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SPECTROSCOPY LETTERS, 13(2&3),  93-116 (1980) 

DETERMINATION OF COMPLEXED AND IONTC METAL IN AQUEOUS 

SOLUTION. DETERMINATION OF STABILITY CONSTANTS AT LOW 

CONCENTRATIONS AND KINETTC STUDIES OF COMPLEX FORMATION 

USING ACCELERATED ELECTRODEPOSITION. 

J . . W .  Robinson and I. A. L. Rhodes 

Chemistry Department 
Louisiana State University 
Ba.tori Rouge, LA 70803 

INTRODUCTION 

Metal speciation has become one of the most important areas 

of concern for today’s analysts. Metal complexes can be more 

readily assimilated by living systems than inorganic forms of 

the same metals. Conventional atomic absorption spectroscopy 

is the most widely used technique for the determination of 

trace metals. By using atomic absorption spectroscopy in 

conjunction with accelerated electroplating it is possible to 

distinguish between ionic metal and organically bound o r  

complexed metals in solution. 

Using the stripping electrode described in the preceeding 

article (l), it was discovered that complexed metal was no t  

removed from water but traveled through the electrode without 
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9 4  ROBINSON AND RHODES 

depositing. This observation l e d  to the development of a npw 

method of analysis of aqueous samples for inorganic and organic 

or complexed metal determinations. 

The method proposed here involves the passage of the test 

solution through the stripping electrode and the analysis of the 

test solution before and after passage through the electrode in 

order to obtain total metal present in solution and total 

complexed metal species in solution. The capabilities of the 

accelerated electrode system to distinguish between ionic and 

complexed metals can be applied to the determination of stability 

constants of metal complexes at very low concentrations to 

observe exchange reactions between different metals competing for 

the same ligand, to observe the molecular ratio of  total concentration 

versus concentration of  complexed metal and to study the rate o f  

formation of  some complexes such as EDTA chelates. 

The increasing importance of complexing agent.s in chemistry 

has created a demand for reliable values of equilibrium constants 

The stability constants of many enzymes involving metal centers 

are also of significance. Because of the low concentrations of 

these species in biological systems, very sensitive techniques 

are needed for their determinations. 

The determination of stability constants is no trivial matter. 

The mathematical and graphical methods which are often employed 

utilize concepts and parameters unfamiliar to analytical chemists 

(2). Not only the determination of stability constants is 
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METAL DETERMINATION IN AQUEOUS SOLUTION 95 

difficult but also the data obtained depend upon the experimental 

conditions ( 3). 

Stability constants are of great importance because they 

enable the analyst to determine the concentration of the different 

species in solution and may allow the prediction of conditions 

required for maximum formation of a given complex. The chemist 

and biochemist both are very interested in tne concentrations of 

species present in solution in order to predict optical and kinetic 

properties as well as partition equilibria, biochemical behavior, 

and free energy change of a reaction ( 2 , 4 , 5 ) .  

The introduction of chelons such as EDTA has virtually 

revolutionized the analytical approach to metal ion chelation. 

EDTA titrations are currently used for the determination of more 

than 50 elements and many books have been published dealing with 

EDTA complexes (6,7). 

Chelating agents form acid, basic and binuclear complexes in 

addition to normal chelates. Ringbom (1) stated that for an 

aqueous system where M is the metal ion and L is the ligand, the 

following species are possible: ML, MHL, MH2L, M(OH)L, M(OH)2L, 

M2L, M2HL, M2H2L, M2(OH)L, M2(0Hl2L,  ML2, mL2, MH2L2, M(OH)L2, 

M(OH)2L2. 

true concentration of every species present in solution as 

it is to know the degree of  completeness o f  the main reaction. 

Usually it' is not as important to know exactly the 

Ringbom (8) introduced the term "conditional constant" in order 
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96 ROBINSON AND RHODES 

t o  stress t h e  f a c t  t h a t  t h i s  ' c o n s t a n t '  i s  not a c o n s t a n t  but  

depends on exper imenta l  c o n d i t i o n s .  

The thermodynamic s t a b i l i t y  c o n s t a n t  f o r  R normal 

mononuclear complex i s  def ined  as fo l lows:  

In the  r e a c t i o n  M2+ + Y 4 -  2 [MY2-]  

The charges a r e  omi t ted  for s i m p l i c i t y .  KMy i s  t h e  

s t a b i l i t y  c o n s t a n t .  [ M Y ]  i s  t h e  a c t u a l  c o n c e n t r a t i o n  of t h e  

complex of  i n t e r e s t .  [MI and [Y] are t h e  c o n c e n t r a t i o n s  of  

t h e  metal and l igand  p r e s e n t  i n  s o l u t i o n .  No a t t e n t i o n  i s  

pa id  t o  s i d e  r e a c t i o n s  i n  t h i s  e lementary approach.  

A t  d i f f e r e n t  pH d i f f e r e n t  forms o f  t h e  l i g a n d  and cf t h e  

complex may be  p r e s e n t ,  e . g . ,  H2MY, M Y 2 - ,  HMY-, e t c .  Litera- 

t u r e  va lues  do not  always t a k e  i n t o  account  t h a t  t h e  l i g a n d  may 

r e a c t  w i t h  o t h e r  s p e c i e s  i n  s o l u t i o n  and t h e r e f o r e ,  i s  not  r e a d i l y  

a v a i l a b l e  f o r  complex formation w i t h  t h e  s p e c i e s  o f  i n t e r e s t .  

