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ABSTÌLACT

The form of soil phosphate present jn some calcareou.s I'lanitoba

soils has been siudied by application of the concept of chemical poren-

tj-al" The lime and phospha-be potentials of 1O-2 i'I CaC12 extracts of

these soils were deiermined. Evidence i¡'as obtained that meta-stable

octocalcium phosphate is present in most of ì:hese soil_s,

The adsorption of phosphabe ions by four T'íanitoba soils of

va:'ying calcium carbonate content showed close agreement l,¡ith the

Langmuir isotherm up to a final phosphorus solution conceniration of

2A-25 u.g" P./rnl" Organic matter apì:eared to be equall¡r inportant in

deierminj-ng the phosphorus adsorption maximurn as the percentage calciunr

carbonate" Dical-ciurn phosphate dihydrate apÞeared to be the inii:ia1

reaction produ-ct in some of these soil--'¡ater systems, on i;he ad.dition

on monocalcium phosphate 
"

The exchange of carrier-Íree radioactive phosphorus uith the

varíous fractions of native soil phosphorus l+as investigatecl" It was

found that the ainourit of exchangeable phosphorus i¡ i;he respective

fractioirs varj-ed loith the percentage of calciurn carbonate " On a soil-

with approxima'bely otle per cent calcium carbonatp nnl ., (. l, ' ê? 
^Õ11t,

of the i;oi;ar exchangeatrle phosphorus was i¡ the 0"5 I{ H2SO¡. fraction,

r'¡irile ín another soil containing [2 per cent calciurn carbonate 56")+

per cent of the total exchaageable phos;ohorus Tdas present i¡ the above

fraction,



Indirect evidence has also been presented

in soils may react with active groups present in

interaci,ion probably results i:r the formation of

phosphate and the organic groupso

that the

the soil

a com¡rlex

iron phosphates

hu-.mrs. Th-is

bei;nreen iron,
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Ï" INTRODUCTTO¡I

Ïnterpreta-bion of phosphate behaviour in soils involves sonæ of
-r'he most interesting and. baffling problems in the doinain of soil science.
This is largely due to the diversity of types of compounds in r,¡hich the

phosphate 'i on occurs, and the variety of associated conprexes that
affect the solubility of the phosphate carrier"

According to the u"s,D,A" definiùion (52), a carcareous soir
tris a soil eontaining calcium carbonatee or one all<aline in reacti_on

because of ihe presence of calcium earbonate"rt Phosphate fertility in
ealcareous soils, and the reactions of phosphatic fertirizers with
these soils are the object of considerable research in order to ascertai_n
-t he econornj-c levers of phosi:irorus fertirity, and to cìevelop a rerÍable
chemical methoci for evaruating phosphorrrs fertility"

The phosphate chenistry of calcareous soils is mainly that of
the mutually iatelde,oendent variablesi pH¡ calcium concentraiion, and

the concentration of H2PO¡- and. I-ÌPO¡.= ions. Calcium carbonate exerts

a dominant ef:flect on the nature and reactions of phosphate in cal_

careous soils mainly because of: (r) its reactive surface, (2) its
effect on soÍl pH and (3) 

"s a source of the co¡nmon ion"

As regards the forrns of native soil phosphate present, arrd.

:'eaetions occurri-ng ruhore solu.ble phosphate fertilizers are added

cal-careous soilse cotnpaï'abively little is knci¡rn"

the

to

The objectives of the work reporüed. here r,,iere to deterrnine:-



¿

(a) the form of na'bÍve soil phosphate governing the phosphate soluti on

concentra.tíon in calcareous soil-s.

(b) the reactions of added phosphorus in cal-careous soil syste'ms.

(") exchange reactions of ad.ded radío-phos.i:horus r,¡ith the native soil
phosì:hates 

"



IÏ" ],TTERATURE REVIEW

Qrly tr^io mechanisins by whlch soils hord. phos¡:hai;e have been

shown to be of great inpor'r,a:rce, naineÌy, those Ínvolving iron and

atuniniu¡t and those involvì-ng cal-ciuin" 'In acid soils iron and aluinrinium

az"e the dorainani; ca-bions which deternri¡re phosphorus solubility and

reactivity (l+l) " The principal aluminiu-m and iron ohosphates occurring

in soils are pi'obablys - varÍscite---{1pc4" zï2ou strengite--Fep0¡*"2H20,

and barrandi-be--a rnixture of the above tlr'o in alrnost any proportions,
fn acloli-bion a ferrous phosphate, vivÍanite-s"3(i:o¡) 2,BH2o has been

irlentifíed in poorly drained soÍls ()+:)"

Ïn ealcareous soils it is the calcium ion rihich is of inportance

in deternining phosphorus sorubility" The calcium ions which hold
phosphate in soils may be:- (1) calcium ions on the exehange complex

of crays, (2) carcÍum Íons in the soil soluiion and (3) carcium

ions anchored on the surface of calcium carbonate crJ¡st,afs. Chang

and Jackson (z) have estinated tha1, gilr of the phosphorus contained

i-n calcareous sub-soiIs is in calcium forrns, The figure for surface

soils r'rouId n¿tu-ra11y be somewhat lower"

cal-ciu-m phosphates exist in several forms--the most i¡q:ortant
of wliich (as far as soils are coltcerned) a.TeB*

t: i'íorocalciurn phosphate (ì{cp) -- ca(I{2po¿1) 2.Ii2o" This Í,orm is rrraier

sol-uble a¡rcl is i;he cior¡rinant phosphate of srrperphosphate fertilizers"
2" Dicalcium'phosphate dihycìJia.tg (ÐcPD) -* cat{po¡*2rþo" This form is
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oiú¡r 5f1ght1y lvater soluble, unstable, and is bef ieved to be the j:.ritial

reaction product formed r^rhen phosphatic fertil_izers of high r,rater

sol-ubility are applied to soifs (28)" Tt is believed to be formecl

both at the site of a1:plication due to hydrol)¡sis of i.ICp and in the

soir i¡rnediately surrowrdi-ng it (35) . rÌ; has arso been sho¡m that

i:his forir persists in soils for long periods of tirne (35) 
"

rehr et. al" (e7) na-¡e presented petrographic eridence for the

existence of this form of phosphate in soils" The au-thors claimed

that on fornaiÍon DCPD changed sIowly to the more basic ocbocalcium

phosphate, which in turn Ís transformed slor"rly to hydrorryapatite " The

solubility product of DCPD has recenil.y been carefully deternrined by

lr{oreno et aI. (36), They found. it to be 2"77 x lO-7 aL 25"C,

3. Octocalcium phosphatg (ocp) -- ca¡,I'(i'o¡)3.31120" This form of
calcium phosphate may be prepared by precipitation r:_nder suitabl-e

conditions. Ì'oreno et al" (37) have prepared Ocp by hydrorysis of

ÐcPD in dilute phosphorus aej-d. solutions and in water. They found

that ccP was pi:ecipitated r^¡hen the plJ of the solution was higher than

ó"38" The exteni; of hydrolysis was larger the higher the initial pH

of the solu.tion, The authors defined the solubility product consiant

for OCP by the eqrressi_on;-

l*pC"o* + lpæOfr - zpfr = pKo^

in iuhich the terms on the left are negative logarithms of ionic

activities and On"n t" a constant" ¡L value of p.93 was obtained for

lì("n at 25oC" Bjerrum (l+) reported FK"O values of 11"8 and p.3,
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depending on whether equllibration rdas approacrred by dissolui;ion or by
precipitation" I'foreno et al-" obtained only one varue for boilr dissolu-
tj-on and precipitati-on,

'cP 
is befieved to exist in some soils" Lehr et aI. (2il have

presented petrographic evid-ence for its exístence in soir-s. .AslJmg (2)
conoucted ext'ensive solubility studies on several calcareous Ro.Lharæted

soils and concruded that ocp was the phase governing the phospìrorus

solution concentration j¡ those soils" T?re formation of OCp has also
beei: reported in an acid soir fert,ir-ized ,nrith superphosphat e (zg) 

"
l-r" Tricafcium i:hosphate -- c.3 çno¡r) z. There is stiil sonie cioubt if
this corpound can be formed by precipitation frorn aqu-eous sor_utions"

5' Hvdryxvapab.tle (r-rÂp) -- cal9(eo4)6(cr-r)2. J'" s" crark (g) hrs
measured the solubility product of ll,{p working in co2 free solutions"
He definecl the pK"n aecording to the foIlor,rÍng e_o,uation: _

