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Abstrnct

A review of the liternturc relating te the rcactions and
nechanisns involved in the sorption of inorganic pheosphote (P) by
soils and s0il conponents suggested scvernl topics for further rescarch,
the rcsults nnd interpretations of which are presented in this thesis.
Soils which contrassed in comnponents and propertics considered to be
inportant in P sorption scrbed between 210 and 3350 s P/g during 40 hr
fron 0,1M NMaCl at o finnl P concentration of 10)u; F/nl, Contrasting
soils provided a morc rcliablc basis for the interpretation of data
obtained in investigations of the reactions and nmechanisms of P sorption
by soilse Sorption of P was described by four first—order renctions
for each soil, The rate constant for n particular rcaction was also
sinilar for cach soil, implying that the sane scries of reactions were
involved in P sorptione. The decrease in extmetability and isotopic
cxchangeability of sorbcd P with increasing tire, following P addition,
coupled with increased recovery of P by citrate-dithionite-=bicarbonate
cxtraction indicated that adscrption was follewed by absorption.
Elirinntion of the differinces between the ancunts of P sorbed fron
various support rnedia during 40 hr, when an cstinnte of the equilibriun
condition wes nade, pointed to the inplicaticns of tine~dependent sorption
in the in%erprectation of D sorption datas Virtunlly ccrnplete replaceab-
ility by K orf Ca rcrioved from solution in response to P sorption was ob—
taincd, Retontion of Ca to balance the incressed negative chorgo aris—
ing fron P sorption, and not the precipitation of a calciun phosphate,
is indicated. Tinc~dependent sorption affected significantly the ine
terpretation of P sorption data using the Langruir equation.  For
equilibriun date, the P sorption isothern for cach scil was described
by three distinct Longrmir cquations, cach corresponding to a particular
P concentration range or region ( O to 0.02, 0.08 tc 0.80, and 1.0 to
> 20‘yg F/ml )o The sorpticn cnergy constant of a Langnuir equa-
tion corresponding to a particular region was very sinilnr for each
so0il and suggested sinilar sorption mechanisns for each soil, Charge
and pH relationships cf P sorption by two soils ond Te gel deronstrat-
ed thnt three distinct P sorpticn rechanisns caused the deviation of

P scrption data fronm a single Langriuir cquation, The sanc nechanisns
D 3
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were involved in P sorption by soils and Fe gel. Data 5uggested

that the : hmHlSuS involved the ligand exchange reactions ~OH

I Po4 » =OH; H, PO , ond =OH: HPO /,2‘ at the hydrous-oxide surf:lce.
These meuhunls'ws arc in accord with the three Langtuir sorptiom

cnergy constants obtained for each scil, The renctions and riechanisnms
of P scrntion estahlished have inportant iaplicaticns to the plant
availability of soil and fertilizexr P, and providec o basis for the

interpretation of other P sorption dato.
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REVIEW OF LITERATURE

161 Introduction

The role of phosphorus in pasture and crop production is well -
established, Because of the increasing cost of phosphate fertilizers,
the phosphate requirements of soils in relation to agricultural pro=-=
duction have been emphasised recently ( Syers, 1974 ). Also, phos—
phorus has been implicated as one of the major causative factors in
the eutrophication of waters ( Mackenthun, 1965; Vollenweider, 1968;
Syers et al., 1973 a )s 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 )e Knowledge of the dynamics of phosphorus in soil-water systems
is essential to an understanding of the availability of phosphorus to

plants in both terrestrial and aquatic euvironments.

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 particulate, Studies of the:
interaction of P with soils and soil components and, more recently,
with other materials of environmental interest such as lake and stream
sediments and those used in sewage treatment, have produced a volumin-
ous literature. 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,



A definition of some of the terms used in this review is
required, "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 mechanism is implied. The term "sorption'"*, however,
is used to denote retention of P at surfaces, as opposed to its
precipitation, with other ions, from solution, In the case of
sorption, a definite mechanism or series of mechanisms are frequently

implied.

Several reviews, which include discussion of the nature
of P retention by soils and soil components are-to be found in- the
literature ( wild, 1949; Kurtz, 1953; Hemwall, 1957; Larsen, 1967,
Syers and Williams, 1975 )e In this review the development of
concepts concerning the reaction type and mechanism of P retention-
arc discussed with respect to the importance of sorption reactions,
which have been emphasised in recent yearse. The type and properties
of the sorbing surface are also discussed in detail, because of theiw

inportance in explaining many aspects of the P sorption mechanisn,

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

the exact nature of the reaction, Distinction betwecen adsorption

and absorption reactions is made in a later section,



142 Phosphate Retention -~ Genernl Considerations

Concepts and interpretations of the nature of P retention
by soils and soil components have tended to follow o cyclical de-
velopnent moving from those involving a sorption reaction, to a
precipitation reaction, and returning more recently to a sorption
recactions, A brief overview of the development of P retention

concepts 1is given below,
1e2e14 The development of P retention concepts

Although the carly vorks of Leibig (1840) and Way (1850)
denonstrated that soils rctain P to a grcater cextent than other
anions, Warrington (1868) wvac the first to conduct laboratory cx-
periments to evaluate the typc of rcaction involved in the retention
of P by soilse Bascd on the rctention of P by "ferric oxide" and
"alumina', Warrington suggcsted that P was rcetained at the oxide

surface by a chenmical rcaction.

Russell and Prescott (1916) substantiated this work by
denonstrating that P retention by soils during acid extraction could
be described by the Frecundlich adsorption equations Turthermore, they
noted that P rctoention was dimdinished in the presence of organic ~nions.
On the basis of thesc obscrvations and that precipitation was unlikely
under the pH conditions usecd ( pH =21 ), Rusoell and Prescott
(1916) proposzd that P was rctaincd by a sorption reaction. As dig=
cussed later, the fit of data to a sorption cquation is not incontro-

vertible proof of a sorption rcaction.

The concept that P is retained by a sorption reaction was
developed further by Mattson ( 1927, 1930, 1931 ) who rccognised and
demonstrated, using clecctrokinctic techniques, the importance of the
pH dependent charge of "soil colloids' in P retention. The effects
of P ( and other anions ) on the isoclectric point of soil colloids
could only be cxplained by a chemisorption rcaction, Thesc studies
were- remarkably advanced in the light of morce rccent work in this
area, and the conclusions comparc favourably with those of Brecuwsmn

and Lyklema (1973) and Hingston ct al., (1972)e

Subsequent. work by Ford (1953), Ravikovitch (1934), Davis
(1935), Toth (1937), and Kurtz ct al. (1946) again suggested that P



retention by soils involved & sorption reaction. Although precise
nechanistic concepts were not tested, Ravikovitch (1934) viewed the
reaction as an anion exchange phenomenon, This observation was based
on the effects of pH on P sorp%tion. In contrast, wsing chemical and
X=ray techniques, Ford (19333 suyggested that P sorption was nonpolar:

in character and involved a chemical reaction at the sorbing surface,

Despnite the evidence accumulated to the contrary, Low and
Black (1947) proposed that kaolinite retained P by precipitation with
Al dissociated from kaolinite, The solution P concentrations, however,
were sufficientiy high to disrupt the kaolinite structure. Later
work by Low and Bldbk (1950); at I concentrations more comparable to
those of the scil solution; implied a chemisorption rcaction at surface
Ol groups, Russell and Low (1954) later demonstrated that surface-

bound Al was requisite to P sorption.

The concept that P retention involved a precipitation reaction
attracted further attention in the 1950°s, On the basis that Al and
Fe phosthates could be formed and identified in solutions of similar
composition to the soil solution, and from consideration of the solu~
bility equilibria of P compounds, Haseman ct al. (1950 a, b ) and
Cole and Jackson ( 1950 2, b ) postulated that P retention involved a
precipitation rcaction. Cole ard Jackson ( 1950 a, b ) determined the
solubility product of variscite and constructed its solubility isotherm.
It was concluded that P rcicntion by neutral to acid soils could be ex-
plained by the variscite~barrarlite-strengite ( Al FO, - (A1, Fe) PO, -
Fe PO4 ) isomorphous series.

Kittrick and Jackson ( 1955 a, b, 1956 ) developed these
concepts further. Using electron microscony, they demonstrated the
formation of ferric phosphate over the pH range of 4,3 to 7.0 during
the treatment of hydrous ferric oxide with a 1M phosphate solution at
room temperature ( Kittrick and Jackson 1955 a ). The electron
micrographs were taken to represent the formation of discrete-phase P
compounds., Using solution precipitation techniques at clevated
temperatures, Kittrick and Jackson ( 1955 b ) also prepared variscite
and strengite which were identified by X-ray diffraction. Based on
their previous work ( Kittrick and Jackson, 1955 a ), it was consider-
ed that these P compounds; despite their method of preparation,
represented the products of P retention by soilse The P concentrations
maintained in solution ( Kittrick end Jackson, 1955 b ), however, were

very much higher than would be expected for the soil solution, with



the exception of that in dose proximity to a fertilizer granule.

The commor-ion effect of the components of the soil solution, on the
solubility of variscite and strengite, was proposed ( Kittrick and
Jackson, 1955 b ) as an explanation for the lower P concentrations
characteristic of the 3¢il solution. Data presented to substantiate
this explanation cculd also be attributed to the sorption of P re-—

leased by tas discolution of variscite aind strengite.

The worl: described above led to attempts to correclate P con-
centmtions in equilibrium aqucous cxtracts of soils ( c.g., the
"phosphate potential”; Aslyinz 1954: Schofield, 1955 ) to solubility
isotherns of various I, Al, and Ca phosphates. This was done with
a view to identifying the discrete phosphate comrounis which were
believed to govern the solution P concentration and the chenical
mobility of P in soils ( Clark and Peech, 1955, 1550; Lindsay et al.,
1959; Larsen and Court, 1961; Chakravarsi and Talibudeen, 10562;
Withee and Bllis, 1G65; Muremannand Peech, 1968; Larsen and Widdow=-
son, 1970; Vebtar axd Mattingley, 19703 Jensen, 19712 Talibudeen,-
1974 )s This approach is still to be found in the coils literature,
despite the generally inconclusive data obtained, and the ccnsiderable
limitations of -the approach,. The value and validity of this approach

are discussad telow in reclation to the concept of P sorption.

Interest in P sorption by coils and soil components was revived
by the work of Olsen ard Watarabe (1957), Shapiro and Fried (1959)
and Rennie and Mc¥ercher (1959) who realised that the nobility of P
in soils could best T2 described by P sorption isotherms, - The inter
prztation of P retention by both coils ani soil compcnents, has tended
to follow this approacihh over recent years ( Hsu and Renniec 1962;
White and Beckett, 1954; Hsu, 1964; Bache, 1964; Muljadi ct al.,
1966; Hingston et al., 1967, 1968 b,1972; Syers et al., 1973 b ).
This has allowed dgvel.opment of nmore flexible models of 2 retention
by soils with respect to fertilizer practice and environmental studies
( Woodruf: and Kanprath, 1965; Bachc and Williams, 1971; Taylor amd
Kunishi, 1971 )» The same approach has also formed the basis for
studies of the mechanism of the P sorption reaction ( Hingston et
al., 1967, 1972 )
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142.2¢1 The validity of precipitation and sorption concepts.
Although Wild (1954)had shovm thot the P concentiation of the soil solu—

tion showed little or no corrcspondcnce to solubility isctherms of dis-~

crcte P compounds, Taylor and Gurncy (1962) appear to have becn the first
workers to present data thot questioncd the precipitation concepts de-
scribed o2bove. Taylor and Gurncy (1962) denonstrated that the P and

Al concentrations of the aqucous extracts of the soil used were conpat—
ible with the ezistence of variscite., When the soil wos treated with
dilute ncid, however, the ion product of voriscite, fell below the
variscite solubility isothern, This suggested that the soil could
naintain lower P concentrations than predicted fron the solubility

isotherr of variscitce

Raumach (1963) nlso obtained evidence that the existence of
variscite in soils was unlikely. By ~nalysis of data prescnted by
other workcrs, he denonstrnted that Al concentrations in the soil solu=
tion werc deternined by hydrolysis products of specics formed during

the dissolution of aluniniun hydroxide,

Further evidence suggesting the inapplicability of solubility
criteria in describing the rctention of P by soils is prescnted in
Fig. 1.1 Data drawn from scveral reports of the P concentrations in
aqucous extracts of a wide rangec of soils with different fertilizexr
and lime additions, are plotted over the solubility isotherms for
variscite, strengitec, hydroxy-apatite, octocalciwiz phosphatc, and

3M.

dicalciun phosphate dihydrate, assuming a Ca concentration of 3,2 x 10
This approach has becn used extensively to postulate the existence of
discrete P compounds in soils, and to dcnonstrate their inmportance in
determining the P concentration of the soil solution. In nost pre—
vious studics the pH rangce has been linited and consequently only Al
and Fe, or Ca phosphates werc included ( Lindsay ct ale., 1959; Larsen
and Court, 1961 ). The data in Fig. 1.1 suggest that phosphate-
concentrations, expressel as pH£:P04, vary fron about 5¢5 to 6.5, show=—
ing no apparent dependence on pH, and little tendency to conforn to

any particular solubility isothermn, being generally undersaturated

with respect to a2ll compounds over the pH range 5.5 to 6.5,
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FIG. 1.1 Solubility isotherms for various phosphate minerals as a

function of pH, and data for the P\qoncentrations of so0il
solution extracts. Solubility isotherms after Lindsay and
Moreno (1960). P concentration data for soil solution ex-
tracts from Clark and Peech (1955), Lindsay et al. (1959),
Clark and Peech (1960), Taylor and Gurney (1960), Larsen and
Court (1961), Chakravarti and Talibudeen (1962), and Withee
and Ellis (1965).



That sone workers have repcrted agrecment between P cone
centration data and solubility isotherns would appear to be fortuitous,
and is net a good criterion for the ciistence of discrete P compounds
in soils, as dcmonstrated by Taylor and Gurncy (1962). Purthernore,
solubility isotherms, such as those in Fig. 1.1, toke no account of
complex ion formtion from which even higher solution P concentrations
would be predicted ( Van-Wazer, 1958; Galal-Gorchev and Sturmr, 1963;
Morgan and Stunn, 1970 ).

Evidence against a2 precipitation concept has also been pre-
sented by Hsu and Rennie {1962) for ~nornhous "alunminiun hycéroxide"
and by Hsu (1964) for soils. After trenting a seil ( Hsu, 1964 )
with solutions of varying initial P concentration, thc supernatants-
were rcnoved and replaced by a sccord solution containing 5 ng P/nl.
A summary of the results is given in Table 1.1, Hsu (1964) argucd
that if P was originnlly rctained by a precipitation reaction, rcmoval
of P from solution would continuec in the sccond trecatnent. If a
sorption recaction was involved ,however, rcrioval of P would continue
only in those systcemns for which the final P concentration after the
first treatment was less than S‘pg/ml. In systens where the final P
concentration after the first treatnent was greater than E‘pg P/ml, P
would be relecased to solution. The data in Table 1.1 suggest that
a sorption reaction is involved, Sinilar results were obtained for

"2luniniun hydroxide"( Hsu and Rennic, 1962 ).

Quantitative data on the solubility of variscitc and
strengite have been prcescented by Bache ( 196%, 1964 ). Using buffers
to naintain pH, Bache (1963) showed that the solubility of variscite
and strengite was congruent only below pH values of 3.1 and 1.4, re- -
spectively. This is in agreerent with solubility data for variscite,
previously reported by Kittrick and Jackson (1955 ¢). Above these
PH values P concentrations remained fairly constant, being one to three
orders of mahgnitudc greater thon those predicted by Fige 1.1 Based
on the effccts of pH, and solution to solid ratio on the solubility
product, incongruent dissolution was attributed to hydrolytic deconposi-
tion of the surface, producing "Fe ~nd Al hydroxides" capable of
sorbing P fron solution. Bache (1963) concluded that only highly
crystalline forms of variscite and strengite; the formtion of which
is inmprobable in soils ( Lindsay et al,, 1962 ), arc likely to con-

forn to thermodynanic solubility criteria similar to those used to



TABLE 1.1

10

The anount cf P rcmoved by a soil fronm solutions cof different

initial P concentrations (first troattcnt),and the distribu-

tion of P romoved fror: sclution during the first treactnent

between scil ond sclution

~fter replacing the fincl solutions

frori the first trectment with sclutions initinlly cont~ining

5 1 ?/rl (sccond trentrent).

Dnte from Esu (1964),

First treatment

C—

Socond wrentient

Initinl P Finnl D con- P rcroved Initial P Finnl P con-
concentra— centration fron ccncentrne= centraticn
tion solution tion
(pe/n1) (ns/1) (pe/e) (ps/m1) (pe/r1)
2.5 065 20 B 263
5.0 13 S 5 31
20 €.9 M 5 6c2
30 1548 142 5 Tal
60 4248 172 5 10,0

P rcnoved
fron

solution *

(pa/e)

27
il
- 12
~ 27

- 50

*

negntive values indicete releasce cf
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calculate the isctherms in fig. 161, In recently fertilized soils
however, it is well estnblished that the P concentration and low pl

of the solution in the vicinity of a fertilizer granule ( 4.0 M and
1+48,respectively, at the metastable triple point of monocaleium phos-
phate and dicalcium phosphate dihydrate; Huffman and Taylor, 1963 )
are influential in the formotion of 2 wide variety of discrcete P com-
pounds by rcaction with soil componcnts, Lindsay ct al. (1962) have
identified at least thirty diffeient compounds after soils and soil
components had heoa allowed to recact with saturated solutions of five
fertilizer salts, The dominnnt products were complex phosphates of
iron, aluminium, and calcium in neutral to acid soils, and calcium
phosphates in cnlcarcous soilse All compounds, however, supported
higher P concentrations than the surrounding soil, ranging from
anproximately 62‘pg P/ml in the case of calciunm reaction products

to 0,31 ng P/uml for iron ond aluminium rcaction products. The rates
of dissolution-werc in & similar ordcr to their solubilities ( Huffman
et al., 1960 ).

The facts that the rcaction products isolated by Lindsay
et ale (1962) maintained higher P concentrations than the surrounding
soil, and thnt Bache (1964) showed thnt hydrous oxides of iron and
aluminium manintained very much lowar P concentrations, by a sorption
reaction, than those mnintained by variscite and strengite, suggest
that the persistence of discrete P fertilizer renction products in
soils is unlikely. Reversion of the P in fertilizer reaction products
to sorbed forms has been predicted ( Huffman and Taylor, 1963; Bache
1964 ), The rate at which this occurs will depend largely on the
nature and solubility of the discrete phases, and the degree of saturaf

tion of the sorbing surfacc of soil componcnts.,

The avove discussion suggests that an understanding of . P
retention is facilitated by assuming a sorption recactions. However,
de Boer (1950) has pointed out that there is essentially no difference
betwecen the chemical forces which may hold an ion or molecule at a
sorbing surface and thosc involved in the precipitation of a comparable
discrete phnse, It is this fact that has probably led to the confusion
with respect to the recaction involved in P retention by soils and soil -
components, Sorption, however, rcquires that as the process continues,
the structure of the sorbent remains essentially unchanged, whereas
surface activity changes appreciably, Conscquently, concentrations

maintained in solution at high sorbent saturation will be greater than
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those at low sorbent snturation. In contrmst, precipitntion inplies

a constant surface activity. The retention of P by soils nnd scil
conponents fits the conditions of sorption reactions described above

( Toble 1.1 ), anlthough the non--revercibility of P sorption conplicates

this siuple interpretation, ns will be discussced in o later scction.

1624262 The tire denondence of P sorntion. Although the

rctention of P by soils =~nd soil conponents complics with the conditions
of sorption, 2 rcaction involving only truc adsorption inplies 2 ropid
reaction rate with a2 well defined sorption mmxirun,  The sorption of P .
in laboratory cixperinents is charncterised by an initially fast reaction,
followed by a slow reacticn which freyuently. dees not attain a true
equilibriun condition ( Rennie mnd McKercher, 1959; Hsu, 19643

Sholten, 19653 TFox and Kenpreth, 1970; Evans and Syers, 1971 ).

This is particularly true for scils and to scme extent for soil conpon- -
ents ( Sholten, 1965; Chen et:al., 1973 2 ). In nony studics, however,

.

the approach to cquilibrium hns not been reported.

Although the rapid initinl renction has frequently been
attributed to a truc adsorption rcaction ( Rennic and MeKercher, 1959;
Hsu, 1964 ) the origin of the slow rcaction has rarely becen discussed.

Larsen nnd Widdowson (1971), Chen ct al. (1973 a) 2nd Talibudeen (1974)
havec inplied n slow reversion of adsorbed P to discrete P compounds.
This cxplains to some cxtent the reported ( Talibudeen, 19583 Evans
ard Sycrs, 1971; Larsen ~nd Widdowson, 1971 ) decrease in isotopic
cxchaingeability of sorbed P with time of sorption. It does not, however,

fully explain the continuecd slow sorption of P with tirc,

Sholten (1965) has reported that only up to 80% of P sorbed
by naturally-occurring gocthite is extracted by O.1 M NaOH, suggesting
that not all the sorbed P wes held at the surface ( Willinns ct 2l., 1967 ).
The additional P was rccovered aftcr dissolution of the zoethite in a
reductant solution. These obscrvations suggest that an absorption
reaction nny follow the initinl adsorption reaction, nlthough nore
quantitative datn are required, porticulrrly with rcgard to P sorption

by soilse.

In this rcview no distinction will be made with respect to
P sorption mechanisns, betwecen adsorption and absorption reactions,

the latter being considered as adsorption at "iaternnl surfaces",
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The potentinl effect of on absorntion reaction on the rate of the
cver~ll P sorption reaction is cxpected to be appreciable, and may
hnave o direct bearing on the interpretation of nnany aspects of P

sorption by soils and soil conponents.

123 P sorption surfaces in soils

1.2.%.1 Nature of thc P gsorption surface. Two approaches

nny be adopted to elucidnte the surfoces inpertant in the sorption of P
by soils, Both previde only circunstontinl cevidence, but the weight
of evidence available provides a uscful basis from which o nmodel P sorp—

tion surface may be proposcd.,

The first nmethod rclics upon an cvaluation of P sorption
by soils beforc and after o chenicel trentment designed to remove &
particuler corponent or conponents. The change in P sorption con then
be related to the armounts of verious soil components removed by chenical
trentoent, Studies- of this type have been reported extensively
( Leaver and Russell, 1957; Willimns et gl., 1958; Broufield, 1965;
Saunders, 1965; Ranulu ct al., 1967; Sycrs Sﬁull°’ 1971 ). Although
the results of these studies have heen scriewhat inconclusive because
of the interrclationships between nieny soil propertics, all have pointed
to the inportance of sccondnry Fe and Al ozides and hydrous oxides.

In a detziled study of 300 New Zecalnand =oils, Saunders (1965) found that
P sorption was closcly corrclated with the anounts of short-rnnge order
(enorphous) Fe and Al components. Siril~r results werce rcported by
Williens ct ale. (1958) for Scottish soils and by Bronficld (1965) for

Austrnlinn soilse

The findings sunnnrised above are not unexpected in- view
of the fact that short-range order hydrous oxides of Fe and Al are,
in general, more reactive thon their crystalline counterparts ( Gore
bunov et al., 1961; Schwertmann, 1964; Sycrs and Willians, 1975 ).
This is substontizated by the data of Syers et al. (1971)«  Theso
workers showed that although short-range order Al conponcnts werc riore
inportant than short-range order Fe components in P sorption by Brazilion
soils, the decreasc in P sorption following renoval of short-rgage order
conponents by oxelate was considerably greater than that following re-
noval of crystallinc ccmponents by dithionitee The effect of isomor—

phous substitution on the rcactivity of crystalline hydrous oxides my
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also be inmportant.  Norrish and Taylor (1961) ncted that Al rny be
substituted for Fe in scil goethites by up to 30%, reducing the size
of thoe crystnllites, increasing the surfacc aren, and presurmbly rc-

activity with respect to P sorntion.

Although the dependcence of P sorption on the content
of short-rnnge order Fc and Al hydrous oxides is well established,
problens arce inhercent in studies sinilar to those discussed abcve in
that the components which arc highly correlated with P sorption may
thenselves be interrelated to o considerable extent ( Saunders, 1965;
Syers et cl., 1971 ) e This iz illustrated by the high corrcelations
frequently found between organic motter content ~nd P sorption ( Willians
¢t nl., 19585 Harter, 1969 ) The high correlation prohably ariscs
fron the influcnce of organic ntter on the crystallinity of hydrous

retnl oxides ( Schwertmann, 1966 ).

A scecond appronch to establish the relative inportance
of soil componcnts in P sorption imvolves ovaluation of P sorption by
"purc" seil components,-and comparison of the results obtoined to the
cxpected forms, ~nounts, ~nd distribution of sinilnr conponents in
soils. The sorption of P hy various soil components hns becen studicd
cxtensively. So0il components tested have:r included crystolline clunino-
silicates ( de Hoan, 1965; Juljndi ct 21., 1966; Kafkafi et al.,
1967, Pissaridcs ct ala, 1968; Unfkafi and Bor-Yosef, 1969; Kuo
and Lotse, 19723 Chen et 2le, 1973 2 b ), short-range order alunino -
silicates ( Cloos et al., 1968 )5 short~roange order hydrous oxides of
Fe and Al ( Hsu nnd Rennic, 1962; Gnstuche ¢t al., 1963; Bache,
1964 ), crystallinc oxides and hydrous oxifes of Ie.and ‘Al ( Hinggton et
2le, 1967, 1968 b; Chen ct nl., 1973 a,b; Breeuwsnz and Lyklena, -
19733 Kuo ond Lotse, 1972 ), ~nd calciun carbonate ( Cole et al.,
19533 Kuo amd Lotse, 1972; Griffin end Jurinnk, 1973 ). It is in-
portant, however, to distinguish thosc components which are 1lilzely to
be of greatest inportance in P sorption by soilse. This is governed
not only by the absolute amount of a particular corpoucnt and its
sorption cnpacity, but also by the distribution of the componcnt in

soils, ceg8., os coatings.

Table 1.2 lists the anounts of P sorbed by various
soil components at given fim~l P concentrantions ( approximtely

3 pe P/l ). Because of the lack of uniformity in the experirental
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TABLE 1,2 Sorption cf P by various scil conponents at final P
concentrations of a~pproxinately BAyg P/ml under the

cxperinental conditions specified,

Comiponent P sorbed Finnl P Bxperinmental conditions Ref ¥+
concentra~  pI Support Shrking
(Pg/g) tion (ug/mi) rediun tine(hr)
Hydrous ferric oxide gel*¥ 14,290 5.0 5.5 0.1M NaOic 244 (1)
" n noonx & 21,700 31 540° 8 24 (2)
" n " " %8 29,700 Zrop 7.7 O0.1M Nr*.NO3 48 (3)
" . no v x§ 50,000 2,95 5.5 g 11 (3)
Short—ronze order aluninun — .
hydroxide *& 3,900 3.8 5.0 1M NaOAc 0s5 - 4)
Gocthite* % 5,800 2a 4,2 0.1M WC10, 48 (3)
Hoenatite* 3§ 14150 361 4.0 HEO g (5)
Gibbsite* & 7,130 301 5.0 " 24 (6)
Knolinite™ , 265 3,0 5.0 n " (6)
Montriorillenite’ 110 340 655 ® {2 (7)
Calcite & 60 2.8 9.2 M Voriabk (8)
Caleitert 25 3.0 7.0 24 (9)

* .
Synthetic; ~Netur~l; I Dricd, 9 Undried,

**(1) Leaver and Russell, 1957; (2) Bnche, 19643 (3) J.R. Melauzhling pers,
cormj - (4) Hsu ~nd Remnie, 1962; (5) Brecuwsno ~nd Lyklemn, 1973; (6) Muljadi
et nle, 1966; (7)) Pissorides et nl., 19683 (8) Ccle et ale, 1953;

(9) Kuo and Lotse, 1972.
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conditions used, and sorbent prerar~tion nnd pretrentient, o detailed
comparison of the data in Table 1.2 cannot be nade. Differences-

in the amounts of P sorbed by the vorious conponcants are, however,

of sufficient magnitude to indicnte their relative inportonce in a
nixed comnponent systern, such as a snil, Data suggest that crystal-
line Fc and Al conponcents ( C.Z., hoonatite, gibbsite, and X-nlunine )
gencerally sorb 5 to 10 times nore P than crystzlline ~luminosilicates
or calciun corbon~te. In contrnst, short-range order conponents,
such as Fe gzcl, sorb approxinmrtely 10 te 100 times more P thon their
crystalline counterparts and apvreaching 1000 tines nore P than

crystalline aoluminosilicates or cnlciun carbonntcs

The differcnce in T sorption by crystalline as conpnred
to short-rangc order components is in accord with the data for soils
discussed above, and the differcnces in the surface arca of these
conponents, Furthernorc, it is well established that a considerable
proportion of the oxides and hydrous oxides of Fe and Al in weakly-to
noderntely=weathered soils hag short-range order character ( Mitchell
et al., 1964 ). Consequently, the inportance of short-ronge order,
and to sone extent crystallince oxides and hydrcus oxides of Fe and
Al, in P sorption by soils is likely to outweish that of crystalline
alw:iinosilicates. Even when the higher pd of calecarcous soils is

alcen into account, the presence of only simll anounts of short-range
order or cven crystalliine oxides and hydrous oxides nay rcduce to ninor
significance the contribution of calciun corbonate to the overall

sorption of P by thesc soils,

1e2:342. Distribution of oxides ~nd hydrous oxides
in soils. The distribution of the oxides and hydrous oxides of Fe

and Al in soils, and the way in which other surfaces may be affected
by theny, is nlso of importance in rclation to P sorption by soils,
The electroniicroscope has played a particularly inportant role in

evaluating this distribution.

