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Ab s tl'fl. et 

A revie1-r of the li terc.turo relating to the reactions c.nd 

nechnnisns involv0d in the sorption of inorgnnic ph0sph.".te (r) by 

soils and soil conponents sug-gested scvo rl'. l topics for further resenrch, 

the rosul ts 1'.11d interpretn tions of vrhich arc presented in this t hesi s. 

Soils 1-rhich contrn��ocl in c ooponcnt s and properties considered to be 

inport�nt in P sor ption sorbod between 210 nnd 3350 pG P/g during 40 hr 
fron 0.1 M }hCl nt a fin.'ll I' conccntr::.tion of 10 pg P/nlo Contrnsting 

soils provided a nore rclio.blo basis for the intorproto.tion of do.tn 

obtained in invostigntions of the rec.ctions nnd nochnnisQS of P sorption 

by soils, Sorption of P was described by four fi rst-order reactions 

for each soilo The ro.te constant for a particulc.r ro.::1.ction wc.s c.lso 

sioilnr for onch soil, ioplyiJ:1G th..'l t the snne series of rec.ct ions were 
involved in P sorptiono The d ecronse in extrn�tabil ity o.nd isotopic -

oxch..".nc;eabiJ.i ty of so rbc::d P 1-ri t h  increo_sing tir::.c, follO'I·i:i..ng P n.dui tion; 
coupled vlith incro.2sed ro c ovv ry of P by citrnto-dithionite-bicnrbcmate 

extr::tetion indico.tecl th.:d; J.dsorption -vms follevmd by nb sorption . 

Elininnticn of the diffo r :,ncos between the o.nounts of P sorbod :fron 

vo.:::-ious support ncdia clurir.JG 1).0 hr, when nn estion.te of the equilibriun 
condit ion vTt:.S !1ade, pointed t o  the inplication s of tine-dependent sorption 
in the in��erprotction of P sorption do.ta. Virtunlly ccnplcte roplaceab-

ili ty by K of Co. ronmrod f:.·o:J solution in respons0 to P sorption vm.s ob-

to.inodo Rotontion of Cn. to b."..lnnco the incrO['.SOd nogntivo cmrge·nris-

ing froo P so rp tion , and not the procipi tntion of n c.�lc iuo phosphnte , 

is indico.todp Tine-dependent sorption nffected si�nificnntly the in­

terprob.tion of P so rption data using the Lnngnuir equntion., 

equilibriuo dntf!., the P sorption isothern for each soil Has described 

by three distinct h�nerruir oquntion 8 , onch corresponding to n pnrticul�r 

P concentration rn.ne-;o or region ( 0 to 0.02, 0.08 to OoBO, and 1 .0 to 

> 20 yg P/nJ. )o The sorption onorcy constant of a Lang.ouir equn-

tion corrosponding to n pnrticul.'lr region -vras very si;:1ilnr for each 

soil nnd suggested sinilnr sorption oechnnisus for eo.ch so:i.lo ChD.rge 

and pH relationships of P s orption by tlm soils nnd Fe gel dec.onstrnt­

ed t�'lt tlrroo distinct P sorption nechnnisns cnused the dovi.:J.tion of 
P sorption dntn froo n single Lo..ngr�uir equntion. �ne sane Dechnnisns 
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vrere involved in P sorption by soils ru1d Fe gel. Dnt.:J. sur;gosted 

tho.t tho nochnnisns involved the ligand exchange ronctions -on2+; 
- - 2-II2PO 4 ; -OH; H2Po!). , .::>.nd -OH; IfPO 4 o. t the hydrous-oxide surf nee. 

Those !:::echnnis!:ls nro in o.ccord 1vi th the· three L::>.ngLmir so rption· 

energy const.::>.nts obtninod for ench soiL The ren.ctions nnd nechnnisns 

of P scrptior. estc.blished hnve i;:1por·tnnt inplic::,tions to the plnnt 

nvcilt'.bili ty of soil nnd fertilizer P� rmcl provide o. bnsis for the 

interprot.-:ttion of other P sor ption dnt:":o 
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1.1 Introduction 

REVIEW OF LITERATURE 

2 

The role of phosphorus in pasture and crop production is well · 

established. Because of the increasing cost of phosphate fertilizers, 

the phospha te requirements of soils in relation to agricultural pro­

duction have been emphasised recentl y ( Syers, 1 974 ) . Also, phos­

phorus has been implicated as one of the major causative factors in 

the eutrophication of waters ( Mackenthun, 1 965; Vollemmider, 1 968; 

Syers � �., 1 973 a ) . Furthermore, losses of phosphorus from 

agricultural land are believed to be important in phosphorus-induced 

eutrophication of natural waters ( Lee et al., 1969; Ryden et al.�. -- --

1973 ) . Knowledge of the dynamics of phosphorus in soil-water· systems 

is essential to an understnnding of the availabi lity of phosphorus to 

plants in both terrestrial and aquatic environme nts. 

Probably the most important link in the non-biological dynamics 

of phosphorus in the environment is the interaction that occurs between 

dissolved inorganic orthophosphate ( hereafter refer to as P ) and 

other inorganics, both dissolved and particula+-e. Studies of the· 

interaction of P with soils and soil components and, mor e  recently, 

with other lllll.terials of environmental interest such as lnke and stre am 

sedin:ents and those used in sm·mge treatmmt, have produced a volumin­

ous liternture. A commensurate understanding of the system, however, 

has not been achieved ( Jacks, 1966 ) . This situation has largely 

arisen from the confusion surrounding the types of reactions and 

mechanisms involved in the interaction of P with particulate materials. 



required. 

A def inition of some of th e terms used in this review is 

"Retention" will be used as a general term for the removal 
of P from solution by soils and soil components, when no distinct 

reaction type or rrechnnism is implied. The. term "sorption''*, however, 

is used to denote retention of·P at surfaces, as opposed to its 

precipitation ; vdth other ions , from solution. In the case of 

sorption, a definite mechanism or series of oechanisms are frequently 

implied. 

Several reviews, which inc lude discu ssion of the nature 

of Pretention by-soils and soil components are·to be found in·the 

litera tu re ( vlild, · 1949; Kurtz, 1953; Hemwnll, 1957; Larsen1 1967; 

Syers and Williams, 1975 ) • In this revie"'l'r the development of 

concepts concerning the reaction type and mechanism of P retention­

are discussed with respect to the import.�nce of sorption reactions' 

vrhich have been emphasised in recent years. The type and properties 

of the sorbing surface are al so discussed in detail, because of theiP 

importance in explaining many aspects of the P sorption nechanism. 

* 
The term "sorption" is used because of the confusion suiTounding 

the exact ��ture of the reaction. Distinction betvmen adsorption 

and absorption reactions is made in a later section. 
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Conc0pts and interpretations of the nature of P retention 

by soils and soil component s h ave tended to follmv a cyclical de­

velopment noving fron those inv olving a sorption reaction, to a 
precipitation renction, and rc tur-Ding noro recently to a sorption 

reaction. A brief overvio'lv of the dovolopnont of P retention 

concepts is given belm·r. 

1.2. 1.  The developnent of P retention con8epts 

Although the early vrorks of Leibig (1 840) and Hay (1850) 

demonstrated that soils retain P to a greater extent than other 

anions, \vnrrington ( 1868) Has the first to conduct laboratory ex­

periments to evaluate the type of reaction involved in the retention 

of P by s0ilso Ba.sed on the retenti on of P by 11ferric oxide" and 

"alumina"; llarrington sw;gested tmt P >'las retained at the oxido 

surface by a chenical reactiono 

R ussell and Prescott ( 1916) substantiated this vrork by 

demonstrati�� that P retention by soils during acid extraction could 

be described by the Frcundlich adsorption equation. ��rthermore, they 

noted thn t P retention 1m.s clin:Lnishod in the presence of organic e.nions. 

On the basis of those observations and th:J.t p recipitation was unlikely 

under the pH conditions used ( pH ':.::::!. 1 ) , Rusoell and Prescott 

(1916) propos"d that P 1ms retained. by a sor ption reaction. As dis­

cussed later, the fit of data to a 80rption equation is not incontro­

vertible pl�oof of a sorption roac-C;ion. 

The concept that P is retained by a sorption reaction was 

developed further by MJ. ttson ( 1 927, '1930; 1 931 ) who recognised and 

demonstrated, using elcctrokinvtic techniques, the importance of the 

pH dependent ch:lrgc of "soil colloids" in P retention .. The effects 

of P ( and other anions ) on the isooloctric point of soil colloids 

could only be explained by a chemisor ption reaction. These studies 

were-remarkably advanced in the light of more recent work in this 

area; and the conclusiong compare favourably with those of Breeuws� 

and Lyklema (1973) and liingston et�.,_(1972)o· 

Subsequent. \vork by Ford ( 19153), RavDmvi tch ( 1934), Davis 

(1935); Toth (1937), and Kurtz £! �· (1946) again suggested that P 
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retention by soils involved a sorption reaction. .Although proecise 
:mchanistic concepts rrere not tested, Ravikovitch ( 1934) viewed the 
reaction as an anion exchange phenomenon. This observation was based 
on the effects of pH on P sorptiono In contrast, usi.rl..g chemical and 
X-ray techniques; Ford ( 1933'1 sLggcsted that P sorption uas nonpolar · 

in character and involved a chemical reaction at the sorbi� surface. 

Despite the evidence accumulated to the con-trary, LovT and 
Black (1947) proposed t[l..at kaolinite retained P by precipitation lTith 
Al dissociated from kaoliniten The solution P concentrati ons, however; 
were sufficiently high to disrupt the kaolinite structure., Later 
work by Low and Black ( 1950); at :2 concentrations more comparable to 
those of the soil solu��on; implied a cbemisorption reaction at surface 
OH groups, Russell and Lm·T ( 1954) later demonstrated that surface-
b01.md Al vras requioi te to P sorption. 

The concept that P retention involved a pr ecipitation reaction 
attracted further attention in the 1 950;s. On the basis th.1. t Al and 
Fe phosphates could be formed ani identi fied in solutions of similar 
composition to the soil solution' and from consideration 0f the solu­
bility equilibria of P co�pounds, Haseman et £1• ( 1950 a, b ) and 
Cole and Jackson ( 1950 n; b ) postulated that P retention involved a 
precipitation reaction. Cole and Jacks on ( 1950 a, b ) determined the 
solubility product of variscite and constructed its solubility isotherm. 
It was concluded tlli�t P retention by neutral to acid soils could be ex­
plained by the variscite-barra:r:.:lite·-strengite ( Al P04- (Al, Fe) P04-
Fe P04 ) isomorphous series. 

Kittrick and Jackson ( 1955 a, b; 1956 ) developed these 
concepts further. Usi�g electron microscopy; they demonstrated the 
formation of ferric phosphate over the pH range of 4o3 to 7o0 during 

the treatment of hydrous ferric oxide with a 1M phosphate solution at 

room temperature ( Kittrick and �ackson 1955 a). The electron 
micrographs were taken to represent the formation of discrete-phase P 

compounds. Using solution precipitation techniques at elevated 

temperatures, Kittrick and Jackson ( 1955 b ) also prepared variscite 

and strengite vrl1ich were identified by X-ray diffractiono Based on 

their previous work ( Kittrick and Jackson, 1955 a ); it was consider­

ed that these P compound�r despite their method of preparation; 
represented the products of Pretention by soils. The·P concentrations 

maintained in solution ( Kittrick and Jackson, 1955 b ), however; were 

very much higher than would be expected for tm soil solution; •n th 
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the exception of that in dose proximity to a fertilize r granule o 

The common-ion e ffect of the c omponent s of the soil solution, on the 

solubility of varis cite and strengite , was proposed ( Kittrick and 

Jackson ,  1 955 b ) as an explanation f or the lower P concentrations 

charat::: tcristic of the soil colution. Data presented to substantiate 

this explanation c ould also be ntt�ibuted to �1e sor pt ion of P re-

leased by th8 d :i.s<>e>lutj_on of va:t>:?..sci te and s t:..�engi te . 

T!le vTVrl: de scribod above led t o  att aLJ.pts to correlate P con--­

cen+.':3. tions in equili briun a queous extracts of soils ( o .  gc , the 

"phosphate potential " ;,  Aslying 1 954 � Schofield, 1 955 ) to s olubility 

iso tl1crns of variou3 �8 � Al , and Ca phospha te s . This was done with 

a view to ide:nti fying J.;ho discrete pho:=phate compoun-:ls ioThich Here 

be lieved to govGm the solution P c onc e ntra tion nnd the ch8wical 

mobilit-J of P in soj_J.s ( C"lark e.nd Paech ,  1 9 55p  1 9 60; Lindsay � .§!!.. ,  
1 959 ; Lar::;�m and Cov.r t ,  1 9 6 1 ; Chakr3.vm··�i and Tal:i.bu.deen, 1 962 ; 

Wi thee and Elli s � 1 9  65 ; M u  rr m a. C\f\ and Peech , 1 968 ;  LarsmJ. and Uiddow­

s on ,  1 970 ; vTcbt:lr a�1d I1Iattingloy.� 1 970 ; Je nsen, 1 971 � ial:ibudeen, -

1 9'74 ) .,· Thi3 approach i s  still to be found :i.n tha :::oils literature; 

despite the gGnerally inconclusive data obtained , and the considerable 

limitations of ·cl:le approach .. The value and validity of this approach 

are discus sed celmr in relation t o  the concept of P sorption . 

Intor·est in P sorp tion by [;o ils and soil co mpo nents was rovived 

by the 1-rurk of Olsen nr.d ltlo. tar.J. be ( 1 957) , Sha piro and Fried ( 1 959 ) 
and Rennie 3..ncl r:;::Ker;:::!la r ( 1 959 ) who real ised that the nobility of P 

in �oils could be st c3 described by P sorption iso therms � · The inter­

prBtation of P re tent ion by both :::o il s  an� soil c ompcnents , has tended 

to follow this ap proach over re cent ye ars ( Hsu arrl Reru1ie 1 9 62 ;  

White and Becke tt , 1 964 ; Hsup 1 964 ; Bache , 1 9 64 ; �ruljadi e t �. ; 

1 96 6 ;  Hingston 21 £1.. , 1 967 , 1 968 b , 1 972 ; Sye rs .Q! .Qlo ,  1 973 b ) . 

Thi s has allmied dc::-.reJ.op:mcnt of nore flexible models of -n :rete ntion 

by soil s  with re spe ct to fert�lizer practi ce and env ironmental stud ies 

( I·Toodruf::· and F.amprath, 1 965 ; Bache and Vlilliams , 1 97 1 ; Taylor ani 

Kuni shi ' 1 97 1  ) o  The same approa ch has also formed the basis for 

studies of the mechanism of the P s orption reac tion ( Hings ton .£] 
�· , 1 967; 1 972 ) c 
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1 . 2 .2 The nature of P rcten·c i on 

1 . 2 .2 . 1  The yplidi ty of �ci�itnt ion and sorpt i on concepts . 

Although vlild ( 1 954)had shovm th.". t  the P c onc ent l·ation of the soil solu­

tion shovred little or no correspondence to solubil ity iso the rns of dis­

crete P conpounds , Taylor �nd Gurney ( 1962) appear to ��ve been the f irst 

>wrkers to pre sent d.:tta tl'lD. t questio ne d  the prec ipit:::ttion c oncepts de-

scribed .:tbovo . Taylor �nd Gurney ( 1 962 )  denons trated that the P and 

Al concentrations of the aqueous extr�ots of the soil used -vrero c onpat-

ible with the exi stence of vnris cite . When the so il uc.s tren tod Hi th 

dilute acid ; hmmver , the ion produ c t  of v.:1.risci to , fell be lmv the 

varisci te so lubi lity iso thern. This sugge sted tlw. t the soil could 

naintain louer P concentrat ions thr>.n predic ted froo the solubility 

isothe rn of vari scite . 

Raupcch ( 1963) also ob tained evidence tlli�t the existence of 

varisci te in so ils -vms unlike ly. By nnn lysis of data presented by 

other 1wrke rs, he dew.onst:m tod tha t Al concentrn t ions in the so il so lu• 

tion 1-·mre d o teroino d  by hydrolys i s  pro ducts of specie s forne d  during 

the di ssolution of aluoiniun hydroxide . 

Furthe r evidence sugge sting t he inapplicnbility of s olubility 

criteria in describing the retent io n  of P by soils is pre sented in 

Fig . 1 .1 . Dnta drawn fron seve ral re ports of the P concentrations in 

aqueous extrac ts of n vrido range of soils vli th different fe rtilizer 

.:1.nd lime additions , are plotted over the solubility is otherns for 

variscite , s trengite , hydroxy-ap.:t tite , o c tocalc i1li� pho sphate , and 
-3 

dicalc iuo phosp��te dihydrate , as suning a Cn c oncentrati on of 3 . 2 x 10 M. 

This approach has been used extensively to pos tul.:1.tc the existe nce of 

discrete P conpounds in s oils , and to dcBonstrnte the ir inportnnce in 

de tcrm ning the P concentrati on o f  the s o il solutio n .  In nos t  pre-

vious studi os the pH rwgo hn s been lirri ted o.nd consequently only .U 
nnd Fe ,  or Ca phosphates were included ( Lindsay e t �. ,  1959 ; Lnrson 

and Court , 1961 ) . The dnt.1. in Fig ., 1 .1 sugge st thnt pho s phate · 
,... 

conce ntrations , expre ssei as pH2�o4 , vnry fron about 5.5  to 6.5; show-

ing no apparent dependence on pH , and li tt le tendency to conforo to 

any pnrticulnr solubility isotherm, being gene rally undersaturnted 

rlith respe ct to all conpound s ove r  the pH rRnge 5.5 to 6.5.  
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That sono wo rkers have reported :tgreooent bo ttveon P con­
centration data o.nd solubility is otho rns would nppoar to be fortuitous,  
and i s  not a good cri terion for the exi stence of discrete P conpounds 
in s o i l s ,  as demons trated b y  Tnyl or and Gurney ( 1 962). Fur therBoro ; 

solubility iso therms , such as tho se in Fig . 1 . 1 ,  take no nccount of 
coBplex ion f orrntion fron 11rhich even higher solution P concentrations 
would bo predi c ted ( Vnn - vT.:lzer, 1958 ; G...1.la l-Gorc hov o.nd. Stul:lll'r , 1963 ; 

Morgnn n nd Stunn, 1970 ) e 

Evidence against a precipi t.1. tion concept hns o.lso been pre­
sented by Hsu and Ronnie ( 1 962 ) for n.norphous "nluniniun hydroxide" 
::md b y  Hsu ( 1964) for soi l s .  Af ter tren.ti ng n so il ( Hsu , 1 964 ) 

wi th solutions of varying initial P concentration, the supernatants ­
were renoved o.nd replncod by a seco nd solu t i on conto.ining 5 pg P/nl. 
A SUJ:ill:.1:1.ry of the results is .:;ivcn in Tnble 1 . 1 .  Hsu (1964) argued 

that if P was o rig i n1.lly retained by a pre c ipitation reaction, removal 

of P fron solution vTOuld continue in the s e c o nd troatnent . If a 

s orption reaction was involved ,hovrevor, removal of P would continuG 
only in those systens for which the fiml P concentration after the 

first trGntnent 'l'm.s lo s s  th.l.n 5 pg/nl . In sys tens uhere the final P 
concentration aft0r the first treatnent 1ms groo.ter than 5 pg P/1"� ,  P 
>vouJ.d be released to so lution . The do.ta in Table 1 . 1 sugge st th..1.t 
n sorption reaction i s  involved . Sinilnr re sults were obtained for 

11
u.l uniniun hydroxide n ( Hsu a nd Rennio ; 1 962 ) • 

Quanti tative data on the solubility of vnriscite and 
strengite hn.ve be en prosented by Bache ( 1963 , 1964 ) • Using buffers 

to oaintain pH , Bo.cho ( 1963) shO'I•red th:J.t the s olubility of vo.r i s c i  to 
and strongi. te was co�c;ruont only belm• pH value s of 3.1 nnd 1 .4 , re-
spectively. This  is in n.greeocnt 1vi th s olubi l i ty dn.tn for varis c ite ; 

previously reporte d by Ilittrick o.nd Jackson ( 1955 c ) . Above th0se 

pH values P concontrntions renained f'lirly constnnt , being one to three 
orders of m�gnitudo greater thrrn those predic ted by Fig . 1 . 1 .  Based 

on the effe c t s  of pH , and solution to s olid ratio on the solubility 
product ,  incongruent di ssolution wns attributed to hydrolytic decooposi­
tion of tho surface ,  producing 11:fu ,.�nd Al hydroxides"  cap::tbl o  of 

sorbing P fron solution. B:10he ( 1 963) concluded that only highly 

crystalline foros of vnriscito and strongite . the fornntion of whi ch 

is inprobable in soils ( Lindsay � £1 • , 1 962 ) , arc like ly to con­
fors to thermodynanic s olub ility criteria s inilar to those used to 
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The nnount cf  P reoovcd by a soil froo solutions of  dif�orcnt 
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5 }l·G' P/ol ( second trer..trnnt ) . - Do.tc. froc Esu ( 1 964 ) . 
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concontro- centrc..tion fror: c oncontr:;- contrC'..tion fron 
tion 
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20 
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27 

50 
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noGo.tivc vo..lues inuicc..tu rolonso of P .  
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calculate th e iso therms i n  Fig . 1 . 1 . In 1� c ontl y fe rtilized s oi ls 

hmrever, it is >w ll e s bb lishod tha t the P c oncentration and lovr pH 

of the so lution in tho vic :iJ.1ity of a ferti lizer granule ( 4 .0 Fl and 

1 .48, res p::l ctively, at the illC tastable tri ple point of mo nocalc ium pho s­

phate and dicalc ium phosph.'l. te dih;ydm te ; Huffn:tnn and Tnylor, 1 963 ) 

are influential in the f orn2 tion of 2 wid e  variety of dis crete P c o m­

pounds by reaction with so il compone nts . Lindsay £1 �· ( 1 962) have 

identified at lec.st thirty diffe1·ent compounds after so ils c.nd soil 

compone nts had be•: ::-:1 allm·red to react vii th s21. turnted solutions of five 

fertilizer sa lts o The dominll21t pro duc ts wo re complex pho sphates of 

iron1 aluminium , nnd calcium in neu tral to acid soil s ,  and ca lcium 

phosphates in ca lcareous so il s . All c ompounds , ho-vmvo r ,  cuppor ted 

hi[hor P concentrati ons than the surround ing s oil ; rQnging from 

approximately 62 pg P/ml in the case of ca lcium reaction pro duc ts 

t o  0 (1 31 )lg P/ml for iron Qnd eluminium re a c tion produc ts � The ra tes 

of dissolution · were in :2 similar order to the ir solubi li tic s ( Huffman 

£!:. �Cl , 1 960 ) � 

The facts that the react i on produc ts is olated by Lindsay 

.ti Ed.• (1 962) ma intaine d  highe r P c onc entrnti ons thnn the surrounding 

soil , and th..1. t Bnche ( 1 964) shm;e d th':'.. t hydrous oxides of iron and 

aluminium :rrnintai.nGd very much lowe r P c once ntrn.tions , by a s or pt i on 

roc.ct ion, thnn tho se �� intained by vnrisc ite n.nd strengi t e ,  suggest 

that thG J:X) rsir:: to nce of discre te P fe rtiliz e r  re:tction produc ts in 

soils is unlike ly . Reve rsio n of the P in fertilizer reaction produc ts 

to sorbod forms has been pro Qictod ( Huf fman nnd Taylor, 1 963 ; Bache 

1 964 ) . The rate nt uhi ch thi s  occurs >·rill depend large ly o n  the 

nature and solub ility of the di scre te phas e s 9 and the degree of sa tura­

tion o f  the sorbing surface of soil components . 

The above di scu ssio n sugge s ts that an unders tanding of . P  

retention i s  facili tnted by as suming a s orpti on reac t i on . Hm-rever , 

de Boe r  ( 1 950) has pointed out that there is essentially no dif ference 

between the chemical force s  1vhi ch may hold an ion or molecule nt a 

sorbing surface and those inYol ve d in the pre cipitation of a comparable 

J.iscre te phase . It is this fact that hns probably led to the c o nfus ion 

with re spe c t  to the reactio n  invo lved in P retention by soil s and soil , 

components . Sorption, hovrevo r ,  re quire s  tha t as the process c ontinue s r  

the s truc �lre of tho sorbent remains e s sentially unchanged ;  whereas 

surface ac tivity changes apprec iably� C onse quently, c oncentratio ns 

maintained in solut ion at high sorbent saturation will be greate r  tharo 
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tho se nt lov1 sorbent s :�.tur'1tion . In c ontm st , pro cipitr.tion inplics 

a const:1nt sur face ac tivi ty . The re tent ion of P by s oil s r:.nd so i l  

conponc nt s  fit s  th o c ond i ti ons of sorpti on ro!"'..c tions des c ribe d o.bovc 
( T�bl o 1 . 1 ) ,  '1l thouGh the non-reversibi lity of P s orpti on c onpl ic �to s 

this si nplo intcrpre tnt ion , o.s wi ll bo di s cu ssed in ::1. lr.tcr se c t ion . 

1 . 2 . 2 . 2  The tiro :lopondoi1cc of P _sorption . Although the 

re tention of P by soils '1.nd soil conponcnts c onplios vri th the r:! O ndi tions 

of sorpt io n , 1::. rc�c t ion invo lvi11{� only true .::.d s orp tion inplie s n rnpid 

re nction ra to ui th a vTO ll defi ned so rpti on r:nxinun . Tho sorpt i on of P 

in lc.bo rntory oxporinent s  is chn.rc. c t o ri sed by o.n initinlly fn s t  renc tion, 

follow'C<l by n sl ov; ronction uhich frcq_uontly does not n ttnin n true 

equilibriun condit ion ( Ronnic r:.nd r·1c Kcrchc r ,  1 9 59 ;  Hsu • 1 964 ; 

Sholton, 1 96 5 ;  Fox r.nd Kr'..Dpr'.th , 1 970 ; Evo.ns o.nd Syers , 1 97 1  ) . 

This is parti cu larly true f or so il s nncl to sone extent for soil c onpon-

ents ( Shol ten , 1 965 ; Chcm 9t nl . ,  1 973 G. ) • In Ll'lny ;:; tudic s , hmwver, 

the approach to equil ibriun h.'l.s not bo on re ported . 

Al thou;:-;h the rnpid ini t i...-,1 rc.:.c ti on hns freque nt ly been 

attributed to n true adso rptio n react ion ( Rcnnic nnd Nc Ko rchor , 1 959;  

Hsu ; 1 964 ) the origin o f  the sl ov1 roo.ction hns ro.re ly b o o n  dis cussed . 

Lnrsen !'..Ild \tliddowson ( 1 97 1 ) ,  Chen o t  al . ( 1 973 .1. ) .J.nd Tal ibudo on ( 1 974 ) 

have iupl icd n. slo1·r reversion of nd so rbc d P to discre te P c oJ::pounds . 

This exp lains t o  sane extent the re porte d ( Tnl ibudcen , 1 958 ; Evnns 

nrrl Sye rs , 1 971 ; L:J.rson .:-.nd \'liddm·IS on ,  1 971 ) docro.:lSe in is oto pic 

exchn.ngenbil i  ty of sorbcd P 1·ri th tir::o of sorpt io n . It doe s not , how eve r, 

fully cxp lc.. in t he continued slm1 s orption of P 1-rit h tir:o . 

Sholton ( 1 965 ) hns rep o rted tlli� t only up to 8�b 0f P sorbed 

by nn turo.lly-oc curring goe thi te is extrnc tc d by 0 . 1  r1 Na.OH , sugge sting 

tha-t not nll the sorbcd P rro.s hol d nt the surface ( Willi:'..ns .£i .£1.. , 1 967 ) • 

Tho nddi tioml P \VO.S rec overe d af·l;o r dis solutio n  of the goc thi to in n 
reduc tant so lution . Those obsorv�tio ns sugge s t  tQ� t  o.n nbsorption 

re�c tion DtW follm1 the ini ti<:1.l adsorp tion re acti on, n lthough Bore 

quanti ta ti ve da tn are requi red , pn.rti cul.�rly \vi th rognrd t o  P sorption 

by soils . 

In th is review no dis ti nc tion wi ll be ot1.do 1-Ji th re spe c t  to 

P sorpti on ne chnnisns , be twe en ndsorpt ion and abso rpt ion ronc ti ons , 
. 

the latter being cons idered ns o.dsorption nt n intern:1.l surfnc e s " . 
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The po tentio.l effect  of :c n  <'.bsor::Jtion reaction on  thG rnte of the 

over:'.ll  P sorption  reaction is expected to  be apprecinbl e ,  11.nd Ll['.Y 
h:we 11. direct benri ng on the intorpretntion  of n..1.ny aspects of P 
sorption by so ils and soil conponents . 

P sorption surfnccs in soils 

1 • 2 .  3 . 1 No. ture qf t.l-J. e P sorption s�fnce . Tvw o.ppronches 

my be adopted to eluciclnte the ourfo.cc s inportnnt in tho sorption of P 
by soils . Both provide only circuostn.nti l"'.l evidence , but the 'tWight 

of evidence o.v:"ilo.blo provides n useful b<'-sis fron vrhich n uodel P sorp­

tion surface �y be proposed . 

The first nothon relic s upon nn evnluo.tion of P sorption 

by soils before nnd nfter a chenicnl t ro.'l. tnont designed to reuove n-

po.rticulo.r conponont or couponents o  The change in P so rphon can then 

be related to the anountc: of vo.rious soil conponents ronoved by cheuical 

tre:'.. tnent . Studio s of this type �1.vo been reported extensively 

( Leavor cw.!d Russel l 9  1 957 ; \'lil li:::.ns oi!, £:1. , 1 958 ;  BrorJ:fic ld ; 1 965 ;  

So.unders , 1 965 ; Rnnulu et  o.l . ,  1 967 ; Syers .9J._ £1_. ,  1 97 1  ) . Although 

the results of the se studies h.�tvo lJeen sonewh'l.t inconc lusive because 

of the interrc 1::'.. tionships bo tuccn r.:nny soil propertie s,  nll have pointed 

to the inport[).nco of socond1.ry Fo o.nd A l  oxides o.ncl hydrous oxide s .  

In n dct:::.iled s tucly of 300 Novr Zealand so ils ?  So.unders ( 1 965 ) found that 

P sorption vms closely correlated vrj_th tho o.nounts of short-r[).nge order 

(anorphous ) Fe and Al conponents . Siuil -:cr rosul ts wore reported by 

Willinns et  .9];. ( 1 958 )  for Sco ttish soils o. nd by Bronfield ( 1 965)  for 

Austrnl inn soilso 

The findings sUDll'lrisod above ar8 not unexpected in - view 

of the fact thn t short-r::mge order hydrous oxides of Fe o.nd Al nro , 

in general , noro reactive tho.n their crystalline counterparts ( Gor­
bunov et Qlo , 1 96 1 ; Schwertn'1nn, 1 964 ; Syors and 1-lillia!!s , 1 975 ) .  

This is subst�ntinted by tho do.ta of  Syers et al. ( 1 971 ) . These. 

workers sllmvod thnt although short-rnngo orGer Al conpono nts wore nore 

inportn.nt than short-mnge order Fe conponents in P sorption by Brazilian 

soils , the decrease in P sorption fo llow·ing renoval of short-rc.nge order 

conponent s by oxo.l nte vms considerably g:roa.ter than thn t following re-

novnl of crystalline conpononts by dithionite o The effect of iso100r-
phous substitution on the reactivity of crystalline hydrous oxides nay 
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�lso be inpo rta nt . Norr ish nnd Tnylor ( 1 961 ) nc te d that Al n�y be 

sub s titu ted for Fb in soil � oe thite s by up t o  3o%, reduc ing the si ze 

of tho c ryst�lli t o s , increasing the surface .�re� 9 and presurn.bly re­

ac tivity 'I'Ji th respe c t  to P so rption . 

Al though t}�e depe ndonco of P s orption on the c ontcmt 

of short-r:�ngo order Fe and Al hyd rous oxide s  is '\'TO l l  e stc:blished , 
problens nre inherent in s tudi o s  siniln.r to th oso discussed nbcve in 

tho. t the conponont s -vrhich are high ly c orrela tod wi t h P sorpt i on rny 

thenso lves be inte rrelated to � co ns ide rable extent ( Snunders , 1965 ; 

Syers £1 Ql. , 1 97 1  ) . Th i s  1 0  illus trntod by tl1 e high c orrelations 

fre quently fo und b o -hroon org::mi c n::t te r  content :-1ad P sorpt ion ( Hill ians 

.£1 !Jd.. , 1958 ;  Hnrte r ,  1 969 ) a  The high C O l'r elntio n pro bably nrisos 

fro n  the influence o f  orgnnic Il'1.. ttor on tho crys tnll ini ty of hydrous 

m tn.l o xides ( S ch�vo rtmnn , 1966 ) • 

A so cond nppro-:�.ch t o  e s t:1bl ish the relative iepo rtnnc o 

of s oi l  conpone:nt s in P s orpti on invo lves ov.1.lu::1.tion of P sor pti on by 

" pure " s o i l  couponents , · nnd conp�rison of the re sults obtnined to the 

expe c ted forns , �:mount s , ::.nd dis tribution of sinilnr c onponents in 

s o il s .  The sorpt ion of P by v.::.ri ous s o il c onponents h.'"'.s be en s tudieO 

exte nsive ly. Soil co�poncnts t es te d h�ve · included crys tnl l ine nluLrino-

silicG tos ( do Hnnn, 1 965 ;  Huljndi e t  21.• , 1 966 ; Kafko..fi o t  o. l . , 

1967 , Pisso..ridos e t n:t._o ;, 1968; !Cnfk:1fi n.nd Bc..r-Yo sef , 1 969; Kuo 

and Lot se ,  1 972 ; Chen ei n!. , 1 973 o.. b ) , shor t-range o rder nlunino 

silica te s ( Cl o o s  et £1.. , 1 968 ) ' shor t-ro.nge o rde r  hyd rous oxide s of 

Fe nnd · Al ( Hsu .'lnd Rennic r 1 962 ; Gns tucho e:t aL , 1963 ; BD .. che ; 

1 964 ) ' crys tnl l ino oxides nnd hydrous oxi.c:os of - Fe � nnd ·Al ( Hings.ton £i 
2J.. , 1 967; 1968 b ;  Chen .o't Rl . ;  1 973 o.. , b ;  Breeuwsn� and LykloiJD. I · 

1973 ; Kuo o.nd Lo tse , 1 972 ) , �nd cnlc iun co..rbo nnto ( Colo £1 Ql. ; 
1 953;  Kuo o..nd Lotse , 1972 ; Griffin o.nd Jurinnk ; 1973 ) . I t  i s  in­

portnnt , hovTGvor , to dis tinguish those c onponent s uhi c h  are l il:ely to 
be of greate s t  inpor tnnco in P s o rp ti on by so ils � Thi s  is gove rned 

no t only by the o..bso luto anount o f  o.. pnrti culnr conponcn t  o.nd i t s  

sorptio n capa city , but al s o  b y  the dis tribution o f  the c onpono nt in 

soil s ; e . g . , ns coatings . 

Table 1 , 2  l i st s  tho nnount s of P sorbe d by vo.rious 

soil c onponcnt s  at give n fi:�r:J. P c oncentra t ions ( approximtely 
3 � P/DJ.. ) • Because of the la ck of unifo rnity in the experinental 



TABLE 1 . 2 

C onponent 

Hydrous ferric oxide 

" " " 

" n · ll . 

" " 1 1  

1 5  

Sorption of P by v�rious soil conponc nts n t  finnl P 
concentrations of e.pproxin:-ttely 3 ye P/nl under the 
oxperioent�l conditi ons specifi ed . 

P sorbed Fine.l P Expori nenta l conditions 
c oncontr<:.- pH Support ShNcing 

(i;e/e) tion \ug/nl) nediun tine ( hr )  

r-;elA 1 4 , 290 5 .0 5 . 5  0. 1 111 NnOAc 2 .4 
" * 5 21 ., 700 3 ... 1 5 .0' " 24 
11 * b 29. 700 3 o3 7 .7 0 . 1 M N�No3 48 ,J 

" * 5 50� 00(:) 2 o 95 5 . 5  " 1 1  
Short-r.".nge order c".lucinun 
hydroxide **- 3 .900 3 •8 5 .0' 1 H  NnOAc 0 . 5  
Goethite* � 5; 800 2 •7 4 . 2  0 . 1 M 1hC1011 48 

• 
Hnenn. ti te* § 1 , 1 50 3 e 1 ' 4 .� H,_O 3 c. 
Gibbsite* 9 7 '  1 30 3 o  1 5 . 0 · 11 24 

K 1 .  · t  + no �lm e 465 3 e0' 5 •0'· " 11 . 

lliontnorill oni te + 1 110 3 •0 6&5 If 72 

Ref :** 

( 1 )  

(2)  

(3 ) 

(3) 

(4 ) 
(:;·) 
(�) 
( 6 )  
( 6) 
(7 ) 

Cnlcite *t 60 2 .8' 9.2 "' Vo..rinb:E (s ) 
Cnlcite4 25: 3 .0 

* + + ;: Synthetic;.  N'i".tur{'.l ?  -: Dried; ::J Undrie d �  

7 .Ol lt. 24 

** ( 1 )  Lc nver o.nd Russell , 1 957 ; ( 2) R".cho , 1 % t1r ; (3 }' J. R. McL:mc;hlin� pors . 

( g)' 

com; · ( •l) Hsu �ncl Ronnio , 1 962 ; ( 5 } Broouusnn. ::md Lyklem ; 1 973 ;  (6 ) .Muljo.di 
et Q-1.. ; 1 966;  ( ? )'1 Pissnrides .§.1 .£1. , 1 968'; (g )' Cole et ,rJ.. ; 1 953 ; 

( g )  Kuo nnd Lotso , 1 972 . 
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cond i t io ns use d ,  .1.ncl sorbont p:re :pc""..r.�.tion r.nd pre trc o.tnent , a do t�ilcd 

conpnrison of the clat.::>. in T:1blo 1 &2> cmmo t bo rtJ.de . Diffe rences . 

in the nnounts of P sorbed by tho v�rious conpone nt s nro , hmmver ,  

o f  sufficient r.ngni tu. d e  t o  i ndic:". to the ir re ln t i  vo inport."..nco in n 

nixed conponont syston, such ns c. s n i l . Dntn �1gge st that c rys tnl-

line Fe nnd Al conpone nt s  ( o . g . , hc:ermti to,  gibbsi t o , nncl 0<-o.luninn ) 
gener2.lly sorb 5 to 1 0  tines nore P than crystc.l line nlunino sil :i.c i".tes 

or cnl ci u:  � crtr bon:-. to . In c ontras t ,  shor t-ro.ngo order c onpommts , 

such as Fe gel , sorb o.pproxin1 toly 1 0  to 1 00 tine s nore P tPnn their 

crys to.l line count erp."..rt s  nncl o.p�ronchin� 1 000 t ine s noro P tho.n 

crystnl lina o.lunino silicn. te s  or c :Llc iun cc.rbonJ. to . 

The diffo ronco in P so �) t i on by crys tal l ine ns conpo.rod 

to short-ro.n,-;o order conpom nts i s  in .2cc ord vTi th the d::ttn for s oils 

discus:=wd o.bove , and the) diffe rences in tlw surface nrec.. of th e se 

c onponent s . Furthe rnoro , it is well e s tablished tha t n c onsiderabl e  

proporti on o f  the oxide s rmd hydrous o xi des of Fe nnd Al in wenkly-to 

noderr'.tely->voo.thorod soils hno short-rnn�e order chnruc ter ( :flli tche ll 

e t  .Ql. , 1 964 ) • Consequent ly , the inportnnce of short-rnnge order, 

nnd to sone extent c ryst:1l l ino oxide s  nnd hydrous oxide s  of Fo nnd 

Al , in P sorption by soils i s  l ikely t o  outvre igh thn. t of crys tall ine 

nl ur.rino silic::>. te s .  Evon uhon the higher pH of cnlc::.re ous s oils is 

tn.ken into nccount , the pre sence of only srn ll anounts of sh ort-rnngo 

o rder or even CI"'JS tal l ine oxide s o.nd hydrous oxides n...1.y reduce t o  ninor 

signifi c ::mcc the c ontribution of c.::t lc iun crtrbono.to to the ove ra ll 

s orption of P by t he s e  soil s o 

1 . 2 . 3 . 2 .  Di s tribution _<?.! o_xides ::.n d hydrous oxides 

in soils . The dis t ribution of the oxidc o �1d hydrous oxides of Fe 

and Al in soil s ,  and the vrny i n  v1hich other surf.:1.ces ony be affe cted 

by then, i s  nlso of inportnnce in ro l�t ion to P s orption by so ils . 

The ol ec tronnicroscopc h'l s plnyed n particulo.rly ioportant role in 

evaluating thi s distribut i o n .  

For highly-wea thered s oils , Gre enland £1 ..9:1.· ( 1 968 ) 

reported thnt hyd rous Fe oxides oceurred prinarily a s  discrete 

pnrticle s 1fithin the c lny fraction; al though snall anounts of 

hydrous -oxide C Q� t ings were observed on the clay surfaces . More 

extensive hydrous Fe oxide C Q� t ings have been reported f or clays in ·  
le s s  strongly-we a thore d  soils ( Roth £i §.1• , 1 969 ; Kirknan; 1 973 ) • 
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The cogting of cln.y miner<-ls Hi th hydrous Fe oxides has nlso been 

demonstrated in lnborctory studio s . Fo llett ( 1 965) noted tn�t 

1 1ferric hydroxide " wns prec ipi tated on the bnsnl surfaces of knolinite 

from a. ni.xed so lut ion-suspension . A similar observation -vrns reported 

by Greenln.nd .:md Ondes ( 1 968 ) for " ferric hydroxide" gel ,  a lthough 

dur ing mixed pre cipitation with kao l ini tc , goe thito sho-vred little 

tonder.cy to n ssocinte llith the clny surfnce . 

·The occurrence of hyuroxypolymers of l1.l on c lny minern.l 

surfaces bets nl so been noted by Shen nnd Rich ( 1 962)  rmd Jnckson ( 1 963) • 

Tlienobon.h £t. §l.. ( 1 967 ) nnd De shp::mdc et £1. ( 1 968) [1.ls o reported thn t 

alur:ri.nous c oo  tings 'liero exte ns ive in soils nnd thnt they hnd n m.1.jor 

influence on the physicnl , and pre surnbly chemical ; prope rtie s  of soil 

clo.ys . Furthermore , the fixation of hydroxy-nluminil'l.m polymers by 

verniculi te has boon observed by HS1.J_ nnd Bn to s ( 1 964 ) .  de Villicrs nnd 

Jnckson ( 1 967 ) �  nnd Brown and Newn:m ( 1 973 ) have rclso demonstr.1.ted that 

the pH-dependent chnrge of soil c lnys arises from. contings of "hydroxy 

o..l uminium" . 

The importance of co ntings nt cln.y surfaces i n  P sorption 

by soils has fre c:. .lontly boo n emphasised · ( Colemnn , 1 944 ; Russell and 

Lm-t; 1 954 ; Hsu , 1 965 ) . Cons e quently, the coexistence of hydrous 

oxides m1d crystnll ine alumino silic:1to s in · soils, e specia lly if the 

hydrous oxides form c oatings on the latter , emphnsise s further the 

Llinor rolo thn. t crys talline aluninosilicn.tes are li1:::e ly to hnve in 

the sorptio n of P by s oils . 