PKsÞ IOpCa + ópPOl+ + 2pOH

and reported a value of 115 "s for pKuo at 25oc, lre found that wrren

HÁP was formed in the presence of c02 no equilibrÍum varue courd. be

obtained" ftrssel (L3) later interpreted this to rnean that equilíbriuin
betrueen solid apatites in the soir and calcium and phosphate ions i:r
soLuti on is reached only extremeþ sIowIy, in fact, true equilibrium
may never be attained" The crysüals of HAp are extrenrery smalr. A

conseq.rence of tiris s¡rall crystal size is that precÍpitates of li4p

are not jlure, sinee the surface layer ean vaïy greatly frorn ilrat of
pure HAP' Thus precipitates giving the l{Ap structure have been formd
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tr: have calcium:phosphorus ratios l,¡hich vary from 1,,l+;1 to 1"8:I;
tire theoretical ratio being l"67zl (,1+3)" Evidence has been obtained
(38) that tlre fi:ral reaction prod.uct formed by the application of
superphosphate to calcareous soils is hydro:ya;oatite"

There is, hoi+evere no universal agreemenü among soil scientists
that the reaci:Íon products of soluble phosphatic fertilizers in cal-
ca'reous soils are compounds of well defined cr.;irstalline sl,ructure 

"
Thus Clark and Feech (B) concluded frorn their solubitity studies that
neither llCP nor HAp ¡¡as present i¡ the clay or soil s¡.sfeins stud.ied"

Ila'gin and l{adas (22) nave concluded from solubirity studies in cal-careou"s

soil s¡rsfe¡ns that either. (r) no calciun phospha.l,e compoulds having

well defined si;ructure are formed on conbact of }ícp r+ith soiIs, or
(2\ an equilibrium Ì¡etlrcen the sol-id. phase a:rd solution r^ras not attained.

Lindsay and i'ioreno (30) studied phospha'Le phase equilibria in
calcareous soils and concl-uded. that equilibrium l4ras not likely to be

reached and tha b phosphate solubilÍiJr hrould not corresponcl to any knor"¡n

soli-rbility product" Eisenberger g! ar (ró) sugges-bed tha.i; the composi_

tion of the reaci;i on product of caiciurn carbonaie and phosphate will be

laz'gely deterrrrÍ¡red by the conditions uncì.er which precipitation occurred 
"

TÌ:e concei¡t of a range of sorid sorutions containing varying
proportions oí calcium phosphate and cari¡onate is held by sorne workers.

i'iiGeorge and Breazeale (33) pos''ou1ated. that in cal-careous soilsB

calcium phosphate exi-sted as the very- insoluble mol-ecular ca.rbonato-
ì"' -1

^*^f-:!^ ln^ tt'-¡:apal,ire--¡ca3( tcL)2)3.cac03" The autJrors stated .bhat the solubility
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of this compound i s kept a.t a rnininn-rm by the carcium i.on activity ín
tne soil soluf,i on and the carbonaie ion concentration in equilibrium
with the calciu¡n carbonate solid phase"

rlwrerous investÍgators have reported on detailed studies of the
adsorption of phosphate Íons on the solid phases in soil s¡rsterirs.

0l-sen et al. (l+o) have siror,¡n that a high level of phosphorus adsorption
appeaz's to occur on carbonabe particles and precipitatÍon reactions
are rel-ativery slor^¡, These au_thors arso believed thai calcareous

maÌ;erials i-n soils do not behave like pu.re calcium carbonate in their
reactions rrrith phosphate, they attributed mu-ch of this d.ifference t o
the colloidal nature of the soil carbonates and. to their high surface

cole e! ar" (ro) stu¿ied the nature of phosprraie sorpiion by
ealci um carbonate and found that the reactíon of solubl-e phosphate r,rÍth
calcium carbonate consisted of a rapid monola¡rer sorption, followed
by precipitation of DCpD or a compound having similar properties,
These authors also showed. that phospha-be adsorption data foll-o¡¡ed

closely the Langmuir adsorptÍon isother¡n. Earr-ier investigators
(r:, eh) had used the Freuricllich ad.sorption isotherm for describing
phosphate adsorpiion, The najor advantage of the Langnruir equ-ation over
the Freundlich eqlation is that a-n adsorption maximum ean be carculated.
This vafue can be related to various soir-;oroperties whicrr wirl give
inforrnation about the nature of the reaction between soil- and phospl:.orus"

La'ber Olsen and l,¡þ.tanabe (39) showed that the adsorption rnæcimum
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calculated by the Langrruir isotherm was very elosely correlated T^lith

the surfaee area of soils as measured by etþrene glyeol retention"
They also found 'bhat for a given surface area acicl soils held 2"1J

tj-mes as rmrch phosphorus as alkalíne soils.
cole and Olsen (11, t2) have d.everoped a theoreticar approach

for studying the behaviour of the adsorbed phosphorus i.n cal-caj:eous

soíls" They used the mean activity of ÐcpD to express the solubility
of adsorbed phosphoruso The authors found that the cal-culatíon of
this function corrects for differences in the pil values, calcium con-

centrat'ions and ionic strengths which are encountered when a number of
soils are studied" The authors also invesij-gated. the effect of exchange-

able phosphorr-rs and soil texture on phosphorus solubil-i-ty. 
^ clirect

relationship r,¡as found to exíst betr,reen the per cent saturation of qre

phospl'rate adsorbing surfaces a¡rd the DcP activities of the soil extracts"

'lecen'bIy Thompson et al. (h9) trave calculated the per cent saturation
of the phosphate adsorbing surfaces of several soirs. They found

the per cent phosphate saturation lras an excell-ent index for predicting
the yietd of phosphozus in planis.

Phosphorus behavi-our in soils has also been studied extensively
by the use of radioac-Live phosphorus--p32" Thus the reactivity of
native soir phosphorus and also added phosphorus can be determined by
*J¡ai¡ a¡-¡^a.i{,- tutterl cafract_r,y ro exchange irith p32. The isotopically exchangeable

soil phosphate is ofben termecl the ¡rlabireil phosphate in the soil. ri
is a reasonably -¡ærr clefined quantitr¡ á-rthough it i-ncreases slonly
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r¿ith time, pariicu,la.rry r^rith some soils (!3)" i"Íc.auli_ffe et al. (lz¡
fou¡td tha-i the reaciily exchangeable phospha-te correlates ¡.rell r.¡ith the
pìrosphaie fertiu-ty of the soil and na.s ec¡ral to .bhe fraction for ¡^¡hich
the distribution or P32 betrueen soi-I and soru.tion changecl rogarithinicalry
I'ri th time"

Later Ìvikrancler (55) ¿eterrníned the rate at r^rhich labelred
phosphate adsorbecl on soils exchanged with phoryhate iorrs i¡r solution"
He stated that 'i;he exchange Ïras governed by the l-aw of mass action"

Guir¡arsson and r*rrecrricksson (et) shor,¡ed. that there hra.s a crcse
relationship be'bween the 1abi1e phosphorus (as measrr.red. by p3Z exchange)
and the phosphate taken up by r¡heai crops from soi-rs in pot and fierd.
experimen.ts 

"

F':cperi-nrents by Anier et al, (1) showed. that for a clay soii
and a silt loam, the rtlabile-phosphate poolrr, deter.nined after l,icAu-liffe
et al' (127, is always larger than the phosphate sctracted. by a chloride
exchange resi-n" The ra'be curves for isotopic exchange r.riür the soil,
a^trd the extraction of phosphate froni the soir had the sa.rne pattern,
Talibu-deen (Lz) has condu-cted extensive research on the factors in_
fruencing the esti-mation of exchangeable phosphorus i¡r soi_rs" He

inr¡estigated the infr-uence of soil;solu.tion raii-o, orilrophosphate

ions added ¡"¡ith the radio-phosphate, a¡d ihe equililrrium pr{ on the
deterrnination of i-sotopically exchangeable phosphor-us. He fou¡d 

'rat:-(a) at larger soil:solution rati.os i-sotopic equilibrium Has attained
after rrmch longeili;imes; (¡) in uater suspensions soils of ror,¡ phosphate
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status have irery 1ow equilibriun*phosphate concent,ration in solution,

l'ihich resu-lted j-n diffieulties in chenrical and radio-chemical ana-lyses;

(c) at 1or,¡ soil;soluì;ion ratios in aqueous suspensions, such systefiis

are unbuffereci, r.¡h-ich caused undesirable pH changes; (d) when solutions

contai¡ing large a:¡rorr-nts of tagged phosphate are added to soj-Is, isotopj-c

equili.briurn is reached very s1ow1y"

