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ABSTRACT

Aqueous copper  and l ead  a d s o r p t i o n  on t o  a w e l l -  

c h a r a c t e r i z e d  s y n t h e t i c  g o e t h i t e  was i n v e s t i g a t e d  at  25°C i n  

ba t ch  e x p e r i m e n t s .  I n i t i a l  t o t a l  metal  c o n c e n t r a t i o n s  were 

v a r i e d  f rom 1 0 ” ^ t o  10 ” 6  _M_ f o r  copper  and 10“ ^ t o  10"^ _M_ f o r  

l e a d .  I o n i c  s t r e n g t h  ( I )  was a d j u s t e d  t o  e i t h e r  0 . 0 1  or  0 . 1  

M_ w i t h  KNOg or  KHCOg. F i n a l  pH v a l ues  ranged f rom about  5 

t o  9 i n  e x p e r i me n t s  w i t h  v a r y i n g  amounts o f  t o t a l  d i s s o l v e d  

c a r b o n a t e  ( C y ) .  S u r f a c e  area o f  t he  g o e t h i t e  was 31 m^ / g .  

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

w i t h i n  about  one h o u r .

N e a r l y  comp l e t e  a d s o r p t i o n  o f  copper  and l ead  t ook  

p l a c e  at  pH v a l u es  be l ow t he  p o i n t  o f  zero char ge  o f  7 . 6 ,  

i n d i c a t i n g  t h a t  s p e c i f i c  a d s o r p t i o n  o c c u r s .  Copper  i s  more 

s t r o n g l y  adsorbed t han  l e a d .  F r a c t i o n a l  a d s o r p t i o n  was 

g r e a t e r  at  l owe r  meta l  c o n c e n t r a t i o n s .  D i f f e r e n c e s  i n  i o n i c  

s t r e n g t h s  up t o  1 =0 . 1  _M_ ( as K N O g ) ,  and changes f rom Cy = 0  t o  

a t m o s p h e r i c  c o n d i t i o n s  ( Pqq^= 1 0 ~ ^ • ^ a t m . )  had no e f f e c t  on 

a d s o r p t i o n .

A b o v e - a t m o s p h e r i c  Cy c o n d i t i o n s  i n h i b i t e d  copper  and 

l ead  a d s o r p t i o n .  Th i s  i n h i b i t i o n  i s  p r o p o r t i o n a l  t o  C y ,  and 

i s  a f u n c t i o n  o f  pH and t o t a l  metal  c o n c e n t r a t i o n .  The 

i n h i b i t i o n  i s  p r o b a b l y  due t o  copper  and l ead  c a r b o n a t e

i i i
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c o m p l e x ! n g ,  whi ch becomes i m p o r t a n t  at  pH' s  above 6 . 5 - 7 ,  f o r
* û.C j - O . O l  _M_, and t o t a l  meta l  c o n c e n t r a t i o n s  o f  1 0 " H t o

10” ^ _M_. Th i s  r e f l e c t s  t he  r e l a t i v e l y  weak a d s o r p t i o n  by

g o e t h i t e  o f  n e u t r a l  and a n i o n i c  meta l  c a r b o n a t o  compl exes i n

c o n t r a s t  t o  s t r o n g  a d s o r p t i o n  o f  f r e e  i on  a n d / o r  c a t i o n i c

copper ,  and l ead  hydr oxo  comp l exes .  Th i s  s t u d y  i n d i c a t e s

t h a t  t he  m o b i l i t y  o f  copper  and l ead i n  s o i l  and g r o u n d wa t e r

systems i s  a f u n c t i o n  o f  t h e i r  pH and Cy c o n t e n t .

A d s o r p t i o n  was s u c c e s s f u l l y  modeled w i t h  t he  s u r f a c e  

c o m p l e x a t i o n  s i t e - b i n d i n g  model  assuming e i t h e r  o u t e r  or  

i n n e r  sphere  a d s o r p t i o n  o f  meta l  i o n s .  Assumpt i on  o f  o u t e r  

spher e  a d s o r p t i o n  i n d i c a t e s  t h a t  hyd r oxo  s pe c i e s  are 

adsor bed whereas assumpt i on  o f  i n n e r  sphere a d s o r p t i o n  

i n d i c a t e s  t h a t  f r e e  i ons  ar e  ad s o r be d .  I t  i s  not  c l e a r  f rom 

t h i s  s t u d y  whi ch o f  t h e s e  approaches  i s  p r e f e r a b l e .

A d d i t i o n  o f  r e a c t i o n s  and i n t r i n s i c  c o m p l e x a t i o n  

c o n s t a n t s  f o r  t he  a d s o r p t i o n  o f  HCOg" and COg^- on t o  

g o e t h i t e  does not  i mpr ove model  f i t s  o f  e x p e r i m e n t a l  d a t a ,  

and r e s u l t s  i n  an o v e r e s t i m a t i o n  o f  l ead  a d s o r p t i o n  when 

p r e v i o u s l y  d e t e r m i n e d  copper  and l ead  i n t r i n s i c  c o m p l e x a t i o n  

c o n s t a n t s  are u s e d .

The s u r f a c e  c o m p l e x a t i o n  s i t e - b i n d i n g  model  was not  

a b l e  t o  a d e q u a t e l y  model  meta l  a d s o r p t i o n  i n h i b i t i o n  at  

e l e v a t e d  Cy c o n d i t i o n s .  However ,  change f rom C y = 0  t o

i v
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a t m o s p h e r i c  c o n d i t i o n s  was s u c c e s s f u l l y  mode l ed .  A d s o r p t i o n  

d e n s i t y  changes were q u a l i t a t i v e l y  and s e m i - q u a n t i t a t i v e l y  

mode l ed .  The model  gave good f i t s  f o r  v a r i e d  i o n i c  

s t r e n g t h s .

v
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INTRODUCTION

Trace me t a l s  i n  t h e  n a t u r a l  e n v i r o n me n t  f o l l o w  a 

compl ex ne t wor k  o f  m i g r â t i o n a l  pathways i n  whi ch t he  

a t mos ph e r e ,  l i t h o s p h e r e ,  h y d r o s p h e r e , and b i o s p h e r e  are a l l  

i n v o l v e d .  Bas i c  u n d e r s t a n d i n g  o f  t he  mechanisms whi ch 

govern  t r a c e  metal  m o b i l i t y  i s  e s s e n t i a l  t o  t he  

d e t e r m i n a t i o n  and p r e d i c t i v e  mode l i ng  o f  e n v i r o n m e n t a l  

p a t h w a y s . Th i s  r e s e a r c h  p e r t a i n s  t o  copper  and l ead  

m o b i l i t y  i n  aqueous systems whi ch c o n t a i n  m i n e r a l  

s u b s t r a t e s .

I t  has l ong been no t ed t h a t  s o l u b i l i t y  r e a c t i o n s  do not  

p r o v i d e  an adequat e  e x p l a n a t i o n  f o r  t he  l ow t r a c e  metal  

c o n c e n t r a t i o n s  f ound i n  n a t u r a l  w a t e r s . Hence, t he  e f f e c t  

o f  mechanisms o t h e r  t han  s o l u b i l i t y  c o n t r o l  must  be 

e v a l u a t e d  t o  e x p l a i n  t h e s e  l ow c o n c e n t r a t i o n s .  Tr ace metal  

m o b i l i t i e s  i n  n a t u r a l  w a t e r / r o c k  systems are u s u a l l y  

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

( J e n n e , 1968 ; Hem, 1970 ; Leek i e and James,  1974) .  Th i s  

c o n t r o l  i s  p a r t i a l l y  due t o  t he  o f t e n  r a p i d  e q u i l i b r a t i o n  

t i me s  o f  s o r p t i o n  r e a c t i o n s  as compared t o  t he  o f t e n  l o n g e r  

e q u i l i b r a t i o n  t i me s  o f  w a t e r - m i  n e r a l  s o l u b i l i t y  r e a c t i o n s .  

Rapid e q u i l i b r a t i o n  r a t e s  f o r  s o r p t i o n  r e a c t i o n s  r e f l e c t  t he  

f a c t  t h a t  s o r p t i o n  i s  p r e d o m i n a n t l y  a s u r f a c e  phenomenon.
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S o l u b i l i t y  r e a c t i o n s  e q u i l i b r a t e  at  r e l a t i v e l y  h i gh 

metal  i on c o n c e n t r a t i o n s  ( dependent  upon s p e c i f i c  m i n e r a l  

s o l u b i l i t i e s ) ,  whereas a d s o r p t i o n - d e s o r p t i o n  r e a c t i o n s  w i l l  

e q u i l i b r a t e  at  any metal  i on  c o n c e n t r a t i o n  bel ow t h a t  

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

t ends  t o  be ve r y  e f f e c t i v e  a t  t he  l ow c o n c e n t r a t i o n  l e v e l s  

t y p i c a l  o f  t r a c e  me t a l s  i n  n a t u r a l  w a t e r s .  Th i s  t endency  i s  

i l l u s t r a t e d  by t h e  a d s o r p t i o n  i s o t h e r m s  i n  F i g u r e  1.  As 

i n d i c a t e d  by t h i s  p l o t ,  t h e r e  i s  s i g n i f i c a n t  t r a c e  metal  

a d s o r p t i o n  a t  l ow d i s s o l v e d  meta l  c o n c e n t r a t i o n s .  At  t hese  

c o n c e n t r a t i o n s  i n  excess o f  99% o f  t he  d i s s o l v e d  metal  i s  

o f t e n  adsorbed on t o  t he  s o l i d  p h a s e . Such l ow metal  

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

l i t t l e  i s  known about  a d s o r p t i o n  mechanisms at  such 

d i m i n u t i v e  c o n c e n t r a t i o n s .

There i s  a p r e s s i n g  need t o  s t u d y ,  and so t o  u n d e r s t a n d  

and model  t h e s e  s o r p t i o n  p r ocesses  and t h e i r  r o l e  i n  t he  

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

t h e i r  i m p l i c a t i o n s  has been exp r essed  by r e s e a r c h e r s  i n  such 

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

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

Su c c e s s f u l  p r e d i c t i v e  mod e l i ng  o f  t r a c e  meta l  s o r p t i o n  

p r ocesses  has e x t e n s i v e  a p p l i c a t i o n s  i n :  ( 1 ) t r a c e  metal

p o l l u t i o n  and w a t e r  t r e a t m e n t  p r o c e s s e s ;  ( 2 ) geochemi ca l
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F i g u r e  1: A d s o r p t i o n  i s o t h e r ms  of  z i n c  on g o e t h i t e  i n 0.1 _M
NaCl ( a f t e r  Bowden and o t h e r s , 1973) .  Open c i r c l e s  are f o r  
da t a  at  pH 5 . 5 ,  c l ose d  t r i a n g l e s  f o r  pH 6 . 0 ,  c l os ed  c i r c l e s  
f o r  pH 6 . 5 ,  and open t r i a n g l e s  f o r  pH 7 . 0 .
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e x p l o r a t i o n ;  (3 )  t h e  u n d e r s t a n d i n g  o f  t r a c e  metal  

a c c u m u l a t i o n s ;  (4 )  p l a n t  and animal  n u t r i t i o n ;  a n d , ( 5 )  

e n v i r o n m e n t a l  h e a l t h  and d i s e a s e .

There are two p r i n c i p a l  o b j e c t i v e s  o f  t h i s  s t u d y :  ( 1 )

t o  examine t he  a d s o r p t i o n  o f  aqueous copper  and l ead  on t o  

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

aqueous c o n d i t i o n s ;  a n d , ( 2 ) t o  model  t he  a d s o r p t i o n  da t a  

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

Dav i s  and o t h e r s  (1978)  as a p p l i e d  w i t h  t he  comput er  program 

MINEQL ( W e s t a l l  and o t h e r s ,  1976) .  G o e t h i t e  was chosen 

because i t  occu r s  n a t u r a l l y  and i s  o f t e n  a ma j o r  component  

o f  s o i l s ,  s e d i m e n t s ,  and suspended m a t t e r  i n  s t r eams and 

a q u i f e r s .  I t  i s  known t o  have a h i gh  a d s o r p t i v e  c a p a c i t y  

f o r  heavy me t a l s  and i s  a c t i v e  i n  t h e  a t t e n u a t i o n  and 

t r a n s p o r t  o f  t h e s e  m e t a l s ,  e s p e c i a l l y  at  n e u t r a l  t o  a l k a l i n e  

pH' s  ( J e n n e , 1968) .

S o r p t i o n  was s t u d i e d  i n  ba t ch l a b o r a t o r y  e x p e r i me n t s  

u s i n g  t he  s o r b e n t  phase i n  s u s p e n s i o n .  Copper  and l ead  

s o r p t i o n  were measured as a f u n c t i o n  o f  pH, i o n i c  s t r e n g t h ,  

t o t a l  c a r b o n a t e  c a r b o n ,  and metal  c o n c e n t r a t i o n .  The pH was 

a d j u s t e d  t o  va l ues  between 5 . 0  and 9 . 0  us i n g  HNOg or  KOH. 

I o n i c  s t r e n g t h  was a d j u s t e d  t o  e i t h e r  0 . 01  M_ or  0 . 1  _M_ w i t h  

e i t h e r  KNOg or  K H C Og . The e x p e r i me n t s  were conduc t ed  at  

i n i t i a l  meta l  c o n c e n t r a t i o n s  o f  10"^  M, 10"^  M, and 10"^  M
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f o r  copper  and 10’  ̂ _M_, 10"® _M_, and 10"^  _M_ f o r  l e a d .  These 

c o n c e n t r a t i o n  l e v e l s  were chosen t o  s i m u l a t e  c o n c e n t r a t i o n s  

f ound i n  n a t u r a l  sys t ems .

Thermodynami c da t a  f o r  Cu and Pb aqueous hyd r oxo  and 

ca r b o n a t o  compl exes and m i n e r a l s  were c o l l e c t e d  and used i n  

comput e r  program models t o  d e t e r m i n e  Cu and Pb s p é c i a t i o n  

and s o l u t i o n - m i n e r a l  e q u i l i b r i a .
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BACKGROUND INFORMATION AND LITERATURE 

ELECTRICAL DOUBLE LAYER THEORY

S o l i d  s u r f a c e s  a c q u i r e  an e l e c t r i c a l  charge when i n  

c o n t a c t  w i t h  an aqueous p h a s e . Th i s  s u r f a c e  char ge  produces 

a m i c r o e n v i r o n m e n t  o f  e l e c t r i c a l  p o t e n t i a l  i mba l ance  whi ch 

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

i ons  o f  o p p o s i t e  c h a r g e ,  c o u n t e r i o n s ,  are a t t r a c t e d  t owar d  

t h e  charged s u r f a c e  and i ons  o f  l i k e  c h a r g e ,  c o i o n s ,  are 

r e p e l l e d  away f rom t h a t  s u r f a c e .  The t o t a l  ne t  char ge  o f  

t h e  s u b s t r a t e  and s o l u t i o n  must  be ba l anced  t o  p r e s e r v e  

e l e c t r o n e u t r a l i t y .  Under most  n a t u r a l  c o n d i t i o n s ,  t he  

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

char ge  a n d , as a r e s u l t ,  t end  t o  a t t r a c t  c a t i o n s .

Upon e x a m i n a t i o n  o f  charged s u r f a c e s  i n  aqueous 

s o l u t i o n ,  i t  i s  necessa r y  t o  c o n s i d e r  both t he  n a t u r e  o f  t he  

e l e c t r i c a l  p o t e n t i a l  at  t h e  s o l i d / s o l u t i o n  i n t e r f a c e  and t he  

d i s t r i b u t i o n  o f  t he  n e i g h b o r i n g  i ons  i n  s o l u t i o n .  The 

s i t u a t i o n  i s  o f t e n  d e s c r i b e d  as a doub l e  l a y e r  o f  c h a r g e , 

t h e  e l e c t r i c a l  doub l e  l a y e r  ( E D l ) ,  i n  whi ch one l a y e r  i s  

l o c a l i z e d  nex t  t o  t he  s u r f a c e  and t h e  o t h e r  l a y e r  i s  

dev e l oped  i n  a d i f f u s e  r e g i o n  e x t e n d i n g  out  i n t o  t he  

s o l u t i o n  (Adamson, 1976 ; Stumm and Mor gan , 1981) .  The
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do ub l e  l a y e r  r e s u l t s  f rom an e q u i l i b r i u m  between c o u l o mb i c  

( e l e c t r o s t a t i c )  f o r c e s  and Browni an mo t i on  o f  t he  l i q u i d  

mol e c u ! e s .

H i s t o r i c a l  deve l opment  o f  EDL t h e o r y  i s  d i s c u s s e d  by 

James and Heal y  ( 1972a ,  1972b) ,  Adamson ( 1 9 7 6 ) ,  and Shaw 

( 1 9 8 0 ) .  Th i s  t h e o r y  was proposed by H e l mh o l t z  i n t he  l a t e  

1 8 0 0 ' s .  He sugges t ed  t h a t  a charged p a r t i c l e  behaved as a 

s i m p l e  c a p a c i t o r  i n  s o l u t i o n .  The He l mh o l t z  model ,  

somet imes r e f e r r e d  t o  as t he  f i x e d  l a y e r  m o d e l , p r oposes  

t h a t ,  i n  o r d e r  t o  r e t a i n  e l e c t r o n e u t r a l i t y ,  each charged 

s u r f a c e  i n  an aqueous medium has a f i x e d  l a y e r  o f  c o u n t e r ­

i ons  whi ch se r ves  t o  ba l ance  t h e  charge on t h e  s u r f a c e .

Th i s  p u r e l y  c o u l o mb i c  approach i s  not  r e a l i s t i c  f o r  h i gh  

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

Du r i n g  t h e  e a r l y  1 9 0 0 ' s ,  Gouy ( 1910)  and Chapman (1913)  

i n d e p e n d e n t l y  sugges t ed  a d i f f u s e  d i s t r i b u t i o n  o f  i ons  near  

a p l ane  charged s u r f a c e .  They m a i n t a i n e d  t h a t  t he  i ons  at  

t he  charged s u r f a c e  are s u b j e c t  t o  t h e  i n f l u e n c e  o f  t he r ma l  

k i n e t i c  mo t i on  as w e l l  as t he  c o u l o mb i c  f o r c e s  sugges t ed  by 

H e l m h o l t z .  These i n t e r a c t i o n s  r e s u l t  i n  a B o l t z m a n n - t y p e  

d i s t r i b u t i o n  o f  charge d e n s i t y  o f  t he  i ons  i n  s o l u t i o n  w i t h  

d i s t a n c e  f r om t he  charged s u r f a c e .  Shaw (1980)  s t a t e s  t h a t  

t h e  Gouy-Chapman model  assumes : (1)  t h a t  t he  i ons  are p o i n t

c h a r g e s ,  t hus  n e g l e c t i n g  i on  s i z e ,  i on  s o l v a t i o n ,  and
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s p e c i f i c  a d s o r p t i o n  o f  i o n s ;  ( 2 ) t h a t  a p l ane  charged 

s u r f a c e  e x i s t s ;  ( 3 )  t h a t  a s i n g l e  s y mme t r i c a l  e l e c t r o l y t e  

e x i s t s ;  a n d , (4)  t h a t  t h e  s o l v e n t  on l y  a f f e c t s  t he  doub l e  

l a y e r  t h r o u g h  i t s  d i e l e c t r i c  c o n s t a n t .  The Gouy-Chapman 

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

and f o r  smal l  s u r f a c e  p o t e n t i a l s  ( Stumm and Morgan,  1981) .  

Stumm and Morgan (1981)  p r o v i d e  d i s c u s s i o n s  o f  t he  

ma t hema t i c s  and d e r i v a t i o n s  o f  t he  e q u a t i o n s  used i n  t he se  

m o d e l s .

S t e r n  (1924)  r e f i n e d  t he  Gouy-Chapman model  by 

s u g g e s t i n g  t h a t  t he  r e g i o n  near  t he  s u r f a c e  be d i v i d e d  i n t o  

two p a r t s ,  t he  f i r s t  p a r t  be i ng  a compact  ( S t e r n ) l a y e r  o f  

i on s  adsorbed at  t he  s u r f a c e  and t he  second be i ng  a d i f f u s e  

(Gouy)  l a y e r .  S t e r n  sugges t ed  t h a t  i ons  r e t a i n  t h e i r  

h y d r a t i o n  sphere d u r i n g  a d s o r p t i o n .  The S t e r n  model  

c o n s i d e r s  i o n i c  s i z e s  and s u r f a c e  a t t r a c t i o n  by somet h i ng  

o t h e r  t han  e l e c t r o s t a t i c  f o r c e  ( s p e c i f i c  i on a d s o r p t i o n ) . 

T h e r e f o r e ,  S t e r n  l a y e r  i ons  can be s u b j e c t  t o  both 

e l e c t r o s t a t i c  f o r c e s  and s p e c i f i c  a d s o r p t i o n  such t h a t ,  i f  

t h e  s p e c i f i c  i n t e r a c t i o n s  p r e v a i l ,  t he  S t e r n  l a y e r  may 

e x h i b i t  s u p e r e q u i v a l e n t  a d s o r p t i o n  ( i . e .  t he  a d s o r p t i o n  

wou l d over compensa t e  f o r  t h e  net  s u r f a c e  c h a r ge )  ( Stumm and 

Mo r ga n , 1981) .

F i g u r e  2 p r o v i d e s  v i s u a l  and g r a p h i c a l  r e p r e s e n t a t i o n s
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F i g u r e  2 : D i s t r i b u t i o n  o f  c h a r g e , i o n s ,  and p o t e n t i a l  at  a
s o l i d - s o l u t i o n  i n t e r f a c e  as con ce i ved  by d i f f e r e n t  models 
( Stumm and Mor gan , 1981) .
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o f  t he  d i s t r i b u t i o n  o f  i o n s ,  e l e c t r i c a l  p o t e n t i a l ,  and 

char ge  at  t h e  s o l i d / s o l u t i o n  i n t e r f a c e  as d e s c r i b e d  by each 

o f  t he  above models f o r  t he  case o f  a n e g a t i v e l y  charged 

s u r f a c e  where:

o 0  = ( f i x e d )  s u r f a c e  charge d e n s i t y  ( yC/ cm2 ) 

â | = H e l mh o l t z  l a y e r  charge d e n s i t y  

oj  = d i f f u s e  ( Gouy) l a y e r  char ge  d e n s i t y  

as = S t e r n  l a y e r  charge d e n s i t y  

tj>0  = s u r f a c e  p o t e n t i a l  ( p o t e n t i a l  d i f f e r e n c e  

between t he  s u r f a c e  and t he  bu l k  

s o l u t i o n )  (V)  

i|>s = S t e r n  l a y e r  p o t e n t i a l

^  = d i f f u s e  d o u b l e - l a y e r  p o t e n t i a l  ( d e r i v e d  

f r om Gouy-Chapman d i f f u s e  l a y e r  t h e o r y  ) 

x = d i s t a n c e  f rom t he  s u r f a c e  o f  t he  s o l i d  (cm)

The sum of  t he  s u r f a c e  charge d e n s i t y ,  t h e  S t e r n  l a y e r  

char ge  d e n s i t y ,  and t h e  Gouy l a y e r  charge d e n s i t y  must  be 

equal  t o  zer o  i n  o r d e r  t o  r e t a i n  e l e c t r o n e u t r a l i t y .

Grahame (1947)  a l t e r e d  t he  S t e r n  model  w i t h  t he  

s u g g e s t i o n  t h a t  s p e c i f i c a l l y  adsorbed i ons  r e l e a s e  t h e i r  

h y d r a t i o n  wa t e r s  f r om t he  s i d e  c l o s e s t  t o  t he  o x i d e  

s u r f a c e .  Hence, w i t h  t he  Grahame model  s p e c i f i c a l l y
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adsor bed i ons  may approach t he  s u r f a c e  as c l o s e  as a 

d i s t a n c e  equal  t o  t h e i r  u n h y d r a t e d  r a d i u s .

James and Heal y  ( 1972a ,  b,  c)  f u r t h e r  r e f i n e d  t he  

p r e v i o u s  models by p r o p o s i n g  t h a t  t he  S t e r n  l a y e r  i s  

s e p a r a t e d  f rom t he  s u r f a c e  by at  l e a s t  one l a y e r  o f  adsorbed 

i n t e r f a c i a l  wa t e r  m o l e c u l e s .  Hence,  t he  sor bed i ons  r e t a i n  

t h e i r  i n n e r  h y d r a t i o n  s p h e r e s .  Th i s  model  se r ves  t o  

p r e c l u d e  d i r e c t  chemi ca l  bond i ng  a n d , i n  most  cases ,  f a v o r  

t h e  a d s o r p t i o n  of  h y d r o l y z e d  s pe c i e s  over  f r e e  i o n s .  The 

James- Hea l y  model  i s  based on t he  i dea t h a t  t he  f r e e  energy  

o f  a d s o r p t i o n  c o n s i s t s  o f  t h r e e  s e p a r a t e  t e r m s :

A^ads = A^cou l  + A^ s o l v  + A^chem

where aGC0Ui i s  t he  c o u l o mb i c  t e r m ,  AGS0-| v i s  t h e  s o l v a t i o n  

t e r m ,  and AGchem i s  t he  chemi ca l  t e r m .  The c o u l o mb i c  t e r m 

can e i t h e r  f a v o r  or  oppose a d s o r p t i o n  based on t h e  net  

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

o f  ener gy  r e q u i r e d  t o  remove t h e  secondary  h y d r a t i o n  sheat h  

f r om t h e  a d s o r b i n g  i o n .  The chemi ca l  t e r m i s  used as a 

f i t t i n g  p a r a m e t e r .
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SURFACE CHARGE MECHANISMS

Stumm and Morgan (1981)  d e s c r i b e  t h r e e  p o s s i b l e  o r i g i n s  

o f  s u r f a c e  charge  i n c l u d i n g :  ( 1 ) chemi ca l  r e a c t i o n s  at  t he

s u r f a c e  o f  t h e  p a r t i c l e ;  ( 2 ) c r y s t a l l i n e  i m p e r f e c t i o n s ,  

b r oken b o n d s , and i somorphous r e p l ac e me n t s  w i t h i n  t he  

c r y s t a l  l a t t i c e ;  a n d , ( 3 )  i on  a d s o r p t i o n .  These d i f f e r e n t  

o r i g i n s  o f  s u r f a c e  charge are c a t e g o r i z e d  i n t o  two i d e a l i z e d  

end-member  t y p e s  o f  charge d i s t r i b u t i o n :  ( 1 ) c o n s t a n t

s u r f a c e  p o t e n t i a l  ( e . g .  metal  ox i d e s  and h y d r o x i d e s ,  and 

edges o f  c l a y  m i n e r a l s )  where t he  s u r f a c e  char ge  i s  

dependent  on t he  c o m p o s i t i o n  o f  t he  s u r r o u n d i n g  s o l u t i o n ,  

but  t he  magn i t ude  o f  t he  s u r f a c e  p o t e n t i a l  i s  not  a f f e c t e d  

by t he  pr esence o f  i n d i f f e r e n t  e l e c t r o l y t e s ;  a n d , ( 2 ) 

c o n s t a n t  s u r f a c e  c h a r g e ,  whi ch i s  approached by s m e c t i t e s ,  

where t he  s u r f a c e  char ge  i s  i nd ep e n de n t  o f  t he  s u r r o u n d i n g  

s o l u t i o n  c o m p o s i t i o n  (van Ol phen,  1977 ; Stumm and Mor gan , 

1981) .  Many m i n e r a l s  e x h i b i t  c o m b i n a t i o n s  o f  t hese  

i d e a l i z e d  end-member  t y p e s  o f  charge d i s t r i b u t i o n .  A 

d i s c u s s i o n  o f  t he  f i x e d  s u r f a c e  p o t e n t i a l  charge 

d i s t r i b u t i o n  f o l l o w s .
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F i xe d  S u r f a c e  P o t e n t i a l  

( Meta l  Ox i des and H y d r o x i d e s )

Burns and Burns (1977)  have d e s c r i b e d  t h e  s t r u c t u r e  o f  

g o e t h i  t e  as doub l e  c ha i ns  o f  l i n k e d  [ F e ( 0 , 0 H ) g ]  o c t a h e d r a  

w i t h  o r t h o r h o m b i  c symmet ry o b t a i n e d  by c r o s s - l i n k a g e  o f  

a d j a c e n t  do ub l e  c h a i n s  t h r o u g h  c o r n e r  s h a r i n g  o f  oxygen 

a t oms.  The s t r u c t u r e  o f  g o e t h i  t e  l ends  i t s e l f  t o  t h e  f i x e d  

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

Many o x i d e s ,  h y d r o x i d e s ,  hydrous  o x i d e s ,  and o r g a n i c  

m a t e r i a l s  c o n t a i n  i o n i z a b l e  f u n c t i o n a l  g r o u p s .  S u r f a c e  

cha r ge  can o r i g i n a t e  f rom t h e  d i s s o c i a t i o n  o f  s u r f a c e  

f u n c t i o n a l  g r o u p s .  For  exampl e ,  t he  OH group on t h e  s u r f a c e  

o f  an h y d r o x i d e  may d i s s o c i a t e  i n  a near  n e u t r a l  ( some t imes 

m o d e r a t e l y  a c i d i c )  o r  a l k a l i n e  aqueous medium i n  a manner  

ana l ogous  t o  a weak a c i d :

S-0H° ±9  S - 0 -  + H+ ( aq)

where S i s  a p a r t  o f  t h e  m i n e r a l  s t r u c t u r e  and t he  OH group 

i s  on t h e  s u r f a c e  o f  t he  m i n e r a l .  By d i s s o c i a t i o n  o f  

adsor bed w a t e r  m o l e c u l e s ,  o x i d es  can o b t a i n  char ged s u r f a c e s  

i n  a s i m i l a r  manner .

The cha r ge  on t h e  p a r t i c l e  s u r f a c e  i s  dependen t  on t h e  

pH o f  t h e  s u r r o u n d i n g  medium such t h a t  n e u t r a l  or  a l k a l i n e
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c o n d i t i o n s  w i l l  r e s u l t  i n  a n e g a t i v e l y  charged s u r f a c e  by 

l o s s  o f  a p r o t o n  ( h y d r o l y s i s ) .  Under  a c i d i c  c o n d i t i o n s ,  

excess  p r o t o n s  are adsorbed on t he  s u r f a c e  y i e l d i n g  a 

p o s i t i v e l y  charged s u r f a c e .  These s i m p l e  a m p h o t e r i c  

i o n i z a t i o n  r e a c t i o n s  o f  s u r f a c e  s i t e s  can be r e p r e s e n t e d  as 

f o l 1 ows:

where S i s  a p a r t  o f  t he  m i n e r a l  s t r u c t u r e .  At  some 

i n t e r m e d i a t e  pH, t e r med t he  p o i n t  o f  zer o  cha r ge  (PZC) ,  t he  

ne t  s u r f a c e  char ge  w i l l  be equal  t o  zer o  such t h a t  :

The PZC f o r  Fe o x i d es  v a r i e s  f rom bel ow 6  t o  9,  so n a t u r a l  

Fe o x i d e s  are u s u a l l y  near  t h e i r  PZC i n  n a t u r a l  wa t e r s  

( P a r k s ,  1 9 6 5 ) .  Because t he  charge on t h e  s u r f a c e  i s  

c o n t r o l l e d  by t he  amount  o f  H+ and OH~ i n s o l u t i o n ,  t h e s e  

i o n s  are c o n s i d e r e d  t o  be t h e  p o t e n t i a l  d e t e r m i n i n g  i ons  

( P D I ' s ) .

Dav i s  and o t h e r s  (1978)  s t a t e  t h a t ,  i n  a d d i t i o n  t o  t he  

r e a c t i o n s  i n v o l v i n g  p r o t o n s  and h y d r o x i d e  i o n s ,  t h e r e  can be

S-OH 2  T— 

( l o w  pH)

S-0H° + H+ ^ S- 0 "  + H+

( h i g h  pH)

[ S - 0 H 2+ ]  = [ S - 0 " ]
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c o m p l e x a t i o n  r e a c t i o n s ;  t he  word " c o m p l e x a t i o n "  i n  t h i s  

c o n t e x t  does not  i m p l y  any p a r t i c u l a r  t y p e  o f  b o n d i n g .  In 

t h e s e  c o m p l e x a t i o n  r e a c t i o n s ,  c o u n t e r i o n s  are ab l e  t o  

i n t e r a c t  d i r e c t l y  w i t h  t h e  s u r f a c e  and adsor b  t o  n e u t r a l i z e  

s p e c i f i c  s i t e s .  The f o r m a t i o n  o f  s u r f a c e  compl exes 

r e a d j u s t s  t h e  a c i d - b a s e  e q u i l i b r i a  and a f f e c t s  t h e  p r o t o n  

ba l a n c e  ( Dav i s  and o t h e r s ,  1978) .