For highly-weathered soils, Greenland ct al. (1968)
reported that hydrous Fec oxides oceurred primarily as discrete
particles within the clay fraction, although small anounts of
hydrous-oxide coatings werc ebserved on the clay surfaces. More
extensive hydrous Fe oxide coatings have been reported forclays in-

less strongly-weathcred soils ( Roth et al., 1969; Kirknan, 1973 ).
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The conting of clay nincrnls with hydrous Fe oxides has also been
demonstrated in laborctory studics. Tollett (1965) noted that
"ferric hydroxide™ was precipitated on the basal surfaces of knolinite
from o mixed solution=suspensions A similar observation was rcported
by Greenland and Oades (1968) for "ferric hydroxide" gel, although
during mixed precipitation with kaolinite, gocthite showed 1little

tendency to associnte with the clay surfacc.

‘The occurrence of hydroxypolymers of Al on clay mineral
surfoces has also been noted by Shen and Rich (1962) ~nd Jackson (1963).
Twencbooh et 2l. (1967) and Deshpinde ot al. (1968) also reported that
aluninous coatings were extensive in soils and that they had a major
influence on the phyeical, and preswwably chemical, propertics of soil
clayse Furthermore, the fixation of hydroxy-aluminium polymers by
verniculite has been obscrved by Ilsv. and Bates (1964). de Villiers and
Jackson (1967), and Brown and Newmon (1973) have nlso demonstrated that
the pl=dependent charge of soil clays arises from coatings of "hydroxy

aluminium",

The importance of coatings at clay surfaces in P sorption
by soils has frecacntly becn emphasised'( Coleman, 19443 Russell and
Low, 1954; IHsu, 1965 ). Conscquently, the cocxistence of hydrous
oxides and crystolline aluminosilicatcs in-soils, cspecinlly if the
hydrous oxides form coatings on the latter, emphasises further the
ninor role thnt crystalline aluminosilicates arc lilely to have in

the sorption of P by soils,

The surface of naturally-occurring calcium carbonate
also shows quite different properties to its chemically purc equivalent
in terms of pH and solubility relationships. It has been suggested
that these differcnces arisc from surface coatings of organics and
possibly hydrous oxides ( McGeorge, 1935; Buehrer and-Williams, 1936;
Olsen and Watamabe 19593 ILahav and Bolt, 1963; Chave, 1965 )e

There seems little doubt that, with the possible exception
of highly-weathered soils, oxides and hydrous oxides of-Fec and Al
occur extensively as cootings on soil mineral particles, particularly
crystalline aluminosilicates within the clayesized fraction as well
as cnlciunm carbonate in the case of calcareous soils., Such coatings,
in conjunction with the greater surface area of the clay-sized fraction,

accentuate the potential of oxides and hydrous oxides in P sorption,
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Consequently, the use of Fc and Al oxides and hydrous oxides os a
model for the P sorption surface in soils scems justified. LEven
in soils where aluminosilicates, particularly short-ronge order
aluminosilicates, make a significant contribution to-the overall
sorption of P, the oxide-surfoce model remaiins valid, as will be

discussed below,
163 The Oxide=iqucous Interface

The hydrous mctal oxidc*naquéous interfacce is highly conplex
and its bchaviour and role with respecct to P sorption has only recently
begun to be understood. An ~appreciztion of the properties and struc—
turc of the interface is esscntinl to the development of any mechon-
isn to describe the P sorption rcaction. The structurc of the sur-
face, and the develcprient ~nd distribution of charge are discussed
below, Terms arc 2lso defined which will be uscd in the subsequent

discussion of thc P sorption mechnnisin,
Te3e1 Oxide structurc and orizgin of chhrge

The structurc of Fe and Al oxides, is cssenticlly similar,
and the chenical forrmle will be denoted by Méoz, vherc M = Fe or Al.
Although packing varics between different tynes, cach netal ion is
usually in distorted octahedrnl coordination with six oxygen ions, and
cach oxygen ion-in coordirnztion with four metnl ionz, Willbut implying
ionic charecter, the distrilmtion of charge can be considered in the
following woye The structure requires that the triple positive charge
of cach nmetal ion is shared between six oxygen ionss cffcctively 0.5
units of positive charge in-cach dircction, The dual negative charge
of each oxygen ion, howcver, is shared between: four rmetal ions; iece,
0e¢5 units of negotive charge in cach direction, bringing about charge

balance within the undisrupted structure,

*With the exception of the comsiderations of oxide structure and charge
developnent ( Seetion 1.3.1 ), the term hydrous oxide is uscd hercafter
in this review. - It has becen demonstrated that the surface of cven
anhydrous oxides, such as hacmatite, are characterised by a hydrated

surface, a few atomic layers in thickness ( Onoda ~nd de Bruyn, 1966 ).
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At the broken surface, two extrerme cascs may arisc,
Fige 142+ & assunmes fracture along M - O bonds, cxposing the unfilled
coordination shells of metal ionse. This represents 0.5 units of
positive charge for cach broken bond, giving risc to unit positive
cnarge at cach exposed metal positione, A similar situntion develops
at exposcd oxygen positions, producing unit negntive charge. A
mixturce of the two extreme conditions will give rise to a net positive

or nogative charge at the broken surfacc,

Exposurc of the broken oxide surfacce to an agucous solution,
results in the hydration of surface layers ( O'Conner-gt al., 1956,
Parks and de Bruyn, 1962; Opoda and de Bruyn, 1966 )s The hydration
step may be cnvisaged as an attemnt by exposed atoms at the broken
surface, to complete their coordination shells of nearest neighbours.~
This is-accomplished by incorporation of OH  at Mf and H+ at 0" ( Fige
1.24B )}, and represents a state of zero charge at the surface. It
can be seen, thercfore, that the hydrated oxide surface may be cone
sidered analagous to the surface of a hydrous oxide which may also
be represcented by Fige 1.2.B, The similarity betwecon the properties
of a hydrated oxide surface, and the surface of a hydrous oxide will
become apparent in the subsequent discussion, The hydrated surficial
structure ( Fige 1.2 B ) facilitates transfer of charge ( H* and OH )

between the surfacc and solution.

The structural models for short-range ordcr alunminosilicnates
and the edge faces of crystallince aluminosilicates, represent a sur= -
face structure similar to that of hydrous oxides. Exposcd aluminium,
silicon, and oxygen atoms of thc octahedral and tetrnhedral wnits
attenpt to complete their coordination by the incorpcration of OH
and H+ to produce a hydrated surfacc similar to that rcpresented in

F‘ig. 1e20Be

16362 Charge propcertics of the interface

1¢3.2.1 Anmphoteric bechaviour and pH dependence of charge.
The amphoteric behaviour of the hydrous-oxide surface- arises from the
residual charge of unfilled coordination shells ( Fige.1.2.A ), and
the hydroxylated nature of thc surface subsequent to hydration ( Fig,
1.2eB-)e  Amphoteric properties may be represented ( Fig. 1.2.,B and
1.2eCy and cquations (1.1) and (1.2) below ) ag the sorption and de=
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sorption of protons Ly H-0H ( Parks ond de Bruyn, 1962; Scdek ct al.,
1970; Iyklerr:, 1971 a3 Iucng and Stunm, 1573 ), althoush other

charge distributions have been proposcd, notably Hingston ¢t 2l. (1967).
| OII2+ (surface) c= M- OH (surfrce) + ©t (1.1)

11 - OH (surfacc)v «— M- ar (surface) + H+ (1&2)

In contrast to constont-chargcc surfices such as crystalline
aluninosilicates, wherce charge nrises fron isomorphous substitution,
oxide surfaces arc classified as constant-potentinl surfacces. That
is, the potential of the surfrce may be kept constant by meintrining
the bulls concentration of solutes, whose chenical rezction with the-
surfnce gives rise to the potentinls A constont—potentinl surface,
thercfore, mny be defincd as onc for which o chemical rerction occurs
betireen the surface ond o solute specics in the contacting solution
( Morgnn and Stumn, 1970 )e The solutc specics arc knowm og potens
tisd detcrﬁgng (p.d.) ions, Hydrous oxides of Fe and 41, and soil
conponents with similar surface structure, arc constant—potcenticl
surfaces by virtue of cquations (1.1) and (1.2). Beenuse proisons
and hydroxyl ions arc the p.de ions, hydrous oxides have constant poten-—

tial nt constant pH.

The rclationship between pH and surface charge is of obvious
importance with respect to the internction of the surface with other
spccics in solution, This rclationship is cvaluated from titration
curves fcr the surface, These arc cxpressed os a variation in the
sorption density of pe.d. ions with pH ( Parks and de Bruyn, 1962;

Yopps and Fuerstenau ., 1964; Atkinson ¢t al., 19673 Huang and Stumn,
1973 ), cxamples of which arc given in Tig. 143 The curves arc ob-
tained from datn for the titration of an oxide suspension in a-suitable
electrolyte ( ceges KCL or NaCl ) at different ionic strengths, with
acid or base. The uptake of H+ ( or OH ) is deternined from the
differcnce in pH between the suspension and the corresponding blank
solution,. The point of inflexion ~md intersection of the titration
curves at differcnt ionic strengths can be shown, from double-layer
theory ( Parks and de Bruym, 1962 ), to be the condition of zero
surface charge. The pH at which this condition ariscs is termed the
point of zero charge ( p.z.ce ) and is denoted pH ( PsZeCo )

( Fige 1.2.B ).
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At pH ( p.zec. )
Mgt = Uor | (1.3)

™
where | lcnotes the sorption density of the p.d. ion, expressed in
cquivalcents per unit arco, The nct sorption density ot 2any pl may

then be calculated with referconce to the condition at the pll ( PrRZiCR ) H

(ij’" - r\OH_ ) = 0 (1.4)

Sorption density is related to surface-charge density (CS; ) by the

cxprcssion @

S, = F (g = D) | (1.5)

wherc F is the Faraday constant. Comnscquently, at pH valucs above
ol ( DPeZoCoe );C:b is negative ( i.c., r1H+'>VﬁOH-) whereas below
P ( pez.c. ),CSB is positive ( Fige. 1.3 ).

leBelel Points of zero charge for soil components and

—

so0ilse Knowledge of pll ( pezec. ) of an oxide or simil~r surfacc is
cssentinl to the prediction of surface chargce. o oxide or hydrous -
oxide of a given formulation has 2 unique pH ( PeZeCa ) ( Parks, 1965,
1968 ). The-exact value depends on the origin, history, purity,
crystallinity, temper~turc of preparation and degrec of hydretion of
the sanple., Hevertheless, the values given in Table 1.5 suzgest that
pH ( pezZec. ) of various Fo and Al oxides nand hydrous oxides all lie
within the region of plI 8 to 9.5, The pH ( pezec. ) of Al oxides

and hydrous oxidcs, however, tends to be somewhnt higher than that

of Fe oxides and hydrous oxides.

The pll - dependent charge at the edge faces of "clean"
crystallinc aluminosilicates will be determined by cquations (1.1)
and (1.2) applied to the edges of the octahedral and tetrahcdral
layers. Experimentally deternined pl ( p.z.c. ) values tend to be
lowor-( Parks, 1968 ) than those for oxides and hydrous oxides ( Table
163 ). The exact meaning of experinentally determincd pl ( PeZeCoe )
values of crystalline aluminosilicates, however, is complicated by
the permanent negative charge arising from isomorphous substitution.
The high and low pH ( p.z.c. ) values expected for the edges of tle
octahedral (Al) and tetrahedral (Si) layers, respectively ( Table 1.3 ),
suggest that the net pH(p.z.c.)of the edge faces of crystalline alumino-
silicates may be approximtely neutral, It will probably also de-=
pend on the degree of isomorphous substitution in cach layer. Tadros
and Lyklemr (1969) reported that inpurities, including A1203, in -
silica, increascd pH ( p.zece ) to approximately 6, Furthernore,
the possibility of localised contres of pH—-dcpendent charge with pH

(p.z.c. ) above 7, cannot be discounted.
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TABLE 143 Values of il (pez.c.) of varicus cxides and

hydrous oxides.

Oxide or hydrous oxide

(pezaec. )

Reference

Goethite
Geethite s~mples
Haenntite
Heenntite

Fe gel

Gibbsite
GilLbsite sanples
Pseoudobochnite
o€~ luninn
s—nluxinﬁ

Al el

Silica

76
7.8
9.0
8¢5

8.1

78
942
9.1
85

90l

r~ 3

- 8.3

- 9v5

Atkinson et 2l. (1967)
Hingston ot 2l. (1972)
Atkinson et al, (1967)
Brecuwsnn and Iyklena (1971)

Kinniluegh et al. (1975)

Kinniburgh et al. (1975)
Hingston ct al. (1972)
Alwitt (1972)

Yoops and Fuerstenau (1964)
Tuang ~nd Sturr: (1973)

Kinniburgh et 2l. (1975)

Tadros and Lyklena (1968)
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Sinilar comsiderntions may be applied to short=ranse order
aluninosilicates ( 21lophnne ). filthoush a2llophane, by definition,
shows very limited: structural crgonisation, severnl structursl nodels
have becn proposed, based on X-=ray fluorescence, infra=red, differen~
tial thermnl, ~nd chenical ~nalyses ( Ficlds aond Schoficld, 1959;
Wada, 1967; Cloos gt 2l., 1968, 19693 Udagawa et ale, 1969; van
Reccuwijk and de Villicrs, 1970 ). A1l of these nodels suggest
possible sites for proton sorption and desorptions, Bxtensive isow=-
norphous substitution of Al for Si ( Clocs ct ales 1968 ), however,
conplicates estimntion of pli ( PoboCh )o The influcnce of localised
centres of high pH ( p.z.c, ) arc agoin likely to be of particular

inportance.

That soils carry pl=dcpendent charge has been apprecciated for
sore tinmc ( Mottson, 19273 Schoficld, 1949; Mehlich 1960 ).  Recently,
the ionic conposition of the seil solution has nalso been shown to affect
the net charge carred by scils, s would be predicted from the discussion
above ( Mekoru and Ucharn, 1972; van Rhij ~and Feech 1972 ). Further—
nore, the association of varinble chorge with hydrous cxides in soils
has been denonstrated by Hussain and Hyuna (1970) and Swahney and

Norrish (1971),

The neasurcnent of plH-dependent chavpe fer whole soils, however,
nay lecad to o nisrcpresentaticn of the situation at hydrous—oxide sur—
faces within the soil. van Rnij ~nd DPecch (1972) deternined the pH
( PeZeCo ) of three tropical scilse Values cf hetween 3 and 4 for
surface horizons ~nd 4 4o 6 for the B hcrizons werc obtained, suggesting
thnt the soils werc dorinnted by negative charge at their respective
pH valucs,. The determination of positive and negative charge- conpon—
cnts at various pH values by ion uptake techniunS<( Schoficld, 1949;
van Raij and Peech 1972 ) suggests that conponents, with net positive
charge, cxist up to pH valucs of at least 7, This obscrvation is in
accord with charge characteristics of "pure" hydrous~oxide surfaces.
Consequently, localised centres of positive charge, or high pH ( p.z.ce. ),
ot hydrous—oxide and similar surfaces in soils, nny be of particular

inportance with respect to T sorption by soils,.

1e3e3 The clcctrical double layer at the interface

1¢3.3.2 The Gouy=Chapman and Stern nodels. The Gouy-=Chapnan

nodel of the electrical double layer ( Gouy, 1910; Chapnen, 1913 )
is the nost frequently used nodel to describe the distribution of
charge ( g3 ) and potential (\f/ ) at o charged solid-solution interface
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( Pige 14440 )o Ions in close proxinity to the interfacc are subject
to Coulombic attraction and rcpulsion, depending on the charge of the
surface and ion under consider~tion. Ions of opposite charge to the
surface, nnd which compensate the surface charge, arc termed counter—
ionse. Thern:l notion of the ions tends to distribute the ions, which
arc influcnced by surfacc charge, throughout the solution in the
vicinity of the surfacc, A thooretical trectucent of this topic is

given by van Olphen (1963) and iveyard and Hoydon (1973).

Theory predicts that the thickness (1) of the diffusc layer,
ieCey the distance from the surfrce over ithich the distribution of

ions is affected by the surface charpe, is determined by @

1 = 5.3x 100 g7 00 (1.6)
whereg ig thc charge on the counterion and ¢ is the concentration of
the countericn in solution. Potential and charge distribution
( Fige 1.4.A) nay be visunliced by considering; the diffusc double
laycer o8 a parsllel ploate condenser of variable distance (1) between
the platese  The eepacitance (C) is given by @

c = So = &£ (1.7)

¥ . 471
rhere C:fb is the net surface chorge, VLB the surface potentinl

and & the diclectric constant, usually of water,

hquntion (1.7) illustrntes the ceffect of the ionic strength
of an indifferont electrolyte on the charge at an oxide surface ( Fig.
143 )o  Because the oxide surface is o constant-potential surface,
that is \fg is constont at constnnt pH, an increasc in ionic strength
decrenses 1 ( cquation 1.6 ) and <, increases in a positive or

negative manner, Fige 1.3 depending upon the pll relative to pH p.zece

The Gouy=Chaprnn nodel, however, is not opplicable to the
distribution of potential closc to the surfacc, Ions have finite
size o~nd, thce distancc of closcst approach of their centres to the -
surface is linmited to a fow tenths of onc nanomcter. Consequently,
the surface potential of the Gouy=Chaprinn theory is in effeet the
potential at the planc of closcst counterion approacii (v/d’ Fige 1.4e4)
The Stomtheory distinguishes between the surface potential (Yé ) and
the potential at the planc of closest approach (Y’ d)' Potential
decrcascs linenrly between }fg and ﬁf’d whercas heyond the plane
of closest approach, the distribution of potential is described by

thoe Gouy=Chapran theory ( Fige 14443 )e
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1e3:3e2 Interaction of counterions with the surface.

The Stern nodel also allows for the interanction, which nay be nore or
less ionic or covalent in character, betwecen counterions and the sur—
face itsclf, The deouble layer 1y be further differcntiated to dise—
tinguish this condition ( Fiz. 1.5.4 s Dircct interaction of counter-
ions with the surfacc inplics that the plane of closest approach to

the surface ( the inner Helnholtz plane; ieHepo ) is nearer to the
surface thon that ( the outer Helrholtz plaie, O.HeDe ) for counterions
distributed only in the diffuse leycr. The differcnce in closcness

of approach is usually cquivalent to the thickness of one molecular
layer of water. This is attributable to the loss of the hydration
shell of the counterions which intercct with the surface ( Fige 1.5.0 ).
The threce potential terms \Fo ’ \FB amd \Fd nre algo dei'ined

in Fl{z. 1-5|A|

Sone counteriong, having direct interaction with the
surface, show supcr—equivalent sorption vhich nay result in surface
charge reversal ( Fig. 1.4.C ). The sorption of P at a hydrous-oxide

surface illustrates this vhenorienon, which is termed specific sorption.

The hydrous-oxide surface acquires charge by sorption
of H and OH . Thesc specics my be considered to be held at o plane
equivalent to the i.l{epes 2nd the locus of their centres is considered
to be the planc of‘+f) . Consecquently, #Jo nnd‘f’B ( Pig. 1.5.A
and 1.5.B ) becone indistinct. This situation presents no problen in
considering counterions nt the o.id«ps and in the diffuse layer, becausc

\fﬁ. rerinins distinct.

During specific sorption-nt a constant potential-surfoce,
however, counterions bccorie ped. ions, and the distribution of potential
at and close to the surface depends upon the interaction of the surface
with at least two solute species ( Fig. 1.5.B )e It is still possible
to distinguish, on a conceptual basis, between ‘1Jo and Ybé when spec—
ific sorption involves primrily ionic interaction, The situation is
particularly conplex, however, when covalency is involved between the
surface and sorbed speeicse. In the latter case, which is particul-rly
relevant to P sorption, it may be nore convenient to consider that a
new surface has forned. The literature rclating to surface chenistry
suggests that the properties of the constant-potentinl surface;
subsequent to specific sorption, are ill—=decfincd. This has given rise

to problens in the development of P sorption nechanisns which have
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(B) Constant - potential surface.

a = specifically sorbed anion at the inner Helmholtz plane in
(A) and at the surface in (B), b = anion at the plane of closest
approach ( outer Helmholtz plane ), ¢ = lcounterions in the
diffuse layer, Y/ B = potential at plane of specific sorption,
other terms as defined in Fig. na h. Adapted from Aveyard and

Uniidan (107272)\
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frequently been based on.an interpretation of shifts in pll ( PeZeCo )
( Hingston ct 2l., 1967, 1968 a ) subscquent to the specific sorpticn

ot B, This is discussed in o later section,

The conceptual problens discussed ahove, ny be overcorne
to some cxtent hy the nensurcunent of zeta potentinal, although theoretical
problenms in its ricasurcment hove detrnacted from its gencrnl acceptance.,
A pogition clogc to the cdge of the Stern layer or the 0.ileDe ( Fig.
145 ) is frequently considcred to be the slipping or shenring nlanc,
The slipping plonc develops between the bulk solution nnd the water
which noves with charged particles when ~ sol is subject to an external
potential in clectrokinetic cxperiments, The potentinl ~t this plane,
which is probably closc to tha planc of \+é » 18 the zeta potential.
Consequently, the locus of specific sorption with respect to the
surfacc becones less inportont hecousc the zett potential represents

a
the condition of the 3tern layer ns o wholee

Zetr potential is related to surface potential, and conse—~
quently to cleetrolyte concentration nnd ph, The pi ot which the
zeto potential is zecro is termed the isoclectric point ( pH (i.c.p,) ).
In the absence of specific sorption vl ( ie2she ) = pH ( Pezece )o
When ions sorb at the i.l.p. ( specific sorption ), changes in charge
and potential occur close to the surfacec. Conscquently, the poten—
tial at the slipping plone shifts. A shift is also obscrved in pl
( 1.ceps ), which for the asmecific sorption of =anions is to a lower

pH ( Lyklemn, 1971 b ).

1e3e33 Porous interface rodel. Becnuse hydrous-oxide
surfaces arc constant=potentinl surfaccs, chnarge distribution at the
surface may not he cxactly compnrable to that at the constant~chorge
surface, Lyklema ( 1968, 1971 o ) hns pointed out that surface charme-
pH curves ( Fige 1.3 ) inply a steady incrcase in surface charge as
the pl moves away from pil ( pezeco )e Furthermore, he denonstrated
that for silica, the more norous the surface, the higher was the charge
that developede. Experinentally deternined sorption densitics of H+
( or O ) werc also considerably gre~ter than the value predicted fron
the cxpected number of surface sites calculated fron surfacc area aid
structural considerationse. The high surface charge, however, was

not reflected to o proportionnte extent in zeta=potentianl reasurcrients.
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Lyklem (1968) postulated that o surface, porous to
both pede ions and counterions, accounted for the anonalously high
surface-charge densities developed 2ot the silica surface, This nodel
is sinilar to the ceoncept of an cxpanded hyldrated surface, several
atonic layers thick, over which charge is developed ( Onoda and
de Bruyn, 19663 Wright and Hunter, 19735 ).

That the surface is alsgo porcus to counterions ( Lyklern
1968, 1971 a ) was included to account ®r the lov valucs of zeta
potential relative to surface ch~ige, The sizc of n~nions and the
porosity of the surfacc to them when the surface is positively charged
is difficult to concecive, The influcnce of a porous surface on the
kinetics of P sorption and the possibility that P ray be absorbed.
( Sholten, 1965; Evans and Syers, 1971 ) should not be overlooked,

14 The Type and Mechonisi of Phosphate Sorption

Sorption has beenelassified inte two basic types, nanely
physical sorption and chenisorption. Sorption type, however, is not
always well defined, but sore knowledge orf it is essential if a
sorption mechanisn is to be considered ( Kitchener, 1965 ), Hayward
and Trapnell (1964) definc the differcence hetween physical and cheni-
sorption in terms of the occurrcence of electron transfer. During
chenisorption, electron transfer occurs betwecen the sorbent and the
sorbate, vhereas clectron transfcr is absent in physicnal sorption
reactions, Consequently, the encrgy of cherisorption will be sinilar
to that of btond formntion in = chenicnl rcaction, a criterion fre—
quently used to distinguish between physical sorption ond che!iisorp—
tion ( de Boer, 1950 B

The sorption type of P at hydrous-oxzide and sinilar
surfaces, may be discussed and cevnluated in relation to the way in
which it differs from that of other anions and the dependence of it
on the pH of the ambient aqueous phasc, F'ron these considerations
and those concerning the nature of the hydrous-oxide surface, poss=—

ible mechanisns of P sorption ray be developed.
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1e4.1 Sorption type

1e4.1.1 lNon-specific and specific sorption. The dc--

velopnent of positive charge at the hydrous-oxide surface inplies a
diffuse doulle layer of anions, as discusscd above. Many cnions
nerely coupengate the positive cherge by their distribution at the
O.Hep. and over the diffuse layer. Such cnions show conventional
ion-exchange vnroperties, such ns ease of displacenent by other anions
added at similar or higher concentration, sorption in proportion to
their concentration in solution, and exclusion fron the decuble layer
when the surface becones negatively charged at high pH valuese. Anions
held at the surface in this way arc said to be non-specifically sorbed

and includc nitrate, chloridc, and perchloratec.

The pH ( p.z.c. ) is measured in solutions of salts of
non-specifically scrbed anions ( and cations ) beecause the surface
charge, ver _se, is not affected by then; that is they cannot becone
p.de ions over low to nodcrate concentraticn ranges. Ilon-specifie
sorption is a physicnl sorption type, in terms cf the definition of
Hayward and Trapnell (1964 ).

On the other hand, phosphate and other anions
including arsen~te, selenite, silicate, and fluoride ( Hingston et al,.,
1968 a, b ) which have o specific affinity for the netal of the
hydrous-cxide surface, are sorbed out of 2ll proportion to their
concentration in solution 2nd may induce charge reversal ( Fige 1e44C )
at the sorbing surface. Charge reversal during P sorption is inplied
by data presented by Breeuwsna ond Lyklerr (1973) and Hingston et al.
(1974)s As discussed previously, charge reversal is indicative of

specific sorption, i.cs, sorption at the i.H.pe.

Other properties of specifically-sorbed anions include
the ability to he sorved even in the pH range where negative surface
chnrge is predicted ( Hingston et al., 1968 a, 1972 ) and the lack
of normal ion-exchange behaviour. Furthernore, specific sorption
affects other properties of the sorbing surface, including cation
exchange capacity ( Toth 1937; Davis 1945; Mehlich, 19643 Mekaru
and Uchara, 1972 ) and the pH ( pezec. ) ( Hingston et al., 1967;
Breeuwsnz and Lyklemn 1973 )e  Because specifically-sorbed anions
alter surface charge, they nmay be defined as p.d. ions. Consequently

specific sorption constitutes a chenisorption reactione
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1e4e1.2 Experimental verification of specific sorption.

Distinction between specific and non~specific sorption can be made
experimentally by determination of the titration curves of hydrous
oxides in the presence-and absence of the anion under consideration
( Hingston gt 2l. 1967, 1963 a, Breeuwsma and Iyklema, 1971, 1973 ).
Controversy has developed, however, between these groups of workers
in terms of the effects of specific sorption on the position of pH

( pezec. ) and the use of such data in the interpretation of anion
sorption mechanisitss Unfortunately no data ars available to illustrate
the eiffects of P sorption on the pmition of titration eurves for
various hydrous~oxide surfaces., Data for other anions, however,
provide a useful basis for a discussion of the passible effects of P

sorption and their implications to the P sorption mechanism.

