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ABSTRACT 

Us i ng fou r  New Zea l and so i l s ,  i t  was found that pH , extracta bl e 

Al , c i tra te-d i th i on i te-b i ca rbonate-Al , oxa l a te Fe , and crysta l l i ne Fe 

appeared to be i mportant soi l properti es i n  both P and Mo sorpti on . 

Al l ophane appeared l ess  i mportant i n  the sorpti on  of Mo than i n  the 

sorpti on of P .  

For the sorp ti on of  Mo , the i n i ti a l , rapi d removal of Mo was 

fol l owed by a s l ow ,  conti nu i ng removal of  Mo from so l uti on . An 

est i ma te of  equ i l i bri um Mo concentrati on was obta i ned by extrapol at ion  

of the rel ati onsh i p  between sol ut ion  Mo and 1;t  to 1;t = 0 ,  i . e .  t = oo. 

The effect of  i on i c strength on Mo sorpti on  appeared to be k i neti ca l l y  

contro l l ed a t  l ow fi nal  Mo concen trati ons  ( < 5 1-1mol 1 - 1) ,  b u t  appeared 

to be absol ute at h i gh fi na l  concen trati ons  ( > 10 1-1mo l 1 - 1 ) .  

I sotherms for the sorpti on of Mo by both topsai l s  and s ubso i l s ,  

at  eq u i l i bri um and  40 hr , and by syntheti c hydrous  ferri c oxi de gel 

( Fe gel ) and a l l ophane at  40 hr , coul d be descri bed by three Langmu i r 

eq uati ons  . . Va l ues for the free energ i es of sorption for each reg i on 

of sorpt i on , wh i c h were remarkab ly  s i mi l a r for the d i fferent so rben ts , 

i nd i cated that s orpti on i n  reg i ons I and I I  corres ponded to chemi sorpti on 

reac ti ons , whereas sorpti on  in  reg i on I l l  i nvo l ved a more- phys i cal  type 

of sorpt i on . 

by so i l s .  

Fe gel appeared to be a sati sfactory model for Mo sorpti on 

I sotherms for the sorpti on of  P by the four  soi l s ,  Fe gel , and 

a l l ophane duri n g  40 hr  were descri bed by three Langmu i r  equati ons . 

Because the free energ i es of sorpti on for each reg i on , for both Mo and P ,  

were very s i mi l a r ,  the s i tes for sorpti on  and types of sorpti on  reacti on 

for both an i ons  a re probab l y  s i mi l a r .  Syntheti c a l l ophane chemi sorbed 

i i 



much l es s  Mo than P ,  rel ati ve to Fe gel , and  th i s  was attri buted to 

ki neti c charge effects . 

Sorpti on  o f  Mo by Fe gel i n  each reg i on was affected d i fferentl y  

by changes i n  p H  and i on i c  strength , and the charge rel ati on s h i ps for 

each regi on were a l so  di fferent .  These data , a l ong wi th the th ree 

d i st i nct free energ i es of sorpti on obta i ned for Mo , s ugges ted that 

three d i sti nct sorp ti on reacti ons were i nvol ved . The data s u ggested 

that sorpt ion  of Mo i n  reg i ons I and I I  i nvol ved l i gand-exchange 
2- + chemi s orpti on  of  Mo04 for -OH2 and -OH , res pecti vel y ,  resu l ti ng  i n  

the formati on o f  a b i denta te compl ex . Sorpti on  i n  reg i on I I I  was 

con s i dered to i nvo l ve sorpti on at a p l ane d i s tant  from the sorbi ng  

su rface . 

The Langmu i r  eq uati on devel oped to descri be competi ti ve sorpti on 

wa s not obeyed for Mo and P ,  but the sorpti on of  Mo , in  the presence of 

P ,  cou l d  be descri bed by three s i mpl e Langmu i r eq uati ons . 

that Mo and  P competed for s i mi l ar surface s i tes . 

I t  appeared 

Sol uti o n  P i nc reased the amounts of sorbed Mo that cou l d  be 

desorbed , rel ati ve to Cl . The amounts of  Mo desorbed by both Cl  and P 

i i i 

decreased wi th t i me after add i t ion  of  Mo to soi l s .  Thi s was attri buted 

to a sh i ft i n  the form of sorbed Mo . Chemi cal  fracti onati on of sorbed 

Mo s uggested that the a bsorpti on of adsorbed Mo was a l so occu rri ng . 

For several s oi l s  to wh i ch Mo had been added i n  the fi el d ,  no Mo was 

desorbed by P so l uti ons . 

Sol uti on : so i l ra ti o affected o n l y  the ra te at whi ch  P was removed 

from sol u ti on ,  not the fi nal  equ i l i bri um concentrati ons . I ncubati ng 

so i l wi th P pri or  to the add i ti on of Mo reduced both chemi sorpti o n  and 

more-phy s i ca l  s orpti o n  of  Mo . For a soi l that had recei ved annual  



add i ti ons of  phos phate a nd l i me for 22  yr , the chemi sorpti on of  a dded 

Mo was reduced by both ferti l i zer P and l i me , whereas the more- phys i ca l  

s orption maxi ma were on l y  reduced by l i me addi ti ons . The res u l ts were 

d i scus sed i n  terms of both the pers i stence and p l ant-ava i l a b i l i ty of  

Mo added i n  the  fi el d s i tuati on . 

i v  
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SORPT I ON OF ANI ONS W I TH PART I CULAR 

REFERENCE TO PHOSPHATE AND MOLYBDATE  

lA . An i on Sorpti on by So i l s  and Soi l Components 

1A . 1  I ntroducti on 

In the pH range , 3 . 5  - 9 . 0 ,  wh i ch common ly  occurs i n  soi l s ,  

el ements that may exi s t  i n  a n i on i c  form i nc l ude As , B ,  C l , F ,  I ,  Mo , N ,  

P ,  S� Se , a nd  S i . The form of the el ement wh ich  occurs i n  sol u ti on 

depends o n  the pH and the d i s soci ati on consta nts o f  the aci d form of  

the  el ement ; for ex amp 1 e ,  cons i deri ng the ac i d ,  H2A ,  wh ich  fol l ows a 

two-s tep d i s soc i a ti on : 

H2A 41 HA + H+ ( 1 . 1 ) 

HA E2 --y A + H+ ( 1 .  2 )  

The d i s tri b u ti on o f  the i on i c  s pec i es H2A ,  HA- and  A- , i s  g i ven by 

equati ons  ( 1 . 3 )  and ( 1 . 4 ) : 

p Ka 1 = pH + l og 

p Ka2 = pH + l og 

[H2AJ 
[HA-] 
[HA-] 
[ A-� 

( 1 .  3 )  

( 1 . 4 )  

Consequentl y ,  the an i on i c s pec i es whi ch predomi n a tes depends on pH , and  

p Ka 1 a nd p Ka2 va l ues . Va l ues of pKa for the ac i d  forms of the e l ements 

occurr i ng as ani ons i n  the soi l so l ution  are g i ven i n  Tab l e 1 . 1 .  

I n  th i s revi ew ,  a l l s pec i es ( both und i s soc i a ted and d i s soc i ated ) 

wi l l  be denoted by the e l ement , un l es s  otherwi se  s tated ; for examp l e ,  
2- 3-p may refer to H3Po4 , H2Po4

- , HP04 or P04 , dependi ng on the 

cond i t i on s  bei ng exam i ned . 

There has been no genera l revi ew of  the n a ture of the reacti on s  

2 



Tab l e 1 . 1  p Ka val ues o f  ac i d  forms of  el ements common ly  occurri ng 

i n  so i l s  as a n i o n i c  s peci es 

E l ement Ac i d  

As H 3As04 2 . 3  6 . 9  1 1 . 5 

B B ( OH ) 3 9 . 2  

C l  HCl -7 . 0 

F HF  3 . 2  

I H I  -9 . 5  

Mo H 2Mo04 4 . 0  4 . 2  

N HN03 2 . 1  7 . 2  12 . 0  

p Hl04 - 1 . 4 

s H2so4 - 3 . 0  1 . 9  

Se H2Se03 2 . 5  8 . 0  

S i  S i ( OH ) 4 9 . 5  12 . 0  

Al l pKa val ues ta ken from S i l l en and Martel l ( 1964 ) , except that for 

Mo which i s  ta ken from S i l l en and Martel l ( 197 1 ) . 
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between ani ons and so i l s ;  revi ews have genera l l y  concentrated on  the 

reacti ons  of one e l ement , such as P ( Wi l d ,  1 949 ; Larsen , 1 967 ; Syers 

and Wi l l i ams , 1977 ) or S ( Harward and Rei senauer , 1 966 ) . Th i s  rev i ew 

wi l l  cons i der an i on retenti on by so i l s  and so i l components ; the nature 

of  retention and the reta i n i ng surfaces ; the chemi s try of s uch 

s urfaces ; and the mechani sms of the reacti on between an ions  and the 

reta i n i ng s urfaces . 

1A . 2  An i on Retenti on by Soi l s  and So i l  Componen ts Preci p i tati on 

and Sorpti on Concepts 

Retent i on i s  a general term used to descri be the removal of i ons  

from so l uti on by s o i l s  and  so i l components , but  i t  g i ves no i nd i cati on 

of the spec i fi c  react ion  or mechani sm i nvol ved . Whether ani on  
* 

retenti on i nvol ves prec i pi tati on from sol ut i on  or  sorpti on at  the 

surfaces of soi l components i s  an argument that i s  sti l l  conti nu i ng . 

A s ummary of the arguments for P retenti on  i nvol vi ng preci p i tati on  

or sorption reacti ons  i s  outs i de the scope of  thi s rev iew ( see Larsen , 

1967 ; Syers and Wi l l i ams , 197 7 ) . The arguments for preci p i tati on as  

the mechani sm of  P retenti on are primari l y  based  on the fact that 

d i s crete Fe and Al phosphate compounds can be formed i n  pure so l uti ons  

at pH va l ues corre s pondi ng  to those commonly  occurri ng i n  so i l s  ( Co l e 

and Jackson , 1 950a , b ;  Ki ttri ck  and Jackson , 1955a , b ,  1956 ) . Th i s  

4 

approach a l so attempts to fi t soi l so l u t i o n  concentrati ons  to P mi neral 

sol ub i l i ty i sotherms ( Li ndsay et a l . ,  1959 ; Larsen and Wi ddowson , 1970 ) . 

* 
The term sorpti o n  i s  used because of  the confu s i on surroundi ng 

the exact nature of  the react i on . D i st i ncti on between adsorpti on  

and  absorpti on i s  made i n  a l ater secti on . 



Ryden ( 19 7 5 )  has col l ated so l u ti on P data from severa l  workers and 

s hown that the data fai l to fol l ow a ny defi n i te so l ub i l i ty i sotherm ,  

i nd i cati ng  that so l uti on P concentrati ons a re not necessari l y  

contro l l ed by a prec i p i tation  reacti on . Al though the concept of  P 

sorpti on was proposed earl i er than that of prec i p i tati on ( Russe l l and 

Prescott ,  1916 ; Mattson , 1931 ) , on l y  recen tl y have res u l ts s hown that 

most  P reten ti on data are more eas i l y  exp l a i nab l e i n  terms of  P 

sorpti on  concepts ( Hsu , 1964 ; H i ngston et a l . ,  1967 , 1968b ; Ryden 

and Syers , 1976 ) . 

Because many of the other a n i ons ( e . g .  As , Mo , Se ) occur i n  trace 

amounts  i n  so i l s ,  the concept of p rec i p i tated forms of these  i ons  

exi st i ng  i n  soi l s  has  been proposed l es s  frequent ly  than for P ,  because  

the so i l  so l uti on wou l d  be  undersaturated wi th respect to any so l i d  

phase compounds . V l ek and L i ndsay ( 1 977a ) have s hown that , for Mo 

retenti on by severa l  Col orado so i l s ,  on l y  the very ra re ly  occurri ng 

PbMo04 cou l d  s u sta i n the observed soi l so l uti on Mo concentra ti ons . 

Even earl y i nvest i gati ons of trace e l ement  retenti on assumed that these 

an i ons  were hel d at the so i l component surface by a sorpt ion  reacti on 

( Ol son  and Jensen , 1940 ; S i el i ng ,  1946 ; Deans and Rubi ns , 1947 ; 

Jones , 1957 ) . The h i gh so l ubi l i ty of compounds o f  the ha l i des , N ,  

and to a l esser extent S ,  has a l so precl uded the concept of  preci pi tati on 

as  the mechan i sm of retenti on for these an i ons . 

I n  general , i t  wou l d  appear that ani on retenti on i nvol ves sorpti on 

reacti ons  and the mechan i sm of retenti on can best be unders tood by 

a s s umi ng s uch reacti ons . Sorpti on reacti ons, however , may be 

chemi sorpti on reacti ons  and , as s uch , i nvol ve the format i on of a chemi cal 

bon d  ( Adamson , 1967 ) wh ich  may be cons i dered as  the formati on of a new 

compound , a l though chemi sorpti on i s  genera l l y  l i mi ted to a th i ckness of  

5 



one l ayer of sorb i ng i on .  Kurtz et a l . ( 1946 ) and de Boer ( 1950 ) 

have po i nted out  that  there i s  es senti a l ly  no di fference between the 

chemi cal  forces wh i ch hol d an i on at a sorbi ng surface a nd those 

i nvol ved in  the prec i pi tati on of  a comparab l e  di screte phas e .  Th i s  

may have g i ven r i se to muc h of the confl i ct i n  the pas t .  

For the rema i nder o f  th i s  rev i ew ,  ani on reten ti on wi l l  be 

con s i dered to i nvol ve sorpti on  reacti ons . 

1A . 3  So i l  Components Important i n  An i on Sorpti on 

1 A . 3 . 1  Nature of the components 

The natu re of the so i l  components i mportant  i n  a n i on reten ti on 

m ight  pos s i b ly  be expected to be  as  d i verse as the an i ons themsel ves . 

A s tudy of the l i terature , however , reveal s that the domi nant components 

i nvol ved i n  a n i on sorpti on appear to be common to mos t  ani ons . 

Earl y s tud i es showed that an i on  retenti on was general ly  grea test 

in  s o i l s  ri ch i n  Fe and Al . For some ani ons , the rel ati ons h i p  between 

an i on retenti on and the amounts of Fe and Al has not been i nves ti gated 

very thorough ly ; namely As ( Mi s ra and  T iwari , 1963 ) and Se (Geeri ng 

et a l . ,  1965 ; Cary et a l . ,  1967 ) . For other an i ons , however , the 

na ture of the sorption  s urface has been defi ned more narrowl y ,  ma i n ly  

by two techn i ques : ( 1 )  rel ati ng  an i on retenti on to chemi cal fracti ons  

6 

of  the so i l , and the effect on  an i on retenti on of  removi ng these fracti ons , 

a nd ( 2 )  s tud i es of the s orpti on of a n i ons by syntheti c s o i l components . 

Al though not con sti tuti ng d i rect proof that certa i n components are 

i nvol ved i n  a n i on sorpt i on , correl at ion  wi th several soi l properti es i s  

con s i s tent for many an i ons . Good correl ati ons  have been obta i ned 
* 

between ani on  retent i on and free Fe and Al oxi des and hydrous oxi des 

* 
Di fferences between oxi des and hydrous oxi des are di scus sed i n  a fol l ow i ng  

secti on . I n  the res t  of  th i s  s tudy , the term 110xi de1 1  wi l l  refer to both 

ox i des and hydrous oxi des un l ess  otherwi se s pec i fi ed .  



( those removed by c i trate-d i th i on i te-bi carbonate , COB , wh i ch does not 

d i fferent iate between crystal l i ne and amorphous  oxi des ) for As ( Deans 

and Rub i n ,  1947 ) , B ( S i ms and Bi ngham , 1 968b ) , Cl  ( Sumner and Reeve , 

1966 ) , Mo ( Jones , 1956 ; Barrow , 1970 ; Theng , 197 1 ) ,  P ( Saunders , 

1965; Ramu l u  et a l . ,  1967 ; Syers et a l . ,  197 1 ) , S ( Chao et a l . ,  1962 ) 

and Si ( Beckwi th and Reeve , 1963 ) . Correl at i ons  obtai ned between an i on 

retenti on and the amounts of C DB- Fe and -Al are often di rec t ,  or  more 

concl u s i vel y ,  a correl ati on i s  obta i ned between reducti on i n  an i on  

sorpti on after.chemi cal treatment and  the amo unts of  CDB-Fe or  -Al . 

Good correl ati ons between P sorpti on and oxal a te-extractabl e  Fe and/or 

Al have been obta i ned by Wi l l i ams et al . ( 1 958 ) , Saunders ( 1965 ) , and 

Syers et a l . ( 197 1 ) , but  thi s fract ion has  not been i nves ti gated for 

other a n i ons . Short- range order ( amorphous ) Al , extracted wi th boi l i ng 

0 . 5M NaOH , has been correl ated wi th an ion  sorpti on for B ( S i ms and 

Bi ngham , 1968b ; B i ngham et al . ,  197 1 )  and S ( Chao et al . ,  1962 ; 

Gebhard t  and Col eman , 1974b ) .  

The oxal ate reagent extracts s hort- range order Fe and Al ( Gorbunov 

et a l . ,  196 1 ; Schwertmann , 1964 ) and many of these components are a l s o  

extracted a l ong wi th crystal l i ne Fe , and s ome c rys tal l i ne Al , oxi des 

by COB reagent ( Go rbunov et a l . ,  196 1 ) . Hence , the good correl at i ons  

between an i on retent i on and  COB-extractabl e Fe  and A l  do  not a l l ow any 

d i sti ncti on between the rel ati ve i mportance of s hort- range order and  

crystal l i ne oxi des . For P sorpti on , i t  has  been s hown that s ho rt- range 

order components appear to be more i mportant  ( Wi l l i ams et a l . ,  1958 ; 

Saunders , 1965 ; Syers et  a l . ,  197 1 ) . S hort-range order oxi des of  Al 

i ncl ude short-range o rder a l umi nos i l i cates ( a l l ophane ) ; the presence 

of  a l l ophane i n  so i l s  resu l ts i n  l arge amounts of an i ons bei ng reta i ned 

by s oi l s .  Al l ophane has  been s hown to be i mportant i n  the retenti on  
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of  B ( Bi ngham et a l . ,  197 1 ) , C l  (Gebhardt and Co l eman , 1 974a ) , Mo 

( Theng , 197 1 ; Gonza l ez et  a l . ,  1974 ) , P ( Saunders , 1 965 ; Gebhardt 

and Col eman , 1974c ) , S (Gebhardt and Col eman , 1974b ) ,  Se ( Rajan and 

Watk i nson , 1976 ) and Si ( Beckw i th and Reeve , 1963 ; McKeague and Cl i ne ,  

1963 ) . 

The d i ff icu l ty of drawi ng  concl u s i ons  concern i ng  the rel ati ve 

i mportance of soi l properti es from correl ati ons  between a n i o n  retenti on 

and so i l properti es ari ses  from the fact that the soi l properti es may 

themsel ves be correl ated to a con s i de rabl e degree . For exampl e ,  

Saunders ( 1965 )  and Syers et a l . ( 1 97 1 )  have demons trated that oxal ate 

Fe and  Al and soi l organ i c  matter are wel l correl ated . The good 

correl ati ons  obta i ned between a n i on retenti on and Fe and Al components 

i n  a wi de vari ety of so i l s ,  however ,  po i nts to the i mportance of these 

so i l components i n  an ion  s orpti on . 

S tud i es of  the sorpti on of  an ions  by synthe ti c s o i l  components 

gi ve good i nd i rect evi dence of the rel a ti ve i mportance of the d i fferent 

components . Extens i ve s tu d i es have been made of P s orpt i on by pure 

components , and revi ews of these i nves ti gati ons ( Ryden , 1975 ; Syers and 

Wi l l i ams , 1977 ) s how tha t s hort- range order hydrous  oxi des of Fe and Al , 

a s  wel l as a l l o phane , sorb up  to 100 ti mes more P than thei r  crys ta l l i ne 

cou n terparts , wh i ch i n  turn sorb cons i derab ly  more P than do crysta l l i ne 

l ayer s i l i cates and cal ci um ca rbonate . Retenti on of o ther a n i ons  by 

so i l components has not been s tud i ed so  extens i ve ly , but  s i mi l ar 

concl u s i ons can be reached . Thus , s ho rt- range o rder Fe  and  Al gel s 

have been shown to sorb cons i derab ly  more As ( S i el i ng ,  1946 ) ,  B ( S i ms 
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and B i ngham , 1967 , 1968a ) , Mo ( Jones 1 956 , 1 957 ; Res i enauer et  a l . ,  1962 ) , 

and S ( Chao et  a l . ,  1964 ; Ayl mo re et a l . ,  1 967 ) than t hei r crysta l l i ne 

counterparts , wh i ch i n  turn sorb greater amounts than c rys ta l l i ne l ayer 

s i l i ca tes . 



An i nteres t i ng vari at ion  to s tudyi ng sorpti on  by pure so i l 

components has been to coa t so i l part ic l es or  mi neral s wi th syntheti c 

Fe and Al gel s .  I t  has been s hown that the retenti on of  B ( S i ms a nd 

Bi ngham , 1968b ) , Mo ( Jones and Smi th , 1972 ) , and S ( Chao et  a l . ,  1 964 ) 

can be i ncreased cons i derab ly  by th i s  techni que . Such experiments 

cou l d have di rec t rel evence to the fi el d s i tuati on . W i th the 

knowl edge tha t Fe and Al oxi des , e spec i a l l y  those that have s hort- range 

order , sorb markedly greater amounts of an i ons  than crysta l l i ne 

components , the i r  d i s tri buti on and occurrence i n  soi l s  wi l l  now be 

d i s cu s sed . 

1A . 3 . 2  Di s tri bution  o f  oxi des i n  so i l s  

The cons i derabl e experimenta l evi dence tha t Fe and Al oxi des 

are i mportant i n  a n i on  reten ti on has  on ly  recentl y been fol l owed by 

i nves ti ga ti ons i n to the d i s tri buti on  of  these oxi des i n  soi l s .  Th i s  

has ma i n l y  been ca rri ed out  by the use  of the el ec tron mi croscope i n  

studyi ng ma ter i a l s tha t appear amorphou s  to X-rays . 

Greenl and et al . ( 1968 ) s howed that ol d ,  h i gh ly-weathered so i l s  

con ta i ned cons i derabl e free i ron  oxi des , present as  smal l d i screte 

parti c l es wh i ch were frequen tl y aggrega ted . They found no evi dence 

of i ron  oxi de coat i ngs . Such coa ti ngs , however , have been o bserved on  

l ayer s i l i cates i n  l ess  weathered so i l s  ( Roth et a l . ,  1969 ) and gel 

coati ngs of  unknown compos i ti on have been observed i n  a w i d e  range of 

recent s o i l s  by Jones and Uehara ( 1973 ) , who s tate that the use of  l es s ­

soph i s ti cated el ec tron  mi croscope techn i ques i n  earl i er s tu d i es cou l d 

have h i ndered detecti on of s uch  coa ti ngs . Laboratory s tud i es have 

shown that both 11ferri c hydroxi de 1 1  gel s ( Fol l ett , 196 5 ; Greenl and  and 

Oades , 1 968 ) and 11a l umi n i um hydroxi de 1 1 gel s ( El -Swa i fy and Emerson , 

1975 ) can  be preci p i tated on to s o i l mi neral s and are very i mportant  
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i n  a ffecti ng p hys i cal  and chemi cal properti es of  so i l s .  Oxi de coa ti ngs  

of  Al have been regarded as bei ng more i mportant  in  determi n i ng s o i l 

properti es than Fe coati ngs by Tweneboa h et a l . ( 1967 ) and Des h pande 

et  a l . ( 1968 ) , a l though thei r s tud i es were carri ed out on rel a ti vel y 

s trongly-wea thered so i l s .  On l es s -weathered soi l s ,  a l umi nos i l i ca te 

gel s  ( a l l ophane ) , a l one o r  i n  comb i nati on  wi th Fe ( Ki rkman , 197 3 ) , are 

very i mportant  i n  determi n i ng chemi cal  a nd phys i cal properti es of 

s o i l s  (Mi tchel l et a l . ,  1 964 ) . 

Stud i es on  the sorpti on of a l umi n i um by c l ay mi nera l s have s hown 

that polymeri c hydroxy a l umi n i um s pec i es may sorb on cl ay mi nera l s 

( Shen and R i ch , 1 962 ; Brown and Newma n , 197 3 ) . The forma ti on of  these 

pol ymers has a l a rge effect on the properti es of the sorbents ( Hs u  and 

Bates , 1964 ; de  V i l l ers and Jackson , 1967 ) . Dependi ng on the amounts 

of  Al present ,  these hydroxy pol ymers may form polymeri c Al gel s o r  

crys tal l i ne Al hydroxi des ( Hs u  a n d  Bates , 1964 ) . 

The pers i s tence of  short-range o rder Fe and Al oxi des over l ong 

peri ods of ti me coul d be ques ti oned , g i ven that i n  l aboratory s tud i es 

s uch oxi des age rap i d l y  to more crys ta l l i ne oxi des . The presence of  

organ i c  an i ons  ( Schwertmann , 1966 ) , and  S i  ( Tran Vi nh An  and  Herbi l l on ,  

1 969 ; El -Swa i fy and Emerson , 197 5 )  i n  the sol uti on , however , can 

retard and i nh i b i t  the c rystal l i zat ion  p roces s .  Schwertman n  ( 1966 ) 

has proposed that the presence of o ther ani ons , s uch as P ,  coul d a l so 

h i nder the cry s ta l l i zati on  of  amorphous  oxi des . Jenne ( 1 968 ) has  a l s o  

s ugges ted tha t  ferri c oxi de may undergo reducti on/oxi dat i on reacti ons  

wi th orga n i c  matter , whi ch woul d res u l t i n  ferri c oxi de bei ng  

conti nual l y  reprec i p i ta ted . 

The h i g h  a n i on retenti on by syntheti c Fe and Al ox i des , and thei r 

rel a ti vely wi de  d i s tri b u ti on i n  so i l s ,  i nd i cates that s uch s u rfaces a re 
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i mportant i n  ani on retenti on . Hence , the s tudy of pure oxi de sys tems , 

wh i ch are much s impl er than mi xed so i l systems , as model s for the so i l 

system wou l d appear to be j us ti fi abl e and s hou l d l ead  to a better 

unders tandi ng of ani on sorpti on by s o i l s .  

1A . 4  Properti es of the Meta l Oxi de - Aqueous I nterface 

1A . 4 . 1  Ori gi n of charge 

When a crystal l i ne so l i d  i s  i mmersed i n  an e l ectro l yte sol uti on , 

a charge can devel op at  the s u rface by one of two methods : 

( 1 ) uneq ual  d i s so l uti on of  the l atti ce i ons ma k i ng up the sol i d ,  

referred to as i ncongruent d i sso l uti on , and ( 2 )  unequa l sorpti on of 

e l ectro l yte cati ons a nd a n i ons . The mos t  extens i vely s tud i ed 

crystal l i ne sol i d/sol u ti on  i nterfaces are the s i l ver  hal i des , at 

whi ch the s urface charge depends on l a tti ce Ag+ and hal i de i ons , and 

the charg i ng process l eads  to devel opment  of a potenti a l  d i fference 

between so l i d  and sol uti on . The Ag+ and hal i de i ons have been termed 

11potenti a l -determi n i ng i on s 1 1 ( p . d .  i ons ) ( Overbeek , 1952 ) . E l ectri fi ed 

1 1  

i n terface sys tems were l ater extended to hydrou s  me tal oxi de sys tems 

( Pa rks and de Bruyn , 1 962 ) and , s i nce then , have been s tudi ed exten s i vely. 

The term , hydrous metal oxi de , refers to sol i ds wh i ch have as thei r 

on l y const i tuents , one o r  more meta l l i c cat i ons  combi ned wi th the 

el ements of water , hydrogen , and oxygen . I nc l uded are the meta l 

hydroxi des and oxyhydrox i des , and a l so metal oxi des , wh i ch may have 

hydrated s u rfaces a few a tomi c l ayers i n  th i c kness (Onoda and de Bruyn , 

1 966 ) . 

The devel opment o f  c harge may be i l l u s trated by the exampl e of  a 

metal oxi de .  For a b roken oxi de surface , expo s u re to a n  aqueous 

sol u ti on  resu l ts i n  the hydra ti on of s u rface l ayers ( o•connor et a l . , 1 956; 



Parks and de Bruyn , 1962 ) . I n  order to compl ete the coord i nati on 

s hel l of the s urface a toms , hydroxyl  i ons are bound to exposed M+ , and 

protons bound to exposed 0- . Th i s  hydrated s u rface can be con s i dered 

anal agous to the surface of a hydrous  oxi de . S i mi l arl y ,  for edges of 

crysta l l i ne and short- range order a l umi nos i l i cates , broken s urfaces 

i ncorporate OH- and H+ to compl ete the i r  coord i nati on shel l .  These 

hydrated s urfaces ( represented as  M-OH ) have an  amphoteri c nature and 

the sorpti on and desorpti on of proton s , equati on ( 1 . 5 )  and ( 1 . 6 )  bel ow ,  

res u l t i n  a vari abl e c harge s urface : 

M-OH + H+ __... M OH + ( 1 .  5 )  � - 2 
M-OH __.. M-0 + H+ ( 1 .  6 )  -

For oxi de systems , the l a tti ce meta l and oxygen atoms are 

cons i dered to be p . d . i ons , by anal ogy wi th the s i l ver ha l i de system , 

and the proton and hydroxyl i ons  are a l s o  defi ned as p . d . i ons ( Parks 

and de Bruyn , 1962 ) . The potent i a l  of  the oxi des surface i s ,  

therefore , dependent on the concentrati on of H+ and OH i n  s o l u ti on . 

Such s u rfaces are defi ned as constant poten ti a l  s urfaces , i n  contrast  

to surfaces s uch as  l ayer s i l i ca tes , where the s urface charge of  the 

parti c l e i s  determi ned by i nteri or  l a tti ce i mperfecti ons , wh i ch a re 

cl ass i fi ed as  cons tant  charge s urfaces (Van O l phen , 1963 ) . 

Before cons i deri ng the effects of  so l ut ion parameters on  oxi de 

surfaces , and pos s i bl e expl anat i ons  of  the effects , i t  i s  necessary to 

cons i der model s of the e l ectri ca l doub l e  l ayer wh i ch have been p roposed 

to expl a i n the behav i our  of charged i nterfaces . 

1A . 4 . 2  E l ectri cal  doub l e l ayer mode l s 

The pri nc i pa l  a i m  of  doubl e l ayer theory i s  to descr i be the 

spati a l  d i s tri buti on of charge and potenti a l  c l ose to an  i nterface . 

Many model s  have been  p roposed , but  a l l of them are based on s i mp l i fi ed 
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model s ,  i n i ti al ly proposed by Gouy ( 1910 ) and  Chapman ( 1913 ) , and l a ter 

mod i fi ed by Stern ( 1924 ) . 

1A . 4 . 2 . 1  Gouy - Chapman - Stern theory 

The Gouy - Chapman model  proposes that the i on i c  dou bl e l ayer 

may be cons i dered to cons i st of a surface charge ( cr ) un i formly 

d i stri buted over a pl ane , and i n  contact wi th a so l ut ion conta i n i ng i ons  

wh i ch may be  regarded as  u n i form poi nt charges . Ions  i n  sol uti on are 

attrac ted or repu l sed by coul omb i c  forces , depend i ng on the charge on 

the surface and the i on under con s i derati on . The charge on the s u rface 

i s  compen sated for by i ons  of oppos i te charge i n  sol uti on , termed 

counter i ons . A theoreti cal model of the Gouy - Chapman doubl e l ayer 

may be deri ved by con s i deri ng  the d i stri buti on of i ons i n  el ec trol yte 

sol uti ons  under el ectros tati c  forces , and eq ua ti ons  obta i ned for the 

d i s tri buti on of charge and potenti a l  i n  sol u t i on ( for exampl e ,  see 

Adamson , 1967 ; Aveya rd and Haydon , 1973 ) . F i g .  1 . 1A s hows the 

d i s tri buti on of potent i a l  and charge for the Gouy - Chapman model . The 

eq uati on s  obta i ned s how that the charge depends  on the concentrati on of 

the coun ter i ons , the charge on the counter i on ,  and the poten t ia l  a t  the 

s u rface . 

1 3  

The s impl e Gouy - Chapman theory was found to have several i mportant  

s hortcomi ngs , the mos t  i mportant be i ng the a s s umpti on that i ons i n  

sol uti on are poi nt  charges , and the consequent negl ect of i on i c  

d i ameters . Stern ( 1 924 ) mod i fi ed the theory by i ntroduci ng the fact 

that i on s  cou l d not approach the surface to a d i s tance cl oser than the i r  

effecti ve d i ameters . The d i s tri buti on of  charge and potenti a l  i n  the 

S tern model i s  i l l u stra ted i n  F i g .  1 . 18 .  The charge on  the surface (cr0 ) 
i s  bal anced by the charge on  the i ons  at the d i s tance of  cl oses t a pproach 

( crst ) p l us  the charge on the i on s  i n  the d i ffus e  l ayer (ad ) , i . e .  S tern 
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F i g .  1 . 1 Di s tri but i on  o f  poten t i a l  and charge at  a pos i ti vel y�cha rged 
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i n terface . A = Gouy - Chapma n mode 1 a nd 8 = S tern mode 1 . '!' = poten ti a 1 , 
a =  c h a rg e ,  x = d i s tance from the s u rface; s ubscri pts 0 ,  s t ,  and d denote 

the s u rface , the S tern l ayer , and the d i ffu se l ayer ,  res pecti vel y .  



d i v i ded the doubl e l ayer up  i n to an  i nner compact l ayer and a d i ffuse 

Gouy - Chapman l aye r .  

Stern a l so  i ntroduced a new concept that recogn i zed that , a t  

s hort d i stances from the s u rface , there may exi s t  a s peci fi c 11Chemi ca l 11 

i nteracti on between the i on s  and the s u rface . Hence , the potent i a l  of  

an  i on at a cha rged i nterface wou l d be  a combi nati on of the  potenti a l  

due  to s pec i fi c  chemi ca l a ttraction  between the surface and the i on , 

p l u s  the potent i a l  due to coul omb i c  a ttract ion between the i on and 

15  

the s urface . By cons i deri ng both these potent i a l  terms , the d i s tri buti on 

of charge at the Stern l ayer can then be ca l cu l ated (Adamson , 1967 ) . 

1A . 4 . 2 . 2  The Gouy - Chapman - Stern - Grahame doub l e l ayer 

From s tud i es of the mercury-e l ectrol yte i nterface , Grahame ( 1 947 ) 
proposed that  fu rther subdi vi s i ons  of  the doub l e l ayer cou l d  be made . 

Observ i ng the s trong sorpti on of i ons  at the i n terface , Grahame proposed 

that i ons coul d be sorbed i nto a p l ane of  d i rect contact wi th the s u rface 

by compl ete or parti a l  removal of both the i on ,  and the s u rface , 

hydrati on s heaths . The l ocus of centres of s uch  i ons i s  ca l l ed the 

i nner Hel mho l tz p l ane ( i . H . p . ) , i n  contrast  the l ocus of  cen tres of  

hydrated i on s  that are not so s trongly sorbed , the outer Hel mhol tz p l ane 

( o . H . p . ) ( F i g . 1 . 2A ) . The o . H . p .  corresponds to the S tern l ayer of  

F i g .  1 . 18 .  

Ion s  that are i n  d i rect contact wi th the surface are termed 

s pec i fi ca l l y  sorbed i on s  ( s . s . i ons ) . Th i s  type of  sorpti on i s  poss i bl e  

i f  the i on concerned i s  weak ly  hydrated or i f  a h i gh sorpt i on energy 

exi s ts between the s peci fi c  i on and the su rface . S . s .  i ons  can sorb on 

oppos i te l y  - charged s u rfaces out of a l l proport i on to thei r concentrati on 

i n  sol ut i on , rel ati ve to non-s peci fi cal l y  sorbed i ons  ( H i ngs ton  et a l . ,  

1967 ) , and can s how s u per-equ i va l ent sorpti on , resul ti ng  i n  reversal  of  
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Fi g .  1;2 Model s o f  d i fferent pos i t i ve l y- cha rged s u rfaces ( A )  and  

d i s tri buti on of poten t i a l  and  charge a t  thes e  s u rfaces ( B ) . ( i ) S tern -

Gra ham model , ( i i ) charge reversa l  ari s i ng from s upereq u i va l e n t  s orpti on of  

an i ons , and ( i i i ) con s tant- potent ia l  s u rface . a = spec i f i ca l l y  sorbed an i on 

i n  the i nner Hel mho l tz p l ane i n  ( i ) and  a t  the surface i n  (i i i ) , b = a n i on a t  

the p l ane  of  cl o s e s t  approach ( outer H e l mho l tz p l ane ) , c = cou n te r  i on i n  

d i ffus e  l ayer , '!'  a = poten ti a l  i n  p l ane o f  s pec i fi ca l l y  sorbed a n i on , a nd 

other terms as  def i ned i n  F i g .  1 . 1  



the s i gn of the d i ffu se l ayer potenti a l , � d ( F i g .  1 . 2 ( i i ) ) .  Breeuwsma 

and Ly kl ema ( 1973 )  have defi ned speci fi c  sorpti on as any sorpti on for 

wh i ch the sorpti on energy d i ffers from the coul omb i c energy . The 

term s pec i fi c  sorpt i on was i n i ti a l l y  devel oped by Grahame ( 1947 ) for 

sorpti on at pol ari zabl e metal el ectrodes where there was no charge 

transfer across the i nterface and the d i sti ncti on between s urface and 

sorb i ng i ons was c l ea r .  Hence , s pec i f i ca l l y  sorbed i ons  can be 

phys i cal l y  d i s ti ngu i s hed from the surface and  superequi va l ent sorpti on 

c l early has no effect on the surface charge ( Breeuwsma and Lyk l ema , 

1 973 ) . For metal oxi de system , however , counter  i ons can become p . d .  

i ons  and the d i s ti nct i on between s u rface and sol uti on becomes unc l ea r .  

I t  i s  normal l y  a s s umed that p . d . i ons a re i ntegra l parts o f  the so l i d  

s urface and , hence , p . d . i ons  are no l onger rega rded as s . s . i ons  and 

a new s urface of  potenti a l  (�o ,�a ) i s  formed ( F i g .  1 . 2 ( i i i ) ) .  

Therefore , p . d . i on s  may be d i sti ngu i s hed from s . s . i ons ; these s . s . i on s  

are assumed t o  sorb at the sol ut ion  s i de of  the i nterface . Thi s 

d i s ti ncti on i s  c l ear i f  s pec i fi c  sorpti on i nvol ves pri mari l y  i on i c 

i nteracti ons . When cova l ency i s  i nvol ved , however ,  the d i s ti ncti on  

between surface and sorbed i on becomes unc l ear and s . s . i ons  may a l so  
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become p . d . i on s . Such effects wi l l  be d i scussed i n  s ubsequent secti ons . 

1A . 4 . 3  D i s tri buti on  of charge at  ox i de s urfaces 

1A . 4 . 3 . 1  Vari at i on of charge i n  the absence of s peci fi c  sorpti o n  

The charge on  hydrou s  meta l ox i des i s  determi ned by the p . d . i ons , 
+ -H and OH . An exces s of  one of these i ons determi nes the net charge 

of the surface , and , hence , the charge on  the s urface i s  g i ven  by 

equati on ( 1 . 7 ) : 
= ( 1 . 7 )  
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where \ 
H+ ,  \ OH - ' a re the sorpti on dens i t i tes of  H+ and OH - , res pec ti vel y 

( s tri ctly s pea k i ng , the s urface exces s , but  the so l u ti on concentrat ion  

i s  a s s umed to  be negl i g i b l e  compared to  the sorbed i ons ) . The  upta ke 

o f  H+ or OH- i s  most  read i l y  determi ned by potenti ometri c t i tra ti ons 

of  oxi des ( Bo l t ,  1957 ; Parks and de Bruyn , 1962 ; Yopps and Fuerensta u , 

1 964 ; Atki nson  et a l . ,  1967 ) . Such  ti trati ons  are usua l l y  carri ed out 

i n  vari ous  concentrat ions  of  s u i tabl e e l ec trol ytes ( KCl  or  KN03 ) , whose  
+ i ons  are a s s umed to be non - s peci fi cal l y  sorbed . The uptake o f  H ( or 

OHl i s  determi ned by the d i fference i n  ti tres and the appropri a te 

b l a n k  sol ut i on . An exampl e of  a t i tra tion cu rve for a meta l ox i de 

i s  g i ven i n  F i g .  1 . 3A .  The po i n t o f  common i ntersecti on of the curves 

can be s hown to be the condi t i on of  zero net s u rface charge ( Parks  

and de  Bruyn , 1962 ) and  the  pH at  the  poi nt of  zero charge ( p . z . c . )  i s  

denoted as  pH ( p . z . c . ) .  Therefore , at  pH ( p . z . c . ) :  

( \ H+ - \ OH- ) = O ( 1 .  8 )  

T h e  charge on  t h e  s urface at p H  va l ues di fferent from the p . z . c .  i s  

then defi ned re l ati ve to thi s zero poi nt and charge - pH curves 

obtai ned . At pH val ues  abo ve pH ( p . z . c . ) ,  a 0 i s  nega ti ve and  bel ow 

pH ( p . z . c . ) ,  a 0 i s  pos i ti ve .  · I t  can be· seen ·from Fi g .  1 . 3A tha t ; · a t  

constant  pH , the magn i tude of  the charge i nc reases wi th i nc rea s i ng 

e l ectro l yte concentrat i on , i n  a greement wi th pred i cti ons  from 

theoreti ca l doubl e l ayer equati ons . 

1A . 4 . 3 . 2  Vari at i on of  charge i n  the presence of  s peci fi ca l l y-

sorbed an i ons  

When t i trati on curves o f  meta l oxi des move away from the un i que  

c ros sover po i nt ,  u s ua l l y  at  h i g h  e l ectrol yte concentrati on ( F i g .  1 . 38 ) , 

then one o f  the i ons of  the e l ectro l y te i s  a s . s . i on .  The  d i recti o n  
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F i g .  1 . 3  S u rface charge- pH c u rves for goeth i te i n  the presence o f  
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d i fferen t  an i on s , s howi ng  the effect o f  an i on sorpti on  on  pH ( p . z . c . ) o f  

ox i des . A =  i n  the presence of  KN03 sol uti ons  of d i ffe rent  i o n i c  s trength  

and  B = i n  the  presence o f  K2s o4 so l u t i ons of d i ffe rent  i on i c  s trength ; 

both from Y a tes  and Hea l y  ( 1 975 ) . C = i n  pres ence and  a bsence o f  sel e n i te 

a t  vari ous  NaC l  concentrat i ons , from H i ngs ton e t  a l . ( 1968a ) ; charge i n  

presence of  se l en i te ca l c u l ated , not experi men ta l l y  determi ned . 



of s h i ft of pH ( p . z . c . )  has been found to d i ffer fo r d i fferent an i ons 

sorb i ng on  hydrous metal  oxi des ( H i ngston et al . ,  1968a , 197 2 ; 

Breeuwsma and Lykl ema , 197 3 ; Ryden et a l . ,  1977a ) .  

The con tradi ctory resu l ts reported for the s h i ft of  pH ( p . z . c . )  

appear to have pa rtl y ari sen because  of  the defi n i ti on of  where i ons  
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are 1 oca ted wi th respect to the " s u rface"  of the meta 1 oxi de . Breeuwsma 

and Lykl ema ( 1973 )  cons i der tha t s peci fi c  sorpt ion  ta kes p l ace i n  the 

S tern Layer at the i . H . p .  ( F i g .  1 . 2A ) ; the i ncrease i n  negati ve charge 

subseq uent to speci fi c  sorpti on of  an i ons promotes the sorpti on of  H+ on 

the surface , hence the pH mus t  i ncrease to ma ke the surface charge zero . 

Th i s  i s  i l l u s trated i n  F i g .  1 . 38 for S sorpti on on goeth i te .  A s i mi l a r 

i nc rease i n  pH ( p . z . c . )  s ubseq uent to S so rpti on of haemati te has been 

observed by Breeuwsma and Lykl ema ( 1 973 ) . Hi ngston et a l . ( 1967 , 

1968a , b ,  197 2 )  have concl uded tha t s pec i fi c  sorp ti on of  an i ons  res u l ts 

i n  a decrease i n  pH ( p . z . c . )  ( F i g .  1 . 3C ) .  They defi ne the surface of 

the oxi de to beg i n at  the i . H . p .  and cal l spec i fi c sorpti on a l i gand­

exchange reac ti on . The i r data for the surface charge i n  the presence 

of a s pec i fi cal l y- sorbed a n i o n , however , i s  not measured by H+ , OH ­

sorpti on , but  by measuri ng OH - rel ease  and by a s sumi ng an  i ncrease 

i n  s u rface negati ve charge s ubsequen t to ani on sorpti on . Th i s  approach 

i s  q uesti o nabl e because i t  a s s umes that the sorp ti on of  an i ons res u l ts 

i n  an  i ncrease i n  surface negati ve charge , i . e . , the mechan i sm i s  

a s s umed i n  cal cu l ati ng the charge-pH curves . Recent s tud i es ( Ryden 

et a l . ,  1977a ) have s hown that the pH ( p . z . c . )  of hydrous  ferri c oxi de 

gel , as measured by potenti ometri c ti trati on , decreases s ubsequent to 

P sorpti on . These workers ascri bed thi s s h i ft to the formati on of a 

ferri c phosphate-l i ke surface , ra ther than i n  terms of s peci fi c sorpti on .  

The d i fference between the data of  Ryden et a l . ( 1977a ) and Breeuwsma 



and Lykl ema ( 1973 )  does i nd i cate that the reacti on between P and the 

s u rface i s  di fferent  from that for S ,  even though both are descri bed 

as s . s .  an i ons ( H i ngston et  a l . ,  1967 ) . Further evi dence for th i s  

d i fference has been presented by Yates and Healy ( 1975 ) , who s howed 

that P sorption  by goeth i te occurred by l i gand-exchange , whereas S 

sorpt ion d i d not i nvo l ve l i gand exchange . Thi s poi nts to the need 

for a more preci s e  defi n i ti on of spec i fi c  sorpti on . 

1A . 4 . 3 . 3  Poi nts of zero cha rge o f  s o i l components 

No oxi de or hydrous  oxi de of a s pec i f i c formul a  has a defi n i te 

pH ( p . z . c . ) ( Parks , 1965 ) . The val ue depends on  the ori g i n ,  h i s tory ,  

puri ty ,  crysta l l i n i ty ,  temperature o f  preparati on , and the degree of  

hydration  of the  sampl e .  Compi l ati on of p H  ( p . z . c . ) va l ues for Fe 

and Al oxi des and hydrous  oxi des ( Ryden , 197 5 ) , however , s hows that 

the va l ues fa l l  in  the range 8 . 0  - 9 . 5 ,  wi th Al oxi des and hydrou s  

2 1  

oxi des genera l l y  showi ng h i gher val ues than those for Fe . Th i s  i mpl i es 

that ,  at  aci d so i l pH val ues , hydrous  oxi des of  Fe and Al wou l d  be 

expected to be pos i ti ve ly  cha rged . S i l i ca gel s ,  on the other hand , have 

a pH ( p . z . c . )  of  approxi mately  3 . 0  and wou l d  be negati vel y  cha rged a t  

norma l soi l p H  va l ues . 

The pH ( p . z . c . ) va l ues for crysta l l i ne a l umi nos i l i cates a re not  

so defi n i te .  The permanent negati ve charge of  such mi nera l s wou l d be 

expected to be  constant at al l pH va l ues . S uch  crysta l l i ne a l umi no­

s i l i cates , however , can have hydrated edge faces , on wh i ch a pH-dependent 

charge cou l d ar i se  i n  muc h  the same manner  as for hydrous metal oxi des . 

These hydra ted edge a toms cou l d be e i ther S i  or Al , wh i ch wou l d i n  turn 

a ffect whether  they were pos i ti ve ly  or  n egati vel y charged at  a g i ven  

pH , because the  pH ( p . z . c . )  of  S i  and A l  hydrou s  oxi des d i ffer  wi del y .  
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The surface charge of  such comp l ex oxi des wi l l  be the s um of  the 

net pos i ti ve and negati ve charges ( Parks , 1967 )  and the pH ( p . z . c . )  of  

crysta l l i ne a l umi nos i l i ca tes coul d ,  therefo re ,  occur at pH  val ues where 

there are l ocal i sed cen tres of charge . Short- range order a l umi nos i l i ca tes 

wou l d  a l so be expected to s how the same properti es . Al though the 

11 S tructu re11 of  such mi neral s i s  not defi n i te l y  known , model s proposed 

i ndependently by Cl oos et a l . ( 1969 ) and van Reeuwi j k  and de V i l l i ers 

( 1970 ) appear to have general acceptance . These model s propose a 

permanen t ,  negati vely-cha rged core , ari s i ng from i somorphous 

s ubsti tution of  Si  by Al , s urrounded by a hydroxy Al coati ng , wh i ch 

wou l d  be expected to have a pH-dependent charge . Hence , the pH ( p . z . c . ) 

of such a l umi nos i l i cates wou l d fa l l  a t  a pH where the net charge was 

zero , even thoug h l ocal i zed centres of  pos i ti ve charge cou l d exi s t  at  

pH  va l ues greater than the determi ned pH  ( p . z . c . ) .  

The exi s tence of  pure Fe and Al hydrous oxi des i n  so i l s  i s  

doubtful , and i t  i s  often postu l ated that they exi s t  as mi xed gel 

systems wi th s i l i ca ( Tran V i nh An and Herb i l l on ,  1969 ) or wi th s i l i ca 

and organi c matter ( Ma ttson e t  al. , 1 950 ). Such  mi xed gel sys tems wou l d  have 

d i fferent pH ( p . z . c )  from the pure components , as  d i scus sed above . 

Tadros and Lyk l ema ( 1 969 ) reported that i mpuri ti es , i ncl ud i ng Al 2o3 i n  

S i 02 , i ncreased pH ( p . z . c . )  from approxi mate l y  3 . 0 to 6 . 0 .  Matti ngl ey 

( 1975 )  has urged tha t greater attenti on be pa i d  to such mi xed gel  

systems , wh i ch are expected to have more rel evance to the so i l s i tua ti on 

than pure oxi de systems . 

1A . 4 . 4  Di s tr i buti on of potenti a l  a t  oxi de surfaces 

The d i s tri buti on of  potenti a l  i n  the doubl e  l ayer i s  u s ual l y  

determi ned by measurement o f  el ectrok i neti c phenomena , i nvol v i ng rel ati ve 

moti on between a charged s u rface and  the bu l k sol uti on . Th i s  enab l es 



meas urement of  the ze ta poten t i a l , the potenti a l  at  the p l ane of  s hear 

when the charged parti cl e moves . The pos i ti on of  th i s  s hear p l ane , 

re l ati ve to other doubl e l ayer p l anes , i s  not preci sely known , because 

i t  i s  not pos s i b l e to l ocate i t  rel ati ve to the sol i d  surface 

( Aveyard and Haydon , 1973 ) . The zeta potenti a l  i s  o ften a s s i gned to 
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the  potenti a l  at the Stern l ayer boundary , � d ( F i g .  1 . 2A )  ( Hunter and 

Wri ght , 197 1 ; Breeuwsma and Lyk l ema , 1973 ) ,  a l though there i s  evi dence 

that  i t  may be l oca ted further away from the s u rface (Adamson , 1967 ) . 

Meas urement  of  the zeta poten ti a l  may provi de evi dence for the occurrence 

of s pec i f i c  sorption , because the pl ane of  s pec i fi c  sorpti on i s  a l ways 

l ocated on the sol i d  s i de o f  the ze ta potenti a l  pl ane , and consequentl y 

the exact l ocat i on of the p l ane  of s pec i fi c  sorpti on i s  l es s  i mportant 

than  for surface charge measurements . 

The zeta poten ti a l  i s  re l a ted to s urface potenti al and hence , to 

e l ec trol yte concentrati on and  pH for oxi de sys tems . The pH where the 

zeta potent i a l  i s  zero i s  known as the i soel ectri c poi n t ,  pH ( i . e . p . ) .  

I n  the absence of spec i fi c sorpti on , the charge i n  the d i ffuse l ayer 

depends on ly  on the s u rface charge , and hence : 

pH ( i . e . p . )  = pH ( p . z . c . ) = pH0 ( 1 . 9 )  

I n  the presence of s . s .  an i ons , the potenti a l  i n  the di ffuse l ayer i s  

changed ( F i g .  1 . 2B )  and p H  ( i . e . p . )  al so changes . Speci fi c sorpti on 

o f  a n i on s  makes �d more negati ve , and therefore , rel ati ve to no s peci fi c  

sorpt ion , l es s  OH- mus t  be a dded to a pos i ti ve oxi de surface to make 

�d = 0 .  Th erefore , pH ( i . e . p . ) wou l d be expected to drop rel ati ve to 

pH0 when s pec i f i c  sorpti on occurs . Decreases i n  pH  ( i . e . p . ) s ubseq uent 

to a n i on sorpti on by oxi des has  been found for As ( Anderson et a l . ,  1 976 ) , 

S ( Breeuwsma and Lyk l ema , 197 3 ) , and for a range o f  ani ons ( Wa kats u k i  

e t  a l . ,  1974 ) .  Both Wa katsuk i  et a l . ( 1974 ) a n d  Anderson e t  a l . ( 1976 ) 
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ass umed that the decrease in  pH ( i . e . p . ) was a consequence of  a decrease  

i n  s u rface potent i a l  s ubsequent to  ani on sorpti on , i . e . , the sorbi ng  

an i ons  are p . d .  i on s . However , F i g .  1 . 2B s hows that a reducti on i n  the 

di ffuse  l ayer potenti a l  as a resu l t of s pec i fi c  sorption wou l d  l ead  to 

a change i n  pH ( i . e . p . ) wi thout any change i n  s urface charge , as 

proposed by Breeuwsma a nd Lyk l ema ( 1973 ) . Wa kats uk i  et a l . s tud i ed 

sorpti on of several a n i ons ( As , B ,  Cl , Mo , N ,  P ,  S ,  Se , S i , V) and  

l i sted these an i on s  i n  order of  the mi n i mum an i on sol uti on concentrati on 

requ i red to g i ve charge reversal  on a g i ven oxi de at  a constant pH . 