Uptake o f  c a t i o n s  by o x i des  and h y d r o x i d e s  i s  s t r o n g l y  

pH d e p e n d e n t . In t h e  case o f  n o n s p e c i f i c  a d s o r p t i o n ,  t h e r e  

i s  e s s e n t i a l l y  no c a t i o n  a d s o r p t i o n  ( o t h e r  t han  H+ ) at  l ow 

pH' s  ( p o s i t i v e  s u r f a c e  charge ) b u t , at  h i gh  pH' s  w i t h  

e x t e n s i v e  i o n i z a t i o n  o f  s u r f a c e  f u n c t i o n a l  groups and an 

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

are s t r o n g l y  a d s o r b e d . For  most  monova l en t  c a t i o n s  ( e x c e p t  

H+ ) ,  a d s o r p t i o n  i s  u s u a l l y  n o n s p e c i f i c  ( b o n d i n g  by 

e l e c t r o s t a t i c  f o r c e ) ( K i n n i b u r g h  and J a c k s o n ,  1981) .  In t he  

case o f  d i v a l e n t  c a t i o n s ,  s p e c i f i c  a d s o r p t i o n  can o c c u r , 

p a r t i c u l a r l y  at  t r a c e  c a t i o n  c o n c e n t r a t i o n s .  D i f f e r e n t  

s u b s t r a t e s  have d i f f e r e n t  a f f i n i t i e s  f o r  such c a t i o n s .

There i s  a nar r ow pH r e g i o n ,  known as t he  a d s o r p t i o n  

edge,  i n  whi ch t he  t r a n s i t i o n  f r om e s s e n t i a l l y  no a d s o r p t i o n  

t o  e s s e n t i a l l y  comp l e t e  a d s o r p t i o n  (>99%) t a k e s  p l ac e  (James 

and He a l y ,  19 7 2b;  K i n n i b u r g h  and J a c k s o n , 19 81) .  Th i s  pH 

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



T - 3 0 5 7 16

i o n ,  i t s  c o n c e n t r a t i o n ,  and t o  a l e s s e r  e x t e n t  on t he  

p a r t i c u l a r  s u b s t r a t e .  The r a p i d  i n c r e a s e  i n  p e r c e n t  metal  

up t ake  i s  accompani ed by a net  r e l e a s e  o f  H+ ( o r  a net  

up t ake  o f  0H“ ) (James and MacNaught on, 1977 ; K i n n i  burgh and 

J a c k s o n ,  1981) .  I t  shou l d  be kep t  i n  mind t h a t  t hese  p r o t o n  

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

( K i n n i b u r g h  and J ac k s o n ,  19 81 ) .  I t  i s  not  c l e a r  i f  t he  

p r o t o n s  r e l e a s e d  come f rom i on  exchange r e a c t i o n s  w i t h  

s u r f a c e  OH groups or  f rom t he  p r e f e r e n t i a l  a d s o r p t i o n  o f  

hyd r oxo  comp l exes ,  or  b o t h .

DISCUSSION OF SORPTION.MODELS

Many r e s e a r c h e r s  have endeavored t o  model  and p r e d i c t  

t h e  b e h a v i o r  o f  me t a l s  i n  s o i l  and ground w a t e r  sys t ems .

The numerous mode l i n g  approaches  can be s e p a r a t e d  i n t o  t h r e e  

g e ne r a l  c a t e g o r i e s :  (1 )  A d s o r p t i o n  i s o t h e r m  e q u a t i o n s

( P o s s e ! t  and o t h e r s , 1968;  S o l d a t i ni  and o t h e r s ,  1976 ; 

R i f f a l d i  and o t h e r s ,  19 76 ; Garc i  a-Mi  r agaya and Page,  1976 ; 

Harmsen,  1979) ;  ( 2 )  Mass a c t i o n  models ( K r i s h n a mo o r t h y  and 

O v e r s t r e e t ,  1949 , 1950 ; O a r r e l s  and C h r i s t ,  1965 ; T r u e s d e l l  

and C h r i s t ,  1968;  B i t t e l  and M i l l e r ,  1974;  Maes and o t h e r s ,  

197 5 ; Langmui  r , 1 9 81 ) ;  and (3)  Double l a y e r  and s u r f a c e  

c o m p l e x a t i o n  models ( Menzel  and J a c k s o n ,  1950;  Dugger  and
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o t h e r s , 1964 ; James and He a l y ,  1972a,  1972b;  Huang and 

Stumm, 1973;  S t e g e r ,  1973;  H i l d e b r a n d  and Blum,  1974;  Yates 

and o t h e r s ,  1974;  James and o t h e r s ,  1975;  S c h i n d l e r  and 

o t h e r s ,  1976;  Hohl  and Stumm, 1976;  Bowden and o t h e r s ,  1977;  

Dav i s  and o t h e r s ,  1978;  Davi s  and L e c k i e ,  1979;  James and 

Pa r k s ,  1982;  James and o t h e r s ,  1981;  W e s t a l l , 1980) .  Each 

o f  t hese  c a t e g o r i e s  i s  d i s c u s s e d  i n  f o l l o w i n g  s e c t i o n s  and 

examples o f  some o f  t he  models are g i v e n .

A d s o r p t i o n  I s o t h e r m Eq ua t i on s

Sever a l  t h e o r e t i c a l  and e m p i r i c a l  ma t h e ma t i c a l  

e q u a t i o n s  have been f o r m u l a t e d  t o  d e s c r i b e  a d s o r p t i o n  

d e n s i t y .  A d s o r p t i o n  d e n s i t y  i s  d e f i n e d  as t he  number o f  

moles o f  a d s o r b a t e  C adsorbed per  u n i t  mass o f  a d s o r b e n t .

Two o f  t h e  a d s o r p t i o n  i s o t h e r m  e q u a t i o n s  are d i s c u s s e d  

be l ow.

The Langmui r  i s o t h e r m  was o r i g i n a l l y  deve l oped  t o  

d e s c r i b e  gas mo l e c u l e  a d s o r p t i o n  by t u n g s t e n  at  h i gh  

t e m p e r a t u r e s  w i t h  o n l y  one t y pe  o f  a d s o r p t i o n  s i t e  and a 

s i n g l e  a d s o r p t i o n  ener gy  p o t e n t i a l .  I t  has s i n c e  been 

a p p l i e d  t o  a d s o r p t i o n  f rom s o l u t i o n .  Sever a l  assumpt i ons  

are i n h e r e n t  i n  t he  Langmui r  i s o t h e r m :  (1)  t he  ener gy  o f

a d s o r p t i o n  must  be c o n s t a n t  and i nd ep e n de n t  o f  s u r f a c e  

c o v e r a g e ;  ( 2 ) a d s o r p t i o n  t a k e s  p l a c e  on l o c a l i z e d  s i t e s ;  and
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( 3 )  t o t a l  a d s o r p t i o n  i s  l i m i t e d  t o  a mono l aye r  coverage o f  

t he  s u r f a c e .  The Langmui r  i s o t h e r m  can be ex p r essed  as:

where X i s  t he  amount  o f  s o r b a t e  adsorbed by a g i v e n  mass of  

s o r b e n t  ( m i c r o g r a m s / g r a m ) , C i s  t he  e q u i l i b r i u m  

c o n c e n t r a t i o n  o f  s o r b a t e  i n  s o l u t i o n  ( m i c r o g r a m s / l i t e r ) ,  Xm 

i s  t h e  a d s o r p t i o n  maximum at  mono l aye r  cover age 

(mi c r o g r a m s / g r a m ) , and b i s  an e m p i r i c a l  c o n s t a n t  r e l a t e d  t o  

t he  f r e e  energy  o f  a d s o r p t i o n .  The i s o t h e r m  e q u a t i o n  can be 

l i n e a r i z e d ,  by f i r s t  i n v e r t i n g ,  t o  g i v e :

f o r  g r a p h i c a l  e v a l u a t i o n  o f  t he  c o n s t a n t s  Xm and b . 

The F r e u n d ! i c h  i s o t h e r m  may be w r i t t e n :

X = KC1/n

where X and C are as d e f i n e d  above,  and K and 1/n are 

p o s i t i v e  e m p i r i c a l  c o n s t a n t s  ( n >1.0 i n  most  c a s e s ) .  Log 

t r a n s f o r m a t i o n  o f  t he  e q u a t i o n  a l l o w s  e s t i m a t i o n  o f  t he  

c o n s t a n t s  v i a  a l i n e a r  p l o t  o f  e m p i r i c a l  a d s o r p t i o n  d a t a :
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l og  X = l og  K + 1/n l og  C

The F r e u n d ! i c h  i s o t h e r m  can d e s c r i b e  ex t r eme cases o f  t he  

Langmui r  i s o t h e r m  where C i s  ve r y  l a r g e  or  ve r y  s m a l l .  At  

l ow c o n c e n t r a t i o n s  o f  C, t h e  F r e u n d ! i c h  e q u a t i o n  does not  

exp r ess  X as a l i n e a r  f u n c t i o n  o f  C t h e r e b y  p r e d i c t i n g  

i n f i n i t e  s u r f a c e  cover age at  i n f i n i t e  c o n c e n t r a t i o n  (Rubi n 

and Me r c e r ,  1981) .  The s i mp l e  Langmui  r  and F r e u n d l i c h  

i s o t h e r m s  are r e s t r i c t e d  i n  use t o  c o n s t a n t  pH c o n d i t i o n s  

when p r o t o n s  compete f o r  a d s o r p t i o n  s i t e s  w i t h  c a t i o n s  or  

a n i o n s .

Mass A c t i o n  Models 

The r e a c t i o n  f o r  homova l en t  i on  exchange i n v o l v i n g  

mo nova l en t  c a t i o n s  may be w r i t t e n  :

A+ ( a q  ) + BX ■ AX + B + ( aq  )

where A+ and B+ are ex c hangeab l e  c a t i o n s ,  and X r e p r e s e n t s  

t he  n e g a t i v e l y  charged s o r b e n t  f r a me wo r k .  Where a 

monov a l en t  and a d i v a l e n t  c a t i o n  are compet i ng  f o r  exchange 

p o s i t i o n s ,  t he  r e a c t i o n  may be w r i t t e n  :
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Ion exchange t ak e s  bot h v a l e nc e  and o t h e r  p r o p e r t i e s  of  

t h e  i n d i v i d u a l  i ons  i n t o  a c c o u n t .  I t  a l l o w s  f o r  t he  

p o s s i b i l i t y  t h a t  one i on  mi gh t  be p r e f e r r e d  ove r  a n o t h e r  due 

t o  s i z e  or  t he  c h a r a c t e r  o f  chemi ca l  bond i ng  ( Oz s v a t h ,

1979 ) .  For  t he  case o f  mo n o v a l e n t - mo n o v a l e n t  exchange,  i on  

exchange may be w r i t t e n  as:

A s p e c i f i c  c o n d i t i o n  o f  i on  exchange i s  Donnan exchange 

( Ke x = l )  whi ch c o n s i d e r s  o n l y  v a l e n c e  e f f e c t s  and r e l a t i v e  

s o l u t i o n  c o n c e n t r a t i o n s  bu t  not  i on  s i z e .  For  t h e  case o f  

m o n o v a l e n t - m o n o v a l e n t  exchange i t  can be exp r essed  as:

where [ A n + ]  and [ Bm'1"]  r e p r e s e n t  t he  amounts i n  s o l u t i o n  

( mo l a l  c o n c e n t r a t i o n s )  and (AX) and (BX) are t h e  amounts

K ,  [ B + l  (AX) 
6X [ A +]  (BX)

Kex
IB .;.]. JA_X ) ,  1 - 0

[ A +] (BX)

and f o r  m o n o v a l e n t - d i v a l e n t  exchange:

K
CB+ ] 2  (AX2 )

[ A 2+] ( BX ) 2
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adsorbed (mole f r a c t i o n s ) .

A more gener a l  mass a c t i o n  model  i s  t he  n-power  

exchange f u n c t i o n  o f  Langmui r  ( 1 9 8 1 ) .  Th i s  f u n c t i o n  i s  a 

g ener a l  e m p i r i c a l  model  t o  r e l a t e  a c t i v i t i e s  o f  d i s s o l v e d  

s pec i es  t o  t h e i r  adsorbed mole f r a c t i o n s  and can be 

exp r essed  as:

f o r  t he  r e a c t i o n

where t he  b r a c k e t s  denot e  aqueous molal  a c t i v i t i e s  o f  A and 

B, AX and BX are t he  mole f r a c t i o n s  o f  each s pe c i es  on t he  

s u r f a c e ,  and n i s  a c o n s t a n t .

The n- power  exchange f u n c t i o n  t akes  v a l e n c e ,  s i z e  

e f f e c t s ,  and s p e c i f i c  i n t e r a c t i o n s  i n t o  a c c o u n t . I t  

c o r r e s p on d s  t o  a r e g u l a r  s o l u t i o n  exchange model  ( G a r r e l s  

and C h r i s t ,  1965 ; T r u e s d e l l  and C h r i s t ,  1968) when t he  mole

f r a c t i o n  va l ue  o f  AX or  BX l i e s  between 0. 25 and 0 . 7 5 ,  and

t o  t he  F r e u n d l i c h  i s o t h e r m at  h i g h e r  or  l ower  mole f r a c t i o n

va l ues  (Langmui  r , 1981) .

The l og form of  t he  n-power  exchange f u n c t i o n  can be

Kex
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exp r essed  as:

109 c M = 109 Kex + n 109 ^

such t h a t  a p l o t  o f  l og  ( [ B +] / [ A +] )  ve r sus  l og  (BX/AX)  has a 

s l o p e  o f  n and a y - i  n t e r c e p t  o f  l og  Ke x .

Doubl e L a y e r / S u r f a c e  Comp l e x a t i o n  Models 

Many model s combine doub l e  l a y e r  t h e o r y  (see t he  

E l e c t r i c a l  Double Layer  (EDL) Theory  s e c t i o n  o f  t h i s  t h e s i s )  

w i t h  a v a r i e t y  o f  o t h e r  approaches  f o r  t he  t r e a t m e n t  o f  

a d s o r p t i v e  m o d e l i n g .  For  exampl e ,  t h e  t he r modynami c  

a d s o r p t i o n  model  proposed by James and Heal y  ( 1972a ,  1972b) 

makes use o f  Langmui  r  i s o t h e r m  e q u a t i o n s .  The s u r f a c e  

c o m p l e x a t i o n  model s proposed by Huang and Stumm ( 1 9 7 3 ) ,

Yates and o t h e r s  ( 1 9 7 4 ) ,  Hohl  and Stumm ( 1 9 7 6 ) ,  S c h i n d l e r  

and o t h e r s  ( 1 9 7 6 ) ,  Bowden and o t h e r s  ( 1 9 7 7 ) ,  and Dav i s  and 

o t h e r s  (1978)  a l l  make use o f  mass a c t i o n  e q u a t i o n s .

We s t a l l  and Hohl  ( 1980)  e v a l u a t e d  f i v e  d i f f e r e n t  models f o r  

t h e  ox i d e  s u r f a c e / e l e c t r o l y t e  s o l u t i o n  i n t e r f a c e .  They 

f ound t h a t  e x p e r i m e n t a l  da t a  cou l d  be d e s c r i b e d  e q u a l l y  we l l  

by a l l  o f  t h e  mode l s .  A s u r f a c e  c o m p l e x a t i o n  t y p e  of  

e l e c t r o s t a t i c  a d s o r p t i o n  model  w i l l  be used t o  model  t he  

s o r p t i o n  o f  Cu and Pb on t o  g o e t h i t e  i n  t h i s  s t u d y .
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S u r f a c e  c o m p l e x a t i o n  model s t a k e  i n t o  accoun t  t he  

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

i n  aqueous sys t ems .  These models sugges t  t h a t  t h e r e  i s  

compl ex f o r m a t i o n  between i o n i z e d  s u r f a c e  groups and t he  

a d s o r b a t e . They t a k e  i n t o  accoun t  t he  pH dependence o f  t he  

c o n c e n t r a t i o n  o f  t h e s e  s u r f a c e  f u n c t i o n a l  groups (see t he  

S u r f a c e  Charge Mechani sms,  F i xed  Su r f a c e  P o t e n t i a l  s e c t i o n  

o f  t h i s  t h e s i s ) .

S u r f a c e  c o m p l e x a t i o n  models t r e a t  t h e  r e a c t i o n s  between 

s o l u t e s  and s o l i d  s u r f a c e  f u n c t i o n a l  groups as c o o r d i n a t i o n  

r e a c t i o n s  t h a t  obey mass a c t i o n  e q u a t i o n s  and mass ba l ance  

e q u a t i o n s .  Hence, t he  con c ep t s  and ma t hemat i cs  o f  

c o m p l e x a t i o n  p r ocesses  become a p p l i c a b l e  t o  a d s o r p t i o n .  The 

ma j o r  p r ob l em w i t h  t h i s  t r e a t m e n t  i s  t h a t  s u r f a c e  

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

between t he  a d s o r b a t e s  and t he  charged s u r f a c e  such t h a t  t he  

t o t a l  f r e e  ener gy  o f  a d s o r p t i o n  must  be s e p a r a t e d  i n t o  a 

p u r e l y  chemi ca l  t e r m and an e l e c t r o s t a t i c  t e r m .  The v a r i o u s  

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

t h i s  e l e c t r o s t a t i c  t e r m .  A l s o ,  t hes e  models d i f f e r  i n  t h e i r  

d e s c r i p t i o n  o f  t he  s u r f a c e / s o l u t i o n  i n t e r f a c e  ( M o r e l , 1983) .

The s u r f a c e  c o m p l e x a t i o n  s i t e - b i n d i n g  model  ( o r  t r i p l e  

l a y e r  model  ) i n t r o d u c e d  by Yates and o t h e r s  ( 1974)  and 

a p p l i e d  by Dav i s  and o t h e r s  (1978)  i s  t he  model  used i n  t h i s
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t h e s i s .  I t  assumes t he  EDL t o  c o n s i s t  o f  two c o n s t a n t  

c a p a c i t a n c e  l a y e r s  and an o u t e r  d i f f u s e  l a y e r  (see F i g u r e  

3 ) .  P r o t o ns  are assumed t o  b i nd  d i r e c t l y  t o  s u r f a c e  

o x i d e s .  They c o n t r i b u t e  t o  t he  s u r f a c e  c h a r g e ,  o Q9 and 

e x p e r i e n c e  t h e  s u r f a c e  p o t e n t i a l ,  * 0 .

The second l a y e r ,  t h e  i n n e r  H e l mh o l t z  p l ane  ( IMP) or  

" 3 " l a y e r ,  i s  t he  mean p l ane  o f  s p e c i f i c a l l y  adsorbed 

c o u n t e r i o n s .  The I HP i s  s e p a r a t e d  f r om t he  s u r f a c e  by a 

r e g i o n  o f  c a p a c i t a n c e  0% ( F / m ^ ) .  The i ons  i n  t h i s  second 

l a y e r  b i nd  p a i r w i s e  w i t h  o p p o s i t e l y  charged s u r f a c e  groups 

by both s p e c i f i c  chemi ca l  bond i ng  and e l e c t r o s t a t i c  

b o n d i n g .  These i ons  c o n t r i b u t e  t o  t he  char ge  og and 

e x p e r i e n c e  t he  p o t e n t i a l  ipg. The o u t e r  He l mh o l t z  p l ane 

(OHP) or  " d"  l a y e r  i s  t he  c l o s e s t  t h a t  a n o n - s p e c i f i c a l l y  

sor bed i on  can come t o  t he  s u r f a c e .  These i ons  are

s e p a r a t e d  f rom t he  s u r f a c e  by at  l e a s t  one wa t e r  m o l e c u l e .

The IHP i s  s e p a r a t e d  f rom t he  OHP by a r e g i o n  o f  c a p a c i t a n c e  

Cg. The p o t e n t i a l  a t  t he  OHP i s  ^  w i t h  a c o r r e s p o n d i n g

d i f f u s e  l a y e r  c h a r g e ,  .

E q u i l i b r i u m  mass ba l ance  r e a c t i o n s  whi ch c o n t r i b u t e  t o  

s u r f a c e  char ge  t h r o u g h  t he  up t ake  o f  p o t e n t i a l  d e t e r m i n i n g  

i ons  and t h e i r  c o r r e s p o n d i n g  e q u i l i b r i u m  c o n s t a n t s  f o r  t he  

f o r m a t i o n  o f  s u r f a c e  s pe c i e s  are as f o l l o w s :
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C 0 O g  Od

SOLID

DIFFUSE
LAYER
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OH” NOi

F i g u r e  3: Schemat i c  r e p r e s e n t a t i o n  o f  an i d e a l i z e d  p l a n a r
o x i d e - s o l u t i o n  i n t e r f a c e  and t he  charge d i s t r i b u t i o n  and 
p o t e n t i a l  decay away f rom t h a t  s u r f a c e  ( a f t e r  Davi s  and 
o t h e r s , 1978) .  The + and - i ons  r e p r e s e n t  s p e c i f i c a l l y  
adsorbed i o n s .
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K1 n t
+ Î 1  . . . . . . . . + . . m t _  [ S O H ] [ H %

[ s o n t ]
SOHg ;  SOH + Hg K g i  =  z----- -- ( 1 )

1 ( 1  nt

t 2  .  + i n t  [ S O " ] [ H + ]
SOH 4. SO + H% K : ,  = — ------   ( 2)

S [SOH]

where SOH r e p r e s e n t s  a h y d r a t e d  s u r f a c e  s i t e ,  SO" and SOHg 

are i o n i z e d  s u r f a c e  s i t e s ,  H^ i s  a s u r f a c e  p r o t o n , and t he  

Kl n t ' s  are i n t r i n s i c  a c i d i t y  c o n s t a n t s  d e t e r m i n e d  at  zero 

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

e l e c t r o s t a t i c  f i e l d  e f f e c t s .

The c o n c e n t r a t i o n  o f  i ons  a t  some l o c a t i o n ,  i ,  i n  t he  

EDL i s  r e l a t e d  t o  t h e  b u l k  s o l u t i o n  c o n c e n t r a t i o n  by a 

Bo l t zmann d i s t r i b u t i o n  f u n c t i o n  (James and o t h e r s ,  1978) .

[ C+ ] i  = [C+ ] b u l k  e x p ( - z e V k T > ( 3 )

where k i s  t he  Bol t zmann c o n s t a n t ,  T t he  t e m p e r a t u r e  ( K ) ,  e 

t he  e l e c t r o n i c  c h a r g e , z t he  cha r ge  on t he  i o n ,  and t he  

mean p o t e n t i a l .  Wi t h t h i s  i n  mi nd ,  t he  e q u i l i b r i u m  

c o n s t a n t s  i n  e q u a t i o n s  1  and 2  can be w r i t t e n  as:

Ki n t = [ S 0 H ] [ H + ]  e x p ( - e V kT) (4)
3 1 r  c n u 1
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Ki n t = [ S Q - ] [ H + ]  e x p ( - e * 0 / k T )  (5)
8 2  [ S O H ]

De s p i t e  t he  h i gh  s u r f a c e  char ge  measured on o x i d e s ,  

s t u d i e s  i n d i c a t e  t h a t  t he  d i f f u s e  l a y e r  c h a r g e , ad , sel dom 

exceeds 20% o f  t he  s u r f a c e  c h a r g e , o Q ( Ya t es  and o t h e r s ,  

1974) .  Th i s  d i f f e r e n c e  i n  charge must  be ba l anced  by t he  

a d s o r p t i o n  o f  c o u n t e r i o n s  i n  t he  IHP.  To account  f o r  

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

(1974)  pr oposed t he  f o r m a t i o n  o f  " i o n  p a i r s "  or  " s u r f a c e  

comp l exes "  ( n e i t h e r  t e r m i s  i n t e n d e d  t o  i mp l y  any p a r t i c u l a r  

t y p e  o f  b o n d i n g ) .  These s u r f a c e  c o m p l e x a t i o n  r e a c t i o n s  can 

be w r i t t e n  as f o l l o w s :

K1 n t  
c a t i  on

SO” + C j  t S 0 ' C + ( 6 )

Ki n t  
ani  on

S OH *  + A *  t S 0 H * A "  ( 7 )

where t he  s u b s c r i p t  s denot es  an i on  ve r y  near  t he  s u r f a c e , 

A" i s  an a n i o n ,  C+ i s  a c a t i o n ,  and t h e  Ki n t , s are i n t r i n s i c  

c o m p l e x a t i o n  c o n s t a n t s .  The c o n c e n t r a t i o n s  o f  t he se  s u r f a c e  

compl exes are :
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[ S O - C  + ]  = ^ c a t i o n  CS 0 * H C + ]  e x p ( - e '<'g/ k T )  ( 8 )

[ S 0 H + A - ]  = K’ ^ on [ S 0 H + ] [ A " ]  e x p (+e, | ' 6 / k T )  ( 9 )

where i s  t he  mean p o t e n t i a l  at  t h e  p l ane  o f  s p e c i f i c a l l y  

adsorbed c o u n t e r i o n s .  I t  i s  u s e f u l  t o  w r i t e  t he  r e a c t i o n s  

as s u r f a c e  c o m p l e x a t i o n  r e a c t i o n s  w i t h  unchar ged s u r f a c e  

s i t e s :

V nt
c a t i  on

SOH + C*  Î  S 0 " C + + Hg ( 1 0 )

1 / * Ki n t  
'  an i on

SOH + + A '  i SOH+A" ( 1 1 )

In t h i s  way t he  c o n s t a n t s  may be w r i t t e n  as

%  i n t  _ . i n t  . i n t  M
c a t i o n  "  Ka 2  Kc a t i o n
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v i n t
* K i n t  -  , a l  / i o\

an i on  " TTnt  [ L 6 )
ani  on

The mass l aw q u o t i e n t s  i n  Eqs.  1,  2,  6 , 7,  10,  and 11 

can o n l y  be c o n s i d e r e d  as t he r modynami c  e q u i l i b r i u m  

c o n s t a n t s  i f  t he  e q u i l i b r i a  are exp r essed  as s u r f a c e  

a c t i v i t i e s .  Ac t u a l  s u r f a c e  a c t i v i t i e s  cannot  be d i r e c t l y  

d e t e r m i n e d .  However ,  a p p a r e n t  s t a b i l i t y  q u o t i e n t s  (Q) can 

be computed u s i n g  s o l u t i o n  c o n c e n t r a t i o n s .  The q u o t i e n t s  

w i l l  not  be c o n s t a n t  ( i . e .  t h e y  w i l l  va r y  w i t h  pH and i o n i c  

s t r e n g t h ) .  By use o f  p o t e n t i omet  r i c a c i d / b a s e  t i t r a t i o n  

d a t a ,  i n t r i n s i c  a c i d i t y  c o n s t a n t s  can be d e t e r m i n e d  f rom 

a p p a r e n t . s t a b i l i t y  q u o t i e n t s  e x t r a p o l a t e d  t o  zer o  charge and 

zer o  i o n i c  s t r e n g t h .  E x t r a p o l a t i o n  t o  zero char ge  and 1 . 0  M 

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

c o n s t a n t s  (James and o t h e r s ,  1978) .  Th i s  e x t r a p o l a t i o n  

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

t h e s i s .

The e q u a t i o n s  f o r  s u r f a c e  c h a r g e ,  a Q, and char ge  i n  t he  

mean p l ane  o f  s p e c i f i c a l l y  adsorbed i o n s ,  a^,  can be 

e x p r es s e d  as :

a0  = B ( [ S0H+]  + I  [SOH+A?- ]  -  [ SO* ]  -  £ [ S 0 * C ^ +] )  ( 14 )
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a = B ( I  [ S O ' c f ]  -  I  [ S O H Î A 1? - ]  ) ( 15 )
j  J i ^ 1

where a 0  and ag are i n  t e r ms o f  y C / c mS b r a c k e t e d  s u r f a c e  

s p e c i e s  are i n  m o l / 1 , m+ and n “  are t he  char ge  o f  t he  sor bed 

c a t i o n  and a n i o n ,  and B i s  a f a c t o r  t o  c o n v e r t  f r om mol / 1 t o  

uC/cm^ (B = 10^ F / A r e a ,  where F i s  t he  Faraday c o n s t a n t  

( 9 6 , 5 0 0  C / m o l ) ,  and Area i s  t he  s u r f a c e  area o f  t he  s o r b e n t  

m a t e r i a l  i n  cm^/1 ) .  E l e c t r o n e u t r a l i t y  w i t h i n  t he  doub l e  

l a y e r  r e q u i r e s  t h a t  :

°o + aB + °d = 0  ( 16)

The s u r f a c e  s p e c i e s  are d i s t r i b u t e d  among t h e  t o t a l  

number o f  s i t e s  a v a i l a b l e  ( ex p r e s s e d  as s u r f a c e  s i t e  

d e n s i t y ,  Ns (pC/ cm2 ) ) .  The s u r f a c e  mass ba l a nc e  r e q u i r e s  

t h a t  :

N s = B ( [ S 0 H + ]  +  I  [ S O H + A ? - ]  +  [ S O H ]  +  [ S O * ]  +  I  [ S 0 * C ^ + ] ) ( 1 7 )

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

The s i t e - b i n d i n g  s u r f a c e  c o m p l e x a t i o n  model  has been 

i n c o r p o r a t e d  i n t o  t he  w a t e r  e q u i l i b r i u m  comput er  program 

MINEQL ( W e s t a l l  and o t h e r s ,  1976) .  Wi th t h i s  m o d i f i e d  

comput e r  p r ogr am,  t he  c o n c e n t r a t i o n  o f  s u r f a c e  s p e c i es  can 

be c a l c u l a t e d  f r om s o l u t i o n  c o n c e n t r a t i o n s  by use o f  t he  

f o l l o w i n g  e q u a t i o n s :

[ S OH p+ i  _ [ S 0 H ] [ H +]  e x p ( " e V kT)
j  -  i

2  nt
a 1

(18)

[SO- ] =
[SOH] e x p ( e V kT)

(19)

* Ki n t  
[ S 0 ' C  + ]  ca-t-1on

[ S 0 H ] [ C + ]  exp ( e * 0-  e » g/ k T )
( 2 0 )

[SOHpA*]  -  [ S0H] [ H+ ] [ A  ] --------
^ *  J ( 2 1 )

V"*ani  on

In o r d e r  t o  a c c o mp l i s h  t he  c a l c u l a t i o n  o f  s u r f a c e  s p e c i e s .
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i t  i s  nec es s a r y  t o  have known va l ues  f o r  s u r f a c e  a r e a ,  Ns ,

C^ , Cg, and t he  i n t r i n s i c  a c i d i t y  and c o m p l e x a t i o n  

c o n s t a n t s .  The t er ms e x p ( - e ^ 0 / k T ) , e x p ( - e ^ ^ / k T ) , and [SOH] 

are t r e a t e d  as i n d e p e nd e n t  v a r i a b l e s .  The t o t a l  number o f  

s u r f a c e  s i t e s  are d i s t r i b u t e d  among a l l  t he  s u r f a c e  s pe c i e s  

such t h a t  Eqs.  1,  2,  10,  11,  and 17 are s a t i s f i e d .  In 

a d d i t i o n ,  t he  charge ba l ance  ( Eq. 16) mus t -be  s a t i s f i e d  

where oQ and are d e f i n e d  by Eqs.  14 and 15.  F i n a l l y ,  t he  

c h a r g e - p o t e n t i a l  r e l a t i o n s h i p s  can be exp r essed  t h r o u g h  t he  

assumpt i on  o f  c o n s t a n t  c a p a c i t a n c e  va l u es  ( C^ and Cg) as 

shown be l ow:

-  CF
( 2 3 )

The char ge  at  t he  d i f f u s e  l a y e r  can be d e r i v e d  f rom Gouy-  

Chapman d i f f u s e  l a y e r  t h e o r y  as:

T  ze
ad = - 1 1 . 7 4  C s i n h ( - ^ )  (24)
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where C i s  t he  bu l k  c o n c e n t r a t i o n  o f  t he  c o u n t e r i o n  i n  t he  

d i f f u s e  l a y e r ,  and z i s  t he  char ge  of  t h a t  c o u n t e r i o n .

The m o d i f i e d  MINEQL program s o l v e s  f o r  t h e s e  pa r amet e r s  

s i m u l t a n e o u s l y  i n  a s e l f - c o n s i s t e n t  manner a l ong  w i t h  

s o l u t i o n  e q u i l i b r i a .  Th i s  program can a l s o  accomodate 

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

done by t he  d e f i n i t i o n  o f  a d d i t i o n a l  s u r f a c e  r e a c t i o n s  and 

i n t r i n s i c  c o n s t a n t s . These a d d i t i o n a l  r e a c t i o n s  have t he  

same f or m o f  i n t r i n s i c  c o n s t a n t  e x p r e s s i o n s  as have been 

p r e v i o u s l y  d e s c r i b e d .  A l l  t h e  r e a c t i o n s  can be r e l a t e d  

t h r o u g h  mass and charge ba l an c e  e q u a t i o n s  (James and o t h e r s ,  

1978) .