-Because the specific sorption of anions-cccurs within the-
Stern layer, shifts cccur in the values of pH ( DJEICl )'and pH ( icespo )
of the sorbing swface. Shifts in the pH ( peZec, ) and pH ( i.e.pe )
have been used to distinguish bLetween specific and non-specific sorption
of both anions and cations. Brecuwsma and Lyklema (1973) have de-
nonstrated that the specific sorption of sulphate by haematite, shifts
the pH ( PeZoC » ) to a higher pH value ( Fig. 1.6 -4) whercas pH (i.eope )
shifts to a lower pH valuec. The shift in pH ( ic.cope ) to a lower pH
is in agreement with clectrokinctic data presented by Mattson (1931)
for the sorption of P and silicate by "soil colloids" ,  Explaining
these shifts, Lyklema (1971 b) has argued that, because specific
sorption occurs within the Storn layer,(:ﬁ& ( Fig. 1.4.B ) .
becomes norc negative. Consequently, to maintain the condition CS;:
- (<31Q-+<:ra') = 05 3; = 0, the net positive charge of the surface
mst increcasee  This is achieved by the sorption, of H+ or desorption
of OH , shifting pH ( peZoco ) to a higher pH valuce The P ( iecspe )
shifts to a lower pH value bocausc the slipping plane occurs on the
outer edge of the Stern layer. Subsequent to specific sorption of
anions, restoration-of-the potential at the slipping planc ( nominally
ﬁ’d ) to zero ( Pige 1.4.B ) requires an addition of H+ to the
suspension, to satisfy the condition &5 = - T g ;\r ¢ = 0

An alternative description has been given by Hingston
et al. ( 1968 a ) who apparently consider the surface to be represented
by the i.H,p., and that specifically sorbed anions are pe.d. ions.. Cone
sequently, in the determination of surface charge-pH curves in the

presence of specifically~-sorbed anions, the effects of anion sorption
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and OH displacement from the surface are included in the conputation

of surfece charge. This is achieved using the equation :

S = O - Sy (1.8)

where < = the net surface charge in the presence of specific anion -
sorntion, < = the surface charge in the absence of specific sorntion,
) = the negative charge contributed by the anion, andA:QiI = the
negative chorge lost by displacerent of om . The effect of this
interpreteation on the relative position of titration curves for goethite
in the presence and absznce of the specific sorption of selenite is
illustrated in Fig. 106.Bs The data sugzest that pH ( PeZeCoe )

shifts to a lower pH value. Hingston et al. (1967, 1968 ~) have
postulated, therefore, that specific sorntion of aniong is conditional
on an incrense in the negntive chnrge of the surfaca. A similar shift
in plI ( PeZeCe ) to lower pli values has been reported for the sorption
of silicate by goethite ( Iingston et al., 1972 ), although it is not

clear how the titrntion curves in the presence of csilicate were obtained.

A flaw is anparent, however, in the arguments of Hingston
et al. (1965 a) in that the charge contribution to the surface by the
anion cannot be knovm without implying a mechanism, Consequently,
the assumption that epecific sorpticn of anions is conditional on an
increase in the negative charge of the surfoce is a reilection only of
the method by which the titration curves ( Mg. 1.6.B ) were obtained.
Despite the apparently cyclical argumeats involved in this assumption,
it has been included in many P scrpntion mechonisns wvhich have been
based on the interpretation of data similar tc that in Fife 1.643
( Hingston et al., 1968 b, 19723 Hott, 1970 )

e —

change in a double-layer property similar to pH ((ieeepo ), because
the specifically-sorbed anion ig considered to be a p.d. ion. This
is not invalid beccouse sp2cific sorption implies retention at the
i.Hepe, which for hydrous ozides cannot be distinguished from the
surface, as discussed above ( Fige 1.5 ). Furthernore, the inclusion
of P, or other specifically-sorbed anions, as p.d. ions facilitates

an explanation of the increase in cation exchange, the reduction or
elimination of non--specific anion sormntion, and charge reversal

which may occur during the specific gsorption of Pe The fact that

P sorption may continue even when the surface is negatively charged

can also be explained,
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Becnuse surface choerge density=pl curves represent the
variation in a relative quantity with respect to pH, inclusion of
the charge contributed by specific sorption can only be mrde if the
precise mechanisn is known, Conscquently, the cpproach used by
Breeuwsma ~nd Lyklenn (1973) is considered to be a morce reliable test
for specific anion sorwntion. Prelinminnry worls in this laboratory
( J.R. MeLaughlin, pers. comile ), 13ing an ciperirental approach
sinilar to that of Brecuwsuirm aad Lykleno. (197)), cuggests that the
titration curves of Fe gel in the presence of P show a shift in pd
( PeZaCe ) to a lower pH value, giving a graphical rclationship
sinilar to that in Fig. 1.6.B. This suggests o difference in the
typc of specifiec anion sorption hetween P and, for cxample, sulphate
( Fire 14664 )e Becausce P-sorption in strongly cevalent in character
( Syers and Williams, 1975 ), the naturc of the surface subsequent to
P sorption is likely to be different to that subsecquent to specific
sorption of anions such asg sulphatc, Tor which the- intecraction with
the surface.is probaply morc ionic, Conscquently, in the prescence
of sorbed P, the titration curve for o particular sorbent ray tend
towards that of a correcsponding T comwound. The shift in pE ( pez.c. )
of Fe gel to a lower »i value in tiie presence of P, is in accord with
the above sugzestion. beeause 2 value of 2.8 hasz been reported for
the pH ( pezeco ) of strengite ( Chang and Jackson, 1957 a ).  The
shift in pll ( PlolZieiCis ) during P sorpiion, and its inmplicntiong to the
exact nature and ricchanisn of the interaction between P and the sorbing

surface, requirecs further inrTestigntioi.
14462  The nechanism of P sorption

Scveral studics have been concerncd with the nechanisms of
P sorption ( Hsu and Rermie, 1962: DBache, 39643 Muljadi et 2l., 19663
Kafkafi ct cl., 1967; Hsu, 1968; Cloos ok al., 1968 ). At best’
these studics have been both qualitative and speculative in naturc,
The studies of Hingston et al., ( 1967, 1968 a, 1968 b; 1972 ) and
Brecuwsria and ILylclena (1973) agein provide the rost reliable data
with respect to an eveluation of the P sorption nmechanism, in that

they have presented quantitative datn.

The specific sorption of P involves interaction between
the coordination shells of the metal ion nt the hydrous—oxidc surface
and the P group. Consequently the gorption mechanism rmust involve

a ligand exchange rcacticn, Tais has been inplied in nost recent
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studies ( Hingston et al., 1968 b, 1972 ), although previous workers
had frequently assumed a simple ion-exchanse reaction ( Hsu and Renuie,
1962; Miljedi et ale, 1966 ). In the following discussion, ligand
exchange reactions will be written in the form ~Lo; Ls. where - L
is the ligand originally present at the surface which exchanges with

Ls’ the lirand originelly present in solution.

1ol e2e1 PO and charge relationships. Evaluation of

the P sorption mechanism has frequently relied on the pH dependence of
P sorption and associated changes in surfaoce chargee. Hingston et
2l. (1967, 1968 b, 1970, 1972 ) have based tmch of their proposed
anion sorption mechanisms on the shape of the "adsorption emvelope®
and shifts in pH ( pez.c. ). The adsorption eirvelope mny he defined
as the relationship hetween maximmum P sorption at a given pH, and the
pH of the system ( solid line Fige. 1.7eA )e The adsorption envelope
suggests a break in the slope at »II vrlues close to pkéz and pKa3 of
H3PO4, with an overall sorption maximm at approximately pK51.
Similar adsorption envelopes have been obteined for P sorption by
several soils ( Obihara nnd Russell, 1972 ), enphasising the validity
of the hydrous—oxide surfnce as a rnodel surface for the sorption of P

by soilse

Tingston et al. ( 1968 b, 1972 ) implied that at pH
values below pKhz, P sorntion occurs by the lignnd exchange - 0H2+;
H2P04— s Which i1s in agreement with data presented by Hsu (1968).
This mechanism hos nlso been supported recently by Sawvhney (1974)
based on cation exchange measurements. Hingston et al. also implied
that the brenks in the adsorption envelope correspond to a change in
the dominant sorption mechanism, The reasons for this are not
entirely clear but these workers éfque that P sorption continues at a
negatively charged surface begause acil dissociation of the sorbing

~)

species ( 1.e.,H2P04 or IIPO4

which can react with surface - O to form water whieh is readily

at the surface provides "protons

displaced by the anion'", This process, they argue, occurs most
readily at the ;igzyalue. Consequently, not only is surface - OI~I2+
believed to form by direct protonation, but it was suggested that this
is a prerequisite for P sorption at surface - 0H, The deprotonation

of P species, porticularly H2PO4—, durinz sorption at suvrface-0I,
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fits the assumption that P sorption is conditional on an increase in

the negative charge of the surface. This assunption is included in

all P sorption rechanisms based on the work of Hingston et al. ( Hingston
et al., 1967, 1968 b 1972; Mott 1970 ) The limitations of this

assunption have already been discussed,

Hinzston et als (1970) developed a theoretical treatment
for their »roposed mechanism scheme, from which an adsorption envelope
could be calculated ( doshed line, Tife 1e7-.4 ). These do not correspond
at all well with exzp rimentally determined envelopes, apart from the maxima
at the pxa values which were established from experimental data.  The
poor correspondance between the theoretical and experimentel approach,

probably arises from the fact that the pll dependence of charge at the

hydrous-oxide surface was not included in the theoretical treatment.

Breeuwsma and Lyklems (1973) also obtained an adsorption
envelope, similar to that presented by Iingston et al. (1972), for P
sorption by hematite. They showed, however, that over the pH range
of 4 to 9, the ratio R ( nole/nole ) of the amount of H+ required to
maintain pll during P sorption to the amount of P sorbed, increased
steadily from a value tending to zero, to one approaching unity, ( Fige
1.7eB ). This suggests no fundamental change in the sorption mechanism
at pi == pk,, as proposed by Ilingston et al. ( 1967, 1972 ). The
ligand exchangg-reactions = OH2+; H2P04 , —OH2+; HPO42-, ~OH; HéPO4“
and -=0H; H’PO4 were pPreposed to account for the relationship in Fige
1e7eB, Dbecausec only the third and particularly the fourth reaction are
likely to occur at hicher piH values where the ratio, R, approaches unity,
A similar sequence of recctions has recently been proposed by Sawvhney
(1974) to explain the differcnt changes in cation erchange capacity
( increase in negative charge ) subsequent to P sorption by soils of
different pH, This study provides one of the few links between mechanisms
developed to describe P sorntion by soil components and those developed

to describe P sorntion by intact soils,

Althoush sone aspects of the P sorption mechanism are now
known, none of the mechanisms discussed above hag been supported by
adequate quantitative data. The precise mechanism, or mechanisms of-
P sorption, and their relationship to pH and solution P concentration,
still require evaluation. Consequeantly, many other aspects of P

sorption can still not be explained. Furthermore, an adequate
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identity between the mechanisms involved in P sorption by soil com-

ponents and soils themselves, remains to be established.

1e4.2+2 The form of P sorbed. Recent work by Atkinson
et al, (1974) and Russell et al, (1974), based on the I.R. spectra of
goethite subsequent to P sorption, has suggested that the form of P-

Fe

sorbed is PO,” « This confirms an earliecr reportby Gastuche et ale.
“r

(1963). Thesc observaticns are difficult to reconcile with the

sorption mechanisms discussed above, which involved only H2PO4_ and
HPO42_ species. Hingston et 21. (1974), however, have implied the- -

B

sorption of PO4 s although no explsanation wos given.

The P adsorption envelope for goethite ( Pige 1.7.4 ) -
indicates that maximum P sorption occurs at a pH value lower than 2.5
where the dominant P species in solution.are H3PO4 and H2PO4-. The
conplete deprotonation of P species at this pH seems improbable because..
of the high pK , value of H;P0, ( 12.32; Butler, 1964 )e  Furtherrore,

34

if‘PO43— is the actual P species sorbed, the maximm P sorption, .or

at least an increase in P sorption would be-expected:closeAto,pKa3.

B

At this pli the mroportion of PO4 increases rapidly, -and if the
- arguments of Hingston gﬁ_g&,-(1970)-are accepted, the energy of de-
protonation of HPO42- is at a minimun, The adsorption envelope
( Figs 147+A ) however, indicates that P sorption decreases rapidly

above pH 11,

The observation that P043“ appears to be the form of F
sorbed, may be the result of the method used, In the preparation of
‘samples on vhich I.R. spectra werc determined ( Russell ¢t al., 1974 ),
a ring-step was involved, in some cases using temperatures as high
as‘25000. Drying is khown to induce.structural changes at hydrous-
oxide surfaces ( Onoda and de Bruyn, 1966 ), and is illustrated by the
differences in pH ( p.z.c. ) of dried and undried samples ( Parks,
1968 ). It is possible that similar changes in surface.structure
could account for thec observation that PO43“ appears to be the form
of P sorbed. . Thc translocation of protons at the surface, subsequent
to P sorption, could also cxplain the apparent sorption of PO4 N
The P sorption mechanism, per se, would, however, still be controlled

by protonated species and the charge at the surface.
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The discugsion above suggests thnt dircet sorption of
P043- is unlikely. Consequently, an cvaluntion of the P sorption
mechanism will probably he facilitated by considerstion of the
amounts of H, PO,  ~nd HPO e specics in solution, a~nd the distribution

2774 4

of charge at the sorbing surface, for various pi vaolucs.
145 Interpretation of Sorption Dnta

The description and interpretation of P sorption in
quantitative terms iz an cssential mrt of an extension of the considerae
tions discussed above to more practical applications. A quantitative
description of P sorption is 2lso usceful in predicting and reinforcing
concepts concerning the nechanism of P sorption, and in cvaluating

the factors which influcnce the process,

The use of sorption isothcrms to describe P sorption has
becore common prnctise in rccent ycarse The meaning of sorption
isotherns and the transformation of sorption data into useful quantita-

tive forms is discusscd below,
1e5al The sorpiion isotherm

A sorption isotherm describes the rclationship, at con-
stant tempercturc, hetiween the amount of sorbate rctained by a sorbent
and that maintained in the phase contacting the sorbent. Sorption
isotherms werc originanlly developed to describe sorvtion in gas-solid
systems. Phosphate sorption, however, involves a liguid-solid systcm
and the extention of gns sorption thcory to solutec sorption from

aqueous systens requires ewluation,

Giles et al. (1960) have described and classified tho
isothern types which may be expected for solute sorption ( Fige 1.8.4 ).
Type=S reprcsents a strong internolccular attraction between sorbed
specics, whercas type=C rcepresents a constant partition of sorbato
between the sorbent and solution., Type=L ( Langmuir type ) is the
nost commonly-occurring isothern type in liquid-—solid systems and
assumes a limit to sorption upon the completion of a monolayer of
sorbate species at the surface. When e high affinity exists between

sorbate and gorbent, isotherms of type«H are characteristic.
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Sorption isotherms for P arce determined for soils and
s0il componcnts by moking various additions of P to a suspension of
known solid:solution ratio,  After shaking for o suitable period of
time, dependings on the objectives of the experiment, the amount of P
renaining in solution and that sorbed is deterrmined independently
( Hsu amd Rennic, 1962; Muljadi et al., 1966 = In many cascs,
however, ~nd cxclusively for soils, the diffcrence between the initial
and final solution P concentrations is used as a neasurc of the amount
of P sorbed. Although this proccdurc is not as rigorous as-the
scparate determinntion of the nmounts sorbed and in solution, satise
factory rosults are cbtained, Purthermnorc, Kipling, (1965) and Giles
(1970) hove suggested, fron thecorctical considerations, thot the diffe-

crence procedurc is valid for aqueous systens,

Sorption isotherms for P have been determined for soils
with a varicty of thcoretical nnd practicnl objectives in view ( O1sen
and Watmnabe, 1957; Shapiro and Pried, 19593 Hsu, 1964; Woodruff
and Kanprathi, 1965; Taylor ~nd Kunishi, 19713 Syers et ale, 1973 b )e
Isotherms typical of thosc obtained ara presented in Fige 186836
The isotherms arc generally of the Ietype with 2 greater or lesser
degrec of H~typc character, suggesting o vorinble degree of high
affinity interaoction between P and the =soils, Similar isotherms with
generally a grecter anount of H-type character ( Fige 1.8.C ) have been
obtained for P-sorption by various soil components ( Bache, 19643
Muljrdi ¢t 2ley 19663 Chen et al. 19733 Brecuwsr and Lyklera 1973 )e
It is possible that the iscthern type reflects the nechanism, or mechanisns,

involved in P sorption, as will be &iscussed below.

The valuc of sorption isctherns in providing a direct
cvaluation of the degree ond cxtent of P sorption at various solution -
P concentrations is irmediately apparent, This rclationship, however,
is conplicated by non=rcversibility, if desorption is also considercd.
The sorption isotherm alse provides a basis for the evaluation of
numcrous other parameters, including sorption maximn, and rclative
valucs for free cnergy and cntropy of the sorption recactione. If
kinetic data arc obtained, the activation cnergy of the sorption
rcaction my also be deternined, Sorc of these paramcters have been
determined for P sorption by soils and soil conmponents ( Olsen and

Watanabe, 1957; TFried and Shapiro, 19593 dc Hnan 19653 Kuo and
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Lotse 1974 2, b ), and are particularly useful in cvaluating the P

sorption nechanisn,

To obtain this informntion, however, it is frequently
nccessary to transform sorption data, and test its fit to cquations
developed to describe sorption. The cquations most frequently used
to describe P sorption arc the Froundlich and Iangmuir equationse
The latter equation is particularly uscful becouse it is developed
from a physico-cheriical model involving a sorption naxirum at monolayer

covernge.
1.542 The Freundlich equation*

Barly work on the sorption of gascs by various solids and
of dissolved organics by chorcoal, suggested that sorption data could

usually be described by on cequation of the form

/2 (nei ) (1.9)

*r = Ac

where, in the case of solute sorption, x = thc amount of sorbate rcmoved
fron solution per wunit wcight of sorbent, ¢ = the solution concentra-
tion - maintained, and A and n nre congstants. Exprcssed in logorithriic
forn, sorption data conforning to equation (1,9) will fit at least one

linecar relationship of slope %

The logarithnic form of cquation (1.9) was the first to-be
uscd to describe the retention of P by soils ( Russell and Prescott,
1916 ) and conformity of their datn to the cquation was taken as one
of the first indications that P retention involved an sorption reactione
The conformity of dnta to a sorption isotherm eguation, however, should
not be taken as incontrovertible proof of a. sorption rcaction, as will
be discussed latecre The Frcundlich cquation has since been used in
several studics of P sorption by both soils and =30il componcnts
( Xurtz ct al., 1946; Low and Black, 19503 Xuo and Lotsc, 1974 a, b ).

The form of the Freundlich equation appears to be purely
empirical, Henry ( 1922, quoted by Kipling, 1965 ) has shown that-

for dilute solutions the torm'% can be given thernodynamic identity, if

*¥Not developed by Frcundlich but-used extensively by him in early

adsorption work ( Giles, 1970 ).



45

nonoclayer sorption is assuncd. The value of n was shown to be rclated
to the difTerence betiween the free energy of the "elean" surface and

thnt when o conplete nonolzyer wns formed,. The value, n is 2lso related
to the sorption nozirmnie This trentnent, howevcr, applics only to

dilutc solutions,

Kitchener (1965) has peinted cut thot becouse the
"rcundlich cquation frequently describes sorption on such heterogencous
surfaces as that of charconl, it is particularly suited to sorption at
a scrics of sorntion sites of diffcrent corption cnergicse A logas-
rithnic plot of scrption datn, however, should respond to cny significnnt
chammge in the dominant sorption sitc or mechnnisne A brealc in the
slopc of an otherwisc linear Freoundlieh relationship wos obtained at a
solution P concentration of 2 jg P/nl, for P sorption by several
I1linois soils ( Kurtz ct nls, 1947 ).  Although no explan~tion was
given, o distinct change in the donin~nt sorption sitc or nechanisn

is inplicd.

Because it is diffieult to zive quontitative identity to
the constants in cquation (1.9), the Prcundlich equation-is now little
uscd to describe P sorption by soils and scil coriponentsae

1e5e3 The Langrmir equntion

e Ne5eeil Derivation and. test Lorvdatal £Ht. The fact that

P scrption by soils rnd scil components frequently conforns to the
Lengrmir equation, has given risc to the cxtensive use ef this cquation
to describe and interpret P sorption data ( Cole ¢t al., 19533 Olsen
and Watannobe, 19573 Shapiro and Fried, 19593 Rennic and MCKercher;
Hsu and Remnic, 1962; Muljedi ct al., 19€63 Sycrs ct-ale., 1973 b
Schwortmnnn and Knittel, 1973; Holford ot al., 1974 ). Because

the Langmuir cquation was originally developed for gas adsorption, its
widespread use in the soils liternture to describe P sorption requires

further discussion,

Langmir (1918) visunlised sorption as a dynanic process
in which the surface forces were assuried to operate over a sheort range
and internolcculrr forces between sorbed nolecules were small, These
agsunptions inply that only those moleccules which strike unoccupicd

sorption sitcs cnn be sorbed, whercas those which strike occupiced
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sites arce reflccted hack into the bathinz phase ( gas or solution
depending on the situntion under considerntion ). Conscquently,

o linitin: condition of monol~ycr sorption is inposcd.

For solute sorption, the rnte of sorption per unit ~rea

( Rq ) can be c¥prosscd ¢

R = c (1-0)o “F/rm, (1.10)

wherc @ is the fruction of tho surface covered with sorbed nolcculcs, o
is the concentrntion which is proportionnl o the number of nolccules
striking the surfacc per unit time and arcn, -nd e_E RT is an activa-
tion term representing the ratio of collisions resul ting in sorption
to the totnl nunmber of collisions, E being the activation cnergy of

gorption rcoction.,

The nunber of nolcculcs (v) desorbing fron the surface

per unit tine and arca, is given by ¢

v o= j e_E /ﬁT ‘ (1.41)

~E/

,
where ¢ RT is an sactivation ternm for desorption, E is the activation
encrgy of desorption, ard j is o constant depending on termperaturc,

The rate of dusorption (R ) rinyy therefore bhe written @

Ry = 3o /r (1.12)

At cquilibriun the rotes of sorntion and desorption are

equal, and cquations (1,10) and (1.12) oy be equated @

c(1-9) e‘E/RT = i@ i /RT (1.13)

Becausc the heat of the sorntion rcaction (AIH ) is given
by =
¢
Al = E-E (114)

and rust be negntive for sorption to occur, cquation (1.13) my be
sinplificd
c = J e aTi/RT Q (1415)
1-@

For a constnnt tempernture, & H my be assumed to bo
constant ( i.c. independent of surface coverage )s The froctionnl
surface OCoverase (O) noy be represented by x/b, where x is the amount

sorbed per unit area ( or weight ) and b is the sorption naxirmn,
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cquivalent to a couplete nonolnyer, Equation (1.15) can now be

written in the forn :

c = z/b (1.16)

K ( 1=x/b )

RS H/RT

wvherc K = T/j e Rearrangenent of cquation (1.16) gives

the typical forn of the Langmir equation s

x = bKe (117)
1 + Ke

Equation (1.17) 17y be cxpressed in several linear forns ( see cquations
(1.18) (1.19) 2and (1.20) below ). Confornity of sorption data to one
of these equations however, does not constitute undisputable proof

that the sorption reaction under consideration cofferns to the nodel

on which the Langruir cquntion is basca. Additionn~l infornation is
required ( Bruntuer ¢t al., 1966 )e  For cxorple, the values of b

and ¥ should be consistent with the assued mechanisn,  Furthernere,
beenuse the velue of b depends on the surface arer of the sorbent,

it should be possible to estirnnte its value from theoreticnl considera-—
tiongs, Chenigorption, however, depends not only on the surface area
but alsc on the number of active sites avniloble on 2 particular come

ponent.

In the case of P sorption, the rclationship between the
surface area and the number of sorption sites on a particular sorbent
iy not be as direcct as at first assunecd. This is illustrated by P
sorption at the cdge faces of crystalline alumdinosilicntes and tho
possibility of an absorption recaction. Nevertheless, the amount of P
sorbed by soil components at solution P concentrations of approxinntely
3 yg/ul ( Table 1.2 ), suggests that P sorpticn, nnd probably b valucs,
arc in proportion to the rclative number of sites that may be predicted
for cach cciaponent, based on structural and pH considerationse. Coi
parison of the size of the phosphnite group to the apparent area
occupied- by each sorbed group ( Muljadi et al., 1966; Chen ct al.,
1973 b ), however, may not be valid, because the naturc of pnclding
at the surface is not known. TFurthernorc, the inmplication of a
"porous" surface ( Lyklema, 1968 ) precludes o sinple comparison

between surfacc arca and b values for P sorption,.
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As will be discussed later, few relidblo estimates of K
valucs for P sorption arc available, This fact and the confusion that
still surrounds thc cxoct P sorption nmechonism, prevents conparative

assegsnent of K values,

TeHe Tl The vnlidity of applyings the Langruir equation

to P sorption, The ~pplicoticn of the Imngnuir cquation to P sorption

by soils ~nd soil comfononts h~s frequently been-criticised ( Hsu ornd -
Rennie, 19623 Gunary, 19703 Boche and Willians, 19713 Kuo and Lotsc,
1974 a, b )e Criticisn hns usunlly teen based on an apparcntly

poor fit of P sorption datn to the Inngruir cquation. It has usually
been inplied that P sorption is not anencble to the rigorous conditions
inplicit in the derivntion of the cquation ( Gunory, 1970 )e The
constancy of AH, at constant tenperaturce, with surface cowverage

has also-been questioned in the casc cf P sorption ( Bache and
Willians, 1971; Kuo cnd Lotse, 1974 2, b ). Brecuwsm and Lyklena
(1973) also poihted out thot poorly-definced sorption maxima, frequently
inplied by P sorption isotherms, docs not conply with the nonolayer
assunptions It is probable, however, that the apparcntly poor fit of
P sorption date to the Langruir equotion, arises from insufficient

data ( Syers et 21., 1973 D ) or the assunption that only onc sorption

site or nechrnisn is involved.

The condition thet A K is independent of surface coverage,
inplies- that all sorption sites for o given P sorption mechanisn are
uniforn, and thnt no laternl interaction cccurs between sorbed specicse.
This condition appears rigoerous, cven for the scrption of gasese Most
surfaces arce heterogencous, ~nd at low concentrations, sorption tnkes
place at sites having the highest affinity or sorption energy ( Brun—
auer, 1961 ), Conscquently, ~ plot of & H against fractional suxrw—
face coverage ( @ ) will be o decreasing functione Loteral inter-
action between sorbed species, however, increases the heat of sorptien,
giving an increcasing function for o plot of & H against @ ( Brunauer,
1961; Adanson, 1967 )e These opposing interactions nay be cexpected
to produce o A H value vhich is approximately constant, and con-
fornity to the Langruir cequation is shown for n greater nunmber of

situations than my 2t first scen likely ( Rruncuer, 1961 ).
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For solutc sorption, ~nnd cspecinlly when o chenisorntion

t al., 1966 ), the conditions impos—

£t

reaction is involved ( Brunnucr
cd by the Longruir cqueation may be nore adequately sntisficd than for
gns sorption.s A chenisorntion reaction involves dircet chenical
internction at sorption sitese This approxinntes chenical bond
fornntion, =~nd a nernr unifornm hent of scrpticn mny be expected.
Furtherrnore, becrusc the surfrce is bhathed in solvent, interaction
between sorbed sjcecics will be relatively wenk ( Giles, 1970 )e
Surface hceterogencity will also be relatively less important in
cheniscrption reactions, cspecinlly when o stronz intcrmction is

involved between sorbent and sorbate.

The P sorption nechhnisns discussed previously seon -
particularly suited to Longrmuir interpretation. For ~ given pH,
there is o finite nuwaber of sorption sites of ~ prrticular type at
the hydrous-oxide surfacce Also, becnusce the rechanisir involves
ligand cxchange with surface grecups, scrption in excess of ronolayer
sorption is precluded. The valuc of A Il will also be constant be—
chuse 211 proposed rechaonisns have involved a chenisorption reaction,
The hydrated surfoace and the affinity of P species for Fe and Al,
will ninirmise laternl interaction. Conscequently, T sorpticn by
soils, ~nd perticulcrly by soil conponcnts, noy anproach ideal Longruir

behaviour,
1504 P sorption and desorption isothermns

Te5e4el Application of the Inngmuir cequation to P sorption

Al though the Longnuir  cquation assumes an equilibriun condition, rany
studies of P sorption, particularly those involviny soils, have not
rict this conditione Neovertheless, for the studies discussed, the
lack of attention given to the cquilibriun condition does not appear

to affect the goneral conclusions that may be drawm fron thene

For the reasons discussed in the previous scction, the
Langmir equation is particularly suited to describe P sorption by
soils and soil conponentse. In order to cvmlunte the constants re—
lating to the sorption maximun (b) and the sorption encrgy (K),

equation (1.17) ny be rearranged to give three linecar forns
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g = B 4] (1.18)
bic b Xb

(v = slone s M= slope/intorcopt )
b = IS - Z (1-19)

Ke

(v = interceptyi = = slope -1 )
1 0= 1. + 1 (1.20)
X Kbe b

(b = in‘corcoptm1 i = intcrcopt/slopo )

Bnch cquntion - has advantages for particular concentration
ranges. Baqu~tion (1.18)5 he nost cormonly uzcd forn, accommodntes a
concentration ronge of approrimntely two orderz of magnitude, whereos
cquation (1.19) is norec suited o 2 concentration range of less than
two orders of mgnitude. Boeause of its reciprocal nature, cquation
(1.20) is suited to only o narrow concentraiion ronge, usually less
than onc order of mornitude, 2nd ig parcicularly scrsitive to changes

in the value of K,

Ferly anplicatiens of the Lengnuir cquation to P sorption
by soils and soil componeats ( 0lzon and Watannbe, 1957; Rennic and
McKercher, 19593 Hsu and Rennic, 1962 ) geonernlly covered o high P
concentration ronse, These ctudices suggested thet althouzh T sorption
was described by the Longruir cquatvion cver nost of the concentration
range, devintions from a lincar rclationship cecurred 1t solution P
concentrations in excess of approxirntely 15 g T/rl. The studies
of Shapirc ~nd Fricd (1959) using coils, and de Hacn (1965) using
various nluninocilicntes, suggested a curvilinenr relntionship when P
sorption datn were plotted nccerdirg to the Longrwuir equations It
was shown, however,: thnt the relationship could be transformed into
two lincar portions, although an cxplonntion of the diffcrent K and
b valucs, obtnined over different solution P concentration ranges, was
not given.