By compari ng the o rder of an i ons wi th i on i c potenti a l  and genera l 

sol u b i l i ty ,  they concl uded that spec i fi c  sorpt i on of  an i ons wh i ch 

requ i red the l owes t  concentra t i on to gi ve charge reversal  i nvol ved 

cova l ent bond formati on . The fact that pH ( i . e . p . ) i s  dependent on  a 

potent i a l  at a d i s tance from the surface , however , woul d appear to l i mi t 

i ts va l ue as a tool  i n  mecha n i sti c s tud i es of  ani on  sorpt ion . 

Stud i es of  change i n  pH ( p . z . c . ) and pH ( i . e . p . ) s ubsequent to 

spec i fi c sorpti on  i nd i cate that  the term s peci fi c  sorpti on , i n heri ted 

from the more eas i l y-defi ned el ectrode s u rfaces ( Grahame, 1947 ; Boc kri s 

et a l . ,  1 963 ) , i s  perhaps not appl i cabl e at  oxi de s urfaces . For 

examp l e ,  i t  i s  i mportant to know whether s pec i fi c sorpti on i nvol ves 

l i gand-exchange ( H i ngston et a l . ,  1967 , 1968a , b ,  1972 ) wi th s urface 

p . d . i ons  or i nvol ves sorpt i on at a pl ane d i st i nct  from the s u rface 

( Breeuwsma and Lyk l ema , 1 97 3 ) i f  an unders tand i ng of sorpti on  

mecha n i sms is  to  be reached . 

Non- s peci fi c sorpti on of  an i ons ( and  cati ons ) does not a ffect the 

surface charge , �r �' the i on s  mere ly  compensate the s urface charge 

and a re d i stri bu ted at the o . H . p .  and o ver the d i ffuse l ayer ( F i g .  1 . 1B ) . 

Such i ons  are eas i l y  removed from the s u rface and are on ly  sorbed i n  



proporti on to thei r concentrati on i n  so l u ti on ( H i ngston et a l . ,  1967 ) . 

An i ons  sorbed i n  th i s  way cou l d be c l assed  as bei ng phys i ca l l y  sorbed 

at the oxi de s urface ; Cl , N ,  and C l 04
- behave as phys i ca l l y  sorbed 

ani ons at oxi de s u rfaces . 

S peci fical l y- sorbed i ons are sorbed out of a l l proporti on to 

the i r concentra t i o n  i n  sol uti on ( H i ngston et a l . ,  1967 ) and may 

i nduce charge reversal  at the sorb i ng s u rface ( F i g .  1 . 28 ) . Al though 

ani ons s uch as P and S are both c l a s sed as  spec i f i ca l ly- sorbed i ons , 

P appears to bond by l i gand-exchange whereas S does not ( Yates and 

25 

Heal y ,  1975 ) ,  and the s h i ft i n  pH ( p . z . c . ) ,  s ubsequent to sorpti on at 

i ron ox i de su rfaces , i s  in  d i fferen t d i rections  rel ati ve to pH0 

( Breeuwsma and Lyk l ema , 1973 ; Ryden et  a l . ,  1 977a ) .  Thus , i t  woul d 

seem neces sary to re-cl as s i fy s pec i f ica l l y  sorbed an ions  i nto two groups . 

One , those that are s trong ly  hel d at  the s urface and undergo l i gand­

exchange reacti ons wi th the surface , i . e . , they may affect the s u rface 

charge and are , i n  fact , p . d . i on s , s uch as As , F ,  Mo , P ,  Se , and S i ; 

these i ons  are pos tu l ated to form s trong cova l ent bonds wi th the 

surface ( Wa katsuk i  et a l . ,  1974 ) and hence wou l d  consti tute chemi sorbed 

i ons  ( P  has  been p roposed to undergo c hemi sorpti on react ions  wi th 

oxi de s u rfaces by Breeuwsma and Lyk l ema , 1973 ; Ryden et a l . ,  1977a ) .  

Two , those an i ons , s uch as B and S ,  that do not appear to be hel d as  

strongl y at  the s u rface , yet are c l as sed as  s pec i fi cal l y  sorbed , i . e . , 

they are more- s trongl y  hel d than an i ons s uch as Cl  and N .  There i s  

no s ha rp d i vi d i ng l i ne between p hys i ca l  and chemi cal sorpti on , 

a l though  the extremes are eas i l y  d i sti ngu i s habl e ( Adamson, 1 967 ) , and 

ani ons s uch  as B and S cou l d be c l assed as i ntermedi ate sorpti on types , 

not undergoi ng l i gand-exchange , chemi sorpti on reacti ons but  more 

strongl y  hel d than phys i ca l l y-sorbed ani ons . 



1A . 5  Genera l i zed Model s o f  An i on Sorpti on 

Whereas there have been many s tud i es of an i on sorpti on , few 

have i nvol ved a prec i se mechan i s t i c  approach ,  and resu l ts are often 

i nterpreted i n  terms of the genera l i zed ani on sorpti on mode l s .  The 

o n l y  general model s for a n i on sorpt i o n  have been obtai ned by Qui rk and 

eo-workers ( H i ngston et a l . ,  1967 , 1968a , b ,  197 2 ; Bowden et a l . ,  

1 97 3 , 1974 , 1 977 ) . Because other a n i on sorpti on s tudi es ( e . g .  Barrow , 

1 970 ; Theng , 197 1 ; Obi hara and Rus se l l ,  1972 ; Gebhardt and Col eman , 

1 974a , b ,  c ;  Gonzal ez et a l . ,  1 974 )  often i nterpret the i r resu l ts i n  

terms of the general mode l s ,  these model s requi re cri ti cal  eva l uati on . 

I t  i s  o ften di ffi cu l t to unders tand what the mode l s of  H i ngston 

et a l . propose ,  but they a re based l argel y  on the experi menta l l y­

determi ned 1 1 adsorption enve l opes ' ' ( F i g .  1 . 4 ) , wh i ch are p l ots of 

max i mum sorpti on of an  a n i on  at each pH versus pH . H i ngston et a l . 

( 1967 , 1968b , 1972 ) have s hown that maxima and/or breaks  i n  these p l ots 

occur at pH val ues wh i ch a re wel l corre l ated wi th the p Ka of  the 

conjugate ac i d  of  the sorb i ng an i on . From these resul ts they concl uded 

that , for spec i fi c  sorpti o n  of an i ons to occur , s pec i es ab l e to donate 

and accept a proton mus t  exi s t  s i mul taneous l y  at  the surface . The 

exact mechan i sms proposed are not c l ear , but the authors s tate that an 

i ncrease i n  negati ve charge upon sorpti on i s  a neces sary requi rement a nd 

that s peci fi c  sorpti on i nvol ves l i gand-exchange . 

sorpti on of S i  i s  proposed as : 
0 

For exampl e ,  the 

0 
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Mv' OH2 M� OH2 + HO-S i ( OH ) 3 
� + H20 "osi ( OH ) 3 
� 'os ; ( OH ) 3 

( 1 . 10 )  

OH2 
0 K+ V' OH 

J M� ----1 M' O-S i  ( OH )  
K+ + H+ 

'os ; ( OH ) 3 
� ( 1 . 1 1 )  
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Ma x i mum sorpti on - pH c urves ( "adsorpti on envel opes 1 1 ) fo r s o rpti o n  

of  va r i o u s  a n i o n s  by goeth i te .  A = experi menta l curves from H i ngs to n  et  a l . 

( 1 968b ) ,  and B = cal cu l ated envel opes ( so l i d  l i nes ) and experi men ta l  po i n ts 

from Bowden e t  a l . ( 1 97 5 ) .  Das hed l i ne for F p l aces a n i on  i n  S tern l ayer .  



I t  i s  never made c l ear why an  i ncrease i n  negati ve charge i s  cond i ti onal  

for s pec i fi c  sorption of a n i ons ; for exampl e ,  why equati on  ( 1 . 10 )  

a l one cou l d  not b e  the sorpti on react ion . Spec i fi cal l y- s orbed ani ons  

of  comp l ete ly  d i s soci ated aci ds , e . g . , F ,  S ,  are said  to s orb only on 

pos i ti ve charged su rfaces by pro ton dona t i on from the s u rface , 

enabl i ng the an i on to then d i sp l ace s u rface -OH . Whi l e  ful l y  

di ssoc i ated an i on s  can on ly  sorb at pos i ti ve surfaces , parti a l l y  

d i s soc i ated ani ons  are sa i d to s orb a t  s urfaces whi ch may b e  negati ve ly  

charged because "aci d d i s soc i ati on  of  the sorbi ng s pec i es p rov i des 

pro tons  wh i ch react wi th s u rface -OH to form water whi ch i s  read i l y  

d i s p l aced by the a n i on " . The weakness i n  the theories devel o ped by 

H i ngston  et a l . i s  that they do not con s i der the surface charge on 

the ox i de ,  wh i c h wou l d  be expected to change wi th pH , as  d i scus sed i n  

secti on  1A . 3 .  Thus , the theoreti cal adsorpti on envel opes devel oped by 

H i ngston et a l . ( 1 970 ) do not co rrespond wel l wi th experi menta l l y  

obta i ned enve l opes , except a t  pH = p Ka .  These envel opes were based 

so l el y  on con s i derati on of the sorbi ng s peci es wi th no regard to the 

change i n  surface charge wi th pH . 

Al though breaks and/or max i ma i n  sorpt i on envel opes have been 

found at or near p Ka val ues by other workers ( Theng , 197 1 ; Obi hara and 

Rus se l l ,  1 972 ) , they have not a l ways been found for P sorpti on ( Chen et 

a l . ,  1 973a ; Huang , 1 975 ) . There fore , a l though the experimental work 

of H i ngston et a l . appears to i nd i cate that there i s  a s i gn i fi cant  

rel ati ons h i p between sorpti on and the  form of an i on  i n  s o l uti on , to 

ma i nta i n  that th i s  i s  the on l y  i mportant  parameter i s  an over­

s i mpl i fi cati on . 

A recent model  from the same school of workers ( Bowden et a l . ,  

1973 , 1974 , 1977 ) has  attempted to i mprove the H i ngston model , and a 
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theoreti ca l  model  has been devel oped , based  primari l y  on the S tern 

model of  sorpti on ( Sect i on 1A . 4 . 2 . 1 ) .  The model devel oped p roposes  that : 

( 1 )  pH-dependent charge on  the s urface i s  deve l oped by protonati on and 

deprotonati on reacti ons  wi th oxo , hydroxo , and aquo l i gands i n  a s u rface 

phase ; ( 2 )  s peci fi c  sorpti on ( not i n vol v i ng l i gand-exchange ) i s  p i ctu red 

as ta ki ng p l ace i n  a second p l ane at s ome d i s tance from the fi rs t p l ane . 

Bowden et a l . then compared model ti trati on curves , sorpti on i sotherms 

and sorpti on enve l opes wi th experi mental data for goeth i te ( F i g .  1 . 4B ) . 

Compari son of experment and theory i n  the absence of speci fi c sorpti on 

( Bowden et a l . ,  197 7 )  i s  good , but i n  the p resence of s peci fi cal l y  

sorbed i ons , the data p resented are for a wi de concentrati on range and 

conc l us i ve compari sons are hard to make . To fi t theoreti cal curves to 

experi mental data for F sorpti on , Bowden et a l . ( 1973 , 1974 ) proposed 

that F sorbs i n  the same p l ane as poten ti a l -determi ni ng H+ and OH- . 

Cl ose  compari son  of  pred i cted and exper imental  curves for other s . s . i ons  

at  l ow concentrati ons may have nece s s i tated the same pos tu l ate . The 

mode l of Bowden et a l . ,  therefore , predi cts that ani on sorpti on  cannot 

be genera l l y  regarded as  l i gand-exchange . The observati on that a n i on 

sorpti on often res u l ts i n  OH- rel ease ( Re i senauer et al . ,  1962 ; Rajan 

et  a l . ,  1974 ) i s  qua l i tati vely expl a i ned i n  terms of di sp l acement of 

the a n i on aci d d i ssoc i a t i on equi l i bri um , even though pH changes can 

occur durfug sorpti on of  fu l l y d i s soci a ted an i ons  ( Rei senauer et  a l . ,  

1962 ) . The observed fact that ani ons  can sorb on  negati ve charged 

s u rfaces i s  q ua l i tati vel y expl a i ned by the Stern chemi cal  i nteract i on 

potenti a l  between the s urface and the sorb i ng i on , whereas at h i gh  

so l uti on concentrati ons , a n i on sorpti on i s  s a i d to  be  l i mi ted by 

e l ectrostati c repu l s i on rather than by a l l s urface s i tes wh ich  can be 

occup ied be i ng fi l l ed .  



Bowden et a l . ( 1973 , 1977 ) s tate that the i r model i s  an obv i ous  

overs i mp l i fi cati on and  i s  at bes t ,  on ly  a qua l i tati ve exp l anati on of  
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observed experi mental facts . The apparent d i s regard of  l i gand-exchange 

as  a mechan i sm of an i on sorpti on woul d  appear to l i mi t the appl i cab i l i ty 

of  the model , a l though i t  does l eave open the pos s i b i l i ty of a n i on 

exchange wi th potenti a l  determi n i ng H+ and OH - , and pred i ct ions  based 

on thi s need to be i nvesti gated . Thei r recogn i ti on of surface charge 

and aci d i ty as be i ng of i mportance i s  an i mprovement on the model s of 

H i ngston et a l . ,  but the overs i mp l i fi cati on of  the S tern model appears 

to l i mi t the use of the model . Any genera l i zed theory mus t  account  

for d i fferences i n  the exten t of an ion  sorpt i on , di fferences i n  

s trength of bond i ng  o f  a n i ons , competi ti on effects between ani ons , the 

effects of pH on an i on  sorpti on , and the effect of ani on sorpti on on 

doubl e l ayer parameters , s uch as  pH ( p . z . c . ) and pH ( i . e . p . ) .  Such  

theori es woul d need to  consi�er both s urface parameters and properti es 

of the sorb i ng i on ,  as  wel l a s  con s i derat ion  and testi ng of  the 

proposed doubl e  l ayer theori es to oxi de surfaces . Bowden et a l . ( 1 977 ) 

have po i nted out that the concept of p l ane oxi de s urfaces i s  a gross  

overs i mp l i fi cati on and  before reasonabl e mode l s can  be propos ed , concepts 

s uch as  p . d . i ons , and s . s . i ons , need to be rati ona l i zed , g i ven the 

i ncreas i ng experi men ta l  evi dence that there i s  no c l ear d i sti ncti on 

between them ( Wakatsu k i  et  a l . ,  1974 ; Anderson et a l . ,  1976 ; Bowden 

et a l . ,  1 977 ; Ryden et  a l . ,  1977a ) .  

I n  concl us i on , a l though an i on sorpt i on on  oxi de s urfaces s hows 

some s i mi l ari ties  for many an i ons , there i s  no overa l l sorpti on model  

that  can adeq uate ly  fi t the  wi de range of  sorpt i on properti es seen . 

Further d i scus s i on o f  defi n i te mechan i sti c pos tu l ates for ani on sorpti on  

wi l l  be  l i mi ted to  those for Mo  and  P .  



1A . 6  Sorpti on and  Desorpti on  i n  the Presence of  Competi ng An i ons 

1A . 6 . 1  Competi ti ve sorpti on 

S tud i es of competi ti ve sorpti on by so i l s  and soi l components can 

he l p  l ead to an unders tandi ng of  the s orpti on reacti on and may a l so  be 

useful  i n  unders tandi ng res u l ts tha t are a consequence of  a n i on 

competi t i on i n  fi e l d s i tuati ons . Competi t i ve sorpti on i s  here ta ken 

to mea n  sorpti on of ani ons i n  the presence of other ani ons  wh i ch are 

expected to compete for sorpti on  s i tes . 

3 1  

An i ons s uc h  a s  C l  and N ,  te rmed non-s peci fi ca l l y  sorbed an i ons  

( H i ngston  et a l . ,  1967 ) , a re found  to be non-competi ti ve wi th s peci fi cal l y  

sorbed an i ons , s uch a s  Mo , P ,  S ,  etc . For examp l e ,  Ki nj o and Pratt , 

( 197 1 )  found that both P and S s howed a l a rge preferenti a l  sorpti on over 

N on several  tro p i ca l  so i l s .  

When both the ani ons p resent are s trongl y  sorbed , the res u l ts are 

not as  c l ear-cut . H i ngston et a l . ( 1967 , 1968b )  have proposed that 

the i on ,  wh i ch when present a l one i ncreases the charge to the greatest 

extent , i s  sorbed preferenti a l l y .  F i g .  1 . 5  i l l u strates the effect of 

S i  on P s orpti on and i s  s a i d to be proof of the above s tatement , i . e . , 

S i  on l y  reduces P sorpti on when the s orpti on envel opes cro s s , or , i n  

other word s , when more S i  i s  sorbed than P .  Th i s  i s  a l s o  proposed 

to expl a i n the known dependence of competi ti ve sorpt i on on pH 

( H i ngston et a l . ,  1968b ; Gorl ach et a l . ,  1969 ; Obi hara and Rus sel l ,  

1972 ) . The l i mi tation  to the hypothes i s  that a n i on sorpti on res u l ts 

i n  an  i ncrease i n  negati ve charge has been d i scus sed prev i o us l y .  

S i mi l a rl y ,  for competi ti ve sorpti on , the requ i rement o f  an i on sorpti on 

i ncrea s i ng negati ve cha rge i s  o n l y  a qual i tati ve proposa l  that has no 

d i rec t proof . 

H i ngston et  a l . ( 197 1 )  stud i ed the competi ti ve sorpti on  between 
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a bsence ( o ) and n resence ( • ) o f  P ,  and  B = P sorbed i n  the  absence ( o ) 
and presence (• ) of S i ; both from H i ngs ton et a l . ( 1968b ) . 



P and As , and P and Se , and concl uded that three types of  s i tes 

occurred : those common to both an i ons and those common to one ani on 

on l y .  Th i s  concl u s i on was reached by cons i deri ng  that the decrease 

i n  As (or Se ) sorbed when P was added �ompared to that sorbed in  the 

absence of P )  was a meas u re of the s i tes that a re common to both P and 

As ( o r  Se ) .  Thi s i gnores the fact that some As may rema i n sorbed at 

common s i tes and hence , the decrease i n  As sorpti on wi l l  underes timate 

the n umber of common s i tes . U s i ng the maxi mum s orpti on capaci ty of 

each type of  s i te ,  obta i ned  from Langmu i r  equati ons , H i ngston et a l . 

ca l cu l ated that the area occup i ed by a n  ani on i n  the presence of a 

competi tor was much l es s  than i n  the absence of  the competi ng  ani on , 

and therefore , concl uded that the competi ng an i on  a i ded i n  the 

forma t i on of mu l ti -bri dgi ng l i gands bound to Fe atoms . The fact that 

the s um of the ca l cu l ated sorpti on max i ma for common s i tes p l us  

P-on l y  s i tes was  greater than the  sorp ti on maxi mum for P i n  the  absence 

of competi ng an i ons , wh i l e  the experi men ta l  data i nd i cated that l es s  P 

was so rbed i n  the presence of a competi tor , however , s uggests that the 

approach used was i n  error . The c l a s s i fi cati on of  s urface s i tes i nto 

th ree types , a l though theoreti cal l y  pos s i bl e ,  seems ques t i onabl e because  

the  chemi ca l n ature of a l l three types of s i tes  cou l d be  the  same , but  

the  amounts of each anion  sorbed wou l d  depend on  sol uti on  concentrati on  

of  that  a n i on . Al so , beca use oxi de s urfaces are heterogeneous  ( Parks 

and de  Bruyn , 1 962 ) , th i s  may l ead to more than one type of  s i te for 

each a n i on even i n  the absence of  competi tors , but  thi s  fact was not 

cons i dered by H i ngston et a l . Such s u rface heterogenei ty may l ead  to 

sorpti on o beyi ng mul ti -Langmu i r equati ons , and the sorpti on  max i ma 

ca l cu l ated woul d  be erroneous . 
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The fact  that at a ny pH va l ue the max i mum amount of an i on  sorbed 

depends on the i denti ty of the an i on , and the consequence that one 

an i on may s orb on s i tes wh i ch appear to be unavai l ab l e  to the other 

a n i on , p revent any s i mp l e  ana lys i s  of competi ti ve sorpti on . 

1A . 6 . 2 Desorpti on of  a n i ons 

Befo re cons i deri ng desorpti on by competi ng a n i ons , i t  i s  neces sary 

to l ook  at  desorpt i on i n  the absence of competi ng  a n i ons and at  constant 

pH . I n  the absence of  competi ng an i ons , and at constant pH and i on i c  

s trength , the sorpti on o f  s pec i fi ca l l y  sorbed an i ons  i s  known to be 

i rrevers i bl e ,  whereas non -s peci fi ca l l y  sorbed ani ons  are revers i b l y  

sorbed . I rrevers i b i l i ty of sorpti on has been found  for P ( Ka fkafi et 

a l . ,  1968 ; Hi ngston et a l . ,  1974 ; Ryden and Syers , 197 7 )  and for other 

an i ons ( H i ngston et a l . ,  1974 ) . Al though such  desorpti on react i ons 

are expected to be i mportant i n  the supply of p l ant  nutri ents , there 

have been few quanti tati ve i nvesti gati ons .  H i ngston et a l . ( 1974 ) 

proposed that the i rrevers i b i l i ty of ani on sorpti on  arose because of the 

formati on of a bi dentate s u rface compl ex ,  and con s i dered the fact that 

an i ons  s uch  as  F were revers i bl y  sorbed was evi dence for thei r prupos a l . 

For the desorpti on of P ,  Ryden and Syers ( 1977 ) have presented evi dence 

that on ly  weak ly-hel d (more- phys i ca l l y  sorbed ) P i s  desorbed at  cons tant  

pH and  i on i c  s trength . They s tate that spec i fi c s orpti on ( o r  chemi ­

s orpti on ) of  P i s  compl ete l y  i rrevers i b l e ,  whi ch i s  i n  agreement  wi th 

the defi n i t i on of a chemi sorpti on reaction ( Adamson , 1967 ) .  

I n  th i s  sect i on , competi ng a n i ons are l i mi ted to i norgani c  an i on s : 

competi t i o n  between i norgan i c and o rgan i c an i ons  may be compl i cated by 

the di s s o l ut i on of oxi de s u rfaces ( Earl et a l . ,  1 97 7 )  and i s  beyond the 

scope of th i s  revi ew .  I n  the presence o f  competi ng s . s . an i ons , 

34 



cons i derab ly  more sorbed i on can be desorbed than i n  the presence - of 

non- s pec i fi ca l l y  sorbed an i ons  s uch  as  Cl and N ( Evans and Syers , 1 97 1 ; 

Obi hara and Rus sel l ,  1972 ; Rajan  and Watk i nson , 1976 ) .  Hi ngston et 

a l . ( 1967 , 1 968b ) have proposed that ani ons are desorbed on ly  when 

competi tors can occupy s i tes i n  add i t i on to those occup i ed by the 

a n i on , and hence , i ncrease the negati ve charge of the su rface , thereby 

a l l owi ng hydro lys i s  of the sorbed an i on .  Conseq uently, ani ons s uch  as  
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Cl  and N cannot desorb an i ons such  as  P because they are non -spec i fi ca l l y  

s orbed and therefore , cannot make the surface more negati ve . 

Qual i tati ve evi dence of  th i s  hypothes i s  has been presented by Obi hara 

and  Russel l ( 1972 ) , who s howed that d i sp l acement of sorbed P by S i  ( or 

v i ce- versa ) d i d  not proceed unti l after a certa i n  amount of competi ng 

a n i on was sorbed , i . e . , once the s u rface charge had been i ncreased . 

Raj an and Watki nson ( 1 976 ) , however , found that P d i sp l aced sorbed Se at  

l ow P concentrati ons at a l most  a 1 : 1  rati o ,  i . e . , wi thout  any 

i ncrease i n  negati ve charge p ri or to desorpti on . 

Gi ven that speci fi c  s orpti on of  ani ons a ppears to i nvol ve formati on 

o f  a s trong  bond wi th the s u rface by l i gand-exchange wi th surface bound 
+ -OH2 and -OH , i t  wou l d seem l i ke l y  that desorpti on of s uch s trongl y-

hel d ani ons by a competi to r wou l d a l so  i nvol ve l i gand d i sp l acement ,  

L i gand-di sp l acement reacti ons  common ly  occur i n  coord i nati on chemi s try 

and  often i nvol ve d i s p l acement of  one a n i on by another ( Cotton and 

Wi l k i nson , 1966 ) . Desorpti on  behavi our can then be exp l a i ned i n  terms 

of the effect i venes s of  the competi ng a n i on to d i sp l ace the s . s . i on . 

through the formati on of  a new bond wi th the s u rface metal atom . The 

a b i l i ty of  s . s .  an i ons to d i s p l ace other s . s . an i ons  woul d  depend on the 

res pecti ve a n i ons . For examp l e ,  the fact that  S does not desorb P 

( Evans and Syers , 197 1 ) ,  even though  S i s  con s i dered to be s pec i fi cal l y  



sorbed and to i ncrease th e s u rface negati ve charge ( H i ngston et  a l . ,  

1 967 , 1968b , 1 97 2 )  can be expl a i ned i n  terms of  the i na bi l i ty of S to 

form a stronger bond wi th the s u rface metal atoms than does P .  

The fac t  that  i ons  such a s  P may bond as both chemi sorbed and more­

phys i ca l l y  sorbed spec i es ( Ho l ford and Matti ngl y ,  1975 ; Ryden et  a l . ,  

1977a ) , depend i ng on the so l ut i on P concentrati on , however , i nd i cates 

that ca reful determi nati on of the form of the a n i on sorbed i s  req u i red 

before the effect of a competi n g  an i on can be q uanti fi ed . Thus , 

whi l e  s ome workers have found that S i  and HC03
- can d i s p l ace P at h i gh 

P concentrati ons  ( H i ngston et  a l . ,  1968b ; Nagarajah et a l . ,  1968 ) , 

other workers ( Chen et a l . ,  1973a ) found that , at  l ow s o l uti on P 

concentrat ion , both these an i ons  had l i ttl e or no effect on  P sorpti on , 

whereas ani ons  s uch as F were abl e to d i spl ace P even at  l ow so l u ti on 

concentrations . 

1A . 7  Sorpti on I s otherms 

3b 

A sorpt ion  i sotherm i s  a p l ot of the concentrat ion  o f  a substance 

sorbed on a so l i d  agai nst  the concentrat ion  (or press ure ) of that 

rema i n i ng i n  the externa l phase , and obtai ned at experi menta l  condi t ions  

of con s tant temperature . I s oth erms can y i el d a s i zeabl e amount of 

i nfo rma t i on on the nature of  the reacti on between the sorbent and the 

sorbate , and on the heat , free energy , and entropy of the sorpti on 

react ion . 

For so l u te s  sorb i ng on  so l i ds ,  G i l es et a l . ( 1960 ) c l a s s i fi ed 

i soth erm s hapes i nto fou r  mai n  c l a sses  ( F i g .  1 . 6 ) . The c l asses , 

determ i n ed by thei r i n i ti a l s l ope , are : S ,  L ( Langmu i r ) , H ( h i gh affi n i ty ) ,  

and C ( constant parti t ion ) . A theoreti cal bas i s  for thi s c l as s i fi cati on  

has  been deve l o ped ( Gi l e s  e t  a l . ,  1 974 ) , based l argel y  on  parameters 
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of  the so l vent and a ny second so l u te ,  and the i r  effect on  the energy of  

acti vati on for removal of so l ute from the s urface . Type S i nd i ca tes 

s trong i n termo l ecul ar attracti on between the sol ute mol ecul es and weaker 

attracti on to the s urface . Type L i s  the common type o f  i so therm ,  

resembl i ng the standard Langmui r i sotherm for gaseous sorpti on , and 

assumes tha t monol ayer coverage of  the s u rface l i mi ts sorpti on . Type H 

i s  caused by very h i gh sol ute-s ubs trate affi n i ty ,  whereas type C ,  i nd i cating 

con stant pa rti t ion  of  sol ute between so l i d  and so l uti on , i s  caused by 

sol utes wh i ch penetra te i nto the so l i d  more readi l y  than does the so l ven t .  

I n vest i gations  i nto gas phase  s orpti on have prod uced several 

equations  whi ch i sotherms may fo l l ow ;  the Freundl i c h ,  Langmu i r ,  B . E . T . , 

and Temki n  eq ua tions  a re obeyed i n  d i fferent  s i tua ti ons , dependi ng on 

the cond i t i on s  of the experi ment and  n ature of the reacti ng  components . 

The Freundl i ch and Langmu i r  equati ons  are commonly  used i n  sorpti on 

i nvesti ga t i ons  wi th soi l s  and wi l l  be d i scus sed here . 

1A . 7 . 1  The Freundl i ch equati on  

Th i s  eq uati on was devel oped empi r i ca l l y  i n  earl y sorpti on s tudi es , 

Freundl i ch bei ng  one of  i ts ma i n  u sers . 
x/m = k c 1/n  

The common form i s :  

( 1 . 1 2 )  

where x and  m are the masses o f  the s ubstance sorbed and sorbent , 

res pecti vel y ;  c i s  the concentrat ion  of sorbi ng s pec i es i n  so l u ti on 

when eq u i l i bri um i s  reached ; and n i s  an expi ri cal constant , u s ua l l y  

grea ter tha n  u n i ty .  Expressed i n  l ogari thmi c form , a sorpti on  i so therm 

wi l l  fi t a t  l east  one l i near rel ati on s h i p of  s l ope , 1;n . 

Al though the Freundl i ch eq uati on i s  based on exper imenta l  data , 

Ki pl i ng ( 1965 ) has s hown that i t  can be deri ved for di l u te so l uti ons , 

by comb i n i ng a n  express i on for the free energy on the surface wi th the 



G i bbs adsorpti on i sotherm . The con s tant ( 1/rV i s  rel ated to the 

monol ayer capaci ty of the s u rface and a l so to the d i fference i n  free 

s urface energy between a so l u te- free surface a nd a surface covered wi th  

a monol ayer . 

1A . 7 . 2  The Langmu i r  equati on 

Thi s eq uati on 1\ras th eoreti ea l l y deri ved by Langmui r ( 19 18 )  for 

sorpti on of  gases by sol i ds under eq u i l i bri um cond i t i ons . Langmu i r 

a s sumed sorpti on was a dynami c proces s where a proporti on  of  the gas 

mol ecul es s tri k i ng the s u rface adhere and the rema i nder rebound i nto 

the ga s phase . I ntermo l ecu l ar forces are ass umed to be negl i g i bl e  and 

the heat of  s orpti on i s  a s s umed to be the same for a l l s i tes , and not 

to depend on the fract i on , 8 ,  of s i tes occup i ed . Therefore , mol ecul es 

wh i ch s tri ke occup ied s i tes are refl ected back i n to the gas phase , 

i mpos i ng a l i mi ti ng condi t i on of monol ayer sorpti on . Deri vati on of  
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the  Langmu i r equati on i s  based on the rate of sorp ti on equal l i ng the  rate 

of desorpt i on , and may be found i n  ma ny s tandard texts ( e . g .  Brunauer 

et  a 1 • , 1966 ) . The fi na 1 form of the equati on for gas so��prt:i on1 i s ·: · 

8 = kp 
( 1 .  1 3 )  1 + kp 

where 8 i s  the fracti onal s urface coverage , p i s  the eq u i l i bri um gas 

pres s u re ,  and k i s  a cons tant rel ated to the free energy of  sorpti on . 

Langmu i r  a s s umed k was cons ta n t ,  and for thi s to be true , the heat of  

sorpti on must  be  constant o r  nearl y constant .  Brunauer e t  a l . ( 1966 ) 

have s hown that th i s  can ho l d true wi thout hav i ng  an  energeti cal l y  

un i form surface on wh i ch sorbed mol ecu l es do n o t  i nteract wi th each 

other . At l ow 8 ,  sorpti on  takes p l ace on s i tes pos ses s i ng the h i ghes t 

energ i es .  As s u rfaces a re u s ual l y  heterogeneous , a pl ot  of heat o f  

sorpti on  versu s  8 i s  u sua l l y  a decreas i ng functi on . La tera 1 i nter-



acti ons between sorbed mol ecu l es i ncreases the h eat of sorpt i on . As 

the number of sorbed mol ecul es i ncreases , the l atera l i nteracti ons  

i ncrease , and consequen tl y ,  a p l o t  of heat  of s orpti on due to l atera l 

i n teract i ons versus  e i s  an  i nc reas i ng functi on . These  two oppos i ng 

effects , i n  certa i n cases , compensate for each other , mak i ng the heat  
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of sorpti on approxi ma te ly  cons tant . Al so , the vari ati on of the entropy 

term i n  k may compensate parti a l l y  for the vari a t i on of the enthal py 

term .  The cond i t i on s  pos tu l a ted by Langmu i r  are obta i ned more often 

i n  sol u te sorpt i on than i n  gas or vapour  sorpt i o n  ( Gi l es , 1970 ) . 

I n teracti ons  between adjacent mol ecu l es on the s u rface are re l ati vel y 

weak due to the sol vent preventi ng  s uch i nteracti ons , and the sol ven t-
covered s urface i s  l es s  heterogeneous because the sol vent i s  often 

retai ned i n  h i g h energy reg i ons . The l i mi tati on  of monol ayer 

formati on i s  a l so more l i kely to occur for chemi so rpti on than for 

phys i cal  s orpt i on reacti ons  ( Brunauer et a l . ,  1966 ) .  

For sorption  from sol u t i on , p i n  equati on ( 1 . 13 )  can be repl aced 

by c ,  the concentrat ion  of sol u te i n  sol u ti on ( s tr i c tly  speak i ng ,  

acti vi ti es shoul d be u sed , but i f  sol ut ions  are s uffi ci ently di l u te ,  the 

acti vi ty coeffi ci ent i s  ass umed to be un i ty ) . The fracti onal surface 

coverage , e ,  i s  g i ven by x/b , where x i s  the amount  of so l ute sorbed , 

and b the amount sorbed at monol ayer coverage . Conseq uentl y , the 

Langmu i r equati on becomes : 

x/b = kc 
1 + kc ( 1 . 14 )  

Equati on ( 1 . 14 )  may be expres sed i n  several l i near forms : 

c/x = 1/kb + c/ b  ( 1 . 15 )  
1/x = 1; kbc + 1/b  ( 1 . 16 )  

X = b x/ kc ( 1 . 17 )  



I f  p l otted data conform to one of  these l i near forms , val ues for b and 

k can be obta i ned from the s tra i ght- l i ne p l ots . The form of the 

Langmu i r  eq uati on that i s  used often depends on the concentrati on 

range bei ng studi ed . Equati on ( 1 . 16 )  a l l ows better exami nati on of  

data at very l ow concentrati on val ues and  over a narrow range , because  

of i ts rec i proca l na ture . Equati ons ( 1 . 1 5 )  and  ( 1 . 1 7 )  are bes t  s u i ted 

to s tudyi ng wi der concentrati on ranges at h i gher concentrati on val ues . 

The fact that i s otherm data conform to one  of these l i near forms 

i s  not s uffi c i ent for establ i s h i ng that a set of  i sotherms obeys the 

Langmui r equati on , as  poi nted out by Bruna uer et  a l . ( 1966 ) . The 

b and k val ues obta i ned from such p l ots shou l d be cons i s tent wi th each 

other , and b val ues obta i ned from the i sotherms s hou l d correspond to 

cal cu l ated val ues where i t  i s  pos s i b l e  to ca l c u l ate b .  

For i deal cond i ti ons, and for sorpt i on o f  non-e l ectro l ytes from 

so l ut ion , i t  can be s hown that k i s  eq u i va l ent to the equ i l i bri um 

cons tant  of the sorpti on reacti on ( Graham , 195 3 ; Aveyard and Haydon ,  

1973 ) . Al l the a s sumpt i ons of the Langmu i r  deri vati on , p l us  the 

a s sumpti on that the acti vi ty coeffi c i ents of occupi ed and unoccupi ed 

s i tes are the same , must be ma de . Therefore , for an  i dea l sys tem , the 

s tandard free energy of  sorpti on , �  G0 , can be ca l c u l ated : 

= - RT l n  k ( 1 . 18 )  
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For the sorpti on o f  i ons  from so l uti on , however , the rel ati ons h i p i s  not 

as s i mp l e ( Aveyard and Haydon , 1973 ) . I n  thi s case , the s tandard free 

energy of sorpti on i s  a funct i on of both the chemi cal  attracti ve force 

and the el ectri cal  potenti a l  d i fference between the so l i d  s u rface and  

the  bul k of the so l u t i on , and  is  defi ned as : 

� G  = + � d ( 1 . 19 )  



where f> G  h i s  the free energy of  sorpt i on  due to non -cou l omb i c c em . 
a ttracti ons , � d  i s  the e l ectri c potenti a l  i n  the p l ane of the sorbed 

i ons  ( F i g .  1 . 1B ) , ass umi ng  Stern sorpti on , z+ _ i s the charge on  the 
' 

sorbi ng spec i es , and e i s  the el ectri c charge . The free energy term 

wi l l  not be a con s tant un l es s 'fl d  i s  sma l l compared to f> G chem .  
Th i s may ari se  th rough a l arge t, G  h and/ ut' , '¥ d bei ng s uppressed by c em . 
the presence o f  a h i g h  concentrati on of  non -s orb i ng el ectrol yte . I f  

'¥ d vari es a s  s orpt i on proceeds , the effect i s  to progres s i ve ly  reduce 

the magni tude of the free energy of  sorpti on as the extent of  sorpt i on 

i ncreases . Th i s  i s  the reason gi ven by Bowden et a l . ( 197 3 ,  197 7 )  for 

the reduct ion  i n  i on sorp ti on at h i g h  so l u ti on concentrati ons . 

When the s urface has  more than one type of  s i te ,  the overa l l 

sorpti on i sotherm wi l l  be a combi nati on of  i nd i v i dual i sotherms . The 

i sotherm shape wi l l  then depend on the sorpti on energy constant ( k )  

of each s i te .  Th i s  i s  i l l us trated i n  F i g .  1 . 7 ,  whi ch i s  ta ken from 

de Boer ( 1953 ) . I sotherms A ,  B ,  C ,  and D are drawn for sorbents wi th 
- 3 -2 - 1 0 un i form k va l ue s  o f  10 , 10 , 10  , and 10  , res pec ti vel y .  I sotherms 

E and F represent sorpti on at a surface wi th two types of sorpti on  types 

or k va 1 ues . I s otherm E ass umes a heterogeneous surface for wh i ch k 

has  a va l ue of  10- 1 over 10% of the s urface , but only 10-3 over the 

rema i nder . I so therm F a s s umes a k va l ue of  10- 1 over hal f the s u rface 

and a k val ue o f  10-3 over the other ha l f .  

Where a s u rface has  more than one type o f  s i te ,  a sati s factory 

method of test i ng  the fi t of  such i sotherm data i s  to treat d i fferent 

s i tes as di s ti nct  s urfaces i n  equ i l i bri um wi th the same mob i l e  phase . 

Each s urface i s  a s s i gned a characteri s t i c  sorpti on maximum and sorpti on  
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energy constant . Th i s  method has been s ucces s fu l l y  appl i ed to P s orpti on 

( Mu l j adi  et a l . ,  1 966 ; Syers et a l . ,  1973 ; Hol ford et a l . ,  1974 ; Ryden 

et a l . ,  1977a ) and  Mo sorpti on ( Then g , 197 1 ) on  s o i l s  and s o i l components . 



Fi g .  1 . 7  
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Sorpti on  i so therms genera ted from the Langmu i r  equat ion  

a s s umi ng  a u n i fo rm surface o r  k val ue  ( i sotherms A ,  B ,  C ,  a nd D ) , 

and  two d i st i nct popul a t i ons  o f  s i tes or  k va l ues ( i s o therms E and F ) . 

F rom de  Boer ( 19 5 3 ) . 
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lB . Phos p hate and Mol ybdate Sorpti on by Soi l s  and  Soi l Components 

l B . l  I ntroducti on 

In the fi rst pa rt of  th i s  revi ew ,  i t  has been shown that P and 

Mo retenti on  i n  so i l s  a ppea rs to i nvol ve sorpt i on reacti ons , pri mari l y  

a t  oxi de s urfaces i n  s o i l s .  General mode l s of  a n i on sorpti on , 

i nc l udi ng P and Mo , have a l so been di scussed . 
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To tes t  the val i d i ty of general i zed model s of  an ion  sorpti on , fi t 

of  experimental da ta from a wi de range of  workers i s  req u i red . The 

sorpt i on of P has been i nvesti gated extens i ve l y ,  and severa l  expl anati ons  

p roposed for  the natu re of the  sorpti on reacti on . Thi s revi ew wi l l  

exami ne i nvesti gati ons  that have l ead to a c l earer understandi ng of the 

P sorpti on reacti on , and cri ti ca l l y  exami ne proposed model s .  

I nvesti gati ons  and exp l anati ons of Mo sorpti on  data have often 

been ba sed on P sorpti o n  data . Thus , Mo sorpti on  wi l l  be exami ned and 

the val i d i ty of compari sons between P and Mo sorpti on d i scus sed . The 

t i me dependence of both P and Mo sorption  a l so  wi l l  be exami ned , both 

separate ly  and by compari ng the behavi our of the two ani ons . 

1B . 2  Sorpti on of P by Soi l s  and Soi l Components 

1B . 2 . 1  Use of  s orpt i on equati ons  for eva l uati ng P sorpti on 

The Freundl i ch and  Langmu i r equati ons has been used i n  eva l uati n g  

P sorpti on i sotherms . I n  th i s  revi ew ,  con s i derat i on wi l l  on ly  be 

g i ven to s tudi es that have used s orpti on equati ons  i n  an attempt to 

understand P sorpti on mechan i sms . The Langmu i r  equati on  can be 

parti cu l ar ly  hel pful as  i t  a l l ows eva l uati on of  a s orpti on  maxi mum and 

a rel ati ve s orpti on energy . 

F i t o f  sorpti on data to s i ng l e Freund l i ch ( low and B l ack , 1950 ; 



Kuo and Lotse , 1974 ) , or  Langmui r ( an  extens i ve l i s t of references i s  

g i ven by Syers and Wi l l i ams , 1977 ) , equations  has been taken to i nd i cate 

that a s i ng l e sorpti on reacti on operates for P sorpti on by s o i l s  and 

soi l components . Many of these s tudi es , however , were made over l a rge , 

and often h i gh , concentrati on ranges . For exampl e ,  Kuo and Lotse 

( 1974 ) fi tted P sorpti on da ta on goeth i te ,  over the concentrati on range 

of  30 - 3000 � mol  1 - 1 , to a s i ng l e Freundl i ch eq uati on . Ki tchener 

( 1965 ) has poi nted out tha t because  the Freund l i ch equati on freq uent ly  

descri bes sorpti on on s uch heterogeneous s u rfaces as that of  charcoal , 

i t  i s  parti cu l arl y s u i ted to sorpti on  at a seri es of sorpti on s i tes 

of d i fferent sorpti on  energ i es . Sorpti on da ta have often been found 

to dev i ate from a s i ng l e  Langmu i r  equa t i on (O l sen and Watanabe , 1957 ; 

Gunary ,  1970 ) , and t h i s has l ead s ome workers to d i smi ss  the use  of  

the Langmu i r  equati on i n  s tudyi ng P sorpti on from soi l so l uti on ( Hsu  

and  Renn i e ,  1 962 ; Gunary ,  1970 ; Bache and  Wi l l i ams , 1971 ) .  The fact 

that devi ati ons  from a s i ngl e Langmu i r  equati on , espec i a l l y  at l ow 

concentrati ons , can be accounted for by fi tti ng sorpti on data to more 

than one equati on tends to over-ri de s uch s uggesti ons . Al s o , the fact 

that mu l ti p l e Langmu i r  equati ons appear to be obeyed by a wi de range of 

s oi l s  i nd i cates that much of the earl y work , where soi l s  were found to 

obey on ly  a s i ng l e Langmu i r  equat i on , cou l d  be due to i n s uffi c i ent 

data poi nts at l ow concentrati on ( Syers et a l . ,  1973 ) . Con sequent ly , 

much of th i s  work i s  not parti cu l ar ly  useful  i n  understand i ng the 

mechan i sm of P sorpti on . 

By i ns pecti on  of  the sorpti on i sotherm , Mu l J adi  et a l . ( 1966 ) 

sp l i t  the i s otherms for sorpti on of  P by syntheti c soi l components i nto 

three reg i ons , each wi th d i sti nct  Langmu i r  equati ons . These reg i ons  

were a s s i gned to  sepa rate chemi cal  react i ons . The method of  i ns pecti on 

has been cr i t i c i sed by Syers et a l . ( 1 973 )  because i t  underest imates 
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the magn i tude o f  sorpti on i n  each regi on at l ow so l ution  concentrati ons . 

Us i ng the same method as Mu l j adi  et a l . ( 1966 ) , Chen et a l . ( 1973a ) 

s p l i t  P s orpti on  i sotherms for kaol i n i te but s uggested that the poor 

agreement of ca l cul ated and exper imental data at l ow concentrati ons  

i ndi cated that thei r reg i on I may cons i st of two Langmu i r equati ons . 

The data of Mul j adi et al . were obta i ned at rel ati vely h i gh 

concentrati ons ( > 10-4M P )  and thi s cou l d resu l t i n  the me thod 

overl oo k i ng h i g h  energy reg i ons  wh i c h woul d be occup i ed fi rs t at l ow 

concentrati ons . 

For concentrati ons l es s  than 600 � mo l  1 - 1 , P sorpti on data for 

so i l s  dev i ati ng from a s i ng l e  Langmu i r  equati on have been found  to fi t 

two Langmu i r  equati ons by Syers et a l . ( 1973 ) , Hol ford et  a l . ( 1974 ) , 

and Raj an  and Fox ( 1975 ) , and for s o i l components by Rajan  et a l . 

( 1974 ) , Raj an ( 1975 ) , and Rajan  and Perrott ( 1975 ) . I n  many of  these 

i nves t i gati ons , however ,  fi t of  data to two d i s ti nct Langmu i r  

equati ons  was obtai ned by a s sumi ng the exi s tence of  two types of  

s i tes  and  adj u s t i ng the Langmu i r  eq uati on parameters unti l the 

ca l c u l ated i s otherms agreed wi th the experi mental . The sorpti on energy 

constants ( k )  o f  the two Langmu i r  eq uati ons are general l y  wi del y  

di fferent ( a s  opposed to those found by Mul j adi et a l . ( 1966 ) wh i c h  were 

very s i mi l ar i n  val ue ) ,  s uggesti ng the exi s tence of at l east  two 

d i fferent types of s i tes for P sorpt i on .  I t  i s  noteworthy that the 

range of k val ues  obta i ned for each reg i on by Syers et a l . ( 19 73 ) , 

Hol ford et  a l . ( 1974) , and Raj an  and Fox , ( 1975 ) are remarkab l y  

compa rabl e ,  cons i deri ng that the i sotherms were determi ned on soi l s  from 

comp l ete l y  di fferent geograph i ca l  areas . The k val ues obta i ned for the 

second reg i on by each of these workers are of s i mi l ar magn i tude to those  

obta i ned by Mul j adi  et a l . ( 1966 ) for  P sorpt i on by a l umi nous  soi l 
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components , over an  equ i va l ent concentrati on  range . For P s orpti on 

by syntheti c a l l ophanes , Rajan and Perrott ( 1 97 5 )  obta i ned k val ues 

that were l ower than the eq ui val ent k val ues obta i ned for soi l s  by 

the other workers ,but they were st i l l  of the same o rder of magn i tude . 

The i mpl i cations  of  the two- term Langmu i r  equati ons to the 

mechan i sm of P sorpti on was not thorough ly  i nves ti gated by any of the 

a bove workers . Syers et a l . ( 1973 )  and Ho l ford e t  a l . ( 1974 ) 

s ugges ted that the h i g h  and l ow energy reg i ons  cou l d correspond to P 

sorpti on on  di fferent so i l components , al though no evi dence was 

presented to s upport th i s  hypothes i s .  Rajan ( 19 7 5 ) and Raj an  and 

Perrott ( 1 975 ) s uggested that s orpti on i n  reg i ons  I and I I  corresponded 

to l i gand-exchange of P wi th  -OH2
+ and -OH , res pecti vely , and pres ented 

OH rel ease data that were sa i d  to confi rm the hypothes i s ,  a l though the 

non- i ntegral rati o of  P sorbed : OH rel ease pl aces s ome doubt as to 

whether the data support the mechan i sms . 
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Syers et al . ( 1973 )  found that at l ow concen trati ons ( <10 � mo l  1 - 1) ,  

two Langmu i r  equat ions  d i d  not s uffi ci entl y descri be the experi mental 

data , s uggest i ng the p resence of further s i tes of  h i gh affi n i ty for P .  

Th i s  has a l so been s ugges ted by Chen et a l . ( 1 973a ) for P sorpti on by 

a l umi nous so i l components . Schwertmann and Kn i tte l ( 1973 ) reported 

the exi s tence of two , pos s i b ly  three , reg i ons obey i ng Langmu i r  

equati ons  at  concentrati ons  l es s  than 10-4M for P s orpti on by several 

German so i l s .  For P sorpt i on by several New Zea l and soi l s  and a l so 

so i l  components , Ryden et a l . ( 1977a ) reported the exi s tence of three 

Langmu i r reg i ons over the concentrati ons range 0 - 300 � mo l  1 - 1 . 

I n  contrast  to other workers , who have as s umed a n umber of  di fferen t  

s i tes , Ryden e t  a l . obta i ned th ree d i fferent reg i on s  by resol uti on o f  

the experi mental data . The fi rst reg i on o beyi ng  a Langmui r  equati on 
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was at l ower concentrati ons than prev i ous l y  i nvest i gated ( < 1 . 5  ).l mol 1 - 1 ). 

Ryden et a l . ( 1977 a ) a l so presented charge , pH , and i on i c  s trength 

rel a t i ons h i ps that corresponded to each reg i on of sorpt i on and were ab l e 

to propose defi n i te mechan i sms of P sorpti on for each reg i on .  The 

Langmu i r  k va l ues obtai ned enabl ed cal cu l ati on  of free energ i es of 

sorpti on for each reg i on .  From the ma gni tude of these free energ i es 

of sorpt i on , reg i ons  I and 1 1  were con s i dered to i nvol ve chemi sorpt i on 

reacti ons , and reg i on I l l  to i nvol ve a more-p hys i ca l  sorpti on react i o n . 

The mechan i sm proposed by Ryden et a l . wi l l  be di scus sed the fol l owi ng  

secti on . 

18 . 2 . 2  Mechan i sms of P sorpt i on 

Al though use  of  the Langmu i r  sorpti on eq uat i on has i nd i cated 

the exi s tence of  two , and probably three , reg i ons of P sorpti on at 

concentrati ons l es s  than 300 ).lmol 1 - 1 , there have been few q uanti tati ve 

i nves t i gati ons of the mechani sms of P sorpti on over thi s concentrati on 

range . The mechan i sms proposed have been based pri mari l y  on the 

effects of  pH on P sorpti on ( H i ngston et a l . ,  1967 , 1968b ; Breeuwsma 

and Lykl ema , 197 3 )  and re l ease  of  hydroxyl  i on s  duri ng P sorpti on 

( B reeuwsma and Lyk l ema , 1973 ; Raj an et a l . ,  1 974 ; Rajan , 197 5 ) , 

al though more-recent s tud i es con s i dered i on i c  s trength effects ( He l yar  

et a l . ,  1975 ; Ryden et al . ,  1977a ) and  ca l cu l ati on of sorpti on energ i es 

( Huang , 1975 ; Ryden et  al . ,  1977a ) . 

The s pec i fi c  sorpti on of  an i ons has  been di scu s sed ( Secti on 

1A . 3 . 3 . 2 )  and s pec i fi c  sorpti on of P i s  a s s umed to i nvol ve l i gand­

exchange of  P wi th  s urface i on s  coord i nated to the central metal atom 

of hydrou s  oxi de s u rfaces . L i gand-exchange has  been imp l i ed i n  

mos t s tudi es ( H i ngston  et a l . ,  1 967 , 1968b ; B reeuwsma and Lyk l ema , 

197 3 ;  Rajan  et a l . ,  1 974 ; Ryden et a l . ,  1977a ) ,  a l though the 



sorpti on  model of Bowden et a l . ( 197 3 ,  1974 , 1 9 77 ) , a s  di scussed 

prev i ou s l y ,  proposed that P sorpti on occurs i n  the S tern l ayer of  the 

doub l e l ayer , and pre s umabl y  does not i nvol ve l i gand-exchange . A l so 

sorpti on  i n  the reg i on I l l proposed by Ryden et  a l . ( 1977a ) wou l d not 

i nvol ve l i gand-exchange . For sorpti on at  a hydrous oxi de surface , 

l i gand- exchange i nvo l ves format ion  of a s trong cova l ent bond , and 

hence coul d be termed chemi sorpti on ( Breeuwsma and Lykl ema , 1973 ; 

Ryden et  a l . ,  1977a ) . 

