l  be

l e s s  t h a n  i s  i n d i c a t e d  by t h e s e  f i g u r e s .  The i o n i c  s t r e n g t h

o f  f r e s h  w a t e r s  i s  u s u a l l y  l o w e r  t h a n  t h a t  o f  s o i l - p o r e

w a t e r s .  The r e d u c e d  c o m p e t i t i o n  o f  K+ f o r  f u l v i c  a c i d

b i n d i n g  s i t e s  i n  d i l u t e  e l e c t r o l y t e  ( a s  i n  f r e s h  w a t e r )  w i l l  
2 +a l l o w  more  Pb t o  become b o u n d .

The r e s u l t s  o f  t h e  c a l c u l a t i o n s  f o r  c o n d i t i o n a l  

s t a b i l i t y  c o n s t a n t s  a p p e a r  i n  T a b l e  13 .  T h es e  v a l u e s  o f  

and B2 g a v e  t h e  l o w e s t  v a l u e  f o r  t h e  f u n c t i o n  d e r i v e d  by

B u f f l e  e t  a l . ( 1 9 7 7 ) .  The l o g  B^ v a l u e s  i n c r e a s e  a s

r a p i d l y  a s  t h e  pH,  i n d i c a t i n g  d i s p l a c e m e n t  o f  a p p r o x i m a t e l y
2 + .one p r o t o n  f o r  e a c h  Pb -FA comp lex  f o r m e d .  T h i s  v a l u e  i s

somewhat  l a r g e r  t h a n  t h e  v a l u e  o f  0 . 6  p r o t o n s  r e l e a s e d
2 +d u r i n g  a Pb c o m p l e x a t i o n  r e a c t i o n  a s  r e p o r t e d  by  B u f f l e  e t

a l . (1977)  and s e v e r a l  t i m e s  l a r g e r  t h a n  t h e  c o m p a r a b l e
2 +v a l u e s  c a l c u l a t e d  i n  C h a p t e r  2 f o r  Cd -FA c o m p l e x a t i o n .

A s a m p l e  o f  t h e  o u t p u t  f rom t h e  m i n i m i z a t i o n  p r o g r a m  

a l o n g  w i t h  t h e  p r o g r a m  i t s e l f  a p p e a r s  i n  t h e  A p p e n d i x .  

E a r l y  v e r s i o n s  o f  t h e  m i n i m i z a t i o n  p r o g r a m  showed t h a t  t h e  

minimum v a l u e  f o r  t h e  f u n c t i o n  o f t e n  d e p e n d e d  on t h e  i n i t i a l

v a l u e s  s u p p l i e d  f o r  B^ and B2 . T h a t  i s ,  t h e r e  we re  many

l o c a l  m i n i m a ,  and t h e  p r o c e d u r e  i n i t i a l l y  u se d  c o u l d  n o t
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TABLE 13

L e a d ( I I )  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  w i t h  f u l v i c  

a c i d s  d e r i v e d  f rom s o i l  and w a t e r

Pb-SFA Pb-WFA

pH l o g  B^a l o g  l o g  B^a l o g

4 . 0  4 . 0  -

4 . 5  4 . 3  9 . 1  3 . 7  8 . 8

5 . 0  4 . 9  9 . 5  4 . 7  9 . 3

6 . 0  6 . 3  1 0 . 1  5 . 1  1 0 . 1

3 Bx = [ P b - F A ] / [ P b 2 +] [ F A ] . 

b B2 = [ P b - ( F A ) 2 ] / [ P b 2 +] [ F A ] 2 .
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f i n d  t h e  u n i v e r s a l  minimum.  T h e r e  a r e  many l o c a l  m in ima

p o s s i b l y  b e c a u s e  f u l v i c  a c i d  i s  a c o m p l i c a t e d  m i x t u r e  o f

l i g a n d s .  Fo r  a s i m p l e  l i g a n d ,  a s i n g l e  minimum s h o u l d  be

r e a c h e d  w i t h  any  s t a r t i n g  v a l u e s  o f  and  B2 . Low d a t a
2 +p r e c i s i o n  c a u s e d  by  d i f f i c u l t i e s  w i t h  t h e  Pb i o n - s e l e c t i v e  

e l e c t r o d e  may a l s o  h a v e  c o n t r i b u t e d  t o  d i f f i c u l t i e s  i n  

f i n d i n g  t h e  u n i v e r s a l  minimum.

To f i n d  t h e  b e s t  minimum f o r  t h e  f u l v i c  a c i d  s y s t e m ,  

t h e  t h e  f i n a l  v e r s i o n  o f  t h e  p r o g r a m  (BUF4. FOR) s t a r t s  w i t h  

40 o r  more  c o m b i n a t i o n s  o f  B1 and  B2 (B2 a l w a y s  g r e a t e r  t h a n  

B^) and f i n d s  t h e  minimum f o r  e a c h  c o m b i n a t i o n .  The o u t p u t  

f rom t h e  p r o g r a m  l i s t s  up t o  t h e  10 b e s t  m i n i m i z a t i o n s .  

O f t e n ,  s e v e r a l  o f  t h e  s t a r t i n g  B^ and  B2 c o m b i n a t i o n s  came 

t o  v i r t u a l l y  t h e  same minimum; t h i s  i s  t h e  c a s e  f o r  t h e  

e x a m p le  i n  t h e  A p p e n d i x .  H ow eve r ,  s o m e t i m e s  t h e  p r o g r a m

c o u l d  n o t  m i n i m i z e  w e l l .  For  e x a m p l e ,  B2 m i g h t  come o u t  

n e a r l y  e q u a l  t o  o r  e v e n  l e s s  t h a n  B ^ . T h i s  means  t h a t  t h e  

r e a c t i o n

ML + LHx = ML2 + xH+

wou ld  h a v e  a n e a r  z e r o  o r  n e g a t i v e  e q u i l i b r i u m  c o n s t a n t

(B2 / B ^ ) . The f a i l u r e  t o  r e a c h  m i n i m i z a t i o n  r e s u l t s  i n

v a l u e s  m i s s i n g  f rom T a b l e  13 .  F u r t h e r m o r e ,  s e v e r a l  v a l u e s  

i n  t h e  t a b l e  show B2 /B^  t h a t  a r e  g r e a t e r  t h a n  B ^ . T h i s  i s  

an u n u s u a l  r e l a t i o n s h i p  f o r  s i m p l e  c o m p l e x a t i o n  s y s t e m s  and 

may r e s u l t  f rom t h e  model  b e i n g  p o o r l y  s u i t e d  t o  f u l v i c  

a c i d ,  f r o m t h e  l a c k  o f  v e r y  p r e c i s e  d a t a ,  o r  f rom
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d e f i c i e n c i e s  i n  t h e  m i n i m i z a t i o n  p r o g r a m .

For  a l l  t h e s e  c a l c u l a t i o n s ,  I  u s e d  o n l y  d a t a  w i t h

Cpb /CpA t h a t  we re  low eno ugh  so  t h a t  no p r e c i p i t a t e s  had

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

d e t e r m i n e d  by  s c a t t e r i n g ,  a p p e a r  i n  T a b l e  14 .  More
2 +d i s c u s s i o n  on p r e c i p i t a t i o n  o f  Pb -FA c o m p l e x e s  a p p e a r s  

b e l o w .
2 4-The a f f i n i t y  o f  b o t h  f u l v i c  a c i d s  f o r  Pb i s  c l e a r l y

2  4*much g r e a t e r  t h a n  f o r  Cd , a s  c a n  be  s e e n  by  c o m p a r i n g

c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  f o r  1 : 1  f u l v i c  a c i d
2 +  24-c o m p l e x e s  w i t h  Cd , l i s t e d  i n  T a b l e  5 ,  and  w i t h  Pb ,

l i s t e d  i n  T a b l e  13 .  A more  s u b t l e  p r o b l e m  i s  t o  d i s t i n g u i s h

t h e  d i f f e r e n c e ,  i f  a n y ,  b e t w e e n  P b ^ +-FA and Cu^+-FA
2 +  2  4*c o m p l e x a t i o n .  I n  an i n o r g a n i c  s e n s e ,  Cu and Pb a r e  n o t

v e r y  s i m i l a r ,  so  t h e r e  may be  d i f f e r e n c e s  i n  t h e  c o m p l e x e s

t h e y  form w i t h  f u l v i c  a c i d .

A c l u e  t o  t h i s  d i f f e r e n c e  a p p e a r s  i n  F i g u r e  13 f o r  SFA

a t  pH 5 . 0  and i n  F i g u r e  14 f o r  WFA a t  pH 4 . 5 .  Each f i g u r e
2 +  24-r e s u l t s  f r om t h r e e  t i t r a t i o n s ,  one  e a c h  w i t h  Cd , Cu , and 

2  4-Pb a s  t h e  t i t r a n t .  As n o t e d  a b o v e ,  t h e  f u l v i c  a c i d s
2 4 - 24* 24-c l e a r l y  r e s p o n d  d i f f e r e n t l y  t o  Cd t h a n  t o  Cu o r  Pb : At

2  4*any  v a l u e  o f  CM/ C FA, t h e r e  i s  s u b s t a n t i a l l y  more  f r e e  Cd 
24* 2  +t h a n  Cu o r  Pb . T h e r e f o r e ,  i f  t h e s e  d a t a  a r e  u sed  t o

2  4-c a l c u l a t e  s t a b i l i t y  c o n s t a n t s ,  t h e  Cd -FA s t a b i l i t y

c o n s t a n t  w i l l  be  s u b s t a n t i a l l y  s m a l l e r  t h a n  t h e  c o n s t a n t s

f o r  Cu^+-FA and P b ^ +-FA.  SFA and WFA a p p e a r  t o  a c t
2 + 2 +s i m i l a r l y  t o w a r d  Cu and Pb u n t i l  CM/ C p A ec3u a l s a b o u t
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TABLE 14

S c a t t e r i n g  t h r e s h o l d s  f o r  Pb-FA c o m p l e x e s

pH

[FA] = 5 x 1 0 " 5 M [FA] = 2 x 10  4 M

c /c  aPb'  SFA c /c kPb WFA c /c aPb SFA c P b / c w:

4 . 0 1 . 2 2 . 1 0 . 45 0 . 5 5

4 . 5 0.  95 1 . 4 0 . 5 0 . 5 0

5 . 0 0 . 8 1 . 2 0 . 5 5 0 . 5 0

6 . 0 0.  90 0.90 0 . 9 0 0 . 6 5

a Cpk = t o t a l  l e a d ( I I )  c o n c e n t r a t i o n ;  CSFA = t o t a l  s o i l -  

d e r i v e d  f u l v i c  a c i d  c o n c e n t r a t i o n .

= t o t a l  w a t e r - d e r i v e d  f u l v i c  a c i d  c o n c e n t r a t i o n .WFA



4.0

5 . 0

<N

cno

6 . 0  —

7 . 0

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0

C» / CSFA

24*F i g u r e  1 3 . F r e e  m e t a l  i o n  [M ] v s .  mole  r a t i o  o f  t o t a l  

m e t a l  i o n  t o  t o t a l  SFA ( ^ m^ S F A ^  f ° r s e p a r a t e  t i t r a t i o n s  o f  

Pb2 + , Cu2 + , and Cd2+ t i t r a n t s .  S o i l - d e r i v e d  f u l v i c  a c i d  

(SFA) c o n c e n t r a t i o n  = 5 x 10"^  M, pH = 5 . 0 ,  I = 0 . 1  M, and 

T = 2 5 ° C .
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3.

+
CN

O'o

4.

5.

6 .

7.

2 +Cd
2 +Cu
2 +Pb

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0

CM//CWFA

2+F i g u r e  1 4 . F r e e  m e t a l  i o n  [M ] v s .  mole  r a t i o  o f  t o t a l  

m e t a l  i o n  t o  t o t a l  WFA (C^^WFA^ f ° r s e p a r a t e  t i t r a t i o n s  o f  

Pb2 + , Cu2 + , and Cd2+ t i t r a n t s .  W a t e r - d e r i v e d  f u l v i c  a c i d  

(WFA) c o n c e n t r a t i o n  = 5 x 10 “ ^ M, pH = 4 . 5 ,  I = 0 . 1  M, and

T = 25 C .
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2 +0 . 5 ,  a f t e r  wh ic h  t h e r e  i s  l e s s  f r e e  Pb m  s o l u t i o n  a t  any
2 +Cpfa/CpA t h a n  t h e r e  i s  f r e e  Cu a t  t h e  same v a l u e  f o r

Ccu/CpA* T^ e n e x t  two f i g u r e s  ( F i g u r e s  15 and 16) show t h e
2 + 2 +d i f f e r e n c e  i n  Cu and Pb c o m p l e x a t i o n  by  f u l v i c  a c i d s

more  d r a m a t i c a l l y .  B e f o r e  d i s c u s s i n g  t h e s e  f i g u r e s ,  t h e r e

i s  n e e d  t o  d i s c u s s  t h e  r a t i o n a l e  b e h i n d  t h e  c h o i c e  o f

v a r i a b l e s  i n  t h e  f i g u r e s .

Work i n  ou r  g r o u p  ( B r e s n a h a n  e t  a l . 1978 ;  S a a r  and

Webe r ,  1979)  and e l s e w h e r e  (Burch  e t  a l . ,  1978)  shows t h a t

FA c o n t a i n s  a v a r i e t y  o f  s i t e s  w i t h  v a r y i n g  a b i l i t i e s  t o

comp lex  m e t a l  i o n s .  M e t a l  i o n s  added  e a r l y  i n  a t i t r a t i o n

w i l l  b i n d  t o  t h e  s t r o n g e s t  c o m p l e x i n g  s i t e s .  M e t a l  i o n s  i n  
2 +s u c c e s s i v e  M a l i q u o t s  w i l l  h a v e  a c c e s s  t o  an e v e r  s m a l l e r  

s e l e c t i o n  o f  FA c o m p l e x a t i o n  s i t e s ,  so  FA w i l l  b i n d  a 

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

c o n t i n u e s .

The v a r i a b l e s  i n c l u d e d  i n  F i g u r e s  15 and 16 a r e

d e s i g n e d  t o  t e s t  t h i s  m o d e l .  The y - a x i s  v a r i a b l e  i s  t h e

f r a c t i o n  o f  m e t a l  i o n s  i n  e a c h  m e t a l - i o n  a l i q u o t  t h a t

b eco m es  bound  a s  t h e  a l i q u o t  m i x e s  w i t h  t h e  f u l v i c  a c i d

s o l u t i o n .  T h i s  f r a c t i o n  c a n  be  e x p r e s s e d  a s  d v / d ( C M/ C FA) / 
— 2 +

w h e r e  v = ^ ^ F A *  T*i e  x - a x i-s  v a r i a b l e  i s  t h e  mole

r a t i o  o f  t o t a l  m e t a l  i o n  t o  t o t a l  f u l v i c  a c i d  (C.Vc^, , )  andM FA
i s  a m e a s u r e  o f  t h e  p r o g r e s s  o f  a t i t r a t i o n .  The d a t a

i n c l u d e d  i n  F i g u r e s  15 and 16 a r e  t h e  same a s  a r e  i n c l u d e d
2  4*i n  F i g u r e s  13 and  14 ,  e x c e p t  t h a t  t h e  Pb c u r v e  m  F i g u r e  

15 i s  t h e  a v e r a g e  o f  t h r e e  r e p l i c a t e  t i t r a t i o n s ;  t h e  raw
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1 .

0 .

<
Cu
CO

u
sCJ

TD

l”>

0 .

0 .

2 +Pb t i t r a n t

2 + t i t r a n tCu

2+Cd t i t r a n t

6

4

2 . 0 2 . 51 . 50 . 0

0 . 4  —

c /cM SFA

F i g u r e  1 5 . R e s u l t s  f o r  t h e  same t i t r a t i o n s  a s  i n  F i g u r e  13 .

The y - a x i s  v a r i a b l e  i s  t h e  f r a c t i o n  o f  a l l  m e t a l  i o n s  i n

e a c h  a l i q u o t  t h a t  becomes  bound a s  i t  m i x e s  w i t h  t h e
— 9 +s o i l - d e r i v e d  f u l v i c  a c i d  s o l u t i o n .  v = (C -[M ] ) / € „ _ , .M be A
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u\ s
u
T3\
\>
'a

.0

2+Pb t i t r a n t

2+Cu t i t r a n t. 8

2 +Cd t i t r a n t

. 6

.4

2

. 0

1 . 5 2 . 50 . 0 1 . 0 2 . 00 . 5

c /cM WFA

F i g u r e  1 6 . R e s u l t s  f o r  t h e  same t i t r a t i o n s  a s  i n  F i g u r e  14 .  

The y - a x i s  v a r i a b l e  i s  t h e  f r a c t i o n  o f  a l l  m e t a l  i o n s  i n  

e a c h  a l i q u o t  t h a t  becomes  bound  a s  i t  m i x e s  w i t h  t h e  

w a t e r - d e r i v e d  f u l v i c  a c i d  s o l u t i o n ,  v = (CM—[M ] ) / C T'WFA*
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24-d a t a  f o r  one  o f  t h e s e  r e p l i c a t e s  a p p e a r s  a s  t h e  Pb l i n e  i n
2+F i g u r e  13 .  W i t h i n  e x p e r i m e n t a l  e r r o r  (+2% f o r  Cu, and

Cd^+ ) , t h e  y - a x i s  v a r i a b l e  f o r  t h e  Cu^+ and Cd^+ t i t r a t i o n s

d e c l i n e s  i n  a l l  p l a c e s  a s  t h e  t i t r a t i o n  p r o c e e d s ,  u n t i l  t h e

c o m p l e x i n g  c a p a c i t y  o f  f u l v i c  a c i d  f o r  t h e  m e t a l  i o n  h a s

b e e n  r e a c h e d .  Fo r  t h e  r a n g e  o f  C^ /Cp^  u s e d  h e r e ,  t h e
2 +c o m p l e x i n g  c a p a c i t y  f o r  Cd i s  n e a r l y  r e a c h e d  ( h e n c e  t h e

2 4*l e v e l i n g  o f f  o f  t h e  Cd l i n e ) ,  w h e r e a s  i t  i s  n o t  r e a c h e d

f o r  Cu^+ . T h u s ,  Cu^+ and Cd^+ a c t  a c c o r d i n g  t o  t h e  mode l  o f

f u l v i c  a c i d  c o m p l e x a t i o n  d e s c r i b e d  a b o v e .
2 +The a v e r a g e d  Pb r e s u l t s  h a v e  a r e l a t i v e  s t a n d a r d

d e v i a t i o n  o f  +12% a t  Cp ^ /Cgp^  b e l o w  a p p r o x i m a t e l y  0 . 6 5  and

+5% f o r  c p b / C g p A a b o v e  0 . 6 5 .  Many P b - i n t o - F A  t i t r a t i o n s

w i t h  SFA and WFA a t  s e v e r a l  pH v a l u e s  showed an i n c r e a s e  i n

t h e  y - a x i s  v a r i a b l e  d u r i n g  some p a r t  o f  t h e  t i t r a t i o n

( F i g u r e s  15 and 1 6 ) .  Even f o r  t i t r a t i o n s  i n  w h i ch  t h e r e  was

no r i s e  i n  t h i s  v a r i a b l e ,  a f t e r  a c e r t a i n  <- p b //CFA/
9 4* 24-d i f f e r e n c e  i n  Pb and Cu p e r f o r m a n c e  i s  s t a t i s t i c a l l y

2 4"s i g n i f i c a n t :  t h e  f r a c t i o n  o f  a d ded  Pb t h a t  a p p e a r e d  t o
2 4-become bound  i n  Pb - i n t o - F A  t i t r a t i o n s  d r o p p e d  more  s l o w l y

2 + 2 + .t h a n  d i d  t h e  f r a c t i o n  o f  a d ded  Cu i n  Cu - i n t o - F A

t i t r a t i o n s .

An e x p l a n a t i o n  f o r  t h i s  b e h a v i o r  a p p e a r e d  upon
2 4-c o m p a r i s o n  o f  two t i t r a t i o n s  w i t h  Pb t i t r a n t :  one  w i t h  2 x 

10 "4 M SFA and t h e  o t h e r  w i t h  5 x 10 ^ M SFA i n  t h e  

t i t r a t i o n  c e l l .  F i g u r e  17 shows t h e s e  two t i t r a t i o n s .  The 

h a l t  i n  t h e  d e c l i n e  o f  t h e  y - a x i s  v a r i a b l e ,  w h i c h  s i g n a l s  a
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2 +F i g u r e  1 7 . T i t r a t i o n s  o f  Pb i n t o  two c o n c e n t r a t i o n s  o f

s o i l - d e r i v e d  f u l v i c  a c i d  (SFA) .  I = 0 . 1  M, pH = 4 . 5 ,  T =

25°C,  and v = (Cp^-  [Pb^ + ] ) / c SpA• T'rie Y“ a x i s v a r i a b l e  i s  t h e
2 +f r a c t i o n  o f  a l l  Pb i n  e a c h  a l i q u o t  t h a t  be comes  bound  a s  

i t  m i x e s  w i t h  t h e  SFA s o l u t i o n .

.L
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2 4*c h a n g e  i n  t h e  c o m p l e x a t i o n  b e h a v i o r  o f  Pb -FA a s  co mp a r ed  
2 + 2 +t o  Cu -FA o r  Cd -FA,  o c c u r s  a t  l o w e r  Cp^ /Cgp^  f o r  t h e  more

c o n c e n t r a t e d  SFA s o l u t i o n  t h a n  f o r  t h e  more  d i l u t e  o n e .
2 -I-

P r e c i p i t a t i o n  o f  i n s o l u b l e  P b  - F A  c o m p l e x e s  a l s o  o c c u r s  a t

l o w e r  Cp f c / C FA . f ° r  t h e  m o r e  c o n c e n t r a t e d  S F A  s o l u t i o n s .