The pro tona ted  complexes have d i f f e r e n t  s t a b i l i t y  c o n s t a n t s  and 

could account  f o r  e r r o r s  i n  s t a b i l i t y  c o n s t a n t  de te rmina t ions  o f  

t h e  normal complex, i . e .  ,- MY2- ( 9 ) .  

Ringbom's " c o n d i t i o n a l  cons tan t"  i s  d e f i n e d  by t h e  

fo l lowing  express ion:  
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METAL DETERMINATION IN AQUEOUS SOLUTION 97 

2+ where [MI] denotes  t h e  c o n c e n t r a t i o n  of  f r e e  i o n  M as w e l l  as 

t h e  c o n c e n t r a t i o n  i n  s o l u t i o n  of  t h e  metal t h a t  has  not  r e a c t e d  

wi th  EDTA b u t  t h a t  may be  involved  i n  s i d e  r e a c t i o n s .  [Y‘] denotes  

t h e  c o n c e n t r a t i o n  o f  a l l  forms of  EDTA t h a t  a r e  not  c o o r d i n a t e d  

t o  t h e  meta l  of  i n t e r e s t .  

Schwarzenbach (7) in t roduced  t h e  c1 c o e f f i c i e n t s  which are 

measures of t h e  e x t e n t  o f  s i d e  r e a c t i o n s :  

aM g i v e s  t h e  r a t i o  of  t o t a l  m e t a l  i n  s o l u t i o n  not  involved  w i t h  

EDTA t o  t h e  amount of  f r e e  ions  a v a i l a b l e  f o r  EDTA complex 

formation.  

f r e e  Y i n  s o l u t i o n .  This  express ion  is extremely dependent on 

pH : 

ay i s  t h e  r a t i o  o f  a l l  forms of  EDTA t o  t h e  a c t u a l  

4- 

a denotes  t h e  r a t i o  o f  t h e  sum of [ M y ]  and t h e  c o n c e n t r a t i o n s  

o f  t h e  a c i d  o r  b a s i c  (1:l) complexes t o  t h e  [ M y ]  formed. Those 

t e r m s  a r e  pH dependent .  Thus, t h e  c o n d i t i o n a l  c o n s t a n t  and i t s  

r e l a t i o n s h i p  t o  t h e  s t a b i l i t y  c o n s t a n t  a r e  g iven  by t h e  f o l l o w i n g  

express ion:  

(MY) 
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98 ROBINSON AND RHODES 

This c o n d i t i o n a l  c o n s t a n t  g i v e  t h e  r e l a t i o n s h i p  between 

q u a n t i t i e s  of  i n t e r e s t  t o  t h e  a n a l y s t  such as t h e  c o n c e n t r a t i o n  

o f  product  formed [ M Y ] ,  t h e  t o t a l  c o n c e n t r a t i o n  of uncomplexed 

metal [MI] and t h e  t o t a l  c o n c e n t r a t i o n  of uncomplexed r e a g e n t  [Y'] 

T h i s  c o n d i t i o n a l  c o n s t a n t  is t h e  one of importance f o r  a n a l y t i c a l  

and biochemical  s t u d i e s .  

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

i n t e r f e r e  w i t h  t h e  format ion  o f  t h e  complex o f  i n t e r e s t ,  t h e  

c o n d i t i o n a l  format ion  c o n s t a n t s  are u s u a l l y  smaller t h a n  t h e  

l i t e r a t u r e  va lues .  

Table  I shows t h e  e f f e c t  o f  pH on ay f o r  EDTA (10). 

0 

1 

2 

3 
4 
5 
6 
7 
8 
9 

10 

11 

12 

TABLE I 

Y ( H )  Logarithmic v a l u e s  of  a 

EDTA 

21.4 

17.4 
13.7 
10.8 

8.6 
6.6 
4.8 
3.4 
2 .3  
1 . 4  
0.5 

0 . 1  

Used Constants :  

Log K 1  10.34 
Log K2 6.24 
Log K3 2.75 

Log K 4  2.07 

e t c .  
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METAL DETERMINATION IN AQUEOUS SOLUTION 99 

The v a r i o u s  compet i t ive  e q u i l i b r i a  i n  s o l u t i o n  were summarized 

by R e i l l e y  and o t h e r s  ( 9 )  as fo l lows:  

M + Y -f b!" - + -+ - J lox 
nH+ N MLY .L HMY' xOH- YZ 

J. c c 4 M ( 0 H ) Y  

NY M ( O H ) ~  MZY HnY 

(Hydrolys is  (Complex (pH (compet i n g  
e f f e c t  ) e f f e c t )  e f f e c t )  metals i n  

s o l u t i o n  e f f e c t )  

It can be  deduced t h a t  f o r  complete conversion o f  t h e  

c o n d i t i o n a l  cons tan t  t o  t h e  s t a b i l i t y  cons tan t  assessment  o f  a l l  

s i d e  r e a c t i o n s  i s  needed, as w e l l  as a cons tan t  i o n i c  medium. It 

i s  not  always p o s s i b l e  t o  produce a s o l u t i o n  where a l l  o f  t h e  

metal  ions  a r e  i n  t h e  aquo ion  form and a l l  o f  t h e  EDTA i s  as Y , 

t h e r e f o r e ,  t h e  va lues  of  some c o n d i t i o n a l  c o n s t a n t s  never  approach 

t h e  v a l u e  o f  t h e  s t a b i l i t y  c o n s t a n t s  even a f t e r  a l l  obvious 

c o r r e c t i o n s  have been a p p l i e d .  