Summary

Langmui  r  (1981)  p o i n t s  out  t h a t  each o f  t h e s e  e m p i r i c a l  

a n d / o r  t h e o r e t i c a l  approaches  t o  a d s o r p t i o n  mo de l i n g  has 

some d r a w b a c k s . The i s o t h e r m  and s i mp l e  mass a c t i o n  

appr oaches  are e a s i l y  manageabl e but  are o f t e n  poor  

p r e d i c t o r s  o f  n a t u r a l  b e h a v i o r  owing t o  t h e i r  assumpt i on  o f  

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

exchange e f f e c t s  and o t h e r  p r o p e r t i e s .  At  t he  o t h e r  

e x t r e m e ,  t he  r e c e n t l y  dev e l oped  compos i t e  model s a d e q u a t e l y  

d e s c r i b e  l a b o r a t o r y  s i t u a t i o n s  but  are d i f f i c u l t  t o  a p p l y  t o
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n a t u r a l  systems due t o  t h e i r  c o m p l e x i t y  and numerous 

i nd ependen t  pa r amet e r s  whi ch must  be de t e r mi ned  

e x p e r i m e n t a l l y  or  e s t i m a t e d .

In summary,  t he  s t udy  o f  s o r p t i o n  b e h a v i o r  o f  complex 

n a t u r a l  systems i s  s t i l l  i n  i t s  i n f a n c y .  A l t h o u gh  a v a r i e t y  

o f  t h e o r e t i c a l  and e m p i r i c a l  models have been used t o  

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

n a t u r a l  systems i s  l i m i t e d  or  r e q u i r e s  f u r t h e r  t e s t i n g .

More r e s ea r c h  i s  needed t o  t r y  t o  deve l op  a m i d d l e - o f - t h e -  

road a d s o r p t i o n  model  whi ch can a d e q u a t e l y  d e s c r i b e  s o r p t i o n  

b e h a v i o r  i n  n a t u r a l  systems w h i l e  r e ma i n i n g  s i mp l e  enough t o  

be p r a c t i c a l .

REVIEW OF RELATED ADSORPTION STUDIES

Sever a l  s t u d i e s  have examined t he  a d s o r p t i o n  of  aqueous 

me t a l s  by g o e t h i t e . However ,  on l y  a few r e s e a r c h e r s  have 

s u f f i c i e n t l y  c h a r a c t e r i z e d  t he  g o e t h i t e  f o r  mode l i ng  w i t h  

t he  s u r f a c e  c o m p l e x a t i o n  s i t e - b i n d i n g  model  o f  Yates and 

o t h e r s  (1974)  and Dav i s  and o t h e r s  ( 1 9 7 8 ) .  Onl y t hose  

s t u d i e s  whi ch u t i l i z e d  t he  s u r f a c e  c o m p l e x a t i o n  s i t e - b i n d i n g  

model  t o  e v a l u a t e  t h e i r  e x p e r i m e n t a l  da t a  w i l l  be d i s c u s s e d .

Yates ( 197 5) , and Yates and o t h e r s  ( 1974)  conduc t ed a 

d e t a i l e d  s t ud y  o f  t he  s t r u c t u r e  o f  t he  o x i d e / aq u e o u s



T - 3 0 5 7 35

e l e c t r o l y t e  i n t e r f a c e .  G o e t h i t e  was one o f  t he  ox i des  

s t u d i e d  and KNO3  was t he  backgr ound e l e c t r o l y t e .  Th i s  work

i n t r o d u c e d  t he  s u r f a c e  c o m p l e x a t i o n  s i t e - b i n d i n g  model  and

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

pa r ame t e r s  f o r  t he  use o f  t h i s  model  .

Dav i s  ( 1 9 7 7 ) ,  and Dav i s  and o t h e r s  (1978)  f u r t h e r

deve l oped  t he  s u r f a c e  c o m p l e x a t i o n  s i t e - b i n d i n g  model  and 

i n c o r p o r a t e d  i t  i n t o  a v e r s i o n  o f  t he  chemi ca l  e q u i l i b r i u m  

comput e r  program MINEQL ( West al  1 and o t h e r s ,  1976 ) .  The 

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

c omp l ex i n g  l i g a n d s  on meta l  a d s o r p t i o n  on t o  o x i d e  s u r f a c e s  

were t e s t e d .  T h e i r  f i n d i n g s  show t h a t  n o n - a d s o r b i n g  l i g a n d s  

de c r ease  t r a c e  metal  a d s o r p t i o n  due t o  c o m p e t i t i o n  o f  t he  

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

Ben j ami n  ( 19 7 8 ) ,  and Benj ami n and L e c k i e  (1980 , 1981a , 

1981b)  s t u d i e d  cadmium,  c o p p e r ,  l e a d ,  and z i n c  a d s o r p t i o n  

on t o  amorphous hydrous  i r o n  o x i d e ,  1 e p i d o c r o c i t e , a - q u a r t z ,  

and y - a l u m i n a  ove r  a wi de range o f  a d s o r b a t e  c o n c e n t r a t i o n s ,  

and i n  t he  p r esence o f  compet i ng  m e t a l s .  T h e i r  r e s u l t s  

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

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

e x p e r i m e n t s  sugges t  t h a t  t h e  group o f  s i t e s  wh i ch  b i n ds  a 

met a l  most  s t r o n g l y  i s  o f t e n  d i s t i n c t  f rom t h a t  whi ch b i nds  

a n o t h e r  metal  most  s t r o n g l y .
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B a l i s t r i e r i  ( 1 9 7 7 ) ,  and B a l i s t r i e r i  and Mur ray  ( 1979 ,  

1981,  1982)  i n v e s t i g a t e d  t h e  s u r f a c e  p r o p e r t i e s  o f  g o e t h i t e  

and e v a l u a t e d  t he  e f f e c t  o f  t h e  ma j o r  i ons  o f  seawa t e r  ( H+ , 

Na+ , K+ , Ca^+ , Mg^+ , C l “ , and S O ^ " )  on t he  t i t r a t a b l e  

s u r f a c e  char ge  o f  g o e t h i t e .  They a l s o  examined t h e  c a p a c i t y  

o f  g o e t h i t e  f o r  t he s e  i ons  and d e t e r m i n e d  i n t r i n s i c  

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

w i t h  g o e t h i t e .  In a d d i t i o n ,  t h e  a d s o r p t i o n  o f  cadmium,  

c o p p e r ,  l e a d ,  and z i n c  on t o  g o e t h i t e  f rom NaNOg s o l u t i o n s  

and f rom ma j o r  i on  s eawat e r  was s t u d i e d  t o  d e t e r m i n e  t he  

e f f e c t  o f  t he  ma j o r  i ons  o f  sea wa t e r  on t he  a d s o r p t i o n  

b e h a v i o r  o f  t he s e  t r a c e  m e t a l s .  Magnesium and s u l f a t e  were 

f ound t o  be t he  p r i n c i p a l  seawa t e r  i ons  whi ch i n f l u e n c e  t he  

a d s o r p t i o n  o f  t he s e  t r a c e  m e t a l s .  Ca r b o n a t e ,  ph o s p h a t e ,  and 

s i l i c a t e  were f ound t o  have l i t t l e  or  no e f f e c t  on t he  

a d s o r p t i o n  o f  cadmium and z i n c  on t o  g o e t h i t e  i n  s e a w a t e r .

Hsi  ( 1 9 8 1 ) ,  and Hsi  and Langmui  r ( 1985)  s t u d i e d  u r a n y l  

a d s o r p t i o n  on t o  g o e t h i t e ,  amorphous f e r r i c  o x y h y d r o x i d e , and 

h e m a t i t e .  They emphas i zed t h e  e f f e c t s  o f  c a r b o n a t o  and 

phosphat o  c o m p l e x i n g ,  and c a l c i u m  and magnesium c o m p e t i t i o n  

on a d s o r p t i o n .  T h e i r  r e s u l t s  show t h a t  u r a n y l  c a r b o n a t o  

c o mp l e x i ng  s e v e r e l y  i n h i b i t s  a d s o r p t i o n .  Phosphat o
p -

c o mp l e x i n g  s l i g h t l y  enhances u r a n y l  a d s o r p t i o n ,  and Ca^ or  

Mg^+ ( a t  1 0 ""^ m) does not  a f f e c t  u r a n y l  a d s o r p t i o n .
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T r i  pat  h i ( 1984)  examined u r a n y l  a d s o r p t i o n  on t o  

g o e t h i t e  i n  t h e  p r esence  o f  c a r b o n a t e ,  f l u o r i d e ,  and 

p h o s p h a t e . As was t he  case i n  t he  p r e v i o u s  s t u d y , i t  was 

shown t h a t  u r a n y l  c a r b o n a t o  c omp l ex i ng  r e s u l t s  i n  a 

s u b s t a n t i a l  dec r ease  i n  ur an i um a d s o r p t i o n .  However ,  t he  

f o r m a t i o n  o f  ( UO2 ) 2 CO3 ( OH) 3 " ( t h e  p r e d o mi n a n t  i n o r g a n i c  

u r a n y l  compl ex i n  n a t u r a l  systems open t o  a t m o s p h e r i c  CO2 ) 

i n  s o l u t i o n  d i d  not  s i g n i f i c a n t l y  i n h i b i t  u r an i um 

a d s o r p t i o n .  The p r esence  o f  f l u o r i d e  caused a s l i g h t  

dec r ease  i n  a d s o r p t i o n ,  and phosphat e  r e s u l t e d  i n  a ve r y  

s l i g h t  de c r ease  i n  a d s o r p t i o n .

Sanchez and o t h e r s  (1985)  i n v e s t i g a t e d  t he  a d s o r p t i o n  

o f  p l u t o n i u m  IV and V on t o  g o e t h i t e  at  h i gh  i o n i c  s t r e n g t h s ,  

v a r y i n g  d i s s o l v e d  o r g a n i c  car bon c o n c e n t r a t i o n s ,  and 

e l e v a t e d  d i s s o l v e d  c a r b o n a t e  c o n c e n t r a t i o n s .  They r e p o r t e d  

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

dec r eases  p l u t o n i u m  a d s o r p t i o n  on t o  g o e t h i t e .  They a l s o  

c o n s i d e r e d  t h e  i n t e r a c t i o n  o f  c a r b o n a t e  i ons  w i t h  t he  

g o e t h i t e  s u r f a c e  i n  t h e i r  mode l i ng  c a l c u l a t i o n s .

Most  r e c e n t l y ,  Hayes and L e c k i e  ( 1986 ,  i n  p r e s s )  

ex t ended  t he  s u r f a c e  c o m p l e x a t i o n  s i t e - b i n d i n g  model  t o  

i n c l u d e  i n n e r  spher e  a d s o r p t i o n  o f  metal  s p e c i e s .  They used 

t h e  a d s o r p t i o n  o f  cadmium and l ead  on t o  g o e t h i t e  t o  t e s t  

t h i s  i n n e r  spher e  a d s o r p t i o n  model  f o r  v a r y i n g  i o n i c
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s t r e n g t h s  and c onc l uded  t h a t  t he  assumpt i on  o f  i n n e r  sphere 

a d s o r p t i o n  o f  d i v a l e n t  c a t i o n s  i s  more a p p r o p r i a t e  t han t h a t  

o f  o u t e r  sphere  a d s o r p t i o n .  In a d d i t i o n ,  t h e y  e s t a b l i s h e d  

t h e  r e a c t i o n  s t o i c h i o m e t r y  t h a t  one p r o t o n  i s  r e l e a s e d  per  

l ead  i on  a d s o r b e d .

Th i s  s t ud y  comp l i men t s  t he  above s t u d i e s  i n  s e v e r a l  

ways.  I t  examines a d s o r p t i o n  of  copper  and l ead  on t o  

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

e l e v a t e d  d i s s o l v e d  Ca r b o n a t e .  I n h i b i t o r y  e f f e c t s  o f  

c a r b o n a t o  c omp l ex i ng  on t he  a d s o r p t i o n  p r ocess  have been 

no t ed by s e v e r a l  a u t h o r s  ( H s i ,  1981;  T r i p a t h i ,  1984;  Sanchez 

and o t h e r s ,  19 85 ) ,  but  none have examined copper  and l ead 

sy s t ems .  A l s o ,  a t t e m p t s  were made i n  t h i s  s t u d y  t o  c o r r e c t  

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

c a r b o n a t e  s p e c i es  w i t h  t h e  g o e t h i t e  s u r f a c e .  F u r t h e r m o r e ,  

t h e  i n c l u s i o n  o f  t hes e  c a r b o n a t e  s p e c i e s  i n  model  

c a l c u l a t i o n s  was e v a l u a t e d  and compared w i t h  model  

c a l c u l a t i o n s  made w i t h o u t  t h e s e  s p e c i e s .  F i n a l l y ,  model  

c a l c u l a t i o n s  were pe r f o r med  f o r  both i n n e r  and o u t e r  sphere  

a d s o r p t i o n  o f  metal  i o n s ,  and t he  two approaches  compared.  

Hayes and L e c k i e  ( 1986 ,  i n  p r e s s )  have a l s o  compared t h e s e  

two ap p r o a c he s ,  but  have not  c a r r i e d  t he  compar i sons  t o  

changes i n  meta l  and t o t a l  d i s s o l v e d  c a r b o n a t e  

c o n c e n t r â t ! o n s .
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THERMODYNAMIC DATA FOR COPPER AND LEAD

S t a b i l i t y  da t a  f o r  s e l e c t e d  aquo- comp l exes  and s o l i d s  

o f  copper  and l ead are g i v e n  i n  Tab l es  1 and 2.  Tab l e  3 

l i s t s  t he  f r e e  e n e r g i e s  o f  f o r m a t i o n  used 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 . These v a l u e s  have been i n c o r p o r a t e d  

i n t o  t he  comput e r  program MINEQL ( West al  1 and o t h e r s , 1976)  

f o r  t he  d e t e r m i n a t i o n  o f  s p é c i a t i o n .

In o r d e r  t o  e v a l u a t e  t he  r e l a t i v e  i mp o r t a n c e s  o f  

p r e c i p i t a t i o n  and a d s o r p t i o n ,  i t  i s  necessa r y  t o  d e t e r m i n e  

t he  s o l i d  phases whi ch would p r e c i p i t a t e  under  t he  

c o n d i t i o n s  used i n  t h i s  s t u d y . F i g u r e  4 shows t he  

pr edomi nance areas o f  copper  s p e c i e s  and s o l i d s  as a 

f u n c t i o n  o f  pH and l og  Pqq^ . Th i s  d i ag r am i n d i c a t e s  t h a t  

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

f r om pH 5.7 t o  10 i n  e q u i l i b r i u m  w i t h  a t m o s p h e r i c  COg f o r  a 

t o t a l  copper  c o n c e n t r a t i o n  o f  10“ ^ _M_.

There i s  d i s a g r e e me n t  i n  t he  l i t e r a t u r e  as t o  whi ch 

copper  phase shou l d  p r e c i p i t a t e  f rom s o l u t i o n .  In o r d e r  t o  

ass u r e  t h a t  t e n o r i t e  was t he  s o l i d  phase formed i n  t he  b l ank  

s o r p t i o n  s o l u t i o n s  (no s u b s t r a t e  p r e s e n t ) ,  t he  da r k  

c h o c o l a t e - b r o w n  p r e c i p i t a t e  was f i l t e r e d  and examined by X- 

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

p r e c i p i t a t e  was X - r a y  amor phous . No c a r b o n a t e ,  h y d r o x i d e .
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Tab l e  1: S e l e c t e d  f o r m a t i o n  c o n s t a n t s  f o r  some copper  aquo-
compl  exes and compounds. Val ues o f  l og  K are f o r  t he  
c u m u l a t i v e  f o r m a t i o n  r e a c t i o n s .  R e a c t i o n s  whi ch i n v o l v e  
p r o t o n s  or  h y d r o x i d e  i ons  are w r i t t e n  i n  t h e  p r o t o n  f o r m . 
Complexes or  compounds whi ch c o n t a i n  c a r b o n a t e  are w r i t t e n  
as c u m u l a t i v e  f o r m a t i o n  r e a c t i o n s  u s i n g  COg^” .

\queous Spec i es Log K Source and Remarks

Cu2+ — — — A G ° f =15. 67 k c a l / m o l  
(CODATA, 1977)

CuOH+ - 7 . 9 3 Baes and Mesmer (1981)
( f o r  Cu2+ + HgO = CuOH+ + H+ )

Cu( OH) 2 ° - 1 5 . 3 Smi th and Ma r t e l  1 ( 1976 ) 
( c o r r e c t e d  f rom 1 = 1  t o  
(Langmui  r , Ï 9 8 4 ) )

Cu( OH) 3' - 2 7 . 5 Smi th and M a r t e l !  ( 1976)
Cu ( 0 H) 4 2- - 3 9 . 6 Smi th and M a r t e l !  ( 1976)
Cu2 ( 0 H.)22+ - 1 0 . 3 Smi th and M a r t e l  1 ( 1976)
CuC03o 6. 82 Byrne and M i l l e r  (1985)
Cu(C03 )'22- 1 0 . 6 Byrne and M i l l e r  ( 1985)
Cu( 0H) 2 CO32-
CuHC03

- 1 3 . 0 Duby (1977)
1 .8 Byrne and M i l l e r  (1985)

( f o r  Cu2+ + HC03“ = CuHCO 3+ >
CuN03+ 0. 50 Smi th and Ma r t e l  1 ( 1976 )
Cu (N03 ) 2° - 0 . 4 0 Smi th and Ma r t e l  1 ( 1976)

m l  i ds
CuCOg 9. 63 Smi th and Ma r t e l  1 ( 1976)
Cu( OH) 2 - 8 . 6 4 Baes and Mesmer (1976)
Cu 2 ( OH) 2 CO3 5. 46 Symes and K e s t e r  (1984)

( m a l a c h i t e )
Cug( 0 H ) 2 (C0 g ) 2 16.61 Naumov and o t h e r s  (1974)

( a z u r i t e )
CuO ( t e n o r i t e ) - 8 . 3 Bar t on  and Bet hke (1960)

( f o r  Cu^+ + H2 O = CuO + 2H+ )
CugO ( c u p r i t e ) 7 . 02 Robie and o t h e r s  (1978)
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Ta b l e  2:  S e l e c t e d  f o r m a t i o n  c o n s t a n t s  f o r  some l ead  aquo-
compl  exes and compounds. Va l ues  o f  l og  K are f o r  t he  
c u m u l a t i v e  f o r m a t i o n  r e a c t i o n s .  R e a c t i o n s  whi ch i n v o l v e  
p r o t o n s  or  h y d r o x i d e  i ons  ar e  w r i t t e n  i n  t he  p r o t o n  f o r m . 
Complexes or  compounds whi ch c o n t a i n  c a r b o n a t e  ar e  w r i t t e n  
as c u m u l a t i v e  f o r m a t i o n  r e a c t i o n s  us i n g  COg^- .

Aqueous Spec i es Log K Source and Remarks

Pb 2 +

PbOH 
( f o r  Pb^+ 

Pb( OH) 2 °
Pb( OH) 3”
Pb2 0H3+
Pb3 ( 0 H ) 4 2+
Pb4 ( 0 H ) 44+
P b 6 ( 0 H ) 8 4 +
PbC03o
Pb(C03 ) 22-

A G ° f = - 5 . 8 3  k c a l / m o l  ( R i c k a r d  
and N r i a g u ,  1978)

+ HoO =
- 7 . 7 1 Baes and Mesmer (1981)

PbOH+ + H+ )
- 1 7 . 1 2 Baes and Mesmer (1981)
- 2 8 . 0 6 Baes and Mesmer (1976)

- 6 . 3 6 Baes and Mesmer ( 1976)
- 2 3 . 8 8 Baes and Mesmer (1976)
- 2 0 . 8 8 Baes and Mesmer (1976)
- 4 3 . 6 1 Baes and Mesme r ( 1976)

6 . 4 B i l i n s k i and Stumm (1973)
9 . 7 Det e r mi ned t h r o u g h  c e r u s s i t e  

( u s i n g  PbCOg^s j+COg2-  
=Pb ( C0g ) 22“ l og  K = - 3 .10 
f rom B i l i n s k i  and S c h i n d l e r  
( 1982) )  Langmui  r ( 1984)

2 . 90  Es t i ma t e d  by Zi  r i  no and
( f o r  Pb2+ + HC03 ‘  = PbHC03+ ) Yamamoto (1972)

1. 17 Smi th and M a r t e l !  ( 1976)
1. 40 Smi th and Ma r t e l  1 ( 1976)

PbHCO

Pb NO
Pb( NOg) 2°

Tab l e  2 i s  c o n t i n u e d  on t h e  nex t  pa g e .
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Tab l e  2: C o n t i n u e d .

S o l i d s Log < Source and Remarks

PbCOg ( c e r u s s i t e )  
Pbg( OH) 2 ( COg) 2  

( h y d r o c e r u s s  i t e )

a-PbO
( l i t h a r g e ,  red)  

$ -  P b 0 2  

( p l a t t n e r i t e )  
PbgO^ ( mi n i um)

12.80
19. 14

- 1 2 . 6 8

Robie and o t h e r s  (1978)
B i l i n s k i  and S c h i n d l e r  (1982)  

( c o r r e c t e d  f rom 1 =0 . 1  t o  1 = 0  

( Langmui  r  , 1984) )
Robie and o t h e r s  (1978)

49 . 31  R i c k a r d  and Nr i agu  (1978)

73 . 71 Robie and o t h e r s  (1978)
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Tab l e  3:  Free e n e r g i e s  o f  f o r m a t i o n  used i n  t he  c a l c u l a t i o n
o f  e q u i l i b r i u m  c o n s t a n t s .

Speci  es AG°f  ( k c a l / m o l ) Source

H2 0 ( 1 ) - 5 6 . 6 8 7  CODATA (1976)

OH" - 3 7 . 6 0 4  CODATA (1976)

C02 ( g ) - 9 4 . 2 5 4  CODATA (1976)

COg^" - 1 2 6 . 1 7  Wagman and o t h e r s  (1968)

HC0 3 " - 1 4 0 . 2 6  Wagman and o t h e r s  ( 1968)

H2 COg° - 1 4 8 . 9 4  Wagman and o t h e r s  (1968)

NOg" - 2 6 . 6 4  Wagman and o t h e r s  (1968)
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CuHCO
2 -

Cu (CO3)2

CM
OU Malachite* \2+CL

- 3

Tenorite
-4

pH

F i g u r e  4:  Predomi nance d i agr am f o r  t he  Cu^^-NgO-COg system 
at  I =0 and 25°C as a f u n c t i o n  o f  pH and l og Pqq .
Sol  i d / a q u e o u s  bounda r i e s  are drawn f o r  t o t a l  aqueous metal  
a c t i v i t i e s  o f  1 0 ' 4  ( s o l i d  l i n e s )  and 1 0 " 6  (dashed l i n e s ) .  
The ar row denot es  a t mos p h e r i c  COg.
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or  n i t r a t e  were d e t e c t e d  by i n f r a r e d  s p e c t r o p h o t o m e t r y .  

E v i d e n t l y ,  t h e  p r e c i p i t a t e  i s  an amorphous f orm o f  t e n o r i t e .

The s o l u b i l i t y  o f  t e n o r i t e  has been examined by s e v e r a l  

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

d a t a .  F e i t k n e c h t  and S c h i n d l e r  ( 1963)  and S c h i n d l e r  (1967)  

showed t h a t  CuO s o l u b i l i t y  i s  dependent  upon i t s  c r y s t a l  

s t r u c t u r e  and p a r t i c l e  s i z e .  S c h i n d l e r  and o t h e r s  (1965)  

d e r i v e d  e x p r e s s i o n s  f o r  t h e  s o l u b i l i t y  o f  CuO i n  0 . 2  _M_

NaCl O4  a t  25°C as a f u n c t i o n  o f  s u r f a c e  a r e a . Ba r t o n  and 

Bethke (1960)  r e p o r t e d  a l og  K f o r m a t i o n  c o n s t a n t  va l u e  o f  

- 8 . 3 ,  a p p a r e n t l y  f o r  p o o r l y - c r y s t a l l i n e  CuO. The l og  K o f  

- 7 . 3 4  r e p o r t e d  by Robie and o t h e r s  (1978)  i s  p r esumab l y  f o r  

w e l l - c r y s t a l l i z e d  CuO. The va l ue  o f  Ba r t on  and Bethke 

(1960)  was used f o r  a d s o r p t i o n  c a l c u l a t i o n s  w i t h  t he  

comput e r  program MINEQL ( W e s t a l l  and o t h e r s ,  1976)  because 

i t  i s  most  a p p l i c a b l e  t o  t he  amorphous CuO enc o un t e r e d  i n  

t h i s  s t u d y .

F i g u r e  5 g i v e s  t h e  d i s t r i b u t i o n  o f  copper  s pe c i es  under  

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

10 “ 4  _M_, an i o n i c  s t r e n g t h  o f  0.01 _M_ (as KNO3 ) ,  and a 

t e m p e r a t u r e  o f  25°C.  F i g u r e  6  shows t he  d i s t r i b u t i o n  f o r  a 

t o t a l  c a r b o n a t e  car bon c o n c e n t r a t i o n ,  Cy,  o f  10"^  _M_ w i t h  t he  

i o n i c  s t r e n g t h  equal  t o  0 . 01 (as KHCO3 ) .  As seen i n  t hes e  

f i g u r e s ,  t he  Cu^+ i on  domi na t es  up t o  a pH around 7 . 0 .  The



T - 3 0 5 7
46

CM CM

O CM

CM CM

O

X
Q_

£-O4-
3=Q.
4—O s:
C f-Ho o
+J ou itcZ54- _c4->03

3V)03 CZ)cV) oO) •n-•i— -MU •p-CU "OCL cCZÎ ouL_
CU uCL ■•f—CLO cuV .JC
$- too O4- E+-> •
E 03 oCO oi_ t- LOCD <u CMOJ ■a•r— c T3"O 3 C03c Eo cu %■r— +-> z |■M CO3 >>"3--Q co 1•r— O£_ CM rH4-> o II

co o 3»r— 1 OQ o CMCM
ZE »1

LO -+- COCM o
<U 3 z
L. O3
cn CU to•r— -C 03
U_ +J -—'



T - 3 0 5 7 47

U

X
CL

no  |D 4 0 i %  9 |0 |ai

£_
O

4-
z |

zn,
Qu«d-

M— O
O r—4

II
C 3
O O
•r— CM
4->
U «*
C >--N
3 en

4- o
o

ITJ 3=

VI
fO v>

<o
V) -----
o>

•r— z |
U
0) r—4
Cl o
V) •

o
t_ II
eu
Q.
CL
O 5-1
U

CM
£_ 1
O O
4- i—i

II
E h-
<o O
en -C
<o +J
"O 3
c Eo 0)

•I— +->
4-> V )
3

jQ en
t- CM
-M o
en o

1
Q O

CM
3=

•• 1•• 1
VO + OCM O
<U 3 m
t- O  
3

CM
O) <U "O•r- jC c

U -  +-> <o



T - 3 0 5 7 48

n e u t r a l  c a r b o n a t o  s p e c i es  domi na t es  above pH 7 . 0 ,  and 

CufCOgjg^""  domi na t es  t he  s p e c i a t i o n  a t  h i g h e r  pH v a l u e s .

The pH r e g i o n  o f  t he  c a r b o n a t o  s pe c i e s  depends upon C y , w i t h  

h i g h e r  Cy c o n d i t i o n s  r e s u l t i n g  i n  a downward pH p o s i t i o n  

s h i f t .

As seen i n  F i g u r e  7,  t h e  t h e r m o d y n a m i c a l l y  s t a b l e  l ead  

m i n e r a l  f r om pH 6  t o  10 under  a t m o s p h e r i c  c o n d i t i o n s  f o r  a 

t o t a l  l ead c o n c e n t r a t i o n  o f  1 0 "°  ̂ _M_ 1 5  h y d r o c e r u s s  i t e ,

Pbg( OH) 2 ( COg) 2 . F i g u r e s  8  and 9 show t h e  aqueous l ead  

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

C y = 10 ” _M_, ■ r e s p e c t i v e l y .  Under  a t m o s p h e r i c  c o n d i t i o n s ,  Pb^+

p r e d o mi n a t e s  up t o  pH 7.7 above whi ch i t  i s  o v e r t a k e n  by t he  

n e u t r a l  c a r b o n a t o  s p e c i e s ,  PbC0 3 0 . Above pH 9 t he  s p e c i e s  

Pb(COg) 2 ^~ p r e d o m i n a t e s .  These r e l a t i o n s h i p s  are s h i f t e d  t o  

l o w e r  pH' s  at  h i g h e r  Cy c o n c e n t r a t i o n s .

A s o l i d  l ead  h y d r o x i d e  phase was not  c o n s i d e r e d  here 

due t o  t he  q u e s t i o n s  as t o  i t s  e x i s t e n c e .  R i c k a r d  and 

Nr i agu  (1978)  s t a t e  t h a t  t he  p r e c i p i t a t e d  g e l a t i n o u s  s o l i d  

f ormed i n  l ead  s a l t  s o l u t i o n s  t o  whi ch h y d r o x i d e  has been 

added i s  p r o b a b l y  a hyd r a t e d  o x i d e  r a t h e r  t han  l ead 

h y d r o x i d e .



T - 3 0 5 7 49

PbHCO-f

Pb(C03)2
Cerussite

CM
2+

CL
- 2

Hydrocerussite

- 4

2 3 4 5 6 7 8 9 10

pH

F i g u r e  7:  Predomi nance d i ag r am f o r  t he  Pb^^-HgO-COg system 
at  1 = 0  and 25°C as a f u n c t i o n  o f  pH and l o g  Pqq .
S o l i d / a q u e o u s  b o u n d a r i e s  are drawn f o r  t o t a l  aqSeous metal

a c t i v i t i e s  o f  1 0 " ^  m ( s o l i d  l i n e s )  and 1 0 ” ^ m ( dashed 
l i n e s ) .  The a r r ow deno t es  a t m o s p h e r i c  COg*
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LABORATORY PROCEDURES 

REAGENTS AND MATERIALS 

A l l  compounds used i n  t h i s  s t u d y  were o f  ACS Reagent
i

Grade or  b e t t e r .  A l l  s o l u t i o n s  were p r epa r ed  us i ng  d o u b l y -  

d e m i n e r a l i z e d  w a t e r  w i t h  c o n d u c t i v i t y  l e s s  t han  1 . 0  pS/cm at  

25° C. The pH was a d j u s t e d  w i t h  HNO3  ( U l t r e x  b r and)  or  KOH 

( DI LUT- IT b r a n d ) .  A l l  s t a n d a r d  a c i d  and base s o l u t i o n s  were 

a n a l y z ed  f o r  copper  and l ead by a t omi 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  us i ng  g r a p h i t e  f u r n a c e  a t o m i z a t i o n .  The 

base s o l u t i o n s  c o n t a i n e d  l es s  t han  2  p g / 1 , and t he  ac i d  

s o l u t i o n s  l e s s  t han  1  pg / 1  o f  both copper  and l e a d .

Ac i d - washed  p o l y e t h y l e n e  b o t t l e s  were used f o r  s t o r a g e  

o f  s o l u t i o n s .  A l l  g l a s s w a r e ,  g l a s s  pi  p e t s ,  and Eppendor f  

pi  pet  t i p s  were ac i d - washed  b e f o r e  u s e . A s p e c i a l  wash i ng 

p r o c e d u r e  was f o l l o w e d  f o r  t h e  40 ml p o l y c a r b o n a t e  

c e n t r i f u g e  t ubes  and caps used i n  t he  s o r p t i o n  e x p e r i me n t s  

because a smal l  amount  o f  r e s i d u a l  a c i d  can s i g n i f i c a n t l y  

a f f e c t  a d s o r p t i o n  e q u i l i b r i a .  The t ubes  and caps were f i r s t  

washed w i t h  an A l conox  s o l u t i o n  and t e s t  t ube  b r u s h . They 

were t hen r i n s e d  w i t h  d e i o n i z e d  wa t e r  and p l aced  i n  a 1 %

HNO3  bath f o r  2 days .  A f t e r  t he  a c i d  soak t h e y  were r i n s e d  

w i t h  d e i o n i z e d  wa t e r  and p l ac ed  i n  a d i l u t e  A l conox  bath t o
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remove any r e s i d u a l  p r o t o n s  f rom t he  s u r f a c e s . F o l l o w i n g  

a n o t h e r  r i n s e  w i t h  d e i o n i z e d  wa t e r  t he  t ubes  and caps were 

soaked i n d e i o n i z e d  w a t e r  o v e r n i g h t  a f t e r  whi ch t h e y  

under went  a f i n a l  r i n s e  w i t h  d o u b l y - d e m i n e r a l i z e d  w a t e r .

The a n a l y t i c a l  ba l anc e  was c a l i b r a t e d  and f ound t o  be 

a c c u r a t e  t o  ± 0 .0001 grams.  Eppendor f  pi  pe t s  were a c c u r a t e  

t o  ± 1 %. A l l  g l a s s wa r e  and pi  pe t s  were c a l i b r a t e d  and 

found t o  be w i t h i n  t he  g u i d e l i n e s  f o r  Cl ass  A v o l u m e t r i c  

w a r e .

