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ABSTRACT 

Sb Y 

r e v  

Se . 
b i  o 

and 

350 

The 

T h i s  p r o j e c t  was i n i t i a t e d  i n  August ,  1982 t o  c o m p i l e . a n d  c r i t i c a l l y  e v a l u a t e  t h e  

d a t a  f r o m  e x i s t i n g  l i t e r a t u r e  on chemica l  ( p r e c i p i t a t i o n / d i s s o l u t i o n  and adsorp-  

t i  o n / d e s o r p t i  on) and b i o l o g i c a l  (me thy l  a t i o n  and a1 k y l a t  i on) a t t e n u a t i o n  mechanisms 

t h a t  a f f e c t  aqueous c o n c e n t r a t i o n s  of  e lements  and t h u s  t h e i  r geochemical  b e h a v i o r  

i n  t h e  subsur face  env i ronmen t .  Elements c o n s i d e r e d  f o r  chemica l  mechanisms were A1 , 
As, Bay Be, 8, Cd, C r y  Cu, F, Fey  Pb, Mn, Hg, Mo, N i ,  S e ,  Nay S, V and Zn. The 

ew of b i o l o g i c a l  mechanisms focused on m i c r o b i o l o g i c a l  a l k y l a t i o n  o f  As, Hg, and 

o g i c a l  a t t e n u a t i o n  mechanisms, whereas Volume 2 " A t t e n u a t i o n  Rates,  C o e f f i c i e n t s  

Constan ts  i n  Leachate  M i g r a t i o n :  An Anno ta ted  B i b l i o g r a p h y "  l i s t s  ove r  

r e f e r e n c e s  and a b s t r a c t s  p e r t a i n i n g  t o  t h i s  t o p i c .  

T h i s  r e p o r t  (Volume 1) d e a l s  w i t h  a c r i t i c a l  r e v i e w  o f  t h e s e  chemica l  and 

i n f o r m a t i o n  d i s c u s s e d  i n  t h e  r e p o r t  f o r  each element i n c l u d e s  1) thermodynamic 

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

waste env i  ronment , 2)  obse rved  s o l  u b i  1 i t y - c o n t  r o l l  i ng s o l  i d s  , and 3) a summary o f  

t h e  e f f e c t  o f  d i f f e r e n t  .geochemical f a c t o r s  t h a t  c o n t r o l  a d s o r p t i o n / d e s o r p t i o n .  The 

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

( S e c t i o n  Z ) ,  a l o n g  w i t h  e x t e n s i v e  t a b l e s  f o r  thermodynamic e q u i l i b r i u m  c o n s t a n t s  and 

a d s o r p t i o n / d e s o r p t i o n  c o n s t a n t s  f o r  each element a r e  an i m p o r t a n t  aspec t  o f  t h i s  

r e p o r t .  Because q u a n t i t a t i v e  i n f o r m a t i o n  on a l k y l a t i o n  i s  n o t  a v a i l a b l e ,  c a l c u l a -  

t i o n s  were made under  assumed env i ronmen ta l  c o n d i t i o n s  t o  d i s p l a y  and assess t h e  

impor tance  o f  s u b s u r f a c e  a1 k y l a t i o n  r e a c t i o n s .  

A s  a r e s u l t  o f  t h i s  f i r s t  phase, i t  was l e a r n e d  t h a t  adequate da ta  t o  make 

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

e n v i  ronment e x i s t  f o r  o n l y  a few s o l  Utes .  P r e c i  p i  t a t i  on /d i  s s o l u t i  on and 

a d s o r p t i o n / d e s o r p t i o n  were found  t o  t h e  most  i m p o r t a n t  chemica l  a t t e n u a t i o n  

mechanisms and t h e  a t t e n u a t i o n  r a t e s  a r e  expec ted  t o  d i f f e r  a c c o r d i n g  t o  t h e  

chemica l  e lement and t h e  c o m p o s i t i o n  o f  t h e  g e o l o g i c  m a t e r i a l .  

iii 



E P R I  PERSPECTIVE 

PROJECT DESCRIPTION 

RP2198 was i n i t i a t e d  t o  compi le  and deve lop  new q u a n t i t a t i v e  d a t a  on chemical  a t t e n -  

u a t i o n  o f  i n o r g a n i c  elements i n  t h e  subsur face  environment.  Phase I o f  t h e  r e s e a r c h  

was devoted t o  c o m p i l i n g  and r e v i e w i n g  t h e  d a t a  f r o m  l i t e r a t u r e .  
research  w i l l  be devoted t o  t h e  development o f  new q u a n t i t a t i v e  data.  

geochemical i n t e r a c t i o n s  between s o i l s  and groundwaters i s  one e s s e n t i a l  p a r t  o f  
EPRI 's S o l i d  Waste Envi ronmenta l  S t u d i e s  p r o j e c t  (RP2485) aimed a t  d e v e l o p i n g  rneth- 

ods o f  p r e d i c t i n g  t h e  env i ronmenta l  f a t e  o f  l eacha tes .  I n  Phase I, t h e  researchers  
rev iewed t h e  l i t e r a t u r e  on chemical  a t t e n u a t i o n  t o  e s t a b l i s h  t h e  a p p l i c a b i l i t y  o f  

d a t a  t o  waste d i s p o s a l  systems on t h e  b a s i s  and adequacy o f  exper imen ta l  procedures,  

degree o f  c h a r a c t e r i z a t i o n ,  and d a t a  i n t e r p r e t a t i o n .  Q u a n t i t a t i v e  d a t a  summaries 

f o r  chemi c a l  and b i o l o g i c a l  a t t e n u a t i o n  mechanisms ( p r e c i p i  t a t i o n / d i  s s o l u t i o n ,  
adso rp t i on /deso rp t i on ,  a l k y l a t i o n  and m e t h y l a t i o n )  a re  g i v e n  i n  Volume 1. An 

annotated b i b l i o g r a p h y  i s  i n  Volume 2 o f  t h i s  r e p o r t .  

Phase I 1  o f  t h e  

Study o f  

PROJECT OBJECTIVES 

The o b j e c t i v e s  f o r  Phase I o f  t h i s  p r o j e c t  (RP2198-1) were t o  compi le  and e v a l u a t e  

i n f o r m a t i o n  on chemical  a t t e n u a t i o n  o f  i n o r g a n i c  s o l u t e s  and t o  des ign  l a b o r a t o r y  
and f i e l d  exper iments t o  o b t a i n  a d d i t i o n a l  da ta  on chemical  a t t e n u a t i o n  o f  s o l u t e s  

i n  t h e  g e o l o g i c  environments.  

PROJECT RESULTS 

T h i s  Phase I r e p o r t  has s u c c e s s f u l l y  d e l i v e r e d  a comprehensive comp 

on chemical a t t e n u a t i o n  r a t e s  and on cons tan ts  and c o e f f i c i e n t s  f o r  

elements (A l ,  Sb, As, Ea, Be, B y  Cd, C r y  Cu, F, Fey Pb, Mn, Hg, Mo, 

V,  Zn). The research  p rov ided  t h e  d a t a  on which t o  base l a b o r a t q r y  

on o f  d a t a  

no rgan i  c 

Se, Na, S, 
f i e l d  

exper iments be ing  conducted i n  the Phase I 1  research  now under way i n  E P R I  RP2485. 

T h i s  r e p o r t  p rov ides  a un ique c o l l e c t i o n  o f  i n f o r m a t i o n  compi led f rom an e x t e n s i v e  

l i t e r a t u r e  search and i s  t o  be used by the u t i l i t y  env i ronmenta l  s t a f f  who deal  w i t h  

t h e  i ssue  o f  s o l i d  r e s i d u e  d i s p o s a l  and' i t s  e f f e c t  on groundwater.  

(Volume 1) i s  expected t o  be an impor tan t  c o n t r i b u t i o n  t o  the  s u b j e c t  of chemical 

Th is  r e p o r t  

1 a t  
2-1 

N i  , 
and 

V 



a t t e n u a t i o n  i n  s o i l s .  Volume 2, t h e  annotated b i b l i o g r a p h y ,  c o n t a i n s  about 350 
p e r t i n e n t  p u b l i c a t i o n s  t h a t  p r o v i d e  t h e  d a t a  i n  Volume 1. 

The impor tan t  r e s u l t s  from Phase I research  a re  summarized below: 

1. For  o n l y  a few so lu tes ,  adequate d a t a  e x i s t  f o r  making q u a n t i t a t i v e  
e s t i m a t e s  f o r  t he  r a t e s  o f  chemical  a t t e n u a t i o n  i n  the  subsur face 
en v i  ronmen t . 

2.' Chemical a t t e n u a t i o n  r a t e s  should be expected t o  d i f f e r  acco rd ing  t o  
t h e  chemical  element and t h e  compos i t i on  o f  t h e  g e o l o g i c a l  e n v i r o n -  
ments. 

3. P r e c i p i  t a t i o n / d i s s o l u t i o n  and a d s o r p t i o n / d e s o r p t i o n  a re  found  t o  be 
t h e  most i m p o r t a n t  chemical  a t t e n u a t i o n  mechanisms. 

4. P r e c i p i t a t i o n / d i s s o l u t i o n ,  a1 though recogn ized  t o  be impor tan t ,  has 
n o t  been adequate ly  s tud ied ,  e s p e c i a l l y  f o r  t r a c e  elements.  

5. Because o f  s i m i l a r i t y  i n  geochemical behavior ,  many elements can be 
b rough t  t o g e t h e r  and s t u d i e d  as a group. 
can l e a d  t o  more e f f i c i e n t  research.  

Such g e n e r a l i z e d  g roup ings  

Ishwar P. Murarka, P r o j e c t  Manager 
Energy A n a l y s i s  and Environment D i v i s i o n  

v i  
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L i t e r a t u r e  data a p p l i c a b l e  t o  chemical  a t t e n u a t i o n  i n  t h e  subsur face environment of  

i n o r g a n i c  species c o n t a i n e d  i n  u t i l i t y  wastes were compi led and c r i t i c a l l y  e v a l u a t e d  

f o r  t h e i  r u s e f u l  ness i n  p r e d i  c t i  ng t h e  geochemical behav io r  o f  these i n o r g a n i c  

species.  A l though b i o l o g i c a l  a t t e n u a t i o n  mechanisms were a l s o  reviewed, chemical  

a t t e n u a t i o n  mechanisms were judged t o  be more i m p o r t a n t  f o r  a m a j o r i t y  o f  t h e  

chemical  species.  Chemical a t t e n u a t i o n  r e f e r s  t o  r e a c t i o n s  t h a t  occur  between 

leacha te  c o n s t i t u e n t s  and g e o l o g i c  m a t e r i a l  which change t h e  d i s t r i b u t i o n  and 

c o n c e n t r a t i o n  o f  t h e  i n o r g a n i c  species i n  t h e  po re  waters  and hence t h e i r  

m o b i l i t y .  These r e a c t i o n s  can be grouped under two headings: 

p r e c i p i t a t i o n / d i s s o l u t i o n  and a d s o r p t i o n / d e s o r p t i o n .  Therefore,  t h e  rev iew  was 

focused on e s t a b l i s h i n g  t h e  e f f e c t s  o f  key hydrochemical  and geo log ic  f a c t o r s  on 

p r e c i p i t a t i o n / d i s s o l u t i o n  and a d s o r p t i o n / d e s o r p t i o n  mechanisms. 

The i n f o r m a t i o n  d iscussed i n  t h e  r e p o r t  f o r  each element i n c l u d e s  1) thermodynamic 

p r e d i c t i o n s  o f  s t a b l e  s o l i d  and s o l u t i o n  species which may be present  i n  t h e  u t i l i t y  

w a s t e  env i  ronment 

t h e  e f f e c t  o f  d i f f e r e n t  geochemical f a c t o r s  t h a t  c o n t r o l  a d s o r p t i o n / d e s o r p t i o n .  The 

d e f i n i t i o n s  o f  cons tan ts  and examples of  t h e i r  use i n  c a l c u l a t i n g  a t t e n u a t i o n  

( S e c t i o n  2 )  a long  w i t h  e x t e n s i v e  t a b l e s  f o r  thermodynamic e q u i l i b r i u m  cons tan ts  and 

a d s o r p t i o n / d e s o r p t i o n  cons tan ts  f o r  each element a r e  an impor tan t  aspect o f  t h i s  

2 )  observed so l  ub i  1 i t y - c o n t  r o l l  i n g  s o l  i d s  and 3)  a summary o f  

r e p o r t .  Impor tant  f i n d i n g s  f rom t h e  rev iew  a r e  summarized below. 

PRECIPITATION/DISSOLUTION 

The na tu re  o f  t h e  aqueous species i s  i m p o r t a n t  i n  understanding both p r e c i p i t a -  

t i o n / d i s s o l u t i o n  and 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 .  As a general  r u l e ,  complexed 

species i nc rease  t h e  s o l u b i l i t y  o f  s o l i d  phases and t h e y  a r e  not adsorbed by m i n e r a l  

sur faces.  Thus, aqueous complexat ion may enhance m o b i l i t y .  The aqueous species 

were p r e d i c t e d  from s e l e c t e d  thermodynamic data f o r  each element under c o n d i t i o n s  

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

i n  t h e  t e x t  were made under an assumed groundwater composi t ion (SO,*-  = C 1 -  = 

E H .  
- 2 -  M, NO - = F-  = M, B r -  = I- = 10- 5 M, pC0 - 10-3-52)  and a range i n  pH and - - 3 

However, t h e  theriiiodynamic datd can be used t o  c a l c u l a t e  s p e c i a t i o n  under o t h e r  

s- 1 



c o n d i t i o n s  as we1 1. The p r e d i c t e d  i m p o r t a n t  aqueous species f o r  d i f f e r e n t  elements 

a r e  r e p o r t e d  i n  Table 1. 

s o l u t i o n  species f o r  t h e  elements. A d d i t i o n a l  d e t a i l s  a re  e l a b o r a t e d  i n  t h e  t e x t .  

Table 1 does show t h a t  some o f  t h e  elements a r e  1) c a t i o n i c  (e.g., Cd, Pb, N i ,  Zn) 

and t h a t  t hese  elements may e x i s t  i n  u t i l i t y  waste environment as complexes w i t h  

d i f f e r i n g  charge c h a r a c t e r i s t i c s ,  2) a n i o n i c  (e.g., F-, M O O $ - ) ,  and 3 )  redox 

s e n s i t i v e  (e.g., C r ,  Se). Th is  i n f o r m a t i o n  was u s e f u l  i n  grouping t h e  elements 

based on t h e  s i m i l a r i t i e s  i n  t h e i r  a t t ' e n u a t i o n  behavior .  

Th is  t a b l e  i s  p r o v i d e d  o n l y  as an example o f  i m p o r t a n t  

P r e c i p i t a t i o n  o f  s o l i d  phases i s  an i m p o r t a n t  a t t e n u a t i o n  mechanism. I n  cases where 

t h e  s o l i d  phase o f  an element i s  present  o r  can form i n  s u b s t r a t a  and r a t e s  o f  p r e -  

c i p i t a t i o n / d i s s o l u t i o n  a r e  r a p i d ,  t h e  e q u i l i  b r i um s o l u t i o n  c o n c e n t r a t i o n  i s  con- 

t r o l l e d  by t h e  s o l u b i l i t y  of t h e  s o l i d  phase even though 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  may be o c c u r r i n g .  There fo re ,  t h e  e x i s t i n g  thermochemical  l i t e r a t u r e  was 

reviewed t o  i d e n t i f y  t h e  most s t a b l e  phases o f  d i f f e r e n t  elements t h a t  may form i n  

t h e  g e o l o g i c  env i  ronment. These s t a b l e  phases were t h e n  used t o  p r e d i c t ,  based on 

a v a i l a b l e  thermodynamic data,  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s  f o r  t h e  elements.  

These p r e d i c t e d  c o n c e n t r a t i o n s  should o n l y  be used as a gu ide i n  cases where t h e  

p r e d i c t i o n s  have n o t  yet  been v a l i d a t e d .  Where p o s s i b l e ,  u n c e r t a i n t i e s  and l a r g e  

v a r i a b i  1 i t i e s  were i d e n t i f i e d  i n  t h e  e x i s t i n g  thermodynami c data.  

? 

I n  genera l  , t h e  rev iew  i n d i c a t e d  t h a t  p r e c i p i t a t i o n / d i s s o l u t i o n ,  a l t hough  recogn ized  

t o  be i m p o r t a n t  , has not  been adequate ly  s t u d i e d ,  e s p e c i a l l y  f o r  t r a c e  elements. 

Except f o r  a few elements ( A l ,  Fey  Mn), e i t h e r  t h e  evidence f o r  t h e  e x i s t e n c e  o f  

s o l u b i l i t y - c o n t r o l l i n g  s o l i d  phases i s  i n d i r e c t  (comparison o f  i o n  a c t i v i t y  p roduc ts  
t o  s o l u b i l i t y  p r o d u c t s )  o r  t h e i r  e x i s t e n c e  i s  p o s t u l a t e d  t o  e x p l a i n  observed adsorp-  

t i o n  behavior .  The l i m i t e d  i n f o r m a t i o n ,  however, does suggest t h a t  a number o f  

s o l i d / m i n e r a l  phases (Tab le  2)  may c o n t r o l  t h e  aqueous concen t ra t i ons  o f  s e l e c t e d  

u t i l i t y  waste c o n s t i t u e n t s  i n  subsur face porewaters o r  groundwaters. This  l i s t  w i l l  
undoubtedly  expand as research progresses. 

Many of t h e  s o l i d s  [e.g., BaS04, PbC03, Cr(0H)j-J r e p o r t e d  i n  Table 2 a r e  p a r t i c u -  

l a r l y  germane t o  t h e  u t i  1 i t y  waste e n v i  ronment where s u l f a t e ,  b i  carbonate/carbonate,  

and hyd rox ide  a r e  dominant anions i n  t h e  waste l eacha te .  Hydroxide and carbonate 

s o l i d s  a re  more s o l u b l e  a t  low pH va lues.  There fo re ,  these s o l i d  phases a r e  impor-  

t a n t  o n l y  i n  near n e u t r a l  and a l k a l i n e  g e o l o g i c  m a t e r i a l s .  S o l u b i l i t y - c o n t r o l l i n g  

hyd rox ide  and carbonate s o l i d  phases of-  t r a c e  elements (e.g., Cd, Pb, Cu) a r e  
\ 
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T a b l e  S-1 

IMPORTANT S O L U T I O N  S P E C I E S  OF E L E M E N T + )  

Reducing Environment E 1 ement U n a f f e c t e d  by O x i d a t  i on-Reduct i  o n ( b )  O x i d i z i n g  Environment 

A I  A 1  3+,A1SO~,AIF2t.Al (OH);,Al (OH)3,AI 0 (OH); 

Ba Ba2+.BaSO4,BaCO3 0 0  

Sb Sb( OH); Sb(0H); 

H ~ A S O ~ , H ~ A S O ;  0 
A s  H 2 ~ s ~ i ,  HAS$; 

2+ t + 0 
Be Be ,BeF ,BeOH .Be(OH)2,Be(OH); 

B 

Cd 

C r  

cu  

F 

Fe 

Pb 

Hn 

H9 

YO 

N i  

Se 

0 
H3B03.B(OH)i 

0 0  
Cd2' ,CdS04.CdC03 

0 
C r 3 +  ,CrF2+,C rOH2' ,Cr( O H )  ,Cr( OH ); 

i) 0 CuA,CuC1 ;,CU(OH)~ 

2 -  
HCr0; ,Cr04 

0 
Cu2& ,CuS04 ,Cu ( O H )  

F-,AIF;,AIF 2+ ,AIF3 0 

2+ 0 0 
FeF .Fe (OH)h .Fe (OH)3 ,Fe (OH)~  Fe2+,FeS04,Fe(OH)i 

Pb2+, PbCO!. Pb ( Cog) :- 
2+ 0 

Mn .?lnS04 

HgO 
0 Hg 1: .Hg (OH ); .Hg 10H 

Moo2; 
+ o  

N i 2 + , N i H C O 3 , N i S O q  

Seat-  HSeO i, Sea:-, HSe' 

- 
( a )  Th is  t a b l e  shou ld  onlv  be used as a ou ide .  f o r  d e t a i l s  o f  s t a b i l i t y  f i e l d s  o f - d i f f e r e n t  soecies.see t e x t :  . .  - .  

con i t i o n s  assumed fo; t ' s  t a b l e  i n  luded pH ran  e 4 t o  10, SO'- C1- = lo-'?, NO; = F - ' =  lo-'?, B r -  i 1- = 

10- e '  M ,  pCO?(gaS) = Na+ = Ca'+ = K+ = IO-' M ,  Mg2* = loa4?. 
( b )  S o m e o f  these spec ies  (e.g. SO:-. Pb, M n )  are  redox-sens i t i ve .  however extreme redox c o n d i t i o p s ,  p r e v e l a n t  o n l y  

i n  a l i m i t e d  wrnber o f  cases 
aqueous s u l f u r  species and S 2 -  may fo rm s i g n i f i c a n t  complexes w i t h  c a t i o n s ) .  

i r e  r e q u i r e d  (e.g., a t  very  r e d u c i n g  c o n o i t i o n s  ( p e  + pH < 4 )  S'- i s  t h e  dominant 

commonly obse rved  i n  a d s o r p t i o n  s t u d i e s  o r  i n  s o i l s  amended w i t h  wastes  (such a s  

sewage s l u d g e ) ,  where t r a c e  e lemen ts  were p r e s e n t  i n  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s .  

P r e c i p i t a t i o n  i s  a p r i m a r y  a t t e n u a t i o n  mechanism f o r  Fe, A l ,  and Mn; t h e s e  e lemen ts  

form a v a r i e t y  o f  compounds w h i c h  l imit t h e i r  c o n c e n t r a t i o n s  i n  g roundwaters  t o  low 
l e v e l s .  C r y s t a l l i n e  and amorphous o x i d e s  o f  Fe a r e  u b i q u i t o u s  i n  g e o l o g i c  mate-  

r i a l s .  A l t h o u g h  c o n f i r m a t o r y  s t u d i e s  a r e  needed, t h e  a v a i l a b l e  da ta  suggest  t h a t  
f o r m a t i o n  o f  Fe c o n t a i n i n g  s o l i d s  [e . j . ,  Fello04, NiFe204,  Fe2(Se03)3 ]  [nay be a 

~ 



T a b l e  S-2 

SUMMARY OF IMPORTANT SOLUBILITY-CONT I N G  SOLIDS 
REPORTED I N  THE LITERATURE %Y- 

Element 

A1 

As 
Ba 

Be 
Cd 

C r  
cu 

Fe 

Hg 
'Pb 

Mn 

Mo 
N i  

Se 
S 

V 
Zn 

Obse rved /P  r e d i  c t  e.d ( b )  

A1 ( 0 H ) 3 , K A 1 3 ( s 0 4 ) 2 ( 0 H ) ~ ,  

AIOHS04, K a o l i n i t e ,  M o n t m o r i l l o n i t e  

FeAsO4,AsS o r  As2S3 
Ba SO4 

S - 4  

( a )  A l l  s o l i d  phases a r e  n o t  expec ted  i n  a l l  e n v i r o n m e n t s ,  e.g. h y d r o x i d e s  and 
c a r b o n a t e  s o l i d s  a r e  e x p e c t e d  o n l y  under  nea r  n e u t r a l  t o  a l k l i n e  
c o n d i t i o n s  and s u l f i d e s  (e.g., HgS, N iS )  a r e  e x p e c t e d ' o n l y  under  ve ry  
r e d u c i n g  c o n d i t i o n s ;  f o r  d e t a i l s  see t e x t .  

( b )  S o l i d s  whose presence has been e s t a b l i s h e d  t h r o u g h  p h y s i c a l  o b s e r v a t i o n s  
o f  g e o l o g i c  m a t e r i a l s  o r  t h r o u g h  s i m i l a r i t i e s  i n  i o n  a c t i v i t y  p r o d u c t s  
w i t h  t h e  s o l u b i l i t y  p r o d u c t s .  

p r i m a r i l y  based on a d s o r p t i o n  e x p e r i m e n t s  o r  obse rved  a s s o c i a t i o n  o f  o t h e r  
e l  ements w i t h  i r o n  o x i d e s .  

( c )  The f o r m a t i o n  and presence o f  Fe c o n t a i n i n g  compounds i s  s p e c u l a t e d  



i/ 

s i g n i f i c a n t  chemica l  a t t e n u a t i o n  mechanism f o r  b o t h  c a t i o n i c  (e.g., C r ,  N i  , Zn) and 

a n i o n i c  ( A s ,  Cry Mo, Se, V )  c o n s t i t u e n t s - i n  d i v e r s e  hyd rochemica l  env i ronmen ts .  

Under r e d u c i n g  c o n d i t i o n s  where S2-  e x i s t s ,  p r e c i p i t a t i o n  o f  s u l f i d e s  (e.g., N i S ,  

PbS) i s  expec ted  t o  be an i m p o r t a n t  chemica l  a t t e n u a t i o n  mechanism. 

Because o f  expec ted  l o w  c o n c e n t r a t i o n s  of  t r a c e  e lements  i n  t h e  u t i l i t y  was te  

l e a c h a t e s ,  p r e c i p i t a t i o n  o f  s o l i d  s o l u t i o n s  [ (C r ,  Fe)(OH)3, (Cd, Ca)C031 r a t h e r  t h a n  
d i s c r e t e  s o l i d s  may be o f  g r e a t e r  s i g n i f i c a n c e .  

l o w e r  s o l u b i l i t i e s  t h a n  t h e  d i s c r e t e  end member s o l i d  phases. However, q u a n t i t a t i v e  

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

s o l u t i o n s  i s  u n a v a i l a b l e .  

S o l i d  s o l u t i o n s  g e n e r a l l y  have 

ADSORPTION/DESORPTION 

The r e v i e w  has shown t h a t  a d s o r p t i o n  i s  a complex f u n c t i o n  o f  1) t h e  g e o l o g i c  m a t r i x  
and 2) t h e  hydrogeochemica l  env i ronment  ( T a b l e  3) .  Fo r  many o f  t h e  waste  c o n s t i t u -  

e n t s ,  r e s e a r c h  c o n s i s t e n t l y  a l l u d e s  t o  t h e  impor tance  o f  s p e c i f i c  a d s o r p t i o n  a t  low 

t r a c e  element c o n c e n t r a t i o n s .  Hydrous o x i d e s  o f  A1 , Fey  and Mn, amorphous 

a l u m i n o s i l i c a t e s ,  and o r g a n i c  m a t e r i a l  appear as i m p o r t a n t  s p e c i f i c  adso rben ts  and 

t h u s  e x i s t  as c o a t i n g s  on c l a y  s i z e d  m a t e r i a l s  i n  s o i l  and s u b s o i l  and g i v e  r i s e  t o  

t h e  h i g h  a d s o r p t i o n  c a p a c i t y  commonly observed f o r  t h i s  s i z e  f r a c t i o n .  Laye r  

l a t t i c e  s i l i c a t e s  account  f o r  most o f  t h e  c a t i o n  exchange c a p a c i t y .  The above 

adso rben ts  r e p r e s e n t  t h e  most s i  gn i  f i c a n t  a d s o r p t i o n  s u r f a c e s  i n  geol  o g i  c m a t e r i  a1 s 
u n d e r l y i n g  u t i l i t y  waste s i t e s .  

Hydrochemi c a l  c o n d i t i o n s  i n f  1 uence a d s o r p t  i on by : 1) c o n t r o l  1 i n g  i o n  s p e c i  a t i  on , 
2) p r o v i d i n g  i o n s  t h a t  compete f o r  a d s o r p t i o n  s i t e s ,  and 3)  a f f e c t i n g  t h e  n e t  

s u r f a c e  charge on ampho te r i c  adso rben ts  (e.g. , Fe and Mn ox ides  , amorphous a lum ino -  

s i l i c a t e s )  and a f f e c t i n g  base s a t u r a t i o n  and exchangeab le  a c i d i t y  o f  c a t i o n  exchange 

m a t e r i a l s .  Element s p e c i a t i o n  ( T a b l e  1) i s  c o n t r o l l e d  p r i m a r i l y  by s o l u t i o n  pH, EH, 

and i o n  compos i t i on .  Research i n d i c a t e s  t h a t  f o r  t h e  most p a r t ,  o n l y  uncomplexed 

i o n s  (e.g., Cd2+) r a t h e r  t h a n  complexed i o n s  (e.g., CdSO$, CdCOg) a r e  adsorbed. 

Thus, hydrochemica l  c o n d i t i o n s  i n  l e a c h a t e  o r  ground wa te r  wh ich  f a v o r  c o m p l e x a t i o n  

w i l l  reduce a d s o r p t i o n .  S i m i l a r l y ,  s o l u t i o n  redox p o t e n t i a l  c o n t r o l s  t h e  va lence  o f  

redox s e n s i t i v e  e lements .  For  some e lements  (e.g. , Cr) d i f f e r e n t  va lence  s t a t e s  

e x h i b i t  marked ly  d i f f e r e n t  a d s o r p t i o n  behav io r .  I n  a d d i t i o n  t o  a f f e c t i n g  s o l u t i o n  

s p e c i a t i o n  o f  c a t i o n s  v i a  comp lexa t ion ,  m a j o r  l e a c h a t e  an ions  (e.g., S O : - )  m a y  

compete f o r  a v a i l a b l e  a d s o r p t i o n  s i t e s  w i t h  u t i l i t y  waste con taminan ts  o f  s i i n i l a r  

chemica l  b e h a v i o r  (e.g., SeOi-, C r O g - ) ,  t h u s  r e d u c i n g  t h e  a d s o r p t i o n  o f  each 
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T a b l e  S-3  

SOME IMPORTANT FACTORS REPORTED IN LITERATURE THAT AFFECT  ADSORPTION(^) 

E 1 ement 

A1 

Sb 

As 

Ba 

Be 

B 

Cd 

C r  
c u  

F 

Fe 

Pb 

Mn 

Hg 
Mo 
Ni  

Se 

Na 

so4 
V 

Zn 

Ox ide  

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Hydrochemi c a l  Envi  ronment 
I m p o r t a n t  Sol u t i  on V a r i a b l e s  

Geol o g i  c Mat r i  x 
Most I m p o r t a n t  Adsorben ts  

Fe- Mn- Amo r p  h ou s Complexing Compet ing 
-- Oxides C lays  A l u m i n o s i l i c a t e s  - - -  Org C p~ Eh I ons  Ions  

X X x x  X 

X 
X 

X X 

X X 

X 

X 

X 

x x  
x x  

X 

x x  
X 

X 

x x  
X 

X 

X 

X 

X 

X 

X 

X X X 

X X X 

X X 

X X X 

X X 

X X X 

X X 

X X 

X X 

X 

X X X 

X X 

( a )  X i n d i c a t e s  r e p o r t e d  i n  l i t e r a t u r e  whereas b l a n k  space i n d i c a t e s  no da ta .  

i n d i v i d u a l  c o n s t i t u e n t .  Most s p e c i f i c  adso rben ts  (e.g. , Fey  Mn o x i d e s ,  amorphous 
a l u m i n o s i l i c a t e s )  have a pH-dependent s u r f a c e  charge.  

p o s i t i v e l y  charged a t  pH va lues  below t h e i r  p o i n t  o f  z e r o  cha rge  (PZC), and nega- 

t i v e l y  charged above; t h e  PZC i s  a un ique  c h a r a c t e r i s t i c  o f  each adso rben t .  

d e c r e a s i n g  groundwater  pH i n c r e a s e s  p o s i t i v e  charge and f a v o r s  a n i o n  r e t e n t  on, 

whi 1 e i n c r e a s i  ng pH encourages c a t  i on a d s o r p t i o n .  

These c o n s t i t u e n t s  a e 

Thus, 
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Though c o n s i d e r a b l e  d e s c r i p t i v e  and q u a l i t a t i v e  i n f o r m a t i o n  i s  a v a i l a b l e  f o r  some 

elements, t h i s  r e v i e w  has c l e a r l y  shown t h a t  a c a p a b i l i t y  does n o t  e x i s t  t o  p r e d i c t  

q u a n t i t a t i v e l y  t h e  a d s o r p t i o n  behav io r  based upon m ine ra logy  and groundwater compo- 

s i t i o n .  T h i s  l a c k  o f  p r e d i c t i v e  c a p a b i l i t y  stems f rom t h e  u n a v a i l a b i l i t y  o f  1) a 

sys temat i c  unders tand ing  and general  i z e d  numer ica l  approaach t o  i n t e g r a t e  t h e  

e f f e c t s  o f  c r i t i c a l  hydrochemical  parameters (Tab le  3 )  on adso rp t i on ,  2 )  methods t o  

q u a n t i f y  t h e  c o n t r i b u t i o n  o f  i n d i v i d u a l  adso rben ts  i n  a heterogeneous g e o l o g i c  

m a t r i x ,  and 3 )  q u a n t i t a t i v e  mechan is t i c  a d s o r p t i o n  da ta  devoid o f  p r e c i p i t a t i o n  

e f f e c t s .  Many a d s o r p t i o n  s t u d i e s  r e p o r t e d  i n  t h e  l i t e r a t u r e  use h i g h  e lementa l  

c o n c e n t r a t i o n s  such t h a t  t h e  a d s o r p t i o n  r e s u l t s  were compl i c a t e d  by p r e c i p i t a t i o n  o f  

s o l i d  phases. I n  s p i t e  o f  t h e  shor tcomings i n  a v a i l a b l e  i n f o r m a t i o n ,  t h i s  r e v i e w  

has shown t h a t  u s e f u l  g e n e r a l i z a t i o n s  and b road  groupings o f  e lements w i t h  s i m i l a r  

geochemical b e h a v i o r  can be made. 

The c a t i o n i c  elements ( T a b l e  1)  a r e  adsorbed s p e c i f i c a l l y  and by i o n  exchange. 

t h e  e x c e p t i o n  o f  Na and Bay t h e  s p e c i f i c  a d s o r p t i o n  process predominates f o r  most 

u t i l i t y  waste c o n s t i t u e n t s  a t  l o w e r  env i ronmenta l  c o n c e n t r a t i o n s  M). I o n  

exchange occu rs  when t h e  s p e c i f i c  a d s o r p t i o n  c a p a c i t y  i s  exceeded. Sodium and 

bar ium a r e  r e t a i n e d  p r i m a r i l y  t h rough  i o n  exchange. 

adsorbed c a t i o n s  f o r  hydrous o x i d e  decreases i n  t h e  f o l l o w i n g  o r d e r ,  Pb > Cu > Zn > 
N i  - > Cd. 

p a r t i c u l a t e  o r g a n i c  m a t e r i a l s .  The a d s o r p t i o n  o f  most c a t i o n i c  elements i nc reases  

w i t h  an i n c r e a s e  i n  pH. 

t h e  c a t i o n s  and decrease i n  p o s i t i v e  charge of  amphoter ic adsorbents.  Thus, t h e  

c a t i o n s  a r e  s i g n i f i c a n t l y  more mob i l e  under  a c i d i c  t h a n  b a s i c  c o n d i t i o n s .  

Wi th  

- 

The a f f i n i t y  o f  s p e c i f i c a l l y  

Some c a t i o n i c  e lements,  n o t a b l y  Cu and Hg, a re  s t r o n g l y  complexed by 

I n c r e a s i n g  a d s o r p t i o n  w i t h  pH r e s u l t s  f rom h y d r o l y s i s  of 

L igands (e.g., C1-, SO$-, F - )  t h a t  form s t a b l e  aqueous complexes w i t h  c a t i o n s  (e.g., 

t i o n .  C h l o r i d e  complexes o f  Hg a r e  most s i g n i f i c a n t  i n  t h i s  respec t .  The presence 

o f  macro i o n s  (e.g., Ca2+, Na+) and s p e c i f i c a l l y  adso rb ing  i o n s  (e.g., Cu, Zn, Cd) 

i n  s o l u t i o n  a l s o  tend  t o  reduce a d s o r p t i o n  through c o m p e t i t i o n  f o r  c a t i o n  exchange 

Pb2+, Cu2+, N i 2 + ,  Cd2+, Hg 2+ 1 reduce f r e e  c a t i o n  a c t i v i t y  and hence element adsorp- 

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

The oxyanions (MOO:-, C r O g - ,  SeOS-, SeO:-, AsO i - ,  A s O i - ,  S O : - )  (Tab le  1) a r e  

adsorbed s p e c i f i c a l l y  by m i n e r a l o g i c  c o n s t i t u e n t s  which c a r r y  p o s i t i v e  charge. 

a d s o r p t i o n  o f  oxyanions i s  s t r o n g l y  pH dependent w i t h  maximum a d s o r p t i o n  o c c u r r i n g  

under a c i d i c  c o n d i t i o n s  where adsorbents  t h a t  show amphoter ic behav io r  ( i r o n  and 

aluminum ox ides ,  amorphous a1 uminos i l  i c a t e s )  a r e  p o s i t i v e l y  charged. The adsorp- 

t i v i t y  o f  oxyanions decreases i n  the f o l l o w i n g  general  o r d e r  A s  > C r  > f4o > Se 

, 
The 

- - 
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SO4. Boron e x h i b i t s  c o n t r a s t i n g  b e h a v i o r  and i s  most s t r o n g l y  adsorbed a t  h i g h e r  pH 
(8.5 t o  10) by amorphous a l u m i n o s i l i c a t e s ,  and A1 and Fe o x i d e s .  Aqueous complexes 

o f  OXyaniOnS w i t h  c a t i o n i c  macro e lemen ts  (e.g., CaCr04) may reduce s p e c i f i c  adso rp -  

t i o n  of  oxyan ions  because t h e  complexes a r e  weak ly  adsorbed. However, p o s i t i v e l y  

cha rged  complexes [e.g., CaB(0H)i-J may be r e t a i n e d  i n  s u b s o i l  by i o n  exchange. 

p resence of h i g h  l e v e l s  o f  SO$- i n  l e a c h a t e s  may decrease t h e  a d s o r p t i o n  o f  some 

oxyan ions  (e.g., C r O f - ,  Moog-, SeOg-, SeOg-) by s t r o n g  c o m p e t i t i o n  f o r  a v a i l a b l e  

a d s o r p t i  on s i t e s .  

t 

The 

CONCLUSIONS 

Based on t h i s  r e v i e w  o f  chemica l  a t t e n u a t i o n  mechanisms a p p l i c a b l e  t o  t h e  u t i l i t y  

waste env i ronmen t ,  t h e  f o l  l o w i n g  g e n e r a l  c o n c l  u s i  ons can be drawn. 

n Chemical a t t e n u a t i o n  mechanisms were j u d g e d  t o  be more i m p o r t a n t  
than b i o l o g i c a l  a t t e n u a t i o n  mechanisms f o r  a m a j o r i t y  o f  t h e  
spec ies .  

n Chemical mechanisms f a 1  1 under  two  h e a d i n g s - - p r e c i p i t a t i o n / d i s s o l u -  
t i o n  and a d s o r p t i o n / d e s o r p t i o n .  These mechanisms a r e  a f f e c t e d  by  
many f a c t o r s  r e l a t e d  t o  t h e  g e o l o g i c  m a t r i x  and hyd rochemica l  
env i ronment  (e.g., pH, EH, comp lex ing  l i g a n d s ,  compe t ing  i o n s ,  
n a t u r e  o f  a d s o r b e n t s ) .  

o P r e c i p i t a t i o n / d i s s o l u t i o n ,  a l t h o u g h  r e c o g n i z e d  t o  be i .mpor tan t ,  has 
n o t  been a d e q u a t e l y  s t u d i e d .  However, a v a i l a b l e  da ta  suggest  t h a t :  

- - P r e c i p i t a t i o n  i s  a p r i m a r y  a t t e n u a t i o n  mechanism f o r  Fe, A l ,  and 
Mn . 

--Sol  u b i  1 i t y - c o n t  r o l l  i ng c a r b o n a t e  and h y d r o x i  de s o l i d  phases o f  
t r a c e  e lements  (e.g., Cd, Pb,  C r ,  Cu) have been observed i n  
a l k a l i n e  c o n d i t i o n s .  

- -Format ion  o f  i r o n  c o n t a i n i n g  s o l i d s  may be an i m p o r t a n t  chemica l  
a t t e n u a t i o n  mechanism f o r  b o t h  c a t i o n i c  (e.g., Cr, N i ,  Zn) and 
a n i o n i c  (As, C r ,  Mo, Se, V )  e lements .  

- - P r e c i p i t a t i o n  of  s o l i d  s o l u t i o n s  [e.g., (Fe ,Cr )  (OH)3, (Ca ,Cd)C03] 
i s  expec ted  t o  be a v e r y  i m p o r t a n t  chemica l  a t t e n u a t i o n  
mechanmi sm. 

- - R e l i a b l e  thermodynamic da ta  a r e  n o t  a v a i l a b l e  f o r  s e v e r a l  
i m p o r t a n t  s o l i d  phases and aqueous spec ies .  

e Q u a n t i t a t i v e  p r e d i c t i o n s  of  chemica l  a t t e n u a t i o n  r a t e s  based upon 
m i n e r a l o g y  and groundwater  c o m p o s i t i o n  cannot  be made because o n l y  
d e s c r i p t i , v e  and q u a l i t a t i v e  i n f o r m a t i o n  a r e  a v a i l a b l e  f o r  
a d s o r p t i o n / d e s o r p t i o n  mechanisms. From t h e  a v a i l a b l e  da ta  we 
conc l  ude t h a t  : 

- - O n l y  uncomplexed (e.g. ,  Cd2+) r a t h e r  than  cori iplexed i o n s  (e.g., 
CdSOi, CdCO;) a r e  adsorbed.  
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--Hydrous ox ides o f  A1 , Fey and Mn, amorphous a l u m i n o s i l i c a t e s ,  and 

--Aqueous speci  es i n f  1 uence adso rp t  i on ; a n i  ons such as F- , C r O $ -  , 

organ ic  carbon a r e  i m p o r t a n t  s p e c i f i c  adsorbents .  

SOT- a r e  a sorbed s t r o n  l y  a t  low pH, w h i l e  a d s o r p t i o n  o f  c a t i o n s  
such as Cdg+, Cu2+, Zn2 9 i nc reases  w i t h  t h e  i n c r e a s e  i n  pH. 

--For most elements,  s p e c i f i c  a d s o r p t i o n  predominates a t  l ower  

--Cornpet i ng i ons and compl e x i  ng 1 i gands genera l  l y  reduce a d s o r p t i o n .  

env i ronmenta l  c o n c e n t r a t i o n s  o f  e lements - M). 

- - Q u a n t i t a t i v e  m e c h a n i s t i c  a d s o r p t i o n  da ta  devo id  o f  p rec  
e f f e c t s  a r e  n o t  y e t  a v a i l a b l e .  

p i t a t i  on 
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S e c t i o n  1 

INTRODUCTION 

D u r i n g  t h e  g e n e r a t i o n  o f  e l e c t r i c i t y ,  c o n v e n t i o n a l  c o a l - f i r e d  power p l a n t s  p roduce  

b y - p r o d u c t s  r e q u i r i n g  s t o r a g e  and d i s p o s a l .  These b y - p r o d u c t s  ( f l y  ash, b o t t o m  ash, 

f l u e  gas d e s u l f u r i z a t i o n  (FGD)  s ludges ,  s c r u b b e r  s l u d g e s )  d i f f e r  i n  t h e i r  chemica l  

c o m p o s i t i d n ,  p r i m a r i l y  because of t h e  chemica l  c o m p o s i t i o n  o f  t h e  c o a l  and p r o c e s s e s  

used. Regard  ess  o f  t h e  chemica l  d i f f e r e n c e s ,  v i r t u a l l y  a l l  o f  t h e s e  wastes  c o n t a i n  

w a t e r - s o l u b l e  i n o r g a n i c  components o f  e n v i r o n m e n t a l  concern .  The p e r c o l a t e s  f r o m  

d i s p o s a l  u t i 1  t y  wastes  may c o n t a m i n a t e  s u r f a c e  and g round-wa te r  s u p p l i e s .  To 

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

d i s p o s a l  a t  a g i v e n  s i t e ,  one needs t o  u n d e r s t a n d :  1) t h e  was te  c h a r a c t e r i s t i c s  and 

e n v i r o n m e n t a l  c o n d i t i o n s  as t h e y  i n f l u e n c e  l e a c h a t e  g e n e r a t i o n ,  and 2 )  t h e  sub- 

sequent  i n t e r a c t i o n  of t h e  l e a c h a t e  w i t h  s o i l s / g e o l o g i c  m a t e r i a l s  as t h e s e  i n t e r -  

a c t i o n s  i n f l u e n c e  t h e  r a t e  o f  movement o r  a t t e n u a t i o n  o f  l e a c h a t e  c o n s t i t u e n t , s .  

P r i m a r y  p h y s i c o c h e m i c a l  a t t e n u a t i o n  mechani sms i n c l u d e  p r e c i  p i  t a t i o n / d i  s s o l u t i o n ,  

a d s o r p t i o n j d e s o r p t i o n ,  and m i c r o b i o l o g i c a l  a c t i v i t y .  A l t h o u g h  d i s p e r s i o n  and d i  l u -  

t i o n  can a l s o  be i m p o r t a n t  p h y s i c a l  p rocesses  a f f e c t i n g  c o n s t i t u e n t  a t t e n u a t i o n  

d u r i n g  h y d r o l o g i c  . t r a n s p o r t ,  t h i s  r e p o r t  d i s c u s s e s  o n l y  chemica l  and b i o l o g i c a l  

mechani sms. 

) 

S t u d i e s  t o  e v a l u a t e  a t t e n u a t i o n  o f  c o n s t i t u e n t s  on a s i t e - s p e c i f i c  b a s i s  wou ld  be 

p r o h i b i t i v e l y  expens ive ,  p a r t i c u l a r l y  as t h e  r e s u l t s  f o r  one s i t e  c a n n o t  be 

r e a s o n a b l y  e x t r a p o l a t e d  t o  o t h e r  s i t e s .  T h e r e f o r e ,  a more c o s t - e f f e c t i v e  approach, 

where q u a n t i t a t i v e  d a t a  can be used t o  d e v e l o p  a m e c h a n i s t i c  u n d e r s t a n d i n g  and 

e v a l u a t i o n  o f  a t t e n u a t i o n  p rocesses  o f  was te  c o n s t i t u e n t s ,  i s  needed. T h i s  mecha- 

n i s t i c  u n d e r s t a n d i n g  must i n c l u d e :  1) i n f o r m a t i o n  on s o l u b i l i t y - c o n t r o l l i n g  s o l i d s  

t h a t  may be p r e s e n t  o r  f o r m  i n  t h e  g e o l o g i c  env i ronmen t ,  2 )  k i n e t i c s  o f  p r e c i p i t a -  

t i o n / d i s s o l u t i o n  o f  s o l i d s ,  3 )  a c c u r a t e  the rmochemica l  d a t a  f o r  i m p o r t a n t  aqueous 

and s o l i d  s p e c i e s ,  4 )  a g e n e r a l i z e d  n u m e r i c a l  approach t o  i n t e g r a t e  t h e  e f f e c t s  o f  

c r i t i c a l  hyd roche in i ca l  pa ramete rs  on a d s o r p t i o n ,  5 )  methods t o  q u a n t i f y  t h e  c o n t r i -  : 

b u t i o n  o f  i n d i v i d u a l  a d s o r b e n t s  i n  a he te rogeneous  m a t r i x ,  and 6 )  q u a n t i t a t i v e  

m e c h a n i s t i c  a d s o r p t i o n  d a t a  d e v o i d  o f  p r e c i p i t a t i o n  e f f e c t s .  
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Cons ide rab le  q u a n t i t a t i v e  da ta  have been generated th rough  s t u d i e s  w i t h  s o i l  s f o r  
e lements t h a t  are e i t h e r  of  agronomic o r  i n d u s t r i a l  importance. Many o f  t hese  

e lements a r e  a l s o  i m p o r t a n t  i n  f o s s i l - f u e l  wastes. 

were: 1) n o t  d i r e c t e d  toward u t i l i t y  waste d i s p o s a l ,  2)  narrow i n  focus (e.g. , 
address ing  a s i n g l e  s o i l  o r  a narrow pH r a n g e ) ,  and 3 )  s i t e  s p e c i f i c .  
a c r i t i c a l  rev iew of  t he  a v a i l a b l e  da ta  i s  needed t o  i d e n t i f y  u s e f u l  i n f o r m a t i o n  

a p p l i c a b l e  t o  q u a n t i f y i n g  geochemical b e h a v i o r  o f  e lements ( T a b l e  1-1) t h a t  may be 

p r e s e n t  i n  1 eachates f rom u t i l  i ty wastes. 

However, many o f  these  s t u d i e s  

As a r e s u l t ,  

This r e p o r t  documents e f f o r t s  t o  comp i le  and c r i t i c a l l y  e v a l u a t e  e x i s t i n g  da ta  on 

a t t e n u a t i o n  c o e f f i c i e n t s  and c o n s t a n t s  a p p l i c a b l e  t o  u t i l  i ty waste l e a c h a t e  

Tab le  1-1 

ELEMENTS FOR ATTENUATION LITERATURE REVIEW 

E l  emen t 

A1 uminum 
Antimony 

Arsenic  
Barium 

Bery l  1 ium 
Boron 

Cadmium 
Chromi um 

Copper 
F1 u o r i d e  

I r o n  

Lead 
Manganese 
Mercury 

Molybdenum 

Nickel  

Selenium 

Sodium 

Sul f a t e  

Variadium 

Zinc 

P r imary  Species Redox 
Symbol t a t i o n i c  An ion ic  S e n s i t i v e  

A1 X 

Sb X X 

As  X X 

Ba 

Be 
B 

Cd 

C r  

cu 
F 

Fe 

Pb 

Mn 

Hg 
Mo 

N i  

Se 

Na 

so4 
V 

Zn 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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I.,.. 

m i g r a t i o n .  A f o l l o w - o n  p r o j e c t  ( c u r r e n t l y  underway) w i l l  develop a d d i t i o n a l l y  

needed data i d e n t i f i e d  through t h i s  c r i t i c a l  rev iew.  U1 t i m a t e l y  these p r o j e c t s  w i l l  

p r o v i d e  EPRI and i t s  member u t i l i t i e s  w i t h  an improved unders tand ing  o f  t h e  chemical  

a t t e n u a t i o n  mechani sms c o n t r o l  1 i n g  1 eachate m i g r a t i o n .  

Th is  r e p o r t  i s  o rgan ized  i n t o  s e c t i o n s  and appendices. 

cedures o f  comp i l i ng ,  rev iew ing ,  e v a l u a t i n g ,  and t a b u l a t i n g  t h e  u s e f u l  da ta  a l o n g  

w i t h  t h e  d e f i n i t i o n s  o f  d i f f e r e n t  cons tan ts .  S e c t i o n s  3 t o  23 d i s c u s s  e lemen ta l  

behav io r  (Tab le  1-1). 

a b s t r a c t ,  thermodynamic data-based p r e d i c t i o n s  o f  t h e  r e l a t i v e  s t a b i l i t y  o f  sol  i d  

and aqueous species,  observed o r  hypothes ized s o l u b i l i t y  c o n t r o l s  . i n  s u r f i c i a l  geo- 
chemical  environments and 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  i n  s o i l  s / s u b s o i l  s and 

sediments o r  on geo log ic  m a t e r i a l  s. 

and a d s o r p t i o n j d e s o r p t i o n  mechanisms need t o  be understood t o  de te rm ine  t h e  mecha- 
nisms c o n t r o l l 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 .  I f  t h e  s o l i d  phase o f  an e lement  i s  

p resen t  i n  t h e  geo log ic  m a t e r i a l  o r  i f  i t  can p r e c i p i t a t e  and i f  t h e  r a t e  o f  p re -  

c i p i t a t i o n / d i s s o l u t i o n  i s  r a p i d ,  t h e  s o l u t i o n  c o n c e n t r a t i o n  o f  t h i s  e lement  w i l l  be 

governed s o l e l y  by t h e  sol  u b i 1  i ty  o f  t h e  sol i d  phases even though adso rp t i on /deso rp -  
t i o n  r e a c t i o n s  may be o c c u r r i n g .  When more than one s o l i d  phase o f  an e lement  can 

p r e c i p i t a t e  o r  d i s s o l v e ,  t h e  most s o l u b l e  phase u s u a l l y  c o n t r o l s  t h e  s o l u b i l i t y  and 

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

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  c o n t r o l  t h e  s o l u t i o n  c o n c e n t r a t i o n s .  Adsorp- 

t i o n  cons tan t  data compi led d u r i n g  t h e  course of t h i s  study a re  p resen ted  i n  

t h e  t e x t  ( S e c t i o n s  3 th rough  23) whereas thermochemical data a r e  p resen ted  i n  

Sec t i on  2 addresses t h e  p ro -  

T h i s  d i s c u s s i o n  o f '  e lementa l  behav io r  i n c l u d e s  a b r i e f  

C e r t a i n  s u b t l e t i e s  o f  p r e c i p i t a t i o n / d i s s o l u t i o n  

I n  t h e  absence o f  a s o l i d  phase, 

Appendix A. Because o n l y  1 i m i  t e d  i n f o r m a t i o n  on subsurface b i o l o g i c a l  a t t e n u a t i o n  

i s  a v a i l a b l e ,  a s h o r t  r e v i e w  o f  t h i s  mechanism i s  presented i n  Appendix B. 
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S e c t i o n  2 

D E S C R I P T I O N  OF CHEMICAL ATTENUATION REACTIONS AND CONSTANTS 

Chemical  a t t e n u a t i o n  r e f e r s  t o  chemica l  r e a c t i o n s  o c c u r r i n g  between l e a c h a t e  

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

t h e  spec ies  i n  p o r e  w a t e r s  and hence t h e i r  m o b i l i t y .  These r e a c t i o n s  can be grouped 

under two head ings :  p r e c i p i t a t i o n / d i s s o l u t i o n  and a d s o r p t i o n / d e s o r p t i o n .  T h i s  

l i t e r a t u r e  r e v i e w  was des igned  t o  p r o v i d e  an u n d e r s t a n d i n g  o f  t h e s e  chemica l  

a t t e n u a t i o n  mechanisms a f f e c t i n g  l e a c h a t e  m i g r a t i o n  f r o m  u t i l i t y  was tes .  To e n s u r e  

t h a t  t h e  comp i led  i n f o r m a t i o n  was a p p l i c a b l e  t o  u t i l i t y  was te  d i s p o s a l  i s s u e s ,  

research  r e s u l t s  f r o m  a number o f  sources  were e v a l u a t e d .  These r e s u l t s  i n c l u d e d  

thermodynamic d a t a  on e lements  p e r t i n e n t  t o  u t i l i t y  was tes  as w e l l  as p r e c i p i t a -  

t i o n / d i s s o l u t i o n  and 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  of t h e s e  e lemen ts  i n  g e o l o g i c  

m a t e r i a l s .  D iscussed  i n  t h i s  s e c t i o n  a r e  genera l  and s p e c i f i c  r e v i e w  p rocedures ,  

d e f i n i t i o n s  and d e s c r i p t i o n s  o f  a t t e n u a t i o n  c o n s t a n t s ,  and an example t o  i l l u s t r a t e  

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

po re  w a t e r  c o n t a c t i n g  g e o l o g i c  m a t e r i a l s .  

GENERAL R E V I E W  PROCEDURES 

I n  r e v i e w i n g  t h e  l i t e r a t u r e ,  p rocedures  were e s t a b l i s h e d  f o r  c o m p i l i n g ,  r e v i e w i n g ,  

e v a l u a t i n g  and t a b u l a t i n g  t h e  d a t a  f o r  b o t h  t h e  thermodynamic d a t a  and t h e  adso rp -  

t i o n / d e s o r p t i o n  da ta .  As o u t l i n e d  below, t h e s e  p rocedures  v a r i e d  s l i g h t l y  depend ing  

on t h e  a v a i l a b l e  i n f o r m a t i o n  and t h e  degree of d e t a i l .  F o r  example, c r i t e r i a  were 

m a i n l y  a p p l i e d  t o  e lements  where l a r g e  amounts o f  d a t a  e x i s t .  F o r  t h o s e  e lemen ts  

where i n f o r m a t i o n  i s  sparse ,  c r i t e r i a  were a p p l i e d  s u b j e c t i v e l y  t o  e l i m i n a t e  d a t a  

wh ich  were t o t a l l y  unaccep tab le .  I n  some cases, da ta  wh ich  d i d  n o t  pass t h e  e v a l u a -  

t i o n  c r i t e r i a  were used t o  q u a l i t a t i v e l y  assess e lement  b e h a v i o r  and a r e  c i t e d  i n  

t h e  w r i t t e n  e lement  r e v i e w .  A1 1 a r t i c l e s  and p u b l i c a t i o n s  t h a t  r e p o r t e d  a d s o r p t i o n  

c o n s t a n t s  were t a b u l a t e d ,  whereas i n  t h e  case o f  thermodynamic d a t a  o n l y  one v a l u e  

f o r  a g i v e n  r e a c t i o n  was f i n a l l y  s e l e c t e d  and t a b u l a t e d  f r o m  a l l  a v a i l a b l e  va lues .  
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THERMODYNAMIC EQUILIBRIUM CONSTANTS, DOMINANT AQUEOUS SPECIES, AND SOLUBILITY 
CONTROLLING SOLID PHASES 

Fo r  many o f  t h e  u t i l i t y  waste contaminants,  thermodynamic da ta  a re  i n c l u d e d  i n  t h e  

geochemical code MINTEQ* (Felmy e t  a l .  19831, which uses t h e  data base o f  WATEQ2 

( T r u e s d e l l  and Jones 1974, B a l l  e t  a l .  1980).  However, thermodynamic da ta  f o r  Be, 

C r ,  Hg, Mo, Sb, Se, and V a r e  n o t  c u r r e n t l y  i n c l u d e d  i n  t h e  model. As a r e s u l t ,  

da ta  f o r  these elements were rev iewed and s e l e c t e d  f rom t h e  a v a i l a b l e  l i t e r a t u r e  

(see Appendix A f o r  t a b u l a t e d  da ta ) .  

I n  s e l e c t i n g  t h e  a p p r o p r i a t e  thermodynamic da ta  t h e  f o l l o w i n g  procedure was used: 

1)  c o m p i l a t i o n  o f  data,  2)  c a l c u l a t i o n  o f  e q u i l i b r i u m  cons tan ts ,  where needed, 

3 )  s e l e c t i o n  o f  p r e l i m i n a r y  cons tan ts ,  4 )  i d e n t i f i c a t i o n  o f  i m p o r t a n t  sol  i d  and 

s o l u t i o n  species,  and 5) t a b u l a t i o n  o f  f i n a l l y  s e l e c t e d  values. Data were compi led 

f rom major  reviews** and r e c e n t l y  pub1 i shed t e c h n i c a l  papers i d e n t i f i e d  t h r o u g h  a 

computer search o f  chemical a b s t r a c t s .  Thermodynamic e q u i l i b r i u m  c o n s t a n t s  were 

tabu1 a t e d  f rom these references.  

E q u i l i b r i u m  c o n s t a n t s  were c a l c u l a t e d  f rom severa l  r e f e r e n c e s  such as Wagman e t  a l .  

(1968, 1969, 1971) and Parker e t  a l .  (1971 t h a t  quote standard Gibbs f r e e  e n e r g i e s  
of f o rma t ion  ( ~ G o f )  f o r  d i f f e r e n t  spec ies.  

s i s t e n c y  o f  t h e  thermodynamic data,  AG; f o  a n c i l l a r y  species r e p o r t e d  i n  Table 2 - 1  

were used i n  these c a l c u l a t i o n s .  Most of  these va lues  a re  i d e n t i c a l  t o  those  used 

by Krupka and Jenne (1982) i n  t h e  WATEQ3 code. The va lues o f  t h e  thermodynamic 

e q u i l i b r i u m  c o n s t a n t s  ( K O )  (Eq. 2-11 were c a l c u l a t e d  from aGOf u s i n g  Eqs. 2-2  and 

However, t o  ensure t h e  i n t e r n a l  con- 

2-3. 

aX + bY % c Z  I (2-1) 

* MINTEQ i s  an e q u i l i b r i u m  code and combines t h e  b e s t  f e a t u r e s  o f  WATEQ4 and 
MINEQL. I t . h a s  t h e  c a p a b i l i t i e s  of c a l c u l a t i n g  1) t h e  s a t u r a t i o n  i ndex  o f  a 
g i v e n  sol i d ,  2) aqueous s p e c i a t i o n ,  3 )  mass balance f rom p r e c i p i t a t i o n /  
d i s s o l u t i o n  r e a c t i o n s ,  and 4 )  t h e  e f f e c t  o f  a d s o r p t i o n  r e a c t i o n s  on aqueous 
s o e c i a t i o n .  

** Sbch a s  S i l l e n  and M a r t e l l  (1964, 19761, Wagman e t  a l .  (1968, 1969, 1971) ,  
Parker e t  a1 . (1971) ,  Robie e t  a1 . (19781, Lindsay (1979),  Smith and M a r t e l l  
( 1 9 7 6 ) ,  Naumov e t  a l .  (19741, Baes and Mesmer (1976) .  
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K+ 

Mg+2 

Mn+2 

Na+ 

T a b l e  2 -1  

ANCILLARY DATA USED IN THIS STUDY 

AG?,298 
( k c a l  /mol ) 
-56.690 

-37.604 

0 

18.433 

-116.9 

-275 .03a 
-132.30 

-31.372 

-67.34 

-18.85 

-1.1 

-312.55b 

-67.51 

-108.7 

-54.5 

-62.593 

S i  O2 (am) -202.9a 

so;- -177.97 

uo$+ -227.7 

Reference 

CODATA (1976)  

CODATA (1976)  

Wagrnan e t  a l .  (1968 

Wagman e t  a1 . (1968 

Rob ie  e t  a l .  (1978)  

May e t  a l .  (1979)  

P a r k e r  e t  a l .  ( 1 9 7 1  

Wagman e t  a l .  (1968 

CODATA (1976)  

Wagrnan e t  a l .  (1969)  

Wagrnan e t  a l .  (1969)  

AH:Robie e t  a l .  (1978)  

S:  Wagrnan e t  a l .  (1968)  

CODATA (1976)  

P a r k e r  e t  a l .  ( 1971)  

Wagrnan e t  a l .  ( 1969)  

Wagrnan e t  a l .  (1981)  

E l  gawhary and L i n d s a y  (1972)  

Wagrnan e t  a l .  (1968)  

Fuger and O e t t i n g  (1976)  

a C a l c u l a t e d  f rom g i v e n  r e f e r e n c e  and o t h e r  d a t a  i n  t h i s  t a b l e  
b C a l c u l a t e d  by Krupka and Jenne (1982)  

where X ,  Y,  Z r e p r e s e n t  d i f f e r e n t  spec ies  and a, b ,  c r e p r e s e n t  c o e f f i c i e n t s  o f  

spec ies .  

( 2 - 2 )  
0 0 0 

A G , , ~ ~ ~  = x A G f  p r o d u c t s  -  TAG^ r e a c t a n t s  

where AG: i s  t h e  s t a n d a r d  f r e e  energy change o f  t h e  r e a c t i o n .  
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where R i s  t h e  gas c o n s t a n t  (0.001987 Kcal /deg p e r  mole) and T i s  t h e  a b s o l u t e  
temperature,  and a t  25°C (T = 298.15 K) l o g  K O  = (-aG;)/1.364 

Where va lues o f  e q u i l i b r i u m  c o n s t a n t s  (Kc)  were a v a i l a b l e  a t  i o n i c  s t r e n g t h s  (,,) 

o t h e r  tha'n zero, e q u i l i b r i u m  c o n s t a n t  va lues a t  zero i o n i c  s t r e n g t h  (KO) were 

c a l c u l a t e d  (Eq. 2 -4)  u s i n g  t h e  a c t i v i t y  c o e f f i c i e n t s  ( v i )  a t  25°C c a l c u l a t e d  f rom 

t h e  Davies (1962) equa t ion  (Eq. 2-5) 

l o g  y i  = -0.509 Z: [pl"/(l + I.I - 0.3111 

where Zi i s  t h e  va lence o f  t h e  i on .  

A p r e l i m i n a r y  s e t  o f  e q u i l  i b r i u m  c o n s t a n t s  were s e l e c t e d  f rom these  c o m p i l a t i o n s .  

However, i t  i s  d i f f i c u l t  t o  determine whether t h e  va lues  a r e  accu ra te  f rom 

o b s e r v a t i o n  alone. There fo re ,  severa l  s u b j e c t i v e  c r i t e r i a  were used t o  s e l e c t  

a p p r o p r i a t e  constants .  These c r i t e r i a  a re  1 i s t e d  below. 
I 

i 

0 Values ( f r o m  sources such as Wagman e t  a l .  1968, 1969, 1971; Parke r  
e t  a l .  1971; Smith and M a r t e l l  1976) were s e l e c t e d  t h a t  recommend 
s i n g l e  va lues based on t h e i r  r e c e n t  rev iews .  

I n  cases o f  d i f f e r i n g  m u l t i p l e  va lues  f o r  a r e a c t i o n ,  t h e  most 
r e c e n t  va lues o b t a i n e d  w i t h  improved exper imenta l  techniques were 
chosen. 

0 Where p o s s i b l e ,  da ta  f o r  a sequence of  sol t i o n  species [e.g., f i v e  
f l u o r i n a t e d  species of  vanadium ( V I ,  VO2FnY-" (n  = 1 t o  511 were 
s e l e c t e d  f rom a s i n g l e  source. 

Based on t h e  p r e l i m i n a r y  s e t  of  e q u i l i b r i u m  cons tan ts ,  s o l i d  phase and s o l u t i o n  spe- 

c i e s  diagrams were developed t o  a s c e r t a i n  t h e  n a t u r e  o f  dominant aqueous species and 

p o t e n t i a l  s o l u b i l i t y - c o n t r o l l i n g  s o l i d s .  Fo r  example, r e l a t i v e  s t a b i l i t y  o f  s o l i d  

phases and s o l u t i o n  species of b e r y l l i u m  are r e p o r t e d  i n  F igu res  7 -1  and 7-2. 

t h e  case o f  b e r y l l i u m ,  hydroxo and f l u o r o  complexes were t h e  most i m p o r t a n t  s o l u t i o n  

species ( F i g u r e  7-2). Therefore,  an a t tempt  was made t o  rev iew  t h e  l i t e r a t u r e  f o r  

these complexes and t h e  s e l e c t e d  va lues were r e p o r t e d  (see Appendix A Table A-5). 

I n  

The e q u i l i b r i u m  r e a c t i o n s  (Appendix A and the  thermodynamic data i n  t h e  geochemical 

code M I N T E Q )  were used t o  c o n s t r u c t  t h e  f i n a l  d iagrams r e p o r t e d  i n  t h i s  p u b l i c a -  

t i o n .  The method o f  c o n s t r u c t i o n  of s o l i d  phase and s o l u t i o n  species diagrams such 
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I.  : .:' 

as r e p o r t e d  here have been d i scussed  b y  Pourbaix  (19661, G a r r e l s  and C h r i s t  (1965) ,  
Rai and Lindsay (19751, K i t t r i c k  (1977),  and Lindsay (1979) .  For  example, t o  

determine t h e  i n f l u e n c e  o f  Be2+ complexat ion b y  SO$- on t h e  s o l u b i l i t y  o f  phenak i te  

based on data i n  Table 2-1) were combined i n  t h e  f o l l o w i n g  manner and t h e  l o g  

(Beso!) (Eq. 2-7) then p l o t t e d  as i n  F i g u r e  7-2. 

I (BeSi04) i n  e q u i l i b r i u m  w i t h  Si02(am), d i f f e r e n t  r e a c t i o n s  ( g i v e n  i n  Table A-5 and 

Be2Si04 + 4H+ 4 2Be2+ + H 4 S i O i  
l o g  K" 

6.05 

H4Si04% Si02(am) + 2 H p  2.74 

3.90 2Be2+ + 2SO;-%2BeSO4 0 

By s e t t i n g  t h e  a c t i v i t y  equal t o  one (by conven t ion )  f o r  pu re  compounds 
[Be2Si04, H20, and Si02(am)] ,  t h e  e q u i l i b r i u m  c o n s t a n t  (KO) f o r  t h e  r e a c t i o n  i n  

Eq. (2.6) becomes: 

2 - 2  + 4  K" = (BeSO~)2 / (S04  ) ( H  ) 

Taking l o g a r i t h m s  o f  b o t h  s ides  and r e a r r a n g i n g  t h e  e q u a t i o n  r e s u l t s  i n  

Equat ion (2.7) 

l o g  (BeSOi) = 1 /2  logK" + l o g  SO;- - 2pH 

and a t  l o g  SO4- 2 = -3  

l o g  (Beso:) = 3.37 - 2 .pH (2 -7 )  

species do 

sol  u t i  on.  
a t  a g iven 

F i g u r e  7 - 1  

F igu re  7-1 

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

f i g u r e s ,  e i t h e r  adequate da ta  were n o t  a v a i l a b l e  t o  c a l c u l a t e  t h e i r  a c t i v i t y  o r  t h e  

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

I n  these diagrams, t h e  s o l u t i o n  species t h a t  have t h e  h i g h e s t  a c t i v i t i e s  

9. 
e ( i n  

pH are dominant. In t he  diagrams d e p i c t i n g  

, t h e  s o l i d  phases t h a t  m a i n t a i n  l o w e s t  a c t  

phenaki te  i s  t h e  most s t a b l e  s o l i d ) .  

r e l a t i v e  s o l u b i l i t y  ( e  

v i t y  a re  t h e  most stab 
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Aqueous species were c a l c u l a t e d  under  c o n d i t i o n s  a n t i c i p a t e d  i n  t h e  u t i l i t y  waste 
environment.  
i n c l u d e d  SO4 2- = C1- = 10- 3 - M y  NO3 = F- = 10-4M, - B r -  = I -  = 10- 5 M y  C02 = 1 0 - ~ * ~ ~ ~  Nat 

H " = 10-3M, and Mg2' = 10-4M w i t h  a range i n  pH and E . = K  = C a  

species c a l c u l a t i o n s  r e p o r t e d  i n  t h e  t e x t  ( S e c t i o n s  3 t h rough  23) were made u s i n g  

t h e  assumed groundwater composi t ion,  t h e  thermodynamic data can be used t o  c a l c u l a t e  
s p e c i a t i o n  under o t h e r  c o n d i t i o n s  as w e l l .  

For  most of  t h e  c a l c u l  a t i o n s ,  t h e  assumed groundwater compos i t i on  

A1 though t h e  t 
- - 

Redox r e a c t i o n s  i n  t h i s  r e p o r t  a re  w r i t t e n  i n  terms o f  an e l e c t r o n  a c t i v i t y  so as t o  

r e p r e s e n t  b o t h  chemical and e lec t rochemica l  r e a c t i o n s  by a s i n g l e  e q u i l i b r i u m  

cons tan t .  The n e g a t i v e  l o g a r i t h m  o f  e l e c t r o n  a c t i v i t y  (pe )  i s  r e l a t e d  t o  t h e  redox 

p o t e n t i a l  (EH i n  v o l t s )  by pe = 16.9 EH (L indsay 1979). 
p o s s i b l e  range i n  env i ronmenta l  redox p o t e n t i a l s  where water  i s  s t a b l e  i s :  pe 
va lues  from 0 t o  20.78 a t  pH = 0 o r  pe + pH va lues  f rom 0 t o  20.78. 

Therefore,  t h e  maximum 

A1 though t h e  s e l e c t e d  va lues f o r  d i f f e r e n t  s o l u t i o n  complexes can be combined w i t h  

t h e  s o l u b i l i t y  r e a c t i o n s  o f  s o l i d  phases (e.g., F i g u r e  7-2) t o  determine t h e  

e q u i l i b r i u m  c o n c e n t r a t i o n s  i n  d i f f e r e n t  environments,  these c a l c u l a t i o n s  should o n l y  

be used as a gu ide  i n  cases where v a l i d a t i o n  o f  these p r e d i c t i o n s  have n o t  y e t  been 
made. P r e c i p i t a t i o n / d i s s o l u t i o n  r e a c t i o n s  i n  s o i l s ,  e s p e c i a l l y  f o r  t r a c e  elements,  
have n o t  been e x t e n s i v e l y  s tud ied .  The a v a i l a b l e  data vary i n  q u a l i t y .  Some 

s t u d i e s  i d e n t i f i e d  sol  i d s  and compared observed sol  u b i l  i ty p roduc ts  w i t h  t h e  

a v a i  1 ab1 e thermodynamic data t o  determi  ne t h e  so l  u b i l  i t y - c o n t r o l 1  i n g  so l  i d s .  Other 

s t u d i e s ,  where precipitation/dissolution was n o t  t h e  main o b j e c t i v e ,  hypo thes i zed  
t h e  presence o f  sol  u b i l  i t y - c o n t r o l 1  i n g  sol  i d s .  However, because o f  t h e  1 i m i  t e d  

number o f  s t u d i e s ,  a l l  o f  t h e  a v a i l a b l e  l i t e r a t u r e  was rev iewed and c r i t i q u e d  on 

p r e c i p i  t a t i o n / d i s s o l u t i o n  a t t e n u a t i o n  mechanism. 