4- 

Beck ( 5 )  and R o s s o t t i  e t  a l .  (4) have s t a t e d  t h a t  t h e  

r e l i a b i l i t y  o f  a s t a b i l i t y  c o n s t a n t  depends on t h e  adequacy of  

t h e  exper imenta l  method, t h e  exac tness  o f  t h e  exper imenta l  work, 

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

method and t h e  r e l i a b i l i t y  o f  t h e  a u x i l l a r y  d a t a  used. 

The exper imenta l  methods f o r  t h e  de te rmina t ion  of s t a b i l i t y  

c o n s t a n t s  u s u a l l y  involve  t h e  measurement o f  a s o l u t i o n  p r o p e r t y  
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100 ROBINSON AND RHODES 

that changes due to complex formation. Most of the constants 

determined in recent decades were determined by means of pH 

measurements and pM measurements (1). The latter measurements 

are usually restricted to limited concentration ranges and within 

a certain pH range. A comprehensive list of methods that have 

been used for the determination of stability constants was compiled 

by Beck (5). None of these methods have been used for the determ- 

ination of stability constants at concentrations lower than 10d5E. 

The method proposed here introduces the use of atomic 

absorption spectroscopy for the determination of conditional 

stability constants of metal complexes. The superior sensitivity 

of M methods allows the determination of stability constants of 

complexes at physiological levels. 

Many enzymes have metal centers and are essentially metal 

complexes. These biologically important reactions usually take 

place at very low concentrations and information regarding the 

rate of formation of these complexes is not available. 

Exchange reactions are a l s o  of extreme importance since many 

toxic effects of metals are thought to be due to the replacement 

of essential metals on enzymes by the toxic species. 

The method described is employed in the determination of 

conditional stability constants of some EDTA complexes at 

different concentrations, in the study of the rate of formation 

of the Pb-EDTA complex at different concentrations, and in the 

study of the exchange of Cd for Fe for the Cd-EDTA complex. 
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METAL DETERMINATION IN AQUEOUS SOLUTION 101 

EXPERIMENTAL 

A .  Equipment: The equipment used i n  t h i s  work i s  t h e  same as 

t h a t  p r e v i o u s l y  d e s c r i b e d  (1). 

B. Chemicals: 

1000 ppm s t o c k  s o l u t i o n  of  Cd (as CdC12) 

1000 ppm s t o c k  s o l u t i o n  o f  Cd (as  CdS04) 

1000 ppm s t o c k  s o l u t i o n  o f  Pb (as  Pb(NO3l2) 

1000 ppm s t o c k  s o l u t i o n  of  Zn (as ZnS04) 

8.90 x 10-3bJ N a 2  EDTA s o l u t i o n  (equimolar  w i t h  1000 ppm Cd) 

4.83 x Na2 EDTA s o l u t i o n  (equimolar  wi th  1000 ppm Pb) 

1 .53  x 1 0 - * M  - Na2 EDTA s o l u t i o n  (equimolar  wi th  1000 ppm Zn) 

8.90 x lO- 'X Fe s o l u t i o n  (as FeS04) (equimolar  t o  100 ppm Cd 

s o l u t i o n  ) 

D i s t i l l e d  de ionized  water ;  Bromocresol green  s o l u t i o n  

(0 .004%) pH range  4.0 t o  5 .4  

HN03; H3P04; KOH; pH4 b u f f e r ;  pHl0 b u f f e r  

C .  Experimental  Procedures:  

1. Determinat ion of Condi t iona l  S t a b i l i t y  Cons tan ts  of Cd 

and Zn EDTA Complexes a t  D i f f e r e n t  Concent ra t ions :  Cd-EDTA 

complex w a s  s t u d i e d  a t  two c o n c e n t r a t i o n  l e v e l s .  A s o l u t i o n  

c o n t a i n i n g  4 . 4 4 8  x 

prepared  and run  through t h e  s t r i p p i n g  e l e c t r o d e  system a t  a 

v o l t a g e  of  - 0 . 8 ~ .  

AA a t  3261 i. 
a l s o  analyzed t o  de te rmine  t h e  t o t a l  complexed Cd. 

Cd (5 ppm) and 4 . 4 4 8  x 10-5bJ EDTA was 

The t o t a l  Cd c o n c e n t r a t i o n  was determined by 

The s o l u t i o n  as it emerged from t h e  e l e c t r o d e  w a s  

The e l e c t r o d e  
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102 ROBINSON AND RHODES 

e f f l u e n t  w a s  c o l l e c t e d  u s i n g  an Eppendorf p ippe t t e  from the  drop 

formed at  t h e  bottom o f  t h e  e l e c t r o d e  b e f o r e  t h e  drop f e l l  i n t o  

t h e  c c l l e c t i n g  r e s e v o i r .  This  procedure avoided contaminat ion 

problems from the conta iner .  Each so lu t ion  w a s  analyzed a t  l e a s t  

f i ve  times and a s  mny a s  twenty times f o r  s t a t i s t i c a l  purposes. 

The Cd-EDTA complex was a l s o  s tudied  a t  t he  15 ppb l e v e l  

The so lu t ions  were prepared by mixing using the 2288 1 l i n e .  

1.334 x Cd with an equimolar EDTA so lu t ion .  

The pH o f  these so lu t ions  was d i f f i c u l t  t o  measure due to  

the low i o n i c  s t r eng th  of  these unbuffered so lu t ions .  A combina- 

t i on  o f  colorimetry and potentiometry w a s  used i n  order  t o  determine 

the  pH of these so lu t ions .  