In ~ study of F sorption by k~oliniic, gibbsite, ard
pseudobochrite, Milj~di ¢t al. (1966), using an inspection nethod
suggested by Bache (1964), concluded that P sorption isotherms cculd
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be split into three distinct portions or "regions" ( I, II, and III )
corresponding to distinct solution P concentration ranges. Region I -
corresponded to <3.1 pg P/ml, region IT to between 3.1 and 31 pg P/ml,
and regien III to between 31 2nd 3100 ps P/mle Region III was a linear
isothern, but the very high solution P concentrations suggest that
sorption n~y not be the dominant reaction, based on the work of- Russell
and Tow (1954) ond Chen ¢t al. (19732). Both regions I and IT, howe
ever, could be described by n Langruir equaticn. The sorption erergy
(K) for cach regicn however, was very sinilar, suzgesting that regions
I and IT could bc described by essentially the sane isotherm if the

b values for cach region werc swoned.

The similarity in K values obtained by Muljadi et ale
(1966) suggests that isothern differentiation by inspection is not
satisfactory. This approach has becn criticised by Syers et al.
(1973 b )s To o large extent, the nmethod depends on the secale
adopted for pletting the x-c isothern. It should be noted, however,
that the K valucs obtained by Muljadi ct 2l. (1966) were not only
conparable between regions I and I1 , but also between the different

sorbents used,

Data sinilar to that prescented by Mufadi ct ole. (1966)
have recently been reported by Chen et al. (1973 b) for kaolinite
and X-aluninn, and by K~rin et al.- (1973) for soils. Covering a
sonewhat lower concentration range, Chen ct al. (1973 b) suggested
that region I noy be compesed of two Langmmir relationships, again

cnphasising the limitation of the inspection technique.

Sycrs ct al. (1973 b) usced equn~tions (1018) and (1.19)
to evaluate P sorption by three contrasting Brazilian soils over
the solution P concentration range of O to approximately'14‘yg P/m1¢
This range correspords to region I and part of region II as defined
by Muljadi et al. (1966). Syers et 2l. (1973 b) denonstrated that
the langmuir equation itself, and the two lincar relationships
given by the expcrinmental data, could be used to differentiate
regions of apparcently different sorption cncrgics (Fig. 1.9).- The
"breaks" in the overall rclationship, fron one linear portion, or
region to the next, occurred at approximtely 2 ng P/ul for the
soils used. After correction, which partially clininated the
effects of one sorption region on the Langmuir constants obtained

for the other, cach region could be represented by a distinct
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Longmuir cequations  Very sinmilar results have recently been rcported
by Holford.gj'g;.(1974) for P sorption by DBnglish and Australian

soils,

Por 2 7iven region, the X values obtained by both Syers
et al, (1973 b) and olford et 21, (1974) werc ccrporable  This is
porticularly true in the cnse of the sccond sorption region corrcg—
ponding to solution P concentrantions greater than approximately 2 pg/ml.
Purthernorc, the K values obtained for the sccond region arc of o
sinilar order of mignitude to those obtnined by Muljadi ct als (1966)
over an cquivalent concentration range for P sorption by the aluwminous

conponents discussed previouslye.

The possibility of o~ third Langmuir rclationship correspoid-—
ing to very low P concentrntions has also been suggested by Sycrs et
2l. (1973 b) ~nd Chen ct al. (1973 b) for soils and ~luiinous scil
cortponents, respectively. This wns supported by  Schwertnann and
Xnittel (1973), wvho rcported the cxistence of tweo, or possibly threes
Lengnuir sorption rcgicns below solution-F ccncentrations of 3 yg/nl,

for P secrption by scvernl Bavarinn scils,

TeDedra2 Implications of multiple Langnuir rclationships.

The studics discussed nbove arc in accerd with the fact that P sorption
isotherns arc usunlly cof » rixed H-, L-typc ( Pir. 1.8 )e An-illustra-
tion of the dependence of isotherm type on sorption cnergy (K); has
heen given by de Bocr (1953) « Isotherms A, B, C and D ( Pige 1410 )
2 -1

y 10 ', and

1OO respectively- ( 211 relative units )c These isotherns arc perfect

are dravn for sorbents with uniforn K values of 10—3, 10

I~type isotherns, cach described by a single Lansmmir ceuationa Iso~
therns E and F ( Fig. 1.10 ), however, rcpresent sorption at a surface
with two types of sorption sites or K values, Isothern E assunes &

heterogencous surface for which the K has o valuc of 10“1 over 10% of

3

the surfoce but only 10 ° over the renninder. Isothern F assunecs a
X valuc of 1O~1 over half the surface and 2 K value of 10'"3 over tho -
other half, Isotherns E and F, which arc nizxed H-., I~type isothcrns,
arc typicel of P sorption isotherns ( Fig. 1.8 ). Sirilnar isotherns
would be obtained by assuning three distincet K values, although the

H=~type character would be accentuated.

The difference between the arguments of de Boer (1953)

and Brumruer et al. (1966), discusscd previously, with respcct to
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surface hetcrogeneity is that de Boer (1953%) assumes homogeneity
within the overall heterogeneous character of the surface. The
considerations of Brunauer et al. (1966) can be taken to apply to a
group of sites of distinet X values rather than to the surface 2s a

whole,

Bacouse P covption is described by at lecst iwo, and
possibly three, disgvincet Langmiir equavions, the gome nunker of dis—
tinct populotions of sorption sites is inplied, Fall ovalwticn of
P sorption by the Lengmuir equatiorn requirss, therzfore, wect for
data fit over the com.’.cte solution P concentration rarsge o the X—=C
isothern, starting as clogse as is experimentally easible, to the
origine Ermohasis at the very lowest P concentrations io essential
if sorption sites of the highest X value arc to be detrected. This
is necessary hecause cach experimentally determin~d pecint on tho
isotherm, rewvresents the sun of P sorption within cach population of
sites for the obscrved solution P concentration. List e attention
has been given to the low ( 0-0.C5 poles }V&L ) concentratior rengz of
P scrption isotheris in the studics discusce2d above, This is the
concentration ran~2 of particular relavance to the soil soluticon of

mony sdilisa

O
o
®]
5
H
=]
3
c
[}
H

A detniled i=othern s nleo recuired kecaune

-

relationship iz only choomved over a linitvad concezntroation range

' - - e . v N . - ~ .
( Syers et al.e, 1973 by MHoiford ef 2l., 1973 )o The lack of experi-

)

nental detail, rarticulnrly cver tin cylution P concentration range

of O to 1 pg/ml, acccunts fox the Jast that som» wrkere have obtained

curvilinear rolaticnships when the Langiuwis eqution vnas applied to

P sorntion dat ( Guaary, 19703 Bache and Willlions, 197% ). This

has led to the criticisn of the ILangrmir equation, as applied o P
< 2

sorption, discusged previously.

~

The excct origin of the deviatinng of P scrption data
from a single Longrmir ralationship, remnins obscure. Iful jadi et.
al. (1966) hove attributed P scrption over the solution P concentra-
tion range of O to %1 g P/ml to sorption at adjacent surface O -
groups. The tasiz of this interpretation is questicnable, hnwever,
because of the method by whicil the sorption regions were differcntiated.
Syers ¢t al. (1973 b), suggested that distinet sorption mechanisms,

probably involvins different scil components, may explain deviations
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fron o single Langrmir equation. A similar explamtion has been

given by Tolford et 2l. (1974).

At present 1o experimental data are available to explain

the deviations of P sorption datn from a single Langrmir equation.

previously, suggest, however, that the distinct populctions of sorption
sites, implied by different K values, may in fact represent distinct
sorption mechnnisns at the sane surface. The effects of non=equilibrium
and limited experimentol datn, particularly at low solution P concentra-
tions, leaves the interwretation and implications of this effect, open

toquestione

1e54¢4e3 The_nature and implications of F desorption

isotherns. Desorption ( or release ) of sorbed P ray be evaluated
subsequent to o sorntion step by veplacement of the equilibrium solution
with a washing solution of cqunl ionic streangth and pll, but containing
no P ( Muljndi et al., 1966; Kofknfi ot al., 19673 Syers et ale;

19703 Hingston et al., 1974 )e Despite the case of conducting such an
expcrirent, and the importance of desorption in relation to the supply
of scil P to plants, desorption of sorbed P by soils and soil compon=

ents has reccived little attention.

The desorption of sorbed P is characte%?h:by a hysteresis
effect ( Muljadi et al., 1966; Hingston ot al., 1974 ).  lHysteresis
inplies that sorption is only partially reversibles that iz the iso-
thern obtained for the desorption step does not follow the same path
as that for the sorption step ( Adanmson, 1967 ). Desorption of P
by soils and soil components followe an isotherm representing larger
amounts of sorbed P for a given solution P concentration, than is
represented by the sorption isotherm. It should be noted, however,
that desorption hystercsis only occurs for desorption at constant pH
( Fuljadi ct al., 1966; Iingston et al., 1974 )» If the pH is in-
creased sufficiently, “he desorption isotherm hos been showm to
correspond to the P sorption isotherm obtained at the pH of the de—
sorption step ( Muljadi et al., 19663 Kafkafi and Bar-Yosef, 1969;
Brecuwsmn and Lyklemn, 1973 ).

Several attempts have been made to describe the
hysteresis effect of P sorption and desorption. Using aluminous

soil components, Muljadi et al. (1966) observed that above solution
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P concentr~tions of 3 pg/ml sorption was to sone extent reversible on
washing 2t conctant pH. P sorption at less than 3 ug/Jl however, - s
not reversible, It was suggested that during the desorntion stey,
sorbed P uwnderwent o phase change in which it became nmore tightly
bound to the surface, A more detriled study of the dewsorption

of P from kaolinite was reported by Knfkafi ct ol. (1967) from sur—
face saoturations corresponding to solution P concentrntions no greater
than 3 pg/ml. Over this concentrmtion ranse, sorption was found to
be largely irrceversible. Other data imwlied that the isotopic cx=
changeability of sorbed P decrcased during the desorntion step. To
sore extent this may have been an artefact of the method used, Kof-
kafi ¢t zl. (1967) sugsested tiint hystercsis nirose from a "fixation
process wvhereby sorbed P wag rcoriented at the surfnco, to cstablish

a2 stable, six-mecibered ring structure between D ( H"O4 ) and adjacent
surface sites ( Al ot the ecdge Tace of knolinite ). This mechanism
inplics thot for each P group Y"fixed', onc P group is rcleased, D=

sorption di:te do not seciz to support this prcdiction.

Hingston ct 21. (1974) cvaluated the desorption of
sorbed P fron ;ibbsite and goecthite, in terms of the change in surface
charge induced by the desorption nrocesse It wes noted that desorption
decreasced the negative charge of the curface, as measured by ion up—
tale, This-is in dircct contrast to gm carlicer acsunption of Hingston
ct al. (1967, 1968 b ) thnt an increase in the.negntive charge of tho

surface is requisite to desorption of sorbed P, by other anions.

Hingston ot al. (1974) have proposed thnt sorption is
reversible only if the change in surface charge per mole P sorbed or
desorbed is the somc for both the sorption cnd desorption steps. To
illustrate the non~roversibility of P gorption, it wns shown that the
change in charge per role of P desorbed was two to gix times grenter
than that during the sorption step. Thc greater change in eharge
during the desorption step, s compared to the sorption step, was
attributed *to preferential desorption of OH , or sorption of H+. No
pH data, however, were presented. This intorpretation of the de-
sorption mechanisn ( Tingston et al., 1974 ) is questionable because
it involves the agssumption that cach mole of P sorbed coatributes to
the negative cherge of the surfacc, The limitation of this condition

has been discussed previously.
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The preceding discussion suggests that o virtually comn=
plete lack of understrnding surrounds the necaning of P desorption iso—
therms and the desorntion pechanisn, A more quantitative evaluation
of the sorption ncechanism is required before the desorption nmechanisn
can be cxploined, The desorption of sorbed F, however, nay not be
fully explained, even wheon o desorption ieehanisn is formulated, The
effect of phrnsc changes { Tuljadi ot nl., 1966; pmfkafi el Bl., 1967;
Chen ¢t al., 1973 a2 ) end the possible ahsorpiion of T ( Sholten, 19653
Evans and Sycrs, 1971 ) ney nlso be of importance in cxplaining the

non=rcversibility of T sorption.
146 General Conclusions end Research Heeds

Al thoush the nature and inplicntions of the work: revicued
in the preceeding scctions have bhecn discussed in sore detnil, an
overvicew of the norc snlicnt points is v.luablcee This is particularly

truc with respect to on cvaluation of rescarch nceds.

The tine dependence of P sorntion has received little
attention in nuchk of the work discussed in this review, ond the gues—
tion of the pirecisc nnturce of the sorption renction ariscga Sone
cxperinental data ( Sholten, 16653 Evans and Sycrs 1971 ) and- the
pcrous double laver wmodel proposed by Lyiddlera (1968, 1971 a ), sugrest
that on absorption resction may be inportans in the overall sorption of
P, he inplicotions of this to other nspeets of P sorption, such as
desorption and igotopic cxchangeability of sorbed P, cannot be kmovm
until the occurrence of absorption is cstablished, It is also inport-
ant to know whetiier an absorption step con be distinguished from o true
adsorption rcaction, in teris of the nechanisns involved in P sorption.
Furthernore, tho influcnce of the time dependence cf P sorption on the
internretation of data obtained in both laboratory and field expori-

rnents is not knovm.

The Langrmir equation has been used increasingly in rccent
years to describe P scrption by soils and soil componentse. The use
of the Langrwir cquation has important implications to an cvaluation
of P sorption mcchanisms and possibly, to an estimntion of the case
with which plants ray obtain P fron soils after a fertilizer addition
( Bache and Willinns, 19713 Holford et al., 1974 ). A more complete

understanding of thc implications of the fit of P sorption data to
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the Langnuir cquation and the deviations from a single lincar rc-
lationship arc linited by the lack of quantitetive datas  Furthermorce,
failure to wrecognisc the inportoncce of an cquilibriun condition leaves
fuch of the interpretation of cexisting date open to question. L -
conplete cviluation of P sorption data usirg the Langrmuir cquntion,
will be facilitrted by cxperinentel data, obtoined for the cquilibriun

condition, covering in detail o wide solution P concentration roansc.

Recent develojpnents in an understanding of the P sorntion
necihaonisiy haove nlso becn stressed in this review.  Advances in this
dircction ~re represcnted by the increnscd awareness cf the inportance
of the propertics of the hydrous-—oxide surface to the P sorption
nechanisii,  Although the work of Hingston ct al. ( 1967, 1968 b, 1972
has defincd norce cle~rly the type of sorption recaction involved, wany
questions still surround the cxnct rechanisin and the precisc mture
( i.ce, degree of covalency ) of thc chenical bond formned between:- P
and the surface. Farthermnore, - identity of P sorption nechanisns,
developed using soil conponcants, with thosc which opcrnte for whole
soils, is &till required, The =cagsurcrnient of change in cotion exe—~
change capncity during P soration mey e voluable in this regard, as
well as in estnblishing n sound quentitotive basis for a P sorption
rnechonisri, I"ina1ly, o better understonding of the sorption nechanisn
would rovide n rmuch nore relinble basic for the interpretotion of P
sorption dnts and its applicotion to praectically—oricentated arcas of

intercst.

In subscquent Chapters, soe of the reserrch ~rens outlined
above arc investignted with o view to developing ~ better understanding
of the tvpe of rcaction, ~nd the mechrnisng involved in P sorption by
soils, Four soils hoving contrasting properties considered to be
inportant in P sorption arec used in ~11 the studics described to pro-
vide a norc rcliablc bagis for the extension of interpretstions to
other soils. T'or thesc goils, the extent ~d origin of the tine de=
pendence of P sorption arc investigoated and the nnture of tho reactions
involved ar: discusscd, The cffecte of tirec-—dependent P sorption on
the interpretation of the dath obtnined using contacting solutions of

differcent ionic composition arc also cvoluated, These cffects are
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investignted with a view to establishing rore rcliable experinental
conditions for usc in subscquent P sorption studies. 4 particularly
inportant objective in this regard ic thnt of develoning o mnethod by
which the cquilibriun P concentration con be cstinnted, Such an
cstimrte is required in the intcrnrctation of P gorption by soils
using the Langruir cquaticn,. The inplicntions of the interpretation
of P sorption using the Langimir ceuxtion to P sorption rechonisns are
also cv~lunted, based on the charge rclationships of P sorption as

deternined by cation uptrke,



CHAPTER 2
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SOILS AID SOTL PROPERTIES

2e1 Introduction

Vorious interprctotions concorning the reactions ond nechanisns
involved in the sorvtion of inorgonic phosphate (P) by soils, have
usu~lly becn bascd on dnta obtained with soils hoving rather sinilar
properticse Thesc interpretations hove frequently been extended to
cxplain P sorption by soils with very differcnt properticse Generally
applicable concepts of P sorption, howevor, should be basced on data
obtnined for soils which contrast in terms of propertics congidered
inportnnt in F sorption. Bv using contrasting soils, any diffcrences
in P sorntion characteristics, which nay be a reflection of recaction
tync and rechanisn, my be detectod, Morc importantly, ~ny inter-—
prctation of P sorption should have a nore sound foundnticn if based

on rcgsults which show siniloer potterns for widely=different soils.

In this study the propertics of four contrasting New Zealand
soils arc cvaluated. The properties arc discussed in rclation to the
ability of the soils to sorb added P fron solution, The suitability
of the soils for studics of various aspects of the reactions and mechan-

ismo involved in P sorption is also discussecd.
242 Mhterials and ilethods

Horizons of EBgnontv black loson (BC) developed from andesitic
tephra, Oknihau gravelly clay (B2) developed from olivine bhasalt,
Porirua fine sandy loar (B1) largely developed from greywacke—~derived
sands, and Waikakohi silt loan (BBCa) largely developed fron calcarcous
sandy rmudstonc, werc collected from the refercnce sites for these soils
( New Zeclend Soil Bureau, 1968 ). The soils werc air dried and

nnterial possing & 2 rm sicve was used for nll annlyses.

Soil pH was determnined using 1O~1M MaCl ~t o solution:soil
ratio of 40:1. Exchanseable C2 and Al werc deternined by four success—
ive washings of a 1-g sanple of soil in 2 50-rnl centrifuge tube with
1M KCl; Cn in solution wes deternined by flane cunission spectropnoto-
netry, and Al in solution by colorimetric analysis ( Rainwater and

Thatcher, 1960 )s Frec Fe oxides and hydrous oxides werc deterrined
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by extraction with citrate—dithionite-bicarbonnte (CDB) ~nd colori-
netric analysis ( Jackson, 1956 ); Al cxtrocted by the CDB reagent
was also dotermined following destruction of ci trate by cvoporation

with HNOH,S0, ~nd ignition ot 450°C,  Shorterange order Fe and Al

conponents worg deternined by oxtraction with acid ammoniun ozxnlato

( willioms ct ale., 1971 ) snd colorirctric analysis ( Rainweter and
Thatcher, 1960 )e An estimte of crystallinc Fe was obtrined by sub-
tracting short—range ordcr Fe fron CDB=Fc, Water-dispersable clay
was scparated by centrifugation and decantation ( Jackson, 1956 )
following dispersion of 8 g of soil in 6@ rl of distilled water for

16 hr-on an cnd—over—cend shokere Surface arca was deternined using

a BeE,Te apparatuse.

Sorption of inorganic P in this and subscquent studies
wns cvalurted by variations of the sare basic rethode Onc=zran
sanples of soil were shaken with 40 ml of 10—1M aCl, containing an
appropriate amount of P, in 50-rnl polycarhonate centrifuge tubes ( 0ak
Ridge-type ) on an cnd-over—end chaker at 230C for specified tinme
periods, Bach systen also contnined 40 pg HgCl2/ml to nininise
pogsible nicrobicl activity ( Envirommental Trotection Agency, 1971 ).
After shnking, the suspensions were countrifuged at 10,000 rpn at 2300
for 5 min, and the supernmatant solutions werc pnssed through a 0.45 pn
IHlliporc filter. An aliquot wasg trken for the determination of dis—-
solved inorganic P. The amount of P sorbed was calculated as the
differcence between P added ~and P-in solution after shaking, The

source of added P in all studics, cxcept wherc specificd, was KH2PO4.

The nethod of Murphy and Riley (1962) was used, except
where specificd, for the determination of dissolved inorganic P in
all coxtracts and absorbance was neasured at 712 nn using a Unican SF

1800B spectrophotonecter,
253 Results and Discussion

The four soils werce sclected according to characteristics
known to be of potential inportance in P sorption, In this way it
was possible to evaluate P sorption in relation to-soil conponents
and prepcerties. These choracteristices include pH, cexchangeable Ca-
and A1, CaCOgz, crystalline Fo ( CDB-Fe minus short-range order Fe ),
CDB~Al, shorterange order Fe and Al, total and water-dispersable



clay, and surfacc arceo; volues for these parameters arc given inm
Table 2,1.

So0il pH incrcased fron 4.4 for Poriruan and-Oknihnu soils
to 8.1 for the calcarcous ( 27% CO_CO3

chnngeable Al ronged from Q nmoles/100g in Wnilkakahi soil to 1.03

) Woilkckahi soil, whercns cx—

rroles/100g in Bgnont soils, Egriont scil, developed from nndesitie
tephrn, contained the largest amount ( 133 nroles/100g ) of short=range
order Al ( allophanc® ) whercas Porirua and Waiknkahi soils contained
less thon 6 nuolos/100g and Oknihou soil contnined an intermediate
anount ( 18 mnoles/100z ) of this component. It appears that 11 KC1,
usced to miove eoxchangeable il, cxtracts some non=cxchongeable L1 fron
the ~llophonic Bgnont soile Okanihru so0il contnined nn apprcciablo
anount ( 1%9 nmolos/100g ) of crystallinc Tc. With the cexception of
Egnont soil, o greater amount of Al was extracted by the CDB reogent
than by acid armoniuirr oxalatcs The high value of 124 mmolos/100g for
CDB=/1 in Okrihou soil suggests that an apprecinble anount of £1 is
substituted in the crystalline Fe comnponents of this soil or th~t sorne
of the gibhsite present is cextracted by the CDB rcagent. Horrish and
Taylor (1961) noted thot increasing substitution of Al for- e ( up to
304 ) in soil rocthite linits the size of the crystallites, suggzesting
a possible incrcoasc in P scrption by such raterial,

L M InCl

Isotherns for the sorption of ndded P from 10
( Fige. 21 ) indicate that the four soils differed appreciably in their
ability to sorb P during 40 hr, over a final P concentration range of
0 to approxinntely 10 Jrrzs P/nl. The amounts of P sorbed at o final P
concentrntion of 9 pg P/ml varied fron approximmtely 3350 pis P/g to
230 ng P/ﬁ for Egnont and Waikokahi soils, rcspectivelye Diffcrences
in the anounts of P sorbed by the soils, for a given addition of D,
can be-cxplained on the basis of the widely differing soil charactecr—
istics, discussed previously ( Table 2.1 )e So0il conponents of nost
inportance in rclation to P sorption appear to-be short—range order Te
and Al, crystallince T'e, nnd CDB=ALl ( Table 241y Fige 241 ). he re=
lationshin of thesc and sinmilar soil conponents to the anounts of P
sorbed by soils have been studied by several workers ( Wiliiams ct al.,
19583 Saunders 19653 Syers et 2l., 1971 ) with rather sinilar con-

clusions being obtained to the oncs in the mresent study.

Although the ability of CaCO3 to sorb P is well established

2al., 1953 ), it is apparent that the CiCO, in Waikaknhi soil

( Colc ¢ 3

—



TABLE B.1 Some characteristics of the soils used

Soil Horizon Depth pH Exchangeable CaCo Crystalline CDB Short-range Clay Surface
order area
Ca Al Fe Al Fe Al Total Water
disper-
sable
, 2
(cm) (mmoles/100g) (%) (meples,/100g) — (B)* (%) (m~/g)
Egnont BC L4361 6.6 1.17 1.03 0 21.0 78 19.5 133 L1 0.7 52
black loam
Okaihau B2 23-4o L,7 0.00 eL57 0 139 124 Sie 18.0 31 3.5 64
gravelly clay
Porirua fino B1 20-33 4,7 0.40 0.72 0 7.3 10 3.3 5.6 15 8.5 9.2
sandy loan
Waikakahi B3Ca 41-56 8.1 n.d.t  0.00 27 17.6 8.0 L.3 4.6 n.d. 11 17.8
silt loam

* Data from New Zealand Soil Bureau (1968).

t not determined.
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FIG. 2.1 Isotherms for P sorption by s0ils during 40 hr from 10-1M NaCl
over a final P concentration range of O to 10 pil:s P/ml.

a = Egmont, b = Okaihau, ¢ = Porirua, d = Waikakahi.
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L

does not compenscate, in terns of P sorption, for the rather low

anounts of Fc and 4l componcnts in this soile Even though the ancunts

of Fc nnd L1 components in Weikaknhi soil arc sinilar to thosc in Pori-

rua soil, except for crystenlline Fe, the amount of P sorbed by Wailiakahi
goil is soncevhot less over the final P concentr-tion rong ( Tifse 241 ),
despite the presence of C..'w.CO3 ( Table 241 ). This is probably due to

the higher »H of W~ikakahi soil,

The dotna in Table 2,1 denonstrotce the contrasting proper—
ties of the goils selected for studices in this thesis. This is parti-
cularly the case for cheniecal and ninernlogical conposition in reln i on
to P sorption ( Fig. 2.1 )e The data suggest that the four soils
cover n very wide range of soil types, for which it is pogsible that
P sorption renctions ond ixechnnisng nay be cconsiderably differente
It is belicved thot the use of such contrasting soils to cvalunte the
reactions nnd nechoniens involved in P sorption will providec o nore
rcliable bhosis for the extension of interpretations to mnny other

soils,



CHAPTER 3
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EXTSNT AND ORIGIN OF TINE DEPENDENT PHOSFIATE
SORPTIOIT BY SOILS

el Introduction

The time dependence of the sorption of inorganic phosphate (p)
by soils and soil components has been denonstrated in numerous studies
( Turts et al., 19465 Rennie and HeKercker, 1959; Hsu, 1964; Chen
et als, 1973 2; Kuo nnd Lotse, 1974 2, b ). The noture, extent,
and origin of time dependent P sorption, however, have received little

attention,

Furthermorc, the effect of tine, as an experimental voriable
in P sorption studics, hns frequently been oveylooked in date inter-
pretations  Althouzh queontitrtive data on the tine dependence of P
sorption are limited, several attempts have heen mrde to explain this
phenorienon, These  include the slow transfer of P from Al—to Ye-bound
forns ( Hsu, 1964 ), incrensing interaction of éérbed P species with
incrensing surfoce snturation ( Tuo amd Iotse, 1974 o, b ) or the slow
crystollisation of sorbed P to form discrete~phase P corpounds ( Chen
et 2l., 1973 2 ).

The purpose of this study was to evalucte the rote and extent
of P sorption, measured as the change in sclution P concentration
with tine, in terms of the rate constonts involved. Based on a pro-
cedure for the fractionation of sorbed added P on explanation of the

time dependence of P sorption is proposed.
3.2 Ilhterinls and Methods

Air dried ¢ 2 mn sanples of horizons of BEgront, Okaihau,

Porirva and Wonikakahi soils were used in this study.

The time dependence of P sorption for one P addition to each
s0il was evaluated at time intervels of 0.017 ( 1 min ) to approximntely
190 hre The level of P added to each soil was chosen to give approxi-
mtely the sane solution P concentration at a time of approximately
190 hr. The additions were 3200, 2000, 500, and 250 pg P/g for
Bgmont, Okeaihau, Porirua, and Waikalcahi soils, respectively. The

approprinte amount of P was added in a 5=nl aliquot, at recorded
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times, after comnencing to shake 1-g sarples of each soil in 35 ml

of 1d"1M InCl containing 40 pg HgCl2/bl. Additions of P were made
at tines such ‘that, as shaking was continued, only the time of con=
toct between P ~nd soil varied. The totnl shalking tine for all
systens was approxirntely 190 hr.®¥ After this tire, the tubes were
centrifuged ond dissolved inorganic P was determined in the super—
natants. For the shortest tines of contact; soil ond solution
phases were scnarated directly by lMillipore filtration at 0.45 um.
The sorption of P from various additions of P to Porirus soil wos
also deternined by the same method for recorded contact times between

approxinntely 70 and 140 hr,

The isotopic exchangeability during 24 hr, and a fractiona-—
tion of added P sorbed by Okcihau and Porirue soils, from P additions
of 2000 and 500 pg/g, respectively, wos determined after P sorption
had continued for times betwecn 48 to 192 hr. For isotopic exchange-
ability studies 2.28 pCi carrier-free 32P was added to each system,

24 hr prior to the separction of soil and aqueous phases. Solution
32P concentration was deternmined by the following method. A 3=nl
aliquot wns added to 10 ml of Triton-toluene scintillation cocktail
in a vial, for counting in o Packard«TricorDb liguid scintillation
spectrometer, Blank agueous extracts of each soil were used for

31

quench correction. Solution 7 P concentration was also determnined,
Exchangeability of sorbed P was calculated, bosed on isotope dilution

theory.