ADSORPTION CONSTANTS 

Adsorp t i on  i s  a w i d e l y  recognized a t t e n u a t i o n  mechanism a r i s i n g  f rom t h e  phys ico-  

chemical i n t e r a c t i o n  o f  i o n i c  s o l u t e s  w i t h  t h e  sur faces o f  m ine ra l  c o n s t i t u e n t s  o r  

s o i l  o rgan ic  ma t te r .  Th i s  r e a c t i o n  reduces t h e  m o b i l i t y  o f  t he  adsorbed s o l u t e  

r e l a t i v e  t o  t h e  m i g r a t i n g  water f r o n t .  Adso rp t i on  may be s p e c i f i c  o r  n o n s p e c i f i c  

S p e c i f i c  a d s o r p t i o n  occurs when t h e  s o l u t e  i n t e r a c t s  d i r e c t l y  w i t h  t h e  adsorbent  

su r face  n t h e  i n n e r  Helmholtz plane. Nonspec i f i c  a d s o r p t i o n  occurs th rough  

p h y s i c a l  i n t e r a c t i o n  o f  t he  s o l u t e  w i t h  t h e  absorbent  (e.g., Van der  Waals f o r c e s  

o r  through e l e c t r o s t a t i c  r e t e n t i o n  as a coun te r  i o n  i n  the  d i f f u s e  double l a y e r .  

Data p e r t a i n i n g  t o  bo th  s p e c i f i c  and nonspec i f i c  a d s o r p t i o n  were reviewed. To 

ensure t h a t  t he  compi led i n f o r m a t i o n  w a s  a p p l i c a b l e  t o  a c t u a l  u t i l i t y  waste s i t e s  i n  
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d i f f e r e n t  g e o l o g i c  t e r r a i n s ,  i n v e s t i g a t i o n s  f r o m  a number o f  sources  were i n c l u d e d ,  

wh ich  e v a l u a t e d  a d s o r p t i o n / d e s o r p t i o n  o f  i n o r g a n i c  waste c o n s t i t u e n t s  on s u r f a c e  

s o i l s ,  s u b s o i l  , g e o l o g i c  m a t e r i a l s ,  and model adso rben ts  (e.g., s i n g l e  m i n e r a l s ) .  

A d s o r p t i o n  f rom u t i l i t y  was te  l eacha te ,  p o s s i b l y  i n  c o n t a c t  w i t h  s u b s u r f a c e  

m a t e r i a l s  f o r  l o n g  p e r i o d s  o f  t ime,  may d i f f e r  a p p r e c i a b l y  f rom s h o r t - t e r m  

a d s o r p t i o n  s t u d i e s  i n  i n e r t  e l e c t r o l y t e s .  Hence, t h e  r e v i e w  a l s o  c o n s i d e r e d  adso rp -  

t i o n / d e s o r p t i o n  k i n e t i c s  and t h e  e f f e c t s  o f  s o l u t i o n  c h a r a c t e r i s t i c s  (e.g., s o l u -  

t i o n / s o l u t e  m a t r i x ,  compet ing  and comp lex ing  i o n s )  on a d s o r p t i o n ,  so t h a t  t h e  

a d s o r p t i v e  b e h a v i o r  o f  con taminan ts  i n  t h e  l e a c h a t e  c o u l d  be c l e a r l y  d e f i n e d .  

Based on a compu te r i zed  sea rch  and l i t e r a t u r e  rev iew ,  t h e  genera l  c o n t e n t  o f  each 

p u b l i c a t i o n  was summarized i n  t a b u l a r  f o r m  a c c o r d i n g  t o  a t t e n u a t i o n  c o n s t a n t s ,  s o l i d  

and s o l u t i o n  phase c h a r a c t e r i s t i c s ,  and e x p e r i m e n t a l  v a r i a b l e s  and p rocedures .  T h i s  

t a b u l a r  summary was then  used t o  j u d g e  t h e  m e r i t  o f  t h e  comp i led  l i t e r a t u r e .  

E v a l u a t i o n  c r i t e r i a  were des igned t o  ensu re  t h a t  t h e  t a b u l a t e d  a t t e n u a t i o n  d a t a  were  

e x p e r i m e n t a l l y  d e f e n s i b l e  and a c c e p t a b l e  f o r  m o d e l i n g  purposes. The c r i t e r i a  were 

d i r e c t e d  a t  t h e  degree o f  adsorbent  c h a r a c t e r i z a t i o n ,  degree o f  s o l u t i o n  cha rac -  

t e r i z a t i o n ,  and t h e  adequacy o f  e x p e r i m e n t a l  p rocedures  (Tab le  2 - 2 ) .  These c r i t e r i a  

were a p p l i e d  i n  v a r i o u s  degrees o f  s e v e r i t y  depend ing  on t h e  amount o f  a v a i l a b l e  

l i t e r a t u r e .  F o r  example, c r i t e r i a  were m a i n l y  a p p l i e d  t o  e lements  where l a r g e  

amounts o f  da ta  e x i s t  (e.g., Cu, Cd).  F o r  those  e lements  where i n f o r m a t i o n  was 

i 

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

unaccep tab le .  I n  some cases, d a t a  wh ich  d i d  n o t  pass t h e  e v a l u a t i o n  c r i t e r i a  were 

used t o  q u a l i t a t i v e l y  assess element b e h a v i o r  and a r e  c i t e d  i n  t h e  w r i t t e n  e lement  

r e v i e w .  A l l  a r t i c l e s ,  p u b l i c a t i o n s ,  o r  r e p o r t s  p a s s i n g  t h e  e v a l u a t i o n  c r i t e r i a  were 

c o n s i d e r e d  d e f e n s i b l e  and t h e i r  d a t a  t a b u l a t e d  ( S e c t i o n s  3 t h r o u g h  23 ) .  

The c o m p i l a t i o n  o f  a t t e n u a t i o n  c o n s t a n t s  d e r i v e d  f r o m  t h e  c r i t i . c a 1  r e v i e w  q u a n t i t a -  

t i v e l y  d e s c r i b e  t h e  a d s o r p t i o n  . o f . u t i l i t y  was te  c o n s t i t u e n t s  on s p e c i f i c  s o i l  and 

s u b s o i l  m a t e r i a l s  and m i n e r a l  c o n s t i t u e n t s .  The t a b u l a t e d  i n f o r m a t i o n  ( S e c t i o n s  3 

t h r o u g h  2 3 )  r e p r e s e n t s  an a t t e n u a t i o n  d a t a  base, wh ich  may be u s e f u l  t o  q u a l i t a -  

t i  v e l y  assess c o n s t i t u e n t  m i g r a t i o n  i n  s p e c i f i c  u t i l i t y  s i t e s  h a v i n g  s i m i 1 a r . g e o -  

c h e m i c a l / m i n e r a l o g i c  c h a r a c t e r i s t i c s .  The a t t e n u a t i o n  d a t a  base, however, does n o t  

a l l o w  f o r  q u a n t i t a t i v e  p r e d i c t i o n  o f  c o n s t i t u e n t  m i g r a t i o n  r a t e s  based s o l e l y  upon 

knowledge o f  s i t e  subsur face  m i n e r a l o g y ,  c h e m i s t r y ,  and l e a c h a t e  c h a r a c t e r i s t i c s .  ’ 

Many techn iques  a re  used f o r  a n a l y z i n g  a d s o r p t i o n  da ta ,  c a l c u l a t i n g  d e s c r i p t i v e  

c o n s t a n t s ,  and r i iodel iny a d s o r p t i o n  b e h a v i o r .  The most common a d s o r p t i o n  models 
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Table 2-2 

ADSORPTION/DESORPTION EVALUATION CRITERIA 

E v a l u a t i o n  I t e m  C r i t e r i a  

Ad so rben t  M i n e r a l o g i c a l  c h a r a c t e r i z a t i o n  
of s o i l  o r  s i n g l e  adso rben t  

Surface areaa 

P a r t i c l e  s i z e a  

S o l u t i o n  Phase E q u i l i b r i u m  pH and Eh ( s o i l  pH and 
Eh accepted) 

Composi t ion o f  s o l u t i o n  phase 

Exper imental  procedures Adsorbate c o n c e n t r a t i o n  b e l  ow 
sol  u b i  1 i t y  1 eve1 s 

aNot r e q u i r e d ,  b u t  he1 p f u l  

Temperature 

Separated s o l u t i o n  phase by f i l  t r a -  
t i o n  o r  h i g h  speed c e n t r i f u g a t i o n  

a re :  1) d i s t r i b u t i o n  c o e f f i c i e n t s ,  2 )  Langmuir i so the rms ,  3 )  F r e u n d l i c h  isotherms,  

4)  BET isotherms,  and 5) su r face  complexat ion.  The mathematical  f o r m u l a t i o n  o f  

these a r e  desc r ibed  below. The nomenclature used below a p p l i e s  t o  t h e  d i s c u s s i o n  o f  

each element as we l l  as t h e  c o n s t a n t s  t a b u l a t e d  i n  t h e  t e x t  ( S e c t i o n s  3 through 2 3 ) .  

D i s t r i b u t i o n  C o e f f i c i e n t  

The d i s t r i b u t i o n  c o e f f i c i e n t ,  Kd, i s  d e f i n e d  as t h e  r a t i o  o f  t h e  q u a n t i t y  o f  t h e  

adsorbate adsorbed per  gram o f  s o l i d  t o  the  amount o f  t h e  adsorbate rema in ing  i n  

s o l u t i o n  a t  e q u i l i b r i u m .  The mass a c t i o n  exp ress ion  (Kd = s / C )  i s  t h e  common 
d e f i n i t i o n  of  t he  Kd  i n  terms o f  t he  r e a c t i o n  i + C%S, where 5 = t h e  f r e e  o r  

unoccupied su r face  a d s o r p t i o n  s i t e s ,  C = t h e  t o t a l  d i s s o l v e d  adsorbate rema in ing  i n  

s o l u t i o n  a t  e q u i l i b r i u m ,  and S = adsorbate on t h e  s o l i d  a t  e q u i l i b r i u m .  D e s c r i b i n g  
t h e  Kd i n  terms of  t h i s  s imple r e a c t i o n  assumes t h a t  s i s  i n  g r e a t  excess w i t h  

respec t  t o  C and t h a t  S = 1. 

cons tan t .  

those aqueous chemical c o n d i t i o n s  (e.g., adsorbate c o n c e n t r a t i o n ,  s o l u t i o n /  

e l e c t r o l y t e  m a t r i x )  and the  temperature under which i t  w a s  measured. 

- 

- 
However, Kd i s  n o t  an i so the rm b u t  r a t h e r  a s i n g l e  

It i s  v a l i d  o n l y  f o r  t h e  p a r t i c u l a r  adsorbent  used and a p p l i e s  o n l y  t o  
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. ~ a n g m u i r  I so the rm 

The Langmuir i so the rm i s  desc r ibed  by :  

KLAmc 
= T T  

where 

S = moles adsorbed a t  e q u i l i b r i u m  p e r  gram o f  s o l i d  

Am = t h e  maximum a d s o r p t i o n  c a p a c i t y  o f  t h e  s o l i d  

KL = t h e  Langmuir a d s o r p t i o n  c o n s t a n t  which can be r e l a t e d  t o  t h e  b i n d i n g  

energy of t h e  adsorbate (m,i&-,'\db 4 1 5  ~ ~ p c ' - \ ' c  
,,''' "1- c 1 

- /' 

C = t o t a l  adsorbate c o n c e n t r a t i o n  i n  s o l u t i o n  a t  e q u i l i b r i u m .  [ -+ ' * - / ' ' \  
A' 

The above exp ress ion  combines a mass a c t i o n  exp ress ion  f o r  t h e  a d s o r p t i o n  r e a c t i o n  

C + ? *  S, and a mass balance equa t ion  f o r  su r face  s i t e s ,  A,,, = s + S, where S 

rep resen ts  unoccupied s u r f a c e  s i t e s .  T h i s  exp ress ion  assumes a f i n i t e  number o f  

su r face  s i t e s  ( i .e. ,  i m p o s i t i o n  o f  a mass balance on su r face  s i t e s ) ,  which d i s t i n -  

guishes t h e  Langmuir equa t ion  from t h e  Kd and t h e  F r e u n d l i c h  equa t ion  (see below).  

F u r t h e r ,  t h e  Langmuir i s o t h e r m  assumes t h a t :  1) a d s o r p t i o n  occurs on s p e c i f i c  s i t e s  

w i t h  no e l e c t r o s t a t i c  o r  chemical i n t e r a c t i o n s  between adsorbate i ons ;  2 )  a l l  

a d s o r p t i o n  s i t e s  a re  e q u i v a l e n t  ( i .e. ,  f o r  a g i v e n  adsorbate t h e  b i n d i n g  energy f o r  

a l l  su r face  s i t e s  i s  t h e  same); 3)  t h e  a b i l i t y  o f  an adsorbate i o n  t o  b i n d  t o  a 

su r face  s i t e  i s  independent o f  whether o r  n o t  t h e  ne ighbor ing  s i t e s  a r e  occup ied  

[ i .e.,  t h e  b i n d i n g  energy i s  independent o f  t h e  a d s o r p t i o n  d e n s i t y  ( S ) ]  and 

4 )  maximum a d s o r p t i o n  i s  l i m i t e d  t o  mono-layer coverage o f  t h e  s u r f a c e  s i t e s ,  t h a t  

i s ,  a d s o r p t i o n  does n o t  occur  on t h e  new s u r f a c e  l a y e r  formed by t h e  adsorbate.  

- - 

By r e a r r a n g i n g  Eq. ( 2 - 8 )  as desc r ibed  below, a p l o t  o f  C/S versus C r e s u l t s  i n  a 
l i n e a r  r e p r e s e n t a t i o n  of  a d s o r p t i o n  da ta  w i t h  a s lope of l/% and an i n t e r c e p t  o f  

1 / K LA, - 

Greater  accuracy i s  o b t a i n e d  i n  e s t i m a t i n g  t h e  s lope of  t h e  cu rve  than i n  e s t i m a t i n g  

the  i n t e r c e p t  f o r  reasonably  1 ow adsorbate c o n c e n t r a t i o n s  used i n  most a d s o r p t i o n  
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exper imen ts .  Thus, a more a c c u r a t e  e s t i m a t e  of Am can  be o b t a i n e d  f r o m  a d s o r p t i o n  

d a t a  u s i n g  Eq. (2 -9 )  t h a n  o t h e r  p o s s i b l e  l i n e a r i z a t i o n s  o f  Eq. ( 2 - 8 )  f o r  wh ich  t h e  

i n t e r c e p t  i s  equa l  t o  A, o r  l / A m .  

I n  many cases ,  a d s o r p t i o n  d a t a  i n  s o i l s  d e v i a t e  f r o m  t h e  s i n g l e - s i t e  Lanymui r  

Eqs. ( 2 - 8 )  o r  ( 2 - 9 )  above. Phosphate a d s o r t i o n  i s  an example o f  t h i s .  To d e s c r i b e  

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

a r e  p r e s e n t  and t h a t  a d s o r p t i o n  o n t o  each of  t h e s e  s i t e s  i s  o f  t y p e  'i' f o l l o w i n g  

t h e  Langmui r  e q u a t i o n ,  o r  t h a t  two d i s t i n c t  mechanisms o f  a d s o r p t i o n  o c c u r  on a 

s i n g l e  s e t  o f  s i t e s .  

For  a d s o r b a t e / a d s o r b e n t  c o m b i n a t i o n s  where m u l t i p l e  s u r f a c e  s i t e s  may be r e s p o n s i b l  

f o r  a d s o r p t i o n ,  t h e  Langmuir  e q u a t i o n  can be g e n e r a l i z e d  as f o l l o w s :  
* 

(2-10 

The summation i s  o v e r  a l l  p o s s i b l e  s i t e s  ' i ', where A,,, i s  t h e  maxirnum q u a n t i t y  of 

t h e  a d s o r b a t e  on s i t e s  o f  t y p e  ' i ', and K L , ~  i s  a c o n s t a n t  wh ich  may be r e l a t e d  t o  

t h e  b i n d i n g  energy  f o r  adso rben t  s i t e  o f  t y p e  'I I .  I n  t h e  t w o - s i t e  case, t h e  t o t a l  

a d s o r p t i o n  can be t r e a t e d  as t h e  sum of a h i g h  energy  and a low energy  component an 

a p l o t  o f  C / S  ve rsus  C wou ld  c o n s i s t  of two s t r a i g h t  l i n e  segments w i t h  d i f f e r e n t  

s lopes .  

When s e v e r a l  a d s o r b a t e s  (e.g., Cd", Zn2+, HSe03, and As03- )  2 a r e  p r e s e n t  t o g e t h e r  i 
s o l u t i o n ,  s t r o n g l y  b i n d i n g  s p e c i e s  w i l l  compete f o r  a v a i l a b l e  s u r f a c e  s i t e s .  T h i s  

t y p e  o f  i n t e r a c t i o n  a lways  reduces  t h e  tendency  f o r  each i n d i v i d u a l  i o n  t o  adsorb .  

I f  t h e  sys tem obeys t h e  Langmui r  i s o t h e r m ,  a d s o r p t i o n  o f  an i o n  ' j '  i n  t h e  

n o n c o m p e t i t i v e  and c o m p e t i t i v e  systems i s  g i v e n  by: 

f Am, j '1 I K I f c ) s.. = 
J 1 t K .  C .  + c n .  K .  C .  J J i  i l l  

where 

S .  = a d s o r p t i o n  d e n s i t y  o f  'j' J 

Al,,, j = iliaximuin a d s o r p t i o n  d e n s i t y  o f  component ' j ' 

( 2 - 1 1  
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. . .  i , '. : ,..;. 

. .  . a. 

Ki and K j  = Langmui r  b i n d i n g  c o n s t a n t s  f o r  component 'i ' and ' j '  

ci and C j  = e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  component ' i ' and ' j '  i n  
s o l  u t i  on 

n i  = Am, j / A m , i  - 
The summation i n c l u d e s  a l l  compe t ing  a d s o r b a t e s  i n  t h e  system. The f a c t o r  ' n '  

c o r r e c t s  f o r  t h o s e  a d s o r b a t e s  t h a t  may t a k e  up more space o r  occupy more s i t e s  

t h a n  o t h e r s .  S i n c e  n = 1 f o r  compe t ing  s p e c i e s  o f  s i m i l a r  s i z e ,  n i s  r a r e l y  

i n c l u d e d  i n  t h e  above e q u a t i o n .  However, i t  may be i m p o r t a n t  when s p e c i e s  o f  

d i f f e r i n g  s i z e  compete f o r  t h e  same s i t e s .  

F r e u n d l i c h  I s o t h e r m  

L i t e r a t u r e  on non-Langmu i r i an  a d s o r p t i o n  b e h a v i o r  sugges ts  t h a t :  1) a n o n u n i f o r m i t y  

e x i s t s  among t h e  a d s o r p t i o n  s i t e s ;  and 2 )  t h e  change i n  t h e  f r e e  energy  o f  

a d s o r p t i o n  ("ads) becomes l e s s  n e g a t i v e  as t h e  a d s o r p t i o n  d e n s i t y  ( S )  i n c r e a s e s ,  

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

s i t e s .  Indeed a t  h i g h e r  S, c o m p l e x a t i o n  o f  a d s o r b a t e  i o n s  w i t h  s u r f a c e  s i t e s  i s  n o t  

s t r i c t l y  ana logous t o  c o m p l e x a t i o n  w i t h  d i s s o l v e d  l i g a n d s .  

The F r e u n d l i c h  e q u a t i o n  can be d e r i v e d  by assuming t h a t  t h e  s i t e s  o f  a g i v e n  energy  

i n  t h e  i n t e r v a l  A G ~ ~ ~  = dAGads a r e  L a n g m u i r i a n  and t h a t  t h e  p r o b a b i l i t y  t h a t  a s i t e  

has an a d s o r p t i o n  energy  i n  t h e  i n t e r v a l  AGads = dAGads i s  e x p o n e n t i a l .  

p h y s i c a l  b a s i s  e x i s t s  f o r  assuming t h i s  e x p o n e n t i a l  p r o b a b i l i t y  d i s t r i b u t i o n .  The 
However, no 

i s o t h e r m  can be w r i t t e n  as :  

S = K F C  l / n  

where K f  and n a r e  c o n s t a n t s ,  and n i s  t y p i c a l l y  g r e a t e r  t h a n  o r  equa 

( 2 - 1 2  ) 

t o  1. F o r  

d i l u t e  s o l u t i o n s  n = 1, b u t  as t h e  a d s o r p t i o n  d e n s i t y  i n c r e a s e s ,  n > 1. The range 

o f  S f o r  wh ich  n = 1 and t h e  v a l u e  o f  S f o r  wh ich  n b e g i n s  t o  i n c r e a s e  d i f f e r s  

a c c o r d i n g  t o  t h e  s p e c i f i c  a d s o r b a t e / a d s o r b e n t  p a i r  (Ben jamin  and L e c k i e  1981). I n  

c o n t r a s t  t o  t h e  Langmui r - t y p e  i s o t h e r m ,  t h e  thermodynamic i n t e r p r e t a t i o n  o f  t h e  

F r e u n d l i c h  i s o t h e r m  i n  E q .  ( 2 - 1 2 )  i s  t h a t  t h e  a d s o r p t i o n  energy  v a r i e s  w i t h  l n ( S ) .  

T h i s  energy  dependence i s  n o t  un ique ,  however, s i n c e  i t  depends upon t h e  assumed 

p r o  ha b i 1 i t y  d i s t r i bu t i on. 

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

a d s o r p t i o n  da ta  can be f i t t e d  t o  a Langniuir  o r  a F r e u n d l i c h  e q u a t i o n  does n o t  

r i ecessa r i  l y  e s t a b l i s h  a c o n s t a n t  o r  l o g a r i  thr i i ic  dependence o f  a d s o r p t i o n  on 
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a d s o r p t i o n  d e n s i t y  S. A f i t  t o  t h e  F r e u n d l i c h  e q u a t i o n ,  however, may be i n t e r p r e t e d  

as ev idence  f o r  i nhomogene i t y  among s u r f a c e  a d s o r p t i o n  s i t e s ,  o r  p o s s i b l y  s u r f a c e  

i n t e r a c t i o n  between adsorbed spec ies .  

BET I s o t h e r m  

The BET i s o t h e r m  d e s c r i b e s  m u l t i - l a y e r  L a n g m u i r i a n  a d s o r p t i o n  (B runauer  e t  a l .  

1938). 

b o n d i n g  o f  gases o r  vapors  t o  s o l i d s .  

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

p a r t i c l e s  fo rms a new s u r f a c e  l a y e r  t o  wh ich  a d d i t i o n a l  mo lecu les  adsorb .  I f  i t  i s  

assumed t h a t  t h e  energy  of  a d s o r p t i o n  on a l l  s u c c e s s i v e  l a y e r s  i s  equa l ,  t h e  BET 

e q u a t i o n  i s ,  

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

The BET i s o t h e r m  has a l s o  been a p p l i e d  t o  

(2-13) 

where Am = t h e  maximum a d s o r p t i o n  d e n s i t y  of t h e  f i r s t  l a y e r ,  KB = a c o n s t a n t  

r e l a t e d  t o  t h e  a d s o r p t i o n  energy ,  and C, = t h e  c o n c e n t r a t i o n  o f  t h e  a d s o r b a t e  a t  

s a t u r a t i o n .  The BET e q u a t i o n  reduces  t o  t h e  Langmui r  e q u a t i o n  i f  KB > >  1 and 

C / C s  << 1. 

the,-.assumed l o c a t i o n  o f  t h e  s i t e s  and t h e  c r e a t i o n  o f  new s i t e s  w i t h  t h e  o c c u p a t i o n  

o f  each e x i s t i n g  s i t e .  The BET e q u a t i o n  has r e c e i v e d  e x t e n s i v e  a p p l i c a t i o n  f o r  t h e  

d e t e r m i n a t i o n  of t h e  s u r f a c e  a rea  of s o l i d s  f r o m  gas a d s o r p t i o n  da ta .  

The BET i s o t h e r m  d i f f e r s  f r o m  t h e  F r e u n d l i c h  and Langmui r  i s o t h e r m s  i n  

S u r f a c e  Comp lexa t ion  Mode ls  

S u r f a c e  complexaton  models d e s c r i b e  a d s o r p t i o n  i n  a more d e t a i l e d  f a s h i o n  t h a n  
a d s o r p t i o n  i s o t h e r m s .  The s u r f a c e  i s  t r e a t e d  as an a r r a y  o f  h y d r o x y l  g roups  

d e s i g n a t e d  as XOH, where X r e p r e s e n t s  s t r u c t u r a l  S i ,  Fe, T i ,  A l ,  Mn o r  o t h e r  atoms 

a t  t h e  s o l i d - l i q u i d  i n t e r f a c e  ( F i g u r e  2 - 1 ) .  These h y d r o x y l  g roups  o r  a d s o r p t i o n  

" s i t e s "  can be t r e a t e d  as l i g a n d s  wh ich :  1) have s p e c i f i c  a c i d / b a s e  c h a r a c t e r i s -  

t i c s ,  and 2 )  f o rm complexes w i t h  e l e c t r o l y t e  o r  m e t a l  i o n s  o r  o t h e r  i o n  p a i r s  i n  

s o l u t i o n .  The same s e t  o f  assumpt ions  made above f o r  t h e  Langmui r  i s o t h e r m  a r e  

assumed t o  a p p l y  t o  s u r f a c e  c o m p l e x a t i o n  models.  A d s o r p t i o n  r e a c t i o n s  ( i  .e.,  t h e  

c o o r d i n a t i o n  o f  t hese  s o l u t e  i o n s  w i t h  s u r f a c e  h y d r o x y l  g roups )  a r e  t r e a t e d  by 

ana logy  w i t h  c o m p l e x a t i o n  i n  b u l k  s o l u t i o n .  Thus, f o r  an assumed s t o i c h i o m e t r y  o f  

r e a c t i o n ,  an a s s o c i a t i o n  ( a d s o r p t i o n )  c o n s t a n t  can be used t o  d e s c r i b e  t h e  

ads o r 11 t i  on r e a c t  i on. 
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d i s t r i b u t i o n  and adsorbed s p e c i e s  

Schemat ic  r e p r e s e n t a t i o n  o f  cha rge  

A fundamenta l  d i f f e r e n c e  between a d s o r p t i o n  r e a c t i o n s  a t  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 aqueous c o o r d i n a t i o n  r e a c t i o n s  i n  b u l k  s o l u t i o n ,  i s  t h a t  a v a r i a b l 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  energy  e x i s t s  between t h e  charged a d s o r b i n g  i o n  and t h e  

s u r f a c e  cha rge  On t h e  s o l i d  ( F i g u r e  2 - 1 ) .  A d i f f e r e n c e  i n  chemica l  p o t e n t i a l  o f  t h e  

cha rged  i o n  deve lops  near  t t i e  s u r f a c e  due t o  t t i e  e l e c t r o s t a t i c  p o t e n t i a l ,  111, 

p roduced by t h e  s u r f a c e  c h a r g e ,  O .  Because of these  n o n i d e a l  i n t e r a c t i o n s ,  t h e  

a c t i v i t i e s  o f  i o n s  a p p r o a c h i n g  t h e  s u r f a c e  a r e  m o d i f i e d  by t h e  energy  r e q u i r e d  t o  
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b r i n g  them f rom t h e  b u l k  s o l u t i o n  t o  a s p e c i f i c  a d s o r p t i o n  p l a n e  w i t h i n  t h e  e l e c t r i c  

d o u b l e  l a y e r .  The i o n  a c t i v i t i e s  nea r  t h e  Sur face  a r e  r e l a t e d  t o  t h e  

a c t i v i t i e s  i n  b u l k  s o l u t i o n  [ ( I on )bu lk ]  by t h e  f o l l o w i n g  e q u a t i o n :  

(2 -14 )  

where Z i s  t h e  p o s i t i v e  o r  n e g a t i v e  charge of t h e  i o n ,  F i s  t h e  Faraday c o n s t a n t ,  R 

i s  t h e  gas c o n s t a n t ,  T i s  t e m p e r a t u r e  i n  K e l v i n ,  and 6 i s  t h e  e l e c t r o s t a t i c  p o t e n -  

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

W e s t a l l  and Hohl (1980) have d e s c r i b e d  s e v e r a l  s u r f a c e  c o m p l e x a t i o n  models ( c o n s t a n t  

c a p a c i t a n c e ,  VSC-VSP, and t r i p l e  l a y e r )  and t h e i r  r e l a t i o n  t o  one ano the r .  The 

m a j o r  d i f f e r e n c e s  between t h e s e  models a r e :  1) t h e  s e t  o f  s u r f a c e  s p e c i e s  con -  

s i d e r e d  (e.g., whether s u r f a c e - e l e c t r o l y t e  s p e c i e s  a r e  c o n s i d e r e d ) ;  and 2)  t h e  

d e s c r i p t i o n  o f  t h e  e l e c t r i c  doub le  l a y e r  (i.e., t h e  d e f i n i t i o n  and ass ignment  o f  

i o n s  t o  "mean" p lanes  of a d s o r p t i o n  w i t h i n  t h e  doub le  l a y e r  as i n  F i g u r e  2-1). 

As an example,  t h e  r e l e v a n t  c o n s t a n t s  f o r  t h e  t r i p l e  l a y e r  model w i l l  be d e f i n e d  f o r  

t h e  case where a d s o r p t i o n  o c c u r s  from a s o l u t i o n  c o n t a i n i n g  N a C l  as t h e  major  e l e c -  

t r o l y t e  and Cd2+ and So$- i o n s  as t h e  d i l u t e  adso rba tes .  

a s i n g l e  ampho te r i c  s u r f a c e  s i t e ,  XOH. The t r i p l e  l a y e r  model t r e a t s  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  a s  b e i n g  composed 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  bounded by a 

d i f f u s e  l a y e r  ( F i g u r e  2-1) .  
t h e  s u r f a c e  ' 0 '  p l a n e  and c o n t r i b u t e  t o  t h e . s u r f a c e  cha rge  uo,  and e x p e r i e n c e  an 

e l e c t r o s t a t i c  p o t e n t i a l ,  ~ t ~ .  

i n  t h e  ' b '  o r  i n n e r  He lmho l t z  p l a n e  and a r e  bound p a i r w i s e  t o  o p p o s i t e l y  cha rged  

s u r f a c e  s i t e s  by b o t h  a s p e c i f i c  chemica l  and an e l e . c t r o s t a t i c  energy. These i o n s  

c o n t r i b u t e  t o  t h e  cha rge ,  u b ,  and a r e  s u b j e c t  t o  an e l e c t r o s t a t i c  p o t e n t i a l ,  

The o u t e r  He lmho l t z  p lane  o r  t h e  ' d l  p l a n e  i s  t h e  i n n e r  boundary o f  t h e  d i f f u s e  

r e g i o n  o f  n o n s p e c i f i c a l l y  bound c o u n t e r i o n s .  Regions o f  c o n s t a n t  c a p a c i t a n c e ,  C 1  

and C 2 ,  s e p a r a t e  t h e  ' 0 '  and ' b '  p lanes  and t h e  '%'  and ' d l  p l a n e s ,  r e s p e c t i v e l y .  

S u r f a c e  l i g a n d s  c o n s i s t  o f  

S p e c i f i c a l l y  adsorbed H+ and OH- i o n s  a r e  l o c a t e d  i n  

E l e c t r o l y t e  i o n s  and d i l u t e  adso rba te  i o n s  a r e  l o c a t e d  

The s u r f a c e  h y d r o l y s i s  and c o m p l e x a t i o n  r e a c t i o n s  and t h e  a s s o c i a t 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 h e  s u r f a c e  spec ies  shown i n  F i g u r e  2 - 1  a r e  g i v e n  i n  

Tab le  2-3. 

r e p r e s e n t s  an i o n  i n  t h e  e l e c t r i c  doub le  l a y e r  r a t h e r  than i n  b u l k  s o l u t i o n  and i s  

e x p l i c i t l y  d e f i n e d  by Eq. ( 2 - 1 4 ) .  The comp lexa t ion  r e a c t i o n s  a r e  w r i t t e n  i n  te rms  

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

second s u r f a c e  a c i d i t y  c o n s t a n t s  and t h e  o t h e r  K i A t  a r e  t h e  i n t r i n s i c  a d s o r p t i o n  

The s u b s c r i p t  I s '  used on i o n s  (e.g., H l ,  i n  t h e  r e a c t i o n s  i n  Tab le  2 -3 )  

K l n t  and K i n t  a r e  t h e  f i r s t  and 
2 
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Table 2-3 

TRIPLE LAYER MODEL REACTIONS AND INTRINSIC 
EQUILIBIRUM CONSTANTS FOR SURFACE SPECIES SHOWN I N  FIGURE 2-1 

I n t r i n s i c  
Constant s+ --- Reac ti on s* - 

Su rf ace Hydro1 y s i s 

XOH; = X O H  t Hs t K i  n t  

XOH * XO- t H: 

C a t i o n  Complexat ion 

XO- + Na: k (XO- Na')' 
1 xo- + Cdgt % (XO- Cd 2t ) + 

X O -  t CdZt t H20 % (XOo CdOH')' + H: 

Ani on Compl exa ti on 

+ + XoH2 + C1 % (XOH2 C1- 

XOH; + ( S O ; - )  * (XOH; SO: 

0 

1- 

Ki n t  
Na 

K i n t  . 
Cd 

CdOH 
K i n t  

*The a c t i v i t y  o f  su r face  species ( s p e c i e s  w i t h  s u b s c r i p t  
s )  are  r e l a t e d  t o  t h e  a c t i v i t i e ?  o f  these species i n  b u l k  
s o l u t i o n  by Equat ion (2-14) .  H spec ies e x i s t  a t  p lane o 
t h a t  has p o t e n t i a  
t h a t  has p o t e n t i a  

qo,  w h i l e  a l ?  o t h e r s  e x i s t  a t  p lane  b 
qb ( F i g u r e  2-1).  

'Re la t i onsh ip  o f  K 
shown th rough  the  

nt t o  t h e  p roduc ts  and r e a c t a n t s  i s  
f o l  1 owing example 
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c o n s t a n t s  f o r  c a t i o n  o r  a n i o n  " X " .  The e x p o n e n t i a l  t e r m  i s  t h e  Bo l t zman  f a c t o r ,  

Eq.  ( 2 -14 ) ,  and accoun ts  f o r  e l e c t r o s t a t i c  and a c t i v i t y  e f f e c t s .  The K x  a r e  t h e  

mass a c t i o n  e x p r e s s i o n s  f o r  i n d i v i d u a l  r e a c t i o n s ,  e.g., 

(2 -15  

A c t i v i t y  c o e f f i c i e n t s  f o r  s u r f a c e  s p e c i e s  a r e ,  by c o n v e n t i o n ,  s e t  equa l  t o  one. 

Thus ( 3 r e p r e s e n t s  t h e  c o n c e n t r a t i o n  of  s u r f a c e  s p e c i e s  XOH, XO', and XOH$ i n  mo le  

p e r  l i t e r ,  and ( ) r e p r e s e n t s  t h e  a c t i v i t y  o f  an i o n  i n  t h e  b u l k  s o l u t i o n .  

A p a r t i c u l a r  s e t  of s u r f a c e  s p e c i e s  ( F i g u r e  2 -1 )  i s  j u s t i f i e d  when p r e d i c t i o n s  base 

on t h e s e  e q u a t i o n s  d e s c r i b e  t h e  e x p e r i m e n t a l  d a t a  (e.g., t h e  pH a d s o r p t i o n  edge) .  

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

o f  c o m p l e x a t i o n  r e a c t i o n s  w h i c h  d e s c r i b e  t h e  da ta ,  depend upon wh ich  model o f  t h e  

e l e c t r i c a l  d o u b l e  l a y e r  i s  used. 

The t r i p l e  l a y e r  model, wh ich  has been d e s c r i b e d  above, c o n s i s t s  o f :  1) t h e  s e t  o f  

a d s o r b a t e )  

t e r a t i  v e l y  

F o r  t h i s  

c o n c e n t r a -  

and 3 )  s u r -  

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

w i t h  t h e  s u r f a c e ;  2 )  a s u r f a c e - s i t e  mass-ba lance e q u a t i o n  f o r  [XOHI to t  

f a c e - c h a r g e  b a l a n c e  e q u a t i o n s .  T h i s  s e t  of s i m u l t a n e o u s  e q u a t i o n s  i s  

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

example t h e  q u a n t i t y  o f  Cd adsorbed, SCd, i s  c a l c u l a t e d  by summing t h e  

t i o n s  o f  t h e  Cd s u r f a c e  s p e c i e s ,  

SCd = [ [XO--Cd2'] + [XO--CdOH'])/M 

where M i s  t h e  grams o f  s o l i d  p e r  l i t e r  o f  s o l u t i o n .  

I n  summary, t h e  t r i p l e  l a y e r  model' r e q u i r e s  a s e t  o f  c o n s t a n t s  t o  d e f i n e  

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

Kin!  K i n t ,  Na K~~ i n t  , K~~ i n t  , K~z&,, ~$ji, and c a p a c i t a n c e s  CI and ~2 as pa ramete rs  
a1  a2 

c h a r a c t e r i z i n g  t h e  p r o p e r t i e s  o f  t h e  e l e c t r i c  d o u b l e  . layer.  I n  a d d i t i o n ,  measure- 

ments a r e  needed o f  t h e  s p e c i f i c  s u r f a c e  a rea ,  S(m2/g) ,  and t h e  s u r f a c e  h y d r o x y l  

s i t e  d e n s i t y ,  N s ( s i t e s / n m 2 ) ,  O f  t h e  s o l i d .  A l t h o u g h  t h e  t r i p l e  l a y e r  model r e q u i r e  

more c o n s t a n t s  than  i s o t h e r i i i  e q u a t i o n s ,  t h e s e  c o n s t a n t s ,  u n l i k e  t h o s e  p a r a m e t e r i  z i n  

i s o t h e r m  e q u a t i o n s ,  app ly  ove r  a range o f  e l e c t r o l y t e  c o n c e n t r a t i o n s  t o  1 - M ) ,  

pH ( 4  t o  1 U )  and d i l u t e  a d s o r b a t e  (e .g . ,  Cd) c o n c e n t r a t i o n s .  

(2 -16  

t h e  i n t e r -  

s i t e s :  
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A l i m i t a t i o n  o f  t h e  t r i p l e  l a y e r  model and sur face complexat ion models as p r e s e n t l y  

formulated i s  t h e i r  assumption o f  Langmuir ian a d s o r p t i o n  behavior .  
a l l  s u r f a c e  s i t e s  a r e  n o t  e n e r g e t i c a l l y  equal  and AGads i s  dependent on S. 
d i r e c t  consequence o f  t h e  Langmuir ian assumption, t h e  i n t r i n s i c  cons tan ts  a r e  

observed t o  decrease i n  va lue  when t h e  s u r f a c e  a d s o r p t i o n  d e n s i t y ,  S, exceeds a 
c r i t i c a l  va lue SCR. 

adsorbate and adsorbent  (Benjamin and L e c k i e  1981). The f u n c t i o n a l  dependence of  

Kint on S can be e x p e r i m e n t a l l y  determined and i n c o r p o r a t e d  i n t o  t h e  t r i p l e  l a y e r  

model d e s c r i p t i o n  o f  adso rp t i on .  F i n a l l y ,  i t  should be s t a t e d  t h a t  s u r f a c e  com- 

p l e x a t i o n  models and i n  p a r t i c u l a r  t h e  t r i p l e  l a y e r  model can be e a s i l y  g e n e r a l i z e d  

t o  d e s c r i b e  m u l t i p l e  s u r f a c e  s i t e s ,  SOH, TOH, etc. ,  b y  i n c l u d i n g  an a p p r o p r i a t e  s e t  

o f  r e a c t i o n s  d e s c r i b i n g  t h e  complexat ion o f  t hese  s i t e s  w i t h  s o l u t i o n  species.  

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

As a 

T h i s  c r i t i c a l  value, SCR, depends upon t h e  combinat ion o f  

USE OF ATTENUATION CONSTANTS TO PREDICT PORE WATER CONCENTRATIONS - AN EXAMPLE 

A s imple example i s  d i scussed  below t o  i l l u s t r a t e  t h e  use o f  a t t e n u a t i o n  c o n s t a n t s  

and t h e i r  impor tance i n  r e d u c i n g  the  m o b i l i t y  o f  s o l u t e . i n  u t i l i t y  waste l e a c h a t e .  

I n  t h i s  example, 538 l i t e r s  (L) o f  a c i d i c  u t i l i t y  waste l e a c h a t e  c o n t a i n i n g  

moles p e r  l i t e r  (M) Cd2+ i s  assumed t o  i n f i l t r a t e  i n t o  and s a t u r a t e  one c u b i c  meter  

o f  s u b s o i l .  
a re  g i v e n  i n  F i g .  2-2. Sample c a l c u l a t i o n  w i l l  t hen  p r e d i c t  t h e  s o l u t i o n  concentra-  

t i o n  o f  Cd2+ i n  t h e  pore waters a f t e r  t h e  l e a c h a t e  has e q u i l i b r a t e d  w i t h  t h e  s u b s o i l  

m a t e r i a l .  Both a d s o r p t i o n  and p r e c i p i t a t i o n  r e a c t i o n s  w i l l  be considered.  

- 
The l e a c h a t e  and subsoi l  c h a r a c t e r i s t i c s  a long  w i t h  o t h e r  assumptions 

AdsorDt ion React ions A1 one 

I n  t h i s  example we assume t h a t  t h e  l e a c h a t e  i n s t a n t a n e o u s l y  e q u i l i b r a t e s  w i t h  t h e  

subso i l  and t h a t  t h e  Cd2+ a d s o r p t i o n  f o l l o w s  Langmuir ian behav io r .  The mathemat ica l  
d e r i v a t i o n  o f  t h e  Langmuir i so the rm assumes t h a t  a f i x e d  c o n c e n t r a t i o n  o f  a d s o r p t i o n  
s i t e s  e x i s t  ( S  1, which d e f i n e s  a maximum a d s o r p t i o n  c a p a c i t y  ( \ ) .  .The a d s o r p t i o n  

r e a c t i o n  may be w r i t t e n  i n  a f a s h i o n  analagous t o  a s o l u t i r ?  complexat ion r e a c t i o n ,  

1 .e., 

T 

S + Cd2+ = T Z  
S 

(2 -17 )  

where ss i s  unoccupied surface a d s o r p t i o n  s i t e s ,  Cd2+ t h e  s o l u t i o n  a c t i v i t y  of  

cadmium, and SCd t h e  a d s o r p t i o n  s i t e s  occupied by Cd. An e q u i l i b r i u m  cons tan t  f o r  

Eq. ( 2 - 1 7 )  i s  d e f i n e d  i n  Eq. (2-18).  

~ 
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VOLUME = 538 L 

pH = 6.0 

CdZt = _M 

VOLUME = 1 m3 

% POROSITY = 53.8 

pH = 8 

COZ (gas) = 1 O-2.52 ATMOSPHERES 

BULK DENSITY = 1.2 g/cm3 

PARTICLE DENSITY = 2.6 g/cm3 

F i g u r e  2-2. Schemat ic  showing c h a r a c t e r i s t i c s  o f  l e a c h a t e  and s u b s o i l .  
A d d i t i o n a l  assumpt ions  i n c l u d e :  a c t i v i t y  c o e f f i c i e n t  o f  one, no  
c o m p l e x a t i o n ,  no compe t ing  i o n  e f f e c t s ,  a d s o r p t i o n  c o n s t a n t  v a l u e s  
(KL = 0.631 L/pM,+Am = 
v a l u e  (CdC03 t 2H 
(1979) ( T a b l e  9-1) and B a l l  e t  a1 . (1980) ,  . r e s p e c t i v e l y .  

pM/g) and p r e c i p i t a t i o n / d i s s o l u t i o n  c o n s t a n t  
Cdgi6C02(g) + H20 l o g  K = 4.41) t a k e n  f r o m  S i n g h  

( 2 - 1  

T a k i n g  t h e  d i f f e r e n c e  between t h e  t o t a l  s i t e s  ( S T )  and t h e  o c c u p i e d  s i t e s  g i v e s  t h  

unoccup ied  s u r f a c e  a d s o r p t i o n  s i t e s  (Eq. 2 -19 ) .  

- - 
S = ST - SCd 

S 

- 
S u b s t i t u t i n g  Eq. ( 2 - 1 9 )  i n  Eq. ( 2 - 1 8 )  and s o l v i n g  f o r  SCd l e a d s  t o  Eq. (2 -20 )  

- KST (Cd2+) 
SCd = 

1 + K (Cd2+) 

(2 -1  

( 2 -  

E q u a t i o n  (2 -20 )  i s  t h e  common forrn o f  t h e  Langl i iu i r  e q u a t i o n  where K i s  t h e  Langmu 

a d s o r p t i o n  c o n s t a n t  ( K L )  and ST i s  t h e  Lanymui r  a d s o r p t i o n  iiiaxinium (A" , ) .  
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C a l c u l a t i n g  t h e  aqueous Cd c o n c e n t r a t i o n  i n  e q u i l i b r i u m  w i t h  s u b s o i l  u s i n g  t h e  

Langmuir  Eq. (2 -20 )  r e q u i r e s  s o l u t i o n  o f  a mass b a l a n c e  e q u a t i o n :  

where C T  i s  t o t a l  moles o f  Cd added t o  t h e  s u b s o i l  as a l e a c h a t e ,  Cs i S  t o t a l  moles 
of  Cd i n  s o l u t i o n  a t  e q u i l i b r i u m ,  C A ~ ~  i s  t o t a l  moles o f  Cd adsorbed by s u b s o i l ,  and 

cL i s  moles o f  Cd l o s t  f r o m  t h e  s u b s o i l  t h r o u g h  w a t e r  mass f l o w  ( w a t e r  f l o w  i s  

assumed n o t  t o  o c c u r  f r o m  t h e  s u b s o i l  i n  t h i s  example, t h u s  CL = 0). 

Equa t ion  (2 -21)  can now be expressed on a c o n c e n t r a t i o n  b a s i s :  

- 
CoVl = CeV2 + SCd W (2 -22 )  

where Co i s  t h e  i n i t i a l  l e a c h a t e  c o n c e n t r a t i o n  i n  pM, - V i  i S  t h e  volume o f  l e a c h a t e  

i n  l i t e r s ,  ce i s  t h e  e q u i l i b r i u m  s o l u t i o n  c o n c e n t r a t i o n  o f  Cd2+ i n  u!, V2 i s  t h e  

volume o f  t o t a l  p o r e  w a t e r  i n  t h e  s u b s o i l  i n  l i t e . * s ,  SCd i s  t h e  adsorbed Cd 

c o n c e n t r a t i o n  i n  pM/g, and W i s  d r y  mass of t h e  s u b s o i l  i n  grams ( 9 ) .  The Langmuir  

Eq. (2 -20 )  can now be s u b s t i t u t e d  f o r  SCd i n  Eq. (2 -22 )  w h i c h  y i e l d s  

- 

- 

KAmC e 
1 + KCe C 0 V l  = c v + w e 2  (2 -23 )  

A l l  t h e  parameters  i n  Eq. (2 -23)  excep t  Ce a r e  known ( F i g .  2 -2) .  T h i s  e q u a t i o n  can 

be rea r ranged  i n t o  a p o l y n o m i a l  (Eq. 2 -24)  and s o l v e d  f o r  Ce, t h e  e q u i l i b r i u m  

c o n c e n t r a t i o n  o f  c d  (~1) i n  po re  wa te r .  

( 2 - 2 4 )  2 C e  KV2 + Ce(WKAm - CoV1 K + V2) - CoV1 = 0 

The p r e d i c t e d  e q u i l i b r i u m  Cd c o n c e n t r a t i o n  t h u s  c a l c u l a t e d  was found t o  be 2.74 x 

10-4 pM - o r  2.74 x 10-10 - M. 

t h e r e f o r e ,  reduced t h e  Cd c o n c e n t r a t i o n  f rom 10-6 M t o  2.74 x 10-10 M. 

R e s u b s t i t u t i n g  t h i s  v a l u e  of  ce back i n t o  Eq. (2 -20 )  a l l o w s  c a l c u l a t i o n  o f  t h e  

pe rcen t  s a t u r a t i o n  o f  t h e  a d s o r p t i o n  s i t e s  (SCd/Am), wh ich  i n  t h i s  case i s  e x t r e m e l y  

low (0.017%). Thus, t h e  s u b s o i l  w i l l  c o n t i n u e  s t r o n g  a d s o r p t i o n  of  Cd u n t i l  an 

a d s o r p t i o n  d e n s i t y  o f  50% has been a t t a i n e d .  

Chemical  a t t e n u a t i o n  t h r o u g h  a d s o r p t i o n  a lone ,  

- - 

- 

The s u b s o i l  used i n  t h i s  example had a f a i r l y  h i g h  A,,, and KL .  

t h i s  s u b s o i l  were l ower ,  t h e  p r e d i c t e d  Cd c o n c e n t r a t i o n  wou ld  p r o p o r t i o n a l l y  be 

h i g h e r .  

I f  t h e  A,,, and KL o f  
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P r e c i p i t a t i o n .  81 one 

When c o n s i d e r i n g  o n l y  p r e c i p i t a t i o n ,  we assume t h a t  o c t a v i t e  (CdC03) p r e c i p i t a t e d  as 

a r e s u l t  o f  an i n c r e a s e  i n  pH o f  t h e  l e a c h a t e  from 6.0 t o  8.0 due t o  i t s  i n t e r a c t i o n  

w i t h  s u b s o i l .  
which may be '  termed an a t t e n u a t i o n ,  we can c a l c u l a t e  t h e  maximum 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  Cd2' t h a t  w i l l  be p r e s e n t  i n  subso i l  pore water .  

Us ing t h e  p r e c i p i t a t i o n / d i s s o l  u t i o n  r e a c t i o n  o f  CdC03 Eq. (2-25) , 

+ 2+ CdC03 + 2H %Cd + C02(g) + H20 l o g  K = 4.41 

( Cd2+) (C02(g))  
K =  

( H + I 2  

(2-25) 

(2-26) 

F i e l d  o b s e r v a t i o n s  i n d i c a t e  t h a t  t h e  C02 p r e s s u r e  i n  s o i l  and subso i l  pore space i s  

e n r i c h e d  r e 1  a t i v e  t o  atmospher ic  concen t ra t i ons .  Therefore,  f o r  t h e  purpose o f  t h i s  
example C02 c o n c e n t r a t i o n s  10 t imes  h i g h e r  t h a n  t h a t  o f  t h e  atmosphere were used. 

Using t h e  g i v e n  subso i l  va lues ( F i g .  2-2) o f  H', C02(g) ,  and K, t h e  e q u i l i b r i u m  Cd2+ 

a c t i v i t y  was c a l c u l a t e d  from Eq. (2-26)  and was found t o  be 10- 9.07 M. 
- 

Combinat ion o f  P r e c i p i t a t i o n  and Adsorp t i on  

Assuming p r e c i p i t a t i o n  k i n e t i c s  a re  r a p i d  and t h a t  CdC03 p r e c i p i t a t i o n  occurs i n  a 

t o p  few cm o f  subso i l  , the  Cd2' c o n c e n t r a t i o n  i n  t h e  pore water  o f  t h e  r e s t  o f  t h e  

subso i l  can be c a l c u l a t e d  from Eq. (2-24) u s i n g  t h e  a d s o r p t i o n  cons tan ts  and o t h e r  
v a l u e s  g i v e n  i n  F i g u r e  2-2. A d d i t i o n a l l y ,  i t  i s  assumed t h a t  t he  subso i l  (be low t h e  

few t o p  cm) i s  s a t u r a t e d  w i t h  water w i t h  i n i t i a l  c o n c e n t r a t i o n  o f  10- 
( see  ' P r e c i p i t a t i o n  Alone '  above). S o l v i n g  Eq. (2-24)  y i e l d s  a p r e d i c t e d  
e q u i l i b r i u m  c o n c e n t r a t i o n  (C,) o f  2.32 x pM o r  2.32 x M. Thus, t h e  

combined e f f e c t s  of  p r e c i p i t a t i o n  and a d s o r p t i o n  markedly  reduced o r  a t t e n u a t e d  t h e  

9.07 M Cd2+ 
- 

- - 

c o n c e n t r a t i o n  o f  Cd2' i n  t h e  l e a c h a t e  f rom M t o  2.32 x M. - - 

General Concl us ions  

The example c a l c u l a t i o n s  i l l u s t r a t e  t h e  use of  s e l e c t e d  a t t e n u a t i o n  c o n s t a n t s  ( s o l u -  

b i l  i t y  p roduc ts ,  Langmuir a d s o r p t i o n  c o n s t a n t s )  i n  c a l c u l a t i o n  o f  subsur face 

a t t e n u a t i o n .  C l e a r l y ,  t h e  c a l c u l a t i o n s  a re  simp1 i f i e d .  However, they do i l l u s t r a t e  

t h e  use and importance o f  t h e  i n f o r m a t i o n  which i s  reviewed and compi led i n  t h i s  
r e p o r t .  The i n i t i a l  Cd2+ c o n c e n t r a t i o n  

example was approx ima t l y  11 t imes h i g h e r  than proposed (Environmental  P r o t e c t i o n  

M )  o f  l e a c h a t e  used i n  t h e  above - 
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-7.06 
Agency 1980) d r i n k i n g  water c o n c e n t r a t i o n  1 i m i t  (10 
a d s o r p t i o n  o r  p r e c i p i t a t i o n  a1 one, or t h e  comb ina t ion  o f  bo th  mechanisms reduced 
Cd2+ c o n c e n t r a t i o n  i n  pore water  t o  seve ra l  o r d e r s  of  magnitude below t h e  d r i n k i n g  

water 1 i m i  t. The p r e d i c t e d  c o n c e n t r a t i o n s  i n  t h e  subso i l  have 1 i t t l e  q u a n t i t a t i v e  

va lue  b u t  do show t h e  p o t e n t i a l l y  l a r g e  a t t e n u a t i o n  c a p a c i t y  o f  some s u b s o i l s .  A s  
desc r ibed  i n  d e t a i l  i n  t h e  r e p o r t ,  s u b s o i l s  of d i f f e r i n g  chemical and m i n e r a l o g i c  

c o n t e n t  v a r y  a p p r e c i a b l y  i n  t h e i r  a t t e n u a t i o n  c a p a c i t y .  

dependent upon t h e  chemical  form (e.g., c a t i o n i c ,  a n i o n i c )  of t h e  u t i l i t y  waste 
c o n s t i t u e n t s .  A d d i t i o n a l l y ,  chemical  i n t e r a c t i o n  w i t h  o t h e r  sol  Utes p r e s e n t  i n  

l e a c h a t e  o r  ground water  (e.g., comp lexa t ion )  serves t o  i nc rease  t h e  s o l u b i l i t y  o f  
s o l i d  phases and reduce adso rp t i on .  

cons ide red  t o  a c c u r a t e l y  e s t i m a t e  e l  ement m o b i l i t y .  Chemical a t t e n u a t i o n  processes 

need t o  be combined w i t h  h y d r o l o g i c  t r a n s p o r t  processes t o  p r e d i c t  s o l u t i o n  

c o n c e n t r a t i o n  as a f u n c t i o n  o f  t ime  and l o c a t i o n  i n  subsur face environments.  T h i s  

comb ina t ion  r e q u i r e s  t h e  use o f  geohydrochemical codes. E P R I  i s  c u r r e n t l y  f u n d i n g  

research e f f o r t s  t o  develop such codes a long  w i t h  t h e  necessary da ta  bases. 

- M I .  C o n s i d e r a t i o n  o f  

A t t e n u a t i o n  i s  a1 so 

These and o t h e r  a t t e n u a t i o n  f a c t o r s  must be 
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S e c t i o n  3 

ALUM1 NUM 

Aluminum ( A l )  e x h i b i t s  complex and v a r i e d  geochemical behav io r  i n  s o i l s ,  s u b s o i l s  

and ground water. 
w i t h  A1 which may dominate s o l u t i o n  s p e c i a t i o n  a t  h i g h e r  l i g a n d  c o n c e n t r a t i o n s .  

A1 hyd ro l yzes  r e a d i l y  a t  pH values >5. The a c t i v i t y  o f  A l3+  i n  s o i l  and ground 

waters  i s  c o n t r o l l e d  p r i m a r i l y  by p r e c i p i t a t i o n / d i s s o l u t i o n  r e a c t i o n s .  G i b b s i t e  

[A1 (OH)3(c)]  appears as a common c r y s t a l l i n e  s o l u b i l i t y  c o n t r o l  i n  many geochemical 

environments,  w h i l e  a l u n i t e  and b a s a l u m i n i t e  a r e  i m p o r t a n t  a t  lower  pH and h i g h e r  

so$- concen t ra t i ons .  I on  exchange i s  an i m p o r t a n t  r e t e n t i o n  mechanism i n  a c i d -  

t o - n e u t r a l  pH regimes. The b u i l d u p  o f  exchangeable A1 leads t o  s o i l  a c i d i t y .  

Exchangeable A 1  on l a y e r  l a t t i c e  s i l i c a t e s  may h y d r o l y z e ,  c r e a t i n g  s t a b l e  i n t e r l a y e r  

C e r t a i n  an ions (e.g., SO$-, F - )  form s t r o n g  aqueous complexes 

polymers t h a t  reduce c a t i o n  exchange c a p a c i t y .  Aluminum competes s t r o n g l y  f o r  

c a t i o n  exchange s i t e s  w i t h  Ca and o t h e r  c a t i o n s .  

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

Aluminum e x h i b i t s  o n l y  a +3 valence s t a t e  i n  i t s  compounds and s o l u t i o n s .  I n  

a d d i t i o n  t o  ox ides and hydrox ides,  aluminum forms a l u m i n o s i l i c a t e s .  

r i c h  env i ronments,  i t  forms s u l f a t e  m i n e r a l s  such as a l u n i t e  [KA13(S04)2(OH)g] and 

b a s a l u m i n i t e  [ A ~ ~ ( O H ) ~ O S O ~ . ~ H ~ O ] .  A 1  (OH)3(am) has f a s t  p r e c i p i t a t i o n  k i n e t i c s  and 

i s  t h e  most s o l u b l e  form o f  aluminum hyd rox ide  (L indsay 1979). A1(OH)3(am) s l o w l y  

t rans fo rms  t o  c r y s t a l l i n e  forms t h a t  have lower  s o l u b i l i t y .  Most o f  t h e  a lumino-  

I n  SO:- 

s i l i c a t e  c l a y s  such as k a o l i n i t e  and m o n t m o r i l l o n i t e  a r e  more s t a b  

c r y s t a l  1 i ne alumi num hyd rox i  des ( L i  ndsay 1979). 

Because g i b b s i t e  i s  one o f  t h e  most s t a b l e  hydroxi'des and i s  i d e n t  

s o i l s  and sediments, i t  i s  g e n e r a l l y  used t o  es t ima te  A 1 3 +  a c t i v i t  

e t h a n  t h e  

f i e d  i n  many 

es. Thus, t o  

determine t h e  r e l a t i v e  abundance o f  A l3+ species i n  ground waters r e p r e s e n t a t i v e  o f  

l eacha tes ,  a c t i v i t i e s  o f  d i f f e r e n t  A 1 3 +  spec ies i n  e q u i l i b r i u m  w i t h  g i b b s i t e  were 

p l o t t e d  ( F i g u r e  3-1) u s i n g  t h e  thermodynamic data ( B a l l  e t  a l .  1980) con ta ined  i n  

t h e  geochemical model MINTEQ (Felniy e t  a l .  1983). Under t h e  assumed c o n d i t i o n s  

( F i g u r e  3-1) ,  s u l f a t e  makes s t r o n g  c o m p l e x e s  w i t h  A 1 3 +  such t h a t  t h e  predominant 

aqueous species o f  A 1  a t  pH values <5 a r e  A 1 3 +  and A l S O i .  

3 

Al though t h e  F -  coiiiplexes 
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F i g u r e  3-1. 
i n  e q u i l i b r i u m  w i t h  g i b b s i t e  [A1(OH)3] when SO:- = 

A c t i v i t i e s  o f  d i f f e r e n t  aluminum s p e c i e s  

M. - 

of  A13+ a r e  n o t  p l o t t e d ,  f l u o r o  complexes o f  A13+ a r e  v e r y  s t r o n g .  

i n  s o i l s  ranges  from 

< l O - 7 ,  f l u o r o  complexes of A1 w i l l  c o n t r i b u t e  i n s i g n i f i c a n t l y  t o  t o t a l  A 1  

a c t i v i t y .  

A1 (OH);i] w i  11 be domi n a n t  . 

The F- a c t i v i t y  

A t  F- a c t i v i t i e s  
t o  10-l '  ( L i n d s a y  1979) .  When t h e  F-  a c t i v i t y  i s  s e t  a t  

A1F2+ w i l l  r o u g h l y  c o n t r i b u t e  33% t o  t h e  t o t a l  A 1  a c t i v i t y .  

A t  pH va lues  >5, d i f f e r e n t  hyd roxy  complexes o f  A1 [Al(OH);, A ~ ( O H ) ~ ,  

PRECIPITATION/DISSOLUTION 

The a c t i v i t y  o f  A13+ i n  s o i l ,  sed iment ,  and g round  wa te rs  a r e  p r i m a r i l y  c o n t r o l l e d  

by p r e c i p i t a t i o n / d i s s o l u t i o n  r e a c t i o n s .  Many A 1  s o l i d s  have been i d e n t i f i e d  i n  

s o i l s .  

k a o l i n i t e  and m o n t m o r i l l o n i t e  ( K i t t r i c k  1977) show t h a t  ' t hese  c l a y  m i n e r a l s  and 

g i b b s i t e  a r e  among t h e  most s t a b l e  A 1  m i n e r a l s  i n  most env i ronmen ts .  A t  r e l a t i v e l y  

l o w  pH v a l u e s  (<4) and h i g h  s u l f a t e  a c t i v i t i e s  a l u m i n o s u l f a t e  m i n e r a l s  such 

as  a l u n i t e  and b a s a l u m i n i t e  a r e  more s t a b l e  t h a n  g i b b s i t e  ( L i n d s a y  1979) and have 

been i d e n t i f i e d  as f o r m i n g  i n  s o i l s  and sed iments  (Adallis and R a w a j f i h  1977, Singh 

Thermodynamic p r e d i c t i o n s  ( L i n d s a y  1979) as w e l l  as t h e  s o l u b i l i t y  o f  
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and Brydon 1969). 
hydrox ides,  o n l y  g i b b s i t e  i s  common i n  s o i l s  and bauxi te .*  

c l a s s i f i c a t i o n  o rde rs ,  g i b b s i t e  has been r e p o r t e d  t o  be a ma jo r  m ine ra l  i n  o x i s o l s  

and some i n c e p t i s o l s ;  i t  i s  a common, b u t  a m ino r  component i n  u l t i s o l s  (Hsu 1977). 

Whether g i b b s i t e  o r  a l u m i n o s i l i c a t e  c l a y s  c o n t r o l  A1 a c t i v i t i e s  i n  s o i l s  depends on 

t h e  weather ing environment.  

Hsu (1977) s t a t e s  t h a t  among t h e  t h r e e  polymorphs o f  aluminum 

Among t h e  t e n  s o i l  

ADSORPTION/DESORPTION 

The a d s o r p t i o n  o f  A1 by s o i l s  and s o i l  c l a y s  has been t h e  s u b j e c t  o f  c o n s i d e r a b l e  

study i n  t h e  agronomic l i t e r a t u r e  because o f  i t s  impor tance i n  s o i l  a c i d i t y  and 

A1 t o x i c i t y  i n  a c i d  s o i l s .  Aluminum' e x h i b i t s  complex s o l u t i o n  chemis t r y ,  w i t h  

h y d r o l y s i s  and p o l y m e r i z a t i o n  o c c u r r i n g  a t  pH va lues  i n  excess o f  5 ( F i g u r e  3-1, 

Chak rava r t i  and Tal  i budeen 1961, Richburg and Adams 1970). The hyd ro l  ys i  s b e h a v i o r  

o f  A1 s t r o n g l y  i n f l u e n c e s  t h e  a d s o r p t i o n  chemist ry .  To a l a r g e  e x t e n t ,  A1 

a d s o r p t i o n  i s  governed b y  comp lexa t ion  w i t h  o r g a n i c  m a t t e r  ( K e r n d o r f f  and Schni t z e r  

1980; Wada and Gunj igake 1979) o r  exchange on s o i l  c l a y s  (e.g., C o u l t e r  1969a); 

however, 1 i m i t e d  s p e c i f i c  a d s o r p t i o n  by hydrous ox ides  o r  amorphous a l u m i n o s i l i c a t e s  

may occur  below pH 5 (Tab le  3-1).  

The main c o n s t i t u e n t  o f  s o i l  a c i d i t y  appears t o  be exchangeable and nonexchangeabl e 

A1 on s o i l  c a t i o n  exchange s i t e s ,  p r i n c i p a l l y  those assoc ia ted  w i t h  l a y e r  l a t t i c e  

s i  i c a t e s  ( C o u l t e r  1969b; Bache 1974; Jackson 1963; Coleman and Thomas 1967). 

Ac d i t y  i s  generated by su r face  h y d r o l y s i s  and p o l y m e r i z a t i o n  o f  adsorbed A13+ o r  

so u t i o n  h y d r o l y s i s  o f  A13+ l i b e r a t e d  by i o n  exchange (Bache 1974, Coleman and 

Thomas 1967). Accounts o f  i n t e r c a l a t i o n  o f  2 : l  p h y l l o s i l i c a t e s  i n  a c i d  s o i l s  by 

A1 ( O H )  polymers a r e  numerous (e.g., Rich 1960, 1968; Klages and White 1957).  These 

nonexchangeable i n t e r l a y e r  m a t e r i a l s  form f rom su r face  h y d r o l y s i  s/condensat ion o f  

exchangeabl e A1 o r  adsorbed hyd ro l  y s i  s species.  The r e s u l  t i  ng polymers reduce 

c a t i o n  exchange by masking s i t e s  o f  permanent n e g a t i v e  charge. 

Ca t ion  exchange r e a c t i o n s  o f  A1 i n  s o i l  a r e  a f f e c t e d  by s o l u t i o n  pH, by d i s t r i b u t i o n  

o f  exchangeable c a t i o n s  i n  s o l u t i o n  and on t h e  exchange su r face ,  and by degree o f  

A1 s o l u t i o n  h y d r o l y s i s .  As measured by s e l e c t i v i t y  c o e f f i c i e n t s  and Langmuir con- 

s t a n t s ,  A1 i s  more s t r o n g l y  bound than Ca t o  c a t i o n  exchange s i t e s  o f  l a y e r  l a t t i c e  

s i l i c a t e s  and s o i l  (McBr ide and Bloom 1977, Kozak and Huang 1971, P l e y s i e r  e t  a l .  

1979). I n  c o n t r a s t ,  K may be s e l e c t i v e l y  adsorbed over  Al. i n  s o i l  ( P l e y s i e r  e t  a l .  

I 

-- 
*Hsu (1977) has done an e x c e l l e n t  rev iew  on the  occurrence o f  g i b b s i t e  and t h e  
hydrox ides and oxyhydrox ides i n  s o i l s  and sediments. 
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1979, C o u l t e r  1969b). 

exchange s i t e s  on m o n t m o r i l l o n i t e  but a r e  h i n d e r e d  i n  v e r m i c u l i t e  (Somasi r i  and 

Huang 1974). This phenomenon i s  r e l a t e d  t o  t h e  degree o f  e x p a n s i b i l i t y  o f  t h e  c l a y  

m i n e r a l  as w e l l  as t o  t h e  charge and s i z e  of t h e  Al -hydrous i o n s .  

o t h e r  h y d r o l y z e a b l e  c a t i o n i c  me ta l s  (e.g., Cu, Pb, Zn), h y d r o l y z e d  species o f  A 1  arc 

more r e a d i l y  adsorbed by S i  t h a n  by t h e  f r e e  i o n  (A13+) (Hahn and Stumm 1968). 

Hydro lyzed forms of A1 compete e f f e c t i v e l y  w i t h  K f o r  

As no ted  w i t h  
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W 

Adsor bent 

CEC S.A. 

I dent 1 t y  (a  ) 

Clay Mlnera ls  

Mon t r ro r l l l on l te ,  

unt reated 

Ca -sa t u ra t  ed 

Na-satura ted 

Verml cu I I te 
Na-saturated 

SIllca 

Sol I - 

2 
mq/IOOq 

T a b l e  3 -1 .  ADSORPTION CONSTANTS FOR ALUMINUM 

Adsorbate 

Conc., M 

E l e c t r o l y t e  

I dent 1 t y  Conc., M pH 

Adsorptlon Measurement References 

Constants ( b )  Value(c) 

- 0 - 0.002 
- 0 - 0.002 
- 0.01 

- 0.01 

4.0 

4 .O 

3.6 
4.0 
4.1 
4.2 
4.4 
5.4 

(660-720, 5.8-6.1) McBrlde and Bloom 1977 

(890, 4.7) 

320, 14 
480, 24 
660, 42 
800. 62 
930, 150 
960. 160 

S o m s l r l  and Huang 1974 

K C I  0.03 

I Clay 2: O.C. 

10 5.6 - 

3 2.1 - 

3 0.8 

8 5.3 

24 1.1 

- - 

CaC12 0.01 

C a C l 2  0.01 

CaCI2 0.01 

C & l Z  0.01 

CaCI2 0.01 

CaC12 0.01 

CaC I 0.01 

3.4 
4.0 
4.2 
4.4 
5.4 

5.00 
5.25 

420, IO 
600, 12 
590, 7.2 
650, 7.4 
430, 1.5 

100, 4.6 
560, 4.8 

Hahn and Stumm 1968 

330 

3900 

250 

I700 

3900 

86 

120 

Bache 1974 
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S e c t i o n  4 

A N T I M O N Y  

Ant imony (Sb) i s  a m u l t i v a l e n t  element.  w i t h  Sb( 111) spec ies  [Sb(OH)j]  dominant under  

r e d u c i n g  cond i  t i ons and Sb( V) s p e c i e s  [ Sb( OH);] domi nan t  under  o x i  d i  z i n g  cond i  t i ons. 

Ant imony ( V )  forms s e v e r a l  p o l y n u c l e a r  s p e c i e s  i n , a q u e o u s  s o l u t i o n s ;  t h e s e  s p e c i e s  

c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  Sb o n l y  a t  h i g h  Sb c o n c e n t r a t i o n s  (>10-2M). - 
A l l  o f  t h e  known Sb compounds a r e  v e r y  s o l u b l e ;  t h e r e f o r e ,  Sb c o n c e n t r a t i o n s  a r e  n o t  

expec ted  t o  be s o l u b i l i t y  l i m i t e d .  Very l i t t l e  i s  known about  a d s o r p t i o n / d e s o r p t i o n  

b e h a v i o r  o f  Sb. Because o f  i t s  a n i o n i c  c h a r a c t e r  under  o x i d i z i n g  c o n d i t i o n s ,  

a d s o r p t i o n  by hydrous  o x i d e s  a t  l ow  pH va lues  may be s i g n i f i c a n t .  

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

Ant imony, a m u l t i v a l e n t  e lement ,  e x h i b i t s  -3 ,  0, +3, and +5 va lence  s t a t e s .  

Ant imony (111)  and (V)  a r e  t h e  s t a b l e  o x i d a t i o n  s t a t e s  i n  aqueous s o l u t i o n s .  Most 

o f  t h e  Sb(V) compounds a r e  v e r y  s o l u b l e  and Sb i n  n a t u r e  p r i m a r i l y  occu rs  as Sb2S3 

o r  Sb203 (Baes and Mesmer 1976).  Thermodynamic da ta  (see Appendix A ,  Tab le  A-1) 

were used t o  p r e d i c t  t h e  geochemical  b e h a v i o r  of  Sb. F i g u r e  4-1 i l l u s t r a t e s  t h e  

dominant aqueous s p e c i e s  f o r  t h e  Sb-H20 system. 

p redominant  i n  o x i d i z i n g  env i ronmen ts  (pe + pH 2 11.4) and a t  pH va lues  >2.8. The 

Sb( 111) spec ies  [Sb(OH);] i s  p redominant  i n  r e l a t i v e l y  r e d u c i n g  env i ronmen ts  (pe  + 
pH 11.4) a t  pH va lues  between 1.5 and 11.2. 