The P sorpti on mechan i sms porposed by H i n gston et a l . ( 1967 , 

1968b , 197 2 )  have been d i scussed i n  secti on  1A . 5 .  Al though the 

apparent sorption max i ma and/or brea ks i n  sorp t ion  envel opes at pH 

val ues correspondi ng  to pKa val ues of P s pec i es have been observed for 

P sorp ti on by soi l s  ( Ob i hara a nd Russel l ,  197 2 )  and soi l components 

( Breeuwsma and Lykl ema , 1973 ) , no s uch brea ks have been observed by 

Chen e t  a l . ( 1 973a ) and Huang ( 1 97 5 ) . The mechan i sms proposed by 

Hi ngston and eo-workers presumab ly  i mp ly  that a t  pH va l ues l es s  than  
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pH ( p . z . c . ) ,  P sorption occurs by l i gand-exchange of  P wi th -OH2
+

, p l u s  

l i gand- exchange of P wi th -OH by ac i d  d i s soc i a ti on of  the sorb i ng s pec i es 

to pro v i de H+ wh i ch react wi th surface -OH to g i ve OH2
+ , enabl i ng ready 

di s pl acement by the sorb i ng an i ons . The fac t  tha t P sorpti on can 

occ ur at negati vel y-charged s u rfaces i s  expl a i ned by thi s second l i gand -

exc hange reaction . The cond i ti on that  P sorption i nvol ves an overa l l 

i ncrease i n  negati ve charge , a s s umed by H i ngs ton et  al . ,  but never proven , 

has b een s hown by Ryden et a l . ( 1 977a ) not to be a neces sary req u i rement 

for P sorpti on . 

Data for the rel ease of OH subsequent to P sorpti on by haemi ti te 

( Breeuwsma and Ly k l ema , 197 3 ) , hydrous a l umi na  ( Rajan  et a l . ,  1974 ; 

Raj an , 1975 ) , and s hort-range order a l umi nos i l i ca tes ( Rajan and Perrott , 



1 97 5 )  have been u sed to propose P sorp ti on mechan i sms . Breeuwsma 

and Lykl ema fou nd that over the pH range o f  4 . 0 to 9 . 0 ,  the rati o ( R ) 

of  the mol es of H+ req u i red to ma i n ta i n  con s tant  pH duri ng P sorpt ion  

to the amount of  P sorbed , i ncreased s tead i l y  from a val ue c l ose to 

zero to one approac hi ng un i ty ( F i g .  1 . 8A) . They found tha t  R was 

i ndependent of  the P concentrati on i n  so l u ti on . Contradi ctory to 

th i s ,  Rajan et a l . ( 1974 ) found tha t the ra ti o R i ncrea sed from near 

zero to approxi mately  un i ty as the amounts of P sorbed on hydrous  

a l umi na , at pH 5 . 1  and 6 . 2 ,  i ncreased ( F i g .  1 . 88 ) . Rajan  ( 1 975 ) 

fou nd that R had a con s tant  va l ue of 1 . 44 ( F i g .  1 . 8C ) as P sorpti on on  

hydrous al umi na , at  pH  8 . 5 ,  i ncreased up  to  val ues where d i srupti on  of  

the  pol ymeri c s u bs trate seemed l i kel y .  Bo th Breeuwsma and Lykl ema 
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( 1973 )  and Rajan  et al . ( 1 974 ) have proposed l i gand-exchange reacti ons 

i nvol v i ng exchange of H2Po4
- and HP04

2- wi th -OH2
+ and -OH , the change 

i n  R val ues wi th ( a )  pH , bei ng expl a i ned by Breeuwsma and Lyk l ema as  due  

to a change i n  both  the predomi nant P s pec i es i n  sol uti on and the 

predomi nant s u rface exchan ge group , as  pH i ncreased , and ( b )  P sorbed , 

expl a i ned by Rajan  et a l . a s  bei ng due to l i gand-exchange of  the 

pos i ti vely-charged -OH2
+ at l ow concentra ti on a nd the neutra l -OH at  

h i gher concentra ti ons . Rajan ( 1975 ) proposed that an R val ue g reater  

tha n un i ty obta i ned for P sorpt ion on hydrous  a l umi na cou l d be due  to 

a reacti on i nvol v i ng  formation of a b i nuc l ear a l umi n i um phosphate comp l ex .  

The use of data based on H+ consumption  to keep constant pH duri ng  P 

sorpti on appears to be i ns uffi c i en t  evi dence on wh i ch to base mechan i sms . 

There i s  no mea n s  of  d i fferenti ati ng between H+consumpti on and OH 

rel ease , and the R val ues obta i ned are often non- i ntegra l , enab l i ng 

d i fferent comb i nati on o f  mechani sms to be proposed . 
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F i g .  1 . 8 Re l a ti ons h i ps between ac i d cons umed to ma i nta i n con s tant pH 
d u ri n g  sorpti on , and  pH ( A ) , o r  P sorbed ( B and C ) . A =  rel ati ons h i p 

+ between the ra ti o R (mol e : mo l e )  of H cons umed : P  sorbed o n  haemi ti te 
a n d  pH ; from B reeuwsma and Lyk l ema ( 197 3 ) . B = rel at i ons h i p between 

+ hydroxyl rel eased ( H  cons umed ) and P sorbed by hydrous  a l umi na at  pH 
5 . 1  and 6 . 2 ;  from Rajan  et  a l . ( 1 974 ) . C = rel a t ions h i p between 
hyd ro xy l  

· pH ·8 . 5 ;  

. + rel eased ( H  cons umed ) and P sorbed by hydrou s  a l umi na at  
from Raja n  ( 197 5 ) . 
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The s tudy of  Ryden et a l . ( 1 97 7a ) i s  one of the fi rs t to l i nk  

P sorption by  so i l s  wi th that by so i l components . As d i s cussed 

earl i er ,  they found that P sorpti on obeyed a three-term Langmu i r  

equati on . Sorpti on of  P i n  regi on I d i d not cause an i ncrease i n  

pH , changed the surface charge ( F i g .  1 . 9 ) , and was dependent on both 

pH and i on i c  s trength ; sorpti on i n  reg i on I I  d i d  not change s urface 

charge , caused an i ncrease  i n  pH and was i ndependent of both i on i c  

s trength and pH ; and sorpti on i n  reg i on I l l  i ncreased surface c harge , 

was i ndependent of pH , and was dependent on i on i c  s trength . Based 

on these d�ta, p l us  free energ i es o f  sorpti on obta i ned from Langmu i r 

eq uati ons , sorption i n  regi ons I and  1 1  was a s s i gned to l i gand-exchange 

chemi sorpti on of  P wi th -OH2
+ and -OH , respecti vel y ,  whereas reg i on I l l  

was ass i gned to a 11 poten ti a l -determi n i ng ,  more-phys i cal  sorpti on 11 a t  a 

ferri c phosphate -l i ke s urface s ubsequent to sorption i n  reg i ons I and 

I l . The use  of  1 1 potent i a l  determi n i ng 1 1 i s  perhaps contradi ctory , i n  

that sorpti on i nvol vi ng l i gand exchange wi th -OH2
+ can a l so be c l as sed 

as potenti a l  determi n i ng because i t  affects the charge on the s u rface . 

Sorpti on i n  reg i on I l l  cou l d  pos s i b l y  be eq ua ted wi th the Stern model 

of sorpti on p roposed by Bowden et a l . ( 1973 , 1974 , 1977 ) , whose  

experimental data are mai n l y  i n  the same concentrati on range as tha t 

of reg i on I l l  of Ryden et  a l . ( 197 7a ) . 

The free energy of sorption obta i ned by Ryden et a l . ( 1977a ) for 

the i r reg i on I l l  i s  very s i mi l ar to that ca l cu l ated by Huang ( 1975 ) 
for the s i ng l e reg i on he found to descri be P sorpti on by hydrou s  Al  

ox i de .  Huang s tudi ed P sorp ti on i n  the sol uti�n concentrati on range 

of 10-4M to 10- 3M P ,  whi c h  i s  wi th i n  the range of  reg i on I l l  of Ryden 

et a l . By d i v i d i ng the overa l l free energy of sorption i nto 

el ectrosta ti c ,  so l vat i on , and chemi ca l  i nteracti on  terms , Huang ( 1975 ) 
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showed that the c hemi cal  free energy term , wh i c h  had a constant va l ue 

of  - 16  kJ mol - 1 , domi nated the overa l l free energy , wh i ch had a n  

approxi mate val ue of - 19  k J  mol - 1 . Thus , Huang concl uded that s pec i fi c  

chemi cal  sorpti on was i mpo rtant i n  th i s  concentrati on range . 

Whereas mos t  s tud i es of P sorpti on mechan i sms have concentrated 

on sol uti on meas u rements , recent work ha s i nvesti gated the s tructure 

of  the sol i d  phase subseq uent to P sorpti on ( Ru s sel l et a l . ,  1974 , 

Pa rfi tt et a l . ,  197 5 , 1976 ; Parfi tt and Atki nson , 1976 ) . From 

i nfrared ( i . r . ) s pectra o f  crysta l l i ne goeth i te ,  whi ch has a s urface 

s tructure that i s  wel l -defi ned , Russel l et a l . ( 1974 ) and Parfi tt et 

a l . ( 1976 ) found , over the pH range of  3 . 5  to 9 . 0 ,  that P appeared to 

bond as a b i dentate l i gand  to adjacent Fe atoms by rep l acement of  

adj acent A- type hydroxyl s ,  i . e . , hydroxyl s s i ng l y-coordi nated to  Fe 

a toms . The wel l -defi ned s tructure of  geoth i te a l l owed d i fferenti ati on 

i n  the i . r .  s pectra of the di fferent -OH groups and l ed to the 

concl u s i on that A- type hydroxyl s were rep l aced . These s tudi es have 

been extended to other Fe mi nera l s ,  i nc l ud i ng 1 1 ferri c hydroxi de 1 1  gel 

( Parfi tt et a l . ,  1975 ) and a l so to g i bbs i te ,  and i t  has been concl uded 

that P bonds  as a b i denta te l i gand on  a l l s uch  s urfaces . Al though the 

i n i ti a l i . r .  s tud i es were made on oxi de surfaces that were dri ed 

s ubseq uent to P sorpti on , recent i . r .  s pectra ( Parfi tt and Atki nson , 

1976 )  on ·wet  goethi te fi l ms have found s pectra s i mi l ar to those for the 

dr i ed compl exes and have confi rmed tha t the b i dentate l i gand s tructure 

was not an  a rtefact of the dry i ng proces s .  The P-oxi de s urface 

compl exes were , however , prepared i n  so l uti on at  sol uti on P concentrations 

that were not detectab l e .  There i s  no guarantee , therefo re , tha t at  

h i gher sol u t i on P concentrat ions  a d i fferent form of  sorbed P cou l d 

exi s t  i n  conj unction  wi th the b i denta te groups . Pos s i b l e formati on of 



b i nucl ear compl exes has been i nc l uded i n  P sorpti on mechan i sms by 

Rajan  ( 19 7 5 )  and Ryden et a l . ( 1977a ) . Ryden et a l . ( 1977a ) s howed 

tha t formati on of a b i nucl ear compl ex wou l d not affect  the observed 

charge and pH effects , but Rajan ( 1975 ) postul ated that formati on of 

the b i nuc l ear compl ex i nvol ved OH - rel ease . From the cha rge 

rel at ion sh i ps of  P sorpti on ( Ryden et a l . ,  1977a ) and the i . r .  spectra 

of sorbed P groups  ( Parfi tt  et  a l . ,  1976 ; Parfi tt and Atki nson , 1976 ) , 

i t  wou l d appear that the format i on of  a b i nucl ear comp l ex s ubsequent to 
+ i n i ti a l  d i s pl acement of -OH2 or -OH , i nvo l ves reacti on o f  a proton of 

the sorbed spec i es wi th su rface -OH : 

/ Fe ;-_ _ o� 0
t-... l1 

"- Fe - 0 .:- 'p  
� " 

o "oH 

0 
/ Fe - 0 0 " p "'  '\ Fe 0 / ' OH 

0 

( 1 .  20 ) 

Such  a d i s pl acement reacti on wou l d  partly expl a i n the .. observa tions  of  

H i ngston e t  a l . ( 1967 , 1968b ) tha t P sorpti on was at  a maxi mum when 

protona ted sorb i ng s pec i es were present . 

I n  concl us i on , i t  appears that P sorpt ion by so i l s  and ox i des , at  

l ow concentrati ons ( < 10 � mo l  l - 1 ) i nvol ves l i gand exchange wi th 

coord i nate -OH2
+ and -OH and pos s i b l e  formati on of  b i nucl ear compl exes . 

At h i gh concentrati ons , forma t i on of  a weaker comp l ex between P and the 

s u rface a ppears l i ke l y .  

1 8 . 3  Sorption  of Mo by So i l s  and Soi l  Components 

I n  contras t  to P ,  the sorp t i on of  Mo by so i l s  and so i l components 

has not been s tud i ed extens i vel y . Early i nvesti gati ons  ( Ba rs had , 

1951 ; S tout et a l . ,  195 1 )  s howed that Mo was s trong ly  hel d by soi l s  and 

so i l  c l ays . S ubsequentl y ,  sorpti on i sotherms and the e ffect of  pH on 

Mo s orpti on have been eval uated . As d i scussed i n  secti on 1A . 2 ,  the 

domi nant  soi l s u rfaces i nvol ved i n  Mo s orpt ion appear to be hydrous  
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metal oxi des . Con sequentl y ,  many sorpt ion i nvesti gati ons have 

i nvol ved pure oxi des as the sorben t ,  a l though the wel l -defi ned s urface 

and doubl e  l ayer structure of such  oxi des have not been uti l ized i n  

any deta i l ed i nvesti gati ons . Many workers have rel i ed on apparent 

s i mi l ari t ie s  between Mo and P sorpti on to pred i ct Mo sorpti on 

mechan i sms , wi thout obta i n i ng deta i l ed data that wou l d  enabl e 

confi rmati on of the mec han i sms . 

1B . 3 . 1  Sorpti on i sotherms for , and the effect of pH  on , 

Mo sorp t i on 

Many workers have shown tha t maxi mum sorpti on of Mo by both 

so i l s  and so i l  components occurs at  aci d pH va l ues ( Bars had , 1951 ; 

Jones , 1956 , 1957 ; Rei senauer et  a l . ,  1962 ; Reyes and Juri nak , 1 967 ; 

H i ngston et a l . ,  1968b , 1972 ; Tuev , 1 969 ; Theng , 197 1 ;  Gon za l ez et 

a l . ,  1974 ) , w i th maximum sorpti on usua l ly  occurri ng i n  the pH range 

2 . 5  to 4 . 5 ,  depend i ng on  the sorben t used . The fact tha t the pH of  

maximum sorpt i on i s  near to  the p Ka2 of  mol ybdi c  aci d (4 . 0 ;  S i l l en 

and Martel l ,  197 1 ) has been taken as evi dence (Theng , 197 1 ; Gon za l ez  
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et al . ,  1974 ) that Mo bonds to so i l s u rfaces by a mechan i sm s i mi l a r to 

that proposed by H i ng s ton et a l . ( 1967 , 1968b , 1972 ) . Maxi mum sorpti on, 

however , i s  often observed at pH va l ues l es s  than 4 . 0  ( Jones , 1957 ; 

Tuev , 1969 ) and depend s  on the oxi de sorbent ( Jones , 1957 ; Re i senauer 

et  al . ,  1 962 ; Tuev , 1 969 ) . At aci d pH va l ues c l ose to 7 . 0 ,  and 

above pH 7 . 0 ,  Mo sorpti on fal l s  off ma rkedl y  ( Jones , 1957 ; Reyes 

and Juri na k , 1967 ) , and above pH 8 . 5 ,  very sma l l amounts of Mo a re 

sorbed . 

The Mo sorpti on i sotherms determi ned i n  a l most a l l s tud i es cover 

a wi de range of  concentrati on , wi th very l i tt l e data ava i l a b l e at l ow 



fi nal  sol uti on concentrati ons ( < l . O ll mo l  1 - 1 ) .  A l though anal yti cal  

determi nati ons are often di ffi cu l t in  th i s  range , the Mo concentrati ons 

i n  the soi l so l ut ion commonl y  correspond to th i s  ra nge and thus , i t  i s  

most  i mportant to have data at such  concentrati ons . 

Sorpti on of  Mo ha s been s hown to fi t both the Freund l i ch 

( Rei senauer et a l . ,  1962 ; V l ek and L i ndsay , 1977 b )  and Langmu i r ( Reyes 

and Juri nak , 1967 ; Then g , 1971 ; Gonza l ez  et a l . ,  1974 ) equati ons . 

F i gures 1 . 10 and 1 . 1 1 s how data p l otted accord i ng to the d i fferent 

sorpti on equa ti ons and i l l us trate the wi de concentration range over 

wh i ch attempts have been made to fi t the eq uati ons . Both Rei senauer 
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et a l . ( 1962 ) and Vl e k  and L i ndsay ( 1977 b )  found  that Mo sorpt i on d i d  not 

conform to a s i mpl e Langmu i r equati on o ver a fi nal  concentrat ion  range 
- 1 of  0 - 10 ll mol 1 , b ut  found tha t data over thi s range appea red to 

conform to the Freundl i ch equati on . Sorpti on data have been fi tted to 

mu l ti p l e Langmu i r  eq uati ons for haemi ti te ( Reyes and Juri nak , 196 7 )  and 

soi l cl ays ( Theng , 197 1 ) . At pH 4 . 0 ,  Reyes and Juri na k found  two 

d i sti nct  Langmui r reg i ons ( Fi g .  1 . 1 1 ) , one reacti on bei ng  essenti a l l y  

compl ete at  a fi nal  so l uti on concentra ti on o f  100 ll mol  1 - 1 , and the other 

be i ng es sen ti a l l y  compl ete at 550 ll mo l  1 - 1 . Theng ( 197 1 )  found that Mo 

so rpti on by two a l l opha n i c  c l ays each fo l l owed a s i mpl e Langmu i r equa tion  

in  the concentrat ion  range of 2 . 0 - 50 ll mo l  1 - 1 , wherea s a l ayer- l a tti ce 

c l ay showed two d i sti nct  reg i ons of  sorp ti on i n  the same range , each  

reg i on conformi ng  to  a d i fferent Langmu i r  equati on . At pH 7 . 8 for 

haemi ti te ,  and  pH 5 . 5  for the l atti ce c l ay ,  on ly  one Langmu i r eq ua ti on 

was observed i n  both s tudi es . 

The absence o f  good , rel i a b l e data a t  l ow concentrati ons i n  a l l 

these s tu d i e s  makes i t  d i ffi cu l t to as sess  the va l i d i ty of u s i ng  the 

Langmu i r  equati on to resol ve experi men ta l data . For exampl e ,  i n  
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F i g .  1 . 1 1 ,  Gon za l e z  et al . ( 1974 ) used on ly  fi ve poi nts between 

concentrati on l i mi ts  of 0 . 2  and 70 � mol 1 - 1 to obta i n  b and k val ues 

from the Langmu i r equati on . As d i scus sed previ ous l y , extens i on of  

s tudi es of  P sorpt i on to very l ow concentrati ons enabl ed fi t of  data 
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to two or three equati ons , whereas previ ous s tud i es at h i gh concentrati on  

ranges had not  found  these rel ati ons h i ps . The form of the Langmu i r  

eq ua t i on used i n  s tud i es of Mo sorpti on has genera l l y  been equati on  

( 1 . 1 5 ) , wh i ch i s  best for studyi ng a wi de range of  concentrati on ,  rather p � 

than eq ua ti on ( 1 . 16 ) , wh i ch a l l ows better i nvesti gati on at l ow ,  and 

over a narrow ra nge of,  concentrati ons . 

18 . 3 . 2  Mechan i sms of  Mo sorpti on 

Based , as they are , on l i mi ted sorpti on  and pH data , many of the 

proposed mechan i sms are very s pecul ati ve and  often rely on s i mi l a ri ty 

wi th other data determi ned for P sorpt i on . Rei senauer et a l . ( 1 962 ) 

have made the mos t  comprehen s i ve study , al though much of the i r data 

were obta i ned at  h i gh fi nal  sol u ti on Mo concentrati ons . They found  

that sorpti on o f  Mo by hydrous  Fe  ox i de was accompan i ed by a 

s toi chi ometri c rel ease of 2 OH i ons and one mo l ecu l e of water , a l though 

at l ow concentrati ons ( < 0 . 5  mmol 1- 1 ) ,  dev i ati ons from thi s s i mp l e 

s to i chi ometry appear i n  the i r data . These authors conc l uded that Mo 

sorpti on i nvol ved the fol l owi ng reacti on : 

2Fe ( OH ) 3 + 3Moo4
2- + 6H+ � Fe2 ( Mo04 ) 3 + 6H20 ( 1 . 2 1 )  

Obvi ous ly  ( 1 . 21 )  i s  a very s i mpl e mechan i sm ,  gi v i ng no i nd i cati on  of  the 

nature of the sorpt i on reacti on or the s u rface groups i nvol ved . 

Reyes and J u ri na k  ( 1967 ) concl uded that Mo sorpti on by haemi ti te ,  

at ac i d  pH val ues , i nvol ved two d i sti nct reacti ons , wi th each fol l owi ng  

a d i fferent Langmu i r equati on . One reacti on i nvol ved s i tes  coveri ng 

80% of the s u rface , and the other i nvol ved sorpti on at the other 20% . 
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From a compari son o f  the s u rface areas o f  potenti al  sorbi ng spec i es , a n d  

potent ia l · sorbi ng s i tes ( OH groups ) , they con s i dered that the tetrahedra l ,  
x-2 HxMo04 , was the sorb i ng  an ion , but  no prec i se  mechan i sms were g i ven . 

They di d ,  however , conc l ude that sorption of pol ymeri c forms of Mo was 

not  occurri n g , by compari ng  observed and ca l cu l ated sorpti on maxi mum 

val ues . 

Barrow ( 1970 ) , Theng ( 1971 ) , and Gonza l ez  et a l . ( 1974 ) have a l l 

con c l uded that Mo i s  sorbed at oxi de surfaces by the mechan i sms proposed 

by H i ngston et a l . ( 1 967 , 1968b , 1972 ) . Gon za l ez et al . ( 1974 ) po i nt 

out , however , that many of  the res u l ts are on ly  qua l i tati vel y cons i s tent  

wi th the theori es of  H i ngston et a l . ,  i . e . , sorpti on  maxi ma at  or near 

p Ka val ues . Ba rrow ( 1 970 ) has s hown that the change i n  Mo sorpti on wi th 

pH cou l d be pred i cted reasonab ly  accurate ly  by a s s umi ng that both 
2-p roton donor ,  HMo04

- , and  proton acceptor , Moo4 , are neces sari l y  

p resent at  the sorb i ng s u rface , a s  proposed by Hi n gs ton e t  a l . ,  b u t  then 

goes on to po i nt out that good pred i cti ons  can a l so  be obta i ned i f  i t  

i s  assumed that Mo sorpt ion  depends on l y  on the concentrati on  of HMo04 
The l i mi ta ti ons  of the theori es of H i ngston et a l . have been d i scus sed 

prev i ou s l y . 

I n  concl u s i on , s tud i es of Mo sorpti on have on ly  been semi -

q uanti tat i ve and do not  a l l ow any concl us i ve mechan i sms to be proposed . 

Resol ut ion  of  sorpt ion  i sotherms , us i ng the Langmu i r or Freund l i ch 

equati ons , has not been i ntegrated wi th other experimenta l  data , and  

due to the wi de concen trati on ranges stud i ed , fi t of data to  the sorpti on  

equat i on s  i s  very i nconcl us i ve .  Al though many i nvesti gators a s s ume a 

s i mi l ari ty between Mo and  P sorpti on , there has  been no deta i l ed 

experi menta l  i nvesti gati on of  the s i mi l ari ti es . The a s s umpti on that 

Mo and P sorpti on mechan i sms a re s i mi l ar requ i res  q uanti tati ve 



i nvesti gati on , wi th more emphas i s  on the nature of  the Mo sorpti o n  

reacti on , wh i ch appears t o  b e  poorl y understood i n  compari son wi th 

that for P sorpti on .  

1 B . 4  T ime-Dependent P and Mo Sorpti on 

In the preceed ing  d i scus s i on , no d i s t i ncti on was made between 

the adsorpt ion and absorpti on of ani ons , where adsorption refers to 

retenti on of an i ons at external soi l s u rfaces , and absorpti on of i ons 

refers to retent ion  at i nternal soi l s urfaces , presumabl y by movement 

of  the adsorbed i on s  through externa l  s u rfaces . When d i scus s i ng 

retenti on , wi th respect to reta i n i ng s urfaces , and  the mechan i sms of  

retenti on , no d i sti nct i on was neces sary between adsorpti on and 

absorption and the overa l l reaction was referred to as sorpt i on . I n  

d i scus s i ng the t ime-dependence o f  P and Mo sorpt i on , di sti ncti on wi l l  

be made between the two types of sorpti on . 

1B . 4 . 1  T ime-dependence of P sorpti on  

That  P sorpti on conti nues over l ong - t i me peri ods i s  we l l  known 

( Ku rtz et al . ,  1946 ; H su , 1964 ; Fox and Kamprath , 1970 ; Ba rrow and 

Shaw , 1975a , b ;  Ryden and Syers , 1975 ) . Thi s t i me-dependent sorpti on 

conti nues i f  the so i l i s  i n  contact wi th l arge vol umes of so l u t i o n  or 
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a t  normal soi l mo i s ture contents . The pa ttern of  P retenti on i s  

genera l l y  a fas t  i n i ti a l uptake fo l l owed by a s l ow ,  conti nu i ng uptake . 

Fol l owing  the i n i t i a l fa s t  uptake , an apparent s teady s tate may be 

reached ; sorpti on  i nvesti gati ons are often made duri ng th i s  s teady-s tate 

pe ri od ( Renni e and Mc Kercha r ,  1959 ; Mu l j ad i  et a l . ,  1966 ; Chen et a l . ,  

1 973a ) .  At these s hort- t ime peri ods , however , a true equ i l i bri um 

s i tuati on i s  not reached ( Ryden and Syers , 1975 ; Munn s and Fox , 1976 ) , 

and  use of the Langmu i r  equati on, whi ch  i s  deri ved for an  equ i l i bri um 



s i tuati on , i s  questi ona bl e .  Whi l e  s uc h  cons i derati ons are frequentl y 

overl oo ked , Ryden et a l . ( 1977a ) have s hown tha t P sorpti on  appears to 

obey s i mi l ar Langmu i r equa ti ons at 40 h r  and eq u i l i bri um . 

The decrea se i n  exchangeab i l i ty of  P ( Ta l i budeen , 1958)  and 

extractabl i l i ty of P ( Kafkafi et al . ,  1 967 ; Barrow , 1974 ) wi th t ime 

i s  wel l known . Barrow and Shaw ( 19 7 5a , b )  have s hown that both are 

rel ated to the conti nu i ng sorpti on reac ti on . 

Mos t  workers appear to agree tha t the ongo i ng P sorpti on  reacti on 

appears to i nvol ve a s h i ft in  the form of  P hel d at the surface from a 

l oosel y- hel d to a more- strong ly  hel d type ( Ta l i budeen , 1 958 ;  Barrow , 

1975a , b ;  Ryden et a l . ,  1977b ) , but  the nature of the s h i ft i s  often 

subject to s pecu l a ti on . Barrow a nd S haw ( 1 975a , b )  have d i v i ded so i l 

P i nto th ree compa rtments : sol uti on P ,  adsorbed P ,  and P ti ght ly  hel d 

i n  a form not i n  d i rec t  contact wi th the soi l so l uti on . 

Convers i on of  adsorbed P to the t i ghtl y- hel d form ha s been 

proposed to i nvol ve the formati on  of  p rec i p i ta ted P mi neral s ( Larsen 
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and Wi ddowson , 197 1 ; Chen et a l . ,  1973b ; Ta l i budeen , 1974 ) . S tudyi ng 

P sorpti on on Al mi neral s ,  Chen et a l . ( 1 973b ) produced el ec tron 

mi crographs  of the proposed new mi neral form of P, al though these 

workers were unabl e to expl a i n  why seed i ng the sol uti on wi th crysta l l i ne 

Al phosphate d i d  not i ncrease the ra te of the reacti on , as wou l d  be 

expected for the proposed preci pi tat i on  reacti on . 

Other workers have proposed that the conti nu i ng sorpti on  reacti on 

( and rel a ted decrease i n  extractabi l i ty of P)  i s  a res u l t of  a s h i ft i n  

sorbed P from a mondentate to a b i den ta te form ( Kafkafi e t  a l . ,  1 967 ; 

H i ngs ton e t  a l . ,  1974 ; Barrow and S haw , 1975 b ;  Munns and Fox 1976 ) 

al though s uch  a mechan i sm ha s no exper imental j u sti fi cati on . Al though 

the forma t i o n  of  b i dentate P comp l exes appears  to be h i g h ly  l i ke l y  



( Parfi tt et al . ,  1 975 ) , i t  i s  d i ffi cu l t to understand how a change from 

monodentate to b i dentate bond i ng woul d a l l ow further P sorpti on s i tes 

to be formed , enabl i ng conti n u i ng P sorpti on . 

Ryden et a l . ( 1 977b ) have shown that 10- 1M NaOH comp l etel y  

recovers the P sorbed o n  so i l s  and soi l components duri ng short t i mes 

( < 48 h r ) , but at l onger-time peri ods compl ete recovery i s  on l y  

obta i ned by extract i on wi th COB reagent o r  H C l  d i gesti on o f  so i l 

components . I t  i s  con s i dered that NaOH extracts s urface- bound P 

(Wi l l i ams et a l . ,  1 967 ) and Ryden et a l . pro posed that the i ncrease i n  

COB- P at  cons tant NaOH - P was due to the movement of chemi sorbed P i n to 

short- range order mi neral s tructu res , i . e . , a n  absorpti on reacti on . 

Th i s  a bsorpti on reacti on wa s proposed to req u i re the presence of  s hort­

range order materi a l , as syntheti c goeth i te ,  wi th negl i g i b l e amo unts of 

s hort- range order materi a l , s howed no i ncrease i n  sorbed P at  ti mes 

greater than 48 h r .  Al though the fracti onati on procedure used was 

somewhat emp i ri cal , the i ncrease i n  COB -extractabl e P wou l d seem to 

di s prove that the s l ow reacti on i nvol ved a change from mono- to 

b i dentate bondi ng , as both forms s hou l d be extrac ted wi th NaOH . 

Ryden et a l . ( 1977b ) proposed that the absorpt ion of chemi sorbed P 

resu l ted i n  regenera ti on of  surface s i tes, th u s  a l l owi ng a s h i ft of 

more-phys i ca l l y  s o rbed P to chemi sorbed P and  a l l owi ng a conti n ued 

uptake of P .  Th i s  s h i ft i n  the form of P s orbed (more- phys i ca l  to 

chemi sorbed ) acco unted for the decrease i n  i sotopi c  exchangea bi l i ty 

and desorpti on of  P wi th t i me ( Ryden and  Syers , 1 977 ) . 

1B . 4 . 2  Ti me -dependence of Mo sorpt i on  

The sorpti on  of  Mo over l ong peri ods of  t ime appears to  fol l ow a 

very s i mi l ar pattern to the sorpti on of  P .  The amount of  Mo sorbed , 

a fter an  i n i ti a l  rap i d  uptake , s l owly i nc reases wi th ti me ( Reyes and  
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J u r i na k , 1967 ; Gorl ach et a l . ,  1969 ; Barrow , 1970 ; Barrow and S haw , 

1975c ) . Wi th i ncreas i ng t ime of contact between soi l and Mo , the 

added Mo becomes more d i ff i cu l t to desorb wi th so l uti ons at i so - pH 

and i on i c  s treng th ( Gorl ach et a l . ,  1969 ) , by a n i ons  s uch a s P and 

HC03
- ( Gorl ach et a l . ,  1969 ; Jones and Smi th , 1972 ; Barrow , 1973 ) 

or  by hydroxyl ( Smi th and Leeper , 1969 ; Barrow , 197 3 ) . 

Barrow and S haw ( 1975c )  found tha t the decrease of Mo i n  so i l 

so l uti on and i n  the effecti venes s of  Mo for p l ant  growth cou l d  be 

exp l a i ned by emp i r i ca l  equations  s i mi l ar to those for P .  U s i ng the 

same approach as that  u sed for P ,  Barrow a nd S haw ( 1975c )  compa rtment­

a l i zed Mo i nto three forms : so l ut ion  Mo , sorbed Mo i n  eq u i l i br i um 

wi th so l uti on Mo , and t i g htl y- hel d Mo not i n  contact wi th so l u ti on Mo . 

Al though s uch a c l as s i fi ca ti on enab l es ra tiona l i zat ion of  the observed 

behavi our , i t  does not gi ve a c l ear  unders tand i ng of the actual  

mechan i sm of t ime-dependent sorpti on . Smi th and Leeper ( 1969)  a nd 

Barrow ( 19 7 3 )  have observed decreases i n  NaOH-extractabl e Mo when Mo 

was i ncuba ted wi th so i l . By anal ogy wi th P ,  i t  i s  expec ted tha t 

s urface-bound Mo i s  extrac ted wi th NaOH . Smi th and Leeper ( 1969 ) a nd 

Barrow and Shaw . ( 1975c ) have proposed tha t the decrease i n  NaOH­

extractab l e Mo s i gn i fi es tha t sorbed Mo i s  bei ng reorgan i sed at the 

s u rface to l es s  sol ub l e forms . Smi th a nd Leeper ( 1969 ) s howed tha t 

much of the Mo not recovered by NaOH was extrac ted by COB reagent ,  a s  

found for P by Ryden e t  a l . ( 1977b ) , a n d  s ta ted tha t th i s  confi rmed tha t 

Mo was bei ng converted to more crys ta l l i ne forms at  the co l l o i d  

s urfaces . Barrow and S haw ( 1975c ) proposed that the s u rface 

reorgani zati on  may i nvol ve chang i ng the Mo- s u rface bond from monodenta te 

to b i denta te . Such a change i n  bond wo ul d be expec ted to depend on  pH . 

Barrow and S haw ( 1975c ) , however , found  tha t the t ime-dependen t  sorpti on 
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of  Mo was i ndependent o f  pH , wh i ch p l aces doubt on  thei r s ugges ted 

mec hani sm . 

I n  concl us i on , reasons  for the t ime-dependent  sorpti on of Mo are 

not wel l  u nders tood . There i s  a defi n i te need for i nves ti gati ons  

i nto extractants that remove a known fracti on  of  so i l Mo , so  tha t the 

ori g i n  of the time-dependent sorpti on can be better i denti fi ed . 

1B . 5  General Concl u s i ons  a nd Research Needs 

Al though each  Sect ion  of  th i s  Chapter has  i ncl uded a d i scus s i on 

of  the i mp l i cati ons and the weaknesses of prev i o u s  work , a genera l 

overvi ew i s  val uab l e, parti cul arly wi th regard to eva l uati ng future 

research n eeds . 

The importance of  oxi des of Fe and Al i n  a n i on sorpti on has 

recei ved con s i derabl e a ttenti on , but  there has been l i ttl e deta i l ed 

i nves ti gati on i nto compari sons between sorpti on  by these oxi des and by 

so i l s .  Thi s i s  es pec i a l l y  so  for Mo , where there have been few , i f  

any ,  deta i l ed s tudi es o f  Mo sorpti on by so i l s  and so i l  components a t  

real i s ti c fi nal so l u t ion  concen trati ons . I t  has  been shown that the 

ox i de s urfaces are wel l c haracteri sed , and th i s  wou l d appear to be of 

use  i n  a ny mechan i sti c i nvesti gati ons . 

Al though i t  has been  shown tha t sorpti on  i sotherms may g i ve 

val uab l e  i nformati on on  the natu re of the sorpti on  reacti on , i so therms 

for the sorpti on of Mo have on ly  been obta i ned a t  unreal i s ti ca l l y  h i gh  

so l u ti on concentra ti on s . Eval uati on of Mo sorpti on mecha n i sms may 

a l so a l l ow ra ti ona l i sati on  of  more practi ca l Mo behavi our  i n  so i l s ,  

s uch as  the effects o f  l i me on a va i l abi l i ty of  both nati ve a nd added Mo . 

The nature a nd mechani sms of  P sorpti on  a ppear to be wel l 

unders tood , but there have been few deta i l ed compari sons of  P and Mo 

sorp t i on mechan i sms . Obta i n i ng good rel at ionsh i ps  between P and Mo 
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sorpti on  may al l ow the wel l -deta i l ed i nformati on for P sorpti on to be 

used i n  eval uati on of Mo sorpti on  mecha n i sms . I t  has been s hown tha t 

there i s  some d i sagreement abo u t  the na ture of  the reacti on  between 

oxi de s urfaces a nd an i ons , and deta i l ed s tud i es of i nd i vi dual  a n i ons 

are needed before general a n i on mechan i sm proposa l s  can be eva l ua ted . 

Thi s revi ew has  s hown that recent i nves ti gati ons  have g i ven  

i ns i ght  i nto the  s l ow reacti on between P and soi l wi th rega rd to  the 

occurrence of an absorpti on reacti on . S i m i l ar patterns have been 

observed for Mo sorpti on , a l though aga i n  there has been l i ttl e deta i l ed 

researc h .  

I t  ha s been shown that compe ti ti on and desorpti on have not been 

stud i ed extens i vel y .  Eval uati on o f  the s orpti on mechan i sms o f  an i ons 

i n  the absence of competi tors may a l l ow ra ti onal i sat ion  of the effects 

of competi tors , and  desorpti on by other a n i ons , on a n i on sorpti on . 

Th i s  may be parti cu l arly val uabl e wi th regard to the behavi our  of 

Mo and P i n  the f i e l d s i tua ti on , where l arge amounts of P a re added to 

soi l s  a l ong  wi th , or subseq uent to , very sma l l add i ti ons o f  Mo . 

I n  s ubsequent Chapters , s ome o f  the research  a reas o u tl i ned above 

are i nvesti gated . Fou r so i l s ,  both topsai l s  and s ubsoi l s ,  were chosen 

i n  order to obta i n deta i l ed i nformat ion  on  Mo sorpti on and a l so  to 

compare the i mportance of so i l components i n  Mo and P s orpti on . The 

effec ts of t ime a nd i on ic  s trength on Mo sorpti on are i nves ti gated i n  

order to establ i s h rel i ab l e experi menta l  cond i ti ons  for s ubseq uent 
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stud i es .  The u se  of  the Langmu i r equati on i s  eval uated for i nterpreta t i o n  

of Mo sorp ti on i soth erms , both a t  equ i l i bri um a n d  duri ng s hort- time 

peri ods . The data obta i n ed a re exami ned for i nfo rmati on  on  the nature 

of the Mo sorpti on reacti on . 

A compari son  of Mo and P s orpti on  i s  a l so made , both by so i l s  and 



syn theti c soi l componen ts , and s imi l ari ti es and d i fferences d i s cus sed . 

The mechani sm of  Mo sorpti on i s  i n vesti ga ted , based on the i mpl i cati ons  

of the fi t of data to the Langmu i r  equati on , s i mi l ari ti es between Mo 

and P sorpti on � the effect of pH and i on i c  s trength on Mo sorpti on , 

and the charge rel ati ons h i ps of Mo sorpti on . 

The mecha n i sms pro posed for Mo sorpti on  ( and  those for P sorpti on ) 

are then used , i n  conj unct ion  wi th the Langmu i r  equati on , to ra ti ona l i ze 

competi ti ve sorp ti on between Mo and P .  Des orpti on of Mo by so l ut i on  P 

and extracti on  of  Mo wi th several reagen ts , a s  a func tion of t ime a fter 

the addi ti on of Mo a re i nves ti gated and changes i n  these parameters 

are d i scussed i n  terms of the form of s orbed Mo and a l so the s l ow ,  

conti nu i ng react i on between added Mo and s oi l s .  

I n  order to obtai n data wh i ch are more rel evant to the fi e l d 

s i tuati on , the effect of  prev i ou s l y  added P and l i me on Mo sorpti on  i s  

s tud i ed and the behavi our  expl a i ned i n  terms of the effec ts of  P and 

l i me on the forms of  Mo sorbed , us i ng i n formati on obtai ned prev i o us l y  

i n  the s tudy . 

68 



C H A P T E R  2 



SOI LS , GENERAL METHODS , AND SO IL  PROPERT I ES 

2 . 1  I ntroducti on 

The sorpti on of Mo i s  often a s sumed to i nvol ve a s i mi l ar 

mechan i sm to that of P ( H i ngston et a l . ,  1967 , 1968b , 1972 ; Theng , 

197 1 ) . Few compari sons of the s orpti on of  these two an i ons  by 

contrast i ng soi l s ,  however , have been made . 

70 

The rel ati ve contri buti on of d i fferent soi l properti es to P 

sorpti on has been i nvesti gated extens i ve l y  and the i mportant parameters 

estab l i s hed ( Saunders , 1965 ; Syers et a l . ,  1971 ) . There have been 

few s tud i es of the rel ationsh i p  between Mo sorpt i on and so i l properti es , 

pH and the amounts of ci trate-d i th i on i te- b i carbonate-extractab l e 

components bei ng the only soi l p ro perti es exami ned i n  rel ati on  to Mo 

sorpti on ( Jones , 1957 ; Barrow , 1 970 ; Theng , 197 1 ) . Re l at i ve d i fferences 

between the sorpti on of P and Mo have been ascri bed to pH effects 

( Barrow , 1 97C ) , but the s i gn i fi cance of other soi l p roperti es i s  not known . 

I n  order to mean i ngful l y  compare the sorpti on of the two an i ons  by soi l s ,  

contra s ti ng  soi l s  are requ i red . Th i s  enabl es more genera l i sed 

statements to be made wi th regard to the soi l properti es that are 

i mportant for sorpti on of both P a nd Mo , and a l so a l l ows d i fferences 

between the sorpti on of the two a n i ons  to be better unders tood . 

2 . 2  So i l s  

Topso i l s  and s ubsoi l s  of  Okai hau gravel ly  c l ay ,  Rami ha  s i l t  l oam , 

Dannevi rke s i l t  l oam , and Tokomar u  s i l t  l oam were col l ected . Samp l i ng 

and s o i l deta i l s  are g i ven i n  Tab l e 2 . 1 .  The predomi nant  mi nera l ogi cal  

components of the soi l s  are : kaol i n i te ,  g i bbs i te ,  and free crysta l l i ne 



Tabl e 2 . 1  S i te data for so i l s  used i n  the s tudy 

Soi l 

Oka i hau Topso i l  

Rami ha 

S ubso i l 

Topsoi  1 
Subso i l 

Dannev i rke Topsoi l 

Subso i l 

Tokomaru Topsoi  1 

Subso i l 

Sampl i ng depth 
( cm ) 

0 - 10 

23  - 40 

0 - 30 

30 - 50 

0 - 20 

30 - 50 

0 - 1 5  

35 - 50 

Gri d 
reference 

N 1 50/ 3 10456 

N 149/209278 

N 149/38 1410 

. N 149/ 1 15319  

New Zea l a nd 
soi l c l a s s i fi cati on 

very s trong ly  l eached 

brown l oam 

s trong ly  l eached 

yel l ow-brown l oam-yel l ow-

brown ea rth i n tergrade 

s trongl y  l eached 

yel l ow-brown l oam-yel l ow-

brown earth i ntergrade 

moderate ly  g l eyed , 

centra l yel l ow-grey earth 

Parent materi a l  

Ol i v i ne basal t 

Loes s -deri ved ma i n l y  

from greywacke and 

some vol cani c  a sh  

Loes s -deri ved ma i n l y  

from greywacke and 

some vol cani c ash  

Loess -deri ved mai n l y  

from greywacke 

-....J 
t--1 



i ron oxi des ( Oka i ha u ) ;  vermi cu l i te ,  vermi cu l i te-ch l ori te ,  and 

a l l ophane ( Rami ha ) ; ch l ori te ,  vermi cu l i te ,  and a l l ophane ( Dannev i rke ) ; 

and mi ca/ i l l i te and vermi cu l i te ,  wi th  s ome crysta l l i ne i ron oxi des 

( Tokomaru ) .  Further deta i l s  on the Oka i hau and Dannevi rke soi l s  have 

been pub l i s hed by New Zea l and Soi l B ureau ( 1968 ) and on the Rami ha and  

Tokomaru  so i l s  by Pol l ok ( 1975 ) . 

The s o i l s  were a i r dri ed and materi a l  pas s i ng a 2-mm s i eve 

was used . 

2 . 3  Genera l Methods 

2 . 3 . 1  Soi l propert ies  

S o i l pH was determi ned at a 2 . 5 : 1 s o l uti on : so i l rat i o  i n  water 

( New Zea l and Soi l Bureau , 1968) . Extractabl e Al was determi ned by 

s ucces s i ve l y  was h i ng  1 -g samp l es o f  so i l  four t i mes wi th 10 ml o f  

1 M  KCl a n d  analyzi ng for A l  co l or i metri cal l y  ( Ra i nwater and  Thatcher , 

1960 ) . Short- range order ( amorphou s )  Fe and Al components were 

determi ned by extracti on wi th aci d ammon i um oxal ate ( Wi l l i ams et a l . ,  

197 1 )  fo l l owed by cal orimetri c a na l ys i s for Fe and Al  ( Ra i nwater and 
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Thatcher , 1960 ) . Free oxi des and hydrous  oxi des of  i ron were determi ned 

by extracti on wi th c i trate- d i th i on i te- bi carbonate ( COB ) and cal ori metri c 

anal ys i s  ( J ackson , 1956 ) . An e st imate of  crysta l l i ne Fe was obta i ned 

by s ubtracti ng oxal ate- Fe from CDB- Fe . The amount of CDB -Al was 

determi ned after extracti on and ca l ori metri c ana lys i s , wh i ch i nvol ved 

pri o r  destructi on of c i trate ( Wi l l i ams et a l . ,  1 9 7 1 ) .  An esti mate of 

the amount  of non- crystal l i ne i no rgan i c  materi a l  was determi ned from 

the q uanti ty of hydroxyl i on s  rel eased by 8 . 5  x 10- 1M NaF  at pH 6 . 8  

( Perrott e t  a l . ,  1976 ) . 



2 . 3 . 2  Sorpti on determi nati on s 

Soi l samp l es ( 1 - g ) were shaken wi th 40 ml of the appropri ate 

so l uti on ( except i n  experiments where the so l uti on : soi l rati o was 

vari ed ) i n  50-ml pol ycarbonate tubes on an end-over-end s ha ker a t  

23°C .  For peri ods o f  contact between s o i l and sol ut ion greater than 

40 h r ,  147 �mol HgC1 2 1 - 1 was added to l i mi t mi crob i a l  acti v i ty .  

After the req u i red s ha k i ng peri od , the tubes were centri fuged at  

1 5 , 000 r . p . m .  at 23°C and  the supernatant  so l uti ons fi l tered through 

a 0 . 45 �m Mi l l i pore fi l ter . An a l i q uot was then ta ken for ana l ys i s .  

The amount of  sorbed a n i on was ca l cu l ated as  the d i fference between 

total an i on added and the amount rema i n i ng i n  so l ution . I n  each case , 

Mo was added as so l uti ons  of Na2M004 and P as  so l uti ons of  KH2P04 . 

2 . 3 . 3  Ana lys i s  for Mo and P 

I norgan i c  P was determi ned by the method of Mu rphy and R i l ey 

( 1962 ) , absorbance bei n g  measured at 7 1 2  nm on a Un i c a � � S P 1800B 

s pectrophotometer .  

Two methods were eva l uated for the determi nat i on o f  Mo i n  

extracts . The fi rst was the method of  P i per and Beckwi th ( 1 948 ) , a s  

mod i fi ed by B i ng l ey ( 1959 , 1963 ) , wh i ch i nvo l ves col our  devel o pment  by 

d i th i o l . The second was the method of  Haddad et a l . ( 1975 ) , wh i ch 

7 3  

i nvol ves col ou r  deve l opment o f  a mol ybdenum- th i ocyanate- rhodami ne B 

compl ex .  The d i th i o l  method requ i res so l vent extracti on of the 

Mo-d i th i ol comp l ex i nto i soamyl acetate , the absorbance of  the green 

comp l ex bei ng measured at 680 nm . The rhodami ne B method i nvo l ves the 

formati on  of  the comp l ex  i n  aqueou s  s o l uti on , the res u l t i ng  red- b l ue 

compl ex bei ng  read at  600 nm . Both methods requ i red pri or  removal 

of organ i c  matter . To ach i eve th i s ,  a l i q uots of soi l extracts were 

evaporated to dryness  and organ i c  matter s u bsequently destroyed . 



For NaCl  extracts of so i l s ,  treatment wi th ac i d  hydrogen peroxi de was 

used to destroy organ i c  matter but  for NaOH extracts of  s oi l s ,  i gn i ti on 

for 3 to 4 hr  at  550°C was requ i red befo re hydrogen peroxi de treatment 

( Gupta and McKay , 1965 ) .  Exces s  peroxi de was then destroyed by 

heati ng  to 1 30- 140°C .  

2 . 4  Resu l ts and  Di scus s i on 
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2 . 4 . 1  Eva l uati on of ana l yti cal methods for determi n i ng Mo 

Recovery of  Mo added to severa l  so i l extracts i s  shown i n  Tabl e 2 . 2 .  

Both methods gave good recoveri es . Because the so l vent extracti on 

procedure was more t ime-cons umi ng , and because a compari son of  the two 

methods s howed them to be equa l l y  effecti ve , the rhodami ne B method was 

used duri ng the study . 

2 . 4 . 2  Compari son o f  Mo and P s orpti on i sotherms 

I sotherms for the sorpt i on  of Mo and P from 10- 1M NaCl  duri ng 

40 hr  by topsa i l s  and s ubsoi l s  of Oka i hau , Rami ha , Dannevi rke , and Tokomaru 

soi l s ,  over the concentrati on range o f  0 - 100 � mol 1 - 1 , are shown i n  

Fi g .  2 . 1  to 2 . 4 .  

The i so therms were a l l o f  a s i mi l ar s hape and type , but  the 

rel at i ve extent of sorpti on vari ed  cons i derab ly  for the two an i ons  and 

a l s o  between s oi l s .  The data i n  Tab l e 2 . 3  are a s ummary of  some of the 

sorpti on data obta i ned from the i sotherms , enabl i ng a more d i rect 

compari son to be made . 

The amounts of Mo sorbed by topsa i l s  at each of the two so l uti on 

Mo concentrat i ons decreased i n  the o rder Oka i hau � Rami ha > Dannevi rke � 

Tokomaru . Due to the d i ffe rent s hape of the sorpt i on i sotherm for each 

s oi l , the order of sorpti on was not the same at  5 � mo l  Mo 1 - 1 as at 



Tabl e 2 . 2  Recovery o f  Mo added to soi l extracts , us i ng two 

d i fferent methods for the determi nati o n  of Mo 
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So i l  
* 

Recovery ( % )  of Mo added at the fol l owi ng l evel s ( �mo l  Mo ) 

0 . 0 10 0 . 050 0 . 100 

D i th i o l Method 

Rami ha 92 95 98 

Dannevi rke 105 98 102 

Rhodami ne B Method 

Oka i hau 100 102 98 

Rami ha 108 102 100 

Dannevi rke 105 101  101  

To komaru 98 102 100 

* 
Added to 20 ml of  s o i l extract . 
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Tab l e 2 . 3  Amounts of Mo and P sorbed by so i l s ,  and the rati o of P and Mo sorbed from 10- 1M NaCl  

duri ng  40 h r  at  two fi nal  sol uti on Mo and P concentrati ons 

Soi l  Mo sorbed 

ll mo 1 g - 1 
P sorbed 

- 1 ll mo 1 g 

P sorbed : Mo sorbed 

. - 1 Sol ut1 0n concentrati on ll mo l  1 

Oka i hau Topsoi l 

Rami ha 

Subso i l 

Topso i l  

Subsoi  1 

Dannev i rke Topsoi l 

Tokomaru 

Subsoi  1 

Topsoi  1 

Subso i l 

5 70 

2 . 90 6 . 78 

4 . 62 12 . 45 

2 . 25  6 . 95 

4 . 15 1 1 . 82 

0 . 72 

3 . 60 

0 . 55 

2 . 15 

2 . 20 

8 . 47 

2 . 20 

9 . 65 

5 

1 1 . 4  

2 1 . 3  

1 7 . 9  

35 . 8  

3 . 1  

10 . 8  

1 . 1  

3 . 4  

70 

27 . 5  

44 . 3  

45 . 8  

75 . 7  

10 . 3  

24 . 8  

4 . 2  

8 . 1 

5 

3 . 9  

4 . 6  

8 . 0  

8 . 6  

4 . 3  

3 . 0  

2 . 0  

1 . 6 

70  

4 . 1 

3 . 6  

6 . 6  

6 . 4  

4 . 7  

2 . 9  

1 . 9  

0 . 84 

00 0 



8 1  

70 � mol Mo 1 - 1 . For s ubsoi l s ,  the rel ati ve order of sorpti on  rema i ned 

the same over the who l e concentrati on range . For P sorpti on duri ng 40 hr, 

the order of sorpti on was Rami ha > Oka i hau > Dannev i rke > Tokomaru , over the 

concentrati on range of 0 - 100 � mo l  P 1 - 1 , for both topsa i l s  and s ubsoi l s .  

A compari son of the Mo and P sorpti on data i ndi cates the fo l l owi ng : 

( 1 ) for both topsai l s  and s ubsoi l s ,  Oka i hau , Rami ha , and Dannevi rke 

soi l s  sorbed con s i derab ly  more P than Mo at any one fi na l so l uti on  

concentrati on , whereas Tokomaru topso i l and s ubso i l sorbed approximate ly  

eq u i mo l ar  q uanti ti es of P and Mo ; ( 2 )  the rel ati ve order of  sorpti on 

between so i l s  was di fferent for the two an i ons . The rati o of  P : Mo 

sorbed ( Tabl e 2 . 3 ) for Rami ha and Dannevi rke soi l s  was greater than the 

rat i o  for Oka i hau and Tokomaru so i l s ,  i nd i cati ng that the amounts of 

Mo sorbed , rel ati ve to P ,  were much l es s  for Rami ha and Dannevi rke soi l s .  

Reasons  for the d i fferences i n  an i on sorpti on wi l l  be d i scus sed i n  the 

fo l l owi ng Secti on and s u bsequent Chapters . 

2 . 4 . 3  Rel ati onsh i p  of Mo and P sorpti on to soi l p roperti es 

Val ues for pH , extractabl e  Al , crysta l l i ne Fe , CDB-Al , short- range 

order Fe and Al , and OH- rel eased by fl uori de for the four so i l s  are 

gi ven i n  Tabl e 2 . 4 .  