After the appropriate sorption period, each system was
extracted in two successive, 16=h1" treatments with 40 ml of 0,1M NaOIll,
This was followed by extraction with citrate~dithioniteebicarbonate
(CDB) solution ot 750 (& ( Jackson, 1956 ) and subsequent extracstion
with 40 nl of 111 NeOH, Inorganic P in the O.1M and 1M NaOI extracts
was determined following neutralisation, by the usual procedure,

Inorganic P in CDB extracts was determined by the method described

*Particle breakdovn during long shaking periods was found to be unim- -
portant, After shalking sanples of each soil for between 1 and 7 days,
it wos found that, for a particular soil, the snme amount of P was
sorbed during o subsequent 24-hr P sorption step, regardless of the

length of the previous shaking period.
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by Weaver (1974). Te amounts of inorganic P extrocted by CDB reagent
and by 1M NaOH were sunned, Soils to which no P wns added were ex=-
tracted using the sare procedures, nnd data obtnined were used to

correct for native soil P,
363 Results
36301 Time dependence of P sorption

The sorption of added P, measured as the decrease in solue=
tion P concentration, as a function of time, is illustrated in Fige 31
by data for the (kaihau and Waikakahi soils with P additions: of 2000
and 250 pe/g, respectively. The relationships in Fig, 3.1 are typical
of those obteined for all the soils usede The relationship is character-
ised by an extrenely rapid decrease in solution P concentration ( Fig.
3.1eAel, 2nd 3.1+Be1 ), which over a period of < 0417 hr ( 10 min )
vas reduced to helf its initial value for the Okaihau soil.  After
the initially ropid decrease in solution P concentration, the rate
( tanzentinl slope of Fize 3.1 ) of removnl of P from solution decreased
considerably, Solution P concentration showed little tendency,
however, to attain nn equilibriun value, even at times up to 180 hr
( Fige 3elehe2 and 3.14Be2 ). BEquilibriunm at some time in excess of

180 hr, however, is implied by the overall shape of Fig. 3.1

The exponential choracter of the relationship in Fige. 3.1,
suggests that the chonge in solution P concentration with time, is
characterised by first—order reaction kinetics. First—order reactions
conforn to the equation :

g;g = «Kkc (3-1)
dt
where ¢ = solution P concentration at time t, and k = reaction-~rate

constant,

Conformity of the decrense in solution P concentration to
first=order reaction kinetics was evalunted using the integral form
of equation (3.1) :

log o = loga = Xkt (342)

—

« 203

where a = the initial solution P concentratione Although a single
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linear relationship was not obtained when dota were plotted in the
form of equation (3.2), six linear portions werc obtained for each
soil over the time interval O to 190 hr, This is illustrated by
data for Okaihou soil ( Fige 3.2 ) For each soil, each linear
portion of the scmi-log plot corresponded to approximately the same
time intervals as those indicated in - Fige. 3.2 for (kaihau soil.
These are approximtely O to 0,05 hr, 0,05 to 0.5 hr, 0.5 to 3 hr, 3
to 10 hr, 10 to GO hr, and > 60 hr for the six linear portions, re—

spectively,

T'ige 3e2 suggests that the decrease in solution P con-
centration is controlled by more than onc first-order reaction
( Amer et al.s 1955; Ulrich et al., 1962 )s At times in oxcess
of approximately 60 hr, however, thc decreasc in solution P concentra-
tion conforns to 2 single first—order recaction, which describes the

change in solution P concentrotion for times up to at least 190 hr.

The relationship in Fig. 3.2 may be resolved using the
nethod described by Ulrich et 21, (1962) ond Ii et 2l, (1972). This
is accomplished by extrapolating the terminal (sixth) rate rclationship
to zero tine ( dashed lince in Figz. 3¢24B ) subtracting the delogged
intercept value from preccceding values of solution P concentrotion, -
and replotting the corrected datn on secni-log scales ( Fige 3e3eA )
This mrocedurc is rcpeated until the experinentally defined solution
P concentration at zero tire is reached ( Fize 3.3.B and 3.3.C M
The fact that the corrccted extrapolated relationship covering the
tine interval O to 0,05 hr ( Fige 3634C ) intercepts the y axis
at the experimentally defined solution P concentration at zero tine,
increases the credibility of the resolution iwethod. The resolution
technique generntes four distinet firste~order relationshipse. These
are the extrapolnted rclationghip in Fig. 3.2.B and the three relation=
ships in Fiz. 363, 2nd are designated reactions 1 to 4, the rcaction

rate decreasing with increasing reaction number.

The -rate constants (k) for cach reaction ( k = =(slope) -
2.3033; Fige 3.2.B and 3.3 ) and for each soil are given in Table 3.1.
The striking feature of these data is the similarity of a particular
k value for cach soil, The nmastitun variation within corresponding k
values irrespective of the soil was less than three fold, whereas be-

twoon k valucs, differcnces ranged from ten to fifty fold ( Table 3.1 ).
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TABLE 3.1 Rate constants (k) for the four recactions describing
the decreasc in solution P concentration during P
sorption by four contrasting soils, and the tine in-
tervals over which oach renction is dorinont in over-
2ll P sorption.
Soil P added Rate constant (hr_1) and time interval (hr)
2 3 e
k‘ k‘ k‘
(ne/z) (0 - 0,05) (0405 = 2.0) (5.0 = 40) (>60)
Bgnont 3200 45,0 1.48 0,107 0.0049
Oknihau 2000 611 1,16 0,072 0,0055
Porirun 500 145 2.68 Oq127 0.0040
Wnikakahi 250 T8 2,09 0.121 0.0022




The sinilarity of corresponding k volues suggests that sinilar re—
actions, possibly involving similar nechanisns, arc responsible for
the sorption of P by cach soila, Mo mechanisn is inplicd, however,

by renction-rote data,

The rennrkaebly uniforn values of k?’at widely differcent
additions of P to Porirue soil ( Teble 3.2 ) indicate thrt the rew
action is sinilar for cach P additione. The P additions, ranging
fron 25 to 1600 yg/g; resulted in very large differences in solwbion P
concentration at 136 hr ( 0,005 to 2301‘Pg P/nl )o

34342 Fractionation of sorbed P

The data in Fiz. 3.4 for Okaihnu nnd Porirua soils indicnte
that although the nnount of ~ndded P sorbed increases with tine
( c.f. Fiz. Feleite2 and 3.1,Be2 ), the proportion vhich rcennins iso-—
topically exchangenble within 24 hr, shows o steady decrense between
48 and 192 hre Alnost identicel results werc obtained for both
Oknihnu and Porirua soils. At 48 hr, approximtely 50% of the added P
sorbed renained exchangeable, but this value decreased to apmroximtely
3% at 192 hre.

The decrease in anount of exchangeable P was concurrent
with changes in the anount of ndded P sorbed which was recovered in two
successive 0¢1M NaOl extroctions and a subsequent CDB extraction of the
soils, For the Okcihau soil ( Fige 3edeA ), the anount of NoOH=ecxtract-
able P ( FaOHI —P ) showed only a smnll increase with time which s not
connensurate with the increase in the anount of P sorbed. The ine
crease in CDB-extractable P ( CDB-P ) however, accounted for the observed
increase in P sorbed between 48 and 192 hre Surrnation of NaOH=P and
CDB-P ot each tine gave between 98 to 100% recovery of added P sorbed.

Changes in the amounts of MNaOH-P nnd CDB=P for Porirua
soil showed a slightly different pattern ( Fige 3.4.B )e  Between
48 and apmroxinetely 144 hr, the increase in NaOH=-P was cormparable
to the incrense in the ariount of P sorbed. Between 144 and 192 hr,
however, the anount of NaOH-P tended to becorie constant, and an increase,
connensurate with that for the anount of P sorbed, was observed for
CDB-P, Recovery of 95 to 100% of added P sorbed, was obtained.,
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TABLE 342 Valucs of the rate constant (kT) for the decrecase in
sclution P concentration 2t tines greater thon 60 hr

for various P additions to Porirun soil,

P Added k?

(pe/z) (nr™ ")
25 0.,0054
75 0,0064
250 0.0054
500 0,0040

1000 0.0046

1600 0.0054
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3edt Discussion
Feltel Extent nnd nnture of timc—dependent P sorption

Although the tiie dencendence of P sorption has frequently
been reported in the literature relating to P sorption, the extent and
significancce of this process does not appenr to have been apprecicted
fullye. This is because the change in the amount of P sorbed has
usunlly heen monitored with tine ( Olsen and Watanabe, 1957; Rennie
and McKercher, 1959 ). The date in Pig. 3¢1 nnd 3.4 suggest that
at times in cxcess of approximtely 20 hr, the anounts of P sorbed
increased by only o srnll percentage, relative to that already sorbed,.
For exanple, at 48 hr the amount of ndded P sorbed by Oknihou soil
( Fige 344eA ) is 1810 pg P/g, whereas at 192 hr, o vrlue of 1915 ng
P/g is ohtained, an increase of only 5 «8%. Over the sane tire period,
however, the solution P concentration decreases from 615 to 2425 pg
P/ml ( Fise 3.1.4.2 ), o change of 63-h%, This effect is even nore
significant when soluticn P concentrations fall below 1 hg TYﬁl. The
disparity between the relative chainge in solution P concentration and
the anount of P sorbed hns received little attention in the literature.
This obgervation points to the inmportance of obtaining on estinante of
the equilibriun conditione Although the relationship in Fige 3.1.462
and 3414Be2 appenrs to be approaching an asynmptote, an cestirnte of the
equilibriun P concentration cannot be rrde. The cffect of the tine
dependence of P sorption on wvarious aspccts of P sorption data inter—
pretation, is denonstrnted in subsequent chapters, where n nethod of

estirmmting equilibriun P concentrnticn is proposecd.

The confornity of P sorption data to first—order reaction
kinetics suggests that the kinctics of P sorpticn noy be rnore sinple
than has been assuned in previous studies ( Kuo and Lotse, 1974 2, b )e
Sorption of P by knolinite and ok =alwiina ( Chen et al., 1973 a ) has
also been shovm to conform to first-order reaction kinetics. The
pattern of decremse in solution P concentrotion with time reported
by Chen et 2l. (19732) was similar to thnt observed for soils in the
present study.

The similarity of rate constants for a particular tioe
intervnl ( Table 3.1 ) for all soils, implies that the same series

of rcactions, possibly involving the sare mechanisns, are involwved
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in P sorption by ench soil, despite their contrasting propertiese.

The rate constont ( 0,001 h171 ) obtained by Chen et al. (1973 &) for
P sorntion by o4 -aluninn nt 2500 at tines >» 24 hr is nlso conparable
to the k?’values obtained for soils at tines > 60 hr in this study.
A sorption reaction, sinilar to thnt for soils at tines » 60 hr, is

suggested,
Seltel Origin of timec—dependent sorption

The anounts of P sorbed by the four soils during the
first 0,083 hr (5 min) renged fron 28 to 48% of that added, or fron
37 to 49% of that sorbed at apmoximtely 180 hr. The extrerely -
repid decrease in solution P concentration over this time interwval,
probably represents a true adsorption renctione Such o reaction
possibly occurs at the nost reactive surfaces of soil componentse -
Siniler conclusions have been drawn by Rennie and McKereher (1959),
Hsu (1964), Chen ¢t 2l. (1973 a), Kuo anl Iotse (1974 a, b).

The decrensing rate of P sorption ( Fige 3.1 ) noy nlso
be predicted if it is nssunmed thnt P sorption continues by o true
adsorption reaction at sites of decrensing ndsorption cnergy ( Syers
ct.oly, 1973 b; Kuo and Lotse, 1974 2, b ). Less thoan approximtely
50% of added P sorbed, however, rciniins isotopically exchangeable
after 48 hre Furthernore, totnl rccevery of added P sorbed is not
attained by two extractions with 0.11 Na0H ( MHge 344 )e Consequently,
it secns highly unlikely that the decre~sec in solution P concentration,
between at least 48 ond apmroxinntely 180 hr, arises fron a truc ad—
sorption renction. Added P sorbed was also not rccovercd by one
extraction with 1M NaOH ( data not presented ). Virtually comnplete
recovery of added P sorbed wns attnined following extraction with CDB
reagent subscquent to the two 0. 1M MaOH extroctions, The fact that
two 0,1M NaOH cxtractions are oxpected to remove "surface hound" ,
or adsorbed P ( Willions et al., 1967 ) and- the CDB reagent solubilises
free Fe oxides and hydrous oxides ( Jackson, 1956 ), inplies the nove-

ment of surface adsorbed P into Fe retaining conponents,.

Based on the data in Fig, 3.4, it is proposed that the
time dependence of P sorption at tires in cxcess of, and probably very
ruch less than 48 hr, arises from the absorption, or diffusive pene-

tration of P intuv retaining components, followed by the regencration
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of surfacc adsorption sites. Consecquently if the initial first—order
renction ( Fige 3e3.C, Table 3.1 ) is assuned to represent truc ade
sorption, diffusive penetration of P into retaining conponents is
probably the rate liniting step in the rcaction described by the

rate constant k?’( Fige 3.2.B, Table 3.1 )

Although the distincticn between surface adsorbed or
non=~occluded P, ard ~bsorbed or occluded F, based on cxtraction with -
NnOE and CDB reagents ( Willians et &le, 1967 ) is sonewhat cnpirical,
it appears to provide 2 useful opcr~tionnl scpar~tion of adsorbed as
opposed to absorbed P, Given the-fret that OH may also be absorbed,
ond thercby desorb sore absorbed P, and the frct that NaOIl solubilises
sorx® Al conponents such as short-range order ~luninous components,
not all MNaOH-=F is strictly ~dsorbed P, Nevertheless, the tendency
for MNaOH=P to attain n constant value, and the cormensurate increase
in CDB~P when this condition is reached ( Pige 34 ), inplics that
added P sorbed consists of two distinct franctions. The difference
between the relative clhiinges in InOH=P and CDB=P for Okrihau and
Porirua soils ( Fige 3.4 ) probably roflects the soncvwhat enpirical
basis of the fractionttion proccdurc, amd the considerable differences
between these soils in terns of components of potential importance in
P sorption ( Table 2.1 ).

Previous workers ( Chen ct 2l., 1973; Tealibudeen, 1974 )
have indicnted that the slow decreasc in P concentration with tino
arises fron the slow formntion of discrcte P conpoundse Data obtained
in this study suggest this is not the casc,. Discrete Fe and Al phos—
phates would have becn dissoived in the MaOH extraction ( Chang and
Jackson, 1957 b ). Also,discrete Cn phosphates would not have been
recovered in cither extraction ( Willians et al., 1967 ), and would

have given risc to consistently low recoveries of added P sorbed.
3ede3 Inplications of an absorption rcaction

The data obtained in this study demonstrate the extent
of tirme dependent P sorption and provide a rationzl basis for explaine—
ing this effect., The inplications of the study to the interpretation

of other aspects of P sorption arc nuerous.

The concept of diffusive penetration, or absorption,

offers an explanation for the frequently reported cbservation that P
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sorption is & diffusion-controlled process even in well nixed systens

( Cloos gt 2le, 1968; Iuo and Lotse, 1974 2, b )s  The opparent
decrcase in the cxchnngenbility of sorbed P with increasing sorption
tine ( B FRdl ), and the dependence of cxchangeable P vnlucs on the
tine allowed for cxchonge ( Hehuliffe et al., 1947 Russell et al.,
19543 I1i et ole, 1970 ) ey nlso be cxplrined. The sinilnrity he—
tween the tiie dependence of P sorption ( this study ) and P cxchange

( 1i et Okey 1971 ) is ronarkable.  Furthermere, ~n absorption re-
action my also partially explain the hystcresis effcct during desorption
of sorbed P ( Syers ¢t nl., 1970, Hingston ct al., 1974 ), and the

rapid decrenses which frequently occur in the avnilability of fertilizer

P applicd to soils,

The deta, however, provide ne indicnation of whether
the mechonisr involved in the ahsorption reaction is distinet fron
that involved in adsorrtien. Turthernore, it is difficult to interprect
the neening of the two first-omler rcactions described by the rate
constants k?‘wnd k? betwreen the extrere recactions ( described by kz
and k?' which have been attributed to doninontly adsorption nnd ab—
sorption recoctions, respectively, It ig possible thot the overall
relationship ( Fige 3.2 ):reproscnts not only ~ shift fron an adsorption
to nn absorntion renction, but clso . norc thon one distinct P sorption
nechanisil,e The possibility thnt absorption is cquivnlent to adsorption

at "internnl surfaccs™ is discussed in subsequent chapterse
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CATION AND IONIC STREIGTH RELATIONSHIES
OF PHOSPIATE SORPTION BY SOILS

44, Origin of cation and ionic strength effects on phosphate

sorption by soils
4461 Introduction

One of the principle experinmental variables which has a con-
siderable effect on the results obtained in inorganic phosphate (P)
sorption studies with soils is the ionic composition, both species
and concentration, of the solution containing P which is placed in
contact with the soil during a P sorption experiment. This solution

is referred to as the support mediun.

-Although several support media have been used in P sorption
studies, the rationale for the choice has rarely been explained or
justified.  Schofield (1955) suggested the use of 10—2M CaCl2 in
conjunction with the expression of solution P concentration values
in terms of "phosphate potential" (‘%pCa + pH2PO4 ) on the basis
that cation cxchange is minimised by the use of calciun, and chloride
at this concentration has no gpecific replacing pover. This support
mediur: has been used subsecquently in numerous studies with varied
objectives ( White and Boeckett, 19G4; Ozanne and Shaw, 19673 Barrow,
1970; Gunary, 1970; Taylo} and Kunushis 1971 ), Other support media
have included XCl ( Mattson et al., 1950 ) and NaCl ( Syers gt al.,
1970 ) whilst many workers have used distilled water containing added
P and associated cations ( Shapiro and Fried. 1959; Rennie and lMcKercher,

19593 Isu, 1964; Woodruff and Kanprath, 1965 ).

Attenpts to quantify and explain support medium effects on P
sorption arising from different salt concentrations and cation-species
have relied upon concepts of solubility of phosphate compounds, believed
to form in soils ( Wild, 1950; Volkweiss et al., 1973 ) or the sorption
of P at a dominantly negatively charged surface ( Mattson ct al,,

19503 Barrow, 1972 ).

This study is concerned with an evaluation of support media
effects on P sorption by four contrasting unfertilised soils-and
presents data which enable rationalisation of ionic strength, cation,
and pH effects of the support media in terms of overriding kinetic

considerations,
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4Ae 2 Materials and Mcthods

Air dricd <« 2 mn samples of horizons of Egmont, Okoihau,
Porirun, and Waikakahi soils were uscd in this study.

4

The effccts of support nedia ( water; 107 M, 3 x 10™°M and
2

] e -
M NoCly; and 10 ™M, 10 BM, and 10 M Ca012 on P sorption were

evaluated using the basic method described previously ( Chapter 2)and

10”1

a shaking period of 40 hr. Because 211 the support media were
chloride saltg only the cation will be used to describe the medium.
Additions of P varied with the soil and the support mediun used, to
give a final P concentration range of O to approximately- 10 pg/ml.
The mxirun additions of P required were 5000, 3000, 900, and 750 re
P/g for Egnont, Okaihau, Porirua, and Waikakahi soils, respectively,
in the 1O~2M Ca systense. In addition to P concentration, Ca or Na
concentrations and pH werc icasured in all supernatants, Ca and M

being determined by flarie erission spectrophotonetry.

The anount of Ca sorbed during treatnent of Egmont, Okaihau,
and Porirus soils with solutions of 10-2& and 10—3M Ca in the abscnce
of added P, and that which was subsequently replaced by washing with
1M KC1 solution were also determined, Non—-replaccable Ca was cal=
culated fron the valucs for added Ca sorbed, rcplaccable Ca, and

native exchangeatvle Cae.

Bffects of pll on P sorption fron 102M Ca ~nd 10~ 1u Na,
over the pH range observed in initial experiments, were determined
for onc level of P addition-to Egrniont, Okaihau, and Porirua soilé;
these P additions were 3000, 1500, and 400 peg/g of soil, respectively.
Additions of P, based on P sorption isotherms obtained as described
above, were different for cach soil in order to obtain comparable
final (40-hr) P concentrations. The degired range in pH was obtained
by adjusting the pH of 35 nl of solution containing 1 g of soil,
over a period of several hours, using 0.01M NaOH or 0.,01M HNOB.
The P addition was made in a 5-1ml aliquot and the systens shaken for
40 hr,

Kinetic cffects of P sorption were deternined for each soil
at two additions of P in 10_4M and 10-2H Ca, and in 10-1M No, containe
ing 40 pg of HgCl2/ml in order to rinimise microbial activity., Addi=-
tions of P used were 750 and-2500 pg P/g for Egmont soil, 600" and-
1500 ng P/g for Okaihau soil, 100 and 700 ng P/g for Porirua soil,
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and 50 and 500 ug P/g for Waikalohi soil. The appropriate amount of

P was aded in 2 5-ml aliquot O, 1, 2, 3, and 4 days after cormencing to
shake 1-g sanples of cach soil in 35 nl of 2 given support mediune

Shaking was contimied for 40 hr. Conscquently, thce total tine of shaking
wos the same for cach system but the contact tire between soil and added

P ranged from approximately 40 to 144 hr, The supcrnatant solution of
all systeris was scparated after no nore than 144 hr o2nd dissolved in-

organic P decternined,
4Ae3 Results
AheBel Effect of support redia on P sorption

The conmposition oand concentration of the support media had
a marked cffect on P sorption by the four soils, as indicated by the
isotherns obtained with a 40=hr sheking period over both high ('Fig. 4e1-)
and low ( Fige 442 ) final P concentration ranges. For Egnont, Okaihau,
and Porirua soils, P sorption was the highest fron 10—2M Ca and the
lowcst fron watcr. At finnl P concentrations in cxcess of O.1 pg/ml,
the anounts of P gsorbed from 10-2M Co werce between 1.5 and 2,5 tinos
grcater then the amounts sorbed from water. At lower final P concentrae
tions, less thon O.f yg/ml ( Pige 442 ), differcnces between the iso-
theriw obtained using differcent support ncdia were lesse Isotherns for
P sorption from.10-3M'Ca and 10_1M, end 3 x 10-2M Ne by thesc threc soils
were sonewhat sinmilar, particularly ot low final P conccntrotions, and
plotted between the isotherig obtained with 10—4M and 10—2H Ca systcnse
Isotherns for Egnmont and Porirua soils using 1O~4M No were identical to

thosc obtained using wator.

The arrangcment of igotherns for the Waikakahi soil appears
to be somewhat different. It should bc noted, however, that even in
"water" gsystens the Ca concentration maintained in solution by the
Waikakahi soil is of the order of 10-3M. Consequently, the arrangenent
of isotherns is morc similar to that for the other soils than a cursory

exanination would suggest,

For thx threc nomealcareous soils, thce differcnce betweon the

anounts of P sorbed fronm 10—4M Ca and water wore inversely related to
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anounts of cxchangeable Ca in the soil ( Tablc 2.1 ), differences being

tho lorgest for the Oknihau and Porirus soils, and lcast for Egnont,.
4he342 Causes of support nedia effects on P sorption
The causes of the cffect of support inedia on P sorption

( Pig. 4e1 2nd 4,2 ) may arisc fron differences in ionic strength

and cation specics, pH, ond kinetic effcctse  The results obtained

in this study allow thesc factors to be isolated and discusscd scparately.

4A,34201 ITonic strength and cation gpecics. The data

in Fig. 4.1 and 4.2 indicate thnt an incrcase in ionic strength of
the support rediuvm cnhances P sorption, as evidenced by the inercasc

0, 107, 3 x 10724, and 10~ "M Na systens,
2

in P sorption betwcen H2

and 1,0, 10~h1, 1073M, =na 10~

of ionic strength on P sorption arc discussed below. Tonic strength

M Ca systernge Reasons for the effect

alone, howecver, docs not account for all of the observed differencos
in P sorption, Despite the higher ionic strength of 10—1M Ma syastems,
P sorption was less than fron 10_2M Co systenss The 3 x 10“2M Na
support necdiun was included in the study beeausc it has an ionic
strength cquivalent to 10-2M Cae The differcncc in the P sorption
isotherns obtnincd in thesc two support nedia suggest that the species

of cation has a considers.ble cffect on P sorption,

The higher anouats of P sorbed fron Ca than from Na systeis
of comparablc or even higher ionic strength ney be duc to the specifie
sorption of divalent Ca by oxides and hydrous oxides of Fe and Al
( Kurbatov et al., 1951; Bomier et al., 19663 Grinne, 1969 ).  Such
specific sorption lecads to an increase in the positive charge of the-
surface ( Kolarik, 1962; Morgan and Stumm, 1964; Kinniburgh et al.,
1975 ), a property not shown by Ma ( Kinniburgh et al., 1975 Do In
the absence of added P, Egnont, Okaihau, and Porirua soils sorbed
varying anounts of Ca fron 10—2M and 10-3M Ca systens ( Table 441 ),

a significant proporticn of which ( up to 78% ) could not subscquently
be replaced by Ke The anounts of sorbed Ca which werce not replaces
able by K varied for the threce soils and depcnded on the aneunt of Ca
added; wvalucs ranged from 0.14 to 1,16 mg Ca per g of soil, being

the highest for Okaihau goil in 10—2M Cae The way in which the

specific sorption of Ca by oxides and hydrous oxides of Fe and Al
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TABLE 41  Anounts of Co sorbed from 102 and 107

I Ca systcns
and anounts of sorbed Co which arc non-rcplaccable

hy K

Soil Systen Co added Cn sorbed Non—-rcplacecable Ca*

( vele ) ( ne/e ) ( ne/e )

Esmont 1073 Ca 16.00 2,00 0460
10™0n Ca 1.60 0.36 0,28
von 10”2 Cn 16,00 2,00 1,16
102N Ca 1460 0.32 0424
oy 10721 Ca 16400 0480 0.35
10701 Ca 1.60 0.34 0u14

*
Co non=-rcplaccable with Ko
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produces an apparcnt incrcasc in T sorption is discussed below.

dlheBa2e2 piI cffects. Data for the avorage cmbient pE
values of the supernaitants of the various support rwedin following a
40=hr sorption period indicate that with the exception of Waikokahi
soil, which ia buffcred at approxinately »H 8.0 by the CaCO3~COZ—H20
equilibria, the lowest pld valucs were recorded in 10-2M Ca, whereas
the highest pH vnlues were obitained in 10—4M Na nnd/or water ( Table
442 )e For Po-irun soil, the order of increcasing pll values of the
supcinttonts of the support rmedin was the some as the order of decreaso
in P sorption from thc respective support nedia. This mny nt first
suggest that the support nedin cffects are rerely due to pH effects on
P sorption, The fact thot support nedia effects on P sorption by
Wniknlahi soil, however, werc sinil~r to thosc obtnined with the other
three soils ( Fige 441 and 4,2 ), despite virtunlly cquivnlent pH values
in 211 support rmedin for Waikakahi soil ( Pable 4.2 ), suggests that
support nedia offects on P sorption cannot ndequately be cxplained by
pH differcencese This is substantinted by the datn for BEgnont soil,
Althoush the pH values in 10™21 ca, 10“3Cn, 1071y M, ~nd 3 = 102N
No were sinil~r, larzce differences in the n~nounts of P sorbed fronm

thesc redin werc observed ( Fige 441 nnd /1.2 ).

A further evaluation of the effect of pH on P sorption from
10—2M Co and 10-1M M  systers was facilitated by adjusting the pH
of these two systerns to various wvalues within the renge of pIl values
obtained with other support :iiedia ( Table 4.2 )e The offect of pH
on the finol P concentrntions naintained from P additions of 3,000,
1,500, and 400‘yg/g to Egnont, Okaihau, and Poriru~ soils, respectively,
is illustrated by data in Fige. 4¢3 The finrnl P concentrations nnin—
trined in dilute, rclative to the nore concentrnted, support nedia
arc mny tines greater than would be expected if pH accounted for the
differcnces, For example, if the diffcrcnce in P sorption by Egriont
soil fron 10"2M Cn, conpared to 10-1M Na, wns solely a pH effect,
finel P concentrntions would have becen %,40 and 4.25)pg/ul5 respeet-
ively ( *n and %#b in Fig. 4+3.A ). The effccts of support rmedic,
other thon pi, on final P concentration arc even more pronounced
with dilute support nedia. Observed effects on final P concentra-—

tion in water, relative to 10" ¥, are 115, 14.1, and



TABLE 4,2

Effect cf support redin on supernnitont pl values

( averape values over the isothern )
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Soil plI value in
10721 ¢n 100N ¢a 10”1 ca 10”71 -
Egnont 6478 6.79 T+28 6470
Oknihcu 474 L¢84 Sl 505
Porirua A gAA 4479 536 A, S55)
Waiknkohi  7.97 T 8413 8605

3 x 10720 I

10-4M In

Woter
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A

A shaking time of 40 hr was used.
P

Egmont,

= added = B.OOO‘Pg/g; B = Okaihau, P added =
1.500‘yg/g;. C = Porirua, P added = 400 pg/g. a = 10-2M Ca,
b=10"MNa, c¢=10HCa, d=3x102MNa e = 10""M Ca,
£ = 10" "H Na, g = water.
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5.25 tines greater, for Egnont, Oknihau, and Toriruz soils, re--

speetively, than can be accounted for by differonces in pil ( Plgies e ).