The Sb(V) s p e c i e s  . [Sb(OH)i ]  i s  

The d i s t r i b u t i o n  o f  Sb aqueous s p e c i e s  i n  e q u i l i b r i u m  w i t h  Sb2O3 ( c u b i c )  i s  i l l u s -  

t r a t e d  i n  F i g u r e  4-2. As expec ted ,  Sb(0H): i s  t h e  predominant  h y d r o l y s i s  speci,es a t  

low redox  p o t e n t i a l s  w i t h  S b ( 0 H ) i  becomi ng i n c r e a s i n g l y  i m p o r t a n t  a t  h i g h  redox 

p o t e n t i a l s .  The s p e c i e s  Sb2S:- w i l l  be i m p o r t a n t  i n  r e d u c i n g  env i ronments  i f  t h e  

t o t a l  s u l f i d e  c o n c e n t r a t i o n  exceeds - M. F i g u r e  4-2 a l s o  shows t h a t  t h e  con 

c e n t r a t i o n  o f  Sb i n  e q u i l i b r i u m  w i t h  Sb203 w i l l  be a f u n c t i o n  o f  pH and Eh and w i  

a lways  be equal  t o  o r  g r e a t e r  t h a n  - M. 
1 

F i g u r e s  4-3  and 4-4 show t h e  d i s t r i b u t i o n  o f  Sb(V) spec ies  as a f u n c t i o n  o f  pH. The 
o n l y  known Sb(V) s o l i d  phase, Sb20,-(c) ,  i s  h i g h l y  s o l u b l e .  There fo re ,  v a r i o u s  t o t a l  

c o n c e n t r a t i o n s  o f  Sb were examined. A t  0.001 - M t o t a l  S b ,  Sb(0H)g and Sb(0H); a r e  
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PH 

F i g u r e  4-1. 
a t  25OC. The o u t l i n e d  r e g i o n s  i n d i c a t e  t h e  
c o n d i t i o n s  under  which t h e  g i v e n  Sb s o l u t i o n  
spec ies  i s  p redominant  . 

pe-pH d iagram f o r  Sb-H20 system, 

t h e  dominant spec ies  w i th  t h e  p o l y n u c l e a r  s p e c i e s  Sb12(0H)$ and Sb12(0H)2i  p r e s e n t  
i n  ve ry  s m a l l  q u a n t i t i e s .  The S b ( I I 1 )  spec ies  [Sb(OH):, Sb2Sg-, Sb(0H)i-J w i l l  be 

u n i m p o r t a n t  excep t  i n  r e d u c i n g  env i ronments .  As w i t h  a l l  p o l y n u c l e a r  complexes, t h e  

impor tance  o f  t h e  Sb12(0H), spec ies  i n c r e a s e s  as t h e  t o t a l  Sb i n c r e a s e s .  I n  

F i g u r e  4-4, t h e  Sbl2(OH):, s p e c i e s  i s  dominant nea r  pH 2 when t o t a l  Sb i s  0.01 M. 

It shou ld  be no ted  t h a t  a t  l o w  pH, even though t h e  c o n c e n t r a t i o n  o f  Sb(0H); i s  

s l i g h t l y  h i g h e r  t h a n  Sb l2(0H)&,  t h e  Sb12(0H):4 a c t u a l l y  c o n t a i n s  a f a r  g r e a t e r  

f r a c t i o n  o f  t h e  t o t a l  an t imony  because of  t h e  1 2  Sb atoms p e r  m o l e c u l e  o f  

p o 1 y nuc 1 ea r comp 1 ex. 

- 

Even though f a i r l y  h i g h  Sb c o n c e n t r a t i o n s  were s e l e c t e d  f o r  F i g u r e s  4-3 and 4-4, t h e  

s o l u b i l i t y  p r o d u c t s  of  known Sb s o l i d s  a r e  never  exceeded. The Sb s p e c i e s  under  

o x i d i z i n g  env i  roninents and t h e  env i  ronmenta l  range o f  pH a r e  n e g a t i v e l y  charged;  

t h e r e f o r e ,  one would expec t  Sb t o  be h i g h l y  m o b i l e  i n  o x i d i z e d  env i ronmen ts .  The 

s o l u b i l i t y  o f  Sb a s  a f u n c t i o n  of redox  i s  f u r t h e r  i l l u s t r a t e d  i n  F i g u r e  4 - 5  i n  

4 - 2  
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F i g u r e  4-2. The a c t i v i t i e s  o f  S b ( I I 1 )  aqueous 
spec ies  a l o n g  w i t h  a Sb(V) s p e c i e s  [Sb(OH);] 
i n  e q u i l i b r i u m  w i t h  Sb203(c).  

- 3  

-4  

-5 

-6  

-7 

-8 

- 9  

10 
0 1 2  3 4 5  6 7 8 9 1 0 1 1 1 2  

PH 

F i g u r e  4-3. The 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  Sb(V) 
spec ies  i n  0.001 M t o t a l  Sb (V) .  - 
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F i g u r e  4-4.. The c o n c e n t r a t i o n  o f  Sb(V) s p e c i e s  
i n  e q u i l i b r i u m  w i t h  0.01 M t o t a l  Sb(V) .  

L 

which  t h e  c o n c e n t r a t i o n  of t h e  dominant  s o l u t i o n  spec ies  i n  e q u i l i b r i u m  w i t h  t h e  

l e a s t  s o l u b l e  Sb s o l i d  phase i s  p l o t t e d  as  a f u n c t i o n  o f  pe + pH. 

h i g h l y  s o l u b l e  i n  env i ronmen ts  w i t h  redox  p o t e n t i a l s  g r e a t e r  t h a n  pe + pH o f  10. 
Even a t  pe + pH < 10, t h e  s o l u b i l  i t y  o f  Sb203 i s  f a i r l y  h i g h  

an t imony -su l  f i d e  so l  i d ,  Sb2S3, w i l l  n o t  1 i k e l y  form because t h e  S2- c o n c e n t r a t i o n s  

necessary t o  p r e c i p i t a t e  t h e  s o l i d  w i l l  a l s o  fo rm v e r y  h i g h  c o n c e n t r a t i o n s  o f  t h e  

s o l u t i o n  s p e c i e s  SbZs$-. 

The s o l i d s  a r e  

M). The - 

PRECIPITATION/DISSOLUTION 

A l t h o u g h  v e r y  l i m i t e d  l i t e r a t u r e  i s  a v a i l a b l e  f o r  Sb b e h a v i o r  i n  t h e  env i ronmen t ,  

a l l  of t h e  known Sb s o l i d s  a're f a i r l y  s o l u b l e .  Thus, i t  appears t h a t  Sb c o n c e n t r a -  

t i o n s  i n  g e o l o g i c  env i ronmen ts  may p r i m a r i l y  be 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  r a t h e r  than precipitation/dissolution. 

ADSORPTION/DESORPTION 

L i t t l e  i s  known o f  t h e  a d s o r p t i v e  b e h a v i o r  o f  Sb i n  s o i l ,  s u b s o i l  , o r  g round w a t e r ,  

though p r e l  i rn inary  s t u d i e s  suggest  i t  i s  a i n o b i l e  c o n s t i t u e n t  under  d i v e r s e  e n v i -  

ronmenta l  c o n d i t i o n s  (Shvar t sev  e t  a l .  1974; Ames and Rai 1979) .  Ant imony has been 
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F i g u r e  4-5. The e f f e c t s  o f  redox  p o t e n t i a l  (pe + pH) 
on t h e  s o l u b i l i t y  o f  Sb203(c)  and Sb205(s)  and t h e  
n a t u r e  o f  dominant aqueous spec ies .  

used as an i n d i c a t o r  spec ies  i n  hydrogeochemica l  p r o s p e c t i n g  because o f  i t s  h i g h  

m o b i l i t y  i n  v a r i o u s  geochemical  s e t t i n g s  f r o m  oxygenated  t o  h i g h l y  reduced wa te rs  

(Shvar t sev  e t  a l .  1974). The two  va lence  s t a t e s  [ S b ( I I I ) ,  Sb(V) ]  a r e  f o u n d  p r i -  

m a r i  l y  i n  s o l u t i o n  as n e u t r a l  and n e g a t i v e l y  charged spec ies  [Sb(OH);], [Sb(OH);] 

ove r  t h e  pH range o f  about  3 t o  12  ( F i g u r e  4-1).  Low a d s o r p t i o n  (Kd) i s  observed i n  

s o i l  f r om h i g h  s a l t ,  h i g h  pH s o l u t i o n s  (Ames and Rai 1979). 

M i g r a t i o n  has been r a p i d  t h r o u g h  s o i l s  f o l l o w i n g  s p i l l a g e  o f  n u c l e a r  f u e l  rep rocess -  

i n g  wastes (Haney and L i n d e r o t h  1959, Haney 1967, Magno e t  a l .  1970).  A d s o r p t i o n  

may become more s i g n i f i c a n t  under weak ly  a c i d i c  (pH 4 t o  5.5) s o i l / s u b s o i l  o r  g round  

w a t e r  c o n d i t i o n s  where ampho te r i c  hydrous  ox ides  a r e  p o s i t i v e l y  charged, encourag ing  

a d s o r p t i o n  o f  a n i o n i c  Sb components. C o n s i d e r a b l e  r e s e a r c h  i s  needed t o  d e f i n e  t h e  

inagn i tude o f  Sb a d s o r p t i o n  f r o m  u t i l i t y  waste l e a c h a t e s  under d i v e r s e  subsur face  

c o n d i t i o n s .  
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S e c t i o n  5 

A R S E N I C  

A r s e n i c  (As)  i n  aqueous s o l u t i o n s  e x i s t s  i n  t h e  t3 and t5 o x i d a t i o n  s t a t e s .  
A r s e n i c ( V )  spec ies  a r e  dominant i n  o x i d i z i n g  c o n d i t i o n s  and occupy a l a r g e  s t a b i l i t y  

f i e l d .  

A S (  111) spec ies  a r e  an ions .  

Except f o r  an A s ( I I 1 )  spec ies  ( H ~ A s O ~ ' ) ,  a l l  of t h e  dominant As(V) and 

A t t e n u a t i o n  mechanisms, e s p e c i a l l y  p r e c i p i t a t i o n / d i s s o l u t i o n ,  a r e  n o t  w e l l  under -  

s tood .  The a v a i l a b l e  da ta  i n d i c a t e  a s t r o n g  a f f i n i t y  o f  As f o r  hydrous  o x i d e s .  

FeAsO4 has been suggested  as a p o s s i b l e  s o l u b i l i t y - c o n t r o l l i n g  s o l i d .  
a l s o  s p e c i f i c a l l y  adsorbed by hydrous ox ides  o f  A1 and Fe. 

A r s e n i c  i s  

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

A r s e n i c ,  a m u l t i v a l e n t  e lement ,  e x i s t s  i n  n a t u r e  i n  t h e  -3, 0, +3, and t5 v a l e n c e  

s t a t e s .  However i n  aqueous s o l u t i o n ,  +3 and t5 a r e  t h e  o n l y  i m p o r t a n t  s t a t e s .  A 

predomi nance-area d iag ram f o r  As s o l u t i o n  spec ies  based on thermodynamic da ta  ( B a l l  

e t  a l .  1980) i n  t h e  MINTEQ geochemical  model (Felrny e t  a l .  1983) i s  g i v e n  i n  

F i g u r e  5-1.  The o u t l i n e d  areas  r e p r e s e n t  t h e  pe - pH c o n d i t i o n s  under  wh ich  t h e  

i n d i c a t e d  spec ies  a r e  predominant .  

HASO:-, AsOi- ]  a r e  dominant i n  o x i d i z i n g  env i ronments  and occupy a r e l a t i v e l y  l a r g e r  

s t a b i l i t y  f i e l d  t h a n  t h e  A s ( I I 1 )  s p e c i e s  [H3AsO:, H2As0j, HASO$-, AsO:-]. 

I n  genera l ,  As(V)  s p e c i e s  [H3AsOi, H2As0i ,  

The thermodynamic d a t a  r e p o r t e d  i n  Tab le  A-2 and i n  t h e  MINTEQ da ta  base i n d i c a t e  

t h a t  most r e p o r t e d  s o l i d  phases o f  As have ve ry  h i g h  s o l u b i l i t y .  However, t h e  

s o l u b i l i t y  of Ba3(As04)2 as r e p o r t e d  i n  MINTEQ and as expressed by t h e  f o l l o w i n g  

e q u a t i o n  i s  low. 

B ~ ~ ( A S O ~ ) ~  t 6Hf %33Ba2' t 2H3AsOz l o g  K O  = 6.00 

The c o r r e s p o n d i n g  r e a c t i o n  f o r  Ca3(As04)2  has a l o g  K O  = 22.3, s u g g e s t i n g  t h a t  t h e  

s o l u b i l i t y  p roduc t  f o r  Ba3(As04)2  may be er roneous.  The e q u i l i b r i u m  c o n s t a n t  f o r  

Ba3(As04)2  r e a c t i o n  above was quoted  by Chukh lan tsev  (1956) ;  u n f o r t u n a t e l y ,  no d a t a  

'were p resen ted  t o  a l l o w  us t o  check t h e  r e s u l t s .  T h e r e f o r e ,  s o l i d  phase s o l u b i l i t y  

d iagrams w e r e  n o t  deve l  oped. 

,, 
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P H  

F i g u r e  5-1. 
system, a t  25°C. 

The pe-pH d iag ram f o r  As-H20 

To d e t e r m i n e  t h e  dominant As aqueous s p e c i e s  u n d e r  o x i d i z i n g  (pe + pH = 16) and 

r e l a t i v e l y  r e d u c i n g  c o n d i t i o n s  (pe + pH = 7 ) ,  t o t a l  c o n c e n t r a t i o n  o f  As i n  s o l u t i o n  

was assumed t o  be 

i m p o r t a n t  As s p e c i e s  w i t h  H3As0 i  and As0;- a l s o  becoming i m p o r t a n t  a t  pH <4.5 and 

pH >9.25, r e s p e c t i v e l y  ( F i g u r e  5-2).  

aqueous spec ies  a r e  H3AsO!, HASO:-, and H2As0; ( F i g u r e  5 - 3 ) .  

M. Under o x i d i z i n g  c o n d i t i o n s ,  H2As0i  and HASO$- a r e  t h e  - 

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

PREC I P ITATION/D ISSOLUTI ON 

P r e c i p i t a t i o n / d i s s o l u t i o n  r e a c t i o n s  o f  As i n  sol Is  and sed iments  have no t  been 

e x t e n s i v e l y  s t u d i e d .  

compounds may be i m p o r t a n t  i n  c o n t r o l  1 i ng aqueous As concent  r a t  i ons , t h e s e  

p r e d i c t i o n s  a r e  y e t  t o  be c o n f i r m e d .  Ferguson and Gav is  (1972)  p r e d i c t e d  t h a t  As 

s u l f i d e s  (ASS o r  As2S3) wou ld  c o n t r o l  As  c o n c e n t r a t i o n s  i n  s o l u t i o n s  o f  low redox  

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

and a c i d i c  pH. 

and a c i d i c  pH (pH < 2.3). 

FeAsOq was expec ted  t o  c o n t r o  

Ferguson and Gavis 

5 - 2  

As l e v e l s  a t  h i g h  redox  (pe  > 12.5)  

( 1 9 7 2 )  s u p p o r t e d  t h e  h y p o t h e s i s  o f  



-4 

-8 

-1 2 

> 
-16 2 

a 
' Q -20 

I- 
O 

s 
-24 

-28 

HASO:- 
I I 1 I 1 I 1 -32 

2 3 4 5 6 7 8 9 10 

F i g u r e  5-2. A c t i v i t i e s  o f  As aqueous s p e c i e s  a t  
pe + pH = 16 when t o t a 1 6 c o n c e n t r a t i o n  o f  s o l u b l e  
As i s  assumed t o  be 10- E. 

-4  

-8 

-1 2 

> ' -16 
I- o 
0 -20 

1 

a 

s 
-24 

-28 

-32 I I I I I I 
2 3 4 5 6 7 8 9 10 

DH 

F i g u r e  5-3. A c t i v i t i e s  o f  As aqueous s p e c i e s  
a t  pe t pH = 7 when t o t a l  conce t r a t i o n  o f  
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FeAsOq(s) p r e c i p i t a t i o n  by c i t i n g  t h a t  i r o n  o res  t e n d  t o  be e n r i c h e d  i n  As. Hess 
and B l a n c h e r  (1977)  measured As l e v e l s  i n  s o i l s  o v e r  a w ide  range o f  redox  and pH 

v a l u e s  and p r o v i d e d  some ev idence  t h a t  Pb3(As04)2  o r  Mn3(As04)2 may be c o n t r o l  l i n g  

As l e v e l s .  

h i g h l y  dependent upon Eh and pH c o n d i t i o n s .  

t h e  a d s o r p t i o n  o f  AsOa- and A s O g -  o n t o  f e r r i c  o x y h y d r o x i d e  enhanced a d s o r p t i o n  o f  

t r a c e  m e t a l  c a t i o n s  (e.g., Cd). Ben jamin  and Bloom (1981)  sugges ted  t h a t  a Fe-As 

s o l i d  phase c o u l d  be f o r m i n g  on t h e  s u r f a c e  o f  t h e  f e r r i c  o x y h y d r o x i d e ,  and t h e  

p r e s e n c e  o f  t h i s  new s o l i d  was r e s p o n s i b l e  f o r  t h e  enhanced a d s o r p t i o n .  

Huang (1981)  measured t h e  i o n i c  a c t i v i t y  p r o d u c t s  f o r  t h e  A l ,  F e ( I I I ) ,  Ca, Mg, Mn, 

and  Pb a r s e n a t e s  and found t h a t  s o i l  s o l u t i o n  l e v e l s  of AsOi-  were f a r  be low 

s a t u r a t i o n  l i m i t s  f o r  a l l  a rsena tes .  L i v e s e y  and Huang (1981) ,  t h e r e f o r e ,  c o n c l u d e d  

t h a t  a d s o r p t i o n ,  n o t  p r e c i p i t a t i o n ,  c o n t r o l l e d  AsOi-  l e v e l s  i n  s o i l s .  

T h i s  t y p e  of s o l u b i l i t y - c o n t r o l l i n g  s o l i d  phase was e x p e c t e d  t o  be  

Ben jamin  and Bloom (1981)  obse rved  t h a t  

L i v e s e y  and 

ADSORPTION/DESORPTION 

S t u d i e s  o f  As r e t e n t i o n  by s o i l  have shown t h a t  a d s o r p t i o n  i s  c o n t r o l l e d  t o  a l a r g e  

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

Fe and A1 (Jacobs  e t  a l .  1979, Wauchope 1975, L i v e s e y  and Huang 1981).  S o i l  o r g a n i c  

ca rbon  c o n t e n t  and pH do n o t  demons t ra te  marked c o r r e l a t i o n  w i t h  As a d s o r p t i o n  i n  

s o i l .  A d s o r p t i o n  s t u d i e s  w i t h  a number o f  p u r e  phase m i n e r a l  m a t e r i a l s  have shown 

t h a t  Fe- and A l - o x i d e  have a h i g h  c a p a c i t y ,  on t h e  b a s i s  o f  s u r f a c e  a r e a ,  f o r  As 

( T a b l e  5 - 1 )  (Ferguson and Anderson 1974, Anderson e t  a l .  1976, P i e r c e  and Moore 

1980, Gupta and Chen 1978, L e c k i e  e t  a l .  1980, Wangen e t  a l .  1982) r e l a t i v e  t o  l a y e r  

l a t t i c e  s i l i c a t e s  ( F r o s t  and G r i f f i n  1977a, Huang 1975). A r s e n i c ,  l i k e  phosphate ,  

i s  s t r o n g l y  adsorbed by most s o i l s  and sed iments .  W h i l e  t h e  a d s o r p t i o n  o f  As(V)  as  

r e t e n t i o n  on sed iments  o r  on A l -  and Fe -ox ide  as a r s e n i t e  (AsOz-) i s  s i g n i f i c a n t l y  

l e s s  (Gupta and Chen 1978, Ferguson and Anderson 1974, Holm e t  a l .  1979). 

a r s e n a t e  ( A s O i - )  i s  comparable t o  PO4- 3 (Wauchope 1975, Holm e t  a l .  1979) ,  A s ( I I 1 )  

A l t h o u g h  n o t  w i d e l y  c o r r e l a t e d  w i t h  s o i l  pH, As a d s o r p t i o n  on amorphous and c r y s t a l -  
l i n e  hyd rous  ox ides  and l a y e r  l a t t i c e  s i l i c a t e s  e x h i b i t s  marked pH dependency 

( T a b l e  5 -1 )  and suggests  h i g h  m o b i l i t y  of As urlder a l k a l i n e  c o n d i t i o n s .  On A 1  and  

Fe o x i d e s ,  maximum a d s o r p t i o n  of A s ( I I 1 )  o c c u r s  between pH 7 t o  9 ( P i e r c e  and Moore 

1980, Gupta and Chen 1978).  Wh i le  a d s o r p t i o n  o f  As(V)  i s  h i g h  and independen t  o f  pH 

a t  l o w  pH, a d s o r p t i o n  decreases  w i t h  i n c r e a s i n g  pH (pH 7 t o  9) (Anderson e t  a l .  

1976, L e c k i e  e t  a l .  1980). The pH of  t h e  a d s o r p t i o n  edge and maxima a r e  a complex 

f u n c t i o n  o f  t h e  pKa o f  t h e  a c i d  a n i o n ( s ~ ) ,  t h e  a d s o r b i n g  s p e c i e s ,  t h e  a d s o r p t i o n  

s t o i c h i o m e t r y  and s u r f a c e  charge c h a r a c t e r i s t i c s  (Anderson e t  a l .  1976, L e c k i e  

e t  a l .  1980, Anderson and M a l o t k y  1979).  I n  g e n e r a l ,  a d s o r p t i o n  decreases  as t h e  
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s o l u t i o n  pH inc reases  and su r face  P o s i t i v e  charge decreases toward t h e  pH of t h e  

i s o e l e c t r i c  p o i n t  ( ~ H I E P )  of  t h e  adsorbent.  

a d s o r p t i o n  reduces ne t  s u r f a c e  charge and t h e  PHIE~ (Anderson e t  a l .  1976, Anderson 

and Malotky 1979). 

i n c r e a s i n g  a d s o r p t i o n  d e n s i t y .  The presence o f  c e r t a i n  competing anions and 

complexing i o n s  may a f f e c t  As a d s o r p t i o n  (Table 5-1). Phosphate s t r o n g l y  competes 

w i t h  As f o r  a d s o r p t i o n  s i t e s  on i r o n  ox ides (Hingston e t  a l .  1971), s o i l s  (L i vesey  

and Huang 1981, Barrow 1974b), and sediments (Holm e t  a l .  1979). Other an ions  

(e.g., NO$-, C 1 - ,  and S O i - ) ,  even when present  i n  g rea t  excess, have l i t t l e  e f f e c t  

(L i vesey  and Huang 1981, Leck ie  e t  a l .  1980). The a d s o r p t i o n  of As i o n  p a i r s  (e.g., 

CaHAs04, KH2As04) and complexes (e.g., CuHAs04) by i r o n  hydrox ides may i n c r e a s e  As 

removal f rom f l y  ash l e a c h a t e  ove r  that  p r e d i c t e d  f rom As a c t i v i t y  a lone  ( L e c k i e  

e t  a l .  1980). 

Exper imenta l  evidence i n d i c a t e s  t h a t  As 

Both t h e  PHIEP and t h e  a d s o r p t i o n  edge move t o  l ower  pH w i t h  

O v e r  r e a l i s t i c  env i ronmenta l  c o n c e n t r a t i o n  ranges (10-4 t o  

conforms t o  s i n g l e  (ox ides ,  sediments) and m u l t i p l e  s i t e  ( s o i l s )  Langmuir a d s o r p t i o n  

equat ions.  

dependency ( P i e r c e  and Moore 1980, Anderson e t  a l .  1976) w i t h  maxima f o r  A s ( I I 1 )  and 

V )  on Fe and A 1  ox ides o c c u r r i n g  near pH 7 (Table 5-1). The Langmuir a d s o r p t i o n  

maxima f o r  A s ( 1 I I )  on amorphous i r o n  oxyhydrox ide and As(V) on amorphous aluminum 

hyd rox ide  a r e  q u i t e  h i g h  (450 t o  600 umoles/g) and exceed t h e  few r e p o r t e d  values 

f o r  s o i l  by seve ra l  o rde rs  o f  magnitude (Table 5-1). 

- M), As a d s o r p t i o n  

Langmuir cons tan ts  determined f o r  s i n g l e  m ine ra l .  phases e x h i b i t  pH 

A number o f  chemical  r e a c t i o n s  have been used t o  s u c c e s s f u l l y  model pH-dependent As 

a d s o r p t i o n  on ox ide  and hydrous ox ide  m ine ra l s .  

amorphous oxyhydrox ide can be desc r ibed  by s imultaneous s o l u t i o n  of two r e a c t i o n s  

(Leck ie  e t  a l .  1980, Benjamin and Bloom 1981) 

The a d s o r p t i o n  of As(V) on 

SOH; + A s O a -  + H+ 

SOH; t A s O i -  + 2H+ % SOH2As04H2 

SOHzAsOqH- 

SOH; 

SOH 
2SOH + 3H+ + A s O i -  % > H ~ A S O ~  

I n  c o n t r a s t ,  t h e  f o r m a t i o n  o f  one b i d e n t a t e  complex i s  adequate t o  s i m u l a t e  As 

a d s o r p t i o n  on A 1  (OH)3am 
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These r e a c t i o n s  a r e  c o n s i s t e n t  w i t h  exper imenta l  obse rva t i ons  o f  pH i n c r e a s e  ( p r o t o n  

consumption),  r e d u c t i o n  i n  net  s u r f a c e  p o s i t i v e  charge, and p o o r l y  r e v e r s i b l e  

a d s o r p t i o n  on A1 ( OH3)am. 

Other  a r s e n i c  species may, i n  s e l e c t  i ns tances ,  be of env i ronmenta l  s i g n i f i c a n c e .  

These i n c l u d e  s a l t s  of methanearsonic a c i d  (MA) o r  c a c o d y l i c  a c i d  (hydroxy d i rne thy l -  

a r s i n e  ox ide,  CA)  which were used e x t e n s i v e l y  i n  t h e  past  as h e r b i c i d e s  and 

d e f o l i a n t s .  Cacodylate may a l s o  be formed by anaerobic  m i c r o b i a l  processes f rom 

a r s e n a t e  o r  methanearsonate v i a  fo rma t ion ,  and subsequent a i r  o x i d a t i o n ,  o f  

d i m e t h y l a r s i n e  (Braman and Foreback 1973, Cox and Alexander  1973). The a d s o r p t i o n  

b e h a v i o r  o f  MA and CA i n  s o i l  and sediment a r e  s i m i l a r  t o  arsenate,  w i t h  c a c o d y l i c  

a c i d  b e i n g  l e s s  s t r o n g l y  adsorbed (Holm e t  a l .  1979, Wauchope 1975). I n  sediment,  

t h e  a d s o r p t i o n  of A s ( I I 1 )  i s  comparable t o  c a c o d y l i c  ac id .  
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T a b l e  5-1 ( C o n t d ) .  ADSORPTION CONSTANTS FOR ARSENIC 

Adsorbent Adsor bate  E l e c t r o l y t e  Adsorptlon M e a s u r e m n t s  Reference 

Value ( a )  
CEC S A.  

Conc., M pH Constants  lden t I t y  2 
I dent  I ty mq/ IOOq m /% Conc., M - 

A m r p h o u s  

oxyhydroxl  de, 

- - IO+ NaNOj 1.0 
A s ( l l I )  
a s  ASO; 

Fe 0 -ti 0 2 3  2 

c 

A c t l v a t e d  b a u x i t e  Water 

+ 

- Seawater 0.07 
A s ( l  I I )  

( 1 : 10/d I ) 

NaC I 0.67 

Seawater 0.7 

4.0 

5.0 

5.7 

6. I 

7.0 

8.0 

8.8 

9.8 

6-7 

6-7 

6-7 

6-7 

Am* ‘L 

As( I I I ) Am, KL 

As(V 

As( I 

As(V) Am, KL 

As( I I I ) Am, KL 

As(V) k 

A s ( l I 1 )  Am, KL 

As(V) Am, KL 

457, 5.98 

463, 6.18 

490, 6.26 

503, 6.33 

513. 6.36 

488, 6.30 

417, 6.18 

417, 5.73 

16, 5.16 

52, 6.39 

16, 5.02 

44 ,  6.07 

17, 4.93 

59. 5.56 

1.0, 5.10 

33, 5.54 

P l e r c e  and Moore 1980 

Gupta and Chen 1978 



T a b l e  5-1 (Contd). ADSORPTION CONSTANTS FOR ARSENIC 

E l e c t r o l y t e  Adsorpt ion k a s u r e m n r s  Ad sor bent Adsor bate 
CEC S A. 

Value Conc., M pH Constants  ( a )  
I dent I t y  meq/lOo~ fi Conc., M I dent I ty 

2 

-4 
A c t l v a t e d  alurnlna - 210 - I O  Water 

As (V I )  + 

- Seawater 

Kaol In1 t e  

lP 
I 
W 

M o n t r n o r l l l o n l t e  

NaC I 

Seawater 

15.1 34.2 - Leachate 
As(V) + 

-  IO-^ 
A s ( l I I )  

Leachate 79.5 86.0 - 

- 
As(V) + 

As( I I I ) 

6-7 

0.7 6-7 
( I : 10/dl ) 

0.67 6-7 

0.7 6-7 

5 

A s ( l I I )  Am, KL 
As(V) Am, KL 

A s ( l l l )  Am, KL 
As(V) Am, KL 

A s ( I I I )  Am, KL 
As(V) Am, KL  

As(V) Am, KL 

As(V) Am, KL 

14, 5.54 Gupta and Chen 1978 
67, 6.85 

19, 4.98 
230, 5.30 

14, 5.37 
140, 5.46 

330, 4.64 

7.19, 3.54 F r o s t  and G r l f t l n  1977 

5 As(V) Am, KL 9.9, 3.57 
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S e c t i o n  6 

BAR1 UM 

L i k e  o t h e r  a1 k a l i n e  e a r t h  c a t i o n s ,  bar ium (Ba) i n  aqueous environments e x h i b i t s  o n l y  

t2 valence s t a t e .  

becoming i m p o r t a n t  i n  groundwaters w i t h  h i g h  sul  f a t e  c o n c e n t r a t i o n s .  Both amorphous 
and c r y s t a l l i n e  forms of b a r i t e  (BaSOi) may form i n  subsur face environments,  b u t  Ba 

sol u t i o n  c o n c e n t r a t i o n s  a re  expected t o  be c o n t r o l  1 ed p r i m a r i l y  by i o n  exchange 

r e a c t i o n s .  Barium i s  more s t r o n g l y  adsorbed than Sr ,  Ca, and Mg by most l a y e r  

l a t t i c e  c l a y s  and s o i l  hydrous ox ides .  

A t  pH va lues  ~ 9 . 3 ,  Ba2+ i s  t h e  dominant species w i t h  BaSO; 

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

Barium i n  aqueous s o l u t i o n s  e x h i b i t s  o n l y  +2 valence s t a t e .  B a r i t e  and w i t h e r i t e  

(BaC03) have f a s t  p r e c i p i t a t i o n  k i n e t i c s  and a r e  t h e  compounds t h a t  may form i n  

s u r f a c i a l  d e p o s i t s  and 1 i m i t  maximum p o s s i b l e  Ba c o n c e n t r a t i o n s  i n  waters .  

To determine the  r e l a t i v e  abundance o f  B a ( I 1 )  species i n  ground waters  rep resen ta -  

t i v e  o f  u t i l i t y  waste environments,  a c t i v i t i e s  o f  d i f f e r e n t  Ba aqueous species i n  

e q u i l i b r i u m  w i t h  b a r i t e  and w i t h e r i t e  were p l o t t e d  u s i n g  t h e  thermodynamic da ta  

( B a l l  e t  a l .  1980) c o n t a i n e d  i n  t h e  geochemical model MINTEQ (Felmy e t  a l .  1983) and 

i n  Table A-3. 

t h e  dominant aqueous species i n  groundwaters o f  pH va lues c9.3. A t  pH va lues >9.3 ,  

BaC0: species a re  dominant. Ba2+ f o r m s  r e l a t i v e l y  weak complexes w i t h  C1-, OH-,,and 

NO3-; hence, these complexes do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t o t a l  Ba concentra-  

t i o n ,  F i g u r e  6 -1  a l s o  shows t h a t  b a r i t e  i s  more s t a b l e  than w i t h e r i t e  i n  a l a r g e  pH 

range and t h a t  w i t h e r i t e  can o n l y  be expected t o  be s t a b l e  i n  very a l k a l i n e  

c o n d i t i o n s .  

Under t h e  assumed c o n d i t i o n s  ( F i g u r e  6 - l ) ,  Ba2+ fo l l owed  by BaSOi i s  

- - 

PRECIPITATION/DISSOLUTION 

Al though ve ry  l i m i t e d  da ta  e x i s t s  on Ba geocheniical b e h a v i o r ,  most a l k a l i n e  e a r t h  

elements such as Ba a re  g e n e r a l l y  expected t o  be 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 .  As mentioned above, w i t h e r i t e  ( i n  h i g h l y  a1 ka l  i n e  c o n d i t i o n s )  and b a r i t e  

may, i n  Some ins tances ,  c o n t r o l  Ba c o n c e n t r a t i o n s  i n  n a t u r a l  w a t e r s  o r  l e a c h a t e s .  

, 

6-  1 



-5 

-6 t BaCO: 

7 
-7 

E -8 

5: -9 

s 

5 
F 

0 

-1 0 

-1 1 

-1 2 

-1 3 - 
2 3 4 5 6 7 8 9 10 11 12 

PH 

F i g u r e  1. A c t i v i t i e s  o f  d i f f e r e n t  ba r ium s p e c i e s  
when Bag' a c t i v i t y  i s  c o n t r o l l e d  by ba i t e  (Ba 04)  

NO; = io -  4 , and 
o r  w i t h e r ' t e  (BaC03) and when $1- = SO4- 5 = 10- s , 

= 10- * 5 2  atmospheres. 

Jenne e t  a l .  (1980) w o r k i n g  w i t h  w a t e r s  f rom M i s s o u r i  t r i - s t a t e  Pb- and Zn-min ing  

a r e a ,  r e p o r t  t h a t  b a r i t e  appears  t o  c o n t r o l  Ba c o n c e n t r a t i o n s .  

ADSORPTI ON/DE SORPT I ON 

S p e c i f i c  and n o n s p e c i f i c  a d s o r p t i o n  o f  Ba has been observed on s o i l  and i n  model 

adso rben ts  ( T a b l e  6-1) .  E l e c t r o s t a t i c  o r  cou lomb ic  f o r c e s  ( n o n s p e c i f i c  a d s o r p t i o n )  

accoun t  f o r  a l a r g e  f r a c t o n  o f  a d s o r p t i o n  i n  s o i l  and s u b s o i l .  Thus, l i k e  o t h e r  

a l k a l i n e  e a r t h  c a t i o n s ,  Ba, r e t e n t i o n  i s  c o n t r o l l e d ,  t o  a l a r g e  e x t e n t ,  by t h e  c a t i o n  

exchange c a p a c i t y  o f  t h e  adso rben t .  The r e l a t i v e  a f f i n i t y  o f  a l k a l i n e  e a r t h  c a t i o n s  

f o r  c a t i o n  exchange and s p e c i f i c  a d s o r p t i o n  s i t e s  on most c l a y  m i n e r a l s ,  o x i d e s ,  and 

hyd rous  o x i d e s  decreases i n  t h e  o r d e r  9a > Sr  > Ca > Mg, t h u s  r e f l e c t i n g  a decreas-  

i n g  i o n i c  ( d e h y d r a t i o n )  r a d i u s  t h r o u g h  t h e  s e r i e s  ( T a b l e  6 - 2 ) .  Complexat ion  by s o i l  

o r g a n i c  m a t e r i a l  o c c u r s  t o  a l i m i t e d  e x t e n t  (B roadben t  and O t t  1 9 5 7 ) .  

S p e c i f i c  a d s o r p t i o n  o f  Ba2+ and o t h e r  a l k a l i n e  e a r t h  c a t i o n s  does o c c u r  t o  some 

degree on o x i d e  and hyd rous  o x i d e  m i n e r a l s  i n  s o i l ,  wh ich  i s  accompanied by  p r o t o r i  

r e l e a s e  ( K i n n i b u r g h  e t  5 1 .  1 9 7 6 ,  Mur ray  1 9 7 5 ) .  However, Ba may absorb w i t h o u t  

6-2 



re1  eas ing  p ro tons ,  and thus ,  r e a c t  e l e c t r o s t a t i c a l l y  w i th  p o i n t s  o f  n e g a t i v e  

charge. 
i s  c o n s i s t e n t  w i t h  t h e  e l e c t r o s t a t i c  p r o p e r t i e s  o f  t h e  s o l i d s  and t h e  energy of  

h y d r o l y s i s  o f  t h e  c a t i o n s  (Tab le  6-2).  The l o g  h y d r o l y s i s  c o n s t a n t s  o f  Mg, Ca, S r ,  
and Ba a r e  2.58, 1.32, 0.88 and 0.69, r e s p e c t i v e l y .  T h e i r  i o n i c  r a d i i  a re  0.65, 

0.99, 1.13 and 1.35 A. The r e l a t i v e  a f f i n i t y  depends on t h e  su r face  charge d e n s i t y  

and n e t  s i g n  o f  t h e  o x i d e  surface which, i n  t u r n ,  i s  a f u n c t i o n  o f  pH and e l e c t r o -  

l y t e  c o n c e n t r a t i o n ,  t h e  r e l a t i v e  s i z e  ( o r  charge d e n s i t y )  and t h e  degree of h y d r o l y -  

s i s  o f  t h e  c a t i o n .  The da ta  i n  Table 6-2 i n d i c a t e  t h a t  Ba w i l l  d i s p l a c e  o t h e r  
adsorbed a1 kal  i n e  e a r t h s  from Mn02, Si02, and T i 0 2  under usual  env i ronmenta l  cond i -  

t i o n s ,  w h i l e  Ba on A1203 w i l l  be d i s p l a c e d  b y  o t h e r  a l k a l i n e  e a r t h s .  

The o r d e r  o f  a f f i n i t y  which a l k a l i n e  e a r t h  c a t i o n s  have f o r  v a r i o u s  o x i d e s  

0 

6-3  
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T a b l e  6-1 (Contd) . A D S O R P T I O N  C O N S T A N T S  FOR B A R I U M  

Adsorbent - 
S A. 2 CEC 

I dent  1 t y  mq/IOOq 

Fe Oxldes 

Fe ox lde  gel - - 

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

Conc.. M I dent 1 t y  Conc., M pH 

0-3. 0 
lo-3.6 

NaN03 
NaN0, 

+M 2+ 9 t  ' 
Ca and 

S r 2 +  

I .o 7.55 
1 .o 7.25 

10-3.6 

each 

References Adsorpt lon Measurement 

( b )  
Cons t a n  t s  (a Va lue 

A 60 
A 17 

K l n n l t u r g h  e t  a l .  1976 

Mn Oxldes 

2 ttydrcus MnO 

T I  Oxldes 

Rut1 l e  

-  IO-^ 

- 26 

NaCIO4 0.01 5 2050, 4.6 Posse l t  e t  a l .  1968 
Am* KL 

8.6 A 

&;ds 

77 
-8.6 

Sturnrn e t  a l .  1976 

S e d l m n t  

R l  ver  

R lve r  

Seawater 4.7 

Rlve r  - 
water 

A 

Kd 

Kd 

1.0 
530 

C 1  and Chan 1979 

2800 

-I 
(a ) A G F a  = f r e e  energy o f  exchange, c a l  n o 1  

A = adso rp t l on ,  urn1 g-' 

K i a  = exchange c o e f f l c l e n t ,  l og  

AGZd, = f r e e  energy ot adsorpt lon,  kca l  mol-' 

IK; = su r face  complexation constant, tog 

K l n t  = l n t r l n s l c  adso rp t l on  constant, log 

Kd = d l s t r l t u t l o n  c o e f f l c l e n t ,  rnl g-' 
( b )  ( ) = es t lma te  va lue 



Table 6-2 

ALKALINE EARTH CATION AFFINITY FOR OXIDES 

Order o f  A f f i n i t y  References Oxide &pc 

MnOp -2.6 Ba > S r  > Ca > Mg Posse l t  e t  a l .  1968, 
Murray 1975 

S i 0 2  -4.2 Ba > Sr > Ca > Mg Sturnm e t  a l .  1976 

T i 0 2  i. 5.8. Ba > S r  > Ca > Mg Fuerstenau e t  a l .  1981 

FeOOH 7.8 Ba > Ca > S r  > Mg. (pH <8) K inn ibu rgh  e t  a l .  1976 

A1203 8.6 Mg > Ca > Sr > Ba Kinn ibu rgh  e t  a l .  1976 
Huang and Stumm 1973 

6 - 6  



S e c t i o n  7 

BERYLLIUM 

B e r y l l i u m  (Be) i n  aqueous env i ronmen ts  e x i s t s  i n  +2 va lence  s t a t e .  

hydroxo-  complexes o f  Be appear t o  be t h e  dominant  aqueous s p e c i e s  a t  pH va lues  o f  

a p p r o x i m a t e l y  <6 and >6, r e s p e c t i v e l y .  

c i p i t a t i o n / d i s s o l u t i o n  and a d s o r p t i o n  a t t e n u a t i o n  mechanisms. 

dynamic da ta  suggests  t h a t  8-Be(OH)2(c) has f a i r l y  low s o l u b i l i t y ;  a d d i t i o n a l l y ,  

R-Be(OH)2 has f a s t  p r e c i p i t a t i o n  k i n e t i c s  and may be an i m p o r t a n t  c o n c e n t r a t i o n -  

l i m i t i n g  s o l i d  phase. 

F l u o r o -  and 

E s s e n t i a l l y  no d a t a  a r e  a v a i l a b l e  on p r e -  

The a v a i l a b l e  thermo-  

RELATIVE STABILITY OF SOLID AND AQUEOUS SPECIES 

B e r y l l i u m  o n l y  e x h i b i t s  a t 2  va lence  s t a t e .  
s p e c i e s  a r e  r e p o r t e d  i n  T a b l e  A-4. The r e l a t i v e  s t a b i l i t y  o f  some o f  t h e  Be s o l i d  

phases f o r  wh ich  t h e  thermodynamic d a t a  a r e  a v a i l a b l e  a r e  p l o t t e d  i n  F i g u r e  7-1. 

C h l o r i d e ,  f l u o r i d e ,  and s u l f a t e  compounds of  Be a r e  t o o  s o l u b l e  and f a l l  o u t s i d e  t h e  

graph boundar ies .  Among t h e  s o l i d  phases r e p o r t e d  i n  F i g u r e  7-1,  p h e n a k i t e  (BeSiO4) 

i s  t h e  most s t a b l e  s o l i d  f o l l o w e d  by c h r y s o b e r y l  (BeAlzOq) and B-Be(OH)z. P h e n a k i t e  

and c h r y s o b e r y l  f o r m  under  h i g h  tempera tu res  and p r e s s u r e s .  I n f o r m a t i o n  about  o t h e r  

Be s o l i d s  t h a t  may f o r m  i n  s u r f a c i a l  e n v i r o n m e n t a l  c o n d i t i o n s  i s  n o t  a v a i l a b l e .  

The s e l e c t e d  thermodynamic d a t a  f o r  Be 

I n f o r m a t i o n  r e g a r d i n g  t h e  dominant aqueous Be s p e c i e s  under  a range i n  a c t i v i t i e s  o f  

co inp lex ing  l i g a n d s  and t h e  s o l u b i l i t y  o f  p h e n a k i t e  can be o b t a i n e d  f r o m  F i g u r e  7 - 2 .  

Depending upon t h e  f l u o r i d e  c o n t e n t  o f  t h e  wa te rs ,  Be i n  low pH ( c5 .5 )  w a t e r s  wou ld  

be p r e s e n t  as Be2' o r  BeF'. 

and Be(OH)$, r e s p e c t i v e l y ,  a r e  expec ted  t o  be t h e  dominant spec ies .  

however, be p o i n t e d  o u t  t h a t  t h e  thermodynamic d a t a  used f o r  Be(0H); s p e c i e s  a r e  

q u e s t i o n a b l e  (Smi th  and M a r t e l l  1976) ;  t h e r e  i s  some u n c e r t a i n t y  about  t h e  va lues  o f  

f o r m a t i o n  c o n s t a n t s  o f  Be w i t h  f l u o r i d e s .  The d a t a  show t h a t  t h e  c h l o r i d e ,  n i t r a t e ,  

s u l f a t e ,  and p o l y n u c l e a r  h y d r o l y s i s  spec ies  o f  Be do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  

t h e  t o t a l  s o l u b l e  Be. I n f o r m a t i o n  on ca rbona te  complexes o f  Be i s  n o t  a v a i l a b l e ,  so' 

t h e  impor tance  o f  ca rbona te  comp lexa t ion  i n  a l k a l i n e  w a t e r s  cannot  be assessed. The 

r e l a t i v e  a c t i v i t y  o f  d i f f e r e n t  spec ies  i n  e q u i l i b r i u m  w i t h  g-Be(OH)z wou ld  be two 

o r d e r s  o f  magn i tude h i g h e r  t h a n  t h o s e  shown f o r  p h e n a k i t e  ( F i g u r e  7 - 2 ) .  

A t  pH va lues  between 5.5 and 8.2, and 8.2 and 9.6, BeOH' 

It shou ld ,  

7 -  1 
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F i g u r e  7-1. 
SOP- = 

H P O g -  = 10 
and t h e  S i  a c t i v i t y  by S i02 (am) .  

R e l a t i v e  s o l u b i l i t y  o f  Be s o l i d  phases when 

, A 1  a c t i v i t y  i s  c o n t r o l l e d  by yA l (OH)3 (C)  

H 2 Po' 4 -  - ( a t  pH va lues  ~7.2) and 
-5,5 

PREC I P I T A T I  ON/D I SSOLUTION 

M e r r i l l  e t  a l .  (1960) and Udodov and P a r i l o v  (1961) r e p o r t  0.5 t o  17  pg/9,  

1 0 - 7 . 3 9  Be i n  s u r f a c e  waters .  

t r a t i o n s  (0.5 t o  0.78 p g  1 l i t e r )  i n  ground waters .  

c o n c e n t r a t i o n s  i n  s u r f a c e  wa te rs  a r e  s i m i l a r  t o  Be c o n c e n t r a t i o n s  p r e d i c t e d  f r o m  

c h r y s o b e r y l  o r  R-Be(OH)2. 

f o rm i n  t h e  g e o l o g i c  env i ronmen ts  and /o r  t h a t  c o u l d  c o n t r o l  Be c o n c e n t r a t i o n s  i n  

s o l u t i o n s .  Most o f  the a v a i l a b l e  i n f o r m a t i o n  i s  e i t h e r  o f  a genera l  n a t u r e  o n l y  

t o  
Machacek e t  a l .  (1966)  r e p o r t s  s i m i l a r  Be concen- 

It i s  i n t e r e s t i n g  t h a t  t h e  

I n f o r m a t i o n  was n o t  f ound  on t h e  Be compounds t h a t  c o u l d  

1 - 2  
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F i g u r e  7-2. The a c t i v i t i e s  o f  Be aqueous s p e c i e s  i n  
e q u i l i b r i u m  w i t h  Be2S i04 (c )  and S io2 (am)  and when 

SO:- = C1- = NOS = 10 -5.0 and F -  = 10 . -3.0 

where c o n c e n t r a t i o n s  o f  t o t a l  B e  were d e t e r m i n e d  i n  d i f f e r e n t  s o l i d  m a t e r i a l s  and  

w a t e r s ,  o r  t h e  p r e d i c t i o n s  o f  s o l u t i o n  s p e c i e s  were based on t h e  thermodynamic  

da ta .  To s t u d y  t h e  Be aqueous b e h a v i o r ,  K a r l a n d e r  and Krauss (1972)  s t u d i e d  t h e  

e f f e c t  o f  pH on Be p r e c i p i t a t i o n  i n  a l g a l  medium. The a u t h o r s  were u n a b l e  t o  

a s c e r t a i n  whether  t h e  change i n  Be c o n c e n t r a t i o n s  f rom - M a t  pH 5 t o  abou t  

- M a t  pH 8 was due t o  p r e c i p i t a t i o n  o r  a d s o r p t i o n  by a l g a l  medium. 

t h e  d a t a  p r e s e n t e d  i n  F i g u r e s  7 - 1  and 7-2 sugges t  t h a t  t h i s  change may have been due 

t o p r e c  i p i t a t  i on o f  Be ( OH ) 2. 

However, 

A D S O R P T I O N / D E S O R P T I O N  

B e r y l l i u m  a d s o r p t i o n  i n  s o i l s  has n o t  been w e l l  i n v e s t i g a t e d .  No l i t e r a t u r e  was 

found  where Be a d s o r p t i o n  was t h e  s o l e  t o p i c ,  a l t h o u g h  s e v e r a l  i n v e s t i g a t o r s  have 

s t u d i e d  t h i s  element i n  a c u r s o r y  manner. P r e l i m i n a r y  ev idence  i n d i c a t e s  t h a t  Be 

7-3  



a d s o r p t i o n  on s o i l s  and some l a y e r  l a t t i c e  s i l i c a t e s  i s  pH dependent and t h a t  

adsorbed Be i s  no t  e f f e c t i v e l y  rep laced  by Ba, Ca, and Mg (Romney and C h i l d r e s s  

1965).  
t a n e o u s l y  p resen t  i n  t h e  s o l u t i o n  phase (Romney and C h i l d r e s s  1965), sugges t ing  an 

i o n  exchange r e t e n t i o n  mechanism. 

l eacha te ,  was more s t r o n g l y  a t t e n u a t e d  i n  column s t u d i e s  w i t h  11 s o i l s  f rom seven 

prominent  s o i l  o rde rs  t h a n  were Zn, Cd, N i  , and Hg ( A l e s i i  e t  a l .  1980, Ko r te  e t  a l .  

1976). Calcareous s o i l s  h i g h  i n  

l a y e r  l a t t i c e  s i l i c a t e s  appear most e f f e c t i v e  i n  Be r e t e n t i o n  ( K o r t e  e t  a l .  1976, 

A l e s i i  e t  a l .  1980). I n f o r m a t i o n  i s  not  a v a i l a b l e  t o  i d e n t i f y  t h e  most i m p o r t a n t  

m i n e r a l  absorbents  o r  t h e  r e l a t i v e  impor tance o f  i o n  exchange o r  s p e c i f i c  a d s o r p t i o n  
mechanisms i n  Be adso rp t  i on by s o i  1. 

These a l k a l i n e  e a r t h  c a t i o n s ,  however, may compete w i t h  Be when s i m u l -  

B e r y l l i u m ,  present  i n  a s i m u l a t e d  s o l i d  waste . 

Only Cu and Pb e x h i b i t e d  less m o b i l i t y  t h a n  Be. 



S e c t i o n  8 

BORON 

Boron  (B )  i n  aqueous s o l u t i o n s  e x i s t s  as H 3 ~ 0 3  a t  pH v a l u e s  o f  a p p r o x i m a t e l y  <9.2 

and as B(0H); a t  pH va lues  >9.2. 

dynamic d a t a  a r e  a v a i l a b l e ,  a r e  f a i r l y  s o l u b l e .  T h e r e f o r e ,  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  a r e  p r i m a r i l y  expec ted  t o  c o n t r o l  geochemical  b e h a v i o r  o f  B. Amorphous 

A l -  and Fe-ox ides  and t o  a l e s s e r  e x t e n t  1 : l  c l a y  m i n e r a l s  a r e  i m p o r t a n t  adso rben ts .  

The a d s o r p t i o n  i s  g r e a t e s t  under a l k a l i n e  c o n d i t i o n s .  

Most o f  t h e  s o l i d  phases o f  B, f o r  w h i c h  thermo-  

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

Boron has t 3  va lence  s t a t e  b u t  does n o t  e x i s t  i n  aqueous s o l u t i o n  as a c a t i o n .  

Boron r e a d i l y  h y d r o l y z e s  i n  aqueous s o l u t i o n s  and t h e  l e a s t  h y d r o l y z e d  f o r m  

of B ( I I 1 )  i s  B(OH)3 o r  H3Bg. Boron forms s e v e r a l  a l k a l i  and a l k a l i n e  e a r t h  

b o r a t e s .  There  i s ,  however, a genera l  l a c k  o f  thermodynamic d a t a  f o r  boron  

s o l i d s .  M a t t i g o d  (1983)  c a l c u l a t e d  s o l u b i l i t y  p r o d u c t s  o f  s e v e r a l  b o r a t e  m i n e r a l s  

( p i n n o i t e ,  i n d e r i  t e ,  i n y o i t e ,  co leman i te ,  i n d e r b o r i t e ,  hungchao i te ,  borax ,  s b o r g i t e ,  

M c A l l i s t e r i e ,  k a l i b o r i t e ,  n o b l e i t e )  based on t h e  d a t a  p r e s e n t e d  by B a s s e t t  (1976)  

and a l s o  proposed a method o f  e s t i m a t i n g  t h e  s t a n d a r d  f r e e  e n e r g i e s  o f  f o r m a t i o n  o f  

b o r a t e  m i n e r a l s .  Us ing  M a t t i g o d ' s  (1983) da ta ,  t h e  c a l c u l a t e d  s o l u b i l i t e s  o f  a l k a l i  

and a l k a l i n e  e a r t h  b o r a t e s  were ve ry  h i g h  s u g g e s t i n g  t h e  u n l i k e l i h o o d  o f  t h e s e  

m i n e r a l s  t o  be t h e  s o l u b i l i t y - l i m i t i n g  s o l i d s  i n  d i l u t e  ground w a t e r s .  

To de te rm ine  t h e  r e l a t i v e  abundance o f  B spec ies  i n  ground w a t e r s  r e p r e s e n t a t i v e  

of l e a c h a t e s ,  a c t i v i t i e s  o f  d i f f e r e n t  B spec ies  (when H3B03 = 

p l o t t e d  ( F i g u r e  8 -1 )  u s i n g  t h e  thermodynamic d a t a  ( B a l l  e t  a l .  1980) c o n t a i n e d  

i n  t h e  geochemical  model M I N T E Q  (Felmy e t  a l .  1983).  Under t h e  assumed c o n d i t i o n s  

( F i g u r e  8 - l ) ,  H3BO! i s  t h e  dominant aqueous spec ies  a t  pH va lues  c9.2. 

>9.2, B(0H); i s  t h e  dominant spec ies .  

m a t i o n  i s  o n l y  a v a i l a b l e  f o r  B complexes w i t h  F. However, t h e  d a t a  p r e s e n t e d  i n  

F i g u r e  8 -1  i n d i c a t e  t h a t  t h e  c o n t r i b u t i o n  o f  B-F complexes [BF2(0H) j ,  BF i ,  BF30H-, 

13F(OH);] t o  t h e  t o t a l  U c o n c e n t r a t i o n  i s  i n s i g n i f i c a n t .  

F) were 

A t  pH va lues  

I n  a d d i t i o n  t o  hyd roxo  complexes o f  B y  i n f o r -  

8- 1 L 
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F i q u r e  8-1. A c t i v i t y  o f  d i f f e r e n t  s p e c i e s  when a c t i v i t y  - 
o f  H p $ j  f i x e d  a t  F- = and C02(gas)  = 

1 0-3 52 atmospheres. 

PRECIPITATION/DISSOLUTION 

Since  most known boron m i n e r a l s  a r e  f a i r l y  s o l u b l e ,  a d s o r p t i o n / d e s o r p t i o n  i s  
expec ted  t o  c o n t r o l  t h e  geochemi c a l  b e h a v i o r  o f  boron .  The s h o r t - t e r m  a t t e n u a t i o n  

o f  boron  by s o i l s ,  m i n e r a l s ,  o r  o t h e r  s o l i d  phases d i d  n o t  f o l l o w  a p a t t e r n  con- 

s i s t e n t  w i t h  t h e  p r e c i p i t a t i o n  o f  B s o l i d  phases (Keren and Mezuman 1981, H i n g s t o n  

1964, Ha tche r  e t  a l .  1967).  However, o t h e r  a u t h o r s  have i n t e r p r e t e d  t h e  a t t e n u a t i o n  

o f  B by s o l i d s  as t h e  f o r m a t i o n  o f  B s o l i d s .  

may be p r e c i p i t a t e d  i n  comb ina t ion  w i t h  A13+ and HQSiO!. B i g g a r  and F i reman (1960)  

suggested t h a t  B r e a c t s  w i t h  s o l u b l e  aluminum, s i l i c o n ,  o r  i r o n  t o  fo rm hyd roxy  

b o r a t e  on t h e  s u r f a c e  o f  t h e  r e s p e c t i v e  ox ides .  The mechanism of p r e c i p i t a t i o n  was 

proposed t o  be an "exchange" o f  H3BO? o r  B ( 0 H ) i  f o r  s u r f a c e  h y d r o x y l s .  

G r i m  (1968)  observed t h e  f i x a t i o n  o f  B i n t o  c l a y  m i n e r a l s  and a t t r i b u t e d  t h e  

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

process .  The r e s u l t s  o f  Rhoades e t  a l .  (1970a, 1970b) i n d i c a t e  t h a t  B c o n c e n t r a t i o n  

i n  s o i l s  were s o l u b i l i t y  l i m i t e d .  Magnesium-hydroxy c l u s t e r s  and c o a t i n g s  may 

f a c i l i t a t e  c o p r e c i p i t a t i o n  o f  B under s e m i a r i d / a r i d  c o n d i t i o n s  (Rhoades e t  a l .  

1970b).  E l r a s h i d i  and O'Connor (1981) found t h a t  D was i r r e v e r s i b l y  a d s o r b e d  i n  

some s o i l s  and suggest i r r e v e r s i b i l i t y  c o u l d  be a t t r i b u t e d  t o  s o l i d .  phase f o r i i i a t i o n .  

Parks  and Shaw (1957)  showed t h a t  B 

Couch and 

8 - 2  



A D S O R O P T I O N / D E S O R P T I O N  

The a d s o r p t i v e  b e h a v i o r  of B i n  s o i l  ( T a b l e  8 -1 )  has r e c e i v e d  c o n s i d e r a b l e  r e s e a r c h  

a t t e n t i o n  because of i t s  impor tance  as an e s s e n t i a l  m i c r o n u t r i e n t  and a p h y t o t o x i c  

e lement .  I n  f a c t ,  a nar row c o n c e n t r a t i o n  range e x i s t s  between c o n c e n t r a t i o n s  

i n d u c i n g  d e f i c i e n c y  and t o x i c i t y  ( B e r g e r  1949) .  S o i l  a d s o r p t i o n  o f  B has l o n g  been 

r e c o g n i z e d  as a complex phenomenon d i f f e r i n g  a p p r e c i a b l y  f rom t h e  a d s o r p t i o n  o f  

o t h e r  p r o t o l y z e a b l e  an ions .  A number o f  d i v e r s e  s o i l  c h a r a c t e r i s t i c s  have c o n s i s -  

t e n t l y  been a s s o c i a t e d  w i t h  B r e t e n t i o n ,  i n c l u d i n g :  pH (Keren e t  a l .  1981, Sims and 

Bingham 1968a, 1968b), A1 o x i d e s  and p a r t i c u l a r l y  amorphous A1 o x i d e s  (Bingham 

e t  a l .  1971, McPha i l  e t  a l .  1972, Sims and Bingham 1968a, 1968b; H a t c h e r  e t  a l .  

1967),  Fe o x i d e s  (Sims and Bingham 1967, 1968b; Mezuman and Keren 1981) ,  and CaC03 

( H a t c h e r  e t  a l .  1967, Okazaki  and Chao 1968, Keren and Mezuman 1981).  O t h e r  

i n d i r e c t  measures o f  s o i l  p r o p e r t i e s  such as c l a y  c o n t e n t  and s u r f a c e  a r e a  ( B i g g a r  

and F i reman 1960, Ha tche r  e t  a l .  1967) and s o i l  s a l i n i t y  ( F l e e t  1965, Couch and G r i m  

1968) o f t e n  c o r r e l a t e  w i t h  B a d s o r p t i o n .  

Boron a d s o r p t i o n  d i s p l a y s  marked pH dependency ( T a b l e  8 -1)  w i t h  maximum a d s o r p t i o n  

o c c u r r i n g  between pH 7.5 and 10 on c l a y  m i n e r a l s  (Keren and Mezuman 1981, Sirns and 

Bingharn 1967, H ings ton  1964) ,  A1 and Fe o x i d e s  (Sims and Bingham 1968b, McPha i l  

e t  a l .  1972) ,  s o i l  o r g a n i c  m a t t e r  ( H u e t t l  1976) ,  and s o i l s  (Mezuman' and Keren 

1981) .  The pH dependency of  B a d s o r p t i o n  may be r e l a t e d  t o  t h e  h y d r o l y s i s  o f  b o r i c  

a c i d :  

B ( O H ) ~  t H ~ O  +B(oH);  t H+ l o g  K = 9.24 

The b o r a t e  i o n  B ( 0 H ) i  has a much g r e a t e r  a f f i n i t y  f o r  o x i d e  and c l a y  m i n e r a l  s u r -  

f aces  t h a n  B(OH)3 (Keren e t  a l .  1981)'. 

t r a t i o n s  reduce B a d s o r p t i o n  by c o m p e t i t i o n  f o r  a d s o r p t i o n  s i t e s .  A d s o r p t i o n  o f  B 

i s  enhanced i n  t h e  presence o f  Ca o r  Mg ( F l e e t  1965, Ha tche r  e t  a l .  1967, Couch and 

G r i m  1968, Okazaki and Chao 1968, Rhoades e t  a l .  1970b, Keren and Mezuman 1981)  

l i k e l y  r e s u l t i n g  f rom f o r m a t i o n  of CaB(0H); o r  MgB(OH)i (Uyrssen and Wedborg 1974)  

and a d s o r p t i o n  on c a t i o n  exchange s i t e s .  

A t  h i g h  pH (>9.5) i n c r e a s i n g  OH- concen- 

The most i m p o r t a n t  s i n g l e  c o n s t i t u e n t  i n f l u e n c i n g  B a d s o r p t i o n  i n  s o i l  may be 

amorphous A1203 (Binghain e t  a l .  1971) .  

p repared  hydrous  A 1  o x i d e  exceeds t h a t  of f r e s h  Fe o x i d e  by a f a c t o r  o f  S t o  10 

(McPhai l  e t  a l .  1972,  S i m s  and i3ingham 1968a).  Coa t ings  o f  Fe,  and p a r t i c u l a r l y  A 1  

o x i d e s ,  on l a y e r  l a t t i c e  s i l i c a t e s  may be more i m p o r t a n t  than t h e  c l a y  i l l i nera1  

The B a d s o r p t i o n  c a p a c i t y  o f  f r e s h l y  
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i t s e l f  i n  B r e t e n t i o n  (Sims and Bingham 1968b). L i m i n g  s o i l  may i n c r e a s e  B adsorp-  

t i o n  by d i sp lacemen t  o f  exchangeab le  A13' and f o r m a t i o n  o f  A1 (OH)3(s ) ,  an e f f e c t i v e  

adso rben t  (Ha tche r  e t  a l .  1967).  S i m i l a r l y ,  Mg-hydroxy c l u s t e r s  appear i m p o r t a n t  i n  

B r e t e n t i o n  i n  a r i d  r e g i o n s  (Rhoades e t  a l .  1970b).  S o i l  o r g a n i c  m a t t e r  may a l s o  be  

i m p o r t a n t  i n  B a d s o r p t i o n .  B o t h  - c i s - d i o l  and v -hyd roxy  c a r b o x y l i c  a c i d  f u n c t i o n a l  

groups i n  s o i l  o r g a n i c  m a t t e r  have been shown t o  complex B ( H u e t t l  1976, Pa rks  and 

W h i t e  1957).  

L i m i t e d  d a t a  i n d i c a t e  t h a t  boron  adsorbs  on s i t e s  t h a t  a r e  e lement  s p e c i f i c  (Bingharn 

and Page 1971), s u g g e s t i n g  B a d s o r p t i o n  may n o t  be a f f e c t e d  by t h e  p resence  o f  o t h e r  

a n i o n s  p r e s e n t  i n  u t i l i t y  waste  l eacha te .  Boron a d s o r p t i o n  can be d e s c r i b e d  by t h e  

Langmui r e q u a t i o n  o v e r  na r row c o n c e n t r a t i o n  ranges (Rhoades e t  a l .  1970a, McPha i l  

e t  a l .  1972, G r i f f i n  and Burau 1974, E i r a s h i d i  and O'Connor 1982)  o r  t h e  F r e u n d l i c h  

i s o t h e r m  o v e r  b roader  c o n c e n t r a t i o n  g r a d i e n t s  ( F l e e t  1965, S ingh  1971, E l  r a s h i d i  and 

O'Connor 1982) .  The pH-dependent a d s o r p t i o n  o f  B on c l a y  m i n e r a l s  (Keren and Mezuman 

1981)  and s o i l s  (Mezuman and Keren 1981)  has been a d e q u a t e l y  d e s c r i b e d  u s i n g  a mod i -  

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

B(OH)j ,  B(OH) i ,  and OH- a r e  t h e  a d s o r b i n g  spec ies .  

The a d s o r p t i o n  b e h a v i o r  o f  B i n  s o i l s  i s  f u r t h e r  c o m p l i c a t e d  by c o n f l i c t i n g  d a t a  

d e s c r i b i n g  i t s  d e s o r p t i o n .  A d s o r p t i o n  appears t o  be e a s i l y  r e v e r s i b l e  f o r  some 

s o i l s  and s o i l  components (Ha tche r  and Bower 1958, H i n g s t o n  1964, Keren and Gast 

1981) ;  however, o t h e r  s o i  1s demons t ra te  marked h y s t e r i s e s  i n  d e s o r p t i o n  (Okazak i  and 

Chao 1968, Rhoades e t  a l .  1970a, E l r a s h i d i  and O'Connor 1982) .  W e t t i n g  and d r y i n g  

c y c l e s  n o t  o n l y  i n c r e a s e  t h e  B a d s o r p t i o n  c a p a c i t y  ( B i g g a r  and F i reman  1960) b u t  

r e n d e r  a s u b s t a n t i a l  p o r t i o n  i r r e v e r s i b l y  adsorbed (Keren and Gast 1981).  

I r r e v e r s i b l e  a d s o r p t i o n  may r e f l e c t  s o l i d  phase f o r m a t i o n  o r  f i x a t i o n  by c l a y  

m i n e r a l s .  D isp lacement  o f  exchangeab le  A13+ o r  Fe3' by Ca2+ i n  t h e  p resence  o f  B 

may r e s u l t  i n  p r e c i p i t a t i o n  o f  A l ,  Fe b o r a t e s ,  o r  hydroxy  b o r a t e s  ( B i g g a r  and 

F i reman 1960) .  I r o n  o r  aluminum, and boron seem t o  p r e c i p i t a t e  f rom s o l u t i o n s  i n  

s t o i c h i o m e t r i c  p r o p o r t i o n s  a l t h o u g h  t h e  f o r m a t i o n  o f  d i s c r e t e  Fe o r  A1 b o r a t e s  has 

n o t  been demonst ra ted  (Sims and Bingharn 1968a).  

w i t t i  A1(OH)3; f i x a t i o n  by l a y e r  l a t t i c e  s i l c a t e s  has been observed (Couch and G r i m  

1968, F l e e t  1965) .  F o r  t h i s  reason, t h e  B c o n t e n t  o f  c l a y  m i n e r a l s  has o f t e n  been 

used as  a p a l e o s a l i n i t y  i n d i c a t o r .  

100 tir f o r  e q u i l i b r a t i o n )  f u r t h e r  a l l u d e  t o  the  impor tance  o f  p r e c i p i t a t i o n  and 

f i x a t i o n  r e a c t i o n s  ( l l ingham e t  a l .  1971, G r i f f i n  a n d  Burau 1974).  

Boron [B(OH)3] may be i s o s t r u c t u r a l  

Lengthy  U a d s o r p t i o n  k i n e t i c s  (e.g. ,  20 t o  
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Tab1 e 8-1. ADSORPTION CONSTANTS FOR BORON 

Reference Adsor ten t  Adsorbate E l e c t r o l y t e  Adsorp t  I on Measurements 

( C )  
Value 

r m q / I O O q  CEC Q ;-A- Conc., M e e n t l t y  Conc., M pH Co i l s tan ts  ( h )  - I dent1 t y ' a '  

Sol 1 5 Clay  b0.C. ,SCaCOj 
~ 

25 1.00 0.80 

IO 0.45 0.35 

5.0 0.17 0.20 

5.0 0.02 8.40 

7.7 0.04 1.80 

5.6 0.04 8.00 

51 0.97 8.80 

27.3 1.10 20.2 

13.1 0.43 0.5 

16.2 

5.5 

1.6 

6.2 

8.1 

7.8 

35.2 

18.5 

14 .0  

59.8 CaC I 

11.4 CaCl2 

0.51 C & 1 2  

11.2 CaC I 

10.9 C&I2 

14.6 CaC I 

177 CaCI2 

65.9 CaCI2 

64.9 cam2 

so1 I __ 
Yolo loam 17.8 109 -4 - 10-2 

Hesper la  sand, loam 8.0 57 To-4 - lo-2 
Rlncon loam 16.1 I l l  - 
Alken c l a y  loam 19.9 12.0 IO - IO-' 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

Sol I - 

6.02 Am, KL, C 

KF, 1/N 

6.02 Am, KL, C 

KF. l/N 

7.03 KF, 1/N 

8.00 KF, l / N  

7.89 KF, I M  

7.82 A ~ ,  K ~ ,  c 

KF I/N 

7.57 Am. KL, C 

KF, l/N 

8.0 .Am, KLp C 
7.6 Am, KL, C 
7.5 Am. KL, C 
1.7 Am, KL, C 

0.729, 3.60, 0.466 E l r a s h l d l  and O'Connor 1982 

1.93, 0.614 

0.210, 3.44, 0.784 

0.409, 0.666 

0.087, 0.935 

0.421, 1.19 

0.162, 0.843 

0.408, 2.63, 2.13 

0.125, 0.947 

3.13, 2.51, 

3.99, 0.572 

1.50, ,326. 

2.53, 0.618 

.45 

.30 

1-07, 3.44, 0.407 

2.16. 0.645 

1-22. 2.45. 1.94 Blggar and Fl reman 1960 

0.67. 3.00, 0.55 
1.97. 2.77. 2.31 
4.40. 3.18, 0.55 



T a b l e  8-1  ( C o n t d ) .  ADSORPTION CONSTANTS FOR BORON 

Adsor ban t Adsorbate E l e c t r o  ly  t e  Adsorpt lon Measurements R e f  e r e  n ce 

( C )  
Value 

( b )  
S.A. 
2 Conc., M l d e n t l  t y  Conc., M pH Constants  

CEC 
mq/lOOg * ( a )  

I den t  I t y  

Sol Is - 
10 Msxlcan and Hawallan - 10-3 - 10-2-2 - - 5.6- Am (26.4-53.0) Blngham e t  a l .  1971 - 
s o l i s  h i g h  I n  amorphous 6.0 KL (2.38 - 2.73) 
m a t e r i a l s  (1040%) 

Sol I s  - 
Terra  Rosa 

-6.3 
-6.3 

44.2 - 0 - 1 0  

0 - 10 
Hadas and Hagln 1972 2.96, 3.41 

7.31. 3.07 

t 
K sa tu ra ted  Te r ra  Rosa 3.98, 3.67 

10.5, 3.30 

Grumusol 
m 

5.09. 3.43 
16.6. 2.23 

(,1 

K+ sa tu ra ted  Grumusol - - - 120-5J 7.59. 3.25 

Sol I % Clay g0.C. bCaCOj 
Loaw 
- 

Sand 9.5 0.73 0 7.6 - 10-5 - 10-3 CaC I 0.005 7.0 A K m’ HE’ 
Kg * K~~ 

Ke* 
0.005 7.7 Am,Km 

0.005 7.6 Am, KHB 

K8* KOH 

0.005 7.0 Am, KHB 

%’ KOH 

2.16, 2.34, 
3.68, 5.04 

Loam 21.7 0.68 18 17.0 - - C&I2 2.91, 2.37, 
4.21, 5.93 

Clay 58.0 1.20 18 58.0 - 10-5 - lo-3 8.80, 2.35, 
3.90. 5.31 

Clay 65.2 0.24 0 31 .O - 10-5 - 10-3 C&12 14.10, 2.12, 
3.90, 5.39 



Table 8-1 (Con td ) .  ADSORPTION CONSTANTS FOR BORON 

P; 
I 
U 

Reference Adsorbent Adsorbate E l e c t r o l y t e  
CEC S.A. 

( C )  
Value Conc., M pH_ Constants (b)  

Conc., M l d e n t l t y  ( a )  2 
I dent 1 fy mq/IOOg 

Clay Mlnera ls  

Kaol I n l  t e  - CaC I 0.01 7.4 Am, KL 1.01, 4.67 39 - 
I t  - 9.9 5.67, - 

I I l t e  

M o n t m r l  I l o n l t e  

K a o l l n l t e  (Ca-sat.) 

M o n t m r l  I I o n I t e  
(Na-sat. ) 

M o n t m r I I I o n l t e  
(Ca-sat. ) 

I I I I t e  (Ca-sat.) 