A s e r i e s  of d i s t i l l e d  deionized water samples were prepared 

with the  pH ad jus t ed  between 3.0 to  6.0 wi th  d i l u t e  KOH and H3P04 

us ing  the pH meter. 

so lu t ion  w a s  added. These so lu t ions  were then placed i n  test tubes 

wi th  screw tops. 

adding bromocresol green ind ica to r  and comparing t h e  co lor  t o  the  

co lor  of the so lu t ions  o f  known pH. 

method but  w a s  probably more accura te  than us ing  a pH meter alone 

which w a s  no t  r e l i a b l e  when used wi th  very d i l u t e  so lu t ions .  

To these so lu t ions ,  bromocresol green ind ica to r  

The pH of t he  t e s t  so lu t ion  w a s  measured by 

This is  only an  approximate 

-7 

9 2 O C  t o  complete the r eac t ion .  

The so lu t ions  a t  the  10 concentration were heated a t  about 

Zn-EDTA complex was s tud ied  by prepar ing  a 1 .53  x lf3! Zn 

so lu t ion  (100 ppm) with an equimolar concentration of EDTA. The 
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METAL DETERMINATION IN AQUEOUS SOLUTION 103 

z inc  w a s  determined by atomic a b s o r p t i o n  us ing  t h e  weak resonance 

l i n e  a t  3076 d.  
All s o l u t i o n s  were al lowed t o  s i t  f o r  a t  least  1 hour p r i o r  

t o  a n a l y s i s .  

2. Rate of Formation of  Pb-EDTA Complex w i t h  Respect t o  T i m e  

for D i f f e r e n t  Concent ra t ions  and wi th  Respect t o  D i f f e r e n t  Mole 

Rat ios :  A s e r i e s  of  s o l u t i o n s  o f  Pb wi th  EDTA a t  d i f f e r e n t  mole 

r a t i o s  were prepared and ran  through t h e  e l e c t r o d e  system a t  -0.8~. 

The mixtures  w e r e  analyzed h a l f  an hour and one day, r e s p e c t i v e l y ,  

a f t e r  t h e  s o l u t i o n s  were prepared .  The Pb c o n c e n t r a t i o n  w a s  about  

0 . 2  ppm. 

I n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  c o n c e n t r a t i o n  on t h e  

speed of  r e a c t i o n ,  two s o l u t i o n s  w e r e  analyzed ( b o t h  equimolar  i n  

Pb and EDTA) one c o n t a i n i n g  0 . 5  ppm Pb and t h e  o t h e r  0 .25 ppm Pb. 

The s o l u t i o n s  were analyzed u n t i l  complete complex format ion  was 

e v i d e n t .  

3. Study of  an Exchange Reac t ion  of  Fe3+ wi th  t h e  Cd:EDTA 

Complex: 

and 1.334 x 10%~ EDTA, an equimolar amount of Fe3+ w a s  added.  

The amount o f  complexed Cd w a s  monitored i n  o r d e r  t o  s t u d y  the rate 

To a t w o  day o l d  s o l u t i o n  c o n t a i n i n g  1.334 x lo-'! Cd 

of  replacement  of  complexed Cd by Fe. 

RESULTS AND DISCUSSION 

A. Determinat ion of Condi t iona l  S t a b i l i t y  Constants  of Cd and Zn- 

EDTA Complexes a t  D i f f e r e n t  Concent ra t ions :  The Cd-EDTA complex 

w a s  s t u d i e d  a t  t h e  ppm l e v e l  and a t  t h e  ppb l e v e l  u s i n g  two 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



104 ROBINSON AND RHODES 

resonance absorp t ion  l i n e s  f o r  Cd a t  3261 H and 2288 

r e s p e c t i v e l y .  

The s o l u t i o n  c o n t a i n i n g  5 ppm Cd (4 .45  x lf5& Cd) and an 

equimolar amount of  EDTA w a s  p repared  and t h e  r a t e  of  formation 

o f  t h e  complex was fol lowed by a n a l y z i n g  t h e  s o l u t i o n  by AA 

b e f o r e  and a f t e r  pass ing  through t h e  e l e c t r o d e  system. F igure  1 

shows t h e  r e s u l t s  ob ta ined .  

t h e  C d  w a s  complexed and t h e  s o l u t i o n  w a s  a t  pH 3.3. Five hours 

l a t e r ,  about 74% of  t h e  Cd w a s  complexed and t h e  pH had dropped 

t o  3.1. 

t h e  pH w a s  s t i l l  about  3.1. A t  a 5 ppm Cd c o n c e n t r a t i o n ,  and pH 

3.1 and t a k i n g  only  pH e f f e c t s  i n t o  account ,  t h e o r e t i c a l l y  84.5% 

Cd should be  complexed i n  o r d e r  t o  o b t a i n  l o g  K=16.5, t h e  

r e p o r t e d  l i t e r a t u r e  v a l u e  f o r  t h e  normal Cd-EDTA complex ( 7 ) .  

It  w a s  suspec ted  t h a t  a t  t h i s  c o n c e n t r a t i o n  l e v e l ,  t h e  ra te  of 

complex formation may be  slow and h e a t i n g  t h e  s o l u t i o n  should 

speed up t h e  r e a c t i o n .  

Af te r  one hour only about  42% of 

After 24 hours ,  t h e  percent  Cd complexed w a s  a b o u t  75% and 

A s  shown i n  F igure  1, after t h e  s o l u t i o n  w a s  h e a t e d  at about 

92OC f o r  17  hours  i n  a n  oven, about  83% o f  t h e  Cd w a s  found t o  

have complexed w i t h  EDTA g i v i n g  a l o g  ~ = 1 6 . 1  when pH c o r r e c t i o n  

w a s  t a k e n  i n t o  account  ( l o g  aY = 5 .8 ) .  