The sorpti on  of Mo and the rati o of  Mo : P  sorbed have been found · 

to correl ate c l ose ly  wi th so i l pH ( Barrow , 1 970 ) . The pH of  the so l uti on 

i s  a l so  known to a ffect the amount  of  Mo sorbed by soi l c l ays ( Theng , 

197 1 )  and i t  has  been postu l ated that pH affects the mecha n i sm of both 

Mo and P sorpti on ( H i ngston  et a l . ,  1967 , 1968b ) . The pH val ues for the 

so i l s  u sed i n  th i s  study are not wi de l y  d iifferent and pH d i fferences do 

not account for the observed d i fferences i n  Mo sorpti on . Extractabl e Al 

i s  often rel ated to P sorpt ion ( Syers et a l . ,  197 1 )  and i nverse ly  rel ated 

to pH . The va l ues for extractab l e Al  for the so i l s  used  i n  the present 



Tab l e 2 . 4  So i l  properti es wh i ch may affect Mo and P sorpti on 

Soi l 

Oka i hau Topsoi l 

Rami ha 

Subso i l 

Topso i l 

Subso i l 

Dannevi rke Topsoi l 

Subso i l 

Tokomaru Topso i l  

Subsoi l 

pH 

5 . 6  

5 . 1  

5 . 4  

5 . 5  

5 . 8  

5 . 9  

5 . 3  

5 . 2  

Extractabl e Al Crysta l l i ne Fe 

0 . 34 

0 . 44 

0 .  77 

0 . 25 

0 . 06 

0 . 43 

0 . 25 

0 . 76 

128 . 0  

122 . 9  

10 . 9  

4 . 2  

8 . 4  

23 . 2  

5 . 9  

16 . 8  

COB-A 1 Short- range order OH rel eased 

Fe Al by NaF 

mmol 100 g- 1 
------------

69 . 2  

8 1 . 4  

37 . 2  

58 . 4  

16 . 2  

23 . 6  

5 . 6  

6 . 6  

3 . 5  

9 . 0  

15 . 8  

23 . 0  

9 . 1  

12 . 1  

4 . 6  

3 . 7  

14 . 2  

18 . 9  

35 . 6  

83 . 0  

14 . 2  

1 5 . 9  

3 . 6  

4 . 8 

63 . 2  

88 . 2  

1 12 . 6  

233 . 6  

52 . 4  

81 . 2  

16 . 9  

35 . 3  

ex:> N 



s tudy show l arge var i ati ons  and aga i n  there i s  no  obvi ous rel ati ons h i p  

between Mo sorpt ion and extractab l e Al . 

Both s hort- range order Fe and Al , and crysta l l i ne Fe and Al have 

been rel ated to P sorpt i on ( Saunders , 1965 � Syers et a l . ,  1 97 1 ) .  

Short- range order components are genera l l y  rega rded a s  bei ng the more 

i mportant .  Jones ( 1957 ) and Theng ( 197 1 )  have reported that COB­

extractabl e Fe (wh i ch i nc l udes both crysta l l i ne and s hort- range order 

Fe ) i s  i mportant i n  Mo sorpti on . I n  contrast ,  Barrow ( 1970 ) found  
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that CDB-Al was more i mportan t  i n  Mo sorpti on . Con s i deri ng the i r 

i mportance i n  P sorpti on , i t  i s  strange that no s tudy of the rel at i o ns h i p 

between short-range order components and Mo sorpt i on has been made , 

a l though oxal ate-extractabl e  Mo i s  often used a s  a test for p l ant­

ava i l ab l e Mo ( Gri gg , 1953 ; Gupta and McKay , 1 966 ) . ,  From the data i n  

Tab l e 2 . 4 ,  i t  appears that both crysta l l i ne and s hort-range order Fe and  

A l  are rel ated to P sorpti on , wi th the  two h i ghes t  P-sorbi ng soi l s ,  

Rami ha and Okai hau , conta i n i ng l arge amounts o f  s hort- range order and 

crysta l l i ne materi a l , respecti vel y .  The rel a t i ons h i p  between Mo 

sorpti on  and soi l components i s  l ess  obvi ous . The l arge amounts of  

crysta l l i ne Fe  and Al i n  Oka i hau soi l  equate wi th a rel ati ve ly  h i gh Mo 

sorpti on , but the same components do not appear to i nfl uence Mo s orpti on 

by Dannevi rke and Tokomaru subsoi l s .  The data for Rami ha so i l s uggest 

that s hort- range order Al components are not as  i mportant for Mo sorpti on  

as for P sorpt i on . The magn i tude of s hort- range order Fe val ues wou l d 

seem to equate wel l  wi th the extent o f  Mo s orpti on for Rami ha , Dannevi rke , 

and Tokomaru soi l s ,  i ndi cati ng  that s hort- ran ge order Fe components are 

i mportant i n  Mo s orpti on . The comparab l e extent of Mo sorpti on by 

Tokomaru and Dannev i r ke soi l s , however ,  can not be accounted for by the 

mi nera l component s  of  the so i l a l one , and pH i s  one obv i ou s  facto r .  
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Compari ng  P and Mo sorption by the four  soi l s ,  i t  wou l d appear 

that s hort- range order Al , i n  parti c u l a r ,  i s  mo re i mportant  i n  P 

sorpti on than i n  Mo sorpt i on .  S hort-range order a l umi nos i l i cate 

compounds ( a l l ophane ) are known to sorb l a rge amounts of P ( Cl oos et a l . ,  

1 968 ; Rajan  and Perrott , 1975 ) , but the i r a ffi n i ty for Mo i s  not known . 

A l l ophane i s  the domi nant mi nera l i n  Rami ha so i l and to a l es ser extent 

i n  Dannevi rke soi l . Hydroxy l  rel ease by NaF g i ves an  i ndi cati on that 

poorly-ordered i norgan i c  materi a l s ,  especi a l l y  Al components ( Perrott et 

a l . ,  1976 ) , are importan t  i n  Rami ha so i l and to a l esser extent i n  

Oka i hau and Dan nevi rke so i l s .  I t  i s  pos s i b l e  that the val ues for OH­

rel ease from Okai hau , Rami ha , and Dannev i rke so i l s  may be arti fi c i a l l y  

l ow due to organi c matter i nterference . The h i gh val ues for OH- rel ease  

and oxa l ate-extractab l e Al (wh i ch can be  corre l ated wi th a l l ophane 

content , A . S .  Campbe l l ,  pers . comm . ) i nd i cate that a l l ophane i s  l es s  

i mportant  i n  Mo sorpti on  than i n  P sorpti on by Rami h a  so i l . Th i s  wi l l  

be i nvesti gated i n  s ubsequent Chapters . 

I t  i s  d i ffi cu l t to assess  wh i ch properti es ma ke the l argest 

contri buti on to the sorpt i on of  Mo . Crysta l l i ne Fe , CDB -Al , and s hort­

range order Fe a l l seem to contri bute to Mo sorpti on , wi th pH a l so 

accounti ng  for some d i fferences . Short- range order Al wou l d  seem to be. 

cons i derabl y  more i mportant i n  P sorpt i on than i n  Mo sorpti on . 



C H A P T E R  3 



SORPT I ON OF MOLYBDATE BY SOI LS AND SO I L  COMPONENTS 

3 . 1  I ntroducti on 

Deta i l ed i nves ti gati ons of  Mo sorpti on by soi l s  and so i l 

components have not been carr ied out  i n  any prev i ou s l y  reported 

studi es . Sorpti on i sotherms have often been determi ned over extreme 

ranges of concentrati on ( Reyes and  Juri na k , 1967 ; Gonza l ez  et a l . ,  

1974 ) . Pos s i b l y  because of the wi de range of concentrati ons used , 

tes ts of  data to fi t one of the known sorpti on equati ons have been 

i nconc l us i ve .  

Sorpti on i sotherms can g i ve useful  i nformati on on the reacti on 

between sorbate and sorbent ;  th i s  i nc l udes mecha n i sti c  deta i l s ,  

sorpt i o n  capaci t i es , heat , free energ i es , and entropi es of  the 

reacti ons , and s i ze of the sorbate mol ecu l e and i ts ori entati on at 

the s urface ( G i l es ,  1970 ) . F i t of experimenta l  sorpti on data to 

the Langmu i r equati on has been hel pful  i n  devel opi ng  P sorpti on 

mechan i sms for s oi l s  ( Ol sen and Watanabe , 1957 ; Ryden et a l . ,  1977a ) 

and for soi l componen ts , wh i ch have been used as model s for so i l  

s urfaces ( Mu l jad i  et a l . ,  1 966 ; Raj an et a l . ,  1974 ; Huang , 1975 ; 

Ryden et al . ,  1977a ) . 
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I n  an attempt to better u n ders tan d  the nature of the sorpti on 

reac t ions  between so i l s  and added Mo , detai l ed i sotherms were determi ned 

over real i s ti c fi nal  sol uti on Mo concentrati ons and tes ted for fi t to 

the Langmu i r equati on . Factors wh i ch affect the exper i menta l  i sotherm , 

name l y  i on i c  s trength and t i me , were a l so i nves ti gated . Data for 

sorpti on  of Mo by syntheti c so i l components were a l so obta i ned , and 

the va l i d i ty of us i ng s uch  components as  mode l s for so i l s urfaces 

d i scus sed . 



3 . 2  Methods 

For k i neti c and i on i c s trength s tud i es ,  Oka i hau , Rami ha , and 

Dannevi rke tops a i l s  were used . For equ i l i bri um i sotherm 

determi nati on ,  Oka i hau , Rami ha , Dannev i rke , and Tokoma ru topsa i l s  

were used , wherea s for 40- hr  i s otherms , a l l four  topsoi l s  and the i r 

s ubso i l s  were used . Syntheti c hydrous ferr i c  oxi de gel ( Fe gel ) 

and syntheti c a l umi nos i l i cate gel ( a l l ophane ) were a l so used for the 

determi nati on of  40-hr  Mo sorpti on i sotherms . 
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For k i neti c s tud ies  of Mo sorpti on over short peri ods of  t i me 

{ 0- 16 hr ) , 1 -g samp l es of soi l pl u s  35 ml of 1o- 1M NaCl were s ha ken 

for 40 hr to d i s perse the so i l . Al i q uots ( 5 ml ) , conta i n i ng Mo i n  

10- 1M NaCl were then added and the so i l s uspens i ons shaken over 

vari ous peri ods of time . Over very s hort times ( < 4 mi n ) , the 

s uspens i ons were fi l tered di rectly through a 0 . 45 �m Mi l l i pore fi l ter 

wi thout i n i ti a l centri fugati on . For k i neti c s tud ies i nvol v i ng 

shak i ng times > 16  h r ,  1 -g sampl es of so i l  p l us  35 ml of 10- 1M NaCl 

were shaken on an  end -over-end sha ker at  23°C .  At 0,  24 , 48 , 72 , 96 , 

and 120 hr a fter s tarti ng , 5-ml a l i q uots of 1o- 1M NaCl , conta i n i ng Mo , 

were added to the pol ycarbonate tubes . Shaki ng was then conti nued 

unti l a tota l s hak i ng ti me of 144 h r  was reached . The soi l was i n  

contact wi th added Mo , therefore , for ti mes between 24 and 144 hr , 

yet the total shak i ng t ime was the same for a l l sampl es . 

To ascerta i n the effect of i on i c s trength on the sorp ti on of  Mo 

duri ng 40 h r ,  sorpt ion i sotherms were determi ned i n  support med i a  of 

1 M, 10- 1M ,  and 1 0-3M NaCl . To determi ne  the effect o f  i on i c  s trength 

on  Mo sorpti on  for shak i ng  peri ods greater than 40 hr , the p rocedu re 

was s i mi l ar to that g i ven for the k i neti c s tud i es above , wi th three 

so l ut ions of d i fferent i on i c  s trength bei ng used . On l y  fou r  t i mes 
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o f  contact between so i l and added Mo were used , namel y  144 , 120 , 96 , and  

80 hr ,  and on ly  three l evel s of Mo were adeed to each  soi l .  

I n  order to obta i n  equi l i br i um i sotherms i n  10- 1M NaCl , the 

procedure was the same as that used for determi n i ng i on i c s trength effec ts , 

g i ven above . The same fou r t imes of contact between so i l  and added Mo 

were used , but at  l east  twe l ve l evel s  of add i t ion  were made to each so i l to 

g i ve eq u i l i bri um Mo concentrati ons i n  the range of 0 - 120 � mol  1 - 1 . The 

40-hr  i sotherms were determi ned i n  10- 1M NaCl for twe l ve to fi fteen d i fferent 

add i ti ons of Mo to each so i l to g i ve fi nal concentrati ons i n  the range of 

0 - 120 � mo l  1 - 1 . Low concentra t i on l evel s were empha s i sed , wi th at  

l east  four  fi nal  Mo concentrati ons  bei ng bel ow 0 . 5  � mol  1 - 1 . 

An estimate o f  nati ve sorbed ( non-occl uded ) Mo was requ i red for 

eva l uati o n  of sorpti on  i sotherms , as th i s  form of Mo woul d be expected to 

a ffect both the amounts of added Mo sorbed , and the fi nal sol uti on Mo 

concentrati on . As no method has  been reported i n  the l i terature for 

determi n i ng nati ve sorbed Mo , the method of Wi l l i ams et a l . ( 1967 )  for 

determi n i ng non-occ l uded P was used . Th i s  i nvol ved extrac ti on  of 1 -g 

samp l es of  so i l wi th 40  ml of  10- 1M NaOH overn i ght . After aci d i fi cati on 

of  the s u pernatant so l u ti on to preci pi ta te h umi c aci ds , an a l i q uot was 

evaporated to dryness , i gn i ted at 550°C for 3-4 h r ,  oxi d i zed wi th 

aci d i fi ed peroxi de , and Mo determi ned . 

Syntheti c Fe gel was prepared by add i ng NaOH to a 0 . 4  M so l uti on o f  

Fe ( N03 ) 3 . 9H20 unti l pH 7 . 0 was reached . The res u l t i ng gel  was a l l owed to 

s tand overn i ght and then was hed wi th d i s ti l l ed water to remove excess 

hydroxy l  i ons . For the determi nati on of  i sotherms for Mo sorpti on  by Fe gel ,  

a sol uti on : sol i d  rat i o  of  approxi mately 40 ml : 50 mg was u sed . 

were determi ned i n  1 0- lM NaCl duri ng a 40- hr  s hak i ng  peri od . 

I sotherms 

Syntheti c a l l ophane was prepared u s i ng the method of van Reeuwi j k  

and de V i l l i ers ( 1968 ) . A so l uti on of A1 Cl 3 . 6H2o was s l owly added 



( over 10  mi n )  to a so l ut ion  of  Na2S i 03 . S  H20 and the s uspens i on then 

adj usted to pH 6 . 0 ,  th i s  pH bei ng mai ntai ned for 2 h r .  The gel  was 

then washed wi th d i s ti l l ed water unti l free o f  ch l ori de . The 
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res u l t i ng gel was amorphous to X-rays , and the Al : Al + S i mol ar ra ti o ,  

determi ned by d i s s o l ut i on i n  H F  and s u bsequent ana l ys i s  for Al and S i  

us i ng a Tech tron a tomi c absorpti on spectrophotometer , was 0 . 60 .  For 

the determi nati on of i sotherms for Mo sorpt ion  by a l l ophane , a so l uti on : 

sol i d  rati o of approx i mate ly  40 ml : 40 mg was used , and sorpti on 

determi ned i n  10- 1 NaCl  duri ng  40 h r .  

I n  al l experi ments i nvol vi ng s hak i ng t i mes greater than 40  h r ,  

1 4 7  � mol HgCl 2 1 - 1 was added to each tube t o  l i mi t mi crobi a l  growth . 

3 . 3  Res u l ts and  D i s cus s i on 

3 . 3 . 1  Effect of t ime on Mo sorpti on 

The effect of  t ime of con tact between soi l and Mo i n  sol uti on  

over short- and  l on g- t ime peri ods on so l uti o n  Mo concentrati on i s  

i l l us trated i n  F i g .  3 . 1  for Oka i hau and Rami ha tops a i l s .  S i mi l a r 

data were obta i ned for Dannevi rke topsoi l .  The data i ndi cate that 

i n i ti a l uptake of  Mo was extremel y  rap i d ,  over 50% of the added Mo 

sorbed at 60 mi n was sorbed i n  5 mi n .  Th i s  behavi our was observed 

over a wi de range of i n i ti a l Mo concentrati o ns . After the i n i ti a l , 

very rapi d upta ke of  added Mo , sorpti on conti nued for l ong peri ods of  

t ime and after 6 day ( 144 h r ) , sorpti on was  s ti l l  conti nu i ng , a l though 

at  a much s l ower rate than that of the i n i ti a l upta ke of Mo . A 

deta i l ed ki neti c ana lys i s  of  the data was not  carri ed out . The 

res u l ts ,  however ,  i ndi cated that the equ i l i bri um condi ti on  for Mo 

sorpti on was not reached under the exper imental  condi ti ons used . 

An est imate of the equi l i bri um concentrati o n  was therefore sough t .  
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For P sorpti on  by soi l s , Ryden and Syers ( 1975 ) have s hown that p l ots o f  

so l ut ion P concentrati on agai n st  1; t  were l i near over the range of 

75- 160 h r .  By extrapol ati on to 1; t  = 0 ( i . e . , t = oo ) , an  est imate of  

the  equ i l i bri um concentrati on  was  obta i ned . Treatment of  the data for 

Mo sorpti on by th i s  method i s  i l l u s trated i n  Fi g .  3 . 2  for Rami ha topso i l .  

S i mi l ar pl ots were obta i ned for the other two topsai l s  ( data not 

presented ) .  The p l ots s howed that, at t imes . l es s  than approximately  

75 hr ,  conforma tion to  a s i ng l e s tra i ght  l i ne p l ot was not obta i ned , 

whereas over the t ime range of 75  - 150 hr , a good fi t to a l i near p l ot  

was obta i ned . An estimate o f  equ i l i bri um concentrati ons was therefore 

used i n  subseq uent i nvesti gati ons  by data extrapo l ati on , over the t ime 

range 75  - 150 hr , to 1; t  = 0 .  

3 . 3 . 2  Effect o f  i on i c s trength on Mo sorpti on 

I sotherms for the sorpti on of  added Mo by Rami ha topsoi l from 

1 M ,  10- 1M ,  and 10- 3M NaCl d uri ng 40 hr are shown i n  Fi g .  3 . 3 .  

S i mi l ar i sotherms were obta i ned for Oka i hau and Dannevi rke topsai l s .  

At any one fi na l  Mo concentrati on , the amount of Mo sorbed depended on 

the i on i c  s trength of the s upport medi um and was greater at  h i gh i on i c  

s trength s . For exampl e ,  at  a fi na l  Mo concentrati on of 10�mol 1 - 1 , 

the amounts of Mo sorbed from 1 M ,  10- 1M and 10- 3M NaCl were 2 . 72 , 

2 . 56 ,  and 1 . 92 �mol g- 1 , respecti vel y .  

The res u l ts obta i ned for the effect of NaCl  o f  varyi ng i on i c  

s trength on Mo sorpti on by so i l s  duri ng 40 h r  are s i mi l a r to those 

obtai ned by Barrow ( 1972 ) for Mo sorpti on from CaCl 2 of varyi ng i on i c  

s trength . The data i n  Secti on 3 . 3 . 1 ,  however ,  i nd i cate that at  40 h r , 

Mo sorpti on was not at equ i l i bri um .  The tendency for the i sotherms 

i n  F i g .  3 . 3  to converge at l ow so l uti on  Mo concentrati ons  s uggested a l so 

that the effect of i on i c  s trength wou l d  d i sappear at equ i l i bri um . 
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Th i s  wou l d  be the case i f  the i sotherms a t  l ower Mo concentrati ons  were 

c l o ser to equ i l i br i um .  

An estimate o f  the equ i l i bri um concentrati on wa s obta i ned by the 

method outl i ned i n  Sec tion 3 . 3 . 1 .  Da ta were p l otted i n  thi s way for 

three l evel s of Mo add i tion  whi ch gave l ow ,  i ntermed i a te ,  and  h i gh 

concen tra tions i n  sol uti on a t  equ i l i bri um for Oka i hau , Rami ha , and 

Dan nevi rke topsa i l s .  The p l ots , i l l us tra ted i n  F i g .  3 . 4  for Oka i hau 

topsoi l ,  were s i mi l ar for a l l three topsa i l s .  

For sorpti on  of Mo duri ng t i mes between 80 a nd 144 hr , the 

amount  of  Mo sorbed wa s affected by the i on i c  s treng th of the s upport 

med i a ,  wi th grea ter amounts bei ng sorbed at h i gher i on i c  s trengths , 
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i . e . , the effec t of i on i c  s trength for these times was the same as  tha t 

for sorpti on duri ng 40 h r .  When so l u t ion  Mo concen trati ons  were 

extra po l a ted to 1; t  = 0 ,  the equi l i bri um concen trati ons cou l d  be es timated; 

these  are s hown i n  Tabl e 3 . 1 .  At l ow ( <0 . 1  �mol 1 - 1 ) ,  and i ntermedi a te 

( 0 . 1 - 2 . 0  �mol 1 - 1 ) equi l i bri um concentrati ons , the l i near rel a ti onsh i ps 

appeared to converge , i . e . , for a gi ven Mo addi ti on , the concentrati on 

i n  so l u ti on  and amount sorbed appeared to be i ndependent of i on i c  

s trength a t  equ i l i bri um .  A t  h i g h  concentrati ons , however , the l i near 

rel at i ons h i ps d i d  not converge , i . e . , the effect of  i on i c  s trength a t  

h i g h  concentrati ons  appeared to b e  absol u te .  A detai l ed s tati s ti ca l  

ana lys i s  of the data was not carr i ed out , the res u l ts i nd i cati ng pa tterns 

of behavi our tha t wou l d  not be a l tered by s tati s t i ca l  trea tment . 

Because the effect of i on i c  s trength on  Mo sorpti on d i sappears a t  

equ i l i bri um for concentrati ons l es s  than 5 �mo l  1 - 1 , th i s  i nd i cates tha t  

the extent o f  Mo sorpti on , at  t i mes l es s  than equ i l i bri um a n d  for l ow 

fi na l  so l uti on Mo concentra tions , d i ffers i n  medi a  of  d i fferent i on i c  

s treng th because o f  k i neti c factors . S i mi l ar effects of  i on i c  s trength 
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va ri ous  s upport  med i a :  das hed l i nes  u s e d  to ex tra pol a te the data 

- 1  to 1 / t  = 0 ,  i . e . , t = eo A =  0 . 80 J.l iTIO l g added Mo , B = 2 . 50 

J.l mo l g - 1  a dded �1o , and C = 7 .  0 J.l mo 1 g - 1  added Mo . a = lM NaCl  , 

b = 1 0- l
M NaC l , a n d  c = 1 0- 3

M NaC l . 
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Tabl e 3 . 1  Equi l i bri um sol uti on concentrati ons  of Mo fol l owi ng 

sorpti on  by topsa i l s  from NaCl  of d i fferi ng s trength s , 

esti ma ted by a graph i cal  procedure 

Soi l Mo add i ti on Equi l i bri urn Mo concentrati ons  (�mo l  

�mol g- 1 NaC l  concentrati on 1M 10- 1M 

Rami ha 0 . 30 0 . 09 1  0 . 09 1  

1 . 50 0 . 60 0 . 60 

6 . 00 10 . 10 16 . 50 

Dannevi rke 0 . 0 5  0 . 024 0 . 024 

0 . 50 0 . 83 0 . 89 

3 . 00 1 5 . 00 24 . 90 

Oka i hau 0 . 80 0 . 03 1  0 . 031  

2 . 50 0 . 59 0 . 58 

7 . 00 7 . 80 9 . 90 
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1 - 1 ) 

10- 3M 

0 . 09 1  

0 . 65 

29 . 10 

0 . 024 

0 . 9 1  

30 . 40 

0 . 03 1  

0 . 57 

24 . 30 



on P s orpt i on by so i l s  have been observed by Ryden and Syers ( 1975 )  

and  Ryden et  a l . ( 1977a ) . The d i vi s i on of i on i c  s trength effects i nto 

k i neti c effects , at l ow fi na l  Mo concentrati ons , and absol ute effects , 

at h i gh fi nal Mo concentrat i ons , i mp l i es the i nvol vement of  a sorpti on 

mechan i sm at h i gh Mo concentrati ons wh i ch is not , or l i tt l e ,  i nvol ved 

at l ow Mo concentrat i ons . The i mpl i cati ons of i on i c  strength effects 

to Mo sorpt ion mechani sms wi l l  be further d i scus sed i n  Chapter 5 .  

3 . 3 . 3  Eval uati on of  Mo sorpti on i sotherms 

3 . 3 . 3 . 1  Compari son of 40- hr  and equi l i bri um i sotherms 

I sotherms tes ted for fi t to the Langmu i r  equati on have usua l l y  

been determi ned o ver time peri ods l es s  than those requ i red to reach 

eq u i l i b ri um . The Langmu i r equati on , however , was deri ved for 

equi l i bri um cond i ti ons and test  of data for fi t to the eq uati on s hou l d 

be done us i ng i sotherms determi ned at equi l i bri um .  

Equi l i bri um and 40- h r  i sotherms over the fi nal  concentrati on 

ranges of 0 - 10  and 0 - 120 � mo l  1 - 1 res pecti ve l y ,  for Rami ha topsoi l 

are s hown i n  F i g .  3 . 5 .  S i mi l a r data were obta i ned for the other three 

topso i l s .  Va l ues for Mo sorbed take i nto account nat i ve sorbed Mo , 

est i mated by extracti on wi th 10- 1M NaOH . The val ues for nati ve sorbed 

Mo were extremel y  smal l :  0 . 0 10 , 0 . 007 , 0 . 005 , and 0 . 003  � mo l  g- 1 for 

Oka i hau , Rami ha , Dannev i rke ,  and Tokomaru topsoi l s ,  res pecti vel y ,  but 

were s i gn i fi cant  i n  rel at i on to added Mo sorbed at  very l ow so l uti on 

concentrati ons , especi a l l y  for Dannev i rke and Tokomaru topso i l s .  For 

subso i l s ,  nati ve sorbed Mo was not s i gn i fi cant compared to sorbed Mo . 

The genera l shape o f  the i sotherms was very s i mi l ar for 40- hr  

and equ i l i bri um i sotherms , bei n g  i ntermedi ate between s trong  H-type 

and L -type ( G i l es et a l . ,  1960 ) . Over the fi na l  concentrati on range 

97 



'T O'l 
0 
E 

..3 

3 

2 

u 0 _g 0 
L 
0 1 2  
(/) 

0 
:L 8 

l. 

2 

2 0  

Equ i l i b r ium 

a 

b 

8 : o  1 2  

b 

60  80 100 1 2 0  

Mo concentration 

F i g .  3 . 5  I so therms for the sorpti on  of  Mo by Rami ha topso i l from 

10- l M NaCl  a t  equ i l i bri um ( a )  and  d u ri ng 40 hr ( b ) . A = fi na l  

concen tra ti ons  of  0 to  10  ll mo l  1 - 1 , and B = fi na l  concentra ti ons of  

0 to  120  ll mo 1 1 - 1 . 

98 



of 0 - 1 � mol  1 - 1 , 40- hr and equi l i bri um i sotherms for each s o i l were 

very s i mi l ar .  Thi s i s  because , over th i s  range , l arge changes i n  

concentration res u l t i n  on l y  sma l l changes i n  the amounts of Mo s orbed . 

At concentrati ons greater than 10�mo l  1 - 1 , the i sotherms showed very 

s i mi l ar rel ati ve changes over a l arge concentrati on range . de Boer 

( 1953 ) has shown that H-type i sotherms can often be sol ved us i ng the 

Langmu i r  equati on by assumi ng  more than one popu l a t i on of s i te s  for 

sorpt i on . 

Test  of fi t of the data obta i ned i n  the present study to the 

Langmu i r equati on was then attempted . For th i s  purpose , the fi na l  Mo 

concentration range s tud i ed was much h i gher than that observed under 

fi e l d cond i ti ons . Over s uch  a very res tri cted concentrati on range , 

however , deta i l ed eva l uati on woul d not be pos s i b l e .  

3 . 3 . 3 . 2  Eva l uati on of  i sotherms us i ng the Langmu i r  eq uati on 

The form of  the Langmu i r  equat i on used to tes t  the fi t of the 

experi mental data was : 

( 1 . 16 ) 
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where x = the amount  of Mo s orbed , c = the  fi na l  Mo  sol uti on concentrati on,  

b = the sorpti on max i mum , and k = a constant rel ated to the free energy of 

the s orpti on reacti on . I f  a p l ot of 1; x  aga i ns t  1;c i s  l i near , then k 

and b can be eval uated from the s l ope and i ntercept of the p l ot . Due to 

i ts rec i procal nature , th i s  form of the Langmu i r equati on al l ows better 

eva l uati on of data at  very l ow concentrati on val ues , and i s  more 

sens i ti ve to changes i n  k .  

A p l ot of the exper i menta l  data over the who l e concentrat ion  

range ( 0- 120 �mo l  1 - 1 ) as s h own i n  F i g .  3 . 6  for Rami ha topsoi l ,  i nd i cated 

several l i near rel at ionsh i ps .  Val ues for nati ve sorbed Mo were 

MA�srv m'!VERSirt; 
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1 0 1  

i n i ti a l l y  cons i dered t o  b e  i ns i gn i fi cant  ( and  were not i nc l uded i n  

Fi g .  3 . 6 ) , but i n  the very l ow concentrati on range { 0-0 . 5  �mo l  1 - 1 ) ,  

ca l cu l ati ons s howed that nati ve sorbed Mo was i mportant , es peci a l l y  

for the l ow Mo- sorb i ng soi l s .  For exampl e ,  a t  equ i l i bri um 

c = 0 . 1  �mol 1 - 1 , nati ve sorbed Mo was 0 . 76 ,  2 . 9 ,  8 . 6 ,  and 2 . 0% of  

added Mo sorbed for Oka i hau , Rami ha , Dannevi rke and  Tokomaru topsai l s ,  

res pecti vel y .  Correcti on for nati ve sorbed Mo changed the p l ot o f  
1; x  aga i nst 1;c from a curved to a stra i ght l i ne rel ations h i p  over the 

l ow concentrati on range , as s hown i n  F i g .  3 . 7 .  Above fi na l  so l uti on  

concentrati ons of 1 �mo l  1 - 1 , nati ve sorbed Mo was not s i gn i f i cant  and  

hence , d id  not change the rel at ions h i p between 1; x  and  1;c . 

At concentrati ons l es s  than 0 . 5 � mol 1 - 1 , the data were descri bed 

by one Langmu i r  equati on . I f  more than one sorpti on reacti on can occur  

at the  s urface , the  most  energeti cal l y  favourab l e  reacti on wou l d occur 

fi rs t . At h i gher concentrati ons , however , more than one type of  

reacti on cou l d proceed s i mu l taneous l y ,  l eadi ng  to  devi ati on from a s i ng l e 

Langmu i r equat i on . As s umi ng  the fi rst  l i near rel ati onsh i p i s  pr imari l y  

for one reacti on , x val ues for th i s  reacti on can be approximated for at  

h i gher concentrati ons , s ubtracted out from tota l  amounts sorbed , and 

the resu l ti ng data tested for fi t to the Langmu i r equat i on . Th i s 

method has been u sed s uccessful l y  for P sorp t i on by Ryden et a l . ( 19 77a ) . 

By s uccess i ve ly  a pproxi mati n g  b and k va l ues for Langmu i r  p l ots , these 

workers found that three overal l l i near reg i ons  obeyi ng the Langmu i r  

equati on were obta i ned for P sorpti on by so i l s  and  soi l components . 

The method of s ucces s i ve approxi mati ons  used to eval uate the fi t of Mo 

sorpti on data to the Langmu i r equati on  i s  out l i ned i n  Tab l e 3 . 2  
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Tab l e  3 . 2  Outl i ne of the method of succes s i ve approximati ons 

Step 

1 
2 

3 

4 

5 

6 

7 

8 

9 

10  

1 1  
12  

used  to tes t  the  fi t of experimental data to the 

Langmu i r  equati on 

P l ot  Determi ne 

X + 
I 

X I I  = x - ( x i + X I I I ) 

Repeat s teps 4 - 1 2  unti l d i fference between s uccess i ve 

approxi mati ons of  k i s  < 5% 
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x = Mo sorbed ( added Mo sorbed + nati ve Mo ) c = fi nal  Mo concentrati on  
* for l ow c = 0 - 0 . 25 JJ mo l  1 - 1 
+ from precedi ng k and  b va l ues for a l l va l ues o f  c .  
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When the data were eval uated by th i s  method ,  i t  was found that 

equ i l i bri um and 40-hr  i sotherms cou l d be reso l ved i nto th ree concentrati on 

ranges , wi th s orpti on i n  each bei ng descri bed by a d i sti nct Langmu i r  

eq uati on . The data were not assumed to fi t three Langmu i r  equati ons . 

Rather , a l l data po i nts d i d  not conform to stra i ght l i ne p l ots of 
1; x  aga i ns t  1;c  unti l th ree equati ons  were estab l i s hed . Fi g. 3 . 8  

shows the data po i nts from Fi g .  3 . 6  a fter treatment by the method of  

s ucces s i ve approximati on s . The three concentrati on ranges , each wi th 

a d i sti nct Langmu i r  equati on , wi l l  s ubseq uent ly  be referred to as 

reg i ons , wi th each reg i on hav i ng corres pondi ng b and k va l ues . 

Sorpti on  i sotherms for a l l four topsai l s ,  both at equ i l i bri um and 

40 h r ,  and for a l l fou r  s ubsoi l s  at 40 h r ,  gave three Langmu i r  

re l at ions h i p s . I sotherms for each reg i on can be ca l cu l a ted u s i ng the 

b and k val ues , and these i sotherms can then be s ummed over the fi na l  

concentrati on  range of 0 to  120  l1 mol 1 - 1 to  generate a "ca l cu l ated " 

i sotherm wh i ch can be compared wi th exper imen ta l  data po i nts , as  s hown 

i n  F i g .  3 . 9  for Okai hau topso i l . The dev i at i on of the ca l cu l ated 

i sotherm was l es s  than 3% at any concentrati on  for a l l four topsai l s  

and  s ubsoi l s .  Th i s  c l ose  agreement between observed and cal cu l ated 

i sotherms confi rms that Mo sorpti on i n  the range of 0 - 120 l1 mol 1 - 1 

can be descri bed by thre e  Langmui r  equa t i ons . 

For a l l so i l s ,  both topsai l s  and s ubso i l s ,  at equ i l i bri um and at  

40 h r ,  each regi on domi nated the s hape of  the  sorpti on i sotherm over  a 

very s i mi l a r ,  s peci fi c concentrati on range . For examp l e ,  reg i on I 

domi nated over the range of  0 - 0 . 3  l1mo l  , - 1 , reg i on I I  over the range of 

0 . 6 - 5 . 0  l1mol 1 - 1 , and regi on I I I  over the range of 20 - 120 l1 mol 1 - 1 . 

F i g .  3 . 9  a l s o  i l l us trates that s orpti on i n  reg i on I was v i rtua l l y  

compl ete a t  a concentra t i on o f  0 . 5  ].lmol 1 - 1 and  sorpti on  i n  reg i on I I  at 
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F i g .  3 . 8  Eq ui l i b ri um i so therms for Rami ha tops o i l p l otted u i sng  the  

rec i proca l  fo rm of the  Langmu i r equati on and  s howi ng the  three Langmu i r 

rel a t i ons h i ps obta i ned a fter reso l u t i on of  the d a ta by s uccess i ve 

appro x i ma t i o n  o f  the s o rpt i on con stants . A =  regi on I ,  B = reg i on I I ,  

and  C = reg i on I l l .  
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F i g .  3 . 9  Eq u i l i bri um i s otherms fo r sorpti on o f  Mo by  Oka i ha u  

topso i  1 over  the concentra t i o n  range o f  0 - 100 � mo 1 1 - l . 

1 0 6  

a = re s o l ved i so therm fo r reg i o n  I ,  b = reso l ved i sotherm fo r reg i on I I ,  

c = res o l ved i s otherm for re g i on I l l , and  d = regenera ted i s o therm 

obta i ned  by s umma ti on o f  a ,  b ,  a nd  c .  e = experi men ta l d a ta po i n ts . 



10  � mol  1 -
1 . Regi on I l l  s orpti on conti nued u p  to concentrati ons 

greater than 120 � mol 1 - 1 . The fact that sorpt i on i n  reg i on I was 

v i rtual l y  compl ete at a concentrati on of 0 . 5  � mol 1 - 1 h i gh l i ghts the 

neces s i ty of us i ng l ow l evel s of Mo add i t i on to yi e l d very l ow fi na l  

Mo  concentrati ons  in  cons tructi ng sorpti on i sotherms . Determi nat i on 
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of i sotherms at only hi gh  concentrati ons wou l d  l ead to ei ther devi ati ons  

from a s i ng l e  Langmu i r  equati on ( i f  only a few po i nts at l ow concentrati on 

were determi ned ) or the detecti on of  only one reg i on obeyi ng the 

Langmu i r equati on ( probab l y  bei ng equ i va l ent to reg i on I l l  i n  th i s  s tudy ) . 

Tab l e  3 . 3  g i ves va l ues for the sorpt i on max i ma ( b )  and sorpti on  

energy constants ( k )  for each reg i on , namely  b 1 , k 1 , etc . , for a l l four  

topsa i l s  at equi l i bri um and  at 40  hr ,  and  for a l l four s ubsoi l s  at 40 h r .  

Tab l e  3 . 3  a l so g i ves val ues for the free energ i es o f  sorpt i on , t:,. G 1 , 

t:,. G 1 1 , etc . Deri vat i on of t:,. G  val ues has been d i scussed prev i ou s l y  �� 

( Chapter 1 )  but the val i d i ty of s uch a deri vati on  needs to be d i s cussed 

further . 

3 . 3 . 3 . 3 .  Deri vati on  of free energ i es of s orpti on 

The t:,. G val ues were deri ved from the Langmu i r  constants ( k ) , by 

equat i on ( 3 . 1 ) : 

t:,. G = - RT 1 n k ( 3 . 1 )  

The val i d i ty of  s uch an equati on req ui res some d i scuss i on . 

For sorpti on of  a non-el ectrol yte by an  i deal  surface at  

eq u i l i br i um ,  the fracti ona l  s urface coverage ( e ) ,  i s  gi ven by equati on 

( 3 . 2 )  ( Graham , 1953 ) : 

8 
= Kc ( 3 . 2 )  

1 - 8 

where K = the equi l i bri um cons tant , and c = the equ i l i bri um concentrati on . 



Tab l e  3 . 3  Sorpt i on max i ma ( b ) , sorpti on energy constants ( k ) , and free energ i es of sorpti on ( � G ) for 

each regi on of sorpti on at eq u i l i bri um and 40 h r ,  determi ned from Mo- sorpt i on i sotherms for 

fou r  topsai l s ,  and at 40 h r ,  determi ned from Mo- sorpti on i sotherms for four  s ubsoi l s  

Sorpt i on T ime Soi l b b i i  b i i i  k i k i i  k i i  I �G I �G I I  �G I I I  I 
Jlmol g - 1 1 J.lmo l - 1  kJ mol - l 

Equ i l i bri um Oka i hau Topso i l 1 . 47 4 . 35 9 . 90 18 . 89 0 . 479 0 . 01 7 1  -4 1 . 2  - 32 . 1  - 24 . 0  

Rami h a  Topso i l 1 . 01 3 . 57 1 1 . 77 2 . 75 0 . 159 0 . 0109 -37 . 0  - 29 . 4  - 22 . 9  

Dannevi rke Topsoi l 0 . 075  1 . 1 1 3 . 57 7 . 1 7 0 . 375 0 . 0 143 - 38 . 9  -3 1 . 9  - 23 . 9  

Tokomaru Topsoi l 0 . 235 1 . 16 3 . 57 2 1 . 3  0 . 346 0 . 0181  -4 1 . 5  - 3 1 . 4  - 24 . 1  

40 hr  Oka i hau Topso i l 0 . 710  3 . 1 3 10 . 53 14 . 43 0 . 31 1  0 . 0060 -40 . 5  - 3 1 . 1  - 2 1 . 4  

Rami ha Topsoi l 0 . 345 2 . 45 1 1 . 24 3 . 95 0 . 157  0 . 0077 - 37 . 3  -29 . 4  -22 . 0  

Dannevi rke Topso i l 0 . 066 0 . 555 3 . 39 4 . 14 0 . 1 74 0 . 01 20 - 38 . 0  - 29 . 9  - 23 . 1  

Tokomaru Topsoi l 0 . 13 1  0 . 990 2 . 94 10 . 04 0 . 206 0 . 0080 -39 . 7  -30 . 1  -22 . 1  

40 h r  Oka i hau S ubso i l 0 . 96 5 . 78 14 . 93 12 . 24 0 . 227 0 . 0092 -40 . 2  -30 . 4  -22 . 5  

Rami ha Subso i l 1 . 39 6 . 06 13 . 16 3 . 73 0 . 1 19 0 . 0087 -37 . 3  -28 . 8  - 22 . 3  

Dannev i rke S ubso i l 1 . 05 3 . 70 15 . 38 9 . 60 0 . 280 0 . 0059 - 39 . 6  - 30 . 9  -2 1 . 4  

Tokomaru Subsoi l 0 . 488 1 . 39 14 . 29 40 . 2  0 . 750 0 . 0097 -43 . 3  - 33 . 3  -22 . 6  
....... 
0 CO 



Th i s  a s s umes that the concentrati ons  are s uffi c i ently di l ute that the 

acti vi ty coeffi ci ents are uni ty ,  and that the acti vi ty coeffi c i ents of 

occupi ed and unoccup i ed s i tes are the same . The equ i l i bri um con s tant 

( K ) ,  i s  rel ated to the free energy of sorpti on for the  react i on , !::. G ,  

by eq uat i on ( 3 . 3 ) : 

1:::. G = -RT l n K ( 3 . 3 ) 
t::. G i s  a refl ecti on of  the dri v i ng force of  the reacti on , or chemi cal  

affi n i ty between the reactants . From equati on ( 3 . 3 ) i t  fol l ows that 

a l arge K val ue equa tes wi th a l arge , negati ve 1:::. G va l ue .  

Equati on ( 3 . 2 ) i s  of the same form as that for the Langmu i r 

i sotherm , equati on ( 1 . 14 ) , wi th the eq ui l i bri um cons tant , K ,  i denti cal  

to the k i neti cal l y-deri ved Langmu i r  constant { k ) . Hence , i f  equati on 

( 3 . 3 ) i s  va l i d ,  equati on ( 3 . 1 ) i s  a l so val i d .  Aveyard and Haydon 

( 1973 ) have al so shown that equati on ( 3 . 1 ) i s  val i d  for sorpti on from 

non-el ectrol ytes us i ng s tati st i cal thermodynami cs . 
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For sorpti on from el ectrol ytes , however ,  coul ombi c and so l va ti on 

forces , as wel l as chemi ca l forces , become i mportant .  The free energy 

of sorp t i on i s  then the s um of  the free energ i es of chemi cal attracti on , 

sol vati on , and coul omb i c  attracti on . So l vati on energi es are u s ua l ly  

negl i g l i bl e  compared to  the other two ( H uang , 1975 ) . The free energy 

of sorp t i on ( t::. G ) i s ,  therefore , g i ven by eq uati on ( 3 . 4 ) : 

!::. G = !::. Gchemi ca l + !::. Gcoul ombi c ( 3 · 4 ) 

where t::. Gcoul depends on the e l ectri cal potent i a l  i n  the pl ane of the 

sorbed i on .  I f  the  Langmu i r constant ( k ) i s  used to cal cu l ate 1:::. G ,  

then the val ue o f  1:::. G depends  o n  both !::. Gchem . , the chemi ea l dri v i ng 

force of the react i on , and the e l ectri cal  potenti a l  i n  the s orbed p l ane , 

wh i ch i s  dependent on  the magn i tude of sorpti on ( Aveyard and Haydon , 1973 ) . 
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As a res u l t ,  � G wi l l  not  be cons tant un l ess  the coul ombi c term i s  sma l l 

compared to the chemi cal  term , as  � Gcoul . wi l l  change as sorpti on  changes . 

I f  there i s  a s trong i nteracti on between the sorb i ng i on and the s urface , 

l eadi ng to a h i gh � Gc hem ' or the e l ectri cal  potenti a l  i s  suppressed by the 

presence of  a h i gh concentrati on of non -sorbi ng  e l ectrol yte , then � G wi l l  

be con s ta n t .  I n  s uch  cases , � G wi l l  refl ect the chemi ca l affi n i ty of 

the s urface for the sorb i ng i on .  For sorpti on i nvol v i ng chemi sorpt i on 

reacti o n s , th i s  wou l d be expected . 

3 . 3 . 3 . 4 Imp l i cati ons of k and � G  val ues 

Compari s on of �G val ues fo r each reg i on , obta i ned from equ i l i bri um 

and 40- h r  i sotherms , s howed two features : ( 1 )  � G va l ues for each reg i on 

for a l l s o i l s  were very s i mi l ar ;  ( 2 )  for each reg i on , and any one so i l , 

6 G va l ues at eq u i l i bri um and 40 hr  for both topsa i l s  and s ubsoi l s  were 

very s i mi l ar .  The s i mi l ari ty o f  �G  val ues for each regi on over the 

four s o i l s  i nd i cates  that· the same sorpti on reacti ons  are i nvol ved i n  a l l 

fo ur s o i l s .  Al though there are smal l d i fferences i n  �G val ues between 

soi l s ,  a l l 6G va l ues fel l i n  a con s i s tent groupi ng . As s umi ng that the 

chemi ca l  term i n  the free energy expres s i on ( equati on 3 . 4 ) )  domi nates, then 

th i s  i nd i cates tha t for any parti cu l ar regi on , the same chemi cal  

reacti o n  occu rs wi th each so i l . The s i gn i fi cant d i fferences i n  �G val ues 

between each reg i on i nd i cate that each reg i on corres ponds to a d i fferent 

chemi ca l  reacti on , wi th  reg i on I correspond i ng to  the  reacti on wi th  

the greatest affi n i ty between the s u rface and  sorb i ng spec i es and  

reg i on  I I  and  I I I  i nvol v i ng corres pondi ng l y  weaker react i ons . The 

l arge and negati ve � G va l ues i nd i cate that the reaction operati n g  i n  each 

reg i on i nvol ves a chemi sorpti on type of reacti on , wi th reg i ons  I and I I  

i nvol v i ng s tronger chemi sorpt i on reacti ons  than regi on I I I .  As there i s  

often a n  overl ap between chemi sorpti on and phys i ca l  sorpti on  reacti ons  

(Adamson , 1 967 ) , reg i on I I I  coul d be  of  a more-phy i ca l  s orpti on  type 



than regi ons I and I I .  

The fact that � G va l ues occurred i n  three d i s ti nct  group i ngs , 

for both topsa i l s  and subsoi l s ,  cl early s ugges ts that three reacti ons  

are occuri ng . I f  the � G val ues were domi nated by the coul omb i c  term 

i n  eq uati on ( 3 . 4 ),  then a conti nuum of �G  val ues wo ul d be expected . 

Th i s  j u sti fi es the a s s umpt i on that the chemica l  free energy domi nates 
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the overa l l sorpti on energy and consequen tl y ,  each region  corres ponds to 

a sepa rate sorpti on  reacti on . 

The s i mi l ari ty of  � G val ues , for any parti cul ar reg i on ,  between 

eq u i l i bri um and 40- hr  i sotherms , a l so i nd i cates that at both t imes the 

same c hemi ca l reacti ons  are proceed i ng . Th i s  cl early s hows tha t  

i ncrea s i ng the t ime of  sorpti on affects o n l y  the extent of the reacti on , 

but  not  the mechan i sms i nvo l ved . Conseq uentl y ,  further equi l i bri um 

i sotherms were not determi ned . 

The sorpti on energy constants ( k ) , obta i ned from the Langmu i r  

equati on , are often u sed to compare sorpti on affi n i ti es between so i l s  

and a n i ons ( Theng , 197 1 ; Rajan et a l . ,  1 974 ) . As i ndi cated i n  

Tab l e 3 . 3 ,  however , d i fferences i n  k between soi l s  wi thi n one order of  

magn i tude i ndi cate on ly  sma l l changes i n  free energ i es of sorpti on and , 

consequently ,  on l y  d i fferences i n  k of  greater than one order of  

magn i tude i nd i cate d i fferi ng sorpti on mechani sms . Smal l d i fferences 

i n  k p robably refl ect the d i fferent contr i buti on of �G 1 for cou . 
d i fferent so i l  components , wh i ch woul d have sma l l effects on the overa l l 

free energy of sorpti on , compared to the c hemi cal free energy of  the 

reacti on . 

Sorpti on of  Mo has  been descri bed by the Langmu i r  equati o n  i n  

prev i ous  stud i es by Reyes and Juri nak ( 1967 ) , Theng ( 197 1 ) , a nd Gonza l ez 

et a l . ( 1974 ) . Reyes and Juri nak ( 1967 ) d i d not g i ve k val ues for 



the i r data . Over the concentrat ion range of  0 - 70 ]l mol 1 - 1 , 

approxi mate k val ues can be determi ned from the data presented by 

Theng ( 1971 ) . These k val ues for two a l l ophan i c  cl ays and a kaol i n­

i l l i te c l ay are a l l of  the order of 0 . 1  1 Jl mo l - 1 , wh i ch i s  comparab l e 

to regi on I l l  k va l ues obtai ned i n  the present s tudy .  No fu rther 

compari sons are poss i b l e ,  as Theng ( 197 1 )  d i d not obta i n  deta i l ed data 
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at  l ow fi nal sol u t i on concentrati ons . The s tudy of Gonzal ez et a l . 

( 1974)  was carri ed out  at  very h i gh fi na l  concentrati ons ( 0-7000 Jl mo l  1 - 1 ) 

and the k val ues obta i ned cannot be compared wi th any of those obta i ned 

i n  the present s tudy . Unl ess  deta i l ed data are obtai ned at l ow 

concentrati ons , u se  of  the Langmu i r  eq uati on to eva l uate data obta i ned 

at h i gh concentrati ons may be i naccurate and l ead to mi s l ead i ng 

concl us i ons . 

3 . 3 . 3 . 5  Impl i cati ons  of b val ues  

The i nfl uence of t ime on  the extent of the reaction  i s  s hown by the 

change i n  the s orpti on max i ma ( b )  between 40 hr and eq ui l i bri ui' L The 

sorpt ion  max ima of both reg i ons I and I I  i ncreased by a cons i derabl e  

percentage , i f  not i n  absol ute terms . The sorpti on max i ma for reg i on I l l  

d i ffered very l i ttl e between 40 hr  and equ i l i bri um .  For examp l e ,  the 

average i ncrease , over the four topsa i l s ,  i n  b r , between 40 hr and  

equ i l i bri um ,  was  97% , the  i ncrease i n  b 1 1 , 5 1% , and the i ncrease i n  b 1 1 1 , 

6% . Thi s provi des further evi dence that reg i on I l l  i nvol ves a more­

phys i ca l  type of sorpti on than reg i ons  I and I I .  Chemi sorpti on  reacti ons  

often occur s l ow ly , whereas phys i cal  s orpti on  reacti ons proceed much 

fas ter as  there i s  l i ttl e or no energy of acti vat i on for the l atter 

sorpti on  type ( Adams on , 1 967 ) . The con s tancy of reg ion I l l  and  the 

i ncrease i n  the s orpt i on max i ma of reg i ons  I and I I  wi th t ime s uggest 

that Mo sorbed i n  reg i on I l l  may be s l owly  converted to the more-s trong ly  



bound  regi ons  I and  I I .  For P sorpti on , Ryden et a l . ( 1977b ) have 

shown that more-weak ly  sorbed ( reg i on I I I ) P i s  converted to chemi -

sorbed P wi th t i me .  The behav i our of sorbed Mo appears to be s i mi l ar .  

Sorpti on max i ma for s ubso i l s  were genera l l y  l arger than those for 

topsai l s  for each regi on . Compared to the i r  topsai l s ,  a l l fou r  

s ubsoi l s  sorbed greater amounts o f  s trong l y-hel d Mo ( regi ons  I a n d  I I ) 
and al so  sorbed greater amounts of Mo i n  reg ion I I I . Di fferences i n  

soi l propert ies  ( Tab l e 2 . 4 ) do not offer any s i mp l e expl ana t i on for the 

d i fferences i n  s orpt i on and , al ong wi th nat i ve sorbed P ,  whi ch may 

h i n der sorpti on of  Mo i f  the s i tes for the two an i ons are common , 

probab ly  have a comb i ned i nfl uence on the sorpti on maxima changes . 

3 . 3 . 4  Mo s orpti on by Fe gel and a l l ophane 

Hydrous  i ron  oxi des are frequent ly  s tated to be important  i n  Mo 

sorpti on ( Jones , 1957 ; Rei senauer et a l . ,  1962 ) and have been used as 

model s for Mo s orpti on by so i l s  ( Rei senauer et a l . ,  1962 ) . There has 

been no quanti tati ve veri fi cati on , however ,  of the use of  syntheti c 

hydrous oxi des as  model s for Mo sorpti on by so i l s .  The s orpt ion  of  Mo 

by Fe gel was eval uated , th erefore , us i ng the Langmui r eq uat i o n  to 

provi de a compari son wi th sorpti on by so i l s .  The same procedure was 

used wi th syntheti c al l ophane , wh i ch has  been c i ted as an  i mportant 
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so i l  component i n  Mo sorpti on ( Gonza l ez  et al . ,  1974 ) and i s  known to be 

one of the domi nant components i n  the Rami ha and Dannev i rke s oi l s  used 

i n  th i s  study . 