ïn a¡other e>çeriment Tatibudeen (j+B) subdivided phosphate resi_
clues in soi'ls into three fractions based on the extent cf isotopic

exchange of orbhophosphate ions bet¡reen the soil and the soil solurion,
Talibudeen also observed that the total labile phosphate T.Ias a snialler

fractíon of the tota1 phosphorus in the heavier soil-s (about 2Ai,[ clay)

i;han in the lighter soils (].-l.af6 clay) " rn conparable soils, the

aul,hor concluded. -bhat recent ¡ianurj-ng with superphosphate increased

the ratio of the rapidly labile phosphate to the total 1abile phosphate"

R" scot-iìussel et ar. (l+5) investigated the effect of sorption

on -bhe estj-mation of the isotopically excha.ngeabie phosphorus content

of soÍls" The authors stated i,hat if the concentration of pj,2 added is
large enough for col-or determination then sorption would occur sirnul*

ta-neously ltith isotopic exchangee fn order to overcome the effect of
sorption on tÌre calculation of isotopically exchangeable phosphorus,

the t^rorkers shook al iquots of soil r,;itÌr sohriíons containi¡g knornm

quantities of P31 and PJZ, and observed.'¡he chalges in these quan,uii;ies"

rsotopically exchangeable phosphorus E¿ uas calculated b;r ¿ss of t,he

following equ-aiion: -
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Et=3"b-a
"t

l¡herea=P31 added

a* = P31 in solution after time t

b = P32 added

ltt = I.32 in solu.tion after time t
The authors also stated that if it could be proved that the phosphorus

t¡hich r,¡as sorbed by i;he soil remained. in isotopic equilibrium r¡ith the

bathing nedium, then an unequivocal neasu-re of the exchangeabl-e soil
phosphorus cou1cl be obta.j-ned,



Iïï" i'r\ALyTICiII P1ìCCIÐURES

Chemj.cal Detenninations

Soil ù.ganic Matter

The soil- organic matter content was d.eternrined by oxidation of

the organic carbon with excess potassium dichromate soluti-on" follor"¡ed

by titration of the excess with ferrous sulfate, according to i;he method

of !þ11çst and Black (51).

Soil pH

The pH of soil- samples was d.etenained electrometrically by the

use of a universal pli mei;er 22" ¡l soil:water ra.bio of l;l_ roas usually
enployed unless othenrise stated-"

CaC03 Content

The method outr-ined. by Rid,rey (h2) was used" A tr,¡o g. soi.1

sarnple digested in a Lo¡l HCI for ro inir¡rtes " The carbon dioxide

evolved uas sucked through a dryì-ng and absorption train consisting of
concentrated ll2s0¡,, dehydríte and cacr2t then absorbed by ascarite"
The air stream flor,ring through the apparai;us was freed. of c02 by

bubbling it through concentrated NaoFi. The weíght of co2 absorbed-

rr¡as detennined and expressed as ¡ìs¡ cent CaCO.¡ equivalent"

fron Determination

The iron con-bent of solution ïras obtained colorimetr5-cally b;,
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the formatíon of the ferric-i;hiocyanate cornplex" The color r¡as

cleveloped in a solution containing a large excess of thiocyanate and

i,¡hich r,¡as o"! i[ rrrith respect to hydrochloric acid." The color i.¡.as

measured at a i"¡ave 1ength of L9O nr¡r (23).

Calcium and i.'lagnesium Determinations

An indirect titration procedure r,.¡as founcl. to be the most rel-iab1e

and sinple for the deternrination of the calcium and. magnesium contents

of soil exì;racts (51) " l¡irst the total Ca plus Iþ content was obtained

by titration r¡ith ethylene dia.rnj-ne tei,raacetate (versene), using

Eriochrorne Black T as inclicator" On a separate aliquot Ca was pre-

cipj-tated r¡ith sodium tungstate. Af i;er fil-1:ration ilre l'þ con.bent

l'¡as obtained by tii;re.tion with Versene as above. Oalcìu:n uas obtained_

by substraction.

Phosphonrs De te¡rninations

(a) Total Phosphorus content of soÍls. Thís nras obtained by the

ItÌa2CO3 fusion method. Phosphorus Ìras deternúned colorinetrica.lly by

the morybdophosphoric brue method of Díckman and- Bray (lL),
/r \(b/ -t'otal lþ_osphoru.s in Plant I'fateríal" This 'oras obtained by r"æt

oxidatÍon of i;he orgariic matter r.¡ith a llNO3-li2so¡-IiclO¡ ternary acid

rnixture (23) " The phosphorus released r,ras d.eternrined colorinetrically
by the vanado-rnolybdophosphoric yellow method as outlíned by Jackson (23) 

"

The ínorganic soil phosphates were fractionated into the followÍnp:

for'ms according to the moclÍfied meilrod cf chang a:rd. Jackson-)(-"

ji Glerrn, Ro c', Hsu, P, I-1", Jackson, I{u L", ancl R, B. corey" Flow sheet
for soil phosphate fractíon" unpu-blished data, university of Ï.iisconsin
l,lb.disonr'r',jis" 1960,
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(c) Alulrinj-um Phos.phate. This r,ras obtaj-necl by extraction i.¡ith

0,5 iü ìrlH¡F (pH 8.2) for one hour, Án alkaline sol-ution hias enplo¡'ed

because iron phosphate is not extracted i¡ thj-s basic npdiumn Phos-

phorus in the extract rn'as deterrnl¡red by the method of Díckman and Bray

(f1+), after removal of the fluoride ion i-nterference through boric

acid addition,

(d), fron Pho.sphate. The íron phosphate content of soils l"¡as estinpted

by extraction i+i-i;h 0.1 N NaOH for 9-U hours" The organic matter which

r^¡as extracted r,ras removed by precipiiation i,:ith H2S0¡. The colori-

lnetric method of Truog and i,ie¡'s3 (50) was used for d.eterrnining phosphoruso

(") Calcium iihpj;phaLe" This was extracted witÌr 0"5 i'I Ii2SO¡," Phos-

phorus ruas detennj¡red according to ihe procedure of Truog and i{eyer (50) 
"

Þdí ogc t ive_ i&rte r i_al _and Te chg.l q_u._e s

The radioactive isotope used in t}rese studies was carrier-free

P32g oblaj¡red from Charles E. Frosst and Co,, Hlontreal" The P32 was

obtained as 1{aH2P0¡, The isotope has a half-life of 1I."3 daJ's, arrd

decays by emission"

P32 I'ras determi¡ed in all sarnples by placing a 1 rirl, aliquot

in a metal planchet" .After evaporation the acti-vity trùas neasured- by

placing ihe planchet under the encl r^ri:rdor'¡ of a D-31+ G"I,Í" tubee con-

nected to a itTucl-ear Chicago iiodel l-ó14 Basic Binary Scalar. By

corripar:'.son r,¡ith a stanciard, the activity (C.P"li.) of the test samples

lùas coffrerted to n-lcrocuri-es P32"



ÏV" SCII,UBI],TT1- OF J{ÂTÏJ¡B SOrl ]:HOSPFIATES

The in6vganic phosphate content of agricurtural soils is very

low (about o"o2/" phosphorus), and attenpts to deterruine the nature of
the phosphate compounds are beset with many clifficurties, x-ray and

optical methods car¡rot be used i+ithout first concentrating ¿he phos-

pha.te fractj-ons, and this concentration process may result i¡ changes

of phosphate form, l]ethod.s based on chen:ícal ex.tractions are not

recorurrended since ihey do not act specificarry on single phosphate

compound-s, rn this investigation, the problem was approached. through

the use of solubility criteria, by relating the soil phosphate soluìrility
to the sorubilities of knc¡ltn pure phosphate congrounds.