S o l u t i o n s  o f  F i s h e r  S c i e n t i f i c  Company c e r t i f i e d  dr y  

b u f f e r  s a l t s  were used t o  c a l i b r a t e  t h e  pH met e r  t o  pH 6 . 8 6  

± 0 . 02  and pH 4. 01 ± 0 . 02  at  250C. A pH 8 . 00  ± 0 . 02  

Mi c r o E s s e n t i  al  L a b o r a t o r y  pHydr i  on sodium and po t as s i um 

phospha t e  b u f f e r  was used t o  check t h e  c a l i b r a t i o n  cu r ve  at  

h i g h e r  p H ' s .

Removal  o f  COg f r om some r e a ge n t s  and s o r p t i o n  

s o l u t i o n s  was ac c o mp l i s he d  by p u r g i n g  w i t h  COg- f r ee  0 g . The 

COg- f r ee  0g was o b t a i n e d  by b u b b l i n g  0g t h r o u g h  a s e r i e s  o f  

v e s s e l s  c o n t a i n i n g :  ( 1 ) g l a s s  wool  ; ( 2 ) two b o t t l e s  o f

Ca( OH) g - s a t u r a t e d  s o l u t i o n s  w i t h  t he  gas bubb l ed  t h r o u g h  

g l a s s  f r i t s ;  ( 3 )  two b o t t l e s  o f  C 0 g - f r e e  d e m i n e r a l i z e d  

w a t e r ;  and (4)  g l a s s  woo l .



T - 3 0 5 7 54

SYNTHETIC GOETHITE PREPARATION

In o r d e r  t o  o b t a i n  p a r t i c l e s  o f  f a i r l y  u n i f o r m  shape 

and na r r ow s i z e  d i s t r i b u t i o n  f o r  use i n  s o r p t i o n  e x p e r i me n t s  

a s y n t h e t i c  g o e t h i t e  was p r e p a r e d .  The s y n t h e t i c  g o e t h i t e  

(a-FeOOH) p r e p a r a t i o n  method i s  t aken  f rom A t k i n s o n  and 

o t h e r s  ( 1967) .  A 194 ml s o l u t i o n  o f  2 . 5  _N_ KOH was s l o w l y  

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

p r ep a r ed  by d i s s o l v i n g  48 . 48  g o f  Fe(NO^)^ ' 9H^O i n  800 ml o f  

d o u b l y  d e m i n e r a l i z e d  w a t e r .  The f i n a l  pH o f  t h i s  s o l u t i o n  

was a p p r o x i m a t e l y  12.  P o l y e t h y l e n e  b o t t l e s  (1 l i t e r )  were 

used i n  o r d e r  t o  p r e v e n t  s i l i c a  c o n t a m i n a t i o n  f rom g l a s s  

p o s s i b l e  at  such h i gh  p H ' s .  The s o l u t i o n s  were aged f o r  26 

h r s .  i n  a 60°C p r eh e a t e d  oven.  A f t e r  a g i n g ,  t he  suspens i on  

was co o l e d  t o  room t e m p e r a t u r e  and d i a l y z e d  a g a i n s t  

d e m i n e r a l i z e d  w a t e r  u n t i l  NOg" < 10” ^ _M_» as measured by a 

N O g "  s e l e c t i v e  i on  e l e c t r o d e .  The g o e t h i t e  sus p en s i o n  was 

t hen  washed w i t h  d o u b l y  d e m i n e r a l i z e d  wa t e r  and c e n t r i f u g e d  

a t  6 , 500  rpm f o r  30 mi n .  f o l l o w e d  by d e c a n t i n g .  Th i s  

p r ocess  was r e pea t ed  t w i c e  and t he  r e ma i n i n g  p a r t i c l e s  were 

t hen  f r e e z e - d r i e d  and s t o r e d  i n  a p o l y e t h y l e n e  b o t t l e  i n  a 

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

e x p e r i m e n t s .
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SORPTION EXPERIMENTS

Pot ass i um n i t r a t e  was chosen as t he  backgr ound 

e l e c t r o l y t e  f o r  t he  s o r p t i o n  sys t ems .  I o n i c  s t r e n g t h  was 

a d j u s t e d  t o  e i t h e r  0 . 01 M_ or  0 . 1  M_ by t he  a d d i t i o n  o f  

KNOg. F i n a l  pH va l ues  ranged between 5 . 0  and 9 . 0 .  The pH 

was a d j u s t e d  us i n g  0 . 1  jN_ HNOg or  0 . 1  _N_ KOH. Ex pe r i men t s  

were conduc t ed  at  i n i t i a l  t o t a l  copper  c o n c e n t r a t i o n s  o f  

10~^_M_, 10~^_M_, and l O ' ^ ^ l ,  and i n i t i a l  t o t a l  l ead  

c o n c e n t r a t i o n s  o f  10"^  _M_, 10"^  _MU and 10"^ _M_ under  

c o n d i t i o n s  o f  bo t h  a t o t a l  c a r b o n a t e  car bon c o n c e n t r a t i o n ,  

C j ,  o f  near  zer o  and i n  e q u i l i b r i u m  w i t h  t he  a t mospher e .

For  e x p e r i m e n t s  i n  whi ch Cy was near  z e r o ,  t h e  r e a ge n t s  were 

purged o v e r n i g h t  w i t h  CO^ - f r ee  Og and t h e  p r epa r ed  s o r p t i o n  

s o l u t i o n s  were bubb l ed  f o r  15 mi n .  i n  t h e  c e n t r i f u g e  t ubes  

and t hen  t i g h t l y  capped.  A d d i t i o n a l  e x p e r i m e n t s  were 

pe r f o r med  under  h i g h e r  Cy c o n d i t i o n s .  In t he se  cases ,  bot h  

Cy and I were a d j u s t e d  w i t h  KHCOg.

Procedur e  f o r  S o r p t i o n  Ex p e r i me n t s  

Reagents were added t o  40 ml p o l y c a r b o n a t e  c e n t r i f u g e  

t ub es  i n  t h e  sequence;  d o u b l y - d e m i n e r a l i z e d  w a t e r ,  K NOg ,  pH 

a d j u s t m e n t ,  t r a c e  metal  n i t r a t e  s o l u t i o n ,  and f i n a l l y  an 

a l i q u o t  o f  t h e  g o e t h i t e  s u s p e n s i o n .  In t h e  h i g h e r  Cy
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e x p e r i m e n t s ,  t he  KHCOg r e a g e n t  was added j u s t  b e f o r e  t he  

g o e t h i t e  s u s p e n s i o n .  The g o e t h i t e  sus pens i o n  was p r epa r ed  

and u l t r a s o n i c a l l y  d i s p e r s e d  24 h r s .  p r i o r  t o  u s e .

A f t e r  p r e p a r a t i o n  o f  t he  s o r p t i o n  s o l u t i o n s ,  t he  

c e n t r i f u g e  t ubes  were capped and p l aced  i n  a 25°C w a t e r  bat h 

f o r  f o u r  h o u r s . Oc c as i o n a l  s ha k i ng  o f  t he  t ubes  kep t  t he  

g o e t h i t e  i n  s u s p e n s i o n .  The s us p ens i ons  were c e n t r i f u g e d  at

16,000 rpm f o r  20 mi n .  w i t h  an I n t e r n a t i o n a l  Model  B20A 

R e f r i g e r a t e d  C e n t r i f u g e .  F i f t e e n  m i l l i l i t e r  a l i q u o t s  o f  t he  

s u p e r n a t a n t  were removed,  t r a n s f e r r e d  t o  ac i d - washed  

p o l y e t h y l e n e  b o t t l e s ,  and a c i d i f i e d  w i t h  ULTREX n i t r i c  

a c i d .  The pH was measured i n  t h e  r e ma i n i n g  s o l u t i o n  w i t h  an 

Or i o n  g l a s s  c o m b i n a t i o n  e l e c t r o d e  ( no .  91 - 02 )  and an Or i on  

Model  901 Research M i c r o p r o c e s s o r .

T o t a l  d i s s o l v e d  copper  and l ead i n  t he  a c i d i f i e d  

s u p e r n a t a n t  s o l u t i o n s  were d e t e r m i n e d  by a t omi 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  (some s o l u t i o n s  r e q u i r e d  g r a p h i t e  

i n d u c t i o n  f u r n a c e  a t o m i z a t i o n ) .  The s u p e r n a t a n t  s o l u t i o n s  

were an a l y z ed  i n  random sequence t o  e l i m i n a t e  any s y s t e m a t i c  

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

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

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

p o i n t s .  Each da t a  p o i n t  r e p r e s e n t s  i n f o r m a t i o n  f rom a 

s i n g l e  c e n t r i f u g e  t u b e ,  and a group o f  e i g h t  c e n t r i f u g e
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t ub es  were run c o n s e c u t i v e l y .  Each e x p e r i m e n t a l  a d s o r p t i o n  

c u r v e  c o n s i s t s  o f  da t a  c o l l e c t e d  f rom s ev e r a l  d i f f e r e n t  

gr oups  done at  d i f f e r e n t  t i me s  and on d i f f e r e n t  days .

A n a l y t i c a l  E r r o r

The pH measurements were r e p r o d u c i b l e  t o  ± 0 . 05  pH 

u n i t s  f o r  a g i v en  s o r p t i o n  run and ± 0 . 1  pH u n i t s  between 

s o r p t i o n  r u n s .  T h i r t y - f o u r  r a ndo ml y - c ho s en  s u p e r n a t a n t  

s o l u t i o n s  were ana l yzed  i n  d u p l i c a t e  t o  t e s t  t h e  p r e c i s i o n  

o f  t he  a n a l y s e s .  The aver age s t a n d a r d  d e v i a t i o n  f o r  Cu by 

f l ame a t o mi c  a b s o r p t i o n  i s  ± 0 . 018  ppm, and by g r a p h i t e  

f u r n a c e  a t o m i z a t i o n  i s  ± 0 . 66  ppb.  The average s t a n d a r d  

d e v i a t i o n  f o r  Pb by f l ame  a t omi c  a b s o r p t i o n  i s  ± 0 . 010  ppm, 

and by g r a p h i t e  f u r n a c e  a t o m i z a t i o n  i s  ± 2 . 6  ppb.

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

a c c u r a c y  was ach i eved  t h r o u g h  t h e  a n a l y s i s  o f  s t o c k  

s o l u t i o n s  o f  known c o n c e n t r a t i o n s .  At  l e a s t  one s t o c k  

s o l u t i o n  was ana l y z ed  w i t h  each s e p a r a t e  a n a l y t i c a l  group o f  

s o r p t i o n  s o l u t i o n s .  Tab l e  4 g i v e s  t h e  r e s u l t s  o f  t he s e  

a n a l y s e s .
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Tab l e  4:  Accur acy  and p r e c i s i o n  (±)  o f  a n a l y s e s  as
d e t e r m i n e d  by a n a l y s i s  o f  s t o c k  s o l u t i o n s .

St ock  S o l u t i o n  C o n c e n t r a t i o n s
1 0  ppb 

Cu Pb
1 0 0  ppb 

Cu Pb
1 0 0 0  ppb 
Cu Pb

Measured

Val ues

10

12

10

10

10

9

8

11

90

100

100

110

100

110

900

900

1000

800

Mean 10. 50 9 . 50 96.67 106.67 900 900

St andar d
d e v i a t i o n  ± 1 . 0  ± 1 . 3 ± 5 . 8  ± 5 . 8
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PARAMETER DETERMINATIONS 

SORPTION KINETICS

K i n e t i c  s t u d i e s  were pe r f o r med  t o  d e t e r m i n e  t h e  opt imum 

r e a c t i o n  t i me  f o r  copper  and l ead  s o r p t i o n .  A l i q u o t s  were 

t ake n  at  g e o m e t r i c a l l y  i n c r e a s i n g  t i me s  r a n g i n g  f r om 15 mi n .  

t o  one week . The f r e e z e - d r i e d  g o e t h i t e  was h y d r a t e d  at  pH 

6 . 0 ,  24 hours  b e f o r e  u s e . The e x p e r i me n t s  were conduc t ed  i n  

500 ml wide mouth ac i d - was he d  p o l y e t h y l e n e  b o t t l e s .  A 

m i x t u r e  o f  d o u b l y - d e m i n e r a l i z e d  w a t e r ,  KNOg, and metal  was 

p r ep a r ed  i n  each 500 ml b o t t l e  and a d j u s t e d  t o  pH 6 . 0  w i t h  1 

^  KOH. Enough c o n c e n t r a t e d  g o e t h i t e  sus p ens i on  was added t o  

each m i x t u r e  t o  a t t a i n  a f i n a l  sol  c o n c e n t r a t i o n  o f  1  g / 1 . 

The b o t t l e s  were kep t  i n  a 25°C w a t e r  bath  w i t h  c o n t i n u o u s  

s t i r r i n g .  T h r e e - m i l l i l i t e r  a l i q u o t s  were removed at  t he  

s p e c i f i e d  t i me s  us i n g  B-D lOcc s y r i n g e s ,  and f i l t e r e d  

t h r o u g h  Mi 11 i pore  f i l t e r  pods c o n t a i n i n g  ac i d - was he d  and 

s o n i c a t e d  Nuc l epo r e  0 . 2  m i c r o m e t e r  f i l t e r s .  These a l i q u o t s  

were a c i d i f i e d  w i t h  ULTREX n i t r i c  a c i d  and saved f o r  metal  

a n a l y s i s  by a t omi 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 .  G r a p h i t e  

f u r n a c e  a t o m i z a t i o n  was used f o r  1 ow- concen t  r a t  i on samp l es .

The p r o p e r t i e s  o f  t he  g o e t h i t e  s us p ens i o n  were : 

i n i t i a l  pH 6 . 0 ,  metal  c o n c e n t r a t i o n  10"^  and i o n i c
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s t r e n g t h  0.1  _M_ ( c o n t r o l l e d  w i t h  KNO3 ) .  The s t ud y  was 

c a r r i e d  out  i n  e q u i l i b r i u m  w i t h  a t mo s p h e r i c  COg.

The r e s u l t s  o f  t he  k i n e t i c  s t u d i e s  are g i ven  i n  F i g u r e  

10.  The dat a i n d i c a t e  t h a t  t h e r e  i s  a t w o - s t e p  k i n e t i c  

r e a c t i o n .  The f i r s t  s t ep i s  compl e t ed  w i t h i n  a few mi nu t es  

t o  one h ou r .  The second s t ep i s  much s l o we r  and t akes  p l ace  

on a t i me  s c a l e  o f  days t o  weeks.  S i m i l a r  t w o - s t e p  s o r p t i o n  

k i n e t i c  r e a c t i o n  r a t e s  have been documented by Loganathan 

and Burau ( 1 9 7 3 ) ,  Davi s  ( 1 9 7 7 ) ,  Benj ami n ( 1 9 7 8 ) ,  Hsi  ( 1 9 8 1 ) ,  

and Hsi  and Langmui r  ( 1 9 8 5 ) .  Yates (1975)  and Benj ami n 

(1978)  a t t r i b u t e  t he  s l owe r  s t ep  t o  d i f f u s i o n  o f  s o r b a t e  

i ons  i n t o  t he  s o l i d  m a t r i x .  An o t h e r  e x p l a n a t i o n  mi gh t  be 

i n c r e a s e d  d i s a g g r e g a t i o n  o f  t he  sol  ove r  t i m e .

A r e a c t i o n  t i me  o f  f o u r  hours was chosen f o r  t he  

s o r p t i o n  s t u d i e s  t o  i n s u r e  e q u i l i b r a t i o n  o f  t he  f a s t  s u r f a c e  

r e a c t i o n s  and t o  m i n i m i z e  t he  e f f e c t  o f  t he  s l owe r  up t ake 

r e a c t i o n s .

GOETHITE CHARACTERIZATION

Knowledge o f  s o r b e n t  m a t e r i a l  p r o p e r t i e s  such as 

p a r t i c l e  s i z e  and shape , c r y s t a l  1 i ni  t y  , chemi cal  

c o m p o s i t i o n ,  s u r f a c e  a r e a , and numbers and t ypes  of  

f u n c t i o n a l  groups on t he  p a r t i c l e  s u r f a c e s  i s  e s s e n t i a l  t o
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t h e  i n t e r p r e t a t i o n  and mo de l i ng  o f  a d s o r p t i o n  d a t a .  The 

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

p r o p e r t i e s  are b r i e f l y  d i s c u s s e d  be l ow.  The r e s u l t s  whi ch 

are d e t a i l e d  be l ow were : s p e c i f i c  s u r f a c e  area = 30 . 8  ±

1. 85 m ^ / g , mean c a t i o n  exchange c a p a c i t y  = 82 ± 2 meq/100 g , 

and t h e  pH at  t he  p o i n t  o f  zer o  char ge  = 7 . 6  ± 0 . 3  

( d e t e r m i n e d  by p o t e n t i omet  r i c t i t r a t i o n ) .

Co mp o s i t i on  and C r y s t a l l i n i t y

R e s u l t s  o f  t he  s y n t h e t i c  g o e t h i t e  chemi ca l  a n a l y s i s  are 

p r e s e n t e d  i n  Tab l e  5.  No ev i d en c e  o f  Pb or  Cu c o n t a m i n a t i o n  

was d e t e c t e d .

X - r a y  d i f f r a c t i o n  showed t h a t  t he  s y n t h e t i c  g o e t h i t e  

was at  l e a s t  9 5% pure and m o d e r a t e l y  w e l l - c r y s t a l  1 i z e d .

P a r t i c l e  s i z e  and mor pho l ogy  were examined by s cann i ng  

e l e c t r o n  m i c r o s c o p y .  The g o e t h i t e  p a r t i c l e s  are r o d - l i k e  i n  

s t r u c t u r e  w i t h  an average l e n g t h  o f  about  0 . 5  m i c r o me t e r s  

and a d i a m e t e r  between 0 . 07  and 0 . 1  m i c r o m e t e r s .  The 

p r e p a r a t i o n  p r o c e d u r e  was as f o l l o w s .  F i r s t ,  t he  f r e e z e -  

d r i e d  powder  was suspended i n  e t h a n o l  . Ne x t ,  t h e  sus p ens i o n  

was s o n i c l y  d i s p e r s e d  a n d , us i n g  a s y r i n g e ,  d e p o s i t e d  on a 

mi 11 i pore f i l t e r .  Upon d r y i n g ,  t he  mi 11 i pore f i l t e r  and 

sample were mounted on a s t a i n l e s s  s t e e l  sample p l a t e  and 

coa t ed  w i t h  a t h i n  f i l m  o f  e v a po r a t e d  g o l d / p a l l a d i u m  a l l o y .



T - 3 0 5 7

Tab l e  5: Chemi cal  c o m p o s i t i o n  o f  s y n t h e t i c  g o e t h i t e .

.Chemical  A n a l y s i s  by XRF* (as p e r c e n t ) 
C o n s t i t u e n t  Synth e t  i c G o e t h i t e

S i 0 2  0 . 27
A l 2 O3  0 . 10
Fe203 90.02%
MgO 0. 22
CaO 0 . 02
Na20 0 . 25
K2 0  0 . 0 8
Ti  0 2  0 . 10
P2 0 5  0 . 05
MnO 0.02
LOI 3  12.34
To t a l  103.47

Chemical  A n a l y s i s  by ICP4  (as ppm)

Ba <10
Cu <10
Li  <20
Pb <40
Sr <20
Zn <20

1 X - r a y  f l u o r e s c e n c e .
2 To t a l  i r o n  r e p o r t e d  as FegOg ( v a l u e  f o r  g o e t h i t e  i s  

g r e a t e r  t han  t he  r e l i a b l e  upper  l i m i t  o f  d e t e c t i o n ) .
3 Loss on i g n i t i o n  ( 925°C f o r  40 mi n . ) .
4  I n d u c t i o n  cou p l ed  argon p l a s m a - o p t i c a l  e m i s s i o n  

s p e c t r o s c o p y  ( ICAP-OES) .
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BET S u r f a c e  Area

Knowledge o f  t h e  s p e c i f i c  s u r f a c e  area i s  nec es s a r y  f o r  

c a l c u l a t i o n  o f  l a y e r  char ges  and p o t e n t i a l s  i n  t he  s u r f a c e  

c o m p l e x a t i o n  s i t e - b i n d i n g  mode l .  The s u r f a c e  area was 

d e t e r m i n e d  by Coors Sp e c t r o - C h e mi c a l  L a b o r a t o r y  us i n g  t he  

m u l t i p o i n t  v o l u m e t r i c  BET n i t r o g e n  gas a d s o r p t i o n  method 

(ASTM D- 3663 ) .  Gregg and Si ng (1967)  p r e s e n t  a d e t a i l e d  

d i s c u s s i o n  o f  t h i s  met hod.  The f r e e z e - d r i e d  samples were 

ou t gassed  at  25°C f o r  72 h r s .  b e f o r e  t he  measurements were 

t a k e n .

The measured s u r f a c e  area o f  t he  s y n t h e t i c  g o e t h i t e  was 

30 . 8  ± 1. 85 m^ / g ,  wh i ch  compares w i t h  areas o f  45 and 48 

m2/ g  r e p o r t e d  by Hsi  ( 1981)  and Yates ( 1 9 75 ) , .  r e s p e c t i v e l y ,  

32 m2/g r e p o r t e d  by K i n g s t o n  and o t h e r s  ( 1 9 6 8 ) ,  and 51 . 8  

m2/ g  r e p o r t e d  by B a l i s t r i e r i  and Mur ray  ( 1 9 8 1 ) .

The BET method i s  a l mos t  e x c l u s i v e l y  used t o  measure 

s u r f a c e  a r e a .  However ,  t h e r e  are p r ob l ems w i t h  a p p l i c a t i o n s  

o f  t h i s  method t o  a q u e o u s - s o l i d  s o r p t i o n  s t u d i e s .  The most  

o b v i o us  o f  t hese  i s  t h a t  t he  BET method i n v o l v e s  t he  

a d s o r p t i o n  o f  vapor s  on t o  a d r y  sample under  vacuum.  

D i f f i c u l t i e s  a r i s e  when a t t e m p t s  are made t o  r e l a t e  t r a c e  

e l ement  s o r p t i o n  i n  s o l u t i o n ,  i n c l u d i n g  p o s s i b l e  s p e c i f i c  

s o r p t i o n  e f f e c t s ,  t o  BET s u r f a c e  area measur ement s .  The BET 

t h e o r y  ( B r u n a u e r ,  Emmet t ,  and T e l l e r ,  19 3 8 ) ,  i s  an e x t e n s i o n
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o f  t he  Langmui r  i s o t h e r m .  I t  a l l o w s  f o r  m u l t i l a y e r  

a d s o r p t i o n  on no n- po r ous  s o l i d  s u r f a c e s . The b a s i c  

as s umpt i on  beh i nd  BET t h e o r y  i s  t h a t  t he  Langmui r  e q u a t i o n  

a p p l i e s  t o  each o f  t he  m u l t i l a y e r s .  Hence, BET t h e o r y  f a l l s  

p r ey  t o  t he  assumpt i ons  i n h e r e n t  i n  t he  Langmui r  i s o t h e r m .  

These as s u mpt i ons  are i n c o m p a t i b l e  w i t h  t he  f a c t  t h a t  t he  

h i g h l y  a c t i v e  p a r t s  o f  most  s u r f a c e s  are he t e r ogeneous  w i t h  

w i d e l y  v a r y i n g  heat s  o f  a d s o r p t i o n .

Ot he r  i s s u e s  a r i s e  f rom use o f  t he  BET p r oc ed u r e  t o  

d e t e r m i n e  t he  s p e c i f i c  s u r f a c e  area o f  g o e t h i t e .  Yates 

(1975)  obser ved  some s u r f a c e  d e c o m p o s i t i o n  o f  amorphous i r o n  

o x i d e  f o l l o w i n g  o u t g a s s i n g  at  room t e m p e r a t u r e .  The r e s u l t  

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

t r u e  s p e c i f i c  s u r f a c e  a r e a .

C a t i o n  Exchange C a p a c i t y  

C a t i o n  exchange c a p a c i t y  (CEC) i s  a measure o f  t h e  

q u a n t i t y  o f  r e a d i l y  ex c hangeab l e  c a t i o n s  necessa r y  t o  

n e u t r a l i z e  t he  n e g a t i v e  char ge  per  u n i t  w e i g h t  o f  s o l i d  

m a t e r i a l  ( Rhoades , 1982) ,  The CEC q u a n t i t y  can be used as a 

measurement  o f  s u r f a c e  s i t e  d e n s i t y  (Ns ) i n  mod e l i n g
9 +c a l c u l a t i o n s .  R e s u l t s  o f  t he  CEC measurements a r e :  Ca^ = 

82,  K+ = 70,  Na+ = 8 6 , NH4+ = 90,  and t he  mean c a t i o n  

exchange c a p a c i t y  = 8 2 +  2  meq / 1 0 0  g .
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Na+ , K+ , and NH^+ exchange c a p a c i t i e s  were d e t e r m i n e d  

us i n g  a c e t a t e  s a l t s  o f  t h e s e  c a t i o n s ,  and t h a t  f o r  Ca^+ 

d e t e r m i n e d  us i n g  t he  c h l o r i d e  s a l t .  The method used was 

m o d i f i e d  f rom Jackson (1969)  and Crock and Sever son 

( 1 9 8 0 ) .  A l l  measurements were pe r f o r med  at  pH 7 . 0 .  E i t h e r  

a c e t i c  a c i d  (HC1 i n  t he  case o f  Ca^+ ) or  a s o l u t i o n  o f  t he  

h y d r o x i d e  o f  t he  c a t i o n  was used t o  a d j u s t  t he  pH o f  t he  

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

1 . 000 gram of  s y n t h e t i c  g o e t h i t e .  A b l a n k  was c a r r i e d  

t h r o u g h o u t  t he  p r o c e d u r e .

In t he  f i r s t  s t e p ,  t he  s a t u r a t i o n  s t e p ,  t he  s o l i d  

p a r t i c l e s  were p l ac ed  i n  65 ml Kimax g l a s s  c u l t u r e  t ubes  and 

washed w i t h  7 ml o f  1 _N_ a c e t a t e  s a l t  ( c h l o r i d e  i n  t h e  case 

o f  Ca^+ ) .  The t ubes  were t hen h o r i z o n t a l l y  a g i t a t e d  on a 

r e c i p r o c a t i n g  sha k e r  f o r  20 mi n . a t  240 c y c l e s .  A f t e r w a r d ,  

t h e  suspended m a t e r i a l  was c e n t r i f u g e d  at  a p p r o x i m a t e l y

2 . 000 rpm f o r  15 mi n .  us i ng  an I n t e r n a t i o n a l  Model  K 

C e n t r i f u g e .  The r e s u l t i n g  c l e a r  s u p e r n a t a n t  was c a r e f u l l y  

decan t ed  and f i l t e r e d  t h r o u g h  a Whatman # 40 ash ! ess  f i l t e r  

i n t o  a 25 ml v o l u m e t r i c  f l a s k .  The s o l i d  p a r t i c l e s  were 

t hen  r e d i s p e r s e d  i n t o  a n o t h e r  7 ml o f  t h e  a c e t a t e  s a l t  us i n g  

a Thermo! yne Maxi  Mi x .  The above s a t u r a t i o n  p r oc e d u r e  was 

r e pe a t e d  two a d d i t i o n a l  t i me s  and t he  f i l t e r e d  s u p e r n a t a n t s  

were combined i n t o  t he  25 ml v o l u m e t r i c  f l a s k s  f o r  each s a l t



T - 3 0 5 7 67

and t aken  up t o  volume w i t h  t he  1  _N_ backgr ound s o l u t i o n .

The g o e t h i t e  was f i r s t  s a t u r a t e d  w i t h  , t hen  w i t h  K+ ,

Na+ , and f i n a l l y  w i t h  Ca^+ .

In t he  wash i ng s t e p ,  t h e  g o e t h i t e  was washed w i t h  10 ml 

r e ag e n t  grade 2 - p r o p a n o l ,  p l a c ed  on t he  r e c i p r o c a t i n g  shaker  

f o r  1 0  m i n . ,  and c e n t r i f u g e d  at  a p p r o x i m a t e l y  2 , 0 0 0  rpm f o r  

15 mi n .  The s u p e r n a t a n t  was c a r e f u l l y  decan t ed  and 

d i s c a r d e d .  The washi ng p r oc ed u r e  was pe r f o r med  t h r e e  t i m e s .

In t he  r e p l ac e men t  s t e p ,  t he  g o e t h i t e  was s a t u r a t e d  

w i t h  ( u s i n g  1 H_ NH^OAc) and washed w i t h  2 - p r o p a n o l

f o l l o w i n g  t he  above p r o c e d u r e s .  A f t e r  c o m p l e t i o n  o f  t he  

r e p l a c e me n t  s t e p ,  t h e  s o l i d  p a r t i c l e s  were s a t u r a t e d  w i t h  

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

The e x t r a c t s  were ana l y z ed  f o r  K+ , Na+ , and Ca^+ w i t h  a 

P e r k i n  El mer  603 At omi 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 e r .  The 

N H ^  e x t r a c t  was ana l y z ed  us i n g  an Or i on  Model  95-10 Ammonia 

E l e c t r o d e .  A l l  s t a n d a r d s  were p r epa r ed  w i t h  t h e  same m a t r i x  

as t h e  e x t r a c t  be i ng  measur ed.  The b l ank  was bel ow or  near  

t h e  l i m i t  o f  d e t e c t i o n  i n  a l l  cases .

In o r d e r  t o  c a l c u l a t e  t he  CEC f o r  each c a t i o n  (as meq 

Mn+ per  100 grams,  where Mn+ i s  t he  c a t i o n  i n  q u e s t i o n ) ,  t he  

f o l l o w i n g  f o r m u l a  was used :

meq M*1*  _ 100_____   Ext  r a c t  vol  ume (ml ) meq M11*
100 g "  S o i l  w e i g h t  ( g ) 1,000 l i t e r
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R e s u l t s  f rom an o r i g i n a l l y  Ca- sa t u  r a t e d  mont  - 

m o r i l I o n i t e ,  run t h r o u g h  t he  p r o c e d u r e  at  t h e  same t i me  as 

t h e  g o e t h i t e ,  were used as a t e s t  o f  p r e c i s i o n .  The f i r s t  

NH4 + s a t u r a t i o n  e x t r a c t  o f  t he  m o n t m o r i l I o n i t e  was an a l y z ed  

f o r  Ca^+ t o  compare w i t h  t h e  Ca^+ a n a l y s i s  f o r  t he  e x t r a c t  

o b t a i n e d  at  t he  end o f  t he  p r o c e d u r e .  Because C a - s a t u r a t i  on 

was t he  l a s t  s a t u r a t i o n  i n  t he  sequence o f  c a t i o n s ,  

compar i son  o f  t h e  o r i g i n a l  Ca^+ va l u e  and t he  l a t e r  Ca^+ 

v a l u e  s hou l d  be a good j ud g e  o f  t he  p r e c i s i o n  t h r o u g h o u t  

t h i s  method.  The o r i g i n a l  CEC v a l u e  f o r  Ca^+ was 108 

meq/100g and t he  l a t e r  CEC v a l u e  was 110 meq/100g.  Th i s  

would . i n d i c a t e  t h a t  t h e r e  i s  good p r e c i s i o n  ( ± 2  me q / 1 0 0 g) 

f o r  a g i ve n  c a t i o n . Hence, t he  v a r i a t i o n  i n  CEC va l u es  may 

be due e i t h e r  t o  d i f f e r e n c e s  between c a t i o n s  o r ,  i n  t he  case 

o f  NH4 + , d i f f e r e n c e s  between a n a l y t i c a l  met hods .

P o t e n t i omet  r i c T i t r a t i o n  

P o t e n t i omet  r i c t i t r a t i o n  da t a  are used t o  d e t e r m i n e  

bot h t h e  pH(PZC) and t he  s u r f a c e  char ge  d e n s i t y  as a 

f u n c t i o n  o f  pH. The pH(PZC) i s  needed t o  p r e d i c t  i n t r i n s i c  

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

charge d e n s i t y  t o  be zer o  at  t h e  pH(PZC) .  The s y n t h e t i c  

g o e t h i t e  used i n  t h i s  s t u d y  has a pH(PZC) o f  7 . 6  ± 0 . 3 .
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Yates and Heal y  ( 1975)  f ound pH(PZC) = 7 . 5  ± 0 . 1  f o r  

g o e t h i t e  i n  KNOg s o l u t i o n s ,  B a l i s t r i e r i  and Mur ray  (1979)  

r e p o r t e d  pH(PZC) = 7 . 5  i n  NaCl and KC1, and Hsi  ( 1981)  gave 

pH(PZC) = 8 . 5  ± 0 . 3  i n  NaNOg.