Althoush pH does 2ffect the arounts of F sorbed fron a given
support nediwi, it docs nct account for the differcnces in T sorption
fron different support nedin. Rojon and Fox (1972) ~lso concluded
that pH effects on P scrption were smnll conparced to support niediun

cffects, althoush no date were presented tc supvort their conclusion,

Glhe3e243 Kinetic cffects.e The sorption isotherms

( Pige 441 ond 4.2 ) suggest that at very low final P concentrations,
isotherns obtsined in different: support media arce equivalent. As
final T concentration increased, the isotherms diverged ropidly and
then neinteined a fairly constant difference, which slowly incrcased
( ceges Egiiont ) or decreased ( c.cey, Porirun ), depending on the re-
lative approach to the nmaxinun sorwntion, This observation led to an

investiration cof the kinctic effects of P sorption,

The ratc of P sorption by the soils wes initially very rapid,
and this was followed by o prosressively slower recaction which procceeded
for sevéral days ( Fig. 1.4 ) and even wecks, ns discussed in Chopter
3 The approach to cquilibriun at tines in cxcess of approxinately
40 hr with Egnont, Oknaihau, DPorirun, and "oik~knhi soils using high
( 2,500, 1,500, 700, ~nd 500 ng T/z, respectively )-and low (- 750,

600, 100, and 50 P8 P/g, respeetively ) in 10—2M (0:9%+ 10—4M Ca, and
10~ Ha veriod apprecinbly ( Fig. 4.4 ). For a given tine, the
proxinity to equilibriun dewended on the support nmediun and the level

of added P, ~s illustroted by the shape ~nd relative position of tho
sorption rote curves. The data in Fi;e. 4.4 suggest o greater initial
ratc of T sorption fron 10—2 M Ca conparcd to 10-1M Na ~and 10-4M Ca
systens, Ceonsequently, the nagnitude of the differcnces in T sorption
cbtained in different suppnort nedia at 40 hr appear to depend largely:
on the proxirity to cquilibriune. Ixtrapolation cf the curves in Fig,
4ol tu probabl@ equilibriun pesitions suggests conversence, inplying

the e¢lirmination of support nediun cffects,

In order to estinate the solution T concentration of
cquilibrated systens without shaking; for cxcessive pericds of tine, ¥
a graphical approach was uscd,. This involved establishing a linear
relationship between a parcneter of tine and D concentration in solu-

tion, and extrapolatinz to a point corresponding to infinite tine,

*
see page 97



Final P concentration (pg/m!)

FIG. b.b

—_ _A(ru} _B(h.) 100 _Ce(hi) —— _D(hi)
7-5]- € 4-0f- ¢ 7-5--b\\\\\\~ 7-5—-b
e
5o, : \ \\
e 20|- b sol " T~3 sof S
a“-H‘—"“. ] 1 | ] 1 [ | [ L 1
Alio) Buo) Co) Do)
0100~ e 025~ e Opr 020~ b
e
0075}~ 020} 015/ 015) e \
015} ~\\\\\\‘
0050} b 010} b 010} 4
040-b-\\H\hﬂ P \\\‘~
0025} a 005_3\\_‘ 005l ™= oosl-
1 1 ' [ [ [ i § [ iy (]
50 100 150 50 100 150 50 100 150 50 100 150

Time (hr)

Relationship between final P concentration in three support

media and time over a period

of P to each

» o O W

soile.

= Egmont,

= Okaihau,

= Porirua,

= 10724 Ca, b =

P added (hi)
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Lt infinite tine, the P concentration is considered to be the cquilibriun
P concentration, The relationship between final P concentration att

tine + and 1/% for tincs from approxinately 70 to 144 hr wns lincar

for hoth high k gk A ) and low ( Fig, 4.6 ) additions of T, and

ceuld be extropolated ( dzshed line ) to the ordinatc. For a given

30il and addition of P, the extrapcloted relationships ( Iige 4.5 and

4e6 ) gave the same; o virtunlly the saie, P concentration in solution

ol T 1 . . =
et Bapfindsse: Pime ( /t =0 ) irrespective o the support vediun used.

The datn in Fis, 4.5 and 4.6 suggest quite strongly that
the diffeorences in P sorption by the soils from the various suppors
nedia arc kxinctic in origin and can be clinimted by ensuring thoat an
cquilibriun condition is attained, Conscquently, isotherns for P
sorption from various support nedia would be coincident, providing
ecquilibriun P concentrations had been deterriined for cach addition of
P and each support nedium uscd. Minor diffcrences in tne isotherns
obtained ray be duce to the effects of pH induced by the different nedia.
These diffc—rences would be snall, as may be judged from the discussion
of data presented in Pige 4.3 and fronm the slight diffcrences in csti=

mates of equilibrium P cencentration obhtoined from Fige 4,5 and 4.6
Al el Discussion

Tho offect cf the support rediun on P sorption during 40 hr
( Flre 401 ond 4.2 ) hnus been ghowm te involve only a parancter of
the overall sorption process, nuiwely the rate of F sorption ( Fige 4.5
and 4.6 )e T™e followins discussion of suppert nedin cffects -on P
sorption ratc as~unes specific sorpiion of T (- mgston et 2le, 1967 )
at the nnphoteric surfuce of Fe and Al hydrous oxides ( Parua and de
Bruyn, 1962 ) or other soil componcnts of sinilar surficce structure.
Such surfaces will support varying positive charge densities over- the
range in pi vnlues cncountered in this study ( Parks and dec- Bruym,
19623 van Raij and Pecech, 1972 ) as discussed in Chepter i, and a

diffuse lnycr of anions wis1l develop.

An ineicase in ionic strength ( ie.cs. counter ion concentra—

tion ) decrcases the thickness of the diffuse layer ( equation 1.6 ),

*Long shaking periods are undesirnble beeause of possible effects of
particle breakdown end nicrobial assinilation on obgerved changes in
solution P concentration. The former can be shown to be unimportant
over periods of at least scven days as discussed in Chapter 3o
Microbinl assimilation is difficult to evalunte but can be deypressed
by the use of nicrobial inhikitors, such ns n3012, ag used in this study,.
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and thercby the volure of the inner solution. Conscquently, if the
charge on the surface reiv.ing constant, the concentration of anions
in the diffuse. layrer will increasc. An increansc in ionic strength
at constant pi, however, also increascs the surface charge ( Parks
and de Bruyn, 1962 ), and conscquently the absolutc anounts of aniong
in the iimer solutione. TFor soils, however, this effect is probably
siall hecouse pH also shifts with a change in ionic strength in a

dircction tending to mnintain surface charge.

Por a given level of P addition, the proportion of chloride
( commion to all support redia ) relative to phosphate in the cuter
solution increcases with support recdiun concentration. The-sclectivity
of the surface for P relative to chloride ( Hingston et al., 1972 ),
suigests that the proportion of chloride to phosphato would-not increase
to the sare extent in the imner solution. This assunption, in associa-
tion with the coffcet of ionic strongth on the concentration of anions
in the inner solution, implics an incrensc in P concentration at the
sorbing surface. Such an incrcasc would enhance the initinl rate of
P sorption, rcsulting in a closcer approach to cquilibriun at tines
4}.; )

. . -2, -
in cxcess of 40 hr in 10 M Ca, as comnpared to 10 2 systens

( Fize 465 2nd 4.6 ),

Cation specics also affects the rate of P sorption, as
cvidenced by the closer approach to equilibriun ia 1O~2M Ca as opposed
to 10—1M M systens ( Mee 465 and 4,46 )o The specific sorption of
Ca Ly hydrous nmetnl oxides has becn dencenstrated by Breeuwsiin and
Lyklens (1973) and Kinniburgh et al., (1975), and iy lead to an
inereasc in the positive charge at the surface ( Kimniburszh et al.,
1975 ) An increase in surfacc positive charge will increase the
initinl rate of P sorptien by increasing the P concentration in the
inner solution, The fact that the sarie cquilibriun P concentration
wos obtained in both 1072M Co ard 107

the rate of sorption is affeccted, and that P is not sorbed specifically

M Mo systens suggests that only

at-localised positively charged sites induced by specific sorption of -
Ca, For support iedia containing increasing concentrations of CaClzg
the effects of ionic strength and specific sorption of Ca on P sorption

ratec arc compoundcd.

The above discussiton clearly points to the origin of the
discrepancics between P sorption isothernis obtained using different

support redia during tines less than thet required to attain
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equilibriuri, The nognitude of these discrepancies will depend on
the contact time between soil and added P ( Tise 4.5 and 4.6 ) and
will reflect the cffcect of different support redin on the rate of P
sorption, For P sorpticn during A0 hr, the cffect of ionic strength
alonc on the mte of P sorption can be Jjudged- frorr the discrepancies
between isotherns obtained using wonter, 10_4M, 3 x 10"2M, ond 10_1M

Na systens ( Fige 4e1 2nd 442 ), Discreponcics between isotherns
obtained usding 1d‘¢H, 10-3M5 and 10—2M Cn illustrnte the conpounded
cffects of incrensing ionic strength and specific sorption of Ca, on

P sorption ratce The ceffect of cation spoccies alone cn the rate of

P sorption is indicated by the discrepancies between isotherms obtained
using 3 x 1O~2H Nn and 10—2M Ca, which have the sane ionic strength

and sinilar chloride concentrotions. If the equilibriun condition is
estirnted, however, isotherms obtained using different support redia

will be coincident, as implied by the data in Fige 465 and 4.6,

The offect of ionic composition of the support rediun on
the ratc of P sorption has not bceen considerced in previous studics,
In these studics 'equilibration™ tines, or morc strietly contact
tines between the P-contoining solution nnd the soil, have ranged fron
18 hr ( Mrttson ot nls, 1950 ) to 144 hr ( Rajon and Fox, 1972 ).
Consequently, support mediun effects on P sorption, similar to those
in Fige 461 and 4,2 have previously been considered absolute, It is
of interest, howcver, that Wiklamlcr (1950) obscrved that "salt concentra-
tion", affccted only the rate of isotopic P exchange rather thon tho
actual anounts of cxchangeable P, an observation in accord with those

rcported in this study.

The findings of the present study have scvernl inplications
to P sorption studicse The importance of equilibrium in P sorption
studics with soilg has becen shovn in terms of the effects thnt only
partial approach to equilibriunm have cn interprectations of the data
and concepts rclatecd to P sorption rechanisns, The present findings
arc thercfore of direct relevance to studies where interpretations are
based upon thc assunption that equilibriun has been attained. The
cquilibriun condition inplied in the derivation of the Langruir
equation, which has becn used extcnsively to describe P- sorption by

soils ( Olsen and Watannbe, 1957; Sycrs ct 2l., 1973b), is a particular
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casc in point.

The results prescented in this paper suggest that if an
equilibriun condition is to be attained, the suppert nedium cnployed
is of practiecnl and not theoreticnl concern, in as rmuch that a rapid
rezction rate is desirable in order to wnininise equilibration tinc.
In such cases a support nediun of high ionic strength and containing a
divalent cation is desireble. To avoid highh concentrations of divalent
cations and the possible precipitation of sparingly soluble phosphates
in such systecnis at high P additions, howiever, a support nediun of high
ionic strength containing cations of soluble phosphates nay be preferre

cd ( ewrs, 1071M Tac1 ).

in cquilibriun condition is not always desired, cspecially

in P sorption cxnerinents ained at describing the short-term cffocts

of P fertilizer addition, the relationships of P between aqueous and
particulste phases of a runoff or strean environment, or the ability

of soils and scil cormponents to rcrove P fron efflucntse  The nced

for careful choicc of support redia in studies sinilar to those nentioncd
above is cvident from the results presented,. The support riediwn should
rceflect the cation stntus as well as the ionic strength of the aqucous

phase of tho systen under consideration.



103
4 Be C~rlciun retention in responsce to phosphate sorption by soilsg

4Be1 Introduction

In the evrluntion of the offeect of cations ~nd ionic strength
on thc sorption of inorg-nic phesvhrto (P) vy soils, discusscd in part
L of this Chhpter, it wns noted that ns the ~ncunt of P sorbed increns-—
ed there wns o conconidttant incrcosce in the anount ¢f Cea rethined by
the soils, In the abscnce of further experinentnl dnta, thesc obscrvm-
tions :»y inply thint both Co ~nd P nrc reroved fron solution by a pre=
cipantion rcnction. Such »~ precipitntion renction ot the surface of
sorbing conponcnts in soils hns been proposed ( Wild, 1950; Volkweciss
et 2l.y 1973 ) to explain the grenter retention of P with inerensing Ca
concentration in the suppert nediun. In this study the retvention of
Co in responsc to P sorption by soils is cvaluated to provide o better

understonding of the origin cof the cffecct.
/ABe2 Ynterinls and Methods

Air—dricd € 2 11 sniples of horizons of Egnont, Oknihwwu, and

Poriru~ soils werc uscd in this study.

Retention of Ca wns cvlunted for cach soil during P sorption
fron 10"'2 nd 10_3M Cn systeis. The bosic experimental system wns
the sare ns thrt described in Chhpter 2. hdditions of P, depending
on the soil ond support nediun ( seec Table 4.3 ) vierce chosen to cover
o final P concentration range up to 10 pg P/ml after o AO=hr sorption
period. The some soils were ~lso shnken for 40 hr with 10"2 and 10-3M
Ca contnining no ~dded P, but I ( as KCl ) wns added in anounts cquivalent
to those resulting from P additions ( KH2P04 )e After the AO=hr shnk-
ing ncriod, the supcrnatants were recovered by centrifugntion and in-
organic P concentration determnincde. The concentration of Cr in the

supcrnantonts was also deterrined by flane crission spectrophotenctry.

The relensc of Co and P, rctnined in the previous sorption
step to solutions of KCl wns cevalunted by washing the soils four tines
with 20 nl of 1 M KCl1, The anounts of Co and P werc deternined in
the combined extracts and corrected for the cnounts of Ca and P carried

over in the entrapped solution from the sorption step.
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4Bé3 Results

Isothernis for the sorpticn of ndded P during 40 hr by Eguont,
Ok~ih~u, ~nd Poriru~ soils fron 10'-2 and 10-3M Cn and wnter, have been
given previously ( Fige ‘el ond 4.2 ) At o finnl P concontration of
9 Pe P/nl, the anount of F sorbed hy cach sonil fron the 10"2M Co systen
is approxiuntely twice that sorbed from woter, whercas the ancunt of P
sorbed frox 10-3M C~r is internedinte to thnt sorbed fron 10—2M Ca and

wnter.

The retention of Ca hy the soils during P sorption over a
period of 40 hr, is given in Table 443 Dntn for Cn retention represent
only that arising ns o dircct rcsult of P sorption. Such dat~ were
cornputed fron net Ca rctention in systems contnaining P, corrccted for Ca
retention in systens contnining the smne concentr~tion of ~ll ions,
but no P,

The anounts of Cn rctained ( Table 4.3, colum 3 ) were in-
dependent of thce anounts of Ca added, ~nd the:values for the nolar

rotio of Ca ¢ P retrnined werc ratler constont, particularly for Egnont
and Okaihau soilse. - The anounts of Co retnined which are relensed during
washing with 1M KC1l, n~rc given in colwm 6 ( Tablc 4,3 ). Esscntially
conplete recovery of rctained Ca is achicved, In contrast, the anounts
of P desorbed ( colum 7 ) werc only - smnll fraction of thasc sorbed,
This fraction ranged from 0 to ( 5% for Egmont and Okaihau scils, ~nd
fron 0 to approximntely 104 for Porirun soil, The highest recoverics

of sorbed P were obtnined for the highest P sorption snturationse  The
low but slowly increasing rccovery of sorbed P is rcflected in the tend-
cncy of the rantio Ca : P released to decrcnsc with incrcasing sorption

saturation,
4Be4 Discussion

The incrense in P sorption with increcasing Ca concentration
of the support nediun ( Fige 4e1 and 4.2 ) and the increanse in Ca re-—
tention with increasing P sorption during 40 hr ( Table 4.3 ) illustrat-
es two inportant interrclationships between support mediun conposition
and P sorption, The origin of the increascd P sorption during 40 hr
with increasing Ca concentration of the support nediun,was discussed

in part A of this Chapter.
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TABLE 4.3 Erounts of Cn and P renoved fron geolution during 40 hr

and anounts of Ca and P relensed by washing with 1H KC1,

Cn ~ndded P added Ca retrined P sorbed Roatio Cas Cn re- P desorb-- Ratio

P retnined® lecsed ed CasP
relens-
ed*

vals R 7).
EGIMONT
160 0450 0l12 0650 0.19 0.16 0 -~
1.60 1430 0.40 1429 04,23 0444 0.01 6545
1460 24,00 0,68 1096 0.27 0.64 0.02 32,2
1460 3¢50 1e04 3616 0.25 1400 0.06 13.4
1640 0460 0620 0,60 0026 0.24 0 -
1640 1.60 0448 1459 0,23 0,52 0.01 48.:9
1640 %00 1,08 2¢HM 0,29 1.0 0,05 2044
1640 5400 2404 4462 0e34 2,00 017 9ot
QILTHAU
1.60 1.20 0.36 1616 0e24 0632 0.02 1247
1460 1450 0.44 141 0024 0:48 0,03 122
1.60 2,00 0.60 1670 0427 0460 0,05 9.7
16.0 1450 0.48 1:45 0.26 0.52 0,03 13.9
1640 2400 0456 184 0.24 0,64 0,03 1547
1660 2,70 0.84 2430 0.28 0.92 0,08 8,6
PORIRUL
1.60 0430 Oe12 0.26 0036 0.12 0,03 34T
1460 0,60 0.20 0439 0.40 0,16 0,04 2.8
1460 0480 0.24 0ok 0.42 0.20 0.05 3.0
1640 0470 0.36 047 0060 0:36 0.05 5.3
1640 0490 0448 0654 0.69 0.48 0,06 6,0

* riolar basis
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The fact that the vatio Ca ¢ P retained is comparnblo for
sinilar levels of P sorpticn, in both Support nedia ( Tablend.% ),
suggests thnt Ca retention is directly related to the extent of P
sorption, ~nd is influcnced little by aibicnt Cr: concentriationse
The retention of Cz in responsce to P sorption mny be cxplained by the-
well=~cstablished cffect of P sorption on the negntive choargse of soils,
generally reasured as the cation exchonge capncity, which frequeatly
shows n considerable increcasc subsequent to P sorptione. ( Toth, 1937;:-
Davis, 19453 lichlich, 19603 HMckoiu and Uchare, 1972; Savhney; 1974 ).
An increase in negative charpe during P sorption requires thot as P
sorption procceds, cations arc nlso renoved from the anbient cqucous
phase, This is well denonstrated by the data for the retention of
Ca,obtained in this study., That Co is retained only in response to
an increasc in negative charge is substontinted by the foct that
essentially complete recovery of retained Ca is obtained during washing
with 111 XC1.

If the rotio of Ca @ P retained is expressed in terns -of
equivnlaents per nole-of P sorbed, obtained by rultinlying cclunn 5
( Tablc 4.3 ) by two, the increase in charge at the surface ey bho
cstinated for each level of P sorptions Valucs of approximately-0.4
to 0.6 cquivnlents/uolc are obtained for DBgnont ond- Okaibou soilse
Sonevhat higher values arc obtained for Porirua soile. These estinates
suggest thnt not all of the P sorbed, ossurniing that H2P04_ and HPO42”
are the -sorbins specics, contributes to the incrcasc in-negntive chnrgc.- -
This is in contrast to the postulate of Hingston ct al., (1968 b,
1972 ) that P sorption is conditional on an increasc in the negative
charge of the surfacc, The inplications of this obscrvation to the P

sorption rechanisn arc evaluated in Chapter 6,

Tac fact that 2ll of the C~ rctained, but only n simll fraction
of the P sorbed could be released by washing with 1M KC1 illustr-tes
the differcence in the type of interaction involved between tho sorhing
surface and Ca and P, The interaction between Ca retained ia response
to P sorption and the surface, appears to be purcly Couloibic, Ca
being distributed. throughout the diffusc layer developed at the sorb—
ing surfacc which, as Ca rctention datn inplies, carrics o nct negative
chorge subscquent to P sorption. The fractional desorption of P,
however, refleccts the covalent character of the interaction betwecen P

and the sorbing surfacc,
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The increesing sorpticn of P during 40 hr with increasing Cn
concentration of the support medium ( Fig. 4.1 ond 4.2 ), nnd the fact
thnt C2 retention in response to P sorption gives rather sinilar ratios
of Ca ¢ P rctainecd Table 4.3 ), ey at first suggest thet P is retain-

ed by & precipitaticon reaction. Such o reaction hog been inmplied by

previous workers ( wild, 1950; Volkwiess gﬁlgL., 1975 Jo Volkricss
ct 2l (1973) have proposed thot P sorption in Ca systems involves pre-

cipation of P with Oo nnd A1 in the double loyer of aluninczilicated

to forn a discrete-P phnse resenbling crandellite There workers 2lso
inzplied that increasing P sorption in systens containirng increasing Co
concentration, could also b2 c¢xplained by o precipiiation reaction.

The low-Ca : P retained ratice nnd the faet that in both Ca and Ka
systems, the sare estinnte of ecquilibrium P concertration wos coutained
( Pig. 4.5 ane b ), arc not compntible with {the prec’pitotion of a
calciun phosphate, In particular, however, the crsen*ially conplete
recovery of retained Co during washing with ¥C1, elini.atec any possi--

bility of calieciun phosphate precipitation in the cxperinentis rceported

in this study, ~nd pogsibly mny othcr studics reported in tha literatusc,
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INMTERPRETATION OF PIIOSPIVLTE SORPTION BY SO0ILS
USING THE LANGIMUIR EQUATION

Stes] Introduction

The sorption cf inorznnic phosphote (P) by scils vy conven-—
iently be described by o scrptien isothern:, which represents the
distribution of P between ~ soil nnd the contnicting nqucous phaso
at constant temperature, Sorption dat~ nay also be tested for fit
agninst severnl equations derived fron sorption —odels, sorie of which
provide useful infornntion concerning the sorption recaction invoived,
The equation developed by Longrmir (1918) is prticularly uscful,
becruse from this cquntion, constonts relnting to sorption mnximn
and sorption cncrgy may be calcul~ntede Llthoush the Longruir cqua—
tion wns coriginnlly developed to describe gos adscrption by sclids,
an ~n~lysis of its aplicnticn te sorpticn fror aqueosuc solution has

been given by Giles (1970).

The Longruir cquation has frequently been uscd to describe P
sorption by soils ( Olsen nand Watnmnbe, 1957; Shonire and Fried,
1959; TFox and Karprath, 19703 Syers et al., 1973 b; Schwertrnmnn
~md Knittel, 19733 IHolford et 2l., 1974 ). The nest recont of these
studics, hewever, have showm thnat P sorpticn dnte nre described by nore
th~n onc Lhngruir equntion, over finmal solution P concentration ronges
of 0 to approxinntely 15 ng/al. Interpretaticn of ? sorpticn datn
basced on the Langrnuir cquaticn is further ccomplicated by the fact
thnt cquilibriun datna have not been used, despite the equilibriun
condition which is implicit in the derivetion of the Longruir cquation.
Evrlu~tion of sorption dnta has also been hampered by the linited
anount of data used by rinny workers, particul~rly at low finnl P cone—
centrations ( Gun~ry, 19703 Boche and Willions, 1971 L Conscquently,
adequatec understanding ~and interpretotion of P sorption rclationships

obtained using the Lengrmir cquation, have not been achicvede.

The purpose of this study is to cvalurte the sorption cf
added P by four contrasting snils, under both cquilibriun ~nd non-
equilibriun ( 40=hr ) conditions, with a view to providing o nore

precisc understanding cf the Longrmuir reclationships involved in P
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scrptione A nethed of resolving data when nore thoan one Lengruir
equation is involved, is proposcd. The cffecct of nonecquilibriun
conditions, nadsorpticn cnd abscrpticn renctions ( Chnpter 3 ), and
the inportonce of ebtaining sufficient deta tc ndequately describe

P scrption Ly soils, ~rc discusscd. The P scrpntion dat~ cbtained
under cquilibriw: cconditicns cre discussed in terros cf the P scorpticn
nechanisn,

562 Moteriaols and Methods

Air-dried, ¢ 2 r11 scrnptes - of horizons  of Egnont, Okaihou,
- Perirua -mnd Waikak-hi soils were used in .this study.

The scrption of added P wns evzluated over five tioe intervals,

roenging fron 40- to approximately 140 hr.  The raxirmn additions of P
wera 6000, 4000, 1600, and 1250nng/g for Bgront, Okaihau, Piriruc and

 Waikakahi soils, respectively. The -epprepriate arount of Prwnsaddod
in & 5-nl aliquot 2t rccorded times ¢f O 2nd <opproxirmately 24,- 48,. 72
ard 96 hr after cormrencing to shalze 1~z scnples of each soil with 35 nl
of 1011 mac1 cantaining 40 ng HgClQ/mlg Shoking wes continued for
40.hr. Consegquently., the total shoking tine for cach systen- was tho

~ sare, but the time of contact betwecen scil and odded P wverieds . .The

‘; sorption.of P during 40 hr w~s deternired for. 21l soilse  Other conss -

‘tact tines were lmovm from the time at which the P addition wes.node
and..the time =t which seclid ~nd agucous phases.were scparnted. These.

additionnl contact times were ~rproxicately 72, 96, 120 ~nd 140 hr.

. o After shating};ll systeng were centrifuged nnd dissolved inorg:niC'P"

deternined.

‘Native exchmngenble P was determined nt four time intervals

by 2 nmethod sinilar to that deseribed above. Carricr-free 32P (2.0yCi)-*'“

~was.added.in 2 t-nl aliquot ~t approrricte tines .after cormeneing to

1M NaCl containing-HgCléa . The
tines of caontact betwecen added 32P and tho.scils were 71. 91, 113,

and 135 hr, althcugh the total shaking tine for -each systen wos -o0mr ..
stant, After 135 hr, the -tubes were centrifuged -nd. solution 31P~con—r

‘shake 1=-g s~nples of each scil in 107

.centration deternined.  Solution 32P concentration was -deternined as

deseribed previously ( Chnpter 3 i Notive exchangoable P for cach.

“4ine of contact was deternined fronm isotope dilution theory. An.
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estinnte of "native sorbed P" wns obtained by plotting n~tive ex=—
chongeable P values ot ench time of contact agcinst 1/t and cxtropolat-~

ing the resulting linenr relationship to 1/t =0 (infinito tinc).
5e3 Results

Datn for P sorption ~t various levels of added P werce obtaine
ed for 211 scils nt-both cguilibriw: ~nd 40 hr. Tor rcnsong of
sinplicity, however, only oquilibhrium dotz for Porirun scil are present-
ed in det~il, These data arc used to illustratce the type of data
obtained ~nd the necthod of dat~ rcesoluticne Date obtained for Egnont,
Okaihou and Waiknknhi soils are prescented, as amproprinte, to-illustrate

the sinil~rity in the data chtained for ~11 of tic scils uscde

H5e3el Bquilibriun ~nd 4O<hr iscthcrns
the

Drita fer/relationship between solution P concentrntien and
tine ( plotted as 1/t ) ~t voarious ndditions of P to the Porirun soil
arc given in Fise Hele The cousce cof the progressive decrecsc in
solution P concentration with tirne has heen discussed previcusly
( Chapter 3 ) vhere it wns showm thnt for contact tines » 70 hr the
chinge in solution P concentration cculd be described by o single first—

order reacticne

Isctherrs for T scorption by the Pecrirun nnd Wnilenknlhi soils
nre givean in IMige 5.2 for twe fin~l P concentraticn rangese. The term
"finnl T concentration" is used in this Chapter, cxcept vherc specified,
to decnotec selution P concentrntion datn subscquent to sorption under
both the equilibriun and 40-hr conditionse. The tern "cquilibriun P
concentration" is used in Figurc lerends when only cequilibriun data

are prescnted.

Data fron which the equilibriurn isctheriis ( 2 in Fige 5.2 )
were constructed, werc obtoined by cxtraopolating the relationship -
between solution P concentration and 1/t to the ordinate ( t =c<3),
for various P additions to each soil ( c.fe, doshed lines in Fige Sel
for Pcriru~ soil ). The anncunt of added P scrbed at each level of
P addition was comnputed fron the cquilibriun P cencentration at 1/%

= O Isctherns at 40 hr ( b in Fige 5.2 ) were constructed directly
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additions to the Porirua soil, Data extrapolated to ordinate

Solution P concentration as a function of time (1 t) for various P
(daahed line) to obtain an estimate of equilibrium P concentration.
A = Solution P concentration of O to 1.2 }JgP/ml, B = solution P
concentration of O to 12}1gP/m1. Added P (}:g/g) a =100, b = 150,
¢ = 200, d = 250, e = 300, f = 400, g = 500, h = 600, i = 700,

J = 800, k = 900, '
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Isotherms for P sorption by the Porirua and Waikakahi soils at

equilibrium and 40 hr over two final P concentration ranges.