Oahu 1 
2 
3 
4 

Maul 53 

Kaual 7 

- 130 - CaC I 

- 800 - C & I 2  

0.01 6.4 A,,,, KL 9.72, 3.23 
7.0 A,,,, K~ 12.5, 3.23 
6.5 Am, KL 14.3, 3.76 
8.5 Am, KL 2.22, 3.81 

0.01 7.5 Am, KL 1.52, 4.57 
8.2 Am, KL J7.12, 3.41 

9.4 Am, KL 50.9, 2.72 

0.01 7-11 A K 0.272, 2.57, - - CaCl* m’ t+Ei 
4.24, 5.08 

0.55, 2.28, 
3.24, 4.41 

KB’ KOH 

- - C ~ C I ~  0.01 7-11 Am, KHB 

%* KOH 

- - C ~ C I ~  0.01 7-11 Am* K~ 1.09, 2.02, %’ KOH 3.01, 3.96 

- - 0.01 7-11 Am’ KHB 1.39, 2.54, 
‘e* ‘on 3.94, 4.60 

- - - - - - A,,,. KL (4.5, 5.4) 
10-3.3 - 10-2.3 - 
10-3.3 -2.3 
10-3.3 - 10-2.3 - 
10-3.3 - 10-2.3 - 

10-3.3 - lo-2.3 - 
lo-3.3 - 10-2.3 - 

- Am* KL (3.1, 5.7) 

- - - 
Am’ KL (6.8. 5.5) - A,,,, KL (4.0, 5.7) 

- Am* KL (6.0, 5.5) 

- Am’ KL (2.2, 6.1) 

- 10 
- - 

- - 
- - 

Hlngston 1964 

Keren and Mezumn 1981 

Okazakl and Chao 1968 



T a b l e  8-1 (Contd). ADSORPTION CONSTANTS FOR BORON 

Reference Adsorbent Adsorbate Electrolyte Adsorption Measurementa 

I dent I ty Conc., M p~ Constants ( b )  va I “e(‘) 
CEC S.A. 

mq/IOOq & 2 Conc., M I dent I ty(a) 

Sol i - 
Untreated 
sandy loams, acld 

sandy loams, calcareous 

s l l t  loams 

clays. clay loams 

subsoi Is 

CaCQ3-treated 
sandy loam 

16.5  IO-^.^ -  IO-^.^ 
18.6 I O - ~ J  - 1 0 - ~ * ~  
19.4 I O - ~ J  - 
23.6 10-3J - 10-2.7 
31.0 1 ~ - 3 . 3  - 
53.5  IO-^-^ -  IO-^.^ 
66.9 t ~ - ~ - ~  -  IO-^-^ 
74.9 1 0 - ~ . ~  - 1 0 - ~ . ~  
83.7 -  IO-^.^ 

I o-2. 7 161.8 10-3J - 
93.9 - 10-2.7 
130.4 l~-3.3 -  IO-^-^ 
292.0 - t o  -2.7 

117.4 I ~ - ~ - ~  -  IO-^.^ 
119.4  IO-^.^ - 
249.1 10-3-3 - 10-2.7 
266.9 10-3-3 - 1 0 ‘ ~ s ~  

295.2 - 1 0 - ~ . ~  

32.0 -  IO-^.^ 
38.6 -  IO-^.^ 
48.2 - 10-2.7 
64.6 I ~ - ~ J  - 1 0 - ~ * ~  

-2.7 

76.5 10-3-3 - ,o-2.7 

8.0 10-3.3 - 10-2.7 
16.5 10-3.3 -  IO-^.^ 
18.6  IO-^.^ - 1 0 - ~ . ~  
19.4 -  IO-^.^ 
23.6  IO-^'^ -  IO-^.^ 
31.0  IO-^.^ -  IO-^.^ 
35.0  IO-^.^ - 

Sol I - 

5.5 
5.0 
4.7 
4.9 
5.8 

6.7 
7.4 
7.8 
7.7 
7.2 

8.3 
6.5 
7.6 

7.4 
5.8 
7.4 
7.6 
7.7 

4.7 
4.6 
5.5 
5.3 
4.9 

7.4 
7.3 
7.4 
7.4 
7.5 
7.4 
7.4 

‘rn* ‘L 
Am* ‘L 

‘L 
‘L 

‘L 

‘L 
A m p  KL 

‘L 
‘I. 
K~ 

Am* KC 
KL 

Am* ‘L  

Am* ‘L 
Am’ ‘L 
A K  

m’ L 
Am’ ‘L 
A K  

rn’ L 

Am* ‘L 
‘L 
‘L 

i r n *  ) 
rn’ L 

‘L 
m’ ‘L 

‘L 
Am* K~ 

‘L 
Am* ‘L 
Am# ‘L 

A 

(0.3, 5.6) Hatcher et al. 1967 
(0.3, 5.6) 
(0.3, 5.9) 
(0.3, 5.6) 
(0.5, 5.7) 

(1.2. 5.6) 
(1.9. 5.7) 
(2.8, 5.8) 
(1.6, 5.6) 
(2.7, 5.7) 

(2.9, 5.7) 
(2.5, 5 .8 )  
(9.7.. 5.5) 

(2.3, 5 .8 )  
(5.1, 5.8) 
( 5 . 5 .  5.7) 
(4.0, 5.7) 
(7.7, 5.2) 

(0.5, 5.8)  
(0.4, 5.9) 
(0.6, 5.9)  
(0.8, 5.9) 
(1.2, 5.6) 

(1.2, 5 . 2 )  
(0.6. 5.8) 
(1.6, 5 . 5 )  
(3.6, 5.3) 
(2.1, 5.5) 
(1.3, 5.4) 
(1.9. 5.8) 



T a b l e  8-1 ( C o n t d ) .  ADSORPTION CONSTANTS FOR BORON 

Adsorbate E l e c t r o l y t e  Adsorpt lon Measurementa Ref erence Adsorbent 

CEC $.A. 
(C )  I den t  I t y ( a ’  in9q/IOOq * Conc., M I dent  I t y  Conc., M pH Constants  ( b )  Value 

- Sol I S o l  I - 
clay,  c l a y  l o a m  - 119.4  IO-^.^ -  IO-^.^ - - 7.5 Am, KL (7.4, 6.0) 

- 127.0 - 1 0 - ~ . ~  - - 7.0 Am, KL (10.2, 5.7) 

- 161.0 - 10-2’7 - - 7.4 Am, KL (7.0, 5 . 2 )  

subsol 1s - 7.5 A mP KL (1.8, 5.7) 
- 7.6 Am, KL (2.1, 5.7) 
- 7.6 Am. KL (1.7, 5.9) 

- 7.5 Am, KL (3.2, 5.7) 
- 7.5 Am, KL (4.0, 5 . 8 )  

- 7.6 Am, KL (3.5, 5.8)  

( a )  O.C. - Organic carbon 

( b )  Am = Langrmir adso rp t l on  rnaxlmum, uml  g-’ 

K~ = Langrmlr constant, l og  E - 1  

C = upper c o n c e n t r a t l m  l l m l t  f o r  L a n g m l r  equatlon, pml m l  - 1  

KF, 1/N = F reund l i ch  constants  f o r  A = K C1’N; A = uml g - 1  ; C = e. 
F 

KHB, KB, KOH = compe t i t l ve  Langrmir constants  f o r  B(OH)3, B(oN),, and OH-, logt4-1. 

( c )  ( ) = est imated values. 
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S e c t i o n  9 

CADMIUM 

The dominant  cadmium (Cd) s o l u t i o n  spec ies  i n  ground w a t e r  a t  pH va lues  <8.2 and 

c o n t a i n i n g  <10-2*5 M so$- a c t i v i t y  i s  Cd2+. B o t h  p r e c i p i t a t i o n / d i s s o l u t i o n  and 

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  c o n t r o l  Cd c o n c e n t r a t i o n s .  S e v e r a l  r e s e a r c h e r s  

r e p o r t  t h a t  o c t a v i t e  (CdC03) l i m i t s  Cd s o l u t i o n  C o n c e n t r a t i o n s  i n  a l k a l i n e  s o i l s .  

Cd3(P04)2 has a l s o  been r e p o r t e d  t o  be a s o l u b i l i t y - c o n t r o l l i n g  s o l i d .  A l t h o u g h  
genera l  a d s o r p t i o n  mechanisms have been i d e n t i f i e d ,  d e t a i l e d  i n f o r m a t i o n  i s  n o t  

a v a i l a b l e  f o r  making p r e d i c t i o n s  o f  t h e  e n v i r o n m e n t a l  b e h a v i o r  o f  Cd. A t  low Cd 

c o n c e n t r a t i o n s  (<lO-5 - M), Cd i s  s p e c i f i c a l l y  adsorbed by c r y s t a l l i n e  and amorphous 

o x i d e s  o f  A l ,  Fe, and Mn. A t  h i g h e r  Cd c o n c e n t r a t i o n s  E), n o n s p e c i f i c  

a d s o r p t i o n  i s  t h e  l i k e l y  c o n t r o l l i n g  mechanism. M e t a l l i c  (Cu, Pb, Zn) and a l k a l i n e  

e a r t h  (Ca, Mg) c a t i o n s  reduce Cd a d s o r p t i o n  by c o m p e t i t i o n  f o r  a v a i l a b l e  s p e c i f i c  

a d s o r p t i o n  and c a t i o n  exchange s i t e s .  The presence o f  l i g a n d s  such as C1‘ and SO$- 

may decrease Cd a d s o r p t i o n  w h i l e  S2O3 has been shown t o  i n c r e a s e  a d s o r p t i o n .  These 
e f f e c t s  r e s u l t  f rom t h e  r e l a t i v e  s t a b i l i t y  of C d - l i g a n d  versus  Cd-su r face  complexes, 

t h e  p o s s i b l e  a d s o r p t i o n  o f  Cd- l i gand ,  and t h e  e f f e c t s  o f  l i g a n d s  on t h e  charge 

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

- 

RELATIVE STABILITY OF SOLID AND AQUEOUS SPECIATION 

Cadmium i n  aqueous s o l u t i o n s  e x i s t s  o n l y  i n  t h e  +2 va lence  s t a t e .  L indsay  (1979)  
c a l c u l a t e d  t h e  r e l a t i v e  s t a b i l i t y  of  Cd compounds. 

va lues  <7.5 most Cd compounds a r e  more s o l u b l e  t h a n  Cd l e v e l s  found i n  s o i l s  

(10-7f?_). 

l e v e l s  i n  s o i l s .  

H i s  c a l c u l a t i o n s  show t h a t  a t  pH 

Under b a s i c  c o n d i t i o n s ,  Cd3(P04)2 o r  CdC03 a r e  l i k e l y  t o  m a i n t a i n  Cd 

To de te rm ine  t h e  r e l a t i v e  abundance of C d ( I 1 )  s p e c i e s  i n  ground w a t e r s  r e p r e s e n t a -  
t i v e  o f  l e a c h a t e s ,  a c t i v i t i e s  o f  d i f f e r e n t  Cd spec ies  i n  e q u i l i b r i u m  w i t h  Cdt2 = 

l oe7  - M o r  c o n t r o l l e d  by o c t a v i t e  were p l o t t e d  ( F i g u r e  9-1) u s i n g  t h e  thermodynamic 

d a t a  ( B a l l  e t  a l .  1980) c o n t a i n e d  i n  t h e  geochemical  code M I N T E Q  (Felmy e t  a l .  

1983) .  Under t h e  assumed c o n d i t i o n s  ( F i g u r e  9-1 ) ,  Cdt2 f o l l o w e d  by CdSOi i s  t h e  

dominant aqueous spec ies  i n  ground wa te rs  o f  pH v a l u e s  68.2. A t  pH va lues  >8.2, 

9- 1 
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F i g u r e  9-1. 
CdZt = 

A c t i v i t y  o f  d i f f e r e n t  cadmium s p e c i e s  when 

o r  c o n t r o l l e d  by o c t a v i t e  (CdC03) and when 
so:- = C1' = 10-3, N O j  = F' = 10-4, B r -  = 1- = 

and COZ(gaS) = 10- 3 * 5 2  atmospheres. 

CdCOg s p e c i e s  a r e  dominant.  
a p p r o x i m a t e l y  10% t o  t h e  t o t a l  Cd a t  pH v a l u e s  ~ 8 . 2 ,  o t h e r  Cd complexes w i t h  B r - ,  

F - ,  N O j ,  I - ,  and OH- do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  Cd i n .  s o l u t i o n .  

W i t h  t h e  e x c e p t i o n  o f  CdC1' w h i c h  c o n t r i b u t e s  

PRECIPITATION/DISSOLUTION 

Severa l  s t u d i e s  show t h a t  CdC03 l i m i t s  Cd s o l u t i o n  c o n c e n t r a t i o n s  i n  a l k a l i n e  s o i l s  

(pH > 7 ) .  C a v a l l a r o  and McBr ide  (1978)  and McBr ide  (1980)  c l e a r l y  demons t ra te  t h a t  

CdC03(s) p r e c i p i t a t e s  i n  c a l c a r e o u s  s o i l s  (pH >7.8) even though  a d s o r p t i o n  r e a c t i o n s  

p redomina te  i n  s o i l s  o f  n e u t r a l  o r  a c i d i c  pH. 
s o l u b i l i t y  measurements o f  Cd i n  a l k a l i n e  s o i l s ,  showed t h a t  Cd c o n c e n t r a t i o n s  were 

1 i I n i t e d  by t h e  s o l u b i l i t y  of CdC03. 
a s s o c i a t e d  w i t h  abandoned Pb and Zn mines and t a i l i n g s  p i l e s ,  a l s o  i n d i c a t e  t h a t  t h e  

upper  l i m i t s  on d i s s o l v e d  l e v e l s  o f  Cd i n  most w a t e r s  were c o n t r o l l e d  by CdC03. 

L e v i - M i n z i  e t  a l .  (1976)  observed t h a t  t h e  i n t e r a c t i o n  o f  Cd2+ w i t h  c a l c a r e o u s  s o i l s  

was n o t  adequa te l y  e x p l a i n e d  by p h y s i c a l  a d s o r p t i o n  a l o n e .  A1 though L e v i  - M i  n z i  

S t r e e t  e t  a l .  (1977, 1978) based on  

Jenne e t  a l .  (1980)  w o r k i n g  w i t h  t h e  Waters  
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f- 

& a l .  (1976) were unable t o  i d e n t i f y  a C d - s o l i d  phase which p r e c i p i t a t e d ,  t h e y  were 

& l e  t o  demonstrate t h a t  chemical  i n t e r a c t i o n  was o c c u r r i n g .  

b n t i  1 lan-Medrano and J u r i n a k  (1975) observed t h a t  a c t i v i t y  o f  Cd i n  Cd-amended 
s i l s  was lowest  i n  ca lcareous s o i l s .  

U ~ ( P O ~ ) Z  o r  CdC03 were observed t o  c o n t r o l  Cd concen t ra t i ons .  

g g g e s t  t h a t  CdC03 and Cd3(P04)2 most l i k e l y  l i m i t  Cd2+ a c t i v i t i e s  i n  s o i l s .  

A t  h i g h e r  c o n c e n t r a t i o n s  ( > 5  x 10-6 M ) ,  - 
S t r e e t  e t  a l .  (1977) 

9 o s t  and G r i f f i n  (1977b) suggested t h a t  p r e c i p i t a t i o n  may be r e s p o n s i b l e  f o r  t h e  

gemoval o f  Cd f rom l a n d f i l l  l eacha tes  when pH > 6 .  Baes and Mesmer (1976) suggested 

* a t  (Ca-Cd)C03 s o l i d  s o l u t i o n s  are expected and may be an i m p o r t a n t  mechanism i n  

a n t r o l l i n g  Cd c o n c e n t r a t i o n s  i n  ca lcareous s o i l s .  

@SORPTION/DESORPTION 

In c o n t r a s t  t o  o the r  t r a n s i t i o n  s e r i e s  meta ls ,  t h e  a d s o r p t i o n  o f  Cd (Tab le  9-1) 

eften c o r r e l a t e s  w i t h  t h e  c a t i o n  exchange c a p a c i t y  (CEC) o f  t h e  s o i l  (John 1971; 

l e v i - M i n z i  e t  a l .  1976; Navrot  e t  a l .  1978; P e t r u z e l l i  e t  a l .  1978; S i d l e  and Kardos 

1977; Singh 1979; McBride e t  a l .  1981). A t  low s o l u t i o n  c o n c e n t r a t i o n  o f  Cd, 

adsorpt ion c o r r e l a t e s  w i t h  exchangeable Cay A l ,  o r  Zn (John 1971; John 1972; 

E B r i d e  e t  a l .  1981), a f u r t h e r  i n d i c a t i o n  of an i o n  exchange mechanism. 

organic m a t t e r  may i n f l u e n c e  a d s o r p t i o n  of Cd by s o i l s  and sediments (John 1971; 

Levi-Minzi  e t  a l .  1976; S i d l e  and Kardos 1977; Singh and Sekhon 1977a), t h i s  e f f e c t  

i s  probab ly  due t o  t h e  CEC o f  t h e  o rgan ic  m a t e r i a l  ra ther :  than t o  complexat ion by 
organic l i g a n d s  (Singh and Sekhon 1977a). I n  f a c t ,  removal of o r g a n i c  m a t e r i a l  f r o m  

s o i l s  does no t  markedly reduce Cd a d s o r p t i o n  and, i n  some cases, m y  enhance 
adsorpt ion ( P e t r u z e l l i  e t  a l .  1978). The a d s o r p t i o n  o f  Cd by s o i l  o r  s u b s o i l  

m a t e r i a l s  may, t o  a l a r g e  degree, be an exchange r e a c t i o n  w i t h  Ca o r  Mg. However, 

Cd appears t o  be se lec ted  over  Ca ( M i l b e r g  e t  a l .  1978). S p e c i f i c  a d s o r p t i o n  t o  

c a l c i t e  (McBride 1980) and hydrous ox ides of A1 and Fe (K inn ibu rgh  e t  a l .  1977; 

Forbes e t  a l .  1976; Benjamin and Lec'kie 1981) does occur  and may be t h e  most 

impor tan t  a d s o r p t i o n  mechanism a t  low env i ronmenta l  c o n c e n t r a t i o n s  o f  Cd. 

A l though 

As w i t h  o t h e r  c a t i o n i c  meta ls ,  Cd a d s o r p t i o n  e x h i b i t s  pH dependency (Tab le  9-1) .  
The e f f e c t  o f  pH on Cd a d s o r p t i o n  by s o i l s  (Huang e t  a l .  1977),  sediments (Reid and 

plcDuffie 1981), c l a y  m ine ra l s  (Farrah and P i c k e r i n g  1977; F r o s t  and G r i f f i n  1977b), ' 
alumina ( K i n n i b u r g h  e t  a l .  1977; K inn ibu rgh  e t  a l .  1976; Benjamin and L e c k i e  1980a), 

s i l i c a  ( S c h i n d l e r  e t  a l .  1976; Stumrn e t  a l .  1976; Benjamin and Leck ie  1980), and Fe 

ox ides ( U a l i s t r i c r i  and Murray 1982, Forbes e t  a l .  1976, Gadde and L a i t i n e n  1974, 

K inn ibu rgh  e t  a l .  1977) i s  i n f l u e n c e d  by t h e  s o 1 u t i o n : s o l i d  r a t i o ,  t h e  s o l u t i o n  
( 
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c o n c e n t r a t i o n  o f  Cd, and t h e  presence o f  compet ing  c a t i o n s  o r  comp lex ing  l i g a n d s .  

A t  low Cd s o l u t i o n  c o n c e n t r a t i o n s ,  sha rp  a d s o r p t i o n  g r a d i e n t s  as a f u n c t i o n  of  pH 

i n d i c a t e  t h a t  s p e c i f i c  a d s o r p t i o n  ( i .e.,  s u r f a c e  c o m p l e x a t i o n ) ,  occurs .  Under 

comparable e x p e r i m e n t a l  c o n d i t i o n s ,  t h e  a d s o r p t i o n  edge f a l l s  a t  h i g h e r  pH t h a n  t h a t  

of Pb, Cu,,and Zn. T h i s  o r d e r  i s  c o n s i s t e n t  w i t h  t h e  pH o f  h y d r o l y s i s  o f  m e t a l s .  

A t  h i g h e r  Cd c o n c e n t r a t i o n s  o r  i n  t h e  presence of  compe t ing  c a t i o n s  such as Mg, t h e  

a d s o r p t i o n  edge i s  l e s s  d e f i n e d  and n o n s p e c i f i c  a d s o r p t i o n  o r  exchange i s  l i k e l y  t h e  

c o n t r o l  1 i ng mechani sm. 

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

b e h a v i o r  o f  Cd ( T a b l e  9-1).  The presence o f  Cay Mg, and t r a c e  me ta l  c a t i o n s  reduces  

t h e  a d s o r p t i o n  o f  Cd by s o i l s  ( C a v a l l a r o  and McBr ide  1978; S ingh  1979) ,  c l a y  

m i n e r a l s  (S tuanes 1976; B i t t e l l  and M i l l e r  1974; F a r r a h  and P i c k e r i n g  1977),  Fe 

o x i d e s  ( B a l i s t r i e r i  and Mur ray  1982; Ben jamin  and L e c k i e  1980) ;  Mn o x i d e s  (Gadde and 

L a i t i n e n  1974) ;  and a lum ina  (Ben jamin  and L e c k i e  1980). The e x t e n t  o f  c o m p e t i t i o n  

between Cd and o t h e r  i o n s  depends on t h e  r e l a t i v e  e n e r g i e s  o f  i n t e r a c t i o n  between 

' t h e  i o n s  and t h e  a d s o r b i n g  s u r f a c e ,  t h e  c o n c e n t r a t i o n s  o f  t h e  compe t ing  i o n s ,  and 

s o l u t i o n  pH. 

The r e l a t i v e  s t a b i l i t y  o f  C d - l i g a n d  versus  Cd-su r face  complexes, t h e  p o s s i b l e  

a d s o r p t i o n  o f  C d - l i g a n d  s o l u t i o n  complexes, and t h e  e f f e c t  o f  l i g a n d s  on t h e  

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

a d s o r p t i v e  b e h a v i o r  o f  Cd. The a d s o r p t i o n  o f  Cd by c l a y  m i n e r a l s  (Garc ia -M i ragaya  

and Page 1976; Egozy 1980), l e p i d o c r o c i t e  (a-FeOOH), amorphous Fez03 H20, s i l i c a ,  o r  

a lum ina  (Ben jamin  and L e c k i e  1980) i s  reduced by t h e  - p resence  o f  c h l o r i d e  

( T a b l e  9-1).  I n  c o n t r a s t ,  t h e  a d s o r p t i o n  o f  Cd by g e o t h i t e  (a-FeOOH) i s  n o t  s i g n i -  

f i c a n t l y  a f f e c t e d  by c h l o r i d e  c o n c e n t r a t i o n s  exceed ing  0.5 4 ( B a l i s t r i e r i  and Murray 

1982).  S u l f a t e  reduces Cd a d s o r p t i o n  by amorhpous Fez03 H20 (Ben jamin  and L e c k i e  

1982).  T h i o s u l f a t e ,  however, i n c r e a s e s  Cd a d s o r p t i o n .  The i n c r e a s e d  a d s o r p t i o n ,  

e s p e c i a l l y  below pH 7, i s  c o n s i s t e n t  w i t h  t h e  a d s o r p t i o n  b e h a v i o r  o f  f r e e  S203 on 

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

EDTA i n h i b i t e d  t h e  a d s o r p t i o n  o f  Cd by A l (OH)3,  and Fe(OH)3, and c l a y  m i n e r a l s  a t  

a l l  pH va lues  (Chubin and S t r e e t  1981) .  E x t r a c t s  o f  w a t e r  s o l u b l e  c o n s t i t u e n t s  f r o m  

sewage s ludge  and o r g a n i c  s o i l  enhance Cd a d s o r p t i o n  a t  h i g h e r  pH and reduce i t  a t  

l ow  pH (Chub in  and S t r e e t  1981).  

The a d d i t i o n  o f  

' I  

The s o i l  o r g a n i c  f r a c t i o n  does n o t  demonst ra te  marked a f f i n i t y  f o r  C d : ( T a b l e  9 -1 ) .  
Clay m i n e r a l s  w i t h  adsorbed humic a c i d s  ( o r g a n o - c l a y  complexes)  do n o t  adso rb  Cd i n  

excess o f  t h e  c l a y  m i n e r a l s  a lone ;  c l a y  m i n e r a l s ,  however, coa ted  \.l'ith Fe o r  A 1  
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ox ides  are c o n s i d e r a b l y  more e f f e c t i v e  (Levy and F r a n c i s  1976). The a d s o r p t i o n  of 

Cd by c lay-humic a c i d  m i x t u r e s  i s  e q u i v a l e n t  t o  t h e  sum of t h e  uptake by i n d i v i d u a l  

adsorbents  (Ha t ton  and P i c k e r i n g  1980). 7 

A t  low Cd s o l u t i o n  c o n c e n t r a t i o n ,  Cd i s  s p e c i f i c a l l y  adsorbed th rough  s u r f a c e  

complexat ion o f  Cd2+ and CdOH+ by amphoter ic  su r face  hyd roxy l  s i t e s  (Davis  and 

L e c k i e  1978; B a l i s t r i e r i  and Murray 1982).  Oxides o f  Fe have a s t r o n g  s p e c i f i c  

a d s o r p t i o n  c a p a c i t y  f o r  Cd. When s u r f a c e  coverage i s  h igh,  Cd r e t e n t i o n  i n  s o i l  and 

sediment i s  c o n t r o l l e d  by i o n  exchange (Navrot  e t  a l .  1978; McBride e t  a l .  1982) i n  

which Cd2+ competes w i t h  exchangeable Ca2+ and Mg2+. 

comparable t o  t h a t  o f  Ca2+ and r a p i d  exchange o f  t h e  two elements may occur. 

The i o n i c  r a d i u s  o f  Cd*+ i s  

The s p e c i f i c  a d s o r p t i o n  o f  Cd by s o i l  appears t o  occur  a t  s e l e c t  l i m i t e d  b i n d i n g  

s i t e s  on A1203, FeOOH, and Fe203-H$(am)* (Levy and F r a n c i s  1976; Benjamin and 
L e c k i e  1980) o r  on edge s i t e s  o f  l a y e r  l a t t i c e  s i l i c a t e s  (Levy and F r a n c i s  1976).  

The a d d i t i o n  o f  Cu o r  Pb, which a re  more s t r o n g l y  adsorbed, s l i g h t l y  reduces Cd 

a d s o r p t i o n  by A1203 and 

adsorbed by d i f f e r e n t  su r face  s i t e s  (Benjamin and Leck ie  1980). I n  c o n t r a s t ,  Zn 

a lmost  complete ly  d i s p l a c e s  Cd, i n d i c a t i n g  t h a t  Cd and Zn compete f o r  t h e  same group 

o f  b i n d i n g  s i t e s .  On i r o n  oxyhydrox ide,  Cd, Cu, Zn and Pb each adsorb 

p r e f e r e n t i a l l y  t o  d i f f e r e n t  su r face  s i t e s  (Benjamin and Leck ie  1980).  

FeOOH sugges t ing  t h a t  Cu and Pb a r e  p r e f e r e n t i a l l y  



T a b l e  9-1. ADSORPTION CONSTANTS FOR CADMIUM 

Adsorbent Adsorbate E l e c t r o l y t e  Adsorpt lon basurements Reference 

CEC S.A. 

m q / I O O $  2 Conc., M p~ Value(c) l d e n t  I + l e d C a )  Q Conc., M l d e n t l f y  

C l a y  Mlnara l s  

M o n t m r l  I lon l te .  
Na - f orm 

6.5- K,. I/N.a, 

N E 1 0 4  0.01 

0.03 

0.05 

0. I 7  

1.0 

Nd: I 0.01 

0.03 

0.05 

0. I 7  

1.0 

7.0 

6.5- 
7.0 

6.5- 
7.0  

6.5- 
7.0 

6.5- 
7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

7.0 

6.5- 

6.5- 

6.5- 

6.5- 

6.5- 

6.5- 

5.68, 0.69, 0.06 
16.93, (0.7, 7.8) 

4.98, 0.74, 0.05, 
10.46, (0.5, 7.7) 

1.81, 0.74, 0.05, 
2.76, (0.4, 7.2) 

0.86. 0.86. 0.02 
0.93. (0.4, 6.8) 

0.51, 0.76, 0.03. 
0.55, (0.2. 6.9) 

0.31. 0.51, 0.07 
0.28. (0.3, 6.7) 

44.56, 1.S7. -0.12, 
10.46, ( -. -1 

0.43, 0.19. 0.02, 
0.44, (0.4. 6.3) 

0.34, 0.89, 0.0. 
0.41, (0.3. 6.3) 

0.16, 1.01. -0.01, 
0.16, (0.1, 6.1) 

0.09, 1.26. -0.01. 
0.10, (0.2, 5.6) 

Garcla44lragaya and 
Page 1976 
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T a b l e  9 - 1  ( C o n t d )  . ADSORPTION CONSTANTS FOR CADMIUM 

Adsorbent Adsorbate E l e c t r o l y t e  Adsorpt lon Haasurements Reference 

I dent i f  led") mg/lOOq Conc., M I d e n t i f y  Conc., M __ p~ Constants(b) CEC 

Clay H lnera ls  (contd) 
Hontmorl I l o n l t e ,  10-6.9 - 10-6 

Na-f o r m  

Ben ton I te 

Montmor i l lon i te  

Na-form 

~ n t m r o l l o n i t e ,  
Na-f orm - 
+ H.A.. (a) 3.3 m$ g-' - 

Cs-form 
+ H.A.. 6.4 6 9 - 1  - 

AI-form 
+ H.A., 12.5 mgC g- '  - 

Fe-form 

+ H A ,  14.3 mgC g 
- I  

-2.2 
"-3.1 
3 . 5  

1 0 4 e 6  
1 0 ~ ' ~  
106-0 

- to-' 

- TraceIo9Cd 
- Traceto9Cd 

- Tracelo9Cd 
- Trscelo9Cd 

- Tracelo9Cd 
- Tracelo9Cd 

- Traceto9Cd 
- Trscelo9Cd 

( a )  Humlc a c l d  

Na SO 
2 4  

Seawater 

NaCl + 
NaOAC 

NaNO + 

NaOAJ 

NaNO + 

NaOAI? 

NaCl + 
NaOAC 

ca(No3)2 
Ca(N03 ) 

Ca(NO3I2 
Ca (NO3 1 

Ca (NO3) 
Ca(N03 )2  

Ca (NO. ) -  

0.03 

0.05 

0.075 

-0.7 

0.1. 0.1 
0.1, 0.1 

0.1. 0.1 
0.1, 0.1 

0.1. 0.1 
0.1. 0.1 
1.0, 0.01 
1.0, 0.01 

0.1, 0.01 
0.1. 0.01 
0.01. 0.01 
0.01, 0.01 
1.0. 0.01 
1.0, 0.01 
0.1, 0.01 
0.1, 0.01 
0:Ol. 0.01 
0.01. 0.01 

0.01 

0.01 

0.01 
0.01 

0.01 
0.01 

0.01 
0.01 

6.5- KF, 1M.a  
7.0 b, Am, KL 

6.5- '1 

7.0 

3.90, 1.05. 0.00 Garcla-Miragaya and 
3.64. (0.9. 6.7) Page 1976 

0.74, 0.78, 0.03 
0.85. (0.8. 6 . 5 )  

6.5- " 

7.0 

8;O Am, KL 

5.2 A. Kd 
6.4 A, Kd 

5.2 A. Kd 
6.4 A. Kd 

5.2 A, Kd 
6.4 A. Kd 

5.0 Kd 

d 
6.5 K 

5.0 Kd 

d 
6.5 K 

d 
5.0 K 

d 
6.5 K 

5.0 Kd 
6.5 Kd 

5.0 Kd 
6.5 Kd 
5.0 K,, 
6.5 Kd 

d 
- K  

- Kd 

- Kd 
d 

- K  

- Kd 
- Kd 

- K  
- K  

d 
d 

0.63, 0.82, 0.04. 
0.63. (0.7, 6.2) 

(1.2, 6.2) 

IO, ( 1 . 5 )  
IO, (12) 
1 ,  (3.3) 
I ,  (37) 
0.1, (6) 
0.1. ( 9 0 )  
(8 1 
(100)  
(40) 

(270) 
(210)  

(900) 
(c0.5)  
(1.5) 
( 9 )  

(100) 
(130) 
(900) 

59 

56 

104 
89 

33 
52 

43 

6 1  

Egozy 1980 

Levy and 

Francis 1976 



T a b l e  9 -1  ( C o n t d ) .  ADSC,?PTION CONSTANTS FOR CADMIUM 

Adsorbent Adsorbate Electrolyte Adsorptlon Heesurements Reference 
CEC 'S2A. 

ldentlfled(a) neg/IOOg Conc., M ldentlfy Conc., M pH Constants (b )  Value(c) 

Clay Hlnera ls  

Hontmorlllonlte. 
AICOH) -coated 3 
+ H.A.. 3.3 mgC g-' 

Fe (OH )3-coated 
+ H.A., 2.0 mg L g- '  

Hontmorlllonlte 70 

Kaollnlte 

Verrnl cu I I te 

4 

70 

Tracelo9Cd Ca (NO3 )2 
Trace Io9Cd Ca (NO, )2 

TraCelo9Cd Ca (NO3I2 

TraceloyCd 3 2  

0.0005 - 0.05 XI- 

0.025 - 0.075 El- 
0.0025 - 0.0075 ZCI- 

0.025 - 0.075 ECII 
0.0025 - 0.0075 )TI 

0.00025 - 0.075 )XI- 

0.005 - 0.05 )TI- 

0.0025 - 0.075 ECI- 

0.025 - 0.75 XI- 
0.0025 - 0.0075 CCI- 

0.025 - 0.075 XCI; 
0.0025 - 0.0075 SI 

0.005 - 0.05 ECI- 

Ca(N0 ) 

0.025 - 0.075 ZCl: 
0.0025 - 0.0075 CCI 

0.025 - 0.075 ECI; 
0.0025 - 0.0075 ECI 

0.0025 - 0.075 ZCI- 

d 
d 

0.01 - K  
0.01 - K  

d 
d 

0.01 - K  
0.01 - K  

0.01 - 0.1 5-6 A,,,, KL 

0. I 5-6 <: 
0.01 5-6 

0. I 5-6 $: 
0.01 5-6 

0.01. 0.1 5-6 <: 
0.01 - 0.1 5-6 Am, KL 

0.01. 0.1 5-6 KZ:d 

0.1 5-6 KMid 
0.01 5-6 

0. I 5-6 <: 
0.01 5-6 

0.01 - 0.1 5-6 A,,,, KL 

0.1 5-6 F$ 
0.01 5-6 

0.1 5-6 $: 
0.01 5-6 

0.01, 0.1 5-6 cgd 

614 
376 

222 
I50 

(310. 2.9) 

2.0-2.25 
1.62- I. 70 

1.75-2.08 
I. 33-1.54 

99- 

(16, 2.81 

1.25-1.54 

1.25-1.34 
1.38-1.5 1 

10.5-19.7 
10.5-21 .O 

(440, 2.7) 

3.83-5.54 
4.38-5.02 

I .33-1.6 I 
1.22-1.25 

99- 

Levy and Francls 
1976 

Stuanes 1976 



T a b l e  9-1  ( C o n t d ) .  ADSORPTION CONSTANTS FOR CADMIUM 

Adsorbent Adsorbate E l e c t r o l y t e  Adsorpt lon Measurements Reference 

Conc.. M p~ Constants(b) CEC 
l d e n t l t  l e d ( a )  meg/lOOq Conc., M l d e n t l f y  

Clay M lne ra l s  
H o n t m o r I I l o n I t e  

Feldspars:  
A l b l t e  

Mon tmr I I Ion I t e  
Ca-saturated 
Cd-saturated 
Pb-saturated 
Cd-saturated 

IIllte. 
Ca-sa t u r a t o d  
Cd-saturated 
Pb-saturated 
Cd-saturated 

Kaol  In1 tq, 

Ca-sa t u r a  t e d  
Cd-saturatod 
Pb-satura ted  
Cd-saturated 

96 - 0.005 - 0.05 

- 0.005 - 0.05 

106 

15.4 - 

2 2  

7x1- 

I C I -  

L s a l t s  

Z s a l t s  
L s a l t s  
T: s a l t s  

L s a l t s  
C s a l t s  

b s a l t s  
I: s a l t s  

I: S a l t s  

I: s a l t s  
I: s a l t s  

Z s a l t s  

0.01 - 0.1 

0.01 - 0.1 

1 o-) 
IO-) 
lo-’ 
IO-) 

IO-) 
I 0-’ 
IO-) 
IO-) 

10-3 

lo-’ 
 IO-^ 
lo-’ 

(460, 2.6) 5-6 Am* KL 

5-6 Am’ KL (2.9. 1.9) 

Ca 
4.8- Kcd 

6.5 1.2 
0.87 
0.44 

6.5 0.72 

Cd 
4.8- Kpb 

4.8- g; 
6.5 0.79 

1.2 
0.47 

6.5 0.65 

Cd 
4.8- Kpb 

Ca 
4.8- KCd 
6.5 0.85 

0.94 
0.28 

6.5 0.34 

Cd 
4.8- Kpb 

Stusnes 1976 

B l t t e l l  and 
M I  I l e r  1974 

B i t t e l l  and 
MI I l e r  1974 
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T a b l e  9-1 ( C o n t d )  . ADSORPTION CONSTANTS FOR CADMIUM 

Adsorbent Adsorbat e E I e c t r o  I y te A d s o r p t l m  Measurements Reference 

l d e n t l  f l ed(a)  neq/lOo~ Conc.. M ldent  I f y Conc.. M __ p~ Constants(b) ~ a ~ u e ' ~ )  
CEC 

So1 I - 
Lanslng A 6.6 

caw2 0.01 

Sol I 
6.3 Am' KL 
6.3 

- 
20, 5.2 

1.0, 4.3 

Cava I l a r o  and 

Mct3rlde 1978 

C 9.5 - - - 8.4 A,,,, KL 20, 5.1 

Mardln A 5.5 4.7 Am, KL 6 .  5.3 
4.1 0. - 

30 Sol Is - compos1 t e  - A  44, 4.9 John I971 m' 'L 

John 1972 46 f 6; 5.2 t 0.2 5 Organlc sol I s  

43 2 3; 5.0 f 0.2 8 Heavy c l a y s  

44 -+ 6: 5.0 0.3 I 2  Sandy and sl l t  loam - 

44 f 3; 4.8 f 0.3 5 Sandy sol I s  

44 f 5; 5.0 0.3 A l l  S O I I S  

S o i l  P C l a y  b O.H. - 
7.0 7.8 

16.1 2.7 

4.0 0.9 
6.8 4.2 

1.8 1.7 
34.7 1.0 

10.9 3.1 
7.7 2.1 

24.9 4.5 
14 .9  4 . 2  

32.5 - 
27.5 

8.8 
20.0 
15.0 
20.0 

17.5 
16.2 

31.2 
30.0 

Sol I 

'.' 1.9 A Am' KL 
m' L 

8.2 Am, KL 
7.9 Am, KL 
8.1 Am, KL 
8.6 Am. KL 
8.5 Am, KL 
8.3 Am, KL 

8.1 Am. KL 
7.7 Am, KL 

- 
K 90, 4.4 

27, 3.8 

69. 4.3 
38, 4.2 
68, 3.8 
41. 4.2 

40, 4.2 
94. 4.4 

89, 4.1 

78, 3.9 

sol I - 
0.21 8.2 65 o -  IO-^.^ NaC I 0.01 8.2 Am, KL 42, 3.8 
0.83 15.4 85 o -  IO-^.^ NaC I 0.01 7.8 Am' KL 53, 4.4 

0.01 8.3 Am, KL 57, - 0.23 18.9 131 0 - 10-2*4 N ~ C I  
0.19 31.8 226 0 - NaC I 0.01 7.6 Am, KL 62, 4.0 
0.86 37.0 315 0 - N K I  0.01 7.9 Am. KL 89, 3.6 

Lev l -Mlnz l  e t  a l .  I976 

Navrot  e t  at. 1978 



Tab le  9-1 ( C o n t d ) .  ADSORPTION CONSTANTS FOR CADMIUM 

- Adsorbent Adsorbate E l e c t r o l y t e  Adsorpl Ion Measurements Reference 

CEC S2A. 
I dent I f  l e d ( a )  neg/IOOq Q Conc., M ldent l fy  

Sol1 5 C l a y  S O.M. 
59.6 21.6 
59.6 0 

- 

Cu-enr I ched MI I 
59.6 21.6 

36.5 3.5 
36.3 0 

12.9 .17.8 
12.9 0 

18.9 3.5 
18.9 0 

Depth 
0-7.5 cm 10.6 

7.5-15 cm 5.4 

I Clay Z O.C. 
10.1 0.61 

31.2 1.26 
10.4 0.69 
24.6 0.75 
20.2 0.76 
5.5 0.35 
8.9 0.54 

3.98 
3.98 
1.66 
1.72 
2.95 
4.23 
2.47 
6. I4 
1.47 
2.24 
0.61 

57.5 
23.7 

38.8 
11.3 

22.6 
15.4 

27.5 
13.1 

18.4 

8.4 

6.96 
18.23 
6.09 

12.18 
10.44 

3.83 
4.55 

9.01 
9.01 
1.22 

3.58 
7.55 
6.98 
16.51 
13.05 
5.24 
11.81 
3.24 

slmulated - 
sludge 

10-7.4 - 10-5.8 

10-7.4 - lo-5.8 leachate 

K C I  
"-4.4 - -5.1 KCI IO - 10-4.4 "-3. I - IO KCI 
10-4.4 - 10-3.1 KC I 

K C I  10-4.4 - lo-3.1 

0.1 
0. I 
0. I 
0. I 

0. I 
0.1 

0. I 

Sol I 
5.4 Am, KL 
5.4 Am, KL 

- 

- Am. KL 

6.7 Am, KL 

6.7 Am. KL 

7.0 Am, KL 
7.0 Am, KL 

6.0 Am, KL 
6.0 Am, KL 

7.2 Am, KL 

7.2 F ' n  

K I/N 

7.0 Am* KL 

m' 'L 
7.0 A 

7.0 Am, KL 
7.0 Am, KL 

7.0 Am, KL 
7.0 Am, KL 

7.0 Am, KL 

Sol I 
4.8 Am, KL 
4.8 Am, KL 

4.3 Am, KL 
4.3 Am, KL 

3.6 Am, KL 

4.3 Am, KL 
4.3 Am, KL 
4.8 Am, K,, 

4.2 Am# KL 

- 

3.9 Am' KL 

4.6 Amp KL 

62. 4.2 
75, 3.9 

45, 3.0 

54. 4.4 
34, 3.7 

109. 4.8 
54. 4.4 

36, 4.1 
46, 3.7 

0.021, 6.7, 

0.013. 6.5, 
0.048, 0.82 

0.014, 0.71 

7.5, 3.3 
22, 4.0 
8.5, 3.3 
12.5, 3.5 
8.5, 3.4 
6.5: 3.3 
7.0, 3.3 

(40, 7.5) 
(4.7. 6.2) 
(0.6, 5.7) 
(1.6, 5.9) 
(1.4. 5.8) 
(1.2, 6.2) 
(3.0, 5 . 8 )  

(3.9, 6.0) 
(2.7, 6.2) 
(2.6, 5.8) 
(1.4.  7.1) 

Petruzell l  e t  a l .  
1978 

S i d l e  and 

Kardos 1977 

Slngh and Sekhon 

1977 

Slngh 1979 
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T a b l e  9-1 (Con td ) .  ADSORPTION CONSTANTS FOR CADMIUM 

Reference Adsorbent Adsorbate E l e c t r o l y t e  Adsorptlon Measurements 

m q / l o o Q  Conc., M I d e n t i f y  Conc.. M p~ Constants(b' Value(c) 
CEC s2A. I dent1 f l e d ( a )  

Sol I - 

IO 
29 
5 
15 
2 
3 
9 
20 
15 
21 
I5 
14 

17 
19 
5 
7 
26 
52 

A I  -saturated 

205 

0.72 60.0 

16.3 33.8 

1.8 25.0 

1.5 23.8 

& 
1.79 4.1 
0.12 5.1 
1.31 3.9 
0.36 6.1 

1.15 2.2 
0.15 1.2 
7 . 3 3  23.2 
2.90 1 1 . 1  
2.43 11.2 
1.02 10.3 
2.91 11.5 
1.22 8 . 4  

0.88 18.2 
3 . 8 4  1.4 

2.50 14.9 

0.28 3.0 
4 . 9 5  20.9 
1.09 1 a . 4  

59 

-5 
IO-5 
10 

 IO-^ 
 IO-^ 
 IO-^ 
 IO-^ 
 IO-^ 

IO+ 

-5  
10 

AlCl, 

0.002 - 0.02 
0.002 - 0.02 

0.002 - 0.2 

Sol I - 8.4 Kr, l f l ,  23.2, 0.72 

a. b 0.20. 54.3 

5.2 KF, I/N, 
a. b 

5.8 KF, 1/N, 

Sol I 
4.8 KrC 
4.5 " 

4.8 " 

5.0 11 

5.0 ' 1  

5.2 " 

6.0 ' 1  

6.0 ' 1  

6.8 $1 

7 . 3  1' 

5.2 " 

5.0 18 

5.1 1' 

6.0 11 

4.1 11 

4.5 " 

5.0 " 
5.7 n 

a. b 

- 

4 . 3  K:; 

6.1 K i t  

6.8 K:; 

6.8, 0.66, 
0.16, 16.0 

8.3, 0.95, 
0.0, 9.7 

3.6, 0.63, 
0.03, 15.5 

2.5 
0.8 
1.0 
2.3 
0.1 
0.7 
13.5 
6.0 
13.5 
10.5 

2.4 
6.5 
8.0 
1.2 
0.5 
10.0 
11.5 

4. I 

O.Ol3+0.003 

0.0 I 2?0.001 

0.016f0.006 

Garcla-MI ragaya 

1980 

McBrlde e t  a l .  1981 

Lagemert  f and 

Brorer  1972 



Sedlrrent 
Coastal .  m r l n e  

R l v e r  

R l v e r .  Slze, m a 
0.44 0.6 
0.007 3.2 
0.125 5.2 
0.16 35.7 
0.27 2.4 
0.011 1.3 
0.18 9.9 

Tab le  9-1  (Contd) . ADSORPTION CONSTANTS FOR CADMIUM 

Adsorbent Adsorbate E l e c t r o  I y t e  Adsorp t l on  Measurements Reference 
CEC S A. 

wg/IOOg ~ 2 Conc., M l d e n t l f y  Conc.. M p~ Constants(b) Value ( C )  l d e n t l f  l e d ( a )  

Sol I - 
Ca-saturated 59 - - 10-6.1 CaCI2 0.002 - 0.02 4.3 K Z  3.4t0.4 Mllberg et a l .  1978 

205 - to-7 - 10-6-1 caclz 0.002 - 0.02 6.7 K:: 17t3 

184 - - CaCI2 0.02 - 0.002 6.8 K E t  2426 

- IO+ Seam t e r  -0.7 8.1 AI, k l  I )  0.025, 157 
21 0.017, 1.33 
3) 0.014, 0.046 
4) 0.009, 0.005 
0.065 

A2' k2 
A3* kg 
A4' k4 
XA 

R I  ver 7.3- Am, KL (2.0. 5.2) lo-7.7 - lo-5.8 

10-7.7 
lo-7.3 ,t 1, 

10-P.9 ,I  11 

lo-6.3 I* 11 

10-5.8 I, It 

10-7.3 water 8.0 Kd, 6.li0.8 
e, I, 25.0 

13.0 
8.0 
2.6 
I .2 

17, 5.4 
173, 5.4 
29, 4.5 
31, 5.4 
10, 5.2 
83, 6.0 
37, 4.4 

13.2 3.7 - 10-4.' - ' 
3 .6  0.81 I o-4. 1 

o-4. I 
- I  4.9 1.06 - 

- l o - 3 - 1  - 7.0 Am, KL (36, 4.3) 
7.4 A K (30 .  4.4) 
6.8 Am# KL (27, 4.2) 

7.1 Am, KL (26, 4.0) 

m' L 

Hardy e t  a l .  1981 

Gardlner 1974 

Ramsmoorthy and 

Rust 1978 

Duddrldge and 

Wathwrlght 1981 

( a )  M.A. = humlc ac ld ;  O.M. = o rgan lc  ac ld ;  0 C. = o rgan lc  carbon 
( b )  KF, I / N  = F reund l l ch  constants f o r  A = Cl'n, A = urn1 g ; C = uM. a,  b = In te rcep t ,  s lope of l l n e a r  Isotherm. Am = L a n g m I r  adso rp t l on  naxlmum, - 1  

- 1  - I  k l  
t f l c l e n t .  I c t l v l  ~imI  g 

-K:, '02' = su r face  complexat lon constants,  log; K'"! l n t r l n s l c  adso rp t fon  constants, log, Kc = a t t l n l t y  c o e f f ~ ~ l ~ n ~  $c = 'r, r t e n  '? I o n  capa6 l t y ;  

A, .  KI  = adso rp t l on  capac l t y  urn1 g 

; K L  = Langrmlr constant,  log , A = ad o r p t l o n ,  uno1 K = d l s t r l l u t l o n  c c m f f l c l e n t .  m l  g-'; K 

- I  M- I 
and r a t e .  h r  a t  d l f f e r e n t  adso rp t l on  s l t e s  

( c )  0 = es t ima ted  va lues  



S e c t i o n  10 

CHROMIUM 

Chromium e x i s t s  as C r (  111) and i t s  h y d r o l y s i s  p roduc ts  under reduc ing  and moderate ly  

o x i d i z i n g  c o n d i t i o n s  whereas under s t r o n g l y  o x i d i z i n g  c o n d i t i o n s  i t  e x i s t s  as 

Cr(V1).  A t t e n u a t i o n  mechanisms o f  C r  have n o t  been e x t e n s i v e l y  s tud ied .  However, 

C r ( I I 1 )  and Cr(V1) e x h i b i t  marked d i f f e r e n c e s  i n  t h e i r  geochemical behav io r .  

I n  a d d i t i o n  t o  p r e c i p i t a t i o n  [as Cr(OH)3 and p o s s i b l y  as d i v a l e n t  meta l  chromi tes] ,  

C r ( I I 1 )  i s  s t r o n g l y  adsorbed by s o i l  m i n e r a l s  th rough  s p e c i f i c  a d s o r p t i o n  and i o n  

exchange. 

adsorbed by i r o n  ox ides  under a c i d i c  pH c o n d i t i o n s  (pH < 7 ) .  Thus, chromate e x h i b i t s  

s i g n i f i c a n t  subsur face m o b i l i t y  under n e u t r a l  and b a s i c  pH reg ions ,  and i s  adsorbed 

moderate ly  by a c i d i c  s u b s o i l s  t h a t  a r e  h i g h  i n  i r o n  hydrous ox ides.  The c a t a l y t i c  

r e d u c t i o n  o f  Cr(V1) by s o l u b l e  o rgan ic  l i g a n d s  and p a r t i c u l a t e  o r g a n i c  m a t e r i a l  , and 

o x i d a t i o n  o f  C r 3 '  by s o i l  Mn ox ides a r e  i m p o r t a n t  mechanisms i n f l u e n c i n g  t h e  

env i  ronmental  chemis t r y  o f  Cr .  

I n  c o n t r a s t ,  Cr(V1) e x i s t s  as an anion (CrOg-) and i s  s p e c i f i c a l l y  

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

Chromium i s  a m u l t i v a l e n t  element; i n  t h e  env i ronmenta l  range i n  Eh and pH, on l y  t 3  
and +6 valence s t a t e s  o f  Cr a r e  impor tan t .  The C r ( I I 1 )  s t a b i l i t y  f i e l d  extends ove r  

a wide range i n  pH and Eh, whereas Cr(V1)  occurs o n l y  under s t r o n g l y  o x i d i z i n g  

c o n d i t i o n s .  Therefore,  under moderate ly  o x i d i z i n g  t o  reduc ing  c o n d i t i o n s ,  C r (  111) 

m i n e r a l s  are expected t o  be more s t a b l e  than Cr(V1) m ine ra l s .  

C r ( I I 1 )  m ine ra l s  a t  moderate ly  o x i d i z i n g  c o n d i t i o n s  (pe + pH = 10) i s  g iven i n  

F i g u r e  10-1. 

Chromites (XCr204-nH20, where X = d i v a l e n t  c a t i o n )  a r e  known t o  r e a d i l y  f o rm under 

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

Among a l l  t h e  C r ( I I 1 )  s o l i d  phases f o r  which data a r e  a v a i l a b l e ,  FeCr2Oq i s  t h e  

l e a s t  s o l u b l e  compound a t  pe + pH 2 14. 

m i n e r a l ,  i t  i s  l i k e l y  t o  be t h e  s o l u b i l i t y - c o n t r o l l i n g  s o l i d  phase under s l i g h t l y  

reduced c o n d i t i o n s  (Tab le  A-5). 

The s o l u b i l i t y  o f  

Among t h e  ox ides and hydrox ides,  Cr2O3 i s  t h e  l e a s t  so lub le .  

However, MgCr204 a t  pH 4 0  i s  more s o l u b l e  than  Cr2O3. 

Because FeCr204 i s  a common C r ( I I 1 )  

F i g u r e  10-2 rep resen ts  the  s o l u b i l i t y  o f  Cr under o x i d i z e d  c o n d i t i o n s  (pe + pH = 

18 ) .  The chromates (XCrOq-nH20), e s p e c i a l l y  BaCrOq, PbCrOq, and Ag2Cr04, r e a d i l y  

10-1 



PH 

33 F i g u r e  10-1. 
a t  a f i x e d  redox  p o t e n t i a l  (pe t pH = 10) whe 

a c t i v i t y  i s  f i x e d  a t  10- . 
The s o l u b i l i t y  of v a r i o u s  C r  rn inera  

Fe 
a c t i v i t y  i s  c o n t r o l l e d  byS&e(0H)3(arn) ,  and Mg Yt 

12 

-16 I I I I I I 1 I I I 
2 3 4  5 6 7 8 9 1 0 1 1 1 2  

DH 

F i g u r e  10-2. 

were assumed t o  be 10- 
PbC03 ( w h i c h e v e r  was l o w e r ) .  

S o l u b i l i t y  o f  C r  r n ' n e r a l s  a t  pe + 
pH = 18 as a f u n c t i o n  gf  pH. Pb $t a c t i v i t i e s  

o r  c o n t r o l l e d  by 

10-2 



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

a c t i v i t i e s  a r e  so l ow  t h a t  t h e i r  co r respond ing  chromates w i l l  be t o o  s o l u b l e  t o  be a 

s o l u b i l i t y - c o n t r o l l i n g  s o l i d .  However, l ead  chromate may be of importance and would 

m a i n t a i n  low c o n c e n t r a t i o n s  of C r O $ -  a t  pH <8 when t h e  aqueous Pb2+ a c t i v i t i e s  a r e  

assumed t o  be c o n t r o l l e d  by PbSOq(c) [ a t  p~ < 6 and SO$- = 1 0 - 3 i 1  and PbC03(c) [ a t  

pH > 6 and Cop 0.0003 atm]. The s o l u b i l i t y  o f  Cr2O3 decreases w i t h  t h e  decrease i n  

pe + pH. 

l ow  c o n c e n t r a t i o n s  o f  C r O g - ,  e s p e c i a l l y  a t  pe + PH va lues <16. 

Under env i ronmenta l  c o n d i t i o n s ,  Ea2+ and Ag+ aqueous 

The Cr2O3 i s  a p o s s i b l e  s o l u b i l i t y  c o n t r o l  and would a l s o  m a i n t a i n  very 

F igu res  10-3 and 10-4 r e p r e s e n t  t h e  aqueous s p e c i a t i o n  o f  C r  i n  e q u i l i b r i u m  w i t h  

Cr203(c) a t  va r ious  redox p o t e n t i a l s .  
appears t o  be t h e  dominant i o n  below pH 4.3. However, thermodynamic data r e g a r d i n g  

t h e  p o l y n u c l e a r  species a r e  judged t o  be u n r e l i a b l e  because t h e y  p r e d i c t  u n r e a l i s t i c  

s o l u b i l i t i e s  a t  low pH ( a c t i v i t i e s  of C r 2 ( 0 ~ ) $ +  and Cr3(OH)fi+ a t  pH 2 a r e  103.96 and 

107.37, r e s p e c t i v e l y ) .  

dominant below pH 4.2, w i t h  t h e  C r ( I I 1 )  h y d r o l y s i s  species be ing  predominant a t  

h i g h e r  pH values. 
expected t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  aqueous Cr c o n c e n t r a t i o n s  i n  

n a t u r a l  environments.  The Cr(V1)  species a r e  no t  i m p o r t a n t  a t  pe + pH = 10, bu t  

w i l l  become impor tan t  i n  - a l k a l i n e  s o l u t i o n s  when t h e  redox p o t e n t i a l  i s  i nc reased  t o  

pe + pH = 12. As t h e  redox p o t e n t i a l  i s  f u r t h e r  i nc reased  t o  pe + pH = 18 

( F i g u r e  10-4),  t h e  Cr(V1) species HCr04, Cr0;- and KCr04 become impor tan t  a t  pH 

va lues >4.5. 
C r ( I I 1 )  spec ies a re  unchanged ( o n l y  t h e  Cr3+ and h y d r o l y s i s  species a r e  g i ven  i n  

F i g u r e  10-4). The C r ( I I 1 )  spec ies a r e  predominant a t  pH values <4.5. 

A t  pe + pH = 10 ( F i g u r e  10-3), Cr3(0H);+ 

D i s r e g a r d i n g  t h e  p o l y n u c l e a r  species,  CrF2+ and Cr3+ a r e  

Chromium(I I1)  complexes o f  SO; - ,  H2P04, C1-, NO?, and B r -  a r e  n o t  

Because e q u i l i b r i u m  w i t h  Cr203 i s  assumed, t h e  p o s i t i o n  o f  l i n e s  f o r  

PRECIPITATION/DISSOLUTION 

A l i t e r a t u r e  search d i d  n o t  revea l  any s t u d i e s  where C r  compounds were i d e n t i f i e d  as 
c o n t r o l l i n g  aqueous Cr c o n c e n t r a t i o n s .  However, seve ra l  i n v e s t i g a t o r s  (Krauskopf 

1956; B a r t l e t t  and Kimble 1976a, 1976b; Hem 1977; G r i f f i n  e t  a l .  1977; Cry and Olson 

1977) present  evidence t h a t  suggests t h e  f o r m a t i o n  of s o l u b i  l i t y - c o n t r o l l i n g  s o l i d s  

o f  C r ( I I 1 ) .  Krauskopf (1956) quoted by M a t z a t  and S h i r a k i  (1978) concluded t h a t  C r  

c o n c e n t r a t i o n  i n  sea water i s  p robab ly  c o n t r o l l e d  by Cr(OH)3. Hem (1977) looked a t  

t h e  ground-water composi t ion ( r e p o r t e d  by Robertson 1975) f r o m  Paradise Val l e y ,  

Ar izona and s t a t e d  t h a t  t h e  values a re  c l o s e  t o  t h e  s o l u b i l i t y  o f  Cr203. Most O f  
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F i g u r e  10-3. 
e q u i l i b r i u m  w i th  Cr203(c )  a t  a f i x e d  redox  p o t e n t i a l  (pe  + 
B r -  = SO$- = C1- = and H ~ P O ;  = 10- . 

C o n c e n t r a t i o n s  of v a r i o u s  Cr s o l u t i o n  s p e c i e s  i n  

pH = 10). Assumed a c t i v i t i e  o f  l i g a n d s  a r e  a 3 . f o l l  ows: 

2 3 4 5 6 7 8 9 10 11 12 

PH 

F i g u r e  10-4. 
spec ies  i n  e q u i l i b r i u m  , w i t h  CrzO3 a t  pet+ pH = 18. 
Assumed a c t i v i t i e  f l i g a n d s  were :  Na = Kt = 

C o n c e n t r a t i o n s  of v a r i o u s  Cr s o l u t i o n  

and t o t a l  P i =  10- t.8 . 
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t h e  C r ( I I 1 )  s o l u b i l i t y - c o n t r o l l i n g  s o l i d s  a re  e i t h e r  though t  t o  be Cr(OH)3 o r  

C r (  111) c o p r e c i p i t a t e d  w i t h  Fe ox ides.  These suggest ions p r i m a r i l y  a r i s e  from: 

o t h e  thermodynamic t rea tmen t  o f  t h e  data where t h e  s o l u b i l i t y  o f  t h e  
FeCr 04) i s  p r e d i c t e d  t o  be t h e  lowest  among t h e  C r  

m i n e r a l s  chromite ! o r  w 2 i c h  t h e  data a r e  a v a i l a b l e  (Hem 1977) 

0 t h e  s imp le  l a b o r a t o r y  exper iments where t h e  pH o f  t h e  a c i d i c  
s o l u t i o n s  c o n t a i n i n g  f a i r l y  h i g h  Cr c o n c e n t r a t i o n s  was a d j u s t e d  t o  
h i g h e r  va lues ( B a r t l e t t  and Kimble 1976a, 1976b; G r i f f i n  e t  a l .  
1977) 

t h e  s i m i l a r i t y  o f  C r ( I I 1 )  i o n i c  r a d i u s  t o  Fe and t h e  obse rva t i ons  
t h a t  aqueous C r ( I I 1 )  i s  removed by Fe(OH)3 p r e c i p i t a t i o n  and t h a t  C r  
d u r i n g  weather ing i s  found t o  a s s o c i a t e  w i t h  t h e  f e r r i c - r i c h  
m a t e r i a l s ,  such as p o d z o l i c  B ho r i zons ,  l a t e r i t e s  and b a u x i t e s  and 
i r o n  ox ides (Matzat and S h i r a k i  1978; Grove and E l l i s  1980; Nakayama 
e t  a l .  1981a, 1981b; P l o t n i k o v  and Safonov 1979). 

0 

Hem (1977) suggested t h a t  s t r u c t u r e s  s i m i l a r  t o  ch romi te  (FeCr204) w i t h  Mn r e p l a c i n g  

Fe may a l s o  e x i s t  bu t  thermodynamic da ta  f o r  t hese  s o l i d s  a r e  no t  a v a i l a b l e .  The 

above s t u d i e s  show t h e  impor tance o f  Fe ox ides i n  p o s s i b l y  c o n t r o l l i n g  C r  

c o n c e n t r a t i o n s  and a l s o  i n d i c a t e  t h e  l a c k  o f  accu ra te  s o l u b i l i t y  data f o r  d i f f e r e n t  

s o l i d s .  

ADSORPTION/DESORPTION 

The aqueous environmental  chemis t r y  o f  chromium i s  comp l i ca ted  by t h e  presence o f  

t w o  o x i d a t i o n  s t a t e s :  C r ( I I 1 )  and Cr(V1).  These, i n  t u r n ,  e x h i b i t  c o n t r a s t i n g  

a d s o r p t i o n  behavior  i n  s o i l  and s u b s o i l  because o f  t h e i r  valence. Chromium(I I1)  

e x i s t s  as a c a t i o n ,  C r 3 + ,  and Cr(V1) as an oxyanion, C r O f - ,  and, a t  h i g h  

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

p roduc ts  and chromate (CrOi-, HCrOj) a r e  t h e  prominent spec ies o f  concern i n  u t i l i t y  

waste l eacha te  and subs t ra ta .  The t h e o r e t i c a l  e q u i l i b r i u m  l o g  r a t i o  o f  

C r ( V I ) / C r ( I I I )  i s  20.5 under pH and pe c o n d i t i o n s  found f o r  most oxygenated waters  

(MacNaughton 1977);  t h i s  r a t i o  i s  no t  expected t o  d i f f e r  a p p r e c i a b l y  i n  s u r f a c e  

s o i l s .  Nonequ i l i b r i um c o n d i t i o n s  may e x i s t  between these  species.  I n  a d d i t i o n ,  

chromium s p e c i a t i o n  measurements i n  mar ine waters i n d i c a t e  s i g n i f i c a n t  concentra-  

t i o n s  o f  C r ( I I 1 )  (Emerson e t  a l .  1979). Other f a c t o r s ,  n o t a b l y  reduc ing  s u b s t r a t e s  

i n  s o i l ,  s u b s o i l ,  and g e o l o g i c  s u b s t r a t e ,  may be more impor tan t  i n  c o n t r o l l i n g  C r  

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

M C r ) ,  as Cr&-. The chromous ( C r + 3 )  i o n  and i t s  h y d r o l y s i s  

Cr( I I I )  

The a d s o r p t i o n  o f  Cr(  111) i n  s o i l s  has not rece ived  widespread research a t t e n t i o n .  

Because  o f  i t s  r a p i d  h y d r o l y s i s ,  p r e c i p i t a t i o n  a s  t h e  hyd rox ide  Cr(OH)3, and 

c o p r e c i p i t a t i o n  w i t h  Fe(OH)3, t h e  a t t e n u a t i o n  o f  Cr(II1) s o i l  i s  no rma l l y  a s c r i b e d  
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t o  s o l i d  phase fo rma t ion  (Hem 1977, A r t i o l a  and F u l l e r  1979). A d s o r p t i o n ,  however, 
i s  an i m p o r t a n t  mechansism a t  l ower  pH (<4.5)  and C r  c o n c e n t r a t i o n  (<10-6 M)  

(Table 10-1).  

i s  s t r o n g l y  and s p e c i f i c a l l y  adsorbed by s o i l  Fe and Mn ox ides ( K o r t e  e t  a l .  1976),  
bu t  a t  h i g h e r  c o n c e n t r a t i o n s  may undergo exchange r e a c t i o n s  . w i t h  l a y e r  l a t t i c e  

s i l i c a t e s  ( G r i f f i n  e t  a l .  1977). By analogy t o  o t h e r  h y d r o l i z a b l e  me ta l s  and based 

on l i m i t e d  ev idence (Nakayama e t  a l .  1981a), o r g a n i c  m a t e r i a l  may a l s o  be an 
i m p o r t a n t  adsorbent i n  s o i l .  

ox ides which may c a t a l y z e  o x i d a t i o n  t o  C r ( V 1 )  ( B a r t l e t t  and Kimble 1979, Nakayama 

e t  a l .  1981b). 

L i m i t e d  s t u d i e s  i n f e r  t h a t  C r ( I I I ) ,  l i k e  o t h e r  c a t i o n i c  heavy me ta l s ,  

Chromium(I I1)  a d s o r p t i o n  may be i n f l u e n c e d  by Mn 

Chromium( 111) a d s o r p t i o n  i nc reases  w i t h  i n c r e a s i n g  pH (Tab le  10-1). On s i l i c a ,  t h i s  
i n c r e a s e  r e f l e c t s  a decreas ing p o s i t i v e  charge d e n s i t y  o f  s u r f a c e  s i l a n o l  groups and 

more f a v o r a b l e  coulombic i n t e r a c t i o n  between h y d r o l y z e d  Cr(  111) and t h e  o x i d e  

s u r f a c e  (James and Healy 1972a). 

s i l i c a  a r e  es t ima ted  t o  be: 

Cr(OH)$ (James and Healy 1972b). 

charge d e n s i t y  t o  meta l  r a t i o  [e.g., Cr(OH)2+, Cr(OH);, Cr2(0H)f+,  or  C r s ( o ~ ) f $ ]  

a l l o w s  more C r ( I I 1 )  t o  b ind,  e l e c t r o s t a t i c a l l y ,  t o  f i x e d  charge s i t e s  on l a y e r  

l a t t i c e  s i l i c a t e s  w i t h  i n c r e a s i n g  pH ( G r i f f i n  e t  a l .  1977). 

The predominant adso rb ing  species o f  C r ( I I 1 )  on 

Ca t ion  exchange o f  h y d r o l y s i s  species w i t h  a l ower  

pH < 1.9, Cr+3; pH 1.9-5.0, CrOH2+; and pH > 5.0, 

Organic l i g a n d s  may form s t a b l e  aqueous complexes w i t h  Cr (  111) and reduce a d s o r p t i o n  

(Nakayama e t  a l .  1981a). C e r t a i n  o rgan ic  a c i d s  appear p a r t i c u l a r l y  e f f e c t i v e .  F o r  

i ns tance ,  asc,orbic and c i t r i c  a c i d s  reduce C r (  111) a d s o r p t i o n  t o  amorphous Fe 

oxyhydrox ide i n  seawater (=pH 8) by 80 t o  90% (Nakayama e t  a l .  1981a). Several  

i n o r g a n i c  i o n s ,  however, may reduce o r g a n i c  complexat ion o f  C r ( 1 I I )  under a c i d  ( C l - )  
and bas i c  (Mg2+, Cat2) c o n d i t i o n s  when present  i n  h i g h  c o n c e n t r a t i o n  (> lO-3  M) 

(Nakayama e t  a l .  1981a). I n  s o i l ,  s u b s o i l ,  and ground water ,  s o l u b l e  humic and 

f u l v i c  ac ids  may mod i f y  C r (  111) a d s o r p t i o n  by complexat ion.  

Cr(V1) 

The a d s o r p t i v e  behavior  of Cr(V1) i n  s o i l  i s  not  w e l l  documented. Several  column 

a t t e n u a t i o n  s t u d i e s  (Table 10-1) q u a l i t a t i v e l y  i n d i c a t e  t h a t  chromate (CrOg-) i s  
r e l a t i v e l y  mob i l e  th rough  s o i l  and t h a t  s o i l  m a t e r i a l s  h i g h  i n  secondary hydrous 

oxides o f  Fe and Mn a r e  more e f f e c t i v e  adsorbents  ( K o r t e  e t  a l .  1976, A r t i o l a  and 

F u l l e r  1979). M o s t  i n f o r m a t i o n  on Cr(V1) a d s o r p t i o n  comes from s t u d i e s  w i t h  pure 

minera l  phases; these suggest t h a t  s o i  1 m i n e r a l s  w i t h  h i g h  i s o e l  e c t  r i  c p o i n t s  

[e.g., aA1203, Fe203-H20(am)], i r o n  ox ides i n  genera l ,  and clay m i n e r a l s  t o  a l e s s e r  
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e x t e n t ,  adsorb Cr(V1) a t  low-to-medium pH l e v e l s  (pH 2 t o  7 )  (Leck ie  e t  a l .  1980, 

Davis and Leck ie  1980, MacNaughton 1977, Mayer and Schick 1981, G r i f f i n  e t  a l .  

1977). 

Chromate a d s o r p t i o n  on model absorbents i s  s t r o n g l y  pH dependent and i s  a f f e c t e d  by 

i o n i c  s t r e n g t h  and t h e  s u r f a c e  p r o t o n a t i o n  c h a r a c t e r i s t i c s  o f  t h e  adsorbent.  

Chromium(V1) adsorbs weakly on Si02 (~HIEP = 2.0), which has a n e g a t i v e  s u r f a c e  

charge a t  a l l  bu t  t h e  l owes t  pH values, and s t r o n g l y  on d l 2 0 3  (~HIEP = 9.0) and 

Fe203*H20(am) (PHIEP = 7.5) which c a r r y  p o s i t i v e  charge ove r  a g r e a t e r  pH range 

(MacNaughton 1977, Davis and Leck ie  1980). A d s o r p t i o n  o,n T i 0 2  (~HIEP = 7.0) i s  
s i g n i f i c a n t l y  l e s s  t h a n  A1 and Fe ox ides (MacNaughton 1977).  

~ e 2 0 3 .  H20(am) f r a c t i o n a l  a d s o r p t i o n  may r a p i d l y  decrease from near  100% a t  l o w - t o -  

i n t e r m e d i a t e  pH values ( 5  t o  7 )  t o  near 0 a t  pH 8 (MacNaughton 1977; Davis and 

Leck ie  1980). 

a d s o r p t i o n  by amphoter ic  model adsorbents  ( o x i d e s )  th rough  r e d u c t i o n  i n  s u r f a c e  

e l e c t r i c  p o t e n t i a l  (Mayer and Schick 1981, MacNaughton 1977; Davis and Leck ie  

1980).In c o n t r a s t ,  i n c r e a s i n g  e l e c t r o l y t e  c o n c e n t r a t i o n  and compression o f  t h e  

e l e c t r i c  double l a y e r  may l e a d  t o  i nc reased  Cr(V1) a d s o r p t i o n  i n  l a y e r  l a t t i c e  

s i l i c a t e s  w i t h  p redominan t l y  n e g a t i v e  charge ( G r i f f i n  e t  a l .  1977). 

On aA1203 and 

I n c r e a s i n g  e l e c t r o l y t e  c o n c e n t r a t i o n s  (10-3 t o  10-1 M) reduces Cr(V1)  

The presence o f  compet ing and, l e s s  commonly, complexing i o n s  may s 

a l t e r  C r O $ -  adso rp t i on .  ' A l t h o u g h  SO$- i s  absorbed l e s s  s t r o n g l y  on 

t h a n  CrO:', SOP- may compete f o r  a d s o r p t i o n  s i t e s  when present  i n  h 

gn i  f i cant  1 y 

Fe203-H2(am) 
gher concen- 

t r a t i o n  ( L e c k i e  e t  a l .  1980). 

a d s o r p t i o n  by a-A1 203 (MacNaughton 1977), reduc ing  s o r p t i o n  by around 50% when 
p resen t  i n  equal c o n c e n t r a t i o n .  

s o r p t i o n  i s  almost n o n e x i s t e n t ,  though a d s o r p t i o n  o f  i o n  p a i r s  (e.g., CaCrOi 

KHCrOB) i s  suggested as one p o s s i b l e  mechanism f o r  h i g h  removal o f  Cr(V1) f rom f l y  

Phosphate e x h i b i t s  a more s u b s t a n t i a l  e f f e c t  on Cr0:- 

I n f o r m a t i o n  on e f f e c t s  o f  complexing i o n s  on C r (  I V )  

ash l eacha te  by Fe203*H20(am) (Leck ie  e t  a l e  1980). 