The solid phase calcium phosphates govern the concentration of
phosphate in calcareou-s soiis" The existence of a crystalrine solid
phase phosphate i-n soils r'¡ill thereíore resurt, at equilibrÍ-um, in
a fjxed relation between Í-ts component ions i:r solution. Thus it should

be possible to prove the presence of phosphates in soils by applj-cation

of sclubiU_ty d-ata,

the i'ray of representing ihe solubilities of the diíferent calciurn

phosphates on a single diagram is io include al-I the consti-tu-ent ions

as co-ordinates" Tn this d.i-agram-bhe solubility iso-Lherms are rep-

resented- as s'Lraight lines of varyj-ng slopes. ¿n exarnple íor 6re case

of hydroxy-apatite (HAP) i^;i11 illustrate the clevelopment of the cì.iagra:n"

ïf one assurnes that ilre concentratíon of phosphate in a soil
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solution is ciue to the solubility of HAP, one can d.eterini¡e the hyd.rogen,

phosphate and calcium aciiviti-es in the soÍI soluÌ;ion and test if these

are consistent ruith the solution being saturated for apat,ite" The

formula for llAP ma¡r 6* ro¡ritten as ca5(r0¡)3"0H and thu-s at equilibriu¡n:-
f-la/Jåa:, x âpa,, x â.,r, = constant

r "lt vf I

where a" rellresents the actj,vities of the various ions in solution" By

defining the negative logarithm of the ionic activities analogous to
pH, and rearranging terms the follor..rÍng equa,ci-on r,ras obtained. (l+¡)c:

7(pI{-åpC"),-3(pi{epe, +¡-pCa)=K (z)

The conversion from (p0¡) to (ti2po¡) being made b;,r use of the reration-
/r ^ \snìJl (4JJ:*

p(h-2PoL) = constant + ZprJ + p(rO¡) (3)

value forbire cc'stant Ii in equation (2) above has been formd to
1L"7 (9) at 25oC"

The first tern in eo.uation (z) vtz" (pii - Épca) is lrno¡,in as ilre

'rlime potentialrt, and the second term (pll2pO¡ + Spca) is called. the
rr.ohosphai;e ,ooì:enÌ,ialr' (l¡1, ![) " R. schofield et ar. (h]+) nave shome

tirat tire term (pH - ¡'oce,) is a simple function of ilre chemicar poten-
'bÍal- of calcium hydroxicie ii: the soil sarpre, ancl hence have called
j-ù the rrl:ì-me poteniiarrr" sirnilarly, the tenr (plirpo¡ +-åpca) is the

negai,ive logaritirrn of ilie activity of rnonocal_ci_urn phosphate in the

solution, and is proportional to its negative thermoCynaraic potential (h:),
sirrrifar equati ons relating the lirne potenti.ar to .bhe phosphate

potential have been developed for ,li ca.lcium phosphate dÍhydrabe (DCÏD)

f r')

The
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and ocbocalcium phosphate (ccP)" For Ocp the follor^ring equation has

been developed (2, 37)z-

5(pH - åpcr)-l(pll2po¡* + ;pca) = 9 "g3

(pli - fpna)-(pll2Pa¡ + ¡pc") = s,66

(h)

\2 1

ji'or DCPD (L,3) :-

l-or a pure calcium phosphate tÌrere is i;herefore a linear relation

between i;ire phosphate potential- and ilre lime potential, the slope of

which i-s governed by the chemicar conposiiion of the conpound" Thus

in o::der to deteri¡rine the foirm of natíve soil phosphate in calcareous

soils, one nrerel-)¡ neasures the l-ine a:rd phospha-be pote¡rt-ials of the

soil solu-'bion ancl rela-be these graphically to the equ-ations de-,¡eloped

abo-rre 
"

l'ía-berials and i'lethods
%

Soils used in Study

Surface samples of 16 soils ¡yere selected from various aj:eas

in i'ianitoba" Some of the characteristics of 'bhese soíls are shor¡n i¡
Tabl-e r. All sanq:les hrere taken from a c-6il depth, r¡ere air dried.

and ground to pa-ss through a O,5 ít¡,r" sieve, Soils Dicks, liio, lO,

Teulon Lr 2, an.d 3 have received recent applica-bions of phos,ohai;ic

-fertilizers, r+}iiIe No. 6, ircDonald, campbell, and iJirmipeg r, 2, and

3 have never recei-ued any phosphorus fertj_l-izer applications. The

fertilizer history of Altona 1, 2, 3, he and Teu1on l+ is unl<nor.¡n"

tr:organic carbon, organie natter, total phosirho'us and pH
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deter¡ri:rations tr^Ieïe carried out according to the procedures outlined.

on page 12"

Experimental Proced-ures

A preliminary- experirnent was conducted in order to investigate

the folloning: (r) tne effect of the liquid:soil ra_tj_o on the phos-

phate concentration of the extre.ct and (e) tnu feasabirity of usjng

0.or I'i cacl2 as the extract,ant in these solubílity studies.

Varj_ous amounts of six soj_ls r¡ere shaken i:t 50 nl, of O.0l It CaC12

solution for tr,relve hours" The r.ieights of soils used. were 5, ro, L5u

20, and h0 g" respectively. The pH of the suspensions'r.rere deterrained,

folloi,¡ed bJ. centrifu-gation at 10oo rpm for 5 rninutes " The carcÍum

concentration of the supernatant was deternined accord.ing to the procê-

dure given on page 13. PhostJhorus anaryses l{ere mad.e accordirrg to

the ræthod of Ðiclc¡nan and sray (û)" The prelirninazy invesÌ;igations

led to a standarclized proced-ure for all soil samples. Ten and 20 g.

of eacli soil salrple Liere shaken i;rith 50 m1" 0"01 M CaCL2 in centrifuge

tubes for a period- of 12 hours, The pH, phosphate and. calcium con-

ceirtrations T,rere determ-ined as above " The lime and phosphate potentials

r¡ere calculated as ci-escribed uncler Resi;lts and Discussion. The tenip-

erature of the equiU_brating solutions varied from 2)t"5 to ZS"3"C,

Resul-is and Di scussi_on

Ïn cal-careous soil-s the domi:rant cations present on the exchange

complex are calciurn and to a Ïesser exJent magnesium. Calcium analysis
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of the CaC12 exÙracts of the sjx soils used. in Ì;he prelirrinary investiga-

tions gave concentrations ranging from o.)z t,o 1.oB x lo-2 I,{, rn otirer

r+ords the concentration of the original cac12 solution changecl by

! A%" Calculations in Table 2, howerrer, show that the changes in the

value of ¡pCa are rou-ch 1ess,

Table 2

Calcula'bion of ,gpCa for O"0l ii CaCl2 extracts

Concentration
(x 102)

ronic 
(;1"""*.n

Activity Coefficient
^r n^++ /..' \v¿ vé \V/

2A Ca++
103 ?jJva

1"08

l_ "00

o,92

0 .03 2l+

0.û30

u.u¿ lo

Q.'IJb

o.552

(?R
/ètv

(az

,1 't 10

" 1 1?t

, !gI¡+l

In the above ealculations the ioni-c strength (u) '"u calcuratod

from the concentra.tÍon of CaCI2 useclo The ionie strengths were cal_

cula.ted according to the procedure given by cilasstone (rB), The

contribu-tion from other ions which occu-rs in the sol-uti-ons e,g, H2p0¡-,

I(u, i''E+*, was disregardecL, as the concentrations are so smarr that they

do n.ot rnake any significant differerÌce ô values for the activit¡, s6-

efilicients of the calcj-u¡r ion at ciifferent ionic strengths ¡¡ere obtained

from data given by Cole ancl Ofsen (ff¡. These authors obtained val-ues

for ti:e single ion acti-vity coefficients of cal_cium ion at varying

íonic strengths from val-ues of tl'ie mea¡ activity coefficíents of KCl

and cac12" They assurned, tywL Y'cr- = (K+ = y-_ r{cL and su-bstituted
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values of TCl- into the corresponcing values of y,! cact, in order to
"++obtainY Ca . Concentrations were thus eonverted to activities (a) by

use of the proper single ion activity coefficient, through the rela-bion-

ship rn = a. These calculations are only approximate since the nea,¡r
)

activity coefficients i.;ere deterrni.ned in single electrolybe sol-utj-ons

and thus some loss of precision is introd.ucteci by their appricat,ion

to sol-utions of raixed elecirci;,'t,es.

rt is seen from Table 2 that i;he differences i-ir tbe value of

þca are s¡ralI (! t,)+%), md considering 1;Ìre accuracy at wtrich soil

anal)rses can be carried out, it is quíte justifiable (and practical)

to assu.nie a vaLue of r"lJ for i¡pca. This is the value i,irich ,¿i11 be

used itr subsequent calculations of the lime a:rd pirosphate pol,ential-s

of soil exLracts. This value is sligtrtly lor,rer ùhan that originally

used by Aslyng (2), r,rtro found j-oca to be 1"12 ín o.o1 M cac12" The

difference arises from the values used for the activÍty coefficient of

the calcim ion. some advanta.ges to the use of c.ol 1"1 cac12 as

extractant are:*
/- \(1) -t'he GaCl, solution ís tueak enough to justify i;he use of acti-vit¡'

coeffici ents ¡

(2) The soil is r,¡el-I floccr.rIated in th-is concentration of cacr2r

the:reby facilitati:ng measurement,s of pir, phosphate and cal_cium

concentrations,

G) ihe calciu¡r concentration of soil solu'bÍons displacecÌ from cal--

careou.s soils has been fowrd to varxr from abouL 5 x 1o-3 -uo
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slightly nio::e than I0-2 i'i (6)"

()+) tire phosphorus concentrations obtainecl are cl-ose to the concenlra-

tion in tìre soj_l liquÍd in ilre field,

$) this electrolyie concentration is such that measuremeubs made -urj-ilr

the usua] o-l ¡sq o-ì onl-.rnrls/saLurat'ed cal-omel cel-l give reproducible

value s 
"

The effect of varying the solution:soil ratio on the phosphai;e

concentration of the extracis i-s shorrn in Table 3 and Figure I, In
Table 3 it is seen that the higher the liquid: soil- ratio tire loi,¡er r.ras

the phosphate concentrai;ion of the extract. fn i¡igure l- the reciprocal
of ì;he amount of soil used has been plotted agarnst the rnolar concelrra-
iion of phosphate. rt is seen i;hat the poinì;s farr approximately on

a straight line forl,ire six soils used, except for the 2 soil_s having

a high phospirate concentration" Q¡ extraporating the fines to flre

ordi-nate axj-s (¡tzero dil-utiontt) ttre dilutj-on effect was avoided."