I sotherms for Mo sorpti on by synthet i c  Fe gel and a l l ophane duri ng 

40 hr  are s hown i n  F i g .  3 . 10 .  Both gel systems were at pH 6 . 2 pri or  to 

sorpti on . The i sotherm for Fe gel was of  a defi n i te H -type ( G i l es et  

a l . ,  1960 ) , whereas the a l l ophane i sotherm was L- type , i nd i cati ng a 

greater number o f  h i gh affi n i ty s i tes for Mo on  the Fe gel s urface than 
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on the a l l ophane s urface . The extent of  Mo s orpti on by Fe gel  was 

domi nated by sorpti on at  l ow fi na l  concentrati ons ( < 1 � mo l  1 - 1 ) ,  

whereas Mo sorbed by a l l o phane i ncreased regu l arl y over the who l e  

concentrati on range . For exampl e ,  a t  c = 0 . 5  � mol 1 - 1 , Fe gel and 

a l l ophane sorbed 295 and 3 �mo l  g- 1 , res pecti ve l y ,  whereas at  

c = 70  �mo l  1 - 1 , they sorbed 505 and  1 2 1 �mol g- 1 , respecti ve l y . 
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When the sorpti on data for both Fe gel and  a l l ophane were tes ted 

for fi t to the Langmu i r equati on , the i sotherms cou l d  be descri bed by 

th ree Langmu i r equati ons . Suffi c i ent  data poi nts were obta i ned  i n  the 

very l ow concentrati on range ( < 0 . 5  �mol 1 - 1 ) for Mo sorpti on by Fe gel , 

despi te the l arge amounts  of Mo sorbed . Tab l e 3 . 4  g i ves va l ues for 

b ,  k ,  and � G  for Mo s orpti on by Fe gel and a l l ophane . 

The va l ues for b i ndi cate that l a rge amounts of Mo were chemi sorbed 

( regi ons  I and  I I )  by Fe gel , but that very much sma l l er amounts of Mo 

were chemi sorbed by a l l o phane . Both Fe gel and a l l ophane sorbed l arge 

amounts of Mo i n  reg i on I l l .  The d i fferent shapes of the sorpti on 

i sotherms ( F i g .  3 . lb) can , therefore , be exp l a i ned in  terms of d i fferences 

i n  the amount  of chemi s orbed Mo . 

The � G val ues for each reg i on were very s i mi l ar to those obta i ned 

for soi l s .  I t  i s  noti ceab l e that , a l though a l l ophane sorbed sma l l 

amounts of Mo i n  reg i ons  I and I I ,  the sorpti on energ i es for these reg i ons  

were s i mi l ar to those for Fe gel  and  s o i l s .  The s i mi l a ri ty of � G 

val ues i nd i cates that the sorpti on reacti ons occuri ng i n  s o i l s ,  syntheti c 

Fe gel , and syntheti c a l l ophane a re essenti a l l y  the same for each reg i on ,  

even though d i fferent a toms ( Fe and  A l ) are i nvol ved . The p rev i ou s l y  

a s sumed fac t  that Fe gel  i s  a sati s factory model for Mo sorpt i on by soi l s  

( Re i senauer et  a l . ,  1962 ; H i ngston et a l . ,  1967 , 1968b ) i s ,  therefore , 

s hown to be a rea l i s ti c assumpti on . 



Tabl e 3 . 4 Sorpti on parameters for Mo sorpti on by Fe and a l l ophane 

Sorbent 

- 1 * 
gel s duri ng  40 hr  from 1 0  M NaCl at pH 6 . 2 

kJ mol - l 

1 16 

Fe gel 265 1 1 5  556 58 . 5  0 . 503 0 . 0043 -44 . 0  - 32 . 3  - 20 . 6  

Al l ophane 1 . 1 5 13 . 9  769 1 6 . 7  0 . 086 0 . 0024 -40 . 9  -28 . 0  - 19 . 1  

* 
pH of  system wi th no  added Mo . 



The s i mi l ari t ie s  i n  �G val ues for Fe gel and a l l ophane , even  

though the i r  b val ues d i ffer w i de l y ,  suggest  that k i neti c factors are 

h i nderi ng the chemi sorpti on of Mo by a l l ophane , but that these are not 

important for the more- phys i ca l  s orpti on i n  regi on I I I .  Poss i b l e  

causes o f  the k i neti c effects wi l l  be d i scus sed i n  Chapter 4 .  

1 1 7 



C H A P T E R  4 



COMPARI SON OF PHOSPHATE AND MOLYBDATE 

SORPT I ON BY SO I LS  AND SO I L  COMPONENTS 

4 . 1 I n troducti on 

Al though P and Mo are often a s s umed to bond to s o i l s u rfaces 

by a s i mi l ar mechani sm ( H i ngston et a l . ,  1968b , 1972 ; Theng , 197 1 ) ,  

there has  been remarkab ly  l i ttl e compari son of the sorpti on of these 

two ani ons . 

I n  Chapter 3 i t  was s hown that the sorpti on of Mo by so i l s  and 

two soi l components cou l d be descri bed by three Langmu i r  equati ons . 

S imi l ar f i nd i ngs have been reported for P s orpti on by some New 

Zea l and so i l s  and Fe gel by Ryden et a l . ( 1977a ) . I n  th i s  Chapter , 
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P sorpti on  data are eva l uated us i ng the Langmu i r equati on and a compari son 

of P and Mo s orpti on i s  made . D i fferences i n  the extent of  s orpti on of 

each an i on by soi l s  and soi l components are d i scus sed , and pos s i b l e  

reasons for the d i fferences d i scussed . 

4 . 2  Methods 

Both topsai l s  and s ubsoi l s  of Okai ha u, Rami ha , Dannev i rke , and 

Tokomaru so i l s  were u sed . Syntheti c Fe gel and a l l ophane , prepared 

as descri bed i n  Chapter 3 ,  were a l s o  used i n  the s tudy . 

Sorpti on i so therms for P were determi ned i n  10- 1M NaCl  duri ng  

40  hr ,  w i th P add i t i on s  l eadi ng  to f i na l  s o l ut ion concentrati ons  i n  

the range  o f  0- 300 �mol P 1 - 1 . For each i sotherm , between fi fteen and 

twenty addi t i ons  of  P were made , wi th at  l east  four g i v i ng fi na l  

concentrati ons  bel ow 0 . 5  �mol 1 - 1 . I so therms for s o i l s  were determi ned 

at a s o l u t i on : so l i d  rati o of 40 : 1 ,  whereas those for Fe gel and a l l ophane 



were determi ned at a sol uti on : so l i d  rati o of 800 : 1  and 1000 : l ,  

res pect i vel y .  Sorpti on i sotherms for Fe gel and a l l ophane were 

determi ned at pH 6 . 2  ( the pH of the system i n  the absence of P ) . 

4 . 3  Res u l ts and D i scus s i on 

4 . 3 . 1 Eval uation of  P sorpti on i sotherms us i ng the 

Langmu i r  equati on  

1 20 

The method o f  eva l uation  of  Mo sorpti on i sotherms , i nvo l v i ng 

s ucces s i ve approximati ons of  data poi nts ( Tabl e 3 . 2 ) , wa s used on data 

for P s orpt ion by soi l s  and so i l components . The P sorpt ion i sotherms 

for topsa i l s ,  s ubsoi l s ,  Fe gel , and a l l ophane cou l d be resol ved i n to 

three reg i ons , each descri bed by a Langmu i r equati on . The concentrat ion  

range over  wh i ch each regi on domi nated the overa l l sorpti on  was : 

reg i on I ,  0 - 0 . 5 J..I mo l 1 - 1 ; reg i on I I ,  1 - 15 J..I mo l 1 - 1 ; and 

reg i on I l l ,  25 - 300 ( or greater )  J..lmo l  1 - 1 . 

U s i ng the l i near form of the Langmu i r equati on  ( eq uati on 1 . 16 ) , 

sorpti o n  maxima ( b )  and sorpti on  energy cons tants ( k )  were ca l cu l ated . 

From the k val ues , free energ i es of  sorpti on ( 6 G ) were ca l cu l ated 

us i ng equa ti on ( 3 . 1 ) . Val ues for b ,  k ,  and 6G  for each reg i on , and a l l 

sorbents , are g i ven  i n  Tab l e  4 . 1 .  For any parti cu l ar  reg i on , the free 

energ i e s  of sorpti on were very s i mi l ar for topsai l s ,  subsoi l s ,  and 

synthet i c soi l components , i mp l y i ng  that  s imi l ar mechani sms are 

operat i ng  at the d i fferent sorb i ng surfaces . The 6 G  va l ues are s i mi l ar 

to thos e  p resented by Ryden et  a l . ( 1977a ) for contrasti ng  New Zea l and 

soi l s .  These authors a l so s howed that the same mechani sms were 

i nvol ved i n  sorpti on at equ i l i bri um a nd at 40 h r ,  a nd therefore , i n  th i s  

s tudy o n l y  40-h r  i sotherms were obta i ned . Based on  the h i gh 6 G val ues , 



Tab l e 4 . 1  Sorpti on max i ma ( b ) , sorpti on energy constants ( k ) , and free energ i es of  sorpti on ( � G ) 

for each regi on of  sorpt i on , for P sorpti on from 10- lM NaCl duri ng 40 hr  

Sorbent b r b i i  b i l l  k r k i i  k i l l  �G I �G I I  �G i l l  
- 1 1 Jl mo 1 - l kJ mol - l Jl mol g -- --

Oka i hau Topsoi  1 4 . 95 1 6 . 7  35 . 7  13 . 38 0 . 175  0 . 0043 -40 . 4  -29 . 7  -20 . 6  

Rami ha Topsoi 1 9 . 80 30 . 8  47 . 6  5 . 64 0 . 1 19 0 . 0044 - 38 . 3  -28 . 8  - 20 . 7  

Dannevi rke Topso i l 4 . 74 8 . 00 20 . 8  4 . 40 0 . 059 0 . 0019  - 37 . 7  - 27 . 0  - 18 . 6  

Tokomaru Topsoi  1 1 . 68 2 . 38 5 . 56 3 . 4 1 0 . 072  0 . 0060 - 37 . 0  - 27 . 5  - 2 1 . 4  

Oka i hau Subsoi  1 6 . 07 25 . 2  43 . 0  23 . 1  0 . 31 6  0 . 0068 -4 1 . 8  -3 1 . 2  - 2 1 . 7  

Rami ha S ubso i l 16 . 7  4 1 . 7  73 . 0  10 . 0  0 . 169 0 . 0070 -39 . 7  -29 . 6  - 2 1 . 8  

Dannevi rke Subso i l 5 . 59 15 . 2  33 . 3  12 . 3  0 . 182 0 . 0035 -40 . 2  - 29 . 8  -20 . 1  

Tokomaru Subso i l 2 . 34 5 . 00 14 . 3  1 5 . 3  0 . 107 0 . 0026 -40 . 7  - 28 . 5  - 19 . 4  

* 
Fe gel 806 400 1 176 26 . 4  0 . 208 0 . 0030 -42 . 1  - 30 . 1  - 1 9 . 7  

Al l ophane + 64 1 588 769 4 . 22 0 . 055  0 . 0023 -37 . 5  - 26 . 9  - 19 . 0  
--
* 

At pH 6 . 2 .  
+ - 1 For c < 200 ]l mol  1 . 

....... N 
....... 



pl u s  other evi dence , Ryden et a l . ( 1977a ) proposed that sorpti on i n  

reg i ons I and I I  i nvo l ved chemi sorpti on , whereas sorpti on  i n  reg i on I l l  

i nvol ved a more-phys i ca l  type sorpti on . The same approach wi l l  be 

adopted here . 

The b va l ues for d i fferent  so i l s  and so i l components do not show 

any s i mi l ari ty .  These b · va l ues refl ect l i mi ts on the extent of the 

P sorpti on reacti on , and a re ,  therefore , determi ned by both so l uti on 

pa rameters and the number of  P sorpti on s i tes ; the l a tter wi l l  depend 

on the mi nera l ogi ca l and chemi cal compos i ti on of the sorben t .  The b 

val ues for any part icu l a r  s ubso i l were greater than those  for the 

correspondi ng topsoi l .  Compari son of sorpti on max i ma for Fe gel and 
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a l l ophane i ndi cates that Fe gel sorbed greater amounts of P i n  reg i on I ,  

but  a l l ophane sorbed greater amounts i n  regi ons I I  and I l l . Sorpti on 

of  P by a l l ophane depends on the rat io  of Al : Al + S i ( C l oos et a l . ,  

1 968 ) and genera l i sations  a re not poss i b l e  from the data for the 

a l l ophane gel u sed i n  th i s s tudy , wh i ch had an Al : Al + Si rati o of 

0 . 60 .  Test of  the sorpti on data obta i ned for a l l ophane for fi t to 

the Langmu i r  equati on i nd i cated that ,  at fi nal  P concentrati ons greater 

than 200 �ol 1 - 1 , fi t of the data to th ree Langmu i r equati ons was not 

good . At h i gh fi nal  sol u t i on P concentrati ons , di s rupt i o n  of  the 

po l ymer s u rface of a l l ophane may occur ( Rajan , 1975 ) .  Consequentl y ,  

P sorpti on by a l l ophane , i n  th i s  s tudy ,  was l i mi ted to fi nal  P 
- 1 concentrati ons l es s  than 200 �ol 1 . 

4 . 3 . 2  Compari son of  P a nd Mo sorpti on 

4 . 3 . 2 . 1  E xtent of an i on sorpti on 

I sotherms for sorpt i on of  Mo and P by topsa i l s  ( F i g .  2 . 1  and 2 . 3 ) , 

s ubso i l s  ( F i g .  2 . 2  and 2 . 4 ) , Fe gel  ( F i g .  3 . 10 and 4 . 1 ) , and a l l ophane 
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F i g .  4 . 1 I s otherms for the sorpt i on of a dded  P by Fe ge l  ( a )  a nd  

a l l ophane  ( b ) from 1 0- l M NaC l  duri ng  4 0  h r  a t  p H  6 . 2  ove r the fi n a l  

concentra t i on range o f  0 to 250 � mo l  1 - 1 .  
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( F i g .  3 . 10 and 4 . 1 ) i l l u s trate that P sorpti on  i sotherms were a l l 

H -type ( G i l es et a l . ,  1 960 ) , whereas Mo sorpt i on i sotherms were e i ther 

H-type ( Fe gel  and a l l s u bsoi l s )  or more L- type ( al l ophane and a l l 

topsa i l s ) . H -type i sotherms i nd i cate a l arge number of  h i gh -affi n i ty 

s i tes  for sorpti on , whereas L-type i sotherms i ndi cate fewer numbers of  

s uch s i tes . The d i fference i n  shape of the i sotherms for P and Mo 

sorpt ion by a l l ophane i s  parti cu l arl y marked , wi th the Mo sorpt ion  

i sotherm s howi ng l i ttl e H - type character , whereas the P sorpti on 

i sotherm was s trong ly  H - type . 
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Al l sorbents sorbed l ess  Mo than P ,  a l though the ra ti o of  Mo sorbed : 

P sorbed , at  any one fi na l  concentrati on , for exampl e ,  c = 10 wnol - 1  

ranged from very l ow val ues ( 0 . 03 for al l ophane ) to those approach i ng 

un i ty ( Tokomaru subsoi l ) .  Th i s  ra t io  was a l so dependent on fi nal  

concentrati on . The approach used by Barrow ( 1970 ) to compare P and Mo 

sorpt i o n  by the amount sorbed at one s i ngl e fi n a l  concentrati on cou l d ,  

therefore , l ead to erroneous concl u s i ons . Nati ve sorbed P cou l d  a l so 

decrease the sorpti on of Mo , al though th i s  wou l d  not account  for the 

d i fferences between added P sorbed and added Mo sorbed . 

Tabl e 4 . 2  s hows the rat i o  of the sorpti on max i ma of P and Mo for 

the three reg i ons  of the sorption i sotherms , and h i gh l i gh ts several 

i nteres ti ng poi nts . F i rs t ,  the presence of a l l ophane i n  the Dannevi rke 

a nd Rami ha so i l s  great ly  decreased the amount of  Mo sorbed , rel ati ve to 

P sorbed . Second , the rat i o  of sorpti on max i ma for reg i on I was 

general l y  l ower than for reg i on I I .  Subtracti ng  out  va l ues for nati ve 

sorbed P from P sorpti on max i ma for reg i on I res u l ted i n  compa rab l e rat i o s  

for reg i ons  I and I I .  Th i s was a l so  true for Fe gel  wh i ch had no nati ve 

sorbed P .  The fact that the Mo : P  sorpti on max i ma ratios for reg i ons 

I and I I  were a l most  equal , a fter s ubtracti on of  nati ve P ,  for each 
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Tab l e 4 . 2  Satu rati on of  the P sorpti on compl ex by nati ve sorbed P 

and rati os  of the sorpt i on max i ma , for each regi on of 

sorpt i o n , for Mo and P sorpti on duri ng 40 hr 

Sorbent Nati ve p b i ( Mo )  b i i  ( Mo )  b i i i  ( Mo ) 
b 1 ( P )  b l ( P )  b l I ( p ) b i l l  ( P ) 

To�soi l s  

Oka i hau 0 . 28 0 . 1 5 ( 0 . 20 )  0 . 19 0 . 29 

Rami ha 0 . 36 0 . 036 ( 0 . 056 ) 0 . 080 0 . 098 

Dannev i rke 0 . 69 0 . 0 14 ( 0 . 046 ) 0 . 069 0 . 16 

Tokomaru 0 . 7 1 0 . 078 ( 0 . 27 3 )  0 . 42 0 . 53 

Subsoi l s  

Oka i hau 0 . 13 0 . 16 ( 0 . 18 )  0 . 23 0 . 35 

Rami ha 0 . 17 0 . 083 ( 0 . 12 )  0 . 1 5 0 . 18 

Dannev i rke 0 . 22 0 . 1 9 ( 0 . 24 )  0 . 24 0 . 46 

Tokomaru 0 . 38 0 . 2 1 ( 0 . 34 )  0 . 28 1 . 00 

Fe gel 0 . 33 0 . 29 0 . 47 

Al l ophane 0 . 0018 0 . 024 0 . 50 

b i ( Mo ) 
F i gures i n  parenthes i s  = 

b i ( P )  - nati ve sorbed P .  

b 1 ( Mo ) , b 1 ( P )  etc . = b l for Mo sorpt i on , P sorpti on , etc . 
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i nd i vi dua l  soi l , seems to  i nd i cate that there may be  s i mi l ar factors 

l i mi ti ng  Mo sorpti on , rel ati ve to P ,  for sorpti on i n  both reg i ons I and 

I I .  Th i rd ,  the rati o of  the reg i on I I I  maxi ma was general l y  h i gher than 

for ei ther of the other two reg i ons , and was un i ty for the Tokomaru 

s u bsoi l , i . e . , the rat i o of  the max ima for more- p hys i cal  sorpti on was 

greater than that for chemi sorpti on , i mpl y i ng tha t the factors caus i ng 

d i fferences i n  the extent of chemi sorption  d i d not affect the extent of  

the  more- phys i ca l  type sorpti on reacti on . 

The reasons why the rat i os d i ffered from un i ty ,  however ,  are not  

c l ear .  The s i ze o f  the two tetrahedra l ani- o n s  o f  P and Mo are very 

s i mi l ar ,  the 0 - 0 d i s tances bei ng i n  the range 2 . 85 - 3 . 20 A0 for P 

( van Wazer , 1958 ) and 3 . 20 A0 for Mo ( Li ndq u i s t , 1950 ) . Th i s  s ugges ts 

that s teri c factors do not h i nder the sorpti on  of  Mo , re l ati ve to P .  

The affi n i ti es of each an i  on for the surface , refl ected by t... G va 1 ues , 

.. are a l so  comparabl e .  Th i s  m ight  l ead to the predi ction that a l mo s t  

equal amounts of P a n d  Mo wou l d  b e  sorbed . The rati o of Mo sorbed : P  

sorbed for a l l ophane , however , s hows tha t d i fferent sorbi ng components 

can great ly  affect th i s rati o .  Barrow ( 1970 ) has s hown that the rat i o  

of  Mo sorbed : P  sorbed i s  greatly affected by pH . Based o n  the theori es 

of  Hi ngston et al . ( 1967 , 1968b ) that ani on s orption requi res the 

s i mul taneous presence of  a proton  donor and a proton acceptor , Barrow 

accounted for mos t  o f  the changes i n  the rat i o  of an ions  sorbed , a l though 

he a l s o  s tated that the changes cou l d  be accounted for by only req u i ri ng 

the p resence of the p roton donor . The p Ka2 of  molybdi c ac i d  i s  between 

3 . 6  and  4 . 0  ( Aveston et a l . ,  1 964 ; Sasaki  and  S i l l en ,  1964 ) and the 

domi nant  Mo s pec ies  i n  so l ut i on above pH 5 . 0  wi l l  be Mo042- . The p Ka2 
of  pho s phori c aci d i s  7 . 20 , and hence , for the P sorpti on s tudi es , the 

p redomi nant s peci es wi l l  be H2Po4- , and poss i bl y  HP042- nearer to pH 7 .  



Charge d i fferences cannot be the domi nant cause o f  the sorpt ion 

d i fferences because these wou l d be refl ected i n  d i fferent � G val ues , 

except i f  charge a ffected the k i neti cs of sorpti on . The d i fferent 

degree of  protonati on of  the  predomi nant an i on i c  speci es present , 

however ,  cou l d i nfl uence the extent of  the sorpt i on reacti on and a l so , 

vari ati on s  i n  pH may partly account for the d i fferent rat ios  of Mo : P  

sorpti on between soi l s .  

4 . 3 . 2 . 2 .  Free energ i es o f  sorpti on  
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Compari son of � G val ues for P sorpti on  ( Tabl e 4 . 1 )  wi th those for 

Mo sorpti on ( Tabl es 3 . 3  and 3 . 4 )  cl early i ndi cates that , for each reg i on 

of sorpt i on ,  t::. G val ues for both an i ons were very s i mi l ar .  Thi s 

i ndi cates that the dri v i ng  force for the sorpti on  of  each an i on i s  

s i mi l ar ,  even though the charge on the p redomi nant s pec i es i n  so l uti on , 

As d i scus sed i n  Chapter 3 ,  

the free energy of sorpti on con s i s ts of two contri buti ng energ i es , name l y  

those o f  chemi ca l  a n d  coul omb i c  i nteract i on . Because of the d i fferent 

charge o n  the predomi nant ani on i c  s pec i es , the  coul omb i c  attracti ve forces 

for a g i ven oxi de s urface wou l d d i ffer for each an i on .  These forces 

woul d be greater for Mo , as the cou l ombi c free energy i s  proporti onal  to 

the charge on the sorbi ng speci es , for a g i ven oxi de at constant pH . 

I f  the cou l ombi c term domi nated the overa l l free energy , �G va l ues for Mo 

woul d be greater than those for P and , as  the coul ombi c term var i es wi th 

surface coverage , � G woul d  a l so vary .  Chemi cal  free energ i es mus t ,  

therefo re , domi nate the overa l l free energ i es o f  sorpti on . Further 

i ndi rect evi dence comes from the coul omb i c  free energ i es cal cu l ated by 

Huang ( 1975 ) for S tern sorpti on of P s pec i es by �-Al 2o3 . 

� Gcou l . vari ed from -3 . 7  to 0 kJ mol - l between pH 2 . 0  and  8 . 4 ,  whereas 
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� Gcoul . val ues for HPo42 - were twi ce those of the s i ng l y-charged 

speci es at any pH . Huang s tated that s i mi l a r val ues wou l d  be expected 

on other oxi de s u rfaces , and i t  can , there fore , be concl uded that 

� Gchem . terms mus t  be l a rge and negati ve to g i ve the observed � G  

val ues i n  the present study , i . e . , chemi ca l sorpti on energi es domi nate 

the overa l l free energ i es of  sorpti on . 

Di fferences i n  chemi cal free energ i es of  the reacti on between the 

s u rface and the a n i oni c spec i es might  be expected to be mi rrored i n  

val ues of stabi l i ty constants for the cat i o n i c  s urface s pec i es and the 

sorb i ng ani on . Such a rel a ti onshi p has been quoted by Adamson ( 1967 ) 
for sorpti on of i ons  by bari um su l phate . Al though l og sol ub i l i ty 

products for P s pec i es are l arge and negati ve ,  for examp l e ,  l og 

Ks We3+ H2P04- ( 0H - ) 2) = �33 . 5  to - 35 . 0  ( S i l l en and Ma rtel l ,  1964 ) , there 

are no publ i s hed deta i l s  for Mo . I f  so l ub i l i ty product val ues for Mo 

were s l i ghtly l ower than those for P ,  the chemi cal  energy wou l d  a l so be 

s l i ght ly  l ower . As the cou l omb i c  energy term wi l l  be s l i ghtl y grea ter 

for Mo than P ,  a s l i ghtly l ower sol ub i l i ty product for Mo sou l d res u l t 

i n  the s um of the chemi ca l and coul ombi c energ i es for P and Mo sorpti on 

bei n g  approxi ma te l y  eq ual . Because of the l ow magni tude of the 

coul omb i c  free energy term , and the h i g h  comparab l e va l ues for the 

overal l free energ i es of sorpti on , the chemi cal free energ i es of  sorpti on 

for each ani on , i n  each reg i on of sorpti on , mus t  be comparab l e .  Th i s 

i mp l i es that the s i tes for sorpti on mus t  be s i mi l ar for each a n i on . 

The mechani sm o f  sorpti on of  P by oxi de s u rfaces has been exten s i vel y  

s tudi ed and a l so  rel ati ve l y  wel l characteri sed ; the resu l ts found for 

P s orption  s hou l d therefore be useful  i n  propos i ng mechani sms for Mo 

sorpti on . Fu rther con s i derati ons of th i s  wi l l  be gi ven i n  Chapter 5 .  



4 . 3 . 2 . 3  P and Mo sorpti on by a l l ophane 

S i mi l ar s tructural mode l s for a l l ophane have been proposed 

i ndependently by van Reeuwi j k  and de V i l l i ers ( 1970 )  and de Vi l l i ers 

( 19 7 1 ) ,  and by Cl oos et a l . ( 1968 , 1969 ) . The s tructura l  model 

pos tu l ates that amorphous a l umi no- s i l i cates cons i s t  of a permanent l y  

negati ve ly-charged s i l i ca core , the permanent negati ve charge ari s i ng 

from i somorphous s ubsti tuti on of Al  for S i  i n  tetrahedra l  coordi nati on 

wi th oxygen . The negati ve l y-cha rged core i s  surrounded by pos i t i ve ly­

cha rged monomeri c ,  or pol ymeri c ,  octahedral A l  cati ons . As the 

Al : Al + S i rat i o  ( A )  i ncreases , the maxi mum s ubsti tuti on of  Al for S i  
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i s  reached and s i x - fol d Al i n  the pol ymeri c hydroxy phase then i ncreases . 

At A val ues > 0 . 80 ,  crysta l l i ne Al phases beg i n  to form . Exper imenta l l y, 

i t  has  been found that surface area and P sorpti on i ncrease as  A 

i ncreases ( Cl oos et a l . ,  1968 ; Raj an and Perrott , 1975 ) . 

Theng ( 197 1 )  found that the rel ati ve extent of Mo sorpti on by two 

a l l ophan i c  c l ays was the oppos i te of that expected for P sorpti on , 

i . e . , the cl ay wi th the l owes t  A va l ue s orbed more Mo . F i gs . 3 . 10 

and 4 . 1  s how that P and Mo sorption  by a l l ophane , re l at i ve to sorpti on 

by Fe gel , d i ffered markedl y ,  i . e . , much l es s  Mo was sorbed by a l l ophane . 

The data i n  Tab l es  3 . 4 and 4 . 1  s how that the reducti on i n  Mo sorpti on 

by a l l ophane , compared to P sorpti on by a l l ophane and compared to both 

Mo and P sorpti o n  by Fe gel , was l argel y  a res u l t of the sma l l amounts of 

Mo that were chemi sorbed by a l l ophane . 

The two obv i ous  factors that m ight  be expected to cause the 

anoma l ous  sorpti on  behavi our  of Mo by a l l ophane , rel at i ve to P ,  are 

s teri c h i ndrance and charge repu l s i on .  As d i scus sed prev i o us l y ,  s teri c 

h i ndrance does not appear to be a reason , because  the s i ze of the a n i ons 

of  Mo and P a re comparab l e .  At pH 6 . 2 ,  the predomi nant Mo and P s pec i es ,  
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Moo4
2- and  H2Po4

- , are s i n g l y- and  doub ly-cha rged , respecti vel y .  The 

h i gher charge on the Mo a n i on coul d ,  therefore , be i mportant  i n  affecti n g  

the reacti on . As the � G  val ues for Mo and P sorpti on by a l l ophane are 

comparabl e ,  the charge may be affecti ng the k i neti cs of the Mo sorpti on 

react i on . 

Cou l omb i c  repul s i on between the permanent negati ve charge on the 

s i l i ca core and the sorb i ng a n i on s peci es wou l d  be h i gher for a more 

negati ve ani on . Th i s  cou l ombi c  repu l s i on cou l d negate the attracti ve 

forces between the Mo i on and the hydroxy - Al s peci es . Such cou l ombi c  

forces woul d  decrease i nverse ly wi th d i stance , i ndi cati ng that sorpti on 

i n  regi on I I I  may i nvol ve l onger- ran ge i nteracti ons wi th the surface , 

wh i ch wou l d be unaffected by the permanent negati ve charge and enabl e 

l a rge amounts of Mo to be sorbed i n  reg i on I I I .  As the A val ue of  

a l l ophane i nc reases , the  net pos i ti ve charge per Al atom in  the  hydroxy -
Al l ayer decreases ( Cl oos et al . ,  1968 ) . Thi s cou l d reduce attracti ve 

cou l omb i c  forces, th us red uc i ng the approach of  an i ons to the sorbi ng 

s u rface . I f  repul s i ve forces were more effecti ve than the i ncreas i ng 

s urface area , then sorbed Mo mi ght be expected to decrease as A i ncreases,  

a s  observed by Theng ( 19 7 1 ) .  More deta i l ed work  i s  req u i red on thi s 

before defi n i te concl us i ons  can be reached . The work of  Theng ( 197 1 )  

d i d not d i fferenti ate between di fferent sorpti o n  s i tes , and i ncreas i n g  

A va l ues cou l d  affect each s i te d i fferentl y .  

An expl anat ion for the l arge d i fferences i n  the rel ati ve sorpt i on 

between P and Mo for Rami ha and Dannevi rke so i l s  i s  now poss i bl e . 

Both these s oi l s  conta i n a l l ophane , whi ch i s  expected to be the predomi nant 

P-sorbi ng s u rface . But a l l ophane has  a much l ower capaci ty to sorb Mo , 

re l at i ve to P ,  than has  Fe gel . Thus , Rami ha  and  Dannevi rke so i l s  wou l d  



be expected to sorb l es s  Mo , re l ati ve to P ,  than the Oka i hau and 

Tokomaru soi l s , whose sorb i ng s u rfaces are predomi nantl y Fe compounds , 

as  d i scussed i n  Chapter 2 .  
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5 . 1  I ntroduction 

EVALUATION OF THE MECHAN I SMS 

I NVOLVED I N  MOLYBDATE SORPTI ON 

I t  ha s previ ous l y  been s hown that the sorpt ion  of Mo by soi l s  a nd 

so i l components can be descri bed by three Langmu i r  equa ti ons , both for 

sorption  duri ng 40 hr  and at  equ i l i bri um .  S i mi l ar observati ons have 

been made for P sorpti on by the same soi l s  and so i l components . The 

free energ i es of sorpti on for each reg i on of sorption for both Mo and 

P were al so  remarkab ly  s i mi l ar .  The reason for the fi t of the da ta 

to three Langmu i r  equati ons and the cl ose s imi l ari ty i n  Mo and P sorpti on  

behavi ou r  cl early req u i re expl anati on . 

The fact tha t Mo sorption by soi l s  i s  dependent on pH i s  wel l 

establ i s hed ( Jones , 1957 ; Rei senauer et a l . ,  1 962 ; Reyes and Juri nak , 

1967 ) . Al so , the observed effects of pH on  maxi mum sorption  of Mo has  

been quoted as evi dence for the operati on of  a parti cu l ar Mo sorpti on  

mechan i sm ( Theng , 197 1 ;  Gonza l ez  et al . ,  1974 ) . There has been l i ttl e 

q uanti ta ti ve i nves ti gati on , however , of the effec t of pH on Mo sorpt i o n . 

S i mi l arl y ,  the s to i c h i ometry of H+/OH- upta ke and  rel ease duri ng Mo 

sorpti on has not been i nvesti gated quanti tati ve l y ,  except at  very h i gh 

fi nal Mo concentrati ons  ( Rei senauer et a l . ,  1962 ) . Such very h i gh fi na l  

Mo concen trati ons have l i ttl e rel evance to  the f i el d s i tuation . The 

effect o f  the sorpti on  of  Mo on s urface charge has been predi cted 

( H i ngs to n  et a l . ,  1 967 , 1968b , 197 2 )  but no s tudi es have been conducted 

to eva l uate the mechan i sms i nvol ved in  Mo sorpti on . 

Because of the s i mi l ar free energ i es of  sorpti on  of  Mo a t  40 h r  
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and equ i l i bri um ,  i t  h a s  been s ugges ted that the mechani sms of Mo sorpt i on 



are not i nfl uenced by reaction t ime ( Chapter 3 ) . Al so , Fe gel has  

been s hown to be a good model surface for Mo sorpt ion by soi l s .  

Consequentl y ,  the effect of pH on Mo sorpti on , the s to ich i ometry of 

the Mo sorption  react ion  wi th res pect to H+ and  OH - , and  the effect 
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of Mo sorpti on on dou b l e l ayer cha rge can be i nves tigated quanti ta ti vely 

us i ng 40-hr  sorption  s tudi es and Fe gel . These data , a l ong wi th the 

fi t of sorpti on data to Langmu i r equati ons , a re used to propose Mo 

sorpti on  mechani sms . 

5 . 2  Methods 

The method of prepara tion of the Fe gel was descri bed i n  Chapter 3 .  

The effect of pH o n  Mo sorpti on by Fe gel  was i nves ti gated u s i ng 

sorpti on from 10- 1M NaCl  duri ng 40 hr at  three pH va l ues , name ly  

5 . 0 ,  6 . 2 ,  and 7 . 4 .  The pH was not con tro l l ed duri ng sorpti on . The 

pH val ues g i ven refer to the pH of  the gel s us pens i on i n  the absence 

of Mo . The sol uti on : so l i d  rati o was approx i ma te ly  800 : 1 .  

The amount of ac i d  consumed to ma i nta i n  con s tant pH { pH 6 . 0 )  

duri ng �1o sorpti on by F e  gel , was measured u s i ng an automati c ti trator 

( Radi ometer ) ,  at room temperature , and under a n i trogen atmosphere 

to exc l ude co2 . The gel  ( 100 mg ) was pre-equ i l i brated i n  10- 1M NaCl  

for 16  hr ,  after whi c h  t ime the pH of the  s us pens i on was  s tab l e .  An 

a l i quot of  Mo ( i n  10- 1M NaCl at pH 6 . 0 )  was then added so that the 

tota l fi nal vol ume was 40 ml . The ac i d  cons umed ( 10- 1M HCl i n  

10- 1M NaCl ) to ma i ntai n  cons tant pH fol l owi ng  Mo sorpti on was recorded 

by the au tomatic  ti trato r ,  the aci d  bei ng added i n i ti a l l y  at a rap i d 

ra te to prevent l arge pH changes i mmedi ate l y  after Mo addi t ions . After· a 

sorpti on t ime of 4 h r , the s us pens i on was centri fuged , fi l tered , and 

anal yzed for Mo . 



I sotherms were obta i ned for sorpti on of Mo by Fe gel  from 10-4M 

NaCl  d uri ng 40 h r  at a so l u ti on : so l i d  rati o of  800 : 1 .  After 40 h r ,  

the s u s pens i ons  were centri fuged , fi l tered , and the pH meas u red pri or 
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to ana l ys i s  for  Mo . The e ffect of Mo sorpti on on doubl e l ayer charge 

was eval uated by measuri ng the degree of fl occu l ati on of Fe gel  wh i ch 

had sorbed Mo from 10-4M NaCl  duri ng 40 h r  at a sol uti on : so l i d  rati o 

of 800 : 1 .  The degree of  f l occul ati on subsequent to Mo sorpti on was 

eva l uated by a l l owi ng the gel  s u spens i on to settl e for 1 . 5  hr  at the 

end of  the shak i ng peri od . A 10-ml a l i q uot was then taken from a 

con s tant depth bel ow the s urface , made up  to a fi na l vol ume o f  50 ml 

wi th d i sti l l ed water , and the transmi ttance % read at 700 nm i n  a 

1 -cm cel l i mmedi a te ly  a fter s hak i ng the fl as k .  

5 . 3  Resu l ts and Di scus s i on 

5 . 3 . 1  E ffect of pH on  Mo sorpti on 

I sotherms for the sorpti on  of Mo by Fe gel at  pH 5 . 0 ,  6 . 2 ,  and 

7 . 4  are shown i n  Fi g .  5 . 1 .  I s otherms at  pH 5 . 0  and 6 . 2  were s i mi l ar 

i n  s hape , . both bei ng H- type , wi th appreci ab ly  more Mo be i ng sorbed 

at pH 5 . 0  at any one fi na l  Mo concentrati on . Cons i derab l y more Mo 

was sorbed at  l ow concentrati ons ( < 1 �mo l  1 - 1 ) at  pH 5 . 0  than at 

pH 6 . 2 ,  whereas at concen trati ons greater than 1 �mol 1 - 1 , the two 

i sotherms were s i mi l ar i n  s hape . The i sotherm at  pH 7 . 4  d i ffered 

markedl y  from those at l ower pH val ues , bei ng L-type wi th very sma l l 

amo unts of Mo sorbed at  l ow fi na l  so l uti on concentrations . A gradual 

i nc rease i n  Mo sorbed over the who l e concentrati on  range ( 0- 100 �mol 1 - 1 ) 

was obta i ned . The s hape of the i sotherm al so d i ffered s i gn i fi cantly 

from that obta i ned by Ryden et  a l . ( 1977a ) for P sorpti on by Fe gel  
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at  pH 7 . 2 .  The P sorpti on i sotherm a t  thi s pH was markedl y  H-type . 

Tes t  of i sotherm da ta for fi t to the Langmu i r  equati on  was 

carri ed out and at pH 5 . 0  and 6 . 2 ,  three regi ons were obta i ned , each 

bei ng descri bed by a separate Langmu i r  equati on . At pH 7 . 4 ,  on ly  

two reg i ons were obtai ned . The b ,  k ,  and b. G va l ues at  each pH 

are gi ven i n  Tabl e 5 . 1 .  The two reg i ons  found at pH 7 . 4  had k and 

b. G va 1 ues that were of  the same order as  the k and b. G va 1 ues for 

reg i ons I I  and I l l of the i sotherms at  other pH val ues , and 

consequently the two reg i ons at  pH 7 . 4  were ascri bed to reg i on I I  and 

I I I .  

For each reg i on ,  the b. G  val ues were very s i mi l a r  at  di fferent 

pH va l ues , i nd i cati ng tha t the sorpti on  reacti ons were s i mi l ar at  the 

d i fferent pH val ues . The excepti on was reg i on I ,  i n  wh i ch sorpti on 

d i d  not occu r  at  pH 7 . 4 .  Compari son o f  b. G va l ues for sorpti on by 

Fe gel i n  reg i on I ( Tab l e 5 . 1 )  wi th those for soi l s  ( Tab l e 3 . 3 )  
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i ndi cates that b. G  va l ues for Fe  gel were h i gher than those for soi l s .  

Because they were sti l l  of the same order of magn i tude , the chemi cal 

reacti ons occurri ng , and hence b. Gch mus t  be the same , because em . 
b. Gchem .appears to domi nate the overa l l b. G ( Cha pter 3 ) . The 

d i fferences i n  b. G val ues between so i l s  and Fe gel i n  regi on I wou l d ,  

therefore , appear to be due to a greater b. Gcoul  . ' i . e . , greater 

cou l ombi c  i nteracti ons . As b. G 1 depends on the e l ectri ca l  cou  . 
potenti a l  ( '¥ d ) ,  i t  wo u l d appear that the wel l -defi ned Fe gel s urface 

has a greater '¥ d than the so i l s urfaces . The fact that b. G 1 
for Mo sorpti on by Fe gel  at pH 5 . 0  i s  greater than that at  pH 6 . 2  

confi rms that the i ncrease i n  b. G i s  due to cou l ombi c i nteracti ons . 

The surface charge of oxi de surfaces i s  more pos i ti ve at  l ower pH 

val ues ( Parks  and de Bru�n , 1962 ) and hence '¥ d i s  greate r .  Thus , 



Tabl e 5 . 1  

pH 

5 . 0  

6 . 2  

7 . 4  

Sorpti on maxima ( b ) , sorpti on energy constants ( k ) , and free energ i es of  sorpti on ( � G )  

for Mo sorpti on by Fe gel from 10- lM NaCl duri ng 40 h r  a t  p H  5 . 0 ,  6 . 2 ,  and 7 . 4 

b r b i i  b u r 

�mol g- l 

289 21 1 444 

1 12 149 435 

6 . 7  500 

k r k i i  

�mol - l 

384 1 . 44 

135 0 . 60 

k i i  I 

0 . 0065 

0 . 0059 

0 . 096 0 . 0024 

/). 
G r 

[). G I I  [). G I I I  

kJ mol - l 

-48 . 6  - 34 . 9  - 2 1 . 6  

-46 . 1  - 32 . 8  - 2 1 . 4  

- 28 . 2  - 19 . 4  

1-' w CO 



� Gcou l . woul d a l so be greater at l ower pH val ues . 

The extent of each sorpti on react i on , as i nd i cated by the 

res pecti ve b va l ues , di ffered markedly at each pH . Sorpti on i n  

reg i o n  I decreased wi th i ncreas i ng pH . I n  reg i on I I , sorpti on  a l so 

decreased wi th i nc reas i ng pH and at  pH 7 . 4 ,  the sorption maxi ma i n  

reg i on I I  was very sma l l ,  compared to that at  l ower pH val ues . The 

decreas i ng amounts of chemi sorbed Mo wi th i ncreas i ng pH , therefore , 

expl a i ns the decrease i n  H- type character of  the i sotherms wi th pH 

( F i g .  5 . 1 ) .  Sorpti on i n  reg i on I l l  was on ly  s l i ghtly affected by 

pH changes ; the b val ues for reg i on I l l  d i d  not decrease  between pH 

5 . 0  and  6 . 2 ,  and i ncreased at  pH 7 . 4 .  Over the concentrati on range 

of 0- 100 �mo l  1 - 1 , the amount  of Mo sorbed i n  reg i on I l l ,  cal cu l a ted 

from b and k val ues , decreased s l i ght ly  as the pH i ncreased . For 

examp l e ,  at c = 50 �mol  1 - 1 , 107 , 94 , and 50 �mo l g- l was sorbed i n  

reg i on I l l  a t  pH 5 . 0 ,  6 . 2 ,  and 7 . 4 ,  res pecti vel y .  Thus , a l though 

the n umber of s i tes avai l ab l e  for sorpti on ( i nd i cated by the sorpt i o n  

max i mum ) d i d  n o t  decrease wi th i ncreas i ng pH , the amount of Mo sorbed 

at a ny one fi na l  concentrat i on decreased because of a decrease i n  k 

val ues , i nd i cati ng a decreas i ng dri v i ng force of the reacti on , wi th 

i ncreas i ng pH . The pH at  the po i nt of  zero charge ( pH ( p . z . c . ) )  of  

the  Fe  gel  was not  determi ned . For Fe gel s prepared i n  a s i mi l ar 

manner , pH ( p . z . c . ) pri or to sorpti on i s  i n  the range 8 . 0  to 8 . 4  

( J . R .  Mclaugh l i n ,  pers . comm . ) .  Th i s  i mp l i es that the l i mi ted 

chemi sorption  of Mo by Fe gel at pH 7 . 4 i s  not because the gel s u rface 

has a net negati ve charge at that pH . For P sorpti on , cons i derab l e  

chemi sorpti on  has  been reported ( Ryden e t  a l . ,  1977a ) a t  pH 9 . 0 ,  
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i nd i cati ng that Fe gel  i s  capab l e of  sorb i ng some an i ons at  pH  va l ues 

greater than pH ( p . z . c . ) .  Hence , the a l most  non-exi s tant  chemi sorpti on 

of  Mo at pH 7 . 4  wou l d  seem to be pr imari l y  a functi on  of  the Mo a n i on , 



rather than of the Fe gel s urface . 

5 . 3 . 2  Mo sorpti on by Fe  gel from 10-4M NaCl 

5 . 3 . 2 . 1  Sorpti on i sotherms 

I sotherms for the sorpti on of Mo from 10- 1M and 10-4M NaCl  duri ng 

40 hr are shown i n  Fi g .  5 . 2 .  The pH of the gel s u s pens i on i n  

10- 1M NaCl  was 5 . 0  and the pH i n  10-4M NaCl  was 4 . 9 .  Both i sotherms had 

the same s hape , i . e . , H- type , wi th l arge amounts of Mo bei ng sorbed at 
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C < 1  � mo l  1 - 1 . At concentrati ons grea ter than 1 �mol 1 - 1 , the i sotherms 

i n  1 0-4M NaCl l evel l ed off and  the i ncrease  i n  Mo sorbed , re l a ti ve to that 

sorbed at  C < 1  � mo l  1 - 1 , was much l es s  i n  10-4M NaCl than i n  10- 1M NaCl . 

I n  10-4M NaCl , the i ncrease i n  Mo sorbed i n  the concentrati on range of  

50 - 100 � mol  1 - 1 was negl i g i b l e .  

The sorpti on constants obtai ned for sorpti on from 10- 1M and 10-4M 

NaC l  are shown i n  Tabl e 5 . 2 .  For sorpti on from 10-4M NaCl , two 

l i near reg i ons of the overa l l i sotherm , each bei ng descri bed by a 

d i s ti nct  Langmu i r  equat ion , were obta i ned . From the k and � G  va l ues 

obtai ned , these two reg i ons corres ponded to regi ons I and I I  of the 

sorpti on  i sotherms i n  10- 1M NaCl systems . There was no sorpti on i n  

reg i on I I I  from 1 0-4M NaCl . Sorpt ion max i ma for sorpti on i n  reg i ons 

I and I I  were sma l l er than the correspond i ng va l ues for sorpti on from 

10- 1M NaCl . No d i rect compar i son of b va l ues can be made , however , 

because  i on i c  s trength affects the ki neti cs  of Mo sorpti on ( Chapter 3 . 3 ) 

and at  40 h r ,  the systems are not at equ i l i bri um . I t  i s  o f  i nterest 

that the va l ue o f  b i for Mo sorpt i on from 10-4M NaCl was s i mi l ar to 

that obtai ned by Ryden et a l . ( 1977a ) for P sorpti on by Fe gel  wh i ch 

was p repared by the same method as  the gel  i n  th i s  s tudy ,  and  for 

sorpti on duri ng the same t i me per i od and at  approximately  the same pH ; 

th i s  i s  i n  contras t  to the b va l ues obta i ned for Mo and P 
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Tabl e 5 . 2  Sorpti on max ima ( b ) , sorpti on energy cons tants ( k ) , and free energ i es of 

sorpti on ( � G) for Mo sorpti on by Fe gel from 10- lM and 10-4M NaCl  duri ng 40 hr  

I on i c  pH* b r b r r  b i l l  k r k r r  k r r  r 
!::. 

GI �::. G I I  � G i l l  
s trength f.! mo l g- l  1 f.! mo , - l kJ mol - l 

10 - lM 5 . 0  289 2 1 1  444 384 1 . 44 0 . 0065 -48 . 6  - 34 . 9  - 2 1 . 6  

10 -4M 4 . 9  1 75  50 - 26 0 . 095 - -42 . 0  -28 . 2  

* 
i n  the absence of added Mo . 

........ � N 



sorpt ion from 1 0- 1M NaCl ( Chapters 3 and 4 ) . 

The free energ i es of  sorpti on for regi ons I and I I  i n  1 0-4M NaCl 

are noti ceab ly  sma l l er than those for the correspondi ng val ues i n  

10- 1M NaCl , a l though the va l ue for reg i on I i n  10-4M NaCl  i s  s ti l l  

much  greater than the 6 G  va l ue obta i ned for reg i on I I  i n  10- 1M NaCl . 

At h i gher i on i c s trength s , the net s urface charge , and hence the 

el ectri cal potenti a l  of the doubl e l ayer , on oxi de surfaces i s  

greater ( Parks and de Bruyn , 1 962 ) . The coul ombi c free energy term 

of equation  ( 3 . 4 )  woul d ,  therefore , ma ke a greater contri buti on to 

the overa l l free energy at  h i gher i on i c  s trengths . Gi ven th i s  fac t ,  

the data o f  Tabl e  5 . 2  appear t o  i nd i ca te that the same chemi cal 
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reacti ons occur  i n  regi ons I and I I  i n  d i fferent i on i c  s trength med i a .  

5 . 3 . 2 . 2  Charge and pH rel ati ons h i ps 

The pH and fl occul ati on  data ( measured by transmi ttance % )  for 

Fe gel s us pens i ons subsequent to Mo sorpti on from 10-4M NaCl are 

s hown i n  Fi g .  5 . 3 ,  as a funct i on of the amount of Mo sorbed . Poi nt 

a corresponds to near satura t i on of reg i on I ( 95% b i } and a very 

l ow saturati on of reg i on I I  ( 5% b i i ) .  These  saturati on  val ues were 

cal cu l ated u s i ng the b and k val ues for each reg i on . 

Va l ues for pH subsequent to sorpti on i ncreased as the amount of 

Mo sorbed i ncreased . Because  sorpti on i n  reg i on I I  was not s i gn i fi cant  

unti l poi nt  a ,  i t  appears that  sorpti on i n  reg i on I cau sed an  i ncrease  

i n  the  pH of  the sol uti on . At sorpt i on val ues beyond poi n t a ,  pH 

conti n ued to i ncrease , i nd i cati ng that sorpti on  i n  reg i on I I  a l so 

caused an i nc rease i n  pH . I n i t i a l  s tud i es s howed that pH i ncreases 

were not due to i on i zati on of  Moo4
2- . but were a res u l t of Mo sorpt i on . 

Changes i n  the degree of fl occul ati on of  Fe gel refl ected changes 

i n  the d i ffuse  l ayer potent i a l  ( � d ) , a s  a res u l t of changes i n  the 
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as a functi on of the amount of  Mo sorbed . For poi nt a ,  refer to tex t .  



s urface charge , because changes i n  the i on i c  s trength of the med i um 

were not s uff i ci ent to cause fl occu l at i on changes . F i g .  5 . 3  
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i ndi cates that as r�g i on I reached saturati on , the degree of 

f l occu l ation  i ncreased , i . e . , the s u rface charge of the gel  wa s bei ng 

neutra l i sed because of  Mo sorpti on i n  reg i on I .  At poi n t  a ,  the 

s urface charge of the gel had been neutra l i sed . Sorpt ion  i n  reg i on I I  

d i d  not res u l t i n  further changes i n  s urface charge because  the gel 

rema i ned fl occu l ated as  the extent o f  saturati on of reg i on I I  i ncreased . 

The fact tha t after poi nt  a wa s reached , i ncreas i ng Mo sorpt i o n  d i d 

not resu l t i n  the d i s pers i on of the gel  i ndi cates that sorpt ion  i n  

regi on I I  wa s not cau s i ng  changes i n  the d i ffuse l ayer potenti a l , 

whi ch wou l d  be expected i f  Mo was sorbed at  the i nner Hel mhol tz 

p l ane ( F i g .  1 . 2A )  and s u perequ i va l ent sorpti on res u l ted ( F i g .  1 . 28 ) , 

i . e . , Mo sorpt i on i n  reg i on I I  mus t  i nvol ve exchange wi th surface 

groups and not resu l t i n  changes i n  s u rface charge . 

5 . 3 . 3  Aci d  cons umpti on to ma i n ta i n  constant pH duri ng  Mo 

sorption 

The ac i d  req ui red to ma i ntai n  constant pH duri ng Mo sorpti on  by 

Fe gel dur ing  4 hr i s  p l otted aga i ns t  Mo sorbed i n  Fi g .  5 . 4 .  I t  was 

not pos s i b l e  to determi ne whether the aci d was used to mai nta i n  cons tant 

pH as a res u l t of OH- rel ea se res u l t i ng from Mo sorpti on or by H+ 

u ptake duri ng  Mo sorpt ion . Poi n t  a i ndi cates where Mo was detected i n  

so l ut ion and s hows tha t Mo sorpt i on caused a pH i ncrease over the who l e 

concentrati on  range ( 0 - 100 � mol 1 - 1 ) .  For any experi mental da ta 

poi n t ,  the mol e  rati o of H+ cons umed  to Mo sorbed ( R ) was g reater  than 

1 . 0 and l es s  than 1 . 5 ,  wi th the rati o bei ng s l i ghtly greater at l ow 

fi na l  sol uti on  concentrati ons ( < 1 � mo l  1 - 1 ) .  

Sorpt i o n  data were tes ted for fi t to the Langmui r equati on . Three 
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reg i ons , each conformi ng  to a d i sti nct Langmu i r equati on , were aga i n 

obta i ned . Poi nt a i n  F i g .  5 . 4  i nd i cates where saturati on of regi on I 

was a l most compl ete and satu rati on of reg i on I I  became s i gn i fi cant ; 

poi nt b i nd i cates where satu rati on of reg i on I I I  became s i gn i fi cant . 

There d i d not appear to be any ma rked change i n  ac i d  cons umpti on as 

sorpti on i n  the d i fferent reg i ons began to domi nate overa l l sorpti on 

and  Mo sorpti on appeared to cause pH  i ncreases i n  each reg i on of 

sorpti on . 

The rati o ( R ) was not an  exact i n teger at  any one concentrati on , 

as  mi ght be expected for s i mp l e  charge rel a ti onsh i ps . There appeared 

to be severa l factors that i n fl uenced th i s  rati o ,  i n  addi ti on to the 

back ti trati on to pH 6 . 0 .  As wi l l  be d i scus sed l a ter ,  sorpti on of 

Mo appears to i nvol ve l i gand-exchange wi th s u rface groups  and 

con sequentl y ,  may affect the surface charge of  the hydrous  oxi de . 