F i g u r e  18 s h o w s ,  f o r  t h e  same c o n d i t i o n s  a s  i n  F i g u r e  17 ,

t h a t  s o l u t i o n  s c a t t e r  r i s e s  a b r u p t l y  when a c e r t a i n  Cp^ /Cgp^

i s  r e a c h e d .  T h e s e  s c a t t e r i n g  t h r e s h o l d s  c o r r e s p o n d  t o

n e a r l y  t h e  same Cpj_/CgpA v a l u e  w he re  t h e  y - a x i s  v a r i a b l e  i n

F i g u r e  17 s t o p s  d e c l i n i n g  o r  e v e n  s t a r t s  r i s i n g .  A l i s t  o f

s c a t t e r i n g  t h r e s h o l d s  f o r  SFA and WFA a p p e a r s  i n  T a b l e  14 .
2  4*The d a t a ,  t h e n ,  show t h a t  Pb r e m o v a l  f r om s o l u t i o n

24- . . .i n c r e a s e s  when Pb -FA b e g i n s  t o  p r e c i p i t a t e ,  i m p l y i n g
2 +m ec h an i sm s  o f  Pb r e m o v a l  o t h e r  t h a n  c o m p l e x a t i o n .  T h es e

c o u l d  be a d s o r p t i o n  on o r  e n t r a p m e n t  w i t h i n  d e v e l o p i n g

a g g r e g a t e s  (L ing  Ong e t  a l . ,  1 9 7 0 ) .  The o c c u r r e n c e  o f  such

a g g r e g a t e s  and t h e  i n c r e a s e  i n  FA m o l e c u l a r  w e i g h t  upon

a d d i t i o n  o f  m e t a l  i o n s  a r e  n o t e d  f r e q u e n t l y  i n  t h e

l i t e r a t u r e  ( S t e v e n s o n ,  1976 ,  1977;  S i p o s  e t  a l . ,  1978;

Ramunni  and P a l m i e r i ,  1975;  J a c k s o n  and S k i p p e n ,  1 9 7 8 ) .
2 4-Even s o ,  t h e  Pb b i n d i n g  c u r v e  b e g i n s  t o  d r o p  a g a i n  a s

u s a b l e  c o m p l e x a t i o n  s i t e s  become o c c u p i e d  and p o s s i b l y  a s
2 4-

t h e  a m o u n t  o f  n e w  P b  a d s o r p t i o n  o r  e n t r a p m e n t  d e c l i n e s .

2 4*The u n u s u a l  c u r v e  sh a p e  f o r  t h e  Pb -FA s y s t e m  o c c u r s  

f o r  b o t h  o u r  s o i l - d e r i v e d  and w a t e r - d e r i v e d  f u l v i c  a c i d s  

( F i g u r e s  15 and 1 6 ) ,  so  t h e  r e s u l t s  a r e  n o t  j u s t  a 

p e c u l i a r i t y  o f  one  FA s a m p l e .  Howeve r ,  t h i s  u n u s u a l
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F i g u r e  1 8 . S c a t t e r i n g  a t  400 nm o f  pH 4 . 5  s o l u t i o n s

c o n t a i n i n g  Pb 2+ and two d i f f e r e n t  c o n c e n t r a t i o n s  o f

s o i l - d e r i v e d  f u l v i c  a c i d  (S F A ) . I  = 0 . 1  M and T = 25°C.
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b e h a v i o r  p a r t l y  d i s a p p e a r s  a t  pH 6 . 0 .  I t  s e em s  r e a s o n a b l e

t h a t  h y d r o g e n  i o n  a i d s  a g g r e g a t e  f o r m a t i o n ,  p e r h a p s  i n

h y d r o g e n - b o n d i n g  b r i d g e s  ( G r e e n  and M a n a h a n , 1 9 7 7 ) .  Even

s o ,  t h e  v a l u e  o f  d v / d ( C M/'CFA) f o r  Pb2+ a t  pH 6 . 0  s t i l l
2 + +d e c r e a s e s  more  s l o w l y  t h a n  i t  d o e s  f o r  Cu , so  [H ] i s  n o t  

t h e  o n l y  i m p o r t a n t  f a c t o r .
2 +  2 *+■I n s o l u b l e  c o m p l e x e s  o f  FA and  e i t h e r  Cu o r  Cd c a n

a l s o  fo rm  ( M a c C a r t h y  and O ' C i n n e i d e  1974;  W h i t w o r t h  and

P a g e n k o p f  1979) . ,  b u t  o n l y  when t h e  m e t a l  i o n s  a r e  i n  l a r g e
2 +e x c e s s :  a 4 - f o l d  e x c e s s  f o r  Cu and a 2 0 - f o l d  e x c e s s  f o r

2 + — 5Cd m  a 5 x 10 M s o l u t i o n  o f  o u r  SFA. T h e s e  s c a t t e r i n g
2 +t h r e s h o l d s  a r e  shown a l o n g  w i t h  t h a t  f o r  Pb m  F i g u r e  19 .

2 +The u n u s u a l  c u r v e  s h a p e  we s e e  f o r  t h e  Pb -FA s y s t e m  m
2+F i g u r e s  15 and  16 may o c c u r  f o r  t h e  Cu -FA and  c o n c e i v a b l y

2 + 2 4-f o r  t h e  Cd -FA s y s t e m s ,  b u t  t o  s e e  s u c h  e f f e c t s  f o r  Cu o r
2 +Cd , one  wou ld  h a v e  t o  add  l a r g e  q u a n t i t i e s  o f  m e t a l  i o n .

D a t a  f r om  t h e  l a t e s t  p a r t  o f  s u c h  a t i t r a t i o n  wou l d  h a v e

l a r g e  e r r o r s  b e c a u s e  t h e  FA c o m p l e x i n g  c a p a c i t y  w o u l d  b e  f a r
2 +e x c e e d e d  and [M ] wou l d  be  o n l y  s l i g h t l y  s m a l l e r  t h a n  CM.

CONCLUSIONS

Lead  i o n ,  t h e n ,  i s  u n i q u e  among t h e s e  t h r e e  m e t a l  i o n s :  
2 +O n ly  Pb -FA b e g i n s  p r e c i p i t a t i n g  b e f o r e  t h e  FA c o m p l e x i n g

c a p a c i t y  f o r  t h e  m e t a l  i o n  h a s  b e e n  r e a c h e d .  Work i n  t h i s
2 +l a b o r a t o r y  w i t h  Cu -FA c o m p l e x e s  shows  t h e r e  a r e  two o r
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SFA i s  s o i l - d e r i v e d  f u l v i c  a c i d .  I = 0 . 1  M and  T = 23°C .



103

2 +more Cu c o m p l e x a t i o n  s i t e s  p e r  f u l v i c  a c i d  m o l e c u l e
2+ .( B r e s n a h a n  e t  a l - . ,  1 9 7 8 ) .  T h a t  i s ,  d u r i n g  Cu - i n t o - F A

— 2 +t i t r a t i o n s ,  v v a l u e s  r i s e  a b o v e  2 . 0  and  no Cu -FA

p r e c i p i t a t i o n  r e s u l t s .  I f  we a s s u m e  t h a t  m o s t  o f  t h e
2 + 2 +c o m p l e x a t i o n  s i t e s  a v a i l a b l e  t o  Cu a r e  a v a i l a b l e  t o  Pb ,

i t  a p p e a r s  t h a t  Pb-FA s o l i d s  s e t t l e  o u t  w i t h  c o m p l e x a t i o n

s i t e s  on  t h e  FA u n f i l l e d .  I t  i s  n o t  c l e a r  w h e t h e r  f o r m a t i o n

o f  t h e  p r e c i p i t a t e  b l o c k s  t h e s e  u n f i l l e d  s i t e s .  I t  wou l d

n o t  b e  u n r e a s o n a b l e  t o  s p e c u l a t e  t h a t  some o f  t h e s e  s i t e s

a r e  s t i l l  a v a i l a b l e ,  t h e r e b y  m ak in g  Pb-FA s o l i d s  u n u s u a l l y

good a t  s e q u e s t e r i n g  f r e e  m e t a l  i o n s — b o t h  t h r o u g h  s u r f a c e

a d s o r p t i o n  t o  t h e  s o l i d  and t h r o u g h  c h e m i c a l  c h e l a t i o n .
2 +I n d e e d ,  t h e  f r a c t i o n  o f  Pb i o n s  i n  e a c h  a l i q u o t  t h a t

b eco m es  bound  r e m a i n s  s i g n i f i c a n t l y  h i g h e r  t h a n  d o e s  t h e
2 +f r a c t i o n  o f  Cu i o n s  t h a t  become  boun d  f o r  h i g h  CM/ C 07V .

M C A

The work  d e s c r i b e d  i n  C h a p t e r  2 showed an u n u s u a l  
2 +p r o p e r t y  o f  Cd -FA c o m p l e x e s .  T h e i r  c o n d i t i o n a l  s t a b i l i t y

c o n s t a n t s  i n c r e a s e  a s  t h e  FA c o n c e n t r a t i o n  d r o p s  b e l o w  a b o u t
- 4  2 +1 x 10 M, i n  c o n t r a s t  t o  Cu -FA c o m p l e x e s ,  whose

s t a b i l i t y  c o n s t a n t s  v a r y  l i t t l e  w i t h  c h a n g i n g  FA
2 +c o n c e n t r a t i o n .  I t  a p p e a r s  t h a t  Pb b i n d s  t o  FA much t h e  

2 +way Cu d o e s  a t  l ow  CM/ C FA: FA c o n c e n t r a t i o n  d o e s  n o t

i n f l u e n c e  c o m p l e x a t i o n .  B u t  a t  h i g h e r  CM/ C p A, a c h a n g e  i n

FA c o n c e n t r a t i o n  may n o t i c e a b l y  a l t e r  t h e  d e g r e e  t o  w h i c h
2 + 2 +

Pb i s  r emoved  f ro m s o l u t i o n .  The e x t r a  r e m o v a l  o f  Pb
2f rom s o l u t i o n  may be  i m p o r t a n t  i n  t h e  s t u d y  o f  Pb movemen t  

i n  w a t e r s  t h a t  a r e  p o l l u t e d  o r  r i c h  i n  o r g a n i c  m a t t e r ,  and
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i n  s o i l s  t o  w h i c h  s l u d g e s  c o n t a i n i n g  m e t a l  i o n s  h a v e  b e e n  

a d d e d .



CHAPTER ±

FLUOROMETRIC ANALYSIS OF COMPLEXES BETWEEN 

METAL IONS AND FULVIC ACID

INTRODUCTION

The p r i m a r y  m e t h o d  o f  a n a l y s i s  d e s c r i b e d  i n  C h a p t e r s  2 

and  3 i s  i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t i o m e t r y . The 

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

c o n c e n t r a t i o n  o f  bound  m e t a l  i o n  i s  t h e  d i f f e r e n c e  b e t w e e n  

t h e  t o t a l  m e t a l  i o n  c o n c e n t r a t i o n  and  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 s t a b i l i t y  c o n s t a n t s  f o r  m e t a l  i o n  

c o m p l e x e s  w i t h  f u l v i c  a c i d  c a n  be  d e t e r m i n e d  f rom t h e  

c o n c e n t r a t i o n s  o f  bound  m e t a l  i o n ,  f r e e  m e t a l  i o n ,  and  

f u l v i c  a c i d  ( b o t h  f r e e  and c o m p l e x e d ) , and  f ro m  t h e  

s t o i c h i o m e t r y  o r  s t o i c h i o m e t r i e s  o f  t h e  c o m p l e x e s .

S e v e r a l  b o o k s  d e s c r i b e  t h e  t h e o r y  b e h i n d  f l u o r e s c e n c e  

o f  o r g a n i c  co mpounds  ( P a r k e r ,  1968 ;  H e r c u l e s ,  1966 ;  

G u i l b a u l t ,  1 9 7 3 ) .  G e n e r a l l y ,  compo und s  w i t h  a r o m a t i c  

s t r u c t u r e s  o r  d e l o c a l i z e d  e l e c t r o n s  c a n  f l u o r e s c e .

10 5
A
I
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F l u o r e s c e n c e  e m i s s i o n  i s  o n l y  on e  o f  s e v e r a l  ways  i n  w h i c h  a 

m o l e c u l e  c a n  g i v e  o f f  e x c e s s  e n e r g y  i t  h a s  ' a b s o r b e d .  E x c e s s  

e n e r g y  may be  d i s s i p a t e d  n o n r a d i a t i v e l y , a s  t h r o u g h  

c o l l i s i o n s  b e t w e e n  m o l e c u l e s ,  o r  by  r a d i a t i v e  mea ns  o t h e r  

t h a n  f l u o r e s c e n c e  s u c h  a s  p h o s p h o r e s c e n c e .  Heavy  m e t a l  i o n s  

and p a r a m a g n e t i c  m e t a l  i o n s  ( t h o s e  w i t h  u n p a i r e d  e l e c t r o n s )  

e n h a n c e  p h o s p h o r e s c e n c e  e m i s s i o n  and  t h e r e f o r e  r e d u c e  t h e  

amoun t  o f  f l u o r e s c e n c e .

F l u o r e s c e n c e  a n a l y s i s  s h o u l d  corn-clement  i o n - s e l e c t i v e  

e l e c t r o d e  a n a l y s i s  o f  c o m p l e x e s  b e t w e e n  f u l v i c  a c i d  and 

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

f l u o r e s c e n c e  a r e  p r o p o r t i o n a l  i n  some way t o  t h e  amoun t  o f  

c om p le x  f o r m e d .  The work d e s c r i b e d  i n  t h i s  c h a p t e r  shows 

t h a t  b o t h  o f  t h e s e  r e q u i r e m e n t s  a r e  m e t  and t h a t  

f l u o r e s c e n c e  a n a l y s i s  o f  f u l v i c  a c i d  c o m p l e x e s  w i t h  c e r t a i n  

m e t a l  i o n s  i s  p o s s i b l e .

The l i t e r a t u r e  c o n t a i n s  amp l e  e v i d e n c e  t h a t  hu m ic  

m a t e r i a l s  f l u o r e s c e .  S e a l  and c o w o r k e r s  ' ( 1 9 6 4 )  e x c i t e d  

v a r i o u s  f r a c t i o n s  o f  s o i l  o r g a n i c  m a t t e r  a t  365 nm and fo un d  

e m i s s i o n  p e a k s  a t  520 t o  540 nm. M u e l l e r - W e g e n e r  ( 1977)  

r e c o r d e d  f l u o r e s c e n c e  s p e c t r a  f r om t h r e e  s o i l - d e r i v e d  humic  

a c i d s  and f o u n d  t h a t  pH had  a d i f f e r e n t  e f f e c t  on t h e  

s p e c t r a  o f  t h e  t h r e e  s a m p l e s .  I n  a d d i t i o n ,  f o r  a g i v e n  

e m i s s i o n  p e a k ,  t h e  e x c i t a t i o n  w a v e l e n g t h  was d i f f e r e n t .  The 

a u t h o r  c o n c l u d e s  t h a t  t h e  f l u o r e s c e n c e  p r o p e r t i e s  o f  humic  

a c i d  d e p e n d  i n  l a r g e  p a r t  on t h e  p h e n o l i c  -OH c o n t e n t .

S e v e r a l  g r o u p s  h a v e  r e p o r t e d  t h e  f l u o r e s c e n c e  o f
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o r g a n i c  m a t t e r  d i s s o l v e d  i n  w a t e r .  Many o f  t h e s e  s t u d i e s

a im t o  show a r e l a t i o n  b e t w e e n  c o n c e n t r a t i o n  o f  d i s s o l v e d

o r g a n i c  m a t t e r  and  i n t e n s i t y  o f  f l u o r e s c e n c e  ( B l a c k  and

C h r i s t m a n ,  1963 ;  G h a s s e m i  and C h r i s t m a n ,  19 6 8 ;  S m a r t  e t  a l . ,

1 9 7 6 ) .  B run  and M i l b u r n  (1977)  d e s c r i b e  an a u t o m a t e d

t e c h n i q u e  f o r  d e t e r m i n i n g  s u c h  f l u o r e s c e n c e .

The amoun t  o f  f l u o r e s c e n c e  work  on  i n t e r a c t i o n s  b e t w e e n

m e t a l  i o n s  and  hu m i c  m a t e r i a l s  i s  s m a l l .  T h i s  l a c k  o f  d a t a

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

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

(Che n ,  1 9 7 6 ) .  For  e x a m p l e ,  A r g a u e r  and W hi t e  (1964)

a n a l y z e d  z i r c o n i u m - f l a v e n o l  and t h o r i u m - m o r i n  c o m p l e x e s  w i t h
2 +- 2 4-f l u o r e s c e n c e .  The b i n d i n g  o f  Cu and  Fe t o  human

t r a n s f e r r i n  h a s  a l s o  b e e n  s t u d i e d  t h i s  way ( L e h r e r ,  1 9 6 9 ) .

One g r o u p  ( B a n e r j e e  and M u k h e r j e e ,  1 9 7 2 ) ,  s t u d y i n g  t h e

e f f e c t  o f  m e t a l  i o n s  on s o i l - d e r i v e d  humic  and  f u l v i c  a c i d s ,  
2 + 2 +

f o u n d  t h a t  Cu and Fe q u e n c h e d  t h e  hum ic  f l u o r e s c e n c e
2 2 4» 2 4

m o s t ,  and  Co and  Ni  q u e n c h e d  l e s s .  Zn • e n h a n c e d  t h e

f l u o r e s c e n c e  e m i s s i o n  a t  470 nm. L e v e s q u e  (1972)  n o t e s  t h a t

humic  f r a c t i o n s  o f  h i g h  m o l e c u l a r  w e i g h t  c o n t a i n i n g  i r o n

h a v e  l i t t l e  f l u o r e s c e n c e .

C l i n e  and H o l l a n d  (1977)  p u b l i s h e d  an  e x t e n s i v e  s t u d y
2 -l 2 +

on t h e  r e a c t i o n s  o f  Cu and  Co w i t h  p o r e  w a t e r s  e x t r a c t e d  

f rom l a k e  s e d i m e n t s .  They  f o u n d  a l a r g e  d e c r e a s e  i n  o r g a n i c
9 +

m a t t e r  f l u o r e s c e n c e  when Cu~ was a d d e d  and a much s m a l l e r
2 4.

d e c r e a s e  when Co was  a d d e d .  They  a l s o  n o t e  an  i n c r e a s e  i n
2 4.

l i g h t  a b s o r p t i o n  by  t h e  s o l u t i o n  upon a d d i t i o n  o f  Cu , b u t
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2 +no i n c r e a s e  i n  a b s o r p t i o n  when Co was  a d d e d .  They
2 +c o n c l u d e  t h a t  Cu i o n s  fo rm  s t r o n g ,  r e v e r s i b l e  c o m p l e x e s

2 +w i t h  t h e  o r g a n i c  m a t t e r ;  i n  c o n t r a s t ,  Co _ i s  a d s o r b e d  on

t h e  s u r f a c e  and i s  n o t  c o m p l e x e d .

The p o r e - w a t e r  o r g a n i c  m a t t e r  t h a t  C l i n e  and H o l l a n d

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

s t u d i e d  i n  t h i s  d i s s e r t a t i o n .  T h e i r  s e d i m e n t  o r g a n i c  m a t t e r
2 +h a s  a h i g h  Ca c o n c e n t r a t i o n ;  o r g a n i c  m a t t e r  c o m p l e x e s  

2 +c o n t a i n i n g  Ca may be  p o s i t i v e l y  c h a r g e d  and f l o c c u l a t e  

when t h e  pH i s  r a i s e d  (when t h e r e  i s  e n o u g h  h y d r o x i d e  t o  

n e u t r a l i z e  t h e  p o s i t i v e  c h a r g e  on  t h e  c o m p l e x ) . The f u l v i c  

a c i d s  d i s c u s s e d  h e r e  do n o t  r e s p o n d  i n  t h i s  way.  The a s h  

c o n t e n t  o f  b o t h  SFA and  WFA i s  v e r y  l ow (Weber and W i l s o n ,  

1 9 7 5 ) ,  and  t h e  f u l v i c  a c i d s  s t a y  i n  s o l u t i o n  o v e r  a w id e  

r a n g e  o f  pH v a l u e s — a t  l e a s t  1 . 4  t o  10 .

The work  d e s c r i b e d  i n  t h i s  c h a p t e r  i s  more  q u a n t i t a t i v e  

t h a n  e a r l i e r  work  on  humic  f l u o r e s c e n c e . .  I t  f i r s t  c o n f i r m s  

t h a t  ou r  f u l v i c  a c i d  d o e s  f l u o r e s c e  and t h e n -  e n d e a v o r s  t o  

show t h a t  t h e  r e d u c t i o n  i n  f l u o r e s c e n c e  i n  t h e  p r e s e n c e  o f  

m e t a l  i o n s  i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  bound  

m e t a l  i o n .  I  t r i e d  t o  show t h i s  r e l a t i o n  by  c o m p a r i n g  

f l u o r e s c e n c e  r e s u l t s  w i t h  t h o s e  f ro m i o n - s e l e c t i v e  e l e c t r o d e  

e x p e r i m e n t s  f o r  a n y  o f  t h e  t h r e e  m e t a l  i o n s  s t u d i e d  i n  t h i s  

g r o u p  by  i o n - s e l e c t i v e  e l e c t r o d e :  Cu2 + , Cd2 + , and  P b 2 + .