The standard procedure adopted for deterrrrining the phosphate and

lime potential enrployed onry two quantities of soils viz. Ic and zo g.

per 50 rnl" cacl2 solution. fu using tirese soil quantities in a l_:2

i"atÍ o the above extra.¡:olation is simpl¡r achieved bJ. adding ilre difference

in phosphate coucentrations to the concentration ob-bained. for the larger
nrr:nli f .' / cn ^' \gudrruruJ \¿u B "l of soil* The rlcorrected't phosphate concentrations thus
obtained were used for the caleula.bion of p(H2pO¡).

Calculatioq of p (r-, 2!On)

Since ¡nos'b soil solutions have

ô1o,J rt, j-s qrlte justiíiabLe to assuÍie

pH values betrrieen about l+"0 a::d

i;hat only (H2P0[) and(r,"0f,) ions



Table 3

pH and phosphate concentrations t¡hen different amounts of soils

r.rere shaken with 5O nrt" of 1O-2 lul CaC12

i Gu Soil : pH i ?. m./L, x 10ó 22 G. Soil : pi{ B P. m.h" x 10Ó ì

n. r, A. Dicks Soil D. l"ÍcDonatd Soil :

/ 
- 

¿^ .a ô/ ¿ ^ 
^/ 

^ ¿^a \ è / \') r < ñq h . / ìa^ a lì hf ìt / . t6/c . ¿øv/ ) è Jovv r v6/v

; 10 17,53: h.OB zz 10 :7.8h: O,EO i
, t( " 7 l,e e lr ?ô l( , 7 q? , n R(o L./ 6 lo+./ . +o2v ,ê L/¿ b løv) D v.vj
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Dlcls

Reciprocol of g. soil in 50 ml tO-2Mcoclz(xtO)

Fi-çgre r", The ef,fect af varying üre solutionc sÐir- r:a;tic¡ oi' the
phosphate çeneent,:ra.tåon of the exti,aets*.



are present. Thus r^re rnay lirite;-
Ð /r' ','n -\ , /r--¡r. =\r=\,-zrvh)+\].lruhl

Ey usíng lebye and ]fuckelts (tu) approxj-nation for the activity co-

effiCients of iOrrs Âq]rmo t'2'l '.'".g abie to shOn¡ that the apparent Segond

oissociation consta:it of phosohor.ic acid- Ís:-

pI(2 = 7"22 - I"5 ,. ir + i,O5 p-at '¿OoC (l)

tvhere ¡r = ioni-c strength.
ñt ^ ^^-2'lhus for a L0*' i,{ CaC}r solution: -

prz = 7"22 - (1.5 " o,t73; + (t"05 x o.O3) (S)

r^rhence pK2 = 6 "99 "

As '¡here is some uncei'taj-nty in the calculaiion of activiiies in soil

exiracts it is qui't e sufficient to use a value of '7 
"OO for pI{2 for

¡^-') ., n-IU-4 UaUl, exiractso

By using values r'or the activity coefficjent of the il2i0¡]and

äP0¡= ions (ff), at an ionic strengtìr of O,03, æd the vafue for pK,

calcul¿rtecl- above, the activii;y of tl:e li2j'Oh- ion r"¡as obtained tlrroiroh

combi-¡ration of equation (6) above with the follor.ring expression:-
/,. -^ \ /=-\a.[ä2rUJ,J = a(ff/ loì

--¿

The term plirPO¡ was then calculated frorn alþP0¿, as cÌescribecl on page 1ó"

Table i¡ shows the fil,ie ancl phosphate potenti als of the f6 soils

used, The value of f_pCe. r"¡as ta-ien as 1"I3 for all soil extyacts" lt

is seen that the irighest li.me potentiai-s found :for ì;he soils are about

6,6'6"7" This is airout the næcimum possible for calcareous soi-Is" If

a. CaCCa suspens'i on has a CO2 i-;rêssi-lr€ eo,ual to that of atmos¡theric air

la)

a(IæCI¡*)
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tÌre calcium ccnceniration is abcut O"B x 1O-3 ü (2). The value of

;pCa i,rill thereíore be nearly l,ô and using the value for 5pC02 of

1"7r it has been sirom that the prÏ o1' the suspensi on is given by the

ex,pression (z)t-

pi-ì=5"0+l-"6+1"7=8.3 ( ro)

Thus the lirle poteni:ial: (pll - åpÛa) = 6"7. Since the C02 rÐressure

is usual-.l-y higher in soils than in a'i;mospheríc aì r¡ the calciurû con-

centration l'¡j-l-l be higher and therefore the li¡ne ootential for soils

itilJ- be lot.;er iìran Ó,7.

The plot of lirne poi;ential against phosphabe poteniial is

gre.ohically sho-wn in !-1glre 2, The lines for HAj', OCP and DÜPD u'ere

obtained as described on pases t6 and 17" It ap;oears'uhat tÌre phos-

phate present j¡r these calcereous soils is rnore soluble than ll'lP but

l-ess soluble than il0jÐr arrd cou-l-d ,rve]l appro¿sþ CCP. I'lore carefu-I

study of Figure 2 reveals thai some points are nearer to the solubili-ty

line for 0t? tharr otìrers, Thus the poi-nts f or soils B, Ð, E, G, li, Ïe

J, I( and L are r.¡ell below the solubility line for OCP. As t¡as stated on

page 17 soil-s E-, D, E, J, I( and- L (r:hich corres'oond to i'io" ó, i'lcDonald,

Can'p1.;e11, i.jinnipe¡: f, TI, and lil) nav-e never received an¡. aclditions

of phosìohate fertiLizer" é.lì;hough the íertilizer history of soils G,

ii, and I ìs unlcnol.¡ne it woulo appear that ihese soils are al-so unfertilized

r^iitlr res,¡eet to -nþns¡horlrs- p'iprr-na , fn'oi.ran t.eVeal5 tjtai thOSe SOiISlÌIul] ¿vùl:,çuu uv jJltvrPr¡vraÐo r¡Úw¿Y c -

i.¡hich ha-,re recei-¡ed recent addiiions of phosphate ferÙilizer vLz" A, C,

'r, I'i:, and O (Di-cks, 1lo. 10, and TeuJ-on I, II a:rd III) have phosphate

solubilities either cl-ose to or somei^¡hai above that for ff;P.
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soÍIs l'lo,6 (B), ard- ¡Io. r-o (c) provide a good. ilrustration of

tire effect of fertilizer adcÌiti ons on phosphate and 1Íräe potential_s"

soil- ito" ó::epresents a check soil (no fertirizer) r,ihil_e 1[o" lc has

received ferbilizer additions for over forty years" rt is seen in
Figure 2 Lhat the lj_me ,ootenti-ars of both soils are quite cl_ose

685 a:rlð.5.9f), but the phosphate potentiar of trto. ó is ó"9ó while jlb"
. / :^ru r-s o.59 

"

The results of iuese solubitity studies also correlate ouÍte

closery with greenhouse studies on tliese soils (rZ). Thus it i,ras

found that soils A- F, jr'j, l{-, and o gave poor ïes;oonse to ohosphate

fertilizers'r^rlìen oats rrere gror-ine r.¡hereas soils E, t, H, r, J, K, and

L gave good response to phos;:hate fertìlizers"