Sur face comp e x a t i o n  o r  s i t e - b i n d i n g  models (Davis  1978; Dav 

Benjamin and Bloom 1981) suggest two p l a u s i b l e  s u r f a c e  r e a c t  

d u r i n g  adsor, t ion o f  Cr(V1) on A 1  and Fe ox ide  su r faces  (Tab 

SOH; + Cr$- S O H Z C r O i  

SOH; + HCr04 SOHzCr04H 
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I n  s p i t e  o f  i t s  lower  i s o e l e c t r i c  p o i n t ,  Fe2O3.H20(am) adsorbs CrO$- more s t r o n g l y  

t h a n  A1 203 (MacNaughton 1977, Davis  1978). 

s i l i c a t e s  f o l l o w s  t h e  Langmuir i so the rm;  when c a l c u l a t e d  on a s u r f a c e  area bas i s ,  
m o n t m o r i l l o n i t e  and k a o l i n i t e  adsorb comparable amounts o f  Cr(V1) f rom l a n d f i l l  

l e a c h a t e  ( G r i f f i n  e t  a l .  1977). 

w i t h  pH but ranges between 0.29 t o  3.67 umole/g f o r  k a o l i n i t e  and 0.98 t o  

12.8 pmole/g f o r  m o n t m o r i l l o n i t e  (Table 10-1). 

s o i l s  i s  compl icated by redox changes which may occur  concur ren t  t o  adso rp t i on .  

i ns tance ,  C r ( V 1 )  i s  l i k e l y  reduced t o  Cr(II1) i n  sediment by r e a c t i o n  w i t h  o rgan ic  

m a t e r i a l  or ,  i n  some cases, H2S, and Cr(II1) i s  t hen  r a p i d l y  and s t r o n g l y  adsorbed 
(Mayer and Schick 1981). 

o r g a n i c  con ten t  ( B a r t l e t t  and Kimble 1976b). 

Chromium(V1) a d s o r p t i o n  on l a y e r  l a t t i c e  

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

The a d s o r p t i o n  behav io r  o f  C r ( V I )  i n  

F o r  

A s i m i l a r  r e a c t i o n  may occur  i n  s o i l  a t  low pH and h i g h  
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T a b l e  10-1. ADSORPTION CONSTANTS FOR CHROMIUM 

Adsor bent Adsor bate E l e c t r o l y t e  Adsorption Measutemnt References 

CEC S.A. , .  
z Conc., M I dent I t y  Conc., M pH Constants‘a’ Va lues I d e n t I t y  mq/100 q m /q 

- 5.5, 6.5 Davls and Ledle 1 n t  

l n t  

l n t  

l n t  Bloom 1981 
KHCr04 

9.3, 5.2 K1 n t  
C r ( V I  NaN03 0.1 Cr04’  

1 n t  
KHCr04 

0.1 4-9 KCr04* Fe20j*HZ0 ( a m )  182 C r ( V I  ) NaNO) 

1980 KHCr04 

NaN03 0.1 4-9 KCr04*  
- 6.8, 6.4 BenJamln and Fe203*H20 (am) -182 C r ( V I )  

a A1203 - 204 C r ( V I )  NaN03 1 0 - ~ - 1 0 - ~  3-10 K~~~ I n t  , 3.1, 3.1 Davls  1978 

I n t 4  
L o 4  

Kao I1 n 1 t e  15.1 , 34.2 I O - ~ - O  - 1 0 - * - ~  I eacha t e  

Am 
4 
5 
7 
3 
4 
5 
7 

3.64 
2.50 e t  a l .  1977 
2.22 
0.98 
1.79 
0.85 
0.62 
0.29 

G r l  f f f l n  

- leachate 

C r (  I I I ) 

Cr (NO3)) 

3.0 A,,, 

2.5 
3.0 

4 .o 

4.0 

96.3 
283 
63.5 
96.3 
206 



Tab le  10-1 (Con td ) .  ADSORPTION CONSTANTS FOR CHROMIUM 

E l e c t r o l y t e  Adsorptlon Measurement References Adsorbent Adsor bate 
CEC S*A. 

(a  1 
I d e n t l i y  m e q / I O O  Q m /q Conc., M l d e n t l t y  Conc., M pH Constants Va I ues 

86.2 I O - ~ - O  -  IO-^.^ leachate Montmor l l lonl te  79.5 
Cr(V1 1 

KZCr04 

SI I Ica  

C r  ( NO3 )3 

Am 12.8 
10.3 
8.03 
3.26 
3.64 
2.50 
2.22 
0.98 

3.0 Am 632 
4.0 2622 

3.0 649 
4.0 2689 

2.5 34 5 

K t n t  
ca 

*K;;? 

K l n t  
OH 

-4.1, (3.1) James and 
Healy 1972b 

( a )  K in t  = l n t r l n s l c  adsorptlon constant of l o n l c  specles, log 

( b )  ( 1 - est lmated values. 

Am = Langnulr adsorptlon maxlrmm, uno1 g- 





T a b l e  10-1 (Contd) .  ADSORPTION CONSTANTS FOR CHROMIUM 

Adsorptlon Msasuremnt References Adsorbent Adsorbate E l e c t r o  l y t e  
S A. 

I dent I ty meq/100 q m /q Conc., M l d e n t l t y  Conc.. M pH Constants (a Va I ues 
2 CEC 

Montmor l l lonl te  79.5 06.2 I O - ~ * O  - I O - ~ J  I eachate 
C r ( V I )  

KZCrO4 

Cr(N03)3 

S I  l l c a  7 5  1 o - ~  

( a )  K l n t  = l n t r l n s l c  adsorpt lon constant of l o n l c  specles, log 

( b )  ( ) - e s t l m t e d  values. 
Am = L a n g m l r  adsorptlon maxlmum, urn1 g- 

*m 
4 

3.0 A,,, 

2.5 
3.0 
4.0 

4 .o 

K l n t  
(OH)2 

12.8 
10.3 
8.03 
3.26 
3.64 
2.50 
2.22 
0.98 

632 
2622 
345 
649 
2689 

-4.1, (3.1) Jams and 

Healy 1972b- 

-5.9, (5.2) 



S e c t i o n  11 

COPPER 

Copper (Cu) i n  aqueous s o l u t i o n s  can e x i s t  i n  a +1 o r  +2 valence s t a t e .  Under 

o x i d i z i n g  c o n d i t i o n s  (pH values ~ 7 1 ,  Cu2+ i s  t h e  dominant species w i t h  h y d r o l y s i s  

species o f  Cu2+ becoming dominant a t  h i g h e r  pH values. P e c i p i t a t i o n / d i s s o l u t i o n  

a t t e n u a t i o n  mechani sms have n o t  been adequate ly  s tud ied .  However, many s t u d i e s  

d e a l i n g  w i t h  a d s o r p t i o n / d e s o r p t i o n  suggest t h a t  t h e  s o l u t  on c o n c e n t r a t i o n s  a re  

s o l u b i l i t y  c o n t r o l l e d .  I n  these  s t u d i e s ,  Cu(OH)2 i s  Prom nen t  among t h e  compounds 
i m p l i c a t e d .  Copper f e r r i t e s  have very low s o l u b i l i t i e s  b u t  i n f o r m a t i o n  on t h e i r  

f o r m a t i o n  i n  g e o l o g i c  env i ronments i s  n o t  a v a i l a b l e .  A t  low env i ronmen ta l  concen- 

t r a t i o n s ,  Cu i s  s t r o n g l y  adsorbed by a number of s o i l  c o n s t i t u e n t s ,  such as o r g a n i c  

m a t t e r  and Fe- and Mn-oxides, through complexat ion and s p e c i f i c  adso rp t i on .  Copper 

a d s o r p t i o n  s t r o n g l y  depends on pH because CuOH' r a t h e r  than  Cu2+ i s  t h e  p r e f e r r e d  

su r face  species f o r  many adsorbents .  The e f f e c t s  o f  i o n  c o m p e t i t i o n ,  aqueous 

complexat ion,  and l i g a n d  a d s o r p t i o n  a re  n o t  w e l l  understood. P r e l i m i n a r y  s t u d i e s  o f  

Cu a d s o r p t i o n  f rom f l y  ash 1 eachates on i ron oxyhydrox i  des i nd i  c a t e  i ncreased 

a d s o r p t i o n  a t  low pH ( < 6 )  and decreased a d s o r p t i o n  a t  h i g h  pH as compared w i t h  

s imple e l e c t r o l y t e  systems. 

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

I n  s o l u t i o n ,  copper e x i s t s  i n  two o x i d a t i o n  s t a t e s :  Cu(1)  predominates i n  

r e l a t i v e l y  reduc ing  c o n d i t i o n s  w h i l e  C u ( l 1 )  dominates i n  o x i d i z i n g  c o n d i t i o n s .  As a 

r e s u l t ,  t h e  s o l u b i l i t y  o f  t h e  s o l i d  phases o f  Cu(1) and C u ( I 1 )  depends upon t h e  

redox p o t e n t i a l .  Recen t l y  Lindsay (1979) c a l c u l a t e d  t h e  r e l a t i v e  s t a b i l i t y  o f  

d i f f e r e n t  Cu s o l i d s .  H i s  r e s u l t s  show t h a t  under o x i d i z i n g  c o n d i t i o n s ,  s o i l - C u  and 

c u p r i c  f e r r i t e  (CuFe204) a re  very s t a b l e ,  w h i l e  under reduc ing  c o n d i t i o n s  cuperous 

f e r r i t e  (Cu2Fe204) i s  t h e  s t a b l e  phase. 

To determine t h e  r e l a t i v e  abundance o f  Cu(1) and Cu( I1 )  species i n  ground waters 

r e p r e s e n t a t i v e  o f  l eacha tes ,  a c t i v i t i e s  of  d i f f e r e n t  Cu species i n  e q u i l i b r i u m  w i t h  

CuFe204 a t  t w o  d i f f e r e n t  Eh values were p l o t t e d  ( F i g u r e s  11-1 and 11-2) u s i n g  t h e  

therrnodynariiic data ( B a l l  e t  a l .  1980) con ta ined  i n  t h e  geocheinical model M I N T E Q  

(Felrny e t  a l .  1983). Under reduc ing  c o n d i t i o n s  (pe t pH = 7 )  and a t  pli values > 4,  

!!-! 
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F i g u r e  11-1. A c t i v i t i e s  o f  d i f f e r e n t  Cu s p e c i e s  i n  e q u i l i b r i u m  
w i t h  c u p r i c  f e r r i t e  (CuFe204) und r r e d u c i n g  c o g d i t i o n s  
( p e  + pH 7 )  when a c t J y & i e s  of SO4 5-  =. C1- = 10- , F- = 

Co?(gas)  = 10- atmospheres. - 
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F i g u r e  11-2. A c t i v i t i e s  o f  d i f f e r e n t  Cu s p e c i e s  i n  e q u i l i b r i u m  
w i t h  c u p r i c  f e r r i t e  
(pe  t pH 1 6 )  when ac 

C02(gas) = 10- 



2 CuZt and C u ( I 1 )  complexes w i t h  SO4-, C1-, OH-, HCOg, CO$- ,  and F' do n o t  c o n t r i b u t e  

s i g n i f i c a n t l y  t o  t o t a l  s o l u b l e  Cu ( F i g u r e  11-1) .  

Cu(1)  complexes a r e  dominant  a t  pH va lues  between 4.3 and 9.5. Cu(1 )  forms a ve ry  

s t r o n g  complex w i t h  C1'. 

s o l u t i o n s  o f  pH va lues  between 4.3 and 9. Data  f o r  C u - p o l y s u l f i d e  complexes [such 

as Cu(S4);- and CuS4s3- l  a r e  i n c l u d e d  i n  t h e  model d a t a  base ( B a l l  e t  a l .  1980) .  

(These complexes may be i m p o r t a n t  under  r e d u c i n g  c o n d i t i o n s  b u t  a r e  n o t  p l o t t e d  i n  

F i g u r e  11-1.) 

below pH v a l u e s  o f  about  7; a t  pH va lues  between 7 and 10, Cu(OH)$ appears  t o  be t h e  

dominant s p e c i e s  ( F i g u r e  11-2) .  Baes and Mesmer (1976)  r e p o r t ,  however, t h a t  

r e l i a b l e  e s t i m a t e s  o f  t h e  f o r m a t i o n  c o n s t a n t  of Cu( 11 ) -hyd roxo  complexes a r e  n o t  

a v a i l a b l e .  

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

Under r e d u c i n g  c o n d i t i o n s ,  Cut and 

As a r e s u l t ,  CuC1; i s  one of  t h e  dominant  spec ies  i n  

Under o x i d i z i n g  c o n d i t i o n s  (pe  + pH 1 6 )  Cu2+ i s  t h e  dominant  s p e c i e s  

A l l  o f  t h e  o t h e r  C u ( I 1 )  complexes ( such  as w i t h  SO$-, F-, HCOj) do n o t  

PRECIPITATION/DISSOLUTION 

The r e t e n t i o n  o f  Cu by m o n t m o r i l l i n i t e  (Bingham e t  a l .  1964) and some s o i l s  (Abd- 

E l f a t t a h  and Wada 1981) have been observed t o  be c o n s i s t e n t  w i t h  t h e  f o r m a t i o n  o f  a 

Cu s o l i d  phase such as Cu(OH)2. 

o f  Cu o x i d e s  and phosphate  s o l i d  phases d u r i n g  a d s o r p t i o n  o f  Cu on k a o l i n i t e .  The 

b e h a v i o r  o f  t h e  Cu i n  t h e  k a o l i n i t e  suspens ions  was c o n s i s t e n t  w i t h  s o l i d  phase f o r -  

ma t ion ,  and t h e  s o l u b i l i t y  p r o d u c t s  c a l c u l a t e d  by F a r r a h  and P i c k e r i n g  (1976)  were 

s i m i l a r  t o  p u b l i s h e d  va lues .  F r o s t  and G r i f f i n  (1977)  examined t h e  removal  o f  Cu 

f rom l e a c h a t e s  by c l a y  m i n e r a l s  and conc luded  t h a t  p r e c i p i t a t i o n  i s  an i m p o r t a n t  

removal  mechanism a t  pH va lues  g r e a t e r  t h a n  6.5. C a r v a l l a r o  and McBr ide  (1978)  

s t a t e d  t h a t  s o l u t i o n  l e v e l s  o f  Cu2' m a i n t a i n e d  by a d s o r p t i o n  o n t o  s o i l s  were below 

s a t u r a t i o n  l e v e l s  o f  C u ( I 1 )  m i n e r a l s  ( s p e c i f i c a l l y  Cu(OH)2 and Cu2 (0H)z  CO3). 

ever ,  t h e  observed Cu2+ l e v e l s  a r e  ve ry  near  s a t u r a t i o n  f o r  CuFe204 and r e p r e s e n t  

s u p e r s a t u r a t i o n  w i t h  r e s p e c t  t o  s o i l - C u  ( L i n d s a y  1979).  The f o r m a t i o n  o f  a Cu o x i d e  

was i m p l i c a t e d  by H a t t o n  and P i c k e r i n g  (1980)  a f t e r  o b s e r v i n g  a minimum Cu s o l u b i l -  

i t y  a t  pH 4.5 i n  c lay -humic  a c i d  m i x t u r e s .  D h i l l o n  e t  a l .  ( 1981)  found  t h a t  t h e i r  

exper imen ts  i n v o l v i n g  t h e  a d s o r p t i o n  o f  Cu by a l k a l i n e  s o i l s  was c o m p l i c a t e d  by t h e  

f o r m a t i o n  o f  Cu s o l i d s  [Cu(OH)z o r  Cuz(OH)zC03]. 

was n o t  observed, i t  i s  i m p o s s i b l e  t o  d i s t i n g u i s h  between p r e c i p i t a t i o n  and 

a d s o r p t i o n  because b o t h  p r e c i p i t a t i o n  and a d s o r p t i o n  obey t h e  Langniui r e q u a t i o n  

under t h e  c o n d i t i o n s  o f  D h i l l o n  e t  a l . ' s  (1981)  exper imen ts .  McBr ide  (1982)  mea- 

sured  t h e  a d s o r p t i o n  o f  Cu2+ on aluminum h y d r o x i d e  and oxyhydrox ides  a s  a f u n c t  on 

o f  pH. Only a d s o r p t i o n  r e a c t i o n s  o f  Cu2+ were observed f o r  n o n c r y s t a l l i n e  a lum na 

and bohemite,  bu t  p r e c i p i t a t i o n  o f  Cu(OH)* was observed i n  t h e  case o f  y i b b s i t e  

F a r r a h  and P i c k e r i n g  (1976)  suspec ted  t h e  f o r m a t i o n  

How- 

A l t h o u g h  a d i s c r e e t  Cu s o l i d  phase 

I 
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L e c k i e  e t  a l .  (1980) s t u d i e d  t h e  a d s o r p t i o n  of Cu by a-Si02 and observed t h a t  a t  

h i g h  Cu concen t ra t i ons  ( 5  x 

appears t o  c o n t r o l  Cu concen t ra t i ons .  

- M), p r e c i p i t a t i o n  o f  Cu(OH)2 r a t h e r  than  a d s o r p t i o n  

ADSORPTION/DESORPTI ON 

Copper i s  s t r o n g l y  adsorbed i n  s o i  1 by t h r e e  prominent  r e t e n t i o n  mechanisms: 
complexat ion by s o i l  o rgan ic  ma t te r ,  s p e c i f i c  adso rp t i on ,  and i o n  exchange. A 

number o f  i n v e s t i g a t o r s  suggest t h a t  i n  s u r f a c e  s o i l s ,  s o i l  o r g a n i c  m a t t e r  i s  the 

dominant f a c t o r  c o n t r o l  l i n g  Cu a d s o r p t i o n  (McLaren and Crawford 1973, P e t r u z e l  li 

e t  a l .  1978, Ramamoorthy and Rust 1978). I n  f a c t ,  Hg and Cu appear t o  have g r e a t e r  

a f f i n i t y  f o r  t h e  s o i l  o r g a n i c  f r a c t i o n  than  a l l  o t h e r  c a t i o n i c  heavy me ta l s  

( K e r n d o r f f  and S c h n i t z e r  1980). 

s u b s o i l s  low i n  o rgan ic  m a t e r i a l ,  s p e c i f i c  a d s o r p t i o n  t o  s o i l  F e y  A l ,  and Mn o x i d e s  

may be t h e  prominent  r e t e n t i o n  mechanism (McLaren and Crawford 1973; Oakley e t  a l .  

1981; Davis and Leck ie  1978; McKenzie 1980; McBride 1982). Manganese ox ides  have a 

h i g h  s p e c i f i c  a d s o r p t i o n  c a p a c i t y  f o r  Cu (Oakley e t  a l .  1981; McKenzie 1980).  Layer  

l a t t i c e  s i l i c a t e s  r e t a i n  Cu p r i m a r i l y  by i o n  exchange (McLaren e t  a l .  1981; F r o s t  

and G r i f f i n  1977; El-Sayed e t  a l .  1979; Oakley e t  a l .  1981). As  a r e s u l t ,  i o n  

exchange i s  an i m p o r t a n t  a d s o r p t i o n  mechanism a t  h i g h e r  Cu s o l u t i o n s  where t h e  

s p e c i f i c  adso rp t i on  and complexat ion c a p a c i t y  o f  so i  1 hydrous ox ides and o r g a n i c  

m a t t e r  has been exceeded. S o i l  pH has an i m p o r t a n t  e f f e c t  on Cu a d s o r p t i o n  

(e.g., Sadiq 1981), i n  t h a t  i t  c o n t r o l s  Cu s o l u t i o n  s p e c i a t i o n  and h y d r o l y s i s ,  and 

s u r f a c e  charge d i s t r i b u t i o n  on amphoter ic  s o i l  hydrous ox ides.  

A t  low aqueous c o n c e n t r a t i o n s  o f  Cu and i n  s o i l s  o r  

The pH dependency of Cu a d s o r p t i o n  v a r i e s  on d i f f e r e n t  model adsorbents 
(Tab le  11-1). The a d s o r p t i o n  o f  Cu by o r g a n i c  m a t t e r  (McLaren e t  a l .  1981) o r  by 

ox ides  w i t h  low i s o e l e c t r i c  p o i n t s  ( P H I E ~ ) ,  such as s i l i c a  ( S c h i n d l e r  e t  a l .  1976; 
Bourg and S c h i n d l e r  1978; Bourg e t  a l .  1979; Bourg and S c h i n d l e r  1979; Huang e t  a l .  

1977) o r  Mn ox ides (McKenzie 1980; McLaren and Crawford 1973) shows l i t t l e  

dependency on pH. I n  c o n t r a s t ,  t h e  a d s o r p t i o n  o f  Cu on Fe ox ides d i s p l a y s  a marked 

a d s o r p t i o n  "edge" where a d s o r p t i o n  i nc reases  from near 0% t o  100% i n  two pH u n i t s .  

The a d s o r p t i o n  edge depends on t h e  exper imen ta l  c o n d i t i o n s  (e.g., c o n c e n t r a t i o n  o f  

Cu or t h e  o x i d e ) ,  b u t  occu rs  between pH 3 and 6 (McLaren e t  a l .  1981; McLaren and 

Crawford 1973; B a l i s t r i e r i  and Murray 1982; Forbes e t  a l .  1976; McKenzie 1980; 

K inn ibu rgh  e t  a l .  1976; Swallow e t  a l .  1980; Benjamin and Leck ie  1982a). S i m i l a r  

a d s o r p t i o n  edges are observed on aluminum ox ides (McBride 1982; Huang e t  a l .  1977; 

K i n n i b u r y h  e t  a l .  1976; E l l i o t t  and Huang 1980) and c l a y  m ine ra l s  ( O a k l e y  e t  a l .  

1981; McLaren e t  a l .  1981; McLaren and Crawf.ord 1973; F r o s t  and G r i f f i n  1 9 7 7 ;  K ishk 

and Hassan 1973; Farrah and P i c k e r i n g  1976; Farrah and P i c k e r i n y  1 9 7 7 ;  O'Connor and 
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K e s t e r  1975).  The pH dependent a d s o r p t i o n  o f  Cu i s  a s c r i b e d  t o  t h e  a d s o r p t i o n  o f  

hydroxo complexes (e.g., CuOH') wh ich  a r e  more s t r o n g l y  bound t o  t h e  s u r f a c e  t h a n  

t h e  f r e e  h y d r a t e d  i o n  (Cut*) (McKenzie 1980, D a v i s  and L e c k i e  1978).  

The presence o f  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  (10-3-10-2M) o f  o t h e r  d i v a l e n t  

c a t i o n s ,  such as Ca, reduces t h e  a d s o r p t i o n  of Cu (10-5-10-4) by s o i l  ( C a v a l l a r o  and 

McBr ide  1978),  Fe o x i d e s  ( g o e t h i t e )  (McLaren and Crawfo rd  1973) ,  and c l a y  m i n e r a l s  

( F r o s t  and G r i f f i n  1977).  The c l a y  m i n e r a l  b e n t o n i t e  appears t o  have n e a r l y  equa l  

p r e f e r e n c e  f o r  Cu and Ca on exchange s i t e s ;  t h e  exchange o f  Cu i s  reduced i n  t h e  

presence o f  o t h e r  d i v a l e n t  c a t i o n s  (El-Sayed e t  a l .  1970).  The s p e c i f i c  a d s o r p t i o n  

o f  Cu on g o e t h i t e  ( B a l i s t r i e r i  and Mur ray  1982b) and amorphous i r o n  o x y h y d r o x i d e  

(Ben jamin  and L e c k i e  1982) i s  u n a f f e c t e d  by t h e  presence o f  equa l  c o n c e n t r a t i o n s  o f  

Pb, Zn, and Cd s u g g e s t i n g  t h a t  t h e  m e t a l s  a r e  each bound by a s p e c i f i c  s u r f a c e  

s i t e .  

i o n i c  s t r e n g t h  o f  t h e  aqueous phase has min ima l  e f f e c t  on Cu a d s o r p t i o n  by s i l i c a ,  

Fe o x i d e s  and c l a y  m ine ra l s . *  I n  c o n t r a s t  i n c r e a s i n g  i o n i c  s t r e n g t h  reduces  Cu 

a d s o r p t i o n  on A1 o x i d e s  (McBr ide  1982, Huang e t  a l .  1977, K i n n i b u r g h  e t  a l .  1976, 

E l l i o t  and Huang 1979).  

W i t h  e l e c t r o l y t e s  composed o f  monovalent i o n s  (e.g., NaC104), i n c r e a s i n g  t h e  

I n o r g a n i c  and o r g a n i c  l i g a n d s  have a v a r i a b l e  e f f e c t  on Cu a d s o r p t i o n  by s o i l s  and 

model adso rben ts  ( T a b l e  11-1). I n  most cases, monova len t  an ions  (NO;, C l ' ,  C l0 ; j )  

have l i t t l e  i n f l u e n c e  on Cu a d s o r p t i o n  by Fe o x i d e s  (Forbes  e t  a l .  1976, McKenzie 

1980, Swal low e t  a l .  1980, Ben jamin  and L e c k i e  1982a).  However, Bowden e t  a l l  

(1977)  found t h a t  C1- (10-2,10-3M) - i n c r e a s e d  Cu a d s o r p t i o n  on g o e t h i t e ,  p o s s i b l y  by 

a d s o r p t i o n  o f  CuC1' complexes. The a n i o n  HPOZ- has l i t t l e  e f f e c t  on Cu . r e t e n t i o n  by 

k a o l i  n i  t e  where exchange processes  p redomina te  a d s o r p t i o n  ( F a r r a h  and P i c k e r i n g  

1976).  S u l f a t e  i n c r e a s e s  a d s o r p t i o n  o f  Cu. by g o e t h i t e  ( B a l i s t r i e r i  and Mur ray  1982)  

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

Though comp lex - fo rm ing  o r g a n i c  l ' i gands  (e.g., EDTA) may reduce Cu a d s o r p t i o n  by 

r e d u c i n g  t h e  f r e e  i o n  a c t i v i t y  (Bourg  and S c h i n d l e r  1978, Bourg  and S c h i n d l e r  1979, 

F a r r a h  and P i c k e r i n g  1976),  b o t h  p o s i t i v e  and n e g a t i v e l y  charged o r g a n i c  Cu 

complexes may be adsorbed e l e c t r o s t a t i c a l l y  on p o s i t i v e l y  charged o x i d e  s u r f a c e s  and 

n e g a t i v e l y  charged c l a y s  (Bourg  e t  a l .  1979; E l l i o t  and Huang 1979; E l l i o t  and Huang 

1981; F a r r a h  and P i c k e r i n g  1976),  some o f  wh ich  may i n c r e a s e  t o t a l  Cu 

* S i l i c a - - 8 c h i n d l e r  e t  a l .  1976; Bourg  and S c h i n d l e r  1978; Bourg e t  a l .  1979; Uourg 
and S c h i n d l e r  1979; Huang e t  a l .  1977. 
Fe ox ides- -McLaren and Crawfo rd  1973a; B a l i s t r i e r i  and Mur ray  1982; Forbes  e t  a l .  
1976; K i n n i b u r g h  e t  a l .  1976; Swal low e t  a l .  1980; Ben jamin  and L e c k i e  1982a 
C lay  minera ls - -McLaren and Crawford  1973; Oakley e t  a l .  1981; McLaren e t  a l .  1981. 
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r e t e n t i o n .  Humic ac ids  reduce Cu a d s o r p t i o n  on k a o l i n i t e  by i n t e r a c t i o n  w i t h  t h e  

c l a y  m ine ra l  sur face and fo rma t ion  o f  aqueous Cu-humate complexes (Gupta and 

H a r r i s o n  1982). 

The Langmuir i so the rm i s  o f t e n  used t o  d e s c r i b e  Cu a d s o r p t i o n  by s o i l  (McLaren and 
Crawford 1973; C a v a l l a r o  and McBride 1978; P e t r u z z e l  li e t  a l .  1978; Ramamoorthy and 

Rust  1978). I n  some cases, however, a d s o r p t i o n  i s  more adequate ly  d e s c r i b e d  u s i n g  

t h e  F r e u n d l i c h  equat ion,  sugges t ing  t h a t  t h e  a d s o r p t i o n  s u r f a c e  i s  heterogeneous and 

m u l t i p l e  s i t e s  e x i s t  (Sanders 1980; S i d l e  and Kardos 1977; Benjamin and L e c k i e  

1981). 

1980) i n d i c a t e s  t h a t  a t w o - s i t e  Langmuir e q u a t i o n  i s  most a p p r o p r i a t e .  

l i k e l y  t h a t  two d i s t i n c t  b i n d i n g  s i t e s  e x i s t  i n  o r g a n i c  m a t e r i a l  o r  t h a t  two aqueous 

species o f  Cu undergo adso rp t i on .  

would p r o v i d e  data w i t h  more g e n e r i c  a p p l i c a b i l i t y ,  a l l e v i a t i n g  some pH dependency 

due t o  changes i n  s o l u t i o n  s p e c i a t i o n .  

An e x t e n s i v e  i n v e s t i g a t i o n  o f  Cu a d s o r p t i o n  by o r g a n i c  m a t e r i a l  (Sanders 

It appears 

Use o f  an a c t i v i t y - c o r r e c t e d  Langmuir i s o t h e r m  

Models which desc r ibe  a d s o r p t i o n  o f  Cu by m i n e r a l  su r faces  i n c l u d i n g  g o e t h i t e  
( B a l i s t r i e r i  and Murray 1982), amorphous i r o n  oxyhydrox ide,  aluminum o x i d e  and 

s i l i c a  (Davis and L e c k i e  1978) and c l a y  m i n e r a l s  (S teger  1973) are based on t h e  

a d s o r p t i o n  o f  Cu2+ and t h e  s imul taneous f o r m a t i o n  and a d s o r p t i o n  o f  CuOH'. The 

a d s o r p t i o n  models do no t  d i s t i n g u i s h  between a d s o r p t i o n  o f  CuOH' p r e s e n t  i n  s o l u t i o n  

and surface h y d r o l y s i s  of  adsorbed Cu", because these  a r e  thermodynamical ly  

i nseparab le .  A su r face  complexat ion model which desc r ibes  Cu a d s o r p t i o n  by s i l i c a  

through fo rma t ion  of mono- and b i - d e n t a t e  su r face  complexes ( S c h i n d l e r  e t  a l .  1976; 

Bourg and Sch ind le r  1978; Bourg e t  a l .  1979; Bourg and S c h i n d l e r  1979),  can a l s o  be 

adequate ly  exp la ined  by Cu2+ and CuOH' a d s o r p t i o n  (Davis  and Leck ie  1978). 

S i m i l a r l y ,  t h e  pH dependent a d s o r p t i o n  o f  Cu on g o e t h i t e  and t h e  r e l e a s e  o f  p ro tons  

t h a t  accompanied a d s o r p t i o n  was q u a n t i t a t i v e l y  desc r ibed  u s i n g  a model where CuOH' 

was t h e  o n l y  adsorb ing species (Barrow e t  a l .  1981). 
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T a b l e  11-1. ADSORPTION CONSTANTS FOR COPPER 

Adsorbent Adsorbate E l e c t r o l y t e  Adsorpt lon M e a E m n t s  Reference 

I dent I ty ' a )  mq/lOOg Conc., M l d e n t l t y  Conc., M p~ Constants(b) Value(c) 
CEC Y.' 

C l a y  M lne re l s  

Bentonl te,  Ca-form - 0 - 0.01 4.5- c u  0.957 El-Sayad et a l .  1970 
5.0 

- 0 - 10-5*3 Seawater -0.7 

W o n t n o r l l l o n l t e  lo-5.~ - Io-3.e CaCI2 0.05 
lo-5.8 - 10-3.8 c&iZ 0.05 

H o n t m r l  I l o n l t e .  No-form - 100  IO-^.^ Seawater 4 . 7  

CaOA 0.025 Ben ton l te  10-5.4 - 10-3.5 

(140. 5.7). 43 Oakley et a l .  1981 

(3.3) K L a r e n  e t  a l .  1981 
5.8, 4.8 I K L a r e n  and C r a f o r d  19730 

Kd Takemtsu 1979 50 

8.2. 4.8 Steger 1973 
I 4.3- Am, K:(Cu) 

5-9 II I I  
Am , KL (Cu) 2.2. 7.0 

14.6 

43 
3.2 
2.5 
2.2 

K e o i l n l t e ,  H-form - Trace 
XIuml c 
Acld 

d 
6.4 K 

6.4 Kd 
6.4 Kd 
6.4 Kd 

'm 
5.5 Am, KL 

Gupta and Har r l son  1982 
0.5 ug/e 
1.0 ug/L 
71.5 U g R  

0.05 
0.05 

KeoI I n l  te (0.2) 
1.9. 4.5 

McLaren e t  a I .  198 I 
K L a r e n  and C r m f o r d  19730 

I I I l t e  0.05 
0.05 

6 A  
5.5 A:. KL 

(1.6) 
8.3. 4.5 

McLaren e t  a1. 1981 
McLaren and Crawford 1973s 

H a l l q s l t e  

S I I l c a  - 

0.05 12.8. 4.4 

1.0 -5.5 Schlndler et 01. 1976 

-11.2 

(1.7, 3.7) Stumm e t  al .  1976 

160  IO-'.^ NaCI04 1.0 

+Et ha I ene- -5.2 

-12.6 

Bourg and Sch lnd le r  1978 
Dlamlne 

lo-3.8 



Table 11-1 (Contd) .  ADSORPTION CONSTANTS FOR COPPER 

Adsorbent Adsor bate E lec t ro ly te  Adsorption Measurenents Reference 

hnc., M p~ Constants(b) 
CEC S3h. 

neq/10% Conc., M l don t l t v  

- I n t  I n t  
- Kcup Kclan 

Alumina  

Fe203’H20(am) 

Fe oxlde ( f resh)  

Fe-Mn concretlons 

Goethl te 

Gcethlte 

H e m t l i e  

Fe 0 .H O(am)  2 5  2 

Fe203’HZO(am) 

FeIOH)) 

CaClz 0.5 

CaC12 0.05 

N~NO) 0.08 

KN03 0.01 

KN03 0.01 

Seawater 4.7 

Seawater -0.7 

Seawater 4.7 

-4.9 

-10.2 

-2.2 

0.4 

-6.6 

(-8.9) 

2.8. 6.6 

6.4, 9.7 

-2.1 

-7.0 

(7.4, 10.2) 

-3, -7 

6.5, 9.6 

126, 4.9 

142. 4.6 

-2.1 

(133. 3.1) 

( 2 8 ,  2.9) 

(1220, 5.3) 

7000 

205 

8ourg e t  al. 1979 

Oavls and Leckle 1978 

O w l s  end LecCle 1978 

S t m  e t  a l .  1976 

B a l l s t r l e r l  and Murray 1982 

Davis and Leckle 1978 

McLaren and Crawford 19733 

Forbes e t  a l .  1976 

McKenzle 1980 

Oakley e t  a l .  1981 

Takemtsu 1979 

Oakley e t  81. 1981 
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Tab le  11-1 ( C o n t d ) .  ADSORPTION CONSTAdTS FOR COPPER 

Adsorbent Adsorbate E l e c t r o l y t e  Adsorpt lon FIsasuremnts Reference 

I dent I ty ) nFJq/10oq Conc., M l d e n t l t y  Conc., H p~ Constants(b1 vatue'cl 
CEC sP 

Sol I on ly  
C o l l o l d l a l  IKOH ex t r . )  - lo-5.5 - lo-3.6 KNO, 0.1 6 2440, 4.0, 750 

5.7, 350, 0.S7 

KN03 0.1 6 2120, 4.5, 1550. lo -5 .5  - Io-3.6 Dla lysab le  (KOli extr .1 - 
6.0, 1070, 0.2s 

Ola lysab le  I H  0 e x t r . )  - 
2 

Sol I __ 

1.9 
9. I 

2.0 
2.8 
7.2 

0.4 

2.4 
9. I 
7.2 
1.2 
I .9' 

26.2 
1 . 1  
2.2 
7.5 
3.9 
2.9 
5.6 
6.6 
3.6 
3.4 
2.2 
7.6 

Free 
-I 

Hn, pg g 

260 
57.0 

430 
190 
60 
60 

I010 
50 
so 
60 
so 
180 
70 
40 
40 

460 
470 

1070 

I590 
I580 
7 50 
so0 
320 

2570, 4.3, 650, 
6.3, 530, 0.34 

8.6 - 0 - CaCI2 0.05 5.5 Am, KL 16, 6.0 D h l l l o n  e t  e l .  1981 
10.0 - 0 - 10-S-8 CaCI2 0.05 5.5 Am, KL 22, 6.3 
4.2 - - lo-J-8 CaCI2 0.05 5.5 Am, KL 12, 5.2 
5.6 - - lo-3-8 C & l Z  0.05 5.5 Am, KL 14, 6.0 

5.5 Am, KL 

5.5 Am. KL 

5.5 Am, KL 
5.5 Am, KL 

5.5 Am, KL 

5.5 Am, KL 
5.5 Am, KL 

5.5 Am, KL 
5.5 Am, KL 

5.5 Am, KL 
5.5 A K 

m' L 
5.5 Am, KL 

5.5 Am, KL 

5.5 Am, KL 
5.5 Am, KL 

6.6 - - lo-4 - 6.3 Am, K 
6.6 - IO-' cac I 10-2 6.3 Am, KL 

5.5 - 10-6 - - 4.7 Am, KL 

5.5 10-6 - CaC I 10-2 4.7 Am, KL 

9.1, 4.8 
55, 4.3 
5.4, 4.8 
IS, 4.1 
16, 4.9 
26, 5.0 
20, 4.1 
39, .5.l 
37. 5.0 
17, 4.5 
21, 4.6 
91, 4.9 
22, 4.8 
26. 4.5 
37. 5.0 
29, 5.0 
sa, 4.5 
34, 4.9 
47, 4.7 
38. 4.6 
31, 4.8 
21, 4.6 
41, 4.9 

28. 5.2 
11,  5.5 

11.5. 5.2 
S.O. 4.7 

McLaren and C r m t o r d  1973a 

McLeren and C r a r t o r d  l973b 

h v e l l a r o  and HcElrlde 1973 

. - _  . . ._ 



T a b l e  11-1 (Contd). ADSORPTION CONSTANTS FOR COPPER 

A d S o r D O n t  Adsorbate E l e c t r o l y t e  Adsorptlon Measurements Reference 
CEC 5 A .  

I d e n t l t y ( a )  mea/100q m2/q Conc., H Identity conc., H Constants(b)  va lue 'c)  

Soil Depth 

6.4 Am, KL, KF, I/N (11.2, 7.4), S i d l e  and Kardos 1977 0 - 7.5 cm 10.6 18.4 - 10-5.1 - Slmulated - 

1.5 - 15 cm 5.4 8.4 - 10-5.1 - leachate - 5.4 Am. KL. KF, I/N 18.8. 6.5), 
s I udge 6.1, 1.0 

2.5, 1.0 

untreated 21.2 57.5 - 0 - 0.005 
H 0 - t r e a t e d  0 23.7 - 0 - 0.005 2 2  

5.4 Am, KL 175,3.9 
5.4 Am ,  KL 44, 3.6 

untreated 3.3 38.8 - 0 - 0.005 6.1 Am, K,- 

H202-treated 0 11.3 - 0 - 0.005 6.7 Am, KL 

untreated 17.8 22.6 - 0 - 0.005 7.0 .A,, K~ 
H 0 - t reated 0 15.4 - 0 - 0.005 7.0 A,,,, KL 

unt reated 3.5 21.5 - 0 - 0.005 6.0 Am, KL 

H 0 - t r e a t e d  0 13.1 - 0 - 0.005 6.0 Am. KL 

2 2  

2 2  

136, 3.5 
29. 3.0 

140. 4.7 
34, 29 

67, 3.7 
39. 3.7 

P a r t  I C  I e 
Sediment slze, pm 

0.44 0.6 - 
0.007 3.2 - 
0.16 35.7 - 
0.40 0.6 - 
0.27 2.4 - 

- Am, KL 29, - 
- Am. KL 344. 6.0 
- Am, KL 173, 5.2 
- Am, K L  34, 5.1 
- Am, KL 31, 5.1 

P e t r u r z e l I I  e t  a l .  1978 

Ramamorthy and Rust 1978 

O.H. = organic  a c i d  

KF, I/N = Freundl ich constants  f o r  A = KFC1/'; A J umol g- ' ;  C = ufi; Am = Langmulr adsorpt ion m x l m u m ,  p o l  g-';  KL = Langmflr constant .  iogb-4-I; Kd = 

d l s t r l b u f l b n  C O e f f I c l e n t ,  mlg-l except Takematsu (1979) and Oahley et .I. (1981) values In tg-'; KZ = s e l e c t l v l t y  c o e f f l c l e n t ;  *Ks, *Os = sur face 

~ m p ~ e x a t i o n  constants .  log; K,',"' = i n t r l n s l c  adsorpt lon constants ,  log; K 5 a t t i n i t y  c m i f i c i e n t .  
.'2 

I ) = estimated Y l l U B S  



S e c t i o n  12 

FLUOR I DE 

F l u o r i d e  ( F - )  i s  a n e g a t i v e l y  charged anion which forms s t r o n g  complexes w i t h  A13+, 

an i o n  which i s  commonly p resen t  i n  waste l eacha te  o r  s o i l  under  a c i d  c o n d i t i o n s .  

However, t h e  range i n  pH a t  which t h e  A I - F  complexes a r e  dominant depends upon t h e  

F- a c t i v i t y .  A v a i l a b l e  da ta  suggests t h a t  F c o n c e n t r a t i o n s  i n  ca l ca reous  s o i l s  and 

sediments are c o n t r o l l e d  by f l u o r i t e  (CaF2). 

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

by s o i l s  b u t  t h e  maximum a d s o r p t i o n  occurs a t  pH va lues o f  -4 t o  6.5, and 

2 )  f l u o r i d e  d i s p l a c e s  surface-bound OH- d u r i n g  adso rp t i on .  Adequate i n f o r m a t i o n  i s  

n o t  a v a i l a b l e  t o  determine whether anions such as SO:', SeO$-, and AsOi- a f f e c t  F' 

a d s o r p t i o n .  

S t u d i e s  o f  F a d s o r p t i o n / d e s o r p t i o n  
1 )  f l u o r i d e  i s  n o t  s t r o n g l y  adsorbed 

RELATIVE STABILITY OF SOLID AND AQUEOUS SPECIATION 

F l u o r i d e  has a -1 valence s t a t e .  Most known f l u o r i d e  compounds a r e  f a i r l y  

s o l u b l e .  The a c t i v i t y  of F- i n  s o i l s  no rma l l y  ranges f rom t o  10- l '  - M (L indsay  
1979). Except i n  a few cases where s o i l s  may c o n t a i n  f l u o r i t e  and f l u o r a p a t i t e ,  F- 

a c t i v i t i e s  i n  s o i l s  and sediments a re  expected t o  be 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 .  

To determine t h e  r e l a t i v e  abundance o f  F-  spec ies i n  ground waters  r e p r e s e n t a t i v e  o f  
l eacha tes ,  a c t i v i t i e s  o f  d i f f e r e n t  F' spec ies i n  e q u i l i b r i u m  w i t h  F' = 

p l o t t e d  u s i n g  t h e  thermodynamic data ( B a l l  e t  a l .  1980) con ta ined  i n  t h e  geochemical 

code M I N T E Q  (Felrny e t  a l .  1983). Under t h e  assumed c o n d i t i o n s  ( F i g u r e  1 2 - l ) ,  F -  

forms very s t r o n g  complexes w i t h  A13+ such t h a t  these complexes a r e  dominant below 

pH values o f  -5.5. 

decreases w i t h  t h e  decrease o f  F- a c t i v i t y .  A t  pH va lues >5.5, F -  i s  t h e  on ly  

dominant species.  

me ta l s  (such as Ni2', Pb2+, Cd2') do not  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  F i n  , 

s o l  u t i  on. 

- M were 

The pH values below which f l u o r o  complexes o f  A13' a r e  dominant 

A l l  o f  t h e  o t h e r  F -  complexes w i t h  Ca2+, Mg2+, Na', and t r a c e  

12-1 
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F i g u r e  12-1. A c t i v i t i e s  o f  d i f f  r e n t  f l u o r i c l g  s;;$lez 
wh n F' = 
Cd", Pb2+ = lo-': and A13+ a c t i v i t y  c o n t r o l l e i  by 
g i  b b s i  t e  [ A I  ( O H )  31. 

' = Ca2' = 10' '3 , Mg2+ = 10 

N/DISSOLUTION 

I n f o r m a t i o n  on observed o r  p r e d i c t e d  s o l u b i l i t y - c o n t r o l l i n g  s o l i d s  o f  F- i s  

l i m i t e d .  Nordstrom and Jenne (1977) showed t h a t  t h e  s o l u b i l i t y  o f  f l u o r i t e  p r o v i d e s  

an e q u i l i b r i u m  c o n t r o l  on d i s s o l v e d  F' a c t i v i t y  i n  geothermal waters.  However, o n l y  

a smal l  percentage of waters  ( f rom Pb and I n  m i n i n g  areas)  were i n  apparent e q u i -  

l i b r i u m  w i t h  f l u o r i t e ,  w i t h  most be ing  undersa tu ra ted  (Jenne e t  a l .  1980). I n  

a d s o r p t i o n  exper iments a t  23.6 X - M f l u o r i d e ,  t h e  r e s u l t s  o f  Chhabra e t  a l .  

(1980) suggested F p r e c i p i t a t i o n  p o s s i b l y  as f l u o r a p a t i t e  o r  f l u o r i t e .  Other  

au tho rs  (Gupta e t  a l .  1982) have observed h i g h  apparent a d s o r p t i o n  o f  F by c a l -  

careous s o i l s  which they a t t r i b u t e  t o  t h e  p o s s i b l e  p r e c i p i t a t i o n  o f  f l u o r i t e .  

F l u o r i d e  has s t r o n g  a f i n i t y  f o r  A13+ ( F i g u r e  12-1) and Semmens and Meggy (1966) 

i n d i c a t e  t h a t  s o l i d  phases such as c r y o l i t e  (Na3A1F6) c o u l d  form through F-  a t t a c k  

on aluminum m i n e r a l s .  

ADSORPTION/DESORPTION 

F l u o r i d e  adso rp t i on  i n  s o i l  s t r o n g l y  c o r r e l a t e s  w i t h  t h e  con ten t  o f  amorphous A 1  

ox ides (Omueti and Jones 1973) .  Among a number o f  s o i l  c o n s t i t u e n t s ,  i n c l u d i n g  

12-2  



l a y e r  l a t t i c e  s i l i c a t e s  and o x i d e  m i n e r a l s ,  A l (OH)3  appears t o  have t h e  h i g h e s t  

a d s o r p t i o n  c a p a c i t y  f o r  F (Bower and H a t c h e r  1967 ). Some c r y s t a l  1 i ne a l u m i  no-  

s i l i c a t e s ,  i m o g o l i t e ,  ha1 l o y s i t e  (Bower and H a t c h e r  1967) ,  and more p r o b a b l y ,  

amorphous a l u m i n o s i l i c a t e s  o f  v o l c a n i c  o r i g i n  (e.g., a l l o p h a n e )  have s i g n i f i c a n t  

a d s o r p t i o n  c a p a c i t y  f o r  F as w e l l .  W h i l e  d e c r e a s i n g  s o i l  s o l u t i o n  pH g e n e r a l l y  

y i e l d s  g r e a t e r  a d s o r p t i o n  o f  F by s o i l s  (Omueti and Jones 1977, Bower and H a t c h e r  

1967),  some c a l c a r e o u s  s o i l s  may have h i g h  apparen t  a d s o r p t i o n  c a p a c i t i e s : d u e  t o  

p r e c i p i t a t i o n  o f  CaF2 (Gupta  e t  a l .  1982) .  
s o d i c i t y  suppresses  F a d s o r p t i o n  i n  a l k a l a i  s o i l s .  

More commonly, i n c r e a s i n g  pH and s o i l  

The a d s o r p t i o n  b e h a v i o r  o f  F i s  s t r o n g l y  i n f l u e n c e d  by pH ( T a b l e  12-1) .  On 
g o e t h i t e ,  f o r  example, a d s o r p t i o n  of F i s  g r e a t e s t  a t  a pH ( 3  t o  4 )  n e a r  t h e  pKa o f  

t h e  a n i o n  ( H i n g s t o n  e t  a l .  1968; H i n g s t o n  e t  a l .  1972) p o s s i b l y  s u g g e s t i n g  

p a r t i c i p a t i o n  o f  t h e  p r o t o n a t e d  s p e c i e s  (HF) i n  t h e  a d s o r p t i o n  mechanism. I n  

c o n t r a s t ,  maximum F a d s o r p t i o n  on c h l o r i t i z e d  m o n t m o r i l l o n i t e ,  a l l o p h a n e ,  and 

s u r f a c e  s o i l  o c c u r  between pH 6 and 7 (Omueti and Jones 1977).  A d s o r p t i o n  o f  F i s  

n e g l i g i b l e  above t h e  a p p r o x i m a t e  z e r o  p o i n t  o f  charge o f  g o e t h i t e  and g i b b s i t e  

( H i n g s t o n  e t  a l .  1972) i n d i c a t i n g  t h a t  a p o s i t i v e l y  charged s u r f a c e  o r  t h e  

p r o t o n a t e d  s p e c i e s  i s  r e q u i r e d  f o r  F r e t e n t i o n .  The h i g h e r  F a d s o r p t i o n  n o t e d  i n  

many a c i d  s o i l s  (Omueti and Jones  1977; Bower and Ha tche r  1967) r e f l e c t s  a 

c o m b i n a t i o n  o f  f a c t o r s  i n c l u d i n g  1) g r e a t e r  q u a n t i t i e s  o f  amorphous A1 and Fe 

o x i d e s ,  2 )  a p o s i t i v e  cha rge  d i s t r i b u t i o n  on ampho te r i c  hydrous  o x i d e s ,  and 3 )  t h e  

p resence  o f  HF. Each o f  t h e s e  f a c t o r s  encourages  F r e t e n t i o n .  

The a f f i n i t y  o f  F f o r  s o i l s  i s  enhanced w i t h  i n c r e a s i n g  i o n i c  s t r e n g t h  o r  i n  t h e  

p resence  o f  aqueous monova len t  c a t i o n s  o f  i n c r e a s i n g  a tomic  number (Ba r row and Shaw 

1982) .  

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

B o t h  t h e s e  f a c t o r s  c o n t r i b u t e  t o  reduce t h e  n e g a t i v e  e l e c t r o s t a t i c  cha rge  o f  

The a d s o r p t i o n  mechanism o f  F on m i n e r a l  su r faces  and s o i l s  has n o t  been w e l l  

d e f i n e d .  

p o l a r i z a t i o n ,  i t  i s  n o t  s u r p r i s i n g  t h a t  a n i o n  o r  l i g a n d  exchange w i t h  s u r f a c e  O H -  on 

c l a y  m i n e r a l s  and hyd rous  o x i d e s  has been proposed as t h e  p rominen t  r e t e n t i o n  

mechanism o f  F i n  s o i  1 ( H i n g s t o n  e t  a l .  1972; M o t t  1981) .  I n  f a c t ,  most F adso rp -  

t i o n  s t u d i e s  n o t e  an i n c r e a s e  i n  s o l u t i o n  pH f o l l o w i n g  a d s o r p t i o n  ( P e r r o t t  e t  a l .  

1976) .  However, soiiie i n v e s t i g a t o r s  i n d i c a t e  t h a t  F a d s o r p t i o n  may, i n  f a c t ,  be a 

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

m i n e r a l  s t r u c t u r e ,  and f o r i n a t i o n  o f  neh s u r f a c e  s o l i d  phases such as c r y o l i t e  

(Semmens and blegqy 196G) o r  soluble f l u o r o a l u m i n a t e  complexes (Huang and Jackson 

S i n c e  t h e  f l u o r i d e  and h y d r o x y l  i o n s  a r e  s i m i l a r  i n  s i z e ,  charge,  and 



1965; Hingston e t  a l .  1972 a n d  Figure 12-1). 
slower than adsorption, layer l a t t i c e  s i l i c a t e s  appear par t icular ly  susceptible t o  F 

at tack (Semmens and Meggy 1966; Huang and Jackson 1965), while oxide minerals (e.g. ,  
g ibbs i te )  are vulnerable under acidic  conditions (Hingston e t  a l .  1972). 
chemical reactions also lead t o  formation of hydroxy ions and increase i n  solution 
pH (Per ro t t  e t  a l .  1976; Huang and Jackson 1965) .  
f o r  act ive hydroxyl s i t e s ,  F has been used in soi l  t es t ing  t o  detect  allophanic 
(Bonfils 1972) and aluminium-rich (Brydon and Day 1970) soi l  clays by measurement o f  

evolved OH' a f t e r  contact w i t h  1 M NaF. 

Though ra tes  o f  chemical reaction are  

These 

Because o f  i t s  strong a f f i n i t y  

- 
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Table  12-1. ADSORPTION CONSTANTS FOR FLUORIDE 

Adsorption Wasurements References Adsorbate E l e c t r o l y t e  Adsorbent 

CEC 

m e q / l O ~  

SA.  
2 

59 

32 

( C )  
Constants (b) Value I dent I +y(a)  

Clay Minera ls  

K a o l l n l t e  

Conc., M I dent I t y  Conc., M pH 

0.01 6.2 
0.01 5.0 

A K  21.9, 3.48 h e r  and Hatcher 1967 
m' L 

14.2, 3.56 
Am* 'L 

94.0.3.64 
175. 3.12 

Am* 'L 
Amp 'L 

t r ace  
Am* 'L 

A K  t r ace  
m' L 

0.01 6. I 
0.01 7.0 

Ha l  l o y s l t e  dehydrated 
expended 

0.01 8.7 

0.01 8.5 

Bentonite 

Verml cu I I te. 

Alumlna 

0.01 
0.01 
0.01 

1820. 4.44 Bower and Hatcher 1967 
2770, 3.96 
11.7, 3.68 

Freshly pp t ' d  
Coated to benton l te  
G I  bbsl te 

Fe Oxldes 

Ckethl te 

G m t h l  te 

-2.4 
0 - IO M g C l Z  

lo-3'7 - -2 .5  

-3.7 - 10-2.5 

10-3.7 - lo-2.5 NaC I 
NaC I 

lo-3.7 - ::-2.5 NaCl 

NaC I IO 

0.01 

0.1 

0. I 
0. I 
0.1 

7.0 Am, KL t r ace  Borer and Hatcher 1967' 

(300. 3.5) Hlngston e t  a l .  1968 
(290, 3.3) 
(140, 3.3) 
(70, 3.0) 

so1 I s  - 
Sandy loam 

Sol I 

7.2 Am, KL 
4.8 Am, KL 

- 
4.6, 3.48 Bower and Hatcher 1967 
21.0. 2.64 

S i l t  loam 7.7 Am, KL 
3.5 Am, KL 

7-3 Amp KL , 

4.1 A ~ .  K~ 
7.3 Am, KL 

8.1, 3.39 
20.3, 3.18 

9.0, 3.12 
13.2, 3.38 
13.8. 2.88 

Loam 

Loam, (dr led.  rewet)  

Clay loam 
Clay loam (dr led.  rewet )  

5.6 Am, KL 
5.6 Am, KL 

7.9 Am, KL 
8.0 Am, KL 

Barer and Hatcher 1967 69.3. 3.68 
99.2. 3.66 

5.8, 3.12 
11.3. 3.18 
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I R O N  

Both  F e ( I 1 )  and F e ( I I 1 )  o x i d a t i o n  s t a t e s  a r e  s t a b l e  under  aqueous e n v i r o n m e n t a l  pH 

and redox  c o n d i t i o n s .  F e (  111)  s p e c i e s  a r e  dominant  under  o x i d i z i n g  c o n d i t i o n s  and 

Fe(  11)  s p e c i e s  under  r e d u c i n g  c o n d i t i o n s .  I r o n  c o n c e n t r a t i o n s  i n  aqueous e n v i r o n -  

ments a r e  expec ted  t o  be c o n t r o l l e d  by p r e c i p i t a t i o n / d i s s o l u t i o n  r e a c t i o n s .  

M e t a s t a b l e  f e r r o s i c  h y d r o x i d e  [Fe3(0H)81, wh ich  p e r s i s t s  i n  chang ing  redox  

c o n d i t i o n s  i s  shown t o  c o n t r o l  maximum Fe c o n c e n t r a t i o n s  f o r  a w ide  range i n  redox  

c o n d i t i o n s  (pe  + pH >a) .  O t h e r  i r o n  o x i d e s  and h y d r o x i d e s  l e s s  s o l u b l e  t h a n  

Fe3(0H)8  have a l s o  been r e p o r t e d  t o  be s o l u b i l i t y - c o n t r o l l i n g .  

i m p o r t a n t  r e t e n t i o n  mechanism of i r o n  a t  low pH o r  a t  low aqueous c o n c e n t r a t i o n s .  

A d s o r p t i o n  can be an 

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

I r o n  i n  g e o l o g i c  env i ronmen ts  e x i s t s  i n  t h e  +2 and +3 o x i d a t i o n  s t a t e s  wh ich  a r e  
s t a b l e  ove r  a b road range o f  pH and redox  c o n d i t i o n s .  Redox p o t e n t i a l  s t r o n g l y  

a f f e c t s  b o t h  t h e  s t a b l e  s o l i d  and s o l u t i o n  spec ies .  Under o x i d i z i n g  c o n d i t i o n s ,  

F e ( I I 1 )  m i n e r a l s  a r e  more s t a b l e  t h a n  F e ( I 1 )  m i n e r a l s .  Based on a v a i l a b l e  

thermodynamic da ta ,  L indsay  ( 1 9 7 9 )  has de te rm ined  t h e  r e l a t i v e  s t a b i l i t y  o f  Fe 

ox ides .  H i s  c a l c u l a t i o n s  show t h a t  under  o x i d i z i n g  c o n d i t i o n s  (pe  + pH >11.5) s o i l  

Fe(OH)3 ( i n t e r m e d i a t e  i n  s o l u b i l i t y  t o  amorphous h y d r o x i d e  and c r y s t a l l i n e  o x i d e )  

c o n t r o l s  t h e  s o l u b i l i t y ;  below pe -t pH o f  11.5, m a g n e t i t e  (Fe3O4) i s  t h e  s t a b l e  

phase u n t i l  s i d e r i t e  (FeC03) for ins [pe + pH 3.7 f o r  CO*(g) < atmospheres].  

To de te rm ine  t h e  r e l a t i v e  abundance o f  F e ( I 1 )  and F e ( I I 1 )  spec ies  i n  ground w a t e r s  

r e p r e s e n t a t i v e  o f  u t i l i t y  was te  l e a c h a t e s  and t o  show t h e  e f f e c t  o f  redox  p o t e n t i a l  

on t h e  s o l u b i l i t y  o f  F e ( I I 1 )  s o l i d s ,  a c t i v i t i e s  o f  d i f f e r e n t  Fe spec ies  i n  e q u i -  

l i b r i u m  w i t h  Fe(OH)3(a)  a t  two d i f f e r e n t  redox  c o n d i t i o n s  were p l o t t e d  u s i n g  t h e  

thermodynamic da ta  ( B a l l  e t  a l .  1980) c o n t a i n e d  i n  t h e  geochemical  model MINTEQ 

(Felmy e t  a l .  1983).  Under r e l a t i v e l y  o x i d i z i n g  c o n d i t i o n s  (pe  + pH = 16 )  and f o r  

h i g h  F -  (10-4 - M )  wa te rs ,  f l u o r o  complexes of  F e ( I I 1 ) )  a r e  t h e  doininant aqueous 

spec ies  a t  pH va lues  o f  a p p r o x i m a t e l y  ~ 4 . 2  ( F i g u r e  13-1). A t  h i g h  pH va lues ,  

h y d r o l y s i s  spec ies  o f  Fe (  111) [Fe(Otl):, F e ( O H ) i ]  a r e  doi i i inant.  Under t h e s e  

13-1 



F i g u r e  13-1. A c t i v i t i e s  o f  d i f f e r e n t  i r o n  s p e c i e s  i n  
e q u i l i b r i u m  w i t h  Fe(OH)3(a)  under  r e l a t i v e l y  o x i  i z i n g  

C 1 -  = 10' , F' = 10- . 
c o n d i t i o n 3  (pe  + pH ; 1 6 ) ,  when a c t i v i t i e s  o f  SO4 9: = ' 

c o n d i t i o n s  ( F i g u r e  1 3 - l ) ,  t h e  F e ( I 1 )  spec ies  and F e ( 1 I I )  complexes w i t h  SO4 2- and C 1 -  

do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  Fe i n  s o l u t i o n .  

p o t e n t i a l  (pe + pH = 7 )  i n c r e a s e s  t h e  t o t a l  Fe i n  s o l u t i o n  and changes t h e  dominant  

aqueous spec ies  ( F i g u r e  13-2).  

(9.2, and spec ies  o t h e r  t h a n  FeSOi do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  Fe. 

Dec reas ing  t h e  r e d o x  

Fe2+ i s  t h e  dominant aqueous spec ies  a t  pH v a l u e s  

F i g u r e s  13-1  and 13-2 show t h a t  w i t h  t h e  decrease i n  redox  (pe + pH) p o t e n t i a l ,  

Fe(OH)3(a)  becomes ve ry  s o l u b l e ,  and as ment ioned e a r l i e r ,  Fe3O4 i n s t e a d  o f  

Fe(OH)3(a)  wou ld  be t h e  s t a b l e  compound. 

PKECIPITATION/DISSOLUTION 

I r o n  forms seve ra l  s p a r i n g l y  s o l u b l e  s o l i d s  under d i f f e r e n t  redox  c o n d i t i o n s ,  and i t  

i s  g e n e r a l l y  accepted  t h a t  Fe c o n c e n t r a t i o n s  i n  ground wa te rs  a r e  p r i m a r i l y  con- 

t r o l l e d  by precipitation/dissolution r e a c t i o n s .  Back and Barnes ( 1 9 6 5 )  measured 

s o l u t i o n  c o n c e n t r a t i o n s  o f  Fe2+ a s  a f u n c t i o n  o f  redox  p o t e n t i a l  and pH i n  ground 

wa te rs .  

ground w a t e r s .  

T h e i r  da ta  suggest  t h e  presence of f e r r o s i c  h y d r o x i d e  [Fe3(0H)8(s)] i n  many 

E q u i l i b r i u n l  w i t h  i r o n  o x i d e s  was a l s o  i m p l i c a t e d  by Barnes and Back 
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F i g u r e  13-2. A c t i v i t i e s  o f  d i f f e r e n t  i r o n  s p e c i e s  i n  
equ i  1 i b r i  um w i t h  Fe (OH) ( a )  under  r e 1  a t i  v e l y  r e g u c i  n g  
c o n d i t i o n  ( p e  + pH = 7 7 ,  when a c t i v i t i e s  o f  SO4- = 
C1- = 10-5y  F- = 10- 4 . 

(1964) ove r  a wide  range o f  pH and redox  p o t e n t i a l s .  H e l z  and S i n e x  (1974)  measured 

d i s s o l v e d  i r o n ,  pH, and redox  p o t e n t i a l  i n  t h e r m a l  s p r i n g s  and found  t h a t  

Fe3(0H)8 (s )  may be c o n t r o l l i n g  Fe s o l u b i l i t y .  

t h a t  Fe3(0H)8  may be i m p o r t a n t  i n  c o n t r o l l i n g  Fe2+ l e v e l s  (Schwab and L i n d s a y  1983; 

Ponnamperuma e t  a1 . 1967; P a s r i c h a  and Ponnamperuma 1976) .  Schwab and L i n d s a y  

(1983)  p r e s e n t e d  c o n v i n c i n g  e v i d e n c e  t h a t  i n d i c a t e s  maximum i r o n  c o n c e n t r a t i o n s  

o v e r  a wide range o f  redox  p o t e n t i a l s ,  a r e  c o n t r o l l e d  by f e r r o s i c  h y d r o x i d e  and 

s i d e r i t e  (FeC03); f e r r o s i c  h y d r o x i d e  was f o u n d  t o  c o n t r o l  c o n c e n t r a t i o n s  a t  pe + 
pH >8 and s i d e r i t e  a t  pe + pH (8. Schwab and L i n d s a y  (1983) p o i n t  o u t  t h a t  f e r r o s i c  

h y d r o x i d e  i s  m e t a s t a b l e  and i s  expec ted  t o  p e r s i s t  i n  chang ing  redox  env i ronmen ts .  

They a l s o  s t a t e  t h a t  under  s t a b l e  redox  c o n d i t i o n s ,  l e s s  s o l u b l e  i r o n  o x i d e s  can 

c o n t r o l  Fe c o n c e n t r a t i o n s .  

O t h e r  a u t h o r s  have a l s o  sugges ted  

" 

AOSORPTION/DESORPTION 

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

e x t e n t ,  by p r e c i p i t a t i o n  r e a c t i o n s  l e a d i n g  t o  f o r m a t i o n  o f  a i i iorphoi is  and c r y s t a l l i n e  

secondary m i n e r a l s .  These r e a c t i o n s  arid t h e  i d e n t i t y  o f  secondary  Fe s o l i d  phases 
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have been i n v e s t i g a t e d  i n  d e t a i l  (e.g., Oades 1968;  Bingham e t  a l .  1978) .  Secondary 

Fe hydrous ox ides  a r e  i m p o r t a n t  s o i l / s u b s o i l  adsorbents  of  a n i o n i c  (Davis  and L e c k i e  

1980) and c a t i o n i c  m e t a l l i c  c o n s t i t u e n t s  (Jenne 1968)  i n  u t i l i t y  waste leachate.  

I r o n ( I I 1 )  i s  s t r o n g l y  adsorbed, or  a c t u a l l y  complexed, by s o i l  humic a c i d  a t  pH <3 
( K e r n d o r f f  and S c h n i t z e r  1980) .  The a f f i n i t y  of  s o i l  o r g a n i c  ma t te r  f o r  F e ( I I 1 )  i s  

g r e a t e r  t h a n  f o r  any o t h e r  metal  except  H g ( I 1 )  and C u ( I 1 )  ( K e r n d o r f f  and S c h n i t z e r  

1980) .  Thus, t h e  d i s t r i b u t i o n  o f  e x t r a c t a b l e  Fe i n  s o i l  i s  s t r o n g l y  i n f l u e n c e d  by 

o r g a n i c  m a t t e r  (Wada and Gunj igake 1979) .  
F e ( 1 I I )  a re  c r y s t a l l i n e  ox ides ( S c h i n d l e r  e t  a l .  1976; James and Healy 1972a, 1972b; 
Stumm e t  a l .  1976; O'Mel ia  and Stumm 19671, c l a y  m i n e r a l s  (Page and W h i t t i g  1961; 
Rengasamy and Oades 1977; Fordham 1 9 6 9 ) ,  and hydrous ox ides  of Fe and Mn (Wada and 

Gunj igake 1979) .  
c o n d i t i o n s ,  has n o t  been s t u d i e d  i n  any degree o f  d e t a i l .  

Other  s o i l  c o n s t i t u e n t s  which adsorb 

The a d s o r p t i o n  o f  F e ( I I ) ,  t h e  p r i m a r y  valence s t a t e  under r e d u c i n g  

The a d s o r p t i o n  of  F e ( I I 1 )  on s i l i c a  ( S c h i n d l e r  e t  a l .  1976, James and Healy 1972a)  
and c l a y  m i n e r a l s  (Fordham 1969) i s  s t r o n g l y  pH dependent (Table 13-1). The 

a d s o r p t i o n  edge o f  F e ( I I 1 )  on s i l i c a  occurs a lmost  t h r e e  pH u n i t s  below t h a t  o f  Pb 

and Cu, two s t r o n g l y  adso rb ing  t r a c e  me ta l s  ( S c h i n d l e r  e t  a l .  1976; James and Healy 

1972a). The pH o f  t h e  a d s o r p t i o n  edge f o r  each meta l  q u a l i t a t i v e l y  c o r r e l a t e s  w i t h  

t h e  va lue o f  t h e  f i r s t  h y d r o l y s i s  cons tan t .  A t  pH va lues below 3, t h e  a d s o r p t i o n  o f  

F e ( I I 1 )  by c l a y  m i n e r a l s  (Fordham 1969; Page and W h i t t i g  1961) and s i l i c a  ( S c h i n d l e r  

e t  a l .  1976) i s  accompanied by t h e  r e l e a s e  o f  1.0 t o  1 . 2  pro tons  f o r  each Fe i o n  

adsorbed. Adsorp t i on  may occur  th rough  su r face  comp lexa t ion .  

SOH + Fe3+%SOFe2+ + Ht (13-1) 

SOH + Fe3+ + H20 + SOFeOH' + 2H+ (13-2)  

SOH + Fe3+ + 2H20 %SOFe(OH)Z + 3H+ (13-3) 

SOH + 2Fe3+ + 2H20% SO(Fe)2(0H)$+ + 3H' (13-4) 

React ions 13-3 and 13-4 can occur on l y  a t  low c o n c e n t r a t i o n s  o f  F e ( 1 I I )  

when pH i s  >6. 
- M )  

Above pH 2 ,  FeOH2+ i s  l i k e l y ' t h e  dominant adso rb ing  species.  

The e f f e c t s  o f  compet ing c a t i o n i c  elements and so lub  

p o o r l y  documented; however, t he  a d s o r p t i o n  o f  Fe( I I I 

by the  presence o f  NO;, SO:-, o r  C 1 -  (Page and LJhi t t  

13-11 

e l i g a n d s  on Fe a d s o r p t i o n  i s  

by c l a y  rn inera ls  i s  u n a f f e c t e d  

y 1961) .  Water s o l u b l e  o rgan ic  



~ 

~ 

l i g a n d s  (e.g., f u l v i c  a c i d s )  may form s t r o n g  aqueous complexes w i t h  F e ( I I 1 )  (Perdue l 

e t  a l .  1976; S c h n i t z e r  1969),  m a i n t a i n 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  a t  f a r  h i g h e r  

l e v e l s  than t h a t  p r e d i c t e d  by s o l u b i l i t y  c o n s i d e r a t i o n s  alone. These complexes 

w i  11, i n  genera l ,  i n c r e a s e  i ron  mobi 1 i t y  th rough  so i  l / l a n d / s u b s o i  1 systems. They 

may, however, be adsorbed by c e r t a i n  m ine ra l  c o n s t i t u e n t s  (Dawson e t  a l .  1978). 

Autoradiography and e l e c t r o n  microscopy revea l  t h a t  a t  low aqueous c o n c e n t r a t i o n s  o f  

F e ( I I 1 )  s p e c i f i c  a d s o r p t i o n  occurs on c l a y  m i n e r a l s  a t  t h e  p a r t i c l e  edges where 

exposed A1 -OH groups e x i s t  (Fordham 1973). I nc reased  s o l u t i o n  c o n c e n t r a t i o n s  i nduce  

p r e c i p i t a t i o n  o f  an even ly  d i s t r i b u t e d  c o a t i n g  o f  F e ( I I 1 ) - o x i d e s  on t h e  c l a y  

sur faces,  beg inn ing  a t  t h e  p a r t i c l e  edges. 
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Tab le  13-1. ADSORPTION CONSTANTS FOR IRON 

Clay M l n e r a l s  

Kaol I n  I te 

Ca-saturated 

Bentonl te ,  N a - t o m  

I I I I te,  Na-form 

K a o l l n l t e .  Na-form 

H o n t m r  I I Ion1 te 

No-form 

H-farm 

S I  I I c a  

s102 

SlOZ 

sloz 

s loz 

15 

372 

I ~ - ~ - ~  - cec12 0.05 

 IO-^.^ - IO+ C S C I ~  0.05 

0 - 0.015 

0 - 0.015 

0 - 0.015 

,o-2.5 

I o-2. 5 

,o-2.5 - 10-2.2 - 

M a l o 4  3.0 

NaCIO4 3.0 

J Am. KL (4.3, 5.51 F o r d h m  1969 

4 n (14.9, 6.0) 

3 h KL (6180. 2.8) Rengasay and 
(4920, 2.9) 

Oades 1977 

(1450. 2.6) 

w.5 A 220 

>1.0 A 260 

>I.6 A 280 

>2.1 A 280 

Page and Whlt t lg 1%1 

0-5 *K: SlOFe -1.77 : 0.04 Schlndler  e t  a l .  1976 

*R;(SIO)2fe -4.22 f 9,95 

- K l n t  
Fe ' (5.4, 6.0) S t m  e t  a t .  1976 
I n t  

KFSOH 

2.7 A (4.0) 

1.5- -8.5 

Jams and Healy 1972s 

James and Healy 1972b 

3.0 
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T a b l e  1 3 - 1  (Contd) .  ADSORPTION CONSTANTS FOR IRON 

Adsorbent Adsorbate E l e c t r o l y t e  Adsorptlon k a s u r e m n t s  R e b r e n c e  
CEC 5 A .  