Once t h i s  r e l a t i o n  b e t w e e n  f l u o r e s c e n c e  q u e n c h i n g  and m e t a l  

b i n d i n g  was  e s t a b l i s h e d ,  i t  r e m a i n e d  o n l y  t o  a p p l y  t h e  

t e c h n i q u e  t o  c o m p l e x a t i o n  s t u d i e s  f o r  m e t a l  i o n s  s u c h  a s
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2 2 *j* 2Co , Ni  , and  Mn f o r  w h i c h  t h e r e  a r e  no e l e c t r o d e s .

EXPERIMENTAL

M a t e r i a l s . The two f u l v i c  a c i d s ,  one  d e r i v e d  f ro m a 

p o d z o l  s o i l  and t h e  o t h e r  f r om a f r e s h w a t e r  r i v e r  a r e  

d e s c r i b e d  b r i e f l y  i n  C h a p t e r  1 and  i n  more  d e t a i l  e l s e w h e r e  

(Weber and  W i l s o n ,  1975 ;  W i l s o n  and W eb e r ,  1 9 7 7 a ,  1 9 7 7 b ) .  

The e l e c t r o l y t e  f o r  a l l  e x p e r i m e n t s  was KNO^, p r e p a r e d  f r om  

M a l l i n c k r o d t  o r  B a k e r  c r y s t a l s .  A c id  s o l u t i o n s  w e r e  made 

f rom B a k e r  r e a g e n t  g r a d e  ( 1 5 . 9  M) n i t r i c  a c i d ,  and  b a s e  

s o l u t i o n s  w e re  made f ro m B a k e r  45% KOH.

The s o u r c e s  o f  m e t a l  i o n  w e r e  F i s h e r  1000 ppm a t o m i c  

a b s o r p t i o n  s t a n d a r d s :  Cu2 + ( S O - C - 1 9 4 ) ,  P b 2 + ( S O - L - 2 1 ) , Cd2 + 

( S O - C - 1 1 8 ) ,  N i 2+ ( S O - N - 7 0 ) ,  Mn2+ (S O - M - 8 1 ) ,  and  Co2+ 

( S O - C - 1 9 3 ) .  D u r i n g  t h i s  w o r k ,  t h r e e  compo un ds  s e r v e d  a s  

m o d e l s  f o r  f u l v i c  a c i d .  They  w e r e  s a l i c y l i c  a c i d  

( M a l l i n c k r o d t  c r y s t a l s ) ,  3 , 5 - d i n i t r o s a l i c y l i c  a c i d  ( B a k e r ) ,  

and 5 - n i t r o s a l i c y l i c  a c i d ,  p r e p a r e d  by  t h e  m e t h o d  o f  B a r a n y  

and P i a n k a  (1946 )  and  l a t e r  o b t a i n e d  f rom E a s t m a n .

A p p a r a t u s . A N u c l e p o r e  p o l y c a r b o n a t e  f i l t r a t i o n  

a p p a r a t u s  and  N u c l e p o r e  0 . 4  m i c r o m e t e r  p o l y c a r b o n a t e  f i l t e r s  

r emoved  p a r t i c u l a t e  m a t t e r  p r e s e n t  i n  t h e  f u l v i c  a c i d  

s o l u t i o n s .  I  m e a s u r e d  pH w i t h  a C o r n i n g  mode l  476050  

c o m b i n a t i o n  e l e c t r o d e  a t t a c h e d  t o  an O r i o n  m o de l  701A pH/mv 

m e t e r .  S m a l l  v o l u m e s  o f  s o l u t i o n  w e re  d e l i v e r e d  by  G i l s o n ,
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E p p e n d o r f ,  and  O x f o r d  p i p e t s .  The f l u o r e s c e n c e  s p e c t r a  w e r e  

o b t a i n e d  w i t h  a P e r k i n - E l m e r  mod e l  204 f l u o r e s c e n c e  

s p e c t r o p h o t o m e t e r  and  r e c o r d e d  on a  H e a t h  s t r i p - c h a r t  

r e c o r d e r .  F u l v i c  a c i d  s a m p l e s  and t h e  two s a l i c y l i c  a c i d  

d e r i v a t i v e s  w e r e  a n a l y z e d  i n  a g l a s s  c u v e t t e ;  t h e  s a l i c y l i c  

a c i d  s a m p l e s  w e r e  a n a l y z e d  i n  a q u a r t z  c u v e t t e .  A S h i m a d z u  

S p e c t r o n i c  200 UV s p e c t r o p h o t o m e t e r  m e a s u r e d  t h e  a b s o r b a n c e  

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

P r o c e d u r e s . Fo r  n e a r l y  a l l  e x p e r i m e n t s  i n v o l v i n g  

f u l v i c  a c i d ,  I  w e i g h e d  o u t  a s a m p l e  o f  f u l v i c  a c i d  powde r  

and d i s s o l v e d  i t  i n  0 . 1  M a q u e o u s  KNO^. A f t e r  a d j u s t i n g  t h e  

s a m p l e  pH t o  t h e  v a l u e  o f  t h e  comin g  e x p e r i m e n t ,  I  f i l t e r e d  

i t  t h r o u g h  t h e  N u c l e p o r e  a p p a r a t u s .  T h e n ,  t o  5 . 0  mL f u l v i c  

a c i d  a l i q u o t s  w h i c h  w e r e  i n  12-mL N a l g e n e  p o l y e t h y l e n e  

v i a l s ,  I a d de d  v a r i o u s  a m o u n t s  o f  m e t a l  i o n ,  d e p e n d i n g  on 

t h e  m o le  r a t i o  o f  t o t a l  m e t a l  i o n  t o  t o t a l  f u l v i c  a c i d  t o  be  

a c h i e v e d .  I  t h e n ,  a d j u s t e d  t h e  pH o f  t h e  s o l u t i o n  and a dd ed  

e l e c t r o l y t e  u n t i l  t h e  t o t a l  s o l u t i o n  v o l u m e  was 6 .00_+0.05  

mL. The f i n a l  f u l v i c  a c i d  c o n c e n t r a t i o n  f o r  a l l  s a m p l e s  

( e x c e p t  t h o s e  w h e r e  t h e  e f f e c t  o f  f u l v i c  a c i d  c o n c e n t r a t i o n  

on f l u o r e s c e n c e  was  c h e c k e d )  was  5 x 1 0 - ^ M, o r  

a p p r o x i m a t e l y  32 ppm.  The t e m p e r a t u r e  i n  t h e

s p e c t r o f l u o r o m e t e r  room was 2 2 - 2 3 ° C ;  I a l l o w e d  t h e  s a m p l e s  

t o  e q u i l i b r a t e  a t  t h a t  t e m p e r a t u r e  f o r  one  h o u r  o r  more  

b e f o r e  p u t t i n g  t hem i n t o  t h e  c u v e t t e s  f o r  a n a l y s i s .

B e c a u s e  so  l i t t l e  i s  known a b o u t  f l u o r e s c e n c e  a n a l y s i s  

o f  c o m p l e x e s  c o n t a i n i n g  m e t a l  i o n s  and  f u l v i c  a c i d ,  t h e r e
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wer e  many e x p e r i m e n t s  t o  d o .

(1) I  n e e d e d  t o  d e t e r m i n e  t h e  b e s t  w a v e l e n g t h  f o r

e x c i t a t i o n  and f o r  e m i s s i o n .  I  c h e c k e d  e x c i t a t i o n  

w a v e l e n g t h s  f r o m 320 nm t o  500 nm.

(2)  The  e l e c t r o l y t e  m i g h t  a f f e c t  f u l v i c  a c i d

f l u o r e s c e n c e .  I  c h e c k e d  FA f l u o r e s c e n c e  a t  two l e v e l s  o f  

e l e c t r o l y t e :  4 . 2  x 10~^ M and 7 . 5  x 10 ~ 2 M KTSIÔ .

(3) Oxygen  i s  p a r a m a g n e t i c ,  and a s  s u c h  m i g h t  q u e n c h  

f u l v i c  a c i d  f l u o r e s c e n c e .  I p u r g e d  a pH 4 . 9  s a m p l e  o f  6 x 

10 ^ M SFA f o r  40 m i n u t e s  w i t h  n i t r o g e n  and c o m p a r e d  i t s

f l u o r e s c e n c e  i n t e n s i t y  w i t h  a pH 5 . 2  u n p u r g e d  SFA s a m p l e  o f  

t h e  same c o n c e n t r a t i o n .  An e a r l i e r  t e s t  showed t h a t  p u r g i n g  

t h e  c a r b o n  d i o x i d e  ( a l o n g  w i t h  t h e  o x yg e n )  r a i s e d  a 6 x 1 0 “ ^ 

M SFA s o l u t i o n  f rom pH 4 . 9  t o  pH 5 . 2 .

(4) To s e e  i f  f l u o r e s c e n c e  i n t e n s i t y  was p r o p o r t i o n a l  

t o  f u l v i c  a c i d  c o n c e n t r a t i o n ,  I  p r e p a r e d  s o l u t i o n s  t h a t  w e re

0 ,  10 ,  2 0 ,  30 ,  40 ,  and  50 ppm i n  SFA, and  m e a s u r e d  t h e

f l u o r e s c e n c e .

(5)  To m e a s u r e  t h e  e f f e c t  o f  pH on f u l v i c  a c i d

f l u o r e s c e n c e ,  I  p r e p a r e d  s e r i e s  o f  SFA and  WFA s a m p l e s  w i t h

pH v a l u e s  r a n g i n g  f rom 1 . 5  t o  a b o u t  8 i n  s t e p s  o f  0 . 3  t o  0 . 5  

pH u n i t s ,  and  m e a s u r e d  t h e  f l u o r e s c e n c e  f o r  e a c h .

( 6 ) I  p e r f o r m e d  a s e r i e s  o f  t i t r a t i o n s  w i t h  v a r i o u s

i o n s  t o  s e e  t h e  e f f e c t  e a c h  ha d  on f u l v i c  a c i d  f l u o r e s c e n c e .

The i o n s  i n c l u d e d  Cu2 + , P b 2 + , Cd2 + , i ” , Mn2 + , Co2 + , and
• 2 +Ni . The i m p o r t a n t  e x p e r i m e n t a l  d e t a i l s  a r e  l i s t e d  i n  

T a b l e  15 .  E x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h  SFA and w i t h  WFA.
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TABLE 15

Conditions for fluorescence experiments3

[ l i g a n d ]  Number o f

D a t e I o n (M x 1 0 5 ) CM//CL s a m p l e s pH

9 / 1 2 / 7 9 Pb 4 . 9 WFA 0 . 0 - 1 .3 8 5 . 0

9 / 1 9 / 7 9 Cu 4 . 9 SFA 0 . 0 - 5 . 0 14 5 . 0

9 / 2 0 / 7 9 Pb 4 . 9 SFA 0 . 0 - 1 . 0 6 5 . 0

1 0 / 2 4 / 7 9 C Pb, Cu 4 . 9 SFA 0 . 0 - 1 . 0 17 5 . 0

1 0 / 2 5 / 7 9 ° Pb , Cu 4 . 9 SFA 0 . 0 - 1 . 0 7 5 . 0

1 0 / 3 1 / 7 9 ° P b , Cu 4 . 9 SFA 0 . 0 - 1 . 0 28 4 . 5

1 1 / 0 2 / 7 9 ° Pb , Cu 4 . 9 SFA 0 . 0 - 1 . 0 22 6 . 0

1 1 / 0 6 / 7 9 Cu 4 . 9 SFA 0 . 0 - 5 . 0 19 3 . 0

1 1 / 0 7 / 7 9 Cu 4 . 9 SFA 0 . 0 - 5 . 0 19 6 . 0
1 1 / 0 9 / 7 9 Cu 4 . 9 SFA 0 . 0 - 4 . 0 12 1 . 5

1 1 / 1 4 / 7 9 Cu 4 . 9 SFA 0 . 0 - 4 . 0 17 4 . 5
Pb 4 . 9 SFA 0 . 0 - 1 . 0 10 4 . 5

1 1 / 3 0 / 7 9 Cu 5 . 1 SFA 0 . 0 - 4 . 0 16 4 . 0

1 2 / 0 4 / 7 9 Cu .4 .9 SFA 0 . 0 ,  3 . 0 36 1 . 5 - 7 . 9

1 2 / 0 6 / 7 9 I " 4 . 9 SFA 0 . 0 - 6 . 0 5 3 . 0
I " 4 . 9 SFA 0 . 0 - 8  . 0 6 5 . 0

1 2 / 1 2 / 7 9 Pb 5 . 1 WFA 0 . 0 - 1 . 0 10 4 . 0
Pb 5 . 1 WFA 0 . 0 - 1 . 0 10 4 . 5

1 2 / 1 3 / 7 9 Pb 5 . 1 WFA 0 . 0 - 1 . 0 10 5 . 0
Pb 5.3. WFA 0 . 0 - 1 . 0 10 6 . 0

1 2 / 1 4 / 7 9 d Cu 4 . 9 SFA 0 . 0 ,  3 . 0 30 3 . 0 - 6 . 2

1 2 / 1 7 / 7 9 Ni 5 . 1 SFA 227 1 1 . 4 5
Mn 5 . 1 SFA 243 1 1 . 4 5
Co 5 . 1 SFA 227 1 1 . 4 1
Pb 5 . 1 SFA 65 1 1 . 4 4
Cu 5 . 1 SFA 209 1 1 . 4 7
Cd 5 . 1 SFA 119 1 1 . 4 2
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Table 15, continued

12/18/79e Ni, Co 5.1

12/19/7 9e Ni, Co 
C u , Pb

15.

12/20/79 Cu 15.

12/27/79 Cu 15.

1/2/80 Cd 4.9

1/4/80 Cu 13.
Ni 13.

1/8/80 Ni 13.

1/9/8 0 Ni 13.
Cu 13.

1/11/80 Cu 5.0

1/18/80 Ni 5.0
Co 5.0

1/19/80 Ni 5.0
Co 5.0

1/23/80 Ni 5.6
Co 5.6

l/25/80f none 0-8

1/28/80 Ni 6.0
Co 6.0

1/29/809 none 5.0

1/30/80 Ni 5.6
Co 5.6
Ni 5.6
Co 5.6

2/7/80h none 6.0

SFA 0.0, 3.0 24 2.0-8.0

SA

o
•

1—
1

o
•

o

12 1.5, 5.

SA 0.0-15.6 10 5.0

SA 0.0-16 10 6.0

SFA 0.0-15.0 11 7.5

NSA 0, 1, 10.4 3 6.4
NSA 10 1 6.4

NSA o • 0 1 • O 11 7.0-7.5

DSA 0.0-10.0 7 6.0
DSA 0.0-4.0 8 5.0

WFA 0.0, 3.0 37 1.5-8.0

SFA 0.0-10.0 12 6.0
SFA 0.0-10.0 11 6.0

SFA 0.0-14.0 12 4.0
SFA 0.0-14.0 11 4.0

SA 0.0-178 6 8.0
SA 0.0-181 5 8.0

SFA 0.0 7 5.0

SA 0.0-178 6 5.0
SA 0.0-181 5 5.0

SFA 0.0 7 OX • o 1 •

SA 0.0-145 6 7.9
SA 0.0-145 5 7.9
SA 0.0-145 6 5.0
SA 0.0-145 5 5.0

SFA 0.0 2 5.2
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T a b l e  15 ,  c o n t i n u e d

a A l l  e x p e r i m e n t s  w e r e  d o n e  i n  0 . 1  M KNO^ a t  23°C.
t_.

A b b r e v i a t i o n s ; WFA ( w a t e r - d e r i v e d  f u l v i c  a c i d ) ; SFA 
( s o i l - d e r i v e d  f u l v i c  a c i d ) ;  SA ( s a l i c y l i c  a c i d ) ;  NSA 
( 5 - n i t r o s a l  i c y l  i c  a c i d ) ;  DSA (3 , 5 - d i n i t r o s a l i c y l i , c  a c i d ) .

0 Pb and  Cu i o n s  m i x e d  t o g e t h e r  i n  s a m p l e s .

^ Ten s a m p l e s  f r o m 1 2 / 0 4 / 7 9  e a c h  e x c i t e d  a t  32 0 ,  3 5 0 ,  and
4 00 nm.

e No more  t h a n  one  m e t a l - i o n  t y p e  i n  a ny  s i n g l e  s a m p l e .

^ T e s t  o f  t h e  e f f e c t  o f  f u l v i c  a c i d  c o n c e n t r a t i o n  on 
f l u o r e s c e n c e  i n t e n s i t y .

g D a t a  u s e d  t o g e t h e r  w i t h  d a t a  o f  1 2 / 0 4 / 7 9  t o  d e m o n s t r a t e  
e f f e c t  o f  pH on SFA f l u o r e s c e n c e .

y.
T e s t  o f  e f f e c t  o f  o x y g e n  on f u l v i c  a c i d  f l u o r e s c e n c e .
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The g o a l  o f  t h i s  r e s e a c h  was  t o  show w h e t h e r  t h e  l o s s  o f  

f l u o r e s c e n c e  was s p e c i f i c  t o  t h e  a mo un t  o f  m e t a l  i o n  bound  

t o  t h e  f u l v i c  a c i d .  I f  i t  w a s ,  t h e  t e c h n i q u e  wou l d  be  v e r y  

u s e f u l .  Ho w eve r ,  i f  u n c o m p l e x e d  m e t a l  i o n  c a u s e d  

s u b s t a n t i a l  f l u o r e s c e n c e  q u e n c h i n g ,  t h e  t e c h n i q u e  wou ld  h a v e  

l i m i t e d  u s e .

(7)  C h e c k i n g  t h e  c o r r e s p o n d e n c e  b e t w e e n  f u l v i c  a c i d  

f l u o r e s c e n c e  q u e n c h i n g  and t h e  a m o u n t  o f  bound  m e t a l  i o n  

r e q u i r e d  u s i n g  m od e l  c o m p o u n d s .  Such a compound m u s t  

f l u o r e s c e  and i t  m u s t  b e  p o s s i b l e  t o  c a l c u l a t e  t h e  am ou n t  o f  

comp lex  fo r m ed  a t  v a r i o u s  pH v a l u e s  and m e t a l - i o n  

c o n c e n t r a t i o n s .  T h e s e  mode l  compou nd s  w e re  s a l i c y l i c  a c i d ,  

5 - n i t r o s a l i c y l i c  a c i d ,  and  3 , 5 - d i n i t r o s a l i c y l i c  a c i d .  T h e i r  

p r o t o n  a s s o c i a t i o n  c o n s t a n t s  and s t a b i l i t y  c o n s t a n t s  f o r
2 j.  2 1. 2 |

c o m p l e x e s  o f  t h e s e  l i g a n d s  w i t h  Cu , Co , and Ni  a p p e a r  

i n  t h e  l i t e r a t u r e  ( M a r t e l l  and S m i t h ,  1977 )  and a r e  i n c l u d e d  

i n  T a b l e  16 .
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TABLE 16

A s s o c i a t i o n  c o n s t a n t s  f o r  

f u l v i c  a c i d  and mod e l  c o m p o u n d s 3

P r o t o n  Log o f  t h e  .
L i g a n d  a s s o c i a t i o n  c o n s t a n t  s t a b i l i t y  c o n s t a n t

l o g  K , l o g  K - Cu2+ N i 2+ Co2+
c l J. 3. tL

s a l i c y l i c  a c i d 0 2 . 8  1 3 . 4  1 0 . 6 2  6 . 9 5 d 6 . 7 2 d

5 n i t r o -
s a l i c y l i c  a c i d 0 2 . 2  1 0 . 1 1  8 . 4 0  5 . 8 7  5 . 5 7

3 , 5 - d i n i t r o -
s a l i c y l i c  a c i d °  2 . 1 4  7 . 2 2  6 . 8 5  4 . 4 5  4 . 0 5

s o i l - d e r  i v e d
f u l v i c  a c i d  4 . 4  -  -

h y d r o x i d e 42 -  -  - 7  . 53 - 9  . 40 -9  . 60

3 R e f e r e n c e s ; A l l  c o n s t a n t s  f o r  t h e  s a l i c y l i c  a c i d s  
( M a r t e l l  and  S m i t h ,  1 9 7 7 ) ;  S o i l - d e r i v e d  f u l v i c  a c i d
( T r u i t t ,  R. E . , p e r s o n a l  c o m m u n i c a t i o n ) ;  H y d r o x i d e
(H u h e e y ,  1978)  .

b Fo r  t h e  r e a c t i o n  M2+ + L2" = ML.

0 At  25°C a t  0 . 1  M i o n i c  s t r e n g t h  e x c e p t  w h e r e  n o t e d .

d At  20°C a t  0 . 1 5  M i o n i c  s t r e n g t h .

e Fo r  t h e  r e a c t i o n  [M(H20 ) g ] 2+ = [M(H20 ) 50 H ] + + H+ .