The surface of naturnlly-occurring calciUM cnrbonnte 

nlso shovrs quite dif ferent properties to its chemically pure equivalent 

in terms of pH a.nd s olubility re lat ionships . It has been sugge sted 

tlk1.t these differences ari se from surface coatings of organics and 

possibly hydrous oxides ( I•IcGoorge , 1 935 ;  Buehrer .:1.nd· vlillimns ; 1 936 ;  
Olsen and Watnmbe 1 959 ; Lnhav a.nd Bolt ,  1 963 ; Chnve , 1 965 ) .  

There seems little doubt that ,  vrith the possible except ion 

of highly-weathe red soila ; oxides ru1d hydrous oxides of · Fe a.nd Al 

occur extensively as coa tings on s oil mineral particle s ,  particularly 

crystal line a.luminosilicntes vTithin the c lay-sized fraction as vrel l  

a s  calcium carbonate i n  the cnsc o f  calc areous soils . Such contings ; 

in c onjunc tion with the greater surfnce area of the clny-sized fraction, 

accentuate the potenti�l of oxides and hydrous oxides in P sorption. 
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Conse quently, the use of Fe nnd Al oxides o.nd hydrous oxides n s  a 

model for the P sorption surf�co in soils soens justified . Even 

in soils whe re nlumno silico.to s ,  pnrticularly short-ro.ngo order 

t1lULrinosil ic2;te s ,  Ilk."1.ke a si(Snifi cnnt contribu tion to - the ove rall 

sorption of P, the oxide -slufo.co model rem ins vnlid, as v1ill be 

discussed be low . 

1 .3 The Oxid��queous Intorfo.co 

The hydrous me tal oxido *-aqueous interface is hiehly coBplox 

nnd its behaviour and role vTith re spe ct to P sorpti on ho.s only rec ently 

begun to bo unflersto od o iln nppro cintion of the properties ond s truc-

ture of the interface is e ssonti,:.l to the development of nny m e.c.hc..n -
ism t o  de scribe the P sorption reaction . The s true ture of the sur-

fnce l nnd th e development and dis tribution of cha.rco are discussed 

belovr . Teri:ls nro .::tlso  defined uhich vtill be used in the subsequent 

discussion of the P sorption mechn.nis1>1. 

1 • 3 . 1 Oxide struc ture and oriein of ch...:.rge 

The struc ture of Fe nnd �l oxides , is essontinlly s imi lnr ; 

:: .. nd the chomic::J.l forr:mlc:.. 1rill bo denoted by �03, vhe re T·1 = Fo or Al . 

Although pc.'1cking vnrioG botucon di fferent types , each no t"l ion is 

usual ly in disto rted octnhedr:: .. l coordin.'l tion ui th six o��ygen ions ' nnd 

each oxygen ion. in c oordina. tion 1dth four mot:-tl ions . U±tlnut implying 

ionic cha rc..cte r , the distributjon of charge cnn be c
'
onsidored in the 

fo llowing vmy o The 8tructure require s  th'1 t the triple positive charge 

of each ro tnl i on is shared be tween six oxygen ions ; effectively 0.5 

units of positive charge in - each direction . The dual negative chn rge 

of eech oxygen ion, hovrover , is shared be twe en ·  four no tal.  ions ; i . e . ,  

0 .5 units of nego.. tivo ch::trge in onch direction , bringil1[; nbout chnrge 

bnlnnce within the undis ruptod struc ture . 

* 
With the exceptio n of t he considerat ions of oxide struct�ro and cho..rge 

development ( Section 1 o 3 o 1  ) ; the teri:l hydrous oxide is use d  hero.::tfter 

in this revi ew . · It hns been demons tr�tod thnt the surface of even 

anhydrous oxides, such as haei!lD.titc , are charncteri sed by a. hydrated 

surface , n few atomic lnyers in thickne s s  ( Onodn �nd de Bruyn; 1 966 ) . 
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A t  the br oken surfnce , two extroro cases my .-:tri se . 
Fig. 1 . 2 .  11. a s sume s frncture nlong r.r - 0 bonds , exposing thG unf illed 
coordinatio n shells of mG tnl ions . This ropresonto 0 . 5  units of 
posi tive ch� rge for ea.ch broken bond, giving rise to unit po s itive 
charge at Gach exposed me tnl pos it ion . A similnr sit�-:t t ion dGvolops 

a t  exposed oxygen posit ions , produci ng unit no gntivo cl1nr� . li. 
mixture of the t>'TO extreme c ondit ions will give riso to a no t positive 
or ne gat ive charge at the broken surfac e .  

Exposure of the broken oxide surface to nn aque ous s olution , 

results in the hydration of surface layers ( 0 1 C onnor · _tl &· , 1 956 ; 

Parks and de Bruyn ,  1 9 62 ; Onodn nnd de Bruyn, 1 966 ) . The hydration 

s tep ��y be env isngcd ns an attempt by e xposed atoms n t  the broken 
surf.qce , to comple te their coord ination shells of neare st neighbours. ­
This is · nc complishe d  by inc orpora tion of OH- nt M+ and H+ nt 0- ( Fig. 

1 . 2 .. rr ):1t and repre sent s a s tctte of zero charge at the surface . I t  

can b e  seen, the refore , t�-:t t  th e hydrated oxide surface nay be con­

sidered analagous to the surface of n hydrous oxide uhich I!lllY also 
be repre sented by Fig . 1 . 2 .B. The similnri ty betwe en the propertie s 
of n hydrc..ted oxide surfnce , ::md the surface · of 
be come apparent in the sub se quen t  dis cussion . 
s truc ture ( Fig. 1 . 2 .  B ) fncilitntcs transfer 

be�ieon the surface and solution. 

n hydrous o xide will 
The hydrnted surficinl 

of chnrgo ( H+ nnd OH- ) 

The s tructural model s for short-rnngo ordor nluninosilicntc s 

r:1.nd the edge frlCes of crystalline nluminosil ic a te s , re pre sent n sur- · 
fnce s t ruc turG similnr to that of hydrous oxides . Exposed aluminium,. 

s ilicon' o.nd oxygen c. toms of the o ctnhedra.l nnd te trahodrnl unit s  

nttGnpt to complete the ir c oordination b y  the incorpc rn tio n o f  OH­
+ 

nnd H to produce n hydrnted surfnco s iDilnr to t�-:tt rc prc sGnted in 

Fig. 1 . 2 . B. 

1 . 3 .2  Ch�rge pro pe rties of the intcrfnce 

1 . 3. 2 . 1  Amphoteric bohnviour and pH dependence of charge .  

The ampho teric behaviour o f  the hydrous-oxide surfnce · nrise s  from the 
re s idual chnrgc of unfilled coord inntion she ll s ( Fig • . 1 . 2 .A ) , and 

the hydroxylated nn ture of thG surface sub sequent to hydration ( Fig . 
1 . 2 .B· ) .  Amphoteric pro pertie s nay be repre sented ( Fig. 1 .2 . B  nnd 
1 . 2 .c ,  nnd equations ( 1 .t )  nnd ( 1 .2 )  below ) as the so rption nnd de-
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sorption of pro tons by n-OR ( Parks P.nd de Bruyn, 1 962 ; Sodek e t  al . ,  
1 970 ; Lyklor.1.".. , 1 97 1  n. ;  IIurmg n.ad S tunn, 1 973 ) , nlthough other 

chnr[,'o tli s tri but ions hn.vo been pro posed , notably Hingnton ot £1• ( 1 967) . 

H - OII + ( surfnce ) -� H - OH ( su rfn.ce ) + u+ ( 1 . 1  ) 2 ,-

fJI - OH ( surfccce } . .  � N - o- ( surface ) + u+ ( 1 ., 2 )  �--

In contrast to cons tn.nt-chnrc;o surf:wos such ns cr:y-s tnl line 

nluminosi licnte s , -vrhero cho.rgo .:trises fron i so norphous sub st itu ti o n, 

oxicle surfc.ce s nre c la s s ifi ed ns c onstnnt-po to ntin.l surfnc o s . Thc.t 

is ' the potent ial o f  the surfr.ce m.y be kept c ons tnnt by n;-'.int J.inillG' 

the bull� conco ntrn tion of solute s ,  who se chenico. l  ro:wtion with the -

surfil.ce gives ris 0 t o  the potontio. l .. A c ons t.:mt-po tont inl surfnce ' 

therefore , my be def ined ns ono for 1-rhich n. cher:ricnl re:1ct ion oc curs 

be-hreen the surfnce o.nd :::. so lute species in the c ontnc t i:ng s o lutio n  

( !11orgn.n and Stunn , 1 970 ) • The so lute spe c i e s  o.ro knmm o.s poten-

ti-:-.1 dGtor�ng ( p . d . ) i ons . Hydrous oxides of Fe rmd 1".l ,  �:nd soil 

conpononts -vrith s i!'liln.r surfnce s truc tu re , n ro  constant-po tentic,l 

surfnc o s  by virtue of e que:.ti ons (1 . � )  n.nd ( 1 . 2 ) .  Beco.us e protons 

and hydroxyl ions arc the p . d . ions ' hydrous oxides hc:.ve cons tn.nt poten­

tial at c ons tn.nt pH . 

The re l ati onship be twee n pH :end surface ch.1.rce is of obvious 

inportnncc l'ii th respe c t  to the internction of the surface wi th o the r 

specie s in soluti on . This re lationshi p  i s  ovnluated fron titra tion 

curve s for the surfn.ce . Tho se arc OXj_lro ssed n.s a vc.rin. tion in the 

sorp tion dens i ty of p . d . ions w i th pH ( Pnrks o.ncl de Druyn , 1 962 ; 
Yopps and Fue rste nnu . , 1 964 ; ll.tk inson .£1 nl . , 1 967 ; Huang o.nd S tuilll:l; 

1 973 ) , oxo.mplos of whi ch nre given in Fig . 1 . 3 . The curve s are ob-

tained fron dat.:.'l. for the t i trn.t ion of an oxide sus};X) nsion in a - suitab le 

e l ec trolyte ( e . g . , KCl or Nn.Cl ) at diffe rent io nic s trengths ; with 

nc id o r  base . The uptake of H+ ( or OH
-

) is deternined fron the 

difference in pH be tween the sus pens ion nnd the corre sponding blank 

soluti on . The po int of infl exi on mrl inte rsection of the t it ra tion 

curve s at different ionic strengths . cnn be sh ovm , from double - layer 

the ory ( P.:-trks nnd de Bruyn ; 1 962 ) , to be th e condition of zero 

surface charge . The pH at which this cond ition arises is termed the 

point of zero chnrgo ( p . z . c .  ) :1nd is denoted pH ( p . z . c .  ) 
( Fig. 1 • 2 • B ) • 
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( A) · Sor ption o f  pot en tial  d e t ermin ing ions ( H + a n d  OH- ) by 

goethi t e  as a f unc t ion o.f pH and molar c onc entrat ion o f  

KCl .  From At kin son � a l •. ( 1 967 ) .  

( B )  Sorption of  po tent ial  d e fermin ing ions by «.-a lum ina a s  a 
' 

func t i on of  pH and m o lar c onc eri trat ion o f  KC l .  From Yopps 

an d Fuerst enau ( 1 96 ? ) . 
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At pH ( p . z .c .  ) 
rli:+ = r orr 
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( 1 . 3 ) 
fl uhero I iono to s  tho sorption density of tho p . d . ion, expressed in 

equiv�lonts po r  lL�it area . The nd; so rption density at c.ny pH my 
then bo cnlculo..ted vrith reference t.o the conditi on cl.t the :pH ( p . z . c . ) 

) = 0 ( 1 .4 ) 

Sorption donsi ty is ro ln ted to surfaco-chGrg-G dcnsi ty ( <50 ) by the 
expre ssion 

( 1 . 5 )  

whore F is the Fhrndny constant . Conse quently, nt pH vo..luos above 

i . e . ; rH+ > r OIC ) '.'l'herec.s belovl 
Fig . 1 .3  ) . 

pH ( p . z  . c . ) i O"o is ne::s::'..tivo ( 
pH ( p. z . c . ) a  , 0 is positive ( 

Points of zero cho.rge for soil conponents and 
soils . · Knov.rlodge of pH ( p. z .  c .  ) of o.n oxide or simil::l.r surface is  
ossentinl  to the prediction of surfnco charge . lJo oxide or hydrous . 
oxide of n given fomulntion hc.s a unique pH ( p . z .c .  ) ( Parks ; · 1 965 , 
1 968 ) .  Tho . exnct value depends on the origin, history, purity; 
crystallinity, tonper:cturo of pr eparntion n.nd degree of hydrc.tion of 

the snnple . Hevortheless,  tha values given in Tn.ble 1 .3 suggest thnt 
pH ( p.z . c .  ) of w:.rious Fe .:md Al oxides n.nd hydrous oxides nll lie 
vri thin the region of pii 8 to 9 .  5 .  The pH ( p . z . c .  ) of l\.1 oxides 
n.nd hydrous oxides , howevor , tend s to be sonowh.'1t higher th:1n that 
of Fe oxides o.nd hydrous oxides . 

The pH - dependent chnrge at the edge fncos of " clean" 
crystalline aluminosilice'.tes uill be determined by oqurc tions ( 1 . 1 )  
nnd ( 1 .2 ) .:�.pplied t o  the edges of tho octnhodr."'tl nnd te trnhodr�l 
lnyers . 
lm-ror ·  ( 
1 . 3 ) .  

Experimento.lly doternined pH ( p. z . c .  ) vnlues tend to be 
Pnrks , 1 968 ) than those for oxides and hydrous oxides ( Table 
The exact neaning of experinontnlly deterLlinecl pH ( p.z . c .  ) 

values of crystalline aluminosilicatos ,  however , is  complicated by 
the pernnnent negative ch1.rgo ari s ing frol'il isomorphous substitution. 
The high and low· pH ( p . z . c .  ) values expected for the edges of tlB 

octahe dral ( Al )  and tetrahe dral (Si )  layers, respective ly ( Table 1 .3  ) ,  
suggest that the net pH � . z . c . )of the cdeo fncos of crystalline nlunino-
silicates may be approxima te ly neutrnl e It vrill probably also de-
pend on the deeree of is onorphous substi�ltion in onch layer. Tndros 
nnd Lyklon� ( 1 969 ) reported that inpurities ,  including Al2o3 , in · 

silicn. ,  incre.::tsod pH ( p . z. c .  ) to  approximately 6 .  Furthernore ; 
the possibility of locali sed centres of pH-dependent charge with pH 
( p. z . c .  ) above 7 ,  cannot be discounted . 
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TABLE 1 .3 V.2luos of :;:,n ( J: . z . c . )  of vo.ricus oxides and 

hydrous oxide s . 

Oxide or hydrous oxide 

Goethite 

Gcothi to  s'"'n:;Jle s  

Ho.GU.". ti t o  

Fe gel 

Gi"!::Jbsite 

Pseud oboelmi te 

of"'lluc.inn. 

Al col 

Silica 

:i.iii ( p . z • c • ) Reference 

7 n 6  Atkinson et  nl . ( 1 967 ) 

7 .8 - 8 .3 Hingston et  o.L ( 1 972) 

9a0 Atkinson ot £1• ( 1 967) 

8 . 1  

8 .3 

7 ft8 - 9 . 5 

9 \>2  

9 9 1  

8 c 5  

9o4 

Broouvrsm o.nd Lyklor.1'l. ( 1 97 1 ) 

Kinnibu:r.t;h � .9].. ( 1 975 ) 

Kinniburrrh e t  o.l . ( 1 975)  - -

Hinesto�1 et o.l . ( 1 972 ) 

Ah1i tt ( 1 972 ) 

YO:i_l:i_:s rmd Ft.wrston.1.u ( 1 964) 

Huo.ng t:nd Stunr:: ( 1 973 ) 

Kinniburr;h et �· ( 1 975) 

Tndros o.nd LykloD .. 'l. ( 1 968 ) 
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Sinilnr considerntions n"..y be n::�pliod to short-rnnc,;o order 
nlunino silicnte s ( .1.1loph:cne ) .. l\.1 th ouch .'J.lloplKcno , by definiti on , 
shovrs very l initod - structurnl org::1.nisntion , sevornl structurr•.l nodels 
��ve boon propo sed , bcsod on X-rny flu ores conco , infrn-rod t differe n­

ti.'J.l th ernD.l , 0.nd chonico.l D.Th1.lyso s ( Fie lds .:tnd Sch ofiold. , 1 959 ; 
1vo.da , 1 967 ; Cloo s  e t  £1.• , 1 9 68 ; 1 969 ; Ud.:tG.'J.vro. et f!l.a , 1 969 ; van 

nc emlijk 2.11d de Villiors, 1 970 ) • All of those uodols suggest 

pos s ible sites for pro ton s orption o.nd dos orpti on�o &te nsivo iso- ,  

nor�hous substitution of A l  f or Si ( Clocs et o.l . ,  1 968 ) , however , 

oonpl icntos ostin.'l t ion of pii ( p . z . c .  ) o The in.f luonco o f  loca lised 

centres o f  high pH ( p . z . c . ) aro nccin l ikely to he of particular 

inport::mco . 

Thn t soils carry pii-dop:mdent chn.rgo hc:.s been .'J.pprc c inted for 

sone tine ( �'ltts on , 1 927 ;  Schof i eld , 1 94 9 ;  Mehlich 1 9 60 ) . Re ce ntly, 

the ionic c onpo sit ion of the soil solution hns nlso been shown to affec t  

the net chart;o carmd b y  soil s ,  r.s IY" Oul d be predicted fron the discus s ion 

c:.bove Meknru o.nd Uehnrn , 1 972 ; vc.n Ro.ij n.nd Po ech 1 972 ) • Furthe r-

norc , the nss o c in tion o f  v�ri:c ble chr'.rr;o Hi th hydrous oxides in soils 

has bo on do;Jonstrnted by Hussnin o.nd K:yunn ( 1 970) c.nd S•·mlmey nnd 

Norrish ( 1 971 ) o 

The nensurerJont of pH-de pendent cho."�c;o fer whole s oils ; ho1.;evor , 

my lend to n nisrepre sentaticn of the si tuat ion :ct hydrous-oxide sur-

fnce s within the soil . vn.n R:cij .".nd Pe ac h ( 1 972 ) clotornined the pH 

( p . z . c . ) of three tropico.l scilso  Vnlue s of between 3 nml 4 for 

surface horizons ::.nd 4 to 6 for the B' hori z ons vrero ob tained ; sugge sting 

thnt the so i ls vTero donin..1.ted by noeative charGe at th e ir re spec tive 

pH value s . The deterninn ti on of pos it ive nnd negative chnrge - conpon-

ents o.t various pH vnlues hy ion u ptake techniqu0.s - ( Schofield , 1 949 ;  
van Ro.ij nnd Peech 1 972 ) sueGes ts that c onponcnts , -vrith ne t pos i tive 

chnrc;e , exist up to pH value s of nt leas t 7 �  This observution i s  in 

accord lvi th ch:'lrge cho.rncteri st ics of 1 1pm.�e " hydrous-oxide surfaces . 

Cons equent ly, locnl ised c entre s of posi tive charge , or hie;h pil ( p . z . c .  ) , 

et hydrou s-oxide nnd sinilnr surfnces in soils , n�y bo of pnrticular 

inportnnce vTi th resp ect to P s orpt ion by s oi ls . 

The electricc.l double lnyer nt the interface 

1 . 3 .3 . 2  The Gouy-Chnpno.n nnd Stern nodols. The Gouy-Chnponn 

nodel of the e lectrical double lnyor ( Gouy , 1 91 0 ;  Chnponn, 1 9 1 3  ) 
is th e  nos t  frequently used nodel to describe the dis tribution of 

charge ( c;;r ) arxl potential ( r ) nt n charged s ol id-solution interfnc e  
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( Fig. 1 .4 .A ) . Ions in c lose proxioity to the interface are subject 

to Coulonbic attraction nnd re pulsion, depending on the charge of the 

surfc.ce· and ion under cons ider.'1tion. Ions of oppo site charge to the 
surfnce, '1.nd uhich coo.pensate the surfnce charge, nre terr1od countol.'-

ions . Therrnl notion of the ions tends to dis tribute the ions ;  1-rhich 

n.re infl uonced by surfo. ce chJ.rge , throuc;hou.t the solution in the 

·vicinity of the surface . L thooroticnl tro<·.tuent of this to pic i s  

given by vnn Olphon ( 19 63 ) c.ncl il. veyo..rd ancl fL.'l:>•<l.on ( 1 973 ) • 

Theory predicts thn.t the t:rickness ( 1) of the diffuse lnyer, 

i .e . ;  the distn:rJCc fron the surfn.ce over -;·rhich the dia tril:mtion of 

ions is affected by the surfo..ce chnrrre, is de terr�nod by : 

1 r.J - 1  -0 .5  
z c ( 1 . 6 ) 

vthe re z :is th e cho.rge on the counte rio n nnd c i s  the concentration of  
the counterion in solutio n. Potential and charge distribution 
( Fie; . 1 •4• A) my be vi sna l i oed by considering the diffuse double 

lo.yor <:'.s o. p-�r<'.llel plo. to condenser of vn.rio. ble distance (i )  betw·een 
the plo.tes.  The c<'.po.ci trmce (C)  is Given b y  : 

c = o-Q = E. ( 1 .  7 )  

uhere 
'+' 0 

is the no t 
4 Ti l  

surfnce ch.'lrge ; �0 the surf.::tce po t e nt in.l 

o.nd the die lectric consto..nt , usual ly of vmter.. 

El]_untion ( 1 .7) illustr'l.tes the effe ct of the ionic strength 

of n.n incliffer:mt ele c trolyte on the chn.rge nt nn oxide surface ( Fig . 

1 . 3 ). 13ecnuse the oxide surf0ce is n. c onsto..nt-potontinl surface ; 
trot is \V 1 0 is cons t�mt 11 t constn.nt pH , o.n incrense in ionic strength 
decron.ses 1 ( equntio n 1 .. 6 ) n.nd q inc reases in n positive or 
negative Lk.'l.nnor, Fig. 1 .3 dependiJ?-G upon t�1.e pii roln tive to pH p . z . c .  

The Gouy-Chn pr:nn o.odel ; however, is · not r.pplicable t o  the 
distribution of potential close to the surface . Ions have finite 
size nnd , the dis tance of closest approach of their centres to the 
surfn.ce is linitod to n fe-vr tenths of one nnnoneter . Consequently; 
the surface potential of the Gouy-Chn.pr.nn theo ry is in cffeet the 

potential at the plnno of closest counterion approc.ch ( 'f' d , Fig. 1 .�,A) . 
The Stem the Or'J distinguishes between the surface pote ntial ('l'o ) and 

the potential at the plo..ne of c losest o.ppron.ch ('f d ) .  Potentio.l 

decreases linen.rly botvmon 'f'o nnd � d -vrhe rcns beyond the plane 

of closest approetch,  the distribution of potential is described by 
the Gouy-Chnpnan theory ( Fig. 1 .4 .B  ) .  
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plan e of  c lo s e s t  appr oa ch ( St ern layer ) and th e d i f fu s e 

lay er , r e sp�c t i v e ly .  
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Interactio n  of cou_11terions vri th the surface . 

The Stern no del al so all ows for the internction, which n.'1y be norc or 

less ionic or covc.lent in chnrac ter , be hvoon counte rio ns and t�lO sur­

face i t solf . The double l�'tyor :-r:y be furthe r differentiated to dis-

ting-uish this c ondition ( Fie . ·1 . 5 .A ) • Dire c t  interaction of counter-

i ons with tho su rf:-,co inplio s th:1. t the pbno of c l osest n.ppronch to 

the surface ( the inner Helnho l tz plane ; i . H . p o  ) is nenrer to the 

surface tlw.n thn.t ( the outer He lrJJ.Oltz pl"..ne , o . H. p . ) for c ounterions 

d i stributed only in the diffuse laye r . The di ffe re nc e  in closeness 

of approach i s  usua lly e quiva le nt to the thi ckne ss of ono nolo culnr 

l2yer of •mte r . This is nttributnble to the loss of the hydrntion 

shell of the counterions 1oThich inter['.ct 1vith the surface ( Fit; . 1 .5 .A ) • 

The three potenti.�l toms 'fo 

in Fir,: . 1 • 5 • A • 

nn:i 'fa �! YO n.loo doi'ined 

So2:1e counterio ns , hnvine dire c t  inte racti on Hith the 

surf.::1co , shou supo r-e quivo..lent sorption 1·rhic h  n:�.y re sul t  in ourface 

ch2rge reversal ( Fie . 1 .4 . C ) • The s orpt ion of P a t  n. hydrous -oxide 

surface illustro..tes this phenonenon , v<h ich i s  ter:r_1Ccl s pe cific sorptio n . 

The hydrouo - oxide surfnce ncquires cht,_rge by sorption 

The se spe c ie s  �Y be c onsidered to be he ld a t  a plane 

equivalent to the i . H . p . , nnd the locus of their centre s is c onsidered 

to be the plane of �0 • C onsoquen t ly , 'f 0 r'.nd 'r B ( Fig . 1 • 5 .A 

and 1 . 5 . B ) becono indisti nc t .  Thi s  situnt io n  pre sents no problen in 

cons idering c ounteri ons .�t the o �H. p . nnd in the d iffuse l'lye r, be cnuse 

td re:-JL1.ins di s tinc t . 

During spe c i fi c  s orpt io n - .�t n constnnt potent inl - surfe.c e , 

howeve r ,  counterions beco ne p . d . ions , and the dis tribution o f  potentin l 

at o.nd close to the surface depends upon the internction of th...e surf.::1ce 

with at lea s t  tvro solute spe c ie s  ( Fig . 1 . 5 . B ) ., It is still possible 

to dis tinguish , on n conceptual basi s ,  be tween 'f-'0 nnd 'fJJJ when spec-

ific sorption involves prir:nrily ionic L�ternction. The si tuntion is 

particularly conple x ,  how·eve r ,  when covale ncy is involved be hreen the 

surface and sorbed speeie s �  In the latter cns e ,  which is �qrticul,rly 

relevant t o  P sorption, i t  nny be noro convenient t o  consider that a 

new sur f::tce has forned . The literature rolnting to surface chenis try 

sugges ts that the properties of the c ons tnnt - potentinl surface ; 

subsequent to specifi c s orptio n ,  are ill-defined . This has given rise 

to problens in the developnent of P sorption nechanisos which hnve 
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frequently boon based o n - nn interpre tation of shifts in pH ( p . z . c .  ) 
( Hingston e t  .£!• , 1 9 67 : 1 968 n ) subsequent to the spec ific sor ptio:tll 

of P. This i s  di s cussed in n lnter se c t io n . 

The concopt-uc.l pro �Jlous discu ��s ed above , !T'..Y be ovcrcone 

to soao extent by the no r,suroDont of zet:1 potonti.:;. l ,  although theore tical 

problens il1 its uoo.suro nont h�vo J.otr.'l.c tod fron its gene r:1.l :1ccoptnnc o • 

.A position cl ose to tho odco of tho S·i:;orn lnycr or the o . II . p . ( Fig • 

1 .5  ) i s  frequently considered to bo tho slipping or sho:1.ring plcmo . 

The s lipping plo.no deve lop::; bo tvro eE tho bulk solution :end tlw vn:.ter 

1>Thich nove s vri th ch<:'.rged p:'trticl e s  uhon n s o l  is su1) j ec t  to nn oxtornal 

potential in e le c trokine tic experirnnt s �  The po tenti.::.l !'..t this plnne , 

1·1hich is prolJably clo se to the plnnc of 'fa , is the z e tn potenti a l .  

Consequently, the locus o f  spe c ific sorption with reopo c t  t o  the 
surfnce becone s  le s s  inportnnt hecnu se the ze t::t potentinl re pre Gents 

l, 
the c ondit i o n  of the Stern l�yer 'ns n 'irh ole . 

Zete:. pote ntial is reln ted to surf.'l.co potontinl , nnd c o nso-

quently to electrolyte c o ncen trat ion nnd pE . The pH nt uhich · the 
zetn potential is zero i s  tornec1 the isoele c tric point ( pH ( i ;. o . p. )  ) . 
In the absence of s r:e ci f ic son)tion :pii ( i . e  � P •  )' = 1)H ( p .  z . c .  ) o 

vlhen ions s orb nt the i o ii c P o  ( spe c ific s o rpti on ) � cho.ngos in chnrge 

and potent ia l  o ccur clo Ro "t o  the su:rfo.ce . Conse quently � the po t en-

tia l n t · tho slipping plnno shifts . A sh :i.f t i s  nlso o bsc rved in pH 

( i . o . p . ) , which for tho :.v"Q cif ic sorption of .::mions is t o  o. lovrer 

pH ( Lykloa .. 'l ,  1 97 1  b ) • 

Boc::mse hydrous-oxide 

surfnco s are c ons tant-.po tentie>..l surfnc e s ,  ch'l. rgc distr i bution nt the 

surfo.c e  &'l.y no t be exnc tl y conp:crable to that a t  tho c ons tnnt-chnrge 

surfnce . Lyltlor;n ( 1 968 ; 1 97 1  n ) h:>..s pointed out thn t surfac e  chnr:':\'0-

pH curve s ( Fig . 1 . 3  ) inply a s teady increase in surfnce chtt rgo n s  

the pii r.:tovc s away fron pH ( p e z • c o ) o Furthernorc , he deoonstrntod 

that for silica , the r.1ore porous the surfac e ,  the higher >'l'a s the charge 
that deve loped e Experinontnlly d o ternined sorpt ion dens ities of H+ 
( or mr ) we ro al so co ns i derably gro�:.ter than the vn luo pre dicted fron 

the expe c te d  nunber of surfnco s i tes calcula ted fro o surfac e  ar� and 

s truc tural consi derat io ns o  The high surface c h."..rge l hovrovor9 wns 

no t re fle cted to n pro portio na te extent in zetn-potentinl neacrurc me nts . 
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Lykleoa ( 1 968 ) postulated that � sur face , porous to 

bo th p . d .  ions and counterions ,  o.ccounted for the nnonalously high 

surface - ch2rgo dens i t ie s  deve loped �t the s i licn surface . This node l 

is s i nilar t o  t he c oncept of an exp� nded hydrated surf�ce 9 several 

atonic layers thick , over 1-rhich charge is devel o ped ( Onod2 and 
de Bruyn ,  1 966 ;  Wright and Hunte r ,  1 973 ) o 

Th:t t th e surface is also porous to c ount eri ons ( Lyklon� 

1 968 !1  1 97 1  n ) wa s inc luded to acc ount :fOr the l ou wtlue s of z e ta 

pote nt ial rela tive to surface ch:.. :··ge , The size of �nions nnd the 

porosity of the surface to the !1  vrhen the surfo.c e is posi ti voly chnrged 

is d ifficult to c onceive . The infl uence of a porous sur fnco on the 

kine tics of P sorpt i on .2nd the po s sibi l i ty th:t t P nay be absorbado 
( S holte n ,  1 965 ; Evnns o.nd Syo rs , 1 97 1  ) should not be overlooke d . 

The Type and f:Iec h::mi su of Phosphi1 te Sorpt ion 

S orpti on hns been classified int o "b.·ro h2s ic type s ; nane ly 

physical sorption and che nisorption . S orpt i on type , ho"l'rover, is not 

ahrays vm ll defi ned , but som kn01·Tlodgo of i t  is e s s ential if a 

s orption nechan i sn is t o  be c onside re d  ( Ki tchener , 1 965 ) o Hayward 

and Trnpne ll ( 1 9 64 ) define the diffe rence l1o tvreen physicnl o.nd cheni-

sorpt ion in terns of the occurrence of e lec tron transfer . During 

chenisorption , e le c t ro n  transfer oc curs be twe en the so rbent and the 

s orbate , V<rhereas el ec tron tro.nsfor is absent in physico.l sorption 

reac t io ns . Consequent ly, the ene rcy of cheni sorp tion vrill be sinilar 

to that of bond f orm. tio n in "- chenicn.l reac t io n  9 n cri terion fre­

que ntly used to d ist inguish b e tween physic o.l s orption Md che � risorp­

tion ( do Boe r, 1 950 ) o  

The s orpti on type of P a t  hydrous - ox ide and s irrilar 

surface s ,  my be d is cussed and ev."..luatod in re lat ion to tho way in 
which it dif fe rs fron that of o the r [l.llions and the dependence of it 

on the pH of the anbient aque ous phas e . Fron the s e  c o ns iderations 

and those c onc erning the nature of the hjdrous � oxide surface , poss­

ible nechanisns of P sorption n�y be developed . 
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Sorption type 

1 . 4 . 1 . 1  No n-specific and spe c ific s orption . The de-

ve lopnont of posit ive c ln rge nt the hyd rous -oxi de surfnce inplie s a 

diffuse doubl e layer of anions , as dis cussed above . Hc'1ny c.nions 

ne rely coupensnte the positive ch.".rge by their distribution at the 

o . H . p .  nnd ove r the diffuse layer. Such c.nions shoV>r c onvent iO!k'l.l 

ion- exchange prope rties , such as eetse of cl ispl.::1ceno nt by othe r nnions 

added at sinilar or higher c oncontrn tion , sorpti on in pro portion t o  

the ir conce ntration in solution , and exclu si on fron the double layer 

when the surfnce be cone s  negatively chnrge d at high pH values . Anions 

held a t  the sur face in this l'lny arc said to be non-specificnlly sorbed 

nnd include nitrate , chloride , and perchlorate . 

The pH ( p . z . c .  ) is neasured in solutio ns of sal ts of 

non-specifica lly s orbed anions ( �nd cations ) because the surface 

chnrgc ; .:2_er se ,  is no t affec ted by then; thr>. t is they cnnnot becone 

p . d .  ions over lm·r to noderate concentrnticn ranges . Non-specific 

sorption is a physicn.l sorption type , in terns of the dofini t ion of 

Hnyvmrd and Tr:1pne ll ( 1 964 ) • 

On the other hand , phosph�te and other nnions 

inc luding o.rsonnte , selenit o , si licate , and fluoride ( Hingston 2.1 .£1.. , 
1 968 .1. ,  b ) vThich have n specific :J.ffinity fo r the netal of the 

hydrous- oxide surface , are sorbed out of nll proportion to their 

concentration in solution nnd o..1.y induce ch.·nge reversal ( Fig . 1 .4 . C  ) 

nt the so rbing surface . Ch1.rge reversal during P sorpt ion is inplied 

by data presented by Broeuwsna nnd Lykle�'1 ( 1 973) and Hingston £i �· 
( 1 974 ) .  As di scussed previous ly, charge reversal is  indicative o� 

specific sorpt i on ,  i . e . ,  sorption at the i . H . p .  

Other propertie s  o f  spec ifically-sorbed anions inc lude 

the ability to be sorbed even in the pH range whe re ne�ativc surface 

ch".rge is predicted ( Hingston et Ql. , 1 968 a ,  1 972 ) and the lack 

o f  nornnl ion-exchange behaviour . Furthcrnore , spec ific sorption 

affects other properties of the sorbing surface ,  including cation 

exchange capaci ty ( To th 1 937 ; ])avis 1 945 ; t'lehlich , 1 964 ; Melcaru 

and Uehnrn; 1 972 ) and the pH ( p •. z . c .  ) ( Hingston � �. , 1 967; 

Breeuwsoa and Lyklem 1 973 )' . Because specif ically-sorbed anions 

alter surface charge , they nay be defined as p . d .  ions . Consequently 

specific sorption c onsti tutes a chenisorption reaction. 



1 e4 o 1 . �  Experimental verification o f  specific sorption. 
Distinction betl·reen specific and non-specifi c  sorption can be mde 
experimentally by determination of the titration curves of hydrous 
oxides in the presence - and absence of the anion under- consideration 
( Hingston � £1. 1 967' 1 968' a ;  Breeuwsma and Lyklema � 1 97 1  9 1 973 ) • 

Controversy has developed,  hovmver; bet-r1een tl:.e se croups of 1•rorkers 
in terms of t:1e effects of specific  sorption on the position of pH 
( p.z , c c- } and the use of such data in the interpretation of anion 
sorption mechanisms . Unfortunately no data are available to illustrate 
the effects of P sorption on the pes i tion of ti tra ticn cuxves fOl' 
various hydrous-oxide surface� .  Data for other anions , however: 
provide a useful basis for a discussion of the pas sible effects of P 

sorption and their implications to  the P sorption mechanism . 

, Be<�ause the srscific sorption of anions · oc curs -vli thin the · 
Stern layer, shifts a! cur in the values of pH ( P • � c C  • } and pH ( i �e . p �  
of the sorbing surface .  Shifts in the pH ( p.z o C o  ) and pH ( i .e .p. ) 
havo been used to distinguish betw·een specific and non·-specific sorption 
of both anions and cations . BreeuHsna and Lykle:ma ( 1 973 ) have de-
nonstra ted that the specific sorption of sulphate · by haematite , shifts 
the pH ( P c Z  oC • ) to a higher pH value ( Fig� 1 � 6  o·lV whereas pH ( i .e ,p .  
shifts t o  a lmrer pH value . The shift in pH ( L e o p., ) to a lower pH 
is in agreement -vTi·ch electrokino tic data presentod by Mattson ( 1 93 1 ) 

for the sorption of P and silicate by "soil colloids" ., Explaining 
these shifts' Lyklema ( 1 971 b )  has argued that , because specific 
sorption occurs >·Ti thin tho Stern layer; � ( Fig , 1 . 4 ., B  ) 

becomes nor0 negative . Consequently� to mair:.tain the condition �= .,_ 

- (c::::r-n + � · )  = 0' ; C'Jd == 0 ,  the net positivG charge of the surface 
:rrus t  increase� This is achieved by the sorption, of H+ or desorption 
of OHo:-o , shifting pH ( p . z . c o  ) to a higher pH value .,� The plr ( i.e .,p. ) 

shifts to a lower pH value bocauso the slipping plane oc curs on the 
outer edge of the Stern layer � Subsequent to  spe cific sorption of 
anions ; restoration - of · the pot en·�ial at the slipping plane ( nominally 
� d ) to zero ( Figo 1 o4 o B ) requires an addition of H+ to the 
suspension� to satisfy the condition 0"'0 == - C5 • ; 'r d' = 0 

An alternative description has been given by Hingston 
et ll• ( 1 968 a ) who apparently oo nsider the surface to be represented 

Con-by the i oHop., , and that s:r:ecifically sorbod anions are p.d·o · ionsoo 
sequently, in tho determination of surface charge-pir curves in the 
presence of specifically-sorbed anions 1 the effects of anion sorption 

) 

) 
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Br e e uwsma and LyklP.ma ( 1 973 ) . 
( B )  Sur fac e charge  - pH c urves for go eth i t e  in  t he pr esence  and 
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and OH displncement from the surface are included in the computation 

of surfc.c e chnrge . This is achieved u sinr; Jche e qua tion 

( 1 .8 )  

'\'There <::::::T = the ne t surface ch?. rge in the presence of spe cific anion 

so rptio n; dQ = the surface chnrc;o in the abse nc e of spe c ific sorpt ion; 
CY"A = the negative ch.':l :cge contributed lJy th0 �mion, and COE = the 

negative chP.rge lo st by rli splo.cerent of ore The effec t of this 

interpret2.tion on the relative position o f  titrn t ion curve s for goe thi te 

in the presence o.nd absence of the spe cific sorption of seleni te i s  

illustrated in Fi{s • 1 o 6 o i3 ,.  The data sugge s·c the.t pH ( p . z . c .  ) 

shift s  to c. l ouer pH value . I-Li.rJ&ston !Li .f!J:.. ( 1967 , 1968 a ) have 

post�late d. ,  the refore , thc. t s pe cific sorp tion of anions is conditional 

on an incrc�se in the negc. ti ve c h·we-e of the surface . A similar shift 

in pH ( p . z . c .  ) to louer pH values ha s be en reported f or tile sorption 

of silicate by goethite ( IIiyt;ston §..�. ,91,. , 1972 ) , although it is not 

c l ear hovT the titr:ctio n curve s in the presence of r;ilicate uere obtaire d .  

A flaH is  apparen t ,  hmrever , in the arGUJllents o f  Hingston 

_n al. ( 1 960 n )  in that the charge co ntr ibu tio n to the surfnce by the 

anion cannot be knmm 1-ri thout implying a me chanism . Conse que ntly' 

the a�sumption tha t spe cific sorption of anions is conditio nal on an 

increase in the negative clnrge of the surfn.c e  is a r eflec tion only of 

the me thod by llh_i.ch the titl·o.tion cur-ve s ( 5'iG . 1 . 6 . B  ) ':-rere obtained . 
Despite the apparently cycl icnl arg..1meJ.1 t:J involved in thi s o.ssumption, 

it lms been inc luded in :rn3.ny P s crpt io n t:l8chu.ni ::ms uhi ch h::.1ve been 

bo.sed on the interpretntion of datn s imilar to t��t in FiG • 1 .6 . D  

( Hing ston e t  §]. . 1 1968 b ,  1 972 ; Nott , 1970 ) 

The n:ppronch use d  by Hingston e� a�. ( 1968a ) measures a 

change in n double -layer property similnr to pH ( i . e . p o  ) , because 

the specifico.lly-sorbed anion is c onsidered to be a p � d .  ion . Thi s  

i s  not invalid beco.use s p3 c ific s orpt ion implies retention a t  the 

i .H . p. , - which for hydrous oxides cnnnot be dist ill.u'Ytlished from the 

surface , n s  d is cu ssed above ( Fig o 1 o5 ) o  Furtlle rmore , the incl usio n 

o f  P,  or o the r specifi caLly-sorbed anions , as p . d .  i ons fac ilitates 

an explana t io i1 of the incrense in ea t ion exchange , the reduc tion or 

el imination of non-spe cific anio n  sorption , 2nd charge reve rsal 

which my occur duri118' the spe cific sorption of Po The fact that 

P sor-ption may continue even uhc n the surface is neeatively chn.rged 

can also be explained . 
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Bocnuse surf.J.ce cho.rgo den sity-pH curves repre sent the 

varintion in n rol.J. hve quanti ty vli t h  ros ]Xlct to pH , inc lusio n  of 

the ch.1.rgo co ntributed by s peci fic s orption C['..n only be mde if the 

precise rue chnnisn is k11mm . Cons e quently, th e :..:.ppronch used by 

Brecuvrsm ::.nd Lyklor:k'l. ( 1 973 ) is cons idorocl to be n nore re linble t e st 

for s pe c if ic anion so rpti on. Prellnin::..r-y uo rl: in. this la born tory 

( J. R . NcLauc;l1 l in , pers . CO::!'.De ) , usillf� n:n m�perim ntnl nppronoh 

s inil.J.r to tha t of Brcomwl:k.'1 .:ncl Lyklcm. ( 1 97:; ) 9 suggests tlill t the 

ti trn tio n curves of Fe gel in the pr•21.>C nco of P sho1·J 3. shift in pH 

( p . z . c . ) to o. l ovre r pH vnlue , ::dving n c;ra phical relat ionship 

Thic sugGe sts o. d ifference in the 

type of spe cific anion sorpt ion "!)o tv;c en P o.nd ,  f o r  oxniJplo , sulph .. '1 to 

( Fie . 1 . 6 .A ) . Because p .  so :>:>pt ion ia strongly covc. lcm t in cl'lD.ro.cter 

( Syers o.....'YJ.cl �lil l inns , 1 975 ) , the nature of the surfo. ce sub se quenJc to 

P s or ption is like ly to be diffe rent to thnt oubsequent to specific 

sorption of cmions such ns sulpho. to , for vrhich th e ·  intc m ction 1-d th 

the surfnce .  is probably IJo re ion:i .. c .,  C onsequent ly, in the pToso nce 

of sorbed P ,  the t it::.�a tion Cl�rvc for :..'. pn:diculD.r sorbont my tend 

tounrcls thn t of n C Ol're spond j ng r co : . .:rv:mncL The shift in pH ( p . z . c . ) 
of Fe col to a louor pii vo.luo in t:10 :tJre mm0.o of P ,  is in ne c ord vri th 

the nbOVO SU(;[;O S tion � bOCO.USe .? .. V,l..lUC of 2 .. 8 ho.s been reported for 

the pH ( p . z . c o  ) of strene:i.. to ( Cl'k'l.i.lg nnd Ja.ckso n ,  1 9 57 o. ) . The 

shift in pH ( p . z . c , ) cluring P sorp�.;ion �  o.nd its inplicn. tio:ns to the 

oxnct nature c.nd r.10 cho.nisr1 of the intom.ct:Lon bo-i�vr8en P o.nd tho sorbing 

surfn.ce , require s fu:dhel' inro s t igo.t ion . 