The i ncrease i n  pH s ubsequent to Mo sorpti on , and the pos s i b i l i ty of  

a change i n  s urface charge , s uggest  that some of  the H+ added 

s ubsequent l y  may be sorbed at the surface as potenti a l  determi n i ng H+ 

when the pH i s  returned to 6 . 0 ,  i n  accord wi th s urface charge-pH 

rel ati ons h i ps of ox i de s urfaces ( F i g .  1 . 3 ) . The effect of  th i s  on 

the amount of  H+ cons umed to ma i nta i n  constant pH woul d  be to over-

esti mate the ra ti o ,  R .  Al so , hyd rous oxi de s u rfaces are known to 

have a l i mi ted buffer capaci ty ( Parks and de Bruyn , 1 96 2 )  and thi s 

wou l d affect the quanti ty of  H+ cons umed . For h i gh concentrati ons  of  

added Mo , i t  i s  pos s i b l e  that  the added Mo s o l uti ons wou l d conta i n 

pol ymeri sed Mo ani ons  a t  pH 6 . 0 ( Cotton and Wi l k i nson , 1966 ) . Common 

pol ymeri c an i ons , e . g . , Mo7o24
6- , d i ssoc i a te ac.cC¥rdi ng  to equati on  

( 5 . 1 ) ( Aveston et a l . ,  1964 ) : 

-- ( 5 . 1 ) 



Ass umi ng that Mo s o rbs as a monomeri c a n i on  ( Reyes and Juri nak , 1 967 ) , 

then sorpti on of  Mo wou l d d i s pl ace equat ion  ( 5 . 1 )  to the ri ght , 

res u l t i ng i n  the rel ease  of H+ , wh i ch wou l d a ffect the amount of  H+ 

meas u red to ma i nta i n constant pH . Each reg i on of  the overa l l 

sorpti on i sotherm may a l so correspond to a d i fferent reacti on , wi th 

di fferent stoi c h i ometry for OH - rel ease  or H+ cons umpti on . Thi s woul d 

mean tha t ,  at concentrat ions where sorpt i on i n  d i fferent reg i ons  

overl apped , the ra ti o ( R )  wou l d  have val ues i ntermed i ate between the 

extremes . Al l these factors woul d comb i ne  to g i ve R val ues that wou l d 

be non- i ntegral . I t  does appear , however ,  that at  l east  one mol e  of 

H+ i s  requ i red to ma i nta i n  con s tant pH for every mol e  of Mo sorbed over 

a l l three reg i ons  of  sorpti on . 

5 . 3 . 4  The mechani sm of Mo sorpt i on  

Any mechan i sm proposed must  accomodate a l l the  experi men ta l data . 

These i ncl ude the three d i fferent  reg i on s  of  sorpti on , each wi th a 

d i fferent free energy of sorpt i on , wh i ch descri be overal l Mo sorpti on ; 

the effec ts of  pH and  i on i c  s trength on sorption i n  each of  these 

th ree reg i ons ; the charge rel ati ons h i ps  and pH changes s ubsequent to 

Mo sorpti on ; and  the s i mi l ari ti es and d i s s i mi l ari ti es between Mo and 

P sorpti on . 

The sorb i ng  s urface i s  taken to be a hydrou s  oxi de of  Fe or  Al , 

wh i ch has been s hown i n  Chapter 1 to be i mportant i n  ani on  sorpti on . 

Such s urfaces may be represented as : � M - OH2 1+ ( Parks and  
" M - OH  de  Bruyn , 1962 ) , 

+ where -OH2 and  -OH groups are s i ng l y-coord i nated s peci es tha t  are 

adjacent i n  one  p l ane ( Rus sel l et a l . ,  1 974 ) . The proporti on of  

-OH2
+ to -OH i s  governed by  pH  ( Parks and  de Bruyn , 1962 ; Yopps  and 

Fuerstenau , 1964 ) . + The -OH2 and -OH s peci es are cons i dered to be 
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part of  the hydrous metal oxi de s u rface and repl acement of these 

spec i es by sorb i ng an i ons i s  a l i gand-exchange proces s ,  wh i ch can be 

con s i de red as a chemi sorpti on reacti on , wi th a new bond bei ng formed 

between the s u rface and the an i on . 

The mechan i sms proposed l ead  to the formati on of b i denta te 
2- . + comp l exes by l i gand-exchange of Mo04 w1 th s u rface -OH2 and -OH 

groups . Equa ti on ( 5 . 2 )  i s  proposed to descri be the sorpti on of  Mo 
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i n  reg i on I ' and equati on ( 5 . 3 )  to descri be sorpti on of Mo i n  reg i on I I , 

at  pH  val ues where Mo04 
2- i s  the predomi nant Mo spec i es i n  sol uti on 

( pH > 5 ) : 

/ M OH2 
+ 2- H+ -

/M 0'-MoO 
0 2H20 ( 5 . 2 )  - + Mo04 + - + 

" M - OH " M - o/ 2 

/ M OHr 2- H+ -
/M o, 0 + OH- + H20 - + Mo04 + � -

/ Moo2 " M - OH " M - 0 ( 5 . 3 ) 

The proton s i nvol ved i n  equati on ( 5 . 2 ) and ( 5 . 3 ) may be deri ved from 

sol u t i o n , or a t  pH val ues where the s pec i es HMo04
- domi nates ( pH < 5 ) ,  

may be donated from th i s  an i on . 

The reac ti on descri bed by eq ua t i on ( 5 . 2 ) , i nvol vi ng  l i gand-exchange 

sorpti on at a pos i ti vely-charged s i te ,  wou l d have a h i gher free energy 

than the reacti on descri bed by equati on ( 5 . 3 ) because of  the g reater  

el ectrostati c attracti on , and  wou l d  corres pond to sorpti on i n  regi o n  I .  

Eq uati on  ( 5 . 2 )  woul d be i nfl uenced by pH , wh i ch wou l d a ffect both the 

number of pos i ti vely-cha rged s urface s i tes , and the concentrati on of 

H+ . The fact that s orpti on i n  regi on I d i d  not occur  at pH 7 . 4 

( Tabl e 5 . 1 ) ,  even though s ome pos i t i ve s i tes mi ght  be expected to exi st 

a t  th i s  pH , i s  a l most  certa i n l y  a consequence of H+ l i mi ti ng the extent 

of the react i on . Equati on ( 5 . 2 )  wou l d  res u l t i n  a red ucti on of the 

s u rface charge from a pos i ti ve to a zero val ue , wh i ch i s  i n  a greement  
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wi th the fl occu l ati on data ( F i g .  5 . 3 ) . Formati on of a monodentate 

bond wi th the s u rface {equati on ( 5 . 4 ) ) wou l d  resu l t i n  the formati on  of  

a negati vel y-charged surface : 

I + 2-,...... M - OH2 + Mo04 
'- M  - OH 

/ M - OMo03 � - + H 20 
"- M - OH 

( 5 . 4 )  

Because  equati on ( 5 . 4 )  res u l ts i n  repl acement o f  one pos i ti ve charge 

wi th one negati-ve c harge , the net s u rface charge wou l d  eq ual  zero 

when the s um of the non-exchanged -OH2
+ s i tes equa l l ed the s um of the 

exchanged -0Moo3
- s i tes , i . e . , at 50% saturati on of the -OH2

+ s i tes . 

Conseq uentl y ,  fl occu l ati on data wou l d  be expected to s how a maxi mum at 

50% b 1 , wi th further saturati on of reg i on I res u l ti ng i n  a bui l d  up  

of negati ve charge and a res ul ti ng d i s persed gel  system . Deta i l ed 

i nfrared stud i e s  of  phosphated Fe oxi des have shown that a t  l ow 

sol uti on  concentrat ions , P i s  bonded as  a bi dentate l i gand to two Fe 

atoms by repl acement of adjacent A- type hydroxyl s ( Russe l l et a l . ,  

1974 ; Pa rfi tt et a l . ,  1975 ; Parfi tt and Atki nson , 1976 ) . Recent 

i nfrared absorpti on  stud i es have shown that Mo may a l s o  be bonded as  

a bi dentate l i gand at l ow so l u t i on concentrati ons  ( R . J .  Parfi tt , pers . 

comm . ) .  Equati on ( 5 . 4 )  i s  not i n  accord wi th the observa t i on that 

sorpti o n  i n  reg i on I requi res the addi ti on of H+ to ma i nta i n  constant  

pH  ( F i g .  5 . 4 ) . The  fact that equa ti on ( 5 . 2 ) appears to descri be Mo 

sorpt ion  i n  reg i on !, rather than equati on ( 5 . 4 ) , i s  pos s i b ly  because the 

bi dentate compl ex formed i n  equati on ( 5 . 2 )  woul d res u l t i n  formati on 

of a more s tabl e uncharged compl ex than the charged monodentate compl ex 

formed i n  equati on ( 5 . 4 ) . Al s o , d i sp l acement of two l i gand groups 
2-by Mo04 woul d  res u l t i n  an  overa l l i ncrease i n  the entropy of the 

system and hence , woul d res u l t i n  a greater decrease i n  the overa l l 

free energy of the system . 



I t  i s  proposed that the con s umpti on of  H+ rather than the rel ease  

of  OH- expl a i ns the observed pH i ncrease ( F i g . 5 . 3 ) and the quanti ty 

of ac i d  consumed to ma i n ta i n cons tant pH ( F i g .  5 . 4 ) , subsequent to Mo 

s orpt i on i n  reg i on I .  Equati on ( 5 . 2 ) wou l d  res u l t i n  a decrease i n  

surface charge and therefore , may res u l t i n  H+ sorpti on duri ng back 

ti trati on , as di scus sed i n  Sect i on 5 . 3 . 3 . As sorpti on i n  reg i on I 

a ffects s urface charge , i t  may be regarded as  a potent ia l -determi n i ng 

sorpti on . Such reacti ons  are expected to be affected by i on i c  

s trength ( Parks and d e  Bruyn , 1962 ) and the a bsence o f  such  effects 

for Mo s orpt i on by so i l s  i n  reg i on I may be d ue to the bufferi ng 

capaci ty of  other soi l componen ts , e . g . , o rgan i c  matter . 

Sorpti on of Mo i n  reg i on I I  �quati on ( 5 . 3 ) )  does not a ffect the 

s u rface charge and consequently wou l d not be a ffected by i on i c  s trength . 

Al so , sorpti on accord i ng to equati on ( 5 . 3 ) wo u l d  not affect the degree 
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of fl occu l ation  of Fe  gel , as observed i n  Fi g .  5 . 3 .  The exten t of  

reacti on ( 5 . 3 ) wou l d  be  affected by pH because pH affects the concen trati on 

of H+ ava i l abl e for the reacti on . Reacti on ( 5 . 3 )  wou l d  a l s o  res u l t i n  a 

pH i ncrease because of both H+ cons umpti on and  OH- rel ease . The l arge 

reducti on i n  the sorpti on maxi mum of reg i on I I  wi th i ncreases i n  pH 

( Tabl e 5 . 1 ) can , there fore , be exp l a i ned . The fact that sma l l amounts 

of  Mo appear to be sorbed i n  reg i on I I  at pH 7 . 4 ( Tabl e 5 . 1 )  i ndi cates 

that  some Mo may be sorbed wi thout the i nvol vemen t  of H+ , probab ly  by 

equati on ( 5 . 5 ) : 

/ M - OH [0 + 
' M  - OH 

/ M - � MoO [ o + 20H 
"- M - o/ 2 

( 5 . 5 ) 

Such a reacti on appears to be unfavourabl e because very l i ttl e sorpti on  

occurs i n  regi on I I  at pH  7 . 4 ,  i mp ly i ng that H+ i s  neces sary .  Thi s 

probabl y  res u l ts from the fact that d i sp l acemen t  o f  the second -OH 



group to form the favourab l e bi dentate comp l ex i s  ai ded by H+ 

weaken ing  the second M-OH  bon d . The h i gh free energy of sorpti on 

i nd i cates that the dri v i ng  force of  the react i on mus t  be suffi ci entl y 

great to overcome the l i mi tati on of no free reactant H+ . The 

dependence of sorpti on i n  reg i on I I  on pH , however ,  i nd i cates that 

equati on ( 5 . 5 )  i s  of l i mi ted i mportance at pH val ues l es s  than 7 . 0 .  

Both equati ons ( 5 . 2 )  and ( 5 . 3 ) i nvol ve l i gand-d i s p l acement at  

the  oxi de surface and the formati on of new chemi cal bonds . As s uch , 
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they may be  regarded as chemi s orpti on reacti ons . Both reacti ons a l so 

appear to i nvol ve the formati on of  s tabl e bi dentate comp l exes , wh i ch 

wou l d  resu l t i n  a decreased enthal py of the sys tem and an  i ncreased 

entropy of the system and hence , greater negati ve free energ i es of 

sorpti on . Therefore , eq uati on$ ( 5 . 2 ) and ( 5 . 3 )  wou l d  have h i g h free 

energ i es of sorpti on . Such h i gh � G val ues we re obta i ned for 

reg i ons I and I I .  Sorpti on i n  reg i ons  I and I I  woul d, therefore , 

probab ly  res u l t i n  a chemi s orbed l ayer that wou l d be s i mi l ar to a 

ferri c mol ybdate surface of  one mol ecu l ar l ayer thi cknes s . 

I t  i s  pro posed tha t sorpti on i n  reg i on I I I  occurs i n  a p l ane at  

some d i s tance from the s u rface , approxi mati ng the  Stern l ayer i n  s i mpl e 

doubl e l ayer model s .  Such  sorpti on wou l d  not i nvol ve l i gand-exchange 

wi th s urface groups and cou l d  occu r wi th or wi thou t  the presence of 

chemi sorbed Mo . The Mo a n i on wou l d  not necessari l y  be hel d as  a 

b i dentate l i gand , but such  Mo coul d be con s i dered 1 1 S pec i fi cal l y  sorbed 11 ; 

i . e . , the forces res u l ti ng i n  sorpti on are not on ly  cou l ombi c  but a l so  

i nc l ude chemi ca l i nteracti ons  ( Bneeuwsma and Lyk l ema , 1 9 73 ) . The 

chemi cal  attracti ve energ i es , whi ch operate over on ly  s hort d i s tances , 

wou l d be l es s  than those i nvol ved i n  the chemi sorpti on of  Mo . Thus , 

sorpt i on i n  reg i on I I I  wou l d be of a more-phys i ca l  sorpti on type than 



reg i on s  I and I I .  Because the an i on  wou l d  be hel d by both chemi cal 

and  coul omb i c attract i on , s orpti on  i n  regi on I I I  can be c l as sed as 

i ntermedi ate between chemi s orpti on and phys i ca l  sorpti on . 
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Of the  components of the tota l free energy of sorpti on , the chemi cal  

free energy i s  i ndependent of pH , whereas the coul ombi c free energy 

depends on pH . As d i scus sed previ ous l y , the fact that � G  d i d  not vary 

wi th  the amount of Mo sorbed , o r  wi th pH , i ndi cates that the chemical  

free energy mus t  domi nate the overa l l free energy for reg i on I I I ,  and 

the sorpti on reacti on cannot be c l a s s i fi ed as 1 1 true 1 1 phys i ca l  sorpti on . 

Because mo re- phys i ca l  s orpti on i n  reg i on I I I  wou l d  not i nvol ve 

exc hange wi th s urface groups , and because H+ woul d  not be i nvol ved i n  

the s orpti on reacti on , the extent o f  sorpti on i n  reg i on I I I  woul d be 

expec ted to be i ndependent o f  pH , as reported i n  Tabl e 5 . 1 .  The 

sorpti on max ima woul d depend on the s urface area and nature of the 

sorben t ,  rather than pH parameters . Sorpti on at the Stern l ayer , 

however , woul d depend on i o n i c  s trength, as obta i ned for sorpti on  i n  

reg i on I I I  ( Chapter 3 and Tabl e 5 . 2 ) . Th i s  dependence on i o n i c  

strength ari ses because the potenti a l  at  the Stern l ayer ( � d ) depends 

on i on i c  strength . From theoreti cal dou bl e l ayer equati ons , i t  can 

be s hown that i nc reas i ng i on i c  s trength reduces the magn i tude of  th i s  

potenti a l , and a l so reduces the d i stance the poten ti a l  extends from 

the s u rface , i . e . , i t  suppres ses the 1 1 thi c knes s 1 1 of the doubl e l ayer . 

Decrea s i ng � d res u l ts i n  a g reater sorpti on dens i ty of potenti a l ­

determi n i ng H+ ( Parks and de Bruyn , 1962 ) . Th i s  wou l d  res u l t i n  

l arger amounts of  Mo bei ng s orbed . Decreas i ng the thi ckness of  the 

doub l e l ayer a l so  a l l ows a g reater concentrati on of i ons at c l ose 

d i s tances to the s u rface , whe re chemi cal  i nteracti ons  become i mportant , 

and hence , the sorpti on of more- phys i ca l l y  sorbed Mo woul d i ncrease . 



At very l ow i on i c  s trength s , i ncreased th i c kness  o f  the doubl e l ayer 

wou l d res u l t i n  i ns i gn i fi cant amounts of Mo a pproachi ng s uffi ci ently 

c l ose to the surface for chemi cal attracti ve fo rce s  to operate , a nd 

consequently ,  sorpti on i n  reg i on I I I  wou l d be negl i g i bl e .  Th i s  was 

observed for Mo sorpti o n  by Fe gel from 10-4M NaCl (Tabl e 5 . 2 ) . 
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Sorp ti on i n  reg i on I l l  does not requi re the presence of  chemi sorbed 

Mo , as sorption i n  reg i on I l l  s t i l l  occurred a t  pH 7 . 4 when very l i ttl e 

chemi sorbed Mo was present ( Tabl e 5 . 1 ) . When s uch  a chemi sorbed l ayer 

does occur , however , sorpti on i n  reg i on I l l  may be cons i dered as more-

phys i cal  sorpti on at the chemi sorbed l ayer . Adamson ( 1967 ) has s ta ted 

that  such sorpti on may res u l t i n  sorpti on bei ng descri bed by mul ti p l e 

La ngmu i r  equati ons , as reported for Mo sorpti on by soi l s  and so i l 

components i n  th i s  s tudy ( Chapter 3 ) . The free energ i es of sorpti on  

obtai ned from these Langmu i r  equati ons are i n  a greement wi th the 

p roposed mechan i sms . L i gand-exchange react ions  wou l d  have h i gher 

free energi es than l ong- range chemi cal  attracti ons . Consequentl y ,  the 

smal l er free energ i es of  sorpti o n  for reg i on I I I  are i n  accord wi th 

the proposed mechan i sm .  

I t  i s  wel l establ i s hed that pol ymeri c forms o f  the Mo an i on can 

exi s t  i n  so l ution  under a ppropr iate condi ti ons  ( Cotton and Wi l k i nson , 

1966 ) . I n  the present s tu dy , however , the exi s tence of polymeri c 

Mo a n i ons i n  fi nal sol uti ons  i s  cons i dered un l i ke ly  because at  pH > 5 . 0 ,  

and  for Mo concentrati ons  l es s  than lOO J..l mol l - 1 , po l ymeri c an i ons do 

not occur i n  sol ut ion ( Choj nacki , 1963 ; Aves ton et a l . ,  1964 ) . Such 

concentrati ons were rarel y exceeded i n  the present  s tudy . By compari ng 

observed a nd cal cu l ated sorpti on max i mum va l ues , Reyes and J uri nak  

( 1967 ) have concl uded that sorpti on of  pol ymeri c  Mo  s pec i es d i d not  

occu r  up  to  fi  na 1 concentrati ons  of  550 J-1 mo 1 1 - 1 . 



The p roposed mechan i sms for sorpti on o f  Mo i n  reg i ons  I ,  I I ,  and  

I l l  expl a i n  the observed d i fferences between Mo and P s orpti on . 

Sorption  mechani sms proposed for P commonly  i nvo l ve l i ga nd exchange 
+ wi th surface -OH2 and -OH groups ( Breeuwsma and  Lyk l ema , 1973 ; Rajan , 

1975 ; Ryden et a l . ,  1977a ) . The d i fference between Mo and P sorpti on 

i s  that free H+ i s  not requ i red i n  P sorpti on mechani sms because the 

( - 2- ) + a n i on i c  s pec i es H2Po4 and  HP04 conta i n  H that can react wi th 

s u rface -OH , enabl i ng formati on of the favoured b i dentate compl ex .  

Hence , the chemi sorpti on  o f  P wou l d  on ly  be l i mi ted by the effec t of 

pH on surface charge , whereas the chemi sorpti on  of  Mo wou l d be l i mi ted 

by so l ution H+ concentrati on .  The fact tha t  Fe gel sorbed s i mi l ar 

amounts of Mo and P from 10-4M NaCl  i n  reg i on I a t  pH 4 . 9  ( Sec ti on 

5 . 3 . 1 ) , whereas at  pH 6 . 0  much more P was sorbed than Mo ( Chapter 4 ) , 

confi rms the s uggested effect of H+ concentrati on  on Mo s orpti on . 

At pH 4 . 9 ,  the domi nant Mo sorbi ng spec ies  wou l d  be HMo04
- , and  the 

extent of chemi sorpti on wou l d not be l i mi ted by the concentrat ion  of 
+ free H . Thi s a l so expl a i ns the fact that the s orption maxi mum for 

Mo occ urs a t  o r  near the p Ka ( Jones , 1957 ; Tuev , 1969 ; Theng , 1971 ; 

H i ng ston et a l . ,  1972 ) . At th i s  pH , the concen tra ti on of reactants 

i s  not l i mi ti n g  sorpti on . 

The proposed mechan i sms for Mo sorpti on i n  reg i ons I and I I  are 

s i mi l ar to those that have been proposed for P sorpti on , and  a ppear 

to va l i d i ta te the common a s s umpti on that Mo a nd P sorpti on are s i mi l a r 

( Ba rrow , 1970 ; Theng , 197 1 ; Gonza l ez  et a l . ,  1 974 ) , wi th the 

l i mi tati on of pH effects as  d i scussed a bove . The proposed three- s tep 

mechan i sm for Mo sorpti on i s  s imi l a r  to tha t propos ed by Ryden et a l . 

( 1977a ) for P and  l ends evi dence to the argumen t  tha t  a n i o n  sorpti on  

by s o i l s  occurs by a common mechani sm .  The c l a s s i fi cat ion o f  sorbed 
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Mo and P i nto c hemi sorbed and  more-phys i ca l l y  sorbed types i nd i ca tes 

that  a s i mi l ar  mechani sm may opera te for other a n i ons , wi th the 

d i s tri bution between the two types expl a i n i ng d i fferences a nd/or 

s i mi l ari ties  between an ion  sorpt ion behavi ou r .  The Mo sorpti o n  

mode l s proposed here have features wh i ch are common to , and a l s o  

d i fferent from , general an i on mechan i sms that have been pro posed by 

others ( H i ngs ton et a l . ,  1967 , 1968b ; Bowden et a l . ,  1973 , 1974 , 1977 ) . 

I n  agreement wi th H i ngston et a l . ( 1 967 , 1968b ) , i t  i s  proposed tha t 

the chemi sorpti on o f  Mo i nvol ves l i gand- exchange wi th surface -OH2
+ and 

-OH , a l though the requ i rement that surface negati ve charge i ncreases 

s ubsequent to Mo s orpt i on , proposed by H i ngs ton et  a l . ,  has been s hown 

to be i nval i d  fo r Mo sorpti on i n  regi on I I .  I t  i s  propos ed tha t 

sorpti on of Mo i n  reg i on I I I  does not change surface charge , per �' 
but resu l ts i n  a n  overa l l i ncrease i n  doubl e l ayer negati ve charge . 

Th i s  i ncrease i n  cha rge i s  bel i eved to occur on the sol uti on s i de of  

the i n terface , ra ther than at  the s urface . Sorpt i o n  i n  reg i on I I I  

i s ,  i n  fac t ,  s i mi l ar to that proposed by Bowden et a l . ( 1973 ,  1974 )  

for a n i on sorpt i o n . These authors d i d  not p ropose any mecha n i sm 

i nvol v i ng l i gand-exchange , however ,  as  proposed i n  the  present s tudy 

for Mo sorpti on i n  reg i ons I and I I .  

The model for Mo sorpti o n  proposed i n  th i s  Chapter s ta tes that 

two types of sorpti on occu r ,  n amely , chemi sorp ti on i nvol v i ng l i ga nd-

exchange and a -.more- phys i ea 1 sorpti on type . Th i s  c l ass i fi cati o n  

may b e  useful i n  expl a i n i ng o ther observed M o  sorpti on properti es , 

s uch  a s  t ime-dependent sorpti on and competi ti ve sorpt i on wi th other 

ani ons . 
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C H A P T E R  6 



6 . 1  I ntroducti on 

COMPET IT IVE  S ORPTI ON OF MOLYBDATE 

AND PHOSPHATE 

I n  p rev i ous Cha pters i t  has been concl uded that the sorpti on · 

reacti ons between Mo and the s u rface of the so i l components are 

s i mi l ar to those between P and the same s u rfaces . I t  i s  pos s i b l e  

that compet i ti ve sorpti on stud i es can gi ve further i ns i ght  i nto the 

reacti ons  of these two ani ons at sorb i ng surfaces . 

A Langmu i r- type equat ion can be deri ved for competi ti ve sorpti on 

( Brunauer , 1945 ) and th i s  has been app l i ed to the competi ti ve sorption 

of P and Se or As by syntheti c so i l  components ( H i ngston et a l . ,  

197 1 ) .  There has been no deta i l ed s tudy of  P-Mo competi ti on , a l though 

Gorl ach et  a l . ( 1 969 ) have s hown that the competi ti on of these two 

ani ons i s  a ffected by pH . I n  th i s  Chapter , the appl i cabi l i ty of a 

Langmu i r  competi ti ve sorpti on equati on i s  tes ted and i sotherms are 

obtai ned i n  an attempt to rati ona l i se the competi ti ve sorpti on of Mo 

and P i n  terms of sorpti on i n  each part i cu l a r  reg i on of sorpti on . 

Competi ti ve sorpti on i n  each of these reg i ons  i s  d i scus sed i n  terms 

of the mechan i sms proposed for Mo and P sorpti on . 

6 . 2  Methods 

Oka i hau , Rami ha , and Tokomaru topsa i l s ,  Tokomaru  subso i l ,  and 

Fe gel were u sed . 

I sotherms for the sorpti on of  P by the soi l s  and  Fe gel  from 
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10- 1M NaCl were obtai ned duri ng 40 h r .  U s i ng the appropr iate sorpti on  

cons tants obtai ned from the three Langmui r  equati ons  descri b i ng these 

P sorpti on i sotherms , add i t ions  of P were ca l cu l ated wh i ch gave known 

saturati ons of the P sorpti on compl ex ,  corres pondi ng to 90% of reg i on I ,  

50% of  reg i on I I ,  and 20% of regi on I I I  for a l l so i l s  and Fe gel . 

Add i ti ons l eadi ng to saturati on of 50% of  reg i on I were ca l cu l ated 
I 

for Rami ha topsoi l ,  Tokoma ru s ubsoi l ,  and Fe gel , and add i tions  l eadi ng  

to 40% saturati on of  reg i o n  I I I  were cal c u l a ted for Okai hau and To koma ru 

topsai l s .  

For each l evel  of  added P ,  add i t ions  of  Mo were made s i mu l taneous l y  

i n  order to obta i n  Mo sorpti on  i sotherms over the fi nal  Mo concentrat ion  
- 1 . h 1 1 range of 0 - 100 � mo 1 1 , 1 • e . , for eac e ve of P ,  between ten and 
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fi fteen Mo add i ti ons  were made . Sorpti on  i sotherms for Mo were obta i ned 

i n  10- 1M NaCl duri ng 40 h r .  Sol u ti on : so l i d  rati os for i sotherm 

determi nati ons were 40 : 1  and 800 : 1 for the so i l s  and Fe gel , 

res pecti vel y .  

6 . 3  Resu l ts and D i scuss i on 

6 . 3 . 1 Mo sorpti on i sotherms 

The s i mul taneous add i ti on of P wi th Mo decreased the extent o f  

Mo sorpti on by both so i l s  a n d  F e  gel , t h e  reduct ion i n  Mo sorpti on 

bei ng greater at h i gher add i ti ons of P .  F i g .  6 . 1  i l l ustrates the 

effect of P on Mo sorption for Oka i hau and Tokomaru topsai l s .  I ncreas i ng 

P addi ti ons decreased the H-type character  o f  the i sotherms . As 

i l l u s trated by F i g .  6 . 1 ,  the effect of  P on the s hape of the Mo sorpti on 

i sotherm was greater  for Oka i hau topso i l than for Tokomaru topsoi l .  

Th i s  effect was mos t  pronounced for Mo sorpt ion by Fe gel . 
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Fi g .  6 . 1  I sotherms for the s o rpti on  of  Mo by Tokoma ru topso i l  ( A )  

and Oka i hau tops oi l ( B )  from 10- 1M NaC l  duri ng 40 h r  i n  the presence 
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o f  added P .  Level s of P added to g i ve saturati ons  o f  the P sorpti o n  

comp l ex correspondi ng to a= 0 ,  b = 90% of  b 1 , c = 50% o f  b 1 1 , 
d = 20% o f  b i l l ' and e = 4 0 %  o f  b 1 1 1 .  



6 . 3 . 2 

6 . 3 . 2 . 1  

Eval uati on of Mo sorpt i on i sotherms 

Use  of the competi ti ve Langmu i r equa tion 

For competi ti ve s orpt i on of two s pec i es a t  common sorpti on s i tes , 

an equati on based on Langmu i r  theory can be deri ved ( Brunauer , 1 945 ) . 

The s u rface i s  a s s umed to cons i s t of a certa i n  number of s i tes ( S ) , 

of wh i ch s 1 are occ up i ed by spec i es 1 ,  s2 by s pec i es 2 ,  and S - ( s 1 + s2 ) 
are unoccu p i ed . Because the rate of sorpti on equa l s the rate of  

desorpti on at equ i l i bri um , for  s pec i es 1 : 

kd 15 1 
and for spec i es 2 : 

= 

= 

( 6 . 1 ) 

( 6 . 2 ) 
where kd = rate con s tant for desorpti on of  s peci es 1 or 2 ,  ka = rate 

cons tant for sorpti on of  s peci es 1 or 2 ,  and  c 1 and c2 = the 

concentrati ons of the s pec i es i n  sol ut i on . The fractional  surface 

coverages , 8 1 and 8 2 , equal  � and 52 , res pect i vel y . After s ubst i tuti on 
s s 

sol v i ng equati ons ( 6 . 1 ) and ( 6 . 2 ) s i mu l taneous l y  g i ves 

= 

( 6 . 3 ) 
where k 1 The amount of  a ny one spec i es sorbed ( x ) , 

i s  g i ven by equati on ( 6 . 4 ) : 

X = 

1 + k 1c 1 + k2c2 ( 6 . 4 ) 

1 6 1  

where b 1 = the sorpt i o n  max i ma for s peci es 1 .  k and b for any s i ng l e spec i es 

are the same as k and b i n  the absence of  a ny competi ng a n i on . For Mo and 

P ,  the amount of  Mo sorbed i n  any one regi on wou l d be affected by the amount 

of P s orbed i n  that reg i on , i . e . , 



1 + ( 6 . 5 )  

where x�0 
= amount of Mo sorbed i n  reg i on I and k�0 and b�0 are the 

sorption  con s ta nts for Mo sorpti on i n  reg ion  I i n  the absence of  P ,  

and s i mi l ar l y  for k� . S i mi l ar eq uati ons can be wri tten for x�� and 
Mo X I I I "  

U s i ng  the k and b val ues obta i ned for sorpti on i n  the absence of  

competi ti on ,  Mo  sorpti on i sotherms can  be  ca l c u l ated for each  reg i on  and  

then comb i ned  to  g i ve a pred i cted overa l l i sotherm .  These are s hown i n  

Fi g .  6 . 2  for Mo sorpti on by Fe gel a t  two l evel s o f  added P .  S i mi l a r 

res ul ts were obtai ned for the soi l s .  I n  a l l cases , the amounts of  

sorbed Mo , predi cted from equat i on ( 6 . 4 ) , exceeded the  experimenta l l y­

obtai ned res u l ts ,  i . e . , Mo sorpti on  i n  the presence of P d i d  not obey 

the competi ti ve Langmu i r  equati on . Th i s  i s  proba b ly  not s urpri s i ng 

as  the deri vati on of equations ( 6 . 4 )  and ( 6 . 5 )  as s umes that the surface 

ava i l ab l e for sorpti on of both Mo and  P i s  the same . I n  the case 

of  Mo and P sorpti on , however , the s urface ava i l ab l e  for P sorpti on  i s  

much greater than that for Mo sorpti on ( as refl ected i n  the b val ues for 

sorption  i n  the absence of a competi ng ani on ) . Thus , the fracti onal  

s u rface coverage of  a gi ven an i on wi l l  be greater for s i tes occup i ed by 

Mo than for s i mi l ar types of s i tes  occup i ed by P .  Cons i deri ng the 

rates of sorpti on and desorpti on to be equal , as above , eq uat i ons  ( 6 . 6 )  

and ( 6 . 7 )  can be deri ved : 

and 

k�o 
= k�o cMo ( S - ( SMo + Sp ) )  
= 

( 6 . 6 )  

( 6 . 7 ) 

where S and  s 1  are the total n umber of s i tes ava i l ab l e for sorpti on of  

Mo and P ,  res pecti vel y .  Hence , there are four fractional  s u rface 
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coverages : 8 Mo = 
5Mo/S , 8 P = 5P /S , 8 �0 = 

5Mo;s 1 , and 

8 � = 
5P/S 1 , and a s i mp l e equa ti on cannot be . deri ve� The amounts of 

the l owes t  sorb i ng spec i es sorbed ( Mo i n  thi s ca se ) ,  as e sti mated by 

equati on ( 6 . 4 )  woul d be overesti mated because the fracti onal  s u rface 

coverage of the competi ng  a n i on wou l d  be h i gher than tha t used to 

deri ve equati on ( 6 . 4 ) . 

6 . 3 . 2 . 2  Use of the s i mpl e  Langmu i r  equa ti o n  

Us i ng the method of  s ucces s i ve approxi mati ons  ( Tabl e 3 . 2 ) , wh i c h  

enabl ed reso l ut ion o f  Mo sorption i sotherms i n  the absence of P i nto 

th ree reg i on s  of  sorpti o n  ( Chapter 3 ) , data for Mo sorpti on i n  the 

p resence of P were tes ted for fi t to the Langmui r  equati on . For a l l 

so i l s  and Fe gel , at a l l l evel s  of  adaed P ,  sorpt i on i sotherms for Mo 

coul d be descri bed by three s i mpl e Langmu i r  equa t i ons , each wi th 

d i s ti nct b and k val ues . As was the case for Mo sorpti on i n  the 

absence of P ,  overal l sorpti on was domi nated by reg i on I over the range 
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o f  0 - 0 . 5  J.l mo l  Mo 1 - 1 , by reg ion  I I  over the range of 1 - 10 JJ mo l  Mo 1 - 1 

and  by reg i o n  I I I  over the range o f  20 - 100 J.l mo l  Mo 1 - 1 . 

The sorpti on  max i ma ( b )  and sorpti on energy cons tants ( k ) were 

de termi ned for each reg i on of  sorpti on . I n  the presence of  P ,  these 

va l ues of b a nd k are empi ri cal , i . e . , there i s  no theoreti cal reason 

why sorpti on  s hou l d conform to s i mp l e Langmu i r  equati ons , and to rel ate 

k ,  i n  th i s  case , to the fl�ee energy of sorpti on woul d appea r to be an  

overs i mpl i fi cati on . Va l ues of b and  k for the four soi l s  and Fe gel  

correspondi ng to a known saturati on  of the P sorpti on  compl ex ( i n  the 

absence of Mo ) are gi ven i n  Tabl es  6: ) ,  6 . 2 ,  6 . 3 ,  6 . 4 ,  and 6 . 5 .  

I sotherms for sorpti on  of  Mo i n  each reg i on were obta i ned from 

the b and k va l ues and these  i nd i v i d ua l  i sotherms were s ummed to g i ve 

a regenerated i sotherm . F i g .  6 . 3  compares experi menta l and  regenera ted 



Tabl e  6 . 1  Sorpti on cons ta nts for the sorpti o n  of Mo from 

10- 1M NaCl  duri ng 40 hr by Oka i hau top soi l 

the pres ence o f  varyi ng 

Saturati on of 

P- sorpti on  compl ex 

0 

90% b 1 
50% b i i  
20% b i i  I 
40% b i i  I 

b l b i i  
Jlmo l g 

0 . 7 1  3 . 1 3 

0 . 74 3 . 03 

0 . 42 2 . 22 

0 . 27 1 . 20 

0 . 20 1 . 14 

l evel s of added P 

b i i i  k i 
- 1 

10 . 53 14 . 43 

10 . 0  5 . 87 

6 . 25 8 . 91 

4 . 00 6 . 07 

3 . 70 6 . 08 

i n  

k i i  
J.lmo l - 1 

0 . 31 1  

0 . 135  

0 . 169 

0 . 253  

0 . 208 
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k i i i  

0 . 0060 

0 . 0061  

0 . 0081 

0 . 0 1 19 

0 . 0162  
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Tabl e 6 . 2  Sorpti on  con s tants for the sorpti on  o f  Mo from 

10- 1M NaCl  duri ng 40 hr by Rami ha topsoi l i n  the 

presence of varyi ng l evel s of added p 

Saturati on of b l b l I b l l  I k l k l l  k i l l  
P- sorpti on  compl ex llmol g- 1 1 llmol - 1 

0 0 . 47 2 . 56 1 1 . 24 6 . 52 0 . 283 0 . 0079 

50% b l 0 . 46 2 . 63 1 1 . 24 4 . 08 0 . 232  0 . 0068 

90% b l 0 . 39 2 . 27 1 1 . 1 1 3 . 49 0 . 183 0 . 0052 

50% b l l  0 . 37 1 .  79 8 . 70 1 . 96 0 . 147 0 . 0055 

20% b i l l  0 . 10 1 . 30 6 . 06 4 . 90 0 . 20 1  0 . 0065 



Tab l e 6 . 3  Sorpti on  cons tants for the sorpti on of Mo from 

10- 1M NaCl  duri ng 40 hr by Tokomaru topsoi l  i n  

the presence of va ryi ng l evel s of added P 

Saturat ion  of 

P- sorpti on  compl ex 

0 

90% b i 
50% b i i  
20% b i i  I 
40% b i l l  

b l b l l  
).lmo l y - 1 

0 . 131  0 . 99 

0 . 139 0 . 98 

0 . 139 0 . 9 1 

0 . 139 0 . 98 

0 . 13 1  1 . 04 

b i l l  k i k l l  
1 ).lmo l - 1 

2 . 94 10 . 0  0 . 206 

2 . 70 8 . 05 0 . 1 23  

2 . 38 9 . 00 0 . 106 

1 . 85 8 . 57 0 . 099 

1 . 72  7 . 66 0 . 1 1 1  
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k i l l  

0 . 0080 ./ 

0 . 0074 

0 . 0090 

0 . 0099 

0 . 0078 



Tab l e 6 . 4  Sorpti on cons ta n ts for the sorpti on of  Mo from 

10- 1M NaCl duri ng  40 hr by Tokomaru s ubso i l i n  

the presence of varyi ng l evel s of added P 

Satura ti on of 

P-sorpti on compl ex 

0 

50% b i 
90% b i 
50% b i i  
20% b i i  I 

b i b i i  
�mol g 

0 . 5 3 1 . 23 

0 . 49 1 . 1 1  

0 . 50 0 . 56 

0 . 40 0 . 5 1 

0 . 3 1 0 . 52 

b i i i  k i k i i  
-- 1 �mol - l 

15 . 63 34 . 54 1 . 1 7 

1 5 . 38 2 1 . 24 0 . 825 

1 5 . 38 1 1 . 52 0 . 74 1  

1 5 . 1 5 8 . 60 0 . 456 

14 . 29 5 . 36 0 . 3 12  
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k i i i  

0 . 0086 

0 . 0092 

0 . 0094 

0 . 0091  

0 . 0085 



Tabl e 6 . 5  Sorpt i on cons tants for the sorpti on  of Mo from 

10- lM NaCl  duri ng 40 hr by Fe gel  i n  the presence 

of varyi ng  l evel s of added P 

Sa tura ti on of b i b i i  b i l l  k i k i i  k i l l  
P-sorpti on compl ex 

0 

50% b i 
90% b i 
50% b i I 
20% b i i  I 

�mol g- l 

265 1 1 5  

93 135  

23 . 0  102 

1 . 9 35 . 1  

0 . 5 1 6 . 8  

1 �mol - l 

556 58 . 5  0 . 503 0 . 0043 

556 49 .'8 0 . 740 0 . 0039 

526 16 . 2  0 . 212  0 . 0033 

476 6 . 6 0 . 259 0 . 0044 

625 2 . 2  0 . 164 0 . 0023 
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F i 9 .  6 . 3  Regenerated i sotherms for the s o rpti on  of  Mo by Rami ha topso i l 

( A )  and Fe gel  ( B )  from 10- 1M NaC l  duri ng 40 hr  i n  the p resence  of  a dded 

P ,  ca l c u l a ted from the s i mpl e Langmui r equa t i on . Da ta po i n ts a re from 

expe r i menta l ly-obtai ned i so therms . Level s of  added P a re : a = 0 ,  

b = 50% o f  b 1 , c = 90% of  b 1 , d = 50% of b 1 1 , and  e = 20% o f  b 1 1 1 . 



1 7 1  

overa 1 1  ·sorpti on i sotherms for Rami h a  topsoi  1 and F e  ge 1 . The c l oseness  

of fi t of  the experi men tal data to  the  theoreti cal i sotherm ( vari ati on 

< 2% over the range of 0 - 100 11 mol  1 - 1 ) i ndi cates tha t the use of a 

three- term Langmui r expres s i on s uccessfu l l y  accounted for Mo sorpti on i n  

the p resence o f  added P .  

so i l s .  

S i mi l ar resu l ts were obta i ned for the other 

There i s  no obvi ous expl anat ion as to why Mo sorpti on i n  the 

presence of P can be descri bed by s i mpl e Langmu i r  eq uati ons . Because 

the s orption data obey the Langmu i r  eq ua t i on , i t  wou l d appear that 

after 40 h r ,  the two an ions  can  be regarded as sorbi ng  at  d i fferent 

frac t i ons  of the sorb i ng s u rface ; not neces sari l y  at di fferent types 

of s i tes , but on d i fferent fracti ons of the tota l n umber of one type 

of s i te .  The fact that the s i mpl e Langmui r equati on  wa s obeyed may be 

ra ti onal i sed as  fo l l ows . The maxi mum surface covered by Mo ( at  h i gh 

fi na l  s o l uti on Mo concentrati ons ) i s  con s i dered as  the s urface avai l a b l e 

for Mo sorpti on , the res t of  the surface that was formerl y ava i l ab l e  for 

Mo s orpti on be i ng bl ocked by added P .  At Mo concentrati ons  l ess  than 

that  requ i red �o g i ve maxi mum s u rface coverage , some of these surface 

s i tes woul d be covered by P ,  but  on ly  i n  proporti on to the so l uti on Mo 

concen trati on . Consequentl y ,  the new surface area ava i l ab l e for 

sorpti on  i s  proporti onal on l y  to the so l ut ion  Mo concen trati on , because  

i nc reases i n  Mo  sorbed are cons i dered to be  unaffected by P i n  so l uti on .  

Thu s , the rate of sorpti on i s  proporti onal to ( 1 - e ) cMo ' where e i s  the 

fracti onal  coverage by Mo of the new reduced surface , rather than bei ng  

proportion a 1 to  ( 1  - e - e P ) cMo , where e P is  the  fracti on a 1 coverage by 

P o f  the surface avai l ab l e  for Mo sorpti on . A s i mpl e Langmui r  eq uati on  

i s  then obeyed for Mo sorpti on at the reduced s u rface area , wi th the 

b and k val ues obta i ned referri ng to th i s  surface . 



6 . 3 . 3  Effec t of added P on sorbed Mo 

Exami nation o f  the b val ues i n  Tab l es 6 . 1  to 6 . 5  i nd i cates that 
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there was competi t ion  between P and Mo for sorption s i tes i n  each regi on 

of sorpti on , but that the effect of  P depended on both the sorbe n t  and 

the reg i on of sorpti on . Add i tions  of P to Tokoma ru topsoi l had a 

negl i g i bl e  effect on the Mo sorpti on max i ma i n  both regi ons I and I I  

( i . e . , the chemi sorpti on s i tes ) , whereas P addi tions  to the other 

sorbents reduced the sorpti on max i ma for both these regi ons . Thi s 

expl a i ns the d i fferen t efffect of P on the s hape of the sorpti on  

i sotherms for Oka i hau and Tokoma ru topsai l s  ( F i g .  6 . 1 ) . For Tokomaru 

subso i l ,  the saturati on of reg i on I by nati ve P was l ess than that  for 

the topsoi l .  Because  the b va l ues for Tokomaru su bsoi l on ly  decreased 

by sma l l amounts for P addi ti ons up  to 90% saturati on of b i , i t  appears 

tha t the sma l l effect of s i mul taneous l y  added P on Mo sorpti on  by 

To komaru topso i l was not on ly  due to the h i g h  saturation of reg i on I by 

nati ve P .  Both Tokomaru topsoi l and s ubso i l sorbed al most  equal  amounts 

of  Mo and P when added sepa ratel y ( Fi gs . 2 . 1  to 2 . 4 ) , wh i ch mus t  

therefore i n fl uence the competi ti ve effect o f  P on Mo sorpti on . Before 

further concl u s i ons  cou l d be drawn , i sotherms for sorpt i on of  P by 

Tokoma ru soi l s  i n  the presence of  added Mo woul d  need to be determi ned . 

For P add i t i on s  l eadi ng to a 50% satu rati on of regi on I I  wi th P 

and 20% of regi on I I I  wi th P ,  the reg i on I P sorpti on compl ex wou l d  

be saturated for a l l sorbents , i n  the absence of Mo . A smal l amount of  

Mo was sti l l  sorbed in  reg i on I at these  P addi ti ons . Th i s  s uggests 

tha t  sma l l amounts of Mo are ab l e to compete s uccessfu l l y  wi th P for 

s i tes i n  reg i o n  I ,  as wou l d be expected from the s i mi l a ri ty i n  6 G  val ues 

for the two an i ons . The b i i i val ues for Mo were unaffected at l ow P 

addi ti ons , because at these l evel s of addi tion , on ly  sma l l amounts of P 



wou l d be sorbed i n  reg i on I I I .  For h i gher P addi ti ons , where P 

sorption i n  regi on I I I  became i mportan t ,  the b val ues for Mo sorpti on  

dec reased as  the P add i ti on s  i ncreased . The decrease i n  the sorpti on 

max i ma for Mo in  reg i on I I I  was l es s  than the amount of P expected to 
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be  sorbed i n  reg i on I I I , i mp lyi ng  that ei ther P and Mo together can  be 

sorbed i n  greater amounts than each of the an i ons  a l one , or that Mo 

decreased the amount of P sorbed and thus , not a l l the added P that was 

cal cul ated to be sorbed i n  reg i on I I I  was , i n  fact ,  sorbed i n  the presence 

of  Mo . I n i ti a l  s tud i es s howed that some P was d i sp l aced i n  the presence 

of  Mo ( data not presented ) . The comp l ex i ty of  the probl em ,  however , 

wh i ch wo u l d i nvo l ve determi n i ng P sorpti on i sotherms at eac h  Mo l evel , 

prevented fu rther exami na ti on of the effect .  

The fact tha t P was abl e to d i sp l ace l arge amounts of Mo , yet o n l y  

smal l amounts o f  P a ppea red t o  b e  d i sp l aced by Mo , cannot b e  expl a i ned 

i n  terms of the d i fferent affi n i ti es of the an i ons  fo r the surface , as  

the res pecti ve � G  val ues for a ny one  reg i on were very s i mi l ar ( Chapter 

4 ) . The smal l amount  of  da ta for the Tokomaru soi l s  showed tha t Mo 

was abl e to cause cons i derabl e  i ncreases i n  P so l u ti on concentrati on  

( up to 10% ) . The fact that the Tokomaru s oi l s  sorbed comparab l e 

amounts of Mo and P i n  the absence of  competi ng  a n i ons wou l d i nd i cate 

that the l arge effect of  P on  Mo sorpti on observed wi th the other so i l s  

and Fe gel was beca use grea ter amounts of P were sorbed . Gorl ach 

et a l . ( 1969 ) s howed tha t ,  for competi ti ve sorpti on , the ra ti o of  P 

sorbed : Mo sorbed decreased wi th decrea s i ng pH , as d i d the rati o o f  P 

sorbed : Mo sorbed for sorpti on i n  the a bsence of a competi ng a n i on . 

Because  i t  i s  con s i dered that pH does not a ffect the mecha n i sm o f  Mo or  

P sorpti on , but o n l y  the extent of sorpt ion  ( Chapter 5 ) , the  effecti venes s 

of each a n i on i n  competi ng for common s i tes i s  pri mari l y  a ffected by 



the extent of sorpti on . Th i s  i s ,  of course , i n  agreement wi th the 

Law of Mas s  Acti o n  ( Moore , 1 962 ) . 

The effect o f  added P on  Mo sorpti on i n  any parti cul ar  reg i on i s  

i l l u s tra ted by F i gures 6 . 4  a nd 6 . 5 ,  wh i ch s how the regenerated i sotherms 

for Mo sorption  by Oka i hau topso i l  and Fe gel , respecti vel y ,  i n  each 

reg i on .  The pl o ts for Oka i hau so i l  i l l u s trate tha t a t  l ow sol ut i on Mo 

concentrati ons , the amounts of Mo sorbed were reduced by added P ,  even 

though the overa l l sorpti on maxima for Mo was unaffected . Tha t i s ,  a t  

h i g h  fi nal sol u ti on concentrati ons , Mo was more competi ti ve wi th P ,  

pos s i bl y  because  the ra te o f  Mo sorpti on  wou l d be greater . Add i ti ons 

of  P res u l ti ng i n  near saturati on of reg i on I had a greater effect on 

Mo sorpti on i n  reg i on I by Fe gel than by the so i l s  and conversel y , had 

l es s  effect on Mo sorption  i n  regi ons 1 1  and I l l . The po i n ts i n  

Fi g .  6 . 4  marked A1 etc . , B 1 etc . , and c 1 etc . , and i n  Fi g .  6 . 5  marked 

o1 etc . , and E 1 etc . , correspond to a common Mo addi ti on ( for each 

l etter ) at vari ous  addi ti ons  of P .  These data s how that a l though 

i nc reas i ng amounts of  P resu l ted i n  decreased amounts of Mo sorbed i n  

reg i on I ,  i ncreased amounts of Mo sorbed i n  reg i ons 1 1  and I l l ,  rel ati ve 

to the zero P a dd i t i on , cou l d resu l t .  For a common Mo add i ti on l eadi ng 

to a l ow saturati on of reg i on 1 1  i n  the absence of P ( po i nts A ,  C ,  and 

D ) , the amounts of  Mo sorbed i n  reg i on 1 1  i ncreased wi th i ncrea s i ng P 

add i ti ons unti l the P satu ration of reg i on 1 1  became rel ati ve l y  h i gh . 

For a common Mo add i ti on , l eadi ng to near saturati on of regi on 1 1  wi th 

Mo i n  the absence o f  P ( poi nts B ) , i nc reas i ng P add i tions  decreased the 

amounts of Mo sorbed i n  reg i on 1 1 .  S i mi l ar resu l ts were obta i ned for 

Mo sorpti on i n  regi on I l l .  Th i s  s hows that mere ly  measuri ng  the change 

i n  overal l Mo sorpt ion does not accurately refl ect changes i n  the amount 

of Mo sorbed i n  one parti cu l ar reg i on and  that s i gn i fi cant changes i n  the 

Mo bond type can  occur wi th  very l i ttl e decrease i n  overa l l Mo sorpti on . 
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Final Mo concentration 

Fi 9 .  6 . 4  I sotherms for the s o rp t i on of  Mo by Oka i h au  topso i l from 10- 1M 

NaCl  i n  reg i on I ( A ) , reg i on I I  ( B ) , and reg i on I I I  ( C ) , i n  the p re s ence  

of  va ry i n g  l evel s o f  added P ,  du i rng 40  h r .  Leve l s o f  added P t o  g i ve 

known s a tura t i on of the P s orpt i on compl ex a re :  a =  0 ,  b = 90% o f  b 1 , 

c = 50% o f  b 1 1 , d = 20% of b 1 1 1 , and e = 40% of  b r r r ·  A
1 , A2 , e tc . = 

common Mo add i t i on of  0 . 8  llmol g - 1 , B 1 , B2 , etc . = common Mo add i t i on o f  

4 . 0  llmo l g- 1 , c 1 , c2 etc . = common Mo add i t ion  o f  8 . 0  )J mo l  g- 1 . 
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1 76 

E, 

a 

F1nal Mo concentration ()Jmol , -, ) 

- 1 F i g .  6 . 5  I s othe rms for the sorp t i on of Mo by Fe gel from 10 M NaC l  i n  

reg i on I ( A ) , reg i on I I  ( B ) , and reg i on I l l  ( C ) , i n  the presence o f  

va ryi ng  l eve l s  o f  added P ,  du r i n g  4 0  h r .  Leve l s of  a dded P to g i ve known 

satura t i o n  of the P s o rpt ion comp l ex are : a =  0 ,  b = 50% of b 1 , c = 90% 

of b 1 , d = 50% o f  b 1 1 , a n d  e = 20% of  b r r r · o1 , o2 , etc . = common Mo 
- 1 - 1 add i t i on  o f  98 �mo l g , E 1 , E2 , etc . = common Mo add i t i on of  1 76 �mo l g 
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Because the rate of  sorpti on was greater at  h i gher concentrati ons 

for both ani ons , the a n i on wh i ch had the greatest  i n i ti a l  sol uti on 

concentrati on wou l d be sorbed to a greater extent by the h i ghest  energy 

s i tes . Larger amounts of P than Mo were u s ua l ly  added , even at P 

add i ti ons l eadi ng to saturat ion  of 50% of  reg i on I for P ,  and cons eq uent l y , 

more P wou l d  be sorbed at the h i gh energy s i te s , wi th Mo bei ng sorbed at  

the l es s  energeti cal l y  favou rab l e s i tes . Thi s effect woul d i ncrease wi th 

i ncreas i ng l evel of P add i t i on and woul d  res u l t i n  decreas i ng amounts of 

Mo be i ng sorbed i n  reg i on I ,  a nd then i n  reg i on I I ,  as observed i n  

Fi gures 6 . 4  and 6 . 5 ,  and Tabl es  6 . 1  to 6 . 5 .  