Conc., M Constants") Value'') 
2 

l d e n t l t y  meq/IOOq m/g Cmc., M l d e n t l t y  

S102 

Organlc I b t t e r  

Humlc acld (soli) 

Sol I 

Clay 51 

S I I t y  c lay 31 
I o m  

__ 

Sandy loam 15 

Sandy loam I I  

Sand. 8 

Sand 4 

- 2.06 o - 

51.3  IO-^.^ m n l c l p a l  - 
61.5  IO-^.^ leachate 

waste 

19.5  IO-^.^ 

38.3  IO-^.' 
8.9   IO-^.^ 

8.0  IO-^-^ 

( a )  A = L a n g N l r  adsorpt lm mYXlmUD, UnOl g-l  

K~ = Langnulr constant, log E-' 
A = adsorptlon. uml  g 

xi, 
K l n t  

Aihem = t r e e  energy of adsorpt lm,  k 

PV = pore volurms t o  501 breakthrough 

CL c o l u m  loadlng, limo1 g-' 

- I  

= surface cOmplexatlon constants for  I ~ I C  specles. log 

= l n t r l n s l c  adsorpt lon constant for lonlc specles, l o g  

end 

( b )  ( I - e s t l m t e d  values 

1.5- *Ki;' 

3.0 
I n t  

* K ~ e ~ ~  

.Kt n t  
Fe(OH)2 

I n t  
'KFe2 (OH )2 

K l n t  
Fe 

Int 
KFeOH 

2.5 Am, KL 
3.0 Am. KL 

2.4 Am. KL 

-2.2 

-4.0 

-5.1 

-11.9 

(5.0) 

(6.2) 

(0.5, 6.4) 
(1.0, 6.7) 

(1760. 3.2) 

5.4 PV, CL (4.5, 2.0) 

5.4 PV. CL (6.5, 3.4) 

5.4 PV, CL (4.3, 1.3) 

5.4 PV. CL (4.3, 1.5) 

5.4 PV, CL (1.5, 0.2) 

5.4 PV, CL (1.0. 0 )  

James and 
Hesly 1972b 

O ' h l l a  and S t u n r n  
I967 

Kerndorf f  end 
Schnltzer 1980 

Antlola and 
Fuller 1980 



S e c t i o n  14  

LEAD 

I n  n a t u r a l  aqueous env i ronments ,  l e a d  (Pb) p r i m a r i l y  e x i s t s  as P b ( I 1 ) .  The dominant  
aqueous s p e c i e s  a r e  Pb2+ i n  a c i d i c  c o n d i t i o n s  and Pb2+-carbonate  complexes i n  

a l k a l i n e  c o n d i t i o n s .  B o t h  p r e c i p i t a t i o n / d i s s o l u t i o n  and a d s o r p t i o n / d e s o r p t i o n  

appear t o  c o n t r o l  Pb c o n c e n t r a t i o n s .  

PbC03 i n  c a l c a r e o u s  and a l k a l i n e  s o i l s  sed iments  have been r e p o r t e d  t o  be 
s o l u b i l i t y -  c o n t r o l l i n g  s o l i d s .  I r o n  and Mn o x i d e s  a r e  s t r o n g  s p e c i f i c  a d s o r b e n t s  

f o r  Pb. I n  a d d i t i o n  t o  s p e c i f i c  a d s o r p t i o n ,  Pb r e t e n t i o n  a l s o  o c c u r s  t h r o u g h  i o n  

exchange. Except  a t  h i g h  Pb c o n c e n t r a t i o n s  where i o n  exchange p redomina tes ,  

compet ing  i o n s  appear t o  have l i t t l e  e f f e c t  on Pb a d s o r p t i o n .  I n f o r m a t i o n  i s  n o t  

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

s i g n i f i c a n t l y  m o d i f i e d  by o t h e r  s o l u t e s  p r e s e n t  i n  u t i l i t y  was te  l e a c h a t e .  

Lead-phosphates i n  nonca l  careous  sed iments  and 

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

N a t u r a l l y  o c c u r r i n g  l e a d  (Pb)  has t h r e e  o x i d a t i o n  s t a t e s :  0 ( m e t a l ) ,  P b ( I I ) ,  and 
Pb(1V). I n  ground wa te rs ,  Pb p r i m a r i l y  e x i s t s  as P b ( I 1 ) ;  i t  e x i s t s  as Pb(1V) o n l y  

i n  e x t r e m e l y  o x i d i z i n g  c o n d i t i o n s ,  o u t s i d e  t h e  e n v i r o n m e n t a l  pH and Eh range. I n  

a d d i t i o n ,  s o l i d  compounds o f  Pb(1V) w i l l  n o t  f o r m  under  e n v i r o n m e n t a l  c o n d i t i o n s  

( L i n d s a y  1979).  Some o f  t h e  P b ( I 1 )  compounds w i t h  r e l a t i v e l y  low s o l u b i l i t y  i n c l u d e  

Pb-carbonates  [PbC03, Pb3(C03)2(0H)2] and Pb-phosphates as we1 1 

Pb-phospha tes -ha l i des  [Pb3(P04)2, Pbg(P04)3Br,  Pbg(P04)$ l ]  ( L i n d s a y  1979).  

To de te rm ine  t h e  r e l a t i v e  abundance o f  P b ( I 1 )  s p e c i e s  i n  ground w a t e r s  

r e p r e s e n t a t i v e  o f  l e a c h a t e s ,  a c t i v i t i e s  o f  d i f f e r e n t  Pb s p e c i e s  (Pb2' f i x e d  a t  

- M o r  c o n t r o l l e d  by c e r r u s i t e )  were p l o t t e d  ( F i g u r e  14-1)  u s i n g  t h e  

thermodynamic d a t a  ( T r u e s d e l l  and Jones 1974; B a l l  e t  a l .  1980) c o n t a i n e d  i n  t h e  

geochemical  model M I N T E Q  (Felmy e t  a l .  1983) .  Under t h e  assumed c o n d i t i o n s  

( F i g u r e  1 4 - l ) ,  Pb2' f o l l o w e d  by PbSOj i s  t h e  dominant  aqueous s p e c i e s  i n  ground 

wa te rs  of  pH va lues  (7. W i t h  

t h e  e x c e p t i o n  of PbC1' wh ich  c o n t r i b u t e s  a p p r o x i m a t e l y  8% t o  t h e  t o t a l  s o l u b l e  Pb a t  

pH va lues  57, o t h e r  Pb complexes w i t h  B r - ,  F - ,  NO;, I - ,  and O H -  do n o t  c o n t r i b u t e  

s i g n i f i c a n t l y  t o  t h e  t o t a l  Pb i n  s o l u t i o n .  

A t  pH va lues  27, Pb-carbonate  complexes a r e  dominant .  
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F i g u r e  14-1. A c t i v i t i e s  o f  d i f f  r e n t  P b ( I 1 )  s p e c i e s  when 
a c t i v i t y  o f  Pb2+ i s  f i x e d  a t  lo- '  o con r o l l e d  by 
c e r r u s i  t (PbC03) , SO4 = C1- = 10-5, Mg$+ = NO; = -', B r -  = I -  = 

atmospheres. 
and COz(gas) = 

PRECIPITATION/DISSOLUTION 

N r i a g u  (1974)  p o i n t e d  o u t  t h a t  Pb phosphates can r e a d i l y  p r e c i p i t a t e  and c o u l d  be a 

ma jo r  f a c t o r  i n  t h e  b i o c h e m i s t r y  o f  Pb. However, no d i r e c t  i d e n t i f i c a t i o n  o f  Pb 

phosphate  p r e c i p i t a t e s  i n  n a t u r a l  aqueous systems has been made. S a n t i  1 lan-Medrano 

and J u r i n a k  (1975)  s t u d i e d  t h e  c h e m i s t r y  o f  Pb i n  s o i l s  and conc luded  t h a t  t h e  s o l u -  

t i o n  c o n c e n t r a t i o n s  o f  Pb appear  t o  be r e g u l a t e d  by s o l i d  phases t h a t  i n c l u d e  phos- 

phates .  Severa l  Pb compounds [Pb(OH)2, Pb3(P04)2, Pb40(P04)2, Pbg(P04)30Hl,  depend- 

i n g  upon pH, appeared t o  be c o n t r o l l i n g  t h e  s o l u b i l i t y  o f  l e a d  i n  nonca lca reous  

s o i l s .  

careous  s o i l s .  Jenne e t  a l .  (1980)  a l s o  r e p o r t e d  t h a t  PbC03 appeared t o  c o n t r o l  t h e  

Pb c o n c e n t r a t i o n s  i n  a few w a t e r  samples f r o m  t h e  M i s s o u r i  t r i - s t a t e  m i n i n g  a rea .  

Depending on t h e  pH, PbC03 was found t o  be t h e  c o n t r o l l i n g  phase i n  c a l -  

Most of t h e  r e s e a r c h e r s  s t u d y i n g  Pb a d s o r p t i o n  used f a i r l y  h i g h  c o n c e n t r a t i o n s  o f  
Pb, b u t  on ly  a few made an a t t e m p t  a t  e s t i m a t i n g  whether  p r e c i p i t a t i o n  o f  Pb s o l i d s  

c o u l d  be c o n t r o l l i n g  Pb c o n c e n t r a t i o n s .  However, Pb(OH)2 was i n d i r e c t l y  shown t o  be 

t h e  s o l u b i l i t y - c o n t r o l l i n g  s o l i d  phase i n  s e v e r a l  exper imen ts  ( A b d - E l f a t t a h  and Clada 

1981; L a g e r w e r f f  and 131-ower 1973; S ingh and Sekhon 1977a) .  F o r  exanlple, l e a d  
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c a r b o n a t e  was found t o  be t h e  s o l u b i l i t y - c o n t r o l l i n g  s o l i d  i n  pH 6 l e a c h a t e s  s p i k e d  

w i t h  Pb ( G r i f f i n  and Shimp 1976) .  Hem (1977)  s t a t e s  t h a t  l e a d  c a r b o n a t e  and b a s i c  

l e a d  ca rbona tes  a r e  p o t e n t i a l  c o n t r o l s  f o r  Pb s o l u b i l i t y ,  e s p e c i a l l y  i n  a l k a l i n e  

env i ronments .  

2070 ppm Pb showed tha t  e q u i l i b r i u m  l e a d  c o n c e n t r a t i o n s  were o n l y  2 ppm. Because 

t h e  p r e d i c t e d  Pb c o n c e n t r a t i o n s  (13 ppm) i n  e q u i l i b r i u m  w i t h  Pb hydroxy  carb,onate 

were s i m i l a r  t o  t h e  obse rved  va lue ,  Hem (1977)  conc luded  t h a t  l e a d  hyd roxy  c a r b o n a t e  

was t h e  c o n t r o l l i n g  phase. S o l d a t i n i  e t  a l .  (1976)  a l s o  p o s t u l a t e d  t h e  f o r m a t i o n  o f  

Pb ca rbona te  i n  a l k a l i n e  and c a l c a r e o u s  s o i l s  s p i k e d  w i t h  10 -4 -4  t o  

L a b o r a t o r y  t e s t s  conducted  w i t h  s o l u t i o n s  of  pH 8.6 s p i k e d  t o  

M Pb. - 

ADSORPTION/DESORPTION 

Lead i s  s t r o n g l y  r e t a i n e d  by s o i l s  and model adso rben ts ,  by i o n  exchange and s p e c i -  

f i c  a d s o r p t i o n .  The s o i l  p r o p e r t i e s  wh ich  most o f t e n  c o r r e l a t e  w i t h  Pb a d s o r p t i o n  

a r e  s o i l  o r g a n i c  m a t t e r  and c l a y  c o n t e n t  (S ingh  and Sekhon 1977a; S o l d a t i n i  e t  a l .  

1976; R i f f a l d i  e t  a l .  1976; A b d - E l f a t t a h  and Wada 1981), b u t  s t u d i e s  w i t h  model 

adso rben ts  c l e a r l y  demons t ra te  t h e  impor tance  o f  Mn and Fe o x i d e s  (Gadde and 

L a i t i n e n  1974; McKenzie 1980). 

K)  do n o t  va ry  a p p r e c i a b l y ,  t h e  a d s o r p t i o n  c a p a c i t y  o f  i n d i v i d u a l  s o i l  c o n s t i t u e n t s  

decrease i n  t h e  f o l l o w i n g  o r d e r  Mn ox ides* ,  Fe ox ides** ,  Organ ic  Ma t te r * * * ,  and c l a y  

m i n e r a l s .  t 

A1 though t h e i r  apparen t  b i n d i n g  e n e r g i e s  (Langmui r  

The a d s o r p t i o n  o f  Pb i s  s t r o n g l y  pH dependent ( T a b l e  14 -1 )  on sed iments  ( S a l i m  and 

Cooksey 1980; Brown 1979) Fe o x i d e s  ( B a l i s t r i e r i  and Mur ray  1982; Forbes  e t  a l .  

1976; McKenzie 1980; Gadde and L a i t i n e n  1974; Ben jamin  and L e c k i e  1981)  A1 o x i d e s  

(Dav is  and L e c k i e  1978; Hohl  and Stumm 1976) c l a y  m i n e r a l s  ( G r i f f i n  and Shimp 1976)  

and o r g a n i c  m a t e r i a l  (Bunz l  e t  a l .  1976).  Under comparable e x p e r i m e n t a l  c o n d i t i o n s ,  

l e a d  a d s o r p t i o n  i s  h i g h  and l e s s  pH dependent on Mn o x i d e s  (McKenzie 1980; Gadde and 

L a i t i n e n  1974).  The Pb a d s o r p t i o n  edge occu rs  a t  l ower  pH t h a n  t h a t  o f  Cu and Zn on 

amorphous i r o n  o x y h y d r o x i d e  (Ben jamin  and L e c k i e  1981),  h e m a t i t e  (McKenzie 1980) ,  

and y-FeOOH and y -A l203  (Ben jamin  and L e c k i e  1980)  s u g g e s t i n g  s t r o n g e r  a d s o r p t i o n  o f  

Pb. The e x a c t  cause f o r  pH-dependent a d s o r p t i o n  on hydrous  o x i d e s  i s  d i f f i c u l t  t o  

v e r i f y  because b o t h  t h e  p r o p e r t i e s  o f  t h e  o x i d e  s u r f a c e  ( cha rge  and p o t e n t i a l )  and 

s o l u t i o n  c o m p o s i t i o n  (me ta l  i o n  s p e c i a t i o n )  change w i t h  pH. Hence, t h e  r i s e  i n  

a d s o r p t i o n  w i t h  i n c r e a s i n g  pH has been a s c r i b e d  t o  v a r i o u s  f a c t o r s  by d i f f e r e n t  

* McKenzie 1980; Gadde and L a i t i n e n  ,1974. 
** B a l i s t e i e r i  and Mur ray  1982; Forbes e t  a l .  1976; McKenzie 1980; Gadde and 

L a i t i n e n  1974. 
*** Bunz l  e t  a l .  1976; Cunzl 1974a and 1974b; K e r n d o r f f  and' S c h n i t z e r  1980. 

t C i t t e l l  and M i l l e r  1974; G r i f f i n  and Au 1977; G r i f f i n  and Shimp 1976. 
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i n v e s t i g a t o r s  i n c l u d i n g :  

Leck i  e 1978) , a d s o r p t i o n  of Pb2+ w i t h  decreas ing su r face  p o s i  t i ve charge (Barrow 

e t  a l .  1981), and f o r m a t i o n  o f  b i d e n t a t e  sur face complexes w i t h  Pb2’ (Hohl  and Stumm 

1976). 

a d s o r p t i o n  o f  t h e  h y d r o l y t i c  complex PbOH’ (Dav is  and 

The e f f e c t s  o f  compet ing i o n s  on Pb a d s o r p t i o n  (Table 14-1) i s  s t r o n g l y  dependent on 

whether Pb s o l u t i o n  c o n c e n t r a t i o n s  exceed t h e  s p e c i f i c  a d s o r p t i o n  c a p a c i t y  o f  

s o i l / s u b s o i l  o r  an i n d i v i d u a l  adsorbent. The s p e c i f i c  a d s o r p t i o n  o f  Pb on ox ides  o f  

Mn (Gadde and L a i t i n e n  1973; Gadde and L a i t i n e n  1974), amorphous Fe oxhydrox ide  

(Benjamin and L e c k i e  1981) and g o e t h i t e  ( B a l i s t r i e r i  and Murray 1982) i s  r e l a t i v e l y  

u n a f f e c t e d  by o t h e r  m e t a l l i c  c a t i o n s  (Cu, Zn, and Cd) i n  equal  c o n c e n t r a t i o n .  

However, h i g h  c o n c e n t r a t i o n s  o f  c e r t a i n  d i v a l e n t  c a t i o n s  (e.g., Mg” a t  

due t o  t h e i r  weak s p e c i f i c  adso rp t i on ,  decrease Pb a d s o r p t i o n  t o  Fe ox ides  

( B a l i s t r i e r i  and Murray 1982). 

has l i t t l e  e f f e c t  on Pb a d s o r p t i o n  by Fe ox ides ( B a l i s t r i e r i  and Murray 1982; 

Swallow e t  a l .  1980). 

a d s o r p t i o n  mechanism, such as on c l a y s  o r  i n  s o i l  a t  h i g h e r  Pb c o n c e n t r a t i o n  (e.g., 

- M )  may, 

I n c r e a s i n g  i o n i c  s t r e n g t h  w i t h  NaCl, NaC104 o r  NaN03 

Under c o n d i t i o n s  where c a t i o n  exchange i s  t h e  prominent  

M), t h e  presence o f  metal  (e.g., A l ,  Fe) and a l k a l i n e  e a r t h  (Ca, Mg) c a t i o n s  

reduces Pb a d s o r p t i o n  through exchange mass a c t i o n  ( G r i f f i n  and Au 1977; G r i f f i n  and 

Shimp 1976; S o l d a t i n i  e t  a l .  1976; R i f f a l d i  e t  a l .  1976; Lagerwer f f  and Brower 

1973). Exchange s e l e c t i v i t y  c o e f f i c i e n t s  i n d i c a t e  Pb i s  more s t r o n g l y  bound t h a n  Ca 

o r  A1 (Lagerwer f f  and Brower 1973; B i t t e l l  and M i l l e r  1974). 

The i n f l u e n c e  o f  complexing l i g a n d s  on Pb a d s o r p t i o n  has no t  been s t u d i e d  i n  

d e t a i l .  

b u t  i s  reduced a t  h i g h e r  concen t ra t i ons  o f  C l - ( lO - ’  - M )  by f o r m a t i o n  o f  d i -  and t r i -  

c h l o r o  s o l u t i o n  complexes (Swallow e t  a l .  1980). I n  two separate i ns tances ,  C1- has 

been observed t o  have no e f f e c t  ( B a l i s t r i e r i  and Murray 1982) and t o  i nc rease  Pb 

a d s o r p t i o n  on g o e t h i t e  by fo rma t ion  and a d s o r p t i o n  o f  PbC1- complexes (Barrow e t  a l .  
1981). N i t r a t e  has no e f f e c t  on Pb adsorp-t ion by g o e t h i t e  w h i l e  SOP- M )  

i nc reases  adso rp t i on ,  p o s s i b l y  by decreas ing p o s i t i v e  charge th rough  s p e c i f i c  

a d s o r p t i o n  ( B a l i s t r i e r i  and Murray 1982). L i m i t e d  ev idence suggests t h a t  

o r g a n i c a l l y  complexed Pb (e.g., by humic a c i d s )  may be adsorbed by c l a y  m i n e r a l s  

( G r i f f i n  and Shirnp 1976; Hat ton and P i c k e r i n g  1980). 

The a d s o r p t i o n  o f  Pb on amorphous Fe oxyhydrox ide i s  u n a f f e c t e d  by C l O i ,  

- 

The a d s o r p t i o n  o f  Pb on s o i l s  and sediments (S ingh and Sekhon 1977a; S o l d a t i n i  

e t  a l .  1976; K i f f a l d i  e t  a l .  1976; Rainamoorthy and Rust 1978) and c l a y  m i n e r a l s  

( G r i f f i n  and Shiiiip 1976) a t  constant  pH, o f t e n  conforms t o  the  Langmuir i so the r l i i  

o v e r  a narrow range i n  P b  concen t ra t i on .  When exchange-adsorpt ion i s  t h e  proininer i t  

1 4 - 4  



mechanism, s e l e c t i v i t y  c o e f f i c i e n t  ( A b d - E l f a t t a  and Wada 1981; B i t t e l l  and M i l l e r  

1974; L a g e r w e r f f  and Brower 1973) o r  t h e  c o m p e t i t i v e  Langmuir equa t ion  ( G r i f f i n  and 

Au 1977) app ly  i f  compet ing c a t i o n i c  s o l u t e s  a re  p resen t .  A t  h i g h e r  c o n c e n t r a t i o n s  

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

t h e  F r e u n d l i c h  equa t ion  bes t  desc r ibes  t h e  a d s o r p t i o n  da ta  ( S o l d a t i n i  e t  a l .  1976; 

R i f f a l d i  e t  a l .  1976; S a l i m  and Cooksey 1980). 

The pH-dependent a d s o r p t i o n  o f  Pb on a number of amphoter ic .  ox ides  

and a sediment has been s i m u l a t e d  u s i n g  e l e c t r o s t a t i c  a d s o r p t i o n  models. 

a d s o r p t i o n  o f  Pb by s i l i c a  ( S c h i n d l e r  e t  a l .  1976; Davis  and L e c k i e  1978),  aluminum 

o x i d e  (Hohl and S t u m  1976; Davis  and Leck ie  1978), and i r o n  ox ides  (Davis  and 

L e c k i e  1978; B a l i s t r i e r i  and Murray 1982) can be a c c u r a t e l y  d e s c r i b e d  u s i n g  a 

su r face  complexat ion model i n  which Pb2+ and PbOH r e p l a c e  p ro tons  on s u r f a c e  

h y d r o x y l  groups , i .e. 

hydrous ox ides  

The 

t 

SOH t PbZt 7 SOPb' t HS 

i n t  

SOH + Pb2' +'H20 'gH 7 (SOPbOH ) t 2H+ 

2+ Others suggest t h a t  o n l y  Pb (e.g., Hohl and Stumm 1976; Barrow e t  a l .  1981) and 

s e l e c t  s o l u t i o n  species (e.g., PbCl ) (Barrow e t  a l .  1981) p a r t i c i p a t e  i n  s u r f a c e  

complexat ion r e a c t i o n s .  It i s  p o s s i b l e  through c a r e f u l  c o n t r o l  o f  exper imen ta l  

c o n d i t i o n s  and e x t e n s i v e  measurements t o  desc r ibe  t h e  pH-dependent a d s o r p t i o n  o f  Pb 

by a heterogeneous m i n e r a l  m a t r i x  (sediment)  u s i n g  an e l e c t r o s t a t i c  a d s o r p t i o n  model 

(Brown 1979). 
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T a b l e  14-1 ( C o n t d ) .  ADSORPTION CONSTANTS FOR L E A D  

Adsorbent Adsor bate Electrolyte Adsorptl on k a s u r e m n t s  Reference 
CEC S A. 

ldsnt l+y( ' )  meq/IOCg m/q 2 Conc.. H ldent l ty  Conc., M Constants(b' 

z C l a y  I O.C. 

10.1 0.61 6.96 - 10-4*6 - 10-3.3 

31.2 1.26 '18.2 10-4.6 Io-3 .3  KC I 

K C I  10.4 0.69 6.09 - 
24.6 0.75 12.18 - 10-4.6 - 10-3.J KC I 

vc I 20.2 0.76 10.44 - 

10-4.6 - 

10-4.6 - lo-3.3 

5.5 0.33 3.83 - lo-4.6 - 10-3.3 

K C I  8.9 0.54 4.35 - 10-4.6 - 10-J .3  

- SOII I c l a y  I O.H. 

6 .8  7.0 32.5 - - 10-4.4 

4.0 0.9 8.8 - - 10-4.4 

6.6  4.2 20.0 - l o +  - I ~ - ~ . ~  

C & l *  

0.1 

0. I 

0. I 

0. I 

0.1 

0. I 

0. I 

0.05 

0.05 

0.05 

7.0. J.9 Slngh end bkhon 1977 

23, 4.9 

11.5, 3.8 

16.5, 4.5 

11.5. 4.3 

8.s. 3.7 

10.5. 3.7 

180. 4.2. Soldat lnl  e t  '1. 1976 

57.4, 0.15 A l t t a l d l  e t  a l .  1976 

112. 4.7. 

12.6. 0.JJ 

42, 4.2. 

14.4, 0.14 

16.5 4.7 

4.5. 0.22 

122, 4.4, 

4J.6. 0.14 

70, 4.6, 

16.6, 0.21 



- 
P 

I 
c 
c 

T a b l e  14-1 (Contd) . ADSORPTION CONSTANTS FOR L E A D  

Adsor b n  t Adsorbate E l e c t r o l y t e  Adsorptlon Hsasuremnts Ref erence 
CEC S A. 

Iden,, ty'" '  mSq/lOCg rn 2 /q Conc.. H l d e n t l t y  Conc., H Constants(b' Value(c' 

- Sol1  1 Clay 5 O.H. 

7.6 

23. I 

14.3 

10.7 

5.4 

2.1 

4.4 

4.2 

2.0 

I .o 

16.2 

31.2 

30.0 

16.5 

8.7 

0.05 

0.05 

0.05 

0.05 

0.05 

78, 4.5 Soldat ln l  e t  e l .  1976 

30.1. 0.13 R l t f a l d l  e t  e l .  1976 

43. 4.3, 

5.6, 0.27 

242.4.8. 

82.5. 0.15 

119, 5.0 

25.8, 0.24 

158. 4.5, 

54.6. 0.15 

79.5, 4.7. 

18.8, 0.22 

84, 4.0. 

31.0, 0.14 

27. 5.1. 

8.9, 0.18 

22. 4.4. 

9.9.  0.11 

7.5, 4.4. 

0.70. 0.37 



T a b l e  14-1 (Contd) .  ADSORPTION CONSTANTS FOR LEAD 

c. 
P 

F 
c 

Reference Adsor bent Adsorbate E l e c t r o l y t e  Adsorptlon tbasurenents 
CEC 5 A. 

lden+Ity(') 2 
mq/IOOq Conc., M l d e n t l t y  Conc., M A Value"' 

- 501 I b l l  1 Clay S O.M. - 
12.0 3.1 16.2 - -  IO-^.^ - 8.1 Am> KL, 108, 4.8, Soldatlnl et 81. 1976 

56.3. 0.09 R l f f a l d l  at e l .  1976 UF. I/N 

CScl2 0.05 8.1 Am, Kl, 57.5. 4.5, 

KF. I/N 7.9. 0.29 

50, 4.3. 

11.8. 0.20 

21. 4.3, 

1.7. 0.58 

170. 4.4, 

71.0, 0.11 

56, 4.6. 

7.0. 0.51 

AICI, 1 0 - ~ - ~  - 3.1- Am, UL 
Sandy loam - 59 - lo-3.9 - ( o - 3 . 0  

3. e 10-1.7 

c&lz  IO-^.^ - 4.9- Am, KL 

6.3 lo-1.6 

94. 4.1, 

31.4.8. 

33.0, 0.13 

8.7. 0.23 

(3.1-5.6, Lsgerrertf and Brorer 1973 

3.5-3.8) 

16.7-7.0, 

4.8-5.6) 
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T a b l e  14-1 (Contd)  . ADSORPTION CONSTANTS FOR LEAD 

c 
P 
I 

W 
Y 

A d s c r b m t  Adscrbate E l e t t r o  ly te  Adsorptlon h a s u r e r e n t s  Reference 
CEC S A. 2 l d e n t l  t y l a )  n'eq/loOp e Cmc., M ldentlty Cmc., M & Constants(b) Value(c) 

Sed I w n t  

I Clay I O.C.  Sedlment 

12.6 5.54 - - - 10-J-3 - 7 . 0  Am, KL, (21,  5.7) Ouddrldge and W a l n r r l g t  
13.2 3.7 7.4 Am, ( 2 0 ,  4.91 1981 

6.8 Am, KL (20,  4 . 7 )  

- -  (o-4.3 - .  IO -3.5 - 
3.6 0.81 - - l0-4.3 - 
4 . 9  1.06 - - )o-4 .3  - (o-3.5 7.1 A ~ ,  K~ ( 1 7 ,  4 . 9 )  

( a )  O.C. = organlc carbon 
O.M. orgsnlc mtter 

( b )  I$!:, KIF selettlvlty cpet t lc lents  

A m  = Langmlr adsorptlon mxlmn, urn1 g-' 

K~ = Langmlr  Constant, log (F-' 

Am, KL, A i ' ,  K l '  
*K:, V; = surface cowlexat ton constants for tonlc  specles. log 

K i n t  = lntrlnslc adsorpt lm constant for l o n l c  spacles. log 

K '  = s f t l n l t y  constant. log 

KF,  I/N 

I 1  
two a d s o r p t l m  sltes 

Freundllch constants t o r  A = 5 C ' I N ;  A = p m l  g-I; C - "5 
( c )  ( I = e s t l m t e d  values 



S e c t i o n  15  

MANGANESE 

Manganese (Mn) i s  a m u l t i v a l e n t  e lement  t h a t  fo rms s e v e r a l  s o l i d s  i n  i t s  +2, +3, and 

+4 o x i d a t i o n  s t a t e s  w i t h  +3 and +4 s o l i d s  b e i n g  more s t a b l e  i n  o x i d i z i n g  c o n d i t i o n s  

and +2 s o l i d s  more s t a b l e  under  r e d u c i n g  c o n d i t i o n s .  

o x i d a t i o n  s t a t e  i n  aqueous s o l u t i o n s .  Very l i m i t e d  i n f o r m a t i o n  i s  a v a i l a b l e  on 

p r e c i p i t a t i o n / d i s s o l u t i o n  and a d s o r p t i o n / d e s o r p t i o n  mechanisms. 

sugges ts  t h a t  MnC03 may be t h e  s o l u b i  li t y - c o n t r o l 1  i n g  s o l i d  under  r e d u c i n g  

c o n d i t i o n s  and h i g h  pH and CO2 l e v e l s .  

c o n c e n t r a t i o n s  ( < l o - 4  - M), s p e c i f i c  a d s o r p t i o n  i s  t h e  dominant  r e t e n t i o n  mechanism 

w h i l e  i o n  exchange i s  t h e  dominant r e t e n t i o n  mechanism a t  h i g h e r  Mn 

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

Manganese( I1 )  i s  t h e  p r i m a r y  

The a v a i l a b l e  d a t a  

L i m i t e d  s t u d i e s  i n d i c a t e  t h a t  a t  low Mn 

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

Manganese i s  a m u l t i v a l e n t  element and can e x i s t  i n  +2, +3, +4, and t 7  o x i d a t i o n  

s t a t e s .  Manganese +2, +3, and +4 o x i d a t i o n  s t a t e s  form e n v i r o n m e n t a l l y  i m p o r t a n t  

s o l i d  phases. Manganese( 1 1 )  i s  t h e  most s t a b l e  and dominant aqueous o x i d a t i o n  

s t a t e ,  a l t h o u g h  M n ( I I 1 )  and Mn(VI1)  a l s o  occu r  i n  s o l u t i o n .  L i n d s a y  (1979)  has 

r e c e n t l y  rev iewed  t h e  thermodynamic da ta  o f  Mn compounds and has c a l c u l a t e d  t h e  

r e l a t i v e  s t a b i l i t y  o f  Mn compounds. 

compounds can occu r  under  o x i d i z i n g  c o n d i t i o n s  w h i l e  Mn( 11) compounds can o c c u r  

under  r e d u c i n g  c o n d i t i o n s .  

compound under  o x i d i z i n g  c o n d i t i o n s  (pe i. pH >16.6). Because s m a l l  q u a n t i t i e s  o f  

f o r e i g n  i o n s  i n t e r f e r e  w i t h  t h e  f o r m a t i o n  of  B-Mn02 (McKenzie 1977) ,  p y r o l u s i t e  i s  

u n l i k e l y  t o  fo rm i n  s o i l s .  

a r e  t h e  second most s t a b l e  spec ies  and r e a d i l y  f o rm i n  s o i l s  ( Z w i c k e r  e t  a l .  1962; 

Jones and M i l n e  1 9 5 6 ) ,  o n l y  under o x i d i z i n g  c o n d i t i o n s .  O t h e r  Mn o x i d e s  (MnOOH, 

Mn2O3, Mn3O4) a r e  expec ted  t o  fo rm under low CO2 and modera te l y  r e d u c i n g  

c o n d i t i o n s .  

(MnC03) i s  expec ted  t o  f o r m  i n  s o i l s .  

H i s  c a l c u l a t i o n s  show t h a t  Mn(1V) and M n ( I I 1 )  

P y r o l u s i t e  (8-Mn02) appears t o  be t h e  most s t a b l e  

Manganese( I I1 )  and Mn(1V) c o n t a i n i n g  n s u t i t e  (y-Mn01.9) 

Under r e d u c i n g  c o n d i t i o n s  and i n  t h e  presence o f  C O 2 ,  r h o d o c h r o s i t e  

To de te r i i i i ne  t h e  r e l a t i v e  abundance of I . l n ( I I )  spec ies  i n  ground w a t e r s  rep resen-  
t a t i v e  o f  u t i l i t y  waste l e a c h a t e s ,  t h e  a c t i v i t i e s  o f  d i f f e r e n t  M n ( I 1 )  when Mn2+ 
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f i x e d  a t  
dynamic da ta  r e p o r t e d  by B a l l  e t  a l .  (1980).  

f o l l o w e d  by MnSOj a r e  t h e  dominant species.  

MnOH' become t h e  i m p o r t a n t  aqueous. species.  

as MnCl', MnF+, M n ( N 0 3 ) j l  do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  s o l u b l e  Mn. 

5 o r  c o n t r o l l e d  by MnC03 were p l o t t e d  ( F i g u r e  15-1) u s i n g  t h e  thermo- 
Below pH values o f  about 9.3, Mn2+ 

A t  h i g h e r  pH values ( > l o )  MnHCO; and 

A l l  of t h e  o t h e r  M n ( I 1 )  complexes [such 

PRECIPITATION/DISSOLUTION 

P r e c i p i t a t i o n / d i s s o l u t i o n  s t u d i e s  examining Mn aqueous c o n c e n t r a t i o n s  a re  l i m i t e d .  

The da ta  p resen ted  i n  F i g u r e  15-1 showed t h a t  t h e  MnC03 m a i n t a i n s  low Mn a c t i v i t i e s  

and may be t h e  s o l u b i l i t y - c o n t r o l l i n g  s o l i d  under r e d u c i n g  and r e l a t i v e l y  h i g h  pH 

and C02 l e v e l s .  Ponnamperuma e t  a l .  (1969) suggest t h e  presence of MnC03 a t  l ow  

redox and o t h e r  Mn ox ides  a t  h i g h e r  redox values. 

showed t h a t  MnC03 may be t h e  s o l u b i l i t y - c o n t r o l l i n g  s o l i d  f o r  Mn2+ l e v e l s  observed 

i n  s o i l s .  
pressures,  Schwab and L indsay (1983) showed t h a t  Mn2+ l e v e l s  a t  low redox p o t e n t i a l s  

(pe + pH 4 5 )  appear t o  be c o n t r o l l e d  by MnC03 w h i l e  a t  h i g h  redox p o t e n t i a l s  by Mn 

Pas r i cha  and Ponnamperuma (1976) 

Based on Mn2+' l e v e l s  i n  s o i l s  ma in ta ined  a t  cons tan t  redox and C02 

-6 

-7 

> -8 
t > 
t 
0 -9 
U 
0 

- 

5 -10 

-1 1 

-1 2 

7 8 9 10 11 12 2 3 4  5 6 

PH 

F i g u r e  15-1. A c t i v i t i e s  o f  d i f f e r e n t  M n ( I 1 )  spec ies when 

a c t i v i t y  o f  Mn2+ i s  f i x e d  a t  

r h o d o c h r o s i t e  (MnCo3), SO;-  = C 1 -  = 

10-4 and COz(gas) - 10- 3.52 atmospheres. 

o r  c o n t r o l l e d  by 

F -  = NO? = 

1 5 - 2  



o x i d e s .  Schwab and L i n d s a y  (1983) a l s o  compared t h e  a c t i v i t i e s  Of  MnZt f rom t h e  

d a t a  r e p o r t e d  by s e v e r a l  a u t h o r s  ( P a s r i  cha and Ponnamperuma 1976; Ponnamperuma 

e t  a l .  1969; S t o l l e n w e r k  and Runnels 1979) t o  t h e  MnC03 s o l u b i l i t y  and showed t h a t  

MnC03 may have been t h e  s o l u b i l i t y - c o n t r o l l i n g  s o l i d .  

c h e m i a d s o r p t i o n  of  Mn by CaC03 wh ich  he sugges ts  may p o s s i b l y  l e a d  t o  t h e  f o r m a t i o n  

McBr ide  (1979a)  obse rved  

o f  MnC03- 

ADSORPTION/DESORPTION 

Manganese i s  an e s s e n t i a l  m i c r o n u t r i e n t ,  y e t ,  i t s  a d s o r p t i o n  by s o i l  has been 
n e g l e c t e d  i n  t h e  agronomic 1 i t e r a t u r e .  

r e a c t i o n s  t h a t  a f f e c t  aqueous spec ies  and t r a n s f o r m a t i o n s  and f o r m a t i o n  o f  Mn 

Manganese a d s o r p t i o n  i s  c o m p l i c a t e d  by redox  

, compounds o f  d i f f e r e n t  o x i d a t i o n  s t a t e s .  

The a v a i l a b l e  l i t e r a t u r e  does n o t  a l l o w  a c e a r  d e f i n i t i o n  o f  t h e  a d s o r p t i o n  p rocess  

( T a b l e  15-1) most i m p o r t a n t  i n  Mn r e t e n t i o n  by s o i l  (e.g., s p e c i f i c  a d s o r p t i o n ,  i o n  

exchange o r  o r g a n i c  c o m p l e x a t i o n ) .  Regress on a n a l y s i s  o f  t h e  dependency o f  M n ( I 1 )  

a d s o r p t i o n  c a p a c i t y  on s o i l  p r o p e r t i e s  commonly p o i n t s  t o  t h e  impor tance  o f  c a t i o n  

exchange c a p a c i t y  ( C u r t i n  e t  a l .  1980, Shuman 1977a),  t h u s  s u g g e s t i n g  an i o n  

exchange r e t e n t i o n  mechanism a t  h i g h e r  s o l u t i o n  c o n c e n t r a t i o n s  o f  Mn 

However, t h e  a d s o r p t i o n  c a p a c i t y  o f  many s o i l s  f o r  Mn i s  u s u a l l y  f a r  l e s s  t h a n  t h e  

c a t i o n  exchange c a p a c i t y  (Shuman 1977) .  Complexat ion  by s o i l  o r g a n i c  m a t t e r  may 

occu r ,  s t r o n g l y  i n f l u e n c i n g  a d s o r p t i o n  a t  l o w e r  Mn( 11) c o n c e n t r a t i o n s  (Hemstock and 

Low 1953) .  Clay m i n e r a l s  and hydrous  i r o n  o x i d e  adso rb  Mn l e s s  s t r o n g l y  t h a n  Co, 

N i ,  Zn, and Cu (Takematsu 1979).  Manganese i s  weak ly ,  b u t  s p e c i f i c a l l y  adsorbed by 

i r o n  o x i d e  (Takematsu 1979) ;  and more s t r o n g l y  by v a r i o u s  Mn o x i d e s  (Takematsu 1979, 

Mur ray  1975).  I n  c a l c a r e o u s  m a t e r i a l s ,  c h e m i s o r p t i o n  t o  CaC03 s u r f a c e s  occu rs ,  

p o s s i b l y  l e a d i n g  t o  f o r m a t i o n  o f  MnC03 (McBr ide  1979).  

- M). 

The a d s o r p t i o n  o f  Mn by c l a y  m i n e r a l s  (Reddy and P e r k i n s  1976; Hemstock and Low 

1973),  Fe o x i d e s  (McKenzie 1980) ,  and Mn o x i d e s  (McKenzie 1980; Mur ray  1975; 

McKenzie 1979) u s u a l l y  r e s u l t s  i n  t h e  r e l e a s e  o f  1.5 t o  1.6 moles o f  Ht f o r  each 

mole o f  Mn adsorbed a t  t o t a l  Mn2+ < 
h y d r o x y l a t e d  F e y  Mn, o r  A1 accoun ts  f o r  t h e  r e l e a s e  o f  Ht: 

- M. F o r  most s u r f a c e s ,  c o m p l e x a t i o n  by 

SOH + Mn2++ SOMn' + H+ ( 1 5 - 1 )  

SOH + Mn". % S0I.lnOt-l + 2H' ( 1 5 - 2 )  
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However, t h e  o x i d a t i o n  of  t h e  manganous i o n  a t  t h e  sur face of Mn ox ides 

i n c o r p o r a t i o n  i n t o  a new sur face s o l i d  phase may account f o r  i t s  remova 

s o l u t i o n  (McKenzie 1980; P o s s e l t  e t  a l .  1978). 

and 

f rom 

(15 -3 )  

The a d s o r p t i o n  o f  t r a n s i t i o n  meta ls  by s o i l  (Doner e t  a l .  1982) o r  Mn ox ides (Murray 

1975) may r e l e a s e  M n ( I 1 )  from t h e  s o l i d .  T h i s  r e s u l t s  f rom i o n  exchange o f  adsorbed 

Mn by a more s t r o n g l y  b i n d i n g  meta l  (Doner e t  a l .  1982) o r  f rom s t r u c t u r a l  

replacement o f  Mn i n  t h e  Mn o x i d e  (Doner e t  a l .  1982; Loganathan e t  a l .  1977). 
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T a b l e  15-1 . ADSORPTION CONSTANTS FOR MANGANESE 

Reference Adsorbent Adsorbate Electrolyte Adsorption b a s u r e n e n t s  
CEC S A. 

ldent I t y  "' m e q / I O q  Conc., H I dent I ty conc., H p~ Constants(b) 
2 

Clay Mlnera ls  

Benton l te  

I I I l t e  

KaoI I n l  te 

k n t n u r l  I l o n l t e  70 - 0.005 - 0.05 - 
96 - 0.005 - 0.05 

KaoI I n l  te 4 - 0.005 - 0.05 - 

Verml cu I I te 70 - 0.005 - 0.05 - 
Feldspar-AI b l  te >0.6 - 0.005 - 0.05 - 

Labrsdor l te  c2.5 - 0.005 - 0.05 - 

4.9 %' 1FI 
6.2 n 

7.6 n 
8.8 

5-6 Am, KL 

5-6 Arne KL 

5-6 A,, .KL 

5-6 Am, KL 

5-6 Am, KL 

(126, 1.9, 

0.011. 0.94) 

(83, 3.0, 
7.8, 0.26) 

(130, 3.2. 
23, 0.18) 

(186, 3.3, 
4.3 0.48) 

(0.015, 1.13) 
(0.011. 1.20) 
(0.018, 1.17) 
(0.043, 1.07) 

(370, 2.8) 
(610, 2.7) 

(18, 2.9) 

(480, 2.7) 

(1.3, 2.8) 
(9.1, 3.5) 

Reddv and Perk lns  1976 

Stuanes 1976 
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Tab le  15-1  (Contd) .  ADSORPTION CONSTANTS FOR MANGANESE 

Adsorbent Adsorbate E l e c t r o l y t e  Adsorp t lon  Measurerents Reference 
CEC S A. 

Conc., H l d e n t l  t y  Conc., M p~ Constants(b) Value ( C )  
I dent  I t y ( a  ' maq/1ooq 2 

$ 5  
- so1 I Clay O.H. 

Loam sand A 5.1 0.92 3.20 
B 2 t  40.4 0.12 5.32 

Loam sand A 2.4 1.14 3.13 
B 2 t  14.7 0.03 2.62 

22.4 i .51  19.5 
66.4 0.86 41.9 
55.4 0.58 42.2 
64.4 0.10 15.1 
21.4 0.43 11.3 
75.4 1.30 47.8 
51.4 0.54 36.9 
44.4 0.95 29.1 
48.4 0.40 16.7 
74.4 0.56 36.4 
51.4 0.46 31.4 
69.4 0.50 42.7 
62.4 0.52 33.4 
26.4 1.43 9.1 
55.4 0.34 14.8 
28.4 0.54 15.4 
63.0 0.95 56.6 
41.0 0.59 41.9 
17.0 0.19 45.0 
45.0 0.84 33.4 

S e d l m n t  

I n d l g e n w s  Mn and Ca 46.5-68.3 - - Seauate 

0.01 
0.01 

0.01 
0.01 

4 . 7  

~ 

( a )  O.M. = o rgan lc  m i t e r  

( b )  A m  = L a n g m l r  adsorp t lon  maxlmum, g- 1 
-I KL = LangmJIr constant, log! 

KF, 1 / N  = F r e u n d l l c h  cons tan ts  tor  A = K Ct'N; A = u m ~  g-l; c = u~ 
Kd = d l s t r l b u t l o n  c c e t f l c l e n t ,  1 g-' 

Kca = s e l e c t l v l t y  coefficient 

F 

Mn 

( C )  ( 1 = estimated va lues  

Sol I 

5.4 Am, KL 
5.8 Am. KL 

5.3 Am, KL 
5.4 Am, KL 

Sol I 

8.2 Am 
8.0 " 

8.0 " 

8.1 ' 1  

8.1 * 
8.2 " 

8.2 " 

8.0 " 

7.1 " 

7.7 (0  

8.0 " 

7.9 " 

8.0 " 

6.9 ' 1  

7.0 ' 1  

8.2 '1 

8.0 " 

8.0 " 

1.5 '1 

1.0 " 

- 

- 

0.91, 4.2 
9.3, 3.6 

0.91 4.3 
3.3, 3.7 

49 
74 
77 
48 

58 
70 
69 
61 

32 
68 
64 
12 
63 
31 
4 1  

50 
79 
69 
68 
60 

0.23-2.7 

Shumn 1977 

C u r t l n  e t  a l .  1980 

Msnon 1980 



S e c t i o n  16  

MERCURY 

Mercu ry  (Hg) i n  aqueous s o l u t i o n s  can e x i s t  i n  s e v e r a l  d i f f e r e n t  o x i d a t i o n  s t a t e s  

(0, t1, t 2 )  depend ing  on t h e  r e d o x  p o t e n t i a l .  H g ( I 1 )  forms s t r o n g  complexes  w i t h  

many l i g a n d s  i n c l u d i n g  h a l i d e s .  Under o x i d i z i n g  c o n d i t i o n s  where Hg( 1 1 )  compounds 

a r e  f a i r l y  s o l u b l e ,  t h e  p r i m a r y  a t t e n u a t i o n  mechanism of Hg i s  e x p e c t e d  t o  be  

a d s o r p t i o n / d e s o r p t i o n .  P a r t i c u l a t e  o r g a n i c  ca rbon  and hyd rous  o x i d e s  o f  Fe and Mn 

appear t o  be t h e  most i m p o r t a n t  a d s o r b e n t s  when Hg i s  p r e s e n t  i n  l ow  c o n c e n t r a t i o n s  

Comp lex ing  l i g a n d s  ( such  as h a l i d e s )  dec rease  a d s o r p t i o n  b u t  t h e  e f f e c t  E). 
o f  compe t ing  i o n s  has n o t  been d e f i n e d .  

RELATIVE STABILITY OF SOLID AND AQUEOUS SPECIATION 

Mercury  i s  a m u l t i v a l e n t  e lemen t  and i n  aqueous s o l u t i o n s  can e x i s t  i n  0, +1, and +2 

o x i d a t i o n  s t a t e s .  L i n d s a y  (1979)  has r e c e n t l y  rev iewed  t h e  c h e m i s t r y  o f  Hg i n  

s o i l s .  U s i n g  t h e  thermodynamic  d a t a  r e p o r t e d  by L i n d s a y  ( 1 9 7 9 ) ,  i n f o r m a t i o n  

r e g a r d i n g  s t a b i l i t i e s  o f  s o l i d  and aqueous s p e c i e s  were deve loped.  The r e l a t i v e  

s o l u b i l i t i e s  o f  Hg s o l i d s  as a f u n c t i o n  of  pH and a t  v a r i o u s  redox  l e v e l s  i s  

p r e s e n t e d  i n  F i g u r e s  16-1, 16-2, and 16-3. A l l  s o l i d  phases r e p o r t e d  i n  T a b l e  A-6 

were c o n s i d e r e d  w h i l e  c o n s t r u c t i n g  F i g u r e s  16 -1  t h r o u g h  16-3. However, t h e  

s o l u b i l i t y  o f  t h e  s o l i d  phases changes d r a m a t i c a l l y  w i t h  changes i n  redox  p o t e n t i a l ;  

s o l i d s  n o t  shown i n  any g i v e n  f i g u r e  a r e  t o o  s o l u b l e  t o  f a l l  w i t h i n  t h e  g raph  

boundar ies .  

pH under  o x i d i z i n g  c o n d i t i o n s  (pe  .f pH 16 ) .  

s o l u b l e  s o l i d  a t  pH <8,  w i t h  Hg212(c )  and HgC03(c) becoming n e a r l y  as i n s o l u b l e  as  

H g I 2 ( c )  a t  h i g h  pH. The f o r m a t i o n  c o n s t a n t  f o r  HgC03(c) i s  of unknown q u a l i t y  and 

s h o u l d  be viewed as o n l y  an e s t i m a t e .  

F i g u r e  1 6 - 1  shows t h e  s o l u b i l i t y  of Hg s o l i d s  i n  te rms  o f  Hg2' v e r s u s  

M e r c u r i c  i o d i d e  ( H g I 2 )  i s  t h e  l e a s t  

The c o n c e n t r a t i o n s  o f  Hgo s u p p o r t e d  by d i f f e r e n t  Hy s o l i d s  i s  p l o t t e d  as a f u n c t i o n  

o f  pH a t  pe t pH 9 i n  F i g u r e  16-2. L i q u i d  mercu ry  C H g ( 1 ) I  i s  p r e d i c t e d  t o  be t h e  

l e a s t  s o l u b l e  phase above pH 3.8. The s o l u b i l i t e s  o f  t h e  i o d i d e s  o f  Hg depend upon 

1-  c o n c e n t r a t i o n s ,  and I -  l e v e l s  w i l l  d i c t a t e  t h e  c o n d i t i o n s  under  w h i c h  Hg212(c) 
w i l l  c o n t r o l  Hgo l e v e l s .  The r e l a t i v e  s o l u b i l i t y  o f  Hg s o l i d s  under  reduced 
c o n d i t i o n s  (pe -t pti 4 )  i s  g i v e n  i n  F i g u r e  1 6 - 3 .  Under these  c o n d i t i o n s ,  n -HyS i s  

t h e  l e a s t  s o l u b l e  c o ~ ~ ~ p o u n d .  
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F i g u r e  16-3.  The r e l a t i v e  s o l u b i l i t y  o f  Hg s o l i d s  
c o n d i t i o n s  (pe  + pH = 4 )  when 

F i g u r e s  16-1  t h r o u g h  16-3  a r e  u s e f u l  i n  d e t e r m i n i n g  r e l a t i v e  s t a b i l i t y  o r  s o l u b i l i t y  

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

s p e c i e s  and t h e  t o t a l  c o n c e n t r a t i o n s  o f  Hg e x p e c t e d  t o  be i n  e q u i l i b r i u m  w i t h  t h e  

s o l i d s  under  . d i f f e r e n t  e n v i r o n m e n t a l  c o n d i t i o n s .  T h e r e f o r e ,  F i g u r e s  16-4 t h r o u g h  

16-6 were c o n s t r u c t e d .  I n  F i g u r e  16-4, c o n c e n t r a t i o n s  o f  v a r i o u s  complexes i n  

e q u i l i b r i u m  w i t h  H g I Z ( c )  a t  pe + pH = 16 a r e  p l o t t e d  ve rsus  pH. 

c o n t a i n i n g  I -  a r e  by f a r  t h e  most i m p o r t a n t  o v e r  t h e  pH range  3 t o  9. 

becomes dominant  a t  pH v a l u e s  >9 .  The c o n c e n t r a t i o n  of  HgI3,  t h e  p r e d o m i n a n t  

spec ies ,  wou ld  be 10-4.53 ( 6  mgL-l.) a t  a l l  pH v a l u e s  and a l l  I -  c o n c e n t r a t i o n s  as 

l o n g  as H g I Z ( c )  p e r s i s t s .  Among t h e  compounds c o n s i d e r e d  above, H g I * ( c )  i s  t h e  most 

s t a b l e  under  o x i d i z i n g  c o n d i t i o n s  ( F i g u r e  16 -1 ) .  Because even Hg12(c )  i s  ve ry  

s o l u b l e  ( F i g u r e  1 6 - 4 ) ,  i t  i s  u n l i k e l y  t h a t  any of t h e  s o l i d s  d i s c u s s e d  wou ld  fo r in  i n  

0x1 d i  zed e n v i  ronments.  

Complexes 

Hg(OH);(aq) 

I n  F i g u r e  16-5,  e q u i l i b r i u m  i s  assumed w i t h  H g ( 1 )  a t  pe + pH 9. 

dominate  above pH 4 w i t h  a c o n c e n t r a t i o n  o f  1 0 - 6 * 5 2  - 11. 

Hgo w o u l d  p r e -  

The s o l u b i l i t y ' o f  Hg i n  
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ADSORPTION/DESORPTION 

C o n s i d e r a b l e  ev idence  suggests  t h a t  o r g a n i c  m a t e r i a l  i s  t h e  most i m p o r t a n t  f a c t o r  
c o n t r o l l i n g  Hg a d s o r p t i o n  i n  s o i l s  (Hogg e t  a l .  1978, John e t  a l .  1 9 7 5 )  and on 

sed iments  (Ramamoorthy and Rust  1978,  Rogers e t  a l .  1981,  Ramamoorthy and Rus t  1976,  
M i l l e r  1 9 7 5 ) .  Regard less  o f  pH, t h e  a f f i n i t y  o f  humic a c i d  ( K e r n d o r f  and S c h n i t z e r  

1980)  o r  o r g a n i c - r i c h  sed iments  (Ramamoorthy and Rust  1978)  f o r  Hg i s  s t r o n g e r  t h a n  

most o t h e r  t r a c e  m e t a l s  (Cd, Cu, Zn).  The hydrous  o x i d e s  may a l s o  be i m p o r t a n t  

adso rben ts  o f  Hg i n  s o i l .  'Manganese o x i d e  i s  o f  p a r t i c u l a r  i m p o r t a n c e  and has h i g h  

a f f i n i t y  and a d s o r p t i o n  c a p a c i t y  f o r  Hg (Lockwood and Chen 1 9 7 3 ) .  

r a t e  o f  Hg on sediment i s  l o3  t o  l o 5  t i m e s  g r e a t e r  t h a n  t h e  r a t e  o f  d e s o r p t i o n  

(Rogers e t  a l .  1 9 8 1 ) .  However, w i t h  t ime,  m i c r o b i a l  p rocesses  may l e a d  t o  t h e  

f o r m a t i o n  o f  e l e m e n t a l  Hg, wh ich  i s  r e l e a s e d  t o  w a t e r  even i n  t h e  p resence  o f  humic 

a c i d  ( M i l l e r  1975). A l t h o u g h  methy l -Hg i s  a l s o  adsorbed (Reimers and K r e n k e l  1 9 7 4 )  

o r  may be s y n t h e s i z e d  i n  s o i l s  t r e a t e d  w i t h  i n o r g a n i c  Hg (Hogg e t  a l .  1 9 7 8 ) ,  i t  does 

n o t  appear t o  accumula te  due t o  i t s  v o l a t i l i t y  o r  subsequent d e g r a d a t i o n .  

The a d s o r p t i o n  

Mercury  a d s o r p t i o n  i s  i n f l u e n c e d  by pH ( T a b l e  16-1) .  On some model a d s o r b e n t s  such 

as s i l i c a  (MacNaughton and James 1974)  and Fe o x i d e s  ( I n o u e  and Munemori 1979,  
Forbes  e t  a l .  1 9 7 4 ) ,  Hg e x h i b i t s  a d i s t i n c t  a d s o r p t i o n  edge. However, i n  t h e  

absence o f  C1- ,  t h e  a d s o r p t i o n  o f  i n o r g a n i c  Hg on many adso rben ts  i s  h i g h  and n o t  

s t r o n g l y  a f f e c t e d  by changes i n  pH between 5 and 8. Though an e x p l a n a t i o n  i s  n o t  

a v a i l a b l e ,  Hg a d s o r p t i o n  on c e r t a i n  adso rben ts  may decrease a t  pH l e v e l s  above 8 
(Lockwood and Chen 1973 ,  MacNaughton and James 1974)  i n  c o n t r a s t  t o  o t h e r  c a t i o n i c  

m e t a l s .  Exper imen ta l  ev idence  i n d i c a t e s  t h a t  t h e  predominant  i n o r g a n i c  aqueous 

s p e c i e s  i n  t h i s  pH range, Hg(OH)!, i s  t h e  a d s o r b i n g  spec ies  ( K i n n i b u r g h  and Jackson 

1978; Lockwood and Chen 1973, 1974;  Reimers and Krenke l  1974;  B r u n i n x  1975; Forbes  

e t  a l .  1974; Inoue and Munemori 1 9 7 9 ) .  The c o o r d i n a t e d  h y d r o x y l  g roups  appear t o  

a c t  as b r i d g i n g  l i g a n d s  between t h e  adso rben t  s u r f a c e  and Hg (Forbes  e t  a l .  1 9 7 4 ) .  
A pronounced r e d u c t i o n  i n  Hg a d s o r p t i o n  occu rs  a t  l o w e r  pH i n  t h e  presence of  C1- 

( K i n n i b u r g h  and Jackson 1978; Lockwood and Chen 1973,  1974;  MacNaughton and James 

1974;  Reirners and Krenke l  1974;  Forbes e t  a l .  1974;  Inoue and Munernori 1 9 7 9 ) .  T h i s  

r e s u l t s  f rom t h e  f o r m a t i o n  o f  s t a b l e  H g - c h l o r i d e  complexes, p r i m a r i  l y  HgCl!, w h i c h  

a r e  p o o r l y  adsorbed (K i  n n i  burgh  and Jackson 1 9 7 8 ) .  

The f o r m a t i o n  of Hg(OH)?, a c r u c i a l  s t e p  i n  t h e  a d s o r p t i o n  b e h a v i o r  o f  Hg, i s  

s t r o n g l y  dependent on t h e  c o n c e n t r a t i o n  and t y p e  o f  h a l i d e  i o n s  i n  t h e  a d s o r b a t e  

lnedium. C h l o r i d e ,  B r -  and perhaps I -  suppress Hg a d s o r p t i o n  ( I n o u e  and Munemori 

1979)  t h rough  f o r i n a t i o n  o f  s t a b l e  aqueous cornp.lexes. F l o u r i d e  has l i t t l e  e f f e c t  on 

Hg a d s o r p t i o n .  
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The a d s o r p t i o n  o f  Hg by seve ra l  s o i l  c o n s t i t u e n t s  i n  t h e  presence o f  C1- 

(Tab le  16-1) has been s t u d i e d  i n  d e t a i l  (K inn ibu rgh  and Jackson 1978; Lockwood and 

Chen 1973, 1974; Newton e t  a l .  1976; Frenet-Robin and Ottmann 1978; Reimers and 

Krenkel  1974; B run inx  1975; Forbes e t  a l .  1974; Inoue and Munemori 1978; Hahne and 

K r o o n t j e  1973).  The n e u t r a l  C 1  complex (HgC12) i s  no t  adsorbed by hydrous Fe ox ide  

gel  ( K i n n i b u r g h  and Jackson 1978, B run inx  1975) o r  g o e t h i t e  (Forbes e t  a l .  1974),  

b u t  may be weakly adsorbed by s i l i c a  (MacNaughton and James 1974), hydrous Mn ox ides 

(Lockwood and Chen 1974),  i 11 i t e  and montmori 1 l o n i  t e  (Reimers and Krenke l  1974).  

The presence o f  C1- h i n d e r s  Hg2+ a d s o r p t i o n  t o  ca rboxy l  groups, b u t  has l i t t l e  

e f f e c t  on i n t e r a c t i o n  w i t h  amine o r  t h i o l  groups i n  a r t i f i c i a l  sediments (Reimers 

and Krenkel  1974). Mercury e x h i b i t e d  s i g n i f i c a n t  m o b i l i t y  i n  column s t u d i e s  u s i n g  

s imu la ted  s o l i d  waste l e a c h a t e  and e leven  s o i l s  f rom seven prominent  s o i l  o r d e r s  

( K o r t e  e t  a l .  1976). The m o b i l i t y  i n  a l l  s o i l s  was g r e a t e r  t h a n  t h a t  observed f o r  

Cu, Pb, Be, Zn, and N i  and l i k e l y  r e s u l t s  f rom C1- complexat ion;  HC1 was added t o  

t h e  l eacha te  t o  r e t a r d  p r e c i p i t a t i o n .  

0 

Wi th  t h e  e x c e p t i o n  o f  t h e  e f f e c t  o f  t h e  h a l i d e s ,  Hg a d s o r p t i o n  i s  r e l a t i v e l y  

i n s e n s i t i v e  t o  e l e c t r o l y t e  c o n c e n t r a t i o n  (MacNaughton and James 1974; Newton e t  a l .  

1976). However, t h e  r a t e  o f  adsorpt  on i s  reduced by i nc reased  NaC104 c o n c e n t r a t i o n  

(MacNaughton and James 1974).  A sma 1 percentage (<0.3%) of Hg a p p l i e d  t o  s o i l  i n  

sewage e f f l u e n t  i s  removed by s e l e c t  ve chemical e x t r a c t a n t s  (CaC12, NH40Ac, EDTA o r  

DTPA) (Hogg e t  a l .  1978), sugges t ing  t h e  poor d e s o r b a b i l i t y  o f  s o i l - a d s o r b e d  Hg. 

I n c r e a s i n g  a c i d  h y d r o l y s i s  u s i n g  s t r o n g  m ine ra l  a c i d  (6N HCl) ,  however, produces 

g r e a t e r  re lease  o f  Hg (up t o  90%). 

desorbed f r o m  sediments by NaCl o f  n i t r i  l o t r i a c e t a t e  (NTA) (Ramamoorthy and Rust 

1978). The e x t r a c t a b i l i t y  o r  d e s o r b a b i l i t y  o f  Hg depends on i t s  d i s t r i b u t i o n  

between o r g a n i c  and i n o r g a n i c  adsorbents. Mercury may bond s t r o n g l y  w i t h  c e r t a i n  

f u n c t i o n a l  groups on s o i l  o r g a n i c  m a t t e r ;  hence, Hg i s  l e s s  r e a d i l y  removed f rom 

organi  c - r i c h  s u b s t r a t e s .  

I n  c o n t r a s t ,  >70% of Hg a p p l i e d  as Hg(N03)* i s  
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Tab1 e 16-1. A D S O R P T I O N  CONSTANTS FOR MERCURY 

Adsor bent Adsorbate - 
CEC S.A.  

I den + i t., ( a ) mea/lOoq .2/q Conc., M 

Fe2Oj* t i2O(  am) - 2.5 x  IO-^ M 

10-7 - 10-6 

- 10-7 - 10-6 

5.0 I O - ’  

References E l e c t r o l y t e  Adsorp t ion  Measurements 

( C )  

p~ Constan ts (b)  Value Conc., M __ I d e n t i t y  

NaN05 1.0 4.5 Kd 2.08 K inn ibu rgh  and 
Jackson 1978 

4.5 Kd 0.4 I rqaN03 + 1.0,  
NaC I 

0.449 Kd 
NalJ03 + 1.0, 10 -4.3 4.5 

CaC 1 

82.8 NaN03 1.0 5.95 K d  

NaNO + 1.0,  IO-^ 5.95 Kd 
rJaC I 

3 

rJnCI 0.0 

46.2 

43.7 

6-8 KF, 1/N 9120 Lockuood and 
Chen 1973 

Lockuood and 
Cnen 1974 

90.8, 0.76 5-8 K F ,  1/N 

1 - 1 1  

-3.2 

MacNaughton and 
James 1974 
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Tab le  16-1  ( C o n t d ) .  A D S O R P T I O N  C O N S T A N T S  FOR MERCURY 

Adsorbent Adsorbate E l e c t r o l y t e  
CEC S.A.  

iden: i t y ( a )  meq/1009 ,2/9 Conc., M l d e n t l t y  Conc., M pH 

6.7 
7.9 

8.9 
10.2 
11.0 

aenton i te - 10-6 Ca(N03b2 0.01 

C&lZ  0.01 

Soi I - 

Asqui t h  

c iay-8.8%, Org C.-0.79% 

Oxbow 

clay-45.5S. Org C.-2.98% 

7.23 

26.0 

-  IO-^ C&I2  0.01 

Sediments P a r t  i c  I e 
O.C., I. slze, mn 

0.6 0.44 - 10-6 - 10-4 

3.2 0.007 - 10-6 - lo-4 

5.2 0.12 - 

0.6 0.40 - 10-6 - l o -4  

35.7 0.16 ’ -  - 

E 
6.6 
8.1 
8.9 
10.5 
10.9 

6.6 

7.6 

References  Adsorpt ion Measurements 

( C )  

Constants (b )  Va I ue 

‘d 
Kd 
‘d 
‘d 
‘d 

Kd 
‘d 

‘d 
‘d 
‘d 

Am 

408 

179 
119 
141 
163 

30.0 
58.5 
141. 
164 
224 

1.6 

m’ ‘L 
Am* ‘L 

m *  ‘L 
Am’ ‘L 
Am* ‘L 

A 
- 

A 

12.3 Am 

11.9, 5.9 

118, 5.91 
53.6. 6.5 

13.0, 5.73 

55.8, 6.26 

Newton 
et a i .  1976 

Hogg et a i .  
1978 

Ramamoorthy 
and Rust  1978 



T a b l e  16-1 (Contd).  ADSORPTION CONSTANTS FOR MERCURY 

Adsor ben t  

I dent I t y c a  ) 

Sed imen t s  P a r t i c l e  

O.C., X s i z e ,  mm _____ 
2.4 0.27 

1.3 0.01 

1.2 0.23 

94.5 0.25 

0.6 0.16 

c EC 
meq/ l 001 

S.A. 

m2/9 
Adsorbate 

Conc., M 

IO+ -  IO-^ 
10-6 -  IO-^ 
 IO-^ -  IO-^ 
 IO-^ -  IO-^ 
 IO-^ -  IO-^ 

E l e c t r o l y t e  

I d e n t i t y  Conc., M 

( a )  O.C. = o r g a n i c  m a t t e r  

( b )  Kd = d i s t r i b u t i o n  c o e t t l c l e n t ,  ; g-‘ excep t  Neuton e t  a i .  (1976) va lues  I n  ml g-I 
KF, I / N  = F r e u n d l l c h  Constants t o r  A = K C 1 l N ;  A I  l lrrOl g - ‘ ;  C.  

K E  = exchange c o e t t i c i e n t .  log 
Am = Langmuir a d s o r p t i o n  maximum, j lnwl  g - ‘  

K~ = Langmuir cons tan t ,  log?-‘ 

EH = redox p o t e n t i a l ,  mv 

F 

A d s o r p t l o n  Heasurensnts Re te rences  

Cons tan ts  ( b )  

16.7, 5.5 

237. 5.9 

41.9, 6 - 3 3  

96.4, 6.02 

13.46. 6.11 



S e c t i o n  17  
I 

I 

I i 

MOLYBDENUM 

Molybdenum (Mo) i s  a m u l t  v a l e n t  element, found p r i m a r i l y  i n  +6 valence s t a t e  i n  

aqueous s o l u t i o n s .  

a r e  n o t  impor tan t ,  Moo4 

P r e c i p i t a t i o n / d i s s o l u t i o n  and 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  o f  Mo have n o t  been 

s t u d i e d  e x t e n s i  ve l y .  
as one o f  t h e  i m p o r t a n t  s o l u b i l i t y - c o n t r o l l i n g  s o l i d s .  

be an i m p o r t a n t  s o l u b i l i t y - l i m i t i n g  s o l i d .  

values on hydrous ox ides  and amorphous a1 umi n o s i  1 i cates.  Phosphate has been 

observed t o  be a s t r o n g  c o m p e t i t o r  f o r  Mo a d s o r p t i o n  s i t e s .  

I n  r e  a t i v e l y  d i l u t e  s o l u t i o n s  of Mo where p o l y n u c l e a r  spec ies  
2- s t h e  dominant aqueous species a t  pH values >4.3. 

The ava i  l a b l e  da ta  suggest t h e  poss i  b i  1 i t y  o f  i r o n  molybdate 
It appears PbMo04 may a l s o  

Adsorp t i on  p r i m a r i l y  occurs a t  low pH 

RELATIVE STABILITIES OF SOLID AND AQUEOUS S P E C I E S  

Molybdenum can e x i s t  i n  +3, +4, +5, and +6 valence s t a t e s .  However, i n  aqueous 

s o l u t i o n s ,  o n l y  t h e  +6 s t a t e  has s t a b i l i t y  ove r  a broad range o f  pH and Eh (Baes and 

Mesmer 1976). 

a c t i v i t i e s  a re  p l o t t e d  as a f u n c t i o n  o f  pH ( F i g u r e  17-1). The s o l u b i l i t i e s  o f  t h e  

meta l  molybdates CCoMo04, ZnMo04, Fe2(Mo04)3, and PbMoO41 depend on t h e  aqueous 

a c t i v i t i e s  o f  t h e  meta l  i ons .  For  i ns tance ,  if FeOOH ( g o e t h i t e )  were assumed t o  

c o n t r o l  Fe3+ a c t i v i t y  r a t h e r  than Fe(OH)3(am), t h e  s o l u b i l i t y  of 

i nc rease  due t o  t h e  decreased l e v e l s  o f  Fe3+. 

compounds decrease i n  t h e  f o l l o w i n g  o r d e r :  
Fe2(Mo04)3, PbMo04. 

reminder t h a t  Pb i s  o f  l i m i t e d  abundance i n  most environments.  

assumed t o  be 

be approx imate ly  - M. T h i s  t ype  o f  i n f o r m a t i o n  i s  u s e f u l  when measur ing o r  

p r e d i c t i n g  t h e  s o l u b i l i t y  o f  t r a c e  elements i n  s o l l s  and sediments. 

The s o l u b i l i t i e s  o f  d i f f e r e n t  Mo s o l i d s  i n  terms o f  e q u i l i b r i u m  Moo4 2- 

would 

The r e l a t i v e  s o l u b i l i t i e s  o f  Mo 

CoMo04, ZnMoO4, Moo3(c),  H2Mo04(c), 

The broken l i n e s  ( F i g u r e  17-1) i n  t h e  PbMo04 p l o t  serve as a 

I f  Pb2' a c t i v i t y  i s  

M, then t h e  minimum s o l u b i l i t y  o f  PbMo04 i n  terms o f  Moo4- 2 would - 

The d i s t r i b u t i o n  o f  t h e  HnMOo:-2 and p o l y n u c l e a r  species o f  Mo i n  e q u i l i b r i u m  w i t h  

Fe2(MoOq)3 and Fe(OH)3(am) i s  p l o t t e d  as a f u n c t i o n  o f  pH i n  F i g u r e  17-2. 

t h e  dominant species above pH 4.3. 

p o l y n u c l e a r  Mo species a r e  un impor tan t  i n  t h i s  system. However, t h e  p o l y n u c l e a r  

Moog- i s  

H21'100t dominates below pH 4. C a t i o n i c  and 

2- 
sper.ies w i l l  becoiiie i m p o r t a n t  i f  t he  c o n c e n t r a t i o n s  o f  Moo4 a r e  h i g h  enough. 
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F i g u r e  17-1. 
when t h e  a c t i v i t i e s  o f  Cu, Zn, Fe, Pb a r e  c o n t r o l l e d  by 
CuFe Oq, s o i l  Zg -hh indsay  ,$979),  F $ ( O H ) 3 ( a r n ) ,  and PbC03 
[CO2fgas) = 10- 3 or Pb = 10 - M, r e s p e c t i v e l y .  

R e l a t i v e  s o l u b i l i t i e s  o f  Mo s o l i d  phases 
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F i g u r e  1 7 - 2 .  The a c t i v i t i e s  of  Mo aqueous spec ies  
i n  e q u i l i b r i u m  w i t h  Fe (Mo04)3 when Fe a c t i v i t i e s  
a r e  c o n t r o l l e d  by Fe(0  $ )3(a i i1 ) .  

1 7 - 2  

I -- 



I 

PRECIPITATION/DISSOLUTION 

S o l u b i l i t y - c o n t r o l l i n g  s o l i d s  i n  s o i l s  and s u b s o i l s  have n o t  been d e f i n i t e l y  

i d e n t i f i e d ,  though t h e i r  presence has been suggested by seve ra l  s t u d i e s .  Barrow 

(1974a) found t h a t  d e s o r p t i o n  o f  p r e v i o u s l y  adsorbed Mood2- became i n c r e a s i n g l y  

d i f f i c u l t  w i t h  t ime.  T h i s  convers ion  t o  a fo rm which i s  d i f f i c u l t  t o  desorb i s  

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

t h a t  Mo s o l u b i l i t y  i n  n a t u r a l  environments may be c o n t r o l l e d  by f e r r o u s  molybdate.  

Reisenauer e t  a l .  (1962) showed t h a t  p r o t o n  consumption and water  l o s s  d u r i n g  
s o r p t i o n  o f  Moo4'- on f e r r i c  ox ide  was c o n s i s t e n t  w i t h  t h e  f o r m a t i o n  o f  Fe2(Mo04)3, 

f e r r i c  molybdate. Reyes and J u r i n a k  (1967) a l s o  hypo thes i zed  t h e  f o r m a t i o n  o f  i r o n  

molybdate i n  Mo a d s o r p t i o n  exper iments w i th  hemat i t e .  

Hem (1977) suggested 

Vlek and L indsay (1977) measured t h e  s o l u b i l i t y  of Mo i n  s o i l s  rang ing  f r o m  pH 5.5 

t o  7.7. They found t h a t  t h e  s o l u b i l i t y  o f  Mo d i d  n o t  f o l l o w  t h e  t r e n d s  expected 

f rom t h e o r e t i c a l  c o n s i d e r a t i o n s .  V lek and L indsay (1977) used thermodynamics t o  
demonstrate t h a t  PbMo04 ( w u l f e n i t e )  should be t h e  most s t a b l e  Mo compound i n  s o i l ,  

b u t  when PbMo04 was added t o  t h e  s o i l s ,  t h e  Mo042- c o n c e n t r a t i o n s  increased.  

concluded t h a t  a d s o r p t i o n  r e a c t i o n s  may be. r e s p o n s i b l e  f o r  c o n t r o l l i n g  Mo i n  s o i l s .  