1 .4 ., 2  T!1o I!1G chnnisJ:! of ? sorp t:i..on 

S everal s tudios have boon c oncornccl '·Ti th the ne clk'1.nisr:J.S of 

P sorption ( Hsu o. nd  Ronnie , 1 962 � ll'J.cho , ·i 964 ; Hul jo.di £1 £1.� ; 1 966 ; 
Ko.fkafi £1 .9:1:.· , 1 967 ; Hsu , 1 968 ; Gl oos .0..:: _9- l .  � 1 968 ) .,. At bes t · 

these studie s ho.ve boon both quali to. t ive o.ad s )Xlcula. tive in nature • 

The s tudies of Hingston e t  .£1,o ( 1 967 , 1 968 n ,  1 968 b �  1 972 ) and 
Breeuwsrn nnd Lyklono. ( 1 973 ) ngrtin provide the no st re liable do. to.­

vli th respect to an evo.luo. t ion of the P sorp·i:;ion nccho.nim!l, in that 

they have pre sent e d  quantitative datn. o 

The specific sorpti on of P invo lves interaction be tween 

the c oo rdina tio n shel ls of the IJle to.l ion n.t the hydrous-oxide surface 

and the P group. C ons equently the s orpt i o n  mochnnism nust involve 

a ligand exchange ronc�io n �  T�1is ho.s boon inplied in nos t  rec ent 
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s tudies ( Hingston et .§].. ,  1 968 b,  1 972 ) , althoueh previous w"Orkers 

had frequently assumed a simple ion - exchanze reaction ( Hsu and Rennie , 

1 962 ; r.lfulje.di � lU• , 1 966 ) • In the follmvi!l6 discus si o n ,  lil:;�nd 

exchange reac tions w-ill be 1-1ri tten in the f orr1 -L • L . N"here - L 
o '  a o 

is the ligand originally present nt the surface 1rrhich exchanges with 

Ls' the licmrl or:igi:nnJ. ly present in solution. 

1 .4 .2 . 1  .E.H and charge re la tio 11§hi P,? .. . Evaluation of 

the P sorption me chanism has frequently relied on the pH de pendence of 

P sorption and associated change s in mlrface charge . llingston �. 
Bl• ( 1 967 , 1 968 b,  1 970, 1 972 ) have based �eh of their proposed 

anion sorption me chanisms on the sho.pe of the 1 1adsorpti on e rwelope 11 

and shifts in pH ( p . z . c . ) .  The adsorpt ion e nvelope rn..·1y be defined 

as the re la tio:nship be tHe en maximum P sorption at a given pH, and the 

pH of the system ( solid line Fig. 1 e 7 .A ) • The adsorpt io n envelo pe 

suggests a break in the sl ope n.t pii vdue s close to pXg2 and pKa3 of 

R:3Po4 , w ith a;.1 overoJ. l sorption mnximwn at approximately PKa1 •  
Similar adsorption envelopes have been obtv.ined for P s orption by 

several soils ( Obiho.ra :e nd Russell , 1 972 ) ; emph<>.sisine the val idity 

of the hydrous-oxide surfc.ce as a nodel surfnce for the sorption of P 
by soils. 

Hingston tl .QJ.• ( 1 968 b, 1 972 ) implied thnt at pH 

values belmr p�2; P sorpt ion occurs by the licl\nd exchnl"lbe - OH2 + ;  
H2Po4- ,  -vrhich i s  in agreement \d th do.ta ).Jr' esented by Hsu ( 1 968 ) .  
This me chiJ.IJ.ism ha s  n.lso been supported recently by Saulmey ( 1 974 ) 
based on cntion exchange measurements .. Hingston et �· also implied 

that the breaks in the adsorption envelope correspond to n. change in 

the dominant sorpt ion mechanism. The rensons for thi s are not 

ent irely clear but these vTorkers ar�e that P sorption cont inues at a. 

negatively char�ed surface because aci i dissociation of the sorbing 

species ( i.e .)H2Po4- or IIP04 
2
- ) at the surface provides " protons 

which can r eact with surface - OH to form uater 1-rh.i ch is readily 

di splaced by the anion" . 

readily at the �vnlue . 

believed to f orm by direct  

This proce s s ,  they a rgue, occurs most 

Consequently, not only is surface - orr2+ 
prot onation ,  but it 111·as sugge sted that this 

is a prerequisite for F sorption nt surface - OH. The deprotonation 

of P species ,  particularly H2P04- , during sorption at st�face-Oll, 
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fits the assumpti on ti1a t P s orp tion i s  conditional on an increase in 

the ne en ti ve c har£,-e of the surface . This as sunpt ion i s  inc luded in 

al l P sor1)tion rl:lchanisms bc.sed on the lJTo rk of Hingston et M• ( HL"lgs t on 

e t  al . ,  1 967, 1 968 lJ 1 972 ; r�ott 1 970 ) o The limitations of this 

as sumption have already been r1 iscussed G 

Hingston � Jl.b ( 1 970 ) deve loped a theo retical treatme nt 

for the ir ;Jroposed r.1echanism scheme , fron uhi ch an adsorpt ion envel ope 

c ould be calculated ( c1nshed line , Fir:;., 1 • 7 ,A ) • The se do not correspond 

at all 1rel l  uj.th exp· · rimcmtally determined envelope s ,  e.part fron the lllD.Xima 

at the I"K
a 

vo..lues which >vere e stablished from experime ntal data . The 

poor c orres pond-:mce be tvmen the theoreti cal and experimental approachl 

probably nTises from the fact that the pH dependence of charge at the 

hydrous -oxide surface vms not included in the the oretical treatment .  

Breeuusm and Lyklema ( 1 973 ) als o o btained an adsorption 

e nvelope , similar to that presented by Hing3 ton � �· ( 1 972 ) , for P 

sorption by hematite . They showed , houever , the t ove r the pH range 

of 4 t o  9 ,  the ratio R ( mole/mole ) of the amount of H
+ 

required to 

:m:.1.intain pH during P sorpti on t o  the amount of P s orbecl , increased 

s t eadily from a V3.lue tendi11g to zero , to one approaching unity, ( Fig . 
1 • 7 .B }. Thi s sue;c.;ests no fundamental cl1.'1nge in the so rption mech:mism 

.:::. t pH � pKll2 as propo sed by Hingston et ill:.· ( 1 967 � 1 972 ) .. · The 

ligand exchange reactions - OH2 + ;  H2PO 4
- , -OH2 + ;  HPO 4 

2-, -OH ;  � PO 4-
2-

and -OH ; HP04 uere propo sed t o  account for the relat ionship in Fig . 

1 .7.B,  because only the third and particularly ·che fourth reaction are 

l ikely to o ccur at hiche r pH vnlues 1c1hero the rati o ,  R ,  approache s unity. 

A similar sequence of reactions has recently been proposed by Smrhney 

( 1 974 ) to e xp la in the different change s in cation e:r:chnnge ca:rnci ty 
( increase in nege.tive ch.aree ) subsequent to P sorption by soils of 
different pH . This study pr ovide s one of the fevT links beh1een me chanisms 

d eve loped to describe P sorption by soil c omponents and those developed 

to describe P s orption by intact s oils . 

Althou.c:ll sone a spects of the P so rption me chanism are now 

known , none of the me chanisms discussed above has be en supported by 

adequate quantitative data o The prec ise mechanism, or mechanisms of · 
P sorption , and their relationship to pH and solution P concentra tion; 

s till require evaluatio n .  Conseque ntly, many other aspe c ts of P 

sorption can still no t be explained . Furthermore , an ade quate 
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identity be tw·een the mechanisms invo lved in P s orption by soil conr­

ponents and noilo themselve s ,  remains to be establ ishe d .  

1 . 4 � 2 . 2 The form of P sorbed � Re cent vrork by Atkinson 

.£i QJ.  .• ( -1 974 ) and Russel l et Q;l. ( 1 974) ,  based on the I . R .  spectra of 

go e thite sub se�ue nt to P sorpt io n ,  has sugge sted tllli t the form of P ·  
sorbed is PO L! 3- .  Thio confirms an e arlio r re port by Ga stuche � .§].. 

r 
( 1 963 ) . The se observat ions are difficult to reconc ile vri th the 

sorption me chanisms d iscu s sed above , "rhich involved only H2Po 4- and 

HPO 4 
2- spec ies .. Hings ton. ,tl. �· ( 1 974 ) ,  hat>Hnrer, have . implied. the -

sorption of PO 43-, al though no expl8 m t ion ·-vms. given .. 

The P adsorption envelope for goethite ( Fig . 1 .7 . A ) · 

indicate-s thnt maximum P s orpti on o c curs at a pH value lm'Ter- than 2.5  

vrhere- the · d orni  nant P s pecies in s o lution are �P..o 4 and. H2ro 4- .  The 

co mple te de pro tonc'l. tion of P spec ies at this pH seem improbable be cause , .  

of the high pKa3 value of H
3

Po4 ( 1 2 .32 ;  Butler; 1 964 ) . Furthermore � 

if Po4
3-

i s  the actual P sps c ies s orbed , the rr.aximm P sorption; or 

at least an increase in P sorption >'I"O uld be -expected- close . to .�3 • 
At this piT the proportion of PO 4

3- increases rapidly, ...and if the 

argu.m::mts of Rings t on 2J . .§1. ... · ( 1 970 )· are accepted, the energy -of de-

t ti f II.PO 
2- . t . . 

Tl d t .  1 ··pro ona on o · 

4 J.s a a rrunuuun. 1e a sorp ,J.on enve ope 

( Fig . 1 .  7 .A ) hovrove r ,  indicn te s  thn t P s orpt ion decreasos rapidly 
above pH 1 h· 

3-Tlle observation that· P04 appears to be t�e form of F 
sorbGd, may be the result of the method used • In the pre :p.<J.ra tion of 

. sample s o n  lThich I.R. s pe c tra 1ve re determine d ( Rus sel l .£i £!1. .. , 1 974 ) , 
a d.rying · s tep was involve d ,  in some cases using tempergtures aa high. 

as '250°C . · Dr>Jing is khown to induce - struc tural c hanges at hydrous ­

oxide surfac e s  ( Onoda and de Bruyn , 1 966 ) ; 1Uld. is illustrated by the 

diffe re nce s in pH ( p . z . c .  ) of dried and undrie d aa:mple s. ( .Parks; 
. 1968 ) o It is poss.ible that s imilo.r clmge s in surface struc ture 

3w could n.cc ount for tho o b servation that P04 appears to be - the form 

of P s.orbe.cL. . . . Tho trnnsl.ocation o f  protons nt t he surface, subsequent 
3-to P s orption ,  c ould als o  explain the a pparent sorption of P04 • 

The P s orption mechani sm , nor .§Q., ·would, hov1eve r, still be controlled 

by protona tecl species and the charge at the surf nee o 

. r . 
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The di scussion above suggests th:tt dire c t  s orpt i o n  of 

P04
3-

is ur�ikely . Consequently ,  an cvnluo.. tion of th e P s orpt ion 

mechanism vrill �;ro bo.1Jly be facili tn ted by c ons icler:' ti o n  of the 

amounts of H2Po4
-

:>.�1d HPo42 - spec ie s  in s o lutioE , !"'.nd the distribution 

of c hnr{;O at the so rbinc surfnco , f or va rious pH v::clue s . 

1 • 5 Inte r:pre tettion of Sorption ]).'l. ta 

The description c.nd interprc t.:-tt ion of P sorption i n  

quantitative terws i s  n.;1 e s sent i.:-tl rv. rt o f  nn extens ion of the c onsidera-

t ions dis cu :Jsed above to more prctctical applic a tioru:; . A qunnti tative 

descript ion of P sorp t i o n  i s  :.�lso us eful in predic ting and re i nforc ing 

conc e pt s  c onc erninc; the uecln nis m  of P s orp ti on , o. nd in ovnluCJ.t ing 

the fac tors uhich im:J.. uencc the proce s s . 

The use of s orpt ion is othc rLJs to de scribe P sorpt i o n  h..'1s 

be cmne c ommon pr.'1 c tise in re c e nt yo o.rs o The rnc o.ning of s o rp t i o n  

isotherns and the tmnsf orro t io n  o f  s or pt ion dr.. tCL into usefu l  quantita­

tive forms is dis cus s ed beloH . 

The sorp t ion i s o thern 

A sorpti o n  iso thern describe s  the re la tionshi p , at c on­

s tant tempe rc. t-uro ' be hre en the nnount of sorbate re taine d  by a s orbent 

and that uni..rJ.tained in the phn so c onto.ctinc thL: s orbent . Sorption 

iso therms I:Iero origi no.l ly developed to describe sorpt io n in g.:1s-s ol id 

systems . Phos phc.te s orption , hovmver ,  invo lve s a liquid-solid system 

and the cxtention of t;ns sorption the ory to solute sorpt i on f rom 

aque ous systeBS re quire s  cvo.luation . 

Gile s et al . ( 1960) ho.vo d9 scribod and cletssified tho - -

isotherD type s 1-1hich mny be expected for s olute sorpt ion ( Fig . 1 . B .A ) • 

Type-s repre sen t s  a s trong intermole cular attracti on be twe en sorbed 

n pecie s , whereas typo-C repre sents n c ons tl:!.nt pnrtition of sorbnte 

be tv1een the sorbent o.nd s oluti o n . Typc-L ( Lm1,..c;muir type ) i s  the 

nos t  c onnonly-occurri11g isotho rB type in liquid-s o lid systems and 

a ssume s a liLJit to so rp tion upon the c omple tion of a monolayer of 

sorbnto spe c ie s  CJ. t  the surface . When E'.. high affinity exi s ts b e tween 

sorbate and norbent , i s o therms of type..- R are chnrnc terist ic . 
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Sorl)tion iso therms for P nrG determined for soils and 

soil compone nt s by LJ:lkinc; vc..rious c.dcli tions of P to 11 sus pGnsion of 

knovm so lid : s olution ri:'. tio . Af t or shaking for n sui ta blo period of 

time , dopondi!l(; on the ob ,j e c tive s of the expo ri ruont ; the anount of P 

remnining in solut�_on nnd thD. t s orbcd i s  dotor:cdnud ind ependently 

( Hsu o..nd Renni e: , 1 962 ;  Hul ,j J.di e t  f!:.l. , 1 966  ) .. In 110.ny co..s os 1 

how·evo r ,  n.nd exclusively for soils , the differe nce bo tvTO cn the initinl 

.::md f in:1.l solutio n  P ooncontr:cti ons is used o..s a nensuro of the nmount 

of P sorbed . Although this pro c e dure is no t as rieo rous as • the 

separate doto rrri�� ti on of the o.�ount s sorbod o. nd in so lutionl so.tis­

f.:tctory results arc ebtnino d . Fur thornore , Kiplinc; , ( 1 965 ) nnd Gil o s  

( 1 970 } hnvo sugge ste d ,  fron the ore ti cal c o nsidorn t ions , t m t  the diff-

e ronce proc e dure i s  valid f or o. quoous sys tem . 

S orpt ion iso therm; for P have be en detorr.ri.ned for soils 

lfi th 11 vn.rie ty of t· ,_oorotic.c l  .:md pr1.cti cf'.. l obj e c tives in view ( Olsen 

and Wn tr'.nnbo l 1 957 ; Sho.. piro nnd Priod , - 1 959 ; Hsu , 1 964 ; 1Vo odruff 

and Kt1npro.t�1 , 1 965 ;  Taylor :end Kuni shi , 1 97 1 ; Syers £.i nl . ,  1 973 b ) • . 

Iso the rms typical of tho se obtnine d  aro presented in Fir; . 1 .s .B . 
The i s o thorEs o.re conerally of the L-typo ui th ::t greater or le sser 

deere e  of H-typo cho.rncter , sugg-e s t ing o. v.:1ri n.b lo dog-roe of high 

affinity intcro.c tio n bo tvroon P o.nd the so il s . Similar iso therns with 

genernlly n grec�ter anount of H-ty-po chn.ractGr ( Fig . 1 .s . c ) have boon 

obtained for p .  so rption by vari ous soil conponGnts ( R·l.Che ; 1 964;  

nulj,�di £i .01• , 1 966 ; Chon .£.! a l .  1 973 ; Broomr sm and Lyklem 1 973 ) • 

It is po s s ible tho� t the iso thorn tyiE reflects the T'l.G chanis!:l, or r.1echanisns , 
involved in P s o rption , as vri ll be �i scus s ed bol ou . 

fl1o value of sorption isothorns in pr oviding n dirc otr. 

evaluation of the degroo nnd exten t  of P so rption at various solution 

P c oncentr:l ti ons is ii:Th'Pdin. tely appnront. This rolJ tionship, howeve r ,  

i s  complicated b y  non-reve rsibility, if des orption i s  also c onsidered . 

The sorption isotherLI also prov id es n basis for the evaluation of 

nume rous o the r ��ramo tors , inc luding sor pt ion ��ximn , and re lative 

values f or fre e energy and entro py of the sorpt ion reac t io n .  If 

kine tic data nro obtained , the activn.tio n  e ne rgy of the s o rption 

re action r:ny also be doto rnined . Sono of the se pnrame t e rs have been 

determined for P s orption by s o il s  nnd soil c onpone nts ( O lson and 

Watanabe ,  1 957; Fried n.nd S�1 piro , 1 9 59 ;  do li�an 1 965 ;  Kuo and 
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Lotse 1 974 c ,  b ) ; and nre part icularly useful in ovnl�� t �>g the P 

s orption nochanism. 

'ro obtain this inforiJ.:.!. tion , hovrovcr , it is frequently 

ne cessary to tr<::.nsforn sorption da tet , �md te st i t s  fit to o quettions 

deve loped to describe s o rp tion . The e quations r:1ost fre quently used 

t o  des cribe P sorption arc the Froundlich :end Ilmr:;mu.ir equations . 

The la t ter e qun tion is p.:.1.rticuLtrly useful bc co.uso it is develope d  

fron a phys ico-che nicnl nodel involvin� n s o rption D...!.xinu.n .:1 t nono laye:z.o 

c overage . 

1 . 5 . 2  The Freundl ich equn tion* 

&'l.rly -vrork on tho sorption of g:::sos by various solid s  and 

of diss olved orgunic s by cha rcoa l , suGge s te J thnt sorption datn c ould 

usua l ly bo de s cribed by o..n equa tion of tho forn : 

1 /n 
= A c ( n < 1 ) ( 1 .9)  

1vhero ; in the cnse of solute s orption ,  x = tho anount o f  sorbate removed 

fron s o lut io n pe r  unit -vro ight of sorbcmt , c = the solution c o nce ntra­

tion · nninta ine d , ::md A and n ::tro c onst.1.nt s . Expre s sed in logo.ri thrJic 

fo rn; sorption dntn conforning t o  e qua t ion ( 1 o 9 )  vrill fit <::.t least one 
1 

l inear relationship of s lope �­
n 

The logarithnic fo rn of e quation ( 1 . 9 )' vms the first t o - be 

used to de scribe the re tention of P by s oils ( Russell and Prescott ;  

1 9 1 6  ) nnd c onforBity o f  the ir do.tn to the c q�1. t ion vms tnkon n s  one 

of the firs t indications that P re tention involved an sorption reo.c tion. 

The c o nf ornity of dntn to n s orp tion isothe rn e quation , howeve r ,  should 

not be take n as incontrove rtible proof of o. sorption roo.ction; as will 

be discu ssed lo.ter . The Freundlich a qua tio n h:.:ts sinc e been used in 
several studios o f  P s orption by both soils nnd soil compone nts 

( Kurtz .£.t. .9:1.. , 1 946 ;  Low and Black , 1 950 ; Kuo and Lo tso , 1 974 a, b ) . 

The forn o f  the Freundlich equo. tio n  appenrs to be purely 
e:r:J.pirical. Henry ( 1 922 , quo ted by Kipling ,  1 965  ) has shmm th..1.t ·  

for d i lute s olutions the torn 1 cnn bo given the ruodynnl!l.ic identity; if 
n 

*Not develope d by Freundl ich but · usod ex tens ive ly by hiB in cnrly 
adsorp tion 1-l.) rk ( Gile s ,  1 970 ) .  
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nonol�yor s orpt ion i s  as suned . The v.:::.lue of n uns shovm to be relo.ted 

to the differonco be t•·ro en thG free e nergy of tho l 1 clcan" surface nnd 

th1. t 1vhen n c o upleto nonol-_,_yer wns forned. Tho vn.lue 1 n is .:J.l s o  relo..ted 

t o  the so rp tion u:-cxir.mn. This tror:.tnent 9 however ,  applies o nly to 

dilute s olutions . 

Ki·c chener ( 1 965) lns pointe d 01.1. t tk. t bo cc.us e  the 

I'reundlich o qu<'.tion frequently dos cri be s s or1)tion on such ho te rocenoous 

surfo..ces c..s th,!.t of c h.1. rc oal , it is pGrti culnrly sui tod to s orpt ion nt 

n seri e s  of s orption s i t€a o f  diffe rent sorpti o n  ene rgi e s . A logo..-

ri t hnic plot of sor pti on dntn , ho1·rovc r , should re spond to [my s ienificrmt 

chDneo in the doninnnt so r ption s itG or ne chD.nisn . A bre::U{ in the 

slop:J of nn othor�ri so linenr Fround l i eh re lnti onship vms obto.ino d  a t  o.­

so lut ion P c oncontro.. tion of 2 p.g P/nl; fo r P sorp tion b y  several 

ll lino i s  soils ( Kur tz £i :ll_. ,  1 9,t7 ) • Al thouf:h no expln.n.::. tion 'ms 

given, n. dist inc t  chn.ngo in the donin ..... nt sorption sitG or ne chanisn 

is inplio d . 

Boc:-tuoo it is diff ieul t t o  give qun.nti tntive iden t i ty to 

the cons t:1nts in e qua t io n  ( 1 . 9 ) , the F1'eundlich o qU1. ti on · is novT little 

used to des cribe P SOIJl tion by so ils nncl s o i l  c onponents . 

1 .  5 .3 The L.1.ngr.n.tir e qu8. tion 

1 . 5 . 3 . 1  Derivation ::1. ni  test for do.ta fit . The fnc t  thD. t 

r sq·p tion by s oils r.nd s o i l c onpono nt s frequently confo rno to the 

Langr.n.ti r  e quat ion , h::1.s given ri se to the extensive use of this eqlk'l. t ion 

to descri be and interpre t P sOI'}_J t io n  dnt.1. ( C ole £.1 .QJ..• I  1 953 ; Olsen 

nnd Watn�cbe , 1 957 ;  Sh�p iro nnd �ric d , 1 959 ; R0nnie and McKe rcher' 

Hsu �nd Rcnnic ; 1 962 ; Mul jndi e t  nl . ,  1 9E6;  Sye r s  e t · al · l  1973 b; 
S chwortu'l.nn and Kni t to l ,  1 973 ; Ho lford £t. Ql. , 1 974 ) • Be cause 

the Lo.ngr.n.tir e quation uc.s origimlly deve loped for gns o.dsorp tionl i t s  

vTidc sprend u se i n  the soils li to rn. tu re to describe P s o rp tion requ-ires 

further discu ssion . 

Lnncr.n.tir ( 1 9 1 8) vi slli� lised sor pt ion as a d��oic pro c e s s  

i n  whi ch t l1e su rfo..c e  forces w·ere n ssuned t o  o:pero.te ove r a short ro.ngo 

and intornole cul::.r f or ces be twe en s o rbed r:tolecu l e s  '\>To re smal l . Those 

assuL1ptions inply tha t only tho se no l ccule s ·which s trike unoc cupied 

sorption s i te s c.-,_n be sorbe d , whe reas those whi ch strike occupied 
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SiteS ,1re refle c ted back int o the bo.. thifB :pho. se ( gus OT SO lut io n  

depending on the s itu_.-,_ tion und er cons ide r�tion ) .  C o ns e quent ly , 

n l ini tine cor.di tion of nonol ".yer sorption i s  inposod . 

For soluto sorp tion , the rrtto of sorp ti o n  pe r  unit ::.ro.::1. 

( Ha ) c<:.n be exr)j-�'-' ssed : 

R == c ( 1 - Q ) o -E /RT • 
0.. 

( 1 . 1 0 )  

1-rhero Q is the fro c tion of th e:  surfn.ce c overed 1vi th s orbo d noleculos ; o 
is the concentr:ct icm -vrhich i s  pro port ion.'l l to the nunb e r  of no lecule s 

striking the surf.'J.co per unit tine r:mcl are,, , -:.ncl o-E/ RT is nn nc t ivo.­

tion tern rep:ro sonting the rn t io of colli sions resul tine in sorp tion 

to the totnl nunlJe r  o f  co llisions , E be ing tho ncti vn tion e ne rgy of 

sorp tion reo..ction . 

The nuDbcr of nolo cule s (v) do so rbing fron t he surfnce 

per uni t ·l;ine aml Clroo. , is c iven by : 

-E' I ( ) v = j e RT 1 . 1 f  

� /  / 
whore o- . RT is rm gc tiva t io n  torn for do s oT]_Jtio n , E is the activatio n 

energ;y of deso111t ion ,  a ni j is c. c ons tant depending on tcrn]_;ernture . 

The ro.to of clc sorption (Rji) r1ny therefore be vrritten : 

Ud = jQc-E /RT ( 1 . 1 2) 

At equilibriun t he ro.tes of sor pti on o.nd de s orpti o n  nre 

equal ; and e quations ( 1 . 1 0 ) nnd ( 1 . 1 2 )  u".y be equJ ted 

by 

c ( 1 - 0 ) o-E/RT = jQ e-E
� /RT ( 1 . 1 3 )  

Because th e hont of the s orption rc nc tio n  ( �  H ) is c;iven 

( A H = E - E ( 1 . 14 ) 

and nu s t  be no g�tive f or sorptio n to oc cur , equation ( 1 . 1 3 ) �".Y be 

s inpl ifie d : 

c = j e AII/RT O 
( 1 - t) 

( 1 .15 ) 

For n c ons t.:mt tenpo rr:tu ro , A H n.'1y bo nssur::e d to be 

c ons tant ( i . e .  inde pendent of surface c overage ) • The fracti onal 

surfo..ce ooveragc (0) nny be repre sente d by x/b; where x is tbo amount 

sorbod pe r  unit area ( o r  weight ) and b is the sorption nnxinun, 
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e quivo.lont to n c oi�pl ete nonolr:.yer .  

written in  the forn : 

Equn tion ( 1 . 1 5 ) can nmv be 

c = x/b ( 1 . 1 6 )  
K ( 1 -x/b ) 

6 H/RT 0 • Renrro.ngcmnt of oquatiorr ( 1 . 1 6 ) gives 

the typical forn of the h:.ngr.ruir equa tion 

X = .12lS..q__ ( 1 . 17 )  
1 + Kc 

Eq��tion ( 1 . 1 7 )  �:.y be expre s sed in sevoro.l linenr f erns ( see equo.tions 

( 1 . 1 8 )  ( 1 . 1 9 )  and ( 1 . 20 )  bel ow ) . Confornity of sorption data to one 

of the se equations hovwver ,  doe s not consti tutc undisputnblo proof' 

thnt the sorption renction under considerntien c oDfor[� to the nodel 

on which thG Lnncrn1ir o qu:. tion is bnsod. . Adr1i ti on::-.1 informtion is 

required ( Brunnuer -� Ql. ; 1 966 ) • 1�'o r  ox::>.;- :plo , the vn.lucs of b 

nnd K should bo c ons istent ui th the nssum d nech:.nisn . Furthe rnE)ro l 

becnuse the vr:lue of b doiJ cn:l s on the surfnc e o.ro:J. of the sorbentr 

it should be poss ible to o sti ;n to i ts vo.lue f ro n  theorotic['.l c onsidern-

tions . Chenisorption9 howevor , depends not only on the surface nreo. 

but nlso on the nunber of :J.c ti vo sites :>..v:.il.:cblo on :1. pr' .. rticuln.r con­

ponent . 

In the cnse o f  P sorption, th e ro l.:.t ionship botvroen the 

surface nrcn rmd the nunbor of sorption si tos on o. particular sorbent 

nay not bo ns dire c t  o.s n. t  first nssuncd . This is illustrntod by P 

s o rption n t the edge f.':l.cos of crystalline alunino sil i cn. tes and the 

po s sibility of nn ab sorption rcnc tion . Neve rthe le ss , the anount of P 

s o rbcd by soil conpone nts- nt s o lut ion P conc entro..tions of npproxinJ.to ly 

3 pg/Bl ( Table 1 .2 ) ; suggests thn t P sorptio11 ,  nnd probn.bly b vo.lues1 

nre in proportion t o  the rolo.tive nunbor of sites tha t n�y be predicted 

for e.:tch c onponont , based on s tructural n.nd pH c onsidera ti ons . Con-

parison of the si ze of the pho sph:.te group to the appnrent area 

oc cupied - by ench sorbed group ( f.luljadi 9J. Ql_. , 1 966; Chen e t  §.!• , 
1 973 b ) ;  however, n:.y not be vnlid , becQuse the nnturo of po .. ckine 

at the surface is not known .. Furthornoro , the inplic ntion of n 
" porous " surface ( Lykl om-1. , 1 968 ) pre c ludes n simple comparison 

betv10en surface area. nnd b v.:<.lues for P s or)!tion. 
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As uill lJo d is cuss ed later , few re l itublo ostimtos of K 

values for P s orption �re available . This fnct and tho c onfusion t��t 

s ti ll surroun<ls the ox<'.ct P sorption ncc}"h."'..nisn, prevents conruro. t ive 

nsses sncnt of K v".lue s . 

The v� lidi tv of :1pplyine; th e k1.m;nuir oquatio:t:1. 

to P s orpt io n o The ."'..pp l ic.�:.tion of tho kngnuir o que.. tion t o  P s orption 

by s oils n.nd s oil conpononts h'"' s frequently been ·  cri t ic iscd ( Hsu c.nd . 
RoiL.""lic ;  1 962 ; Gunr'..ry , 1 970 ; Bc.cho rJ. nd 1!lil l bns , 1 971 ; Kuo and Lo tsc ; 

1 974 o. ,  b ) e Cri ti c i sn ks usuf'.lly boon bnsocl on cm apparent ly 

poor fit of P s orpt ion dnt,..,. t o  the L1.ngnuir o quo.tion . I t  has usun lly 

boon inpliecl thr.t P sorption is no t o.no!k".blo t o  tho · rieorous c ond iti ons 

inplic i t  in the deriw� t i on of the e qua t ion ( Gum ry , 1 970 )' . The 

const<mcy of 6... H ,  nt c ons tnnt tonpc r::tturo , vri th surface cove rago 
has also - bo on que st io ned in the case cf P s orption ( R1.cho and 

Willinns , 1 971 ; Kuo c.nd Lotse ; 1 974 o. ,  b ) . Dre ouwsnn and LyklcL� 

( 1 973 ) also poi�tod ou t t�".t poo rly-def ine d sorp tion Dnxinn , frequent ly 

inpliod by P s onJ tion i so thorns , doe s not c o nply Hith tho nonolr1yer 

as sunption . I t  is prol>ablo , hovrcvo r , H1n t the npparontl y p oor fit of 

P sorption df1. t<'. to the Lm1£,rr:ruir e qu:1 tion ; o. rises fron insuf ficient 

dn tn ( Syors ot tl• , 1 973 b ) or tho o.ssur:rpti on th;. t only ono sorpt ion 

si to or ne clK�nisn is involvod o 

Tho c ond ition th:1t .O. H  is indepe ndent of su rface c overage ' 

inplios · tlnt nll so rpti on si t cs for r1. given P sorption ne chnnisn are 

uniforn, n.l1d th'l. t no ln tor.".l intornction oc curs be twe en s o rbcd spe c ie s . 

This co ndi tion appears rigorous , even f or t ho sorp tion of gas e s . Mo st 

surfaces arc hotcroc;oncous , n.nrl .1.t low co nc entra tions , s orpt ion takes 

pLo..ce at site s h".ving the highest affinity or sorption energy- ( Brun­
nuor ,  1 96 1  )' . Consequent ly, n pl o t  of 6 H ogainst fra ct ional Sll.:t'­

fnce coverage ( 9 ) vJi ll be n decrea si ng function. La te ra l  inter­

notion betw·e en sorbod spec ies ,  ho-vmvor ,  increases the hont of so rp ti0n , 

g iving nn inc reasi ng  func t ion f or o. plot of 6 H against Q ( Brumuer; 

1 96 1 ; Adanson , 1 967 ) . The se oppo si ng internctions oay be expec ted 

t o  produc e n n H vnlue t4'hioh is approxinntoly const:mt , nnd c on­
forBity to tho k1.ngrmir e quation is sholm for n. groater nunber o f  

s i  tunti ons th.1.n m y  at first soon l ike l y  ( Bl:'unnuer, 1 96 1  ). 
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For s olute s orpti on, �nd e specia lly whe n n chenisorption 

renc tion is invo lved ( Bru��ue r Qi Q!. , 1 966  ) , th8 c ond itions inpos­

e d  by the 1:' .. n[;!�1uir oqur.tio n n'l.y be noro ndoqu2. tely sr.tisfied thD. n f or 

ga n s o rpti on . A chenio or;1ti o n  rc::tc tion invo lve s dire c t  chcmicr. l  

i n  to r.'l.ction o.. t sorption s i  tos ., Thi s npproxirn t e s  che nicnl bond 

f o rrDt ion , ".nd n ne '""'..r uniforn ho.:.t of so rpti on r..::�y be - expec ted . 

Furtro rno rc , be c�u se the surfnce is b�thed in solvent , interacti on 

be twee n  sorbo d sJ,:c c ie s  \fi l l  bo rel.:.ti vely 1rcn.k ( Gil o s ,  1 970 ) ., 

Surfnce he terogeneity will nlso bo ro lo..tive ly less inportnnt in 

c heniso rption ro:tc t iorl.3 , e spe c io.lly \•Then o. s trong intor-:�ction is 

involved be tlvcen s orbent t:.nd s orbate . 

The P so rption nech•.nisns discu s s ed previou sly s eon , 
po.rti culnrly suited to Ln��ouir interpre t:tt ion. For ,'J. given pHI 

there is n fir.i to nunber of sorp tion sites of n. pn.rticuln..r t:y-pe o.t 

the hydrous -:�xicle surfnco • Also , be cnuso the ne ch13.n.isn invo lve s 

l i..;nnd exclk'l.ngo ui ti1 surf13. co groups , sorpti on in exce s s  of nonolo.yo r  

sorpt ion is precluded ., The vnluo of A II wi ll n lso be cons tant be-

cnuse c.. ll pro posed �Je chc�nisos lmvo invo lve il. n chenisorpt ion rec.c tion . 

The hydrn.Jcocl surfnce o..nd tho o.ffinity of P spe c ie s for Fo nnd Il.l , 

vri ll nininiso ln toro.l inte mction . C onsequentl y , P s orpt i0n by 

so il s , ['.nd lA-n.rticnlc..rly by u oil c onponc nts , n_"..y 0..11proo.ch idonl L�t?:2llir 

behn.vi our . 

1 . 5 .4 P sorpti o n  nnd do aorption i s othorns 

1 . 5 .4 ., 1  .L\.Ppl icnti on of the L1llb'r:J.Uir ogu::.. tion to P s orption 

il.l though the L..:.ngo.uir - o qun. tion n.s suno s nn e qu il ib:riun condi t ion , r.Jtmy 
s tudie s of P s orpt ion, particularly those involvi 11-e so ils , ho.ve not 

no t this c ondi t ion. Nevo rtho lo ss , for the s tud ios dis cussed , the 

lnck of attention gi ve n  to the oquilibriun c o ndi tion d o es not · nppenr 

to affec t the gonernl c onc lusions thn t U'J.Y be d.rmm fron then . 

For the reo. sons d iscussed in the previous section , the 

Lo.ngrmir e qUB. t ion i s  pnrticulnrly suit ed to d e s cribe P s orption by 

s o ils nnd so il c onpono nt s . In order to O\m lunte the constants re­

la ting t o  the sorption nnxinun ( b )  nnd the s o rption e ne rgy (K) , 
equation ( 1 . 1 7 )  rny be ronrrnnsed to givo three l inenr forns : 
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( 1 . 1 8 )  

= slope/intercept ) 

( 1 . 1 9 ) 

slope -1 ) = -

( 1 . 20 )  

TT L� = intorcOl)t/slopo ) 

En.ch o c1ur'. tion- lkcs ndv::.ntL:ces fo:;_� pa:r.ticulo.r concentration 

Equ"'.. tion ( 1 e 1 8 ) ;  the nost �onnonly use d  forn, o.cconnocl� tes n 

concontr'-tion ro.ngo of r-.pprox int'.. toly two orders of rnr;ni -bJ.do ,  whorons 

equntion ( 1 . 1 9)\ is I loro suito�1 to r1. c onc en·cr.J.tion rnnee of less th.'l.:i.1. 

hro orders of n".�1'li-Gude o Bc:cC'..uso ol' its reciprocnl nr.'..turo , equ;:.tion 

( 1 . 20 )  is S'J.i ted to only n n'l.rroT·r concontr':'. t :i..on rCl.nt;o , UDunlly loss 

th::m ono order of f.1."..�ni tudo ,  :c.nrl :i s  par b.cu:!..crly scnsi tivo ·eo ch.".l'lgOS 

in the vnlue of K .. 

E.".rly np1)lications of the Lnngnuir oqm•. tion to P sorption 

by soils :"..nd soi l  c on:pono:1ts ( Olaen .:cnc.l 1'htrm .. '1 bo , 1 957 � Ronnie o.nd 

McKe rcho r ;  1 959; Hsu nnd Henn:i..o ;  1 962 ) gono1'nlly c ovo:c�od. .:1 high P 
concen tr:1 tion rnnc;o . Those ctudies succostod th:c t nlthou'-o:sh P sor11tion 

-vms described by tho L1.11..�2ui:!..� o qu::• . . -d on over nof:lt of the concontrntion 

rrmgo 7 devi�1.tions fro n .1. linonr rel::.tionship cccurroc.l '1t s o lution P 
concontrn.t ions in Gxcesc of o.pproxi�·,..,.,_ to ly 1 5  'flf.; P/nL Tl:.e studios 

of Sho.piro ;:nrl Fried ( 1 959 ) usinc soils , n:o.cl de Ho.an ( 1 965 ) using 

various �luuinocilicr: tes ,  suggested .'1 curviline r'.r rcl� tion::::hip uhon P 

sorption clo.tn vre:co plottcr1 .".c cordillb to tho 1nl1{;nuir equo. t iono It 

;.ms shown , hm.rever , ·  th.'i. t the rol:1tionship coulL. be tro.nsforned into 

two linear portions 1 nl though ['.n oxplonn.tion of the different K nnd 
b vnluos ,  obt.::tined over different solution P c oncontrn tion ranges, vms 

not civon. 

In ."'. study of F sorption by lG' Olinite , gibbsito , al".d 

psoudoboehnito, ffulj 1.di .<ll lk\• ( 1 96 6 ) , usirJ.iS an inspection nethod 

sugges ted by Bc'lcho ( 1 964) , concluded thnt P sorption isotherns could 
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be split into three dis tinct portions or "regions " ( I ,  II , and I I I  ) 
correspondi1� to distinct solution P concentration ranges.  Region I 

corre sponded to ( 3 . 1  ).lg P/nl, region II to bchreen 3 . 1  and 3 1 Jlg P/ml, 

c.r..d regi on I I I  to betvmon 3 1  c.nd 31 00  pg P/nlo· Region III 1vns a linear 
isothern, but the very hiGh solution P concentrations suggest that 
sorption my not be the donimnt ro::J.ction ,  br1.sed on the vrork of- Russell 
r:.nd Low ( 1 954 ) and Chen .£i.�· ( 1 973n ) .  Both regions I and II, how-
ever ,  could be described hy - n  L:.ngr:ruir equc.t io n. The sorption energy 
(K)  for cnch region hovrever,  1-ms very sinilar, su;:;gcstine, tht'.t regions 

I nnd I I  could be de scribed by cssenE:J.lly the s.1.ne isothorn if the 
b values for each region were Sl�cd . 

The sir:tilarity in K value s obtained by Muljadi !U. .Ql.e · 
( 1 966) suggests that isothern differentiation by inspec tion is not 

satisfactory. This approach has been cri ti cised by Syers £! Q1. 
( 1 973 b ) • To e. large extent, the nethod depend s  on the scale 
adopted for plottine the x-c iso-Ghern. It should be noted, however; 
that the K vnluo s obtnine d  by Jliuljadi et .Qd._. ( 1 966) were not only 

conrnr<'.ble betl·mm: regions I nnd Il ; but also between the different 
sorbonts used . 

Dc.tn s inilar to thrtt presented by r1UJj11di e t  Q.l� ( 1 966)  
hnve recently- been reported by Chen et al . ( 1 973 b )  for kaolinite 

and 0(-::J.lu.ninn , 1:1.nd. by K".rin e t  .Qln · ( 1 973)  for soils . Covering a 

sor.1e1·rhat lo1ver concentrntion rnngc , Chon e t  2J. .. ( 1 973 b )  suggested 

th.·1 t region I my be cooposed of hro Ln..ngruir relationships, again 
enphasising the linitation of the inspection tcchnig_ue o 

Syors e t  al . ( 1 973 b ) used eg_u..-:1.ti ons ( 1 o 1 8}"  and ( 1 . 1 9) - - . 
to evaluate P s orpt ion by throe contrasting Brazilian soils over 
the soluti on P concentration range of 0 to npproxim tely 1 4  )MS P/ru.-· 
This range corr�spond s to region I and pnrt of region I I  ns defined 

by Muljndi et  nl . ( 1 966) . Syers et c.l . ( 1 973 b )  denonstrated thc.'Lt 
the La.ngnuir eg_lli:.tion itse lf ,  and the two line ar relationships 

given by the expcrinental data; could be used to differentiate 

regi ons of appnrently different sorption energies ( Fig e 1 . 9 ) . The 

"breaks " in the overall relationship; fron one linear portion, or 

region to the next' occurred at approximtely 2 )lg' P/ol for the 

s oils used o After correction� which partially elininated the 

effects of one sorption region on the Langouir constants obtained 

for the other, each region could be represented by a distinct 

- I 
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I s o t h e r �  for P s or p t i o n  b y  a s o i l  s how i n g two d i s t i n c t  l i n e a �  
p or t i on s  ov e r  t h e f i na l  P c on c e n t ra t i o n  r a n g e  o f  0 t o  8 ·.1 r;  P/m l ,  

I 

u s i n g  t h e  Lan gm u i r  equa t i on i n  t h e  f or m  o f  e q ua t ion ( 1 . 1 8 ) . 
From S y e r s  !l !1• ( 1 973 b ) .  
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Lnngnuir equo. tion . Very sinilnr re sult s  hnvo re cently been reported 

by Holford 9t n l .  ( 1 974 ) for P sorption by Engl ish nnd Au strnl inn 

so ils . 