117

RESULTS AND DISCUSSION

A s t r i k i n g  f e a t u r e  o f  f u l v i c  a c i d  f l u o r e s c e n c e  i s  t h a t  

t h e  p e a k  w a v e l e n g t h  o f  e m i s s i o n  moves  t o  a l o n g e r  w a v e l e n g t h  

a s  t h e  w a v e l e n g t h  o f  e x c i t a t i o n  i s  l e n g t h e n e d .  Such  a 

d e p e n d e n c e  o f  t h e  maximum e m i s s i o n  w a v e l e n g t h  on t h e  

e x c i t a t i o n  w a v e l e n g t h  mea ns  t h a t  f u l v i c  a c i d  i s  a m i x t u r e  o f  

f l u o r e s c i n g  co m po u nd s  ( P a r k e r ,  1 9 6 3 ) .  As t h e  e x c i t a t i o n  

w a v e l e n g t h  i s  l e n g t h e n e d  ( t h a t  i s ,  a s  t h e  l i g h t  be c o m e s  

l o w e r  i n  e n e r g y ) , c e r t a i n  f l u o r o p h o r e s  a r e  no l o n g e r  

e x c i t e d ,  so  t h e  r a n g e  o f  e m i s s i o n s  c h a n g e s .  I n  t h e  r a n g e  o f  

320 nm t o  500 nm, t h e  maximum e m i s s i o n  o c c u r s  upon 

e x c i t a t i o n  a t  350 nm. T h i s  e x c i t a t i o n  w a v e l e n g t h  c a u s e s  

maximum e m i s s i o n  a t  4 4 5 - 4 5 0  nm. E x c e p t  w h e r e  n o t e d ,  t h e  

e x c i t a t i o n  and e m i s s i o n  w a v e l e n g t h s  o f  t h e  f u l v i c  a c i d s  and 

t h e i r  mod e l  compounds  w e re  a s  f o l l o w s :

E x c i t a t i o n  E m i s s i o n

SFA, WFA 350 nm 4 4 5 - 4 5 0  nm
S a l i c y l i c  a c i d  305 403
5 - n i t r o s a l i c y l i c  a c i d  370 420
3 , 5 - d i n i t r o s a l i c y l i c  a c i d  400 460

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

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

5 - n i t r o s a l i c y l i c  a c i d  o r  3 , 5  d i n i t r o s a l i c y l i c  a c i d .  The 

f u l v i c  a c i d  e m i s s i o n  b a nd  i s  much b r o a d e r  t h a n  t h e  e m i s s i o n  

b a n d  f o r  s a l i c y l i c  a c i d  o r  i t s  d e r i v a t i v e s ,  a n o t h e r  

i n d i c a t i o n  t h a t  f u l v i c  a c i d  c o n t a i n s  a m i x t u r e  o f
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f l u o r o p h o r e s . The f u l v i c  a c i d  e m i s s i o n  ba nd  i s  a l s o  

f e a t u r e l e s s .

The f l u o r e s c e n c e  o f  s o i l - d e r i v e d  f u l v i c  a c i d  i s  t h e  

same i n  e i t h e r  4 . 2  x 1 0 - ^ M o r  7 . 5  x 1 0 - ^ M KNO^. Even  i f  

c h a n g e s  i n  i o n i c  s t r e n g t h  o r  KNO^ c o n c e n t r a t i o n  had  

i n f l u e n c e d  t h e  f l u o r e s c e n c e /  t h e  e x p e r i m e n t s  wo u l d  s t i l l  

h a v e  b e e n  v a l i d ,  b e c a u s e  a l l  wo rk  was d on e  u n d e r  t h e  same 

c o n d i t i o n s ,  i n  0 . 1  M KNO^. A c h a n g e  i n  e l e c t r o l y t e  

c o n c e n t r a t i o n ,  h o w e v e r ,  w o u l d  a f f e c t  t h e  amoun t  o f  m e t a l - i o n  

c o m p l e x a t i o n  ( S t e v e n s o n ,  1 9 7 7 ) ,  w h i c h  wou l d  a l t e r  t h e  am ou n t  

o f  f l u o r e s c e n c e  q u e n c h i n g .

T h e r e  was no d i f f e r e n c e  i n  f l u o r e s c e n c e  b e t w e e n  t h e  SFA 

s a m p l e  t h a t  was p u r g e d  o f  o x y g e n  and t h e  s a m p l e  t h a t  was 

n o t .

F l u o r e s c e n c e  i n t e n s i t y  i s  n o t  p r o p o r t i o n a l  t o  f u l v i c

a c i d  c o n c e n t r a t i o n  o v e r  t h e  r a n g e  o f  0 t o  50 ppm.  The

r e l a t i v e  p e a k  h e i g h t s  a r e  0 ppm ( 0 ) ,  10 ppm ( 3 9 ) ,  20 ppm

(70)  , 30 ppm (93)  , 40 ppm (110)  , and 5 0 ppm (120)  . The

n o n - l i n e a r i t y  i n d i c a t e s  t h a t  t h e  e x c i t a t i o n  o r  e m i s s i o n

l i g h t  o r  b o t h  i s  b e i n g  p a r t l y  a b s o r b e d .  E x p e r i m e n t s  w i t h

t h e  S h i m ad z u  s p e c t r o p h o t o m e t e r  show t h a t  t h e  a b s o r b a n c e  f o r

a 5 x 10 5 M SFA s o l u t i o n  i n  0 . 1  M KNO^ i s  0 . 0 5 5  a t  450 nm

( n e a r  t h e  e m i s s i o n  maximum) and  0 . 2 5  a t  350 nm ( t h e

e x c i t a t i o n  w a v e l e n g t h  f o r  f l u o r e s c e n c e  e x p e r i m e n t s ) . T h i s

SFA s o l u t i o n  i s  a b o u t  15% more  c o n c e n t r a t e d  t h a n  t h e

s o l u t i o n s  u s e d  f o r  t h e  f l u o r e s c e n c e  e x p e r i m e n t s ,  w h i c h  w e r e  
- 55 x 10 M i n  SFA. At  450 nm, t h e  a b s o r b a n c e  i s  j u s t  l ow
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enough  so  t h a t  t h e  amoun t  o f  s e l f  a b s o r p t i o n  would  c a u s e

m i n i m a l  c u r v a t u r e  i n  t h e  c a l i b r a t i o n .  Howeve r ,  t h e

a b s o r p t i o n  a t  350 nm i s  h i g h ,  so  i t  i s  t h e  i n c o m i n g  l i g h t

t h a t  i s  b e i n g  s t r o n g l y  a b s o r b e d .  A l l  t h e  e x p e r i m e n t s  we r e

done  a t  one  f u l v i c  a c i d  c o n c e n t r a t i o n ,  so  t h a t  t h e

a t t e n u a t i o n  o f  s o u r c e  i n t e n s i t y  i n  t h e  s o l u t i o n  i s  c o n s t a n t

and d o e s  n o t  a f f e c t  t h e  r e s u l t s .  T h i s  s e l f  a b s o r p t i o n  would
<> •

make i t  d i f f i c u l t  t o  c om pa re  r e s u l t s  o f  e x p e r i m e n t s  h a v i n g  

d i f f e r e n t  f u l v i c  a c i d  c o n c e n t r a t i o n s .

The i n t e n s i t y  o f  f l u o r e s c e n c e  e m i s s i o n  f rom SFA and WFA 

v a r i e s  w i t h  pH. The d a t a  r e p r e s e n t e d  by  t r i a n g l e s  i n  F i g u r e  

20 f o r  SFA and i n  F i g u r e  21 f o r  WFA show t h e  pH e f f e c t .  The 

maximum e m i s s i o n  i n t e n s i t y  o c c u r s  a t  a b o u t  pH 5 ,  w i t h  a 

f a i r l y  s t e e p  d r o p  i n  i n t e n s i t y  a s  t h e  pH d r o p s  b e l o w  4 .  The 

e m i s s i o n  a t  pH 1 . 5  i s . t w o - t h i r d s  t h a t  a t  pH 5 .  Above pH 5,  

t h e r e  i s  a g e n t l e  d e c l i n e  i n  e m i s s i o n  i n t e n s i t y  so  t h a t  a t  

pH 7 . 5 - 8 ,  t h e  e m i s s i o n  i s  85-90% t h a t  a t  pH 5.  I t  a p p e a r s  

t h a t  f u l v i c  a c i d  f l u o r e s c e s  b e s t  when t h e  s t r o n g e s t  a c i d  

g r o u p s  (pK = 1 - 4 )  a r e  d i s s o c i a t e d .  A l t h o u g h  t h e  e f f e c t  i sa
n o t  a s  s t r o n g ,  t h e  d e p r o t o n a t i o n  o f  we ake r  g r o u p s  (pK > 6 )

cl

r e d u c e s  f l u o r e s c e n c e ;  t h e s e  p r o t o n s  m i g h t  be  coming  f rom 

weak c a r b o x y l i c  a c i d  g r o u p s  o r  f rom t h e  m o s t  a c i d i c  p h e n o l  

g r o u p s  (Gamble ,  1 9 7 0 ) .  T h es e  r e s u l t s  a r e  somewhat  d i f f e r e n t  

f rom t h o s e  o f  B l a c k  and C h r i s t m a n  ( 1 9 6 3 ) ,  who f o u nd  e v e r  

i n c r e a s i n g  f l u o r e s c e n c e  i n t e n s i t y  a s  t h e  pH was r a i s e d  

t o w a r d  1 1 .

Many e x p e r i m e n t s  i n v o l v e d  a d d i t i o n  o f  i o n s  t o  f u l v i c
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a c i d  s o l u t i o n s  t o  s e e  i f  t h e  FA f l u o r e s c e n c e  was q u e n c h e d .
2+The f i r s t  work  was d o ne  w i t h  Cu , a n d ,  i n d e e d ,  f l u o r e s c e n c e

2 +d i m i n i s h e d  a s  more  Cu was  a d d e d .  I t  r e m a i n e d  t o  be  s e e n  
2 +w h e t h e r  Cu had  t o  be  bound  t o  FA m  o r d e r  t o  q u e n c h  t h e

f l u o r e s c e n c e .

F i g u r e  22 shows  t h a t  t h e  p e r c e n t a g e  o f  t o t a l

f l u o r e s c e n c e  t h a t  was  q u e n c h e d  i n c r e a s e d  a s  t h e  m o le  r a t i o

o f  t o t a l  Cu2+ t o  t o t a l  SFA c o n c e n t r a t i o n  ^CCu//CSFA^

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

f l u o r e s c e n c e  e x p e r i m e n t s  a r e  d e p i c t e d  a s  t r i a n g l e s .  The

amoun t  o f  q u e n c h i n g  a t  any  CCu/ C SFA d e p e n d e d  s t r o n g l y  on pH;

t h e  m o s t  q u e n c h i n g  o c c u r r e d  a t  pH 6 . 0  and t h e  l e a s t  a t  pH

3 . 0 ,  The work  d o ne  i n  t h i s  l a b o r a t o r y  ( B r e s n a h a n  e t  a l . ,

1978;  S a a r  and Web e r ,  1979)  and e l s e w h e r e  (T a k a m a t s u  and

Y o s h i d a ,  1978)  shows t h a t  t h e  amoun t  o f  m e t a l - i o n

c o m p l e x a t i o n  i n c r e a s e s  w i t h  i n c r e a s i n g  pH. I t  a p p e a r e d ,

t h e n ,  t h a t  m e t a l - i o n  c o m p l e x a t i o n  and f l u o r e s c e n c e  q u e n c h i n g

m i g h t  be  r e l a t e d  ph e no m e na .

I o r i g i n a l l y  d i d  p a r a l l e l  i o n - s e l e c t i v e  e l e c t r o d e  and
2 +f l u o r e s c e n c e  e x p e r i m e n t s  f o r  Cu and SFA a t  pH 5 . 0 .  The

r e s u l t  was t h a t ,  f o r  any  C^U/ C SFA,

v x 57 = p e r c e n t a g e  q u e n c h e d

whe re  v ,  m e a s u r e d  by  t h e  i o n - s e l e c t i v e  e l e c t r o d e  e x p e r i m e n t ,
2 + 2 + 

e q u a l s  (CCu~[Cu  J ) / c s f a '  and  ^Cu  ̂ i s  t h e  f r e e  m e t a l  10n

c o n c e n t r a t i o n .  The m a t c h  b e t w e e n  t h e  p e r c e n t a g e  q u e n c h e d

f o r  t h e  f l u o r e s c e n c e  e x p e r i m e n t  and v x 57 f o r  t h e
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? +F i g u r e  2 2 . C o m p a r i s o n  o f  Cu t i t r a t i o n s  p e r f o r m e d  by 

i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t i o m e t r y  and f l u o r e s c e n c e  

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

a c i d  (SFA) was 5 x 1 0 “ 5 M, I  = 0 . 1  M and T = 2 3 - 2 5 ° C .
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i o n - s e l e c t i v e  e l e c t r o d e  e x p e r i m e n t  i s  v e r y  c l o s e .  I  t h e n
2+r e p e a t e d  t h e  Cu -SFA f l u o r e s c e n c e  e x p e r i m e n t  a t  pH 3 . 0 ,

4 . 0 ,  and 6 . 0 ;  I  a l r e a d y  had  i o n - s e l e c t i v e  e l e c t r o d e  d a t a  f o r  
2 +Cu -SFA a t  pH 6 . 0 ,  so  I  o n l y  n e e d e d  t o  p e r f o r m  

i o n - s e l e c t i v e  e l e c t r o d e  t i t r a t i o n s  a t  pH 3 . 0  and 4 . 0  

( e x p e r i m e n t a l  d e t a i l s  i n  C h a p t e r  3 and  i n  T a b l e  1 2 ) .  F i g u r e  

22 shows t h e  c o m p a r i s o n  b e t w e e n  t h e  f l u o r e s c e n c e  e x p e r i m e n t s  

a t  t h e  f o u r  pH v a l u e s  and t h e  i o n - s e l e c t i v e  e l e c t r o d e  

e x p e r i m e n t s  done  a t  t h e  same pH v a l u e s .  A l l  v v a l u e s  a r e  

s c a l e d  by  t h e  same f a c t o r  t h a t  c a u s e d  a m a t c h  b e t w e e n  

f l u o r e s c e n c e  and i o n - s e l e c t i v e  e l e c t r o d e  r e s u l t s  f o r  pH 5 . 0 .  

The c u r v e s  f o r  t h e  two t y p e s  o f  e x p e r i m e n t s  c o i n c i d e  w e l l  a t  

a l l  pH v a l u e s .
2 +I  c o n c l u d e  t h a t  t h e  e f f e c t  o f  pH on t h e  e x t e n t  o f  Cu

c o m p l e x a t i o n  by  SFA i s  t h e  same a s  t h e  e f f e c t  o f  pH on  t h e

amount  o f  f l u o r e s c e n c e  q u e n c h i n g :  t h e  h i g h e r  t h e  pH, t h e
2 +g r e a t e r  t h e  amoun t  o f  Cu c o m p l e x a t i o n  and t h e  g r e a t e r  t h e

amount  o f  f l u o r e s c e n c e  q u e n c h i n g .  I n  a d d i t i o n ,  t h i s

c o n c l u s i o n  i s  s u p p o r t e d  by  t h e  r e s u l t s  shown i n  F i g u r e  20

f o r  SFA and i n  F i g u r e  21 f o r  WFA. The d a t a  r e p r e s e n t e d  by

c r o s s e s  show t h e  f l u o r e s c e n c e  i n t e n s i t y  o f  f u l v i c  a c i d  i n

* 2 +t h e  p r e s e n c e  o f  a t h r e e - f o l d  e x c e s s  o f  Cu . At  low pH,
2 +whe re  t h e r e  i s  l i t t l e  Cu c o m p l e x a t i o n ,  t h e r e  i s  o n l y  a

s m a l l  d i f f e r e n c e  b e t w e e n  t h e  f l u o r e s c e n c e  o f  f u l v i c  a c i d
2 +w i t h  and w i t h o u t  Cu . The d i f f e r e n c e  i n  f l u o r e s c e n c e  w i t h

2 +and w i t h o u t  Cu i n c r e a s e s  w i t h  i n c r e a s i n g  pH, a s  more  

c o m p l e x a t i o n  o c c u r s .
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The c l o s e  c o r r e s p o n d e n c e  b e t w e e n  c o m p l e x a t i o n  and

f l u o r e s c e n c e  q u e n c h i n g  i s  n o t  j u s t  a p e c u l i a r i t y  o f

e x c i t a t i o n  a t  350 nm i n  t h e  f l u o r e s c e n c e  e x p e r i m e n t .  T a b l e

17 sh o w s ,  f o r  e x c i t a t i o n  a t  320 ,  3 50 ,  and 400 nm, t h e
2 +f l u o r e s c e n c e  o f  SFA s o l u t i o n s  w i t h o u t  Cu i o n  and o f  SFA

24-s o l u t i o n s  w i t h  a t h r e e - f o l d  m o l a r  e x c e s s  o f  Cu . The

s a m p l e s  h a v e  pH v a l u e s  o f  3 . 0 ,  4 . 0 ,  5 . 0 ,  and 6 . 0 .  The

p e r c e n t a g e  q u e n c h e d  a t  320 and 350 nm i s  n e a r l y  t h e  same f o r

a l l  pH v a l u e s  ( e x p e r i m e n t a l  e r r o r  = +2%).  The r e s u l t s

i n d i c a t e  t h a t  t h e  c l o s e  c o r r e s p o n d e n c e  b e t w e e n  c o m p l e x a t i o n

and f l u o r e s c e n c e  d o e s  n o t  d e p e n d  on h a v i n g  c h o s e n  350 nm a s

t h e  e x c i t a t i o n  w a v e l e n g t h ;  320 nm e x c i t a t i o n  wou ld  hav e

worked  j u s t  a s  w e l l .  The q u e n c h i n g  p e r c e n t a g e s  a t  400 nm,

h o w e v e r ,  a r e  somewhat  d i f f e r e n t  f r om t h e  p e r c e n t a g e s  a t  320

and 350 nm. I t  i s  l i k e l y  t h a t  t h e  l o w - e n e r g y  400 nm l i g h t

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

h i g h e r  e n e r g y  320 or  350 nm l i g h t .  I t  i s  p r o b a b l y  i m p o r t a n t

t o  e x c i t e  a s  many f l u o r o p h o r e s  a s  p o s s i b l e  i n  o r d e r  t o  ha v e

f l u o r e s c e n c e  q u e n c h i n g  c o r r e s p o n d  a s  w e l l  a s  p o s s i b l e  t o

m e t a l - i o n  c o m p l e x a t i o n .

Two f u r t h e r  p o s s i b l e  c o n c l u s i o n s  r e s u l t i n g  f rom t h e s e  
2 +d a t a  a r e  t h a t  Cu i o n s  c a u s e  q u e n c h i n g  o n l y  when t h e y  a r e

2 +bound t o  f u l v i c  a c i d  and t h a t  a bound Cu xon c o m p l e t e l y  

q u e n c h e s  a n e a r b y  f l u o r o p h o r e .  To v e r i f y  t h e  f i r s t  p o s s i b l e  

c o n c l u s i o n ,  one  m u s t  c o n s i d e r  w h e t h e r  m e t a l  i o n s  may q u e n ch  

f l u o r e s c e n c e  by  m e r e l y  c o l l i d i n g  w i t h  o r  b e i n g  n e a r  a f u l v i c  

a c i d  m o l e c u l e ,  w i t h o u t  f o r m i n g  a co mp lex  w i t h  i t .  A
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TABLE 17
.aF l u o r e s c e n c e  r e s p o n s e  o f  SFA a t  t h r e e  w a v e l e n g t h s

W a v e l e n g t h  (nm)

PH CCU/ C SFA_______________ 320  350  400

3 . 0  0 . 0  8 9 . 9  % 8 9 . 5  % 8 3 . 9
3 . 0  3 . 0  8 2 . 0  8 1 . 9  7 4 . 1

4 . 0  0 . 0  1 0 0 . 1 0 0 . 1 0 0 .
4 . 0  3 . 0  7 5 . 5  7 4 . 1  6 5 . 7

5 .0  0 . 0  1 0 2 . 9  9 9 . 5  1 0 9 . 6
5 . 0  3 . 0  5 2 . 7  4 9 . 3  4 4 . 4

6 . 0  0 . 0  9 8 . 0  9 6 . 0  1 1 6 . 3
6 . 0  3 . 0  2 3 . 5  2 2 . 0  3 1 . 0

a V a l u e s  i n  t h e  t a b l e  a r e  t h e  r a t i o  ( e x p r e s s e d  i n  p e r c e n t )  
o f  t h e  h e i g h t  o f  e a c h  p e a k  t o  t h e  h e i g h t  o f  t h e  p e a k  f o r  
t h e  pH 4 . 0  s o l u t i o n  w i t h o u t  c o p p e r  i o n  a t  t h e  same 
w a v e l e n g t h .



c o m p a r i s o n  o f  c o l l i s i o n  f r e q u e n c y  and t h e  l i f e t i m e  o f  t h e  

f l u o r e s c e n c e  e x c i t e d  s t a t e  m u s t  be  made .  A d o u b l e  

e x p o n e n t i a l  c l o s e l y  f i t s  t h e  e x c i t e d - s t a t e  d e c a y  p a t t e r n  f o r  

our  s o i l - d e r i v e d  f u l v i c  a c i d .  The l i f e t i m e s  c o r r e s p o n d i n g  

t o  t h e s e  e x p o n e n t i a l s  a r e  1 . 3  and 7 . 0  n a n o s e c o n d s  ( S e i t z ,  W. 

R. , p e r s o n a l  c o m m u n i c a t i o n )  . A c a l c u l a t i o n  o f  c o l l i s i o n a l  

f r e q u e n c y  a t  23°C f o r  Cu^+ and SFA c o n c e n t r a t i o n s  o f  

a p p r o x i m a t e l y  1 x 10""^ M shows t h a t  l i t t l e  c o l l i s i o n a l  

q u e n c h i n g  would  o c c u r  ( P a r k e r ,  1 9 6 8 ) .  I t  a p p e a r s  t h a t  

f l u o r e s c e n c e  q u e n c h i n g  i s  s e l e c t i v e  f o r  bound m e t a l  i o n .