Using PA, Cd can be  determined a t  t h e  ppb l e v e l .  When 

s o l u t i o n s  o f  Cd and EDTA were prepared  a t  the  15 ppb l e v e l  (1.334 

x lo-'&), t h e  pH was d i f f i c u l t  t o  measure b u t  was e s t i m a t e d  t o  

be  between 4.6 and 4.7. 

(assuming no s i d e  r e a c t i o n s  o t h e r  t h a n  t h o s e  due t o  pH e f f e c t s )  

A t  pH 4.6, f o r  15 ppb Cd and log K 16.5 
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100' 

!4; 
8 

HEATED AT-9 2 O  c 
FOR 17HOURS 

/ 5 P P M  Cd EOUIMOLAR WITH E D T A  

vs 
T I M E  A F T E R  P R E P A R A T I O N  

LOG K=16.1 
PH=3.1 
CALCULATXD Zn COMPLEXED=&.5 

EXPERIMENTAL $ 2 n COMPLEXED=QJ 

A*. 

0 5 10 15 2 0  y 4 0  4 5  

HOURS A F T E R  P R E P A R A T I O N  

FIGURE 1: DETERMINATION OF THE CONDITIONAL STABILITY CONSTANT AND RATE OF FORMATION 
OF Cd-EDTA COMPLEX AT THE PPM LEVEL. 

82% of  t h e  Cd should be complexed. However, everytime t h a t  a 

so lu t ion  i n  t h e  range 5 t o  15 ppb were prepared with equimolar 

q u a n t i t i e s  of Cd and EDTA, t h e  complexation was always found t o  

be only 35 t o  45% complete. 

so lu t ions  using t h e  s t r i p p i n g  e l ec t rode  - AA method descr ibed  here .  

Figure 2 shows a typ ica l  a n a l y s i s  of  these  

The complex formation at  t h e s e  l e v e l s  seems t o  be k i n e t i c a l l y  

inh ib i t ed .  There may a l s o  be o the r  ions  present  i n  so lu t ion  

competing with Cd f o r  t h e  a v a i l a b l e  EDTA or t h a t  a t  t h e  pH of  t h e  

so lu t ions ,  some of t h e  protonated Cd:EDTA complexes were p re sen t .  

The reasons for  t h e  l o w  complexation obtained could be  one or  
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81 

r 

6 

5 

% A 

4 

3 

2 

I 

E LECTROI 
EFFLUE N 1 

15PPB Cd EWIMOLAR WITH EDTA 
IN 

IOPPB Cd STANDARD 

V = - 0 . 8  V O L T S  

A T = S D A Y S  

5PPB Cd STANDARD 

1 I 
FIGURE 2: ANALYSIS OF A SOLUTION CONTAINING 1.33 

-. M Cd and 1.33 x EDTA. 
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METAL DETERMINATION IN AQUEOUS SOLUTION 107 

more of t h e  above mentioned f a c t o r s  on a combination of some o r  

a l l  of them. 

S ince  it was necessary  t o  h e a t  s o l u t i o n s  c o n t a i n i n g  5 ppm 

t o  complete complexation, t h e  more d i l u t e  s o l u t i o n  of  15 ppb would 

probably need prolonged h e a t i n g  t o  complete equi l ibr ium.  

Heat ing t h e  s o l u t i o n s  f a v o r s  t h e  en t ropy  term of t h e  

express ion  r e l a t i n g  l o g  K w i t h  A G .  With h e a t i n g ,  t h e  c o l l i s i o n  

ra te  among s p e c i e s  i n  s o l u t i o n  i n c r e a s e s  and so does t h e  

p r o b a b i l i t y  fo r  t h e  r e a c t i o n  t o  t a k e  p l a c e .  F igure  3 shows t h e  

r e s u l t s  o b t a i n e d  when s o l u t i o n s  c o n t a i n i n g  equimolar mixtures  

of  Cd and EDTA were h e a t e d  a t  9 2 O C  f o r  s e v e r a l  hours  i n  a 

polye thylene  c o n t a i n e r .  A s  h e a t i n g  t i m e  w a s  i n c r e a s e d ,  t h e  pH 

decreased i n d i c a t i n g  i n c r e a s i n g  complexation. This  w a s  

expected s i n c e  t h e  s o l u t i o n s  were not  b u f f e r e d .  A s  pH decreased ,  

t h e  amount of complex t h a t  could be  t h e o r e t i c a l l y  formed a l s o  

decreased because of fewer a v a i l a b l e  Y ions .  This  i s  i n d i c a t e d  

by t h e  a s t e r i c s  i n  F igure  3 which r e p r e s e n t  t h e  c a l c u l a t e d  

t h e o r e t i c a l  % Cd t h a t  should be  complexed a t  t h e  p a r t i c u l a r  pH 

for a 1 5  ppb t o t a l  Cd c o n c e n t r a t i o n  i f  only  hydrogen e f f e c t s  were 

4 -  

cons idered .  