For a civon rogio n 9  the K vnluo s obtnined by bo th Syers 

crl lli ( 1 973 b ) nnd IIo lf ord et . .:c l . ( 1 974) we re conp::-.rrtblo This is 

po.rticulnrly trno in tho c.".sc of the se cond s orrtion rot:sion corres­

ponding to solut ion P c oncontrn tions granto r  thnn npproximtoly 2 �/ril.. 
FU.rthernoro 1 tho K vnlues obtninod f or tho second rocion nro of n 

siniln.r order of u:.1.�·ni tudo to those obt:cinod by l'!ul j ':.di et ill• ( 1 966)  
over nn o quivnlcnt concentrati on rcmco for P s orpt ion by the nluninous 

conpono nt s di scus sed :pr evi ously. 

The po s s ib il ity of :c third Ln.ngrruir rc L>. t ionship c orre spo �ld­

ing to very l m·r P concentrc. tions has nlso boon sugge s ted by Syers et 

nl . ( 1 973 b ) nnd Chon 9t nl . ( 1 973 b ) for s oils nnd n.luninous soil 

c onponont s ; rosp3ctivoly ,. Thi s  '1·JC1.s suppo rted by· Schlre rtr.1.1.nn nnd 

Kni ttol ( 1 973 ) 1 uho rep orte d  the existe nc e  of tuo ; or pos s ibly three �  

LnnGnuir sorp tion roeions belovr solut i o n ·  F c once ntra ti ons of 3 yg/nl, 
f or  P sor-.�:>tion by sovcrn.l Bo.v"lri.:m soils o 

1 .. 5 .4�2 In.J2.l.icn t ions of rrul t i:Rle Lnnr;puir reln tionshi.P.s . .  

The studios discussed nb ovc o.re in o.ccord vli t h  the fnc t  thnt P so rpti on 

i so theriJS nro usun.lly of n. nixed H- , 1-typo ( Fie;. 1 .8 ) ., An · illustr.:c.-

tion of the dependence o f  i sothe r:r1 tYJ.)e on s orption ene rgy (K) ·, hn.s 

bo on give n by de Doer ( 1 953 ) o Isothoro.s A , B 9  C nnd D ( Fig . 1 . 1 0  
� -3 -2 -1 ' nre drmm for sorbents with uni forn K value s or 1 0  , 1 0  , 1 0  , nnd 

1 0° res pe c tively· ( n. ll rc l.J. tive uni t s  )' c Tho se isotherns nre pe rfect 

L-type iso therns; onch describe d by n s ingle Ln��nuir e qua ti on � Is o­

theriJS E and F ( Fig . 1 . 1 0 ) ; howeve r ,  re pre sent sorption nt n surf::we 

\vi th two type s of sor1Jti o n  si tes or K value s . Iso thcrn E nssune s  a· 

he terogene ous surfnco f o r  vrhich the K has n vn.luo of 1 0-1 
over 10% o'f 

the surfncc but only 1 0-3 over the rer.1.1.inder . Isotho rn  F o.s sune s o. 

K vnluo of 1 0-1 ove r lli1.lf the surfo.c c nnd a K vnlue . of 1 0-3 over tho 

o the r hnlf . I so the rns E nnd F,  which arc nixed H- , 1-type iso thorns , 

nro typicnl of P sorp t io n  i s otherns ( Fig. 1 o8 ) � Sinilr.r i sothorns 

>-rould be obtn inou by nssuning three d i stinct K vnluo s , nl though the 

H-type cho.rncter '\1/'0uld be nccon t-uo. ted . 

The difference bo tvm o n  the nreunents of do Boor ( 1 953 )\ 
nnd Brumuer £1 Ql.. ( 1 966 ) , discus sed previous ly, with respect to 
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Sorpt i on i so t herms construc t e d  from the  Langmuir e q ua t i on 
assuming a un i form surfac e or K value ( i so th erms A ,  B ,  C ,  
and D )  and two d is t inc t popula t i ons o f  s i t es or K values 
( i so t herms E and F) . From de B o er ( 1 953) . 
0 = fr"lc t i ona l  sur·fac e  c o v erage , p = pr essur e ( c . f . ,  
conc entra t i on ) .  
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surfac e he terogenei ty is thn.t de Boer ( 1 953 ) assume s hor . .10genc ity 

w·ithin the overall he terogene ous charac ter of the surface G The 

conside rn t io ns of Drummer e t  nl . ( 1 966)  can be taken to apply to a 

group of s ites of d is tinc t K value s r['.ther tlw.n to the s11rfnce ns a 
uhole . 

B3co.use P aO:t'l)tion i s  de scribed by at lee:J ·c i;uo , o.nd 

poss ibly thre e ,  cli s ·c inc t LnngiTJ.:i.r eq_i.ln:�io ns , the uo..no m:nbe !:· of dis-

tinc t popul,n,tions of sorp cion sito 3 is impl:i.ed � Full ocalu� ticn of 

P sorption by t�1e L".ngrmir e q_1.1.<'1 tior: r.:: qui:;.·.:: s ,  thc r:;fOl"e , ·l;e:Jt for 

datn fi t ove1· the cor:J.}:·_ ct-2 solut io n 1? concentra tion rnr c3 ·  ol t:i1e x-c 

isotherm , ste.rtiYl{� ns close :<. :J  is experin3ntal ly :,:'on.Jible 9 to the 

orie;in � Enplw.sis at the very loue st P concentro:tions in e s s8ntia l 
if sorption sites of the highe st K value arc to be detr:cted o This 

is necoss.::1ry becnuso onch experincnt ally de term.i.n:;d pc int on th� 

is othe rm , represen·c s  the :sum of P sorpt i o n  ui·thin cnch poj_julo.t ion of 

sites for the ob sorv·ed solut ion P C: 0:;1Centro. tionc Li->t'.e nttention 

has boen given to the lo,r ( Q....O.C5 pc; P/n:t. ) co:c1centr:J :�io ::::. rane;.:: of 

P sorption isotherns in the s tud i e s  dis cns:.;:Jd e.bove .• Th:-: s is the 

concentm. tion J:Q11,Z·:) o; po.rticular rel evance to the soil 80 lution of 

oEmy so ils ,. 

A de t-:'.ile1 i:::::> thorm :i. s :11 :::: ') r,:;qnired tecau:Jo 0ach Lnnt:,'111uir 

re la tionship :i_s only ob:-�8�.:-v-oc!. OVGl' a liilit�d c oEc :m·crc.t:i.o:n l'�mge 

( Sycrs e t pj;o , � 973 b ;  Holfoj:d �J. ,el,. , 'i 973 ) , 'It.o b el: of ex];B ri­

mentnl de tcd::. , }E'.l'ticu:t,.,_rly .:; v·er t�10 (:;') luti on P concentr�t:i.on range 

of 0 to 1 p.g/ol, ac cc:mt s -:':r;:r:; thG ::nu·c ·chat o or::�J m r·:(e:r:::; ha-.,;·a obto.ine d 

curvilinear r0l�1.·Cio E��lips uhen t:te 1ang;_:u:i.:.� O<J.'.l.1. Jc ic•l1. n:ts applied to 

P SOI'J.)tion d2ta ( G1.u"L'1ry, 1 970 ; EJ.cho and \f:i.J .:�inns , � 971 ) .. 

has led t o  the cri t icisn of thP. I,ane;I!I'J.ir e qua t ion , as app1:Lecl to P 
sorpti on , discus sed previous ly . 

The exc.ct oriGin of the deviation::; of ? oorptio::1 data 

from a sinc;!.e Lo.ngrmir r3lo.tionship , rernr-:1.inn obscure o Hul jadi �· 
a�. ( 1 966 )  ho.ve attributed P s er:pt ion over the solution P c oncentm­

t ion mnge o1 0 to )1 )_lg P/riJ. to sorp tion nt o.djacent surface -OTI 
groups . The bas j_s of thi s interpretatio:i1 is quest ionable , l:ovrever !  

because o f  the me ·l;hod by Hhic:'l the sorpti on ree;i m113 rrc ro differe ntiated. 

Syers �� a1. (1 973 b ) , suggested that distinct s orption me cr�1isms ' 

probably inv olvinc different soil component s � may explain deviations 
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from a s ingle Lnngmuir e que. ti o n .  

given b y  Holford tl .Dl• ( 1 974- ) .  
A similar expln m t ion h::�s be en 

At present no exp er imental data. are avnilnble to explaiin 

the deviatio ns of P s orp-tion de..tn from a. Si:i:J.Cle Lnngmuir e quation. 

The sir.lila.ri ty of K vo..lue s obtcdnec1 in mnny of the studies d iscussed 

previous ly, suggest , ha-T ever ,  that the distinc t populntions of s orption 

site s ,  implied by different K value s ,  Ek.'l.y in fac t  re present distinct 

sorption mech1.nisns at the sane surface .  The effects o f  non-equil ibrium 

and linri ted experimental dnt0. , parti cularly at l ou so lut ion P c once ntra­

tions , l eave s the interpre tation and implications of this effect, open 

to �stion . 

The lli'l. ture and Duplicat ions of P desorption 

iso the rms . De sorptio n ( or release ) of sorbed P �uy be eva luated 

subsequent to a sornti o n  step by 1�placement of the e qhlilibrium s olut ion 

wi t h  a w·11shing s olut ion of e qur. l ioni c strr:mgth nnd pH , but conta ining 

no P ( Nul j ndi � &· , - 1 966 ; Kafk',_fi .£i nl . ,  1 967 ; Syers 2.!. .9;1.. 1 
1 970; Hingston ,tl .!21,. , 1 974 ) . De s pite the ease of c o ncluc ting such nn 

expo rir:)i) n t , 2nd the importance of d e s o rpt ion in relati on to the su pply 

of s o il P to plants , d e s or:p ti o n  of sorbed P by soils and soil compon­

ents ha s re ce ived little atte ntion . 

-is 
The deso rpt ion o f  sorbed P is charac tc�d - by a hysteresis 

e ffect ( ll'tuljndi _e t a l . , 1 966 ; Ilings ton � al . , 1 974 ) . Hysteresis 

iBplie s th.:J.t sorp ti o:r.. is only pnrt inlly rove rs ib lo i th."-.t is the i so­

therB obta ined for the de sorpt io n s tep d oe s  no t fol lOi·l the same p:1. th 

as t ha t  for the sorption step ( il.cb.ns on , 1 967 ) • De s orption of P 

by soils an<l soil c ompone nt s  follous o.n i sotherm re pre senting larger 

amounts of s orbed P f or a give n s o lut ion P c oncentrat ion , th.'ln is 

represented by the so rption iso the rm. It should be no te d ,  how·eve r ;  

that des or pti on hystere s i s  only occurs f or doso rption o.t c onstant pH 

( 1'-Iul j adi e t  a.l . ,  1 966 ; Hingston d QJ... , 1 974 ) e If the pH is in-- -

creased suffic iently , �;he de sorp tio n i so the rn h.'l.S been shmm to 

corre spond to the P s o rp ti on i s otherrrJ. obto. incd at the pH of the de­

sorpti on s tep ( Nu ljadi e t  Q.l.e , 1 9 66 ;  Knfknfi and Bar-Yosef ; 1 969 ; 
Breem·rsm o.nd Lykloro , 1 973 ) • 

Severo.l attempts have be en made to describe the 

hysteresis effect of P so rpti o n  and dG sorp-t;i o n .  Usi ng a luminous 

soil compone nt s ,  Nuljacli � El.• ( 1 966)  ob serve d  that above so lution 
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P concentr;:� t ions of 3 pg/nl so rpt ion Ho.s to s one extent reversible on 

lmshi!l..g e.t co nstant pH . P so rpt io n  n t  le ss thnn 3 yg/:::U, hovmvor , . uo.s 

not reversible . It Ho.s sugge s ted th:lt dur ing· th e do s o rpti on s jcop; 
so rbod P undo r�;ont o. plk.'l.so chn ngc in Hhich it bocnne more tight ly 

bound to tho surf::tc e . A noro detc. ilod s tudy of t ho de r.wrpt ion 

of P fron lmo lini te vms re porte d by K..1.fko.fi o t  &· ( 1 967 )  fror::t sur­

face so. turn tio ns c orro s poncl.ing to so lut ion P concontrrtt ions no groo. ter 

th .. 1.n 3 }lg/ru. Ove r tl1is c onc ont r�\ ti on ro.Il{;'e , sorpti o n  uns f ound to 
bo largely irreve rs ible . Other dn. tn in:plio d  tha t tho isotopic ox-

cho.ngoa.bil ity of sorbod P doc roo.sod duri ng t he do sorption st op . To 

so rX) ex tent thi s r..JD.y hn.vo bo o n  an o.rtof''.C t of the no thod used . Kc.f-

ko.fi et .9-l.• ( 1 967 ) sugge s ted tll·ct hys teresis -'l.ro s o  frou n 1 1f ixo.tio n "  

process uho roby sorbod P 1-ms ro orio nto d n t  the surfnc o , t o  o s to.bl ish 
?_ 

) n sto.bl e ,  six-Llo r.lbo ro d  rirlG s tructu re botuo en r ( HP04 � nncl nd.�jnccnt 

surfac e  si to :J ( 1\l c. t tho odgo fn.ce of k::w l ini to  ) • Thi s mechD .. n ism 

inpl ie s tlk"..t for o ::>.ch P �rroup 1 ; fixed 11 , ono P group i s  ro lonsod . Do-
sorp tio:1 dr �tn. do not scoLl to support this predic t io n . 

Hingston o t  .£1. ( 1 974 ) ovo.lnn tod th o do sor· ti on of 

sorbe d P fron c ib bsi to and ::;oo thi to , in torro of tho ch..:J.ngG in surfnco 

charge induc ed by the deso r:p t io n  pro c e s s . It uc.s noted that doGo rptio n 

decrec�sod the noc;o. t ive ch:·�rge of tho surfn.c e , o.s noasurod by ion up-

t.'llw . ThifJ is in direct c ontr::tst to qn onrlicr a:::munption of IIincs ton 
e t  .9:1.· ( 1 9G7, 1 968 b ) thr>. t nn inc re.J.s o in the . neg,'l. ti ve cho.rgo of tho 

surfncc is requisite to do s orpti on o f sorbcd P ,  by o ther nnions . 

Hingston o t  al . ( 1 974 ) ho..vc proposed tbn. t sor ption i s  

reve rsible only i f  the c hn nge i n  surfo.c o  cha rge pe r malo P s o rbed or 

desorbed i s  the snuo for bo th the sorptio n c.nd do so rp ti on steps . To 

illustrn.to the non-reve rs ibi li ty o f  P s orpti on , it vw. s shown tho.t the 

clln.ngo in c harge pe r  Bole of P desorbod vro.s tlw to six tines grc2. to r 

th.1.n th2 t durinc the s orption s tep . The grento r chn.ngo in eharge 

during the dosorptio n  step_, ns c orrpnred to tho sorption s to p , 1-m.s 
- + 

attributed to profe rP.ntial de so rpt ion of OH , or sorpt ion of H • No 
pH dato. , howeve r ,  l'l'e rc pre sented . This inte rpretati o n  of the de-

sorpt io n  mo clnniso. ( !Iingst on £i .9:1..· ,  1 974 ) is quo s t io mble bec.'luse 

it invo lve s the as sumpt io n  thc .. t onch mo le of P sorbod c ontributes to 
the nc gntive cho.rgc of the su rface . 

has bee n  discus sed previously . 
The l iLlita tion o f  t hi s  c ond it ion 
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The procodinr; discuss io n sugge s t s  that n virtu a lly eo� 

plo te lack of undors tP. n<li nc surround s tho Boaning· of P doso rp tion iso-

thorns o.n<l tho dosonJti on m chnnic n. !.� rrro ro qu.::.ntitntivo evn.luntion 

of tho sorption uoclln nisn is require d before tho do sorption rJe chnnisn 

c n.n be ex pb. ined . The do so rpt i on of sorbod P ,  ho'rov-or , nc.y not be 
fully expl.:cined ., ove n  vThon n do s orp t ion noci l�"l.nisn is fornulntorl . Tho 
effe c t  of :rhn so c l1t..1.ngos ( 7£uljac,i .2! �. , 1 966 � lCnfknfi .£.1 rcl . , - 1 96 7 ;  

Chon e t o.l . ,  1 973 a ) .:md tho poss ib2.a ab s orpt ion o f F ( Sho l ton , 1 965 ; 
E"-vans nncl Syo rs , 1 971 ) Dt'-Y r:lso bo of inport�mce in e xplo. ining the 

non-reve r s ibi li ty of P s or pc ion . 

1 . 6  Gonorc�l C o nc lusi o:as �md Reson.rch Ne: eds 

.Al thow�h tho Yk'l. i;uro nnd. inplic.1. tions of tho 1wrk · rovimmd 

in tho procoedil1G sections l1t..1.Vo boo n discus s ed in s ono doto.i l , o.n 

ov-orviOIV of tho noro :::;: �l iont po intc is v- .tlunblo ,. '!.'hi s  i s  pn rti cuL:rly 

true vJi th re spe c t  to on ev-o.luntion ::>f rosonrch needs . 

Tno tL1o dopendonc o of P s o rlJtion ho. s re ce ived l i  ttlo 

at tention in ouch of t;,_o uo rl<: dis cusr;od :Ln this :rovieu, cmd tho ques­

tion of the pro c iso n.:cturo of -�ho s orp ti o n  ro:!.c tion 1.ri s8o ., Sono 

oxporinentnl cl.:cto. ( Sholton ,  1 9 65 ; Ev-�ns ::md Syo rs i 97 1  ) �nd - tho 

po rous d oubl e l 1.ycr '·10<lol propose cl. by I,;yklcrn 1 968 , 1 971 a. ) ; sugcc s t  

thnt �'.n n.bsor:,: t i on :co<::.ct ion nn.y b e  inpo:rt.:'.rrc i n  the ov-e ra.l l s orpti on o f  

P .  The j_:Jplic�d; io l1S of t:1i2 t o  other "l.l3pe c t s  o f  P ·  sorp ti on , suc h n s  

desorp ti on £'.ll.d. i so t opic oxcb.J.n[;oc.bility o f  sorbcd P �  canno t b o  knmm 

until the oc currenc e of .J.b sorpt i on i s  established . I t  is n.lso in:t'or·i:;-

nnt to knou 1·rho thor o.n -:.cbsorp h o n  s to p  cnn bo d i.3 t in.guish cd fron n true 

ad sorpt ion ro <!c ti on , in tcrJJs of tho :.:.lOcha.nis:'ls involve d in P s orption . 

FurthornorG , tho influence of the tine depo nclonco of P s or:rti o n  on the 

interprGtn tion of clatn obb.ino d in both lo.bo r,n, t ory anc_ fi e ld expGri­

ments is not knovm . 

The L.'l..YJgrmir e quati on h�w boon u sed increas ingly in roccmt 

year s  to de s cribe P s orption by s oi ls a nd  s oil C Oilll)Onc nts . The use 

of tho Langnuir c q_un tion hn s inport�mt inplicn t ions to an ovalua tion 

of P s orption nochnni sms etnd pos s ibly , to an e s t imtion of tho cnsc 
1-Ti th 1·rhich pl.::mt s nn.y ob bin P fron so ils after o. fe rtilize r  o.dcl ition 

( ·Bo.cho and vlillio.r..ts � 1 971 ; Holford et .9J�D ,  1 974 ) • A no re conple te 

unders tanding of tho implicati ons of t he fi t of P sorpt ion dntn to 
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the L.:111_gnuir o qua t i on o.ncl the dovio. t io ns fron ::1. single linear re-

lnt ionship o.ro lini tod by the 1:c ck of qunnti to.tivo clettn . Furthe rnoro , 

fnilure to l"Oco&,ni se the inport.-:.nce of nn o quil ibriun conditi o n  lea.ves 
rruch of the intc rpre tntion of exi sting d<ctn. open to que s tion . A , 
comple te ow.luo.tio n of P sorpti on dnta using the L:1ngrruir equrc tion' 

ui ll be fs. c i l i  tr.ted by cxpcrinonto.l cl.::.tn. , obto.inccl for tho oquil ibriun 

c onditi o n ,  c overing in d o tnil r, uido s o lut ion P c onc c ntro. t ion r:'.nc-o . 

Recent dovc lopnonts in nn 1mdorstnnding of the P s orption 

nech£Cni s: 1 h.:::,vo ::tl s o  bo o n  stre ssed in this ro viou o 1\.dvr:cnc o s  in this 

dil"octioD. �:.re repre sent e d  by the inc rcn.sod nuc:.renoss of the inpo rto.nc o 

of the pro pertie s of the hydrou s -oxifle surfnco to the P sorptio n 

necho.nisn . Al though the 1v ork of Hings ton ot .£1.. ( 1 967 ; 1 968 b ,  1 972 ) 
hns define d noro clo".rly the tyi)C of s orpti on ro'lction involved ; il'lny 
que stions s t i ll surround th e e:x ::w t no chnnisu rmd the prec ise m turc 

( i . e . , doe-roe of covnloncy ) of the chenic2l bond forne d be tuoon · P 
.:1.nd tlw surf::tc o . Furtho rno ro , · idu nt i ty o f  P s or ption nochn nisns , 

devel oped usi:rJ& s oi l  conpo no::.1 t s , Hith th ose which opo r.:--, te for lihole 

s o i l s ,  is s ti ll re quire d . The uo :lsu:ronont of change i n  c�d;ion ex-

chnngc co.pr>.ci ty rlv.ring P sorption 1�"-Y ;Jo vnlunbl o in this roc:crcl , ns 

uell ns i::.1 e st.:1blis hing r1 sou.11.d qu['.nti t:c ti vo bnsis for o. P sorpt ion 

no cho.nisu . Finn l l y ,  �:. be tt er unclerst:>.ndint:; of the s orption r.1c chnnisn 

vmulcl pr ovide n rrucl1 no:L"C r ol i::.blc b::.s :i. c for tho intorpreto. t io n  of P 

s or ptio n  d.'l.t�� o.nd i ts n.pplic,,.,_ tion to pra.oti cn.lly-orio nt.:-t ted nrons o f  

inte re st . 

In sub se quent Chc.pters , s o: 10 of the roser'.rch .:;,rc-:.s out lined 

o..bovo o.ro inve s titj.!. tod i<Tj_th n viou to develo ping '1. be t ter undo rsb.ncling 

of the type of renc t i on ,  'l.nd the r:lech;:misns invo lved in P s orp t ion by 

s o ils . Four s oils h2ving contr'lsting pro pe rties cons i Jorocl to be 
inport.:mt in P sorpti on ere us ed in ,".11 the s tudios d e s cribed t o  pro­

vide n nore rol inblc b.::. 8 i s  for the exte nsi o n  of i::.1torpre tr.t ions t o  

o the r so ils . For tho s e  soil s 9  the extent ,:.rrl origin o f  the t ine de-

pende nc e of P sorpt i on o.re invo stigo.ted nnu the n..-:. turo of the renct ions 

invo lve d o.r,J d iscu ss ed . The offe c t o  of t ine-depe ndent P sorption on 

the intcrpretnt ion of the clnt1. obt(tined un i nc  contnc ting so lutions of 

diffe rent ionic c ompo s i t io n  nro nl so ovr'. lun ted . Tho se e ffec t s  nro 
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inve stig::tted. 1ri t'1 o. vim; to e s to.bli shil1fs noro re liable ox:pe rir:ontnl 

c ondi ti ons for use in subse quent P sorp tion s tudios . A p.:crti culn. rly 

inporto.nt objec tive in this rcgo.rd :!_o t h.1. t  of dcve l o ;Jin,::; 1. no thod by 

I·Thi ch tho o quilibriun P c onco ntrettion c cm bo e s tir.n tod . Such [1.11 

e s tirnto is  required in tho into:q1re to. t io n  of P sorp tio n  by so i ls 

us ine; the L.'l.!l[,;rmir e qu::tti on . Tho i: !.plic-'l.ti o ns of tho iCJ.terpro tat ion 

of P s orption usi ng tho L11.n[;o1iir oqu::. tion to P oorptio n ;::-o cl1-':'.ni sns o.re 

also ovn.luo. te d , bo.sod OD tho chnr[_SO re l:<..ti onships of P s orption as 

detorDined by c.:-ttion upt.::.ko � 





2 . 1  Introduction 

SO ILS Aim SO IL PROP::!:RTIES 
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Vnrious intorprot::.. tions concor nil1g the rocte tions c.nd nocho.nisms 

invo lved in the so rption of inorgc.nic pho sphnto ( P) by s o:Ll s , hc.vo 

usu:�l ly been bo.so d  on dntn obtn inod Hi th s oils htwin8" r::1.tho r s inilar 

prope rtie s . Tho se intorp re tn tions ��vo frequently boon extended to 

oxplnin P s orpt i o n  by soils with very different prope rtie s . Gonernlly 

npplic_'l.bl e c once pts of P s orption , houovo r , should be bn.sod on dn.tn 
obt.� ine d for s oils vrhich contm st in terns of pro pe rtie s considered 

inportn.nt in P s orption . By u sing c o ntrn sting s o il s , n.ny d iffe rences 

in P s orpti on chnm.c torist ic s ,  uhich :on.y be n reflect ion of roo.ction 

type D.nd no c h::mi sn, n1.y be dote:;c t od . Moro inpo:rtnntly , n.ny inter-

pro to. ti o n  of P sorpt ion should h<'.vo o. uo ro sound found1.tion if bnsed 

on ro sul ts 1·Jh ich shovr sinilo..r ]X'. ttorn s  for 1-ridoly-diffo ront s o il s .  

In thi s s tudy the pro pert ies o f  four c ontro.st ing IiK:nr Zco.lo.nd 
s o il s n:ro evnluntod . The pro pe rtie s nro di scu ssed in re lo.tio n  i:o the 

nbili ty of the s o i l s  to sorb nddod P frou s olut ion . The sui tnbili ty 

of the s o ils for s tudi o s  of vnrious ctspe c t s  of the renctions o.nd roechn.n­

ism:J invo lved in P s orption i s  o. lso di scu ssed . 

2 . 2 Thto ri nls o.nd !Iothods 

Horiz ons of Egoont blnck l o�n ( BC )  deve loped frou nnde s itic 

tophrn , Ok<'.ihnu g:r�l.Volly clo.y ( B2 ) deve loped fron olivino ho.snl t,  

Porirun fine sandy lonn ( B1 ) ln rgoly deve l o pe d  frott groyvmcko-do rived 

so.nd s , and \'lnikl:.k:thi s il t  lo::m ( B3Cn) br{jCly deve lope d fror2 cc.l caroous 

so.ncly md s tono , 11o ro collo c tocl fro� the reforonco site s  for tho s e  soils 

( NovT Zenl n.nd Soil Buronu , 1 968 ) • The s oils vTe ro nir drie d G.nd 

on tori2.l po..s si ng  a 2 rm s ieve 1-ro.s used for nl l  ilrmlyse s . 

Soil pH -vms determine d using 1 0
-1

r1 l'hCl c.t n solutio n : soil 

rn.ti o cf 40 : 1 .  Exchnngonblo Ca ::md f...l vre ro dctorained by four success-

ivo 1-m. shings of .'l. 1 -g snnplo of soil in o. 50-1'!1� centrifuge tube 1vi th 

1 I1 KCl ; Cn. in soluti on vms doterllino d  by flo.no ouiss ion spoc trophoto­

ne try ,  nnd Al in solution by c oloriuo tric o. nG.lysi s  ( Rn.inwnter and 

Thatche r ,  1 96 0  ) . Fre e Fb o xides o.nd hydrous oxides were de to rBine d 
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by extrnction with c itrc.te-di thionite-bicarbonn.tc ( CDB ) .'1nd c olori­

nctric tmc.lysis ( .J.'J.ckson , 1 956 ) ; Al extrc.ctcd by the CDB reo.g"Cnt 

-vm.s also doto rrrined fo llowing destruction o f ci trr.:te by evc.por!ltion 

with HN03-H2so4 .J.nd ienition nt 450°C . Short-range order Fe and Al 
c onpone nt s 1-wro cle to rnine d by extrctction uith c.cid nononiun ox.::lc.to 

( \'lillic.Els gj, .£1• , 1 97 1  ) ("'tnd co lorim tric nnc.lysi s  ( Rnin-,.rc.ter nnd 

Thntcher , 1 960 ) e An estimte of crystnll ino Fe was obtc.ined by GUb-

trncting short-range order Fe fron CDB-Fe . \llnter-di spersnble c lny 

1-rns sepnrc.ted by centrifugntion nnd decn.ntntion ( .Jnckson, 1 956 ) 
f ollouing dispersion of 8 g of so il in 60 r:u of distilled unte r for 

1 6  hr · on n n  o nd-ovo r-ond sho.kor. Surfo.ce nren wns detcrnined using 

n B . E .  T. nppo.r:l. tus . 

Sorption of inorganic P in this c.nd sub se quent studies 

vn s evc.lu.':. ted by V':.ric. tions of the S'".no bnsic ne thod . One -grnn 

so.nples of soil were shaken lli t."l 40 nl of 1 0-1 N H!1Cl , c ont:::t ini11g o.n 

n:ppropric. to o.noun t of P ,  in 50-nl polycnrbona to crmtrifugc t-u bcs ( Onk 
Ridge -type ) on o.n o nd-ovo r-end 8h'1kc r n t 23°C for specified tine 
periods . R'lch syston .1.lso contn.inocl trO }llS' HgC 12/nl to nininiso 

possible Dicrobinl nctivity ( Environr2ento.l Protection Age ncy , 1 971  ) . 

After sh.1.king, the suspen s ions uore centrifuged nt 1 0 , 000 rpn nt 23°C 
for 5 min ,  nnd the supernntant solutions -vrore pnssed through n. 0 .45 }1I11 
Hillipore filter . 

solved inorgnnic P.  
An nl iquo t Hew t�'.ken for  the determn.'l tion of d i s­

The n.nount of P sorbed rrns calculnted ns the 

difference b o �Teo n  P ncldcd nnd P - in soluti on c.ftcr shaking . The 

source of o.dded P in nll studios , except where spec ified, vr.:s nr2 ro 4 • 

The nethod of l\furphy o.nd Rilcy ( 1 962 ) was used ; except 

where specified, for the do tornilli'l.tio n of disso lved inorgnnic P in 

n ll extracts and absorbance was noo.surcd a t  71 2 nn using a Unican S F  

1 800B spoctrophotoDG ter . 

Results nnd Discussion 

The four soils vTere selected according to chnrcwtoristics 

known to be of potential inportanco in P sorption . In this way it 

wns possible to evaluate P sorption in re lation to - soil conponents 

and propertie s .  The se ch�rn.c teristics include pH, exchangeable ea ­
and Al , Co.co3 , crystalline Fe ( CDB-Fe minus short-range order Fe ) , 

CDB-Al , short-range order Fe nnd Al, totnl o. nd  water-disperso.ble 
• 



c ln.y , o..nd surfnco nrc� ; vo..lues for tho se pnro.netors nro given in· 

Tnble 2 . 1 .  

Soil pH increased fron 4 .4 for Poriruc:. o..nd · Ok.".ih1.u soils 

to 8 . I  for the cnlcaroous ( 27% CnC03 ) 1-bilc::-.kahi soil , l'lherec..s ex­

cho..ngenblo 11.1 r.:cnged fron 0 r:u::toles/1 OOg in l'lf'.il�nkahi soil to 1 .03 

rmolos/100g in Egnont soil . Egnont so il , dovoloped fron .:cndosi tic 

tephro , contc..inod the largest nnount ( 1 33 lli10l0s/100g ) of sllort-rango 

order li.l ( 1 1 .'lllophrme H ) vrho roas Porirun end Hniknknhi soils contained 

lo ss thnn 6 unolo s/1 00g n.nd Okn.ihn.u soil contn.inod an intornodiato 

tmount ( 18 nnoles/100g ) of this c onponont. It nppoars th.1. t HT KCl ,  

used t o  � ,aovc exchangeable "U , cxtr.1.c ts sono non-exch:cngeable 1.1 fl:oon 
the ::.lloplv>.nic Egnont ooil . Obcih:>.u soil contrcined nn npprocio.blo 

nnount ( 139 rmolos/100g ) of crystnllino Fe. vlith the oxcoption of 

Egnont so il , n.  greater rmount of Al uns extracted by the CDB re:.'.t;ent 

than by acid nDDoniun oxnlnte . The high vn.luo of 124 nnoles/100g for 

CDB-Ll in Okdhc:.u soil suggests trr1. t o.n npprocinble nnount of Ll is 

substituted in the crystcl lino Fe c onponents of this soil or th-'.t sono 

of the gibbsi to present is extro..c tcd by the CDB rcngont. Horrish ond 

T:cylor ( 1 961 ) noted th:'. t inc re a s ing substitution of Al for · Fe ( up to 

3o% ) in soil coothite linits the size of the crystnl li tes ' suggesti11e 

a possible increc.oe in P so rption by suc h rr .. terio.l . 

Isother:os for the sorption of c.dded  1' fron 1 o- 1 N lhC l  

( Fig . 2 . 1  ) indicnte thJ.t the four soils differed apprecinbly in  their 

o.bili t�r to sorb P during 40 hr , ove r a final P concentro. t ion rnnge of 

0 to approxin".toly 10 pg P/nl. The anounts of P sorbod at n fino.l P 
concontr"'.ti on of 9 pc P/nl v:"'..ried fron o.pproximtely 3350 pg P/g to 

230 pg P/ g for Egnont and 11/niknknhi soils, resp3 ctively. Differences 

in the m'Jounts of P sorbod by the so ils , for n given o.ddi tion of P, 
cnn be - oxplninecl on the basis of the \'i'idoly differing soil chn:r.nc tc r-­

istic s ,  discussed previously ( Tnblo 2 . 1  ) . Soil conponents of nost 

inporto.nco in rolrrtion to P sorption appenr to · bo short-range order Fe 

Qlld Al , c rys tclline Fo ,  nnd CDB-Al ( Table 2 . 1 , Fig . 2 .1 ) . The re-

lationship of tho se �nd siDiL�r soil conpone nts to the nnounts of P 

sorbod by s oils have boon stud ied by sovoro.l workers ( \villinos £.1 .9l• , 
1958 ; Snundors 1965 ; Syers .£.! 21.• , 1 97 1  ) ui th ro. thor sioilo..r con­

c lusions being obtained to the ones in the present s tudy. 

AJt hough the abil ity of Cnco
3 

to sorb P is r..rel l  established 

( Cola � £:1.. , 1953 ) t it is n pparent th.n t the c�co
3 

in lhikn.knhi soil 



TABLE 1! . 1  Some c harac t er i s t i c s  o f  the s o i ls used 

So i l  llor i zon Depth pH Exc hangeable Caco
3 

Cry s t a l l i n e  C DB Short -rang e  C lay 
order 

ea Al F e  A l  F e  A l  T o t a l  Wa t er 
d i sper -
sab l e  

( cm )  ( mmo les/1 00g ) ( % ) . ( m*te)l �/1 OOg ) ( % ) .  ( % )  
-

Egoont BC 4 3 - 6 1  6 . 6  1 . 1 7  1 . 03 0 2 1 . 0 78 1 9 . 5  1 33 4 1  0 . 7 
b lack loam 

Okaihnu B2 23-40 4 . 7  o . oo 0. 5 7 0 1 39 1 24 5 . 2  1 8 . 0  31 3 . 5 
grave l�y c le1y 

Por irue1 fin o B 1  2 0-33 4 . 7  0 . 4 0  0 . 72 0 7 . 3 1 0  3 . 3  5 . 6  1 5 8 . 5 
sandy loao 

Wo.ikokahi B3Ca 4 1 -56 8 . 1  n . d .  t o. oo 2 7  1 7 . 6  8 .. 0 4 . 3  4 . 6  n . d . 1 1  
silt loam 

• Da ta from N ew Z ea lan d S o i l  Bureau ( 1 968 ) .  

t n o t  d e t ermin e d .  

Sur fac e  
ar ea 

2 
( m  /g ) 

52 

64 

9 . 2  

1 7 . 8  

0'\ 
\Jl 



4000 

F i n a l  P c o n c e nt rat i o n  (JJgfml ) 

FIG . 2 . 1 I sotherms for P sorp t i on by s o i l s  during 40 hr from 1 0-1 M NaCl 

over a fina l  P conc en tra tion range o f  0 t o  1 0  pg P/m l .  

a = Egmon� , b = Okaiha u ,  c = Por irua , d =· Wa ikakahi . 
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do e s  not co::.1p0l1s2.t e , in terns of P sorp tion , - fo r  the rn ther l ou 

a.nounts of Fe r,ncl. Al c onponcmt s in this s oil . Evon though the nnounts 

of Fe .2nd Ll co11ponents in U:--.ikak:-thi s o i l  a.r0 sinil •r to thos e in Po ri­

run s o il , except f or crystr..lline Fo , tho .:'..nount of P s orbo d by Ur..ikllk['.hi 

soil i s  so uouh:c t less ove r the finc..l P co ncc ntr".ti on rc..nee ( Fir; . 2 . 1 ) , 
d e spite the pr esen c e  of C.�co3 ( Tnblo 2 . 1 ) • 

the highe r :pH of \'i".ikako.hi soil . 

This is pr obnbly duo to 

Tho da.t :-t in Tgble 2 . 1 dcnons trc. to the co ntrnsting prope r-
tics of the soils sele cte d  for s tudies in thi s  the sis . Thi s i s  pnrti-

cul2.rly the c ; Lse for cheuicc..l and niner .'!.l og icet l  conpos i t ion in rob ti on 

to P sorpt ion ( Fig . 2 . 1 ) .  The dntn suggest thnt the four s o i ls 

c ove r n ve ry r ide ro.nc;o of soil types , f or uhi ch it is pcs s iblo t hn t  

P so rption roetctions a.nd ne ch::misns nny be cons idero..bly different . 

It i s  bel ieved th.:c t the uso of such contr-2s tinc; soils to ev::tlu..'1te the 

renc tions .". nd ue ch''.nisns involve d in P s orption Hi ll provide n noro 

rcli1�.ble b2.s is for the extension of inte rpre tations to r:nny o the r 

soil s . 



CHAPTER 3 



EXTENT A1"D O RIGIN OF THiE DEPENDENT PHOSPHATE 

S ORPTIO l'T BY S OILS 

3 . 1  Introduction 
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The time depende.1ce of the sorption of inorgnnic phos Iiln te ( P) 

by soils �nd soil conponents hns been deuonstrcted in numerous studie s  

( Kurtz 2.1 .f:d.• ,  1 946 ; Rennie and HcKercl:.er, 1 959 ; llS'J. , 1 964 ; Chen 

� !]d. ,  1 973 8- j  Kuo �nd Lotse , 1 974 :o. , b ) . The lli'.ture , extent; 

nnd o:;.�ig·in of tine dependent P sorptj_on, houever ,  hnve received little 

attention . 

Furthernore , the effect of tine , as nn experirontnl vnrinble 

in P sorption studies, hns frequently been overlooked in d,::-..tn inter-

protntion. Al thow;h qunnt i tr. tive dntn on the tinG dependence of P 

sorption are limited , severnl n ttcmpts hnve been L'l.'l.de to explnin· this 

:phcnonenon. These include t he  slow tr�nsfer of P from Id-to �-bound 

forms ( Hsu, 1 964 ) , incrensing interaction of sorbed P species l'Ti th 

incrensing surfnce sntur::1.tion ( Kuo nnd I.Dtse ; 1 974 n ,  b ) or the slmr 

crystol lisntion of sorbed P to form discrete-phase P conpounds ( Chen 

tl £;1. ,  1 973 [1, ) • 

The purpose of this study w·ns to evalunte the rnte and extent 

of P sorption, measured o.s the ch.'lnge in solution P concentration 

w-ith tiue , in terns of the ro.te consto.nts involved. B..1.sed on n pro-

cedure for the fractionntion of sorbed added P :�.n explr.mt'..tion of the 

tine dependence of P sorption is proposed. 

3 .2 Iil.".teri·"..ls and r.iethods 

Air dried ( 2 mm so.nples of horizons of Egru.ont , Okn.ihau , 

PoriruE'. and 'YhdJmknhi soils 1>1ere used in this study.  

The ti� dependence of P sorption for one P addition to  each 

soil was evRluated at tiBe intervP�s of 0 . 01 7  ( min ) to npproxin'ltely 

1 90 hr. The level of P added to ench soil vms chosen to give approxi-

�1.tely tl� sane solution P concentration- at n tli�e of approximately 

1 90 hr. n1e additions were 3200, 2000, 500t and 250 � P/g for 
Egmont ; Olmihau , Porirua, and 1-laikalmhi soils ,  respectively. The 

appropriate amount of P was added in a 5-ml aliquot , at recorded' 
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tines , after cornnencing to shnke 1 -g snt1ple s of each s oil in 35 rn1 
of 1 0-1 r-1 N.'1Cl containing 40 p.g HgC12

/ru� Ad0.i tio ns of P uere mde 

nt tines such -thP-t ; as shaking Ha.s cont inued , only the ti1:1e of con-

tnct betueen P ::'.nd. so il varied., The totnl shnldng tine for a.l l 

systems tms o.pproxiontely 1 90 hr.* AftGr this tim , the tubes were 

centrifuged nnd disso l v-ed inorganic P uo.s determined in the supel'-

nnto..nts . For the shorte st ti11es of contac t s  so il o.nd solut io n 

phases 1-rere se:pc..rnted directly by I:lillipor0 f il tr:1tion at 0.45 }ID· 
The sorption of P fron various ndcli ti ons of P to Poriruo. soil llO..S 

also deterrri.ned by th e snne method for re c orded contact tines betvreen 

approxiBo.tely 70 and 1 40 hrc  

The iso topic exchangeability during 24 hr , nnd a fractionn­

tion of added P sorbed by Oko.ihnu and Porirun soils, froi!l. P additi ons 

of 2000 nnd 500 p.g/g,  respective ly, was deternined after P s orption 

h.1.d c ont inued for tines be"h1een 48 to 1 92 hr .  For isotopic excha:FJge­

ability s -t:;udi e s  2 . 28 pCi carrie !'- ·free 
32P 1ms l:'..dded to each system; 

24 hr prior to the sepc1.rntion of soil and aqueous phase s .  S olution 
32P concentrat ion "t;Ias determned by the follovTing me thod . A 3-ml 

aliquot HC'.s aclc1ed to 1 0  :.ill. of Triton-to luene scinti llntion cocktail 

in n. vial , for count ing in n :Po.ckard •Tri co..rb l iquid scintillation 

spectrore ter o Blnnk n queous extracts of each soil were used for 

quench c orrection ..  Solution 3 1 P c oncentrn tion uns also determine d . 