More e v i d e n c e  f o r  t h e  o b s e r v a t i o n  o f  no q u e n c h i n g  by 

unbound s p e c i e s  comes  f rom e x p e r i m e n t s  w i t h  t h e  i o d i d e  i o n .  

Wi th  i t s  n e g a t i v e  c h a r g e ,  i o d i d e  would  n o t  be  e x p e c t e d  t o  

b i n d  t o  a n i o n i c  s i t e s  on f u l v i c  a c i d ,  b u t  i t  i s  a h e a v y  i o n ,  

so  some q u e n c h i n g  m i g h t  o c c u r .  F l u o r e s c e n c e  t i t r a t i o n s  a t  

pH 3 . 0  and 5 . 0  w i t h  i o d i d e  and SFA r e s u l t e d  i n  u n c h a n g e d  SFA 

f l u o r e s c e n c e  up t o  an e i g h t - f o l d  m o l a r  e x c e s s  o f  i o d i d e .  

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

F u r t h e r  v e r i f i c a t i o n  t h a t  unbound  m e t a l  i o n  d o e s  n o t

c a u s e  a p p r e c i a b l e  q u e n c h i n g  o f  f u l v i c  a c i d  f l u o r e s c e n c e

comes  f rom e x p e r i m e n t s  d o ne  a t  pH 1 . 4 - 1 . 5  w i t h  h i g h  mo le

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

c o n c e n t r a t i o n  o f  t h i s  e x p e r i m e n t  p r e v e n t s  any  d i v a l e n t  m e t a l

i o n s  f rom b i n d i n g  t o  f u l v i c  a c i d ,  so  a l l  q u e n c h i n g  i s  due  t o

f r e e  m e t a l  i o n .  The r e s u l t s  a r e  l i s t e d  i n  T a b l e  18 .  E x c e p t  
2 + * 2 +f o r  Pb and Cu , t h e r e  i s  no s i g n i f i c a n t  q u e n c h i n g  o f  SFA 

f l u o r e s c e n c e  by  m e t a l  i o n s .  The s m a l l  amount  o f  q u e n c h i n g
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TABLE 18
Q u e n c h i n g  o f  • s o i l - d e r  i v e d  f u l v i c  a c i d  f l u o r e s c e n c e  by  

h i g h  c o n c e n t r a t i o n s  o f  m e t a l  i o n s  a t  low pHa

M e ta l  i o n  CM//CSFA % q u e n c h e d

N i 2 + 227 1 . 4 5 0 . 9

Mn2 + 243 1 . 4 5 - 0 . 5

Co2 + 227 1 . 4 1 1 . 8

Pb 2 + 65 1 . 4 4 3 . 8

Cu2 + 209 1 . 4 7 3 . 5

Cd2 + 119 1 . 4 2 - 0 . 7

a F u l v i c a c i d  c o n c e n t r a t i o n  was 5 . 1  x 10
e x p e r i m e n t s  we r e  p e r f o r m e d  i n  0 . 1  M KNO^ a t  23°C.  

k U n c e r t a i n t y  i n  % q u e n c h e d  v a l u e s  i s  + 2 %.

0 N e g a t i v e  v a l u e s  i n d i c a t e  f l u o r e s c e n c e  i n t e n s i t y  . g r e a t e r  
f o r  SFA w i t h  m e t a l  i o n  t h a n  f o r  t h e  r e f e r e n c e  s a m p l e  t h a t  
had  no m e t a l  i o n .
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2 JL 2 +by Pb ' and Cu i s  n o t  a p r o b l e m  f o r  t h e  u s u a l  c o m p l e x a t i o n  

s t u d y  don e  a t  h i g h  pH,  b e c a u s e  t h e  amoun t  o f  m e t a l  i o n  i n  

t h e  s a m p l e s  l i s t e d  i n  T a b l e  18 i s  one  t o  two o r d e r s  o f  

m a g n i t u d e  g r e a t e r .  C o m p le x es  o f  f u l v i c  a c i d  i n  a l e s s  

a c i d i c  medium a r e  n o t  s o l u b l e  a t  v e r y  h i g h  CM/ C SFA, so  su ch  

h i g h  m e t a l  i o n  c o n c e n t r a t i o n s  c a n n o t  be  u se d  i n  c o m p l e x a t i o n  

s t u d  i e s .

Use o f  s a l i c y l i c  a c i d  a s  a mode l  f o r  f u l v i c  a c i d  h e l p e d

t o  v e r i f y  t h e  s e c o n d  p o s s i b l e  c o n c l u s i o n  t h a t  a bound  m e t a l

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

t h e  f l u o r e s c e n c e  o f  a s e r i e s  o f  pH 6 . 0  s o l u t i o n s ,  a l l
2 +c o n t a i m n g  Cu ( e x c e p t  t h e  m e t a l - i o n  b l a n k )  and s a l i c y l i c

a c i d  i n  0 . 1  M KNO^, b u t  e a c h  s a m p l e  had  a d i f f e r e n t  mo le
2 +r a t i o  o f  t o t a l  Cu t o  t o t a l  s a l i c y l i c  a c i d .  V a l u e s  i n  t h e

2 +l i t e r a t u r e  ( M a r t e l l  and S m i t h ,  1977)  f o r  t h e  Cu - s a l i c y l i c

a c i d  s t a b i l i t y  c o n s t a n t  a l l o w e d  c a l c u l a t i o n ,  f o r  any
2 +c o n c e n t r a t i o n  o f  Cu , o f  t h e  f r a c t i o n  o f  t o t a l  s a l i c y l i c

2 +a c i d  t h a t  was a t t a c h e d  t o  a Cu i o n .  The c a l c u l a t e d  and

f l u o r e s c e n c e  r e s u l t s  a p p e a r  i n  F i g u r e  23 .  The

c o r r e s p o n d e n c e  o f  t h e s e  r e s u l t s  p r o v e s  t h a t  a s a l i c y l i c  a c i d
2 +m o l e c u l e  a t t a c h e d  t o  a Cu 1 i o n  d o e s  n o t  f l u o r e s c e .  T h a t  

2 +i s ,  bound  Cu q u e n c h i n g  i s  c o m p l e t e .

C o p p e r ( I I )  i s  n o t  t h e  b e s t  i o n  w i t h  w h i ch  t o  t e s t  t h e  

c a p a b i l i i t y  o f  f l u o r e s c e n c e  a n a l y s i s .  I t  i s  p a r a m a g n e t i c

and h e n c e ,  i t  q u e n c h e s  f l u o r e s c e n c e  e f f i c i e n t l y .  I t  a l s o  

f o r m s  s t r o n g  c o m p l e x e s  w i t h  f u l v i c  a c i d ;  t h e  c l o s e  

a s s o c i a t i o n  o f  m e t a l  i o n  and l i g a n d  i s  n e c e s s a r y  f o r
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F i g u r e  2 3 . C o m p a r i s o n  o f  t h e  p e r c e n t a g e  o f  s a l i c y l i c  a c i d

f l u o r e s c e n c e  t h a t  was q u e n c h e d  and t h e  c a l c u l a t e d  p e r c e n t a g e
2 +o f  s a l i c y l i c  a c i d  c o m p l e x e d  w i t h  Cu a t  pH 6 . 0 .  S a l i c y l i c  

a c i d  c o n c e n t r a t i o n  was 1 . 5  x 10 ”  ̂ M, I  = 0 . 1  M, and T = 

2 3 ° C .

i
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q u e n c h i n g .  I  t e s t e d  o t h e r  m e t a l  i o n s  t h a t  we re  n o t

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

g a u g e  t h e  s e n s i t i v i t y  o f  f l u o r e s c e n c e  f o r  a n a l y s i s  o f

c o m p l e x e s  b e t w e e n  f u l v i c  a c i d  and  s u c h  m e t a l  i o n s .

A c o m p a r i s o n  o f  f l u o r e s c e n c e  and i o n - s e l e c t i v e
2 +e l e c t r o d e  r e s u l t s  f o r  Pb -SFA c o m p l e x e s  a p p e a r s  i n  F i g u r e

2 4*24.  P a r a l l e l  d a t a  f o r  Pb -WFA c o m p l e x e s  a p p e a r  i n  F i g u r e

25.  The pH v a l u e s  f o r  e x p e r i m e n t s  r e p r e s e n t e d  i n  t h e s e

f i g u r e s  r a n g e  f rom 4 . 0  t o  6 . 0 .  T h e r e  a r e  s e v e r a l

d i f f e r e n c e s  b e t w e e n  t h e  d a t a  i n  t h e s e  f i g u r e s  and t h e
2 +c o m p a r a b l e  d a t a  f o r  Cu -SFA c o m p l e x e s  shown i n  F i g u r e  22 .

F i r s t ,  t h e  v v a l u e s  a r e  s c a l e d  by  a f a c t o r  o f  20 i n  o r d e r  t o

h a v e  t h e  i o n - s e l e c t i v e  e l e c t r o d e  r e s u l t s  c o i n c i d e  r o u g h l y

w i t h  t h e  p e r c e n t a g e - q u e n c h e d  num ber s  f rom t h e  f l u o r e s c e n c e

e x p e r i m e n t s .  E a r l i e r  work ( C h a p t e r  3) showed t h a t  a t  low
2 + 2 +C^/CpAf Cu and Pb b i n d  w i t h  a p p r o x i m a t e l y  t h e  same

s t r e n g t h  t o  f u l v i c  a c i d s .  The s m a l l e r  s c a l i n g  f a c t o r  f o r
2 + 2 +Pb co mp ar ed  t o  t h a t  f o r  Cu i n d i c a t e s  t h a t  e a c h  bound
2 +Pb i o n  d o e s  n o t  q u e n c h  a s  much f l u o r e s c e n c e  a s  d o e s  e a c h

2 -f-   2 +
bound Cu i o n .  The r a t i o  o f  t h e  v s c a l i n g  f a c t o r s  f o r  Cu

2 +and Pb ( 5 7 / 2 0 )  i s  t h e  r a t i o  o f  f l u o r e s e n c e - q u e n c h i n g
2 +e f f i c i e n c y  f o r  t h e  two m e t a l  i o n s ;  e a c h  bound  Cu i o n

q u e n c h e s  a l m o s t  t h r e e  t i m e s  a s  much f l u o r e s c e n c e  a s  d o e s
2 4. 2 +

e a c h  bound Pb i o n .  The p r o b a b l e  r e a s o n  i s  t h a t  Pb i s  

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

m e t a l  i o n s ,  t h o s e  w i t h  one  o r  more  u n p a i r e d  e l e c t r o n s ,  a r e  

known t o  q u e n c h  f l u o r e s c e n c e  more  e f f e c t i v e l y  t h a n
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F i g u r e  2 4 . C o m p a r i s o n  o f  Pb ^ + t i t r a t i o n s  p e r f o r m e d  by 

i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t i o m e t r y  and by  f l u o r e s c e n c e  

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

a c i d  (SFA) was 5 x 10 - 5  M, I = 0 . 1  M, and T = 2 3 - 2 5 ° C .
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2 +F i g u r e  2 5 . C o m p a r i s o n  o f  Pb t i t r a t i o n s  p e r f o r m e d  by 

i o n - s e l e c t i v e  e l e c t r o d e  p o t e n t i o r a e t r y  and by f l u o r e s c e n c e  

s p e c t r o p h o t o m e t r y .  The c o n c e n t r a t i o n  o f  w a t e r - d e r i v e d  

f u l v i c  a c i d  (WFA) was 5 x 10” ^ M, I = 0 . 1  M, and T =

2 3 - 2 5 ° C .
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d i a m a g n e t i c  i o n s  ( P a r k e r ,  1 9 6 8 ) .  I t  i s  a l s o  c o n c e i v a b l e
2 4 * .  24-t h a t  Pb b i n d s  t o  d i f f e r e n t  s i t e s  on f u l v i c  a c i d  t h a n  Cu

2 4*d o e s  o r  m  a d i f f e r e n t  way t o  t h e  same s i t e s .  Such Pb

s i t e s  wou ld  h a v e  t o  be  f a r t h e r  f r om f l u o r o p h o r e s  and t h u s

l e s s  a b l e  t o  q u e n ch  t h e i r  f l u o r e s c e n c e .
2 +T h e r e  i s  a s e c o n d  m a j o r  d i f f e r e n c e  b e t w e e n  t h e  Pb -FA

2 +F i g u r e s  24 and  25 ,  and t h e  Cu -SFA F i g u r e  22 .  The maximum
24-mole  r a t i o  o f  m e t a l  i o n  t o  f u l v i c  a c i d  f o r  t h e  Pb

e x p e r i m e n t s  i s  1 . 0  b e c a u s e  p r e c i p i t a t i o n  o f  Pb-FA s o l i d s
2 +o c c u r s  a t  h i g h e r  r a t i o s .  Mole r a t i o s  o f  Cu t o  f u l v i c  a c i d

can  r e a c h  4 o r  5 b e f o r e  p r e c i p i t a t i o n  b e g i n s  ( C h a p t e r  3 ) ,  so

a much w i d e r  r a n g e  o f  d a t a  i s  p o s s i b l e  t o  o b t a i n .
2 4-The s c a t t e r e d  a p p e a r a n c e  o f  t h e  d a t a  f o r  Pb p l o t t e d

i n  F i g u r e s  24 and  25 ,  i n  c o n t r a s t  t o  t h e  o r d e r l y  d a t a  f o r  
2 +Cu m  F i g u r e  22 ,  r e s u l t s  f rom t h e  two d i f f e r e n c e s

2  4-d i s c u s s e d  a b o v e .  The q u e n c h i n g  p e r  bound  Pb i o n  i s  o n l y
2 +  2 +  o n e - t h i r d  t h a t  p e r  Cu i o n ,  and t h e  amount  o f  Pb t h a t  c an

24*be  added  i s  o n l y  o n e - f i f t h  o f  t h e  amoun t  o f  Cu t h a t  c a n  be

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

F i g u r e  24 o r  25 c o v e r  o n l y  a b o u t  o n e - f i f t e e n t h  t h e  a r e a  t h a t
2 +t h e  f l u o r e s c e n c e  d a t a  f o r  Cu m  F i g u r e  22 d o .  C o n s i d e r i n g

2 +t h e  m a g n i f i c a t i o n  o f  t h e  a x e s ,  t h e  s c a t t e r  i n  t h e  Pb

f i g u r e s  i s  n o t  s u r p r i s i n g ,  n o r  d o e s  i t  weaken  t h e
2 +c o n c l u s i o n s  r e a c h e d  f o r  Cu .

B e c a u s e  f l u o r e s c e n c e  a n a l y s i s  d o e s  n o t  work  w e l l  w i t h  
2 +t h e  Pb -FA s y s t e m ,  c o m p l e x e s  w i t h  o t h e r  d i a m a g n e t i c  i o n s  

and f u l v i c  a c i d  wou ld  p r o b a b l y  n o t  be  a n a l y z e d  e a s i l y  by
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2 4f l u o r e s c e n c e .  Pb , among d i a m a g n e t i c  m e t a l  i o n s ,  i s  l i k e l y

t h e  m o s t  a m e n a b l e  t o  f l u o r e s c e n c e  a n a l y s i s  b e c a u s e  i t  i s

v e r y  h e a v y  ( h i g h  a t o m i c  w e i g h t  i n  a d d i t i o n  t o  u n p a i r e d

e l e c t r o n s  b e i n g  a f a c t o r  p r o m o t i n g  q u e n c h i n g )  and b i n d s

s t r o n g l y  t o  f u l v i c  a c i d .  The p o s s i b i l i t y  o f  h i g h  CM/ C pA

w i t h o u t  p r e c i p i t a t i o n  i s  one  a d v a n t a g e  t h a t  some d i a m a g n e t i c
2 4i o n s  m i g h t  ha v e  o v e r  Pb , b u t  t h i s  a d v a n t a g e  may n o t  be

enough  t o  ov e rc o m e  t h e  p r o b l e m s  s u c h  a d i a m a g n e t i c  i o n  m i g h t

n a v e - - i n e f f i c i e n t  q u e n c h i n g  and weak c o m p l e x a t i o n .
2 4*One d i a m a g n e t i c  i o n  i s  Cd . R e s u l t s  f r om f l u o r e s c e n c e

2 4e x p e r i m e n t s  w i t h  Cd wou l d  be  u s e f u l  b e c a u s e  t h e r e  i s  so
2 4*much d a t a  f rom Cd -FA t i t r a t i o n s  w i t h  t h e  i o n - . s e l e c t i v e

e l e c t r o d e  f o r  c o m p a r i s o n  ( C h a p t e r  2 ) .  H ow eve r ,  a t  pH 7 . 5 ,
2  4*t h e r e  i s  v i r t u a l l y  no SFA f l u o r e s c e n c e  q u e n c h i n g  by Cd ,

e v e n  up t o  C^ ^ /C SFA = 15 .  The r e s u l t s  f r om t h i s  e x p e r i m e n t

a r e  l i s t e d  i n  T a b l e  19 .  I o n - s e l e c t i v e  e l e c t r o d e  e x p e r i m e n t s
2 4show t h a t  an e a s i l y  m e a s u r a b l e  amoun t  o f  Cd i s  bound  t o

SFA a t  pH 7 o r  8 ( C h a p t e r  2 ) ,  so  t h e  f l u o r e s c e n c e  e x p e r i m e n t
2  4i s  n o t  u s e f u l  f o r  a n a l y s i s  o f  Cd -FA c o m p l e x a t i o n .

2 +  2 4Co and Ni  q u e n c h i n g

Two m e t a l  i o n s  f o r  wh i ch  we h a v e  no i o n - s e l e c t i v e
24 24e l e c t r o d e s  a r e  Co and Ni  . They  a r e  p a r a m a g n e t i c  i o n s  

and on t h e  b a s i s  o f  s t a b i l i t y  c o n s t a n t s  f o r  c o m p l e x e s  t h a t  

t h e y  fo rm  w i t h  mode l  l i g a n d s  s u c h  a s  s a l i c y l i c  a c i d  ( M a r t e l l  

and S m i t h ,  1 9 7 7 ) ,  t h e y  s h o u l d  fo rm  m o d e r a t e l y  s t r o n g  

c o m p l e x e s  w i t h  f u l v i c  a c i d .  The p a r a m a g n e t i s m  and e x p e c t e d
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c o m p l e x a t i o n  s t r e n g t h  o f  t h e s e  i o n s  i n d i c a t e  t h a t

f l u o r e s c e n c e  a n a l y s i s  o f  t h e  c o m p l e x a t i o n  s h o u l d  w or k .

A c o m p a r i s o n  o f  SFA f l u o r e s c e n c e  w i t h o u t  m e t a l  i o n  and
2  +  24-SFA f l u o r e s c e n c e  w i t h  e i t h e r  Co o r  Ni a s  a f u n c t i o n  o f

pH a p p e a r s  i n  F i g u r e  ' 26 .  T h i s  f i g u r e  shows r e s u l t s  o f
2 +e x p e r i m e n t s  t h a t  a r e  s i m i l a r  t o  e a r l i e r  o n e s  don e  f o r  Cu

and SFA ( F i g u r e  20) and f o r  Cu^+ and  WFA ( F i g u r e  2 1 ) .  The

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

p r e s e n c e  o f  a ny  o f  t h e s e  m e t a l  i o n s  a s  t h e  pH i s  r a i s e d .  
2 + 2 +Co and Ni  c a u s e  n e a r l y  t h e  same amoun t  o f  q u e n c h i n g ,  and

2  4-somewhat  l e s s  t h a n  t h a t  c a u s e d  by  Cu . I t  i s  n o t
2 + . 2  +s u r p r i s i n g  t h a t  Co and Ni c a u s e  t h e  same r e s p o n s e  m  t h e  

p r e s e n c e  o f  SFA? t h e i r  i o n i c  r a d i i  and h y d r o l y s i s  c o n s t a n t s  

a r e  v e r y  s i m i l a r .
2 +I f  q u e n c h i n g  o f  a f l u o r o p h o r e  by  a bound  Co o r  bound

. 2+ . • 2 + 2+Ni i o n  i s  c o m p l e t e  and i f  f r e e  Co o r  f r e e  Ni  c a u s e s  no

q u e n c h i n g ,  t h e n  t h e  r e l a t i v e l y  s m a l l  amount  o f  q u e n c h i n g
24 - 2 +c a u s e d  by  Co and Ni  i n d i c a t e s  t h a t  t h e y  b i n d  t o  SFA l e s s

2 +s t r o n g l y  t h a n  d o e s  Cu .
7 +F i g u r e  27 shows pH 4 . 0  and pH 6 . 0  t i t r a t i o n s  o f  Co

7 +and SFA; F i g u r e  28 shows s i m i l a r  t i t r a t i o n s  o f  Ni and SFA.
24- . 2 + ■The d a t a  a g a i n  show t h a t  Co and Ni r e s p o n d  s i m i l a r l y  t o

e a c h  o t h e r  i n  t h e  p r e s e n c e  o f  SFA. T h e s e  f i g u r e s  a l s o  show

t h e  i n c r e a s e d  q u e n c h i n g  and p r e s u m a b l y  i n c r e a s e d

c o m p l e x a t i o n  a t  pH 6 . 0  comp a red  t o  t h a t  a t  pH 4 . 0 .