SumnEr.ry and- Conclusions

The concept of chen:rcar potential has 'oeen applied in stucl.ying

the form of soil nhosphates present i_n calcareous surface soils. A

1o-2 cac12 solution 'hras used for soil analyses " Ð. so cioing Spca can

be assi-uned to be constant for all soir extracts, The phosphorus con-

cen'bration of the erciract i s quite close to the actual concentrations

in t.ìre soil solu'bion in the íie1d. The procedure a-doirted r^ras indepenclent

o-f t:'re solu*rion:soii raì;io, The liine and_ phosphate potentia.ls o-f the

soils r';ere determincd ancl cornpared r,.rith the sol-ubilitv of 1-,he v¡,rious

ca.Lcj urn phosphaì;es r¡hi-ch na)¡ occur in soils,

Geuerally for all the soils studÍes the soil i:hosphates idere



3o

nore soluble i;han hydroryapatite, but less soluble than cjicalcium

phosphate. rl-¡icìence has been obtained fo:: tne existence of oc,¿o-

calcj-um i:hosirhate i:r urfer.tiU-zed and fertil-ized calcareous soils,
lhe conclusion reached is thai, octocal-cium phosphate is most liltely
an j-rrportant j-n'i;er,red-i ate phosphate reaciio¡: product in caleareous

soils. It is believed that the precipitation and. dissolutÍon of tirls
conporxrd can occì.r.r ¡ouch rnore readily than Ì;hat of the rnore i-nsoluble

hrr^-¿^./,.^-- ^+ -i +^¡Ð/t4v JdPouIUuo

.fur irçortant and a very practical conclusion can be d.ra'^rrr from

these solubilii;y stu-dies" Ii aÍlpears that these calcareous soils carr

be d'ivided quite broadl¡' i.n'bo fertility classes by the OCp solubilitv
isotherm" in ad.d"itÍon it seems i;hat one can oredict i":hether soil-s

t"rill respond to nhost:hate fert'il-izers or not by use of i;hese soLubi_Litr

stu.d.ies"

The p:'esent siudy i¿as centered on the d:'-ssolution and. precipita-
i;ion of inorganic;oÌrosohate coi.npouncis in soils, Jìy so doiirg, it was

not intended to ninir¿ize 'bhe role of ad.sorbed. or organie forrri,s of

phosphorus, 'nhi-ch unaoubtedly are of great inrportance in detenrdning

the bejraviour" of nhosi-rhor-rrs in ssifs" *! Si;udy of r:hosphate adsOr,ttiOn

by sorne carcareous sorls is irrese:rted jn Ì;he folloi"ring secij-on"
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Phosi:ha'le ions adcìeC to soÍls can becorne adsoz'bed on tÌre surface

of soil- colloids. fn add.ition, solubl-e phosphates aclcled to soils rnay

be converted inüo less soluble forms. In calcareous soils, phosphates

may be converied into arr¡,' one of tlie less soluble calcium phosphates.

Phosphorus adsor-ption clata in soils can be described by the

Langnmir adsorpti on isoilrerrn (zi) " Ar adso:.ption isotherm may be

defined as the rela.tion bett^:een ihe amount of a subsiance adsorbed

by an adsorbant, æd tne equlliì¡rium concentration of ì;he subs'bance

at consl,ant temperaiure" The Langmuir adsorption equation is speciíic
for smalL quant,:-ties of adsorbed phosphorus a:r.l dilu.be eqr-riribrium

phosphorus concentrations (rnor.e rilcely bo be net in no:,nar phosphate

fertilizer applications), In acidition, an adsor-ption na..cj-i-num can be

readily cal_culated when usi_ng thi_s equation (39) 
"

The langmuir adsorption equation r^¡as originally developed to
describe gas adsorption on sorids. Although the same rigorouse

theoretical basis is not as ful1y creveroped, the saJne equation has

been used successfu-rly for the ad.sorption of liqui_ds and ions from

solutions by solids" .4,s appried to liquids or íons, the folloriing
eopation is used j-n this study (lg)z-

r.==kbc
m l+lcc

= ÐEo P" adsorbed/g" soil

/r I

X
lll

l,¡liere
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b = adsorption rnaxirum

k = constant related to the bonding energy of the adsorbent for

phosphorus

c = equilibrium Pu concentration in ug. 1'",/m1 .

In ]inear form equation (f ) becomes:-

_j*= I +c (2)
x/n icb b

A straight l-ine plot of _lþ versus c r^iíIl tÌrerefore indicate an
x/m

adsorpticn reaction. 'h,ilren such a reaction occurs, it can be assu-rned

ihat a uni-moleculai'adsorbed layer is present on tlre soil adsorbing

su-rface s.

The foflor+ing experi¡rents reported in thís sectj-on were designed

to provide some inforrnation on the followj¡e;-

(i) ihe na-bure and reactions of phosphorus adsorbed on soÍL surfaces,

(ii) the effect of calcium carbonaie on the adsorption of phosphorus

bir soils ¡

(ifi) the crystal species initially formed on add-j-tion of r,¡ater soluble

phosphates to calcareous soils, and the stabi-lity of 'bhis

crysta.l s'pecies 
"

ì,,aterials and i'iethods

Soj-ls Used jn Stud:,r

The four soils u-sed j-n thr-is investigation were Dicks, iicÐonald,

i{o. ó and i{o" }0" Some characteristics of tilese soifs r^:ere given in

Tab1e 1 on page 18.
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lkperirnental Proced-ure

(i) Adsorption of Pþosphoru.s

The anlount of surface phosphorus initially present in -r,ire soi ls

r,¡as d.eterrnined by shaking 0"5 g" aliquots of 'r,he soils in 50 mI.

dj-stil-led waier coniaining 5 nricrocuries P32 lor 120 hours, A soil

sol-ution rai;io of l:100 r.¡as chosen as it vras found (page 5ó ) that

t'rorking at this soil:solution raii-o, isotopic equj-libriuÌìr was viriually

attained in 120 hourso

The suspensions i',rere centrifugect and aliquots of the centri-

fugai;e removed for Plf and P32 arralyses" The acti-vity measurements were

couducted as described on irage 1l+" The amount of surface phosphorus,

(i.e. isotopically exchangeable phosphorus) l.ras calcul-ated from the

iso-bope-dj-iution lar"¡ at isotopic equilibrium: -
ij?r ) = P32( surface ) x P31¡ cnl ',',f.i nn )= "( surfaceT - \:-::-:-::-:-4

P32( solution)

P3I analyses rirere made according tothe method of Dickma:r anci Bray (il+)"

Data for plotting the Langmu-ir isotherns wel'e obtained by using

a precedure si¡rilar to that of 1ìeirnie a:rd i'Íciiercher (l+l). Five gralns

of each soil roere shaken ir 5C milliliters of liIJ2PO¡ sol-ution of con-

centrations ranging from 10 to 2OO nicrogranm P./nr.ill_iliter" The

suspensions ïüere shaken ior 6lr.ours, centrifuged at 2000 rpm for 10

minutes, and the amount of phosphorus remain-ing in solution determined

in order to obtain the amounts adsorbed by the soifs, Anarysj-s for

phosphorus l{ås made by the colorinetrj.c rnethod of Dickman and gray (il+)"
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The temperatu-re of the soil sus-oensions variecl_ from 23"5 to 2II.O"C"

;\ 6-hour shal<ing tÍrre r.ras usecì., although earlier prelirninary

invesiigations inciica+"ed- that a l-hour shakinq r,vas sufficient for com-

pletion of the initiar adsorption reaction. This r^¡as due to the

difficul-ty in obtaini-ng reproducible resurts at shorter perÍods of

con'r,act betr^¡een soil and the phosphorus solutions"

ll I ) ,ï,rnh¡noorlri I i i-¡¡ nf Âdc^r]lad Þh^c^1"^r,'o\*Jrl *--..*.,"-*9_Íl-ity of Adsorbe{"Lhgsphorus

In order to deternrine how much of the adsorbed phosphoru-s was

exchangeable i:r 9ó hours, 5 microcuries of P32 were ad.ded to each

of the egoÍribrium solutions o'¡:taÍned on shaki¡g 5 g" soil in -i;he

various phosphate solutions" åfter equilibra'r,ing for p6 hours, the

su.spensions Ì,,rere eentrifuged and P3L and Pj2 analyses carried out as

above,

(iii) Equilibration of Soit-s r"¡íth i"iCf

Three l0 g" sanqrles of Dicks, I'icDonald, and No, ó soils were

each thoroughly mixed i,¡ith one gram of analytical reagent grade mono-

calcium phosphate (irCP) and equil-íbra'bed wÍth lOO ml, distilled l"ral,er

in 250 ml. centrifuge tubes, The suspensions îíere centrifugecl at the

end of ó hours, J cìays and I iveek respectively. The cal-cium, magnesÍ-urn

and- phosphorus concent,rations i,iere determined as descr.ibed on page 13

lÌhe pH valu,es of 'bhe centrifugai;es rrere also determined.. The temperature

of the equilÍbrating solutions varied fron ùt"5 to 25"ToC.