Exch.::tngeabil i ty of sorbed P ;-m. s cn lculated, bnsed on is otope diluti on 

theory. 

After the n:ppro:pria·:;e so:,:pti on p3 :dod, er:.ch system was 

extracted in tvro succes sive , 1 6-h:t.· trao.trents 1vith 40 ml of 0 . 1 M  NaOH . 

This was followed by extraction uith c itrntec.od ith ionite-bicarbonate 

( CDB) solution nt 75° C ( Jackso n ,  1 956 ) �nd sub sequent extraction 

lri th 40 nil. of HI l:to.OHo Inorgo.nic P in · the 0., 1 M o.nd 1 H NaOH extrac ts 

was deteriilined f ollmdng neutrnlisation ;.  by the US1.k'll procedure . 

Inorganic I' in CDB extracts uns determined by the nethod described 

--------------------����=-�-------------------------------------

* 
Particle b rea.kd own cl.uring long sh."tking l:Je riods viaS f ound to be l.mim-

portant . After s�'lking sample s of each soil for be �ve en 1 and 7 days ; 

it vm.s found thn t; for a pnrticulnr soil , the sr..:re amount of P was 

sorbed durinG n subse quent 24-hr P s or ptio n s tep , regardless of the 

length of th e previous shaking perio d s  
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b y  vlenver ( 1 974 ) .  The a.mounts of inorganic P extrc.c ted by CDB reagent 

and by HI NaOH 1-1erc sunned . So ils to >-thich no P wns added were ex-

tractep. using the sr'.re procedure s ,  o.nd dntn obtnined were used to 

correct f or native soil P. 

Results · 

Time dependence of P sorption 

The sorption of added P ,  roo.1.sured. as the decrease in solu­

tion P c oncentration, as a function of time , is illustrated in Fig. 3. 1 . 
by da. ta for the Cllmihau and 1vaikn.kahi soils 1ri. th P add itions ' of. 2QCX) 
and 250 }Jf!:fg, respectively. The relntionships in Fig . 3 . :1  are ·typical 

of those obtnined for nl l the soils used . The relationship is cha rac ter-

ised by an extrenely rr'. pid decrease in s olut io n  P c oncentration ( Fig. 

3 . 1 .A. 1 , c.nd 3 . 1 . B . 1  ) , w·h ich over n pe ri od of < 0 . 1 7  hr ( 1 0  min ) 
1·rns re duced to hP. lf its ini tio.l value for the Okaihnu soil . After 

the initinl ly rapid decrease in so lut ion P concentra t io n ,  the rote 

( tangenti o..l sl ope of Fig. 3 . 1  ) o f  romovnl of P from solution cl.ecrensad 

considerc.bly . Solu tion P concentration s houed little tendency; 

however , to a ttain rm equil ibriurr value , even nt t ime s up to H 30 hr 
( Fig . 3 . 1 .A.2 and 3 . 1 .B . 2 ) . Equil ibrium at some time in excess of 

1 80 hr, hovmver, is implied by the overo..ll sh..1. pe of Fie . 3 .  1 • 

The exponential character of the relc.t ionship in Fig. 3 . 1 ; 

sugges ts th.'1t the cho.nge in solut ion P c oncentration 1-rith tin:e l i s  

charac terised b y  first-order reaction kine tic s . 

conf orn t o  the equation : 

de 
dt 

- -kc 

First-order reactions 

where c = solution P concentration nt time t, and k = rea c tion�ro.te 

cons tant . 

Conformity of the decrease in solu tion P concentration to 

f irst-order reaction kinetics was eval�'1 ted using the integral form 

of e qua t ion ( 3 . 1 ) 

log· o :::. log a Jf.t 
2 . 303 

where a = the initial s o lution P c oncentratio n .  Although a s ingle 
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P a d d e d  = 250 pg P/g ( 1 ) = 0 to 1 0  hr ; · ( 2 )  = 0 t o  a pproxi ma t e ly 

1 90 hr . 



linear reln tionship �ms not obtained whe n do.ta were plot ted in the 

form of eQua tio n ( 3 .2 ) ,  six l inear portions were obtained for each 

so il over the time interval 0 to 1 90 hx .  This is illus trated by 

data for Okaihau soil ( Fig. 3 . 2  ) o For each so i l ,  each linear 

portion of the semi-log plo t corre sponded to a pproxinately the same 

time int e rvals a s  tho se indicated in · Fig . 3 . 2  for Okaihnu soil . 

The se are a pproxin�tely 0 to 0 .05 liT , 0 .05 t o  0 . 5 hr, 0 . 5 to 3 hr ; 3 

to 1 0  hx ,  10 to 60 hr , ::md ) 60 hr for the s ix  l inear portio ns; re­

spec tively . 

Fig . 3 .2 suggests that the decrease in solut ion P c on­

centra tion i s - control led by mo1� thru1 one first-order reac tion 

( .Araer � El· � 1 955 ; Ulrich .£i f!l.. , 1 9 62 ) . At times in oxcess 

of c.pproximtely 60 hr, ho>-reve r ,  the decrease in solution P c oncentra­

tion conf oros to a s ingle fir st-order reaction ,  vrhich describes the 

change in solution P conc entro.tion for tines up to at least 1 90 hr .  

The rela tionship i n  Fig . 3 . 2 l'k.'lY be resolved using the 

me thod do scri be d by Ulrich .£.!. .£1� ( 1 962)  o.nd Li 2.i §.1. ( 1 972 ) . This 
is acc omplishe d by extrapola t ing t!1e terJ.:J.ii1al ( sixth ) rate relationship 

to zero tine ( dashed line in Fig . 3 . 2 .B ) subtracting the deloggecii 

intercept value from pro ceeding value s o f  s olution P conccn tro.tionr · 

and re plotting the co iTected dnt:-t on sc1J.i- log scales ( Fig . 3 .3 .A ) • 

This procedure is repeated unt i l  the expc rimntally defined solution 

P concentro.ti on at zero tine is reached ( Fie . 3 . 3 .B nnd 3 . 3 .C ) . 

The fac t  t&'l t the corre c ted extrapo lated re lat ionship c overinc the 

time inte rval 0 to 0�05 liT ( Fig . 3 . 3 . C  ) intercepts the y nxis 
at the experir.Ientnlly define d s o lut ion P conc entration at zero time r 

increns e s  the c re dibility of the res olut io n :n.e thod . The res o lution 

technique generates four dis tinc t fi rst-ordcr · relntio nships . These 

are the e xtr.::�.po:l:lted re lati onship in Fig . 3 .2 .. F and the three re:l:l t ion­

ships in FiG • 3 .3 ,  and are designated reactions 1 t o  4 ,  the rcc.ction 

rate decreasing vli th increasing renctio n  nur!lber. 

The · rate cons to.nt s (k ) f or ench r0nction ( k = -( slope ) · 

2 .303 ; Fig . 3 . 2 .B and 3 .3  ) n.nd for ench soil are given in TnblG 3 . 1 . 

The s triking feature of th o se datn is the sinilari ty of a pnrticuln.r 

k value for each soil . The a"U:::ir:..ttua vnrio. t ion within corr0sponding k 

values irre spective of the s oil was les s  than three fold; whereas be­

tween k vnlue s , differenc e s  rc.nged from ten to fifty f o ld ( Table 3 . 1  ) .  
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TABLE 3 .. 1 

Soil 

Egnont 

Ok1.ihtm 

Poriru..1. 

Wnik�1.ko.hi 
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Rntc c ons tnnts (k)  for the four ronctions describing 

tho do crensc in solution P c oncontrntion during P 

s orpt ion by four contrnstine G o ils , and the tine in­

torvn.l s  ovor uhich oo.ch rc:J.ction iG dociru:mt in over-

o.ll P sorpt ion . 

P nddod R.1. t0 c onsto.nt ( lu--1 ) ·2nd t i::J.C inte rvnl 

k \ a. 1 .l I k ,  c ,  

(}lg/g) (o - o .o5 )  (0 . 05 - 2 .0 )  ( 5 .o �· 40) 

3200 1 .48 

2000 

500 o ,  1 2 1' 

250 2 .. 09 0 . 1 2 1  

(hr)  
'+ k ,  

( > 60)  

0 � 0049 

0 ,0055 

0 � 0040 

0.002� 
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The sinilnrity af correspond ing k vnlues suggests th..'lt sioila.r re­

actions , possibly involving sinila.r nechnnisos , nre responsible for 

the sorption of P by ench soil� No necho.nisn is inpliod, ho1rrever;  

by renction-ra.tc da.ta . 

The ron"'.rkably uniforn vn.lues of k�+- nt vridcly different 
' 

additions of P to Poriru-:>. soil ( Teble 3 o 2  ) indicate tmt the re-

action is sinilnr for onch P addition. �1e P ndditions , ranging 

fron 2 5  to 1 600 pg/g? resulted in very large differences in solUtion P 

concentr.':'.tion nt 1 36 hr ( Oo005 to 23 o 1  f£5 P/nl ) "  

Frnctionntion of sorbcd P 

The data in Fig. 3 .4 for O&"'.ihnu nnd Porirua soils indicate 

thnt al thouch the o.nount of f'..dded - P sorbed increnses with t:i.ne 

( c .f .  1Fi;S. 3 . 1 .A. 2 n.nd 3 . 1 $B .2  ) t  the proportion 'I'Thich reonins iso­

topicnlly cxchC1.11f>"Cnble within 2t1r hr , sho,.Ts c. steady dccrense behroen 

48 and 1 92 hr. 1\.lnost identicr'.l rc sul ts vrere obtnined for both 

Oknilli"'.u nnd Porir�.,_ soilso  A t  48 hr, a.pproxinntcly 50% of  the ndded P 

sorbed rennincd cxchnngeable , but this value decreased to npproxinntely 

35% at 1 92 hr .. 

The decrease in anount of exchnngcnblc P vro.s concurrent 

with ch?.ngcs in the anount of ndded. P sorbcd which wns recovered in t'V10 
successive 0. 1 H �I."'. OH extractions nnd a subsequent CDB eY.trection of the 

soils ., For the Ola:.iha.u soil ( Fi� .. 3 . 4  • .1\. ) , the a.nount of N:l.OH-extra.ct­

able P ( N.nOH -P ) showed only a. smll increase rrith tine iv!lich 1ms not 

conocnsurnte with the increase in the anount of P sorbed. The in-
crease in CDB-extrncta.ble P ( CDB-P ) however, accounted for the observed 

increase in P sorbed bet'Vreen 48 a.nd 1 92 hr. Sur:.untion of Na.OH-P and 
CDB-P nt each tine gnve betlvecn 98 to 10o% recovery of a.ddcd P sorbed. 

Changes in the anounts of 1i"'.OH-P r>.nd CDB-P for Porirua 

soil showed a slightly different pattern ( Figo 3 .4.B ) .  Between 

48 nnd nppro)(im.tely 1 44  hr, the increase · in lhOH-P was conpa.ro.ble 

to the increase in the a.nount of P sorbed. Between 1 44 nnd 1 92 hr, 
ho1-revor , the a.nount of No.OH-P tended to becone constnnt , nnd an increase • 

cor:uJensura.tc with that for the anount of P sorbed , was observed for 

CDB-P. Recovery of 95 to 100% of added P sorbed , 1-ro.s obtained . 
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>+ Valuas of tho rnto constant (k , ) for tho docronse in 

solution P concontrn.tion o.t tir.c.os ercc.tcr tlk".n 60 hr 
for vnrious P additions to Porirun soil . 

P Addod 

25  
75 

250 
500 

1 000 
1 600 

k't ' 
(hr-1 ) 

o .005tJ. 
0 .0064 
0.0054 

0 .0040 
0 .0046 
0 .0054 
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3 .4 Discussi on 
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Extent nnd n�ture of t ine-dependent P sorption 

Although th e  t iDe depend e nce of P sorpt ion ha s frequently 

be en reported in tho li ter�ture rolnting to P sorptio n ,  the ex tent and 

sit;nifi canc e of this process does not nppoo.r t o  have been appreci['.ted 

fU lly. This is because the ch�nge in the anount of P s orbed has 

us11nl ly he en noni tared wi t h  tim ( Olsen and 1:1n tD.nn be , 1 957 ; Ronnie 

nnd 1-TcKerche r , 1 959 ) . The date. in Fig . · 3 . 1  n.nd 3 .4 sugc�o st th'lt 

at t ine s in excess of npproxim te ly 20 hr , the �:mount s of P sorbed 

increased by only a sn�l l  porcentnge , rel ati ve t o  tha t already sorbed . 

For exnuple r nt 48 hr the nnount of added P so rbed by Ok'lihau soil 

( Fig . 3 o t1r •A ) is 18 1 0  p.g P/g , whereas at 1 92 hr , a vo.lue of 1 91 5  p.g 
P/g is obtnine d , nn increase of only 5 .8%. Ove r the sane tirn pe ri od , 

ho'l'rever , th e solution P c o ncentra t ion decreases fron 6 . 1 5  to 2 . 25 p.g 
P/ru ( Fi,� . 3 . 1 . A . 2 ) , a chr'l11[� of '3·�%. This effec t  is even nore 

s ignifico.nt vrhen solut i .�·n P cenc ontrc.t io�s f.:.tl l bol o'l'r 1 pg P/nl. The 
dis :rxtri ty be twe en the ro lo.tive ch'1 :nge in s olut ion P c oncentra tion nnd 

the nnount of P s orbed h� s received l i tt le attention in t he litornture . 

This ob3e�.tion points to the inportnnco of ob taining nn os tinnte of 

the eq_uil ibriuw condi t io n . Al thou,;h the re ln ti onshi p in Fig . 3 .  1 .A . 2 

::mcl 3 . 1 .B.2  appenrs to be nppronchinc nn nsynpt ote , nn e s timte of the 

eq_uilibriun P concen tr3. tio n  cannot be r:r.de . The effe c t  o f  the t ine 

dependence of P sorption on vnrious aspects of P sorption do.tn inter­

pretatio n ,  is denons tr.� ted in suhseq_uent chn pters ; \vhere n ne thod o f  

e stir.n tinr; eq_uilibriun P c oncentr.':'. t io n  i s  pro pos ed . 

The conforni ty of P sorpt ion dnta. to first-order renction 

kine tics sugge sts th'l t the kine tic s of P s orptio n my be no ro s inple 

thnn has been assuned in previous studies ( Kuo and Lo tso , 1 974 a ,  b 

Sorption of P by kno linite :md ex -nl u;:.:lina ( Chen � .Q1.. , 1 973 a ) has 

also been sh o'l'm to conf orn to first-order reaction kine tic s . The 

pattern of decre�e in s o lution P concentretio n with tine re ported 

by Chen tl £1• ( 1 973D. ) was s icilnr to th� t  observed for s o ils in the 

pre sent s tudy . 

The sinilnrity of rnte c ons tant s  for n parti cu lar tino 

intervul ( Table 3 . 1  ) for nll so ils ; ioplie s that the sane series 

of reactions , pos sibly involving the snre ncchnnisms ; nre involve<l 

) . 
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i n  P sorption b y  e�ch soil, dospito their contr�s tillb pro perties , 

The rnte const'1nt ( 0 , 001 hr..:.1 ) obtaine d  by Chen et al . ( 1 973 n )  for 

P sorption by <X -alurrin ;.,_ �t 25
°

0 n.t tiuo s  :> 24 hr is ::tl s o  c onparnble 

to the k7 vclue s obtn ined for s oils r..t tines :> 60 hr in this study . 

A sorption re-::w t io n , s i:llln.r to thnt for s oils nt tine s  > 60 hr, i s  

suggested , 

Origin of tine-dependent so rption 

The nnounts of P sorbed by the four soils during the 

first 0 ,083 hr (5 Din) ranged fron 28 to 48% of thnt added , or fron 

37 to 49% of thnt sorbed ::tt nppr:" oxim tely 180 hr , The extre m ly , 

rc.pid decreo.se in s o lut io n  P concentrf'. tion over this tine intervo.l; 

probably re pre sents a true adsorp tion ren.ction . Such n reaction 

po ss ibly occurs nt the no st reactive surf�ces of soil c onponents . 

S inil.:'.r conc lus ions hnve bean dro.tm by Rennie nnd McKe reher ( 1959); 

Hsu ( 1964); Chon � £:.!.. ( 1 973 o. ) , Kuo .'lrrl Lo tse ( 1 97t1.- n ,  b ) . 

T'ne decrcnsi l1{;'  ro.te of P sorption ( Fig , 3 . 1 ) r..k'1Y nlso 

be predicted if it is ::ts suned th-:1. t P sorp ti on c ont inues by n true 

adsorpti on ro11c ti on n t sites of decren. sing ndsorption e ne rgy ( Syers 

ell� al, ,  1 973 b ;  Kuo a nd Lot se , 197 4 n , b ) , le s s  th.'1n n pproxim te ly 

5o% of ndded P s orbe d ,  hm-1ever ,  ro LY'.ins i s otopicnlly exchnncenble 

after 48 hr., Fur thornore , t ot.'l. l re cove ry of ndded P sorbod is not 

attainod lJy hro extmc tions wit h 0 . Hi roOH ( Fig . 3 .4 ) • Consequent ly; 

it seons highly unlikel y that the decre n.s o in solution P concentrat i on , 

betwe en at least 11..8 c.nd a ppr oxiDt'.tely 1 80 hr , aris es fr o::2 n true nd­

oorption ro nctio n, Added P s orbed vms nlso not rec overou by ono 

oxtrnction with 1 M NnOH ( dntn not pre sented ) • Virtually c onplcte 

re c overy of nddod P sorbed 'lim s a ttnine d  follovring extrnction with CDB 

reagent sub sequent to the two o. 1.[11 NnOH extrnctions . The fnct that 

tvm 0 ,1M NaOJ! extractio ns nre expected to renove "surface bound " ; 

or ndsorbe d P ( Willinns � �· , 1967 ) nnd . the CDB reo.gent solubil ises 

fre e Fe oxide s and hydr ous oxides ( Jacks on , 1956 ) , inplie s the nove­

Dent of surfnce ndsorbc d P into Fe retaining c orrponents , 

R�sed on the data in Fig. 3.4 , it is proposed thnt the 

tine dependence of P s o rption nt tir� s in exce s s  of, and pro bably very 

nuch less than 48 hr , nrises fron the absorptio n ,  o r  diffus ive pene­

trn tion of P into re taining conponent s ;  f o llmred by the regeneration 
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of surface adsorption · site s . Consequently if the initiGl f irs�order 

rencti on ( Fig . 3 . 3 .C ,  T�bl e 3 . 1  ) is ussuned to represent t rue a� 
sorption , diffus ive pone tr�tio n  of P int o  re taining conponcnts is 
pr obably the rate l iui ting ste p in the re�ctio n  described by the 

rnte const:.mt k� ( Fig . 3 . 2 .B ,  Table 3 . 1  ) • 

Although the dis tinc tion be tween surface adsorbed or 

non-occluded P, and :�bsorbod or occ luded P, based on extrac tion with 
NnOH .'J.nd CDB renge nts ( 11/illinns � £:.1.• , 1 967 ) is sonewhnt enpiricnl; 
it nppenrs to provide n us eful opor"'. t ionnl separ,�.tion of ndsorbocl as · 

opposed to nbsorbed P. Given the · f.-: c i;  thn t OH-
IJay ,'l lso be absorbed , 

�:.nd the reby cles orb som nbsorbod P , '1nd the f-:c t thn t l'bOII solubilises 
som Al conponents such o..s short-rnngc order �:.lurrinaus conponents , 

not n l l  llhOH-P is s tric tly n.dsorbocl P.  :Neverthe less , the tendency 

for No..OH-P to ntta.in a cons tant vnlue , c.:nd the connonsurntc incrense 

in CDB-P when this condi t io n  is ranched ( FiG • 3 .1, ) , inplios thttt 

ndded P sorbod consists of hm disti nc t  f:ro.ctions . The difference 

be tueen the relative clJO. n�-c s in I'bOH-P nnd CDB-P for Ob. ihnu nnd 

Porirua. soils ( Fig . 3 .�. ) probably reflects the sonm1hnt onpiric.:>.l 
bo.s is of the fra.ction.'1tion procedure ; mrl the cons iderable differences 

betwe en tho se soils in terns of c or'cponents of potentio.l inporhcnco in 

P s orpt ion ( T�blc 2 . 1  ) . 

Previous vmrkors ( Chen £i ll• , 1 973 ; T�l ibudeen, 1 97L� ) 
hnvo in.d icr'.tcd thnt the slovr decre�:.so in P concentrntion ''li th tiro 
o.ri s es f:ron the slovr f orm .. tion of discrete P conpounds . 

in this study sugges t  this is no t the co.so . Di screte Fo nnd Al phos-

phn tes 1-fould h.o.vc boon dis solved in the N::!.OH oxtrnction ( Chang nnd 
Jnckson, 1 957 b ) . Also � discrcto Cn phosphate s would not have been 
recovorod in ei thor extraction ( Willians £1 fll.• ,  1 967 ) , nnd 1wuld 
h.o.vc given rise to c onsiste ntly low rocov3ries of added P sorbed . 

n�plications of a.n absorption reaction 

The data obto.ined in this study deoons trato the extent 

of tine dependent P sorption and provide o. rational ��sis for explain­
ing this effect. The inplicntio�� of the study to the interpretation 
of other nspeots of P sorption arc nunerous . 

The concept of diffusive penetration , or ab sorption' 

offers o.n explnnntion for the frequently reported observntion tlli'1t P 
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sorpti on is c. <iiffusion-c ont rollod process even in vro ll nixed sys tc:os 

( Cloo s Q.i ,91.. ; 1 968 ;  Kuo :�.nd Lotso , 1 97!). c.. , b ) . The npp�rent 

decrense in the exc!k'l.ngen.bil i  i.:y of sorbod P 1·li th incronsing s orpt ion 

tiL'€ ( Fie; . 3 .4 ) , :1nd the dependence of exchnngec..ble P w.lue s  on t..lw 
tiuo nllovred for exch.�ge ( HcAuliffe et .:'..1. , 1 947 ; Russe ll _£i Ql. , 
1 954 ; Li tl cl . , 1 970 ) n.· w ::cls o  be expl:-'.ined . The s iniL..:. rity bo­

twoon tho tine dependence of P s orpt ion ( this study ) o..nd P oxcho..nge 

( Li .£l s:l• ;  1 971 ) is rcnnrlm blo . Furthornore , en nbsorption rG-

nction Lny al so partic'llly explni n the hys teresis effe c t  du ring desorption 

of s orbed P ( Sye rs .s.:t £1... ,  1 970 , Hingston .£!: .Dl,. ; 1 974 ) , nnd the 
rnpid decrocsos whic h fre que ntly occur in the nvnilnbility of fe rtilizer 

P npplied to s oils . 

The dntn , ho�rovor,  provide no indicatio n of vrhe ther 

the nochtmisr. involved in tho absorp tion renc tion is distinc t  fron 

that involved in ads oryt io n . Furthernorc , it j_s difficult to interpre t 

the ne['.ning of the tvTO first-order roctcti ons described by the rc..te 

c o ns tnnts k� cnd �� be hroen the extrene re."..ct ions ( described by k'• 
nnd 1c7" ) 1vhich hnvc boon attribu ted to do niw.nt ly ndsorption ."..nd nb-

sorp tion ro.::cc t io ns,  re spe c tively . It ic possible th."..t the ovcrnll 

relntionshiiJ ( Fig. 3 . 2 ) . repre sents not only i'. shift fron n.n ndsorpti on 

to ·"-11 absor ption re.:>.ction ,  but c..l s o . norc th"..n one dis t inc t P sorption 

necho.nisu. Tho possibility th;:.t :-:..bsorptio n is o quivnlent t o  ndsorption 

at 1 1 interru.".. l  surfnce s 11 is discu s s ed in subsequent ch'lpte rs . 
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4A . Origin of' cation and ionic strength effects on phosphate 

sorption by soils 

4A . 1  Introduction 

One of' the princi ple ex:perinental variable s  >·rhi ch has a con­

siderable effe c t  o n  the re sults obtained in inorganic phos phate (P )  

sorption s tudie s rri th soils i s  the i onic c onposi tion, both spec ies 

and c oncentration; of the soluti on· containing P uhich is placed in 

contact with the soil during a P sorption expe riment . 

is referred to as the support mediun . 

This s o lution 

· Although several supp::>rt m dia have been used in P sorption 

studies ,  the rati onale for the choice has rare ly been explc:dned or 

justifie d ..  Schofield ( 1 955 ) suggested. the u s e  of 1 0-2H CaC12 in 

conjunction vri th the expression of solution P concentration values 

in terms of " pho sphate pote ntiaP ( hc;a -!- pH2Po.1 ) on the basis 

that cation exchanGe is minimised by the use of calciun, and chloride 

at this conc entration haG no speci fic repla c ing pO'I·rer c This support 

mediurr: hns been used subsequently in numerous studio s <ri th varied 

objec tives ( \'lhito and Becke tt , 1 964 ? O;;;anno nnd Sha'l'r, 1 967 ;  Barrm·r , 

1 970 ; Gunary , 1 970 ; Taylo
1
r and Rhnushi � 1 97 1  ) o Other support m dia 

have inc luded KCl ( Nattson et �· �  1 950 ) and NaCl ( Syers et .§.!. � 
1 970 ) vrhilst many vrorkers have used dis tilled vrater containing added 

P and associated cations ( Shnpiro and Fried� 1 959;  Rennie and NcKe rcher; 

1 959 ; Hsu , 1 964 ; '\rlo odruff and Kanprath ; 1 965 ) o  

Attempts to qlli�ntify and explain support mediun effec ts on P 

sorption aris ing from different salt c o ncentra tio ns and cation · s pecies 

have relied upon c once pts of solubility of phosphate compounds l  bel ieved 

to form in s oils ( Wil d ,  1 950 ; Volbrei s s  et &. ,  1 973 ) or the sorption 

of P at a dominant ly ne ga tively charged surface ( M9.ttson £.t ,gl. ; 
1 950 ; Barro'l'r; 1 972' )' .,  

This s tudy i s  c oncerned with an evaluation of support media. 
effects on P sorption by four contrasting unf'erti lised s o ils · and 

presents data >vhich enable rationalisation of' ionic strength; cation, 

and pH effects of' the support media in terms of' overriding kinet ic 

cons iderations . 
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4A. 2 Materials and rifothods 

Air dried < 2 on sanples of horizons of Egnont , Oknihau , 

Poriru.:1 , and ivo.ilwlcnhi soils were usod in this study. 

'.rho effects of support IJ.edin ( vmter ;  1 0-
4

rlf, 3 x 1 0-21-1 and 
- 1  -4 -3 -2 1 0 'M N_.,_C 1 ;  nncl 1 0  M, 1 0  fii9 and 1 0 £1 CaC1

2 
on P sorption vrere 

evaluated using tho basic no thod described previously ( Chapter 2 )and 

a shaking period of 40 hr. Bocauso all the support rndia were 

chloride salts only the cation will bo used to describe tbe mediUB. 

Additions of P varied vrith tho soil and tho support r.1ecliun used r to 

givo a final P concentration rango of 0 to approxioatoly· 1 0  pg/ml. 
The mxicrun additions of P required �vere 5000 , 3000, 900 , and 750 yg 
P/ g for Egnont , Olcnihau, Porirua , and Hnikakahi soils , re�pectively; 

-2 in the 1 0  r.r Ca systens . In ncldi tion to P concentration; Ca or Na 
concentrations and pH wore mnsurecl in all superna tants , Ca and 1\h 
being determined by flane eBission spectrophotonetry. 

Tho amount of Ca sorbed during treatnent of Egnont , Okaih�u� 

and Poriru:'1 s oils vrith solutio ns of 1 0-2r.1 and 1 0-3r1 Cil in tbe absence 

of added P; a..YJ.d that which was subsequently replaced by vrashing with 

1 M  KCl soluti on wore also deteroined . Non-replacoa ble Ca rms cal-

culated fron the values for added Cn sorbed , replaceable Ca ; and 

native excr�ngeable Ca. 

-2 -1 Effects of pii on P sorption fron 10 M Cn iilld 1 0  M Ua , 
oven· the pH range observed in initial . exporironts , •·mro deternined 

for one level of P addit ion- to Egnont , Ol::aihau , and Porirua soils ; 

these P additions were 3000; 1 500 , and 400 pg/g of soil,  respectively. 

Additions of P, based on P sorption isotherns obtained as described 

above , vrere different for each soil in order to obtain conparable 

final (40-hr) P concentrations.  The desired range in pH was obtained 

by adjusting the pH of 35 ml of solution containing 1 g of soil' 

over a peri od of several hotrrs ,  using 0.01 M NhOH or 0 .01 M HN0
3

• 

The P addition �vas made in a 5-ml aliquot and the systens shaken for 

40 hr .  

Kinetic affects of P sorption �·rere doternined for each soil 
-4 -2· -1 at two additions of P in 10 M and 10  r1 Ca , and in 10 rif No. , contain-

ing 40 }15 of HgC12/ml in order to ninimise microbial activity. Addi­

tions of P used were 750 and · 2500 pg P/g for Egmont soil� 600 and · 

1 500 pg P/g for Okaihau soil; 1 00 and 700 pg P/g for Porirua soill 
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and 50 and 500 J.lg' P/g for Waikaknhi soil . The approprinte anount of 
P i'ms aded in a 5-l!ll nliquot 0 ,  1 , 2 ,  3 , and 4 days after cor2nencing to 
shnke 1 -g se.nples of each soil in 3 5 nl of a give n support nodiun. 
Sho.king vTa 8 cont inued for 40 hr .  Co nsequent ly, the total tine o f  shaking 
was the sa!:le for each systen but the contact tire betvmen soil and added 
P rnnged fron approxi�:utely 40 to H-4 hr . The supernatant s olution of 
all systern w:1s sepo.rated nftor no noro tn_'l.n 1 44 hr and dis solved in­
orgn�ic P deternined . 

4A.3 Results 

Effect of support mdin on P sorption 

The conposition and concentration of the support nodia had 
a rorked effect on F s orption by the foux soils , ns indic.::1.ted by the 
isotherr.lS obtained 1vith a 40-hr shc:.king period ove r both high ( - Fig . 4 . 1 , ) 
and lotv ( Fig . 11r . 2 ) finD.l P c oncentration rnneo s . For Egnont , Okaiho.u, 
and Porirun soils , P sorptio n  uns the highest fror2 1 0-21>1 Cn and the 
loueat fron water. At finD.l P concontrntiono in excess of 0 . 1  ug/nl , I 

the anounts  of P oorbed fron 1 0-2r1 Cc. uero between 1 . 5  .:md 2 . 5 tiBos 
greater than the anounts s orbed fron water. At lo-vmr finnl P concentra­
tions , lcs:J th:J.n 0 .,  1 pg/ril ( Fig. 1). .2 )' ,  differences botvmon the iso-
thorDS obtained usiP..g different support nedia vmro le ss . Isotherms for 
p s orption fron 1 o-3M. ea ::md 1 0- 1H ,  o..nd 3 X 1 0-2M No. by the se three soils 
wore sonowhttt sinilar; particularly nt 
plotted be tween the iso the rr:JS obtained 
Is otherns for Egnont nnd Porirun soils 

thoso obtained using wntor . 

low finnl P conce ntrc.tions , and 
-4 -2 tvith 1 0  I1 and 1 0 H Ca systens . 

using 10-4N Nh torero identical to 

The nrrangomnt of iso therns for the lvailmkahi soil appears 
to be sonewhat different . It should be note d ,  however,  that even in 

11wntcr" systens the Ca concentrntion rnintnined in solution by the 
l'lailc::tlmhi soil is of the order of 1 0-3r1. Consequently; the arm.ngenent 
of iso thorns is noro sir:::ri.lar to the. t for the othe r soils than o. cuxsory 
exani11c.1.tion would suggest.  

Fo� tbo three noncalcnrcous soils , the difference botweon the 
amounts of P sorbed fron 1 0-4M Cn and water wore inverse ly related to 
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nnounts of exchangeable Cn in the soil ( Table 2 . 1  ) , diffe rvnces be ing 

tho large s t  for the Ok�lihnu and Pori ru::. soils, .?.nd le ast for Egtlont . 

Caus e s  of support ncdia effects on P s orption 

The cnusos of too e ffect of support mo dh on P sorpt ion 

( fig. 4 . 1  and 4 .2 ) oay ari se fro::::1 difforcmces in ionic strength 

and cati on s :rn cio s ,  pH ; o.nd kine tic effe c ts . Tho results ob tained 

in this study all m; the so fac tors to be iso In ted and di scus s ed se para to ly . 

I onic strength and cat ion swcics . The data 
in Fig . 4 . 1 nnd 4 . 2 indicate thnt nn increase in i onic strength o f  

the support m dil.m  enhances P sorpt i on ,  as evid e nced by the increase 

. p . -4 -2 -1 m s orptJ.on between H20, 1 0  r1, 3 x 1 0  :r-1; and 1 0  M Na sys to rn 1 

and H20,  1 0-4H, 1 0-
3

N,  .::md 1 0-
2

r.f Ca systerJS . Reas ons for the effect 

of ionic s trength on P so rpt ion nre di s cussed be low . Ionic s trength 

alone , hovrever '  doe s  not acc ount for nll o f  the observed differences 

in P sorp tion . De spite the highe r ionic strength of 1 0-1 M }h syste ms ; 

p sorp t ion was le ss thnn fron 1 o-2
r1 en sys tE ms . Tho 3 X 1 o-

2
M Na 

support uo diu::1 1m.s included in the study becaus e it hrts an ionic 

s trength equivalent to 1 0-�·1 Cn .  The difference in tho P sorpt ion 

j_ sothorns obt.".ined in the se two support D.o dia sugge st thn. t the spe c ies 

of cntion h:cs n consider:.:cblc effect on P sorp tion . 

The higher nr�ounts of P sorbod fron Cn tha n fror.J. Nn systens 
of conparnble or even higher ionic strength r�y be duo to the s pe c ific 

s orption of divnle nt Cn by oxides :md hydrous oxides of Fe and · .Al 

( Kurba tov Q1 .91:_. , 1 95 1  ; Banner Q.t. al . ,  1 966 ;· Grinno , 1 969 )'. Suoh 

spe cifi c  sorptio n lends t o  an incrense in tho po sit ive clm.rgo of the ­

surface ( Kolarik , 1 962 ; Morgnn and Stunn, 1 964 ;  Ki1miburgh �. fl:l.• ; 
1 975 ) , n pro perty not shovm by Nn ( Kinniburgh .£! ,£J.. , 1 975 ) ., In 
the absence of ncl.dcd P, Egnont , Okaihnu , nnd Pori run s oils sorbed 

varying nnounts of Cn fron 10-
2

r� nnd 1 0-3M Cn systo os ( Table 4 . 1  ) ; 
n s:i+Jnificnnt pro por tio n of 1vhich ( up t o  7B% ) could not sub sequently 

be replaced by K .  The anounts o f  sorbo d Cn which were n o t  replace-

able by K varied for the three soi l s  nnd depended on the nn0unt of Ca 

added ; vnlues rnngea from 0 . 1 4  to 1 . 1 6  � Cn pe r  g of s o i l ;  being 

the highe st for Okaihau soil in 1 o-
2

11 Ca . The 'lvny in vrhich the 

specific sorptio n  of Ca by oxides and hydrous oxides of Fe nnd Al 



TABLE 1). . 1 

Soil Syston 

Egnont 1 0-�r en 
-3 1 0  r.1 Cn 

Ok.J.ihnu 1 0-2IVI Cn 

1 0-3N Cn 

Porirun 
-2 1 0  :r1 Co. 

-3 1 0  r:I Cn 

* 

9 1  

i'..nounts of C c.  sorbo d fron 1 0-2 and 1 0-311 Cn sys toos 

and nnounts of sorbod Cn whi ch nro non-ro plncoablc 

by K 

c,'C_ o.ddod Co. sorbod Uo:n-roplnconblo 

( r:.g/ f" ) ( IJGif!. ) ( ogjg ) 

1 6 . 00 2 ;.00 0 . 60 

1 . 60 0 . 36 0 . 28 

1 6 .00 2 ;.00 1 • 1 6  
1 . 60 0 .32  0 . 24 

1 6.00 o.so 0 . 35 

1 . 60 O e34 0 . 1 4 

Co. non-roplo.conblo with K. 

Cn* 
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produces nn o.-�;p..'l. ront incre ase in P sor11ti o n  is di scus sed be lmr • 

.EJ! effects . Dn tn f or the nvoraGO l"'.nb ient pH 

vn.lues of tl1o suporm. tm1ts of the various support rudi,:-. fo l lorrinG o. 

40-hr sorption pe riod indi ca to tlnt 1'Tith tho ex cepti on of 1>/r'..iko.kahi 

s o il , Hhich i r:�  buffe red at Cl.p;uroxinately pH 8 .0 by the Caco3-co2-H20 
e quilibric. , ·che l oue s t  pH va.lucs wore re c o rded in 1 0-2r1 Cn , ; ;he rcns 

the llir;hc s t  pH vc:.luo s 'lvcre ob tcl.inecl in 1 0-4-IVI Na. ".nd/o r  vr.:-� tcr ( To.blo 

4.2  ) . For Po •·iru.-:c soil , th e o rder of inc rcnsing pii v.:-�luos of the 

supo :rn:-tt:u1ts of the support !:!ed in. lv.:-ts tho s.:::.ne ns the order of decrease 

in P sorption fron the re spec tive suppor t nodin . This El''-Y o.t first 

sugge st thnt the su pport ne cli:1 e ffe c ts are rn rely duo to pH effe c ts on 

P so rption . The f::�.c t thr·. t support neclic. e ffec ts on P sorp ti on by 

Wniknkc".hi soi l ,  hmwve r ,  we re siuil.".r to th o se obtninc d vi th the o ther 

tbree soils ( Fig . 4 . 1 nnd 1). . 2 ) , despite virtu.1.lly equivalent pH values 
in <''-11 support r::o din for '\'TEtik".lr�1.hi soil ( T-1.blo 4 .2 ) , sugges t s  tha t 

support >::lcdio. effects on P so r:rtion cnnno t .::cdequc.. tely be cxplnined by 

pH di fferences . This is subs to. nti.".ted by the clnto. for Egnont soi l .  
-2 -3 -1 -2 

Al thouc;h the pH vnlues in 1 0  I-1 Cc,  1 0  C:c , 1 0  I-1 NC'. ,  <"-nd 3 :;;: 1 0  :111 
N'c.. ivc ro s inil.".r , lnrgc d iffere nces in the nnounts of P sorbed fron 
thes e  nedin 1-rere observed ( Fig . 4. 1 r'. nd !lr . 2 ) .  

A furth er ewlluation of the effec t  of pH on P sorpti on fr on 
-2 1 1 0  H Cn o.nd 1 0- N 1'h sys tees 1ms f.1.cili tn tecl by ,J.djus ti!J.G the pH 

of those t1.ro sys teus to vo.rious vnlue s 1r1i thin the rr.nge of pH vnlues 

obt<"-ine d  Hi th othe r supp ort uedia. ( TnblG �� . 2  ) • The effe c t  of pH 

on the fin."'..l P concentrn t ions n ... 1.int.:dned fron P nddi ti ons of 3 ,000 , 
1 , 500 ,  and 400 pg/g to Et;nont , Oko.ihau , nncl Po riru.1. s o il s ,  r espec tive ly; 

is illustrnted by do.to. in Fig . 4.3 . Tho f in.:-.1 P concentrations 11...'1in-
t.'l.ined in dilute , re lntive to the noro c onc entrn te cl ,  support ne dio. 

nre rnny tine s grcnter thnn would be e 1..rpocted if pH o.cc ounte d for the 

differences . For e xnflple , if the diffe re nce in P sorp tion by Egnont 
-2 -1 s o i l  froa 1 0  M Cn , conpnred t o  1 0  !li N'a , 1ms sole ly a pH e ffe c t ,  

f in<'.l P c oncentr'l.t ions vrould hnve be en 3 .40 and 4 . 25 yf;/nl' re spee t­

ivcl y ( *n �nd *b in Fig . 4 .3 .A ) . The effe c ts of support ne dio. r 

o ther thrm pH , on fino.l P c once ntrn. tion arc even no re pronounced 

vTith d ilute support nedia . Observed effects on final P c oncentro.-

tion in wnte r ,  relat ive t o  1 0-1 M Nn. , nro 1 1 5 ,  1 4 . 1 ,  o.nd 
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TJ,BLE 4 . 2 Effe c t  of support r:odir•. on su pe rn(l.to..nt pii v::>.luos 

( <'.VCr�l.{jO v11lues over the i s othorn ) 

Soil pii V-'l luo in 

1 o-2111 er, 1 o
-3

.r.1 c(l. 1 0
-4

H Co. 1 0
-1

rvr Utc 3 X -2 
1 0  Ill lb. 1 0-41,1 Nn ltl<'.ter 

·--�- - �-- .. ,._ - -- --� � - . ....... . -- - �-- ��-�--

Egnont 6 . 78 6 • 79 7 .28 6 . 70 6 .83 7. 33 7 . 34 

Oknihr:.u 4.74 4 e84 5 ;, 77 5 . 0 5  5 . 62 6 . 33 

Pori run 4 .44 �� - 79 5 .36 �- . 55 4 .88 5 . 90 5 . 79 

1t/ o. ik:iknhi 7.97 7 . 91 8 . 1 3 8 .05 8 .09 7 .99 
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Relationship (*) between final P c onc entration and  a mbien t pH 

. i n duced  by var iops support m e d ia for g iven add i t i ons o f  P t o  

t h r e e  so i ls ,  an d dependen c e  ( e )  o f  f ina l P con c en tra t ion ma in-

94 

-2 - 1 tained in 1 0  M ea and 1 0  M Na syst em s  upon pH ad j ustm en t  ov er 

the range of  ambi ent pH va lues i nd uc ed by the o ther support 

m e d ia . A shaki�g t i m e 'o f  4 0  hr was use d .  

A =  Egmont , P added = } , OOO pgjg ;  B = Oka i hau , 

1 , 500 pg/g ; C = :Por irua , P added = 400 y.g/g . 
-1 . } 2 b = 1 0  M Na , c = 1 0- M Ca , d = } x 1 0- M Na 
-4 

. 
f = 1 0  M Na , g = wat er .  

P added  = 
-2 a = 1 0  M ea , 

e = 1 0-4M ea , 



95 

5 .25 tine s - greo..tor, fo r Egnont , Oko..i hnu , ['.nd ror iruc.. s oils ; re­

spec tive ly, th: n cc.n be acc ounted f o r  by �iffel�onces in pH ( Fi:;. �'r •3 ) . 

Ll thoUGh pH d oes � ffoct the ar:!ount s of P sorbed fron ['. r;iven 

support ne diun , it does not acc ount f or the differences in r sorption 

fron diffe rent support no cU:c . R:'.j o..n :md F:Jx ( 1 972 ) c,ls o concluded 

tho.. t pH effects on ? sorpt i on \'fo re sr1nll conp.'l.ro d to support ne diun 

effe c t s , 0.. 1 thou:;h no dnt0.. were pre sented to su pport their c onc lus ion . 