Because h e a t i n g  i n c r e a s e d  t h e  amount of  complex formed, it 

can be  s t a t e d  t h a t  a t  t h e  ppb l e v e l  t h e  Cd-EDTA complex format ion  

w a s  k i n e t i c a l l y  i n h i b i t e d .  F u r t h e r  s t u d i e s  w i t h  s o l u t i o n s  by 

t h e s e  c o n c e n t r a t i o n s  f o r  p e r i o d s  of up t o  3 months i n d i c a t e d  no 

change i n  a complexation of about  35 t o  45% Cd i n d i c a t i n g  an 

equi l ibr ium.  When t h e s e  s o l u t i o n s  were h e a t e d ,  t h e  p e r c e n t  Cd 
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CALCULATED O/o C d  COMPLEXED **c 
 EXPERIMENTAL^^ Cd COMPLEXED * I6 - 

15 PPB Cd EQUIMOLAR WITH EDTA S O L U T I O N S  HEATED 

IN POLYETHYLENE A T c 9 Z ° C  

v = - 0 .  e V O L T S  

0 20 
HOURS OF HEATING - 9 2 O C  

tHODES 

FIGURE 3: EFFECT OF HEATING ON THE FORMATION OF THE Cd-EDTA COMPLEX 

AT PPB LEVEL. THE CONDITIONAL STABILITY CONSTANT 

(PH CORRECTED ONLY) WAS FOUND TO BE 16.3. 

complexed increased  up t o  a maximum of 75% a t  a pH of  4 . 1  g i v i n g  

l o g  K 16 .3  when pH c o r r e c t e d .  

The discrepancy between t h e  exper imenta l ly  obta ined  va lues  

and t h e  l i t e r a t u r e  va lue  of 16 .5  ( 8 )  fo r  t h e  Cd:EDTA complex could 

be  due t o  s e v e r a l  f a c t o r s :  The i o n i c  s t r e n g t h  of t h e  s o l u t i o n s  

w a s  f a r  from 0 . 1  which i s  t h e  i o n i c  s t r e n g t h  most o f t e n  used t o  

r e p o r t  s t a b i l i t y  c o n s t a n t  va lues .  Errors i n  pH measurements of  

t h e s e  very  d i l u t e  s o l u t i o n s  could account f o r  t h e  lower va lues  
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METAL DETERMINATION IN AQUEOUS SOLUTION 109 

obta ined .  There could  b e  o t h e r  c a t i o n s  p r e s e n t  i n  s o l u t i o n  t h a t  

could  compete w i t h  Cd f o r  t h e  a v a i l a b l e  EDTA. These c a t i o n s  could 

be  p r e s e n t  i n  d i s t i l l e d  d e i o n i z e d  water, i n  t h e  c o n t a i n e r  w a l l s  

o r  as i m p u r i t i e s  i n  t h e  r e a g e n t s  used .  

d i f f e r e n t  forms o f  t h e  metal-EDTA complex such as MHY- and MH2Y 

(2,5,8) which have d i f f e r e n t  s t a b i l i t y  c o n s t a n t s .  

There cobld  a l s o  be  

S t u d i e s  of  t h e  Zn-EDTA Complex 

The Zn:EDTA complex was s t u d i e d  a t  100 ppm l e v e l  (1 .53 x 

and it was found t o  form r e a d i l y  at  t h i s  c o n c e n t r a t i o n .  

The s o l u t i o n  w a s  passed  through t h e  e l e c t r o d e  system at a v o l t a g e  

o f  -1.6 v o l t s  ( s l i g h t l y  above t w i c e  t h e  Eo f o r  Zn2+) and analyzed 

b e f o r e  and a f t e r  by M u s i n g  t h e  3076 1 a b s o r p t i o n  l i n e  which 

al lowed de termina t ion  o f  Zn a t  t h i s  h igh  c o n c e n t r a t i o n  l e v e l .  

F i g u r e  4 shows t h e  r e s u l t s  ob ta ined .  

of  t h e  Zn was complexed under  t h e  exper imenta l  c o n d i t i o n s .  The 

l o g  K w a s  found t o  be  16 .3  after c o r r e c t i n g  f o r  EDTA d i s s o c i a t i o n  

a t  pH 2.7. The v a l u e  w a s  f a i r l y  c l o s e  t o  t h e  l i t e r a t u r e  v a l u e  o f  

16.5 ( 7 ) .  A t h e o r e t i c a l  p e r c e n t  o f  93 w a s  p r e d i c t e d  by t h e  

l i t e r a t u r e  v a l u e  of l o g  K .  This  was w e l l  w i t h i n  t h e  exper imenta l  

e r r o r s  of  t h e  method. 

It w a s  found t h a t  about  92% 

These s t u d i e s  i n d i c a t e  t h a t  as t h e  c o n c e n t r a t i o n  o f  t h e  

s p e c i e s  t o  b e  complexed d e c r e a s e s ,  so does t h e  r e a c t i o n  p r o b a b i l i t y .  

S t a b i l i t y  c o n s t a n t s  do n o t  p r e d i c t  k i n e t i c  behavior .  This  i s  w e l l  

documented. For  example, Cu i s  20,000 times more e f f e c t i v e  t h a n  

N i  i n  r e p l a c i n g  each  o t h e r  i n  EDTA complexes even though t h e i r  
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6d 
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3c 

2( 

I1 

I 

1.53 X I C ~ ~ U  Zn 
EQUIMOLAR EDTA 

IN 

ROBINSON AND RHODES 

Zn - 
X= 3076 a 

ELECTRODE 
EFFLUENT 

V=-1.6 VOLTS 

A T = 4HOURS 

PH = 2 . 7  

logo(= 11.3 

Colculoied Yo ZnCompCxrd=93 

Expsrlrnmial%Zn Canplsxsd-92 

I 

PH = 2 . 7  

logo(= 11.3 

Colculoied Yo ZnCompCxrd=93 

Expsrlrnmial%Zn Canplsxsd-92 

FIGURE 4: DETERMINATION OF ZINC C3NCEXTRATION AND CALCULATION OF 
THE CONDITIONAL STABILITY CONSTANT OF THE Zn-EDTA 
COMPLEX AT THE PPM LEVEL. 