The p o t e n t i omet  r i  c t i t r a t i o n  method o f  B o l t  ( 1957 ) ,  

Parks and deBruyn ( 1 9 6 2 ) ,  and Yates and Hea l y  (1975)  was 

used i n  t h i s  w o r k . S t u d i e s  have shown t h a t  p r o t o n s  and 

h y d r o x i d e  i ons  are t he  p o t e n t i a l  d e t e r m i n i n g  i ons  ( PDI ) f o r  

t h e  g o e t h i t e  s u r f a c e  ( Par ks  and d e B r u y n , 1962) .  Hence, 

a d s o r p t i o n  d e n s i t i e s  o f  t he s e  PDI ' s  can be c a l c u l a t e d  f rom 

t h e  amount  o f  ac i d  or  base added t o  t he  s us p ens i o n  and t he  

pH o f  t he  s u s p e n s i o n .  The f o l l o w i n g  gener a l  e q u a t i o n  

i l l u s t r a t e s  t he se  r e l a t i o n s h i p s :

where aQ i s  t he  s u r f a c e  c h a r g e ,  F i s  t he  Faraday c o n s t a n t  

( 9 6 , 50 0  C / m o l ) ,  and r ^+ and Fq^ -  are moles adsorbed per  

squar e  c e n t i m e t e r .  T i t r a t i o n s  are pe r f o r med  at  c o n s t a n t  

i o n i c  s t r e n g t h s  t o  f i x  t he  a c t i v i t y  c o e f f i c i e n t s  and t o  

ensu r e  t h a t  t he  PDI ' s  do not  s i g n i f i c a n t l y  c o n t r i b u t e  t o  t he  

d i f f u s e  l a y e r  char ge  ( Y a t e s ,  1975) .

The e q u a t i o n  o f  S i l v a  and o t h e r s  (1979)  and Ri ese 

(1982)  was used t o  c a l c u l a t e  s u r f a c e  char ge  f o r  each p o i n t
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i n  t he  t i t r a t i o n .

ao = 4- [("4 -

where:

<jQ = s u r f a c e  char ge  d e n s i t y  (C/ cm2 )

F = Faraday c o n s t a n t  ( 96 , 500  C/ mol )  

A = s u r f a c e  area (cm2 )

Ca , = c o n c e n t r a t i o n  o f  ac i d  or  base (_M_)

Va , Vjj = t o t a l  volume o f  a c i d  or  base used t o  a

g i ven  p o i n t  on t he  t i t r a t i o n  cu r ve  ( 1 )

Vj  = i n i t i a l  v o l ume ( 1 )

Vj  = t o t a l  volume at  a g i ven  p o i n t  on t he  

t i t r a t i o n  c u r v e ,  Va + + Vi , ( 1 )

Yn- , yj = a c t i v i t y  c o e f f i c i e n t s  o f  H+ and OH",  

r e s p e c t i v e l y ,  used t o  c o n v e r t  

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

(H+ ) 1- ,  ( OH" ) .j = measured H+ and OH" i on

( H+ ) j  , ( 0 H" ) j  = measured H+ and OH" i on

a c t i v i t i e s  i n  s o l u t i o n  at  a

a c t i v i t i e s  i n  s o l u t i o n  at  t he

s t a r t  o f  t h e  t i t r a t i o n  (m)
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g i ven  p o i n t  on t he  t i t r a t i o n  

cu r ve  (m)

The pH(PZC) i s  t he  p o i n t  o f  i n t e r s e c t i o n  o f  a l l  t h e  

t i t r a t i o n  cu r ves  o b t a i n e d  at  d i f f e r e n t  i o n i c  s t r e n g t h s .

P o t e n t i o m e t r i c  t i t r a t i o n s  were pe r f o r med  w i t h  a 

Me t r o h m- He r i s a u  Dos i mat  E535 A u t o ma t i c  T i t r a t o r ,  a Beckman 

g e l - f i l l e d  c o m b i n a t i o n  pH e l e c t r o d e ,  and an Or i on  Model  901 

Research M i c r o p r o c e s s o r .  The t i t r a n t s  were a p p r o x i m a t e l y  

0 . 1  M_ HNOg and 0 . 1  _M_ COg- f r ee  KOH, s t a n d a r d i z e d  t o  ± 0. 001 

by t he  po t as s i um hydrogen p h t h a l a t e  method o u t l i n e d  i n  Skoog 

and West ( 1 9 7 6 ) .  T i t r a t i o n s  were c a r r i e d  out  under  an 0g 

a t mospher e  i n  a w a t e r - j a c k e t e d  50 ml t i t r a t i o n  vesse l  at  25° 

C. A p p r o x i m a t e l y  24 h r s .  p r i o r  t o  t i t r a t i o n ,  a g o e t h i t e  

s us pens i on  was p l aced  i n  t he  g l a s s  t i t r a t i o n  v e s s e l ,  w i t h  

enough KNOg added t o  b r i n g  t he  t o t a l  i o n i c  s t r e n g t h  t o  1 0 ""  ̂

M_, and c o n t i n u o u s l y  s t i r r e d  under  an oxygen a t mospher e .  The 

Og was p u r i f i e d  and w a t e r - s a t u r a t e d  as d e s c r i b e d  e a r l i e r .

The t i t r a t i o n s  were ac c omp l i s hed  by add i ng  smal l  

vol umes o f  t he  s t a n d a r d i z e d  ac i d  or  base t o  t h e  

s u s p e n s i o n .  An average e q u i l i b r a t i o n  t i me  o f  3 mi nu t es  was 

a l l o we d  between each a d d i t i o n  o f  ac i d  or  base.  An e x c e p t i o n  

t o  t h i s  was i n  t he  n e u t r a l  pH r e g i o n  where a d d i t i o n a l  t i me  

was ne cessa r y  f o r  t h e  r e a d i n g s  t o  s t a b i l i z e .  The pH was
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measured w i t h  t he  ma gne t i c  s t i r r e r  t u r n e d  o f f .  The g o e t h i t e  

s us pens i on  was f i r s t  t i t r a t e d  w i t h  a c i d  t o  about  pH 4,  t hen  

w i t h  base t o  about  pH 10,  and f i n a l l y  aga i n  w i t h  a c i d  t o  

b r i n g  i t  back t o  about  t he  s t a r t i n g  pH. The i o n i c  s t r e n g t h  

was t hen i n c r e a s e d  and t he  sequence r e p e a t e d .  Th i s  p r ocess  

was s e q u e n t i a l l y  pe r f o r med  f o r  each i o n i c  s t r e n g t h  o f  1 0 ” ^ ,  

10“ ^ ,  10"" 1 and 0 . 7  _M_. Bl ank  t i t r a t i o n s  ( w i t h o u t  g o e t h i t e )  

were done at  t h e  same i o n i c  s t r e n g t h s  under  i d e n t i c a l  

c o n d i t i o n s .  To t e s t  f o r  g o e t h i t e  d i s s o l u t i o n  d u r i n g  t he  

t i t r a t i o n  p r o c e d u r e ,  a s e p a r a t e  vesse l  was p r epa r ed  under  

t i t r a t i o n  c o n d i t i o n s .  No g o e t h i t e  d i s s o l u t i o n  was d e t e c t e d  

by a n a l y s i s  o f  sus pens i o n  s u p e r n a t a n t  a f t e r  c e n t r i f u g a t i o n  

( f o r  a d e t e c t i o n  l i m i t  o f  2 0  ppb by a t omi 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  us i n g  g r a p h i t e  f u r n a c e  a t o m i z a t i o n ) .

T i t r a t i o n  da t a  volumes were n o r m a l i z e d  t o  0 . 1000 a c i d  

and base c o n c e n t r a t i o n s  by means o f  t he  comput e r  pr ogram 

N0RMV.FOR (see Append i x  1 ) .  The t i t r a t i o n  da t a  were t hen 

p l o t t e d  ( F i g .  1 1 ) .  B l ank  t i t r a t i o n s  were s u b t r a c t e d  f rom 

t h e  g o e t h i t e  t i t r a t i o n  cu r ves  t o  c o r r e c t  f o r  t he  amount  o f  

t i t r a n t  n e c es s a r y  t o  t i t r a t e  t h e  d o u b l y  d e i o n i z e d  w a t e r .  

S u r f a c e  charge d e n s i t y  was c a l c u l a t e d  w i t h  t he  comput er  

program SIGMA.FOR (see Append i x  1 ) .  F i g u r e  12 i s  a p l o t  o f  

t h e  s u r f a c e  char ge  d e n s i t y  ( m i c r o c ou l o mb s  per  square 

c e n t i m e t e r )  ve r sus  pH f o r  t i t r a t i o n  at  t he  f o u r  d i f f e r e n t
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F i g u r e  11:  P o t e n t i omet r i  c a c i d - b a s e  t i t r a t i o n  cur ves  f o r
g o e t h i t e  i n  v a r i o u s  i o n i c  s t r e n g t h  KNOg s o l u t i o n s .
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F i g u r e  12: V a r i a t i o n  o f  t he  s u r f a c e  charge d e n s i t y  o f
g o e t h i t e  i n  aqueous s o l u t i o n s  of  KNOg as a f u n c t i o n  o f  pH.
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i o n i c  s t r e n g t h s .  The cu r ves  i n  F i g u r e  12 have been 

n o r m a l i z e d  t o  t h e  pH(PZC) o f  7 . 6 .  The dec r ease  i n  t he  r a t e  

o f  charge deve l opmen t  at  h i g h e r  pH v a l u e s  ( > 7 . 6 )  may be 

p a r t i a l l y  due t o  c o a g u l a t i o n  o f  t he  g o e t h i t e  sus p ens i o n  

whi ch  was not ed d u r i n g  t he  t i t r a t i o n  p r o c e d u r e .
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RESULTS OF SORPTION EXPERIMENTS

A d s o r p t i o n  e x p e r i m e n t s  were pe r f o r med  at  v a r i o u s  

c o n c e n t r a t i o n s  o f  copper  or  l e a d ,  and s u p p o r t i n g  

e l e c t r o l y t e s .  In a l l  cases t he  g o e t h i t e  s u r f a c e  area was 

31 m2 / l  .

In F i g u r e s  13 t h r o u g h  20,  da t a  are p l o t t e d  as 

f r a c t i o n a l  metal  a d s o r p t i o n  ve r sus  pH. The meta l  s c a l e s  are 

l o g a r i t h m i c  and are ex p r essed  as amount  o f  met a l  r e ma i n i n g  

i n  s o l u t i o n  a f t e r  c e n t r i f u g a t i o n .  Th i s  mode o f  p r e s e n t a t i o n  

emphas i zes  t he  l owe r  metal  c o n c e n t r a t i o n s  where many 

i n t e r a c t i o n s  o f  i n t e r e s t  t a k e  p l a c e .  The r e a d e r  i s  r e f e r r e d  

t o  t he  A n a l y t i c a l  E r r o r  s e c t i o n  o f  t h i s  t h e s i s  f o r  a 

d i s c u s s i o n  o f  da t a  p r e c i s i o n .  S o l i d  cu r ves  are  f r e e - d r a w n  

b e s t  f i t s  o f  e x p e r i m e n t a l l y - d e r i v e d  da t a  p o i n t s .  The bes t  

f i t  l i n e s  are drawn t h r o u g h  t h e  Cy = a t m o s p h e r i c  c o n d i t i o n s ,  

I = 0 . 01 _M_ (as KNOg) da t a  p o i n t s .  Data p o i n t s  < 1 ppb are 

p l o t t e d  on t he  1  ppb l i n e  such t h a t  t h e r e  i s  no g r a p h i c a l  

d i s t i n c t i o n  between samples a t  1  ppb and samples < 1  p p b . 

Under  a t m o s p h e r i c  c o n d i t i o n s  (a COg p r e s s u r e  o f  10*"^• ^ a t m . )  

s o l u t i o n s  at  pH 7 and 9 c o r r e s p o n d  t o  Cy=10- ^ * ^ and 10“ ^ * ^  

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

Random samples were a n a l y z e d  f o r  i r o n  t o  ensur e  t h a t  

none o f  t he  sol  r emai ned i n  s u s p e n s i o n .  In a l l  cases t e s t e d
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1 0 ,0 0 0

Goethite 
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I = 0.01M (KNCW
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pH
F i g u r e  13:  E f f e c t  o f  copper  c o n c e n t r a t i o n  on t he  pH
a d s o r p t i o n  edge f o r  copper  a d s o r p t i o n  on t o  g o e t h i t e  under  
a t mo s p h e r i c  c o n d i t i o n s  f o r  1 = 0. 01 Ĵ _ ( K N O g )  at  25° C.
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F i g u r e  14:  A d s o r p t i o n  o f  copper  on t o  g o e t h i t e  f o r
zCu = 10"^  _M_ under  a v a r i e t y  o f  aqueous c o n d i t i o n s .  V e r t i c a l  
l i n e s  connec t  some o f  t he  a n a l y t i c a l  d u p l i c a t e s ,  w i t h  a 
s l a s h  at  t he  average v a l u e .  In s e v e r a l  cases d u p l i c a t e  
va l u es  were t he  same or  ve r y  c l o s e  and are not  shown i n t he  
g r ap h s .  The f o l l o w i n g  key a p p l i e s  t o  t he  v a r i o u s  da t a  p o i n t  
s y m b o l s :

x = CT = 0 ; 1 = 0 . 01 _M (as KNOg)
© = Cy = 0 ; 1=0.1 _M_ (as KNOg )
•  = Cy=at mospher i  c COg; 1 = 0. 01 (as KNOg) 
o = Cy= a t mo s p h e r i c  COg; 1=0.1 _M_ (as KNOg )
A  = CT=10 * 2  M_; 1 = 0. 01 _M (as KHCO3 )
A  = CT = 10 * 1  M; 1=0.1 M_ (as KHCO3 )
V  = CT=1 0 - 1 - T M.; 1 = 0 . 1  _M_ (as 50% KN03 , 50% KHCO3 )

Bl ank  data are i n d i c a t e d  both by dashed l i n e s  and s e p a r a t e  
p o i n t s .
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F i g u r e  15:  A d s o r p t i o n  o f  copper  on t o  g o e t h i t e  f o r
zCu=10“ ® _M. under  a v a r i e t y  o f  aqueous c o n d i t i o n s  ( see F i g .  
14 f o r  key t o  da t a  s y m b o l s ) .
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F i g u r e  16:  A d s o r p t i o n  o f  copper  on t o  g o e t h i t e  f o r
zCu = 10” ^ JM_ under  a v a r i e t y  o f  aqueous c o n d i t i o n s  (see 
14 f o r  key t o  da t a  s y mb o l s ) *
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F i g u r e  17:  E f f e c t  o f  l ead c o n c e n t r a t i o n  on t he  pH
a d s o r p t i o n  edge f o r  l ead  a d s o r p t i o n  ont o g o e t h i t e  under  
a t m o s p h e r i c  c o n d i t i o n s  f o r  1 = 0. 01 _M_ (KNOg) a t  25° C.



T - 3 0 5 7 83

1 0 ,0 0 0

Goethite 
l g / l  (31m2/l)

2  Pb =10" 5 M

Blanks
1000

(ppb)
100

94 " 5 86 7

P H
F i g u r e  18:  A d s o r p t i o n  o f  l ead  on t o  g o e t h i t e  f o r  zPb=10" °  _M
under  a v a r i e t y  o f  aqueous c o n d i t i o n s  ( see F i g .  14 f o r  key 
t o  da t a  s y m b o l s ) .
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F i g u r e  19:  A d s o r p t i o n  o f  l ead  ont o g o e t h i t e  f o r  zPb= 1 0 " 6  _M
under  a v a r i e t y  o f  aqueous c o n d i t i o n s  ( see F i g .  14 f o r  key 
t o  da t a  s y m b o l s ) .
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1 0 0

Goeîhite 
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F i g u r e  20:  A d s o r p t i o n  o f  l ead  ont o g o e t h i t e  f o r  zPb=10“ ^ _M
under  a v a r i e t y  o f  aqueous c o n d i t i o n s  (see F i g .  14 f o r  key 
t o  da t a  s y m b o l s ) .
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i r o n  was bel ow t h e  l i m i t  o f  d e t e c t i o n  (20 p p b ) .  A d s o r p t i o n  

d e n s i t y  was v a r i e d  by c hang i ng  t he  meta l  c o n c e n t r a t i o n  as 

t o t a l  s u r f a c e  area remai ned c o n s t a n t .

Bl ank  e x p e r i me n t s  ( w i t h o u t  g o e t h i t e )  were run under  t h e  

same c o n d i t i o n s  as t he  a d s o r p t i o n  e x p e r i m e n t s .  Re s u l t s  

i n d i c a t e  t h a t  t h e r e  i s  no s i g n i f i c a n t  a d s o r p t i o n  o f  metal  t o  

t h e  c e n t r i f u g e  t ubes  at  h i g h e r  metal  c o n c e n t r a t i o n s ,  but  

t h e r e  may be some i n t e r a c t i o n s  at  l owe r  c o n c e n t r a t i o n s .  In 

cases where a p r e c i p i t a t e  appeared i n  b l a nk  s o l u t i o n s ,  t he  

a d s o r p t i o n  edge o f  t he  a d s o r p t i o n  run o c c u r r e d  p r i o r  t o  t he  

pH o f  p r e c i p i t a t i o n .  Th i s  i l l u s t r a t e s  t h a t  d i s s o l v e d  me t a l s  

i n  t he s e  a d s o r p t i o n  e x p e r i m e n t s  are c o n t r o l l e d  by a d s o r p t i o n  

r e a c t i o n s  r a t h e r  t han  s o l i d  p r e c i p i t a t i o n  r e a c t i o n s .

COPPER

F i g u r e  13 i l l u s t r a t e s  t he  pH dependence o f  a d s o r p t i o n  

edges at  d i f f e r e n t  copper  c o n c e n t r a t i o n s  f o r  a c o n s t a n t  

g o e t h i t e  s u r f a c e  area o f  31 m^ / 1  i n  0 . 0 1  _M_ KNOg. As seen i n  

t h i s  f i g u r e ,  t h e r e  i s  a s h i f t  o f  t he  a d s o r p t i o n  edges t o  

l o w e r  pH r e g i o n s  as t he  meta l  c o n c e n t r a t i o n  i s  d e c r e a s ed .

In a l l  c as e s ,  i n  excess o f  99% of  t he  meta l  i s  adsorbed at  

t h e  pH(PZC) o f  7 . 6 .  Th i s  i n d i c a t e s  t h a t  copper  i s  

s p e c i f i c a l l y  adsor bed by g o e t h i t e  ( assumi ng t h a t  copper  i s
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adsorbed as a p o s i t i v e l y - c h a r g e d  s p e c i e s ) .  S p e c i f i c  

a d s o r p t i o n  can be d e f i n e d  as a d s o r p t i o n  when bot h a d s o r b a t e  

and t he  net  s u r f a c e  char ge  o f  t he  a d s o r b en t  are s i m i l a r l y  

char ged ( C a t t s ,  1982) .

F i g u r e s  14,  15,  and 16 show more d e t a i l e d  a d s o r p t i o n  

i s o t h e r m s  f o r  copper  c o n c e n t r a t i o n s  o f  1 0 " ^ ,  1 0 “ ^ ,  and 1 0 “ ® 

M_, r e s p e c t i v e l y .  These f i g u r e s  i n d i c a t e  t h a t  t h e r e  i s  

e s s e n t i a l l y  no d i f f e r e n c e  i n  t h e  r e s u l t s '  o f  e x p e r i m e n t s  

p e r f o r med  at  Cy = 0 or  a t m o s p h e r i c  COg c o n d i t i o n s .  A l s o ,  

t h e r e  i s  no e f f e c t  o f  e i t h e r  KNO3  i o n i c  s t r e n g t h  ( 0 . 0 1  

v e r sus  0 . 1  _M_) • F i g u r e s  14 and 15 i mp l y  t h a t  t h e r e  i s  an 

i n h i b i t o r y  e f f e c t  on copper  a d s o r p t i o n  i n  t he  h i g h e r  Cy 

e x p e r i m e n t s .  In t he  zCu = 10**^ J^, Cy = 10 "^ _M_ e x p e r i m e n t ,  

about  80 ppb copper  remai ns  i n  s o l u t i o n  a t  t h e  pH(PZC) .

Th i s  v a l u e  r e p r e s e n t s  o n l y  about  1.3% o f  t he  t o t a l  copper  

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

amounts o f  copper  m o b i l i z e d  i n  a n a t u r a l  s e t t i n g .

F u t h e r mo r e ,  t h e  degree o f  a d s o r p t i o n  i n h i b i t i o n  by c a r b o n a t e  

i s  p r o p o r t i o n a l  t o  Cy (see F i g .  14 ) .

LEAD

F i g u r e  17 i l l u s t r a t e s  t he  pH dependence o f  a d s o r p t i o n  

edges at  d i f f e r e n t  l ead  c o n c e n t r a t i o n s  f o r  a c o n s t a n t
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g o e t h i t e  s u r f a c e  area o f  31 m^/1 i n  0. 01 _M_ KNOg. As was t he  

case w i t h  c o p p e r ,  t h e r e  i s  a s h i f t  o f  t h e  a d s o r p t i o n  edges 

t o  l o we r  pH r e g i o n s  as t he  l ead  c o n c e n t r a t i o n  i s  

d e c r e a s e d .  In a l l  c ases ,  i n  excess o f  99.9% of  t he  l ead  i s  

adsorbed at  t he  pH(PZC) i n d i c a t i n g  t h a t  l ead  i s  s p e c i f i c a l l y  

adsorbed by g o e t h i t e .

F i g u r e s  18,  19,  and 20 show more d e t a i l e d  a d s o r p t i o n  

i s o t h e r m s  f o r  l ead  c o n c e n t r a t i o n s  o f  1 0 " ^ ,  1 0 " ^ ,  and 10“  ̂ _M_, 

r e s p e c t i v e l y .  As was t he  case f o r  c o p p e r ,  t h e r e  i s  

e s s e n t i a l l y  no d i f f e r e n c e  i n  e x p e r i m e n t a l  r e s u l t s  f o r  I = 

0 . 01 and I = 0.1 _M_ (as KNOg) , nor  f o r  Cy = 0 ve r sus  

a t m o s p h e r i c  c o n d i t i o n s .  F i g u r e  18 i m p l i e s  a s i m i l a r  

i n h i b i t o r y  e f f e c t  o f  c a r b o n a t e  on l ead  a d s o r p t i o n  as was 

t r u e  o f  copper  a d s o r p t i o n  i n  h i g h e r  Cy e x p e r i m e n t s .  In t he  

Cy = 10~2 _M_ e x p e r i m e n t , about  8  ppb l ead  remai ns  i n 

s o l u t i o n .  Th i s  v a l u e  r e p r e s e n t s  l e s s  t han  1% o f  t he  t o t a l  

l ead  p r e s e n t .  The degree o f  a d s o r p t i o n  i n h i b i t i o n  i s  

p r o p o r t i o n a l  t o  C y .

There was no s o l i d  p r e c i p i t a t i o n  i n  t he  b l ank  

e x p e r i m e n t s  at  t o t a l  l ead  c o n c e n t r a t i o n s  o f  1 0 "® and 1 0 " ^

M_. The v a r i a b l e  y e t  s t e a d i l y - d e c r e a s i n g  b l a n k  da t a  p o i n t s  

f o r  t h e  1 0 " 7  ^  e x p e r i m e n t s  may be due t o  l ead  i n t e r a c t i o n  

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

Copper  i s  s p e c i f i c a l l y  adsorbed more s t r o n g l y  t han
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l e a d .  Th i s  i s  i l l u s t r a t e d  by t he  r e l a t i v e  p o s i t i o n s  o f  

t h e i r  a d s o r p t i o n  edges at  equal  mo l a r  c o n c e n t r a t i o n s  

( compare F i g s .  17 and 1 3 ) .

DISCUSSION

R e s u l t s  i n d i c a t e  t h a t  t h e r e  i s  an i n h i b i t o r y  e f f e c t  on 

copper  and l ead  a d s o r p t i o n  i n  t he  h i g h e r  Cj  e x p e r i m e n t s .

The degree o f  a d s o r p t i o n  i n h i b i t i o n  i s  p r o p o r t i o n a l  t o  Cj  

and t o t a l  metal  c o n c e n t r a t i o n .  A d s o r p t i o n  i n h i b i t i o n  on t o  

g o e t h i t e  by d i s s o l v e d  c a r b o n a t e  s pec i es  has p r e v i o u s l y  been 

r e p o r t e d  f o r  t he  u r an i um sys tem ( H s i ,  1981;  T r i  pa t  hi  * 1984 ; 

Hsi  and La n g mu i r ,  1985)  and t he  p l u t o n i u m  system (Sanchez 

and o t h e r s ,  1985) .  Th i s  a d s o r p t i o n  i n h i b i t i o n  i s  p r o b a b l y  

due t o  i n c r e a s e d  c a r b o n a t o  c o mp l e x i n g  o f  t he  m e t a l s .  F i g u r e  

21 i l l u s t r a t e s  aqueous s p é c i a t i o n  f o r  10” ^ _M_ t o t a l  copper  

under  a t m o s p h e r i c  c o n d i t i o n s  ( s o l i d  l i n e s )  and Cy = 10"^  _M_ 

c o n d i t i o n s  (dashed l i n e s ) .  A compar i son  o f  t h e  s p e c i e s  

d i s t r i b u t i o n  f o r  t he s e  d i f f e r e n t  Cy c o n d i t i o n s  shows t h a t  

t h e r e  i s  bot h an i n c r e a s e  i n  c a r b o n a t o  c o m p l e x i n g ,  at  t he  

expense o f  hyd r oxo  c o m p l e x i n g ,  and a downward pH s h i f t  o f  

t h e  c a r b o n a t o  compl exes w i t h  i n c r e a s i n g  Cy.  These combined 

e f f e c t s  p l a c e  t h e  domi nan t  n e u t r a l  c a r b o n a t o  compl ex i n  t he  

pH range o f  g r e a t e s t  a d s o r p t i o n  i n h i b i t i o n ,  and at  a pH



T - 3 0 5 7 90

100

3
U

55
JO
o

Cu(C0, )

CuCO

CuCO

CimOH)

CuOH Cu(OH)

pH

F i g u r e  21:  D i s t r i b u t i o n  d i agr am f o r  copper  spec i es  as a
f u n c t i o n  o f  pH f o r  t he  Cu^^-HgO-COg system under  a t mo s p h e r i c  
c o n d i t i o n s  ( s o l i d  l i n e s )  and C j =10 “ 2  _M_ (dashed l i n e s )  f o r  
zCu=10 " 4  M and 25°C.
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be l ow c o m p l e t i o n  o f  t he  a d s o r p t i o n  edge seen i n  F i g u r e  14.  

Th i s  n e u t r a l  c a r b o n a t o  compl ex would be expec t ed  t o  be 

weak l y  a d s o r b e d , i f  at  a l l ,  compared t o  f r e e  me t a l s  a n d / o r  

hyd r oxo  comp l exes .  The ar gument s  are s i m i l a r  f o r  t he  l ead  

sys t em ( F i g .  2 2 ) .

As was shown i n  F i g u r e s  13 and 17,  t h e r e  i s  a s h i f t  o f  

t he  a d s o r p t i o n  edges t o  l o we r  pH r e g i o n s  as t h e  t o t a l  metal  

c o n c e n t r a t i o n  i s  d e c r e a s e d .  T h e r e f o r e ,  t he  l o we r  metal  

c o n c e n t r a t i o n  a d s o r p t i o n  edges are comp l e t ed  at  a pH p r i o r  

t o  t h e  n e u t r a l  c a r b o n a t o  compl ex r e g i o n  o f  domi nance and no 

a d s o r p t i o n  i n h i b i t i o n  by c a r b o n a t e  s p e c i e s  would be 

e x p e c t e d .  Th i s  c o r r e l a t e s  w i t h  t he  f a c t  t h a t  l i t t l e  or  no 

a d s o r p t i o n  i n h i b i t i o n  by c a r b o n a t e  was no t ed  at  l o we r  metal  

c o n c e n t r a t i o n s  i n  t h e  e x p e r i m e n t a l  sys t ems .  Hence, 

a d s o r p t i o n  i n h i b i t i o n  by c a r b o n a t e  i s  a f u n c t i o n  o f  Cy,  pH, 

and t o t a l  metal  c o n c e n t r a t i o n .

A l t h o u g h  t he s e  e x p e r i m e n t s  were p e r f o r med  i n  t h e  

l a b o r a t o r y ,  t he  f i n d i n g s  have i m p l i c a t i o n s  t o  meta l  m o b i l i t y  

i n  n a t u r a l  s o i l  systems and a q u i f e r s .  In n e u t r a l  t o  

a l k a l i n e  ( e s p e c i a l l y  a r i d - c l i m a t e ) s o i l s  and i n  g r o un d wa t e r  

systems t h a t  c o n t a i n  c a l c i t e  and d o l o m i t e ,  c a r b o n a t o  

c o mp l e x i n g  o f  copper  and l ead  can be ex p ec t e d  t o  i n c r e a s e  

t h e  m o b i l i t i e s  o f  t h o s e  m e t a l s .
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F i g u r e  2 2 : D i s t r i b u t i o n  d i agr am f o r  l ead spec i es  as a
f u n c t i o n  o f  pH f o r  t he  Pb^+.HgO-COg system under  a t mo s p h e r i c  
c o n d i t i o n s  ( s o l i d  l i n e s )  and C j =10 - 2  _M_ (dashed l i n e s )  f o r  
zPb=10 - 5  M and 25°C.
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RESULTS OF SORPTION MODELING

SURFACE COMPLEXATION SITE-BINDING MODEL

The f r amewor k  o f  t he  s u r f a c e  c o m p l e x a t i o n  s i t e - b i n d i n g  

model  i s  d i s c u s s e d  i n  t he  E l e c t r o s t a t i c  Models s e c t i o n  o f  

t h i s  t h e s i s .  Dav i s  and o t h e r s  (1978)  have i n t e g r a t e d  t he  

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

t he  chemi ca l  e q u i l i b r i u m  comput e r  program MINEQL ( We s t a l l  

and o t h e r s , 1976) .  Th i s  program can s i m u l t a n e o u s l y  c o n s i d e r  

s o l u t i o n  e q u i l i b r i a  and m u l t i p l e  a d s o r p t i o n  r e a c t i o n s  based 

on t h e  deve l opmen t  o f  s u r f a c e  charge and p o t e n t i a l  at  t he  

s o l i d / s o l u t i o n  i n t e r f a c e .  Necessary  i n p u t  f o r  t he  model  

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

c o n s t a n t s , i n n e r  and o u t e r  l a y e r  c a p a c i t a n c e s  (C^ and Cg) ,  

s p e c i f i c  s u r f a c e  area ( A ) ,  and s u r f a c e  s i t e  d e n s i t y  ( Ns ) .

The t er ms [ S OH] , exp ( - e ^ 0 / k T ) , and exp ( - e i p^ / k T )  are t r e a t e d  

as i n d e pe nd e n t  v a r i a b l e s .

D e t e r m i n a t i o n  o f  Par amet e r s  

Mo de l i ng  pa r a me t e r s  p l a y  a s i g n i f i c a n t  r o l e  i n  t he  

mode l i ng  p r o c e s s .  Of t he  necessa r y  i n p u t  v a l u e s ,  o n l y  two 

are model  i n d e p e n d e n t ;  t he  s u r f a c e  s i t e  d e n s i t y  (Ns ) and t h e  

s p e c i f i c  s u r f a c e  area ( A ) .  D e t e r m i n a t i o n  o f  s p e c i f i c
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s u r f a c e  area was d i s c u s s e d  i n  t h e  BET Su r f a c e  Area s e c t i o n  

o f  t h i s  t h e s i s .  For  s u r f a c e  s i t e  d e n s i t y  t he  v a l u e  o f  18 

s i t e s / n m ^  f r om Hsi  ( 1981)  w i l l  be used.  Hsi  ( 1981)  measured 

t h i s  v a l u e  u s i n g  t he  t r i t i u m  exchange method o f  Berube and 

o t h e r s  (1967)  and Yates ( 1 9 7 5 ) .

As was d i s c u s s e d  i n  t h e  E l e c t r o s t a t i c  Models s e c t i o n ,  

n e i t h e r  t h e  i n t r i n s i c  a c i d i t y  c o n s t a n t s  nor  t h e  i n t r i n s i c  

c o m p l e x a t i o n  c o n s t a n t s  are d i r e c t l y  me a s u r e a b l e .  However ,  

t h e y  can be e s t i m a t e d  u s i n g  a p pa r e n t  s t a b i l i t y  q u o t i e n t s ,

Q. James and o t h e r s  (1978)  and Dav i s  and o t h e r s  (1978)  

de s i gn e d  a g r a p h i c a l  do ub l e  e x t r a p o l a t i o n  t e c h n i q u e  by whi ch 

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

c o n s t a n t s  f o r  backgr ound e l e c t r o l y t e s  can be e v a l u a t e d .