Kinv tic effects � The sorption i s o t horns 

�� . 1 ,'.nc1 4 • 2 )\ sucee s t  that a t  very J.o>·r final P conce ntrn t ions ; 

iso the rns obtsi nod in d if fe rent . supp ort DC din o..re e quiva lent . As 

fina l P c oncentrn tion incronsed , the i sotho rr:!s d ivo rced rc..pidly and 

then nttintc..ine d n fnirly c ons tant diffe rence , uhich sl owly increc.sed 

( e . g . 1 Eenont ) or decreo.sed ( c . {: . , Pe :riruo. ) , d epc nd i nc on the re-

ln tive approc.ch to the nn.xinun s orpt i on . This ob servati on led t o  nn 

inves tiG['.t ion cf th8 kine tic e ffec ts of P sorptio::1 . 

The rate of P sorp t i on by the s oils vrns ini tially very rnpid ; 

c.nd this Has follmmd by n procre s s ive ly s l cmer rea ction vrhi ch proce eded 

for s evera l  dnys ( Fie • . � .4 ) nnd even vrceks , c.s di s cus sed in Cl1e.pter 

3 .  The npp ronch t o  e qui l ibriun n t  t ine s  in exce ss o f  o. ppro:dnntely 

t�O hr vr i.th E{;nont , Okaih:cu , roriru."'. ·, n.nd Uc.ilc.:k11hi s oils usinc; hir;h 

( 2 � 500 , · 1 , 500 ; 700 , :nd 500 pc P/g, re spec tively ) - and low ( - 750 ;  
6 00 ;  1 00 , c..nd 50 ye P/e , re spe ctively ) in 1 0-2H Cc1. ; 1 0-4M Cn ; nnd 

1 0-1 H Ho. vnried nppre cic.bly ( Fie; . '�n l', ) ' . . For a civo n t ine , the 

proxinity to o quilibriun de pe nded on the su pport ne rJ. iun nnd the level 

of added P, c.s illustr-;. ted by the shnpo t:!.ncl r0lnt ive pos ition of tho 

s orpt ion rc..t e  curve s .  The d<2tn in Fie; . 4 .,.1- swmos t  n. cronter initial 

rn te of P s o rption fron 1 0-2 M Cn c onpared to w-1 r.-r Nn r1..nd 1 0-1-H C� 

systens . C onsequent ly , the n�cnitudo of the differences in P sorpt i on 

ob tnincd in different support nedin n t  1;.0 hx n ppen.r to depend lnree ly · 

on the proxini. ty tG o qu il ib riun . Extr�poln tion of the curve s in Fie . 

4.4 to probabl� c quilibriun po s i  h ons suggests convereonc e ,  inplying 

the e l inino.tion of supp ort nG diun e ffects . 

In order t o  estinntc the so lu tion P conce ntrat ion of 

equilibrated sys tons 1'li thout shnkinr; for exce ssive JD ricds of t ine , * 

a graphical approach wno u sed . This invo lved e s tnblishing n linonr 

re lat io nship between a ¥�r�etcr of tine nnd P conce ntration in solu­

tion l nP� cxtrnpolnt i�� to n po int c o rre spondiP� t o  infinite tine . 
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FIG • .  4 .4 Relation ship between f i nal P con c en tration in t hr e e  support 

media an d time over a . period o f  40 t o  1 44 hr for two add it i on s  

o f  P t o  eac h soi l . 
A = Egmon t ,  p added ( hi ) = 2500 pg/g , ( lo ) - 750 pg/g ; 
B = Okai hau , p added ( hi ) - 1 500 yg/g ' ( h. )  = 600 yg/g ; 
c = Por irua , p add ed ( hi )  = 700 pg/g , ( lo ) = 1 00 yg/g ; 
D = Wai kaka hi , P added ( hi ) = 500 yg/g , ( lo )  11: - 50 Jg/g . 

1 0-2M 
. 

-1 -4 a = ea , b = 1 0  M , Na , e = 1 0  M Ca . 
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i>t infinite t ine ,  the P c onc e ntration i s  c ons idered to be the e quil ibriun 

P c o ncentration � The reln t ionship be tvmen finnl P c oncent r.2t ion nit 

tine t .2n.d 1 /t for tine s  froD npproxinnte ly 70 to 1 44 liT wns linemr 

for both hi,rs}1 ( l�'i{r . 1; . •  5 ) :md 1011 ( Fig . 4 . 6 ) r.'.dclitions of -r, r,ncl 

c ould be extr.::cpoln.toJ. ( d.:1.shod l ino ) to the ordinnte o For a given 

soi] nnd o.d clition of P ,  the oxtrnpobted ro ln t ionships Firs • 1:- • 5 .2nd 

t1r c 6  ) r;nvc tlw so.ne ) o:r virhnl ly the snr..:e �  P conc entro.ti on in s o lution 

a·� infini<.e -(;j_;·.1o ( 1 /t = 0 ) ir-re spe ctive o:r: the SUl)port mdiu.n us e d . 

The dn.trc in Fi:-.; . 4 . 5  [L"'lrl 1:- . 6 sugge st c:tuite s tro n-el y thGt 

the d ifferences in P s orp tion by the s oils fron tho vnri ous support 

nodia nre ki.no tic in or igin n.nd cn.n be el inin.'". ted · by cn.cru.ring thnt a.n 

o quilibriun co �1di tion is n t tained o Consequently ,  isothorn.s for P 

sorp tion froG vnrious su pport nodin 1-voulcl be coincident 9 providing 
e quilibriun P concentrat ions hnd been d e terninod for onch eddi t ion o:f 

P nncl onch suppor t ne diun used . f·'Iinor cliffc ro nco s  in the is otherm 

obtn ino cl rny be G.ue to the e ffe cts of pH induced by the different no dia . 

Tho se diffe::·enc e s  1vou ld "Je snnll , .2s !:k'l.Y bo judged fron the discu ss i on 

o f  data presented in l'�g . 4 .. , 3  n.nd fron the sl ight diffe rences in e s t i­

m.tes of equilibrhm P c cncont rn tio n ob tc..ined fron Fic o  il- o 5  and 1� . 6 ... 

Di scuss ion 

'::.'h"J effe ct of the suppor-t.; �e d 5.uu on P s or pti o n  during t1r0 hr 
( Fie . L� . i  ftlld 'L 2 ) hn.u boon f.::11o1m to invoJ.ve only n p'l.rnuo ter o f  

the overLi.l l  sorptio n  pro c ess ? n.:-tne ly the rJ.to of F so rption ( Fie; . 11, G 5  

.::tnd t1r e6 ) " T11e follmr:i.n;_; cli �-; cus sion of support ncdin. effocts · on P 
sorption rnto as�.une s specific s orp-�ion of P ( H�"'lgston .§lt .9:lo , 1 9 67 ) 
o. t the �"Elphotcric su rf<.,ce of Fe a.ncl 11.1 hyrlrons oxides ( P.J.ri::a a.ncl de 
Bruyn, 1 962 ) or othe r s o il conpone nts of sini ln::..• surfn.co struc ture , 

Such sUTfncos ui ll support v.:1rying positive ch,':'.rge donsi tie s  ove r ·  the 

rnY4_,n-c in piT w:luo s encounJc::lred in this s tudy ( Pnrks nnd do · Bruyn$ 

1 96 2 ; vnn Rn.i j  o.nd Pe ech, 1 972 ) o.s d iscu s sed in Chc.pt o r  1 ;,  nnd u 

diffuse lnyer of nnions wiJ l deve l o p "  

An inc roo.se i n  i onic s trength ( i � e� , c ounter i o n  c onc entrn­

t i on ) decre.2se s the thickne ss of the d iffuse layer ( equn tion 1 . 6 h 

*Long shnking pe riods are undesirable be cause of pos s ible effects of 
pnrticle breakcloun o.nd nicrobinl ns sinilo.t ion on obs erved chn.nge s in 
solutio n  P c oncentration .. The f orro r can be shown to be wJ.io.portnnt 
over peri ods of nt l eo.s t  seven dnys ns d i scus sed in Chap ter 3 o  
Microbial nss inilntio n  is dif fi cult t o  evnllli'l.te but can be depre s s ed 

by the use of nicrobi[Ll inhib i t or s ,  such ;ts UgC1
2

1 as used in Jchis study. 
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Rela t i onship betwe en . fi nal P c on c en tration , maintained  i n  thr e e 

suppor t media from "h igh" addit ion s  of  P ,  and  r e c i procal o f  t im e ; 

dashed  lines us ed  t o  extrapola t e  the data t o  t he ord ina t e , i . e . , 

1 /t = 0 ,  t = oo , t o  e s t imat e  equi libri um P concentra t ion . 

A c Egmont , P add e d  = · 2500 pg ;  

e c Porirua ( � added = 700 pg/g ; 
-2 ' . -1  a = 1 0  M ea , b = 1 0  M Na , e = 

B = Oka ihau , P add ed = 1 500 pg/g ; 

D = Waikakahi , P added  = 500 pg/g � 

1 0-4M ea . 
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t hr e e  suppo r t  m e d ia from " low" a d d i t i o ns o f  P,  a n d  r e c i pr o c a l  

o f  t i m e ; d a s h e d  l i n e s  us e d  t o  e x t r a po la t e  t h e  d a t a  t o  t h e  

o r·d i na t e , i . e . , 1 /t = 0,  t = oo
}

t o  e s t ima t e  e 9 u i l i b r i um P 

c on c entra t i on .  

A = Egl\on t ,  p a d d e d  = 750 y.g/g ; : B = Oka i ha u , p a d d e d · = 

600 )lg/g_ ; c = Por i r ua , · P a d d e d  = 1 00 yg ,g ; D = Wa i kaka h i , 
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o.nd thereby the volune o f  the inner soluti on. C onse quently , if the 

chnrgo on the surfnc o  rerr.inn constant , tho conce ntratio n  of anions 

in the diffuse . l.:wnr 1-fill increase o An incro:1so in ionic strength 

nt cons tnnt pii , howeve r, nlso incro:�.so s tho surf8.co chnrge ( Po.rks 
and de Bruyn , 1 962 ) �  c.nd c onse quently tho absolute o.nount s of o.nions 

in the i:m0r solut ion . For soil s , ho;mvo r, this effect is probnbly 

snnll bocc.use pH o.lso shifts vri th n chnngo in ionic strength in o. 

d ire c tion tending to n"..into. in surfo.co cl'lc'l.rgo � 

For a given level of P o.dditio n,  the pro po rtion of chloride 

( counon to nll support nodin ) roh t ive to phosph.o.to in tho outer 

solutio n i"1creo.se s vli th support mdiun concentra tion.. The , se le ct ivi ty 

of the surfncc fo r P relet tive to chloride ( Hings ton ,2.i £.1• 1 1 972 ) ; 
suc;gosts thr:1.t the proportion of ch loride to ph os ph..'l to woul d - not incrense 

to tho s::1.nc extent in the inner solution . This nssunption, in o.ssocin-

t ion Hith the effect of ionic strength on the concentration of nnions 

in tho inner solution, inplio s nn incre.'l.so in P concontro.tion nt tho 

sorb ing surfnce . Such nn incro o.so wcul<l enhance tho ini ti."..l rate of 

P sorption , resulting in n closer Gppronch to oquilibriun nt tines 
-2 

-
4

- - c in excess of 40 hr in 1 0  N Ca , as c on1nrod to 1 0  r; ;J. systeos 

( Fi,:; o ;1r e 5 .'ln<l 4 e 6 ) • 

Cntion species also Gffocts t!� ro.te of P sorption , as 
-2 

evidenced by the c lo ser npproo.ch to cquilibriun in 1 0 r·i Cn o.s opposed 

to 1 0  ... 1M lh systcns ( Fig e 1� 0 5  o.nd 4 . 6 ) <> Tho Sl)Ocific s orpti on of 

Cn by hydrous netn l oxides hns boon clononstrated by BrocmnJIJ..". o.nd 

Lyklem. ( 1 973 ) o.nd Kinniburgh ,9.,:£ Ql. , ( 1 975 ) , ctnd lYW lcr.!.d to nn 

incrcnso in tho po r� i tivo chnre:;o at the surface ( Kinniburgh et  fll.· ,  
1 975 ) • An incronso in surfnco posi ti vc charge will incrense the 

initial rnte of P sorption by incronsing the P concentrntion in the 

im1e r so lut io n o The fact that the snno o qu i libriun P c oncentrntion 

vm.s obtn.inod in both 1 0-2M Co. o.nd 1 0-1 M Nn sys tons suggests tho.t only 

the rnte of sorption is effecte d ,  ru1d that P is not sorbccl s pe c ifico.lly 

n t · loco.li scd pos itively charged s i tes induced by spe8ific sorption of , 

Cn .  For su pport rJ:ldio. contnining increns ing conc ontrnt ions of Co.Cl2 1 

the effe c ts o f  ionic strerl{;th nnd spec ific sorption of Cn on P s o rption 

rnte nre conpounded . 

The nbovo discu ss ion clenrly points to the origin of the 

discrepancie s behreen P s orpti on iso therns obtaine d using different 

support nedin during tines less tlu n tha t required to atta in 
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e quilibriun. The r.k".G"lli tudo of those di sc:re pc'lncie s will de pend o n  

the contact t iJ:lO bohmon so i l  rmd <1dded P ( ne;. 4 . 5 nncl t1r . 6 ) n.nd 

will refle c t  tho effe c t  of different support i.".lcdic. on the ro. to of P 

sorption . For P s orp tion durin:e; iJ.O hr , the e ffect of ionic strength 

alone on the m to of P sorption co..n be judGo d · fron the d is cre Pc'l.nc ies 
b t 

-4 -2 -1 o >vocn iso thcrns ob t,'J. ined us ing -,rnte r , 1 0  r1, 3 x 10 H; rmd 1 0  M 

Nn systous ( Fig , lt . 1 cmd ·�- � 2 ) . Di scro p;:.nc i cs be tvmen i so thcrns 

obt'l inc d  u si nrs  1 o_..,ra, 10-3r-1; o..nd 1 0-211 Cr1. illus trn. tc tm conpound od 

e ffects of incrc n s ing ionic strenc;th <md s pec ific sorption of Cn ,  on 

P so::.�ptio n ro.to . The effect of cnt io n  spe cies o.lone on the ra te o f  

P sorption i s  indicated b y  the di scre pancies bo hreon isothc rns obtained 

using 3 x 1 0-2H Nn and 10-21-'I C::t , uhich hnvo the snnc i onic strength 

nnd sioilar chloride c onc entrn tions. If the equilibriun condit ion is 
e stirnted , houove r • i so therns obtaine d using different support ncd ia. 

wi ll be c oincident , ns inpliod by the dntn in Fig . 1 . 5 o..nd 4 .6 . 

The effe c t of ionic conposi tion of the support ncdiun on 

the rate of P s orption hns not boon c ons idered in previous s tudi e s . 

In those s tudios 11 equilibro.t ion 11  tine s ,  o r  noro strictly c ontact 

t ine s bo tvro on the P-c ontn inint:; solut ion :end tho so il , h'1.V0 ranged fron 

1 8  hr ( Hn t tson � Jik ,  1 950 ) to 1 44 hr ( Rn.jD.n nm Fox ; 1 972 ) • 

Consequently, suppor t :n diun e ffec t s  on P sorptio n , sinilar to thos e  

in Fie . � . 1 o.nd 1 . 2 hnvo previously boon considered abs olute , I t  is 

of intere s t , however , thn t vliklnrrlor ( 1 950)  observed thnt " sn l t  c oncentrn­

t ion" , nffo c to d  only the rntc of is o topic P oxcho.nge rathe r them tho 
nctual <J.nounts of oxchnngenblo P ,  n.n obs orv:L tion in ne cord ui t h  those 

reported in this s tudy . 

The findi ngs of the pre se nt s tudy hnvo sevo r,�.l iDplica tions 

to P S OI1_) t i on studies . The inportnnc o  of e qu  ili briun in P sorption 

studios wi th soils h'1 s bo o n shovm in terns of the effects th.'1. t  only 

partial nppronch to equilibriun hnvc on interp re tations of the da ta. 

nnd c onc epts rolnto d t o  P sorption rn chnn isns . The present findings 

nre tho ro foro of direct relevance t o  s tudies whe re inte rpretn t io ns · nre 

based upon the ns sunption thn t e quilibriun hns been nt tnincd . The 
o quilibriuu c ondit ion inpliod in the derivation of the LnngEUir 

equation; -vrhich hn s  been used extensively to d escribe P ·  s orption by 

soils ( Olsen and Wntnnn.be , 1 957 ; Syo rs §.! .9:1. , 1 973 b) , is n particular 
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case in point . 

Tho rosul ts presented in this pnper sug&,"Cst th.'l. t if an 

equilibriun conditi o n  is to be nt tnined , the support nodiun enployed 

is of prnc tical r:.nrl not theorctic "..l c o nc ern , in o.s nuch th;:J:l; n r2pid 

ro:totion rntc is desirttblc in order to uinir.ri se equilibrntion tine . 

In such co.sos a support uediun of hi,Jh ionic strength nnd c ontaining n 

div�t len t ca Uon is dcsiro..blo . To avo id 11ie:h concentro t i ons of divalent 

c:2ti ons nnd the poss ible procipi tation of sp3..ringly s oluble phosphates 

in such sys tons nt high P :J.cldi tions , hmmvor , ,'l. support nodiun of high 

ionic strength c ontaining ca tions of s o lub lu phosphate s rl'l.Y be preferr­

ed ( e .c . , 1 0-1 r1 rhCl ) .  

im e quilibriun c onditi o n  is not nlvrn.ys desired , e s pe c ia lly 

in P sorption exporinents ninoc.l at describ ing the short-te rn effects 

of P fertilizer o..ddi ti on , the relo. tionships of P botueen aque ous and 

pnrticuk te ph.'l. sc s of n runoff or stronn o nvironrnnt' or the ability 

of soils nnc.l soil conponont s to ronovo P fron effluents . The ne ed 

for C:J.reful choice of support r�dia in studies sinilnr to those nentiono d  

above i s  ovirl en.t fron the rc sul t s  presented. The support nediun should 

reflec t  the cnt i on s t1"ltus ns >'le ll ns the ionic strength of the aqueous 

phnso of tho syston under c onsidorntion. 
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llrB• Cr: .. lciun retention in response to phosph['.. to sorption by soils 

4B . 1 Introduction 

In tho OV['..lu:c tion of tho effect of c.J.tions · -::> .. nd ionic strength 
on the sorption nf inorc·cnic phos ph'.'..tc (P )  by so ils , rliscusscd in P·'l.rt 

11. of this Ch::.ptcr ,  it Vi'..s n·�tod tl1..1. t �'.. S tho "..nount of P sorbcd incro "..s­

ocl.. tho ro u"..s .".. concor:ni tt;:nt incrcc..so in tho ::tnount of Ce>. rot."..inecl by 

tho soils . In tho absence of ftwthor expori!:'lOnt.:;l cht2.. , these obsorw .. -
tions 11"-Y inply tlnt both G.'l. tend P ::.re rcnoved fron solution by a. prc-

c:i .. pntion ronction . Such ::. procipit"..tion rei'..ction nt the surfo..ce of 

sorbing conponents in soils h1.s boon proposed ( 1filcl,  1 950 ;  Vollnreiss 

Qi .fib.• , 1 973 ) to oxplnin tho gro::. tor re tention of P vlith incro."..sing Co.. 
concontro..tion in the support nodiun. In this study tho retention of 

Cn in ro s ponso to P sorption by soils is ov:�lu2 ted to }!rovicle ['.. better 

undorst.--..nding of tho orig·in cf tho effect . 

�.B . 2 I1.1.toric .. l s  2nd M:lthods 

Air-dried ( 2 rn.l S ''..i 1plos of horizons of Eg;·1ont ; Ok:cih·m , nnd 

Porirun soils wore used in this study . 

Retention of Cn w.1.s e'Vrl.lU'l.tod for onch soil during P sorption 

fron 1 0-2 1.nd 1 0-3:r.1 C:c systei 1S . Tho b'lsic oxperir..cnte:.l systen vm.s 

the S.J.:lO ns th".. t described in Ch-,_pter 2 .  Adcli tions of P, depending 

on tho soil c . .nd support nodiun ( see Tnble 4 . 3 ) vmro chosen to cover 

o.. fim .. l P concentr:ction rn.nGQ up to 1 0  yg P/ol nfter ::l. 11-0..hr sorption 

period . The so..ne soils \vere dso shn.kon for 40 hr with 1 0-2 and 1 0-3M 

Cn contrlining no �,deled P, but K ( ns KCl ) W."..S ndcled in o.nou.nts oquiv::l.lent 

to those resulting fron P additions ( IDI2Po4 ) . After the 10-hr shn.k­

ing pe riod , the supornntnnts \·Toro recovered by centrifugi'..tion c..nd in-
orgn.nic P concontrnti on deterDined. The concentrr\ tion of C .::. in the 

supornntc.nts vms nl so detorninod by fl."...ne oDission spectrophotonotry. 

The role::!.se of Co. o..nd PI  ret.n.ined in the previous sorption 

step to solutions of KCl vras evnluatod by 1-mshing the soils f our tines 
with 20 nl of 1 M KCl . The nnounts of Cn nnd P were dcterDined in 

the conbined extrncts 2nd corrected for the ."..nounts of �"- n�l P cnrried 

over in the entrnpped solution fron the sorption step. 
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Re sults 

Iso thorns for the sorptio n of '"'..ddod P durinr; 40 hr b y  Eguont , 

Okn.ih:-:u 9 :cn<l Porirurc soils fro::J. 1 0-2 .'"'..nd 1 0-3�1 Cet etnd 'liJ"c tor , hnvo boon 

given previ ously ( FiC>' • 1 ,  • • 1 f'..nd ,l . 2 ) . At :c fino.l P c onc ontrntion of 

I -2 9 fG P r.U. , the nnount of P sorbod by o:�ch soil fro:c the 1 0  r-1 Cn. systen 

i s  c. pproxin1.tcly tvri ce th.'l t sorbod fron vr::.tor , vrherons the nnoUJ1t of P 

sorbod fro::J 1 0-3r1 C.':'. i s  intornodin. te t o  thn. t  s orbod fron 1 0-2M Cn nnd 

w.1.ter . 

The rete nti on of Cc.. by the soils during P s o rption over n 

pe riod of 40 hr, i s  given in Tnble t1r •3 • Dn.tn fo r Cn retentio n represent 

only thn. t nr-lsinc n.s ". direc t result of P sorpti on . Such do.. t.c were 

c onputcd fron no t Cn re tenti on in syctens contn.ining P, c orrected for Cn 

re tent-i on in sys tens contn.inine the sr;ne conc o ntr'"'.tion of nll i ons , 

but no P .  

The .::mounts of c,..,_ ro b ined ( Tr1.ble 4 . 3 , co lur.m 3 ) i'TO rc in­

depe ndent of the 2nounts of G"J. .1.ddod , rmd the · v."J.lue s for the noL.':'.r 

r::. ti o of Cn : P ro t:ci ne d  1vere ro tll) r co ns t.::..nt , p::trticul.:crly for Egnont 

o..nd Cknihnu so j_ls . · The [lJJOunts of C.:; ro tn.inod vrhi eh nrc rcloc..sed during 

vrnshing vrith H 'I KCl ;  :1r0 given in c oluon 6 ( Tnb lo !). . 3 ) • Essent i."J.lly 

c onple te re covery of re tnined Cn is nchioved . In contrnst , the nnounts 

of P desorbcd ( c o lur:m 7 ) 1·rero only ...,_ sr:n.ll fr::. ction of thc:s e s orbed . 

This frnc t ion r."J.nged frOI:'. 0 to ( 5% for Eg-...:ont nnd Oknihau s oi l s , .".nd 

fron 0 to c.pproximte ly 1 0%  for P0riru..'1 soil . The highe st re coveries 

of sorbecl P wore obtf'..ined for the hichc s t  P s orpti on sn turntions . The 

lmv but sl owly incro.1.sing recovery of sorbod P is reflo otod in the tend­

ency of the ro.tio Ca : P re lonsed t o  decronse >vi th incrensing sorpt ion 

snturntion . 

4B.4 Discus sion 

The incren.sc in P sorpti on wi t h  increo.sing Cn concentrat ion 

of the support ne d iun ( Fig . 4 . 1  o.nd 1 . 2 )' c.nd the incrense in Cn re­

tent ion vli th increasing P s orpt ion during 40 hr ( Tnblo �- . 3 ): i llustrnt­

os hro inporta.nt interrela tionships b e tvteon support nodiun conposition 

and P sorpt i on . The origin of the incrcnsod P sorp tion during 40 hr 
wi th incronsing Ch c o ncontrGtion o f  the support nediun1wns d is cus sed 

in pnrt A of thi s  Chnp ter . 
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The fn.c t  thn. t the l'n.tio C.:1 : P retained is conp.'lr.:--.b lo for · 

s inilnr leve l s  of P sorpt ion , in both support uedia ( 'rnble 4 a 3  ) 1 
sucgcsts tllict Cn retent ion is dir ectly r c lnted t o  tho extent of P 
sorpt ion , ::.ncl is infl uonc cd l it t le by anbicnt C:: conce ntrr�.ti ons o 

The retention of Cn in re sponse to P sorption 1�'Y bo oxplninGd by the · 
'\'!oll-cs tnbl i shecl effe c t  of P sorption on the no g.::.tivo ch�crco of so ils ; 

genernlly I'Dnsurocl ns the cc.tion oxchnngo c1.pn.ci ty, i·rhich fre quent ly 

shovrs ,'J. considorn.b lo increase sub sequent t o  P sorption ., ( J:o th; 1 937; · 

D::wis ; 1 945 ; Hohlich, 1 960 ; Hok':!.:'ll nncl Uchnrc. f 1 972 r So.vrlmoy; 1 974 ) . 
An increase 2.n negn ti vc charGe during P s orption requ ires tht'. t a s  P 

sorption pt'ocee d s ,  co.tio�s are !'.lso renoved fron the £'.Dbicnt o..que ous 

phnsc ., Thic is 'mll denonstrn.ted by the do. tn for the re tention o f  

Thn.t � is retained only i n  re s ponse to 

an incron.se in. nec::ttive charge is subs t-� tiatod by the fr>.ct thnt 
e s sentially conplete recovery of rc tnine d Ca is obtn.ineJ. durh1g li.::l.Shing 
with Hi KCl . 

If the r�: tio of Cn : P rotninod is expre s sed in Jcgrns o f  

equivnl ents per nolo . o f  P sorbod , ob taine d by m.1.ltiplying c o lurm 5 

( Tab le �- . 3 ) by hro ,  the ir.Lc re2 se in charc;o n.t the sur.faco LlD.y bo 
o stinn.ted fer each level of . . P sorpti on . Values of nppr01rin.::1.te1y- 0.4 
to 0 ., 6  oquiw..l cnts/u.ole :u-e obtc.ined for E�ont z:nd - Ok:!.ilw .. u s oils o 

Sonevrhat hit;her vnluo s c.ro obtninod for Poriruo. soil o Those e s timter; 
. - 2-

suggc.s t thn. t not nll of the P sorbed , c.ssur..tiT¥; th.ct J-�Po4 o.nd HP04 
a.ro tho sorbin:; spe c io s , c ontribute s t o  tho increase in· noc;:- tive chC�..rge ., 

This i s  in contrn.st to tho postuln te o:f IIings ton .£:t. nL � ( 1 968 b ,  

1 972 ) th.o.. t P sorption is conditionnl on an .incronsc in tho nogo.tive 

chargo of the surfa..ce .,  The inplic.::ttions of . this ob servation t o  the P 
sorption LD chn.ni. sn n ro evnlu.n tod in Chapter 6. 

Tllo fo.ct th.o.. t o. l l  o f  the Ca. ro tninod � but only o. srn l l  frnction 

of the P s o:rbed could be :roloo.sed by imshing '·rith 1 M  KCl illus tr�tes 

the difference in the type of interaction invo lved betvroon tho s orb ing 

8urfnce nnd Cn n.nd P .  The intern.ction be t1·men Ca re tni�1od i:a response 

to P s orpt ion o.nd the surfo.ce , appears to be purely Coulonbic ;  C£'. 

be ing distributed - thr oughout the clif :fu se lnyo:r developed o.t the sorb­

ing surfo.co vThi ch ; o.s Ca. re tention dntn. inplie s ,  carries a ne t neentivo 

ch'lrGo sub sequent to P s orption. 'lbe fracti onal deso rption o:f P' 

howeve r ,  ref le cts the c ovalent c m rn.ctor of the interaction be hreon P 

and the sorbing surface . 



1 07 

The inc rco.sing sorpti on of P during 40 hr -vli th . incroCJ.sints Cn 
c oncentro.ti o n  o f  the support mdiun ( Fig . t.- o 1 .·.end .1) . • 2 ) , rmd the fnct 

thr:. t C.'J. re tention in response t o  P sarption give s rnthor s inil:1:r. rnti os 

of Cn P re tnino c  ( To.ble 4- . 3 ) , nay nt first sugge st thc t P is r e tain-

cd by a pro cipito.t ion roncti o n .  

previ ous workers ( 1'!ild , 1 9 50 ; 

e t  .9:l ( 1 97) ) h.'lVO prOpOGed tht'. t 

Such a. re c..ction l12.s been inplied by 

Vo lla·rie ss et .01· , 1 973 ) o Vollmie s s  

P sorption i:1 Cn systo:::1s invo lv:) s pre-
c ipntion of P uith C<1 nnd Al in the d ou:1lo lnyer o:;: nlun:'_nc ::; :LlicntcG 
to forn o. d:i_screte -P pht,sc ro scmblin.g crc..ndo..l l itc . The 20 -;1orlmrs 2. lso 

iL<pliod thnt increasing ? sorpt i on in sys tem; contCJ.iPiT'G ir>.cro,J. si:ng Cc 
conccntr:J.ti on, could also b:) cxp lCLincd by c pro c ip.i t:J.t ion roC�.ction e 

The l ow ·  Cc. : P re tained rnti os :end the fc.ct thct in bo�;:!:l Cn o.nd No. 
sys tons , the snf1.c o s tin'lto of o quil ibriun P concer:i;ro.tion vr"'.c. c'o -!:!lino d 

( Fig . 4 . 5 o.nci !?o 6 ) ; !".re not co np.?. tiblo uith tl1c :prcc:·.pi-i:; :cti on cf o. 

cnlc iun phospbcto ., In pt'.rti culn. r ,  hmwvcr ,  the o c. seiT�i nl !.y conplc tc 
re c ove ry of rctnine d Cn during vm sh in,.?; ui th KC l �  el ini_;.o.to :::: {l.lly p os s i­

bil i ty of co.lciun pho sph"'. to p:re c ipi to.tion· in tho oxp3 rin:m·cs reported 

in thi s  s tudy, ::1.n..i poss ibly n'lny othe r s tudi o s  :reported in t!1e li to ro. tu:;:o . 
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IHTERPRETii.T ION OF PIIOSPII!. TE SORPTION DY SOILS 

USINC- THE IL l\TGr.fuiR EQU..:�TIO N 

5 . 1  Introduc tion 

109 

The sorption o f  inorg::.nic pho sph:'. to ( P) by s o ils -:1;y c onvcm­

ion tly bo describe d by i'. sc: rpti on i so thorTI , Hhic h represe nts the 

d is tribut ion of P bo tvroon '"'.. soil nnd tho c ont::tctiUG .:c quo ous phase 

o.t consto.nt tenper.-:cture � Sorption do. t,; nn.y t:.l so be testeu for fit 

n.g.-:cino t sover.'"l l equ:-t tions derived fron sorp t ion =:J.odel s 1 sor:lG of l'rhi c h  

provi de useful inf orrnt i o n  concorni nc the s o rption reac tion involved . 

The equa tion deve l oped by L'"lnr;rruir ( 1 91 8 )  is :fA.".rticulo.rly us e ful ' 

lJecr-.u s o  fron th is o qu:'.. ti on , c onst::nts re lo.ting to sorption n'"lxirrun 

mx1 sorpti on e norcy r:n.y bo c.'"llcul -cted e Al thouc;h the L-cTI(;rmir a qua-

tion >ms origin:cll y  developed to describe eas o.ds c rption by so lids ; 

o.n .-cn-".l ys is of its n·'p l i c -:. t io n  t c  so rpt i on fror: o.que�m::: solution h:ts 

boon given by Gilo s ( 1 970) . 

The L'"lngr:�uir e qu.".tion hns fre que ntly boon u sed to describe P 
so rpt io n by s oils ( Olson :1nd \•h.t,-:. :n.-:.bo , 1 957 ; Shc.Diro ... md FJ.·io d , 

1 959 ; Fox :md Knr.:pro.th , 1 970 ; Syo rs ill .DJ. . , 1 973 b ;  Sohvm rt!J[:.n�1 

t'l1cl Kni ttel , 1 973 ; IIo lfo rd .Q..i iJ,. . , 1 9 7/� ) c  The l cost recent o f  these 

s tu dio s ,  hOivovo r 7  h.'"lvc shG>•m th.'"l t P sorl;t i en d!l.tc. rcro de scribed by norc 

th-cn ono L-:.ngnu ir e qu:o..tion , ovo r final solution P concontr::t t io n  rC'.ngo s 

of 0 to Qpproxin .. '"ltol y 1 5  ucP/::.11 . 
I 

Into rpro tn t io n  of P sorpt i on do. tn. 

bnsod on the Lnngnuir o que1tion i s  fu rthe r c c L'.plicnted by tho fo.ct 

th':. t o quilibriurl dnto. ho.vo no t boon used , despite the e quil ibriun 

c ondit i on >vhich is inplic i t in the do rivn. t ion of the Ln.n[inuir e qu<l. t ion . 

Evr.lu�. tion of sorp tion dr: to.. hc.s e1ls o boon hn.nporo d by the lini ted 

nuount o f  clo.tn used by T'."',ny worke rs , p-'Lrti culc rly nt l m-r f in'"l l P c on-

centrations ( Gunn.ry , 1 970 ; B.'"'.che ttnd 1:/illi.:ms , 1 971 ) ., C onsequent l y, 

ndoquc:t te undors t.-:.ncliTIG t'.nd inte rpre tat i on of r sorpti on ro lo.t ionships 

obtn inod us i11g the Lnngnuir o qutt tion , h.-:.ve not bee n  f'.chiovod . 

The purpo s e  of th is s tudy . is t o  ovnlu-c te tho so rption c f  

ndded P b y  four c o ntro.st ine s oils , under b o t h  c qu ilibriun nnd non­

e quilib riun ( 40-hr ) co nditi o ns , \'li th n view to providing o. noro 

precise und orstnnding of the L.-cngrruir re lationships involved in P 
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s orpt ion . ll. no thod of resolvine dnto. when noro tho.n ono L::mgnuir 

equation is involve d ,  is pro posed . The effect of non-c quilibriun 

conditions,  n.dsorption o.nd o.bscrpt ion rco.cti ons ( Ch:o.pter 3 ) , o.nd 

the inport£llce of ob tnini11g sufficient dnto. to o.dequn.tely describe 

P sorpti on by soils , nre discussed . The P sorption do:t<'. cbtn.ined 

under equilibri� conditi ons �ro discussed in teres cf tho P sorpt ion 

nec�so .. 

5 . 2  Nc.t ari nls c...'ld :!11ethocls 

Air-drie.d-9 · ( 2: m s�r:ple s ·  of hori ::::; ons of Egnont 1 . Oklihml.� _ 

Pcriru.n. �".nd Wnik� . s o ils vTere use.d in . this study . 

The s orption of n.dded P >-T::s evaluated ove r five tiDe. intervnls., 

rnnging :f'r>on 40 · to approxin'lt�ly 140 hr., Tho rn.Y..iL.'UTJ. ndditions of P · 

were 6000 � 4000 �.  16CO � nnd 1 250. ygP/ g for Egnont -t Ob.iho.u, P..: rirl.li:!. o.nd 
Waiknko.hi soils ,. . . res proetively . The - n pp�oprinta 11Dount of .P rms · a-ddod 

in n 5-nl nliquot n t  recorded t ir:cs of 0 �nd �p�roxiDo.tely 24 , - 48 ? - 72 

and. 96 hr after c or>..r.JGnci ng- to sh." 1'e 1 ·-.g sc.oplos of each soil with 35 o.l 
of 1 0-l  M NnCl c ontaining 40 ye HgC1.2/nlo Shnki J1b '1-TD.S continued for 

· �o hr .  Consequently' the total sluking tine for c:'..ch sys tcn ;n s tho " 

so.ue ,_ ):mt the t -i  "e of contact behrecn soil c.TJ..d . .  ndded P V2.ried.. _ . . The 
. .s-erption . ..of P during tW hr W''.s clo torDi.neCI. f.or - :J.ll soilso O th8r -con. ... ---

· tact tines were knmm fro::: the tir:c .at wh..i ch tbo. P .o.dditicn_ .:wn,s _DC.d.e 

o.nd ..  the tiD8 ·.�t 1oThi ch solid r.nd :l.QUC OUS phtt SGS · 'iTC'rO sepa::r:-::tted ..., . The s-e .. - . 
-nddi ti ore·l contc.c:t · tit!es >·mre i"..pprox ic.c.tcly- 72;. 9 6 �  1 20 c.nd 1 !�0 hr • 

. , . _ ___ After shnking
_

flll systous �ororo centri fuged ::md dissolved .inorg.:m±c · P ·  

de to rn:i.n.c d .. 

Native exch<'.I1gcr;.b le P wns . .detcrninc d ·  :,_t four tire intervals ,  
· by n oethod siu:Um· to thnt des cribed abovc c Cnrrior-fre e 32 p (2.oyci) 

· ' iVUS ..added .  in. D. r�,uJ. o.liquot ::t npprO:prio.te tirns .afte :-..1 C OITlcncing to 
. sho.ke 1 -g· S�".nplo s of o nch s oil in 1 0-·1 N N::t Cl c ontoi ning .Hg�e. 'rhe 

tine s  o:f c ontnct ·between o.dded 
32

P nnd th3 .... scils 1-1ere 71.r- 9 1 , 1 1 3 , 

m1d 1 3 5 hr , although. the tot:'..l shaking ti;:1o for ·each systen was oon.-· . .. 

s-tnnt.. After 1 3'5  hr , the · tubes 1ro re ·centrifuged 2nd.. s.oluti on 3 1 P - c on-

centration deternined ..., Solution 32P conccn:tration >vD.'S· -detc rnined as 

clc.scri.hod previously ( Chr:pter '3 ) o  Native oxch.'-:.ngo.:t.ble P .for ouch 
· tiPe .of cont act -vm s d-etcrnine d fron isotope dilution theory.. . An . 

.-· · 

-"' . . . .. : · ... 
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e s till".te of "no.t ive so rbe d P" -vw.s olJ tnined by plott ing n".tive ox­

ch.�.nconble P w1lue s nt or.ch tine of cont:1ct n.co.ins t 1 /t nncl oxtrO.l)Oln t­

i!lG the resul tinc; lino.".r roln tions:b..ip t o  1 /t :::: 0 ( infinHo tiEc ) . 

5 .3 Resul t s  

Dntf'.. f e r  P sorption �.t vr:.rious leve ls of f'..ddod P vrcro obt1. in-

o d  f or nll scils r. t · b oth e q_uilibriw-: .".ncl ·�- 0 hr . For ror:.sona of 

sinpli city, hcuovor, only oquilibriuTJ cl:-:. t:: fer Poriru1. soil nre pre sent-

ed in det-cil . Tho se dcto. nro used to i llustr"..to the type of chtn 

obtl"..ined ,':'.ncl the nethod of dnt,"- res olut ion . Da t� ob t.1.ined for Ecnont ; 

Oknih.:tu :mrl �'!o.ik<>.knhi s o ils .1.ro pre sented, ns o. r'P roprin.te , to - illustrnte 

the sinil �.ri ty in the dntn ob taine d  for ".l l of tl1o soils used. 

Equil ibriun "'.ncl 40-hr isotho r :s 

the 
Dr1.ta fc rjro l.-:1.. tionship bo tvro en soluti on P cone on tr-c ticn nnd 

tiuc ( plot ted ns 1 /t ) :et v2-rious ;:>.dditions of P to the Poriruc:. s oil 

.:trc given in Fi, ; . 5 . 1 e The C{:uso of the pror,;ros oive dec rol"..so in 
soluti on P conc o ntrt'. tion vri th tine ho.s boon discu ssed p:rovicusly 

( Chf'..pto r 3 ) vrho rc i t  vr:".s shO'\m th1. t for c o ntnct tines ) 70 hr tho 

ch::mgo in solut ion P concontrt'.tion could bo described by :1 single firs t­

order ret:tcticn . 

Iso thorr:s for P s orption by tho Pcriru�.,_ :md t'hil':.:'.kf'..lli s oi ls 

t'.ro c;ivon in FiG • 5 o 2  for t•vo fin".l P concontrQticn range s . The torn 

"fi nnl r c oncontrntion" is used in thi s C})npto r ,  exce pt uho ro spe ci fied , 

to denote solution P c oncontr..,_tion d.:ttn subsequent to snrpt ion under 

b o th the oqnil ibriuCJ. nnd ·�-0-hr c ondi t i ons . The to ru " e quilibriun P 

c oncentre1.tion" is usod in Figure leconds whe n only equilibriuu dntn 

nro presented . 

Dnt.:t fron -which the equilibriun isotherus ( r. in Fig . 5 . 2  ) 
vre Y."o cons truc ted , vrore ob bined by extro.polr. t ing the roln tionship · 

be�qeen solution P c o ncontr�tion e1.nd 1 /t t o  the ordilli�te ( t �oo ) ,  
for vnrious P ndditi ons to each soil ( c . f . , dnshed lino s in FiG . 5 . 1  

f or Pc riru� soil ) . The ,�om1t of ndded P s orbod nt ench level of 

P addition �s conputod fron the oquilibriuu P c oncentration .:tt 1 /t 
- o.  Isothe rus at .. 'l-0 hr ( b in FiB"• 5 .,2 ) vmre constructed directly 



,-...· . 

E 
Oi-
:1, ........ 

c 
0 

...., C\1 
'-

...., 
c 
Q) 
u 

. c 
0 
u 

CL 
c 
0 

...., 
:J 
0 

V) 

FIG. 5 . 1  

1 ·  2 

1 · 0  

0 ·8 

0·6 

0 ·4 

0·2 

A 

/ / 
/ 

/
// / / 

/ . 

/ , ....... � / - . -- - -

0004. 0008 0012 

a 

d 

c 

b 

a 

0016 

T i m e 

1 2  

10 

( h r-1 ) 

8 

/ 
k 

/ � / 
/ 

/ 
/ 

....... � 
- h ...... - � ....... 

...... � g 
,.... 

-

-
,.... 

- --------- f 
,.... 

--

0004 0006 0012 0016 

Solution P concen-tration as a function 0f time ( 1 /
t )  for various P 

additions to the Porirua soil . Data extrapolated to ordinate 

(dashed line ) to obtain an estimate of equilibrium P concentration. 

A = Solution P concentration of 0 to 1 . 2 JlfSP/ml , B = solution P 
concentration of 0 to 1 2  pgP/mJ.. Added P (yg/g) a = 1 00, b 

:
= 1 50 ,  

c = 200 ; d = 250; e = 300; f = 400; g == 500; h = 600 ; i = 700 ;  

j = aoo; k = goo.· 

1 1 2  



400 

-
Ol 

--
Ol 
:1, ........ 