I t  r e m a i n e d  t o  be  s e e n  w h e t h e r  t h e  a s s u m p t i o n s  o f

c o m p l e t e  q u e n c h i n g  when bound  and no q u e n c h i n g  when n o t
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2 + 2 +bound a r e  t r u e  f o r  Co and  Ni  . I  i n i t i a l l y  t r i e d  t o

v e r i f y  t h e  a s s u m p t i o n s  w i t h  s a l i c y l i c  a c i d  ( I ^ S a l ) , b u t  a s  

t h e  a s s o c i a t i o n  c o n s t a n t s  i n  T a b l e  16 show,  i t  i s  d i f f i c u l t  

t o  f o rm a p p r e c i a b l e  am o u n t s  o f  C o - S a l  o r  N i - S a l  u n l e s s  t h e  

pH i s  v e r y  h i g h  o r  t h e r e  i s  a  t r e m e n d o u s  e x c e s s  o f  m e t a l  

i o n .  The two d e r i v a t i v e s  o f  s a l i c y l i c  a c i d ,  5 - n i t r o -  and 

3 , 5 - d i n i t r o s a l i c y l i c  a c i d  h a v e  l o w e r  p r o t o n  a f f i n i t i e s :  t h e

n i t r o  g r o u p ( s )  p u l l  e l e c t r o n  d e n s i t y  o u t  o f  t h e  a r o m a t i c

r i n g ,  c a u s i n g  t h e  p h e n o l  p r o t o n  t o  be  more  a c i d i c .  The

n i t r o  g r o u p s  do n o t  c a u s e  a s  much o f  a d r o p  i n  m e t a l  i o n

a f f i n i t y  ( T a b l e  1 6 ) ,  so  more  c o m p le x  w i l l  f orm w i t h  t h e s e  

n i t r o  d e r i v a t i v e s  o f  s a l i c y l i c  a c i d  t h a n  w i t h  s a l i c y l i c  a c i d  

i t s e l f .  U n f o r t u n a t e l y ,  t h e  n i t r o  g r o u p ( s )  a l s o  m a r k e d l y  

r e d u c e  t h e  f l u o r e s c e n c e  i n t e n s i t y  o f  t h e s e  l i g a n d s ;  t h e  

f l u o r e s c e n c e  o f  e i t h e r  n i t r o  d e r i v a t i v e  h a s  l e s s  t h a n  a 

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

The e m i s s i o n  w e a k n e s s  p u s h e s  t h e  f l u o r e s c e n c e  

s p e c t r o p h o t o m e t e r  t o  t h e  l i m i t  o f  i t s  s e n s i t i v i t y .

A n o t h e r  p r o b l e m  w i t h  t h e  n i t r o  o r  d i n i t r o s a l i c y l i c  a c i d  

i s  t h a t  t h e  e m i s s i o n  w a v e l e n g t h  i s  50 -60  nm f rom t h e  

e x c i t a t i o n  w a v e l e n g t h .  T h i s  i s  t h e  p o s i t i o n  o f  a Raman 

s c a t t e r i n g  band f o r  w a t e r  ( P a r k e r ,  1 9 6 8 ) .  The w a t e r  Raman 

p e a k  i s  a b o u t  o n e - t h i r d  t h e  h e i g h t  o f  t h e  e m i s s i o n  f rom a 

m e t a l - f r e e  1 . 5  x 1 0 ”  ̂ M 3 , 5 - d i n i t r o s a l i c y l i c  a c i d  s a m p l e .  

The Raman p e a k  r e d u c e s  t h e  u s e f u l n e s s  o f  l i g a n d s  t h a t  a r e  

a l r e a d y  m a r g i n a l l y  u s e f u l .

A n o t h e r  p r o b l e m  p a r t i c u l a r l y  a s s o c i a t e d  w i t h  t h e
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2 + 2 +5 - n i t r o s a l i c y l i c  a c i d  i s  t h a t  Co and  Ni  c o m p l e x e s  w i t h

t h i s  l i g a n d  a b s o r b  s t r o n g l y  a t  t h e  e m i s s i o n  w a v e l e n g t h .  The

low l e v e l s  o f  e m i s s i o n ,  t h e  i n t e r f e r i n g  Raman b a n d ,  and t h e

a b s o r p t i o n  o f  c o m p l e x e s  a t  t h e  e m i s s i o n  w a v e l e n g t h  a l l  work

a g a i n s t  u s i n g  5 - n i t r o s a l i c y l i c  a c i d  o r  3 , 5 - d i n i t r o s a l i c y l i c
2 + 2 +a c i d  a s  compounds  t o  c h e c k  Co and Ni  q u e n c h i n g

p r o p e r t i e s .  T h e s e  r e s u l t s  do n o t  r u l e  o u t  t h e  u s e  o f  o t h e r  

model  compo un ds .  Howeve r ,  s u c h  a mode l  compound would  h a v e  

t o  m e e t  s e v e r a l  r e q u i r e m e n t s :

(1) I t  s h o u l d  f l u o r e s c e  s t r o n g l y  e n o u g h ,  c e r t a i n l y  more  

s t r o n g l y  t h a n  t h e  n i t r o  d e r i v a t i v e s  o f  s a l i c y l i c  a c i d .

(2) I t  s h o u l d  h a v e  h i g h  en ou g h  p u b l i s h e d  o r  m e a s u r a b l e  

s t a b i l i t y  c o n s t a n t s  w i t h  m e t a l  i o n s  o f  i n t e r e s t  t o  y i e l d  a 

s u b s t a n t i a l  amoun t  o f  c o m p l e x a t i o n  a t  pH v a l u e s  o f  i n t e r e s t .

(3) I t  s h o u l d  be  a d i p r o t i c  l i g a n d  w i t h  PK . = 2 -4  and« J.
pKa 2 = 8 - 1 0 ,  v a l u e s  wh i ch  a r e  t y p i c a l  o f  f u l v i c  a c i d  (Burch  

e t  a l . ,  1 9 7 8 ) .

(4) I t  s h o u l d  h a v e  a v i s i b l e  s p e c t r u m  t h a t  d o e s  n o t

c h a n g e  upon  c o m p l e x a t i o n  w i t h  m e t a l  i o n s .

S a l i c y l i c  a c i d  r e m a i n e d  a p o s s i b l e  l i g a n d  t o  c h e c k  t h e  
2 + 2 +a b i l i t y  o f  Co and Ni  t o  q u e n c h  f l u o r e s c e n c e .  To o b t a i n

a m e a s u r e a b l e  amount  o f  c o m p l e x ,  t h e  pH had  t o  be  h i g h  ( n e a r
2 + 2 +8 . 0 )  and t h e  c o n c e n t r a t i o n  o f  Co o r  Ni  had  t o  be  l a r g e .  

The s a m p l e s  c o n t a i n e d  mole  r a t i o s  o f  m e t a l  i o n  t o  SFA o f  35 ,  

73 ,  109 ,  and 1 4 5 .  I f  t o o k  n e a r l y  a week t o  a d j u s t  t h e  pH t o  

n e a r  8 . 0  b e c a u s e  c a r b o n  d i o x i d e  k e p t  d i s s o l v i n g  a f t e r  e a c h  

a d d i t i o n  o f  b a s e ,  r e s u l t i n g  i n  a c o n t i n u a l  d r i f t  downward i n
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pH. The p e r c e n t a g e  q u e n c h e d  f o r  t h e s e  s a m p l e s  a t  h i g h  pH

and t h e i r  h y d r o g e n - i o n  c o n c e n t r a t i o n s  a p p e a r  i n  T a b l e  20 .

A l s o  a p p e a r i n g  i n  t h a t  t a b l e  a r e  t h e  r e s u l t s  o f  q u e n c h i n g

e x p e r i m e n t s  a t  pH 5 . 0  and t h e  p e r c e n t a g e s  o f  s a l i c y l i c  a c i d

bound  a t  h i g h  pH,  c a l c u l a t e d  w i t h  t h e  s t a b i l i t y  c o n s t a n t s

l i s t e d  i n  T a b l e  16 .  I  d i d  t h e  pH 5 . 0  e x p e r i m e n t s  b e c a u s e

w i t h  s u c h  h i g h  c o n c e n t r a t i o n s  o f  m e t a l  i o n ,  t h e r e  c o u l d  be

some c o l l i s i o n a l  q u e n c h i n g .  No m e a s u r a b l e  amoun t  o f  b i n d i n g
2 +o c c u r s  a t  pH 5 . 0  b e t w e e n  s a l i c y l i c  a c i d  and e i t h e r  Co o r  

2 +Ni , so  any  r e d u c e d  f l u o r e s c e n c e  wou ld  be  d ue  t o  

c o l l i s i o n a l  q u e n c h i n g .

The r e s u l t s  i n  T a b l e  20 show t h a t  t h e  p e r c e n t a g e  

q u e n c h e d  a t  pH 8 a l m o s t  e x a c t l y  e q u a l s  t h e  p e r c e n t a g e  bound  

a t  t h a t  pH ( a s  c a l c u l a t e d  f rom t h e  s t a b i l i t y  c o n s t a n t )  p l u s  

t h e  p e r c e n t a g e  q u e n c h e d  a t  pH 5 . 0 ,  t h e  c o n t r i b u t i o n  f rom 

c o l l i s i o n a l  q u e n c h i n g .  P r e c i p i t a t e s  a p p e a r e d  i n  s e v e r a l

s a m p l e s ,  and t h e  r e s u l t s  f o r  t h o s e  s a m p l e s  we r e  n o t  u s a b l e .
2 + 2 + T h i s  e x p e r i m e n t  shows t h a t  bound  Co and  Ni

c o m p l e t e l y  q u e n c h  t h e  f l u o r e s c e n c e  o f  s a l i c y l i c  a c i d  and
2 + 2 +t h a t  unbound Co and  Ni  do n o t  q u e n c h  t h e  f l u o r e s c e n c e

u n l e s s  t h e i r  c o n c e n t r a t i o n s  a r e  v e r y  h i g h - - m u c h  h i g h e r  t h a n

wou ld  be  u sed  i n  c o m p l e x a t i o n  e x p e r i m e n t s  w i t h  f u l v i c  a c i d .

T h e r e f o r e ,  t h e  q u e n c h i n g  d a t a  shown i n  F i g u r e s  27 and 2.8 c an

be u s e d  f o r  c a l c u l a t i o n  o f  s t a b i l i t y  c o n s t a n t s  a s s u m i n g  t h a t  
2 + 2 +bound  Co o r  Ni  c o m p l e t e l y  q u e n c h e s  f u l v i c  a c i d

f l u o r o p h o r e s .

A l t h o u g h  1 : 1  and  1 : 2  ( m e t a l  i o m l i g a n d )  c o m p l e x e s  may
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T a b l e  20

Co2+-  and  N i 2+- s a l i c y l i c  a c i d  f l u o c e c e n c e , pH 5 and  8 a

[M2+]
(M x 1 0 J )

[H + ] b 
(M x 10°)

Q u en che d  
pH 5

Qu en che d  
pH 8

C a l c u l a t e d 0 
% bound

2 . 0 3

• - N i 2+--------------

0 . 8 4 1 4 1 . 5  % 9 . 9  % 7 . 9  %

4 . 0 7 1 . 0 4 7 2 . 6 1 5 . 2 1 2 . 1

6 . 1 0 1 . 1 7 5 5 . 6 p r e c  i p . 1 5 . 6

8 . 1 4 1 . 3 1 8 7 . 6 p r e c i p . 1 8 . 0

2 . 0 3

_Co2+--------------

1 . 3 1 8 2 . 9 5 . 3 3 . 1

4 . 0 7 1 . 2 3 0 6 . 7 1 3 . 5 6 . 5

6 . 1 0 1 . 3 8 0 9 . 4 1 8 . l d 8 . 5

8 . 1 4 1 . 6 9 8 1 2 . 0 p r e c i p . 9 . 1

a Fo r  a l l  s a m p l e s ,  [ s a l i c y l i c  a c i d ]  i s  5 . 6  x 1 0 ” ^ M. The 
e x p e r i m e n t s  ha d  I  = 0 . 1 1  M and  T = 23°C .

Fo r  h i g h  pH s a m p l e s  o n l y .

c For  I  = 0 . 1 5  M a t  20 °C .  The s t a b i l i t y  c o n s t a n t s  a r e  f r o m 
M a r t e l l  and  S m i t h  ( 1 9 7 7 ) .

d May b e  i n v a l i d  d u e  t o  s l i g h t  p r e c i p i t a t i o n .
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2  4* 2  +f o rm  f o r  Co and  Ni  c o m p l e x e s  w i t h  f u l v i c  a c i d ,  j u s t  a s
2 +  2 +f u l v i c  a c i d  a p p e a r s  t o  do w i t h  Cu and  Pb , t h e  

f l u o r e s c e n c e  d a t a  h a s  v e r y  h i g h  Cm / c s f a '  s o  1 : 2

c o m p l e x a t i o n  wo u ld  o c c u r .  T h e s e  e x p e r i m e n t a l  c o n d i t i o n s  

r u l e  o u t  u s e  o f  t h e  B u f f l e  m e t h o d  w h i c h  c a l c u l a t e s  s t a b i l i t y  

c o n s t a n t s  f o r  1 : 1  an d  1 : 2  c o m p l e x e s  ( B u f f l e  e t  a l . , 1 9 7 7 ) .

A 1 : 1  o n l y  mode l  wou l d  a p p e a r  t o  be  more  a p p r o p r i a t e .  An
— 9+ 2 +i n i t i a l  a s s u m p t i o n  w i l l  be  t h a t  v v a l u e s  f o r  Co and  Ni

a r e  l / 5 7 t h  t h e  p e r c e n t a g e  o f  f l u o r e s c e n c e  q u e n c h i n g ,  j u s t  a s
2 +t h e y  a r e  f o r  Cu . F i g u r e  29 shows  t h e  c h a n g e  i n  K, t h e  1 : 1

2 + 2 +c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t  f o r  Co -SFA,  Ni  -SF A,  and  
2 +Cd -SFA c o m p l e x e s  a s  t h e  v a l u e  o f  [M-SFA]/CSFA i n c r e a s e s .

The d a t a  i n c l u d e d  i n  t h e  f i g u r e  a r e  f o r  pH 4 . 0  and  6 . 0 .  The
- 4  2 +SFA c o n c e n t r a t i o n  was  5 x 10 M f o r  t h e  Cd -SFA

— 5i o n - s e l e c t i v e  e l e c t r o d e  t i t r a t i o n s  and  5 x 10 f o r  t h e  
2 + 2 +

Co -SFA and  Ni  -SFA f l u o r e s c e n c e  e x p e r i m e n t s .  B e c a u s e  o f
2 +t h e  SFA c o n c e n t r a t i o n  e f f e c t  f o r  Cd -SFA,  t h e  l o g  K v a l u e s

2 +  —sf o r  Cd -SFA when [SFA] = 5 x 10 M s h o u l d  be  i n c r e a s e d  by

0 . 3  u n i t s  f o r  [M-SFA]/CSFA a b o v e  0 . 2  ( S a a r  and  W e b e r ,  1 9 7 9 ) .
2 +The r e s u l t s  i n  F i g u r e  29 show t h a t  Cd -SFA s t a b i l i t y  

c o n s t a n t s  a p p e a r  t o  be  h i g h e r  t h a n  t h e  c o n s t a n t s  f o r  

Co2+-SFA and  N i 2+-SFA.  Fo r  e i t h e r  Co2+ o r  N i 2+ c o m p l e x e s ,  

l o g  K =* 2 . 8  a t  pH 4 . 0  and  l o g  K = 3 . 8  a t  pH 6 . 0 .  T h e s e

v a l u e s  a r e  l o w e r  t h a n  t h o s e  r e p o r t e d  by  S c h n i t z e r  and  Ha nse n  

(1970)  f o r  N i 2 +-SFA:  l o g  K = 3 . 1  a t  pH 3 . 0  and  l o g  K = 4 . 2  

a t  pH 5 . 0 .

Even  t h o u g h  t h e  Co2+-SFA and  N i 2+-SFA c o n d i t i o n a l
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. 0

c a d m i u m ( I I )

c o b a l t ( I I )  

n i c k e l  ( I I ). 5

. 0

5

0 —  X

X * x

5

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8

[M-SpA] / C s FA

F i g u r e  2 9 . C o m p a r i s o n  o f  s t a b i l i t y  c o n s t a n t s  (K) c a l c u l a t e d  

f o r  Cd2+-SFA,  Co2+-SFA,  and N i 2+-SFA c o m p l e x e s  a t  pH 4 . 0  and

6 . 0 .  S o i l - d e r i v e d  f u l v i c  a c i d  (SFA) c o n c e n t r a t i o n s  w e r e  5 x 

10 4 M f o r  t h e  Cd2+ t i t r a t i o n s  and 5 x 10"*^ M f o r  t h e  Co2+
9 x

and  Ni  t i t r a t i o n s .  I  = 0 . 1  M and  T = 2 3 - 2 5 ° C .
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s t a b i l i t y  c o n s t a n t s  d e t e r m i n e d  h e r e  a r e  s m a l l e r  t h a n  t h e

s t a b i l i t y  c o n s t a n t s  f o r  Cd2 +-SFA,  t h e  i n c r e a s e  i n  K f ro m  pH

4 . 0  t o  6 . 0  f o r  Co2+-SFA and  N i 2+-SFA i s  l a r g e r  t h a n  i s  t h e

i n c r e a s e  o v e r  t h e  same pH s p a n  f o r  Cd2 +-SFA.  The m a g n i t u d e

o f  c h a n g e  i n  K a s  a f u n c t i o n  o f  pH i s  p r o p o r t i o n a l  t o  t h e

number  o f  p r o t o n s  r e l e a s e d  f o r  e a c h  c o m p l e x  f o r m e d .  From

t h i s  p r e l i m i n a r y  d a t a ,  a p p r o x i m a t e l y  0 . 5  p r o t o n s  a r e

r e l e a s e d  f o r  e a c h  Co2+-SFA o r  N i 2+-SFA c o m p l e x  f o r m e d .  T h i s

i s  c l o s e  t o  0 . 4 ,  t h e  v a l u e  r e p o r t e d  by  S c h n i t z e r  and S k i n n e r  
. 2 +( 1963 )  f o r  Ni  -SFA c o m p l e x a t i o n ,  and  somewhat  l a r g e r  t h a n

t h e  0 . 2 8  p r o t o n s  r e l e a s e d  upon f o r m a t i o n  o f  e a c h  Cd2+-SFA

c o m p l e x  a s  r e p o r t e d  i n  C h a p t e r  2 .  A h i g h e r  v a l u e  f o r  t h e

number  o f  p r o t o n s  r e l e a s e d  a p p e a r s  t o  i n d i c a t e  a c l o s e r  t y p e  

o f  b i n d i n g — b i n d i n g  t h a t  i n v o l v e s  more  d i s p l a c e m e n t  o f  

p h e n o l  p r o t o n s  i n  a s a l i c y l i c - t y p e  s i t e .

The e x p e r i m e n t s  show t h a t  bou nd  Co2+ o r  bou nd  N i 2+ 

q u e n c h e s  s a l i c y l i c  a c i d  f l u o r e s c e n c e  c o m p l e t e l y ,  b u t  t h e s e  

m e t a l  i o n s  may n o t  q u e n c h  f u l v i c  a c i d  f l u o r e s c e n c e  a s  w e l l .  

A s m a l l e r  c o n v e r s i o n  f a c t o r  ( t h a n  57) b e t w e e n  v and

p e r c e n t a g e  q u e n c h e d  wou ld  a r i s e  i f  Co2+ o r  N i 2+ q u e n c h i n g

w e re  n o t  a s  e f f i c i e n t  a s  Cu2+ q u e n c h i n g .  H i g h e r  v a l u e s  o f  v 

and  K w o u l d  r e s u l t ;  s u c h  a c h a n g e  m i g h t  r a i s e  t h e  

f l u o r e s c e n c e - d e t e r m i n e d  s t a b i l i t y  c o n s t a n t s  f o r  Co2+-SFA and
, 2 *f o -4~

Ni -SFA t o  v a l u e s  l a r g e r  t h a n  t h o s e  f o r  Cd -SFA.

Even w i t h  t h e s e  d i f f i c u l t i e s ,  f l u o r e s c e n c e  a n a l y s i s  o f  

f u l v i c  a c i d  c o m p l e x e s  w i t h  p a r a m a g n e t i c  i o n s  may b e  d o n e .  

Ho w ev e r ,  much work  i s  s t i l l  n e e d e d .  i t  a p p e a r s  t h a t



148

c a l i b r a t i o n  o f  v and  p e r c e n t a g e  q u e n c h e d  f o r  e a c h  m e t a l  i o n  

t o  be  t e s t e d  w i l l  be  n e c e s s a r y .



CHAPTER 5

EPILOGUE: METAL-ION COMPLEXATION BY FULVIC ACIDS

THE VARIABLES IN FULVIC ACID RESEARCH

I f  f u l v i c  a c i d  d i d  n o t  h a v e  i m p o r t a n t  e f f e c t s  on m e t a l  

i o n  s o l u b i l i t y ,  s p e c i a t i o n ,  and  t o x i c i t y ,  i t  p r o b a b l y  wou l d  

n o t  be  t h e  o b j e c t  o f  so  much r e s e a r c h ,  b e c a u s e  many f e a t u r e s  

o f  t h i s  r e s e a r c h  a r e  u n s a t i s f y i n g .  The v a r i o u s  r e s e a r c h  

g r o u p s  o b t a i n  t h e i r  h u m ic  m a t e r i a l s  f r o m d i f f e r e n t  s o i l s  and 

w a t e r  b o d i e s ,  and  t h e y  u s e  a v a r i e t y -  o f  i s o l a t i o n  

p r o c e d u r e s ;  some o f  t h e  c o n d i t i o n s  a r e  c h e m i c a l l y  h a r s h ,  and  

o t h e r s  a r e  m i l d .  A r e s e a r c h e r ,  t h e n ,  d o e s  n o t  know how a 

g i v e n  f u l v i c  a c i d  s a m p l e  c o m p a r e s  t o  one  o b t a i n e d  e l s e w h e r e ,  

p o s s i b l y  by  d i f f e r e n t  p r o c e d u r e s .  H o w ev e r ,  work  i s  u n d e rw a y  

t o  a i d  c o m p a r i s o n s  b e t w e e n  f u l v i c  a c i d  s a m p l e s  ( B u rc h  e t  

a l . ,  1978)  .