A c l as s i fi cat ion  of s urface s i tes i nto those wh i ch are common to 

both sorb i ng speci es , and those  common to one spec i es on l y , as proposed 

by H i ngston et a l . ( 197 1 ) , cou l d  l ead to the erroneous  conc l us i on that 

P and Mo do not sorb at  the same type of s i te and by the same mechan i sm .  

H i ngston e t  a l . a s s umed that the amount o f  ani on desorbed by i ts 

competi tor coul d be equated wi th the val ue  for the amount of  ani on  sorbed 

at common s i tes . Th i s  approach does not appear to be val i d ,  however ,  

as i t  ass umes the presence o f  on ly  one type o f  s i te .  I n  the case  of  

P and Mo , Mo cou l d be prevented from sorb i ng  i n  reg i on I ,  but  s ti l l  

cou l d sorb i n  reg i on I I  or I l l ,  and the change i n  sol uti on Mo concentrati on 

wou l d  not refl ect the changes on the s u rface . 

The fact that i ncrea s i ng  P add i ti ons  competi ti vely d i s p l aced Mo 

from a l l three reg i on s  ( F i gs . 6 . 4  and 6 . 5 )  i s  good evi dence that P and 

Mo a re bonded to s imi l ar s urface s i tes  and by s i mi l ar sorpti on mechan i sms . 

The fact that not a l l Mo was d i sp l aced from reg i on I by l arge addi t ions  

of P wh i ch wou l d be  e xpected to saturated  reg i on I i s  not  evi dence that 

P and Mo bond at d i fferent  s i tes , but rather that , because  of  the h i gh 

aff i n i ty of the s urface for Mo i n  regi o n  I ,  the rate of react i on between 



the s urface and a dded Mo was s uffi c i ent ly  great to a l l ow sma l l amounts 

of Mo to be reta i ned . 

The amounts of P sorbed d i ffer from the amounts of Mo sorbed 

because  of pH effects and the d i fferent capaci ty of some soi l components 

to sorb P or Mo , as d i scus sed i n  Chapters 4 and 5 .  The greater extent 

of P s orpt i on , therefore , res u l ted i n  P sorpti on at more s i tes than were 

occu p i ed by Mo and res u l ted i n  P be i ng more competi ti ve than Mo for 

sorpti on by the soi l s  and Fe gel . For sorbents where the sorpt i on of 

the two ani ons  i n  the absence of  competi tors was equal , Mo appeared to 

be competi ti ve wi th s i mu l taneo u s l y  added P .  To draw any further 

conc l u s i ons , P sorpti on i sotherms i n  the presence of many added l evel s 

of  Mo , p l us i so therms fo r the sorpti on of  Mo i n  the presence of P by 

sorbents where the rati o of P sorbed : Mo sorbed ( i n  the absence of 

competi tor� cou l d  be vari ed , e . g . , Fe gel  at d i fferent pH va l ues, woul d 
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need to be eval uated . On l y  then coul d the i nves t i gati ons  i nto competi ti ve 

sorpti on be concl us i ve .  



C H A P T E R  7 



DESORPT I ON AND EXTRACT I ON OF SORBED  MOLYBDATE 

AS I NFLUENCED BY ADDED PHOSPHATE AND 

T IME AFTER MOLYBDATE ADD I T I ON 

7 . 1  I ntroducti on 

The amounts of  Mo added to soi l s  i n  the fi el d s i tuati on a re very 

sma l l compared to those of P ,  an average Mo a ddi ti on bei ng between  

50  and 1 50 g Na2Mo04 ha-� whereas an average P add i t i on i s  usua l l y  

between  2 0  and 5 0  k g  P ha- 1 . The effect o f  l arge add i ti ons  o f  P on  

sorbed Mo in  the  s o i l i s  poorly unders tood . 

I t  i s  known that  Mo can be extracted by P ( Gorl ach et a l . ,  1 969 ; 

Gonza l ez et al . ,  1 974 ) . I t  i s  al so known that extractabi l i ty of  

sorbed Mo decreases  wi th t ime after add i t i on ( Gorl ach et  a l . ,  1969 ; 

Barrow , 1973 ) , but  there i s  l i ttl e i nformat i on ava i l ab l e  on wh i ch form 

of sorbed Mo i s  extracted by P .  I n  prev i ous chapters i t  has been s hown 

that Mo i s  strong l y  sorbed a t  surfaces of soi l components , wi th the free 

energ i es of sorpt i on  bei ng suffi ci ently h i gh to s uggest that Mo wou l d  

not eas i l y  be removed from the surface . I n  th i s  Chapte r ,  the 

extractabi l i ty of sorbed Mo i n  several reagents , i nc l udi ng P sol u ti on ,  

i s  i nves ti gated a s  a functi on of ti me after Mo add i t i on .  I n  an  
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attempt to rel a te the fi ndi ngs to the fi e l d s i tuati on , extracti on  s tudi es  

were conducted on s evera l  so i l s  wh i ch had recei ved added Mo i n  ferti l i ze r  

tra i l s  conducted under fi e l d condi ti ons . 

I t  has been s hown i n  p revi ous Chapters that both Mo and P a re 

reta i ned by soi l componen ts by a sorpti on reacti on ( Chapters 3 ,  4 ,  and 5 ) . 

Al so, i t  has been s hown that Mo and P compete for the same surface s i tes  

( Chapter 6 ) . Cons eq uently ,  i n  thi s Chapter the extracti on of  sorbed Mo 



by P ( and l es s  strong ly- hel d a n i ons  s uch as  C l ) wi l l  be referred to as  

desorp ti on ; the removal of  sorbed Mo by 10- 1M NaOH and the  COB reagent 

wi l l  be referred to as extracti on . 

7 . 2  Methods 

7 . 2 . 1  Desorpti on and  extracti on  of Mo added to soi l s  

i n  the l aboratory 

7 . 2 . 1 . 1  Mo sorbed duri ng s hort- t i me peri ods 

I n  the s tudy of the desorpti on of Mo sorbed duri ng 40 h r ,  Oka i hau , 

Ram i ha ,  and Tokomaru topsai l s  ( hereafter referred to as soi l s )  were 

used . Sampl es  ( 1 -g )  of so i l  were shaken wi th varyi ng  amounts of added 

Mo i n  40 ml of 10- 1M NaCl duri ng 40 h r .  The s u spens i ons were then 

cen tri fuged and the supernatants recovered by Mi l l i pore ( < 0 . 45�m ) 

fi l trati on . The polycarbonate tube p l us rema i n i ng soi l suspens i on was 

then wei ghed to determi ne the vol ume of  entrapped sol uti on and 10- 1M NaCl 

was added to ma ke the fi nal  vol ume up to 40 ml . To i nvesti gate the 

effect of P sol uti ons on the desorption  of sorbed Mo , al i quots of  P i n  
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10- 1M NaCl were added to the so i l s us pens i on rema i n i ng after centri fugati on , 

and the fi nal vo l ume made up  to 40 ml wi th 10- 1M NaCl . The suspen s i ons  

were then shaken for the  req ui red l ength of t ime , centri fuged , and the 

supernatant sol ut i ons  recovered by fi l trati on . 

7 . 2 . 1 . 2 Mo sorbed duri ng l ong-ti me periods 

Okai hau and Rami ha topsai l s  ( hereafter referred to as soi l s )  were 

used i n  th i s  s tudy .  :So l ut i ons of Mo i n  water were s prayed onto a i r-dry 

soi l wi th an atomi ser spray , the vol ume bei ng added s uch that the fi na l  

moi sture content of each so i l corres ponded to  -50 cm  s ucti on . The 

gra v i metri c moi sture contents at thi s  sucti on were 46 and 5 5% for 

Oka i hau and Rami ha soi l s ,  res pecti vel y . Two l evel s of  added Mo were 



made to each so i l : 1 . 0  and 3 . 0  � mol  Mo g- 1 ( on an a i r-dry bas i s )  to 

Okai hau soi l , and 0 . 2  and 1 . 5  � mol  Mo g- 1 to Rami ha soi l . Contro l s 

for each soi l (wi th no  added Mo ) were a l so mo i s tened to -50 cm sucti on . 

Al though the Mo addi t i ons  were l arge compared to those made i n  the 

fi e l d  s i tuat i on ,  anal yti cal detecti on l i mi ts requ i red that the l owes t  

Mo addi t i on was �  o f  neces s i ty ,  rel ati vely h i g h . Level s of addi t ion  

were chosen wh i ch gave approximate eq ui l i bri um concentrati ons of  

0 . 05 and  1 . 00 �mol Mo  1 - 1 for the  l ow and  h i gh addi t i ons , respecti vely ,  
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to each so i l . Equi l i bri um concentrati ons were obta i ned from equi l i bri um 

i sotherms determi ned i n  10- 1M NaCl ( Chapter 3 ) . Each treatment wi th 

added Mo was made i n  dupl i ca te . The so i l s  p l us added Mo were i ncu bated 

i n  l oosely-covered contai ners at  100% rel at i ve humi d i ty .  A con s tant  

water content was ma i n ta i ned by peri odi c chec k i ng  and  water add i t i on 

a s  requ i red . 

At vari ous t i mes , between 1 and 100 days , a fter add i t i on of Mo , 

dupl i cate 1 -g subsamp l es of the i ncuba ted so i l were taken and s haken  

wi th 40 ml  of  vari ous extractants over a peri od of 16 h r .  The  extract i ng  

sol uti ons  were: lu- 1M NaCl  a l one ; 10- 1M NaCl  conta i n i ng a l ow and a h i g h  

P concentrati on ;  and 10- 1M NaOH . The l ow P sol uti ons gave a sol uti on  

P concentrati on of  approximate l y  1 . 0  � mo l  P 1 - 1 at the  end  of  the 

1 6-h r  peri od , and the h i gh P sol ut ions a so l uti on P concentrati on of 

approximate ly  50 � mol P 1 - 1 . Sol uti on addi t i ons of  P were 6 . 0 and 

25 . 0  � mol P g- 1 ( a i r-dry bas i s )  to Oka i hau so i l ,  and 10 . 0  and 40 . 0  � mol 

P g- 1 to Rami ha soi l . Non-occl uded ( or s urface-bound ) Mo was removed 

by extracti on wi th 10- 1M NaOH , by anal ogy wi th  P (Wi l l i ams et a l . ,  1 967 ) .  

Subsequent to extract i on wi th 10- 1M NaOH , the  so i l res i due was extracted 

wi th c i trate-di th i on i te- bi carbonate ( COB ) reagent at  75°C ( J�ckson , 1956 ) 

after was h i ng wi th 1M  NaCl . By anal ogy wi th  P ,  COB reagent i s  expected 



to remove Mo occl uded wi th i n  free Fe and Al oxi des and hyd rous oxi des 

(Wi l l i ams et al . ,  1967 ; Smi th and Leeper , 1969 ) . 

Al i q uots of the NaCl and the NaCl + P extracts were evapora ted 

to drynes s , oxi di sed wi th H2o2 and H2so4 , and ana lyzed for Mo . Al i quots 

of the NaOH extracts were aci d i fi ed ,  centri fuged to remove humi c aci ds , 

and a further a l i quot ta ken and evaporated to drynes s .  After i gni ti on 

at 550°C for 4 hr  to remove organ i c matter , Mo was determi ned i n  the 

res i due a fter di ges t i on in H2so4 at  60°C .  The COB extracts were 

evaporated to drynes s , oxi di sed wi th HN03;H2so4 , and i gni ted at 550°C 

for 4 h r  to remove c i trate , and ana l yzed for Mo . Recovery of Mo added 

to NaOH and COB extracts wa s found  to be very good ( 95 - 102% ) . 

7 . 2 . 2  Oesorpti on and extracti on of Mo added to soi l s  

i n  the fiel d 

To i nvesti gate the extracta bi l i ty of  Mo from soi l s  wh i ch had 

recei ved rea l i s ti c amounts of added Mo i n  ferti l i zer tri a l s ,  three soi l s  

from a Mo response tri a l  near Ounedi n ,  New Zeal and , were used . The 

soi l s  were Warepa s i l t l oam , Wai pari  s i l t  l oam , and Ka iwe ra s i l t  l oam . 

Each soi l had recei ved di fferent Mo and l i me treatments , name ly : 
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1 = control , 2 = 1 40g Na2Mo04 ha- 1 yr- 1 for 3 yea rs , 3 = 2500 kg l i me ha- 1, 

3 yr pri or to col l ecti on of so i l sampl es , and 4 = 140 g Na2Mo04 ha- 1 yr- 1 

for 3 yea rs p l u s  2500 kg l i me ha- 1 , 3 yr pri or to col l ecti on of  soi l 

samp l e s . 

Samp l e s  ( 1 -g )  of a i r-dri ed so i l were s haken wi th the fol l owi ng 

reagents for 16 h r : 10- 1M NaCl , 10- 1M NaCl conta i n i ng two l evel s of  

added P ,  and  10- 1M NaOH . The two P sol uti on addi ti ons were 5 . 0  and  

15 . 0  � mol P g- 1 , whi ch corresponded to  the P added i n  3 75  and 1 125  kg  

superphosphate ha- 1 (2  cm depth ) - 1 , res pecti vel y .  Total Mo  was 

determi ned on a ground samp l e ( < 120 mes h )  by di gesti on i n  HF  i n  



1 1 Tefl on 11 beakers fol l owi ng  pri or di gest i on of organ i c  matter wi th 

a mi xture of concentrated HC1 04 and HN03 . 

7 . 3  Resul ts and Di scus s i on 

7 . 3 . 1  Desorpt ion  a nd extraction  of Mo added to soi l s  

i n  the l a boratory 

7 . 3 . 1 . 1  Desorpti on by C l  of Mo sorbed duri ng  s hort-time peri ods 

The amount of sorbed Mo desorbed by C l  depended on the t ime of 

desorpt ion , fol l owi ng a 40- h r  sorpt ion peri od . As s hown i n  F i g .  7 . 1 ,  

the concentration  of Mo i n  the desorbi ng sol uti on  i ncreased duri ng 1 h r ,  

and then reached a steady s tate between 4 and 2 4  h r .  A t  desorpti on 

t i mes >24 h r ,  sol ution Mo concentrati on s l owly decreased ( data not 

presented ) .  S imi l ar patterns were observed for a l l three soi l s .  

Because the resul ts s howed that  resorpti on of Mo was not s i gni fi cant  

unt i l times greater than  24 h r ,  further desorpti o n  experi ments were 

carri ed out a t  a s i ngl e desorpti on t ime of 16 h r .  

The Mo sorbed duri ng 40 h r  was not revers i bl e  to Cl , i . e . , the 

sorpti on and desorpt i on i sotherms s howed hys teres i s ,  as i l l us trated i n  

F i g .  7 . 2  for Oka i hau so i l . Ryden and Syers ( 1977 ) have shown that 

for P ,  th i s  hysteresi s i s  due to non-equi l i bri um cond i ti ons , i . e . , 

sorp ti on  and desorpti on i sotherms obta i ned at eq u i l i b ri um wou l d  be 

coi nci dent . Gi ven the s i mi l ar t ime-dependent sorpti on and desorpti on  

behavi our of Mo and P ,  a s i mi l ar expl a nati on i s  pos s i bl e  for Mo . 

Ryden and Syers ( 1977 ) have a l so s hown that P sorbed i n  reg i on I I I  was 

revers i bl e .  To test i f  Mo sorbed i n  regi on I I I  was revers i bl e  to 

so l uti on  Mo concentrat i on , the amount of Mo desor bed at any one l evel 
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of Mo addi t i on was subtracted from the amount sorbed in reg i on I I I  at  that 

addi ti on pri or to desorpti on . The res ul ti ng val ue was then pl otted 
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aga i nst  the desorpti on  so l ution  concentrati on , as  i l l ustrated i n  

F i g .  7 . 2 .  For a l l three so i l s ,  the data poi n ts d i d not fal l on the 

regenerated i sotherm for reg i on I I I ,  s howi ng that Mo sorbed i n  regi on I I I  
wa s not compl etely revers i bl e  to sol uti on Mo concentrati on . Th i s  i s  i n  

contrad i ct ion to the res ul ts reported for P ( Ryden and Syers , 1977 ) , 

a l though c l ose exami n ati on  of the data of these workers i ndi cates  that 
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P sorbed i n  reg i on I l l  may not have been comp l ete ly  revers i b l e .  

Exami nati on of � G  va l ues for sorpti on of Mo and P i n  regi on I l l  i nd i cates 

that � G val ues for Mo are s l i ghtl y more negati ve than thos e  for P .  

Th i s  appears to be a res u l t of greater coul omb i c  energy contri buti ons  to 

the overa l l free energy i n  the case of Mo , as d i s cussed i n  Chapter 4 .  

The d i fferences i n  mag n i tude of � G  for Mo and P mus t, therefore , be 

s uffi ci ent  to cause d i fferences i n  the desorpti on of each a n i on . Because  

the Mo sorbed in  reg i on I l l  was not  compl ete l y  revers i bl e  to  sol uti on Mo 

concentra t i on , sorpti on  of Mo i n  reg i ons I and I I  wou l d  be very much l es s  

revers i b l e ,  because of  the h i gher � G val ues i n  these reg i ons . 

7 . 3 . 1 . 2 Desorpti on by P of Mo sorbed duri ng  short- ti me peri ods 

Desorpti on of sorbed Mo by sol uti on P was i nvesti gated duri ng a 

desorp ti o n  t ime of 1 6  h r ,  after i n i ti a l s tud i es s howed that a cons tant  

Mo sol uti on  concentra t i on was reached between 8 and  24 hr , as  i l l us trated 

for Rami ha  soi l i n  F i g .  7 . 1B .  These i n i ti a l s tudi es a l so s howed that 

resorpti on  of desorbed Mo di d not occur duri ng  the 16- hr desorpti o n  

peri od . 

Compari son of the data i n  F i g .  7 . 1A and 7 . 1B s hows that sol uti on  P 

i ncreased the desorpti on of Mo rel ati ve to that desorbed by C l  a l one . 

Tab l e  7 . 2  shows the amounts of Mo desorbed by sol uti on P from Oka i ha u , 

Rami ha , and  Tokomaru so i l s ,  at two l evel s  of added Mo and two sol uti on  P 

l evel s wh i ch resul ted i n  f i nal  sol uti on P concentrati ons of approxi matel y  
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0 . 4  and  60 � mol P 1 - 1 after 16 h r .  The data i n  Tabl e 7 . 2  s how that , 

a l though i ncreas i ng P add i ti ons  desorbed greater amounts of Mo , a l arge 

percentage of the added Mo was not desorbed by P .  Even at h i gh 

addi t i ons  of P ,  where the rat i o  of P added i n  sol uti on to Mo sorbed was 

h i gh , P d i d  not d i spl ace a l l the sorbed Mo , i . e . , the exchange of Mo for 
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P i s  not a s i mp l e reacti on , but must  i nvol ve l i gand-di sp l acemen t  of sorbed 

Mo , wh i ch woul d  not only depend on  P concentrati ons b ut a l so on the ease  

of desorpt i on of sorbed Mo . 

chemi s orpti on of Mo . 

Thi s i s  i n  accord wi th the concept of the 

For each add i ti on , the amounts of Mo sorbed i n  each reg i on pri or  

to desorpti on cou l d  be  cal cul a ted ( Chapter 3 ) . These are g i ven i n  

Tab l e 7 . 1 .  There was no obvi ous rel ati ons h i p  between the amounts of 

Mo deso rbed by P and the amounts of  sorbed Mo in  any parti cul ar reg i on ,  

i . e . , so l ut i on P d i d  not desorb Mo from a part i cul ar regi on . Because 

the amount  of Mo desorbed was sometimes greater than that sorbed i n  

reg i on I l l  for each so i l , addea P mus t desorb some chemi sorbed Mo . I f  

i t  i s  a s s umed that the more-wea k l y  bound Mo ( regi on I l l )  i s  desorbed 

preferenti a l l y ,  however ,  then the fract i on of chemi sorbed Mo desorbed by 

sol uti on  P was a l ways smal l .  For exampl e ,  the da ta of Tabl e 7 . 1  show 

that , a s s umi ng that the h i ghe s t  P addi ti ons d i sp l aced a l l the Mo sorbed 

i n  reg i on I l l ,  the percentage of chemi sorbed Mo ( reg ions  I and I I )  that 

was deso rbed by the h i ghest so l uti on  P add i t i on to a l l soi l s  was between 

10 and 1 5% . 

7 . 3 . 1 . 3 Desorpti on and extraction  of Mo sorbed duri ng 

l ong- t i me peri ods 

Al l resul ts reported i n  th i s s ecti on are the mean of two add i t i ons  

of Mo  for each  l evel of addi t i o n . The vari ati on i n  extractabl e Mo 

between dupl i cate add i ti ons i n  i ncubated systems was a l ways l es s  than 5% . 



Tabl e 7 . 1  Tota l Mo sorbed , Mo sorbed i n  each reg i on ( x ) , and Mo desorbed by sol uti on  P ,  

at two l evel s of sorbed Mo , for Oka i hau , Rami ha , and Tokomaru so i l s  

Tota l Mo X I X I I  X I I I  Mo desorbed ( �mol g- 1 ) 
sorbed 

- 1 by so l ut ion  P ( �mol g- 1 ) �mo l g- 1 �mol g 

Okai hau P :  0 4 

2 . 74 0 . 70 1 . 54 0 . 40 0 . 18 0 . 28 

6 . 22 0 .  7 1  3 . 01 2 . 50 1 . 30 1 .  70 

Rami ha P :  0 5 

0 . 7 5 0 . 29 0 . 35 0 . 1 2 0 . 043  0 . 066 

1 .  75 0 . 33 1 . 01 0 . 4 1  0 . 18 0 . 26 

Tokomaru P :  0 0 . 2  

0 . 18 0 . 1 1 0 . 08 0 . 01  0 . 0 19  0 . 023 

0 . 59 0 . 13 0 . 33 0 . 12 0 . 1 2 0 . 14 

Percentage of ( x i + x i i ) desorbed by hi ghest  P add i ti on , assumi ng a l l x i i i  i s  desorbed , 

are g i ven i n  parentheses . 

28 

0 . 7 3 ( 14 . 6 )  

2 . 98 ( 1 2 . 9 )  

45  

0 . 20 ( 1 2 . 5 ) 

0 . 60 ( 14 . 2 )  

6 . 0  

0 . 037 ( 14 . 2 )  

0 . 19 ( 15 .  2 )  

........ 
00 1.0 



The amounts of Mo extracted by NaCl a l one ( denoted as O P ) , NaCl 

conta i n i ng two sol uti on P l evel s ,  10- 1M NaOH and the COB reagent 

fol l owi ng a 10- 1M NaOH extracti on , from Okai hau and Rami ha soi l s ,  after 

vari ous t imes of i ncubati on , are g i ven i n  Tables 7 . 2  and 7 . 3 .  The 

data s how that , for each soi l , the amounts of Mo desorbed by P i ncreased 

as  the concentrati on of sol uti on P i ncreased , but that the proporti on of 

added Mo desorbed by P was never greater than 30% . Th i s  percentage 

decreased wi th i ncreas i ng t ime of i ncubati on .  The proporti on of added 

Mo desorbed by P was greater at the h i g h  Mo add i ti ons for both soi l s ,  i n  

contrast  to the cons tant proporti on of extractabl e Mo found by Barrow 

( 1 973 ) . 

Compari son of the data for the amounts of Mo desorbed from the two 

so i l s  h i gh l i ghts the fact that the amounts of Mo desorbed by NaCl a l one 

from both so i l s  at  the l ow l eve l s  of Mo addi ti on , and from both soi l s  at 

the h i gh l evel s of Mo addi ti on , were a l most exactly the same after l ong 

peri ods of i ncubati on , a l though there were qu i te cons i derabl e  d i fferences 

at  s hort-t i me i nterva l s .  Th i s appears to j usti fy the use  of equ i l i bri um 

i sotherms to pred i ct Mo addi ti ons wh i ch wou l d  l ead to s i mi l ar sol uti on 

Mo concentrati ons , and i ts corol l ary of s imi l ar saturati ons of each 

regi on of sorpti on . 

Over the whol e peri od of i ncubati on for Rami ha soi l , and at  t imes 

l es s  than 40 days for Oka i hau soi l , 10- 1M NaOH extracted a l most  a l l the 

added Mo ( 94- 100% ) . After l ong peri ods of i ncubati on , the percentage 

of added Mo extracted by NaOH decreased s l i ght ly  for Oka i hau soi l . The 

amounts of Mo removed by a subsequent COB extracti on were , at a l l t i mes , 

very sma l l re l ati ve to the amount of added Mo . For Rami ha soi l , these  

amounts of COB-extractabl e  Mo  rema i ned rel ati vely cons tant over the 

i ncubati on peri od . There was a sma l l i ncrease i n  the amounts of 
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Tabl e 7 . 2  Amounts of Mo desorbed and extracted by vari ous reagents from Oka i hau so i l i ncubated wi th 

two l evel s of added Mo , after vari ous t imes  of i ncuba t ion  

Added Mo Time of Mo desorbed (� mol g- 1 ) by 

I ncubati on sol u ti on P (� mol  g - 1 ) 

�mol g- 1 days 0 6 . 0  25 . 0  

1 . 0  1 0 . 032  ( 3 . 2 )  0 . 077 ( 7 .  7 )  0 . 16 ( 16 .  0 )  

7 0 . 018  ( 1 . 8 )  0 . 043 ( 4 . 3 )  0 . 1 2 ( 1 2 . 0 ) 

1 3  0 . 009 ( 0 . 9 )  0 . 035 ( 3 .  5 )  0 . 10 ( 10 . 0 ) 

48 0 . 004 ( 0 . 4 )  0 . 0 12 ( 1 . 2 )  0 . 050 ( 5 . 0 )  

85 0 . 001  ( 0 . 1 )  0 . 006 ( 0 . 6 )  0 . 032  ( 3 . 2 ) 

104 0 . 00 1  ( 0 . 1 )  0 . 005 ( 0 . 5 )  0 . 026 ( 2 . 6 )  

3 . 0  1 0 . 23 ( 7 .  7 )  0 . 40 ( 13 . 0 )  0 . 73 ( 24 . 0 ) 

7 0 . 14 ( 4 . 6 )  0 . 26 ( 8 .  7 )  0 . 56 ( 19 . 0 )  

1 3  0 . 1 1 ( 3 .  7 )  0 . 2 1 ( 7 . 0 )  0 . 48 ( 16 .  0 )  

48 0 . 046 ( 1 .  5 )  0 . 1 1 ( 3 . 7 )  0 . 28 ( 9 . 3 ) 

85 0 . 024 ( 0 . 8 )  0 . 072 ( 2 . 4 )  0 . 22 ( 7 . 3 ) 

104 0 . 01 5  ( 0 . 5 )  0 . 066 ( 2 . 2 ) 0 . 21 ( 7 . 0 )  

Amounts o f  Mo desorbed , a s  a % of Mo added , g i ven i n  parentheses . 

* Subsequent to extracti on by 10- 1M NaOH . 

.. 

Mo extracted (� mol g- 1 ) by 

1Q- 1M NaOH cos* 

0 . 92 ( 9 2 )  0 . 006 ( 0 . 6 )  

1 . 00 ( lOO ) 0 . 0 1 1  ( 1 . 1 )  

1 . 02 ( 10 2 )  0 . 0 10 ( 1 . 0 )  

0 . 93 ( 9 3 )  0 . 019 ( 1 . 9 )  

0 . 90 ( 90 )  0 . 021 ( 2 . 1 )  

0 . 89 ( 89 ) 0 . 021 ( 2 . 1 )  

2 . 76 ( 9 2 )  0 . 014 ( 0 . 5 )  

3 . 00 ( lOO ) 0 . 040 ( 1 .  3 )  
3 . 0 5  ( 10 2 )  0 . 048 ( 1 .  6 )  

2 . 89 ( 96 ) 0 . 067 ( 2 . 2 ) 

2 . 88 ( 96 ) 0 . 073 ( 2 . 4 )  
2 . 67 ( 89 ) 0 .  080 ( 2 .  6 )  

1-' 
� 
1-' 



Tabl e 7 . 3  Amounts of Mo desorbed and extracted by vari ous  reagents from Rami ha soi l 

i ncubated wi th two l evel s  of added Mo , after vari ous ti mes of i ncubati on 

Added Mo Time of Mo desorbed �mo l g- 1 ) by Mo extracted (� mo 1 g - 1 ) - 1 ll'mol g -

0 . 2  

1 . 5  

I ncubati on 

days 

1 

7 

15  

49 

85 

1 

7 

15  

49 

85 

sol uti on P {�mol g- 1 ) 

0 10  

0 . 004 ( 2 . 0 )  0 . 01 1  ( 5 . 5 ) 

0 .  003 ( 1 .  5 )  0 . 006 ( 3 . 0 )  

0 . 002 ( 1 . 0 )  0 . 004 ( 2 . 0 )  

0 . 001 ( 0 . 5 )  0 . 003 ( 1 .  5 )  

0 ( 0 )  0 . 001  ( 0 . 5 )  

0 . 16 ( 1 1 . 0 )  0 . 25 ( 1 7 . 0 )  

0 . 12 ( 8 . 0 )  0 . 23 ( 1 5 . 0 )  

0 . 10 ( 6 . 7 )  0 . 20 ( 1 3 . 0 )  

0 .  047 ( 3 . 1 )  0 . 098 ( 6 . 5 )  

0 . 016  ( 1 . 1 ) 0 .  048 ( 3 .  2 )  

Amount o f  Mo desorbed a s  a % of Mo added g i ven i n  pa rentheses . 

* Subsequent to extract i on by 10- 1M NaOH . 

by 

10- 1M NaOH 
* 

40 COB 

0 . 029 ( 1 5 . 0 )  0 . 19 ( 95 ) 0 ( - ) 

0 . 025 ( 13 . 0 )  0 . 19 ( 9 5 )  0 .  003 ( 1 .  5 )  

0 . 016  ( 8 . 0 )  0 . 20 ( lOO ) 0 . 003 ( 1 . 5 )  

0 . 007 ( 3 . 5 )  0 . 20 ( lOO ) 0 .  003 ( 1 .  5 )  

0 . 004 ( 2 . 0 )  0 . 19 ( 9 5 )  0 .  002 ( 1 .  0 )  

0 . 45  ( 30 . 0 )  1 . 43 ( 9 5 )  0 . 004 ( 0 . 3 )  

0 . 42 ( 28 . 0 ) 1 . 5 1 ( 10 1 )  0 . 010  ( 0 . 7 )  

0 . 35 ( 23 . 0 ) 1 .  58 ( 10 5 )  0 . 0 10 ( 0 . 7 )  

0 . 2 1  ( 14 . 0 )  1 . 49 ( 9 9 )  0 . 009 ( 0 . 6 )  

0 . 1 1 ( 7 . 3 )  1 . 48 ( 99 ) 0 . 016  ( 1 . 1 ) 

1--' 
1.0 N 



COB-extractabl e Mo for Oka i hau  soi l wi th i ncreas i ng t ime , these amounts 

bei ng greater in magni tude at the h i gher Mo addi ti on , but not greater 

as a percentage of added Mo . 

The rel ati ve change i n  the eas e  of desorpti on of Mo wi th t ime are 

i l l us trated i n  F i g .  7 . 3  for both so i l s .  The y-ord i nate represents 

the amount of Mo desorbed by P a l one , i . e . , ( P  + NaCl ) - ( NaCl ) ,  

expi�essed as a fract i on of Mo extracted by P a l one at t = 1 day . The 

pl ots show the ma rked decrease  wi th t ime of the amounts of Mo desorbed 

by P ,  the rate of decrease bei ng greater at s hort t imes  of i ncubati on 

and fal l i ng at times greater than approxi mately  60 days . Wi th the h i gh 

Mo addi tions  to Rami ha soi l ( 1  . 5  �mol  g- 1 ) ,  there was no decreas e  i n  

193 

the fracti onal amount of Mo desorbed by P over the peri od of 0 to 7 days , 

for both l ow and h i gh P so l uti ons . Th i s  behavi our was not observed for 

the l ow Mo add i ti on to Rami ha soi l , nor for the desorpti on of Mo by P 

from Oka i hau soi l . 

The data obta i ned for the two soi l s  s how several s i mi l ar features , 

name ly  ( 1 )  the l ower the Mo addi ti on , the fas te r  was the rate of decrease  

in  the  amount of Mo wh i ch coul d be desorbed ; ( 2 )  the h i gher the sol ution  

P l evel used  for desorpti on , for a constant Mo addi tion , the s l ower the 

rate of decrease i n  the amount of Mo wh i ch cou l d  be desorbed ; ( 3 ) i t  

wou l d appear that for t imes greater than those used i n  th i s  s tudy , the 

amount of Mo desorbed by P wou l d conti nue to decrease , a l though at a 

reduced rate . For exampl e ,  after 85 to 100 days , equi l i bri um was not 

reached . 

The decrease  i n  the amounts of Mo desorbed by P wi th i ncreas i ng 

t ime sugges ts that Mo was bei ng converted to a form wh i ch was not 

rep l aceabl e by P .  Gi ven the magni tude o f  the addi ti ons o f  Mo , and the 

rap i d  sorpti on of added Mo over s hort-time peri ods ( Chapter 3 ) , i t  s eems 
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reasonab l e to ass ume that more than 95% of added Mo was sorbed by the 

so i l at t = 1 day . Immob i l i zati on of added Mo by mi croorgan i sms i s  

not expected to be s i gn i fi cant , as  Barrow ( 1970 ) has s tated that the 

formati on of 1 g of mi crob i a l  ti s sue i mmob i l i zes on ly  0 . 0001 �mol Mo . 

The amount of sorbed Mo , i nd i cated by 10- 1M NaOH-extractab l e Mo , 

rema i ned cons tant for Rami ha soi l and decreased on ly  s l i ghtly for 

Oka i hau so i l . Thus , the change i n  the ease of desorpti on of Mo by P 

appears to refl ect changes i n  the nature of the bond of Mo to the 

surface , rather than changes i n  the amounts of Mo hel d at the surface . 

From the sorp t i on i sotherms obta i ned duri ng 40 hr  and at  equ i l i bri um ,  the 

amounts of Mo sorbed i n  each regi on were ca l cul ated ( Chapter 3 ) . These 

val ues are g i ven i n  Tabl e  7 . 4 for the two Mo addi ti ons to each soi l , 
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at equi l i bri um and 40 h r .  Even though the sorpti on i sotherms were 

obta i ned from 10- 1M NaCl at a sol uti on : so l i d  rati o of 40 : 1 ,  the q ua l i tati ve 

features that they i l l u s trate wou l d  s ti l l  be the same for the i ncubati on 

experi men t .  Tabl e 7 . 4  s hows that , between 40 hr  and equ i l i bri um , there 

was a decrease i n  the amounts of Mo sorbed i n  reg i ons  I I  and I I I  and an 

i ncrease i n  the amounts sorbed i n  reg i on I ,  i . e . , a convers i on from the 

more-weak ly  bound to the more-s trongly  bound Mo . Th i s  i mp l � �s that , 

wi th i ncreas i ng t ime of i ncubati on , i t  woul d be more di ffi cul t to desorb 

Mo , i n  accord wi th the observed resu l ts . By anal ogy wi th P ,  at t imes  

l es s  than  equi l i bri um , a greater amount of Mo wou l d  be sorbed at a 

narrower sol uti on : so l i d  ra ti o ( Wh i te ,  1966 ) . Thus , the data i n  Tab l e  7 . 4 

probab ly  overestimate the amount of Mo sorbed i n  reg i ons I I  and I I I  for 

the i ncubated so i l samp l es at t imes  l es s  than equi l i bri um . Hence , 

compari son of the data i n  Tab l es 7 . 2 and 7 . 3  wi th that i n  Tab l e 7 . 4  

i nd i cates that some of the chemi sorbed Mo ( regi ons  I and I I )  was desorbed 

by P .  The fact that the amounts of Mo desorbed decreased wi th t ime i mp l i es 



Tabl e 7 . 4  Amounts of Mo sorbed ( x )  duri ng 40 h r  and at equ i l i bri um 

Mo addi ti on 

Jlmol g - 1 

1 . 00 

3 . 0  

0 . 20 

1 . 50 

by Oka i hau and Rami ha soi l s  i n  each reg i o n  of sorpti on , 

ca l cul ated from i sotherms for sorpt i on of Mo from 10- 1M NaCl 

at  a sol uti on : s ol i d  rat i o  of 40 : 1  

T ime of X I X I I  X I I I  
sorpti on Jlmol g- 1 

Oka i hau 

Equi l i bri um 0 . 84 0 . 14 0 . 01 

40 hr  0 . 61 0 . 36 0 . 03 

Equi l i bri um 1 . 40 1 . 43 0 . 1 7 

40 hr  0 . 70 1 . 85 0 . 29 

Rami ha 

Equ i l i bri um 0 . 1 54 0 . 044 0 . 007 

40 hr 0 . 135  0 . 055  0 . 014  

Equi l i bri urn 0 . 73 0 . 64 0 . 10 

40 hr  0 . 32 0 . 8 1  0 . 25 
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tha t the chemi sorbed Mo wh i ch was desorbed by P was primari l y  from 

regi on I I ,  because  the extent of Mo sorpti on i n  reg i on I i ncreas ed wi th 

ti me . 

The s l ower decrease  i n  extractabl e Mo wi th time for the h i gher Mo 

add i tions to each so i l  woul d refl ect the greater percentage of added 

Mo hel d i n  the l es s -ti ghtly bound forms , even at  l onger-time peri ods . 

The apparentl y constant fracti on of Mo desorbed by P for the hi gh  Mo 

add i tion  to Rami ha soi l ( F i g .  7 . 3 ) i nd i cates tha t the convers i on of 

sorbed Mo to a more ti ghtl y-hel d form i n  th i s  a l l opha n i c  soi l was 

i n i ti � l l y  s l ow ,  i . e . , k i neti ca l l y  control l ed .  Th i s  i s  i n  agreement 
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wi th the res ul ts obtai ned in  Chapter 3 for the  sorpti on of Mo by syntheti c 

a l l ophane , where i t  was concl uded that  the nega ti vely-charged s i l i ca core 

of a l l ophane s l ows the ra te of chemi sorpti on of added Mo . 

S i mi l ar decreases  i n  the amount of Mo desorbed by P wi th ti me have 

been reported by Gorl ach et a l . ( 1969 ) and Barrow ( 1973 ) . Because  

Barrow ( 1973 ) used 1M P sol uti ons to d i sp l ace sorbed Mo , i t  i s  pos s i bl e  

tha t such h i gh  concentrati ons caused di srupti on of the sorbi ng surface 

( Rajan , 1975 ) and hence , the resu l ts found by Barrow are of more 

theoreti cal , than practi cal i nteres t .  Barrow ( 1973 ) , however , d i d  

suggest that the decrease  i n  P-extractabl e Mo wi th time was d u e  to a 

change i n  the nature of the bond between Mo and the surface . 

Because Mo i s  sorbed wi th l arge negati ve free energ i es of sorpti on , 

the acti vati on energy for desorpti on of Mo woul d be expected to be h i gh 

( Gi l es et  a l . ,  1974 ) and i t  wou l d  be expected that  l i ttl e Mo wou l d be 

desorbed by P .  That  P was a b l e  to desorb Mo appears to be a resu l t of 

severa l factors . F i rs t ,  because  the rate of the desorpti on reacti on 

wou l d  depend on P concentrati on , the h i gh sol uti on P concentrati ons 

wou l d  i ncrease the rate of desorpti on . Second , the l arge amounts of 

P sorbed by the soi l wou l d resu l t i n  a con s i derabl e i ncrease in surface 



nega ti ve charge { Ryden et  a l . ,  1977a ) . Th i s  i ncrea se  i n  negati ve 

charge wou l d  be expected to cause desorption  of the more-phys i ca l l y  

sorbed Mo ( regi on I l l ) ,  the extent o f  thi s sorpti on bei ng dependent 

on the potenti a l  of the sorb i ng su rface . Oesorption  of chemi sorbed Mo 

wou l d  not be affec ted by changes i n  surface charge . Th i rd ,  smal l 

i ncreases i n  pH are observed s ubsequent to P sorpti on ( Rajan et a l . ,  

1974 ; Ryden et a l . ,  1977a ) and beca use Mo sorpti on i s  very dependent 

on pH ( Chapter 5 ) , th i s  cou l d  be a factor caus i ng the desorpti on of 

chemi sorbed Mo . 

The non-exi s tent ( for Rami ha ) or very smal l ( for Oka i hau ) decreas e  

i n  10- 1M NaOH-extractabl e Mo wi th t ime contras ts wi th the observa ti on  
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of Smi th and Leeper ( 1969 ) for s evera l Aus tral i an so i l s .  These authors , 

however ,  d i d  fi nd that the extent of the decrease i n  NaOH-extractabl e Mo 

vari ed greatly between so i l s .  For Rami ha so i l , where the pri mary 

mi nera l  component i s  a l l ophane ( Chapter 2 ) , NaOH extracti on  wou l d  

probably cause di ssol ution  o f  the a l umi nos i l i cate gel and hence , changes 

i n  the form of sorbed Mo woul d not be refl ected i n  changes i n  NaOH­

extractabl e Mo for th i s  so i l . Al so , the rel a ti ve ly  l arge amounts of 

added Mo used may have mas ked sma l l changes i n  NaOH -extractabl e Mo . 

The i ncreases observed i n  the amount of Mo extracted by COB from 

Oka i hau so i l , a l though sma l l i n  terms of the percen tage of sorbed Mo , 

were not i ncon s i derab l e .  Th i s  i ncrease i n  COB-extractabl e Mo has been 

pos tu l a ted by Smi th and Leeper ( 1969 ) to i ndi cate a change i n  the nature 

of bondi ng at  the s urface . Such Mo , however , woul d be expected to 

be extracted by 10- 1M NaOH . Ryden et  a l . ( 1977 b )  have concl uded that 

the observed i ncreases i n  COB-extractabl e P wi th time were a res u l t of 

di ffu s i on of P both i nto surface defects of parti cl es and i nto s hort­

range order materi al s ( e . g . , Fe gel ) wh i ch are thought to be 1 1 S tructural l y  
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porous " .  Such movement i nto materi a l s can be regarded as an  absorpti on 

reacti on . Th i s  expl anati on for the i ncrease i n  COB-extractabl e Mo 

appears more p l aus i b l e  than a change i n  the nature of the bond to the 

surface . S i gni fi cant i ncreases i n  COB-extractab l e P wi th time for 

Oka i hau  so i l have been observed by Ryden et  a l . ( 1977b ) . I t  can 

probab ly  be ass umed that the l arge amounts of nati ve sorbed P ( 3 . 5 1 

and 1 . 39 �mo l P g- 1 for Rami ha and Oka i hau so i l , respecti ve ly ) are 

sorbed at  s i tes i n  reg i o n  I and consequentl y ,  wou l d  be abl e to d i ffus e  

i n to s hort-range order materi a l s .  Presumably , s uch P woul d  compete 

wi th chemi sorbed Mo for the absorpti on reacti on . At equ i l i bri um , the 

amounts of nati ve sorbed P wou l d  be greater than the amounts of Mo 

sorbed i n  reg i on I ,  except for the h i ghes t Mo addi ti on to Oka i hau  

soi l , and therefore , the  d i ffus i ve movement  of P wou � d  be favoured over 

that of Mo . Th i s  woul d be the case because accord i ng to F i cks F i rst 

Law of Di ffu s i on , d i ffus i ve fl ux i s  proporti onal to the concentrati on 

gradi ent  ( Ol sen and Kempe r ,  1968 ) . 

A change i n  the nature of the bond between Mo and the surface wi th 

t ime , however ,  provi des  a pos s i bl e  expl anat i on for the decrease  i n  the 

amount of Mo desorbed by P wi th i ncreas i ng t ime , as th i s  decreas e  was 

much greater than the i ncrease i n  COB-extractabl e Mo for Oka i hau soi l ; 

the decrease i n  Mo desorbed by P occurs i n  Rami ha soi l wi th no i ncrease 

i n  COB-extractabl e Mo . A s h i ft of Mo from more-phys i ca l l y  sorbed Mo 

to chemi sorbed Mo i s  a l so i n  accord wi th the three compartment model for 

Mo sorpti on proposed by Barrow and Shaw ( 1975c ) , who pos tul ated that 

weak ly-hel d Mo was converted to more s trongly-hel d Mo wh i ch i s  not p l ant 

avai l ab l e .  Such s trong ly- hel d Mo wou l d  correspond to chemi sorbed Mo , 

as defi ned i n  th i s  s tudy , a l though i t  woul d appear that some of the 

chemi sorbed Mo may be desorbed by P .  
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7 . 3 . 2  Desorpti on and extracti on of Mo added to so i l s  

i n  the fi e l d 

Al though the P sol utions  used for desorpti on corresponded to 

con s i derab l e P ferti l i zer add i ti ons ( 375 kg ha- 1 ( 2cm ) - 1 and 1 125  kg ha- 1 

( 2cm) - 1 s uperphos phate ) for a l l th ree soi l s ,  no Mo was detected fol l owi ng 

desorpti on wi th P sol uti on for a 16- hr  shak i ng t ime . Thi s i mp l i es tha t 

e i ther , no Mo was desorbed or that the amount desorbed was so sma l l a s  

to be undetected . Resorpti on of desorbed Mo was not found to occur 

du ri ng a 16-hr  sha k i ng t ime i n  Section  7 . 3 . 1 .  I t  i s  not pos s i b l e  to 

concl ude that sol ut ion  P d i d  not desorb MQ , but as a percentage of the 

added Mo , the amount woul d  be smal l .  A more sens i ti ve method of 

detecti ng  changes i n  sol uti on Mo concentrati ons , such as p l ant uptake , 

cou l d  pos s i bl y  detect thanges after s hak i ng wi th P sol uti ons . Addi ti ons 

of P have been found to i nc rease Mo l evel s i n  pl ants i n  some s tud i es 

( Stout et  a l . ,  195 1 ; Podzol k i na ,  1966 ) . I n  contra s t ,  Gupta and 

Cutcl iffe ( 1968 )  found that superphosphate addi ti ons decreased Mo uptake 

by pl ants . Changes i n  Mo uptake by pl ants are not cl ear i nd i cati ons of 

changes i n  Mo concentrati on i n  the so i l so l uti on , however , because  

competi t i on and i nteract i on wi thi n the p l ant-root zone can i nfl uence 

uptake resu l ts ( S tout et  a l . ,  1951 ) .  

The resu l ts of Secti on 7 . 3 . 1 s howed that the amount of Mo desorbed 

by P decreased wi th t ime after appl i cati on of Mo . Beca use added Mo 

l evel s are very sma l l 

i n  l aboratory s tud i es 

approxi mate l y  0 . 003 

i n  the fi el d s i tuati on , compared to the l evel s 

( - 1 ( ) - 1 140g Na2Moo4 ha 2cm 

�mol  g- 1 ) ,  the l evel s of Mo 

corresponds to 

desorbed . by P woul d 

used 

be 

expected to be at  the l owes t  l i mi ts of detecti on , and these l evel s  woul d  

decrease wi th t i me .  

The amounts of Mo extracted by 10- 1M NaOH and of total Mo for the 

three soi l s  are g i ven i n  Tab l e 7 . 5 .  Leve l s of NaOH-extractabl e Mo were 



Tabl e 7 . 5  Amounts of Mo extracted by 10- 1M NaOH and tota l amounts of 

Mo for three so i l s  wh i ch had rece i ved vari ous treatments 

of added Mo and l i me 

Soi l 

Warepa 

Wa i pari  

Kai wera 

* 
Treatment  

1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 

1 0- 1M NaOH-extractabl e Mo 

llmol g- 1 

b . d .  

b . d .  

b . d .  

b . d .  

b . d .  

b . d .  

b . d .  

0. 0005 

0. 0005 

0. 0005 

0. 0005 

0. 0010 

b . d .  bel ow detecti on l i mi t ,  i . e . , < 0 . 0005 llmol g- 1 

* 
1 = Control . 

2 = 140 g Na2Moo4 ha- 1 yr- 1 . 

3 = 2500 kg l i me ha- 1 appl i ed 3 yr pri or to sampl i ng .  

Tota l Mo 

llmol g- 1 

0 . 0 1 92 

0 . 02 19 

0 . 0 195  

0 . 02 1 5  

0 . 0188 

0 . 0209 

0 . 0 178 

0 . 0 192 

0 . 0097 

0 . 0 104 

0 . 0097 

0 . 0 1 1 1  

4 = 140 g Na2Mo04 ha- 1 yr- 1 p l us 2500 kg l i me ha - 1 appl i ed 3 yr 

pri or to sampl i ng .  
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at or bel ow the l owes t  l i mi ts of detecti on , except for the l i me p l us  

Mo treatment  to  Ka iwera soi l . The l ow amounts extracted make 

general i sati ons d i ffi cul t .  The i ncrease i n  NaOH-extractabl e Mo for 
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both Wai pa ri and Ka iwera soi l s  treated wi th l i me pl us Mo , compared to 

those soi l s  treated wi th Mo a l one , however , i ndi cates that l i me treatment  

i ncreases  the  amount of Mo  sorbed at the  s urface . Di ffus i on of 

chemi sorbed Mo i nto so i l components , wh i ch i s  thought to occur to a 

l i mi ted degree for Mo at very l ow l evel s of add i t i on , cou l d  account for 

a s i gn i fi cant proport i on of added Mo . I ncreas i ng the pH decreases  

chemi sorbed Mo ( Chapter 5 )  and wou l d  consequently decrease  the  absorption  

reacti on , resu l ti ng i n  greater amounts of Mo  bei ng reta i ned at  the 

surface and thus extractabl e by 10- 1M NaOH . 

For each so i l , total Mo l evel s were greater for treatments wi th 

added Mo than those for treatments that had not recei ved Mo . The 

d i fferences i n  total Mo between treatments wi th added Mo and treatments 

wi thou t Mo , howeve r ,  do not account for a l l the added Mo , i . e . , tota l 

Mo of  treatment 2 mi nus  tota l Mo of treatment 1 was l es s  than total 

added Mo . The so i l samp l es were ta ken over a 10-cm depth , whereas the 

amount of added Mo was ca l cul ated over a 2-cm depth ; a l so  a bul k dens i ty 

- 3 of 1 . 0 g cm was assumed . Bu l k dens i t i es greater than 1 . 0  and 

cal cul ati on of add i ti on l eve l s  on a 10-cm depth bas i s  woul d reduce the 

ca l cul ated l evel s of add i ti on . For two of the so i l s  ( Warepa and 

Wa i pari ) ,  the fi el d tri a l  was essenti a l l y  a graz i ng  tri a l  wi th two 

herbage cuts taken annual l y , wi th the cl i ppi ngs removed . I n  the case 

of the tri a l  on Ka i wera so i l , herbage cuts were made throughout and 

the c l i pp i ngs  removed . I f  the l eve l s  of Mo di ffered i n  the herbage , 

for the d i fferent Mo treatments , then l os s  of added Mo may have occurred 

through remova l by grazi ng an imal s or i n  herbage c l i ppi ngs . No data 



are avai l abl e ,  however ,  to ascerta i n  whether l osses  of added Mo may have 

occurred i n  th i s  manner . 

The d i fferences i n  total Mo for each soi l , wi th and wi thout added 

Mo , i ndi cate tha t much of the added Mo had not been l os t .  Several 

i nvesti gators ( Jones and Bel l i ng ,  1967 ; quoted by Smi th and Leeper ,  

1969 ) have concl uded that a l a rge proporti on of added Mo i s  l os t  by 

l each i ng because  of the l i mi ted res ponse to Mo i n  yea rs subsequent to 

add i t ion . Jones a nd Bel l i ng  ( 1 967 ) a l so s howed that approxi mately  80% 

of added Mo was l eached out by water equ i val ent to 450 mm of ra i nfa l l .  

Thei r data , however , were for soi l s  of pH greater than 7 . 0 ;  for two 

so i l s  of pH 5 . 5  l each i ng of added Mo was very sma l l .  Th i s  i s  

qual i tati vely i n  agreement wi th the data of Chapter 5 ;  at pH val ues 
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greater than 7 . 0 ,  chemi sorpt i on of Mo wou l d  be mi n i ma l  and the more­

phys i cal l y  sorbed Mo woul d more eas i l y be l ost  by l eachi ng . At pH 5 . 5 ,  

chemi sorpti on of Mo wou l d  occur and thi s Mo wou l d  be l es s  l i ke ly  to be 

l eached out . Smi th and Leeper ( 1 969 ) and Jones and Smi th ( 1972 ) concl uded 

that the decreased ava i l ab i l i ty of Mo wi th i ncreas i ng t ime was due to 

convers i on of Mo to l es s -sol ubl e forms . The data of Secti on 7 . 3 . 1 . 3  

demonstrated the convers i on of sorbed Mo to chemi sorbed forms and the 

pos s i b l e  absorpti on of th i s  adsorbed form . Data for the d i fferences i n  

total Mo l evel s ( Tabl e 7 . 5 )  s uggest tha t some sorbed Mo had been 

converted to a form whi ch was not extractabl e by 10- 1M NaOH . Because 

orga n i c  i mmob i l i zati on i s  not expected to be l arge ( Barrow , 1 970 ) , 

absorpti on by porous components i s  probably s i gn i fi can t .  Because P 

and Mo appear to be sorbed by s i mi l a r sorpti on mechan i sms ( Chapter 4 ) , 

previ ous P addi ti ons wou l d  be expected to affect the amounts of 

subsequentl y added Mo that are chemi sorbed . Wi th l arge previ ous P 

add i ti ons , s i gn i fi cant proporti ons of the added Mo cou l d  be hel d by a 
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more-phys i ca l  sorption  mechani sm and hence , th i s form of Mo woul d be 

more eas i l y l eached . Wi th t ime , however , absorp ti on of p revi ou s l y  

added P woul d res ul t i n  regenerati on of chemi sorpti on s i tes  ( Ryden 

et  al . ,  1977b ) , and the amounts of more-weak ly  hel d Mo wou l d  decrease 

as th i s  form of Mo was conve rted to chemi sorbed forms . After an 

appreci abl e peri od of time , the amount of extractabl e Mo woul d be very 

smal l .  The s peci fi c effects of prev i ou s l y  added P on the sorbed form 

of added Mo wi l l  be i nvesti gated i n  the next Chapte r .  