"0 
� 
.0 
L. 
0 150 
11) 

Q.. 

FIG. 5.2 

A .1 800 a 
a 

600 b 

b 400 

200 

0 

400 a 

8.1 300 b 

a 
200 

b 
100 

0 
()-1 ()-2 ()-3 . ()-4 ()-5 0 5 10 15 2Q 25 

Final  p conce nt rat ion (.JJgjml ) 

Isotherms for P sorption by the Porirua and Waikakahi soils at 

equilibrium and 40 hr ove·r two final P concentration ranges . 

Porirua soil , A. 1 = final P c oncentration 0 to 0.5  pgP/ml , 

A.2 = fina,l P concentration 0 to 25 p.gP/ml. Waikakahi soil ; 

B. 1 = final P concentration 0 to 0 . 5  ygP/ml , B.2 = final p · · 
concentration = 0 to - .25 pgP/ml.· a = equilibrium isotherm, 

b :::: 40-hr isotherm. 
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fr on 40-hr expcri :":en tnl clrc tr� . Vnlues fo r n1"'..tivo s orbed P ( 1 3  c..nd 

1 2  �le' P / rs for Pnrir1.m :'.ncl \i1"'..ik':'.k.".hi suils � re s 1)e c ti -re ly ) ns cletorninod 
. / 32P t . f . . t t .  us �ng n ll'- �nl o F"\O , wero o..clclcd to n.ll valuc o of s o rbcd c..dclocl P 

t o  :,;ive t..h.o vo..luo s of 1 1 I' sorbocl " ( or:linnto in :B'ig . 5 . 2 ) n t  o::cch fim l 

P c on cen trat ion . 

Approc inb lo diffo ronc e s b o hre on the nn(mnt of I' s orbed nt n 

[iivon fi nr:..l r conc c:mtrn t i on ue ro cvic1ont fer o quil ibriun 'l..nd 40-lll' 
i s otho rr.lS . Tllc diffo ronce s vro1"D [;rO:'.tcr fGr lOii fini'..l P c oncentrnt i ons , 

F' .. rticv.l -".rly for t�10 I'u rirun s o i l  ( :B'ig . 5 . 2 .A . i ) • For ox.'"'.clplc ; nt 

n f in·�l r. co nccntr:--.tion of 0 . 06 )lGP/ J.l fe r the Poriru1"'.. s o i l  ( PiG"• 
5 . 2 . A. . 1  ) , tho 1"'..!"l0unt of P s orbod o.t 40 hr (b } wn s 90 ygP/c; Hhe roo.s nt 
e quil ibriun ( :'..) the Vi'..luo wo.s 1 80 JlgP/r;o Tho rolt'. tivo difference 

b o hvcon the C'.J10Ul1tS C f  F sorbod !l t !, 0 hr .'l..l1d n t o quil i briun be C.'J.flO lo ss , 

".nd f.". irly c ons t".nt , over the I' c oncontr'l.. t ion rn.n:_:;e of 1 t o '1 pproxin..'1tely 

The c onside r.":l.bly gre "\ tor discre p-".nc ios 

botlvoen isotho r:·'.s o..t lm·1 , rcl:-,tive t o  hiGh I' c oncontr-".t ions , .:1.riso fron 
the f.:-,ct th.::. t rclnti vo ly 1 '!.r{�O ch"'.n[� O s  in f :in:--.1 P c "ncontr"'. ti ons be low· 

1 pcP/Dl re s-ult in little ch·mr,-o in the '1:·2ounts of r s orbccl o This 

e ffe c t  h". s boon di scus sed previ ou sly ( Clnp tcr 3 ) • 

Dvth ��O-hr ':'.ncl e quUibri u; 1 i r w thorr!.s ( Fie; . 5 . 2 ) , hmwvo r , 

nro of tho s1"'..:_!c tyrX) , n".;:lo ly i 'IIuotypo u is o thor'·ls -"'.cccrding to the 

clo. s s ific". t ion of Gile s  p_� .9:.l· ( 1 9 60) o Tho only diffcroncu bo hrcon the 

iso thor: :s is thnt II-tyl'o ch ..... r.':'.ctor i s  noro ncccntu·�te cl n.t e quilibriun 

th'ln 1.1t !,0 hr . 

Al thcw·h the i s o t ho rns c:'.t cqu i l ibriun -"'.nd �-0 hr ( Fig . 5 . 2 ) 

arc not s tric t ly of the Lc:'.nt;nuir type , de Boo r ( 1 9 53)  hns shmm thnt 

the npplic�tion of tho L'111gnui r  c qu1"'.. t ioh to II-typc is oth orns D''l.Y bo 

v:2lid if noro tho.n ono popul:c ti on of s orp ti cn s ites i s  nssuDcd� 

Fi t of do.tn to the Ln.ngnuir o quo.. t ion 

An ovr.lu.". t io n  of P s 0rption dn to. c ".n be n".cle using the ro­

nrro.ngod forn of tho L.".ngrru.ir e qun t i on ( 1 • 20 ) 

= 1 /£{be +· 1 /b 

>·rhcre x = .'!.nount of P s orbod , c = f innl P c oncentration , rLnd IC nnd , b  

o.re c ons t.::.nts rolo. t ing t o  the sorpti on unerey nnd sorpt ion nexinunt 
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res];X3ctively. For datn conforning to equation ( 1 .4) ) , n linenr 
relationship; of slope 1 /Kb nnd intercept 1 /b ,  is obtained for �. 

plot of 1 /x against 1 /c .  

The rociprocP.l ooturo of equation ( 1 . 20) enphE'..sises low 
fin..1.l P concentraticns nnd is pnrticularly useful fer ovnlunting 
sorption dnto. obtnined for the lmmst ncasurn.ble differences in finnl 
P concentration ( i . c . ,in the range of 0 to 0 .01 pgP/nl ) . Over this 
conccmtrntion rnnee , hovrever, the nnounts of sorbed addod P nro­

frcquently conpcrable to native sorbcd P. 

T.he requirenent of inc luding an estin1.te of native sorbed 
P in the vnlues of sorbed P in isotherr� studies is illustrnted in 
Fie . 5 .3  by oquilibriuc data for Porirun nnd Egnont soils. The plot 
of 1 /x agninst 1/c before correction fer native sorbed P ( b in Fie.  
5 .3 �ro.s curviline2r. After correction for the e..nounts of nntive 
sorbcd P ( .:::t in Fig. 5 .3  ) the datn confornod to the Lnnguuir equation 
( equation 1 . 20 ) . The curvilinear relationships ( b in Fi,3'• 5 . 3  ) 
arose fron the fact th..'l.t c.t lou fin..".l P concentrations ( < 0.01  y.gP/rJJ. ) ; 

the actu:u nnounts of P s orbed >'lore significantly larger th:m those 
cnlculnted fron the observed finnl P c oncentro.tions nnd the anounts  of 
added P. vlhon the observed nnount of P sorbed exceeded nntive sorbea 
P by o. fo.ctor of c.pproxin'ltely 1 0 ; the effect of the lntter on do.tn 
fit to the Lnngouir equntion becnne neeligiblo ( point 4 in Fig. 5 . 3 .A ) �  
The fnct th..'l.t dntn , subsequent to correction fer nntive sorbcd P, yielded 
n linenr reln tionship r:_;i ves .:J.ddod credibility to the nensurenent of 
nntive sorbed P using isotcpic exchn:t1f'enbility nt infinite tine . 

Dnt.<:. points ( nunborod nbovc 4 ) in Fig . 5 .3 . A showed n 

tendency to devinte fron the linenr relntionship (a) . The inclusion 
of nore equilibriun dntn points ( FiG • 5 .4 ) for the Poriruo. soil;  
indicntea th'l.t up to six linenr relationships , conforniUG to equation 
( 1 .20 ) ;  nre obtnined over the finnl P concentration �nee of 0 to 
npproxi��tely 25 ygP/nl ( Fig . 5 . 3 .A nnd 5 .4 }. A single linear re-
lntionship was obtained ,  only if � restricted fin�l P concentrnt�on 
rnngo was considered. Sinilnr dnta hnve been obtnined far P sorption 
by the other three soils , ::�.t both oquilibriun and 40 hr. 

A conplete evaluntion of P sorption could not be u�de by 
direct grnphic�l nn::tlysis of Fig. 5 .3 .A nnd 5 .4 ( Syers et. �· 1 973 b ) ,  
bocnuse the sorption nnxioun of the first linear relationship 
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( Fie.; . 5 . 3 .A ) 1v.'1 s grantor thnn sever�l so rption dn.tn points ( 4 to 7 ) 

vrhi ch devin. to cl fron it ( Fig . 5 .  3 oA  o.ml 5 .•t ) '. This i!:lpl ied thn t 

P vm. s sorbed ni th n. louo r sorp tion onercy (K) c oncurrent vri th th�t 

s orb ecl vri th tho hicho r K vc.lue uhic h  is doternined by the firs t. 

linen.r reln. t io nshi p o  Pie. 5 c 3  .. A .:cnu 5 otl- :clso inplietl thr'.t sone of 
the l ine .1.r re b.t io nships repre s ented signifi c::mt P sor pt ion vri th noro 

thn.n ono K v->. lue .. C ons eque ntly , the K V".lue of tho first Ln.ngnuir 

rolo. t ionship ( Fit; o 5 .3 .A ) Hill be underc s t iu.1.tecl nncl the b v:cluo 

overe s tin-:ctod , by direct 1:5r<'1]Jhi cn.l l'. n".lysis & A pro cedure for re­

s olvinc COr:!pound iso ther;·1s ( Fic o 5 , 3 .A rmcl 5 . �� )' into r:list:. n c t  i s o­

therns f or vrhich the internc tion of K vnlues is Y.".inir�'l.l ' vf['.S c l onrly 

required . 

Res o lution of Ln.n::nuir ro l.'lt ionships 

Dnt,.,_ for r sorpt ion ,.mrc re so lved to detcrnine the nunber 

of di stinc t i so therm inv olv-ed in tho over:'.ljorption 0 f  P. This 

1m s ncc o:J.plished by el inin"l t in.� tho e ff�cts of P sorption ['. t one K 

vn lue , upon P s orpt ion ::-. t .->.nc. the r l� V".lue , by .". eethocl of suc cessi"�te 

npprox i:-... "ltion of both K n.nd b v.�.luos ,. An outl ine of the s tops involved 

is giv-en in Tcbl e 5 . 1  .. The cons t:tnt s K n.rrl b vroro clote rr.:incd by 

l ino:cr regression o.n"'. lysis n.t the '1ppropri."'.to steps in the procedure 

( Tnble 5 . 1 ) • The d. is t ilJ.c t  r e lnti onships ob t'linecl , e n. ch c onf orning 

t o  n L�ng:mir e quo. t icn, uill be referred to hercctfter ns regions . 

Regi on I , is dc scrib'Jd by the L'lnGDuir c o ns t�n ts I<j: ".nd · b 1 , nnd cor­

re sponds to the l c1v o s t  finl'. l :P c oncentr".ti on r1.nee , c t c o  

Three distinc t  rc,'_;-i ons �rare obtc.il1od f or e:.wh so il , n.nd 

three t o  four .':1-PlJroxin-: tions v10ro noc essr.ry b efore c h811.(ses of < 5% 

wore rec orded between succes sive n pproxiLD t ions of n p�rticul2r K 

value . The incrensc in IC rmd c1ccrc"lse in b v-alue s 1vi th succ essive 

npproxirntion ( Tnble 5 ., 2  ) illustrnte the e ffect cf . s inult.'l.no ous 

s orpt ion vri th nore thnn one K vr.luo , dis cus sed o.bov-e , on tho Lnngnuir 

c ons tants ob t�ined n.t n �'lrticulnr !.ppr oxiontion . 

The lino nr rclntions hips obtn.ined nt equilibriun , onch c on­

forning t o  c q�1. ti on ( 1 .2 ) , for ? scrption by Porirun s oi l  nre given 

in Fig . 5 .5  .. The nunborod dnb. points in Fig s .  5 . 3 .A nnd 5 .4,  
vThich c onposcd the six l inonr portions of the unre so lved relntionshipt 
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S chec�tic repre sentation of the stops iror o lved in the 
resolution of P sorption do.t::. to ob tr'.in tho LC'..Il(s'"t:mir 
sorpti on c ons trcnts K c.ncl "!:> f or P s orpti on by soils over 

n find ? concontr;:ction r:cngc of 0 to .�a:rr ox:L-:l.".te ly 2 5  ye P/nl , 

usi:nr; ''· no t hocl of succe ssive q::proxir.Dtion . 

------------------- -------------�--------------------------------------

Step 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

1 2 

Return to 
s tep 4 

Plot-lr• 

1 /x - 1 / c + 

1 /xE - 1 /c 

1 / 1 /c XIII -

1 /x
i

- 1 /c 

Dotcrnino 

KI ' 
b i 

X I
+ 

XII ' 
= X - XI 

KI T' 
b

iT 

XII + 
XIII' = X - ( x i + XII ) 

KI ' 
b i 

+ XI + 

XII; 
= X - ( XI + XIII ) 

Ropo.:1t steps 4 to 1 2  until difference bo tvroon succes sive o..pr:rcxin'ltions· of 

n rnrticulnr K vn.luo is < 5%. 

* 
· x = P sorbod ( observed P sorbcd + �tivo sorbed P ) , c = finnl P 

concontrn.tion .  
+ For l owes t  c vnlues ( O-Oft02 ye P/nl ) o  
t F.ron preceeding K nnd b V.:J.lue s  for nll vnlues of c �  
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flpproxil:l:ction 

1 

2 

FINAL 

1 20 

Va.lue s of Lr�:rt.gm1ir sor pti on consti'.nt s obti'.ined 

t'.t succe s s ive C'.pproxinl. t ions of oquilibriun P 

sorption d!'.tn for Er::r:'ont s o i l  1Jy tho schcno shown 

in Tc,blo 5 o  1 

K�� 
L L  

__ (nl/ye) __ _ 

1 69 2 .3 

184 3 . 9 

1 90 4 o b  

0 .09 

b ii 

___ (;::.rs/c;) ___ _ 

1 t�56 2025 

1 258 1 6 1 3  

1 2 1 8  1 506 

2967 

3236 
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. three Langmuir relationships (regions ) obtained after resolution 

of sorption data by successi�e approximation ( see Table 5 . 1  ) . 

A = region I, B = region II; · C = region III . 
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cc.n be seen to fit· n t le�s t ono of the three regions o bt.1.il1od ( Fig . 

5 . 5  ) foll o'lri�'l(!, re solut i on ... . This cbserv.:-,tion civc s credibi lity to 

tho :-;o thcxl cf cln t::. re sc luti on , "vlhich spl i i:s e .'1.ch ob served w..lue of P 

s orb od , us irJ;::; the successive ly c.p pr oxir:-..::. tod K <'.ncl b v.::. luo s ; bo hreen 

ec.ch s o i1_)tion roc;i cn . 

The r:.c curr'.CY of this i �othccl of d 1. tn ro s olu tion �ms 

to s tod by c onpo.nnc the overo.ll ( x-c ) s•Jrpti on i scthorn , cone r�ted 

by the sum:..". tion of ind iviclu.��l ( x-c ) isc tho r:JS cnlcu l:c ted for ench 

of tho three s orpt i on reGi ons 1 1vi th tho exporin�mtnlly dote:: ruined 

iso thorn . ExporiEon.t:::-.1 nnd gonorntod i s otho rns f or ovo ro.ll P s orpt ion , 

and re s o lved isotho rns for o'1ch s orpt i on roc;ion f or Pori!'ll2. nnd Okn ihnu 

soils nre given i n  Ji'it; . 5 .. 6 . Exporincn t�l .1.ncl tjOnor:->.tecl i sothe rns  

for over:. ll P s orp tion c orc:pr.rod very f::.vournb ly . T'no differences 

botvTGon observed nnd cn lcu lnte<'l vr.lue s of P s orbod vre ro gonornlly no 

noro th. ::.n 2%. 
sults . 

The se co::1p�ri s ons for othe r s oils c;rwo s ir:ilm- re-

The ovor::.l l isothorn f or or.ch s c, i l  vr.".s nlso ch::--.r�c terised 

by three dis tinc t fin:: l P c onco ntrn ti o n  r:cnc-os over 1'Thich nt l ons t 70 

to SO% of the ovcrn. ll incro:cso in P s oqltion vl['.s n ttri bu tnble to s orp-

t ion in ono lX'..rti cul.'lr re c;i on ( Fie . 5 � 6  ) o  Thr. t is onch region cor-

re sponded tc ::. vmll define d finctl P c onc ontrn tion r.'ln{ie for nl l s 0i l s . 

Region I corresponded t0 the fin'11 I' c onc e ntr:. t ic n  r�nce of nppr oxi­

rn.tely 0 to O e 02 yeP/r�� rccio:a. I I ,  0 . OS to O o80 yt;?/cl, cmd region 

I II,  1 . o to :> 20 o 0  pgP/r:ll.,. Intcn:o di :lt o  ccnce ntr::. ticn riln{�os c or-

ro spo nclod t o  o. �')pro cb.blo sorpt ion on : ;oro th:m o:1o rocion ( FiG • 5 .  6 ) • 

Evc�ll.Ftti on of 1:->.nc.;nu ir c ons tnnts 

The vc.lue s of tho L".:t'l(SDI;lir c ons tnnt s ,  K .:md b ;  f or P 

s orption c,t both OrJ.uil ibriuc n.nd !:-0 hr , :md f or ec.ch soil us ed ; nre 

given in Tc.blo 5 . 3 .  The s triking fonture o f  the datn wns the sici-

lQri ty of IC vn luo s - obt'1 inod for n 11c.rticulnr region n t equil ibriun 

for nl l four soi ls o The K value s var ied by n fnct or of no nore thnn 

2 to 3 1vi thin n regi on , but vP.rie d by :::. fnctor o f  20 to 50 b etvreen 

regions ., Sinilar d ifferences vroro obtQine d  vli thin n.nd b ob·men K11 

: . 
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. Equ i l i bri um P concentrat ion (J.Jgjml ) 

Equilibrium P sorption isotherms far Porirua and Okaihau s oi l s  

over the e quilibrium P concentra tion range 0 to 1 2 �P/ml . 
A = Porirua

. 
soil l B = Okaihau soil . a = re s olved isotherm f or 

region I, b = res olved isotherm for region I I ;  c = resolved 

isotherm for region III;  d = overall isotherm generated by 

summation of the . resolved isotherms for regions I, I I ,  .and III.  

• = experimental data points • . . 
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L"..n{;r.uir so rption c ons bnt s ( K :.nd b ) obtl'..ined by 
suc ce s s ive L'.J:lpr oxil:n tion of P scr]_)ti cn c1.:1. tr'. ob tn.ined 

under equil il:JriU' l .-:end �-0-hr c ondi ticns for f our soils . 

Ro,:;ion I Region II Regi on 

K
I 

br KII b ii 1<rrr 
(;-:1/yt:) Cycle) (nlyg ) (yg/ r,) (cl/yr-;-) 

EgTont Equili briun 1 90 1 2 1 8  /; . • 6 1 506 0 . 1 8 

Ok.'"'.ihrm 11 238 

Porirue If 106 

vlc.. ik:!J.ko.hi "' 96 

E[:;nont .'].0 hr f1r33 

Ok.:. ih:.u I f ; 716 

Pcrirue1. If  2037" 

\Vl'..ilmlmhi I f  99 

664 6 o7  

1 30 4 .7 

;1r3 5 . 1 

226 

1 88 

1 4  

25 2 .0 

1 03 1  

285" 

81 

1 6 1 0  

78 1 

1 63 

9 1  

0 . 1 6  

0 .08 

0 . 29 

0 .20 

0 .23 

0 . 1 9  

0 .08 

III 

biii 

Cyr;/g) 
3236 

1 733  

529 

325 

2740 

1 36 1 

422 

283 
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:::md KIII vnlues f or t.lrO-hr s orpti on dn tn , o.l thoueh consi d erable vc.rin­

ti on is o.ppo.r<mt in tho estiD�'"l. te s of Kr . 

Only th e  v�lu os of b for O['.Ch region refle c ted the prc'­

portio s of e ·wh s Dil ( To.ble 2 . 1  ) ; oquilibriun b v:cluc s beine con­

sistently the grc:<. to s t  for EGnont so i l  <>.ncl tho lcnst for fV,..,_ilmk['.hi 
s oil . F'J.rtho r:::oro , ��0-hr vn.l1w s wore c ons is tently lower th0..n t ho s e  

obtained f C'l� the e qu i l ibriu::1 condi i:;i o n .  The r e  la ti vo ly lsTo.� ter 

di scrornncios bo tvre on oquilibriun �.nc1 �0-hr sorption iso theros c.t 

l ow solut i on P c once ntrntions ( Fig . 5 . 2  )' , vrts c.lso reflec ted in 

the gren.ter uifferonce s be twe en oquili"Jriun nncl 1;.0-hr b r  vnlucs f or 

onch soil ( Tnblo 5 . 3 ) . 

5 o4 Discus sion 

The clnt.<>. , presentod nb ove f or the sorpti o n of P by four 

c ontrnstinc soils h.':'.VC s ovorrtl inpli cn.t ions to the into rpre b.tion of 
P sorp ti on u sinr:; the Lnngnuir o qu.". tion , <'.nd t o  the P s orption nec h:cni sn. 

5 .t; . ., 1  Equilibriml .':'.nd non-equilibriun isotherns 

Dntn f or P sorrtion by ench of the - four c ontrn.stine s o i l s  

:;..t both CCJ.uilibriur:>. nnd non-equili�)riun ( t�O hr ) , c.:::.n b e  re so lved into 

thre e  distinc t  lim c.r ro l".tionships , o.�ch des cribed by n k.ncrmir 
equo.ti on., e.n:l etJ.ch corre sponclinc t o  ·" wel l  defined c onc ent rn.tion rrm&e 

( Fig . 5 .6 � T2.bl o  5 o3 }" The unrolinb i l i  ty of o s tir1.c.te s o f  the 

L".ngnuil· cons t:-.nt s .::bt2 ine:J. for tt.o non--equili:.)riun c ond ition , hovrever ; 

is illustro..tod by conp.� ring the ccnstc.nts obto.ined for P sorption 

durine 40 hr vri th tho se obtnined fer oc1uiJ ibriun, the c ondi tion i:r:-

herent in the clorivGtion of the L.:::..nr_r.:mir equ:-·.tion"' As D"'.y be pro-

dieted ,  b values obtained a t  <').0 hr c.rc cons istently lmver thl"..l'!ll 

e quilibriun b vc.lue s � r-. nd c om:irler�ble di scrop�ncio s o.rc observed 

betvree n  e s tin1. to s of b o th K1 :;.nd. KII vnluo s  u sing 40-hr nnd equilibriun 

do.tn ., 

Discrepnnc io s be tvrccn L."..ngLmir co nsto.nt s f or regions I 
nnd IJr, o.t o quilibriun :e nd  !;-0 hr r'.rO p<'.rti culnrly lc.rge o Thi s is 

because t ho lo.rge st discrop..".ncies occur be tween the overall sorpti on 

is othe rn over the finc.l P conc ontr.". tion r::tngo of 0 to -::.pprox:irJEl.tcly 

1 'fts"P/ol ( Figc 5 . 2  )\. Furthornore ; n t  10 hr the value of native 
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sorbed P c 'mtributos disproporti on1. tely to the vo.lue of P so rbecl over 
the lo1·1ost fin.'l.l P conc ontrntion rr'.nge . Those f<'..ctcrs which affe ct 

KI v�lucs �b t<'..ined o. t  40 hr , in ��rn o.ffect o s ti r�tos of K11 <'..nd · Krrr • 
The V<'.. lue of KI II�  houcvo r ,  is le:'.st ['.ffo c to d o  This i s  b ecnu so , over 
tho c:mcontrc:.ti on rt1nge C \.)rrespon::linc to ro c;ion 

III ; the dis cro pnncy 

benveon equilihi'iur: �.ncl ,�o-hr isr=thorus beccnos L'.irly co ns te.nt ( Fie. 
Tlv>.t is the ,tO-hr isothern. f or recion II I iD ve ry si.:1ilo..r to 

tlli1 t ob t['.ined o.. t e quilibriun� 

The o quilibriun condition h'ls been overlooked in no st pre­
vious s tudi es rolo..til:l-G to P· sorpt ion by soils ( Rennie ['.nd McKo rche:r � 

1 959;  Syo rs tl Ql,. , 1 973 b ,  Holford o t  o.l . ,  1 97t� , ) o  Ucvortheless r 
non-cquilibriun do.. t<'.. (10-hr) c ivo the so..no nunber �nd dis tribut ion of 

regions o.s equilibrile.l dc.t.-:1. ( Tnbl c 5 c 3  ) o  Applicc.t io n of the k.n�;­

nuir o quo.tion t o  non-equil ibri1c d['.tn i 8  only s.2tisf1.ctory '\-!hen nbsol­
uto vo.luo s of c onstants nre not re quired , rmd �1.''-Y be po.rticulc.rly 

vnluo.blo in de tcm::ininG the orir;i n  of the Lcnr;r:uir regions , o.s vrill bo 
de::.ons trr: terl in Clr.::_Jter· 6 .  

The inportance of h·wing c. do t ::'.ilc d cover['.go of the fin2.l 

P concontr.J.ti on rcnr;e ;. pnrticulo.rly the very lovrcst conccntro.tions , 

is illustr-:.tocl in ne . 5 .3 .A and 5 ,/Tr .,  It is no ·c po ssible to o s kbl ish 

the fiT s t  l ino.:lr relo.tionsh�.p ( F'ig o 5 o3 .,.A ) 1·rithout thrco t o ·  f our 

do.tn p oints ['.t c oncentrati ons of ( O o02 }lzP/:1l c:. FurtherTlOre , c. 

sncller nuri'uer  of dnt.:1 po ints '1-rould D..r..'lVO L1plicd .� curvi l :i ne .:1r rolo.-

tionship in Fie; .. 5 . 3 .A n.nd 5 .. 4 o  This probnbly oxpl2ins the ori�in 

of curvilincnr Lo.ncrmir reln.tionships obt�incd by Gunnry ( 1 970 } and 
Bnchc nnd �·Ti lli�ns ( 1 971 ) for P s orp ti on by s ovcrnl Dri t ish s oils .. 

Al thou.r:�h previous vm rkors hrwc obtained dovi.:1ti ons fron 

n single Lt'.ngr:ru.ir equo.tion at hich ( Olson ·:l.nd ltlnbnabe ; 1 957 ; Rennio 

nnd McKercher , 1 959 ) .:1nd lm·r t o  intornedinte ( Sye rs .£1 £1.. ,  1 973 b ;  

Schlimrtn:'lnn o.nd Knittel ; 1 973 ; Holford et QL. ,  1 974 )': finnl P con­

centrati ons , conp..".rison of the dat.1. obtaine d  with th':!.t obtained in 
the present study i s  not possible becnuse a dctnilcd coverage of 
the finnl P concentrnti on rn.nge vm.s not n1.do .. Consequently' sorp-

t i on dntn nt low conce ntri'.tions ( 0 to n.pproxiotttely 1 JlgP/cl ) h[-l.ve 
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tended t o  be trec.tcd a.s one sorpt ion rocion ( Syers ,  et .:::,1. ,  1 973 b ;  

H0lford .£i .91.· ,  1 974 ) o This sinclc re g-ion- re presents a. c cub ination 

of regi ons I <'-nd I I �  rc.s def ined in this study ; in torus of the K n.nd 

b vnlue s obtl'-inod by o the r I'Torko rs "' T"ho poss ibi l i ty th_..,_ t this s int�le 

reGion conprisod hw re gi o :1s , <'-S observed in ·cho pre se nt study , v.rc.s 

hCiwvo r ,  Bl.l.CC:C sted bu t not do�JOns trC'-ted by Sycrs £..1 nl o ( 1 973 1) ) .  

Tho iPport::nco cf c oDplo te d!ltn rc s·� lut i·· n is D.Ga.in 

il lus tr'Ctecl by the I'TOrl<::: reported by S,'Cnplo "-ncl I�-- cpr--� th ( 1 973 ) nnd 

Holford �t £lo ( 1 974 ) � Tho se vrorkers used couputor fitting to oh-. 

ni que s , vrhich involved th3 nssur.ption of only t-vro sol·pt ion regi o ns . 

Inspe ction of dc.t.:;. prescntoc1 1)y Iklfcrd o t  c.L ( 1 971.ir ) , hm·rover , 

sugGe sts th :'.t three S O:'ption rocions 1·rera invo lved . 

Inplica tions of sir.:il"..r K V""'- lue s . 

The sinil --...ri ty uf o quilibriun K V'"tlue s  o i:J t'lined for ,:_ 

p'lrt icul "..r r0c;i on ( Tc.l.J lo 5 . 3 ) , :'iosr-itc the c ontm s t iTIG prope rtie s 

of the soi ls , h"·. s inplic '1ti ons tc tho P s o rption nc ch :misn . For 
the c ontrn stinr; soils usocl in tho pre sent s tucly , not or>�y ;ere · K 
vc.luos for a. p.i.rticulc..r reGi on s icil�. r �  but , ;vho re D. pplic :•.ble , they 

c or�pnrc fnvourc.bly �d th thos e ob tc.ined by othe r  ivorke rs for n \'lido 

r"-ngo of soils ( Tnbl o  5 6'� ) . }Ur theruorc , K vnlues ob tnined in 

th is s tudy nro C C)f.'lX'.r'"'..blo 1-rith th� o obtninod in othu r s tudi o s  f or such 

divers e s o il ccnl�oncnt s L:s gibb s i t e ,  k'.'.c lini i:;o nn:� O(-:'-lu: '.im. v 

Tho t}"l..reo distinc t s or:;_)t ion ro:::;ions obt."..incG. in the pre sent 

s tudy , r:nd the s iuilc>,rHy of K v:'.. luc s fOl' b o th soils r:ncl soil conpon­

ont s ,  ( T::tblo 5 e�'r ) strongly SUG ,ests th:. t P s crpt i on inv o lve s ·  throo 

distinct P so rpt ion nc chr..nisr:s o.t s ites connon to - nl l  s orbents o The 

only sites c or2I1cn t o  the s c.i l s  uso d in this s tudy ; c.ncl the other sor­

bents in Tc.: JlO 5 o4 r  o_ro those of the type H-OE� >vherc r.r = Fe o r  Al o 

These s i  tos o ccur n t the surfaces of hydrous - not.::-.1 cxicleo c.nd sh ort­

range order ,':1-luuino silicrl. tos 9 ::md � t the e dge fncos of c rys tal l ine 

o.lmlino si l ic ':'-to s . The origin cf the three sorpt ion regions in the 

pH depende nce of s ite chgrge conbinc<.l vdth thr.-,_ t of the - di s tribution 

of P s pe c i e s  in solut ion , is denons trnted in C�ptcr 6 .,  

Previous ivorkers ( Syc rs .£1 £1.. , 1 973 b ;  Holford et £:1• , 
1 974 ) ho.ve sU[;ees tod thnt clevi a.ticns of P s o rpt ion data fron a. 

single Lo.nenuir e quntion , originnte fron the sorpti on of P by different 
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Vo.lues of the L':' .. nenuir sorption onerb"Y const.1.nt K 

( = ru/pg ) for :r sorpti on by VG.rious so ils rm.d s oi l  

cor:pononts OV8 r  three conc ontr2. tion r['..nc;cs ( regi ons ) • 

Approxinntc conc ontr.�t ion r.::1.nco (pg P/:11) Reference** 

S orbent 

l-ic'w Ze2.l2.nd soils 

Brnzill i2.n s oi ls 

s� skntchewnn soi ls 

U .s .A.  Soils 

English s oils 

Austr�li['..n s o i ls 

K['.. o linito APl-9 

Ps oud. obcc!IDi to 

Kn olinite (1r!r.;rcls 5 )  

�nluninn 

* 

0 to 0 . 02 
( I ) 

96  - 238
:t: 

o . oo to o .eo 
(n)  

·j �9 - 2 !8+ § 

4, ,4 � 7 .. 9-� 

1 .o to > 1 4  
( III)  

*+ 0.,08 �· Oo29 + 

0 . 1 0  - 0 . 1 2*::§ 

o .. oo - o .2o+§ 
+ o .tr2 - 0 � 27 § 

0 .. 1 2  - 0 ,46+§ 

+ o .. 09 - 0 o 1 9 j 

+ 0 �03 - O c04*+ 

o .o4 - o .oo-4 

( 1 )  

( 2 )  

( 3) 

(4 ) 

(!£) 

(�) 

( 6 )  

( 6 )  

( 6 )  

(7 ) 

(7 ) 

= Corrected f or sorp ti on c. t  101-l'er P concontrn. tions , 1·rhc ro appropriate 

+ = Correcti on f or s orpt ion ·" t lower P conce ntrL'..tions not nndo-, 

t = CR1 cul::..ted frcn equilibriun dL'..tn . 

§ = Cnlculnted fron n on-equilibriUI'. _ dn.tet . 

** ( 1 ) This study ; (2 )  Sycrs � £:1. .. , 1 973 b ;  (3)  Rennie o..nd l\icKe rcher ; 

1 959 (4 ) Ol sen n.nd \•Tntn.nc..be ; 1 957 ; ( 5 ) H olford .§2.i £:1.. , 1 974 ; 
(6 )\ fful jo.di .Q1 §do , 1 966 ; ( 7) Chcn .£! nl . ,  1 973 b . 
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ncch-?..nisns o.. t different c onpononts . The siniln.ri ty of K- vo.lues for n 

pc..rticul1.r ro(SiOn for tho s oils usecl in the present s tuqy, oo..ch of 

which contnins different corcponont s ( To.blo 2 . 1 ) thoueht to be inport­

nnt in P s orp tion , tends t o  disc ount this pos s ib ility . 

The confor:·1i ty of OCJ.uilibriun ? so rptio n do.tf'. tc three 

L'lil[';nuir equ.:'. tionc , ".ls o succestc tln t the L::mc:::uir oquo.t ion is n pplic­

!'.blo not only to t rue ".dsorp·i:;icm but ,".l s o  to nb s0 11) t ion ( Ch".}ltor 3 ) • 

FurthorEoro , tho s inil ".ri ty of KIII .:::Kl tc RCr.�e cxtont , KII vo..lues 1 

rtnd. the <mll-def i:nod c onccn trrt tion r:-'.�1{;e s c orro sp onclinc to o::'.ch re{!-i. on 
at both oquil ibriun ""'.nd ��o hr ( Fie " 5 .,6  ) , inply t ho.. t r.clsorpt ion 

nncl ab sorpti on cr.nnot bo dist ingui she d frrx:; a nocho.nistic s to..ndpo int . 

The c oncept th::'.t o.bs orpt i on c ons ·ti tutos r.dscrption nt "inte rnal surfnce s " ,  

sug{s·es t ecl previ ously ( Chn.ptor 3 ) , so ons vn.licl<> 
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CH/i.RGE RELATIOliSHIR3 AND �IECHANISNS OF I'J-IOSPHL' ... TE 

SORL-'TION BY S OILS 

6 . 1 Introduction 

Tho s or�Jtio n of inorc::>.nic ��·hosphc.to ( P) by c ontrr.s tinc soils n_-:.y 

be described by three distinc t Lo.ncr.mil' o qu::-, t i ons , or s orr:tio n regions 

( Clrc:;ytor 5 ) .. The thro o uis tinc t regi ons :1....11d the s i:cil,:-,_ ri ty of the 

s orption e m rgy (K) v.:-�luos obtn.�.no c1  for ,:-,_ pc..rti. cul[!r roci on f or nll 

so i l s ,  inplie s th'lt th ree s orj!t ion no ch.1.nisr2s c..rc involved in P sor:;_;ti on , 

oc..ch OlJCrntinc; o·rc r 1-rcll d efined final P concc ntr,:-,_ tion r::cTit-so s . 

The fro que ntl�r repor te d ( D.�.-ris , 1 93 5 ; !'lo:b� ich 1 960 ) increase 

in c :.ti on-oxch '111;'58 cf'.��.:cci ty , or :.ncreaso in ne e;.:. ti vo ch.1.rco , during P 

s or:_:;t i on by s oi l s  .1.ncl s o i l  c o:::;oonont s ,  pro vi d e s  c. useful bns is for 

evnlur. tirJ.G the noch�ni sr:s invol vod in P sor�1t i on o 

used with s o:·:c su c c e s s  ( I-IiP-GBton � t  01.• ' 1 972 ; 

This :co t!:l.od ho. s been 
Smrhnoy , 1 974 ) to 

evnluC'- te tho donin� nt so rt: ti on r:o c�1etni s;:;.s within v,�_::-ious pH " rrc�lGGS fer 

s oil c o:··.�)OlKmt s .:'.nd s o ils . Tho se s tudio s ,hc-.-rovor , lnvo P O-t c onsidered 

P s o:r�1ti on ever .:'. suffi c ient ly vi de r:1ngo of fin�. l so lutj_ on P c or�.contr[l.­
tions . s iuil".r to th[l. t required for the c ons tructio n  of .:>.. s or� ti on iso-

tho rll\. Prol•nb ly for this rorcson tho ro sul ts ob t�inG d  by thos 0 w-orkers 

have suego ste d th.:o. t only ono dis t inc t 'JGchrmisn is 011ern..tive at n p�-orti-

culo.r ::·H vnl uo � This observ--::tion cl oo s  not n s s i d  11rith n...TJ. oxp ln n1.tion 

of the three s orvt ion :-..·e!J,'ions e st:l.blishod in tl:1o provicus Chapter. 

In this s tudy , chn.rgo nnc1 �1II rol.:'.ti onsh i :i_;s of I' s orptiQJl nre 

dG torrJ.inod for two s oi ls .".nd
, 

for co:T;;n ri son , ,,_ hydrous ferric oxide ge l 

( Fe ee l ) , over the fiml P c o ncontr[l.tion rnnco for lvhich thr-oe s orpt i on 

regi ons uero obtnined in provl ous ox?o :>:'ine nt n .. The re sults nrc di scu ss-

od in terr'.S of thre e P sorpt ion n.ech::misns vrhich provide on e xplnnntion 

for the charge n.nd pH ro lo.t ionships ob tni nod , ns well ns the three 

Langr:ruir s orp tion regions , 

6 . 2 :r.:rnteri:cl s nncl Me thods 

Air-clriod ; < 2 D.D sc..n::�los of Eguoni; nnd Oknih['.U s oil s ,  nnd nn 
Fo gel ivere used in this s tudy c Tho Fe GQ l  wv.s pr ec ipitntecl fron � 

solution c on tnining 1 00  g ferric nitrnte by tho ndd ition of H1 1b0Hj, 
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until the pii of the susJlGllsion rNn.ined l'.t npproxinr•.ta ly 7 for seve rr:l 

hours . The suspe noion u:::s u:".shed nnd reduced in volune by centrifugn-

tion to give C'. suitnble 0 cncentr:1tion ( 0 . 0 1 g/o.l ) . f�ftcr Hnshing 

nnd c oncentr�.t ion the ge l susper>_sion hc.d o. :pH vo.luo of 3 . 95 .  The 

nuount of Hn entrnpped 1rithin the gel vms dete:.:nined f::'<m ih e . differ­

e nce be·cvw en the J!h c onccr1 crD.tion of the supernntc.nt so lution) o.nd 

U1e.t in .".n nc id dige st of n 5-n1 .:-..liquot of thJ susr.A::"lsion. 

cnses n_.,_ 1·ms de ternined. by :f l,�.ua photonc try . 

In o..ll 

Sorption of I' rmd upt�.ke of Nn by th:J tlu·ee nntcrinls in 

the pre sence nnd o.bsence of P, uer8 deter;.:rined. by the fol1ouing ne thod . 

One-grm.1 snnple �  of soil e1.nd 0 . 0'5-g snnples of Fe t:;eJ. Hero shn�cen in 
-L!. 

40 nl of 1 0  · i'1 N2Cl contnining vo.rious o.dtli ticns of r, ndded o.s n 

solution of 

2500 , 1 800 , 

lh2HPO�· e..djusteC. to 

end 35000 y.r;P/g lor 

pii6 � The n..'lxiL'..Ul I' c.dcU ti 0118 uere 

Egnont r1.rLl Ok.'l i.h .. ".u .3 0ils , nni ?o ge l ,  
re spec tivaly . In n pr1r111J. c l  expc:cine nt ,  1 -c s�p2.c s of sc i.l. ::; ;.  nnd 

-fl. 
0 .05-G so.nplc s of F0 ge l 1vere sha..'k�m in 40 nl of 1 0  ' i·1 l'hCl c ontn.ining 

no adc .. eo. ? but vnrious ndC:.Hi ons of IJa. ( as 1\nCl ) 1-r8r8 n:-..de .· so thnt 

ench sys·c·:m c ould te po.:i.r:::-<1 ,  5.n tc:rr.1s of totc.l lT''. c.dditi or. , 1-:i th one 

to uhich P h:.d beeil c.dd::-c.".. . A support nediun h::tving o. J.oll �T:: c oncen trn-

( _ .1 ) tion 1 0 . .. r.h 1TC.IJ u:::;ed to L'.C ili ta te n8nsuren'Jj_lt of tlL3 chrmges in 
the solut:i.on NL� cor.�ec •tr[>. :�::_on T T� Jicb oc cur iv rc spc:r.ce t o  :2 sorption? 

After sh .. ".lcinL; foj� LrCn· , t:� c tub3 s 1rero ccn"c:rifuged , o.nd c.liquots tnken 

for the cleternino.ticn :-£' (: :i.sR oL·ed ino rgc.:,.:i.c P i.n systen:; ui th niied P. 

':!:·::-::: r(:�ln·c::.ve d.ecr::J e of flocculc'l. t:i.on , subcequent to I' s o:-ption 

added F, ns cl.escribcd nbove , the sus p8nsions 1-rsre o.J.lmred J.;o s �;nnci 

for 1 e 5hr., A 1 0.-·nl o..liquot of the ; : suspension11 uas co.refully removed 

fron enc.h tube o.t o. c onstcmt c1e:9th , tr::msferre d to n 50-nl vo lune tric 

flask , !",nd tl1Cl c c11tent � brcucht to volur.1e c Ir>..JJ.eclin t cly after shnking 

the flask , trc.nsnission (%) vrns nensur::;c1. fo:c' ench of t:1e diluted " sus­

pe nsions 11 o:b 700 nm u�:d.nG n 1 �cn :rnth length .  



6 . 3 Resul ts 

S orption is othe rns 

1 3:?-

Sorpti on is otherns for Egnont P..nd Ok.'J.iho.u soil s ,  e.nd Fe gel 

are given in Fig . 6 o 1  for the finr.l J? c oncentration ro.nge of 0 to 6 

The nnounts of r sorbed by the s o il s do not inc lude an e s ti-

unte of native sorbed P. I s otherns for both soi ls �nd Fe Ge l ue re of 

a sinib.T type ( type-H ) to those ob tained nt e quil ibrium in the 

previous s tudy ( Chapter 5 ) o  

The isotherns c ould also be re s o lved int o three di s t inc t sorp-

t ion regions each de sc ribed by a Lanenuir e quation . Each region 

c orre s ponded to appr' oxioa tely the &'cne finnl P c oncentration rnnge ns 

that obtnined for the c orre spond ill[S region of e quilibriun dntn in the 

previous study. The vc..lue s of the Lnngnuir sor ption c onstnnts re lat-

ing t o  sorpti on e ne rgy (K) and sorpti on mxinun (b ) for each of the 

three regi ons ( I to III ) are given in TC�.ble 6 , 1 .  The b ve..lues re-

fle e t  the ove ro.ll sorption of r ( Fig . 6 . 1  } ,  but relate only to the 

40-hr shc•.kil'lt': tine used ., The IC v.::-�lues , p['.rt iculnrly K1 nnd KII , nre 

c onsiderably different fron the e quilibriun vnlues obtnined in the 

previous study, nnd refle c t  the d ifferent experinental condi tions u se d .  