Porirua soil, A.1 = final P concentration O to 0.5 }lgP/ml,

A2
Be1

final P concentration O to 25 }1gP/ml.

Waikakahi soil,

final P concentration O to 0.5 }lgP/ml, Be2 = final P

concentration = O to 25‘ng/h1.- a = equilibrium isotherm,

b = 40=hr isotherm,
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fron 40.hr experientnl dntoe Valucs for nntive scrbed P ( 13 ond

12 uz P/g for Perirun ond Woilinkehi soils, respectively ) as deternined
X 7

%2

using 7 P ot infinitc tine, were added to ~ll wvalues cf scrbed added P

to wive the values of "P sorbed” ( ordinate in Fig. 5.2 ) at cnch fimnl

-

I concentration,

Apprecinble differcences between the anount of P sorbed at o
given finsl D concentration vere cvident fer cquilibriur: and AO0-hr
isotherrs, The differcnees were greoter for low final F concentrations,
particulorly for the Duvrirun scil ( Elare] DR2etey ), For exanple; ot
a fin~1 I concentration of 0,06 y@?/ul for the Dorirun scil ( Fig.
502.A.1 ), the ~nount of P scorbed ot 40 hr (b)‘was 90 ng/g whercas at
cquilibriun (a) tne value was 180 ng/g. The rclative differcnce
between the ~nounts cf P sorbed at 40 hr ~nd at cquilibriun becanc less,
and fnirly constont, over the T concentration ranie of 1 to ~pprexinntely
25 ygffﬁl ( Tice 5+2eAs2 ) The considerably grenter discreponciecs
between isctherrs a2t low, relative to high P conceontrotions, arisce fron
the fact thot relatively large chnses in finel P concentrotions below
1 PgP/ml result in little chonpge in the ~mounts of P sorbed. This

cffeect hns been discussed previously ( Chapter 5 )

Both 40=hr ond cquilibriw: isctherns ( Fige 5.2 ), however,
arce of the snixe tyne, nunely Fll-type" isotherms nccecrding to the
classificntion of Giles ¢t gl.(1960)° The only differcncc between the

Jo

isotheriis is that I-type chhrncter is more nccentunted at cquilibriun

than at 40 hr,

Althicush the isotherms ot equilibriuwn ~nd 40 hr ( Tfime D2 )
arc not strictly cf the Lengruir type, de Boer (1953) has shown that
the applicntion of the ILnngrmir equetion to I=typc isctherns nay bo

valid if nore than one population of sorplicn sites is assumcds,
5e%e2 Fit of data to the Langruir cquation

An cvnluntion of P sorption data c~n be mde using the re-

arrenged forn of the Lengmmiir cgquation ( 1.20 ) .

1/& = 1/Kbc + 1

where x = ~nount of P sorbed, ¢ = finnl P concentration, nnd K and-b

are constonts relating teo the sorption cnergy and scrption naxdrmn,
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respectively. For data conforning to equation (1.2)),a linear
relationship, of slope 1/Kb and intercept 1/b, is obtained for a
plot of 1/x against 1/c.

The recipree~l nature of equation (1.20) enphnsises low
Tfinal P concentraticns and is particularly useful fcr cvaluating
sorption dota obtained for the lowest neasurable differcnces in fina
P concentration ( i.ceyin the range of O tc 0.01 PgP/ml )e Over this
concentraticn range, however, the anounts of sorbed added P axo

frequently corparable to native sorbed P.

The requirenient cf including an estipate of native sorbed
P in the values of sorbed P in isothern studies is illustrated in
Fige 53 by cquilibriur date for Porirun ~nd Egnent soilse The plot
of 1/x agninst 1/c before correction for native sorbed P ( b in Fige
5¢3 Juns curvilinear. After correction fer the sncunts of native
sorbed P ( o in Fige 563 ) the data conforried to the Longrmir equation
( equntion 1420 ). The curvilinenr rclaticnships ( b in Fize 5.3 )
arose from the fact that at low finecl P cencentrations (<< 0,01 yg?/ﬁl ),
tiie actunl anounts of P sorbed were significantly larger than those
calculated fron the observed final P concentrations and the anounts cof
added P, When the observed nnount of P sorbed excecded nntive sorbed
P by a factor of approxinately 10, the effect of the latter on date
fit to the Langmuir equation becare neglisibdle ( point 4 in Fige 5e3e0 ).
The foet that data, subsequent to correction fer native sorbed P, yielded
a linear rclationship fgives ndded credibility tc the reasurcnent of

native sorbed P using isctcpic exchengeability at infinite tine.

Dats points ( nunbered above 4 ) in TFig. 5.3.A showed a
tendency to devinte from the linenr relationship (a). The inclusion
of nore equilibriun dnte points ( Fig. 5.4 ) for the Porirus soil,
indicated thnt up to six linear relationships, confcrning; to cquation
( 1.20 ), are obtained over the final P concentration rrpge of O to
approximntely 25 FgP/ul ( Fige. 5.3.A ond 5.4 )e A single linear re-
lationship was obtained, only if a restricted final P concentration
range was considercd. Sinilar data have been obtained for P sorption

by the other three scils, at both cquilibriun and 40 hr,

A conplete evaluation of P scrption could not be nnde by
direct graphical annlysis of Fige. 5.3¢4 and 5.4 ( Syers cte 2l. 1973 b )|

because the scrption naxirmun of the first linear rclaticnship
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Equilibrium P sorption isotherms for the Porirua (A) and Egmont (B)
s0ils obtained using the Langmuir equation over an equilibrium P
concentration range of approximately 0.002 to 0.05‘PgP/ml before
(b) and after (a) the inclusion of the amount of native sorbed P
in the values of P sorbeds Data points are numbered for the

Porigua soil to facilitate comparison between Figures.
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FIG. 5;4 Equilibrium P sorption isotherms for the Porirua soil over two

equilibrium P concentration ranges obtained using the langmuir
equatione. A = equilibrium P concentration range of approximately

0.03 to 1.00‘ng/m1; B = equilibrium P concentration range of
hpproximately 0.5 to 25 ng/ml.
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( Pize 5.3.4 ) wns greater than several scrpticn dnta points ( 4 to 7 )
vhich devinted fron it ( Fige 5.3.4 and 5.4 ). This inplicd that

P was sorbed with n lcver sorption cnergy (K) ccneurrent with that
sorbed with the higher I voluc vhich is deterrined by the first
linear relntionshigp, Tifte 5e3eit 2and 564 2lso inplicd thnt sone cf
the linear relationships represented significant P sorpiion with nore
thon one K valuc, Conscquently, the K vrlue of the first Langmuir
rclationship ( Mge He3chi ) will be undercstimted and the b vnluo
overestimnted, by direct graphical ~nnlysise & procedurce for re-
solving comnpound isotherig ( Fige 5.3.4 and 5.4 ) into distirct iso-
therns for which the interacticn of K vnlues is :ininnl, wes clearly

required.

Bedo Resolution of Longmuir relaticnshins

Datn fer T sorpticn werc resolved to deterriine the nunber
of distinct iscthermns involved in the ovcrnljsorption ot B, This
was acconplished hy elininnting the effeets of T scrnticn ~t one K
vilue, upon P serption ot ~ncther K value, by -~ wethod of successive
approxiration of both ¥ and b vnlues.  An outline of the steps involved
isiigiven in Teblie 5.1, The constants X and b werc determined by
lincar rezgression annlysis ot the approprinte steps in the procedure
( Table 5.1 ), The distinct rcintionships obtnined, cnch conforming
tc a Longruir equaticn, will be referred to hercafter os regionse

Region I, is descritad by the Tangruir constants LI ~nt-b and cor-

I’
responds to the lcwest finnl D concentration ronsce, ctce
Three distinct rej;ions wrere obtrined for cnch soil, =nd
three to four anproximitions werc nocessary before chonges of 5%
were recorded between successive approximntions of a particular K
valuee. The increasc in K ~nd decrease in b valucs with successive
approxiration ( Table 5.2 ) illustrate the effect cof - sirmuitancous
sorption with more than one ¥ value, discussed abeve, on the Langrmir

constants obtained at o particular apmroxination.

The lincar rclationships obtained at equilibriun, cach con-
forning to equation (1.2), for P scrption by Porirur soil arc given
in Fige 5656 The nunbered datn points in Figse 5.3.4 and 5.4, ‘

which conposcd the six linear portions of the unresolved relationship,
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TABLE 561 Schenntic representaticn of the steps imvolved in the
resclution of P sorption Aat~ to cobtrnin the Lengnuir
sorption constonts X ond b for P sorption by soils over
o finnl P ceoncentration ronge of O to apmroxinntely 25 78 P/nl,

usins ~ niecthod of successive approzimntion,

Sten Plot¥® Determine
+ r
1 1/:c - 1/0 I\‘I’ bI
;]
2 - xI |
K b
4 1/XII - 1/0 1T’ IT
5 w 11 i
6 o Xpppr = = ( Xy + Xqp )
! 1 X b
7 [xprp = e ITT? °ITI
8 o XI;[II
9 - Xpy =X = ( Xpp ¥ ErrT )
1 =
10 1/KI - We K1 'bI
ot
11 & -KI '
12 - xII,=x-(xI+xIII)
Returm to 1/x - 1/0 wieiwiia o
LT
step 4

Repeat steps 4 to 12 until difference between successive apprexinations: of
a particular K volue is £ 5%.

¥ . = P sorbed ( observed I' sorbed + native scrbed P ), ¢ = final P
concentration, .

* Por lowest ¢ values ( 0~0.02 Y P/DJ. Yo
:Ll- Fron preceeding K and b values for all values of co
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TLBLE 562 Values of Lengruir sorption constonts chtnined
at successive approximmticns of equilibriun P
sorption data for Bgizent soil by the schene shown

in Table 5,1

imntion s - 4 1 ]
Approxinntion F T KJ“L I ITT by D11 bIII

__(n1/pe) (/)

1 169 2,3 0.09 1756 2025 2967

2 184 3.9 0.14 1258 1613 3236

FINAL 190 4.6 014 1218 1506 3240
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FIGe 545 Equilibrium P sorption isotherms for Porirua soil showing the

three Langmuir relationships (regions) obtained after resolution
of sorption data by successive approximation ( see Table 5.1 )

A = region I, B = region II, C = region III,
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can be scen to fit at lenst one of the three regions obtained ( Fig.
565 ) fellowing resoluticna This chservation cives credibility to
the nethod of dnte resclution, which splitscnch observed velue of P
sorbed, usin; the successively cpproxinnted K ond b voluces, between
each sorption regicne.

The accurccy of this iethed cf data resolution wms
tested by cormparing the over-11 ( x=c ) sorption iscthern, gonerated
by the swrnticn of individu~l ( x-c ) isctherns cnlculated for each
of the three scrption regiecns, with the cxperinentally deternined
isotherne  BExperinentnl and gencrated isothernis for overall P sorption,
and resolved isotherns for erch sorption region for Porirun and Okaihou
soils arc given in Fige. 5e6e. Experinental and generoted isotherms
for cvernll P sorption cenpared very favourably. Tnc differences
betweon obscrved and calculated velues of P sorbed were gencerally no
riore thnn_Z%. Thesec comnparisons fcr other soils gnve sinilar re-

sults,

The overnll isctherm for cach scil was nlso choracterised

by threce distinct finnl P concentraticn ronges over which at least 70

to 80% of the overall incronse in F sorpbicn wns attributable to sorp—
tion in onc poarticular region ( Tige 5.6 ), Thoat is cach region cor-
responded t6c ~ well defined final P concentration range for 21l soils,
Region I correspondcd te the finnl T concentraticn ronge of apm oxi-
ntely O to 0.02‘yg°ﬁ%15 region I, 0.08 to 0.80 Fg?/nl, and region

ITI, 1,0 to >» 20,0 ng/ulQ Intcrmicdiate concentraticn rancos cor-

responded to anprecinble sorption cn nore than one recion ( Tife 5.6 )]
5e3ed Evaluntion of Longruir constants

The velues of the Lengimir constants, K and b, for P
sorption &t both equilibriuc and 40 hr, and for each soil used, are
given in Teble 5.3, The striking feature of the data was the sini-
larity of X values obtained for o particular region at equilibriun
for all four soils, The K valucs varicd by a factor of no nore than
2 to 3 within o region, but veried by ~ factor of 20 to 50 between

regions, Sinilar differences were obtained within and between KII
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FIG. 546 Equilibrium P sorption isotherms for Porirua and Okaihau soils
over the equilibrium P concentration range O to 12}Qﬁ7ﬁ1.
A = Porirua soil, B = Okaihau soil. a = resolved isotherm for
region I, b = resolved isotherm for region II, c = resolved
isotherm for region III, d = overall isotherm generated by
summation of the resolved isotherms for regions I, II, and III.

e = experimental data points.
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Langruir sorption constants ( € ~na b ) obtained by

successive approximntien cf P sorpticn dato obtnined

under cequilibriwi ~nd 40=hr conditicns for fcur soils.

Soil Tirc Regrien I Region IT Region III
- - e —————
Er 5 K11 b1y K11 P111
(m1/5e)  (yols) (m1/pg)  (pe/s) (cl/pz)  (pe/e)
Egcont Bquilibriun 190 1218 el 1506 0.18 3236
Oknihru " 238 664 67 1031 0.16 1733
Porirun i 106 130 4.7 285 0,08 529
Woikalcohi " 96 % 561 87 0429 325
Bonont 0 hr 455 226 10.8 1610 0420 2740
Ok~ih~u i 746 188 10,2 761 0.23 1361
Pcrirun n 2037 14 12.9 163 0.19 422
Weikalzehi i 99 25 2.0 91 0,08 283
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and KIII values for 4O=hr scrption data, nlthough considerable varins

tion is apparent in the estimates of KI
L]

Only the v~lues of b for coch regicn reflected the pre-
pertics of ench soil ( Table 2.1 ), cquilibriwt b valucs being cone
sistently the greatest for Bomeont snil ~nd the lenst for Weileakohi
seil, Furthernore, 40=hr values were cconsistently lower thon those
obtained fer the equilibriun condition, The relatively greater
discrepancies between equilitrium ~and (O--hr scrpticn isotherms o
low solution P concentrations ( Fige 5.2 ), wns also reflected in
the grenter differences between equilibriun ~nd 4O=hr bI valuecs for
each scil ( Table 5.3 ).

504 Discussion

-

The dnt~, prescnted shove for the sorpticn of T hy four

contrnsting soils hnove scvernl inplications to the interpretation of

P °orptLon using the Longruir equntion, and to the P sorpticn miecchonisn,

5¢ta1 Equilibriun ~nd non-—ecquilibriun isotherns

Dntn for P sorption by each cf the four contrasting soils
nt both cquilibriur and non~equilibriun (40 hr), con be resolved into
three distinct lincar relationships, e~ch described by a Longruir
equation; and ench corresponding to o well defined concentrntion ronge
( Fig. 566k THIE S )0 he unrcelinbility of cstinntes of the .
Langruir constonts shtnined for the noun-ecquilibrium cendition, however,
is illustroated by conprring the cecnstants obtained for P sorpticn
during 40 hr with those obtained fcr equilibriun, the condition ire
herent in the Adcrivation of the Langmmuir cquotion, As 1oy be pro-
dicted, b valucs obtained at 0 hr are consistently lower tham
equilibriun b volues, ~nd congiderable discrepnncics are obscrved
between estimtcs of both K, ~nd KII vnlues using 40~hr and cquilibriun

i 1
data.

Discrepencics between Longrwir constants for regions I
and II, at cquilibriun ond 40 hr ~re particulerly lorge, This is
because the largest discreponcies occur hetween the overall sorption
isothern over the final P concentrntion range of O tc 2pproxinately

1 ?gP/ml ( Fige 562 )s IMurthermore, at 40 hr the value of native
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sorbed P contributes disprcoportionntely to the volue of P sorbed cver
the lowest finnl 2 concentraticn range. These facters which affect
KI values obinined at 40 hr, in turn affect cstimntes of KII and'KIII'
The volue of KIII5 however, is lenst affected. This is becnusce, over
the concentrotion ronge corresponding to region III, the discrepancy
between equilibriur. ~nd A0=hr isctherns becores foirly constant ( Fige
502 )e  Thnt is the 40-hr iscthern for region IIT is very siniler to

that ohtained ot equilibriun..

The cquilibriun condition hns been cverlocked in nost pre-
vious studies relating to P scrption by soils ( Ronnic and leKercher,
1959; Syers et ol., 1973 b, Holford ct al., 1974.). llevertheless,
nen—cquilibriun dato (40<hr) give the sare nurber ~nd distributicn of
rcgions os equilibriw: data ( Tabhle 5.3 ), Application of the Long-
ruir cquation to non—cquilibriun deta ia only satisfacteory when absol-
ute values of coastants are not required, and nny he particulerly
valuable in detormining the crigin of the Langruir regions, ns will be

deronstrated in Chanter 6.

5edls2 Inportance of detniled data
The inportance of having o detnoiled coverage of the final

P concentration r-age, particulerly the very lowest concentrations,

is illustroted in Fige 5.3.4 and 5.4, It is not possible to establish
the first linenr relaticnship ( Figge 56836k ) 7ithout three to-four

datn points ~t concentrations of ¢ 0,02 PgP/nlw Furthecriore, &
snaller muther of data points would have inplied ~ curvilinenr relo-—
tionship in Fige 5¢3.A 2nd 5.4, This probably explains the crigin

of curvilinear Langrmuir relationships obtnined by Gunary (1970) ana

Bache and Willimns (1971) for P scrpticn Ly several RBritish soilse

Llthouzh previous workers hnve obtained devintions fron
2 singlc Longruir equaticn at high (Olsen and Watonabe, 1957; Rennie
and McKercher, 1959 ) and low to intermediate ( Syers et al., 1973 b;
Schwertrann and Knittel, 19733 JHolford ¢t al,, 1974 ) final P con—
centrations, conparison of the data obtained with that obtained in
the present study is not possible because a detailed coverage of
the final P concentrotion range was nct nades  Consequently, sorp-

tion data at low concentrntions ( O to approxinntely 1 ng/ il ) have
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tended to be treated as one sorption region ( Syers, ot gl., 1993 b
Holford ot nles 1974 )o This single rcgion- represents o ccobirnation

of regions I and II. ~s dei'ined in-this study, in teimis of the ¥ and

b values obtained by other workers. The possibility thot this single

Ty

1,

region conprised two regicns, as observed in the present study, wos

D

hewever, sugrested but not dononstrated by Syers ef 2l. (1973 1).

The iiportance of conplete dnta res~luticn is opnin
illustrnted by the worlk reported by Sanple and Hnmpreth (1973) and
Holford gt ol. (1974). These werkers used conputer fitting teoh-
niques, which invclved the asswrption of ecnly twe soxpticn regionse
Inspecticon of data presented by Helferd ¢t zle (1974), however,
suzgests thnt three sorption regions were involved.

Belle3 Inplications of sicil~ar K vrlucs.

The simil-rity of cquilibriun K wvnlues cbinined for o
particul~r resxion ( Table 5,3 ), desnite the ceontrosting preperties
of the soilg, hms inplicnticns tc the P sorption nechanisn. For
the contrastine seoils used in the prosent study, net ornly arc-K
veluos fer o particulsar region sirmilar, but, where applicnble; they
conparc favourably with those obtained by other workers for a wido
range of soils ( Tnble Sed = IMarthoriiore, X vnlues obtained in
this study nre comperable with those obtainced in other studies for such

diverse soil cenponcnts es gibbsite, knclinite an? oeenluninn,

The three distinet sornticn rogions abteined in the present
study, ~nd the sinilarity of K vnlucsg fcr both soils ~ndl soil conpon-

o

onts, ( Tablc 5.4 ) strongly sugrmeshs that P scrption involves - threc
distinct T sorption mechnnisrs at sites corvion to-all sorbentse The
only sites cormicn to the scils uscd in this study. ond the other sor—
bents in Teble 5.4, arc thosce of the type 1%~0H, where M = Fe or Al,
These sites occur at the surfaces of hydrcus-rietcl oxides and short-—
range order a~luninosilicntes, nnd ~t the cdge faces of crystalline
aluninosilic~tes, The origin of the throe sorption regions in the
pH dependence of site charge combined with thnt of the-distribution
of P specics in solution, is demonstrated in Chapter 6.

Previous workers { Syers gt ol., 1973 bs Holford gt 2l.,

1974 ) have suggested that deviaticns of P sorption data frem a

single Langruir equation, originnte from the sorption of P by different
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TLBLE 5.4 Values ¢f the Langiuir scrption cnergy constant K
(= 1':1/}1@' ) for T sorption by various soils and soil

cenponents over threc concentration ronges ( rcgions ).

Approxinate concentration range ( }1@ 1’/:,11) Reference**

Sorbent -
0 to 0.02 0,02 to 0.80 1.0 tc D> 14
(1) (11) (111)

Licw Zealand soils 96 - 238:t Lo = 6,7*'" 0,08 - 0,29*1 (1)
Brazillicn soils - - 0.10 = 0.12%§  (2)
Saskatchewan soils - - 0,08 = 0.20+§ (3)
U.S.4. Soils - 0.2 = 0,276  (4)
English soils - - 0012 = 04468 (5)
Austr~linn soils e - 0,09 = 0019+§ (5)
Krolinite AP1-9 - - 0,05 = 0,10%F  (6)
Gibbsite - - 0.03 = 0.04¥F  (6)
Pscud.obeehnitn o - 0604 = 0.08%F (6)
Knolinite (Wards 5) - 1,9 - 2,878 - (7)
oéoluning . Qadt o= 7e9+§ - (7)
*

]

Corrected fcr sorption ot lower P concentrnations, wherc appropriate
= Corrcction fer sorption ~nt lower P concentrations not nade

i = CRrlculnted frcen equilibriun dota.

_§ = Calculated fron non-equilibriuz data,

*¥* (1) This study; (2) Syers et 2l., 1975 b; (3) Rennie and McKercher,
1959 (4) Olsen nnd Watonnbe, 1957; (5) Holford et al., 19743
(6)' Muljndi et ale, 19665 (7) Chen et nl., 1973 b.
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nechonisns nt different conpenentse  The sinilarity of K- -vnlues for a
particular region for the scils used in the prescnt stugy, cach of
which contains different comnonents ( Table 2.1 ) thourht to be inport~

ant in P sorption, tends to discount this possibility.

The conformity of cquilibriun P scrptien date tc three
Longwuir equations, ~lso suggeste thnt the Longruir cquation is applic—
able not only te true ~dscrpiicn but ~lso to abscrption ( Chadter 3 ).
Furtherrcre, the sinil~rity of KIII and tc scome extent, KII
and the well-defined concentrotion rrxyes ecrresponding to ench region

values,

at both cquilibriuc: ~nd 40 hr ( Pige 546 )y inply that adsorption
and ahsorption cannot be distinsuished from a nechanistic stondpointe
The concept thot absorption constitutes adscrption at "internal surfaces",

suggested previously ( Chapter 3 ), secens valide
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CHARGE REULATIONSHIERS AND MECHANISHMS OF PHOSFHATE
SORFTION BY SCILS

6,1 Introduction

Th2 sornticn of inorsrnic phesphate (7) by contrastinc soils nay
be described by three distinct Imngruir equations, or scri:tion regions
( Chnpter 5 ), The three distinct regions and the sirilarity of the
scrption enorgy (Y) vnlues cbhtained for o porticular region for all
soils, inplices that threc sorption rechanisms cre invelved in P sorption,

each cperating cver well defined final P concentraticn ronces.

The frequently reported ( Dovis, 19353 Mchlich 1960 ) increase
in c~tion—cxchnze cn;ncity, or increasc in negative charge, during P
sorztion by soils nnd soil ccmponentsg, prevides o useful basis for
evelunting the nechanisns invelved in P sorption, This nethod has been
used with sore success ( Hingston ot nl., 19723 Savhney, 1574 ) to
evaluate the deominont serption mechicnisms within verious pH rrages for
s0il corpencnts ond soils, These stuliesghcwever, have rot considered
P sorption cver o sufficiently wide range of finnl solution P ccencentro-
tions, sinilnr tc thot required Tor the construction of o sor;tion iso-
therm. Frohably for this ronson the resuliss obbnrined by these workers
have sugzested thot only onc distinct mechrnisn is opierative 2t o porti-
cular ol voluc, This observation does not assict with an explanction

of the three scrption vegions established in the previcus Chapter.

In this study, charge and I relationships of T sorptiam arc
deterniined for two scils ~nd,for conparison, ~ hydrous ferric oxide gel
( Fe gol), over the finnl P concentration ronge for which thmee sorption
regions were obtained in previous experinents.  The results arc discusse—
od in terrs cof threce P sorption mechnnisrns which provide an explanation
for the charge ~nd pH relationships cbitained, as well as the three

Longuir sorption regions,
642 Materinls and Methods
Air—dried, { 2 mm sanples of Eruont and Okaihnau soils, and an

Fo gel were used in this studye The Fe gel wos precipitated fronm =

solution containing 100 g ferric nitrate by the nddition of 1M NaOH,
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until the plI of the suspension remnined ot approxinntely 7 for severnl
hours. The suspension weas wrshed and reduced in volune by centrifugo-
tion to give o suitable cencentration ( 0.01 g/ml )e Ifter washing
and concentrntion the gel suspension hod a pH value of 3,95. The
anount of N2 entrapped within the gel was deternined fron the differ-
ence betwecen the o conccacration of the supernatont solution, and

thet in ~n acid digest of o 5-n11 aliquet of th? suspension. In 211

cases Mo wasg deternined by flene photonetrya

Sorption of P and uptolke of Ma by tin three naterinls in
the presence and absence of P, were deteriinec by the following nethod,
One=gran samplec of soil ond 0.,00~-g sanples of I'e gel wore shaken in
40 nl of 10“4M aCl contoining various additicns of D, added os a
solution of RapHP04 adjusted to pid. The naxirmn P additions wvere
2500, 1800, =~nd BSOOOIygE/g foxr Egnont and Oknihou so0ils, and Fo gel,
respectivaly,. In o pninllel experinent, i-r sonples of scils, and
0,05=g sanplcs of It gel were shaken in 40 nl of 10-4H ¥nCl containing
no added P hut various additions of i ( as Iacl ) wore nnde, so that
each syste2n could te poired, in terns of total I cdditior, with one
to which P hod heeci ndded. A support neaiwl having o louw [» concentro-
.
tion ( 107" M ) was used %o facilitate nmeasurencat of tliz changes in
the solution o cornzentracion which occur in rospernse te T sorption,
After shoking for 4Chx, the tub2s were cenitrifuged, and aliquots taken
for the deterninaticn ~F dissclied incrgonic P in systens with added P,

Solution Hn coucentration axd pT were delermined for 2ll systeng.

Tz relative degree of flocculation, subgequent o P sorption
by M fel, was also neasured,  Aftor shoking gel suspensions with
added T, os deacribad above, the suspensions wire allowed so shand
fior) iS5 hrg A 10-111 aliquot of the Fcuspension” was carefully renoved
fron each tube at a constoant denth, transferrcd to o 50-ml volunetric
flask, ~nd thie ccatents brecught to volunce. Irnediately after sheaking
the flask, transnission (%) was neasurzd for each of the diluted "sus-

pensions™ at 700 nn using o 1-cn path length.
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63 Results
6.3+ 1 Sorption isotherns

Sorption isotherns for Egnont and Oknihau soils, ~nd Fe gel
are given in Fig. 6.1 for the finnl T concentration range of O to 6
Jng/ml. The anounts of T sorbed by the scils do not include an esti~
nate of native sorbed 2, Isctherns for both soils and e gel were of
a similnr tyve ( type~H ) to those obtained at equilibrium in the

previous study ( Chapter 5 )a

The isotherms could also be resolved into three distinct sorp-
tion regions each described by a Langruir equation. Bach region
corresponded to apmroxinately the snne final P concentration range as
that obtnined for the corresponding region of equilibriun date in the
previous study. The velues of the Langnuir sorption constonts relat-
ing to sorption energy (K) and sorption maxirwnm (b) for each of the
three regions (I toIII ) are given in Table 6,1, The b voalues re=
flect the overcll sorption of T ( Fige Gef ), but relate only to-the
40~hr shoking tine usecds The X volues, porticularly KI and KII’ are
considerably different from the equilibriun volues obtained in the
previous study, and reflect the different experimental conditions used.
The value of KI for Fe el wns not deternined, because of the megnitude

of by, and the difficulty in obtoining a sufficient anount of reliable

I,
final P concentration data at the low concentrations characteristic -
of region I, The value of bI was obtained by testing sorption data,

after correction for an estinated b, value, for conforuity to o single

i
Lenguuir equation over the finnl F concentration rangse of 0.02 to 0,80
PgIYﬁl, corresponding to region IT, Fron K and b values it is possible
to estinate the amount of P sorbed in each region for a given solution

P concentration which corresponds to an overall level of P sorption.
64302 Charge and pil relationships

The relationship between the difference (Al Na ) between sodiun
uptcke, in the presence and absence of P at the same level of sodium
addition, and the armount of added P sorbed by each sorbent is given
in Fig. Ge2s The values of A, Na renresent the increase in Na uptake
due entirely to the inerease in negative charge induced by P sorption
( Davis, 19453 Melich, 1960; Hingston et al., 1968 b; Sawhney, 1974 D!
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T/iBLE 661 Values of sorption naxinmun (b) and sorption energy (K)
for each of three ( I to III ) Langnuir equations (regions)

describing the sorption of P by Egnont and Okaihau soils,

and Fe gel.
Sorbent bI bII bIII KI KII KIII
J:g/ g == ul/ P
Benont soil 248 560 1160 580 9.0 0.171
Okaihau soil 130 455 694 1470 4,8 0.110
Fe gel 7000 7500 20000 ned.* 66 0,062

* not determined.
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in the presence and absence of P at the same level of sodium
addition, and added P sorbed for soils and Fe gele A = Egmont
goil, B = Okaihau soil, C = Fe gels Points a, b, ¢, d and e

refer to data in Tables 6.2 and 6e3e
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The relationship between & Na and P sorbed is essentially
the sare for each soil ~nd Fe gel, being composed of three distinct
parts which are particularly apparent for Fe gel, The inflexion in
each relationship represents a well~defined portion of arercll P sorp-
tion for which there is no increase in negotive charge of the surfoce;

i€y XU\ Mo becories cconstante.