Resulüs and Discussion

(i) Ad.sorbed Phosphor"us

rdeaIly, the adsorption should be determined. in a system ín
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t¡hich the surface is free of the absorbate ion" Since it is not

feasible to ob'bain soil-s free of adsorbed pirosphorus, the amouni of

surface phosphorus initially present on the fouz' soils tras deterrnlned.

These varues are given in Table 5. These arnounts were added. to the

qu-antities adsorbed from the solutions j-n order to ob'bain the true

values of adsorbed phosphoru.sø

The procedure used for estimating surface phosphorus is some-

what different from that used by Rerurie and i{cKercher (l+1) " These

authors deterrni¡red su"rface exchangeable phosphorus by shaking 50 g.

soil- in 5o mI" water eontaini-ng 2 ,ric. P3zt for 2h hours. rt is doubt-

ful if r'sotopic eo,uilibrium ís att¿ined in 2h irours when a soi-I:sol-ui;ion

ratio of 1:l- is nsed" This miglrt accou¡t for the very lor'r values for

surface exchangeable phosohorus re'ported by -these rvorkers.

Iable 5

Iiritial su-rface exchangeable phosphorus of

soils used" j-n ad.sorpti-on studies

ùol-l Suz'face
I

,uäô r o,/Ë6

5o

soil 3

l.lo n O

l[o. 10

liÍcks

i{cDonald

al?

l(o n

?o7// 4 |
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The acÌsorptj-on isoiherms obtained for the four soil-s ere shoivn

in lligure 3" The soils can be arra.ngecì i:r'r,he Íollol+ing order of

íncreasing adsorption of phos¡-horus--Diclis, iricDona.J_d, Iio" ó and I'io, 10.

The adsorption data (taure ó), plottei according to the Langmuir equa-

tion are illu-strated in Fj-gure h" As poi:rted out above corr"ection

for tl:e initial surface phosphorus lias been made " Justif ication Í'or

this correction is d-erived frorir the fact tÌrat 'uhe surface phosphorus

i-s related to ì;he eqrilibrium phosphorus conceni;ration accord-ing to

equation (l). Figu-re l+ shor¡s that phosphorLr-s adsorption by all four

soils foll-ot^¡s the Langrnuir equatj-on ull to a conceirì;raiion of about

a-. at ¡': / 
^20*25 pgn j'./rtl-" rernainiug in solu.tion" iligure l+ furì;l:er re-¡eals tha.t

a second adsorption i sot'l:erm can be drarr¡n through the points obtained

at hi-gher final sol-ution conceutration" Thus a second reaction, which

obe¡'s the Langmuir eqriation, is operaiive at higi',er final soluì:ion

concentrati_ons. Th_is secondary reaction could be a true adsorption

or e precipitaiion reaction.

The calculated values of the adsorption n¿xima are al-so shor^¡n

in i,igLrre )-¡. these values r¡ere cleterrnined b¡r use of equation (2)

given on page J2, rt is seen tirat Nb, ó and I'ib" l-o soils (containing

0.7 and O"B per cent CaC03 respectively) have higher adsorption inaxima

'ohan Dicks anc, i'icDona1C soils (1I"5 and h2,O per cent CaCC3 r.espectivefy').

This perhaps ca.n be a'i;tributed to the fact that itlo, 6 and ¡Io" 10 soils

have a higher perceniage of clay' than the other two soils. It is also

^^,..--^'^+ +1^-+ ^* -i-^-^^^^ i * +ì..^ ^-^^*i ^ --^s+^--epyeLsriu ul;cu *, increese in tlte orgarric na'i;ter con'bent of No.6 soil
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f rom 5 "2 t,o 7 .3 per cent has resul-ted i-n an increase in the adsorptÍ-on

maximum front 365 Lo Jg7 ppm P" This difference is also illu-strated i¡
the values of ihe surface exchangeable phosphorus o-f these t',.ro soils,

as shown in T'ab1e !"
(ii) Exchangeabilr'Ly ojl Adsod¡ed Pho$rh.orus

Table J shoits birat the phosphate adsorbed ini tially from dilute

solution by ihese carcareous soils is essentially all exchangeabre

i'¡ith P32. As -bhe phosi:horus concentra',,ion in solu-tion increases, less

of the adsorbed phosphorus is excha::geable uith p32, trfurthez. exarui:ra-

tion of rable I zeveals that the soirs have most of the adsorbed

phosphoru-s exchanged below tÌre adsor¡:tion maximum, These data 1¡ould

imply a monolayer of phosphorrrs over the range of concentrations lvh-ich

foll-olrs the Langmuir equa'bion. It has also been shornin (51+) tn"t after

drying, some of the adsorbed phosphorus became non-exchangeable l.rith

P32, and ti:ereÍore not i¡ equ-ilibrium i¡ith ülie solut.ion Ì:hosÐha-r,e"

Uses and_ lirnilatíons ol_the Langrirrir equation

rn tÌre derivation of the Langmuir adsorpiion equ-ation, it was

implicitl¡r assu.med tÌrab tÌ're only force interfering with 1,he kinetíc

movement of the gas particles is bire a'btraction by solids" I{oi,rever.,

i n iho nroqorr*. e'i:rrÂ.- l'ha l.i rra *i!¿vuur¡u ouuqJe u¿rç nrrrcu-LC ntovenent of phosnhate ions in an

aqueous soil solu'bion ís affected b1' oiner j-ons in il.e sorut,ion"

since the adsorpi;i-on by all soils follor.¡ed the Langnruir equation (up

to a concentration of abou-b 20 Lo 25 y,g, p./nf," remai¡ing in solution),
it seems that the interference force due to the in'r,eraetine ions was

n¡n¡! ^*Èvv¡lÐudjuo
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:ls applied to gases, agreement of the adsorpti-on isotherrn r,¡ith

the Langmuir eqr-ration is consi-dered evidence for a monolal'er of aclsorbed

gases on a. surface (25) . ¡{s far as phosl-¡horus adsorption b}. soils is

concerned, agreenent i¡iih the Langmuir equation suggests strong evidence

ínr : rnnnn'l 91¡¡r7- Ì.rr* na* i3i'n-'ì .'pnn'1 if:'aL--.'a o*r'rlioo -'."'.'a-*arìcur noG r,t_nal- prao-L ø Lz\cnanp;e suuul_es sl€gesr,eo a

monolaJrer of phcsphate over the range of concen',,rations rìhich folior^r the

La:rgmuir j-sothei'm"

Furthermore, agreement of the phosphate adsorption data i'¡ibh the

Latrgnruir equ.ati-onr does not consitute indisputable evj-dence that an

u-rkno¡^:rr reactj-on Ís an adsorp'bion" ,,iany preci-pitation reactj-ons can

be characteri zed by this isotherm. '1]-re results presented here do not

exclu-d-e the possibilÍty that phospha.'i;e compourrdse once Íorrned, can be

adsorbed by the colloidal- i-norganic fractions of the soils by Van d-er W¿¿1s

forces. AIso, it is i)ossibl-e i;hat tirese phosphate conrpou.nds, once they

are precipitated or a.dsorbed-, can adsorb nhos¡:hate ions in a rnanner

analcgous to the adsorptÍon of chloride ions by silver chloride precipitates,

especially if the particles of the precipitate are of colloidal size"

thu-s i-t woul-d be fa-Ilacious to characterize phosphon-:-s fixai;ion as

nu-rely adsorpi:ion on tÌre basis of compliance uith an adsorp-r,ion alone.

As fa.r as phosphate ad.sorption by soils is concerned, the main

advantage of using the Langmuir isothernt is tl:at is provides a nethod

for characi;erising i;Ìre behaviour of the adsorbed phosphoru-s. In ad-dition

an adsorption ma:cimum can be obtained. r,¡hi-ch has been shotrn (39) to ¡e

closely related. to a characteristic property of soils--the surface areaa



i t1

Al-so a constant (k) rele.ting to the boncting force of the soil- for phos-

phoru,s can be calculateC" In the present study the values of this

constant n¡ere found to be O.1l-1., 0"15, O.l-8, and O "20 for Dicks, IlcDonald,

Iio" 6, and l{o" IO soils respective-Iy. As the val-ue of the constant

increases, the bonding energy of the soil for phosr¡horus increases"

iio¡re'irer¡ i'c r'ras founci thai the val-ue of the constant k is greaÌ;ly

qffoa*orì hrr avnonimon*o'l êr.râ^Þq and tlrefefOfe it iS nOt belieVed that

tlre differences obtained "¡s signi-ficant" The averâge value for. 'i,hese

soils i+as 0.1óJ¡ whicl-. is quite sjmilar to the O.1lr1 val-ue of Rennie

and }hl(erc¡er (l+l-) brit mu-ch lowerbhan tjre 0.92 val-ue reported by

/ a^ \Olsen 139 ) f oy soj-ls rç-ith an aIkaline pH"