The Vt'J.lue of KI for Fe L.;el 1·:n.s not determine d , be cnuse of the nt:'{�ni tude 

of b i ' P..nd the difficulty in obt�inirc o. suf fic ient nnount of relinble 

final ? c oncentrntion do.tn n. t  the lou c o nc e ntrnt ions chnr:ccteris tic · 

of region I .  The value of b
i uas obtP..ined by testinc sorption data ; 

after c orrecti on for nn e stinnted bi w�lue , for c onforD.ity t o  o. s ingle 
LanglJ.uir e qmttion ove r the fin".l P c oncentra t ion range of O e02 to 0 .80 

pgP/nl, c orre sponding t o  region IT. From K and b vnlues it is pos s ib le 

to estirnte the anount of P s orbed in ench region for a given s olut io n  

P c oncentrat ion uhich c orres ponds to o.n overall level o f  P s orption . 

Charge and pH relationships 

The relationship b e tween the d i fference ( � la ) betw·e en sodiun 

uptt:ll<:e ,  in the presence and absence of P a t  the same level of s od ium 

addit ion , e.nd the anount of a dded P sorbed by each s orbent is give n 

in Fig . 6 . 2  .. The value s of .£:,.. Na represent the increase in Na uptake 

due e ntirely to the incrense in negative cha rge induced by P s orption 

( Davis ; 1 945 ; Mel ich , 1 960 ; Hingst on 2.1 &_. ,  1 968 b; Smrhney ,  1 974 ) . 
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Fin a l  P concent rat i on (JJgjml ) 

Isotherms for the sorption of added P from 1 0-4M NaCl by s oils (A) 

and Fe gel (B) during 40 hr • . a = Egmont soil , b = Okaihau soil . 
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Tii.BLE 6 . 1  Values of sorption naxinun (b ) nnd sorption energy (K) 

for ecch of three ( I to III ) Langnuir equations (regions ) 

describing the sorption of P by Egnont and Okaihnu soils , 

.2nd Fe gel . 

Sorbent bi 

Egnont soil 2<t8 

Oknihnu soil 1 30 

Fe gel 7000 

* 
not deternined.  

b
ii 

b
iii 

yg/g __ _ 

560 1 1 60 

455 694 

7500 20000 

KII KIII  

----- ru/yg ----

580 

n. d . * 

g .o 0 . 1 11 

4 .8 0 . 1 1 0 

66 0 . 062 
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Add ed P 'so rb ed (JJmol ejg ) 
Relationship between the difference ( A Na ) between sodium uptake , 

in . the presence and absence of P at the same level of sodium 

addition, and added P sorbed for soils and Fe gel. A = Egmont 

s oil , B = Okaihau soil ; C = Fe. gel . Points . a ,  b ,  c ,  d and e 

refer to data in Tabl�s 6 .2 and 6 .3.  
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The relationship behreen A N'l and P sorbed i s  essentially 

the snr::1e for ench soil .:md Fe gel ,  be ing c onposed of three dis tinct: 

parts 1-1hi ch are pnrticularly apparent fo:c Fe ge l .  The inflexion in 

each rehtionship re presents a well-defined porti on of or ercl l P sor� 

tion for �rhich there is no increase in negative chc.rce of the surfnce ;  

i . e ., , 6 N.?, becones c ons tnnt o 

C l oser inspec ti on of the chc.rge rel::�.tionships ( :B'ig. 6 $ 2  ) 
suggest th.:ct the chnnge s in sl ope - a.re c onpL'.:rnble to the s orpti on nnxinum 
of region I ( Table 6 . 1  and 6 o 2  )' ,  .:md the point at whi c h  s orption in 

regio:1 III rnke s a s ignifi c c.nt contribution to overo..J.l P sorp tion. 

Points n ,  b and c in F:i. t; o  6 . 2 ,  corre spond to vnryint; degr0es of sntura­

t i on of ench ? s orp tio n region ,  value s for which are calculnted fron re­

spe c tive K a.nd b -.rnlues ( Ta.ble 6 o  1 ) , c.nd are given in Tab l e 6 ,. 2 o  

Point c. on e['.ch re lat ionship in Fig . 6 .. 2 c o:;::cespo:1ds t o  npproximte 

sntccration of region I o  ?oint b � houeve:r , c orre spo1:.ds to vn:;.-ying 

d egrees of so.tura ti on of region I I ,  but al s o  to n significo.nt SD.turation 

( n�:;Jproxinrttely 5% ) of rct;i on I I I ,  in te r.::1s of ove mll P sorption ,. 

Point c c orre sponds to c ontinue d sorption in region III �  The higher 
saturation of :C'egion II for Fe gel �.,_t ljOint b ( Fig . 6 . 2  ) refle c t s  the 

higher K
I! 

value obt<.i�19d f or :!.i'e gel c.nd probably the breater reac tivity 

of Fe gel re lnt ive t o  sinilar c onpone nts in soi l s � 

The rc..ti o of A Ne. :  P sorbod ( i . e . ,  increc.se in charge per 

nole of P sorbeLl )at p oints d e.nc1 e is given in Table 6 . 3 .  The value s 

of A r:n : P fo::' -�he fir.:Jt porti on of the ch.". r£.p dt.vel o:roent rel11t ionship 

( point d in Fig. 6 . 2  ) _,l'rh:i.ch is e quivnlen·c t o  regi on I of the P sorption 

i sothero.s , --r;:.ry fror1 0 . 6  fo:::- Egnon·� s oil to 0 .. 9 �o:c Fe gel . The ratio 

of � la :P for c h!:,:rf\3 de-:-:Jlopn�nt E:·quiv::tlent t o  regi on liT ( point e ) 
is approxin.:� tely unity nfter c on"e� tion o±' A Jib values for those 

c orre sponding to region I .  TI1is sugge sts that fo� P sorption in 

region III, surfac e  clmrge increases by one equivale�yi; f or each mol e  

P s orbed. 

The i.-arinbility of A N::!. � P  ratios for the two soils over 

region I ,  nlnos t certninly reflec t s  -�he re lative amount s of nntive 

exchangeable co.tions :?re s<Jnt in the soilse For exanple ,  the araount 

of nntive exche.ngenb le Ca in Egmont s o i l  i s  1 1  o7 pmole/g , 1·1hereas that 

for Okaihc.u soil i s  approxiootcly zero ( Table 2 . 1  )' ., Ihtive ex-

changeable cations may, in part , c ompensate the increasing negativa 

surface charge arising fron P s orpti on � This ui ll result in lo1orer 



TADLE 6 . 2  

S orbent 

Egnont soil 

Okaihau soil 

Fe gel 

* 

1 38 

Degree of saturation of ench s orption region for the 

overall levels of P sorption by each sorbent , denoted 

a; b and c in Fig. 6 . 2  end 6 . 3 . 

Point -!(-

Region I 

92 

b 1 00 

c 1 00  

a 93 

b 1 CO 

c 1 00  

a 1 00  

b 1 00 

c 1 00 

Saturntion (%) of 
Region II Region III 

29 1 

70 

1 00 

8 

57 

97 

5 

1 00 

1 00  

4 

63 

41 

0 

5 

39 

on FiG • 6 . 2 C'.nd 6 . 3 <-There rt pproprhte e 
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TADLE 6 . 3 Values of th e  reti a of � Nh : P sorbed � t  points d 

and e on th e rel�tionship between � N� end added P 

sorbed ( Fig . 6 . 2  ) . 

Sorbent Point * 

Egnont soil d 0 . 6+ 

e o .g+ 

e
/ 

o .8
t 

Okaih.?..u soil d 0.8* 

e 1 . 2+ 

Fe gel d o . g
+ 

e 1 .0
+ 

* 
On Fig . 6 . 2  

+
Based on b 1 values f or ench sorbent ( Tnble 6. 1 ) . 

t Based on the degree of s�turation of region II I calculated from 

K
I I I and b i i i  value s ( Tab le 6 . 1  ) . 
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6 N3. value s than expected , particularly nt lou overnll P sorption. 
The increase in L::::... Nn :  F vo.lue for region I associated vTi th the de­

creE'..se in native exchangeable cation stc.tus , r.md the f��.ct that for 

Fe ge l  � Na. : P nppronches unity , suggest that unit ch:lrge arises 

fron the sorption of ench nole of P in region I .  The slis-htly low er 

value of � Nn : P ( point e ) for Egnont s oil also reflects the 

greater amount of n13.tive exch:mgeable cations in this soi l .  

The developnent of clli�rbe , and the surface cl�rge itself 

at various levels of P sorption , o.re al so illustrated by the degree 

of floccuL� t ion of Fe gel suspensions , subsequent to P sorption '  

nensured b y  the percent trnnsnission n t  7 00  nn ( Fig . 6 . 3  ) . Points 

a , b ,  t:md c c orrespond to the sr>.turnti on of each region, as shovm in 

Table 6 . 2 .  Fig . 6 . 3 shovrs that 1-rhen region I is saturc>.ted ( point n ) , 

floc culation is induced. ( % T inc rec.ses sharply ) • After passing 

throuch a broad naxi� the degree of flocculation ( f� ) decreases 

rapidly, i . e . ,dispersion occurs , as pe rcent saturation of region III 

stc>.rts to becone significQllt ( point b ) .  This decrease c ontinues 

slovrly ns nore P is sorbed in region III ( point c } .  

The flocculation dctc. ( Fig. 6 .3 )' imply th::tt net surface 

charge is zero vrhen region I is snturated . The flocculc.tion and 

charge deve lopment relationships ( Fig . 6 . 2  and 6 .3 ) nlso suggest 

tba t the surface is pos itively charged,  before region I is sa turn ted , 

a zero che..rge i s n-;tintnined in region II; and the surface bec omes 

negatively charged during sorption in region III. 

Data for the IJH of Fe gel syster1s , subsequent to P sorption, 

are al so given in Fig . 6.3. NinimP.l chD.nge in pii i s  rec orded until 

region I approaches saturation ( point a ) . Beyond point a ,  pH" in-

creases rapidly, :end then more sl011ly up to a value of 7 . 55 ( point 

at the highest leve l of P adi'J.i tion. The increase in - pH as sociated 

1'1ith p sorption in region rr, and possibly region I I I; suggests re-

lease of OH- . The nore gradual pH incrense above pii 6 .5 probably 

reflects the buffering of P s:t:e cies in solution, "�tThich 1dll be a t  

a maximum at pKa2 of H3Po4 ( 7 . 2 1 ; Butler, 1 964 ) .  Distinct pH 

changes >ve re  not observed during P sorption by the tuo soils ( data 

c 

not presented ) • Thi s is probably due to the buffering character­

istics of a range of c omponent s ' . particulnrly or�.nic matter , in soil 

systel!IS . Smnll increases in pH, hOi•mver, were recorded at the highest 

levels of P addition , particularly f or the Okaihau soil which may be 
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expected to show the least buffe ring. 

6 .4 Discus sion 
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The re sults presented above suggest that not only do e s  P 

sorpti on involve three d :i. stinc t so rption !'1e chani sns , each of uhich is 

described by n I.qngnuir equc.. t ion, but nlso tlk'l t the so.ne ne cht!.nisr:JB 

are involved in P s orption by b o th · so ils �nd Fe gel �  This confirms 

the c onclusi o ns dra>m in Cha pte r 5 ;  based on L�ngouir sorpt i on energy 

(K) value s .  The resul ts of this s tudy , hmrever ,  nlso pe rni t n nore 

precise eva luat ion of the di stinc t neclk9.11isi!l invo lved in P so rption 

in each regi on. 

In the proposed !'1e chani stic scheme outl ine d  be l ow ,  i t  is 

assumed tlk�t the s orbing surface can be represented by that of a hydrous 

oxide of Fe or 11.1 . Such surfc.ce s ·  nny be sinply repre sente d ( Parks 

). -- OH . . + .:md de Druyn , 1 962 as M _ 0� ; the proporhon of - OH2 t o  - OH 
depending on the pH of the ai!lb iont a queous pha se and the point of zero 

charge of the surface in question ( Farks and de Bruyn , 1 962 ; Yopps 

and Fuers tenau , 1 964 ; J:..tkinson � £d . ,  1 967 ) ,  as di scus sed in Chapter 

1 .  Ligand exchange rec.ctions of the type -10 ; Ls are nlso as sumed 

whe re -1 is the o rigin.1. l  surface group and L the sorbing s:fB c ies 0 s 
originnl l y  in s olution. 

The P sorption nechanisms proposed invo lve the l igand ex­

change -OH�:; H2Po4
- in regi on I ,  -OH ; H2�4

- in region I I, and 

-OH; HP04 in region I I I .  �fhen uri ttenjfull ( equation..� ( 6 . 1 ) t o  

( 6 .3 ) for regions I t o  III, re s pe c tive ly ) the charge nnd pH relation­

ships ( Fig . 6 .2 c-.nd 6 . 3  ) are fully explained . 

2-+ HP04 

= 

= 

N /  ."' 

M /  ""' 

M /  ""'-

OH 0 

+ H20 

H2Po4 

OH 0 

+ OH-

H2P04 

OH 1-

-r OI:f"  

IIP04 

(6 . 1 ) 

(6 .2) 

(6.3) 
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Equations ( 6 . 1 )  and ( 6 .3)  illustrate the increasing 

negative charge observed for P sorption in regions I and I II ,  which 

is approxina tely one equivalent per mole of P sorbed uhen the probnble 

effects of native cntions are �(en into account ( Table 6 . 3  ) . Equa­

tion ( 6 . 2 )  induces no change in surface charge and gives the inflexion 

in the charge devaloplient relationship; i � e o , � �h is constant 

( Fig. 6e2  ) .  The increase in pH for Fe gel ,  subsequent to saturation 

of region I ( Fig� 6 .3 ) ; is also consistent uith equations ( 6 . 2 )  and ( 6 .3 ) .  

The condition of zero surface c��rge subsequent to satura­

tion of region I and until significant sorption occurs in region III; 

implied by the flocculation of Fe gel ( Figo 6 , 3 ) , is satisfied by 

equation ( 6 .2 ) . FUrthernore , floccula tion data iBply that surface 

-o�+and -OH groups carry unit positive and zero charge , respectively. 

This is in contrast to O o 5  units of positive and negative ch�rge assigned 

to -01r1 and -OH groups , respective ly; by Hingston et .£1.o ( 1 968 b '  

1 972 ) .  

The proposed P sorpti on nechanisns are also in accord l'Tith 

the anounts of Ca retained in response to  P sorption, reported in 

Che.pter 4E. Cnlciun retention data iBplied t��t a sig1rificnnt proper-

tion of overall P sorption by Egmont , Ol;::,.<tihau and Poriruo. soils did not 

contribute to the incrense observed in the negative charge of the sur­

face ( equation 6 o 2  } .. 

Although the above schene of P sorption nechanisms satisfies 

charge and pH relationships , it :r:rust also sntisfy the relative vnlues · 

obtained for the Langnuir sorption energy c onstants ( Drunauer tl .QJ.. , 
1 966 ) .  If an initially positively Cfr�rged hydrous-oxide surface is 

asSUDed to behave as a parallel  plate condenser ( double-layer theory ) ,  

'\'Thich vrill discharge under the appropriate conditions and resist sub­

sequent build-up of charge , the relative sorption energy (K) values 

for each region nny be explained, as discussed below. 

The most energetically favourable nechanisre is represented 

by equation 6 & 1 o This mechanisn not only depends on the relative 

affinity of M for -OH2
+ and H2Po4

-
, but also on the reduction in sur­

face clk1.rge achievedo The condenser model predicts thc.�t this mechanism 

corresponding to region r; has the highest K value , which is in accord 

with the equilibrium, as lrell as non-equilibrium; K values reported in 
Chapter 5 and in this study ( Table 6 a 1  ) . The second · most energetic­

ally favourable mechanisn is represented by equation ( 6 .2), corresponding 
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t o  region II.  Equation ( 6 . 2 )  induce s no change i n  surface charge 
and depends · only on the re la ti ve o.ffini ty of r-1 for -OH and H2 IO 4- . 
Equa. t ion ( 6 o3)  tends to increase ru rfc.ce charge vThich D:'l.Y only be 
overcone by the affinity of M for HP04

2- �  This nechanisn results 
in the l owest K value s being observed for region . I II. 

The- relEd;i ve extent of P sorption in each region should 
also reflect the proposed sequence · of ne chD..nisns ( Brunnuer -£1 .f!l. , 
1 9G6 ) .  The relative contribution of b r to the over3l..l _ sorption 
naxioun _ Should • therefore# depe nd on s oil pt4 due to �he relatively 

greater ar1ounts of M---OH2 + . at lower pH vnlues. For exanple; based on 
b value s obtained in Chapter 5 ( Table 5 �3 ) �  the c ontribution of b i 
to the overoll equilibriun sorpti on rnxinun of Olroi.bD.u and Waikakahi 

so.ila vms 1 9 .4% and 9-c5%,_ respectively.. These soils represent pif 
- extreoes ( . 4 .8 and 8 ., 1 ,  respectively ) ,  for the contro.sting soils used 
in .these studies o' 

The nbove d iscussion has been- based on the o.ssunption that 

the nechanisn represented by eqtW. tion ( 6.., 3. ).-describes P sorption.. in · · · 

region I II .  · Very recent work in this laborat ory ( J.R. McLaughlin , 

pers . c onn • .. ) . sugge sts that _ .P . .sorption in regions _ I and I� correspond­
inG t o  e quations (6 . 1 ) and ( 6 . 2 ), resu lts in the d evelopnent of a· '�erric-

. phosphate like11 surface , o.nd that. P sorpti o n  in region III corresponds 
t o  the sorption of phosphn. te as � potent inl deternining ion at this, 

( 2-surface . c .f . ,  S at the surface of Ag2 S ;  Iwasaki nnd de Bruyn; 

1 958 }. Such a nechanisn 1-:ould still result in unit ire rease- in . 
surface negative charge per nole P s orbecl in region I I I  ( Figs . 6.2 - and 
6 . 3 ;  Table 6 .,3 ) ,  al though the sl01-1 increase in pH ( Fig, 6 .3 ) s eeiJS 
anomalous . It is possible tlw.t this piLincrease arises fron . the slm-1 
conple tion of sorption· in region n which - continues up to final P 

c oncentrations of ap:proxi.mtely 2 pg P/nl. This nechnnisn for- P 

s orption in -region I II· is r how·ever ,  conra tible with the . La.I¥St:J.uir 
sorption energy values; as discu ssed ab ove .  

C onponents having n. surface structure sinilo.r to that - represent ­
ed above ·fO r  a hydrous oxide, are ub iquitous in soils ( Jackson, 1 963 ) .  
Such c onponents inc lude crystalline and short-rc:11ge order Fe and ftl 

hydrous . oxide s ,  short-range order Rluninosilicates , �nd the edge faces 
of crystalline o.lunino silicntes. The charge relationships of P sorp-

. tion by soils and Fe gel, obtnined in thi s study and the similc.ri ty 

of K values for both soils and s oil c onponent s, as discussed in Chapter 
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5 ,  cleo.rly denons trnte the inportnnce of the hydrous-oxide surface 

in the s orption of P by vlidely-different soil s .  

Although previous work ers ( Hingston £! Ql. , 1 968 b ,  1 972 ; 

Bre euwsn.'l nnd Lykleoa , 1 973 ; Smrlmey,  1 97tl ; Ra jan, 1 975  ) have 

attributed P s o rption, at a particular pH vnlue , to at leas t one of 

the necht'.nisns proposed above , this study re presents the first 

quo.ntitC'..t ive evnlun t ion of each ce chanis!:l ove r a 1-Tide range of fi...Ja.l P 

c oncentrntion for contrasting soils and Fe ge l .  Fino.l F concentrntions 

were �lso realis tic in te1��s of the P concent rn t ion o f  the soil s olution 

and experinents v1e re carried ou t at the pH of the soil . furthe rnore l 

thi s study has identified the ne chnni sns invo lved in P s o rption by Fe 

gel ,  and presumbly other hydrous ox ide s ,  vTi th those involved in P 

s orpt ion by intact soils of very differe nt · cheBical a nd nine ralogico.l 

c onposi t io n .  Finally, the data in Figo 6.2  denonstrate t ha t  n signifi-

cant pro portion · of overall P sorption ge ns rntes no inc rease in surface 

neb'!l t ive c h1.rge . This is in contrast t o  the assunption nade by llingston 

e t �� ( 1 967 , 1 968 b ,  1 972 ) that P sorption is cond i ti onal on an in-

crease in the nega tive ch-:trge of the surfnce . This assunption has 

been included in ocny previ ous ly proposed P s orpti on nec��nisms 

( Rings ton ,U i!l• ,  1 967 ; 1-'Io tt , 1 970 ) e 
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INTERPRETATIONS 

The results of the studies discussed in the previous chapters 

provide a bas is frol'l which other nspe c ta of the sorption of inorgo..nic 

phospho. te ( P) by soils l'lO.Y be exph1.ined . Tt-10 o..reo..s nny b e  define d ,  

name ly t hn t  concerning the sorpti on reaction o..nd that co nce rning the 

s orption neclli1.niso . The fac t  thn t the four contrasting s oils used 

gave renarkab ly siELilo.r resul t s ,  in terflS of reactions and mecha11..is:ras 

invo lved in P sorption, percits extrapolation of the datn obtained to 

n wider rnnge of so ils . 

The fractiom. tion of udded P sorbed w·i th increasing tine by 

two soils ( Chapter 3 ) suggested that an absorption reaction is in­
volved in the overall sorption of P by soils . An absorption reaction 

is in ac cord with data presented by previous · uorkers , re lating iD the 

time dependence of P sorption ( Kurtz � �. , 1 946 ; Rennic and McKercher ; 

1 959 ; Hsu , 1 964 ; Ev['.ns and Syers, 1 971 },  nnd the decrease in extrnct­

abil ity nnd iso topic exchc.ne,-eability of added P sorbcd 1-ri th inc rensing 

tine r eported on in Chnpter 3 �nd by ot he r  workers ( · 11al ibudcenl 1 958 ; 

ktrsen and Widdowson , 1 97 1 ; Evens a nd Syers l 1 971 ) • 

The c oncept of an absorption reaction is not without support 

in the literature relating to the nature of reacti ons nt the hydrous­

oxide surface . Sinil.nr time-dependent reacti ons reve been reported 

( Onoda and de Bruyn, 1 9 6 6 ;  Kinniburgh � �. , 1 975 ) for the sorption 

of protons nnd cations by oxides nnd hydrous oxides . In the study 

of Onodn nn� de Bruyn ( 1 9  66 ) , the s l01·1 sor:!_Jti on of protons by baema ti to 

vms attriruted t o  the movenent of protons into a hydrated and exp.1.nded 

surface laye r  resenbli:ng goethite . The " porous " d ouble layer a t  

hydrous-oxide surface s , proposed b y  Lyklema ( 1 968 , 1 97 1  n ) , also implies 

ab sorption , as d iscu ssed in Clli1.pter 1 .  

An absorption reaction has inplicntions to the avnilability 

to plants of fertilizer P ndded to s oils . Absorbed P is expected to 

hc.ve a very ouc h  lower potentinl avai lability t o  plants than ads orbed P. 

The kinetic s invo lved in the d iffus ion of nbs orbed P >-Ti thin reta ining 

conponents nay be of particular ioportnnce in the supply of P to the 

soil solution in c ontact wi th plant roo ts . The kinetics involved in 

the relense of absorbed P nay nl s o  explain the low recovery of fertiliz er 

P by plants during a parti cular growing season ,  nnd the fact that sone 

soils appear t o  require regulnr nddi tions of phospnate fertilizer to 



n�int,in ndequnte levels of P in t he soil solution- for optiouo pl,�t 

The nech-misn invo lved in the d esorpti on, or rclonse of 

sorbed P, hm-rcver , is 1.l so of inport:;nco in n".intn ininc :'..n adequate 

su pply of P for plant erovrth, ns discussed be l ow . 

An nbs orpt ion renction :;lso oxpl:-.. ins the tir�e de�ndenoe 

frequently re ported for the isotopic exch nnge of l)o th ndded s orl)ed P 
c.nd native sorbo d P ( NcAuliffG .£! J.1. , 1 917 ; Russoll .9J. £J.. , 1 9 51 ) .  

The slovr oxchrmge of 
32P nt longer tine interval s probnbly reflects 

oxch.::nl[;e -(rith nbso rbed P. The sinilnri ty be t11een p sorpt ion nncl 

oxchrmg-o renc tio ns ( Chnpter 3 :end Li .£1 tl· , 1 970 ) sugges ts thnt a 

ooro rcl inble de toroinnti on of the n.c tu,.._l noounts of exch.:'.ngcn ble p 
r:!..".y be f,"..c i l i  tn tGd by extr:1pok tion of exchn.ngo dr. t:; to infini to tine; 

2.s U!J ed to o s tin�te e quilibriur.1 P c oncontrnti ons :'..nd native sorbed 

P in Ch ".pto rs 1 nnd 5 .  

Al thoUGh the e ffe ct of ionic c onposition of the support 

ne cliun on the kine tics cf P sorption did n o t  r.ppeo.r to be direc t ly 

reL". ted to nn nbs orpt ion rer.ction , the inve s tigntion of this e ffect 

( ChC'.ptor �"rA ) illustrctad the iupliC ''.tions of the tine dependence of 

P sorp tion to th e int e rpro tr. ti o n o f  P s orp tion dct:'.. . · I t  i s  pos s iblcr 

th.".t difforonce s in the nnounts of P sorbed by soils, 1·rhich hnvo been 

nttributed to oxperinentnl conditio ns othe r thnn tiDe ) my be e linim ted 

if the o qui l ibriuu c ondit i on is e s t ir.J[t tecl . ExperinGntcl condi tions 

nffectint:;' tho :'..nounts of P s orbecl by s oi l s  in non-e quilibriun sys te os 

include s o i l  : · so luti on r:::tti o , te epo r-'.turG , ionic conposition of the 

support necliuo, :md exchn.ngonble c ntions . The effec t of these expori­

nent�l conr.li ti ons hn.s boon discu ssed by Wild ( 1 949 ) ,  Kurtz ( 1 95 3 ) nnd · 

IVhi tG o.nd Bcckett ( 1 964 )' . Recent work in this L�bornto�J ( G . D .  Hope , 

po rs . conu. ) sugG€ sts thnt the effe ct of soil : solution rnt io on 

noounts of P sorbed i s  el ininn.ted if the e quilibriuo condi tion i s  

es tiDnted using the nethod suegosted in C��pto r 4 .  An evnlun t io n  o f  

the role o f  tine - dependent sorption vroulc1 fncili t n  to the choi ce of 
DOre rol i�ble conditio ns for use in lnb orntory s tudies . 

The evn.lu�t i on of P sorption fron the stnndpoint o f  c onfer� 

ity of equilibriun sorption d�tn to Lnngouir eqlli�tions ( - Ch�pter 5 ) ,  
,�d the chnrgo relationships of P sorption ( Ch�ptor 6 ) , hns provided 

a quan titntive bn.sis f or the propose d  P sorption nochnnisns which 
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cover n wide final P c oncontro.tion ro.ngo . The 

nochnnisos nlso oxpl�in the fre quent ly reported 

Sch1wrtnn.nn rmcl Knitt e l ,  1 973 ; Holford et £ll.. ,  
P sorpt io n dnb. fron ;;. singl e IJ':'.ngnuir e qu-:1.t ion . 
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pro:rosed P sorption 

( Syers £i Dl· , 1 973P ; 

1 974 ) dovintions o f  

Fur the rnoro , the 

vnluo s of the h�ngnuir sorptio n c ons tnnt R obtnirn d for P s orpti on by 

soils nro in o.cc ord vrith the P sorp tio n no chr:misr.;s propo sed . This is 

n requirenent fo r the o.. ssunption of n true L::mgrruir sorptio n nodel 

( Brunnue r �t_�. , 1 966 ) nnd onphnsise s  the previ ous nrgunonts 

( Ch"'.pter 1 ) tho.t P s o rptio n  by soils u1.y !".pproc..ch ideal Lo.ngnuir 

behavi our. 

The c h"'.rge relationships of P sorpt ion ( Chnpter 6 ) ho.ve 
illustrated sore of the problem inherent in the interpretntion -of · 

anion .s orption · using the nodels developed by Hingst on � cl"t . . ( 1 967 ; 
1 968 b ,  1 972 ) • Of primry inportance is the fc.ct that n con.sidcrablc 

:portion of t.'le overn.ll P sorption involves no chenge in surfncc cllm'gc .  

� denonatrat&s t ln  t P sorption is not condi.tionnl on en increase in . . . -­

tho :oogative ch?..rge o-f' the. · surfa� . even . though nega-tive cha� -does 

inerease during P so rption• The charge relati onships also sugge:!'l 

thnit P so rption oochc..nis:JS, :previously thought to apply over ·  only 

restricted :pH ranges ( .Hings to n  e t  n l . , 1 968 b ,  1 972 ; Hott l 1 970 ; 

&lwhney., 1 974 )' , contribute to P sorption at >ri.doly different plm 
·values nnd solut ion P concentrntiov� .  

In th e  sorption of P by so il s , the in:porto.neo of the tyJe 

and structure o f  thG dorrl.nt!nt P sorbing surface , .  :md the pH of the systm 

which affects the · nunber of proto�ted site s and the distribution of · 

P s:r;ecies in s olut i on, arc cle c.rly nppnront fron the pro posed P s orption 
" nech.n.ni..ans. I t  is suggested th�t the nunbcr of protonnted sites (de­

pendent on pH ) is seoond�ry in inportnnce only to tho actual Irunber of 

sites. governed by the type and anounts of P-sorbing c on:ponents ' in 
deteroining the overall sorption of P by soils. Thi s is illustrated 

to s one extent by the soils used in the se studies ( Chapters 5 �nd 6 ) . 

Furthernore , the relative inportance of P sorption at prot onnted sites, 

( s orption in re gion I ) which is characteri sed by a high s orption 

energy, and consequently relatively small change s in solution I' ·c on. 

centration with increasing sAturc.tion , has possible inplications to 

. the phos:ph.'lte fertilizer requirenent s of soils . El:i..D:inn.tion of 

pro tonnted sit es by saturation with P, or possibly lining, result& 

in c onsiderably greate r changes in solution P c oncentration f or a given 
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P r.clcli ti on . 

An explnnntion of s o rption-de sorpt ion hys tere s is is nlse 

inplied by ti10 F sorption r:e ch:1nis�1s clove l op3 d . O the r �-r orkors ( Hul j ndi 

9J. Jl.. , 1 9 66 ; Kn.fk::.fi ot :::1,. ,  1 967 ; Ilings ton et &• , 1 97�"r ) hr.vc do­

nons trntccl that do sorption shovrs the hic;he s t  degree of revc rs ibili ty 

ove r P c oncontr.".tirm r:>.nr;e s corre sponr1ins to region I I I ,  r.s clofined in 

Chnpter 5 .  S orp ti on of P in th i s  re gion pos s ibly invo lve s the nechn.nisn 

-OH; HPO 2- vrh ich bu ilds up the ne go. ti vo c h..'lrge of the s orbing surfnc e . t1r 
The ns suupt ion th�.t the surfnce re s is ts chr.rge inc rense ( double -l.::.ye r 

the ory ) i;:J.plies th!". t during dosorpti o n  the exchnnge -HPO 4
-

; · OII
-

vrill 

be fnci l itnted . This nochnnisn re turns si te ch..".rge to ze ro , bu t its 

extent vri ll be lini ted by the cencentr:-t t icn of mr in the desorbing 

s olution . Sir1ilnr cons ider".tions vrith re s pe c t  t o  the ro lr. t ionship 

betw·e en dosorp tion rmd the re si s tnnce of the surf".ce to ne(i:->. tive ch2rge 

inc ro ".so during sorption in rocion II I ,  r.nybo npplied to the c oncept 

th". t  s orpti o n  in region III involve s the sorption of P ns .:c potentinl -

cleto rninin:; ion n. t r. " ferric ph os phrt to-like " surf:1ce . 

De s orption in re gi ons I ::tnd II is unlDcc ly r.t lmv OIC c oncentrn-

tions in s olution . The excho.nge -H2PO 4 ; orr incluce s no clL-:.nge in site 

chr.rge , the l::ct ter be inc :J".int".i m d  et zero . The ex tent of this ex-

chr.nge will depend only on the relr. ti vo nffini ty of the surface :fbr · 

H2ro4- r.ncl OH- o.t the pH of the desorbing so lution . C o nsequently, de-

sorpt ion of P hr.s freque nt ly been reported ( Nul j ".di e t  £:1. , 1 966;  

Kaf�afi .£1 .:Jl. , 1 967 ; IIings ton .£1 Ql. , 1 974 ) i n  s orption-descrpt i on 

oxper :.: 1ents in 1·rh ich P c oncentr". t ions subsequent t o  the · sorption s te p  

h.'we c or re s ponded to signifi cr.nt s c·rpti o n  in region III. Do s orpti on 

fron regions I n.nd II, how ever , is r::rely observed , excert nt e lev�J.ted 

pH ( 11ul j '1.di !..!:. .oJ.. , 1 966 ;  Knfkn.fi l".nd Brcr-Yo sef , 1 969 ) . Al though 

det�iled oxperinentnl verifi cation of suc h n des o rption nechl".nisn i s  

n o t  pre sently avnilnble , re cent 1-rork b y  this nuth or , nnc� t he cmnge i n  

surface chnrg-e rluring the des orption of P b y  gibbs ite r.nd goo thite 

re ported by tlings ton e t � . ,  1 974 , suggests th..-:.t the ne chnnisn is 

reasonable . 

Dn.ta f or the r c onc ontr::-.tion of the s oil so lution ( Pie rre 

nnd Pnrker , 1 927 ; B<:trber £1 f'J..• ,  1 962 ) suggest th..-:. t  P s o rption in' 
regi ons I nnd I I  \d ll be chr'.rocte ris tic of fie ld so ils . e'onse quently 

the pH of tho soil s o luti nn b e tween the s orb ing surface nnd the pL.mt 
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root; vrill b e  of pnrti cul::cr inportcnce in the o.:cse 1.ncl extent of the 

dooorption of sorbo cl P ,..,ncl the o.v.n. ilnbi l i  ty of s o rb8d r to plrmts . 

The pH of thu s G il s olution i n  the vic inity of tlw pln.nt roo t , hmveve r, 

r1ny be higher or l o,vo r th· �n tlr t of the soil solut io n  ns � whole , nnd 

depends on the bnlo..nce bo t1-roon anion nncl c.J. t ion upt':'.ko by the plnnt 

( Riley c.nd R."..rber , 1 9 69 ; Ozcume :'.nd R.'1rber ) 1 970 ) .. An inc rense 

in the pii of the solu tion r1t the sorb inrs surf.�co v1i l l  fe'.cilitn to the 

des orption o f  P s orbecl in regions . I c.nd I I ,  a.s discu ssed r11Jove . In 

the o..bsonce o f  ::ny incronso in pH , ho1·mve r , t he role of orgccnic £mi ens 

rel eccsed by plo..nt roo ts i s  IJrOb."'.bly of c cns idor�:bl o  inport."..nce in the 

dosorpt ion of s orbe d  P .  The pos s ible r1echnni sns involved hrwe b een 

discussed by Nngnrr1jnh e t  .£1. , ( 1 968 , 1 970 ) • Tho se nec h."..ni sos hm,r-

evo r, nre open t o  que s t io n ,  becnuse they nro bnsod on anion s orption 

nochnnisns pro posed by Hings ton £i 21.• ; ( 1 967 , 1 968 bj 1 972 ) , the l ini t . .-,_-

ti ons of vlhich h."'.VO boon di scu ssed previ ously . It is pos s ible tha. t 

s orbod · P is di sp lnc od , r::t ther them d e s orb od , by the pnrtia.l d issolution 

( Enrl , 1 975 ) of sorb inr; c oDpommts thr cur;h the f orr11. tion of s o luble 

c or:plox0s b e hm o n  Fe nnd/ or itl and orr;."'.nic l i{s."..nds . 
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Tlw work presented in thi s  the s i s  nny be suc.:r.ri z od ns 

follovrs :-

1 .  The d eve l O l)Cent o f  conc ep t s  C ·Jnc orninf; the rG.".cti ons 

".ncl nech1.nis!cS involved in the s orpti on of inoret·".nic pho sphnte ( P) by 

soils \·n s outlined in Cll�.pter 1 • 

rosca.rch were identifie d . 

Vnricus to pics re qv.iri:nc; fur ther 

2 . S o i l s  1vhich contr.1.stcd in to r:-Js of c or.1ponents and 

prq)erties considered to be inporb..nt in P c o rpt ion 1w re se le c ted 

( Chnpter 2 ) for n s erie s of inves ticnti ons re la ting to the reac tions 

;:md ce chn nisns of P s orpt ion . The use of c ontrn s t inc so i l s  provided 

r.. nom rel i<::.blc bns is fc;r the interpro tc.ti on of the dntn ob b ined ; nnd 

extrapo1.2tion t o  .2 vlir'_e r".nc;o of s oil type s . 

3 .  The t L;c dC llondonce of P s o rp ti on ( Chn.ptor 3 ) · >vns 

des cribed by f our dis tinc t , first-orde r rc"..ctions for oc.ch so i l . The 

ro.. to c ons tant of .:'.. p.'1rticulnr ro Ctction vT2.S t::.lso rorJD.rknbly s ioilo.. r f o r  

each of tbo sc ils used o This •ns t.:t...'k:en t o  inply tho.t the sn.no sequence 

of reo.c ti ons liO.S involved in I' sorption by e c.ch so il . D::t tt"'.. for the 

fr::..ctionn ti on of :;.deled P s orbocl by two soi ls sugc-e ste d that P s o rpti on 

Has no t dotorl'inocl s olely uy ·:1. true surfn.co adsorpt ion roa.ction . The 

dGcronse in oxtr,2ctnb ili ty o.nrl i so t o pic exch:mgo('.bility of P s orbc d  o. t  

incrensing tim s ,  couple d uith the incro:1.se in the .'l.r;ount of sorbecl P 
recovered by c i tro.te-C.i thionite-bi cG.rbonn te extrnction indicn.ted that 

surfnce ndso rb ed P be c.:tnc c.b so rbod , probably by di ffusive penetrati on . 

4 .  The inplic�tions of tine-dependent s o rption to the 

interpro tnt iorr of P s orpt ion dab , >·re re denonstrnted in a s tudy of the 

effects of support ned iun on P sorp ti on ( Chnpter 4A ) • It wns s ho>-m 

tha t differences in the · nnounts of P s orbe d duri1� 40 hr by s o i ls fron 

d ifferent su pport nedin were clininnte d if nn es tinnte of e quilibriun 

P concentrati on wns obtnined us ing n grnphical nppronch . The fnct 

thnt the e quilibriun P c cncentro.t ion was indepe ndent of support nediun 

points to the inportanco of k ine ti c  effe c t s in the interpre ta tion of P 

s orption datn n.nd is in accord with the P s orpt i on r�chnnisns proposed 

in Chapter 6 o  The virtunlly conplote replnceabili ty by K of Cn re­

nove d fron s olution in re sponse to P s orption by soils ( Cbnptcr 4F ) 
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indi c�ted thn t C n  vm s re tained t o  bnlnnce the incro�so i n  negative 

c h.'1rge o.risi ng fron P s orptio n ,  r:c ther th.m tls n proci pit.,_ tod en le iun 

ph osphn.te1 as sur.;cc stod lJY othe r  vvorkers . 

5 . The i:-1pl ic.".t ions of t ine dcpo nc1e�1t sorrtion t o the 

intorprotn ti on r; f ? sorption do. t". us i �-:s tr1e LTn(;:.ouir e qu:1 tion, were 

dononstr:1tod in Ch".:p to r  5 .. The dif forenco �Jo tvwcn the L,"ngnuir s crr 

tion c o nst:::.nt s cb to.inocl for P s orption o.t o quili briuc. /'.S opposed to 

thr1.t during 1';-0 hr ,  1-ro rc di ro c tly ro l.:J. tocl t o  the oxtont of tho .1.b sorp-

tio n renc t ion . Tho sir'.il.'l.rity of e qu il ib riun sorption eno rt>'"Y c on-

s tMt s fo r o. pnr ti culnr s orp tion ro e;ion f o r  .:ell s o i ls inpliod thnt 

s inil ;.r nech .. 'l. ni sns ivero invclvod in the sorption of P by oo.ch s oil . 

Tho f1'. ct th:1.t P sorpti on cl.;. t.,_ , obb. ined b o th nt oquil ibriun o.nd during 

,:.o hr , c ould bo doscribed by three dis tinc t k .. r..gc.uir oquo. tions nlso 

sue:;e sted th!J. t nclsorption rn1d .'l.b s orpt ion ron.cti ons c ould no t be d is­

tinr;uished frcn 1. r::.e ckmi stic strmclpoint . 

6 o  Cht::.rge rolf.'.t ionships of P so rption by soils nnd Fe 

ge l ( Ch.r>.ptor 6 ) clononstrt:.tecl th ... t thro o dis tinct : :e ch..1.nisus were 

invo lved in P sorption ove r tho fi nnl P conccntr".t ion r".nr:e used to 

obkin P sorption i so thorr:s ( Ch:1.ptor 5 ) • It wns o.ls o shOW11 tho.t 

the di fferent ne cho.nisns co.usod the dovb. ti on of P sorpt i o n  dattl. fron 

The c h:crce re lo. tionships of P so rpti on 
i�lpl ied th:'. t the ::och�ni S'·cs of P so rptio n by soils o.ncl Fo gel nre the 

sn.uo . Ono dist inc t  no ch:1nisn w.:cs shovm t o  be re spons ib l e  for P s orp-

tion in ench of the thre e s orpt i on regicns described by n distinct 

ID.ngrruir equn t i on .. Dntn sw;go s ted th:-tt · tho nechn.nisPs involvocl the 

lignnc� exch,::.neo ronctions -orr2
+

; H2Po4-; -On; rr2Po4
-

, �nd -OH ; 
IIPOL! 2- .?.. t the hydrous- oxi<le surfn co ovo r low, int(nnedin t o  :1-nd high 

r 
finnl P c on c 'i'ntro.ti ons , res :poc tively . 

7.  The li1plic�ti ons o f  the ronctions nnd uocho.ni sns of P 

s orption by soils in c ontro ll ing the leve l s  of P in the s o i l  solution 

o.ro discussed ( Ch'l.pter 7 ) in r e ln. ti o n  to the plnnt nvnilnbility o f  

soil r. nd ferti lizer P ,  vli. th p..1.rti cul.1.r GL<phnsis o n  the desorpt ion re-
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