A s i d e  f rom n o t  knowing  how u n i v e r s a l  o n e ' s  s t a r t i n g  

m a t e r i a l  i s ,  t h e  d a t a  on m e t a l  c o m p l e x a t i o n  a r e  h a r d  t o  

o b t a i n ,  and  t h e  i n t e r p r e t a t i o n  o f  t h a t  d a t a  i s  d i f f i c u l t .

149
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So many v a r i a b l e s  a f f e c t  f u l v i c  a c i d  c o m p l e x a t i o n  o f  m e t a l  

i o n s  t h a t  t o  s p e c i f y  them a l l  may r e d u c e  t h e  r e s u l t s  t o  a 

c a s e  o f  me re  s p e c i a l  o r  l o c a l  i n t e r e s t .

S e v e r a l  v a r i a b l e s  t r a d i t i o n a l l y  c o n c e r n  r e s e a r c h e r s  i n  

t h i s  a r e a :

(1) The s o u r c e  o f  t h e  f u l v i c  a c i d :  t h e  l o c a t i o n  and 

t y p e  o f  s o i l  o r  w a t e r  bo d y  f ro m w h i c h  t h e  o r g a n i c  m a t t e r  h a s  

b e e n  e x t r a c t e d .

(2) The m e th od  w i t h  w h i ch  o r g a n i c  m a t t e r  was i s o l a t e d .

(3) The i o n i c  s t r e n g t h  o f  t h e  e x p e r i m e n t s .

(4) The pH a t  w h i c h  t h e  e x p e r i m e n t s  we re  p e r f o r m e d .

(5) The  m e th od  o f  c o m p l e x a t i o n  a n a l y s i s .

( 6 ) The me thod  o f  d a t a  m a n i p u l a t i o n  and 

s t a b i l i t y - c o n s t a n t  c a l c u l a t i o n .

Two new v a r i a b l e s  o f  c o n c e r n  a r e  p r e s e n t e d  i n  t h i s

d i s s e r t a t i o n :

(7) The  c o n c e n t r a t i o n  o f  t h e  f u l v i c  a c i d ,  a t  l e a s t  f o r
2 +w e a k l y  boun d  m e t a l  i o n s  s u c h  a s  Cd

2 +( 8 ) The e a r l y  o n s e t  o f  p r e c i p i t a t i o n  f o r  Pb and t h e

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

i o n .

T h i s  i s  a  l a r g e  number  o f  v a r i a b l e s  t o  k e e p  i n  m i n d .

They a l s o  make i t  d i f f i c u l t  t o  c om pa re  work  i n  d i f f e r e n t  

g r o u p s .  The f o l l o w i n g  i s  a d i s c u s s i o n  o f  t h e  way t h e s e

v a r i a b l e s  a f f e c t  t h e  work  d e s c r i b e d  h e r e  a n d ,  h e n c e ,  o f  t h e  

a p p l i c a b i l i t y  o f  t h i s  work t o  work  do ne  e l s e w h e r e .

S o u r c e s  o f  f u l v i c  ac i d . A l t h o u g h  t h e  c h e m i s t r y  o f
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s o i l s  and  w a t e r  b o d i e s  may v a r y  w i d e l y  f r o m  'one  p l a c e  t o  

a n o t h e r ,  many p r o p e r t i e s  o f  d i s s o l v e d  o r g a n i c  m a t t e r  i n  

g e n e r a l  and  f u l v i c  a c i d  i n  p a r t i c u l a r  a r e  common.  F u l v i c  

a c i d  i s  a p o l y e l e c t r o l y t e  w i t h  many a r o m a t i c  c a r b o n s  and  a 

l a r g e  number  o f  o x y g e n - c o n t a i n i n g  f u n c t i o n a l  g r o u p s .  

R e s e a r c h  i n  t h i s  l a b o r a t o r y  show s  t h e  s i m i l a r i t y  o f  f u l v i c  

a c i d s  d e r i v e d  f ro m  a  s o i l  and a f r e s h w a t e r  b od y  (Weber and  

W i l s o n ,  1975)  and  t h e  s i m i l a r i t y  o f  t h e i r  b e h a v i o r  i n  t h e
2  4* 2  +p r e s e n c e  o f  Cu ( B r e s n a h a n  e t  a l . ,  1 9 7 8 ) ,  Cd ( C h a p t e r  2; 

S a a r  and W eb e r ,  1 9 7 9 ) ,  o r  P b 2+ ( C h a p t e r  3;  S a a r  and W eb e r ,  

1 9 8 0 a ,  1 9 8 0 b ) .  The c o n c l u s i o n s  a r r i v e d  a t  i n  t h i s

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

d e r i v e d  f r om  s o i l s  o r  f r e s h w a t e r  b o d i e s ,  a t  l e a s t  i n  t h e  

t e m p e r a t e  z o n e .

P r o b a b l y  more  h u m i c - m a t t e r  r e s e a r c h  h a s  b e e n  d o n e  i n  

S c h n i t z e r ' s  g r o u p  t h a n  i n  a n y  o t h e r .  Our f u l v i c  a c i d  

d e r i v e d  f rom s o i l s  was  i s o l a t e d  w i t h  t h e  m e t h od  d e v e l o p e d  i n  

t h a t  g r o u p  ( S c h n i t z e r  and S k i n n e r ,  1 9 6 8 ) .  -The e x t r a c t i o n  

m e t h o d , '  t h e r e f o r e , w i l l  n o t  p r e v e n t  c o m p a r i s o n  w i t h  t h e i r  

w o r k .  T h e r e  i s  r e l a t i v e l y  l e s s  i n f o r m a t i o n  on  e x t r a c t i o n  o f  

o r g a n i c  m a t t e r  f r om w a t e r .  I t  r e m a i n s  t o  be  s e e n  i f  a 

" s t a n d a r d "  m e t h od  w i l l  e v o l v e .

I o n i c  s t r e n g t h . A m a j o r i t y  o f  t h e  e x p e r i m e n t s  r e p o r t e d  

i n  t h e  l i t e r a t u r e  ( i n c l u d i n g  t h o s e  d e s c r i b e d  i n  t h i s  

d i s s e r t a t i o n )  a r e  d o n e  a t  an  i on i . c  s t r e n g t h  o f  0 . 1  M. Such  

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

a p p r e c i a b l e  a l t e r a t i o n  o f  t h e  i o n i c  s t r e n g t h  o r ,  t h e r e f o r e ,
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t h e  t h e  a c t i v i t y  c o e f f i c i e n t s .  An i o n i c  s t r e n g t h  o f  0 . 1  M 

wou l d  s i m u l a t e  b r a c k i s h  w a t e r .  E x p e r i m e n t s  d e s c r i b e d  i n  

C h a p t e r  2 and  e l s e w h e r e  ( S t e v e n s o n ,  197 7 ;  S c h n i t z e r  and 

H a n s e n ,  1970)  show i n c r e a s e d  s t a b i l i t y  c o n s t a n t s  f o r  m e t a l  

i o n s  when t h e  i o n i c  s t r e n g t h  i s  r e d u c e d  t o  0 . 0 1  M. T h e s e  

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

e x t r a p o l a t e  f i n d i n g s  a t  0 . 1  M i o n i c  s t r e n g t h  t o  f r e s h w a t e r  

s y s t e m s .

E f f e c t  o f  p H . F u l v i c  a c i d  r e s e a r c h e r s  g e n e r a l l y

r e c o g n i z e  t h e  i m p o r t a n c e  o f  pH on  m e t a l - i o n  c o m p l e x a t i o n  by

f u l v i c  a c i d .  The t y p e  o f  d a t a  p r e s e n t a t i o n ,  h o w e v e r ,  may

v a r y .  O n l y  o c c a s i o n a l l y  d o e s  a s i n g l e  p a p e r  s t u d y  a l a r g e

number  o f  pH v a l u e s  t o  c h a r a c t e r i z e  t h e  e f f e c t  o f  pH ( f o r

e x a m p l e ,  T a k a m a t s u  and  Y o s h i d a ,  1 9 7 8 ) .  The Cd^+ and P b ^ +

work  d i s c u s s e d  i n  t h i s  d i s s e r t a t i o n  w e r e  d o n e  a t  f o u r  o r

more  pH v a l u e s .  The  t r e n d s  a r e  c l e a r .  As t h e . p H  i s  r a i s e d ,
2 +t h e  c o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  r i s e  s l o w l y  f o r  Cd and

2 +more q u i c k l y  f o r  Pb , i n d i c a t i n g  t h a t  f ew p r o t o n s  a r e
2 +d i s p l a c e d  d u r i n g  Cd -FA c o m p l e x a t i o n  ( 0 . 2 - 0 . 3  p e r  c o m p l e x

2 +f o r m e d ) , and  a l a r g e r  number  a r e  d i s p l a c e d  d u r i n g  Pb -FA

c o m p l e x a t i o n  ( a p p r o x i m a t e l y  on e  p r o t o n  p e r  c o m p l e x  f o r m e d ) .
2 + 2 +I t  i s  n o t  c l e a r  w h e t h e r  t h e  Cd and  Pb b i n d  t o  d i f f e r e n t

s i t e s  t h a t  a r e  o r i g i n a l l y  p r o t o n a t e d  t o  a  d i f f e r e n t  d e g r e e
2 + 2 +o r  w h e t h e r  Cd and  Pb b i n d  t o  s i m i l a r  s i t e s ,  b u t  t o

d i f f e r e n t  d e g r e e s  o f  " c l o s e n e s s , "  so  t h a t  d i f f e r e n t  n u m b e r s  

o f  h y d r o g e n  i o n s  a r e  d i s p l a c e d .  I  do n o t  b e l i e v e  t h e r e  a r e  

s e t s  o f  s i t e s  s p e c i f i c  t o  e a c h  m e t a l  i o n ,  so  I  f a v o r  t h e
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s e c o n d  p o s s i b i l i t y  o f  v a r y i n g  c l o s e n e s s  o f  m e t a l  i o n - f u l v i c  

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

Method  o f  a n a l y s i s . M e a s u r e m e n t  o f  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  i s  t h e  m o s t  common way t o  p r o v i d e  d a t a  f o r  

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

m e t a l - i o n  a n a l y s i s ,  h o w e v e r ,  c a n  g i v e  d i f f e r e n t  v a l u e s  f o r  

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  f o r  an  i d e n t i c a l  s a m p l e .  

I o n - s e l e c t i v e  e l e c t r o d e s  and  f l u o r e s c e n c e ,  f o r  e x a m p l e ,  do 

n o t  d i s t u r b  t h e  e q u i l i b r i u m  b e t w e e n  m e t a l  i o n  and l i g a n d .  

An o d i c  s t r i p p i n g  v o l t a m m e t r y  c a n  d i s t u r b  t h e  e q u i l i b r i u m  

d u r i n g  t h e  p l a t i n g  s t e p  when m e t a l  i o n  i s  removed  f rom 

s o l u t i o n .  I d e a l l y ,  d i a l y s i s  o r  u l t r a f i l t r a t i o n  membr ane s  

c o u l d  c o m p l e t e l y  s e p a r a t e  f r e e  and c o m p l e x e d  m e t a l  i o n .  I n  

r e a l i t y  t h e  s e p a r a t i o n  i s  n o t  c o m p l e t e  b e c a u s e  some o f  t h e  

l i g a n d s  i n  t h e  f u l v i c  a c i d  m i x t u r e  p a s s  t h r o u g h  membrane  

p o r e s .  B e c a u s e  o f  t h i s ,  t h e  d i s t i n c t i o n  b e t w e e n  f r e e  and 

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

I t  i s  i n t e r e s t i n g  t o  s p e c u l a t e ,  t h o u g h ,  on  w h e t h e r  f r e e  

m e t a l  i o n  a s  m e a s u r e d  by  a n y  o f  t h e s e  t e c h n i q u e s  i s  r e l a t e d  

t o  t h e  am ou n t  o f  m e t a l  i o n  i n  a  n a t u r a l  s y s t e m  t h a t  i s  

a v a i l a b l e  t o  an  o r g a n i s m  o r  a v a i l a b l e  t o  p a r t i c i p a t e  i n  a 

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

may be  t h a t  a r i g o r o u s  c h e m i c a l  s e p a r a t i o n  o f  f r e e  and 

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

d e t e r m i n i n g  m e t a l - i o n  t o x i c i t y .  B i o a s s a y  i s  so  p r e v a l e n t  

b e c a u s e ,  by  d e f i n i t i o n ,  i t  m e a s u r e s  t h e  b i o l o g i c a l  a c t i v i t y  

o f  m e t a l  i o n s  i n  a s y s t e m .  W h e t h e r  i n o r g a n i c  a n a l y s i s  c a n
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do t h e  same r e m a i n s  t o  be  s e e n .

Work i n  p r o g r e s s  i s  d e s i g n e d  t o  c o m p a r e  t h e  a n a l y s i s  o f
2 + 2 +

Cd -SFA and  Cu -SFA c o m p l e x e s  by  i o n - s e l e c t i v e  e l e c t r o d e

and by  a n o d i c  s t r i p p i n g  v o l t a m m e t r y .  i f  t h e  o r g a n i c - m a t t e r

a d s o r p t i o n  on t h e  m e r c u r y  e l e c t r o d e  i s  n o t  s e r i o u s ,  t h e n  a

k i n e t i c  c o r r e c t i o n  f o r  t h e  d i s s o c i a t i o n  o f  c o m p l e x e s  d u r i n g

p l a t i n g  (Shuman and  C r o m e r ,  1979)  s h o u l d  c a u s e  t h e  r e s u l t s  

t o  be  s i m i l a r .

F l u o r e s c e n c e  a n a l y s i s  a p p e a r s  t o  p r o v i d e  u s e f u l

i n f o r m a t i o n  f o r  c o m p l e x e s  i n c l u d i n g  p a r a m a g n e t i c  i o n s .  The

m e th od  a n a l y z e s  " f r e e "  l i g a n d ,  a d i f f e r e n t  p e r s p e c t i v e  f ro m

t h a t  p r o v i d e d  by  o t h e r  m e t h o d s .  How eve r ,  t h e  m e t h o d  i s

d i f f i c u l t  b e c a u s e  i n d i v i d u a l  s a m p l e s  m u s t  be  p r e p a r e d .  A

m a j o r  i m p r o v e m e n t  wou ld  be  d e v e l o p m e n t  o f  a f l o w

s p e c t r o f l u o r e s c e n c e  t i t r a t o r ,  i n  w h i c h  m e t a l  i o n  and  o t h e r

r e a g e n t s  c o u l d  be  a dd ed  t o  a s o l u t i o n  c i r c u l a t i n g  t h r o u g h

t h e  a n a l y s i s  c u v e t t e .  A f l u o r e s c e n c e  t i t r a t i o n  wou ld  t h e n

become a s  e a s y  a s  an  i o n - s e l e c t i v e  e l e c t r o d e  t i t r a t i o n .

D a t a  m a n i p u l a t i o n . T h e r e  a r e  many ways  t o  c a l c u l a t e

s t a b i l i t y  c o n s t a n t s .  The d i f f e r e n c e s  l i e  p r i m a r i l y  i n  t h e

s t o i c h i o m e t r y  a s s u m e d  f o r  t h e  c o m p l e x  o r  c o m p l e x e s .  The

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

S c a t c h a r d  m e t ho d  ( S c a t c h a r d ,  1 9 4 9 ) ,  t h e  B u f f l e  m e t ho d

( B u f f l e  e t  a l . ,  1 9 7 7 ) ,  and a s i m p l e  c a l c u l a t i o n  m e t h o d  f o r  
2 +

Cd a s s u m i n g  1 : 1  c o m p l e x a t i o n .  A l t h o u g h  t h e  S c a t c h a r d  

m e th od  may b e  u s e d  and a S c a t c h a r d - t y p e  p l o t  g e n e r a t e d  f o r  

t h e  d a t a  r e p o r t e d  h e r e ,  t h e  r e s u l t s  a r e  u n s a t i s f a c t o r y  and
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p e r h a p s  m i s l e a d i n g .  The m a t h e m a t i c s  o f  S c a t c h a r d  a n a l y s i s  

a s s u m e s  t h a t  c o m p l e x e s  h a v e  no more  t h a n  one  l i g a n d .  

H ow eve r ,  c o m p l e x e s  w i t h  more  t h a n  one  f u l v i c  a c i d  m o l e c u l e  

may e x i s t ,  e s p e c i a l l y  i n  t h e  p r e s e n c e  o f  s t r o n g l y  b i n d i n g  

m e t a l  i o n s  s u c h  a s  Cu2+ and P b 2'r .

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

a n o t h e r  r e a s o n .  S t a b i l i t y  c o n s t a n t s  and  n u m b e r s  o f  s i t e s  

a r e  d e t e r m i n e d  by  d r a w i n g  s t r a i g h t  l i n e s  t h r o u g h  p o i n t s  on a 

S c a t c h a r d  p l o t  and  f i n d i n g  s l o p e s  and i n t e r c e p t s .  F u l v i c  

a c i d ,  h o w e v e r ,  d o e s  n o t  h a v e  d i s c r e t e  c l a s s e s  o f  s i t e s ,  b u t  

r a t h e r ,  a c o n t i n u u m  o f  s i t e s  w i t h  v a r y i n g  s t r e n g t h s ;  t h e  

p l o t s  a r e  c u r v e d  i n  a l l  p l a c e s .  I t  i s  n o t  a t r i v i a l  m a t t e r  

t o  d e c i d e  w h i c h  p o i n t s  i n  t h e  c u r v e d  p l o t s  s h o u l d  be  

i n c l u d e d  i n  c a l c u l a t i o n  o f  t h e  b e s t - f i t  l i n e .

The m e t h o d  d e v e l o p e d  by  B u f f l e  and c o w o r k e r s  c a l c u l a t e s  

c o n s t a n t s  f o r  1 : 1  and  1 : 2  ( m e t a l  i o n : l i g a n d )  c o m p l e x e s .  

T h i s  c a l c u l a t i o n  o v e r c o m e s  t h e  p r o b l e m  o f  1 : 2  c o m p l e x e s  t h a t  

t h e  S c a t c h a r d  t r e a t m e n t  c a n n o t  h a n d l e ,  b u t  i t - d o e s  n o t  a l l o w  

f o r  2 : 1  c o m p l e x e s  t h e  way t h e  S c a t c h a r d  t r e a t m e n t  d o e s .  One 

a l t e r n a t i v e ,  t h a t  wou ld  c o v e r  2 : 1 , 1 : 1 , and  1 : 2  c o m p l e x e s  

wou ld  be  t o  u s e  t h e  B u f f l e  m e t h o d  t o  c a l c u l a t e  s t a b i l i t y  

c o n s t a n t s  f o r  1 : 1  and  1 : 2  c o m p l e x e s  when l i g a n d  i s  i n  e x c e s s  

and u s e  t h e  B u f f l e  m e t h o d  a g a i n  b u t  w i t h  a r e v e r s a l  o f  t h e  

v a r i a b l e s  o f  l i g a n d  and  m e t a l  i o n  i n  t h e  e q u a t i o n s ,  t o  a l l o w  

c a l c u l a t i o n  o f  1 : 1  and  2 : 1  c o m p l e x e s  when m e t a l  i o n  i s  i n  

e x c e s s .  I d e a l l y ,  t h e  1 : 1  c o n s t a n t s  f r o m e a c h  r u n  o f  t h i s  

m e t h o d  s h o u l d  g i v e  t h e  same n u m b e r .  The m e t h o d  d o e s  n o t
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2 +
a P P l y  t o  Pb b e c a u s e  e x c e s s  m e t a l  i o n  c a u s e s  p r e c i p i t a t i o n .

2 +I t  m i g h t ,  h o w e v e r ,  work  f o r  Cu , a s s u m i n g  t h a t  t h e s e  t h r e e

t y p e s  o f  c o m p l e x e s  f o r m .

The 1 : 1  c a l c u l a t i o n  s c heme  a p p e a r e d  t o  work  q u i t e  w e l l  
2 +f o r  t h e  Cd -FA d a t a  p r e s e n t e d  i n  C h a p t e r  2 .  H o w e v e r ,  t h e

0  4-s t a b i l i t y  c o n s t a n t s  v a r y  s m o o t h l y  w i t h  mo le  r a t i o  o f  Cd t o

FA ( F i g u r e s  3 and  4 ) .  T h i s  v a r i a t i o n  s i g n i f i e s  t h e  same

c o n t i n u u m  o f  s i t e  s t r e n g t h s  t h a t  t h e  S c a t c h a r d  t r e a t m e n t

d o e s ,  b u t  t h e  v a l u e s  f o r  s t a b i l i t y  c o n s t a n t s  a r e  more

a c c e s s i b l e  i n  p l o t s  l i k e  t h o s e  i n  F i g u r e s  3 o r  4 t h a n  i n  a

S c a t c h a r d  p l o t .  The key  p o i n t  t o  r e a l i z e  i s  t h a t  s t a b i l i t y

c o n s t a n t s  d e p e n d  on t h e  e x t e n t  o f  m e t a l  l o a d i n g ,  t h a t  i s ,  on

t h e  mo le  r a t i o  o f  t o t a l  m e t a l  i o n  t o  t o t a l  f u l v i c  a c i d .