s t a b i l i t y  c o n s t a n t s  are n e a r l y  i d e n t i c a l ,  i.e. 18.8 and 18.6 

r e s p e c t i v e l y  ( 11 ) . 
@ t h e r  Cactors  t h a t  may account  f o r  t h e  low complex formation 

observed at  low c o n c e n t r a t i o n s  may b e  t h a t  some complexes 

d i s s o c i a t e  upon d i l u t i o n  ( 1 2 )  and t o  c r y s t a l  f i e l d  t h e o r y  

c o n s i d e r a t i o n s  (12). 
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METAL DETERMINATION IN AQUEOUS SOLUTION 11 1  

B. Rate of Formation of  Pb-EDTA Complex with Respect t o  T ime  for 

D i f f e r e n t  Concentrat ions and w i t h  Respect t o  D i f f e r e n t  Mole R a t i o s :  

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

s tudy  of t h e  ra te  o f  formation o f  metal  complexes t h e  Pb:EDTA 

system w a s  s t u d i e d .  F igure  5 shows t h e  r e s u l t s  ob ta ined  a f t e r  

h a l f  an  hour for solutions of Pb and EDTA of d i f ferent  mole 

rat ios  of EDTA a t  the 0.2 ppm Pb l eve l .  The solutions were 

10 0. 

8 0  

n 
W 
X 
W 

60, 
0 
V 

0 , 2 P P M  Pb 
a 
E 

40 

v = - o . e v o ~ n  

2 0. 

0 l t O V 2  It01 1/2 

Pb t o  EDTA mole rat io 

FIGURE 5: FORMATION OF Pb-EDTA (IN SOLUTIONS OF DIFFERENT MOLE 

RATIOS) AFTER 30 MINUTES AND AFTER 1 DAY FROM THE 

TIME OF PREPARATION. 
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112 ROBINSON AND RHODES 

t e s t e d  aga in  l a t e r  and were found t o  have gone t o  complet ion.  

The t h e o r e t i c a l  s t a b i l i t y  c o n s t a n t  f o r  t h e  Pb:EDTA complex i s  

18.0 (8)' 

r e a c t i o n  a t  pH 4.5.  

This would g ive  a near  100% complet ion f o r  t h i s  

Figure 6 shows a p l o t  of the  p e r c e n t  Pb complexed w i t h  

r e s p e c t  t o  time f o r  two equimolar Pb:EDTA s o l u t i o n s .  One o f  

t h e  s o l u t i o n s  was twice a s  concent ra ted  a s  t h e  o t h e r .  Tine 

more concent ra ted  s o l u t i o n s  proceeded f a s t e r  toward complet ion.  

E O U I M O L A R  P b - E O T A  M I X T U R E S  

v s  
T I M E  AFTER PREPARATION 

0.2 0.4 0.6 0 8  1.0 
HOURS 

F I G U R E  6: RATE OF FORMATION OF THE Pb-EDTA COMPLEX WITH RESPECT 

TO T I M E  I N  SOLUTIONS O F  DIFFERENT CONCENTRATIONS. 
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15 PPB C d  E Q U I M O L A R  WITH E D T A  ( I D A Y  O L D )  

PLUS A N  E O U I M O L A R  AMOUNT OF Fe* 

V = - O . 8  VOLTS 

I 
0 4 8 12 1'6 20 24 

H O U R S  AFTER A D D I T I O N  O F  Fep 

'IfXJFiT: 7 PEPLPCMEIJT OF Cd" BY ?e3+ IN THF Cd-ED?;\ COMPLEX CY EOUIMOLAR CONC'FNTRATION 

OF Fe AT THE PPB LTVLL. 

This  s tudy  aga in  shows t h a t  a s  t h e  c o n c e n t r a t i o n  i s  i n c r e a s e d ,  the  

r e a c t i o n  r a t e  a l s o  i n c r e a s e s .  The e l e c t r o d e  system can  b e s t  be 

used t o  fo l low slow r e a c t i o n  r a t e s .  

C .  

Exchange s t u d i e s  a r e  of extreme importance f o r  t h e  p r e d i c t i o n  of t h e  

t o x i c  e f f e c t s  of  many meta ls .  It has  been suspec ted  t h a t  t h e  

p r i n c i p a l  t o x i c  e f f e c t  o f  Cd i n  humans i s  due t o  t h e  replacement  o f  

Zn by Cd i n  t h e  many enzymes t h a t  c o n t a i n  Zn i n  t h e  body. 

Study o f  an Exchange Reac t ion  of Fe3+ wi th  t h e  Cd:EDTA Complex: 

The method d e s c r i b e d  h e r e  c a n  a l s o  be used f o r  the s t u d y  of 

exchange r e a c t i o n s  a s  i l l u s t r a t e d  i n  F igure  7. A s o l u t i o n  c o n t a i n i n g  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



114 ROBINSON AND RHODES 

15 ppb Cd (1.33 x 10'7i$ and an equimolar amount o f  EDTA i s  only  

about  40% complexed a f t e r  2 days .  

was added and t h e  amount of complexed Cd was monitored w i t h  r e s p e c t  

t o  t i m e  by ana lyz ing  t o t a l  Cd and then  complexed Cd by means of  

A t  t h i s  p o i n t  Fe" (1.33 x 10q73) 

pass ing  t h e  s o l u t i o n  through t h e  s t r i p p i n g  e l e c t r o d e  system. Even 

though 60.1, of t h e  EDTA was n o t  complexed w i t h  Cd, Fe3+ i s  a b l e  t o  

take  t h a t  and a l s o  t o  d i s p l a c e  Cd from i t s  EDTA complex. A f t e r  23 

hours  only about  3% o f  t h e  Cd remained complexed. 

replacement  of Cd by Fe had taken p l a c e .  