It was 

ADSORPTION/DESORPTION 

The a d s o r p t i o n  behavior  o f  Mo i n  s o i l s  i s  s t r o n g l y  i n f l u e n c e d  by t h e  presence o f  Fe 
and A1 ox ides over a wide range i n  Moo4- c o n c e n t r a t i o n s  (Barrow 1970; Ka r im ian  and 

Cox 1978). Amorphous a l u m i n o s i l i c a t e s  (e.g., a l l ophane)  a l s o  have h i g h  a f f i n i t y  f o r  

Mo (Gonzalez e t  a l .  1974). A v a i l a b l e  ev idence suggests t h a t  t h e  p r i n c i p a l  adso rb ing  

species o f  Mo i s  H M O O ~  (Reyes and J u r i n a k  1967). Though a mechanism has n o t  been 

es tab l i shed ,  s o i l  o r g a n i c  m a t t e r  has a l s o  been proposed as an i m p o r t a n t  f a c t o r  i n  

c o n t r o l l i n g  a d s o r p t i o n  f rom aqueous s o l u t i o n s  c o n t a i n i n g  low c o n c e n t r a t i o n s  o f  Mo 

( B l o o m f i e l d  and Kelso 1973; Kar imian and Cox 1978).  

2 

S o l u t i o n  pH and i o n i c  s t r e n g t h  may s t r o n g l y  i n f l u e n c e  Mo a d s o r p t i o n  (Tab le  17-1) .  
Less adso rp t i on  of Moo4- occurs on s o i l s  and s o i l  m i n e r a l s  as pH inc reases  due t o  

i n c r e a s i n g  nega t i ve  charge d e n s i t y  on amphoter ic  hydrous  ox ides  o r  f u n c t i c n a l  groups 

(Hingston e t  a l .  1972; Kar imian and Cox 1973; Pasr icha and Randhawa 1977 ;  Theng 

1971). T h i s  phenomenon i s  comparable t o  t h a t  observed f o r  o t h e r  anions (e.g., 

2 

Cr$-, Se04-, 2 A S O i - )  where a marked a d s o r p t i o n  edge i s  observed f o r  Mo on model 

adsorbents , speci f i c a l  l y  hydrous ox ides.  The a d s o r p t i o n  o f  Moog- by soi  1 s i nc reases  

w i t h  increased i o n i c  s t r e n g t h  up t o  about 0.04 - N (Barrow 1974; Gonzalez e t  a l .  

1 9 7 4 ) ,  p o s s i b l y  r e f l e c t i n g  suppress ion o f  n e g a t i v e l y  charged i n t e r f a c i a l  p o t e n t i a l .  
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The presence of c e r t a i n  compet ing anions and s o i l - s a t u r a t i n g  c a t i o n s  a l s o  i n f l u e n c e s  

Mo adsorp t i on .  

an ions ( C l -  o r  SO:-) does no t  e f f e c t  Mo r e t e n t i o n ,  w h i l e  PO4 , which i s  s t r o n g l y  

adsorbed, s h a r p l y  decreases molybdate a d s o r p t i o n  (Barrow 1974; Gonzalez e t  a l .  1974, 

Ka r im ian  and Cox 1978). A d d i t i o n a l l y ,  phosphate r e a d i l y  d i s p l a c e s  f resh ly -adso rbed  
2- 3+ Moo4 (Barrow 1974; Gonzalez e t  a l .  1974).  S o i l s  s a t u r a t e d  w i t h  A13' o r  Fe may 

adsorb l a r g e r  q u a n t i t i e s  o f  Moo4 t h a n  t h e  same s o i l s  p r e t r e a t e d  w i t h  Ca2', NH4', o r  

K t  (Pas r i cha  and Randhawa 1977). 

may polymer ize,  t hus  reduc ing  s o l u t i o n  pH and fo rm ing  hydrous o x i d e  su r faces  w i t h  

h i g h  a f f i n i t y  f o r  Mo. 
Kt o r  NH; negates t h i s  e f f e c t  and reduces Mo r e t e n t i o n .  

I n c r e a 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  of  p o o r l y  o r  weakly adsorbed 
3- 

2- 

It appears t h a t  adsorbed Fe and A1 h y d r o l y z e  and 

I n  c o n t r a s t ,  d isp lacement  o f  exchangeable A l ,  Fe, and Ht by 

The impor tance o f  Fe ox ides  as a f a c t o r  i n  c o n t r o l l i n g  Mo t r a n s p o r t  i n  s o i l s  i s  

documented i n  t h e  l i t e r a t u r e .  For  example, a s o i l  c l a y  i s o l a t e  (<2 um) c o n s i s t i n g  

most ly  o f  t h e  l a y e r  l a t t i c e  s i l i c a t e s  ( k a o l i n i t e  and i l l i t e )  has two d i s t i n c t  t y p e s  

o f  a d s o r p t i o n  s i t e s  f o r  Moo4 

oxides, o n l y  one t y p e  o f  s i t e  o f  reduced c a p a c i t y  remains.  S i m i l a r l y ,  t h e  adsorp- 

2 -  (Theng 1971). F o l l o w i n g  t r e a t m e n t  t o  remove " f r e e "  Fe 

c l a y s  f o r  Mo a re  reduced by removal o f  Fe ox ides 

203, S i o 2 ,  and s o i l  l i k e l y  occurs th rough  

exa t  on (shown below) w i t h  t h e  concomi tant  

t i o n  c a p a c i t i e s  o f  a l l o p h a n i c  s o i l  
(Theng 1971). A d s o r p t i o n  o f  MOO$- 

an i  on d i  s p l  acement o r  su r f  ace comp 

re lease  o f  two hyd roxy l  i o n s :  

SOH + Moog- + 2H20 = SOH2HMo04 + ZOH-, 

However, a d s o r p t i o n  t o  amorphous Fe ox ide  between pH 4 and 5 produces 30H- groups 

pe r  MOO:- i o n  adsorbed, p robab ly  due t o  t h e  fo rma t ion  of  i n s o l u b l e  i r o n  molybdate 

(Reisenauer e t  a l .  1962):  

F ~ ( C J H ) ~  + Moog- = 1 /3 Fe2   MOO^)^ + 1/3 Fe3' + 30H-. 

Molybdate a d s o r p t i o n  i n  so i  1s becomes i n c r e a s i n g l y  i r r e v e r s i b l e  w i t h  pro longed con- 

t a c t  t i m e  (Barrow 1974), supDort inq t h e  p o s s i b i l i t y  o f  a p r e c i p i t a t i o n  r e a c t i o n  
f o l  l uw lng  adso rp t i on .  

e i t h e r  a t  two t ypes  of s i t e s  o r  by two r e a c t i o n s  (Reyes and J u r i n a k  1967). One 

r e a c t i o n  i s  no t  a f f e c t e d  by temperature,  whereas the  o t h e r  i s  endothermic and may be 

due t o  adsorbate sur face i n t e r a c t i o n s  o r ,  perhaps, i r o n  luuolybdate for i l ia t ion.  

F u r t h e r ,  adsorpt - ion of MoOi- by hemat i t e ,  a-Fe203, O C C U ~ S  

17-4  
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I 
Tab le  17-1. ADSORPTION CONSTANTS FOR MOLYBDENIUM 

Adsorbent Adsorbate E l e c t r o l y t e  Adsorpt lon Msasuremnts Reference 
CEC S A. 

(C)  I d e n t i t y  Conc., M pH Constants (b) Value 2 meq/IOOg m /g Conc., M (a )  I dent I t y  

Soil Clays 

A I  lophane AB 
untreated 35 

35 
t r ea ted  w l th :  
. D i t h l o n l t e - c l t r a t e  - 

Po lyphosphate - 

Theng 1971 NaC I 
NaC I 

NaC I 
NaC I 

NaC I 
NaC I 

NaC I 
NaC I 

NaC I 
NaC I 

NaMo04 

NH40Ac 

NH40Ac 

NH40Ac 

0.2 
0.2 

0.2 
0.2 

0.2 
0.2 

0.2 
0.2 

0.2 
0.2 

va r lab le  

0.004 

0.004 

0.004 

27.1, (4.9) 
100, (5.0) 

61.5, (4.8) 
61.5, (4.8) 

Allophane A 
unt reated 49 

49 
t rea ted  wl th :  

D I t h l o n  I t e -c l  t r a t e  - 
Po lyphosphate - 

17.7, (4.5) 
60.5, (4.9) 

43.8, ( 4 . 7 )  
28.2, (4.7) 

8.86, (4.6) 
15.6, (5.1 ) 
39.1, (4.4) 

K a o l i n  + I I l l t e  25 
untreated 25 

Fe Oxldes 
cl-FeZ03 10.4 I O +  - 4.0 Am, KL 

1.15 Am 

71.7,(5.2) Reyes and 
11.75, (5.3) Jur lnak 1967 

-5 - 0 - 1 0  4.4- KF, 1/N, B 
5.5 

9550, 0.52.0.33 Relsenauer e t  a l .  
1962 

-5 - 0 - 1 0  4.4- KF, I/N, B 

5.5 
3550. 0.57,0.50 Alu lml  Ina - 

- o - IO-’ 4.4- KF, 1/N, B 

5.5 
1900, 0.45, 0.50 T I  Oxlde - 



T a b l e  17-1  ( C o n t d ) .  ADSORPTION CONSTANTS FOR MOLYBDENIUM 

Adsor bent Adsor bate E l e c t r o l y t e  Adsorptlon Measurements Ref e rence 

(C 1 CEC S2A. 
I dent I t y  (" meq/IOOg Conc., M I dent I ty Conc., M pH Constants (b) Value 

81.3 

1.8 

0.7 

2.1 

Soils % O.C. -- 

5.2 

38.6 

66.0 

0.6 

Skaggs 

Corn I ong 

Cham1 sal  

. .  $Free Fe 

0. I 7  

0.25 

0.24 

0.4 

0.32 

0. I 4  

5.4 

0.57 

- 
- 

- 

- 
- 

loe4 - 
-4 -3 IO - IO 

- 

o - 

o - 
o - 

Sol I 
water/ 
l lKC I 

- 

5.4/4.5 KF, IM 

4.4-5.5 KF, 1/N, B 

4.4-5.5 KF, 1/N, B 

0.815, 1.21 

3.49, 4.38 
0.429. 0.320 

8.68, 4.04 
1.54, 0.504 

16.9. 0.905 

0.307, 1.07 

0.228, 0.918 

8.63, 4.11 
1.23, 0.459 

4.46, 3.66 
0.481, 0.571 

Kar I m l  an 
and Cox 
1978 

300, 0.51, 0.50 Relsenauer 
e t  al. 1962 

95, 0.48, 0.50 

99, 0.64, 0.50 
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Table  17-1 (Contd) .  ADSORPTION CONSTANTS FOR MOLYBDENIUM 

Adsorbent Adsorbate E l e c t r o l y t e  Adsorpt lon Measurements Reference 

(C) 
CEC S A. 

Conc., M I d e n t l t y  Conc., M pH Constants (b) ’ Value 
(a) 2 

I dent I t y  meq/lOOg e 
Sol I s  

Loam 
Untreated 

K-saturated 

NH&-saturated 

Ca-saturated 

AI-saturated 

w 
U 
I 
4 Fe-saturated 

Sand Loam 
Untreated 

K-saturated 

NH4-saturated 

Ca -saturated 

A I  -saturated 

Fe-saturated 

5.9-6.2 f/N, 

amp ‘L 

6.5-6.6 KF, 1/N 

6.0-6.6 KF, 1/N 

6.0-6.2 %, 1/N, 

Am* ‘L 

3.8-4.9 KF, t/N, 

Am’ ‘L 

Am’ KC 

4.7-5.5 KF, l/N, 

6.6-6.7 KF, 1/N 

Am* ‘L 

F, 1/N,  

Am* ‘L 

7.2-7.5 .K 

7.0 KF, 1/N 

6.6-6.9 t/N 

4.2-5.2 KF, 1/N, 

Am’ ‘L 

Am* KL 

5.1-5.5 KF, 1/N 

1 (0.48, 0.12, Pasr lcha and 
.1.06, 4.8) Randhewa 1977 

(0.008, 0.89) 

(0.003, 1 .O 1)  

(0.16, 0.45, 
2.64, 4.01 

(0.69, 0.37. 
4.00, 4.9) 

(1.14, 0.44, 
1.77,. 5.8) 

(0.011, 0.90 

14.9, 2.7) 

(0.009, 0.82, 
3.56, 3.2) 

(0.002, 1.17) 

(0.00, 1.86) 

(0.39, 0.33, 
2.80, 4.5) 

(0.76, 0.37 
4.11, 5.1) 



Table 17-1 (Contd) . ADSORPTION CONSTANTS FOR MOLYBDENIUM 

Adsorbent Adsorbate E l e c t r o l y t e  Adsorpt\on Measurements Reterence 

(a 1 
CEC S A. 

(C 1 meq/IOOq Conc., M l d e n t l i y  Conc., M pH Constants (b) Value 
2 

I dent I ty 

Sol I s  Free I Free - 
Sol I - Fe A \  

5.2 1.2 16.1 10-3.7 - 10-2.7 None 

-- 
- - (12.6, 5.0) Barrcw 1972 

(13.2, 5.8) 

(20.3, 5.6) 

(17.4, 5.8) CaC I 0.01 - 
CaCl2 0.02 - Am’ ‘L (18.6, 5.7) 

- - (0.71, 5.1) 

(1.15, 5.5) CaC I 0.002 - A 

4.2 Am* ‘L 

Am* ‘L 

Am’ ‘L 

Am’ ‘L 

CaC I 0.002 - 
C & I 2  0.005 - 

5.2 Am’ ‘L 

m’ ‘L 

10.3 - None 

n ,.a- . .. n-,. I 

0.8 0.3 



2.1 0.5 26.3 - 

Om’ n~ 

Am’ ‘L 

6.2 Am* ‘L 

Am’ ‘L 

Am’ ‘L 

Am* ‘L 

Am’ ‘1 

Am’ ‘L 

Am’ ‘L 

Am’ ‘L 

Am* ‘L 

Am’ ‘L 

Am’ KL 

“.“I - 

0.02 - 
- 
0.002 - 
0.005 - 
0.01 - 
0.02 - 
0.01 - 
0.01 - 
0.01 - 
0.01 - 
0.01 - 
0.01 - 

\ L . L U p  2.J) 

(2.02, 5.4) 

(0.47, 5.1) 

(0.98, 5.1) 

(0.75, 5.4) 

(1.12, 5.2) 

(0.90, 5.4) 

(0.38, 5.6) Barrow 1970 

(1.64, 5.3) 

(1.67, 6.3) 

(2.82, 5.8) 

(4.46, 5.7) 

(4.66, 6.0) 



T a b l e  1 7 - 1  (Contd). ADSORPTION CONSTANTS FOR MOLYBDENUM 

Adsor bent Adsor bate E l e c t r o l y t e  Adsorpt lon Measurements Reference 

CEC S.A. 

( C )  (b) Va iue meq/lOOg m /g Conc., M l d e n t l t y  Conc., M pH Constants 
2 (a)  

I dent 1 t y  

Sol i s  
Org. Free Allophane, 

Sol I - L- C % Fe, % % 

10.7 2.6 
11.4 2.9 

11.2 5.1 
11.3 4.3 
6.2 5.6 

6.0 6.5 
4.6 6.4 
1.4 6.4 

14.9 4.7 
5.3 6.3 
4.5 7.1 

29.5 2.3 
10.7 5.8 
7.0 4.5 

5.6 5.0 
8.0 5.8 

15.1 
16.0 

21.4 
16.5 
27.4 

6.2 
9.8 

13.6 

17.6 
25.1 
24.0 

12.7 
25.2 
24.3 

20.4 
20.4 

62.3, 2.23, (3.9) Gonzalez 
59.5, 2.32, (3.8) e t  a l .  1974 

105, 2.66 
93.7, 2.69 
114, 3.19 

37.0, 3.10, (9.5) 
38.0, 3.28, (7.4) 
104, 2.76, (3.3) 

52.1, 3.25, (9.3) 
133, 2.93, (3.7) 
170, 2.99, (8.2) 

25.1, 3.27 
92.6, 2.95 
100, 3.09 

109, 3.07 
198, 2.99 

( a )  O.C. = organlc  carbon 
( b )  A - 1  

= t yngnu l r  adsorpt lon maximum, urn1 g 
rp 

Am, Am = two adsorpt lon s i t e s  
KF, 1/N = Freundl lch constants  
KL = LangnuIr constant, i o  M - ~  
B = constant  f o r  A = KFc I H  121 v a r l a t l o  
K = s e l e c t l v l t y  c o e f f l c l e n t ,  PO over MOO 

l/&+ B 
of Freundl lch equat lon w i t h  pH 9- 

4 ’  S 4 
( c )  ( 1 = est imated values 



S e c t i o n  18 

NICKEL 

!, 

! 

! 

N i c k e l  ( N i )  i n  n a t u r a l  aqueous environments e x i s t  as +2 valence s t a t e .  

under o x i d i z i n g  c o n d i t i o n s  i s  p r e d i c t e d  t o  be t h e  most s t a b l e  among compounds f o r  

which thermodynamic d a t a  a re  a v a i l a b l e .  A l though Ni2 '  forms f a i r l y  s t r o n g  complexes 
w i t h  SO:-, N i 2 +  i s  expected t o  be t h e  p r i m a r y  species a t  low SOP- l e v e l s  expected i n  

u t i l i t y  waste env i  ronment. A t t e n u a t i o n  mechanisms of N i  have no t  been e x t e n s i v e l y ,  

s tud ied.  L i m i t e d  da ta  suggests t h a t  NiFe204 under o x i d i z i n g  and N i S  under r e d u c i n g  

c o n d i t i o n s  may be i m p o r t a n t  s o l u b i l i t y - c o n t r o l l i n g  s o l i d s .  The r e l a t i v e  impor tance 

o f  i o n  exchange and s p e c i f i c  a d s o r p t i o n  o f  N i  has n o t  been e s t a b l i s h e d .  N i c k e l  i s  

s t r o n g l y ,  and p o s s i b l y  i r r e v e r s i b l y ,  adsorbed by a l k a l i n e  s o i l s .  Ca t ions ,  such as 

Ca and Mg , have been r e p o r t e d  t o  reduce N i  adso rp t i on ,  t h rough  c o m p e t i t i o n  f o r  
2- N i  a d s o r p t i o n  s i t e s .  reduce a d s o r p t i o n  th rough  r e d u c t i o n  i n  

Ni2'  a c t i v i t y  as a r e s u l t  o f  complexat ion.  

NiFe204 

2+ 2+ 

Anions, such as SO4 

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

I n  n a t u r a l  aqueous environments,  t h e  +2 valence s t a t e  of  n i c k e l  i s  o f  p r i m a r y  impor-  
2- tance. 

Cog- ,  PO:-, and S2-. 
2- 2- compound under o x i d i z i n g  c o n d i t i o n s .  

o x i d i z i n g  c o n d i t i o n s )  a re  very s o l u b l e ,  and t h e  s t a b i l i t y  o f  m i l l e r i t e  (N iS )  

i nc reases  w i t h  t h e  decrease i n  redox p o t e n t i a l .  

f a s t  p r e c i p i t a t o n  k i n e t i c s  b u t  t h e  s o l u b i l i t y  p roduc t  of  N i  

lower  than t h a t  of NiC03; thus ,  NiC03 i s  no t  expected t o  be s t a b l e  i n  g e o l o g i c  

env i  ronments. 

N i c k e l  forms seve ra l  compounds w i t h  d i f f e r e n t  l i g a n d s  such as OH-, SO4 , 
O f  t hese  compounds N i  f e r r i t e  (NiFe204) i s  t h e  most s t a b l e  

( i n  The compounds o f  OH-, SO4 , and o f  S 

NiC03 and Ni(OH)2 have r e l a t i v e l y  

i s  c o n s i d e r a b l y  

To determine t h e  r e l a t i v e  abundance o f  N i ( I 1 )  spec ies i n  ground waters  rep resen ta -  

t i v e  o f  leachates,  a c t i v i t i e s  o f  d i f f e r e n t  N i  spec ies [ N i 2 +  f i x e d  a t  - M o r  
c o n t r o l l e d  by Ni(OH)2] were p l o t t e d  ( F i g u r e  18-1) u s i n g  t h e  thermodynamic d a t a  

(T ruesde l l  and Jones 1974, B a l l  e t  a l .  1980) c o n t a i n e d  i n  t h e  geochemical model 

M I N T E Q  (Felmy e t  a l .  1983). Under t h e  assumed c o n d i t i o n s  ( f i g u r e  18-1) ,  N i  

fo l lowed by N i S O i  i s  t h e  dominant aqueous species i n  ground waters  o f  pH va lues 

(9.0. For  a s h o r t  pH i n t e r v a l  (pH -9.2 t o  9.8) ,  NiHCO: appears t o  be dominant. 

2+ 

A t  

18-1 



1: I 
I t 

-8 

2 c 

0 

2 -9 

9 
-1 0 

-1 1 

-1 2 

-1 3 
9 10 11 12 2 3 4 5 6  7 8 

PH 

F i g u r e  18-1. 

a c t i v i t i e s  of N i 2 +  F i xed  a t  

Ni(OH)2, SOP- = C1- = F' = Be- = 

and C02(gas) = Atmoshpere. 

A c t i v i t i e s  o f  D i f f e r e n t  N i 2 +  spec ies when 

o r  C o n t r o l l e d  by 

pH values o f  -9.8, h y d r o l y s i s  species [N i  (OH)!, N i  (OH)3] appear dominant. 

t h e  thermodynamic data f o r  h y d r o l y s i s  species used by B a l l  e t  a l .  (1980) i s  f r o m  

Baes and Mesmer (1976) and t h e  l a t t e r  au tho rs  r e p o r t  t h a t  t h e  va lues f o r  Ni(HO)! and 

Ni(0H); a r e  u n c e r t a i n .  

s i g n i f i c a n t l y  t o  t h e  t o t a l  N i  i n  s o l u t i o n .  

However, 

Other N i  complexes (NiCl', NiF', N i B r ' )  do n o t  c o n t r i b u t e  

PRECIPITATION/DISSOLUTION 

Precipitationldissolution o f  N i  compounds i n  n a t u r a l  environments has n o t  been 

e x t e n s i v e l y  s tud ied .  
m igh t  c o n t r o l  N i 2 +  c o n c e n t r a t i o n s  i n  n a t u r a l  systems. 

suppor ted t h i s  p r e d i c t i o n  w i t h  obse rva t i ons  o f  Ni2+ on hydrous i r o n  ox ide .  

c o n c e n t r a t i o n s  o f  Ni2+ were s i m i l a r  t o  those expected i n  e q u i l i b r i u m  w i t h  NiFe204, 

Theis  and R i c h t e r  (1980) measured N i2 '  a d s o r p t i o n  on s i 0 2  ( q u a r t z )  and a-FeOOH 

( g o e t h i t e ) .  

s o l i d .  

(1980) d i d  n o t  cons ide r  NiFe20q as t h e  so l  u b i  1 i t y - c o n t  r o l l  i ng so l  i d .  

and R i c h t e r ' s  da ta  show t h a t  t h e  amount o f  N i 2 '  adsorbed by g o e t h i t e  i s  l a r g e r  t h a n  

Hem (1977) used thermodynamic da ta  t o  p r e d i c t  t h a t  NiFe204 
Sadiq and Z a i d i  (1981) 

The 

They determined t h a t  N i  (OH)2(am) was n o t  t h e  s o l u b i l i t y - c o n t r o l l i n g  
However, NiFe204 i s  l e s s  s o l u b l e  than Ni(OH)2(am), and Theis  and R i c h t e r  

However, Thei  s 
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t h a t  adsorbed by q u a r t z  and t h a t  t h e  p a t t e r n  of a d s o r p t i o n  i s  c o n s i s t e n t  w i t h  t h e  

p o s s i b l e  f o r m a t i o n  of NiFe20q. 

a d s o r p t i o n  i n  b a s i c  s o i l s ,  which suggests t h e  fo rma t ion  of N i  s o l i d  phases. 

Bowman e t  a l .  (1981) observed p a r t i a l l y  i r r e v e r s i b l e  

N i S  w i l l  o n l y  be s t a b l e  i n  aqueous env i ronments under reduc ing  c o n d i t i o n s .  N i S  has 

been c a l c u l a t e d  t o  be t h e  s o l u b i l i t y - c o n t r o l l i n g  s o l i d  f o r  deep ground waters  

(E. A. Jenne, Personal  communication, A p r i l ,  1983, based on unpub l i shed  data,  

P a c i f i c  Northwest Labora to ry ,  Rich land,  Washington). 

ADSORPTION/DESORPTION 

The a d s o r p t i v e  behav io r  o f  N i  i n  s o i l  has n o t  been e x t e n s i v e l y  i n v e s t i g a t e d .  

L i m i t e d  s t u d i e s  suggest t h a t  N i  may be s t r o n g l y  adsorbed by s o i l  (Wangen e t  a l .  

1982, Bowman e t  a l .  1981). N i c k e l  i s  s p e c i f i c a l y  adsorbed by Fe and Mn ox ides 

(McKenzie 1980, Murray 1975, Jenne 1968).  
t h a n  t h a t  o f  Pb, Cu, and Zn (McKenzie 1980, Murray 1975) bu t  may exceed t h a t  o f  Cd 

The s p e c i f i c  a d s o r p t i o n  a f f i n i t y  i s  l e s s  

(Wangen e t  a l .  1982).  It i s  reasonable t o  assume t h a t ,  l i k e  o t h e r  c a t i o n i c  meta 

N i  a d s o r p t i o n  i n  s o i l s  w i l l  be c o n t r o l l e d  by aqueous h y d r o l y s i s ,  s p e c i f i c  

adso rp t i on ,  and i o n  exchange. Thus, i r o n  and manganese ox ides,  and t o  a l e s s e r  

ex ten t ,  c l a y  m ine ra l s  a r e  t h e  most i m p o r t a n t  adsorbents.  T h i s  s u p p o s i t i o n  i s  

supported, i n  p a r t ,  by a v a i l a b l e  l i t e r a t u r e  (Bowman e t  a l .  1981, A r t i o l a  and F u l  

1980, Sadiq and Z a i d i  1981).  Organic  m a t e r i a  

( K e r n d o r f f  and Schni t z e r  1980),  has n o t  been 

Ni i n  s o i l .  

N i c k e l  a d s o r p t i o n  i s  pH dependent (Tab le  18-1 
i r o n  ox ides (Theis  and R i c h t e r  1980; McKenzie 

1980; Murray 1975). I n  t h e  absence o f  s t r o n g  

, though o f  presumed impor tance 

den t  i f i  ed as an i m p o r t a n t  adsorbent o f  

on s i  1 i ca (Thei  s and R i c h t e r .  1980) ,  
1980) ,  and manganese ox ides  (McKenzi e 

complex ing l i g a n d s  t h e  a d s o r p t i o n  edge 

ranges f rom pH 5.5 t o  8.5 depending on t h e  adsorbent and exper imen ta l  c o n d i t i o n s .  

The a d s o r p t i o n  o f  N i  r e leases  approx ima te l y  1 t o  1.5 moles Ht f o r  each mole o f  N i  

adsorbed by i r o n  o x i d e  (The is  and R i c h t e r  1980; K i n n i b u r g h  e t  a l .  1976; McKenzie 

1980) and Mn ox ides (Murray 1975);  as many as 2.3 pro tons  are re leased  f o r  each N i  

species adsorbed by A1 ox ides  ( K i n n i b u r g h  e t  a l .  1976). These da ta  i n d i c a t e  t h a t  

w h i l e  N i t 2  i s  t h e  predominant s o l u t i o n  species o f  N i  below pH 8 ( M a t t i g o d  e t  a l .  

1979; Theis  and R i c h t e r  1980; F i g u r e  18-1) ,  NiOH' i s  p r e f e r e n t i a l l y  adsorbed, 

perhaps fo rm i  ng bo th  mono- and b i  -den ta te  s u r f a c e  complexes: 

SOH t N i 2 '  % SON 

SOH t Ni2' t H20 ",SON 

' t Ht (N i  -1 

OH" t 2Ht (Ni  -2 
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(N i  -3)  

SOH; t N i 2 '  + H20 + SONiOH' t 3H+ (N i  -4 )  

Thermodynamic c a l c u l a t i o n s  (Koppelman and D i  l l a r d  

(Ma t t i god  e t  a l .  1979; Bowman and O'Conner 1982) 

F i g u r e  18-1) i s  t h e  p r imary  adso rb ing  species f o r  

1977) and i o n  s p e c i a t i o n  s t u d i e s  

n d i  c a t e  t h a t  N i  2t (see 

c l a y  m ine ra l s .  

Competing c a t i o n s  and complexing l i g a n d s  may s i g n i f i c a n t l y  i n f l u e n c e  N i  a d s o r p t i o n  

by s o i l s  and model adsorbents  (Tab le  18-1). I n c r e a s i n g  i o n i c  s t r e n g t h  w i t h  NaC1, 

NaC104, NaN03, CaC12, C a ( C 1 0 4 ) ~  o r  Ca(N0i)2 reduces N i  a d s o r p t i o n  by c l a y s  ( M a t t i g o d  

e t  a l .  1979) and s o i l s  (Bowman e t  a l .  1981; Doner e t  a l .  1982). C a t i o n i c  

c o m p e t i t i o n  f o r  a d s o r p t i o n  s i t e s  and dec reas ing  s o l u t i o n  a c t i v i t y  o f  N i 2 '  a r e  

p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  phenomenon. 

observed when Ca2+ i s  t h e  major  c a t i o n ,  sugges t ing  i t  i s  a more e f f e c t i v e  c o m p e t i t o r  

w i t h  N i .  C o m p e t i t i v e  a d s o r p t i o n  exper iments have no t  been per formed w i t h  o t h e r  

c a t i o n i c  meta ls .  However, s i m i l a r i t i e s  i n  apparent a d s o r p t i o n  chemis t r y  suggest 

t h a t  Zn and Cd may compete w i t h  N i  f o r  s p e c i f i c  a d s o r p t i o n  s i t e s  on some ox ides o f  

Fe and A1 (Benjamin and L e c k i e  1980). The a d d i t i o n  o f  s u l f a t e  ( M a t t i g o d  e t  a l .  

1979; Theis  and R i c h t e r  1980; Bowman and O'Conner 1982),  c i t r a t e  (Theis  and R i c h t e r  

1980), n i t r i l o - t r i a c e t a t e  (Theis  and R i c h t e r  1980) and EDTA (Bowman e t  a l .  1981) 

reduces t h e  a d s o r p t i o n  of N i  by c l a y  m i n e r a l s  ( M a t t i g o d  e t  a l .  1979; Bowman and 

O'Connor 1982), s i l i c a  and g e o t h i t e  (The is  and R i c h t e r  1980) and s o i l  (Bowman e t  a l .  

1981) through f o r m a t i o n  of aqueous complexes w i t h  N i 2 + .  

adso rb ing  species,  NiOH', i s  a l s o  h inde red  by complex fo rma t ion .  

cyanide a l s o  suppress t h e  a d s o r p t i o n  o f  N i 2 +  and NiOH' by g o e t h i t e ,  s p e c i f i c  

a d s o r p t i o n  o f  Ni-complexes o f  these l i g a n d s  occurs t o  a sma l l  e x t e n t  (The is  and 

R i c h t e r  1980). I 

A g r e a t e r  r e d u c t i o n  i n  a d s o r p t i o n  i s  

Format ion o f  t h e  s t r o n g l y  

Whi le  g l y c i n e  and 

L i m i t e d  s t u d i e s  i n d i c a t e  t h a t  t h e  k i n e t i c s  o f  N i  d e s o r p t i o n  f rom n e a r - n e u t r a l  and 

b a s i c  s o i l s  may be slow (Bowman e t  a l .  1981). T h i s  p a r t i a l l y  i r r e v e r s i b l e  adsorp-  

t i o n  may i n d i c a t e  fo rma t ion  o f  an i n s o l u b l e  N i  s o l i d  phase which may f u r t h e r  l i m i t  

t h e  t r a n s p o r t  o f  N i  i n  t h e  subsur face environment.  I n  c o n s t r a s t ,  N i  adsorbed by 

g o e t h i t e  (=pH 5.5) and k a o l i n i t e  (pH 6.3) i s  desorbable w i t h  comparable k i n e t i c s  t o  

a d s o r p t i o n  (Wangen e t  a l .  1982). 
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Table 18-1. ADSORPTION CONSTANTS FOR NICKEL 

Adsorbent Adsorbate E lec t ro ly te  Adsorptlon Wasuremnts Reference 
CEC 5 A. 2 Identity") meq/lOQ Conc., H i d e n t i t y  Conc., H pH Constants(b) 

Clay Hlnerais 

Kao l in i te ,  

Ca-saturated 

Na-saturated 

H o n t m r l l l o n l t e  

Reductant - t ree ted 

red c lay  

Ch l o r  I t e  

i l l i t e  

Kaol I n i  te 

S I  I Ica 

aS i O2 

11.7 

11.7 

16 

20 

7 

14 

49 

12 

Ca (NO3 1 lo-5.7 - lo-4.8 

CaS04 

NaN03 

Na SO 

lo-5.7 io-4.8 

2 4  

Seawater 

Seawater 

io-6.5 

lo-6.5 

0.005 

0.001 

0.025 

0.375 

0.005-0.375 

0.002, 0.005 

0.01. 0.1 

0.003, 0.05 

-0.7 

-43.7 

1.7  IO-^.^ 

- a,b 

a.b 

a, b 

a.b 

a, b' 

a, b' 

a, b' 

a, b' 

AGzds 

Kd 

Kd 

6.7 A 

6.2 ' 1  

5.1 " 

8.) A 

" I  

n n  

I "  

" "  
n n  

n n  

" *:hem 

Wattlgod et 81. 1979 0, 0.058 

0, 0.045 

0. 0.0% 

-0.040, 0.034 

0.735 x IO3 

0.028, 10.4 x l o3  

0. 185 10) 

0.062, 59.5 lo3 

-6.5 

0.2 Takemtsu 1979 

0.2 

61.3 

40.9 

6.8 

(0.29) 

(0.13) 

(0.27) 

(0 .12)  

(0.25) 

(0.09) 

(0.10) 

6 . 5 5  

Koppelmn and 01 I l a rd  1977 

Thels and R lch ter  1980 



Ta'ble 18-1 (Contd)  . ADSORPTION CONSTANTS FOR N'ICKEL 

Reference Adsorbent Adsorbate E lec t ro ly te  Adsorptlon Hsasuremnts 

ldent I t y t a )  mq/IOOq CEC m/s st" Conc., W l den t l t y  c ~ n c . .  H p~ Value(c) 

A lurnlna 

NaN03 1.0 6.3 A (8.6) Klnnlburgh e t  a l .  1976 10-3.9 Fresh A I  oxlde gel - 

Fa Oxides 

Thels and Rlchter 1980 Gcethlte 85 NaC104 0.01 6.5 A (14.4) 

+ so;- 0.1 (11.5) 

+ C l t ra te  (8.1) 

+ C l t ra te  (6.0) 

+ NTA (6.9) 

+ CN- (6.9) 

AGzhem -5.35 

NaNO 1.0 
- 10-3.9 Fresh Fe oxlde gel - 

Seauater -0.7 - 10-6.5 Hydrated Fe oxlde - 

Gbethlte ( a F e O O H )  - 75  IO-^.^ M03 0.1 

Hemtlte (a-Fe203) - 20  IO-^.^ KN03 0.1 

h Oxldes 

CHn203 

y-MnOOH - 304 

6-Mn02 

- 0.1 c1- 0. I 

- 0.1 c1- 0.1 

- 0.1 c1- 0.  I 

- 98 IO-) - KNO) 0 .1  

206 - ; O - ~ J  KN03 0.1 

5.6 A (8.6) 

IO0 
Kd 

6.0 A (10) 

6.8 A (10) 

Klnnlburgh e t  a l .  1976 

Tekematsu 1979 

W e n z l e  1980 

HcKenrle 1972 5.2 A ( 1 5 )  

5.6 A (30) 

6.1 A (98) 

HcKenzle 1980 5 KL (690. 3.6) 

5 Am. KL (500, 3.4) 
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T a b l e  18-1 (Contd). ADSORPTION CONSTANTS FOR NICKEL 

t-' 
co 
do 

Ref e ren  ce Adsorbent Adsorbate E l e c t r o l y t e  Adsorpt I on b a s w e n a n t s  

I d e n t l t y ( a )  r m q / I O O q  Conc., M I dent 1 t y  Conc., M __ p~ Constants(b) Value(c) 
CEC 

Sol I - Sol1 S Clay  I O.C. 

S I I t  27.0 1.5 19.0 71.6 - CaCl2 0.01 5.9 KF, I/N 
I oam 

0.44, 0.96 

Sandy 14.0 0.45 10.9 46.2 - CaClz 0.01 7.6 KF. IM 0.20, 0.99 
0.13, 0.81 I oam 0.1 7.6 KF. 1/N 

Ca(C104)2 0.1 1.6 KF, 1M 0.15, 0.85 

0.25, 0.98 Sandy 13.7 0.43 14.0 64.9 -  IO-^.^ cac12 0.01 7.7 KF. 1m 
I oam 

Sandy 14.4 0.57 14.1 65.6 - CaC I 0.01 7.8 K F ,  1M 0.48, 0.97 
I oam 

sol I - 
51 
31 15 

I 1  
8 
4 

Sandy - 
I oam 

9 
19 
IO 6 

IO 
2 

51.3  IO-^.^ 
61.5  IO-^-^ 
19.8  IO-^.^ 
38.3 1 0 1 ~ s ~  

10-4.5 
4.5 

8.0 10 

nun 1 c l  pa I 
s o l l d  waste 
leachate 

5.4 PV, CL (3.1, 0.8) 
5.4 PV, CL (5.2, 1.4) 
5.4 PV. CL (3.0, 0.4) 
5.4 PV. CL (6.4, 1.2) 
5.4 PV, CL (1.9, 0.14) 
5.4 PV, CL (0.6. 0.1) 

0.3 5 -  NaC I 0. I 6.7 PV, CL (125, 2.1) 

NaC104 0.1 6.7 I' (135, 2.2) 

lo-3.8 

0.5 6.5 '' (65. 0.9) 

0.5 6.2 '' (87, 1.3) 

( a )  O.C. = organlc carbon 
( b l  a.b Z I n te rcep t .  slope of I l nea r  Isotherm, y = a + bx; y = unul g ; x = lNI2'leq I n  

b '  E slope where x = NIZt a c t l v l t y  

A G i O S  = t r e e  energy of adsorptlon, kca l  n u l - '  

Kd = d l s t r l b u t l o n  c o e t t l c l e n t ,  g- '  

Am = Langnulr adsorpt lon m x l ~ r n ,  "nul g- '  
K = Langnulr constant, l o g 5  
K ~ ,  I /N = F reund l l ch  constants t o r  A = KFCIf i ;  A, uno1 g-I; C. @ 

PV = pore vo lums to 502 breakthrough 
CL = column loadlng,l inul g-' 

- 1  

A = adsorpt lon,  v n u l  g-' 

L 

( c l  ( ) = e s t l m t e d  values 

Bowman e t  a l .  1981 

A r t l o l a  and F u l l e r  1980 

Caner e t  81. 1982 



S e c t i o n  19 

SELENIUM 

I '  

Selenium (Se) e x i s t s  i n  n a t u r a l  aqueous environments i n  -2, +4, and +6 valence 

s t a t e s .  

as anions. A l though some o f  t h e  s t u d i e s  i n d i c a t e  p r e c i p i t a t i o n  may occur,  no 

d e f i n i t i v e  i n f o r m a t i o n  on s o l u b i l i t y - c o n t r o l l i n g  s o l i d s  i s  a v a i l a b l e .  Maximum 

a d s o r p t i o n  of se lena te  and s e l i n i t e  occurs p r i m a r i l y  t h rough  s p e c i f i c  a d s o r p t i o n  i n  

t h e  a c i d i c  pH range on g e o l o g i c  m a t e r i a l s  e n r i c h e d  i n  hydrous ox ides  o f  A1 and Fe o r  

amorphous a l u m i n o s i l i c a t e s .  S u l f a t e  i s  r e p o r t e d  t o  compete f o r  Se a d s o r p t i o n  s i t e s .  

Most o f  t h e  Se species i n  t h e  env i ronmen ta l  Eh and pH range ( 4  t o  10) e x i s t  

RELATIVE STABILITY OF SOLID AND SOLUTION SPECIES 

Selenium i s  a m u l t i v a l e n t  element and can e x i s t  i n  -2, 0, +4, +6 valence s ta tes .  I n  

aqueous environments,  however, i t  e x i s t s  i n  -2, +4 and +6 s t a t e s .  Us ing  t h e  

s e l e c t e d  thermodynamic da ta  (Tab le  A-a ) ,  s t a b i l i t y  f i e l d s  f o r  v a r i o u s  Se s o l u t i o n  

species were c a l c u l a t e d  as a f u n c t i o n  o f  redox p o t e n t i a l  (pe )  and pH ( F i g u r e  19-1). 

Under reduc ing  c o n d i t i o n s ,  H2Seo would dominate below pH 3.8 and HSe- would dominate 

above pH 3.8. The s e l e n i t e  species would predominate under i ntermedi  a t e - t o - s l  i g h t l y  

o x i d i z i n g  c o n d i t i o n s .  

HSe0; when 2.9 < pH < 8.4, and Se0;- when pH > 8.4. 

(pe + pH 2 15) are necessary f o r  SeOg- t o  fo rm t o  a s i g n i f i c a n t  e x t e n t .  

H2Se03 would be t h e  major  s o l u t i o n  species when pH < 2.9, 

H i g h l y  o x i d i z i n g  c o n d i t i o n s  

To determine t h e  r e l a t i v e  s o l u b i l i t y  o f  t h e  s o l i d  phases (see Tab le  A-8) a t  v a r i o u s  
I 

I redox 

o f  t h e  

FeSe2 
phases 

o x i d e  
sol u b i  

o t e n t i a l s ,  F i g u r e s  19-2 and 19-3 were developed. The c a l c u l a t e d  a c t i v i t i e s  

dominant s o l u t i o n  species (HSe-), under t h e  assumed c o n d i t i o n s ,  show t h a t  
s t h e  l e a s t  s o l u b l e  among t h e  s o l i d  phases r e p o r t e d  i n  F i g u r e  19-2. S o l i d  

i n  o r d e r  o f  i n c r e a s i n g  s o l u b i l i t y  a re  FeSe2, FeSe, CuSe, and Se(c) .  

ess s o l u b l e  then Fe(OH)3(am) were chosen t o  c o n t r o l  Fez+ a c t i v i t y ,  t hen  t h e  

i t i e s  of FeSe2 and FeSe would i nc rease .  

I f  an Fe 

However, t h e  s o l u b i l i t y  p roduc t  f o r  
FeSe2 i s  no t  w e l l  d e f i n e d  and t h e  va lue  o f  K 

g i ven  i n  Table A-8. The K va lues f o r  CuSe and FeSe were e x p e r i m e n t a l l y  determined 

and "conf i rmed" by numer ica l  app rox ima t ion  (Buketov e t  a l .  1964),  b u t  t h e  va lues a re  

s t i l l  s u b j e c t  t o  e r r o r s  of app rox ima te l y  i2 .0  o r d e r s  o f  magnitude. 

y i e l d i n g  t h e  most s o l u b l e  form i s  
SP 

S P  

19-1  
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F i g u r e  19-1. 
a t  25°C. Dashed L ines  rep resen t  t h e  upper and 
lower  s t a b i l i t y  l i m i t s  o f  water.  

pe - pH diagram f o r  Se - H20 system, 

F i g u r e  19-3 rep resen ts  t h e  s o l u b i l i t y  o f  Se s o l i d s  as a f u n c t i o n  o f  pH a t  pe + pH = 

10. As before,  Fe(OH)3(am) was assumed t o  c o n t r o l  Fez+ a c t i v i t y .  
t h e  l e a s t  s o l u b l e  phase. 

a r e  much more s o l u b l e  than  Se(c) .  

i s  a crude es t ima te  and t h e  s t o i c h i o m e t r y  o f  t h i s  compound i s  n o t  known w i t h  

c e r t a i n t y  ( W i l l i a m s  and Byers 1936). However, t h e  s i m i l a r i t y  i n  s o l u b i l i t y  between 
Fe2(0H)4Se03 and Fe2(Se03)3*2H20 i n d i c a t e s  t h a t  t h e  two compounds may be t h e  same 

phase. 

Se(c)  i s  by f a r  
The f e r r i c  s e l e n i t i e s  [Fe2(Se03)-2H20 and Fe2(OH)4Se03] 

The s o l u b i l i t y  p roduc t  va lue o f  Fe2(0H)4Se03 

F i g u r e  19-4 was c o n s t r u c t e d  t o  show t h e  e f f e c t  o f  con t i nuous  change i n  redox (pe + 
pH) on t h e  s o l u b i l i t i e s  o f  t h e  l e a s t  s o l u b l e  s o l i d  phases d iscussed above. FeSe2 i s  

p r e d i c t e d  t o  c o n t r o l  Se s o l u b i l i t y  up t o  pe + pH 2 6.8. Beyond pe + pH 6.8, Se (c )  
i s  p r e d i c t e d  t o  c o n t r o l  Se s o l u t i o n  concen t ra t i ons .  Above pe + pH = 7.5, HSe0; 

19-2 
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PH 

s o l u b i l i t y  o f  Se s o l i d s  a t  
l i b l r i u m  w i t h  Fe(OH)3(am) 
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PH 

F i g u r e  19-3. R e l a t i v e  s o l u b i l i t y  o f  Se s o l i d s  a t  
pe + pH = 10 and i n  e q u i l i b r i u m  w i t h  Fe(OH)3(am).  
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r a t h e r  than  HSe- dominates. A t  t h i s  redox p o t e n t i a l  (pe + pH = 7.5), Se(c)  s o l u -  

b i  1 i t y  inc reases  dramat i  c a l  l y  w i t h  i n c r e a s i  ng redox p o t e n t i  a1 . 
Fe2(Se03)3*2H20 and t h e  se lena tes  a t  pe t pH > 12.5 a r e  very high. 

a r e  u n l i k e l y  t o  form under env i ronmenta l  l e v e l s  of Se. 

The s o l u b i  1 i t i e s  o f  

As a r e s u l t  t h e y  

PRECIPITATION/DISSOLUTION 

Al though severa l  s o l i d  phases [such as Se(c) ,  FeSe21 a re  p r e d i c t e d  t o  be s t a b l e  

under r e l a t i v e l y  reduc ing  c o n d i t i o n s  (see above) and some o f  t h e  s t u d i e s  i n d i c a t e  

p r e c i p i t a t i o n  may be o c c u r r i  ng, no d e f i  n i  t i  ve i n f o r m a t i  on on s o l u b i  1 i t y - c o n t r o l 1  i ng 

s o l i d s  i s  a v a i l a b l e .  Fe2(0H)4(Se03) was proposed ( G e r r i n g  e t  a l .  1968) t o  h e l p  

e x p l a i n  t h e  i n s o l u b i l i t y  o f  Se i n  s o i l s  as w e l l  as t h e  s t r o n g  a s s o c i a t i o n  o f  Se w i t h  

Fe i n  p r e c i p i t a t e s .  Benjamin and Bloom (1981) observed t h a t  meta l  i o n  a d s o r p t i o n  

o n t o  amorphous i r o n  oxyhydrox ide was enhanced i n  t h e  presence o f  adsorbed Se. It 

was p o s t u l a t e d  t h a t  t h e  enhanced meta l  a d s o r p t i o n  was t h e  r e s u l t  o f  t h e  f o r m a t i o n  o f  

an Fe-Se s o l i d  phase on t h e  oxyhydrox ide su r face .  H ings ton  e t  a l .  (1974) and Hamdy 

and Gissel -Nelson (1977) gave i n d i r e c t  ev idence o f  t h e  f o r m a t i o n  o f  Se s o l i d s .  Bo th  

groups o f  researchers observed t h a t  s e l e n i t e  was i r r e v e r s i b l y  adsorbed on 

c r y s t a l l i n e  i r o n  o x i d e  su r faces  ( g o e t h i t e ,  hemat i t e ) ,  which i s  an i n d i c a t i o n  o f  t h e  

p o s s i b l e  fo rma t ion  o f  a s o l i d  phase. 

ADSOKPTION/DESOKPTION 

Selenium r e t e n t i o n  i n  s o i l  has n o t  been s t u d i e d  e x t n s i v e l y .  L i m i t e d  s t u d i e s  

i n d i c a t e  t h a t  i n  s p i t e  o f  t h e i r  a n i o n i c  na tu re ,  s e l i n i t e  [ S e ( I V ) ]  and s e l e n a t e  

[ S e ( V I ) ]  may be adsorbed s i g n i f i c a n t l y  by some s o i l s .  
suggests t h a t  c r y p t o c r y s t a l l i n e  and amorphous forms o f  Si02, A1203, and Fe203 

c o n t r o l  Se a d s o r p t i o n  (John e t  a l .  1976; Singh e t  a l .  1981). S tud ies  w i t h  pure 

m ine ra l  phases demonstrate t h a t  hydrous ox ides  o f  Fe and A1 and amorophous a lumino-  

s i l i c a t e s  have a h i g h  a f f i n i t y  f o r  Se( IV,VI)  ( L e c k i e  e t  a l .  1980; Hingston e t  a l .  

1968b; Hingston e t  a l .  1974; Rajan 1979; Rajan and Watkinson 1976) which s i g n i f i -  

c a n t l y  exceeds t h a t  o f  l a y e r  l a t t i c e  s i l i c a t e s  ( F r o s t  and G r i f f i n  1977a; Hamdy and 
Gissel -Nelson 1977). Though s e l e n i t e  (pK2:7.9) and s e l i n a t e  (pK2:1.7) d i f f e r  

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

(S ingh e t  a l .  1981). Selenate may be adsorbed more s t r o n g l y  by c l a y  m i n e r a l s  t h a n  

s e l e n i t e  ( F r o s t  and G r i f f i n  1977) w h i l e  t h e  i n v e r s e  h o l d s  f o r  hydrous ox ides o f  Fe 

( L e c k i e  e t  a l .  1980; Benjamin and Bloom 1981). 

The exper imenta l  ev idence 



0 

2 
0 

a a 
2 w 
0 
2 
0 
0 
0 s 

-a 

-1 2 

-1 6 
6 8 10 12 14 16 18 20 ., 0 2 

Pe+PH 

F i g u r e  19-4. 
t h e  s o l u b i l i t y  of FeSe2(c)  and S e ( c ) .  

The e f f e c t  o f  redox  p o t e n t i a l  (pe  + pH) on 

The a d s o r p t i o n  o f  Se(1V) and Se(V1) on g o e t h i t e ,  amorphous i r o n  oxyhydrox ide ,  and 

g i b b s i t e  i s  s t r o n g l y  pH dependent ( T a b l e  19-1)  ( H i n g s t o n  e t  a l .  1968; L e c k i e  e t  a l .  

1980; H i n g s t o n  e t  a l .  1972).  These an ions  a r e  s t r o n g l y  adsorbed under  a c i d i c  

c o n d i t i o n s ,  b u t  f r a c t i o n a l  a d s o r p t i o n  decreases  w i t h  i n c r e a s i n g  pH. D e c r e a s i n g  

a d s o r p t i o n  occu rs  i n  a pH r e g i o n  c h a r a c t e r i s t i c  o f  each an ion .  The a d s o r p t i o n  o f  

Se(1V) and Se(V1) a r e  c o n t r o l l e d  by and i n f l u e n c e  t h e  s u r f a c e  cha rge  on t h e  

adsorbent .  L i m i t e d  e x p e r i m e n t a l  ev idence  suggest  t h a t ,  a t  a g i v e n  pH, Se adsorbs  t o  

n e u t r a l  and p o s t i  v e l y  cha rged  ampho te r i c  o x i d e  s u r f a c e s  d i s p l a c i n g  wa te r ,  h y d r o x y l s  

and o t h e r  adsorbed l i g a n d s  (e.g., s u l f a t e ,  s i l i c a t e )  u n t i l  t h e  s u r f a c e  i s  n e u t r a l  i n  

charge (Ra jan  1979; Ra jan  and Watk inson 1976) .  

The presence o f  compet ing  an ions  (Tab le  19-1)  may reduce Se(1V) and Se(V1) adsorp-  

t i o n  by u t i l i ' z a t i o n  o f  l i m i t e d  l i g a n d  exchange s i t e s  and r e d u c t i o n  i n  s u r f a c e  n e t  

p o s i t i v e  charge. Phosphate  reduces Se a d s o r p t i o n  on g o e t h i t e ,  though some s i t e s  a r e  
s p e c i f i c  t o  Se ( H i n g s t o n  e t  a l .  1971).  

amorphous i r o n  o x y h y d r o x i x d e  i n  a manner c o n s i s t e n t  w i t h  t h e  c o m p e t i t i v e  Langmui r  

e q u a t i o n  ( L e c k i e  e t  a l .  1980) .  

t h e  presence o f  f l y  ash l e a c h a t e  c o n t a i n i n g  SO4 , Ca2+, Kt ,  and Na 

a p p r e c i a b l y  f r o m  a d s o r p t i o n  i n  i n e r t  e l e c t r o l y t e  ( L e c k i e  e t  a l .  1980).  S e l e n i t e  

a d s o r p t i o n  i n  f l y  ash l e a c h a t e  below pH 10  i s  reduced by c o m p e t i t i o n  w i t h  SO4 , b u t  

i s  i n c r e a s e d  above pH 10 by t h e  apparen t  a d s o r p t i o n  o f  aqueous Se complexes. 

S u l f a t e  reduces  SeOg- a d s o r p t i o n  on 

S e l e n i t e  a d s o r p t i o n  on amorphous Fe o x y h y d r o x i d e  i n  
2- t 

d i f f e r s  

2 -  

19-5 



Selenium a d s o r p t i o n  on ox ides and s o i l s  comforms t o  t h e  Langmuir equat ion,  though a 

m u l t i - s i t e  Langmuir equa t ion  i s  needed on some s o i l s  (H ings ton  e t  a l .  1968; S ingh 

1982). The Langmuir cons tan ts  on ox ides  vary s i g n i f i c a n t l y  w i t h  pH (H ings ton  e t  a l .  

1968). The pH-dependent a d s o r p t i o n  o f  Se on hydrous o x i d e s  and t h e  r e s u l t i n g  

e f f e c t s  on n e t  s u r f a c e  charge have been modeled by seve ra l  i n v e s t i g a t o r s  (Bowden 

e t  a l .  1980; Davis  and Leck ie  1980). React ions l e a d i n g  t o  t h e  f o r m a t i o n  o f  t h e  

su r face  species SOH2Se0j, SOH2Se03H, SOH2SeOi and SOH2Se04N were needed t o  

adequate ly  d e s c r i b e  t h e  pH-dependent a d s o r p t i o n  of Se( I V )  and Se(V1) on amorphous 

i r o n  oxyhydrox ide (Leck ie  e t  a l .  1980; Davis and L e c k i e  1980; Benjamin and Bloom 

1981). 

s o r b a t e  c o n c e n t r a t i o n  and i o n i c  s t reng th .  

E q u i l i b r i u i m  cons tan ts  f o r  these r e a c t i o n s  were v a l i d  ove r  a range o f  

Selenium e x h i b i t s  v a r i a b l e  d e s o r b a b i l i t y  from o x i d e  s u r f a c e s  and s o i l s .  S e l e n i t e  

a d s o r p t i o n  i s  i r r e v e r s i b l e  on g o e t h i t e  (H ings ton  e t  a l .  1974) p a r t i a l l y  r e v e r s i b l e  

on hydrous alumina (Rajan 1979), and r e v e r s i b l e  on g i b b s i t e  (H ings ton  e t  a l .  
1974). 

pH change (Leck ie  e t  a1 . 1980). Desorp t i on  i s  accompanied by OH- a d s o r p t i o n  and a 
decrease i n  s o l u t i o n  pH (H ing tson  e t  a l .  1974; Rajan 1979). 

e f f e c t i v e  i n  r e l e a s i n g  up t o  90% o f  s o i l  adsorbed Se03 

1982).  

The a d s o r p t i o n  of s e l e n i t e  on Fe2O3*H20(am) i s  r e v e r s i b l e  i n  response t o  

S u l f a t e  and PO$- a r e  
2- 2- and Se04 (S ingh  e t  a l .  

1 I. -6  



T a b l e  19-1. ADSORPTION CONSTANTS FOR SELENIUM 

Adsor ba t e  E l e c t r o l y t e  Adsorption Measuremnts References Adsorbent 

mg/IOOg CEC Canc., H l d e n t l t y  Conc., M 
l d e n t l t y  

Arrorphws I ron  --- 182 IO-~-IO-' NaN03 0. I 

oxyhydroxlde IFe20,'H20 (am) I % ( V I  I 
3-11 Klnt  

SeO 

K l n t  

4 

HSeOd 

4.8 
Davls and 
Leckle 1980 

9.1 

3-11 Klnt  
SeO 

K l n t  

4 

HSe04 

3-11 Kint 
seo4 

BenJamln and 
Eloan 1981 0. I 182 10 -3 S e ( V i 1  NaN03 --- Amrphous Iron 

oxyhydroxlde IFe203.H20 (am) 1 

9.90 

12.2 

10 -4 Se(V i )  NaW3 6.65 0. I 

K l n t  
HSe04 

8.80 

BenJamln and 
Bloan 1981 Amrphws i ron  --- 182 lo-' S e ( l V )  NaN03 

oxyhydroxlde IFe 0 .H 0 (am)I 
2 3  2 

3-1 I KA:; 
3 

7.80 0. I 

K l n t  
H S d 3  

9.90 

0.1 7.70 

1.15 

--- 32 IO-) - N ~ C I  0.01-1.0 

Se(lV) 

15.1 34.2 IO-' - I O - ~  landf I l l  --- 
S e ( I V 1  leachate 

3-11 Am 

KL 

20-120 HI ngston 
3.5-5.0 e t  e l .  1968 

Goethite 

Keoi I n l  t e  4.20, 3.23 Frost, and 
2.93, 3.37 
2.40. 3-26 

G r l f f l n  1977 

8.34, 3.43 
6.99, 3.49 
5.23, 3.25 

19.5 86.2 I O - ~  - I O - ~  landf I l l  --- 
Se( I V )  leachate 

3 Am. KL 
5 
7 

Montrror I I Ion 1 te 
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S e c t i o n  20 

SODIUM 

Sodium (Na) i s  a s o l u b l e  c o n s t i t u e n t  i n  most subsur face environments.  

h i g h e r  pH where carbonate complexes become impor tan t ,  Na i s  found i n  s o l u t i o n  p r i -  

m a r i l y  as t h e  u n i v a l e n t  ion,  Na+. The a t t e n u a t i o n  of Na i n  s o i l  and s u b s o i l  i s  

c o n t r o l l e d  p r i m a r i l y  by i o n  exchange r e a c t i o n s .  S o l u b i l i t y  r e a c t i o n s ,  e.g., p r e -  

c i p i t a t i o n ,  i s  r a r e l y  o f  consequence except  i n  e v a p o r i t e  environments.  Though sub- 

s u r f a c e  m o b i l i t y  o f  Na i s  h igh ,  t h e  common problem o f  s o i l  s o d i c i t y  i n  low r a i n f a l l  

areas i n d i c a t e s  t h a t  when p resen t  i n  s o i l  s o l u t i o n  i n  h i g h  c o n c e n t r a t i o n ,  Na may be 

r e t a i n e d  by and dominate s o i l  c a t i o n  exchange s i t e s .  

Except  a t  

RELATIVE STABILITY OF SOLID AND AQUEOUS SPECIES 

Sodium e x h i b i t s  o n l y  t1 valence s t a t e .  Sodium i s  an i m p o r t a n t  c o n s t i t u e n t  o f  
z e o l i t e s  (e.g., analc iame) and f e l d s p a t h i c  igneous a l u m i n o s i l i c a t e  m i n e r a l s  such as 

a l b i t e .  However, t h e  geochemical c o n d i t i o n s  r e q u i r e d  f o r  t h e i r  f o r m a t i o n  a re  r a r e l y  

encountered i n  so i  1 s ( L i  ndsay 1979). 

To determine t h e  r e l a t i v e  abundance o f  Na+ spec ies  i n  ground waters  r e p r e s e n t a t i v e  
o f  l eacha tes ,  a c t i v i t i e s  o f  d i f f e r e n t  Na species (when Na+ = 

( F i g u r e  20-1) u s i n g  t h e  thermodynamic da ta  ( B a l l  e t  a l .  1980) con ta ined  i n  t h e  

geochemical model M I N T E Q  (Felmy e t  a l .  1983) and t h e  f o r m a t i o n  c o n s t a n t s  f o r  NaNO; 
and NaOHO r e p o r t e d  by Smith and M a r t e l l  (1976). 

( F i g u r e  20-1) Na+ i s  t h e  o n l y  i m p o r t a n t  spec ies  up t o  pH values o f  about 10. 

h i g h e r  pH values, carbonate complexes o f  Na become dominant. 

- M) were p l o t t e d  

Under t h e  assumed c o n d i t i o n s  

A t  

PRECIPITATION/DISSOLUTION 

Most Na m i n e r a l s  are very s o l u b l e  and hence do n o t  f o rm i n  w e l l - d r a i n e d  humid 

c o n d i t i o n s .  Sodium c o n c e n t r a t i o n s  a re  t h u s  p r i m a r i  l y  c o n t r o l  l e d  by adsorp-  

t i o n / d e s o r p t i o n  r e a c t i o n s  r a t h e r  than p r e c i p i t a t i o n / d i s s o l u t i o n .  

20-1 
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F i g u r e  20-1. A c t i v i  i e s  o f  i f f e r e n t  Na s p e c i e s  when 
a c t i v i t y  o f  Nat = 0'- = lo-', NOS = 
C O 2  ( g a s )  = 1 0 - ~ * ~ '  i tmospheres .  

and 

ADSORPTION/DESORPTION 

The a d s o r p t i o n  o f  Na by s o i l s  occu rs  p r i m a r i l y  by i o n  exchange (e.g., Sheta e t  a l .  

1981). T h i s  p rocess  i s  e l e c t r o s t a t i c  and Na i s  o n l y  weak ly  bound t o  a m p h o t e r i c  

hydrous  Mn i n  Fe o x i d e s  below t h e i r  i s o e l e c t r i c  p o i n t s  (Dav is  1978; D a v i s  e t  a l .  

1978; D a v i s  and L e c k i e  1980; B a l i s t r i e r i  and Mur ray  1981; Loganathan and Burau 

1973). Sodium i s  h e l d  weak ly  by c a t i o n  exchange m a t e r i a l s  because o f  i t s  u n i v a l e n t  

charge and l a r g e  h y d r a t e d  r a d i u s  (Gaines and Thomas 1953). The p r e f e r e n c e  o f  s o i l  

c l a y s  f o r  monova len t  c a t i o n s  f o l l o w s  t h e  l y o t r o p i c  s e r i e s  L i t  < Na' H3O' < K' < NH; 

< Pb' < Cs' r e f l e c t i n g  i n c r e a s i n g  i o n i c  r a d i u s ,  d e c r e a s i n g  p o l a r i z i n g  power and 
i o n i c  h y d r a t i o n  f r o m  l e f t  t o  r i g h t  i n  t h e  s e r i e s  ( T a l i b u d e e n  1981). A d s o r p t i o n  o f  

Na by s o i l  i s  governed by mass a c t i o n  on c a t i o n  exchange s i t e s .  Thus, Na r e t e n t i o n  

i s  c o n t r o l l e d  by t h e  c o n c e n t r a t i o n s  o f  c a t i o n s  (e.g., Ca, Mg, K) i n  s o l u t i o n  and t h e  

n a t u r e  and s e l e c t i v i t y  o f  c a t i o n  exchange c o n s t i t u e n t s .  

Sodium exchange e q u i l i b r i a  w i t h  v a r i o u s  c a t i o n i c  c o n s t i t u e n t s  have been e v a l u a t e d  on 

s o i l s  and l a y e r  l a t t i c e  s i l i c a t e s  ( T a b l e  20-1) .  Sod ium-ca lc ium exchange i n  s o i l  has 

r e c e i v e d  c o n s i d e r a b l e  r e s e a r c h  a t t e n t i o n  because o f  i t s  impor tance  i n  s o i  1 s o d i c i t y  

(Yadav and G i r d h a r  1981; K e l l e y  1962; Mondal 1973). S o i l  s o d i c i t y  o c c u r s  by g r a d u a l  

rep lacemen t  o f  exchangeab le  Ca by Na. The v a r i a b i l i t y  o f  t h e  Na/Ca s e l e c t i v i t y  

20-2 
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I '  

c o e f f i c i e n t  i s  smal l  among d i f f e r e n t  s o i l  t ypes  (Sheta e t  a l .  1981; Levy and 

Fe i  genbaum 1977). An i n c r e a s e  i n  exchangeable sodium percentage (ESP) i s  encouraged 

as t h e  r a t i o  o f  Mg/Ca inc reases  i n  s o i l  s o l u t i o n .  Magnesium i s  more weakly bound t o  

c a t i o n  exchange s i t e s  than  Ca, and Na i s  more r e a d i l y  adsorbed by Mg-saturated t h a n  

Ca-saturated . s o i l  (Mondal 1973). The ESP i n  ca l ce reous  s o i l s ,  however, i s  l e s s  

s e n s i t i v e  t o  t h e  Mg/Ca r a t i o  than noncalcareous s o i l  (Yadav and G i r d h a r  1981). On 

c l a y  m i n e r a l s ,  h e t e r o v a l e n t  exchange r e a c t i o n s  between Na and t r a c e  meta l  c a t i o n s  

e x h i b i t  i d e a l  thermodynamic behavior ,  a r e  r e v e r s i b l e  and may be c h a r a c t e r i z e d  by t h e  

Vanselow s e l e c t i v i t y  c o e f f i c i e n t  (Maes e t  a l .  1976; S p o s i t o  and M a t t i g o d  1979; 

Spos i to  e t  a l .  1981). 

i n c r e a s i n g  c o n c e n t r a t i o n  up t o  i o n i c  s t r e n g t h  1 decrease Na a d s o r p t i o n  on b e n t o n i t e ,  

w h i l e  i n c r e a s i n g  pH; b i c a r b o n a t e  c o n c e n t r a t i o n s  i n c r e a s e  r e t e n t i o n  (Sommerfeldt  and 

Peterson 1963). Though Na i s  weakly bound t o  most c a t i o n  exchange s i t e s  i n  s o i l ,  
t h e  presence o f  Na s e l e c t i v e  l a y e r  l a t t i c e  s i l i c a t e s  ( p a r a g o n i t e )  and z e o l i t e s  

(El-Nahal  and W h i t t i g  1973; Schulz e t  a l .  1964) suggest t h a t  i n  i s o l a t e d  i n s t a n c e s  

Na may be s t r o n g l y  r e t a i n e d  by c e r t a i n  m ine ra l  c o n s t i t u e n t s .  

+ 

C e r t a i n  anions, i n c l u d i n g  C1-, I - ,  Br - ,  and SOf -  i n  

20-3 



Table 20-1. ADSORPTION CONSTANTS FOR SODIUM 

Adsorbent Adsorbate E lec t ro l y te  Adsorption Measurement References 
I .  CEC L .  

I d e n t i t y t a  ) meq/100g & Conc., M I d e n t i t y  

Clay Minerals 

Bentonite, Na-saturated 92 

Bentoni te 103 - 

N 

% Clay % O.M. -- 7 s o i l  . 
P 

Sandy loam 20.0 1.06 10.00 
Untreated s o i l  

S o l .  A 

Sol.  B 

Sol. C 

CaC03 removed 

11 Egyptian So i ls  11.9-47.5 - - 
% Clay % O.M. -- 

c1 ay 55.0 1.8 42.4 - 0.025 
0.04 
0.05 

Na Ba 

Na 1 

NaCl 
Na 2S04 

NaHC03 
NaOH 

Seawater 

Seawater 
Seawater 

Sawater 

Na + 
Mg 2' 
Ca2' 

Na' 
Mg2' 
Ca2' 

Na' 
M$+ 
Ca2' 

Sol. A 
Sol .  B 
Sol. c 

cc1- 

zc1- 
C C 1 -  

Conc., M 

1.0 

1.0 

1.0 

0.5 
1.0 

1 .o 

35% 
25 
15 

5 

0.04 
-0.015 
-0.003 

0.06 
-0.002 
-0.0005 

0.08 
-0.002 
-0.0005 

0.05 
0.05 
0.05 

p~ Constants(') ' Value 

7.4 A 

7.5 A 

7.1 A 

7.6 A 
8.2 A 

12.3 A 

A 
- A 
- A 

- A 

Sol 1 

7.95 
- 

A 

A 

A 

A 
A 
A 

- KkA 

A 
A 
A 

66.0 Somnerfeldt and 

680 Peterson 1963 

760 

770 
940 

1150 

623 Neal 1977 

646 
554 

521 

Yadav and Girdhar 1981 
14.5-15.7 

28.1-32.0 

47.6-55.5 

16- 0- 17.9 
32.0-38.2 
55.0-67.5 

47t7 Sheta E t  A l .  1981 

82 Levy and Feigenbaum 197. 
151 
158 



Tab1 e 20-1 (Contd) . ADSORPTION CONSTANTS FOR SODIUM 

Adsorbent Adsorbate E l e c t r o l y t e  Adsorpt ion Measurement References 

l d e n t i  t y ( a )  Conc.. M I d e n t i t y  Conc., M - p~ Constants(’) Value 

%Clay % O.M. 
?KU- 7 32.2 - 0.025 

Soi 1 

0.04 
0.05 

Clay I C 1  - 0.05 - A 22 
zc1- 0.05 A 34 
zc1- 0.05 A 59 

C1 ay 74.5 3.4 43.0 - 0.025 C C I  - 0.05 A 24 
0.04 C C I  - 0.05 A 32 
0.05 IC1 - 0.05 A 70 

Loess 16.2 0.5 13.4 - 0.025 
0.04 
0.05 

Cc1- 0.05 
IC1 - 0.05 
CC1 - 0.05 

- A 
A 
A 

5 
10 
19 

Calcareous 31.1 1.6 26.2 - 0.025 Cc1- 0.05 A 24 
0.04 L C l  - 0.05 A 27 
0.05 zc1- 0.05 A 40 N 

0 
Cn ( a )  O.M. = organic matter 

( b )  A = adsor t i o n .  umol.g:l 
KCa = excRange c o e f f i c i e n t  

Na 
I N T  = l o g  I n t r i n s i c  Adsorpt ion Constant 

K~~~ 

Geothi t e  51.8 0.1-0.7 

Fe2O3.H20 (AM) 600 - 
600 - 
117 - 

5.10 KNA+ INT (1.12) 

- K A R I  (1.7) 

1.7 

2.3 

‘ I N T  

INT 
%A+ 

KNA+ 

B a l l s t r i e r i a  and Eturray 1981 

Davis and Lecki  1980 

Davis 1977 

Davis, e t  a l .  1978 



S e c t i o n  21 

SULFATE 

I 

S u l f a t e ,  a common an ion  i n  s o i l  and subsurface environments,  may under n a t u r a l  

c o n d i t i o n s  exceed c o n c e n t r a t i o n s  of - M i n  s o i l  s o l u t i o n s  o r  po re  waters.  
A l though aqueous complexes w i t h  A1 (Also;) a re  i m p o r t a n t  a t  low pH (<4), t h e  SO4 2- 

i o n  predominants a t  pe + pH > 4. 

q u i t e  s o l u b l e ;  however, gypsum (CaS04*2H20) under p o o r l y  d r a i n e d  a r i d  s o i  1 s  and 

aluminum s u l f a t e s  such as b a s a l u m i n i t e  and a l u n i t e  a t  low pH values may become 

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

vo l can ic -ash -de r i  ved s o i  I s ,  s u l f a t e  i s  weakly adsorbed by s o i l .  Hydrous ox ides  o f  

A1 and Fe a r e  t h e  most i m p o r t a n t  adsorbents.  A d s o r p t i o n  i s  pH dependent and 

g r e a t e s t  a t  a low pH. A number o f  an ions p resen t  i n  u t i l i t y  waste l e a c h a t e  

(e.g., Se04 

and subs t ra ta .  

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

2- 2- , A s O ~ ~ - )  w i l l  compete w i t h  SO4 f o r  s p e c i f i c  a d s o r p t i o n  s i t e s  i n  s o i l  

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

S u l f u r  ranges i n  o x i d a t i o n  s t a t e s  f rom +6 t o  -2. Except f o r  very  r e d u c i n g  cond i -  

t i o n s  (pe + pH < 4) ,  S0A'- i s  t h e  s t a b l e  aqueous species (L indsay 1979). Most o f  
t h e  known s o l i d  compounds of  SO4'- a r e  very s o l u b l e .  

anion, on l y  t h e  s u l f a t e  compounds w i t h  major  c a t i o n s  can be s o l u b i l i t y - c o n t r o l l i n g  

s o l i d s .  One such compound (gypsum) has been i d e n t i f i e d  i n  some a r i d  s o i l s  and 

Because s u l f a t e  i s  a m a j o r  

sedimentary depos i t s .  