T h e i r  p r o c e d u r e  i s  based on t h e  s u p p o s i t i o n  t h a t  a p p a r en t  

s t a b i l i t y  q u o t i e n t s  are r e l a t e d  t o  i n t r i n s i c  c o n s t a n t s  

t h r o u g h  e l e c t r o s t a t i c  f i e l d  c o r r e c t i o n  t e r ms  ( Da v i s  and 

o t h e r s ,  1978) .  T h e r e f o r e ,  i n t r i n s i c  e q u i l i b r i u m  c o n s t a n t s  

can be e s t i m a t e d  by e x t r a p o l a t i o n  o f  t he  a p p a r e n t  s t a b i l i t y  

q u o t i e n t s  t o  zer o  char ge  and ze r o  i o n i c  s t r e n g t h  c o n d i t i o n s  

f o r  i n t r i n s i c  a c i d i t y  c o n s t a n t s ,  and zer o  char ge  and I = 1 _M 

f o r  i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t s . P o t e n t i  omet r i  c 

t i t r a t i o n  d a t a ,  as d i s c u s s e d  p r e v i o u s l y ,  are used t o  

c o n s t r u c t  t h e s e  p l o t s .

For  pH v a l u es  l e s s  t han  t h e  pH(PZC) ,  i t  can be
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a p p r o x i ma t e d  t h a t  :

[SOHg]  = — and [SOH] = S g— -

where B = 10° F /  A (A = s p e c i f i c  s u r f a c e  a r e a ) ,  N$ i s  t he  

s u r f a c e  s i t e  d e n s i t y  ( ch a r g e  /  cm^) ,  and a0  i s  t he  s u r f a c e  

c h a r g e . The r e l a t i o n s h i p  between t h e  i n t r i n s i c  a c i d i t y  

c o n s t a n t  and t he  ap p a r e n t  s t a b i l i t y  q u o t i e n t  i s :

Ki n t  „  [S O H IJ H ; } e ( - e * 0 /  kT) = e ( - e * 0 /  kT) 
3 1  [ S0H+]  3 1

where :

3 1  [SOH*]

Upon d e f i n i n g  t h e  f r a c t i o n a l  s u r f a c e  char ge  as:

“ + = TÇ

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

pqa l  = pH + l og

An ana l ogous  se t  o f  c o m p u t a t i o n s  f o r  pH v a l u es  g r e a t e r  t han
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t h e  pH(PZC) l eads  t o  a s i m i l a r  e q u a t i o n :

pQa 2  = pH -  l og

When va l u es  f o r  pQ are p l o t t e d  ver sus  + C ^2 (where C i s  

t h e  e l e c t r o l y t e  c o n c e n t r a t i o n  (_M_) ) ,  p o t e n t  i  omet  r i  c t i t r a t i o n  

da t a  measured at  d i f f e r e n t  i o n i c  s t r e n g t h s  can be 

g r a p h i c a l l y  e x t r a p o l a t e d  t o  zer o  char ge  and zer o  i o n i c  

s t r e n g t h .  P l o t s  f o r  t h e  a c i d i t y  c o n s t a n t s  are g i ve n  i n  

F i g u r e s  23 and 24.

When va l ues  o f  pQ ve r s us  a± - l og  C (where C i s  equal  

t o  t h e  c o n c e n t r a t i o n  o f  t he  backgr ound e l e c t r o l y t e  c a t i o n  or  

a n i o n )  are g r a p h e d , e s t i m a t e s  f o r  backgr ound e l e c t r o l y t e  

c o m p l e x a t i o n  c o n s t a n t s  can be o b t a i n e d  (see F i g s .  25 and 

2 6 ) .

The i n n e r  and o u t e r  l a y e r  c a p a c i t a n c e s  are a d j u s t a b l e  

p a r a m e t e r s . However , 20 yF /  cm^ has become t h e  accep t ed  

v a l u e  f o r  t he  o u t e r  l a y e r  c a p a c i t a n c e  (Cg) ( Stumm and 

o t h e r s ,  1970;  Lyk l ema and Over beek ,  1961 ; Dav i s  and o t h e r s ,  

19 7 8 ) .  The i n n e r  l a y e r  c a p a c i t a n c e  (0%) i s  e s t i m a t e d  by 

t r i a l  and e r r o r  model  f i t t i n g  o f  p o t e n t i omet  r i c t i t r a t i o n  

s u r f a c e  charge d a t a .  A v a l u e  o f  280 yF /  cm^ was necessa r y  

t o  f i t  t he  da t a  i n  t h i s  s t u d y . B a l i s t r i e r i  and Mur ray  

(1981)  f ound t h a t  a s i m i l a r  i n n e r  l a y e r  c a p a c i t a n c e  va l u e  o f
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p Q q

Goethife/KNO 
pK'J?1 =4.406

q = o

a = o . o i
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F i g u r e  23: Double e x t r a p o l a t i o n  p l o t  f o r  e s t i m a t i o n  o f  t he
f i r s t  i n t r i n s i c  a c i d i t y  c o n s t a n t  i n KNOg s o l u t i o n s  at  
25°C.  C i r c l e s  r e p r e s e n t  p o t e n t  i omet r i  c t i t r a t i o n  da ta  at  
I = 1 0 ~ 3  m, c rosses  are da ta  at  1 = 10“ ^ _M_, t r i a n g l e s  are da ta  
a t  1 - 1 0 ^  _M_, and squares are da ta  at  1=0.7 _M_ (as K N O g ) .
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F i g u r e  24 :  D o u b l e  e x t r a p o l a t i o n  p l o t  f o r  e s t i m a t i o n  o f  t h e
s e c o n d  i n t r i n s i c  a c i d i t y  c o n s t a n t  i n  KN03 s o l u t i o n s  a t
25 C. See F i g .  23 f o r  e x p l a n a t i o n  o f  s y m b o l s .
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Goethife/KNO: 

P*K'nI  =9.97
10

a=o
1M

0  o
0.7  M

1 2 -2

0 0.100,02 0 .04 0.080.06

a .  -  0 .0 3  log [ K +]

F i g u r e  25 :  D o u b l e  e x t r a p o l a t i o n  p l o t  f o r  t h e  e s t i m a t i o n  o f
t h e  c a t i o n i c  i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t  i n  KNOg
s o l u t i o n s  a t  2 5 ° Ç . See F i g .  23 f o r  e x p l a n a t i o n  o f  s y m b o l s .
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6
a = o

1 M5

i ro
o
z

CL

4
0.7M

3
0.150.050

Q+ — 0.05 Ioq [KlO-z]

F i g u r e  26 :  D o u b l e  e x t r a p o l a t i o n  p l o t  f o r  t h e  e s t i m a t i o n  o f
t h e  a n i o n i c  i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t  i n  KNOg
s o l u t i o n s  a t  2 5 ° C . See F i g .  23 f o r  e x p l a n a t i o n  o f  s y m b o l s .
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260 pF /  cm^ was needed t o  f i t  g o e t h i t e  b e h a v i o r .  However ,  

Dav i s  and o t h e r s  (1978)  conc luded  t h a t  va lu e s  shou ld  

range f rom 100 t o  140 yF /  cm^ f o r  o x i d e  s u r f a c e s . As a 

r e s u l t ,  B a l i s t r i e r i  and Mur ray  (1981)  chose t o  a l t e r  o t h e r  

pa ram e te rs  such t h a t  a l o w e r  c a p a c i t a n c e  v a l u e  c o u ld  be useti 

i n  t h e i r  m o d e l i n g .  A c c e p t i n g  t h a t  p r e c e d e n t ,  t h e  i n n e r  

l a y e r  c a p a c i t a n c e  was se t  a t  140 yF /  cm2  f o r  t h i s  s t u d y .

As l ong  as a f i t  o f  t he  p o t e n t i omet  r i c t i t r a t i o n  s u r f a c e  

cha rge  da ta  i s  o b t a i n e d ,  t h i s  a d j u s tm e n t  w i l l  not  a f f e c t  t he  

o v e r a l l  i n t e r p r e t a t i o n  o f  t h e  d a t a .  The background  

e l e c t r o l y t e  c o m p l e x a t i o n  c o n s t a n t s  were a d j u s t e d  t o  o b t a i n  a 

bes t  f i t  o f  t he  e x p e r i m e n t a l  s u r f a c e  cha rge  da ta  ( F i g .  - 

2 7 ) .  The r e s u l t i n g  c o m p l e x a t i o n  c o n s t a n t s  were :

p *K1" t  = 8 .75  and p *K l n t  = 6 .90  
K NO'

Care was t aken  t o  a d j u s t  t he  model t o  bes t  f i t  t h e  I 0 ~ d

and 1 0 " *  _M_ da ta  as t he se  are t h e  i o n i c  s t r e n g t h s  used i n  t he

a d s o r p t i o n  e x p e r i m e n t s .  A l s o ,  i t  was more i m p o r t a n t  t o  f i t

t h e  s u r f a c e  charge  be low th e  pH(PZC) o f  7 .6  because t h i s  i s

t h e  area where t h e  a d s o r p t i o n  edges o c c u r .  D e v i a t i o n  o f  t he

model f i t s  f rom th e  e x p e r i m e n t a l  va l u es  a t  h i g h e r  pH's  may

be due t o  c o a g u l a t i o n  o f  t h e  g o e t h i t e  d u r i n g  t h e  t i t r a t i o n

e x p e r i m e n t s .  Tab le  6  summar izes g o e t h i t e  s u r f a c e  pa rame ters

used f o r  s u r f a c e  c o m p l e x a t i o n  s i t e - b i n d i n g  model

c a l c u l a t i o n s  i n  t h i s  and o t h e r  s t u d i e s .
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-20

Model Fit 
Goethife/KNO

-10

2 0  - i o
0.7

987

pH

F i g u r e  27:  Ex pe r i m en ta l  and computed s u r f a c e  charge d e n s i t y
i n  KNOg s o l u t i o n s  at  25°C as a f u n c t i o n  o f  i o n i c  s t r e n g t h  
and pH. The s o l i d  l i n e s  r e p r e s e n t  model c a l c u l a t i o n s  and 
t he  symbols are d e r i v e d  f rom p o t e n t i omet  r i c t i t r a t i o n  
d a t a .  See F i g .  23 f o r  e x p l a n a t i o n  o f  symbol s .
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Tab le  6 : S u r f a c e  pa rame te rs  o f  g o e t h i t e  used i n  model
c a l c u l a t i o n s  f rom t h i s  and o t h e r  s t u d i e s .  - -  i n d i c a t e s  t h e  
p a ra m e t e r  was not  d e te rm i n e d  i n  t h a t  p a r t i c u l a r  s t u d y .  A l l  
s t u d i e s  assumed Cg = 20 yF/ cm^.

Source a b c d e f g h

Background NaCl NaCl
E l e c t r o l y t e  KNOg NaNOg KC1 KC1 KC1 NaCl  KNOg NaNOg

S u r fa c e  Area
(nr2 / g )  30 .8  45 48 .5  51 .8  70 .9  32 48 52

Su r f a c e  S i t e  
D e n s i t y
( s i  t e s / n m ^ ) - -  18 - -  - -  - -  - -  16 .8  7 .0

I n n e r  Laye r  
C a p a c i t a n ce

pH (PZC)

>,Kï î t

140 140 140 — — - - 1 0 0 1 1 0

7.6 8 .5 7 .5 7 .5 7.5 7.7 7 .5

4 .4 4 .5 4 .9 5 .6 7.0 4 .9 4 .2 5 .8

1 0 . 8 1 2 . 0 10 .4 9 .5 8 .4 - - 1 0 . 8 1 1 . 1

0
0

0
0

1 0 . 1 9 .6 8 .4 - - 6 . 6 8.9 8 . 8

6 .9 7 .0 5 .5 7 .0 6 . 1 7.6

a Th i s  s t u d y ,
b Hsi ( 1 9 8 1 ) .
c B a l i s t r i e r i  and Mur ray  ( 1 9 7 9 ) .
d B a l i s t r i e r i  and Mur ray ( 1 9 8 1 ) .
e A t k i n s o n  and o t h e r s  (1967)  as quoted  i n  Huang ( 1 9 8 1 ) .
f  Hi ngs ton  and o t h e r s  ( 1968) as quoted  i n  James ( 1 9 8 1 ) .
g Yates ( 1 9 7 5 ) .
h Hayes and L e c k i e  ( 1 9 8 6 ) .
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Copper and Lead Mode l i ng

I n t  r o d u c t i o n  :

As d i s c u s s e d  i n  t he  E l e c t r o s t a t i c  Models s e c t i o n  o f  

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

assumes t h r e e  l a y e r s  t o  be p r e s e n t  a t  t h e  EDL; t h e  s u r f a c e  

l a y e r ,  t h e  B - l a y e r ,  and t he  d i f f u s e  l a y e r .  In t h e  o r i g i n a l  

f o r m u l a t i o n  o f  t h i s  mode l ,  t h e  c l o s e s t  t h a t  a meta l  s pe c i es  

c o u l d  come t o  t h e  s u r f a c e  was t h e  3 - l a y e r .  In t h i s  way,  

o n l y  i on  p a i r  complexes between s u r f a c e  s i t e s  and metal  

sp e c ie s  i n  t he  3 - l a y e r  were c o n s i d e r e d  (Hayes and L e c k i e ,  i n  

p r e s s ) .  R e c e n t l y ,  t he  s u r f a c e  c o m p l e x a t i o n  s i t e - b i n d i n g  

model has been expanded such t h a t  meta l  s p e c i e s  a re  a l l o w e d  

t o  fo rm s u r f a c e  complexes at  e i t h e r  t h e  s u r f a c e  l a y e r  or  t he  

3 - l a y e r  (Ha ch i y a  and o t h e r s , 1984;  L e c k i e  and o t h e r s ,  1986;  

Hayes and L e c k i e ,  i n  p r e s s ) .  Hence,  an adsorbed metal  

s p e c i e s  may e i t h e r  fo rm an o u t e r  sphere  o r  an i n n e r  sphere  

s u r f a c e  complex .  In o u t e r  sphere  s u r f a c e  comp lexe s ,  metal  

s p e c i e s  r e t a i n  t h e i r  p r i m a r y  h y d r a t i o n  shea ths  upon 

a d s o r p t i o n ,  whereas i n  i n n e r  sphere  s u r f a c e  complexes t hey  

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

d i f f e r e n c e  can a f f e c t  bo th  t h e  model s t o i c h i o m e t r y  o f  t he  

r e a c t i o n  and t h e  c l o s e n e s s  o f  approach o f  t h e  adsorbed 

s p e c i e s  t o  t h e  s u r f a c e  (Hayes and L e c k i e ,  i n  p r e s s ) .
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Assuming o u t e r  sphere  s u r f a c e  a d s o r p t i o n  r e a c t i o n s  f o r  

Cu^+ and Pb^+ :

* K 1 n t
SOH + Cu?+ + u 2  S 0 'C u2+ + H*s s

and

* Ki n t

SOH + Pb2+ + b 2  S0 'P b2+ + H*s <- s

where t h e  s u b s c r i p t  s deno tes  an i on  at  o r  ve ry  near  t he  

s u r f a c e , SOH r e p r e s e n t s  a h y d r a t e d  s u r f a c e  s i t e ,  SO" i s  an 

i o n i z e d  s u r f a c e  s i t e ,  and t h e  * K 1 n t 1s are i n t r i n s i c  

c o m p l e x a t i o n  c o n s t a n t s . C o n c e n t r a t i o n s  o f  t h e  adsorbed 

s p e c i e s  may be exp ressed  as:

CS0-CU2+]  = V " *  [SOH] [ C u 2  + ]  -  2e* B) '  kT]
Cu [  H ]

and

[ S 0 - P b 2+]  = * K1nt. + [SOH] [„Pb2  + ]  exp [ ( . * .  -  2e* 6 ) /  kT]
Pb [H ]

S i m i l a r l y ,  o u t e r  sphere  a d s o r p t i o n  o f  t h e  f i r s t  h y d r o l y s i s
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s p e c i e s  o f  copper  and l ead  may be d e s c r i b e d  by:

* Ki n t  +

SOH + CUg+ + H20 Cf H SOt CuOH+ + 2H*

and

* K 1nt  +
SOH + Pb^+ + H.O P| 0H SO” PbOH+ + 2H*

C o n c e n t r a t i o n s  o f  t he se  adsorbed s p e c ie s  are :

[S0-CU0H + ]  = * K 1nt  + ]  exp
CuOH [H ]

and

[ SO” PbOH+ ]  = * K 1n t  + ^ S0-HJ + ]  exp C( ^ 0  ”  /  kT]
PbOH [ H ]

I n n e r  sphere  s u r f a c e  a d s o r p t i o n  r e a c t i o n s  may a l s o  be 

t e s t e d .  The r e a c t i o n s  f o r  Cu^+ and Pb^+ i n n e r  sphere  

s u r f a c e  a d s o r p t i o n  may be w r i t t e n  as:
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*  v i n t  
2 +

SOH + Cu?+ SOCu+ + H*s s

and

* v i n t
2 +

SOH + PbP+ Pb SOPb+ + Hg 

C o n c e n t r a t i o n s  o f  t h e s e  adsorbed sp e c i es  are t h e n :

[ S0 Cu+ ]  -  * K 1nt2+ E S P H IIC u 2*,]  exp ^

Cu [ H ]

and

[ S0Pb+ ]  -  *K 1nt2+ [S0H]  , [ P b 2  + ]  exp ( - 6 *o /  k T >
Pb C H ]

The d i f f e r e n c e  between i n n e r  and o u t e r  sphere  s u r f a c e  

a d s o r p t i o n  e x p r e s s i o n s  l i e s  i n  t he  t r e a t m e n t  o f  

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

The o b j e c t i v e  o f  mo de l i ng  e x p e r i m e n t a l  a d s o r p t i o n  da ta  

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

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

r e a c t i o n s  which f i t  t he  d a t a .  The p r e d i c t i v e  a b i l i t y  o f  t h e  

model can then  be e v a l u a t e d  v i a  f i t s  o f  e x p e r i m e n t a l  da ta  

no t  used t o  c a l i b r a t e  i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t s .  The
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s i m p l e s t  a d s o r p t i o n  r e a c t i o n s  which bes t  f i t  t he  

e x p e r i m e n t a l  da ta  i n d i c a t e  which meta l  s p e c ie s  are  l i k e l y  t o  

be i n v o l v e d  i n  t h e  a d s o r p t i o n  p r o c e s s . Ou te r  and i n n e r  

sphere  meta l  a d s o r p t i o n  ana logues  are t e s t e d  and compared .

The s t r a t e g y  used t o  model e x p e r i m e n t a l  da ta  was f i r s t  

t o  d e t e r m i n e  i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t s  by t r i a l  and 

e r r o r  f o r  c a r b o n a t e - f r e e  sys tems .  P redominan t  aqueous 

s p e c i e s  were t e s t e d  f i r s t  f o r  a d s o r p t i o n  r e a c t i o n  f i t s  and 

as few r e a c t i o n s  as p o s s i b l e  were used.  The i n t r i n s i c  

c o m p l e x a t i o n  c o n s t a n t s  f rom the se  a d s o r p t i o n  r e a c t i o n  model 

f i t s  were then used t o  model o t h e r  e x p e r i m e n t a l  c o n d i t i o n s .

R e s u l t s :

There was e s s e n t i a l l y  no d i f f e r e n c e  i n  e x p e r i m e n t a l  

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

s t r e n g t h  (0 .0 1  _M_ and 0 .1  _M_ as KNOg), and c a r b o n a t e - f r e e  

ve rsus  a t m o s p h e r i c  ( Pqç^ = 10“ ^ * ^  a t m ) c o n d i t i o n s .  Hence, 

t h e  se t  o f  e x p e r i m e n t a l  p o i n t s  c o r r e s p o n d i n g  t o  1 = 0 .01  _M_ (as 

KNOg) and a t m o s p h e r i c  c o n d i t i o n s  was used t o  e v a l u a t e  model 

f i t s .  The h i g h e s t  t o t a l  meta l  c o n c e n t r a t i o n s  ( t o t a l  copper  

o f  1 0 - 4  _M and t o t a l  l ead  o f  1 0 " ^  _M_) were used t o  c a l i b r a t e  

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

The f o l l o w i n g  c o n d i t i o n s  were f i r s t  assumed t o  

c a l i b r a t e  i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t s  f o r  t he
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a d s o r p t i o n  o f  copper  and l ea d  on to  g o e t h i t e  : Pqq = 0 ,

I = 0 .01  _M_ ( as KNOg ) ,  and e i t h e r  zCu = 1 0 " ^  M_ or  

zPb = 1 0 " ^ _M. S i n g l e  o u t e r  sphere  a d s o r p t i o n  r e a c t i o n s  f o r  

Cu^+ and Pb^+ i ons  were t e s t e d  f i r s t .  As shown i n  F i g s .  28 

and 29,  model f i t s  us i n g  j u s t  t he  d i v a l e n t  i ons  are  i n  poor  

agreement  w i t h  t h e  e x p e r i m e n t a l  d a t a .  A d j u s tm e n t  o f  t h e  

i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t s  moves t h e  cu rv es  up and 

down bu t  does no t  change t h e i r  s ha pes .

N e x t , o u t e r  sphere  a d s o r p t i o n  o f  CuOH* and PbOH* i on s  

a l on e  was t e s t e d .  F i g u r e  29 shows t h a t  t h i s  model r e a c t i o n  

p r o v i d e s  a good f i t  o f  t h e  e x p e r i m e n t a l  da ta  f o r  l ead w i t h  

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

p * K l n t  = 8 .5 0  
PbOH

I t  i s  ne ces sa r y  t o  i n c l u d e  an a d d i t i o n a l  a d s o r p t i o n  r e a c t i o n  

t o  model t h e  copper  d a t a .  A d s o r p t i o n  o f  Cu( OH) 2 ° on to  a 

n e g a t i v e  s u r f a c e  s i t e  was added t o  t h e  CuOH* a d s o r p t i o n  

mode l .  A good f i t  o f  t he  da ta  r e s u l t e d  w i t h  t h e  f o l l o w i n g  

i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t s  (see F i g .  28 ) :

* i nt * i nt
p K , = 8 .80  p Ki n t  n = 13.60

CuOH Cu( OH) ^

These are  t h e  s i m p l e s t  o u t e r  sphere  a d s o r p t i o n  model
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=  8 . 8 0  &
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* int
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8

F i g u r e  28: M o d e l - c a l c u l a t e d  o u t e r  sphere s u r f a c e  a d s o r p t i o n
o f  copper  by g o e t h i t e  at  Cy = 0,  I = 0 .01 _M_ (as KNO3 ) ,  and 
25°C f o r  zCu = 10“ ^ _M_. Symbols r e p r e s e n t  e x p e r i m e n ta l  da ta 
p o i n t s  and s o l i d  l i n e s  are c a l c u l a t e d  model f i t s  o f  t he  
d a t a .  Dashed l i n e s  are t he  p o i n t s  at  which s o l i d  
p r e c i p i t a t i o n  t ook  p l ace  i n t he  model c a l c u l a t i o n s .  The 
p*K^ n^ 1s are m o d e l - c a l c u l a t e d  i n t r i n s i c  c o m p l e x a t i o n  
c o n s t a n t s .
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100

P ^  PbOH+

“O 60

intjQ

p 4 0

8 975 6

pH

F i g u r e  29 :  M o d e l - c a l c u l a t e d  o u t e r  s p h e r e  s u r f a c e  a d s o r p t i o n
o f  l e a d  by g o e t h i t e  a t  CT = 0 ,  I = 0 . 0 1  M_ ( as  KNOg ) , and
2 5 °C f o r  2Pb = 10*"^ _M_. See F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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s c e n a r i o s  f o r  copper  and l ead  e x p e r i m e n t a l  da ta  under  t he  

g i ve n  c o n d i t i o n s .  Good model f i t s  o f  da ta  were a l s o  

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

o f  o t h e r  aqueous s p e c ie s  ( two or  more at  a t i m e ) .  However ,  

t h e s e  o t h e r  s c e n a r i o s  d i d  no b e t t e r  j o b  o f  f i t t i n g  

e x p e r i m e n t a l  da ta  o b t a i n e d  under  d i f f e r e n t  c o n d i t i o n s .  

I n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t s  used f o r  model f i t s  appear  

t o  be p r e c i s e  t o  w i t h i n  0 .5  l og  u n i t s  f o r  a g i v e n  a d s o r p t i o n  

r e a c t i o n  or  se t  o f  r e a c t i o n s .

I n n e r  sphere  a d s o r p t i o n  o f  Cu^+ and Pb^+ on to  g o e t h i t e  

was a l s o  modeled f o r  Pqq^ = 0 , 1 =  0 .01  M_ (as KNOg) ,  and 

e i t h e r  zCu = 10™^ o r zPb = 10 " 5  _M_. The s c e n a r i o  o f  i n n e r  

sphere  a d s o r p t i o n  o f  f r e e  meta l  i ons  y i e l d e d  good f i t s  f o r  

bo th  copper  and l e a d . A d s o r p t i o n  p r e d i c t e d  by t hes e  

r e a c t i o n s  i s  i l l u s t r a t e d  i n  F i g s .  30 and 31 f o r  t he  

f o l l o w i n g  i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t s  :

*  i n t  
p K1% ,  = - 1 . 8 5

Cu

p V no+ = - 0 . 3 8  
Pb

Thus f a r , i t  i s  no t  c l e a r  which k i n d  o f  metal  

a d s o r p t i o n  ana logue i s  b e t t e r ,  t he  o u t e r  o r  t h e  i n n e r  

s p h e re .  Both do a good j o b  o f  mo de l i ng  t h e  e x p e r i m e n t a l
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F i g u r e  30 :  M o d e l - c a l c u l a t e d  i n n e r  s p h e r e  s u r f a c e  a d s o r p t i o n
o f  c o p p e r  by g o e t h i t e  a t  CT = 0 ,  I = 0 . 0 1  _M ( as  KNOg) ,  and
25°C f o r  zCu = 10""^ _M_. See F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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F i g u r e  31 :  M o d e l - c a l c u l a t e d  i n n e r  s p h e r e  s u r f a c e  a d s o r p t i o n
o f  l e a d  by g o e t h i t e  a t  CT = 0 ,  I = 0 . 0 1  M_ ( as  KNO3 ) , and
2 5 0C f o r  ZPb = 10 ® _M_. See F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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d a t a .  These d i f f e r e n t  model ana logues  sugges t  c o n t r a s t i n g  

i n t e r p r e t a t i o n s  o f  t h e  a d s o r b i n g  meta l  s p e c i e s ;  hyd roxo  

s p e c i e s  f o r  o u t e r  sphere  and f r e e  i on s  f o r  i n n e r  sph e re .

The nex t  s t ep  i n  mo de l i ng  i s  t o  see i f  t h e  p r e v i o u s l y  

de te r m i n e d  i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t s  f o r  each 

ana logue can be used t o  model  e x p e r i m e n t a l  da ta  o b t a i n e d  

under  a d i f f e r e n t  se t  o f  c o n d i t i o n s .  E x p e r i m e n ta l  da ta  

e x h i b i t  no s i g n i f i c a n t  d i f f e r e n c e s  f o r  copper  and l ead  

a d s o r p t i o n  i n  s o l u t i o n s  w i t h  an i o n i c  s t r e n g t h  o f  0 . 1  _M_ (as 

KNOg). Hence, c a l c u l a t e d  model f i t s  sho u ld  show l i t t l e  

d i f f e r e n c e  between I = 0.01 and I = 0 .1  _M_ (as KNOg ) 

c o n d i t i o n s  ( w i t h  a l l  o t h e r  e x p e r i m e n t a l  c o n d i t i o n s  be ing  t he  

same as b e f o r e ) .  Both o u t e r  sphere and i n n e r  sphere  

ana logues  were t e s t e d  and t h e  r e s u l t s  are  i l l u s t r a t e d  i n  

F i g u r e s  32 t h r o u g h  35.  I n n e r  sphere  p r e d i c t i o n s  g i v e  good 

f i t s  f o r  bo th  copper  and l ea d  a d s o r p t i o n  ( F i g s .  34 and 

3 5 ) .  Both o u t e r  sphere  f i t s  p r o v i d e  a s l i g h t  o v e r e s t i m a t i o n  

o f  a d s o r p t i o n  a t  l o w e r  pH v a lu es  and a ve r y  s l i g h t  

u n d e r e s t i m a t i o n  a t  h i g h e r  pH va lues  ( F i g s .  32 and 3 3 ) .

Hence,  t h e  i n n e r  sphere  meta l  a d s o r p t i o n  ana logue appears  t o  

be s l i g h t l y  b e t t e r  f o r  t h e  p r e d i c t i o n  o f  changes i n  i o n i c  

s t r e n g t h .

N ex t ,  t he  a b i l i t y  o f  t h e  model ana logues  t o  p r e d i c t  

a d s o r p t i o n  under  d i f f e r e n t  t o t a l  d i s s o l v e d  c a r b o n a t e , Cy,
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F i g u r e  32: M o d e l - c a l c u l a t e d  o u t e r  sphere s u r f a c e  a d s o r p t i o n
o f  copper  by g o e t h i t e  at  I = 0.1  M_ (as KNOg) and 25°C.  See 
F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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F i g u r e  33: M o d e l - c a l c u l a t e d  o u t e r  sphere s u r f a c e  a d s o r p t i o n
o f  l ead  by g o e t h i t e  at  I = 0 .1  M_ (as KNOg) and 25°C.  See 
F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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F i g u r e  34 : M o d e l - c a l c u l a t e d  i n n e r  sphere s u r f a c e  a d s o r p t i o n
o f  copper  by g o e t h i t e  at  I = 0 .1  M_ (as KN03 ) and 25°C.  See 
F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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F i g u r e  35: M o d e l - c a l c u l a t e d  i n n e r  sphere  s u r f a c e  a d s o r p t i o n
o f  l ead  by g o e t h i t e  at  I = 0 .1  M_ (as KNOg) and 25°C.  See 
F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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c o n d i t i o n s  w i l l  be t e s t e d .  As was d e m on s t ra te d  i n  F i g s .  14 

and 18 o f  t h e  R e s u l t s  o f  S o r p t i o n  Expe r i men ts  s e c t i o n  o f  

t h i s  t h e s i s ,  a t  Cy = 1 0 " ^  t h e r e  i s  p a r t i a l  i n h i b i t i o n  o f  

aqueous copper  and l ead  a d s o r p t i o n  f rom pH 7 t o  9.

Two approaches have been t aken  w i t h  t he  s u r f a c e  

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

Cy c o n d i t i o n s .  The f i r s t  approach ( H s i ,  1981 ; Hsi and 

Langmui  r , 1985;  and T r i p a t h i ,  1984) i s  t o  n e g l e c t  t h e  

s o r p t i o n  o f  d i s s o l v e d  c a r b o n a t e  sp e c i es  on to  t h e  s u r f a c e  o f  

g o e t h i t e .  Th i s  approach was t aken  due t o  t h e  l a c k  o f  

i n f o r m a t i o n  about  s u r f a c e  ca r b o n a te  s p e c i e s ,  SCS. The 

second approach (Sanchez and o t h e r s ,  1985) i s  t o  e s t i m a t e  

b i n d i n g  c o n s t a n t s  f o r  t h e  d i s s o l v e d  c a r b o n a t e  s p e c i e s  on to  

g o e t h i t e .  Sanchez and o t h e r s  (1985)  r e p o r t e d  t h e  f o l l o w i n g  

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

c a l c u l a t e d  f rom r e s u l t s  o f  B a l i s t r i e r i  and Mur ray  (1982 )  and 

Stumm and o t h e r s  ( 1 9 8 0 ) :

Z a c h a r a  and o t h e r s  ( i n  p r e s s )  me a s u r e d  i n o r g a n i c  c a r b o n

a d s o r p t i o n  o n t o  a m o r p h o u s  i r o n  o x i d e  ( Fe^Og • HgO ( am) )  and

SOH + CO3 *  + H+ j  S O H g C O j "
*  i n 1* 

p K ~ = - 1 5 . 9 0
c o f -

SOH + C O? "  + 2H+ + S 0 H + H C 0 :j  C O
p*K 1 n t  = - 2 2 . 3 0  

HCO"
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d e s c r i b e d  t h e  da ta  us i n g  t h e  s u r f a c e  c o m p l e x a t i o n  s i t e -  

b i n d i n g  m o d e l . T h e i r  modeled r e a c t i o n  f o r  HCOg" s o r p t i o n  

i s :

S0HÎ + HCO: *  SOHtHCOl pK1nt  = - 5 . 0
c  i  *  i  i  HC0-

When t h e  i n t r i n s i c  a c i d i t y  c o n s t a n t  f o r  f o r m a t i o n  o f  t he  

i o n i z e d  s u r f a c e  s i t e  and t he  second a c i d i t y  c o n s t a n t  f o r  

ca r b o n a te  are  added , t h i s  i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t  i s  

s i m i l a r  t o  t h a t  r e p o r t e d  by Sanchez and o t h e r s  ( 1 9 8 5 ) .  