204 

The res ul ts of th i s  Secti on s how that Mo added to so i l s  i s  s trongly  

hel d and  tha t ,  because of the  s h i ft to  chemi sorbed forms , the 

extractabl i l i ty of sorbed Mo decreases wi th t i me .  Add i t i ons  of ferti l i zer  

P ,  even at  h i gh l evel s ,  wou l d  not  cause  desorpti on of s i gn i fi cant  amounts 

of th i s  added Mo . 



C H A P T E R  8 



TH E EFFECT OF PREV I OUS ADD IT IONS OF 

PHOSPHATE AND L I ME ON MOLYBDATE SORPTI ON 

8 . 1  I n troducti on 
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I n  previ ous Chapters , i t  has been s hown tha t the sorpti on energi es 

of P and Mo are very s i mi l ar and i t  has been proposed tha t the two 

a n i ons  are sorbed by the same types of sorpti on reac ti ons ( Chapter 5 ) . 

I t  was a l so s hown that Mo and P compete for sorpti on s i tes on so i l s  and 

soi l  components '( Chapter 6 ) ; thi s was ta ken as  further evi dence that P 

and Mo sorb at  the same surface s i tes . Consequentl y ,  the sorpti on of 

Mo woul d be expec ted to be a l tered by previ ous add i ti ons of P .  

Large addi ti ons of ferti l i zer  P are made annual ly  to many soi l s  

i n  New Zea l and , res ul ti ng i n  di fferent saturations  of the soi l sorpti on 

compl ex . Th i s  woul d be expected to affect the extractabi l i ty and 

pl ant  ava i l abi l i ty of s ubsequentl y added Mo . 

S i mi l arl y ,  addi tions  of l i me are known to affect the avai l ab i l i ty 

of both nati ve and subsequen tl y added Mo ( Cu l l en ,  1955 ; Duri ng et  a l . ,  

1960 ; Hags trom and Berger , 1963 ; Duri ng , 1970 ) . I t  i s  a l so known 

tha t soi l pH affects the sorpti on of Mo by so i l s  ( Barrow , 1970 ; Theng , 

1971 ) .  There has been l i ttl e quanti ta ti ve i nves ti gati on , however , of 

the effect of l i me on the sorpti on of Mo . 

Recen t work has suggested that sorbed P can be di vi ded i nto two 

di sti nct forms , namel y chemi sorbed and more- phys i cal l y  sorbed forms 

( Ryden et a l . ,  1977a ) .  I n  the present s tudy , so i l s  were sa turated 

to di fferent  degrees of the chemi sorpti on and more-phys i ca l  sorpt i on 

max ima for P ,  and the effect of these  P addi ti ons on the s ubsequent 

sorpti on of Mo i n ves ti gated . To exami ne the effec t of previ ous P 

ferti l i zer  and l i me add i ti ons on Mo sorpti on , a compari son of Mo 
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sorpti on by a soi l wi th known, di fferi ng ferti l i zer P and l i me 

h i s tori es was a l so made . 

I n  order to obta i n s i mi l ar saturati ons of correspond i ng regi ons  

of sorpti on for d i fferent so i l s  at ,  or near , equ i l i bri um ,  i sotherms 

at equ i l i bri um mus t  be obta i ned . I ncubati on  of added P wi th soi l s  

i s ,  howeve r ,  carri ed out at  sol uti on : soi l rati os wh i ch are much 

narrower than those usua l l y  used , and P sorpti on i sotherms obta i ned 

at d i fferent sol uti on : so i l rati os d i ffer ( Larsen and Court , 1960 ; 

Fordha1,1 , 1963 ) . Pri or i nves ti gat ion of the effect of sol uti on : soi l 

rati o on P sorption  was carri ed out so tha t equ i l i bri um i sotherms cou l d  

be obta i ned a t  sol ut i on : so i l rat ios  that were expermenta l l y  practi ca l , 

and yet were rel evant to soi l s  i ncubated wi th added P .  

8 . 2  Methods 

8 . 2 . 1  Effect of sol ut i on : so i l rati o on  P sorpti on 

Rami ha , Dannevi rke , and Tokomaru topsa i l s  ( hereafter referred 

to as soi l s ) were used i n  th i s  s tudy . 

Sorpti on i sotherms for P were obta i ned i n  10- 1M NaCl du�tng 40 hr  

at sol uti on : soi l ra ti os varyi ng from 1 : 1  ( except for Rami ha soi l ) to 40 : 1 .  

To prevent m icrobi a l  acti vi ty ,  368 �mol HgC1 2 1 -
1 was added to each 

system . 

For subsequent k i neti c s tudi es , appropri ate amounts of P were 

added i n  a l i quots of 10- 1M NaCl at t imes of 0 ,  24 , 48 , and 72 hr after 

commenc i ng to s hake  samp l es  wi th 10- 1M NaCl . Shak i ng was conti nued for 

74 hr , thus ensuri ng that the total t ime of s hak i ng for each sys tem 

was the same , but the t imes of contact between so i l and added P were 74 , 

98 , 122 , and 1 44 h r .  Sol uti on : so i l rati os , after the add i ti on o f  the 

P a l i quot , were aga i n vari ed wi th i n  the range 1 : 1  to 40 : 1 .  



To determi ne the effect of so l uti on : so i l rati o at  equ i l i bri um ,  

wi thout determi n i ng actua l equi l i bri um i sotherms , the l evel s  of P 

addi ti on were , of necess i ty ,  d i fferent for each rati o used . The 

rati onal e  upon wh i ch P addi ti ons were based i s  g i ven i n  Tab l e 8 . 1 .  

For a g i ven amount of P sorbed ( x ) , the same eq u i l i bri um P 

concentrati on (y ) wi l l  be ma i nta i ned i n  so l ut ion  i f  the equ i l i bri um 
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i sotherms are coi nci dent .  When equ i l i bri um sol uti on P concentrati on  i s  

expressed on a �mol P g- 1 of soi l bas i s ,  then the req u i red amount of 

added P ( s um of x p l us y terms ) i s  greater at  a ra ti o of 40 : 1  than at  a rati o 

of 1 : 1 .  S i mi l ar ca l cu l ati ons can be made for the other rati os used . 

After shak i ng , s u spen s i ons were centri fuged , fi l tered , a nd anal yzed for P .  

The so l uti on P concentrati ons obtai ned a t  the experi menta l  t imes were used 

to est ima te equi l i bri um P concentrati on  by extrapol ati ng the l i near 

re l a ti ons h i p between sol uti on P concentrati on and the reci procal of t ime 

to 1;t  = o ,  i . e . , t = oo ( Ryden and Syers , 1975 ) . 

8 . 2 . 2  Effect of prev i ous ly  added P on  Mo sorpti on 

Rami ha , Dannev i rke and Tokomaru topsai l s  ( hereafter referred to as 

soi l s )  were used . By extrapol ati on of the l i nea r rel ati ons h i p  between 

sol uti on P concentrat ion and the reci proca l of t ime to 1; t  = o ,  for t imes 

between 75  and 1 50 hr , equ i l i bri um P sorpti on i sotherms were constructed 

for the so i l s .  Between ten and twe l ve P addi ti ons were made i n  order to 

obta i n  an equ i l i bri um i sotherm over the fi nal  P concentrati on range of 

0 - 300 ��1 1 - 1 at  a sol ut ion : soi l rati o of 40 : 1  i n  10- 1M NaCl . From 

the three Langmu i r equati ons wh i ch descri bed P sorpti on , determi ned as  

descri bed i n  Chapter 4 ,  P add i ti ons were cal cu l ated for a l l soi l s  wh i ch 

corres ponded to a known saturati on of the sorpti on  max i mum of a parti cu l ar 

regi on of sorpti on . 



Ta b l e 8 . 1  Outl i ne of the cal cul ati ons to determine the requ i red amount of P and i n i ti a l  so l uti on P 

concentrati on at d i fferent sol uti on : soi l rat ios  i n  k i neti c s tudi es  based on the 

a s s umpt i on that equ i l i bri um sorpti on i s  i ndependent of the sol uti on : so i l rati o used . 

Sol uti on : soi l rati o Amount of P Equi l i bri um sol uti on Amount of I n i ti a l  
sorbed a t  P concentra ti on added P sol uti on P 

equ i l i bri um requ i red concentrati on 

llmol g- 1 llmol 1 - 1 llmol g- 1 llmo l g- 1 llmol 1 - 1 

1 : 1  X y y 1 1000 X + y 1 1000 X + y / 1000 

40 : 1  X y 40y / 1000 X + 40Y / 1000 X I 40 + y I 1000 

N 0 \.0 



Two l evel s of added P ,  p l us a zero add i ti on , were made to each 

soi l ; the add i ti ons corres ponded to 20% and 50% , respecti vel y ,  of the 

sorpti on max i mum of reg i on 1 1  at equ i l i bri um . The P addi ti ons were 

13 . 27 and 32 . 00 �mo l P g- 1 ( Rami ha ) ,  3 . 7 5 and 10 . 56 �mol P g- 1 

( Dannev i rke ) ,  and 0 . 58 and 3 . 20 �mo l P g- 1 ( Tokomaru ) .  Add i ti ons of 

2 10 

P were made i n  suffi c i ent water such that the res u l ti ng moi s ture 

contents of the soi l corresponded to 0 . 60 bar s ucti on . The grav imetr i c  

moi s ture contents at  th i s  sucti on  were 26 . 0 ,  20 . 0 ,  and 1 3 . 7  for Rami ha , 

Da nnev i rke , and Tokomaru , respecti vel y .  Mercuri c ch l ori de was a l so 

added a t  a l evel of 1 . 85 �mol g- 1 . The P sol uti ons were appl i ed wi th 

an atomi ser  s pray . The moi s t so i l s  were s tored i n  l oosely-covered 

j ars , wh i ch were p l aced i n  conta i ners above a free-water s urface and 

s tored at  25°C .  Moi s ture contents were checked peri odi ca l l y  and water 

added as req u i red . 

After an  i ncubati on  peri od of 12  months , the soi l s  were removed 

and a i r-dri ed . I sotherms for sorpti on of Mo were then determi ned on 

the a i r-dri ed sampl es . I sotherms were eetermi ned i n  10- 1M NaCl duri ng 

40 hr  at a sol uti on : soi l ra ti o of 40 : 1 .  Between twe l ve and fi fteen 

add i ti ons of Mo were made to g i ve fi nal  Mo concentrati ons i n  the range 

of 0 - 100 �mol Mo 1 - 1 . 

The amount of 10- 1M NaOH-extractabl e P was determi ned on soi l s  

before and after the i ncuba t i on peri od . Sampl es ( 1 -g )  of moi s t soi l 

were shaken overn i ght wi th 40 ml of 10- 1M NaOH . Fol l owi ng centri fugati on, 

an a l i quot of the supernatant was ac i d i fi ed to prec i pi tate orga n i c  matter , 

and analyzed for P .  

8 . 2 . 3  Effect of previ ous ferti l i zer P and l i me addi ti ons 

on Mo sorpti on 

The so i l used i n  th i s  s tudy was Papatoetoe s i l t  l oam ; the depth of 



sampl i ng was 0 - 5 cm . The experi menta l  s i te was l ocated at the 

New Zea l and Ferti l i zer  Manufacturers ' Research Assoc i ati on , Otara . 

Four samp l es wh i ch had d i fferent ferti l i zer P and l i me h i s tori es were 

2 1 1  

used : treatment  1 was a control , wi th n o  ferti l i zer and l i me add i ti ons ; 

treatment 2 was 34 kg P ha - 1 app l i ed annual l y  as  superphos phate for 22 yr ; 

treatment 3 was 1 tonne of l i me ha - 1 appl i ed annual ly  for 22  yr ; and 

treatment 4 was 34 kg P ha- 1 as  superphos phate pl us 1 tonne l i me ha - 1 

appl i ed annual l y  for 22 yr . 

Sorpti on  i sotherms for Mo were determi ned us i ng a i r-dri ed samp l es  

( <2 mm )  of these  soi l s .  I sotherms were determi ned i n  10- 1M NaCl  duri ng 

40 hr  at a sol uti on : so i l rati o of 40 : 1 .  Between twel ve and fi fteen 

addi ti ons of Mo were made so that fi nal  sol uti on Mo concentra ti ons were 

i n  the range of 0 - 100 �mol 1 - 1 . 

The amounts of P and Mo extracted by 10- 1M NaOH were used as 

est imates of nati ve sorbed P and Mo , respecti vely . 

8 . 3  Res ul ts and D i scus s i on 

8 . 3 . 1  Effect of sol uti on : so i l rati o on P sorpti on 

I sotherms obta i ned for the sorpti on of added P by the three soi l s  

duri ng a 40- hr  s hak i ng peri od s howed a dependence on sol uti on : soi l rati o .  

Th i s  i s  i l l us trated by the data for Rami ha soi l ( F i g .  8 . 1 ) ; s imi l a r data 

were obtai ned for the other two soi l s  ( not presented ) .  Ana l yti cal 

errors were l arge for the Rami ha so i l a t  a rat i o  of 1 : 1 ,  because of the 

very l ow l evel s  of P susta i ned i n  sol uti on , and the data are not presented . 

Above a f i na l  so l uti on P concentrati on of approxi mately  1 �mol P 1 - 1 , 

more P was sorbed at a sol uti on : so i l rati o of 5 : 1  than at a rati o of 

40 : 1  for a g i ven l evel of P i n  so l uti on . I t  has been s hown ( Ryden and 

Syers , 1975 ) , however ,  that so i l sys tems to wh i ch P has been added are not 
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at  equ i l i bri um after a 40- hr  shak i ng peri od . Consequentl y ,  the 

k i net ics  of P sorpti on were eval uated i n  order to estimate the sol u ti on 

P concentrati on  at  l onger time i nterva l s .  

The data for Rami ha so i l i n  F i g .  8 . 2  demonstrate that the effect 

of sol uti on : so i l rati o on P sorpti on , eval uated by the change i n  so l uti on 

P concentrati on as  a functi on of t ime , was k i neti cal l y  control l ed .  The 

data i n  F i g .  8 . 2  a l so i nd i ca te that , at a gi ven t ime before equ i l i bri um 

was reached , soi l suspen s i ons  havi ng a narrow sol uti on : so i l rati o were 

c l oser to equ i l i bri um than those at a wi der rati o .  Sol uti on  P 

concentrati ons at equ i l i bri um appea red to be coi nci dent for each rati o 

at the h i gh and l ow l evel s  of added P used . S i mi l ar fi nd i ngs  were 

obta i ned for the other two so i l s  and the data are s ummari zed i n  Tab l e 8 . 2 .  

The data i n  Tab l e 8 . 2  i nd i cate that the concentrati ons of P i n  so l uti on 

at eq u i l i bri um ,  as determi ned by extrapo l ati on , are not a l ways exactly 

equal at  varyi ng sol uti on : so i l rati os . Wi th i n the l i mi ts of experimenta l  

error , a n d  o f  the extrapol ati on techn i que used , however ,  t h e  conc l us i on 

that sol uti on P concentrati ons at  equ i l i bri um at d i fferent sol uti on : so i l 

ra ti os are coi nc i dent appears to be val i d .  

Compari son of the data for P rema i n i ng i n  so l uti on a t  40 hr and 

eq ui l i bri um ( Tabl e 8 . 2 )  i ndi cates that at  the l ower l evel of P addi ti on , 

sol uti on : so i l rati o had l es s  i nfl uence than at h i g her  l evel s of P 

addi ti on . At equ i l i bri um ,  however ,  for both l ow and h i gh l evel s of P 

addi t i on , sol uti on P concentrati ons were i ndependent of sol uti on : soi l 

rati o .  Th i s  was ass umed i n  choos i ng the i n i ti a l l evel s of added P ,  

and the i n i ti a l  assumpti on  i s  therefore j us ti fi ed .  

The res u l ts obta i ned for the sorpti on  of P at d i fferent  sol uti on : 

so i l  rat ios  demons trate that thi s ra ti o affects on ly  the rate at wh i ch P 

i s  removed from sol uti on ( F i g .  8 . 2 ) . Th i s  i ndi cates that sorpti on 
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F i g .  8 . 2  Re l a t i on s h i p between so l u t i o n  P concentra t i on a n d  rec i proca l  

o f  t i me duri ng  s orpt i on of  P by Rami ha s o i l fo r three so l ut i o n : s o i l 

ra t i os a t  h i g h  ( A )  a n d  l ow ( B )  l eve l s o f  P add i ti on ; das hed  l i ne s  

u s e d  t o  extra po l ate t h e  data t o  t h e  ord i n a te , i . e .  1 / t  = 0 ,  t = oo 

to e s t i ma te eq u i l i b ri um P concentra t i on . So l u t i on : so i l ra t i o �  a re 

a = 5 : 1 ,  b = 1 0 : 1 ,  a n d  c = 40 : 1 .  



Tab l e 8 . 2  I norgan i c  P rema i n i ng i n  sol ution a t  times  i nd i cated for three so i l s  

a t  vary i ng sol uti on : so i l rati os  

Soi l Added P I norgan i c P i n  sol uti on at  rati os  and times  i nd i cated ( �mo l 1 - 1 ) 
* 

l evel 1 : 1  5 : 1  10 : 1  40 : 1  

40 hr  Equ i l i bri um 40 hr  Equi l i bri um 40 hr  Equi l i bri um 40 hr  Equ i l i bri um 

Tokomaru l ow 5 . 81 2 . 36 5 . 81 2 . 45  6 . 78 2 . 55 

h i gh 73 . 0  1 7 . 4  85 . 6  1 7 . 4  94 . 9  18 . 1  

Dannevi rke l ow 3 . 22 1 . 65 3 . 23 1 . 55 5 . 87 1 . 68 

h i gh 26 . 2  6 . 14 27 . 1  5 . 1 7 32 . 3  4 . 84 

Rami ha l ow n . d .  n . d .  4 . 84 1 . 65  7 . 10 1 . 55  

h i gh n . d .  n . d .  27 . 1  5 . 8 1  32 . 0  5 . 8 1  

* 
Amounts of added P not g i ven because these d i ffered for each sol uti on : soi l rati o ,  

a s  d j scussed i n  the text . 

n . d .  = .not · determi ned . 

6 . 78 2 . 45  

143 . 6  18 . 7  

3 . 87 1 . 65 

44 . 9  4 . 84 

9 . 04 1 . 58 

5 1 . 7  6 . 00 

N 1-' 01 
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i sotherms wou l d  be coi nci dent at  equ i l i bri um ,  i rres pecti ve of the rati o 

used and demonstrates a k i neti c ori g i n  for the effect of sol uti on : so i l 

rati o on P sorpti on  at  t imes  l es s  than tha t requi red to reach  

equ i l i bri um . The use  of mercur i c  chl ori de as a s teri l ant i n  the 

present s tudy wou l d  tend to negate the suggesti on ( Larsen and Wi ddowson , 

1964 ) that i ncreased mi crob i a l  acti v i ty wi th i ncreas i ng soi l mas s  i s  

res pons i b l e  for the effect of sol uti on : so i l ra ti o on P sol uti on 

concentrati on . At narrower sol uti on : so i l rati os , the i n i ti a l sol uti on  

P concentrati on i s  h i ghe r ,  as  i nd i cated i n  Tabl e 8 . 1 .  Al so , the greater 

mas s  of soi l at  a narrower rat i o  i mp l i es a greater concentrati on of P­

sorb i ng s i tes . These  factors , coupl ed wi th the dependence of the 

k i neti cs of P sorpti on on sol uti on P concentrat ion ( Ryden and Syers , 

1975 ) woul d account for the observati on that , at  t imes l es s  than 

equ i l i bri um ,  the narrower rati o systems are c l oser to equ i l i bri um . 

Mos t  previ ous  s tud i es of the effect of sol uti on : so i l rati o on 

sol uti on P concentrati on have been concerned wi th the desorpti on of P 

(As lyng , 1954 ; Wi l d ,  1959 ; Larsen and Court , 1960 ) . I t  i s  un l i ke l y ,  

however ,  that the systems i nvesti gated i n  these  s tudi es were a t  

equ i l i bri um . The work of Wh i te and Beckett ( 1964 ) and Whi te ( 1966 ) , 

however ,  i s  d i rectl y rel evant to the present s tudy . The i r work  s howed 

that the observed effects of sol uti on : so i l rati o on P sorpti on  coul d be 

e l i mi nated i f  the so i l and added P were a l l owed to eq u i l i brate for 2 to 

3 months . From the data i n  F i g .  8 . 2 ,  i t  i s  apparent that after 2 to 3 

months , the sol uti on P concentrati on i s  es senti a l ly  the same at the 

d i fferent sol uti on : so i l rati os s tud i ed .  

The res ul ts obta i ned i nd i cated that the equ i l i bri um i sotherms 

est imated i n  l aboratory s tud i es at wi de sol uti on : so i l rat ios  can be used 

to descri be systems where P i s  i ncubated wi th so i l at sol uti on : so i l rati os 



l es s  than un i ty and tha t ,  after time peri ods of three months or 

l onge r ,  such  systems wou l d  be a t ,  or near , equi l i bri um .  

8 . 3 . 2  Effect of previ ou s l y  added P on Mo sorpti on 

I ncubati ng the soi l wi th P pr ior  to Mo sorpti on decreased the 

extent of sorpti on of Mo , as  i l l us trated i n  F i g .  8 . 3  for Rami ha soi l . 
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S i mi l ar resu l ts were obta i ned for the other two so i l s .  I ncreas i ng the 

amount of added P decreased the H -type character of the i sotherm , 

i nd i cati ng a reducti on i n  the n umber of h i gh-affi n i ty s i tes  ava i l abl e 

for Mo sorpti on . 

I sotherms for sorpti on of Mo by a l l three so i l s ,  at a l l l eve l s of 

added P ,  cou l d be descri bed by three Langmu i r  equati ons , each wi th 

wi del y  d i fferi ng k val ues and d i s ti nct b val ues . Val ues for b ,  k ,  and 

�G for each reg i on of sorpti on  for the three soi l s  are s ummari zed i n  

Tab l e 8 . 3 .  

I ncrea s i ng the amounts of prev i ou s l y  added P i ncreased the k val ues 

for reg i on I ,  but d i d  not s i gn i fi cantly  a l ter k val ues for regi ons : r r  

and I l l , except for the h i ghes t P addi ti on to Tokomaru soi l . When k 

va l ues  were converted to �G val ues ( eq uati on 3 . 1 ) , i ncreases i n  �G for 

any one parti cul ar reg i on were sma l l compared to the d i fferences i n  �G 

between d i fferent reg i ons of the sorpti on i sotherm , i . e . , the presence 

of previ ou s l y  added P d i d  not appear to change the mechani sm of Mo 

sorpti on . 

The decrease i n  the extent of Mo sorpt ion after P add i ti ons was 

refl ected i n  changes i n  b val ues . The l ow P add i ti on to a l l three 

soi l s  had l i ttl e effect on b i l l ' but reduced both b 1 and b 1 1  val ues , 

the reduct i on i n  the sorpti on max i ma be i ng greatest  for Rami ha so i l and 

l east  for Tokomaru so i l . The h i gh P addi ti on had l es s  effect on 

sorpti on rnax i ma i n  reg i on I ,  but con s i derab ly  reduced the extent of sorpti on 
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Fi g .  8 . 3  - 1 I s otherms fo r the sorpt i on  o f  Mo from 10 M NaCl  dur i n g  

40 h r  by Rami ha so i l wh i c h ha d p rev i ous l y  been i ncuba ted wi th  three  

l eve l s o f  added P .  Leve l s o f  added P a re a =  0 ,  b = 1 3 . 2 7 �mol P g - 1 , 

a nd  c = 32 . 0  �mo l P g - 1 , wh i c h corre s pond to 0 ,  20% , and  50% , res pect i v�y ,  

s atura t i on of  the sorpt i on ma x i mum o f  reg i on I I  a t  eq u i l i bri um . 



Tabl e 8 . 3  Sorpti on  cons tants for Mo sorpti on by three soi l s  i ncubated wi th 

P added 

llmol P g - 1  

0 

13 . 27 

32 . 00 

0 

3 . 7 5 

10 . 56 

0 

0 . 58 

3 . 20 

di fferent  l evel s of added P for 12  mon th s  

b i b i i  b i I I  

llmol Mo g - 1 

0 . 12 1 . 35 7 . 14 

0 . 052 0 . 67 7 . 14 

0 . 023 0 . 56 4 . 35 

0 . 024 0 . 200 1 .  75 

0 . 015  0 . 092 1 . 47 

0 . 0 13 0 . 054 1 . 05 

0 . 028 0 . 22 1 . 04 

0 . 020 0 . 16 1 . 00 

0 . 012  0 . 03 1  0 . 59 

k i 

Rami ha 

12 . 3  

26 . 9  

87 . 8  

k i i  k i l l  

l ( llmo l Mo ) - 1 

0 . 10 0 . 0041 

0 . 14 0 . 0038 

0 . 1 1 0 . 0038 

Dannevi rke 

18 . 10 0 . 1 5 0 . 0042 

30 . 0  0 . 23 0 . 0042 

33 . 1  0 . 17 0 . 007 1  

Tokomaru 

6 . 82 0 . 18 0 . 0088 

14 . 6  0 . 21 0 . 0103  

14 . 2  0 . 74 0 . 035 

t�G 1 liG I I  liG I I I  

kJ mol - l 

-40 . 1  - 28 . 4  -20 . 5  

-42 . 1  - 29 . 1  -20 . 3  

-45 . 0  - 28 . 5  - 20 . 3  

-41 . 4  - 29 . 3  - 20 . 5  

-42 . 4  - 30 . 4  -20 . 5  

-42 . 6  - 29 . 6  - 2 1 . 8  

-38 . 7  -29 . 7  -22 . 4  

-40 . 6  - 30 . 1  -22 . 7  
N 

-40 . 5  - 33 . 3  -25 . 8  ....... 
1.0 



i n  reg i ons I I  and I I I . 
Al though the sorpti on i sotherms for Mo ( F i g .  8 . 3 )  s howed that 

i ncubati ng the so i l wi th P decreased Mo sorpt i on , they do not i nd i cate 

wh i ch regi ons  of Mo sorpt ion  were the mos t  affected by P addi ti ons . 

From the sorpti on cons tants obta i ned , i sotherms for sorpti on of Mo i n  

each reg i on were cal cul ated . Such i s otherms , i l l us tra ted i n  F i g .  8 . 4 

for Rami ha so i l , cl early  i nd i cate the effect of prev i ous ly  added P on 

Mo sorpti on . The l ow P add i ti on ( l eadi ng  to 20% saturati on of the 

P sorpti on max i ma i n  reg i on I I )  con s i derab ly  reduced chemi sorpt i on of 
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Mo ( regi ons I and I I )  but had a very sma l l effect on more-phys i ca l l y  sorbed 

Mo ( reg i on I I I ) .  A l arger add i ti on of P had a grea ter effect on Mo sorbed 

i n  reg i on I I I ,  rel a ti ve to the l ower P addi ti on . At the l ow P addi ti on , 

P sorpt ion  i n  reg i on I I I  was sma l l ,  but at  the h i gher P addi tion , P 

sorpti on i n  reg i on I I I  became i mportant . The fact tha t reg i on I I I  Mo 

was on ly  reduced when P sorpti on i n  regi on I l l  became i mportant  i mpl i es 

that sorpti on of both an i ons i n  reg i on I I I  occurs at  s i mi l ar surface 

l ocations . For a g i ven Mo addi ti on , i ncreas i ng the amount of prev i ous ly  

added P decreased the  proporti on of added Mo  that was chemi sorbed and 

i ncreased the proport i on of added Mo sorbed by a more-phys i ca l  type 

mechan i sm .  For examp l e ,  for an add i ti on of 0 . 004 �mol Mo g- 1 to 

Rami ha so i l i ncubated wi th no added P ,  94% of the added Mo was chemi sorbed 

and 2 . 5% was more- phys i cal l y  sorbed , whereas for the same Mo add i ti on to 

Rami ha so i l  i ncubated wi th 32 . 0  �mol P g- 1 , 70% of added Mo was 

chemi sorbed and 10% was more-phys i cal l y  sorbed . Th i s  observati on cou l d 

have i mpl i cati ons to the fi e l d s i tuat ion i n  New Zeal and where l a rge 

amounts of ferti l i zer  P are frequently added annual l y .  Th i s  may l ead 

to a h i gh percentage saturati on of chemi sorpti on s i tes . As a consequence, 

a h i gher proporti on of subsequentl y added Mo wou l d  be l es s -s trong ly  hel d 
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Fi g .  8 . 4  Ca l c u l ated i s otherms for the s orpt i on o f  Mo d u ri ng  40 h r  

by Rami ha s o i  1 vJh i  e h  had  been i ncuba ted w i th three 1 e ve 1 s o f  added  P 

pri or  to Mo so rp ti on . Leve l s of  added  P a re a = 0 ,  b = 1 3 . 2 7 � mo l  P g - 1
, 

and  c = 32 . 0  � mo l  P g - 1 , wh i c h corre s pond  to 0 ,  20% , and  50% respec ti vel y ,  

s atura t i on o f  the sorpt i on ma x i mum o f  reg i on I I  a t  equ i l i br i um . 

A =  Mo - re g i on I ,  B = Mo -reg i on I I , a nd  C = Mo - reg i on I I I . 
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by a more-phys i cal  sorpti on mechan i sm and cou l d  pos s i b l y  be l os t  more 

rapi d ly  by l each i ng .  Th i s  cou l d  l ead to l ow res ponses to added Mo i n  

years subsequent to addi ti on . Absorpti on of adsorbed Mo ( Chapter 7 ) , 

however ,  cou l d  a l so  l ead to the same non -response . 

Al though the h i gh P add i ti ons were suffi c i ent  to ensure comp l e te 

saturati on of s i tes for P i n reg i on I for �ach so i l , Mo sorpti on s ti l l  

occured i n  reg i on I ( Tabl e 8 . 3 ) . Because i t  has been concl uded that 
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P and Mo bond at s imi l ar surface s i tes  ( Chapters 4 and 6 ) , no Mo 

sorpti on i n  reg i on I woul d be expected . The fact that sma l l amounts 

of Mo were sorbed i n  reg i on I cou l d  ari s e  for several reasons . I t  i s  

pos s i bl e  that a smal l amount of chemi sorbed P was desorbed duri ng the 

40-hr  s hak i ng peri od . Th i s  wou l d  enab l e a sma l l amount of added Mo to 

be sorbed at s i tes prev i ou s l y  occupi ed by P ,  i . e . , the desorpti on of 

P ,  a l l owi ng  sorpti on of subsequently added Mo , i s  probab ly  an artefact 

of the l aboratory procedure . I t  woul d be expected , however , that 

th i s  desorpti on of P woul d be very sma l l and wou l d  not account for a l l 

of the observed chemi sorpt i on of Mo i n  reg i on I .  The t ime-dependent 

sorpti on of P i s  bel i eved to res u l t from di ffu s i on of chemi sorbed P i nto 

both su rface defects and s hort-range order materi a l s { Ryden et  a l . ,  1977 b )  

wi th consequent regenerati on o f  surface chemi sorpti on s i tes . At t imes  

l es s  than  that requ i red to  reach true equi l i br i um ,  regenerati on of  

chemi sorpti on s i tes  woul d  s ti l l  be occurri ng . Such s i tes cou l d  be 

fi l l ed e i ther by added Mo or by more-phys i cal ly  sorbed P ,  wh i ch s h i fts 

to chemi sorbed forms ( Ryden et a l . ,  1977b ) . Evi dence for absorpti on 

of surface- bound P duri ng the i ncubati on i s  presented i n  Tab l e 8 . 4 ,  wh i ch 

g i ves  val ues for 10- lM NaOH-extractabl e P before and after i ncubati on 

of the soi l s  wi th added P .  The data s how that for a l l so i l s  at both 

l evel s of added P ,  the amounts of NaOH-extractabl e P decreased duri ng the 



Tab l e 8 . 4  

Soi l 

Rami ha 

Dannevi rke 

Tokomaru 

-----

- 1 Added P extracted by 10  M NaOH from three soi l s  

immed i a te ly  after addi ti on of P and after a 

12-month i ncubation  peri od 

Added P 10- 1M NaOH-extractabl e P ( ]lmO 1 
after i ncubati on for 

]lmOl g- 1 0 months 12 

13 . 27 1 3 . 25 12 . 34 

32 . 00 32 . 00 29 . 97 

3 . 75 3 . 75 3 . 26 

10 . 56 10 . 58 8 . 83 

0 . 58 0 . 60 0 . 47 

3 . 20 3 . 20 3 . 03 

g- 1 ) 

. ' 
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i ncubati on peri od , i . e . , the amounts of surface-bound P decreased 

duri ng thi s peri od . Ryden et  a l . ( 1977b ) have s hown that the decreas e  

i n  NaOH-extractabl e P ,  wi th i ncreas i ng t ime after P add i ti on , i s  

commensurate wi th the i ncrease i n  COB-extractabl e  P .  The l a tter 

reagent i s  con s i dered to extract the P present wi th i n  the matri ces of 

crystal l i ne oxi des and hydrous oxi des of i ron . Thus , the data i n  

Tabl e 8 . 4 suggest  that s urface-bound P was movi ng i nto s hort-range 

order materi a l s .  Such decreases i n  surface-bound P wou l d  l ead to the 

regenerati on of chemi sorpti on s i tes at the s urface . Whereas mos t  of 

these chemi sorpti on s i tes  wou l d  subsequently be occupi ed by more- phys i ca l l y  

bound P ,  some cou l d  a l so b e  occu p i ed by added Mo , thus res u l ti ng i n  the 

observed sorpti on of Mo i n  regi on I .  

8 . 3 . 3  Effect of previ ous ferti l i zer P and l i me add i ti ons 

on Mo sorpti o n  

Data for soi l p H  a n d  nati ve sorbed P for the d i fferent treatments 

of Papatoetoe so i l are g i ven i n  Tab l e 8 . 5 .  The pH of the l i med soi l s  

was one pH un i t h i g her  than that of the unl i med soi l s .  Nati ve sorbed 

P was con s i derab ly  h i gher for the soi l s  wh i ch had rece i ved superphosphate 

addi ti ons over 22 yr . Even the control treatments , however , conta i ned 

l arge amounts of nati ve sorbed P .  Val ues for nati ve P were s l i ghtly 

l ower for the l i med soi l s  than for the un l i med soi l s  for each P treatment . 

There are good reasons to expect nati ve sorbed P to be sorbed 

pri mari ly  at the s i tes of h i ghes t energy and hence , th i s  woul d prevent 

the sorpti on of added Mo at such s i tes . From the P sorpti on da ta 

reported for the so i l ( Papatoetoe s i l t  l oam ) by Ryden et a l . ( 1977c ) , 

i t  appears that nati ve sorbed P occupi es approx i mate ly  35% of the 

chemi sorpti on s i tes for P ( reg i ons  I and I I )  for treatments 1 and 2 ,  and 

approxi matel y 80% of the chemi sorpti on s i tes for P for treatments 3 and 4 .  

� I C 



Tabl e  8 . 5  pH and NaOH-extractabl e P val ues for Papatoetoe s i l t  

l oam of d i fferent ferti l i zer  trea tmen t  h i s tori es 

Treatment  pH  10- 1M NaOH P 

* 
10- 1M NaCl + 

�mol g- 1 H20 

1 5 . 8  5 . 9  8 . 8  

2 5 . 8  5 . 9  16 . 9  

3 6 . 5  7 . 2  6 . 6  

4 6 . 5  7 . 2  14 . 7  

* 
Sol uti on : soi l rati o = 2 . 5 : 1 .  

+ Sol uti on : so i l rati o = 40 : 1 .  
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For treatments 3 and 4 ,  therefore , reg i on I s i tes woul d be comp l ete ly  

occupi ed by nati ve P .  For treatments 1 and 2 ,  saturati on of reg i on I 

by nati ve P woul d a l so approach 100% . G i ven that P and Mo appea r to 

be sorbed by s i mi l ar mechani sms and at  s i mi l ar s i tes  ( Chapter 4 ) , then 

no sorpti on of Mo i n  reg i on I wou l d  be expected . 

Both the superphosphate and l i me treatments reduced Mo sorpti on , 

as  shown i n  F i g .  8 . 5 .  Previ ous 1 ime add i ti ons ha cl' a greater effect on 

Mo sorpt i on than d i d  previ ous P add i ti ons ; that i s ,  the effect of 

l i me a l one on Mo sorpti on was much greater than that of P a l one . 

By s uccess i ve approximati on of data poi nts (Tab l e 3 . 2 ) , sorpti on 

i sothe rms for Mo for each of the four treatments were found to be 

descri bed by two Langmu i r  equat i ons , each equati on havi ng di s ti nct b 

and k val ues . Tab l e 8 . 6  s ummari s es the b ,  k ,  and 6G val ues for the 

two reg i ons  of Mo sorpti on for a l l four treatments . The 6G val ues for 

the reg i on s  were very s i mi l ar to those obtai ned for Mo sorpti on by 

unferti l i zed so i l s  i n  reg i ons  I I  and I I I  ( Chapter 3 )  and consequent ly , 

the two reg i ons  of sorpti on for Papatoetoe s i l t  l oam were a s s i gned to 

reg i ons  I I  and I I I ,  i . e . , for a l l  four treatments , there was no reg i on 

I for Mo sorpti on . 

The s i mi l ari ty of k and 6G va l ues  for each respecti ve reg i on for 

I, 

a l l four treatments suggests that nei ther previ ous addi ti ons  of ferti l i zer  

P nor of l i me changed the  mechani sm of Mo sorpti on . For treatment  4 ,  

the free energy of sorpti on i n  reg i on I I  i ncreased , but the i ncreas e  was 

not l arge enough to concl ude that the Mo sorpti on mechan i sm was di fferent .  

That prev i ou s l y  added ferti l i zer  P di d not effect the mechani sm of Mo 

sorpti on i s  i n  agreement wi th the resu l ts for soi l s  i ncubated wi th added 

P i n the l aboratory ( Secti on 8 . 3 . 2 ) . 

The extent of Mo sorpt i on , i ndi cated by the b val ues , was affected 

by both previ ous superphosphate and l i me addi ti on . Previ ous P add i ti on 
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Tabl e 8 . 6  Sorption  maxima ( b ) , sorpti on energy con s tants ( k ) , and free energ i es of sorption ( �G )  for 

Mo sorption  from 10- 1M. NaCl duri ng 40 hr by Papa toetoe s i l t  l oam of d i fferent P ferti l i zer 

and l i me h i s tori es  

Treatment  b i i  b l I I  k l l  k i l l  �G I I �G i l l  

llmol g- 1 llmO l - 1 kJ mol - l 

1 1 . 49 4 . 1 7 0 . 132 0 . 0136 -29 . 0  -23 . 4  

2 0 . 79 3 . 85 0 . 206 0 . 0168 - 30 . 1  - 23 . 9  

3 0 . 23 1 . 92 0 . 26 1  0 . 0188 - 30 . 7  -24 . 2  

4 0 . 065  1 .  96 1 . 39 0 . 0155  -34 . 8  - 23 . 7  

N N 00 
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( treatment  2 ) reduced Mo sorpt ion i n  reg i on I I ,  but had l i ttl e affect 

on Mo  sorpt i on i n  reg i on I l l .  L i me addi ti on ( treatment 3 )  had a 

greater effect on Mo sorpti on i n  reg i on I I  than d i d  P addi ti ons . 

L imi ng a l so decreas ed Mo sorpti on i n  reg i on I l l ,  i . e . , i ncreas i ng the 

pH of the soi l affected the extent of sorpti on i n  both reg i ons  I I  and 

I l l . The add i ti on of both P pl us l i me to the so i l s  further reduced Mo 

sorpti on i n  reg i on I I ,  but d i d  not reduce sorpti on i n  reg i on I l l ,  compared 

to the l i me only addi t i on . 

The fact that Mo sorpt i on i n  reg i on I was not observed confi rms 

the s uggesti on that l arge amounts of nati ve sorbed P may preven t ,  or 

decrease , chemi sorpt i on of Mo . Th i s  res u l t i ndi cates tha t the 

chemi sorpti o n  of added Mo wou l d  be greatly reduced i n  soi l s  wh i ch had 

recei ved heavy add i ti on s  of ferti l i zer  P .  The fi ndi ng that the soi l 

from treatment 2 chemi sorbed con s i derab ly  l es s  Mo than the control 

treatment ( Tabl e  8 . 6 )  confi rms the observati on that added P reduces 

the chemi sorpti on of Mo . The fact that Mo sorpt i on i n  reg i on I l l  was 

l i ttl e affected by prev i ous P add i ti ons to the soi l i n  th i s  s tudy i s  not 

surpr· i s:i ng .  Ryden et  a l . ( 1977c ) have s hown that the sorpti on max i mum 

for regi on I l l  i s  on ly  saturated to the extent of 5% by nati ve sorbed P .  

Al though the amount of nati ve sorbed P for treatment 3 was on ly  

approxi mate l y  50% of that  for treatment 2 ( Tab l e 8 . 5 ) , the  va l ue of  b 1 1  

was l es s  for treatmen t 2 .  Th i s  i ndi cates that the effect of pH on 

sorpt i on i n  regi on I I  was greater than the effect of previ ous  add i ti ons 

of P .  S imi l arl y ,  b 1 1  was much sma l l er for treatment 4 than for 

treatment 2 .  Therefore , pH mus t  have a l arge effect on the sorpti on 

of Mo i n  reg i on I I .  S i mi l ar concl us i ons  were reached for Mo sorpt i on 

by Fe gel  i n  both reg i ons  I and I I  ( Chapter 5 ) . From the data i n  

Tabl e  8 . 6 , i t  a l so appears that the sorpt i on maxi mum for Mo i n  reg i on I l l  



was reduced by an i ncrease  i n  pH . Th i s  d i ffers from the res ul ts 

reported by Ryden et  a l . ( 1977�) where i t  was found that the P sorpti on 

maxima for treatments 3 and 4 were a l most  equa l . Th i s  i ndi cates that 

the effect of l i me add i ti on on Mo sorpti on i n  reg i on I I I  was not due 

to a change i n  the nature of the sorb i ng surface , wh i ch wou l d  affect 

sorpti on of any a n i on , but was due to a chemi cal  effect whi ch was 
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s pec i fi c  to Mo sorpti on . The effect of pH on Mo sorpti on i n  regi on I I I  

was found to be negl i g i bl e  for Mo sorpt i on by Fe gel i n  Chapter 5 .  

Because the 6G val ues for reg i on I I I  are very s i mi l ar for Mo sorpti on 

by both Fe gel  and the l i med soi l s  i n  the present s tudy , i t  wou l d  appear 

that i ncreas i ng pH affects the ki neti cs , but not the mechan i sm ,  of Mo 

sorpti on by soi l s  i n  reg i on I I I .  Th i s  cou l d  ari se  because i ncreas i ng 

the pH of the soi l wou l d  i ncrease the overa l l negati ve charge of soi l 

components ( Chapter 1 ) .  Th i s  wou l d  reduce the coul omb i c attracti on  of 

the s urface for the Mo ani on , and hence , prevent the ani on approach i ng  

pos i ti ve s i tes  at suffi ci ently c l ose d i s tances for s trong chemi cal  

attracti ve forces to operate . A s i mi l ar exp l anati on was proposed for 

the l ow extent of chemi sorpti on of Mo by a l l ophane ( Chapter 4 ) . For 

Mo sorpti on by Fe gel , however , overal l negati ve charges wou l d not exi s t  

unti l p H  val ues greater than pH  { p . z . c . )  { approx i mately  8 . 0  to 8 . 4 ,  

Chapter 5 )  and Mo sorpti on i n  regi on I I I  wou l d  not be l imi ted by k i neti c 

charge effects . 

The data obta i ned a l l ow a more quanti tati ve expl anati on to be 

gi ven for the effect of pH on Mo sorpti on than has been gi ven by other 

workers ( H i ngston et a l . 1 967 , 1968b ; Barrow , 1970 ; Theng , 1970 ) . 

These  workers have ascri bed changes i n  Mo 

the d i s tri but i on of the an i ons  HMoo4
- and 

of the soi l s  used i n  th i s  s tudy , however ,  

sorpt i on wi th p H  to changes i n  

2-Mo04 At the pH val ues 

2-Mo04 woul d be the predomi nant 



s peci es . Hence , changes i n  Mo sorpti on mus t  be due to effects other 

than the d i s tri bution  of an i on i c  s peci es . The mechan i sms proposed for 

Mo sorpti on i n  the present s tudy ( Chapter 5 )  provi de a more rati onal 

exp l anati on for Mo sorpti on because  they requi re the presence of free 
+ 

H at  pH  va l ues where on ly  the fu l l y-di s soci ated form of the Mo a n i on 

exi s ts . The resu l ts obtai ned a l so hel p to expl a i n  the observati on that 

l i mi ng  i ncreases the ava i l ab i l i ty of Mo to p l ants on many soi l s  ( Duri ng , 

1970 ) . The Mo whi ch i s  s trongly  hel d i n  regi ons  I and I I  woul d  be 

expected to be l es s  avai l a bl e to p l ants than that wh i ch i s  more-wea k ly  

sorbed i n  reg i on I l l . I ncreas i ng the pH decreases the amounts of Mo 

sorbed i n  reg i ons , and I I ,  a nd i ncreases that sorbed i n  reg i on I l l ,  thus 

i ncreas i ng the avai l ab i l i ty of Mo to p l ants . Thus , the mechani sms 
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proposed for Mo sorpti on a l l ow both a qua l i tatati ve and a quanti tat i ve 

exp l anati on of Mo behavi our , both i n  the l aboratory and the fi e l d s i tuati on . 



SUMMARY 

The work presented i n  th i s  thes i s  may be summari zed as 

fol l ows : 

1 .  The l i terature rel ati ng to a n i on sorpti on by soi l s  was 

revi ewed and the soi l components wh i ch are bel i eved to be i mpo rtant i n  

ani on sorpti on establ i s hed . The surface chemi s try of these components 

wa s exami ned . Sorpti on of P and Mo by soi l s  and soi l components was 

con s i dered i n  deta i l .  Vari ous top i c s  requi ri ng further res earch 

were i denti fi ed . 

2 .  Certa i n  soi l properti es were exami ned for thei r i mportance 

i n  P and Mo sorpti on us i ng four New Zeal and soi l s .  So i l  properti es  
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wh i ch appeared to be i mportant in  the sorpti on of both P and Mo i nc l uded 

pH , exchangeabl e Al , CDB-Al , oxal ate Fe , and crystal l i ne Fe . Al l ophane 

d i d  not appear to be as  important i n  the sorpti on of Mo as in the sorpti on  

of P .  

3 .  Eva l uati on of the ki neti cs of Mo sorpt i on by soi l s  i ndi ca ted 

that  the i n i ti a l  remova l of Mo from sol uti on was extremel y  rap i d ,  but 

that thi s was fo l l owed by a s l ow ,  conti nu i ng removal of Mo from sol uti on . 

An estimate of eq ui l i bri um Mo concentrati on was obta i ned by extrapo l ati on 

of the rel ati ons h i p  between sol uti on Mo and 1;t to 1; t  = 0 ,  i . e .  t = oo  

I t  was found that i on i c  s trength affected Mo sorpti on at s hort- ti me 

peri ods but that th i s  effect d i sappeared at equi l i bri um for eq ui l i bri um 

Mo concentrat ions  l es s  than 5 � mol 1 - 1 . I n  con tras t ,  the effect of i on i c  

s trength o n  Mo sorpti on appea red to be absol ute a t  h i gh concentrati ons . 



4 .  I sotherms for the sorpti on of Mo by both topsai l s  and 

subsoi l s ,  at eq ui l i bri um and 40 hr , coul d be descri bed by three 

Langmu i r  equati ons . Eac h equat ion  domi nated overal l sorpti on over 

defi n i te concentrati on ra nges ( or reg i ons ) . For both topsai l s  and 

subsoi l s ,  the free energ i es of sorpti on deri ved from the Langmui r 

equa ti ons were remarkabl y  s i mi l ar for each reg i on of sorpt i on . I t  

was concl uded that sorpti on i n  each regi on appeared to corres pond to 

a d i sti nct chemi cal reacti on . Sorpti on max i ma for each reg i on 

descri bed the extent of sorption  of Mo for d i fferent so i l s .  
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5 .  I sotherms for the sorpt i on of Mo by syntheti c Fe gel and 

a l l ophane coul d a l so be descri bed by three d i sti nct Langmu i r  equati ons . 

The free energ i es of sorpti on for each reg i on of sorpti on were very 

s i mi l ar to those obtai ned for so i l s .  I t  was concl uded that Fe gel  i s  

a sati s factory model for Mo sorpti on by so i l s .  Al though Mo sorpti on  

by a l l ophane coul d a l so be descri bed by three Langmu i r  equati ons , 

the amounts of Mo chemi sorbed by a l l ophane were much smal l er than those 

chemi sorbed by Fe gel . 

6 .  I sotherms for the sorpti on of P by the four soi l s ,  Fe gel , 

and a l l ophane coul d be descri bed by three Langmui r equati ons . Compari son 

of P and Mo sorpti on  i nd i ca ted that the free energ i e s  of sorpti on for 

each reg i on , for both an i ons , were very s i mi l a r .  S i tes for sorpti on 

and the type of sorpti on reacti on for both an i ons are , therefore , 

probably s i mi l ar .  Al l ophane chemi sorbed much l es s  Mo than P ,  re l ati ve 

to Fe gel , and th i s  was attri buted to k i neti c charge effects . 

7 .  Sorpti on of Mo by Fe gel i n  each reg i on was affec ted i n  a 

di fferent man ner by changes i n  pH and i on i c  strength , and the charge 



rel at ionsh i ps of Mo sorpti on i n  each reg i on a l so di ffered . These  

data , a l ong wi th the  cal cul ated free energ i es of sorpti on , suggested 

that three d i s ti nct sorpti on reacti ons were i nvol ved i n  each of the 
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th ree reg i ons  of sorpti on . Based on these data , pl us the s i mi l ari t ie s  

between Mo and  P sorpti on , equati ons were devel oped for the sorpti on of  

Mo . Sorpti on i n  reg i ons I and I I  was cons i dered to i nvol ve l i gand­

exchange chemi sorption  of Moo4
2 - for -OH2

+ and -OH , res pecti vel y , 

res u l t i ng  i n  the formation  of a bi dentate compl ex . Sorption i n  regi on 

I l l  was cons i dered to i nvol ve sorpt i on at  the Stern l ayer of the 

el ectri cal  doubl e l ayer . 

8 .  Stud i es of the competi ti ve sorption of Mo and P i nd i cated 

that the Langmu i r  equat ion devel oped to desc ri be competi ti ve sorpti on  

was not obeyed , but that  the  sorpt i on of Mo , in  the  presence of P ,  

coul d be descri bed by three s i mpl e Langmu i r  equati ons . The effect 

of P on the nature of sorbed Mo wa s i nvesti ga ted and i t  wa s concl uded 

that Mo and P compete for s i mi l ar surface s i tes . 

9 .  Sol ut ion P i ncreased the amounts of sorbed Mo wh i c h were 

desorbed , rel ati ve to Cl , and a l so appeared to desorb both chemi sorbed 

and more-phys i cal l y  sorbed Mo . 

desorbed by P .  

Not a l l sorbed Mo , however ,  was 

10 . The amounts of Mo desorbed by both Cl and P decrea sed wi th 

t ime after addi ti on of Mo to soi l s .  Th i s  was attri buted to a s h i ft of 

Mo from a more-phys i ca l l y  sorbed form to chemi sorbed forms . Res ul ts 

obtai ned for a chemi cal fracti onati on of sorbed Mo s uggested that the 

absorption  of adsorbed Mo wa s a l so occurri ng . 



1 1 .  For severa l  so i l s  to whi ch  Mo had been added i n  the fi el d ,  

no Mo was extracted by P sol ut i ons . I n  add i t ion , the fact that 

d i fferences i n  total Mo between soi l s  wi th and wi thou t added Mo cou l d  

not be extracted wi th NaOH suggests the absorpt i on o f  added Mo . 

12 . Sol uti on : so i l rati o a ffected sol uti on P concentrati on 

duri ng a 40- h r  sorpti on peri od but thi s effect di sappea red at 

equ i l i bri um . Th i s  i nd i cated that the sol uti on : so i l rat io  affected 

only the rate at wh i ch P was removed from sol ut ion . 

1 3 . I ncubati ng so i l wi th P pri or to the addi ti on of Mo d i d  not 

affect the mechan i sm of Mo sorpti on , but reduced both chemi sorpti on 

( regi ons  I and I I ) and more-phys i cal  sorpt ion ( reg i on I I I ) of Mo , 

dependi ng  on the amount of P added . Absorption  of adsorbed P 
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resu l ted i n  the further sorpti on of Mo , some of wh i ch became chemi sorbed . 

14 . For a soi l that had rece i ved annual  add i ti ons of phosphate 

and l i me for 22 yr , the chemi sorpti on of added Mo was reduced by both 

ferti l i zer  P and l i me . The more-phys i ca l  sorpti on max i ma for Mo were 

not affected by P ,  but were reduced by l i me add i ti ons . The resu l ts were 

expl a i ned i n  terms of the mechani sms of Mo sorpt i on wh i ch had been 

devel oped , wh i ch enabl e a more rati onal  expl anati on to be g i ven than 

that pos s i bl e  us i ng the mechan i sms proposed by other wo rkers . 
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