To determine t h e  r e l a t i v e  abundance o f  SO '- species i n  ground waters  r e p r e s e n t a t i v e  

p l o t t e d  ( F i g u r e  21-1) u s i n g  t h e  thermodynamic da ta  ( B a l l  e t  a l .  1980) con ta ined  i n  

t h e  geochemical model MINTEQ (Felmy e t  a l .  1983). Under t h e  assumed c o n d i t i o n s  

( F i g u r e  21-1 ) ,  SO4 
c o n t r i b u t i o n  of CaSOi t o  t o t a l  s o l u b l e  s u l f u r ,  a l l  of t h e  o t h e r  species (such as 

MgSOi, NaS04, FeS04, Also;, PbSOi, CdSOi) do n o t  c o n t r i b u t e  s i g n i f i c a n t l y .  
t h e  assumed c o n d i t i o n s  Also: w i l l  be t h e  dominant species a t  pH values N <4. 

of leachates,  a c t i v i t i e s  of d i f f e r e n t  SO4 8 - species (when S042- = MJ were 

2- i s  t h e  dominant species a t  pH va lues >4; except  f o r  about 6% 

+ 
Under 



so:- 

PRECIPITA 

The major  
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a t t e n u a t i o n  

I O N  

mechanism f o r  s u l f a t e  i s  a d s o r p t i o n / d e s o r p t i o n .  Only i n  

l i m i t e d  environments,  w i l l  s u l f a t e  s o l u b i l i t y - c o n t r o l l i n g  s o l i d s  form. Under 

o x i d i  z i  ng and a1 k a l  i ne c o n d i t i o n s  , gypsum (CaS04.2H20) has been i d e n t i  f i ed i n  some 

p o o r l y  d r a i n e d  a r i d  s o i  1 s and sedimentary d e p o s i t s  (Harward and Rei senauer 1966, 

Rei  temei r 1946). Under a c i d i c  condi  t 

where S042- i s  p resen t  o r  can fo rm i n  

p y r i t e  o x i d a t i  on C A I  4(  OH) 1 0 ~ 0 4  5 ~ 2 0 1  , 
A I  2 (S04) 3- 6H20 j a r m  i t e  [KFe3 ( LH 
been i d e n t i f i e d  and a re  p o t e n t i a  

1977; Singh and Brydon 1969; Van 

Under low redox p o t e n t i a l s  S042- 

ons A13+ and Fe3+ become major c a t i o n s  and 

l a r g e  q u a n t i t i e s  such as b a s a l u m i n i t e  due t o  

AlOHS04, a l u n i t e  [KA13( S04)2(OH)6], 

)21, and n a t r o j a r o s i t e  [NaFe3(0H)6(S04)21 have 6 ( s o  
s o l u b i l i t y  c o n t r o l l i n g  phases (Adams and Rama j f i h  

Breemen and Harmsen 1975; Doner and Lynn 1977).  

i s  reduced t o  S2- and t h e  l a t t e r  spec ies i s  

p r i m a r i l y  a t t e n u a t e d  through p r e c i p i t a t i o n  mechanism. 

ADSORPTION/DESORPTION 

S u l f a t e  i s  an i m p o r t a n t  and u b i q u i t o u s  anion i n  s o i l .  
prominent  a n i o n i c  c o n s t i t u e n t  i n  s o i l  s o l u t i o n ,  e s p e c i a l l y  i n  g y p s i f e r o u s  s e m i a r i d  

I n  many s o i l s  SO$- i s  t h e  

21-2 



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

eva lua ted  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  as a c o n t r o l l i n g  f a c t o r  i n  p l a n t  n u t r i -  

t i o n .  I n  genera l ,  s u l f a t e  i s  weakly r e t a i n e d  by s o i l s  (Table 21-1). S o i l s  d i f f e r  

markedly i n  t h e i r  a d s o r p t i o n  c a p a c i t y  (Chao e t  a l .  1962a, 1962b; Hasan e t  a l .  1970); 

h i g h l y  weathered and vo l  c a n i  c-ash-der i  ved s o i  1 s may adsorb s i  gn i  f i c a n t  q u a n t i  t i e s  o f  

SO:-. Most s u l f a t e  a d s o r p t i o n  i n  s o i l  i s  assoc ia ted  w i t h  hyd ra ted  A1 and Fe ox ides  

(Harward and Reisenauer 1966; Chao e t  a1 . 1962a; Couto e t  a l .  1979; Chao e t  a l .  

1964; Aylmore e t  a l .  1967) o r  amorphous a l u m i n o s i l i c a t e s  (Hasan e t  a l .  1970; Rajan 

1979; Gebhardt and Coleman 1974). 

r e t e n t i o n  occurs by s p e c i f i c  a d s o r p t i o n  on s o i l s  (Couto e t  a l .  1979), a l l o p h a n i c  

c l a y s  (Rajan 1978a), amorphous i r o n  oxyhydrox ide (Davis  and L e c k i e  1980), and 
g i  b b s i t e  (H ings ton  e t  a l .  1974). 

a d s o r p t i o n  does no t  decrease t h e  pzc o f  s o i l  ( A r n o l d  1977) o r  g o e t h i t e  (Yates and 
Healy 1975) i m p l y 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  does n o t  occur  and SO4- does n o t  reach 

t h e  i n n e r  Helmhol tz  plane. 

Much of t h e  a v a i l a b l e  l i t e r a t u r e  on SO:- r e t e n t i o n  has 

2- Exper imenta l  ev idence suggests t h a t  SO4 

Other i n v e s t i g a t o r s  note,  however, t h a t  SO$- 

2 

S u l f a t e  a d s o r p t i o n  e x h i b i t s  marked dependency on t h e  pH o f  s o i l s  (Couto e t  a l .  1979; 

Gebhardt and Coleman 1974), l a y e r  l a t t i c e  s i l i c a t e s  (Chao e t  a l .  1962c; Aylmore 

e t  a l .  1967), amorphous i r o n  oxyhydrox ide (Davis  and L e c k i e  1979),  g o e t h i t e  

( B a l i s t r i e r i  and Murray 1981), hydrous alumina (Rajan 1978),  and a l l ophane  (Rajan 

1979), w i t h  g r e a t e r  a d s o r p t i o n  o c c u r r i n g  a t  low pH l e v e l s .  T h i s  a r i s e s  p r i m a r i l y  

f rom t h e  development o f  pH-dependent p o s i t i v e  charge on t h e  su r faces  o f  hydrous i r o n  

and/or aluminum o x i d e  o r  on t h e  c r y s t a l  edges o f  c l a y  m i n e r a l s  ( e s p e c i a l l y  k a o l i -  

n i t e )  a t  low pH values (Chao e t  a l .  1962c; P a r f i t t  and Smart 1978; Rajan 1978b). 

A d d i t i o n a l l y ,  t h e  p r o p o r t i o n  o f  HS04 i n c r e a s e s  w i t h  reduced pH; HS04 i s  more 

f a v o r a b l y  adsorbed by h y d r o x y l a t e d  su r faces  (Davis  and L e c k i e  1980; H ings ton  e t  a l .  

1972). 

2- Competing i n o r g a n i c  and o r g a n i c  l i g a n d s  have v a r i a b l e  e f f e c t s  on SO4 

s o i l  and model adsorbents.  The presence o f  c h l o r i d e ,  n i t r a t e ,  ace ta te ,  borate,  

s i l i c a t e ,  o r  a r s e n i t e  have l i t t l e  o r  no e f f e c t  on SO4 a d s o r p t i o n  by s o i l  (Chao 
1964). 

a d s o r p t i o n  by 

2- 

2- I n  c o n t r a s t ,  s o i l  a d s o r p t i o n  of  SO4 i s  s i g n i f i c a n t l y  reduced by se lenate,  

s e l i n i t e ,  aresnate,  molybdate,  f l o u r i d e ,  t h i o c y a n a t e ,  and phosphate (Chao 1964). 
S u l f a t e  and Se04- compete e f f e c t i v e l y  f o r  a d s o r p t i o n  s i t e s  on amorphous i r o n  oxy- 

such as 

2 

hyd rox ide  (Leck ie  e t  a l .  1980). Organic l i g a n d s  commonly p resen t  i n  s o i l  

oxa la te ,  t a r t r a t e ,  malate,  and g lucona te  a l s o  suppress SO4 a d s o r p t i o n  (C 

I n o r g a n i c  and o r g a n i c  1 i gands may reduce SO:- a d s o r p t i o n  by competi ng f o r  

a d s o r p t i o n  s i t e s ,  by f o r m a t i o n  o f  s t a b l e  s u r f a c e  c h e l a t e s  on Fe and A1 ox 

su r faces ,  o r  by p r e c i p i t a t i o n  as a new su r face  s o l i d  phase. 

2- 
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ao 1964). 

a v a i l a b l e  

de 



2- The e f f e c t  o f  e l e c t r o l y t e  c o n c e n t r a t i o n  on SO4 a d s o r p t i o n  i s  a pH-dependent 

phenomenon r e l a t e d  t o  t h e  ze ro  p o i n t  o f  charge of t h e  s o i l .  

c o n c e n t r a t i o n  decreases t h e  i n t e r f a c i a l  p o t e n t i a l  a t  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 ,  

which decreases SO:- a d s o r p t i o n  a t  a pH l e s s  than t h e  zero p o i n t  o f  charge (pH ) 
and inc reases  adso rp t i on  above t h e  pH 

I n c r e a s i n g  e l e c t r o l y t e  

Z P C  
(Mekaru and Vehara 1972). = PC 

A l though f o r m a t i o n  of i n s o l u b l e  b a s i c  A1 and Fe s u l f a t e s  i s  i m p l i c a t e d  as a 

r e t e n t i o n  mechanism o f  SO4 i n  s o i l  (S ingh and Brydon 1969; Adam and Rama j f i h  
1977), t h e  s p e c i f i c  a d s o r p t i o n  of  SO:- by s o i l  i s  a t t r i b u t e d  t o  l i g a n d  exchange w i t h  

d isp lacement  o f  su r face  hyd roxy l  o r  aquo groups. S t r o n g  evidence i s  p resen ted  
suggest ing t h a t  monodentate complexes a r e  formed w i t h  HSO, as t h e  p r imary  a d s o r b i n g  

species (Aylmore e t  a l .  1967; Gebhardt and Coleman 1974), though arguments a r e  made 
s u p p o r t i n g  t h e  fo rma t ion  of b i d e n t a t e  SO:- s u r f a c e  complexes (Rajan 1978a; Rajan 

1978b; P a r f i t t  and Russel 1977). 

2- 

2- I n  c o n t r a s t  t o  l i g a n d  exchange, e x c e l l e n t  s i m u l a t i o n  o f  SO4 d e s o r p t i o n  on amorphous 

i r o n  oxyhydrox ide an g e o t h i t e  i s  o b t a i n e d  u s i n g  an a d s o r p t i o n  model base i n  s u r f a c e  

complexat ion r e a c t i o n s  (noted below) w i t h  p r o t o n a t e d  s u r f a c e  groups (Davis  and 

Leck ie  1980; B a l i s t r i e r i  and Murray 1982). 

SOH + SO:- + Ht % SOH2so, 

SOH + SO$- t 2Ht%S0H2SO4H 

Sur face complexat ion r e a c t i o n s  d e s c r i b e  t h e  observed i n c r e a s e  i n  pH accompanying 

a d s o r p t i o n  as due t o  p r o t o n  consumption a t  t h e  p l a n e  o f  a d s o r p t i o n  r a t h e r  t h a n  

1 i gand displacement.  

Adsorbed s u l f a t e  e x h i b i t s  v a r i a b l e  d e s o r b a b i l i t y  f rom s o i l  and model adsorbents.  

S u l f a t e  a d s o r p t i o n  e x h i b i t s  p a r t i a l  t o  f u l l  r e v e r s i b i l i t y  i n  s o i l s  (Sanders and 

T i n k e r  1975; Chao e t  a l .  1962a; Couto e t  a l .  1979; Gebhardt and Coleman 1974). Some 

m i  ner'al s o i  1 s (B h o r i z o n s )  h i  gh i n  hyd ra ted  Fe o x i  des o r  amorphous a1 umi n o s i  1 i c a t e s  

e x h i b i t  poor d e s o r p t i o n  o f  adsorbed SO4 
1979). 

( x - A ~ ~ O ~ * H ~ O )  (Aylmore e t  a l .  1967; Sanders and T i n k e r  1975),  bu t  r e v e r s i b l e  on 

k a o l i n i t e  (Aylmore e t  a l .  1967). 

i n  s o i l  w i l l  depend s t r o n g l y  on t h e  m i n e r a l o g i c  c h a r a c t e r i s t i c s  o f  t h e  adsorbents.  

2- (Gebhardt and Coleman 1974; Couto e t  a l .  
Adso rp t i on  o f  SO4 i s  i r r e v e r s i b l e  on hemat i t e  (a-Fe203) and psuedoboehmite 

Thus, t h e  d e s o r p t i o n  of s p e c i f i c a l l y  adsorbed SO:- 
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Tab le  21-1. ADSORPTION CONSTANTS FOR SULFATE 

Adsorbate- ___ E l e c t r o l y t e  Adsorpt ion Measurements References 
CEC 

Ads o r  bent  

l d e n t  i t y ( a  

Clay M ine ra l s  

Al lophane s y n t h e t i c  
n a t u r a l  

K a o l i n i t e  A P I - 9  

A u s t r a l i a n  

Hydrous alumina 

N 

I 
cn 
F A I  -ox ide coated s o i  1 

W i  1 l ame t te  Chehal i s 
A1 ?O,% 

0 0 
2.7 2.6 
4.0 4.0 
5.0 5.1 
6.2 6.2 

Fe Oxides 

Goe th i te ,  y-FeOOH 

Hemat i te ,  aFe203 

Amorphous Fe ox ide 

meq/ lOOg & Conc., M 

278 o - 1 0 - ~ . ~  

17.7 1 0 - ~ - ~  - 1 0 - l . ~  

420 - 

16.9 - 

165.5 - 0.05 
58 10-~-8 

230 - 
197 - 

lden t  i t y  

NaCl 

NaCl 

NaCl 

NaN03 

- Conc., M 

0.01 

0.01 

0.01 

- 

- 

0.1 

pH 

5.0 

4.6 

4.6 

5.0 

5.0 

5.0 

5.0 
5.0 
5.0 
5.0 
5.0 

5.0 

4.6 

5.0 

Value (c  

(33, 3.2) Rajan 1979a 
(130, 3.5) 

(2.8. 6.4, Aylrnore e t  a l .  1967 
2.4, 4.4) 

(4.6. 6.1. 
5.6. 3.9) 

(450, 5.8) Aylmore e t  a l .  1967 

(50) Hingston e t  a l .  1972 

408 Rajan 1979b 

(400, 4.9) Rajan 1978 

Sol 1 

w C -- - 
(1.3 0.3) Chas e t  a l .  1964 

3.8 [E 7.51 
(13.3 11.7) 
(14.7 14.2) 

(72) Hingston e t  a l .  1972 

(70, 6.1) Aylmore e t  a l .  1967 

(1160, 4.5) D a v i s  and Leck ie 1978 



N 
c.l 
I 
cn 

T a b l e  21-1 (Contd) .  ADSORPTION CONSTANTS FOR SULFATE 

C t C  Adsorpt 1 on Measurements References Adsorbent Adsorbate E l e c t r o l y t e  - 
L .  

I den t  i t y ( a  

re -ox ide  coated so i l  
Wi l lamet te  Chehalis 
7 T e 7 0 7  

0 0 
1.9 

2.4 2.5 
2.9 2.7 
3.4 3.2 
3.7 3.8 
4.9 

Goeth i te ,  a-FeOOH 

Amorphous Fe203. H20 

S o i l s  Depth, cm X Fe % O.M. 

F u l l e r t o n  

0- 30 1.06 1.75 
30-60 1.46 0.65 
60-80 1.24 0.62 
80-120 2.38 0.63 
120-200 2.74 0.62 

Free Free 
Fe, % A I  96 

Robertson 5.2 1.2 
-I 

60 - 

NaCl 
NaCl 

Seawater 

Conc., M 

0.01 
10- 

-0; 7 

4.9 10-2.7 

2.7 10-2.7 
2.1 10-2.7 

5.4 10-2. 7 
8.9 10-2.7 

NaN03 0.1 

0.002 
0.005 
0.01 
0.02 

5.0 A 
5.0 A 
5.0 A 
5.0 A 
5.0 A 
5.0 A 
5.0 A 

5.0 A 
5.0 A 

8.0 *K$, 

HS04 
.Kint 

so i  1 
4.2 A 
4.4 A 
4.2 A 
4.2 A 
4.2 A 

- 

Sol 1 - 

(1.3 0.3) Chas e t  a l .  1964 

4 (0.7 (0  . 0.4) 
( -  

(1.3 0.8) 
(2.0 2.2j 
(3.5 -1 

[?‘i;) 
-9.1, -14.4 

(3.5. 6.8) 

-9.9, -15.9 

4.8. 8.7 

3.1 
1.3 
0.9 
2.7 
1.6 

It:::: E] 
1:::;: :::I 
(11.5, 3.7) 

B a l f s t r i e r f  and Murray 
1981 

Dav is  and Leck ie 1982 

Johnson and Henderson 
1979 

Barrow 1972 
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T a b l e  21-1  ( C o n t d ) .  ADSORPTION CONSTANTS FOR SULFATE 

Ads orbent 
CEC - .  

I d e n t i  t y ( a  meqj100g ! 
Free Free 

S o i l  Free Fe,9b 

Wungong 0.8 0.3 10.3 

Man j i mrip 2.1 0.5 26.3 

So i l  untreated - 
t 6.5 umol g - l  P 
t 19.4 umol g - l  P 

N t 32.3 umol g - l  P 

U Fe30?, % Al,O,, % 0.M.. % 
P 
I 

- -  
Aiken 6.84 5.20 6.8 

Knappa 5.23 4.70 18.3 

As tor ia  4.35 3.68 12.8 

Q u i l l a y u t e  4.50 8.69 17.6 

Aiken 

Knappa 

As tor ia  

Q u i l l a y u t e  

Qu i l layu te  (untreated) 

1) H O2 t r e a t e d  

2 )  I t D i t h i o n i t e ,  etc. (Fe removal) - 

3 )  

f0.M. & Mn02 removed) 

1t0.5 fi NaOH (A1 removal) 

mZ/g 

References E l e c t r o l y t e  Adsorption Measurements Adsorbate 

Conc., M I d e n t i t y  

10-3.8 - 10-2-5 - 
10-3.8 - 10-2.5 - 

10-3.8 - 10-2.5 - 
10-3.8 - 10-2.5 - 

Conc., M 

0.002 
0.005 
0.01 
0.02 

0.002 
0.005 
0.01 
0.02 

0.01 
0.01 
0.01 
0.01 

- 

pH 

5.2 
5.2 
5.2 
5.2 
5.2 

6.2 
6.2 
6.2 
6.2 
6.2 

- 

Soi 1 

5.5 

6.2 

5.3 

5.5 

- 

Constants ( Value (c 

1:::; :::I 

1;::; :::I 
(4.7, 3.5) 

(9.7. 3.2) Barrow 1969 

(6.0, 2.9) 

(4.1, 3.2) Chas e t  a l .  1962a, b 
(2.7, 3.5) 

(3.6. 3.7) 
(3.3. 3.9) 

0.124, 0.483 Chas 1962a 

0.0745, 0.538 

0.127, 0.516 

0.0955, 0.576 

(0.070, 0.70) Chas e t  a l .  1962c 

(0.024-0.035 I 

0.72-0.77) 

(0.008,O. 66) 

(0.006, 0.77) 



T a b l e  21-1 (Contd). ADSORPTION CONSTANTS FOR SULFATE 

E l e c t r o l y t e  Adsorpt ion Measurements References Adsorbent Adsorbate 

Conc., M I d e n t i t y  Conc.. M _pH Constants(b) va 1 ue (c 
I d e n t i t y  ( a  ) m e ~ ~ E o o g  & 

KF. 1 / N  (0.083, 0.65) Chas e t  a l .  1962c Aiken (un t rea ted )  10-3.8 - 10-2.5 - 
KF, 1 / N  (0.013-0.026, Treatment 1 10-3.8 - 10-2.5 - 

0.74-0.81) 

‘$9 1/N (0.006. 0.70) 
K F p  1/N (0.009, 0.64) 

Treatment 2 i0-3.8 - 1,-,-2.5 - 

Treatment 3 10-3.8 - 10-2.5 - 

Astor  i a  

Treatment 1 

Treatment 2 

Treatment 3 

N 
+ I Qui 1 layute 
0 3 

10-2.6 

10-2.6 

10-2.6 

10-2.6 
10-2.6 
10-2.6 

lO-Z.6 
10-2. 6 
10-2.6 
10-2.6 
10-2.6 
10-2.6 

10-2.6 
10-2.6 
10-2.6 

10-2.6 
10-2.6 

10-2.6 

10-2.6 

10-2.6 ’ 

10-2.6 

10-2.6 
10-2.6 

10-2.6 

Arsen i te  0 - 
N i t r a t e  0 - 
Silicate o - 10-2.7 
Ch lo r ide  0 - 
Tungstate o - 10-2.7 
Selenate o - 10-2-7 
Se len i te  o - 10-2.7 
Vanadate 0 - 
Arsenate 0 - 
F l u o r i d e  0 - 
Molybdate 0 - 
Phosphate 0 - 
Acetate 0 - 
Sucinate o - 10-2.7 
Malonate o - 1 0 - ~ - ~  
C i t r a t e  o - 10-2.7 
Maleate o - 10-2-7 
Versenate o - 10-2.7 
Thiocyanate 0 - 
Gluconate 0 - 
T a r t r a t e  o - 1 0 - ~ . ~  
Oxalate o - 10-2e7 

Borate 0 - 10-2-7 

Malate 0 - 10-2.7 

4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 
4.95 

Max hA(%) 
Max dA(%) 
Max dA(%) 
Max dA(%) 
Max dA(%) 
Max dA(%) 
Max dA(%) 
Max dA(%) 
Max dA(%) 
Max dA(%) 
Max dA(%) 
Max bA(%) 
Max AA(%) 
Max AA(%) 
Max bA(%) 
Max AA(%) 
Max dA(%) 
Max dA(%) 
Max dA(%) 
Max dA(%) 
Max dA(%) 
Max AA(%) 
Max dA(%) 
Max bA(%) 

0 
0 
0 
0 
0 
25 
26 
30 
34 
37 
41 

.43 
56 
0 
22 
23 
30 
35 
35 
45 
46 
50 
58 
60 

Chas 1964 



Table 21-1 (Contd). ADSORPTION CONSTANTS FOR SULFATE 

Ads o r  bent 

l d e n t  i t y  (a 

soil % Fe,03 % G i b b s i t e  % K a o l i n i t e  qb0.C 
4 3 25 1.9 
6 6 37 0.3 

19 37 9 2.5 
18 33 11 0.7 
16 8 33 2.3 
17 10 43 1.0 

Ash s o i l s  R a i n f a l l ,  mn 

200 
500 
I100 
2300 
2200 
4500 

( a )  O.M. = o rgan ic  ma t te r ;  O.C. = o ryan ic  car  on 
( b )  A 

P = Langmuir adso rp t i on  maximym, m o l  g- 
K"' - Langmuir constant ,  l o g  fi- 
A;.-(. A:', = two adso rp t i on  s i t e s  

References Adsorbate E l e c t r o l y t e  Adsorp t i on  Measurements 

Conc., M I d e n t i t y  Conc., M p~ Constants(b)  Val 

soi  1 -- 
0 - 10-2-6 KC 1 0.02 4.1 A,,,, KL 1.23, 2.80 Conto e t  a1 1979 
0 - 10-2.6 K C l  0.02 4.3 Am' KL 5.66. 3.98 

KC 1 0.02 4.7 A,,,. KL 1.33. 4.00 
0 - 10-2.6 K C l  0.02 6.0 Am$ KL 3.75, 4.04 
0 - 10-2.6 KC 1 0.02 5.4 A,,,. KL 0.54, 3.43 
0 - 10-2.6 K C l  0.02 5.9 Am, KL 1.88, 3.94 

0 - 10-2.6 

Soi 1 - 
CaCl 
CaCl 
CaCl 
CaCl 
CaCl 
CaCl 

0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

6.97 
6.60 
5.91 
5.80 
5.20 
6.14 

4.6, 3.7 
2.6, 4.0 
6.7, 4.1 
16.8, 4.1 
27.7, 4.6 
43.4, 4.4 

Hasan 1970 

A F dsorp t i on ,  umol g-' *Kin' = c o n d i t i o n a l  i n t r i n s i c  adso rp t i on  constants  f u n i o n i c  species. log 
K l n t  = i n t r i n s i c  adso rp t i on  constants  f u n i  
KF, 1 /N  = F reund l i ch  constants  fun A = KfCY7'; A, uniol g!': C, ubJ 
Max A A  = maximum percent  r e d u c t i o n  i n  adso rp t i on  

i c  species. 

( c )  ( ) = es t ima ted  values. 



S e c t i o n  22 

VAN AD I UM 

Vanadium (V) i s  a m u l t i v a l e n t  element and i n  aqueous s o l u t i o n s  e x i s t s  i n  +3, +4, and 
+5 valence s ta tes ,  each h a v i n g  seve ra l  h y d r o l y s i s  products .  Vanadium i n  any o f  

these s t a t e s  does n o t  f o rm s t r o n g  cmplexes w i t h  o t h e r  l i g a n d s  such as F-, N03, and 

SO:-. The geochemical b e h a v i o r  of  V i s  p o o r l y  understood. However, t h e  a v a i l a b l e  

da ta  do suggest a s t r o n g  a f f i n i t y  of V f o r  i r o n  o x i d e s  which may be due t o  t h e  
p r e c i p i t a t i o n  of Fe(VO3I2 and/or  a d s o r p t i o n  on i r o n  ox ides.  

RELATIVE STABILITY OF SOLID AND AQUEOUS SPECIATION 

Vanadium can e x i s t  i n  s i x  va lence s t a t e s  ( f rom 0 t o  +5). It can e x i s t  i n  s o l i d  

s t a t e  i n  a l l  s i x  o x i d a t i o n  s t a t e s .  However, i n  aqueous s o l u t i o n s  o f  env i ronmenta l  

range i n  pH and redox, +3, +4, and +5 valence s t a t e s  a r e  t h e  most s t a b l e .  The s o l i d  

phases o f  V i n c l u d e  t h e  metal  , oxides,  hydrox ides,  h a l i d e s ,  phosphates, s u l f a t e s ,  

n i t r a t e s ,  and v a r i o u s  s o l i d  phases w i t h  a l k a l i ,  a l k a l i n e  e a r t h ,  a c t i n i d e ,  and 
t r a n s i t i o n  metal  c a t i o n s .  The r e l a t i v e  s t a b i l i t i e s  of  these phases depend h i g h l y  on 

pH, redox, and a c t i v i t i e s  o f  o t h e r  than V i o n s  i n  t h e  aqueous phase. Known s o l u t i o n  

spec ies  i n c l u d e  h y d r o l y s i s  species,  p o l y n u c l e a r  complexes ( e s p e c i a l l y  f o r  t h e  +5 
s t a t e ) ,  and complexes w i t h  F-, So;-, C1-, NOS and o t h e r  anions. 

i o n  p a i r s  w i t h  a l k a l i  and a l k a l i n e  e a r t h  c a t i o n s  seems l i k e l y ,  b u t  has n o t  been 

repo r ted .  

The f o r m a t i o n  o f  

The e q u i l i b r i u m  c o n s t a n t s  f o r  r e a c t i o n s  i n v o l v i n g  s o l i d s  and s o l u t i o n  species o f  V 

are g i ven  i n  Table A-9. 

which c o u l d  c o n t r o l  V s o l u b i l i t y  and t o  determine t h e  dominant s o l u t i o n  species 
under a v a r i e t y  of redox p o t e n t i a l s .  

d e p i c t i n g  t h e  d i s t r i b u t i o n  of  V spec ies as a f u n c t i o n  of redox p o t e n t i a l  (pe )  and 
pH. No assumptions of s o l i d  phases o r  t o t a l  c o n c e n t r a t i o n s  were made; t h e r e f o r e ,  

o n l y  t h e  mononuclear species ( i  .e., one V atom pe r  mo lecu le )  were considered.  .The 

out1 i n e d  areas i n d i c a t e  which s o l u t i o n  species would predominate under g i ven  cond i -  

t i o n s .  
H20. 

c o n c e n t r a t i o n s )  as a f u n c t i o n  o f  pH a t  a redox p o t e n t i a l  o f  pe + pH = 16. 

These c o n s t a n t s  were used t o  determine t h e  s o l i d  phases 

F i g u r e  22 -1  i s  a predominance-area diagram 

The V2+ spec ies would n o t  become dominant w i t h i n  t h e  s t a b i l i t y  r e g i o n  f o r  

A t  l o w  

F i g u r e  22-2 i l l u s t r a t e s  t h e  s o l u b i l i t y  o f  the s o l i d  ( i n  terms o f  VO; 
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F i g u r e  22-1. 
Systems a t  25°C. 
t h e  upper and lower  s t a b i l i t y  l i m i t s  o f  water.  

The pe-pH Diagram f o r  V-H 0 
Dashed l i n e s  r e p r e s e n f  

pH, Fe(V03)2 and V205(c)  a r e  

a r e  t h e  l e a s t  s o l u b l e  a t  h i g h  

i ons .  

F i g u r e  22-3 shows t h e  s o l u b i l  
o f  pH a t  low redox p o t e n t i a l  

he l e a s t  so lub le .  

pH, depending upon c o n c e n t r a t i o n s  o f  accompanying 

Pb2V207 and K,(U02)2(V04)2-3H20(~)  

t y  o f  v m i n e r a l s  ( i n  terms of vo2+) as a f u n c t i o n  

pe + pH = 7 ) .  Fe (VO3l2 f o l l o w e d  by V204 and 
v305 i s  p r e d i c t e d  t o  be t h e  l e a s t  s o l u b l e  up t o  pH 9 ,  a t  which p o i n t  c a r n o t i t e  

[K,(V02)2(V04)2*3H201 may c o n t r o l  s o l u b i l i t y .  

c o n t r o l l i n g  vanadium s o l i d s  i s  a p p a r e n t l y  g r e a t e r  a t  low redox p o t e n t i a l  t h a n  a t  

h i  gh redox p o t e n t i  a1 . 
O v e r a l l ,  t h e  s o l u b i l i t y  o f  t h e  

The d i s t r i b u t i o n  o f  aqueous species as a f u n c t i o n  o f  pH i n  e q u i l i b r i u m  w i t h  Fe(V03)2 

and Fe(OHI3(am) i s  shown i n  F i g u r e  22-4 f o r  pe + pH = 7.  The V(1V) species VOZt  
3+ + dominates below pH 6.8 and HV20:- dominates pH 6.8. The species V , VO2, and 

H2V20; a re  a l s o  i m p o r t a n t  under these c o n d i t i o n s .  

w i  11 become i n c r e a s i n g l y  impor tan t  a t  h i g h  pH, redox, and V c o n c e n t r a t i o n s .  

Vanadium (V)  p o l y n u c l e a r  spec ies  
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F i g u r e  22-2. R e l a t i v e  s o l u b i l i t y  o f  V s o l i d s  under 

o x i d i z i n g  c o n d i t i o n s  (pe + pH = 16)  when a c t i v i t y  o f  

and Fe2+ c o n t r o l l e d  by Fe(OH)3(am). 
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F i g u r e  22-3. R e l a t i v e  s o l u b i l i t y  o f  V s o l i d s  under 

r e l a t i v e l y  reduc ing  c o n d i t i o n s  (pe t pH = 7 )  when 

t o t a l  P = and a c t i v i t i e s  o f  Kt = 

UO$+ = Fe2' c o n t r o l l e d  by Fe(OH)3(am). 
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F i g u r e  22-4. A c t i v i t y  o f  V s o l u t i o n  species i n  e q u i l i b r i u m  
w i t h  Fe(V03) , under  r e 1  a t i  v e l y  reduc ing  c o n d i t i o n s  
(pe + p~ = 7f. 

PRECIPITATION DISSOLUTION 

Hem (1977) used thermodynamic da ta  t o  p r e d i c t  t h a t  f e r r o u s  vanadate m igh t  c o n t r o l ,  

V s o l u b i l i t i e s  i n  n a t u r a l  environments.  Phys i ca l  ev idence was n o t  presented.  

Tenyakov (1965) speculated t h a t  t h e  presence o f  V i n  secondary Fe m i n e r a l s  may be 

due t o  t h e  p r e c i p i t a t i o n  o f  f e r r i c  vanadates. 

many s t r u c t u r a l  s i m i l a r i t i e s  between V s o l i d s  and Fe s o l i d s :  

i s o s t r u c t u r a l  w i t h  Fep03 ( h a l m a t i t e )  and m o n t r o s e i t t  (V, Fe) OOH i s  i s o s t r u c t u r a l  

w i t h  y-FeOOH ( g o e t h i t e ) .  

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

T a y l o r  and G i l e s  (1970) p o i n t  o u t  
V203 ( k a r e l i o n i t e )  i s  

These s i m i l a r i t i e s  suggest t h e  ease w i t h  which V c o u l d  

McBride (1979) used e l e c t r o n  s p i n  resonance t o  examine t h e  a d s o r p t i o n  o f  YO2+ on 

s m e c t i t e  sur faces.  

suggested t h e  p o s s i b l e  forma,tion o f  t h e  so l  i d  VO(OH)2*aH20. 

The c l a y  tended t o  promote h y d r o l y s i s  o f  t h e  VO", and McBride 

ADSORPTION/DESORPTION 

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

l i m i t e d  and l i t t l e  p e r t i n e n t  da ta  a re  a v a i l a b l e .  Below pH 8, t h e  V ( I V )  and V(V) 

valence s t a t e s  dominate under o x i d i z i n g  c o n d i t i o n s  ( F i g u r e  22-1) .  E l e c t r o n  s p i n  

resonance s t u d i e s  i n d i c a t e  t h a t  t h e  V O  i o n  adsorbs i n  s m e c t i t e  su r faces  p r i m a r i l y  

i n  t h e  hyd ro l yzed  forms (McBride 1979). However, i t  i s  a l s o  p o s s i b l e  t h a t  

2 t  
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vanadyl (1V)  may be adsorbed by Mn- o r  Fe-oxides and o x i d i z e d  t o  vanadate(V) (Hem 

1977, T a y l o r  and G i l e s  1970). The d i s t r i b u t i o n  o f  V i n  some s o i l s  c l o s e l y  f o l l o w s  

t h e  d i s t r i b u t i o n  o f  Fe, and more i m p o r t a n t l y ,  secondary i r o n  ox ides  (Tu r ton  e t  a l .  

1961,1962) i nd i  c a t i  ng t h e i  r importance as adsorbents  f o r  V. Vanadium i s  mobi 1 i zed 

by s o l u b l e  s o i l  o r g a n i c  m a t t e r  under bo th  ae rob ic  and anaerobic  c o n d i t i o n s  and V(V) 

i s  r e a d i l y  reduced t o  V(1V) and complexed i n  t h e  presence o f  o r g a n i c  m a t t e r  a t  

reduced O2 l e v e l s  ( B l o o m f i e l d  and Kelso 1973). 

I 
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S e c t i o n  23 

Z I N C  

The dominant z i n c  (Zn) s o l u t i o n  species i n  groundwaters a t  pH va lues ~8.2 and 

c o n t a i n i n g  <10-2*5 - M SOP- a c t i v i t y  i s  Zn2+. 

t i o n  mechanism has n o t  been adequate ly  s tud ied .  Most a l l  o f  t h e  a v a i l a b l e  

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

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

a1 so been r e p o r t e d  as p o s s i  b l e  s o l  u b i  1 i t y - c o n t r o l  1 i ng s o l  i d s .  Because most o f  t h e  

a v a i l a b l e  a d s o r p t i o n / d e s o r p t i o n  da ta  were ob ta ined  w i t h  h i g h  Zn c o n c e n t r a t i o n s ,  

these s t u d i e s  a re  n o t  d i r e c t l y  a p p l i c a b l e  t o  u t i l i t y  waste d i s p o s a l  where low Zn 

c o n c e n t r a t i o n s  are expected. A t  low Zn c o n c e n t r a t i o n s  

adsorbed by Fe, A l ,  and Mn-oxides. A t  h i g h e r  Zn concen t ra t i ons ,  n o n s p e c i f i c  

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

complexing l i g a n d s  have n o t  been w e l l  s t u d i e d  a l though  some o f  t h e  a v a i l a b l e  

i n f o r m a t i o n  i n d i c a t e s  t h a t  c a t i o n s  such as Mg2+ and Cd2+ may compete w i t h  Zn f o r  

s p e c i f i c  a d s o r p t i o n  s i t e s  w h i l e  s p e c i f i c a l l y  bound anions such as SOP-, C r O P - ,  

SeO$-, AsOi-, PO:- may enhance z i n c  adso rp t i on .  

The p r e c i p i t a t i o n / d i s s o l u t i o n  a t tenua-  

As a r e s u l t ,  Zn(OH)2 has o f t e n  been i n d i c a t e d  as t h e  

W i l l e m i t e  and Zn-carbonates (ZnCO~.H~O o r  ZnC03) have 

- M), Zn i s  s p e c i f i c a l l y  

RELATIVE STABILITY OF SOLID AND AQUEOUS S P E C I E S  

Z i n c  i n  n a t u r a l  aqueous environments e x i s t s  e x c l u s i v e l y  as +2 valence s t a t e .  
L indsay (1979) c a l c u l a t e d  t h e  r e l a t i v e  s o l u b i l i t y  o f  Zn compounds. H i s  r e s u l t s  

showed t h a t  f r a n k l i n i t e  (ZnFe204) and w i l l e m i t e  (Zn2SiOq) a r e  t h e  two l e a s t  s o l u b l e  

Zn compounds. L indsay and N o r v e l l  (1969) and N o r v e l l  and Lindsay (1970) s t u d i e d  Zn 

e q u i l i b r i a  i n  a few s o i l s  and observed t h a t  Zn c o n c e n t r a t i o n s  appeared t o  be s o l u -  

b i l i t y  c o n t r o l l e d  by an u n i d e n t i f i e d  Zn compound, which L indsay (1979) c a l l e d  

s o i l - Z n .  The s o i l - Z n  s o l u b i l i t y  i s  i n t e r m e d i a t e  t o  f r a n k l i n i t e  and w i l l e m i t e .  Both 

w i  11 emi t e  and f rank1 i n i  t e  a r e  r e l a t i  v e l y  h i  gh temperature m i n e r a l s  and a re  n o t  

expected t o  form i n  s o i l s .  

r e l a t i v e l y  more s o l u b l e  t h a n  w i l l e m i t e  and f r a n k l i n i t e .  

Other Zn m i n e r a l s  such as Zn(OH)2, ZnC03, and ZnO a r e  

To determine t h e  r e l a t i v e  abundance o f  Zn( 11) species i n  groundwater r e p r e s e n t a t i v e  

o f  u t i l i t y  waste env i ronment ,  a c t i v i t i e s  o f  d i f f e r e n t  Zn species i n  e q u i l i b r i u m  

23-1  



-2 

-4 

. -6 

E 

5: -10 

s 

s 
F 

0 

-12 

-14 

-1 6 

-1 8 
2 3 4  5 6 7 8 9 10 11 12 

PH 

F i g u r e  23-1. A c t i v i t i e s  o f  d i f f e r e n t  Zn species i n  

e q u i l i b r i u m  w i t h  w i l l e m i t e  (ZnSiO4) when a c t i v i t i e s  

o f  SOP- = C1' = NO3 = F-  = 10-4, B r -  = I -  = 

and COz(gaS) = 10-3*\52 atmosphere. 

w i t h  w i l l e m i t e  (Zn2SiO4) were p l o t t e d  ( F i g u r e  23-1) u s i n g  t h e  thermodynamic da ta  

con ta ined  i n  t h e  geochemical model M I N T E Q  (Felmy e t  a l .  1980).  Under t h e  assumed 

groundwater composi t ions ( F i g u r e  23-1)  , Zn2+ f o l l o w e d  by ZnSOj a re  t h e  dominant 

aqueous species groundwaters of  pH va lues (8.2. 

spec ies a re  dominant. Other  complexes o f  Zn w i t h  C1-, F-, B r - ,  OH-, and I do n o t  

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

A t  pH values >8.2, Zn ca rbona te  

PRECIPITATION/DISSOLUTION 

Except f o r  s o i  1 -Zn (L indsay 1979) , no so l  u b i  1 i t y - c o n t r o l  1 i ng sol i d s  have been 

r e p o r t e d  i n  n a t u r a l  so i l s  and sediments.  Jenne e t  a l .  (1980) modeled waters  of t h e  

M i s s o u r i  t r i - s t a t e  m in ing  area and r e p o r t e d  t h a t  t h e  c o n c e n t r a t i o n  o f  Zn appeared t o  

be c o n t r o l l e d  by ZnC03*H20 or ZnC03. 
t h e  s o l u b i l i t y - c o n t r o l  l i n g  phase. 

They a l s o  suggested t h a t  Zn2SiOq may a l s o  be 

D u r i n g  l a b o r a t o r y  a d s o r p t i o n  exper iments,  many au tho rs  used f a i r l y  h i g h  concen t ra -  

t i o n s  o f  Zn 

may have been c o n t r o l l e d  by t h e  Z n ( 0 H ) Z  o r  ZnC03. 

t o  lO-'M-) and r e p o r t e d  t h a t  under h i g h  pH t h e  c o n c e n t r a t i o n  o f  Zn 

Singh and Sekhon ( 1 9 7 7 )  observed 
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t h a t ,  under a l k a l i n e  c o n d i t i o n s ,  Zn c o n c e n t r a t i o n s  i n  s e v e r a l  s o i l s  exceeded t h e  

s o l u b i l i t y  p roduc t  o f  Zn(OH)2 when 1.5 x 

and Sekhon (1977) i n d i c a t e  t h a t  Zn(OH)2 o r  ZnC03 may be t h e  s o l u b l e  Zn c o n t r o l l i n g  

s o l i d s  i n  ca lcareous s o i l s  amended w i t h  4.6 x 

(1982) s t u d i e d  t h e  a d s o r p t i o n  of Zn by Fe gel  f o r  

NaN03. They r e p o r t e d  t h a t ,  a t  pH 6.5 and i n i t i a l  

a d s o r p t i o n  was r e l a t i v e l y  poor which they  a t t r i b u t e d  t o  t h e  p o s s i b l e  p r e c i p i t a t i o n  

o f  z i n c  hyd rox ide  o r  hydroxycarbonate.  

removal o f  Zn ( n e a r l y  ze ro  pe rcen t  a t  pH 7.3 t o  about 80% a t  pH 8)  f rom 4 x 10-2 - M 
Zn i n  0.1 - M NaCl which t h e y  a t t r i b u t e d  t o  p r e c i p i t a t i o n  o f  Zn s o l i d s .  

5 Zn was added t o  these  s o i l s .  Trehan 

- M Zn. K i n n i b u r g h  and Jackson 

t o  

- M Zn, t h e  r e p r o d u c i b i l i t y  of  

B o l l a n d  e t  a l .  (1977) observed a marked 

- M Zn s o l u t i o n s  i n  1 - M 

Kuo and M ikke lsen  (1979) observed t h a t  adsorbed Zn on s o i l s  became more s t r o n g l y  

bonded t o  t h e  s o l i d  phase w i t h  t ime .  Ths i n c r e a s e  i n  t h e  s t a b i l i t y  o f  adsorbed z i n c  

has been a t t r i b u t e d  t o  r e c r y s t a l  1 i z a t i  on o f  t h e  adsorbed phase i n t o  a nonadsorbed 

s o l i d  phase. Loganathan e t  a l .  (1977) s t u d i e d  t h e  a d s o r p t i o n  o f  Zn2+ on 6-Mn02. 
R e s u l t s  o f  e l e c t r o p h o r e t i c  m o b i l i t y  measurements suggested t h a t  a t  h i g h  pH, t h e  

6-Mn02 su r face  behaved as though Zn2+ was fo rm ing  a s u r f a c e  coverage o f  Zn(OH)z(s).  

ADSORPTION/DESORPTION 

L i k e  o t h e r  c a t i o n i c  heavy meta ls ,  z i n c  i s  adsorbed s p e c i f i c a l l y  and by i o n  exchange 

(Table 23-1). Above Zn s o l u t i o n  c o n c e n t r a t i o n s  s u f f i c i e n t  t o  s a t u r a t e  s p e c i f i c  

a d s o r p t i o n  s i t e s ,  Zn i s  adsorbed by s imp le  coulombic i n t e r a c t i o n  w i t h  c a t i o n  

exchange s i t e s .  Hence, t h e  predominant adsorbents  c o n t r o l l i n g  t h e  a d s o r p t i o n  

behav io r  o f  Zn i n  s o i l s  a re  Mn and Fe ox ides (Takematsu 1979; Shuman 1977; Dempsey 

and S inger  1980; K i n n i b u r g h  and Jackson 1982; McKenzie 1980; B r u i n u x  1'975, B o l l a n d  

e t  a l .  1977; Bar-Yosef e t  a l .  1975; B a l i s t r i e r i  and Murray 1982; Benjamin and Leck ie  
1981a; Forbes e t  a l .  1976; Gadde and L a i t i n e n  1974; Loganathan e t  a l .  1977; Rophael 

e t  a l .  1979; K i n n i b u r g h  e t  a l .  1977) w i t h  l e s s e r  c o n t r i b u t i o n  f rom s o i l  o r g a n i c  

m a t t e r  (Kuo and M ikke lsen  1979; Bunzl e t  a l .  1976) and c l a y  m i n e r a l s  (Fa r rah  and 

P i c k e r i n g  1977; Wada and Kakuto 1980; Takematsu 1979; F r o s t  and G r i f f i n  1977; 

Stuanes 1976). Many s t u d i e s  o f  Zn a d s o r p t i o n  by s o i l  were conducted u s i n g  h i g h  

concentratons o f  Zn (Trehan and Sekhan 1977; Singh and Sekhon 1977; Sidhu e t  a l .  

1977; Kuo and M ikke lsen  1979; Shukla e t  a l .  1980; S i d l e  and Kardos 1977; Shuman 

1976; C la rke  and Graham 1968; Bar-Yosef 1979) which exceed normal env i ronmenta l  

concen t ra t i ons  and those o f  immediate re levance  t o  u t i l i t y  waste d i s p o s a l .  Under 

these c o n d i t i o n s ,  Zn a d s o r p t i o n  c o r r e l a t e s  w i t h  c a t i o n  exchange c a p a i t y  o r  c l a y  

con ten t  (Trehan and Sekhon 1977; Singh and Sekhon 1977; Sidhu e t  a l .  1977; Shuman 

1976; Duddr idge and Wainwr ight  1981) and i s  r e t a i n e d  by coulombic i n t e r a c t i o n  r a t h e r  

than s p e c i f i c  a d s o r p t i o n .  



Z inc  - M )  a d s o r p t i o n  d i s p l a y s  marked pH depending on s i l i c a  (Benjamin and 
Leck ie  1980), i r o n  ox ides  (Benjamin and L e c k i e  1980; B a l i s t r i e r i  and Murray 1982; 

Gadde and L a i t i n e n  1974; McKenzie 1980; K inn ibu rgh  and Jackson 1982; Benjamin and 

Leck ie  1981a). Mn ox ides  (Gadde and L a i t i n e n  1974; McKenzie 1980; Loganathan e t  a l .  

1977), A1 ox ides (Benjamin and L e c k i e  1980) and s o i l .  T h i s  a r i s e s  from t h e  aqueous 

h y d r o l y s i s  o f  Zn and t h e  amphoter ic  n a t u r e  of o x i d e  and hydrous o x i d e  m i n e r a l s .  

Under comparable exper imen ta l  c o n d i t i o n s ,  t h e  Zn a d s o r p t i o n  edge f a l l s  a t  h i g h e r  pH 

than  t h a t  o f  Cu and Pb on i r o n  ( B a l i s t i e r i  and Murray 1982; Benjamin and L e c k i e  

1981a; McKenzie 1980) and Mn ox ides  (McKenzie 1980; Loganathan and Burua 1973) 

sugges t ing  t h a t  Zn i s  l e s s  s t r o n g l y  adsorbed. I n  c o n t r a s t ,  Zn i s  more s t r o n g l y  

adsorbed than: 1) Cd, Coy N i ,  and Mn by Fe ox ides (Benjamin and L e c k i e  1981a; 

McKenzie 1980); 2 )  Cd by A1 ox ides  (Benjamin and L e c k i e  1980); and 3) N i  by Mn 

ox ides  (McKenzie 1980). The pH dependency of Zn a d s o r p t i o n  decreases a t  h i g h e r  

s o l u t i o n  c o n c e n t r a t i o n s  o f  Zn (Wada and Kakuto 1980; Shuman 1977) and when c l a y  

m i n e r a l s  are used as adsorbents (Wada and Kakuto 1980; F r o s t  and G r i f f i n  1977; 

Ha t ton  and P i  c k e r i  ng 1980). 

The presence o f  compet ing c a t i o n i c  c o n s t i t u e n t s  may, under some c o n d i t i o n s ,  reduce 
t h e  s p e c i f i c  a d s o r p t i o n  and i o n  exchange of Zn i n  s o i l .  D i v a l e n t  a l k a l i n e  e a r t h s  

(Mg2+, Ca2+) i n  h i g h  c o n c e n t r a t i o n  

i n  s o i l s  (Shukla e t  a l .  1980) and on c l a y  m i n e r a l s  (Fa r rah  and P i c k e r i n g  1977, 

Stuanes 1976) and f o r  s p e c i f i c  a d s o r p t i o n  s i t e s  on Fe ox ides ( B a l i s t r i e r i  and Murray 

1982). I o n  exchange s e l e c t i v i t y  measurements, however, i n d i c a t e  t h a t  Zn i s  s t r o n g l y  

(Wada and Kakuto 1980). Zinc,  Cu, Pb, and Cd i n  comparable c o n c e n t r a t i o n s  M )  
do n o t  compete f o r  s p e c i f i c  a d s o r p t i o n  s i t e s  on g o e t h i t e  ( B a l i s t r i e r i  and Murray 

1982) o r  amorphous Fe oxyhydrox ide (Benjamin and L e c k i e  1981b) sugges t ing  t h a t  

p r e f e r e n t i a l  a d s o r p t i o n  s i t e s  e x i s t  on these  s o l i d s  f o r  each meta l .  Though Zn i s  

M) compete w i t h  Zn f o r  i o n  exchange s i t e s  

p r e f e r r e d  over Ca by c l a y  m i n e r a l s  when Ca i s  p resen t  i n  lower c o n c e n t r a t i o n  ( < l o '  4 ) 

on s i t e  on 

e 1980).  

more s t r o n g l y  adsorbed, Zn and Cd may compete f o r  t h e  same a d s o r p t  

l i m o n i t e  (y-FeOOH) and aluminum ox ide  (v-Al203)  (Benjamin and Leck 

The e f f e c t s  o f  s t r o n g l y  complexing anions on Zn a d s o r p t i o n  has n o t  

d e t a i  1 

c1-, c 
e t  a l .  
c rag-, 

been s t u d i e d  i n  

however, t h e  n o n s p e c i f i c a l  l y  adsorbed, noncomplexing monovalent an ions (NO;, 

0;) have l i t t l e  e f f e c t  on Zn a d s o r p t i o n  ( B a l i s t i e r i  and Murray 1982; B a l l  

1980; and B o l l a n d  e t  a l .  1977). S p e c i f i c a l l y  adsorbed anions (e.g., SO:-, 

SeO$-, AS():-, p o i - )  may enhance Zn a d s o r p t i o n  by Fe ox ides  ( B o l l a n d  e t  a l .  

1977; B a l i s t r i e r i  and Mur ray  1982; Benjamin and Bloom 1982), p o s s i b l y  by r e d u c t i o n  

i n  ne t  sur face p o s i t i v e  charge. 

23-4 
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Measurement of p r o t o n  r e l e a s e  d u r i n g  a d s o r p t i o n  o f  Zn on hydrous and c r y s t a l l i n e  

ox ides a f f i r m s  t h e  s p e c i f i c  a d s o r p t i o n  process. A t  low a d s o r p t i o n  d e n s i t y ,  i .e., 

a d s o r p t i o n  f rom s o l u t i o n s  c o n t a i n i n g  M Zn, t h e  number o f  p r o t o n s  r e l e a s e d  f o r  

each i o n i c  species adsorbed by F e y  Mn, A1 ox ides i n  g e n e r a l l y  >1.5 ( K i n n i b u r g h  and 

Jackson 1982; B run iux  1975; B a l i s t r i e r i  and Murray 1982; K i n n i b u r g h  e t  a l .  1977; 

James and McNaughton 1977; Ka lbas i  e t  a l .  1978). The r e l e a s e  o f  p r o t o n s  can be 

desc r ibed  by t h e  r e a c t i o n s  

Zn2+ + SOH * SOZn+ t H+ (23-1)  I 

Zn2+ + SOH + H20 SOZnOH + 2H+ (23 -2 )  

These r e a c t i o n s  have been used, i n  combinat ion w i t h  t h e  pH dependent e l e c t r o s t a t i c  

p r o p e r t i e s  o f  t h e  s o l i d  su r face ,  t o  model Zn a d s o r p t i o n  on Fe and A1 o x i d e s  

( B a l i s t r i e r i  and Murray 1982; Benjamin and L e c k i e  1980; Benjamin and Bloom 1982; 

Barrow e t  a l .  1981). 

preference t o  Zn2+ a t  a l l  pH va lues ( B o l l a n d  e t  a l .  1977; B a l i s t r i e r i  and Murray 

1982; Barrow e t  a l .  1981). 

e l e c t r o s t a t i c  r e p u l s i o n  between p o s i t i v e  su r faces  and ZnOH' i s  sma l le r .  

a f f i n i t y  o f  su r face  f o r  ZnOH' appears t o  be h i g h  enough t o  i nduce  ZnOH' f o r m a t i o n  

and a d s o r p t i o n  i n  s p i t e  o f  very low s o l u t i o n  c o n c e n t r a t i o n s  below pH 7.5. 

The monovalent spec ies,  ZnOH+, appears t o  be adsorbed i n  

Not o n l y  i s  t h e  s o l v a t i o n  energy l e s s  f o  ZnOH', b u t  t h e  

The 

Both t h e  Langmiur (Kuo and M ikke lsen  1979; Shuman 1977; Sidhu e t  a l .  1977; Singh and 

Sekhon 1977; Trehan and Sekhon 1977) and F r e u n d l i c h  (Kuo and M ikke lsen  1979) equa- 

t i o n s  a re  used t o  d e s c r i b e  Zn a d s o r p t i o n  i n  s o i l .  When l a r g e  c o n c e n t r a t i o n  

g r a d i e n t s  o f  Zn are used, m u l t i p l e  reg ions  o f  l i n e a r i t y  are o f t e n  observed i n  t h e  . 

Langmiur isotherms.  

l i k e l y  r e f l e c t i n g  Zn r e t e n t i o n  by s p e c i f i c  a d s o r p t i o n  and c a t i o n  exchange 

mechani sms. 

These a re  a s c r i b e d  t o  d i f f e r e n t  a d s o r p t i o n  s i t e s  (Shuman 1975),  

23-5 
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I 
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Tab1 e 23-1.  ADSORPTION CONSTANTS FOR Z I N C  

Absorbent Adsorbate E I e c t r o  I y re 

CEC S.A. 

I dent I t y  ) neq/lOOg I& Conc., M l d e n t l t y  Conc., M pH 

Clay M ine ra l s  

--- --- 10-3.8 M o n t m o r l l l o n l t e  

Na-saturated 

Montrnorl I l o n i t e  

Hal l o y s l t e  
Ca-Saturated 

Havl 

C hoxo 

Uenae 

Yoake 

Naegl 

Clay M lne ra l s  

Reductant- t reated red  clav 

Hontmorl I lon l te ,  untreated 
Na-Setura ted 

Montmorl I l o n l t e .  
Ca-Saturated 

K a o l l n l t e ,  
Ca-Saturated 

2.13 CaC I 

10-4.7 

0.11 10-6.6 

lo-4.4 
-5.0 

"-6.2 

10 
3.76 10-3.9 

2.17 
Io-4.3 
lo-3.5 

10-5.8 

-7 
"-6.5 

"-6.3 

0.75 

0.91 10 
I o-4. 9 

-7.8 
Seawater 

lo- 5.8- 
67 

I O  
100 1' 

--- 10-3. 6- 0-2. 6 Landt 1 I I 
leachate --- I, 

10-2.4 

10-2.3 
-3.4 

"-3.1 
'O-3.0 
::-3.0 
10-2.5 

10-2.4 
-2.3 

102.8 

lo-3.6 
IO-7.1 
"-3.0 

4 . 7  

-0. I 

5 

6.9 

4.9 
7.0 
6.4 
4.9 
6.9 
5. I 
7.0 
5.9 
4.7 
6.8 
6.0 
5.3 
6.7 
6. I 

8 

5 
6 
5 
6 

Adsorpt I on Hsasurenents Ret erences 

Con s t a n t s  ( b, va ~ u e ( ~ )  

Zn 
K =  
Ca 0.2 Far rah  and 

P l c k e r l n g  1977 

0.9 

0.7 

0.6 

0.3 

I58 

1.5 
310 

19 

260 
5.7 

6.4 
24 3 

19 
1 1  
86 
73 
21 
31 

1.1 

(1.2.6.2) Takematsu 1979 
2 
2 

F r o s t  and (29,3.0) 
(35, 3.1) G r l t f I n  1977 
(2.7, 3.6) 
(5.5. 3.5) 



Adsorbent 

I d e n t l t y ( a '  
Clay H lnera ls  lcontd) 

Hontmorl l lonlte 

K a o l l n l t e  

hJ 
W 

I 
-4 

Verrnlcu I I t e  

H o n t m r l l l o n l t e  

Fe Idspars: 

A I  bl te 

La brador I t e  

S l l l c a  

a - S 1 0 2  

T a b l e  23-1 ( C o n t d ) .  ADSORPTION CONSTANTS FOR Z I N C  

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

CEC S A. 
meq/IOOg cone., W ldent l ty  Conc., H & 

70 --- 10-2. 3- Io- I .  3 X I -  0.01-0.1 5-6 

0.1 

0.01 

0.1 

0.01 

0.1 

0.01 

--- 1 I 0-I .3 1 -  0.01-0.1 4.0 

0.1 

0.01 

0.1 

0.01 

0.1 

0.01 

70 --- 0-2.J- 10-I * 3 IC I - 0.01-0.1 5-6 

0. I 

0.0 I 

0. I 

0.01 

0. I 

0.01 

-- lo-2.3-10-1'3 -- _- -- 96 

Adsorptlon Measurements References 

"a lue(' ) 
(b)  

Con stant  s 

'L 
K; 

K~ 

Stuanes 1976 (450, 2.9) 

1.33-1.75 

1.77-1.88 

2.04-2.25 

1.62- 1.70 

247 - m 

99 - m 

(18 ,  2.7) 

1.18-1.27 

1.18-1.27 

1 J5-l. 54 

1.25-1.54 

10.5-34.5 

10.5-34.5 

(500.3.0) 

3.35-4.55 

3.35-4.55' 

3.83-5.54 

4.39-5.82 

247 - m 

247 - 0 

(560, 2.7) 

Stusnes 1976 

(6.1,3.3) 

(83. 2.8) 

7.5 Davis and 
Leckle 1978 



Tab le  23-1 (Con td ) .  ADSORPTION CONSTANTS FOR ZINC 

Ads o r  ba t e 

Conc.. M I d e n t i t y  Conc., M pH 
E l e c t r o l y t e  Ads o r  ben t 

l d e n t  i t y ( a  meq/100g 
CEC 

S2A. 

Adsorp t i on  Measurements References 

Constants(’) Val ue (‘1 
A1 umi na 

A I  hydrous ox ide  

Fresh 493 
Aged 52 
r-AI 203 - _ _  

160, 6.2 

15. 4.3 
10.1 

25. 5.4 
170, 5.9 
440. 6.7 
-13.1 

-2.3, -10.5 

(8.3, 9.1) 
0.81. 0.70 
3.24, 0.49 
15.4, 0.56 
160, 5.7 
14 ,  4.3 
(600, 5.9) 
500 
39, 2.7) 

18, 3.1) 
1.3 
1.3 

0.9 
23.9.0.54 
(5.9, 4.5) 

(68, 3.8) 
(64, 4.1) 

Shuman 1977 

Davis and Leck ie  1978 

Oempsey and 
S inger  1980 

Oempsey and 
S inger  1980 

- 10-3.1 NaN03 1.0 5.5 
10-3.1 - 19-2 5.5 
10-6 - 0 1 6.5 
0 - 10- ‘a’ Na2S04 y.01 --- 

--- 
- Seawater -0.7 8 

Fe hydrous o x i d e  
N 
W 

I 
03 Fresh 

Aged 
Hydra ted  Fe Oxide 

Goe th i te  
Hemat i te  
Fe ( OH)3. cop rec i  p. 

Shuman 1977 

Takematsu 1979 

McKenzie 1980 

B r u i n u x  1975 

KN03 0.1 5 
0.1 

o - 10-3 
0 - 1 - 3  
l0-5.8 KNO-, 0.01 8.5 

Syn: --- 

9 0  
Rive r  

Seawater --- 

Goe t h i  :e - 10-2*9 NaCl 0.1 5 
6 
7 

B o l l a n d  e t  a l .  1977 



Tab le  23 -1  ( C o n t d ) .  ADSORPTION CONSTANTS FOR Z I N C  

Adsorbent Adsorbate E l e c t r o l y t e  Adsorp t i on  Measurements References 

I d e n t  i t y ( a  Conc., M I d e n t i t y  Conc., M pH Constants( ' )  Value(') 

Fe Oxides ( con td )  

t ioet t i i  t e  _ _ _  65-80 

Goeth i te  

Iv tioe t h i t e  w 
I 
a 

Fe203-H20(Am) 

Goeth i te  

65-80 

51.8 

51.8 

NaCl 0.1 

NaC104 0.16 

NaAc/HAc 0.16 

10-5.7-10-3-7 NaCl 0.1 

1 0 - ~ * ~ - 1 0 - ~ * ~  NaC1U4 0.16 

NaAC/HAc 0.16 

- Seawater -0.7 

1 0 - ~ * ~ - 1 0 - ~ . ~  NaN03 0.01 

--- 
--- 
--- 

5.0 
6.0 
6.5 

6.0 
6.5 
5.0 
6.0 
7.5 

5-8 

6.4 

--- 
6-8 

KZn , 
KZnOH 
K,zn, 

ZnOH 
IZn.  

ZnOH, 
KZnAC 

$ 9  KL* 

KE 

$ 

K I n t  
ZnOH' 

6.0 
7.4 
5.7 
7.1 
5.3 
8.7 
4.7 

(5.4.1) 
( 5 I, 4.0) 
(74,4.2) 

(28. 4.2) 

444;) 
(55. 4.1) 
(103. 4.2) 

9.15 

(10.2) 

8.9, 1.0 

-16.9 

9.4 

-3.3 

Bar-Yosef e t  a l .  
1975 

B a l i s t r i e r i  and 
Murray 1982 

Benjamin and 
Leck ie  1981a 

Dav is  and Leck ie  1978 

Forbes e t  a l .  1976 



e 23 -1  (Contd) . ADSORPTION CONSTANTS FOR Z INC Tab 

Adsorption Measurements References E l e c t r o l y t e  Ads or ba t e 

Conc., M 

10-6.2-10-4.7 

Ads o r  ben t 
CEC 

. .  pH 

6.0 
7.0 
8.0 
8.5 

6.0 

4.0 

5 

5 
6 

8 

6.0 

6.6 

2.0 
5.1 

8.4 

8.6 

8.9 

2.4 

--- 

Conc., M 

1170, 6.1 
1590. 6.3 
2960. 5.8 
4640, 5.8 
-2.6 

(2760, < 4 )  

Dempsey and 
Singer 1980 

260 

--- 

160 

98 

206 

160 

_ - -  
- - -  
- - -  

2.3 

4.6 

1.7 
3.2 

6.78 

11.9 

25.8 

_ - -  

- - -  

":hem 

4n' KL Gadde and 
L a i t i n e n  1974 

Loganathan and 
Burau 1973 

McKenzie 1980 

Hydrous Mn oxide 

6-Mn02 (1020. 3.7) 

(1020, 3.8) 

(710. 3.4) 

0.1 

(1650, 3.8) 
(2420, 4.0) 

Loganathan 
e t  a l .  1977 

6-Mn02 
Iv 
w 
I Mn Oxides 
0 1 -Mn001i 
F 

10-6 

,o-5.3 

(34, 6.2) 
20 
200 
(1680, 6.2) 
800 
300 

450 

830 

400 

Takematsu 1979 10-8 

0.01 

7h Mn02 
6 -Mn02 

Mn02 

+O.1% L i C  

+0.2% V ( V )  

t o .  1% Mo ( v I ) 
Miscel laneous 

C a l c i t e  

Rophael e t  a l .  1979 

(59. 5.2) 

-8.5 

(119, 5.6) 

-8.6 

(58, 6.3) 
-8.9 

Jurinak and 
Bauer 1956 

--- 

Dolomite (Mg/Ca = 0.87) 

_-- Ca-Magnesi t e  

(Mg/Ca = 17.3) 

Organic Mat ter  

So i l  humic ac id  

Peat 

Kerndof f and 
Schni tzer  1980 
Bunzl e t  a l .  1976 

(12, 3.4) 

(180, 5.0) 



Tab le  23-1 ( C o n t d ) .  ADSORPTION CONSTANTS FOR Z I N C  

N 
w 

I 
c 
c 

References Adsorbent Adsor bate E l e c t r o l y t e  Adsorptlon Measurements 
CEC S A. 

Va lue(c) I dent I t y ( a )  meq/IOOq a Conc., M l d e n t l t y  Conc., M pH Constants(b) 
* 

Soil  Z Clay Z O.M. 

CaC12 0.1 I 0-4. 5- o-3. 3 --- 14.0 0.52 10.9 
14.0 0.37 9.3 
20.0 0.84 1 1 . 1  --- 1, 

21.3 1.23 15.1 -__ ,1 

15.0 0.98 14.9 --- *I 

--- ,t 

--- I* 3.9 0.27 3.8 

KCI 0. I 7.0 A,,,, KL 
10.1 0.61 6.96 --- 10-4. 1-10-2.8 

31.2 1.26 18.2 
10.4 0.69 .6.09 
24.6 0.75 12.18 
20.2 0.76 10.44 
5.5 0.33 3.83 
8.9 0.34 4.35 

31.8, 4.9 Trehan and 
36.4. 5.0 
63.6, 5.0 
10.6, 4.9 
4.7, 5.0 
19.1, 5.0 

16.5, J.5 Slngh and 
49.0, 3.6 
14.5. 3.7 
31.5, 3.6 
24.0, 3.4 
11.5, 3.4 
14.5, 3.4 

Sekhon 1977 

Sekhon 1977 

Sol I - 9.2 T('C), A,,,, KL 

Sand 9.00 0.18 3.50 --- " 

Loany sand 12.0 0.17 3.75 --- " 

Sandy loam 17.0 0.27 5.10 --- " 

8.1 
8.4 " 

8.4 " 

17, 3.3, 4.8 Sldhu et a l .  1977 
30, 3.6, 4.6 
40. 3.9, 4.4 
SO. 0.89, 4.2 
30, 1.04, 5.0 
17, 1.7. 4.8 
30, 1.8, 4.6 
40, 1.6. 4.5 

Sol I - 
Clay loam 9.2 0.6 _ _ _  --- - 10-5.5 CaCI2 0.016 7.7 A,,,. KL (9.4, 5.5, Kuo and 

Hlkkelsen 1979 
1.8, 0.94) 

Sol I 

7.8 
7.8 
9.3 Na - 
9.3 K-  _ _ _  --- 

H- 2.8 

- Loamy sand. 
Untreated - 0.36 8.21 --- 10-6 - 0.1 --- --- 8.3 KF. I / N  
Ca-sa turated --- -_- 
Mg - --- ___  

--- -_- 

(0.46, 0.46) Shukla et al. 1980 
(0.45, 0.46) 
(0.47, 0.45) 
(0.96. 0.41) 
(0.62, 0.45) 
(0.41, 0.47) 



Table 23-1 ( C o n t d ) .  ADSORPTION CONSTANTS FOR Z I N C  

Adsorbent 
CEC , S,A. 

l d e n t i  t y ( a )  
Soil ( w t )  I O.M. 
Loam, T - D r  

Untreated 
Ca-saturated 

Na - 
K- 
H -  

Mg - 

Soi 1 I O.M. 

Clay loam ( f o r e s t  s o i l )  
0.75 cm 10.6 
7.5 - 15 cm 5.4 

- - 

Clay 
N A 1. 
I 2. 
w 82 1. 

2. 

Sandy 
A 1. 

2. 
82 1. 

2. 

Po 

oam 
Untreated c lay f r a c t i o n  
Fe oxides removed 

loam 

Loamy sand 
A 1. 

2. 
82 1. 

2. 

Loamy sand 
A 1. 

2. 
82 1. 

2. 

meqf100g 

5.36 

18.4 
%. 4 

23.8 
27.4 
13.7 
17.6 

6.4 
10.1 
15.7 
19.1 

17.8 
13.9 
14.8 
18.2 

25.8 
23.1 

28.5 
--- 

mLlg 
-__  

---  
--- 

264 
207 
162 
204 

111 
71 
156 
517 

132 
124 
150 
504 

223 
220 
256 
232 

Adsorbate 

Conc., M 

10-6-0.1 

E l e c t r o l y t e  

Conc., M pH 

0.01 6.0 

Adsorpt i on Measurements 

constants ('1 Val ue(b)  

?Ggx. Ca-Zn . Ma-Zn 
P . 8  

' , K-Zn 
' , Na-Zn 

(0.88, 0.44) 
(1.40, 0.39) 
(1.39, 0.39) 
(4.29. 0.32) 
(1.39, 0.39) 
(0.28, 0.58) 

41.3 
41.5 
31.3 
23.6 

(4.3, 7.2) 
(1.7, 7.5) 

66, 4.7 
66, 4.5 
58, 4.4 
28, 4.5 

35, 4.5 
63, 4.6 
28. 4.5 
29. 4.5 

21. 4.6 
18..4.6 
30. 4.6 
33. 4.5 

51, 4.5 
72, 4.4 
74, 4.6 
87, 4.5 

References 

Shukla e t  a l .  1980 

Sid le  and 
Kardos 1977 

Shuman 1975 
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T a b l e  23-1 ( C o n t d )  . ADSORPTION CONSTANTS FOR Z I N C  

Adsorbent 
CEC 3xT 

Soi 1 X Clay X0.M. - 
74 2.8 32.4 --- 
25 1.8 15.7 _ _ _  
28 1.4 16.3 --_ 
36 0.07 6.0 --- 
2.4 1.14 3.1 -_-  

Sediment 

Es tuar ine  - indigenous 
t r a c e  metals 

R iver  

R iver  %Clay %O.C. 

12.6 3.34 
13.2 3.7 
3.6 0.81 
4.9 1.06 

46.5-68.3 --- 

Ads o r  ba te  E l e c t r o l y t e  Adsorpt ion Measurements References 

Conc., M I d e n t i t y  Conc., M pH ~ Constants(b) Va 1 ue (c ) _____ 

4.70, 1.26, 5.08 Bar-Yosef 1979 
6.70. 1.60. 4.34 

--- 6.70, 1.30, 5.34 
--- 4.08, 1.24. 6.45 -_ -  4.26, 1.26, 6.20 

_ _ _  KC04 0.01 4-8 Kl,, K Z N ~  K Z ~ O H  -_-  

--- Seawater -0.7 

10-4.8-10-3.8 River  
water 

( a )  O.M. = o rgav ic  mat te r  

( b )  K E j  = s e l e c t i v i t y  c o e f f i c i e n t  

A,,, = Langmuir adsorp t ion  maximum, umol g-l; KL, Langmuir constant,  log F-' 
Kd = d i s t r i b u t i o n  c o e f f i c i e n t ,  tg-' 
* K I T  = c o n d i t i o n a l  i n t r i n s i c  adsorp t ion  constant f o r  i o n i c  species, log 

Kkt = i n t r i n s i c  adsorp t ion  constant f o r  i o n i c  species, log 

t,GFhem. = f r e e  energy o f  adsorp t ion ,  kca l  mol-' 

K F .  1/14 = F reund l ich  constants f o r  A = I ~ F C ' / ~ ;  A = umol g-l; C, I I ~  

K E  = exchange constant,  log 
K! = a f t i n i t y  c o e f f i c i e n t .  log 
hCex = f r e e  energy of exchange, ca l  mol-' 

4. K:, 4'. K:' = two-s i te  adsorp t ion  isotherm 

A X b  = Kd as a funct,ion o f  X, l oad ing  i n  m o l  g-1 

( c )  ( ) = esl. imated values 

KF 220-1500 

KNa+Zn 

"A", 

7.3 $: :)N 

Sed i ment 

1.8-17 

340-2800 

120-860 

Menon e t  a l .  1980 

(180,3.8) O'Conner and 
(2.20, 0.74) Renn 1969 

(67,4.8) Duddridge and 
(59,4.7) Wainwright 1981 
(47.4.0) 
(47.4.2) 
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