Carbonate  i on  da ta  co u ld  not  be de te rm in e d  by Zachara and 

o t h e r s  ( i n  p r e s s )  because t h e i r  da ta  were c o l l e c t e d  be low 

pH 8 .

R u s s e l l  and o t h e r s  (1975)  s t u d i e d  t he  s o r p t i o n  o f  

C02 (g )  on to  a m o i s t  g o e t h i t e  s u r f a c e  us in g  i n f r a r e d  

s p e c t r o s c o p y .  T h e i r  da ta  i n d i c a t e  t h e  f o r m a t i o n  o f  COg^- 

s u r f a c e  comp lexes .  There i s  a l s o  some ev id en c e  o f  an HCOg" 

s u r f a c e  comp lex .  H a r r i s o n  and B e r k h e i s e r  (1982)  used 

i n f r a r e d  s p e c t r o s c o p y  t o  examine an ion  i n t e r a c t i o n s  w i t h  

hydrous  i r o n  o x i d e .  They found t h a t  c a r b o n a te  i ons  

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

i n f o r m a t i o n  i n d i c a t e s  t h a t  s o r p t i o n  o f  i n o r g a n i c  carbon 

s p e c i e s  d i r e c t l y  on to  g o e t h i t e  does t a k e  p l a c e  and shou ld  

p r o b a b l y  be c o n s i d e r e d  i n  mo de l i n g  c a l c u l a t i o n s .  Th i s
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ca r b o n a t e  sp e c ie s  s o r p t i o n  would p resumab l y  make t h e  s u r f a c e  

more n e g a t i v e .

For  mo de l i n g  i n  t h i s  s t u d y , t h e  HCOg” c o m p l e x a t i o n  

c o n s t a n t  d e te rm i n e d  by Zachara and o t h e r s  ( i n  p r e s s )  f o r  

amorphous i r o n  o x i d e  was us e d . Anderson and Ben jamin (1985)  

argue t h a t  t h e  c o n s t a n t s  o b t a i n e d  f o r  amorphous i r o n  o x id e  

and g o e t h i t e  shou ld  be co m par ab l e .  The e s t i m a t e d  COg^" 

i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t  o f  Sanchez and o t h e r s  (1985)  

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

w i t h  t h e  da ta  o f  t h i s  s t u d y  and used i n  g o e t h i t e  mo de l i ng  

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

d i s s o l v e d  c a r b o n a t e  s p e c i e s  used i n  t h i s  s t u d y  a re  :

As de mo n s t ra te d  i n  t h e  R e s u l t s  o f  S o r p t i o n  Expe r im en ts  

s e c t i o n  o f  t h i s  t h e s i s ,  t h e  e x p e r i m e n t a l  da ta  were i d e n t i c a l

s ho u ld  show no cha ng e . To t e s t  t h i s ,  t h e  i n t r i n s i c  

c o m p l e x a t i o n  c o n s t a n t s  p r e v i o u s l y  d e te rm i n e d  f o r  copper  and

SOH + CO?" + H+ j  SOHÎCO?"
* i nt

p K « = - 1 4 . 7 3

SOH + CO?" + 2H+ j  SOHgHCOg p* K1n t  = - 1 9 . 7 3  
HCO"

f o r  copper  and l ead  a d s o r p t i o n  g i ve n  Pqq^ = 0  and 

a t m o s p h e r i c  Pqq c o n d i t i o n s . L i k e w i s e ,  model c a l c u l a t i o n s

0  were used t o  model a d s o r p t i o nlead  a d s o r p t i o n  at  P
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under  a t m o s p h e r i c  c o n d i t i o n s .  F i r s t ,  t h e  s o r p t i o n  o f  COg^" 

and HCOg” on to  g o e t h i t e  was i g n o r e d .  In both t h e  o u t e r  

sphere  and i n n e r  sphere  a d s o r p t i o n  ana logues  f o r  copper  and

on to  g o e t h i t e  were i n c l u d e d ,  and model c a l c u l a t i o n s  redone 

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

F i g u r e s  36 t h r o u g h  39.  As shown i n  F i g u r e s  36 and 38,  

a d d i t i o n  o f  t h e  s u r f a c e  ca r b o n a te  sp e c i e s  (SCS) t o  copper  

systems r e s u l t s  i n  a good f i t  f o r  t h e  o u t e r  sphere  model 

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

v a l u es  f o r  t h e  i n n e r  sphere  model s o l u t i o n .  F i g u r e s  37 and 

39 i l l u s t r a t e  t h a t  a d d i t i o n  o f  SCS t o  l ead  systems p roduces  

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

o u t e r  and i n n e r  sphere  model s o l u t i o n s .  To r e f i t  t h e  

e x p e r i m e n t a l  da ta  f o r  t he  o u t e r  sphere  system w i t h  SCS, a 

new s e t  o f  i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t s  are n e c e s s a r y :

l e a d ,  t h e  same r e s u l t s  were o b t a i n e d  f o r  a t m o s p h e r i c  Pqq^ 

c o n d i t i o n s  as were o b t a i n e d  f o r  Pqq^ = 0 .

N e x t , t h e  r e a c t i o n s  f o r  s o r p t i o n  o f  COg^” and HCOg”

p * K i n î  = 4 .0  
Pb PbOH

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

c o n s t a n t  f o r  PbOH* a l o n e .  T h i s  w o u l d  i n d i c a t e  t h a t

i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t s  c a l i b r a t e d  t o  a model  w i t h
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F i g u r e  36: M o d e l - c a l c u l a t e d  o u t e r  sphere s u r f a c e  a d s o r p t i o n
o f  copper  by g o e t h i t e  at  a t m o s p h e r i c  c o n d i t i o n s  and 25°C 
w i t h  t he  a d d i t i o n  o f  COg^- ancj HCOg" b i n d i n g  c o n s t a n t s  to  
t he  mode l .  The dashed cu rve  shows t he  model f i t  w i t h o u t  
t he se  c o n s t a n t s . See F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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F i g u r e  37: M o d e l - c a l c u l a t e d  o u t e r  sphere s u r f a c e  a d s o r p t i o n
o f  l ead  by g o e t h i t e  at  a tm os ph e r i c  c o n d i t i o n s  and 25°C w i t h  
t h e  a d d i t i o n  o f  COg^- and HCOg" b i n d i n g  c o n s t a n t s  t o  t he  
mode l .  The dashed cu rve  shows the  model f i t  w i t h o u t  t hes e  
c o n s t a n t s .  See F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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F i g u r e  38: M o d e l - c a l c u l a t e d  i n n e r  sphere s u r f a c e  a d s o r p t i o n
o f  copper  by g o e t h i t e  at  a t m o s p h e r i c  c o n d i t i o n s  and 25°C 
w i t h  t he  a d d i t i o n  o f  COg^" and HCOg^- b i n d i n g  c o n s t a n t s  t o  
t he  model . The dashed cu rve  shows t he  model f i t  w i t h o u t  
t hese  c o n s t a n t s . See F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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F i g u r e  39: M o d e l - c a l c u l a t e d  i n n e r  sphere s u r f a c e  a d s o r p t i o n
o f  lead by g o e t h i t e  at  a tm o s p h e r i c  c o n d i t i o n s  and 25°C w i t h  
t h e  a d d i t i o n  o f  COg^" and HCOg" b i n d i n g  c o n s t a n t s  t o  t he  
mode l .  The dashed curve  shows t he  model f i t  w i t h o u t  t hese  
c o n s t a n t s .  See F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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SCS would y i e l d  a d i f f e r e n t  i n t e r p r e t a t i o n  o f  t he  d a t a .  A 

good r e f i t  o f  t h e  i n n e r  sphere  l ead  system w i t h  SCS was no t  

a c h i e v e d .  None o f  t h e  s i n g l e  a d s o r p t i o n  r e a c t i o n s  or  group 

o f  r e a c t i o n s  t r i e d  were ab le  t o  produce a model cu rve  w i t h  

t h e  c o r r e c t  shape.

Model f i t s  were a l s o  a t t e m p te d  f o r  i n n e r  sphere  COg^~ 

and HCOg "  s u r f a c e  comp lexes .  Model c a l c u l a t i o n s  produced 

u n d e r e s t i m a t i o n  o f  a d s o r p t i o n  f o r  l o w e r  pH va lu es  i n  o u t e r  

sphere  a d s o r p t i o n  sys t em s .  Th i s  e f f e c t  was r e v e rs e d  f o r  

i n n e r  sphere  sys tems .

Because t he  i n n e r  sphere  a d s o r p t i o n  model s o l u t i o n  o f  

Cu^+ w i t h  SCS seems t o  f i t  t h e  e x p e r i m e n t a l  da ta  f a i r l y  w e l l  

( F i g .  3 8 ) ,  i t  i s  i n s t r u c t i v e  t o  examine i t  i n  more d e t a i l .  

F i g u r e  40 compares s p é c i a t i o n  d i agrams f o r  mole p e r c e n t  o f  

t o t a l  s u r f a c e  s i t e s  ve rsus  pH f o r  t h e  i n n e r  sphere  

a d s o r p t i o n  o f  Cu^+ under  a tm o s p h e r i c  c o n d i t i o n s  w i t h  and 

w i t h o u t  t he  i n c l u s i o n  o f  SCS ( s u r f a c e  c o m p l e x a t i o n  r e a c t i o n s  

f o r  COg^" and HCOg” ) .  As seen i n  F i g u r e  40,  i n  t he  d iag ram 

w i t h  SCS,  t h e  s u r f a c e  C O g ^ "  s p e c i e s  p r ed o m in a te s  over  t h e  

s u r f a c e  HCOg"  w i t h  t h e  l a t t e r  be ing  t o o  i n s i g n i f i c a n t  t o .  

appear  i n  t he  d i a g ra m .  The s t r i k i n g  d i f f e r e n c e s  between t he  

two d i ag rams a re  : 1) t h e  p e rc en ta g e  o f  SO"  s i t e s  decreases

a t  pH v a l u es  g r e a t e r  t h a t  6 . 6  i n  t h e  model s o l u t i o n  w i t h  

S C S ; 2 )  K+ a d s o r p t i o n  i s  g r e a t l y  enhanced by t h e  i n c l u s i o n
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F i g u r e  40:  M o d e l - c a l c u l a t e d  d i s t r i b u t i o n  d i agrams  o f  i n n e r
sphere  s u r f a c e  a d s o r p t i o n  o f  copper  by g o e t h i t e  w i t h  and 
w i t h o u t  b i n d i n g  c o n s t a n t s  f o r  COg^- or  HCOg”  as a f u n c t i o n  
o f  mole p e r c e n t  t o t a l  s u r f a c e  s i t e s  and pH.
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o f  SCS, and NOg" a d s o r p t i o n  i s  somewhat depressed  ; and 3) 

t h e  p e r c e n ta g e  o f  n e u t r a l  SOH s i t e s  s t e a d i l y  decreases  i n  

t h e  model s o l u t i o n  w i t h  SCS. Hence, COg^" seems t o  sorb  t o  

t h e  s u r f a c e  a t  t he  expense o f  t he  n e u t r a l  SOH s i t e s ,  t he  SO" 

s i t e s ,  a n d , t o  a l e s s e r  d e g r e e , t h e  s o r p t i o n  o f  NOg". The 

dec rease  i n  SO" s i t e s  c o r re s p on d s  t o  a l a r g e  i n c r e a s e  i n  t he  

S0“ K+ s u r f a c e  complex .  The c a l c u l a t e d  s u r f a c e  cha rge  i s  

more p o s i t i v e  ( a t  a g i v e n  pH) i n  t he  model s o l u t i o n  w i t h  SCS

than  i n  t he  model ana logue w i t h o u t  SCS.

N e x t , model c a l c u l a t i o n s  were compared w i t h  

e x p e r i m e n t a l  da ta  at  Cy = 10"^_M_. As seen i n  F i g s .  41

t h r o u g h  44,  no model s o l u t i o n  g i v e s  an adequate  f i t  o f  t h e

e x p e r i m e n t a l  d a t a . The same i s  t r u e  f o r  systems w i t h  SCS, 

a l t h o u g h  f i g u r e s  are  no t  shown. Both copper  and l ead o u t e r  

s p h e r e ,  and coppe r  i n n e r  sphere  model s o l u t i o n s  p r e d i c t  some 

a d s o r p t i o n  i n h i b i t i o n ,  bu t  t h e  model cu rves  do not  f o l l o w  

t h e  e x p e r i m e n t a l  da ta  p o i n t s .  There may be s e v e r a l  reasons 

f o r  t h i s .  In a l l  c as e s ,  t h e  u p tu rn  o f  t h e  cu rve  j u s t  b e f o r e  

pH 9 i s  due t o  t h e  f o r m a t i o n  o f  t he  M(CO3 ) 2 ^ "  aqueous 

complex (as i n d i c a t e d  by t h e  model c a l c u l a t i o n s ) .  The f a c t  

t h a t  t h e  e x p e r i m e n t a l  da ta  do not  show an u p t u r n  i n  t h i s  pH 

range may i n d i c a t e  t h a t  t h e  s t a b i l i t y  c o n s t a n t s  f o r  t h e s e  

aqueous complexes are t o o  s t r o n g .  However ,  model 

c a l c u l a t i o n s  u s i n g  s m a l l e r  aqueous complex f o r m a t i o n



T - 3 0 5 7 131

10,000r
Outer Sphere

P*k CuOH* =a8°

p*KcJ(0H)r13-60
1000

w/o SCS

0^=10 M

pH

F i g u r e  41 :  M o d e l - c a l c u l a t e d  o u t e r  s p h e r e  s u r f a c e  a d s o r p t i o n
o f  c o p p e r  by g o e t h i t e  a t  a t m o s p h e r i c  c o n d i t i o n s  ( At m)  and
Cy = 10~2 _M_. See F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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F i g u r e  42 :  M o d e l - c a l c u l a t e d  o u t e r  s p h e r e  s u r f a c e  a d s o r p t i o n
o f  l e a d  by g o e t h i t e  a t  a t m o s p h e r i c  c o n d i t i o n s  ( At m)  and
C j  = 10~2 See F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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F i g u r e  43 :  M o d e l - c a l c u l a t e d  i n n e r  s p h e r e  s u r f a c e  a d s o r p t i o n
o f  c o p p e r  by g o e t h i t e  a t  a t m o s p h e r i c  c o n d i t i o n s  ( A t m)  and
CT = -ÜL* See F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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F i g u r e  44 :  M o d e l - c a l c u l a t e d  i n n e r  s p h e r e  s u r f a c e  a d s o r p t i o n
o f  l e a d  by g o e t h i t e  a t  a t m o s p h e r i c  c o n d i t i o n s  ( At m)  and
C j  = 10** ^ _M_. See F i g .  28 f o r  f u r t h e r  e x p l a n a t i o n .
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c o n s t a n t s  d i d  not  improve o v e r a l l  f i t s .  A l s o ,  t he  

assump t i on  t h a t  M( COg) i ons  adsorb  d i d  no t  improve  

o v e r a l l  f i t s .  A no th e r  p o s s i b i l i t y  m igh t  be t h a t  t h e  s u r f a c e  

c o m p l e x a t i o n  s i t e - b i n d i n g  model i s  no t  s e n s i t i v e  enough t o  

model  t he se  a d s o r p t i o n  i n h i b i t i o n  e f f e c t s  s i n c e  t h e y  i n v o l v e  

l e s s  t han  2 % o f  t h e  t o t a l  meta l  o r i g i n a l l y  p r e s e n t .

F i n a l l y ,  model f i t s  were d e te rm i n e d  a t  l o w e r  t o t a l  

meta l  c o n c e n t r a t i o n s  but  w i t h  t he  same g o e t h i t e  

c o n c e n t r a t i o n  ( i . e .  a t  l ow e r  a d s o r p t i o n  d e n s i t i e s ) .  The 

r e s u l t s  are  shown i n  F i g s .  45 t h r o u g h  48.  The model f i t s  

were c a l i b r a t e d  at  t he  h i g h e s t  c o n c e n t r a t i o n s  i n  a l l  

case s .  As seen i n  t h e  f i g u r e s ,  model p r e d i c t i o n s  f o r  t h e  

l o w e r  c o n c e n t r a t i o n s  va r y  f rom be ing  somewhat c l o s e  t o  

somewhat o f f .  Model p r e d i c t i o n s  are q u a l i t a t i v e l y  c o r r e c t  

i n  a l l  case s .  The i n c l u s i o n  o f  SCS i n  mo de l i n g  c a l c u l a t i o n s  

does no t  improve  model f i t s .

Di s c u s s i o n  :

The p r e d i c t i v e  a b i l i t y  o f  t he  s u r f a c e  c o m p l e x a t i o n  

s i t e - b i n d i n g  model  f o r  both o u t e r  sphere  and i n n e r  sphere  

s u r f a c e  complex model ana logues  was t e s t e d  f o r  d i f f e r e n t  

I ' s ,  d i f f e r e n t  Cj  c o n c e n t r a t i o n s ,  and d i f f e r e n t  Ns v a l u e s .  

From t h i s  s t u d y ,  i t  i s  not  c l e a r  which k i n d  o f  s u r f a c e  

complex ana logue  i s  b e t t e r .  Both do a good j o b  o f  mod e l i ng
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F i g u r e  45:  M o d e l - c a l c u l a t e d  o u t e r  sphere  s u r f a c e  a d s o r p t i o n
o f  c op pe r  by g o e t h i t e  w i t h  chang in g  a d s o r p t i o n  d e n s i t y .  The
g o j t h i t e  c o n c e n t r a t i o n  was 31 g/1 i n  a l l  systems f o r

p K1n t  = 8 . 8 0  and p*K1nt  = 13 .60 w i t h o u t  SCS.
CuOH Cu( OH) j



T - 3 0 5 7 137

1 0 , 0 0 0

O u t e r  S p h e r e
Model  fit 

Z P b = 1 0 " 5M w/o  SCS

1000

Pb 100 
(ppb)

- I P b  =  1 0 - 7M

1 0

7 84 6 95
pH

F i g u r e  46:  M o d e l - c a l c u l a t e d  o u t e r  sphere  s u r f a c e  a d s o r p t i o n
o f  l ead  by g o e t h i t e  w i t h  chan g in g  a d s o r p t i o n  d e n s i t y .  The 
g o g t b i t e  c o n c e n t r a t i o n  was 31 g/1 i n  a l l  systems f o r  

p K1nt  . = 8 .5 0  w i t h o u t  SCS.
PbOH
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F i g u r e  47:  M o d e l - c a l c u l a t e d  i n n e r  sphere  s u r f a c e  a d s o r p t i o n
o f  cop pe r  by g o e t h i t e  w i t h  chang ing  a d s o r p t i o n  d e n s i t y .  The
g o e t h i t e  c o n c e n t r a t i o n  was 31 g/1 i n  a l l  systems f o r

p * K l n * = - 1 . 8 5  w i t h o u t  SCS.
Cu
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F i g u r e  48:  M o d e l - c a l c u l a t e d  i n n e r  sphere  s u r f a c e  a d s o r p t i o n
o f  l ea d  by g o e t h i t e  w i t h  ch an g in g  a d s o r p t i o n  d e n s i t y .  The
g o g t b i t e  c o n c e n t r a t i o n  was 31 g/1 i n  a l l  systems f o r

p K1n*  = - 0 . 3 8  w i t h o u t  SCS.
Pb
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i o n i c  s t r e n g t h  d i f f e r e n c e s  (up t o  0 .1  _M_ as KNOg) and Cj 

d i f f e r e n c e s  up t o  a t m o s p h e r i c  c o n d i t i o n s ,  and both g i v e  

comparab le  r e s u l t s  f o r  d i f f e r e n t  a d s o r p t i o n  d e n s i t i e s .  Both 

a l s o  have d i f f i c u l t y  mod e l i ng  above a t m o s p h e r i c  Cy sys tems .

These d i f f e r e n t  model ana logues  sugges t  c o n t r a s t i n g  

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

sphere  s u r f a c e  complex model i n d i c a t e s  t h a t  hyd roxo  sp ec ies  

are ad so rb ed .  Th i s  f i n d i n g  i s  c o n s i s t e n t  w i t h  p r e v i o u s  

t h i n k i n g  t h a t  a d s o r p t i o n  o f  h y d r o l y z e d  metal  i ons  i s  f a v o r e d  

s i n c e  seconda ry  h y d r a t i o n  w a te rs  are more e a s i l y  removed 

f rom h y d r o l y z e d  metal  i ons  than f rom u n h y d r o l y z e d  metal  

i o n s .  The i n n e r  sphere  s u r f a c e  complex ana logue  sugges t s  

t h a t  f r e e  meta l  i ons  are ad so r be d .

Hayes and L e c k i e  ( 1 986 ,  i n  p r e s s )  used a s l i g h t l y  

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

model t o  s t u d y  o u t e r  sphere  and i n n e r  sphere  l ead  and 

cadmium s u r f a c e  complexes on g o e t h i t e  a t  d i f f e r e n t  i o n i c  

s t r e n g t h s .  They found t h a t  t h e  i n n e r  sphere  model ana logue  

f i t  t h e i r  da ta  much b e t t e r  than d i d  t h e  o u t e r  sphere  

an a l o g u e .  They a l s o  pe r f o r me d  p o t e n t i omet r i c  t i t r a t i o n s  t o  

d e t e r m i n e  t h e  number o f  p r o t o n s  re l e a s e d  per  l ead  i on  

ad so rb ed .  T h e i r  r e s u l t s  i n d i c a t e  t h a t  one p r o t o n  i s  

r e l e a s e d  per  l ead  i on  ad s o r b ed .  Th i s  agrees  w e l l  w i t h  i n n e r  

sphere  r e a c t i o n  s t o i c h i o m e t r y  f o r  t h e  a d s o r p t i o n  o f  f r e e
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meta l  i o n s .  They c on c l ude  t h a t  t r e a t i n g  d i v a l e n t  meta l  

c a t i o n s  as i n n e r  sphere  s u r f a c e  complexes i s  more 

a p p r o p r i a t e  than as o u t e r  sphere  s u r f a c e  complexes .

Hach iya  and o t h e r s  (1984)  found t h a t  t h e  i n n e r  sphere  

s u r f a c e  a d s o r p t i o n  ana logue worked b e t t e r  f o r  Cu^+ , Mn^+ , 

Zn^+ , Co^+ , and Pb^+ a d s o r p t i o n  on to  y -A lg O g .  They no ted  

t h a t  t h e  e q u i l i b r i u m  c o n s t a n t s  f o r  metal  i on  a d s o r p t i o n  w i t h  

r e l e a s e  o f  a p r o to n  are  i n  t h e  same o r d e r  as t h e  h y d r o l y s i s  

c o n s t a n t s  f o r  t hos e  metal  i o n s .

Ev idence  p r e v i o u s l y  p r e se n te d  i n d i c a t e d  t h a t  COg^-  and 

HCOg” so rb  on to  t he  g o e t h i t e  s u r f a c e .  Based upon mo de l i ng  

s i m u l a t i o n s  i n  t h i s  s t u d y , 0 8 3 ^ "  and HCO3 " p r o b a b l y  sorb  as 

o u t e r  sphere  s u r f a c e  complexes s i n c e  assump t i on  o f  i n n e r  

sphere  c a r b o n a te  s o r p t i o n  r e s u l t e d  i n  l a r g e r  d i s c r e p a n c i e s  

i n  model f i t s .  There are some p o t e n t i a l  p rob lems w i t h  t he  

e s t i m a t e d  b i n d i n g  c o n s t a n t s  f rom Sanchez and o t h e r s  

( 1 9 8 5 ) .  These c o n s t a n t s  were o r i g i n a l l y  d e r i v e d  f rom the  

da ta  o f  Stumm and o t h e r s  ( 1 9 8 0 ) .  Stumm and o t h e r s  compared 

e q u i l i b r i u m  c o n s t a n t s  f o r  exchange o f  0 0 3 ^ “ and HCO3 " w i t h  a 

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

s i m i l a r  exchange w i t h  a w a te r  h y d r o x y l  g r o u p . I n n e r  sphere  

s u r f a c e  complexes on g o e t h i t e  were assumed i n  t h e s e  

c o m p a r i s o n s .  Hence,  t h e  0 0 3 ^ "  and HCO3 " e s t i m a t e d  b i n d i n g  

c o n s t a n t s  m i gh t  be somewhat s t r o n g e r  than  would be expec ted



T - 3 0 5 7 142

f o r  o u t e r  sphere  s u r f a c e  comp lexes .  Howeve r , d e c r e a s i n g  t he  

COgZ- b i n d i n g  c o n s t a n t  i n  t h e  model d i d  no t  s i g n i f i c a n t l y  

change model f i t s  u n t i l  t he  c o n s t a n t  was reduced t o  such an 

e x t e n t  as t o  a lmo s t  e l i m i n a t e  i t s  p r e se n ce .

The i n c l u s i o n  o f  e s t i m a t e d  b i n d i n g  c o n s t a n t s  f o r  COg^- 

and HC0 3 ~ i n  t h e  model does not  he lp  p r e d i c t i v e  m od e l i ng  

c a p a b i l i t i e s  f o r  t he  pa rame te rs  t e s t e d  i n  t h i s  s t u d y .

T r i  pa t  hi  ( 1984) d i d  not  i n c l u d e  a d s o r p t i o n  o f  aqueous 

c a r b o n a te  sp e c i e s  on to  g o e t h i t e  in  h i s  mo de l i n g  e f f o r t s .  He 

r e p o r t e d  an improvement  i n  model f i t  w i t h  an i n c r e a s e  i n  

s u r f a c e  area f o r  c a r b o n a t e - b e a r i n g  sys tem s .  Th i s  sugges t s  

t h a t  s o r p t i o n  o f  COg^" and HCOg” i s  no t  r e s p o n s i b l e  f o r  h i s  

model f i t  d i s c r e p a n c i e s  s i n c e  one would exp ec t  a wo r se n i ng  

i n  t h e  f i t  w i t h  an i n c r e a s e  i n  s u r f a c e  a r e a .

A d s o r p t i o n  d e n s i t y  e x p e r i m e n ts  have been pe r f o rmed  by 

s e v e r a l  r e s e a r c h e r s  and a l l  have no ted  a pH s h i f t  o f  t h e  

a d s o r p t i o n  edge w i t h  chang ing  a d s o r p t i o n  d e n s i t y .  Benjamin 

and L e c k i e  (1981a)  conc luded  t h a t  t h e  reason t h e  pH r e g i o n  

o f  t he  a d s o r p t i o n  edge becomes more a l k a l i n e  as t o t a l  

a d s o r b a te  c o n c e n t r a t i o n  i n c r e a s e s  ( i . e .  a d s o r p t i o n  becomes 

l e s s  s p e c i f i c )  i s  t h a t  t he  s u r f a c e  has many groups o f  

b i n d i n g  s i t e s .  At  sma l l  a d s o rb a te  t o  ad s o rb e n t  r a t i o s ,  a l l  

t y p e s  o f  s i t e s  are  a v a i l a b l e  i n  excess and t h e  h i g h e r  

b i n d i n g  energy  s i t e s  are  f i l l e d  f i r s t .  The s u r f a c e
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c o m p l e x a t i o n  s i t e - b i n d i n g  model assumes a l l  s i t e s  have t h e  

same b i n d i n g  energy  and sho u ld  u n d e r e s t i m a t e  t h e  amount o f  

a d s o r p t i o n  t a k i n g  p l a c e  at  l o w e r  a d s o rb a te  c o n c e n t r a t i o n s .

In t he  case o f  c o p p e r , t h e  chang ing  d ime r  ( Ou^OH)  2 ^ )  

c o n c e n t r a t i o n  w i t h  t o t a l  c o n c e n t r a t i o n  m igh t  p l a y  a r o l e  i n  

t h e  a d s o r p t i o n  d e n s i t y  mo de l i ng  r e s u l t s .

T r i  pa t  hi  (1984)  p o i n t s  ou t  a n o th e r  f a c t o r  i n  a d s o r p t i o n  

d e n s i t y  mo de l i ng  r e s u l t s .  He r e p o r t s  t h a t  G. A. Parks has 

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

c o m p l e x a t i o n  s i t e - b i n d i n g  model c o n t a i n  a t e rm whi ch i s  

p r o p o r t i o n a l  t o  t he  s u r f a c e  a r e a . Th i s  dependence r e s u l t s  

f rom th e  use o f  s p e c i f i c  s u r f a c e  area t o  c a l c u l a t e  t h e  

c o n c e n t r a t i o n  o f  s u r f a c e  s i t e s ,  [SOH] ( L e c k i e ,  1986) :

N x A x W
[SOH] = - 2 ---------------_

6 . 0 2  x 1 0 ^

where Ng i s  t he  s u r f a c e  s i t e  d e n s i t y  ( s i t e s / c m ^ ) ,  A t he  

s p e c i f i c  s u r f a c e  area ( c m ^ / g ) ,  and W th e  amount o f  s o l i d  

d i s p e r s e d  ( g / 1 ) .  The c o n c e n t r a t i o n  o f  s u r f a c e  s i t e s  i s  used 

as a component  t o  d e f i n e  s u r f a c e  s p e c i e s .  Components are 

e f f e c t i v e l y  " r e f e r e n c e  s p e c i e s "  f rom which a l l  o t h e r  s pe c i es  

can be f o r m u l a t e d  ( M o r e l ,  19 83 ) .  Th i s  dependency p r o b a b l y  

makes t he  c o n s t a n t s  o n l y  v a l i d  f o r  t he  s u r f a c e  area at  which 

t h e y  were c a l i b r a t e d .  Hence,  ca re  shou l d  be t aken  when t h i s
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model i s  t o  be used t o  p r e d i c t  c o n d i t i o n s  a t  d i f f e r e n t  

a d s o r p t i o n  d e n s i t i e s  ( T r i  pa t  h i , 19 84 ) .  However , because 

most  a d s o r p t i o n  s t u d i e s  are pe r f o rmed  under  t he  c o n d i t i o n s  

t h a t  [SOH] i s  much g r e a t e r  than  s i t e  occupancy ,  [SOH] sho u ld  

remain f a i r l y  c o n s t a n t  ove r  s e v e r a l  o r d e r s  o f  magn i t ude  o f  

a d s o r p t i o n  d e n s i t y  ( L e c k i e ,  19 86 ) .

ESTIMATION OF APPARENT BINDING CONSTANTS 

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

Ben jamin ( 1 9 7 8 ) ,  and Benjamin and Le c k i e  (1981a)  

deve loped  an e q u a t i o n  t o  c a l c u l a t e  t h e  ap pa r e n t  or  average 

e q u i l i b r i u m  b i n d i n g  c o n s t a n t  o f  a meta l  on a s o r b e n t  

m a t e r i a l .  Wi th  t h i s  e q u a t i o n ,  t h e  d i s t r i b u t i o n  o f  s i t e  

b i n d i n g  e n e r g i e s  may be examined.  The ap pa re n t  b i n d i n g  

c o n s t a n t  i s  d e f i n e d  as:

( ÏIJ H ë T ) ( H+ ) x
K0 = ----------   . EDL

(S0Ht ) (Me)

where :

SOMej = t h e  sum o f  t h e  a c t i v i t i e s  o f  a l l  adsorbed metal  

spe c i  e s .

SOHj = t h e  a c t i v i t y  o f  a l l  p r o t o n a t e d  s u r f a c e  s p e c i e s .

x = t h e  average number o f  p r o t o n s  r e l e a s e d  per  meta l
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i on  a d s o r b e d .

EDL = a te rm a c c o u n t i n g  f o r  c ou lo m b ic  i n t e r a c t i o n s  i n  

t h e  doub le  l a y e r .

The EDL te rm does not  va r y  much ove r  a pH range o f  2 t o  3 

u n i t s  i n  t h e  p resence  o f  a swamping e l e c t r o l y t e  (Ben jamin  

and L e c k i e ,  19 81a ) .  I f  a l l  a d s o r p t i o n  da ta  are f rom a 

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

i n  t he  K ' e v a l u e .  Hence,  a new v a r i a b l e  i s  d e f i n e d :

, xe "  EDL

Ke can be d e te rm i n e d  s o l e l y  f rom e x p e r i m e n t a l  

measurements .  S i n c e :

(SÔMê,)

(SÔÏ ÏT )

t h e n ,

Th i s  v a l u e  o f  Ke can be p l o t t e d  ve rsus  r .  Benjamin and 

L e c k i e  (1981a)  observed t h a t ,  f o r  v e r y  low s u r f a c e  

c o v e r a g e s ,  Ke i s  c o n s t a n t .  For  t hes e  c o n d i t i o n s  t h e  metal



T - 3 0 5 7 146

i on s  b i nd  t o  an excess o f  h igh  energy  s i t e s .  As s u r f a c e  

cove rage  i n c r e a s e s ,  c o r r e s p o n d i n g  t o  l o w e r  Ke v a l u e s ,  t he se  

s i t e s  are  d e p l e t e d .