Closer inspection of the chorge relationships ( Fige 6e2 )
suggest thot the changes in slope cre compnrable to the sorption noxinun
of region I ( Teble 641 and 602 ), cand the point at which sorption in
region III nrltes a significont contribution to overnll P sorption,
Points 2, b and ¢ in Fig, 6.2, correspond to varying degrees of satura-—
tion of each P sorption region, values for which are calculated fron re-
spective K and b values ( Table 6.1 ), and are given in Table G2
Point o on eoch relatiorship in Fig. 6.2 convespoads to approximate
saturation of region I, Point b, however, correspords to varying
degrees of saturation of region II, but also to o significant saturation

( approximately 5% ) of region III, in terms of overall T sorption.
Point ¢ corresponds to continued scrption in region III. The higher
saturation of vegion II for Fe gel at point b ( FPig. 6.2 ) reflects the
higher KII value obtained for Fe gel ond probably the greater reactivity

of We gel reclative to similax components in soils,

The rotio of & Ia: P sorbed ( i.c., incrense in charge per
nole of P sorbed )a% points d ~nd e is given in Table 6.3, The values
of A MiP for Tthe first portion of the chnrge developwent relationship
( point 4 in Fig. 6.2 )5which is equivalent to region I of the P sorption
isotherns, vary from 0.5 for Egmont soil to 0.9 Toxr TFe gcl. The ratio
of A\ Ia:P for charge derzlopnent equivalent to region IIT ( point e )
is approxiriately unity after correction of A\ Ma values for those
corresponding to region I. This suggests that for P sorption in
region III, surface charge increases by one equivalent for each mole

P sorbed.

The variability of AN Ia:P ratios for the two soils over
region I, clmost certainly refiects the relative amounts of native
exchangeable cations nresont in the soilse For example, the amnount
of native exchongeable Ca in Egnont soil is 11J7)nuole/g, whereas that
for Okaihau soil is epproximately zero ( Table 2.1 ¥, Notive ex=
changeable cations may, in part, compensate the increasing negative

surface charge arising fron P sorptiona This will result in lower
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TABLE 662 Degree of saturation of each sorption region for the
overall levels of P sorption by each sorbent, denoted

ay b and ¢ in Fig. 6.2 and 6.3.

Sorbent Point * Saturation (%) of
Region I Region IT Region ITT
Egnont soil a 92 &9 1
b 100 70 4
c 100 100 63
Okaihau soil a 93 8 1
b 1CO 57 o
c 100 97 41
Fe gel a 100 5 0
b 100 100 5
c 100 100 39

*
on Fige 642 2nd 6.3 where approprinte,
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TABLE 643 Values of the ratio of A\ Mo : P sorbed at points d
and e on the relntionship between N\ No ~nd added P

sorbed ( Fige 6.2 %

Sorbent Point * DM e P
Egront soil d 0.6"
e 009i
e’ 0.81
Okaihau soil d 0.8'iL
e 102I
Fe gel d 0.9
e 1.0i

¥*
On. Figc 6.2

R Based on b. values for each sorbent ( Table 661 ).

T

i‘ Based on the degree of saturation of region III czlculated fronm

Kypp #nd bppp velues ( Table 641 )e
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> Mo values than expected, particularly nt low overall P sorption,
The increase in A\ Na:F vrnlue for region I associated with the de-
crease in native exchangeable cation stotus, and the frect that foxr
Fe gel A\ Na:P approaches unity, suggest that unit charge arises
fron the sorption of ench mole of T in region I. The slightly lower
value of 2\ Ma:P ( point e ) for Egnont soil also reflects the

greater amount of native exchangeable cations in this soil.

The development of chargze, ~nd the surface charge itself
at various levels of P sorption, are also illustrated by the degree
of flocculntion of Fe gel suspensions, subsequent to P sorption,
neasured by the percent transmission at 700 mn ( Fige 643 ). Points
a, b, end ¢ correspond to the s~turation of each region, as shown in
Table 6.2, Fig. 6¢3 shouws that when region I is saturated ( point a ),
flocculation is induced ( &% T increases sharply ). After passing
through a brond naxirun the degree of flocculation ( AN ) decreases
rapidly, i.e.sdispersion occurs, as percent saturction of region III
sterts to becone significant ( voint b ). This decrease continues

slowly as more P is sorbed in region III’( point ¢ ).

The flocculation datn ( Fig. 6.3 ) inply thot net surface
charge is zero when region I is saturated. The flocculntion and
charge development relationships ( Fige. 6.2 and 6.3 ) also suggest
that the surface is positively charged, before region I is saturated,
a zero charge is maintnined in region II, and the surface becones

negatively charged during sorption in region III,

Data for the pH of Fe gel systems, subsequent to P sorption,
are olso given in Fig. 6eJe  Iinimal change in pll is recorded until
rezgion I approaches saturation ( point a e Beyond point a, pH in-
creases rapidly, and then more slowly up to a value of 7.55 ( point ¢ )
at the highest level of D addition, The increase in-pH associated
with P sorption in region II, and possibly region III, suggests re=
lease of OH . The nore gradual pH increase above pH 6.5 probably
reflects the buffering of P species in solution, which will be at
a mximn at pke, of HP0, ( 7.213 Butler, 1964 ). Distinct pIl
changes were not observed during P sorption by the two soils ( data
not presented ). This is probably due to the buffering character-
istics of a range of components, . particularly orgenic matter, in soil
systems., Smnll increases in pH, however, were recorded at the highest

levels of P addition, particularly for the Okaihau soil which may be
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expected to show the least buffering.

6e4 Discussion

The results presented above suggest that not only does P
sorption involve three distinct sorption mechanisns, each of which is
described by a Langrnuir equation, but also that the scome nechnnisrcs
are involved in P sorption by both-soils and Fe gel. This confirms
the conclusions drawn in Chapter 5, based on Lengnuir sorption energy
(K) valuese The results of this study, however, also permit o nore
precise evaluation of the distinct nechanism involved in P sorption

in each region.

In the promosed mechanistic schewme outlined below, it is
assuned that the sorbing surface can be represented by that of a hydrous
oxide of Fe or £l. Such surfaces-nay be sinply represented ( Parks
and de Bruyn, 1962 ) as M :::8H+ , the proportion of - OH2+ to - OH
depending on the pil of the ambient aqueous phase and the point of zero
charge of the surface in question ( Parks and de Bruyn, 1962; Yopps
and Fuerstenau, 1964; L4tkinson et 2l., 1967 ), as discussed in Chapter
1e Iizand exzchange reactions of the type -Lo; Ls are also assuned
where -Lo is the original surface group and Ls the sorbing species
origzinally in solution,

The P sorption mechanisms proposed involve the lizand ex-

change -0OH +; H.PO,” in region I, =OH; H2P0 in region II, and

24 ind
-0H;3 HPO4 in region III. When writteq‘%ull ( equations (6.1) to
(6.3) for regions I to III, respectively ) the charge and pH relation=

ships ( Fige 642 ond 6.3 ) are fully explained.

14+ 0
OH OH
u”" + L0, = e + 1,0 (641)
~N OH \H PO
2 2P0,
0 0
ol OH
1-1/ + B . P0." = x”” + O (642)
My
OH H,20,
0 1=
OH O -
M/ + HPO.2~ = M/ + O (643)
. ¢ N
OH PO
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Equations (6e1) and (6.3) illustrate the increasing
negative chorge observed for P sorption in regions I and III, which
is approxinately one equivalent per mole of P sorbed when the probable
effects of mative cations are tcken into account ( Table 6.3 )s Equa-
tion (6.2) induces no change in surface charge and gives the inflexion
in the charge developuent relationship; i.e., /AN is constant
( Fige 662 )o The incrense in pH for Fe gel, subsequent to saturation

of region I ( Fig. 643 ); is also consistent with equations (6.2) and (6.3).

The condition of zero surface chorge subsequent to satures-
tion of region I and until significant sorption occurs in region III,
inplied by the flocculation of Fe gel ( Figo 653 ),is sctisfied by
equation (6.2). Furthermore, flocculation data inply that surface
-0Hé+and =0H groups carry unit positive and zero charge, respectively,
This is in contrast to 0.5 units of positive and negative choarge assigned
to —OHé+and ~0H groups, respectively, by Hingston et al, ( 1968 b,

1972 ).

The proposed P sorption nechanisms are also in accord with
the amounts of Ca retained in response to P sorption, reported in
Chepter 4B, Calciun retention data implied that a significant propor—
tion of overall P sorption by Egmont, Olraihau and Porirun soils did not
contribute to the increase observed in the negative charge of the sur-

face ( equation 6.2 ).

Although the above schene of P sorption mechanisms satisfies
charge and pH relationships, it must also satisfy the relative values-
obtained for the Langnuir sorption energy constants ( Brunauer et al.,
1966 )¢ If an initially positively charged hydrous—oxzide surface is
assuned to behave as a parallel plate condenser ( double=lnyer theory ),
which will discharge under the appropriate conditions and resist sub-
sequent build-up of charge, the relative sorption energy (K) values

for each region nmay be explained, as discussed beloW,

The most energetically favourable mechanisr is represented
by equation 6.1, This nechanisn not only depends on the relative
affinity of M for —0H2+ and H,P0,”, but also on the reduction in sur-
face charge achieveds The condenser model predicts that this nmechanism
corresponding to region I, has the highest K value, which is in accord
with the equilibrium, as well as non~equilibriumn, K values reported in
Chapter 5 and in this study ( Table 6.1 ). The second most energetice=

ally favourable mechanisn is represented by equation (6.2)5 corresponding
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to region II, Equation (6.2) induces no change in surface charge

and depends only on the relative affinity of M for -OH and H, FO,"

2 4 °
Equation (693) tends to increase surface charge which nny only be
overcone by the affinity of M for HPO42", This nechanisn results

~ in the lowest K values being observed for region III.

The- relative extent of I sorption in each region should
also reflect the proposed sequence of mechonisns ( Bruncuer et ml.,
1966 )e¢ The relative contribution of bI to the overall sorption
maximun. should, therefore, depend on soil pH, due to the relatively
greater anounts of NLOH2+‘at lower pH values. For exanple, based on
b values obtained in Chapter 5 ( Table 5.3 ), the contribution of bI
to the overall equilibriun sorption maxirmun of Olaihou and Waikakahi
soils was 19.4% and 9.5%, respectively. These soils represent pH
~extrenes (.4,8 and 8,1, respectively ), for the contrasting soils used

in these studiess

The nbove discussion has been-based on the assunption that

"~ the nechanisn represented by equation (6.3) describes P sorption in- -
region ITI. ° Very recent work in this laboratory ( J.R. McLoughlin,
perse. comm._)_suggests that P sorption in regions.I and II, correspond-
ins to equations (6.1) and (6.2),results in the developnent of a "ferric—
‘phosphate like" surface, and that. P sorption in region III corresponds
to the sorption of phosphate as o= potentinl determining ion at “this.
surface .( Chter; Sz— at the surface of Ag2 S; Iwasaki and de Bruynm,
1958 Yo Such a nechanisn would still result in unit imrrease in
surface negative charge per nole P sorbed in region III ( Figs. 6+2 -and
6435 Table 6.3 ), although the slow increase in pH ( Pig. 6.3 ) seens
anomalous, It is possible that this pH increase arises fron.the slow
conpletion of sorption in region II which-continues up to final P
concentrations of apmroximately 2 ye P/nle This nechonisn for P
sorption in region III- is, however, conretible with the. Langnuir

sorption energy values, as discussed above,

Conponents having & surface structure similar to that- represent-
ed above ‘for a hydrous oxide, are ubiquitous in soils ( Jacksaon, 1963 ).
Such components include crystalline and short=rcnge order Fe and Al
hydrous .oxides, short-range order aluninosilicates, ~nd the edge faces
of crystalline aluminosilicates, The charge relationships of P sorp-
tion by soils and Fe gel, obtained in this study and the similarity

of K values for both soils and soil conponents, as discussed in Chapter
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5, clearly denonstrate the inportance of the hydrous-oxide surface

in the sorption of P by widely-different soils.

Although previous workers ( Hingston et al., 1968 b, 1972;
Breeuwsna ond Lyklena, 19733 Sawvhney, 19745 Rajan, 1975 ) have
attributed P sorption, at a particular pH value, to at least one of
the nechnnisns proposed above, this study represents the first
quantitetive evaluation of each mechanism over & wide range of final P
concentration for contrasting soils and Fe gel. Final P concentrations
were nlso realistic in terms of the P concentrntion of the soil solution
and experinents were carried out at the pH of the soil, Furthernore,
this study has identified the mechanisns involved in P sorption by Fe
gel, and presumably other hydrous oxides, with those involved in P
sorption by intact soils of very different chemical and nineralogice.l
conpogition, Finnlly, the data in Fige. 642 demonstrate that o signifi-
cant proportion of overall P sorption generates no increase in surface
negntive chnrgee This is in contrast to the assunption made by Hingston
et al. ( 1967, 1968 b, 1972 ) that P sorption is conditional on an ine
crease in the negative charge of the surfnces This assunption has
been included in nmany previously proposed P sorption nechanisns
( Hingston et al., 1967; Mott, 1970 ).



CHAPTER 7
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INTERPRETATIONS

The results of the studies discussed in the previous chapters
provide a basic fron which other aspects of the sorption of inorgonic
phosphate (P) by soils may be explained. Twe areas nay be defined,
nanely that concerning the scrption reaction and that concerning the
sorption nechanisne The fact that the four contrasting soils used
gave renmarkably similor results, in terms of reactions and mechanisms
involved in P sorption, permits extrapolation of the data obtained to

o wider range of soils,

The fractionation of zdded P sorbed with increasing time by
two soils ( Chapter 3 ) suggested that an absorption rcaction is ine
volved in the overall sorption of P by soils, An absorption reaction
is in accord with data presented by previous-workers, relating to the .
time dependence of P sorption ( Kurtz et al., 1946; Renniec and McKercher,
1959; Hsu, 1964; Bvens and Syers, 1971 ), ond the decrease in extracte
ability and isotopic exchongeability of added P sorbed with increasing
tine reported on in Chapter 3 ond by other workers ('Talibudcen; 19583
Lorsen and Widdowson, 19713 Evans and Syers, 1971 )e

The concept of an absorption reaction is not without support
in the literature relating to the nature of reactions at the hydrouse
oxide surface, Sinilar time~depeéndent reactions hove been reported
( Onoda and de Bruyn, 1966; Kinniburgh et ale., 1975 ) for the sorption
of protons and cations by oxides =nd hydrous oxzides, In the study
of Onoda nnd de Bruyn (1966), the slow sorption of protons by heenatite
was attributed to the movenent of protons into a hydrated and expanded
surface layer resembling goethite, The "porous" double layer at
hydrous=oxide surfaces, proposed by Lyklema ( 1968, 1971 = ), also implies

absorption, as discussed in Chapter 1.

An absorption reaction has implications to the availability
to plants of fertilizer P ndded to soils, Absorbed P is expected to
have 2 very much lower potential availability to rlants than adsorbed P
The kinetics involved in the diffusion of absorbed P vrithin retaining
conponents may be of particular inportance in the supply of P to the
soil solution in contact with plant rootse. The kinetics involved in
the release of absorbed P nay also explain the low recovery of fertilizer
P by plants during a particular growing season, and the fact that some

soils appear to require regular additions of phosphate fertilizer to
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naintnin adequate levels of P in the soil solution-for optirmn plant
grovthe The nechmnisn involved in the desorption, or releasc of
scrbed T, however, is nlso of inportsnce in nrintaining ~n adequate

supply of P for plant growth, as discussed belowe

in abserption rencticn ~lso cxplnins the tire dependence
frequently reported for the isotopic exchnnge of both ndded sorbed P
and native sorbed I ( Mefwliffe et 2l., 19475 Russcll ¢t 2l., 1954 ).

32P at longer tirme intervals probably reflects

The slow cexchmnge of
cexchanre with absorbed P, The sirilarity between P sorption and
exchnnge renctions ( Chnpter 3 ~nd Li et gl., 1970 ) suggests that a
nore rcliable detormination of the actunl anounts of exchongenble P
rny be facilitated by extrapolaticn of cxchnnge dat: to infinite time,
as used to estinate cquilibriun P concentrations and nntive sorbed

P in Ch~pters 4 and 5,

Althoush the cffect of ionic composition ¢f the support
rnediun cn the kinetics of P scrption did net appear to be directly
rclnted to an absorption reaction, the investigation of this effcet
( Chopter 4A ) illustrnted the inplic~tions of the tine dependence of
P sorption to the interpretation of P scrption datne: It is possible
thnt differences in the anounts of P sorbed by soils, which have been
attributed to cxperinental conditions other than tine, mny be elininated
if the cquilibriun condition is estimated. Experinental conditions
affecting the nnounts of P sorbed by soils in non=cquilibriun systens
include scil :-solution ratio, ternper~ture, ionic composition of the
suppcrt nediun, nnd exchangeable cntionse. The cffect of thesc experi-
nentgl conditions has been discussed by Wild (1949), Kurtz (1953) and -
White and Beckett (1964)s  Recent work in this laboratory ( G.D. Hope,
PCrs. COille ) sugzests thnt the coffcect of soil : solution rotio on
anounts of P sorbed is clininated if the equilibriun condition is
estimted using the nethod suggested in Chapter 4, An evmlu~tion of
the role of time - dependent secrption would facilitate the choice of

norce relicble conditions for use in laboratory studicse.

The cvaluntion of P sorption from the standpoint of conform—
ity of equilibriun sorption data to Longruir cquations (-Chnpter 5 ),
and thce charge rceclationships of P sorption ( Chnpter 6 ), hos provided

a quantitative basis for the proposcd P sorption nechanisrs which
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cover o wide final P concentrntion rongee  The proposed P scrption
nochanisns 2lso explein the frequently reported ( Syers ot 2l., 1973b;
Schwertrnnnn ~nd Inittel, 1973; Holford ct 2l., 1974 ) devintions of

P sorption data fron o~ single Imngmuir equatione  Furthernore, the
vaolues cf the Langnuir sorption constants obtaired for P sorption by
soils are in accord with the T serption mechrnisms proposcde This is
2 requirecnent fcr the assumption of o true Langruir sorption nodel

( Brunauer et nl., 1966 ) and cnphasises the previous argunents

( Chpter 1 ) that P sorption by soils may ~pproach ideal Langruir

behavioure.

The chrrge rclaticnships of P sorption ( Chapter 6 ) have
illustrated some of the problens inherent in the interpretation of -
anicn sorpticn-using the rodels developed by Hingstcn gi ale ( 1967,
1968 b, 1972 )e Of primary inportance is thc fact that a considerable
portion of the overall P sorption involves no change in surface chargce
This denonstrates thnt P scrption is not conditionzl on on increase in o
the megative charge of the surfaee, even .though negative charge-does
inerease during P sorptione The charge relationships also suggest:

that P sorption mechanisns, previously thought to apply over-only

" restricted pH ranges ( Hingston et nl., 1968 b, 19727 Mott, 1970;

Sawhney, 1974 ), contributc to P sorptiocn at widely different pif

-values and solution P concentrationse

In thc sorption of P by scils, the inportnnee of the type
and structure of the dominont P sorbing surfacc, 2nd the pH cf the systa
which affects the nuober of protonnted sites and the distribution of -

P speeies in solution, arc clearly apparent from the proposed P sorption
- mechanisnge It is suggested thét the nunber of protonated sites(de=
pendent on pH) is secondary in inmportance only to the actual meber of
sites, governed by the type and anounts cf P=sorbing components, in
deternining the owverall sorption of P by scils, This is illustrnted
to some extent by the scils used in these studies ( Chapters 5 =nd 6 ).
Furthernore, the relative importnnce of P sorption at protonated sites.
( sorption in region I ) which is charncterised by a high sorpticn
energy, and consequently rclatively small changes in solution P cone

- centration with increasing saturztion, has possible inplications to

"~ the phosphnte fertilizer requirements of soilse Elinination of
protonated sites by saturation with P, or possibly lining, results

in considernbly greater changes in solution P concentration for a given
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I' nddition,

An cxplanaticn of scorption—desorption hystercsis is alse
inplied by tne T scrption rechnnisis developed. Other workers ( Mul jadi
ot 2l., 19663 Knfkafi ct ~l., 1967; Ilingston ct al., 1974 ) hove de-
nonstrnted thnt desorption shows the highest degree of reversibility
cver P concentrnticn ronges corresponcing te region ITI, ~s defined in
Chopter 5, Sorpticn of I' in this rogion possibly involves the riechnnisn
s HPO42_ which builds up thc negative charge of the sorbing surfacc.
The assunption thrt the surface resists charge incrensc ( doubleelnyer
theory ) implies thnt during desorption the exchange —HPO 4“;. 0l will
be facilitated. This nechanisr returns site chorge to zcro, but its
cxtent will be linited by the cencentratien of Ol in the deserbing
solution, Sinilar consider~tions with rcspect to the relationship
between desorption ~nd the resistonce of the surfece to nesrtive charge
incrense during sorpticn in region III, nnybe ~pplied to the concept
thnt sorpticn in rcgion III involves the sorption of P as n potentinl-

detcrnining ion at n "ferric phosphnte-like" surface,

Desorption in regions I and IT is unlikely 2t low Ol concentra-

tions in solution. The oxchnnge =il PO4; OIl induces no choange in site

charge, the latter being mnintrined it ZCTro, The extent of this eox=
change will depend only on the rclative affinity of the surface Pr
H2P04— and OH  at the pH of the desorbing solution, Consequently, dc=
sorpticn of P hns frequently been reported ( Muljndi ct nl., 1966
Kaflkafi et nl., 1967; THingston ct al., 1974 ) in sorption-descrption
experinents in which P ccncentraticns subsequent to the-sorption step
hrve corresponded to significont scrption in region IIT, Desorption
fron regions I and II, however, is rarely obscrved, excent at clevated
pI ( Muljnii @t nl., 19663 Kafkafi nnd Bar—Yosef, 1969 ). Although
detniled experinental verificnticn of such ~ desorption nechanisn is
not presently available, recent work by this cuthor, and the change in
surface charge during the desorption of P by gibbsite nnd gocthite
reported by Hingston et al., 1974, suggests that the mechanisn is

reasonable,

Datn for the P concentroticn of the soil solution ( Tierre
and Parker, 1927; Barber gf 2l., 1962 ) suggest that P sorption in
regions I and IT will be characteristic of field soils, Conscquently

the pH of the soil soluti~n between the sorbing surface and the plant
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root, will be of particul~r inport-nece in the casc ~nd cxtent of the
desorption of scrbed P ~nd the avoilability of sorbed P to plants.,

The pl of the soil sclution in the viecinity of the plrnt root, hewever,
may be highcer or lower thn thnt of the soil soluticn as ~ whole, 2nd
depends on the bnalance between anion and cation uptoke by the plant

( Riley ond Borber, 1969; Ozcnne ond Barbcr, 1970 ), Al increase

in the pi of the solution ~t the sorbing surfroce will facilitate the
desorption of P sorbed in rcsions. I nnd II, as discusscd cbove, In
the absence of ~ny increasc in pl, however, the role of orgonic anions
rclensed by plant roots is probnbly of ccnsiderable impertance in the
desorption of sorbed P. The possible mechanisns involved have been
discussed by Nngarajah et =21., ( 1968, 1970 ). These nechonisns hove
ever, arc open to question, becnuse they arc based on anion sorption
nechanisns proposed by Hingston ct 2l., ( 1967, 1968 b, 1972 ), the limit~-
tions of which have been discussed previously. It is possible that
sorbed: P is displaced, rather than descrbed, by the partinl dissolution
( Enrl, 1975 ) of sorbins conponents throush the forintion of soluble

complexes between Fe and/or L1 and orgnnic ligendse
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The work prescented in this thesis nay be surmerized as

follows ¢=

1. The developrent of concepts concorning the reactions
~nd necchnanisms invelved in vhe sorption of inorzonic rhesphate (P) by
soils wns outlined in Ch~pter 1. Voricus topies requirinz further

rcsearch were identified,

2. Soils which contrasted in terns of conpenents and
preperties considered to be inportont in P sorption were sclected
( Chapter 2 ) for a scrics cf investigations relating to the reactions
and nechanisns of T sorption. The usc of contrasting scils provided
a nore relinble basis for the interpretation of the data obtnined, and

cxtrapolation te 2 wide ronge of scil types.

e The tize dependence cf P scorption ( Chapter 3 )~was
described by four distinct, first-order re~ctions for cach seil, The
rote constant of 2 prnriticular rcaction wems a2lsc remarkably sinilar for
cach of the scils uscd, This ws token to inply that the sance sequence
of rcoctions was involwved in D sorption by cnch soil, Dat~ for the
froctionation of ~dded P sorbed by two soils suggested that P scrption
vas not determined sclely by o truc surfacc adscrption reaction. The
decrcnse in extractability anl isotcpic exchangenbility of P sorbed ot
incrensing times, coupled with the incrense in the anount of sorbed P
reccvered by citrate-dithicnite=biearhonate cxtraction indicated that

surface adsorbed P becarnie 2bsorbed, probably by diffusive penetrations

fo The inplicntions of tine—dcpendent sorption to the

interpretation of P sorption dat-, werc derionstrated in a study of the
effects of support nediun on D sorption ( Chapter 4A )e It was showmn
that differences in the:anounts of P sorbed during 40 hr by soils fron
different support media were climinated if 2n estimte of equilibriun
P concentration was obtained wusing a graphical approach, The faect

that the cequilibriun P ccncentrotion was independent of support nediun
points to the inportance of kinetic cffects in the interprectation of P
sorption data and is in accord with the T scrption rechanisns proposed
in Chapter 6. The virtuelly conplete replaceability by K of Ca re—

noved fron soluticon in responsc to P sorption by soils ( Chapter 4B )
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indicated that Ca wms retained tc balance the increcnse in negative
chhrrge arising froom P sorption, rother thon as o precipitated caleiun

phosphatc,ns suzcested by other workers.

S5e The inplic~tions of tine dependent sorption to the
interpretation of I gorption dat~ usinz the Langiuir cqunticen, were
denzonstrated in Chopter 5. The difference between the Lengruir scrp=
ticn constants cbtnined for T scrption 2t cquilibriur as onposed to
that during 40 hr, were dircetly rclated to the cxtent of the absorp-—
tion renctione The sinilarity of cquilibriun sorption cnergy cone
stants for a particular sorption region for 211 soils inplicd that
sinil~r niechanigng were invelved in the sorption of P by cach soil.
The fact thnt P sorption dat~, obtnined both at cquilibriun and during
40 hr, could be described by three distincet Longruir cquaticns also
sugrested that adsorption and absorption reactions could not be dise

tinsuished frem a nechanistic standpoint.

6o Charge rclaticnships of P sorption by soils and Fe
gel ( Chapter 6 ) denonstrated thnt threc distinet :echanisns werc
involved in P sorption over the finsl P concentrrtion ronge used to
obt~in P sorntion isotherms ( Chanter 5 ). It was ~lsc shown thet

he different nechanisis coused the devintion of T scrpticn data fron
a single ILongmuir cquation. The chnrge relationships of P sorption
inplied thr.t the riechrnians of P sorption by soils and Fe gel are the
SAICe Onc distinct rechnnisn was shown to be respensible for P sorp-
tion in each of the three sorption regicns described by a distinct
Longruir cquation. Data suggested that- the nechanisms involved the
lizand exchange rcnctions -0112+; 1-121304", ~01; 112r04", ~nd -OH;
HPOA2— a2t the hydrous-oxide surfnce over low, internedintc and high

‘e

finnl P concentrations, respectively.

Te The inplicnations of the rcactions and nechanisns of P
sorption by soils in controllings the levels of P in the soil solution
arc discussed ( Chapter 7 ) in relaticn to the plant availability of
soil and fertilizer P, with particulnr enphasis on the desorption ree

actione.
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