A n e a r l y  complete 

CONCLUSIONS 

The a c c e l e r a t e d  " s t r i p p i n g "  e l e c t r o d e  system i n  conjunct ion  

w i t h  atomic a b s o r p t i o n  spectroscopy h a s  been demonstrated t o  be 

s u c c e s s f u l  i n  t h e  de te rmina t ion  of complexed and inorganic  heavy 

metal  c o n c e n t r a t i o n s  i n  l i q u i d  samples a t  very  low c o n c e n t r a t i o n s .  

These complexation r e a c t i o n s  seem t o  be somewhat i n h i b i t e d  a t  low 

c o n c e n t r a t i o n s  which r a i s e  t h e  q u e s t i o n  of how a c c u r a t e  i t  i s  to 

determine t h e s e  c o n s t a n t s  a t  h i g h e r  c o n c e n t r a t i o n s  and then t o  

e x t r a p o l a t e  t o  low c o n c e n t r a t i o n s  as  i t  i s  t h e  c a s e  f o r  most bio-  

l o g i c a l  exper imenta l  de te rmina t ions  of enzyme format ion .  It is  

a l s o  of  g r e a t  importance t o  know how much o f  a p a r t i c u l a r  complex 

i s  p r e s e n t  i n  a g iven  system t o  a s s e s s  a c c u r a t e l y  t o x i c  e f f e c t s ,  

This  method can  be used a s  a n  e f f i c i e n t  method t o  d i s t i n g u i s h  

between i o n i c  and complexed m e t a l s ,  t o  determine 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  o f  many heavy meta ls  complexes, t o  perform 

k i n e t i c  s t u d i e s  involv ing  r e a c t i o n  r a t e  de te rmina t ions  of complex 
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o r  organometa l l ic  r e a c t i o n s  t h a t  take longer  than about  10 minutes 

and t o  s t u d y  exchange r e a c t i o n s .  

A p r a c t i c a l  advantage is t h e  f a c t  t h a t  an e l e c t r o d e  l a s t s  a 

long t i m e .  A l l  o f  t h e s e  s t u d i e s  were done wi th  o n l y  t h r e e  e l e c t r o d e s  

and a l l  of  them a r e  s t i l l  u s a b l e .  I f  contaminat ion o c c u r s ,  r e v e r s i n g  

t h e  v o l t a g e  whi le  running water  o v e r n i g h t  through the  e l e c t r o d e s  

u s u a l l y  achieves  c l e a n i n g  of  the  system. 

Some of t h e  d isadvantages  o f  the  method inc lude  t h e  f a c t  t h a t  

only heavy meta ls  can be analyzed t h i s  way, on ly  l i q u i d  samples can  be 

be s t u d i e d  and t h e r e  could  be i n t e r f e r e n c e  due t o  an ions  t h a t  may 

s o l u b i l i z e  the  p l a t e d  meta ls .  

REFERENCES 

1. 

2. 

3 .  

4. 

5. 

6. 

Robinson, J . W .  and Rhodes, I . A . L . ,  "Development o f  an E l e c t r o -  

chemical Technique f o r  the  Removal of U l t r a t r a c e  Levels  of  Heavy 

Metals from Water Using Accelera ted  E l e c t r o d e p o s i t i o n " ,  

Spectroscopy L e t t e r s .  15(21, 1980 

Ringbom,A. and Har ju ,  L o ,  Analv t ica  Chimica Acta ,  m. 2, 

PP.  33-47 (1972). 

- I b i d ,  P a r t  11, A p p l i c a t i o n s ,  pp. 49-58 (1.972) 

R o s s o t t i ,  J . C . ,  and R o s s o t t i ,  H . ,  "The Determinat ion of  S t a b i l i t y  

Constants . ' '  McGraw-Hill Book Company, I n c . ,  New York, 1961 

Beck, M.T. "Chemistry of Complex E q u i l i b r i a . " ,  van Nostrand 

Reinhold Company, London, 1970 

Welcher, F.J.,  "The A n a l y t i c a l  Uses of Ethylene Diamine T e t r a a c e t i c  

Acid.", van Nostrand Company, I n c . ,  P r i n c e t o n ,  N.K. 1958 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



ROBINSON AND RHODES 116 

7. Schwarzenbach, G. and F l a s c h k a ,  H . ,  "Complex m e t r i c  T i t r a t i o n s . " ,  

t r a n s l a t e d  by H. M.  N .  H .  I r v i n g  Methuen and Co., L t d . ,  London, 

2nd Ed. , 1969 

8. Ringbom, A .  , "Complexation i n  A n a l y t i c a l  Chemistry." ,  Chemical 

A n a l v s i s ,  x. E, I n t e r s c i e n c e  P u b l i s h e r s  , New York, 1963 

L a i t i m e r ,  H.A. , H a l l i s ,  W.E.  , "Chemical A n a l y s i s . " ,  2nd Ed. ,  

McGraw-Hill Book C o o ,  N .  Y .  , pp. 191-197, 1','75 

9. 

10. R e i l l e y ,  C.H.  , Schmid, R.W., and Sadek,  F.S., 2. Chem Ed, &, 

(11 ) , PP - 555- 564 (1959 

11. Bydalek,  T. J. and Margerum, D.W., J. &. .a=. z., Vol. 85, 

pp. 4326-1433, (1961) 

1 2 .  Lee ,  T,S. , K o l t h o f f ,  I. M . ,  and L e n s s i n g ,  D.L. , J. &. m. &. , 
- Vol. i2, P P .  3596, (1948) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