Copper  and Lead Appa ren t  B i n d i n g  Con s tan t s

A d s o r p t i o n  da ta  f rom t h i s  s t u d y  f o r  a t m o s p h e r i c  

c o n d i t i o n s ,  I = 0 .1  _M_ (as KNOg ) , t o t a l  copper  o f  10~4 , 10~5 , 

and 10 “ 6  _M_, t o t a l  l ead  o f  1 0 " ^ ,  10” ^ ,  and 10“  ̂ _M_, and a pH 

range o f  5 t o  7 have been p l o t t e d .  F i r s t ,  t h e  o u t e r  sphere  

s c e n a r i o  i n  which metal  hyd roxo  sp ec ies  are t h e  a d s o r b a te  

was c o n s i d e r e d .  For t h i s  mo de l ,  two p r o to n s  are re l e a s e d  

f o r  each meta l  i on  a d so rb ed .  These da ta  are p l o t t e d  i n  F i g .  

49 .

E m p i r i c a l  ev i d enc e  i n d i c a t e s  t h a t  l es s  than two p r o t o n s  

are  r e l e a s e d  per  meta l  i on  a d s o r b e d . Ben jamin and L e c k i e  

( 1981a)  measured t h e  p r o t o n  r e l e a s e  accompanying a d s o r p t i o n  

o f  copper  and l ead i ons  on to  Fe^^g 'H^O.  They r e p o r t  1 . 8 8 -  

1 .89  p r o t o n s  re l e a s e d  per  copper  i o n ,  and 1.65 p r o t o n s  

r e l e a s e d  per  l ead  i on  a d so rb ed .  The use o f  a s l i g h t l y  

s m a l l e r  p r o t o n  r e l e a s e  v a l u e  i n  t he  a p pa re n t  b i n d i n g  

c o n s t a n t  e q u a t i o n  does not  a f f e c t  t he  o v e r a l l  i n t e r p r e t a t i o n  

o f  t he  d a t a .  A l t h o u g h  t h e  ap pa re n t  b i n d i n g  c o n s t a n t  

c a l c u l a t i o n  assumes t h a t  p r o t o n  r e l e a s e  i s  i n d e p e nd e n t  o f  

pH, i t  i s  l i k e l y  t h a t  t he  number o f  p r o to n s  r e l e a s e d  v a r i e s
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log K

- 3 -2

log r

F i g u r e  49:  Appa ren t  e q u i l i b r i u m  b i n d i n g  c o n s t a n t s  f o r  
coppe r  and l ead on to  g o e t h i t e  i n  0 .1  _M_ KNOg s o l u t i o n  a t  25°C 
assuming t h a t  two p r o to n s  are r e l e a s e d  f o r  each metal  i on  
a d s o r b e d .
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ove r  a wide range o f  a d s o r p t i o n  d e n s i t y  a n d / o r  pH (Ben jamin  

and L e c k i e ,  1981a ) .  L e c k i e  (1986)  r e p o r t s  t h a t  t h e  number 

o f  p r o t o n s  re l e a s e d  per  l ead  i on  adsorbed on to  g o e t h i t e  

changes w i t h  pH. The na r row pH range (pH 5 -7 )  used i n  t h e  

a p p a r e n t  b i n d i n g  c o n s t a n t  c a l c u l a t i o n s  ( F i g .  49) o f  t h i s  

s t u d y  sho u ld  not  be s u b j e c t  t o  much o f  an e f f e c t  f rom 

chang ing  p r o t o n  r e l e a s e  w i t h  chang ing  pH.

F i g u r e  49 shows t h a t  t h e r e  are two ge ne ra l  r e g i o n s  f o r  

bo th  t he  copper  and l ead c u r v e s ;  a p o r t i o n  s l o p i n g  about  

45 ° ,  and an a lmos t  v e r t i c a l  p o r t i o n .  The r e g i o n s  o f  

chang ing  s l op e  occu r  at  r  v a l u es  o f  about  1 0 ** * • ^ and 1 0 “ ^ * ^  

f o r  copper  and l e a d ,  r e s p e c t i v e l y .  That  n e i t h e r  cu rv e  

reaches a h o r i z o n t a l  s l op e  i n d i c a t e s  t h a t  t h e  h i g h e s t  

b i n d i n g  energy  s i t e s  are no t  i n  excess at  any o f  t h e s e  

s u r f a c e  co ve ra g e s .

Nex t ,  t h e  i n n e r  sphere  assump t i on  i n  which f r e e  i ons  

are t h e  a d s o rb a te  was c o n s i d e r e d .  For t h i s  mode l ,  one 

p r o t o n  i s  r e l e a s e d  f o r  each metal  i on  ad so rb ed .  Th i s  p r o to n  

r e l e a s e  c o r re s p o n d s  t o  t h e  f i n d i n g s  o f  Hayes and L e c k i e  

( 1 986 ,  i n p r e s s )  o f  a r e a c t i o n  s t o i c h i o m e t r y  o f  one p r o t n n  

re l e a s e d  per  l ead  i on  adsorbed on to  g o e t h i t e .  P l o t t i n g  o f  

t h i s  da ta  y i e l d e d  a graph w i t h  no d i s t i n g u i s h a b l e  cu rv e  f o r  

e i t h e r  m e t a l .  Hence, no s i t e  b i n d i n g  i n f o r m a t i o n  co u ld  be 

o b t a i n e d  f o r  t h i s  s c e n a r i o .
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY

CONCLUSIONS

Based on t h i s  w o r k , t he  f o l l o w i n g  c o n c l u s i o n s  can be 

drawn :

1. Copper and l ead are bo th  s p e c i f i c a l l y  adsorbed by 

g o e t h i t e  w i t h  copper  be ing  more s t r o n g l y  adsorbed than l e a d .

2.  Copper and l ead a d s o r p t i o n  r e a c t i o n s  e q u i l i b r a t e  

r a p i d l y ,  on t he  o r d e r  o f  one ho u r .

3.  G r e a t e r  t han  a t m o s p h e r i c  amounts o f  t o t a l  d i s s o l v e d  

c a r b o n a te  ( C y )  reduces a d s o r p t i o n  o f  aqueous copper  and l ead  

on to  g o e t h i t e  between pH 7 and 9.  Th i s  a d s o r p t i o n  

i n h i b i t i o n  i s  p r o p o r t i o n a l  t o  C y ,  and i s  a f u n c t i o n  o f  pH 

and t o t a l  meta l  c o n c e n t r a t i o n .

4.  Copper and l ead  a d s o r p t i o n  are no t  s i g n i f i c a n t l y  

a f f e c t e d  by t h e  change f rom Cy=0 t o  a t m o s p h e r i c  c o n d i t i o n s

(PC0 2= 1 0 “ 3 • 5  a t m . ) .
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5.  Copper and l ead a d s o r p t i o n  are not  s i g n i f i c a n t l y  

a f f e c t e d  by an i n c r e a s e  i n  i o n i c  s t r e n g t h  up t o  0 . 1  _M_ (as 

KNOg).

6 . The pH range o f  copper  and l ead  f r a c t i o n a l  a d s o r p t i o n  i s  

dependen t  on a d s o rb a te  c o n c e n t r a t i o n  w i t h  l o w e r  a d s o r b a te  

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

t o  l o w e r  pH r e g i o n s .  T h i s  may be a t t r i b u t e d  t o  t he  p resence  

o f  s i t e s  o f  v a r y i n g  b i n d i n g  energy  on t he  g o e t h i t e  s u r f a c e .

7.  Mo de l i ng  o f  e x p e r i m e n t a l  da ta  w i t h  t h e  s u r f a c e  

c o m p l e x a t i o n  s i t e - b i n d i n g  model was ach ieve d  f o r  s i m p l e  

systems ( Cy  = 0,  1=0.01 _M_ (as K N O g ) ,  and zCu = l O ~ ^  _M_ or  

zPb=10"^ _M). However ,  t h e  model p r o v i d e s  d i f f e r e n t  

i n t e r p r e t a t i o n s  o f  t h e  a d s o r b a t e  s pe c i es  depend ing  upon 

w h e th e r  o u t e r  sphere  or  i n n e r  sphere  a d s o r p t i o n  o f  t h e  meta l  

i s  c o n s i d e r e d .  Assumpt i on  o f  o u t e r  sphere  meta l  a d s o r p t i o n  

i n d i c a t e s  t h a t  hyd roxo  s p e c i e s  are adsorbed whereas 

ass ump t i on  o f  i n n e r  sphere  meta l  a d s o r p t i o n  i n d i c a t e s  t h a t  

t h e  f r e e  i ons  are t h e  a d s o r b a t e s .

8 . A d d i t i o n  o f  r e a c t i o n s  and i n t r i n s i c  c o m p l e x a t i o n  

c o n s t a n t s  f o r  t he  a d s o r p t i o n  o f  HCOg" and C0g^“  on to  

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



T - 3 0 5 7 151

when p r e v i o u s l y  de te rm in e d  i n t r i n s i c  c o m p l e x a t i o n  c o n s t a n t s  

are  used ( f o r  t o t a l  l ead  o f  10“  ̂ _M_). No improvement  i n  

model f i t s  o f  e x p e r i m e n t a l  da ta  was ac h i eve d  by t h e  a d d i t i o n  

o f  c a r b o n a te  s u r f a c e  r e a c t i o n s .

9.  None o f  t h e  model s c e n a r i o s  used i n  t h i s  s t u d y  can 

a c c u r a t e l y  model meta l  a d s o r p t i o n  i n h i b i t i o n  at  t o t a l  

d i s s o l v e d  c a r b o n a t e  carbon c o n c e n t r a t i o n s  o f  10“ ^ _M_.

However , t he  model works w e l l  f o r  a t m o s p h e r i c  c o n d i t i o n s  

( P Cq 2 = 1 0 " 3 , 5  3 t m . ) .

10.  O r d e r - o f - m a g n i t u d e  a d s o r p t i o n  d e n s i t y  changes can be 

modeled q u a l i t a t i v e l y  and s e m i - q u a n t i t a t i v e l y  by t he  model 

s c e n a r i o s  used i n  t h i s  s t u d y . Model f i t  d i s c r e p a n c i e s  may 

be a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h i s  model assumes o n l y  one 

t y p e  o f  a d s o r p t i o n  s i t e  on t h e  g o e t h i t e  s u r f a c e .  An o t he r  

f a c t o r  co u ld  be t h e  dependence o f  t h e  m o d e l - c a l c u l a t e d  

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

DISCUSSION AND RECOMMENDATIONS FOR FUTURE STUDY

There are two main endeavors  o f  a d s o r p t i o n  m o d e l i n g .

The f i r s t  i s  t o  ga in  an u n d e r s t a n d i n g  o f  f undamen ta l  

a d s o r p t i o n  p r o c e s s e s ,  and t he  second i s  t o  de ve lop  a
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p r e d i c t i v e  model wh i ch  can be a p p l i e d  t o  n a t u r a l  s ys tems .  

S u r f a c e  c o m p l e x a t i o n  models have proved t o  be v a l u a b l e  t o o l s  

i n  f undamen ta l  a d s o r p t i o n  s t u d i e s .  N a tu r a l  systems have 

been s u c c e s s f u l l y  modeled by s e v e ra l  r e s e a r c h e r s  (B o u r g ,  

1982;  L i on  and o t h e r s ,  1982 ; Mouvet  and B o u r g , 1983;

B a l i  s t  r i  e r i  and M u r r a y ,  1 9 83 ) .  U n f o r t u n a t e l y , however ,  some 

prob lems  e x i s t  i n  t he  a p p l i c a t i o n  o f  s u r f a c e  c o m p l e x a t i o n  

models t o  n a t u r a l  s ys tems .  Honeyman ( 1984) used an

a d s o r p t i v e  a d d i t i v i t y  model and net  p a r t i t i o n i n g  

c o e f f i c i e n t s  t o  examine c o l l o i d a l  m i x t u r e s  o f  a d s o rb e n t  

m a t e r i a l s .  He found t h a t  t he  e x t r a p o l a t i o n  o f  a d s o r p t i o n  

da ta  d e r i v e d  f rom s i n g l e  a d s o rb e n t  systems t o  he te roge neo us  

systems o f t e n  r e s u l t s  i n  t h e  i m p r op e r  c a l c u l a t i o n  o f  s o l u t e  

b e h a v i o r .  He conc luded  t h a t  s o r p t i v e  b e h a v i o r  i n  c o l l o i d a l  

sys tems shou ld  no t  be expe c te d  t o  be a d d i t i v e ,  and 

recommends c a u t i o n  i n  t h e  e x t r a p o l a t i o n  o f  a d s o r p t i o n  da ta  

t o  m u l t i p l e  ad s o rb e n t  sys tems .

Dav i s  (1980)  s t u d i e d  t h e  a d s o r p t i o n  o f  n a t u r a l

d i s s o l v e d  o r g a n i c  m a t t e r  at  t he  o x i d e / w a t e r  i n t e r f a c e .  His

r e s u l t s  sugges t  t h a t ,  under  c o n d i t i o n s  t y p i c a l  f o r  n a t u r a l  

w a t e r s ,  an hydrous  i r o n  o x i d e  s u r f a c e  i s  p r o b a b l y  l a r g e l y  

cove red  by adsorbed o r g a n i c  m a t t e r .  He p r e d i c t s  t h a t  t h e  

o r g a n i c  c o a t i n g  would have s u b s t a n t i a l  i n f l u e n c e  on t he  

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

" c r e d i b i l i t y  g ap " between f undamen t a l  a d s o r p t i o n  s t u d i e s  on 

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

However , f undamen t a l  s t u d i e s  are nec es s a r y  f o r  t he  

u n d e r s t a n d i n g  o f  s o l i d / s o l u t i o n  a d s o r p t i o n  p r o c e s s e s .  More 

r e s e a r c h  i s  needed t o  d e t e r m i n e  t he  s t o i c h i o m e t r y  o f  

s o l i d / s o l u t i o n  i n t e r f a c i a l  r e a c t i o n s .  The use o f  EXAFS 

( ex t ended  X - r a y  a b s o r p t i o n  f i n e  s t r u c t u r e ) ,  an X - r a y  

a b s o r p t i o n  me t h o d , may pr ove t o  be u s e f u l  f o r  t h i s  

p u r p o s e .  Wi th d i r e c t  i n f o r m a t i o n  about  a d s o r p t i o n  

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

model  p r e d i c t i o n s ,  t hus  e l i m i n a t i n g  t h e  t r i a l  and e r r o r  

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

A n o t he r  u s e f u l  a d d i t i o n  t o  a d s o r p t i o n  mode l i ng  would be t he  

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

r e a s o n a b l e  e s t i m a t i o n  o f  he t e r ogeneous  s u r f a c e  s i t e s  co u l d  

be i n c o r p o r a t e d .

A l t e r n a t i v e  approaches  t o  t he  s t u d y  o f  a d s o r p t i o n  i n 

n a t u r a l  sys tems sho u l d  be i n v e s t i g a t e d .  One p o s s i b i l i t y  

m i g h t  be t o  s t a r t  w i t h  n a t u r a l  m a t e r i a l s  and o b t a i n  bu l k  

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

t h e  i n d i v i d u a l  components i s  not  an i s s u e ,  but  t he  r e s u l t s  

are s i t e - s p e c i f i c .  A l s o ,  d e t e r m i n a t i o n  o f  meta l  

p a r t i t i o n i n g  i n  n a t u r a l  samples cou l d  be a u s e f u l  t e c h n i q u e
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t o  i d e n t i f y  t he  s o l i d  phase i n  whi ch t he  meta l  o f  i n t e r e s t  

r e s i d e s  ( f o r  exampl e ,  o r g a n i c  m a t e r i a l  ve r sus  i r o n  o x i d e s ) .

The p r o p o r t i o n a l  a d s o r p t i o n  i n h i b i t i o n  caused by 

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

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

me t a l s  i n  n a t u r a l  systems such as a q u i f e r s  wh i ch  c o n t a i n  

c a l c i t e  and d o l o m i t e ,  and a r i d - c l i m a t e  a l k a l i n e  s o i l s .
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c: normv i s  ustrn td n o r m a l i z e  p o t e n t i o h e t r i c
C TITRATION VOLUMES TO STRONG ARID AND BASE CONCENTRATIONS
C OF 0 . 1 0 0 0  M. IT THEN DETERMINES THE DIFFERENCE BETWEEN
C VOLUME OF ACID AND BASE ADDED TO THE SYSTEM AT A GIVEN
C POINT IN THE TITRATION. INPUT AND OUTPUT FILES ARE
C INTERACTIVE. THREE OUTPUT FILES ARE WRITTEN:
C 1. ALL THE PH AND VOLUME DATA.
C 2 .  DATA INTENDED FOR USE BY A PLOT PROGRAM.
C 3 .  DATA INTENDED FOR REVISION FOR THE PROGRAM SIGMA.
C INPUT VOLUMES ARE IN MLS. THERE MUST BE A 0 AT THE END OF
C THE INPUT DATA SET. K. SMITH
C

DOUBLE PRECISION F IL IN » ALL* GRAPH, SIGMA
2 WRITE ( 4 , 3 )
3 FORMAT(SK,'ENTER INPUT FILE N A M E ' , / )

READ ( 4 , 4 )  F I L IN
OPEN ( U N I T » ? ) , F I L E “F I L I N )

4 FORMAT (A10)
WRITE ( 4 , 5 )

5 FORMAT( / ,5X,  'ENTER 3 OUTPUT F ILE NAMES <3 PER L I N E ) ' , / )
READ ( 4 , 4 )  ALL 
READ ( 4 , 4 )  GRAPH 
READ ( 4 , 4 )  SIGMA 
OPEN ( UNIT=10, FILE=ALL)
OPEN (UNIT>: I I  , F I L E “GRAPH)
OPEN (UNIT* 12, FI I .E = SIGMA)
READ ( 2 3 , 3 )  CONAC, CONGA 

S FORMAT (20)
C
C READ IN EACH INCREMENT OF TITRATION DATA:

WRITE ( 3 0 , 4 0 )
DVOl.N = 0 . 0  
VOLACN = 0 . 0  
VOLBAN “ 0 . 0  
DVOLNX = 0 . 0

20 ' READ (23 , 3 0 )  INDEX, PH INAL, VOLAC. VOLBA
IF  ( INDEX .EO. 0) GO TO GO 

30 FORMAT (40)
C
C NORMALIZE TITRATION VOLUMES:

VOI..ACN = (VOLAC *  CONAC) /  0 .1 0 0 0  
VOLBAN = (VOLBA *  CONBA) /  0 . 1 0 0 0  
DVOLN = VOLBAN -  VOLACN

C
WRITE ( 1 0 , 5 0 )  INDEX, PHINAL, DVOLN, VOLACN, VOLBAN
WRITE ( 1 1 , 5 5 )  DVOLN, PHINAL 
DVCLNX = -DVOLN
WRITE ( 1 2 , 5 0 )  INDEX, PHINAL, VOLACN, VOLBAN, DVOLNX 

40 FORMAT < ' IND EX' , 4X, ' PH' , 4X, 'VOLUME DIFFERENCE' ,
3 4M. 'NORM. VOL. AC I D ' , 4 X , 'NORM. VOL. BASE')

50 FORMAT( / ,  13, IX ,  FR. 3 ,  3 X , F S . 3 ,  12X, F 9 . 3 ,  1 OX, FS .3 )
55 FORMAT (2F)
5H FORMAT (13 ,  4F)

GO TO 20 
CONTINUE

0
GO CLOSE (UNIT:: 3.0)

Cl OSE (UNIT:- 3 1 )
CLOSE (UNIT:: 3.2)

70 WRITE ( 4 , 7 5 )
75 FORMAT! / / ,5X ,  'ANOTHER SET OF DATA? ( "Y" OR " N " ) ' , / )

READ ( 4 , 8 0 )  ANS 
GO FORMAT (A3)

IF  (ANS .ER. ' Y ' ) GO TO 2 
IF  (ANS .NE. ' N ' )  GO TO 70 
S I"OP 
END
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C SIGMA DETERMINES THE SURFACE CHARGE OF A SOL. FROM
C POTENTIOMETRIC T ITRATION DATA. VOLUMES ARE AS
C MLS, SURFACE AREA IS  IN TERMS OF SOUARE METERS, AND
C SIGMA IS IN UNITS OF MICRO C/SOUARE CMS. INPUT AND
C OUTPUT F ILES ARE INTERACTIVE.  TNO OUTPUT F ILER ARE
H WRITTEN: ONE GIVES ALL THE DATA, AND THE OTHER IS

■O INTENDED FOR USE BY A PLOT PROGRAM. THERE MUST BE A 0 AT
C THE END OF THE INPUT F I L E .  INPUT DATA MUST BE NORMALIZED
0 TO ACID AND BASF CONCENTRATIONS OF 0 . 1  M, HAVE THE EFFECTS
C OF THE BLANK TITRATION REMOVED, AND HAVE HAD AN ORIGINAL
C VOLUME OF 5 Î  ML. K. SMITH
C

DOUBLE PRECISION F I L I N ,  ALL, PLOT 
2 WRITE ( 4 , 3 )
0 FORMAT( S X , 'ENTER INPUT F IL E  N A M E ' , / )

READ ( 4 , 4 )  F I L I N
OPEN . ( UN I T = 23 , F 11. E-F11.. IN )

4 FORMAT ( A J 0 )
WRITE ( 4 , 5 )

5 FORMAT ( / , 5 > ( ,  'ENTER 2 OUTPUT F ILE  NAMES ( J PER L I N E ) ' , / )
READ ( 4 , 4 )  ALL
READ ( 4 , 4 )  PLOT
OPEN (UNJT:-1J,  FILE»ALL>
OPEN (UNIT=: 12, F 11. E-PL OT )

C
C READ IN I N I T I A L  DATA:

READ( 2 )  ,G)PHI  N T . V O L I N T , OAMMAH, GAMMOH, AREA 
B FORMAT ( 5 0 )
C
C CALCULATE THE CONCENTRATION OF H AND OH:

PI IX = 0 . 0
ACTH = 0 , 0
CONCHI = 0 . 0
POMP = 0 . 0
POMX = 0 . 0
ACTOH = 0 . 0
CONOHI = 0 . 0
PI IX = -PI  IT NT
ACTH = 10,  Oil*PIIX
CONCHI = ACTH /  GAMMAH
POHP = 1 4 . 0  -  PHINT
POMX = -POHP
ACTOH = 10 .0»*POHX
CONOHI = ACTOH /  GAMMOH
WRITE ( 1 1 , 7 )
WRITE ( 1 1 , 8 )  PHX, ACTH, CONCHI, GAMMAH 
WRITE ( 1 1 , 9 )
WRITE 0  1 , 8 )  POHX » ACTOH » CONOHI, GAMMOH

7 FORMAT ( 3 0 X . 'I I DATA' )
8 FORMAT ( / ,  0 ,  5X ,  G, 5X,  G, 5X,  G)
9 FORMAT ( / / ,  3 0X ,  'OH DATA' )
C
C READ IN EACH INCREMENT OF THE DATA:

WRITE ( 1 1 , 1 8 )
PHY = 0 . 0  
ACTHY = 0 . 0  
CONCHT = 0 . 0  
PONY = 0 . 0  
POMZ = 0 . 0  
ACTOHT = 0 . 0  
CUNOHT = 0 , 0  
GAMMA = 0 . 0  
STOMA * 0 . 0

10 READ ( 2 1 , 1 5 )  INDEX, PHINAL, VOLACN, VOLBAN, DVOLNX
I F  ( INDEX .EG. 0 )  GO TO 20

15 FORMAT ( 5 0 )
n
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CAI.nUI. ATIE THF CONCENTRATION OF H AND OH:
PI IV = -f-'HJHAL 
ACTHY = 1 0 , 0 * * T11Y 
CONCHT = ACTHY /  OAMMAH 
POIIY = 1 4 . 0  -  PH IN A!..
P0ÎI7 = -PONY
ACTOHT = 1 0. POHZ
CON OUT = ACTOHT /  OAHI'IOH

CAI..CUI. ATF SURFACE CHAROF:
(?AMI'iA- ( (CONCH I CONOHI ) « ( VOI. I N T / 10 00 .  0 ) > + ( 0 . U K  DVOLNX/1000 .  0 ) ) 
- (  (CONCHT-CONOHT)*( ( VOL INT+VOL ACN+VOI..BAN ) / 1 0 0 0  „ 0 ) )
S I 01 (A- ( it0 0 0 0 0 0 . 0  *  8 0 4 0 7 .  0 « GAMMA) /  (AREA *  J 0 0 0 0 . 0 )

WRITE 0  2 , 1 7 )  PI 11NAI. * SIGMA
WRITE 0 1 , 1 0 )  INDEX, SIGMA, FIN NAI , GAMMA, CONCHT, CDNOHT 
FORMAT ( / / / , . i  2X , ' J NDFX ' , 7X . ' S I  CM A ' , OX , ' PI I ' , 1 OX , 'GAMMA ' , 
ISXr'CONC H ' , 1 3)1, 'CONC OH' )
FORMAT (2 F )
FORMAT ( / , 0 , / l ) < ,  F 1 0 . 0 ,  4X , F 8 . 0 ,  4X , G , 4 X , G , 4X, G)
GO TO 10 
CONTINUE

Cl OSE ( I IN.I T : - 0 )
CIOSF (UNIT.  12)
WRITE ( 4 , 0 0 )
FORMAT( / / , OX, 'ANOTHER SET OF DATA? ( "Y" OR " N " ) ' , / )
READ ( 4 , 3 5 )  ANS 
FORMAT ( A) )
I F  (ANS , FR. 'Y ' ) GO TO 2 
I F  (ANS .NE. ' M O  GO TO 25  
STOP 
END
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C PKA1 CAI.CUI.ATFF THF PARAMETERS FOR A D01JBÎ.E EXTRAPOLATION
C DIAGRAM FOR A POSITIVELY CHARGED SURFACE. NECESSARY INPUT
C IS THE TOTAL HUMBER OF SITES AS MICRO C/SO CM, AND THE IONIC
C STRENGTH. THE INPUT F ILE OF PH AND SIGMA VALUES MUST HAVE A
C 0 AT THE END. INPUT AND OUTPUT FILES ARE INTERACTIVE.
C TWO OUTPUT FILES ARF WRITTEN: ONE DIVES THE PARAMETERS AND
G THE OTHER IS INTENDED FOR USE BY A PLOT PROGRAM. K. SMITH
C

DOUBLE PRECISION F I L I N ,  ALL, PLOT, IONICS, LSUBT
2 WRITE ( 4 , 0 )
3 FORMAT(DX, 'ENTER INPUT F ILE N AM E' , / )

READ ( 4 , 4 )  FH IN
OPEN (UNIT»?! , FILE “F I  !.. IN )

4 FORMAT (A10)
WRITE ( 4 ,G>

5 FORMAT*/ ,S X , 'ENTER 2 OUTPUT FILE NAMES ( !  PER L I N E ) ' , / )
READ ( 4 , 4 )  ALL
READ ( 4 , 4 )  PLOT
OPEN (UNIT:: ) J , FII.F==ALL>
OPEN (UNIT:: i? ,  F 11. E-  P! OT )

C
C READ IN INITIAL DATA:

WRITE ( 4 , P>>
G FORMAT!/, IX ,  'ENTER VAI.UF FOR TOTAL SITES (MICRO C/SG.CM. ) ' , / )

READ ( 4 , 7 )  TSITES
7 FORMAT (0 )

WRITE ( 4 , 8 )
8 FORMAT!/,  IX ,  'ENTER VALUE FOR IONIC STRENGTH (MOI.S/L.) ' , /  >

READ ( 4 , 0 )  IONICS
$3 FORMAT ( G >
C
C READ IN EACH INCREMENT OF THE DATA:

WRITE < ) ! , 1 R>
FRAC = 0 . 0  
SURT = 0 . 0  
LSUBT = 0 . 0  
PRAJ = 0 . 0
ETON = 0 . 0

10 RFAD ( 2 ) , 1 5 )  PHINAL. SIGMA
IF  (PHINAL .FR.  0) GO TO 20 

15 FORMAT (2F)
C
C CALCULATE THE PARAMETERS:

FRAC = SIGMA /  TSITES 
SUBT = FRAC /  ( 1 . 0  -  FRAC)
LSUBT = LOG1 0 ( SUBT)
PRA! = PHINAL + LSUBT
F ION = FRAC ♦ ( 0 , 0 5  *  (SO RT! IONICS)> >

C
WRITE ( 1 2 , 1 7 )  FION, PRA1 
WRITE ( 1 1 , 1 8 )  PQA1, FION, FRAC 

IB FORMAT( / / / , ?X, ' PRA1 ' , 7X , ' I  TERM',4X,  'FRACTIONAL SURF. CHARGE' )
17 FORMAT ( 2 D
10 FORMAT ( /  , F 7 . 0,  4 X , G1 0. 3,  SX, G1.0. S )

GO TO 10 
CONTINUE

C
20 CI OSF ( UNIT = 1J )

Cl ORE (UNIT>=12)
25 WRITE ( 4 , 3 0 )
30 FORMAT( / / , 5 X , ' ANOTHER SET OF DATA? ("Y" OR " N " ) ' , / )

RFAD ( 4 , 3 5 )  ANS 
3:1 FORMAT ( A D

IF  (ANS .ER. ' Y' > GO TO 2 
IF  (ANS .NE. ' N ' )  GO TO 25 
STOP 
END
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r: PKAZ CALCUi.ATFS THF PARAMETERS FOR A DOUBLE EXTRAPOLATION
C DIAGRAM FOR A HFBATIUFI.Y-CI IAROED SURFACE. NECESSARY INPUT
C IS THF TOTAL NUMP.FR OF SITES AS MICRO C/SO CM, AND THE IONIC
t: STRENGTH. THE INPUT FILE OF PH AND SIGMA VALUES MUST HAVE A
C 0 AT THE END. INPUT AND OUTPUT FILES ARE INTERACTIVE.
C TWO OUTPUT FILES ARE WRITTEN: ONE GIVES THE PARAMETERS AND
C THE OTHER IS INTENDED FOR USE BY A PI. OT PROGRAM. K. SMITH
C

DOUBLE PRECISION F I L I N ,  ALL., PLOT, IONICS, LSUBT 
H WRITE ( 4 , 3 )
0 FORMAT( S X , 'ENTER INPUT FILE NAME' . / )

RFAD ( 4 , 4 )  F I L I N
OPEN (UNIT::?) , F ILE»FIL IN>

4 FORMAT ( AI 0)
WRITE ( 4 , 5 )

5 FORMAT</,5X, 'ENTER 2 OUTPUT FILE NAMES (1 PER L I N E ) ' , / )
READ ( 4 , 4 )  AI L
RFAD ( 4 , 4 )  PLOT
OPEN (UNIT:: ) I , F I LE «ALL)
OPEN ( UNIT=12, FILE=PLOT)

C
C READ IN IN IT IA L  DATA:

WRITE ( 4 , 6 )
E FORMAT( / , JX, 'ENTER VALUE FOR TOTAL SITES (MICRO C/SG. CM . ) ' , / )

RFAD ( 4 , 7 )  TSITES 
7 FORMAT (0>

WRITE ( 4 , 0 )
f? FORMAT ( / ,  JX, 'ENTER VALUE FOR IONIC STRENGTH < HOLS/L ) ' , / )

RFAD ( 4 , 0 )  IONICS 
3 FORMAT ( G)
C
C READ IN EACH INCREMENT OF THE DATA:

WRITE ( J J . 1 6 )
FRAC « 0 . 0  
SUBT = 0 . 0  
LSUBT = 0 . 0  
PRA2 = 0 . 0  
FION = 0 . 0  

10 READ ( ? ) , )5> PHINAL, SIGMA
IF  (PHINAL .EO. 0> GO TO 20 

IS FORMAT (7F)
C
C CALCULATE THE PARAMETERS :

FRAC = (--SIGNA) /  TSITES 
SUBT = FRAC /  ( 1 . 0  -  FRAC)
LSUBT = LOG)0(SUBT)
PNA2 « PHINAL -  LSUBT
FION « FRAC + (O.J + ( SORT( IO N I C S ) ))

r:
WRITE ( 1 2 , 1 7 )  FION, PRA2 
WRITE ( 1 1 . 1 8 )  POA2, FION, FRAC 

IP F O R M A T ! / / / ,2 X ,  'PG A 7' ,7X ,  ' I  TERM' , 4X,  'FRACTIONAL SURF. CHARGE' )
17 FORMAT (?F)
1.0 FORMAT ( /  , F7 . 3 , 4X , G1 0 . 3 , OX , fi 1 0. 3 )

GO TO 10 
CONTINUE

C
20 CLOSE (UNIT«:). J )

CLOSE (UNIT:: )?)
25 WRITE ( 4 , 3 0 )
30 FORMAT! / / ,OX,  'ANOTHER SET OF DATA? ( " Y" OR " N" ) ' , / )

RFAD ( 4 , 3 5 )  ANS 
35 FORMAT ( A l )

IF ( ANS .EC. ' Y '  ) 00 TO 2 
IF  (ANS .NE. ' N ' )  00 TO 25 
STOP 
END