I n  t h e  f i n a l  a n a l y s i s ,  d o e s  i t  r e a l l y  m a t t e r  w h i c h

c a l c u l a t i o n  s cheme i s  u s e d  o r  w h a t  a s s u m p t i o n s  a r e  made?

T a b l e  21 may p r o v i d e  a p a r t i a l  a n s w e r  t o  t h i s  q u e s t i o n .

Compared  t h e r e  a r e  B u f f l e  and S c a t c h a r d  s t a b i l i t y  c o n s t a n t

c a l c u l a t i o n s  f o r  Cu2 +-SFA,  B u f f l e  c a l c u l a t i o n • f o r  P b 2 +-SFA,

and B u f f l e  and  1 : 1  c a l c u l a t i o n s  f o r  Cd2 +-SFA.  Fo r  Cu2+-SFA 
2 +and  Cd -SFA,  f o r  w h i c h  c a l c u l a t i o n s  a r e  d o n e  two w a y s ,  t h e  

r e s u l t s  a r e  q u i t e  s i m i l a r .  I t  a p p e a r s  t h a t  i t  d o e s  n o t  

m a t t e r  w h a t  c a l c u l a t i o n  s cheme  i s  u s e d .  One p o s s i b l e  r e a s o n  

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

g o o d ,  and  t h a t  t h e y  a l l  f a l l  s h o r t  o f  some i d e a l  i n  

d i f f e r e n t  w a y s ,  b u t  t o  s i m i l a r  e x t e n t s .

E f f e c t  o f  f u l v i c  a c i d  c o n c e n t r a t i o n . The work  i n  

C h a p t e r  2 s h o u l d  a l e r t  r e s e a r c h e r s  t h a t  c o m p l e x a t i o n
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TABLE 21
C o n d i t i o n a l  s t a b i l i t y  c o n s t a n t s  c a l c u l a t e d  by  v a r i o u s  m e t h o d s  

f o r  c o m p l e x e s  b e t w e e n  m e t a l  i o n s  and  s o i l - d e r i v e d  f u l v i c  a c i d

Log K

pH c o p p e r ( I I ) l e a d ( I I ) cadmium ( I I )

4 . 0

5 . 0

6 . 0

7 . 0

8 . 0

S c a t c h a r d 3 
s t r o n g : 
w e a k :

B u f f l e  
4 .00

S c a t c h a r d
s t r o n g  
w e a k :

B u f f l e  
4 .60

S c a t c h a r d  
s t r o n g : 
w e a k :

B u f f i e  
5 . 9 5

5.  60 
3 . 9 5

6 . 0 0
4 . 0 8

6 . 3 0
3 . 7 8

B u f f i e  
4 . 0

B u f f i e  
4 . 9

B u f f i e  
6 . 3

1 ; 1
3 . 2 3

B u f f i e
3 . 0 0

1:1
3 . 8 0

B u f f i e  
3 . 4 8

1: 1
4 . 0 8

B u f f i e  
3 . 6 0

1 : 1
4 . 3 2

B u f f i e
4 . 0 0

1 : 1
4 . 6 3

B u f f i e  
4 . 4

a S c a t c h a r d  r e s u l t s  f r om B r e s n a h a n  e t  a l . ,  1 9 78 .
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e x p e r i m e n t s  do ne  a t  w i d e l y  v a r y i n g  c o n c e n t r a t i o n s  o f  f u l v i c  

a c i d ,  m i g h t  n o t  b e  s t r i c t l y  c o m p a r a b l e ,  a t  l e a s t  f o r  w e a k l y
• 2 4“bound  m e t a l  i o n s  l i k e  Cd . I t  wo u ld  be  g r a t i f y i n g  t o  s e e  

c o n c e n t r a t i o n - d e p e n d e n t  r e s u l t s  f o r  m e t a l  i o n s  s u c h  a s  Mn2+ 

o r  Ca 2 + .

E a r l y  o n s e t  o f  p r e c i p i t a t i o n . The „ f o r m a t i o n  o f

p r e c i p i t a t e s  i s  an  e s p e c i a l l y  s e r i o u s  p r o b l e m  w i t h  P b 2+-FA

c o m p l e x e s ,  b u t  may a r i s e  f o r  c o m p l e x e s  w i t h  o t h e r  m e t a l  i o n s

a s  w e l l .  S o l i d s  wo u l d  be  e s p e c i a l l y  l i k e l y  t o  f o rm  i n  s o i l s

and s l u d g e s  w h e r e  m e t a l  i o n  and o r g a n i c  m a t t e r

c o n c e n t r a t i o n s  a r e  h i g h .  F u r t h e r  s t u d i e s  s h o u l d  f o c u s  on
2  4-l e a r n i n g  why Pb i s  so  e f f i c i e n t  a t  d r a g g i n g  f u l v i c  a c i d  

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

FLUORESCENCE IN FULVIC ACID RESEARCH

The  u se  o f  f l u o r e s c e n c e  a s  a t o o l  t o  m e a s u r e  

c o m p l e x a t i o n  b e t w e e n  m e t a l  i o n s  and n a t u r a l  o r g a n i c  m a t t e r  

p r o v i d e s  a new p e r s p e c t i v e  on  t h i s  p e r v e r s e  m i x t u r e  o f  

l i g a n d s  t h a t  we c a l l  f u l v i c  a c i d .  Our  u n d e r s t a n d i n g  o f  

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

t h e  m o d e l s  we u s e  a r e  d e s i g n e d  f o r  s i m p l e r  s y s t e m s .  Even 

s o ,  t h e  i n f o r m a t i o n  now o r  so on  t o  be  a v a i l a b l e  i s  u s e f u l  

and  may b e  d e t a i l e d  en o u g h  t o  p r o v i d e  t h e  i n f o r m a t i o n  n e e d e d  

on t h e  r o l e  o f  f u l v i c  a c i d  i n  m e t a l  s p e c i a t i o n .
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c
c
c
c

10

12

15

20

25

30

40

60

80

100
120
C
C130
C

C
C150
C

C

PROGRAM NAME: BUF4 . FOR, 8 / 2 4 / 7  9
THIS PROGRAM OPTIMIZES Bl  AND B2 IN EQUATION 14
BUFFLE ET A L . , ANAL. CHEM. 4 9 ,  216 ( 1 9 7 7 ) .

COMMON /AREA/XLT( 5 0 ) , FRMET( 5 0 ) ,TMET(50 ) ,B2  
COMMON / A R E B / B l , TFUN,NN 
COMMON /AREC/KA,ZZ,NAA 
COMMON /ARED/XX(500)
COMMON /AREE/NM,NE,NF,NG
COMMON /A R E F / Y B l , YB2,NH
DOUBLE PRECISION FINP,  FOUT, B l , B2
CONTINUE
NM = 0
NE = 0
NF = 0
NG = 0
NH = 0
DO 12 J  = 1 , 5 0 0  
XX(J)  = 0 . 0  
CONTINUE 
DO 15 J  = 1 , 5  
CONTINUE 
WRITE( 5 , 2 0 )
FORMAT( ’ INPUT FILE NAME')
READ( 5 , 2 5 ) FINP 
FORMAT(A10)
WRITE( 5 , 3 0 )
FORMAT( '  OUTPUT FILE NAME')
READ( 5 , 2 5 ) FOUT
OPEN(UNIT=1, ACCESS= ' SEQIN' ,FILE=FINP)
OPEN(UNIT=20, ACCESS= 1SEQOUT1 ,FILE=FOUT)
WRITE( 5 , 4 0 )
FORMAT( '  HOW MANY LINES TO BE IGNORED?1)
READ( 5 , * ) K 
DO 60 J = 1 , K  
READ(1,25)D 
CONTINUE 
WRITE( 5 , 8 0 )
FORMAT( '  HOW MANY DATA POINTS? ' )
READ( 5 , * ) KA 
DO 120 J = 1 , KA
READ( 1 , 1 0 0 ) XLT (J ) , FRMET(J ) ,TMET(J)
FORMAT(2 6 X , 2 E 1 1 . 4 , 1 1 X , E 1 1 . 4 )
CONTINUE 
WRITE( 5 , 1 3 0 )
FORMAT( '  WHAT % SHOULD EACH ITERATION CHANGE BY 
READ( 5 , * ) Z 
Z = 8 . 0  
ZZ = Z / 1 0 0 . 0  
WRITE( 5 , 1 5 0 )
FORMAT( '  ENTER INITIAL VALUE OF B l ' )
READ ( 5 , * ) BI1 
BI1  = 1 0 0 0 .
WRITE( 5 , 1 6 0 )
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C160 FORMAT( '  HOW MANY STARTING ST EPS ?1)
C READ(5 , *) JE

JE = 7
JX = 4 *JE + ( ( J E - 1 ) * * 2 ) / 2  + ( J E - l ) / 2  
WRITE( 2 0 , 1 7 0 ) F I N P , K , KA, Z , J E , B l 1 

170 FORMAT(1H1, / / / / / / , X, A10 , 1 PB(FA) AND PB(FA)2
1 A N A L Y S I S ' , / / / / ,

1 ' LINES SKIPPED: ' , I 2 , 4 X , '  DATA POINTS: ' ,
2 1 2 , / , '  INITIAL % CHANGE: ' , F 3 . 0 , 4X, ' STARTING'
3 ’STEPS:  ' , 1 3 , / , '  INITIAL B l :  ’ , E 1 1 . 4 )

JD = JE -  1
600 DO 700 J  = 0 , JD 

Bl  = B I 1 *(4  * * J )
B2 = B I l * ( 4 * * J )
YB1=B1 
YB2=B2 
CALL ST
JQ = JD + 3 -  J
DO 700 J J  = 1 , JQ
B2 = B I l * ( 4 * * J ) * ( 4 * * J J )
Bl  = B I l * (4 * * J )
YBl=Bl  
YB2=B2 
CALL ST 

700 CONTINUE
WRITE( 2 0 , 7 1 0 )

710 FORMAT( / / , '  Bl  B2 FUNCTION’ ,
1 ' STARTING Bl  STARTING B2 ITER AT ION S ' , / )

WRITE( 2 0 , 7 1 5 )
715 FORMAT ( / , '   ' ,

1 •    .)
720 F O R M A T ( / , 2 E 1 2 . 4 , E 1 4 . 6 , 2 E 1 2 . 4 , 5 X , F 5 . 0 )

JY = JX-NH-NM-1 
IF (N AA.G T.10) GO TO 725 
GO TO 728 

725 CONTINUE 
NAA = 10 

728 DO 770 JU = 1 ,NAA 
DO 750 J  = 1 , JY 
I F ( J . G T . l )  GO TO 730 
BF = XX (4)
IN = J - l  

730 CONTINUE
. KQ = 4 + 6 * J  

CF = XX(KQ)
IF ( CF .GT .B F)  GO TO 750
IN = J
BF = CF
CONTINUE
LQ = 1 + 6 *IN
LR = 2 + 6 *IN
LS = 3 + 6 *IN
LT = 4 + 6 *IN
LU = 5 + 6 *IN
LV = 6 + 6 *IN
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W R I T E ( 2 0 , 7 2 0 ) X X ( L R ) ,X X ( L S ) , X X ( L T ) , X X (L U ) , X X ( L V ) , 
1 XX(LQ)

XX(LT) = 1 000 .
770 CONTINUE

WRITE( 2 0 , 7 1 5 )
WRITE( 2 0 , 8 3 0 ) NM,NG,NE,NF,NH 

830 FORMAT( / / / , '  REPETITION LIMIT REACHED: ' , 1 5 , / ,
1 4X , 1 SUBROUTINE ST CALLED: ' , 1 6 , / ,
2 4X, '  SUBROUTINE SS CALLED: ' , 1 6 , / ,
3 4X, '  FUNCTION LOOP CALLED: ' , 1 6 , / ,
4 6X, 1 Bl  VALUES < 1 00 :  ' , 1 6 )

WRITE( 5 , 8 5 0 )
850 FORMAT( '  TYPE 1 TO RUN AGAIN')

READ( 5 , * ) NI 
I F ( N I . E Q . l )  GO TO 10 
STOP 
END

C
C

SUBROUTINE SS
COMMON /AREA/XLT( 5 0 ) , FRMET( 5 0 ) ,TMET(50 ) ,B2  
COMMON /AREB/31,TFUN,NN 
COMMON / AREC/KA, Z Z , NAA 
COMMON /ARED/XX(500)
COMMON /AREE/NM,NE,NF,NG 
COMMON / A R E F / Y B l , YB2,NH 
NE = NE 4- 1 
NN = NN + 1
I F ( N N . LT. 2 0 0 )  GO TO 170 
NM = NM + 1 
GO TO 200 

170 CONTINUE
TFUN = 0 . 0  
DO 180 J = 1 , KA 
NF = NF + 1 
A = TMET(J) /FRMET(J)
Y = (XLT(J ) /TMET(J ) ) * A / (A - l . 0 )
PARTI = ( B 1 / ( 2 . 0 * B 2 ) ) * ( ( 1 . 0 + ( 4 . 0 * B 2 / ( B l * * 2 . 0 ) ) *

1 ( A - l . 0 ) ) * * 0 . 5 - 1 . 0 )
PART2 = ( 1 . 0/TMET(J ) -  B l / A ) *A / (A - l . 0 )
FUNC = ( 1 . 0 / Y * ( 2 . 0  + PART1*PART2) -  1 . 0 ) * * 2 . 0  
TFUN = TFUN + FUNC 

180 CONTINUE
IF(TFUN. GE. 0 . 0 )  GO TO 200 
TFUN = - 1 . 0*TFUN 

200 CONTINUE 
RETURN 
END

C
C

SUBROUTINE ST
COMMON /AREA/XLT( 5 0 ) , FRMET( 5 0 ) ,TMET(50 ) ,B2  
COMMON /AREB/Bl ,TFUN,NN 
COMMON /AREC/KA, Z Z , NAA 
COMMON /ARED/XX(500)
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220

230

C
C
240

250

270

280

290
300

340

350

390
400

COMMON /AREE/NM,NE,NF,NG 
COMMON /AREF/YBl ,YB2,NH 
NG = NG + 1 
WRITE( 5 , 2 2 0 ) NG,NF 
FORMAT( 1 3 , 1 7 )
XNC = 1 . 0  
NN = 0 
NA = 1 
CALL SS '
OFON = TFUN 
BBl = Bl  
BB2 = B2
BBl IS  THE Bl  VALUE ASSOCIATED WITH THE LOWEST 
FUNCTION VALUE; SIMILARLY, BB2 IS  THE BEST B2 VALUE. 
CONTINUE 
NB = 1
Bl  = B l * ( 1 . 0  + ZZ/XNC)
NA = NA + 1 
CALL SS
I F ( N N . E Q . 200)  GO TO 500 
IF(TFUN.GT.OFUN) GO TO 270 
GO TO 230
Bl  = B l / ( 1 . 0  + ZZ/XNC)
IF  (NA. GT.2 )  GO TO 300 
Bl  = B l * ( 1 . 0  -  ZZ/XNC)
CALL SS
I F ( N N . EQ. 200)  GO TO 500
IF(TFUN.GT.OFUN) GO TO 290
OFUN = TFUN
BBl = Bl
BB2 = B2
GO TO 280
Bl  = B l / ( 1 . 0  -  ZZ/XNC)
B2 = B 2 * ( 1 . 0  + ZZ/XNC)
NB = NB + 1 
CALL SS
IF (NN. EQ.2 0 0 )  GO TO 500
IF(TFUN.GT.OFUN) GO TO 340
OFUN = TFUN
BBl = Bl
BB2 = B2
GO TO 300
B2 = B 2 / ( 1 . 0  + ZZ/XNC)
I F ( N B . G T . 2) GO TO 400 
B2 = B 2 * ( 1 . 0  -  ZZ/XNC)
CALL SS
IF  (NN.EQ.200)  GO TO 500
IF(TFUN.GT.OFUN) GO TO 390
OFUN = TFUN
BBl = Bl
BB2 = B2
GO TO 350
B2 = B 2 / ( 1 . 0  -  ZZ/XNC)
CONTINUE
XNC = XNC + 2 . 0
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420

430

500

I F (XNC. GT. 1 0 . 0 )  
NA = 1 
GO TO 240 
CONTINUE 
I F ( B B 1 . G T . 1 0 0 . 0  
NH = NH + 1 
GO TO 500 
CONTINUE 
NAA = NG-NM-NH 
LL = 6 *NAA-5 
L = 6*NAA-4 
M = 6 *NAA-3 
N = 6 *NAA-2 
NO = 6 *NAA-1 
NP = 6 *NAA-0 
XX(L) = BBl 
XX (M) = BB2 
XX(N) = OFUN 
XX(NO) = YBl 
XX(NP) = YB2 
XX(LL) = NN 
RETURN 
END

GO TO 420

) GO TO 430
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M
Eh 1 * 9 • • • 9 t 9 • •
<C 1 00 CO CD 00 N 1 r—1 o CO i n CO
ex 1 m CD e '­ in CM I-" *3* CO CN pH
CQ 1 H t—1 H
Eh 1
M 1

1

CM

i
1
1

CQ 1 c r CT e r CTi CTi CTi 00 00 00
1 o O o o O O O O o O

a 1 + + + + + + + + + +z 1 CQ CQ CQ CQ EQ CQ CQ CQ CQ CQ
M 1 pH H 1—1 pH H rH pH
Eh 1 CM CM CN CM CM CN CN in i n in
(X 1 CD CO CO CO ID CD CO in in m
C 1 CM CM CM CN CN CN CM CO CO CD
Eh | • • 9 • 9 • • 9 • •
CO 1 O  

1
o O O O O O O o o
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1
1 CD r-' . "sr in r-~ in r "

r - CQ 1 O o o o o o o O o O
1 + + + + + + + + + +

U 1 CQ CQ CQ CQ CQ CQ CQ CQ CQ CQz 1 O N 1 O O o CD O o CD o
00 M 1 co CN o o o CTl O o (T o

Eh l m O o o N1 O CO o O o
co • « 05 1 CM H pH N* CD H* rH H N 1 N*
M to < 1 • • • 9 • • • • • •
to CX Eh 1 o O o O O O o o O O
>H •• Kl CO 1
J CO EH 1
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< M  O Z 1 1 1 1 1 1 1 1 1 1 1
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CO Q  CO IX 1 pH pH pH rH pH rH pH CN CN CN
ex. |  9 • • • • • • • • •

1 O O O O O O O o O O
Q 1
Z O 1
< • + 1 <T CT oc cr> CTl CTl CT CT CO <T

00 EQ 1 O O o o O O O O o O
O 1 + + + + + + + + + +

< o 1 CQ CQ CQ CQ CQ CQ CQ CQ CQ CQ
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(X CQ O 1 CM CM CM CM CN CN CN CN CN CN

a | * 9 • • • • « • • •
. .  3 1 O O o o O O O O O O
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CQ EC 1
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m fcX t CQ CQ CQ CQ CQ CQ CQ CQ CQ CQ
CQ to  J  J pH 1 CO r—i 00 r~ i n l ' ' CM CO CO

• <C < CQ 1 O O o pH CM CO CO N 1 CN i n
CM to  H  M 1 CM CO CO CO co CO co CO f " r—
co CQ EH Eh 1 CD CD CD CO CO CO co CO CO co
pH Z M  M |  • • • • • • • • • •

r - M  Z Z 1 O O o o o o o o o o

REPETITION LIMIT REACHED: 4
SUBROUTINE ST CALLED: 49
SUBROUTINE SS CALLED: 5982
FUNCTION LOOP CALLED: 47824

Bl VALUES < 10 0 :  0
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TABLE 19

Cd^*-SFA fluorescence quenching at pH 7.5-8.0a

C d ^  +
(M x 1 0 4 ) CCd//CSFA pH % q u e n c h e d *3

0 . 0  0 . 0  7 . 5 0  0 . 0

0 . 2 4 6  0 . 5  7 . 5 0  1 . 4

0 . 4 9 2  1 . 0  7 . 5 0  - 0 . 9C

0 . 983 2 .  0 7 . 87 3 . 2

1 . 9 7  4 . 0  7 . 5 1  - 0 . 5C

2 . 9 5  6 . 0  7 . 6 0  . 2 . 3

4 . 4 2  9 . 0  7 . 4 1  0 . 5

5 . 9 0  1 2 . 0  7 . 8 5  ' 1 . 9

7 . 3 7  1 5 . 0  7 . 5 6  1 . 9

a SFA c o n c e n t r a t i o n  i s  4 . 9  x 10 5 M. The e x p e r i m e n t s  
p e r f o r m e d  i n  0 . 1  M KNO^ a t  23°C.

k The u n c e r t a i n t y  i n  t h e  % q u e n c h e d  v a l u e s  i s  ±2%.

we re

c N e g a t i v e  v a l u e s  i n d i c a t e  t h a t  t h e  f l u o r e s c e n c e  i n t e n s i t y  
i s  g r e a t e r  f o r  SFA w i t h  m e t a l  i o n  t h a n  f o r  t h e  r e f e r e n c e  
s a m p l e  t h a t  h a s  no m e t a l  i o n .
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