/...\ i¡(iii) ilqu-ilibra'bion of Soils riith i{CP"

Th re shor¡.n in Table B. ït is seen

i:hat ihe concentrations of ca1cium and phos,ohorus decreased- with tirne,

whereas the pH of 'bjre solutions Íncreased r,¡ith tinie" The activities

of the Ca++ and. H2POlj- ions r,¡ere calculated by determining ihe single

inn ¡nfirrif.r r'najlfiCients Of theSe iOnS aS the variOUS iOniC StrengthS"

The Íonic sirengtiis (y.) of the solutions were estimated from the con-

centrations of (Ca + iig), anci- assu¡níng a 2t1 electrol¡rue"

The appro:cimate activj-ty coeffj-cients of -bhe ions r.;ere calctilated

from the rrteasured concentrations on i;he basis of the second a]lþroxillìåtic'n

to the Debye-llrckel equa.tion (tB);-

{

/à
-1og'¡"=AZ' üu

/r \
1 + r.5rìu \r.,

r.enrescnts the .ae.ì;ir¡if,rr eocf fliei ent of an ionic s.nee-ics nf¿wJ vveÀJ-¡+here
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valence Z; ", and A is a constant, the vaiu-e of r^¡hich d.e,oend.s on the

solvent arrd on the termperature. For aoueous solutions A is 0"509 a'i,

25oC. (fB). In tnese cal-culaiions a value of O,5O Lras u-sed for A.

Thus the two equations used for deternrining i;he activity coefficieni;s
¿+

of the Ca" anci l-':ñ'' - 'i^-^ ^-^a,.2t "lJ rurlÞ d.¡'c, -

and¡

(2)

(¡)

fu defining the negaüive logar:Lthm of the ionic actirrities analagous

to pH (p"g" 1ó), ttre terms jp0a and pli2FO¡ i¡¡ere ohf,:inerJ- Thc nlot of

(pll - åpC.) agai.irst (pFI2PO¡ + pH) is shoun in Figure !.
This graphical representatÍon is somei,¡hat different from that used.

on page 28, ithere (pH - epCa) rvas plotted against (nH2P0¡ + fpCa).

The equations used. for consiruction of the solub:'-líty i-sotherms in

Frgure 5 r,¡ere obtained from da-t,a given by l{ioreno g! rl. (.l5) " The

eouation for obtaining 't,he DCPD isother¡n is:-

(pli + pH2Po¡) = 2(pH * rrpcr) - (tog K"p log K2) (l+)

fn ihe above equation the solubility product of llCPLi (25'C,) was taken

as 2"77 x 1O-7 3e¡, ancl the second. dissocia'bion consta:rt of phosphoric

acid (K2), *"u taken as 6"3J+ x lO-B (fo),

Ii; is E>parent from Figure ! tha'b the soluiions became saturated-

l¿ith DCPD in less than ó hours and. rem¿i¡red so for after one week" It

is notecl that the points do not all falI on the line for DCPD" This
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=CL
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Figure 5" Eg¡rilibration of l0

1 g" ûa.(H¿oo4) ?"Hza

4

(pH - L, pCo )

gø of soíl and l-00 m1"- r'rater i'¡Íth

for period.s u.p to ? d¿ys"
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rrÉy be aii;ributed to experimentaf err:ore or to the approxi¡iate values

assigned to the aci;ivity coefficients of the ions. Nevertheless, the

results do strongly sugg-est the persistence of DCPD in soil solutions

to r¿hich itfCP has been added.

These resul-ts are i-n agreement with recent petrographic studies

of iehr et aL. (27) who have shown that DCIID is one of the major pro-

du.cts ,";;"" ad,dition of i{CP to soils " lùioreno et al" (35) have also

shoi,¡.n that DCPD is formed r^rhen iiCP is adcled to acid soíls.

Su¡rrnary, a¡rd :þrclusions

Ad.sorption of phosphoru-s by four i.{aniboba. soils from dilu-te

phosphorus soluti-ons shor.red cl-ose agreement with the Larrgnruir isothernl

r¡hen the final solution concentra.tions r¡ere less ì;han about 20 ug" y"/^t"

This corresponds to a rnolar phosphorus eoncentration of approxi:nately

6).+ x tO-h ¡/titre" Calcu-latecl adsorption maxima for the four soils

wexe 222, 3251 365, ancl- 397 ug" P"/g" soil for Dislas, i.rtcDonald, No" 6,

and No" 10 soils respectivell'. The average value of the constant k

was found. to be 0.1ó7,

fn addi-tion it was founci. ihat essentially all the phosphorus

aclsorbed i¡ the range of equilibrium concen-brations r^¡here the Langn'mir

equation applies was exchangeable witkr P32" I{orvever, r.rhen the isotherm

cleviates from a si;raight 1ine, only a portion of the adsorbed- phoçhorus

r.;as exchangeable l.rith P32 in 96 hours e

It r¡ould appear that the arnour¡t of CaCû3 in a soil does not

greai:ly affecÌ; the value of ihe adsorption maxi-num" the two soils
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ir¡hich contained small quani;i--i;ies of CaC03 uaz. iilo. 6 ano i'lo" 10, di-d

have higher adsorption maxima than -bhe other i;wo soils, tiirich had -l-arger

conteirts of Ca.C03. Hot.'ever, Dicks soils r¡ith 1l-,lli' CaCO3 had a m,ch

lower adsorption ¡rraximuro than l,ÍcDonald, soil r¡hich contained )R'Å CaCO3.

Obviously other faciors (for exanpre, organic matter and clay content)

a-lso govern tire pi:osphorus actsorrrtion maxima of soils.

Evi-dence r^ras also presented that dicalcíurn phosphate crihydrate

(DCPD) i s the initial phosphate reaction product forrned r'rhen mono-

ca-Iciurn phosphate is added-Lo tliese soils" It r¡as also sho'¡n that

'chis crystal species of phosphorus l¡las sta-b1e in the soil*r¡ater system

employed, for periods up to seven days.
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VI" ÏSOilOPTCrtLlY D{CiiåliG¡ABLE PHOSPHOÌìUS T}i SOi'iE iliANIToBA SOILS

!/hen a soil is shalren Lrith a sorution of p)2, it is found ,¿hat

the raciioactivity in solu-tion cti¡d-nishes, and 'Lhat simul.baneously the

ratio of P3l i-n sol-ution increases" Ûne of 'bhe obireets or f.hi* investi-
PW

gation is to prove that the ciisappeara¡ce o-f Pl2 from solution is through

the process of Ísotopic exchange" Since any isotopic excha.nge rea_ction

foLlows the first order kinetics (31+), a logarithrn_ic reia.bionship be_

tr¿eetr the oisappearance of the i-sotope from solution ano iirne, should

be obtained if the exchange is with only one soil- forrn of the elemenr,

If such a relati onship cj.oes not exist, it ca:r be concluoled .r,hat there

are 1,'r.Io or nore exchange reactions taking itla_ce.

The tol:al isotopically exchangeable phosphorus of any soil is
be]ieved (ZO) to be almost all inorganic phosphates" Direct erchange

l'rith phosphorus j-n combinaiion nitìr organi-c resiclu-es (inositol phos-

phates, nu-cl-eic acid and its irucleotj_des, etc") is negligibte, and ,i;he

OUantitV of P32 ihô^n1^Þ-+nrl i**6 ^-¡^^hì a !^*^wr vL L )L LÍt'JQrporareü lriru u'ga-rrrs rorrIrs by rnicrobial sSrsthesis

ì s :l sn ì nqi ..-. i.icartt ( ZO) ,o-+__¿v!Æ¿v \ Lv,/ ê

I-n this section tl:e coni;ribution of alurniniuni, i-ron and calcium

phosphates io the totai isotopically excharrgeable phosi:horr-is lras stpdied.

b;v' a conbination o'i 'P32 equilibration i^rith the Jacksonrs phosphorus

íractionation procedure (Z). In acldition, 'bhe effect of organic maiter

on ihe isotopically e:ccirangeable phosl:horus content, (in 1:art:_curar,
the e;cchangeable i-ron phosoha.tes) r¡as investigaied.
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j''iaterial-s and i'iethocls

Soils Used in S'budy

The four soi rs u-sed i-n tiris section r^rere the same as ilrose

etnplo¡æd in the ;oreceeding one, anð. T,rere d,escribed on page 17 a¡rcl in
T¡l-r'l o I AÄ¡ìi + i ^-^'i ;. .î^-- ^+i ^.^!@urç re .u-u:-trorlâl- inforroation, periiirent to thrs preseni study are

given in Tabl_e 9 
"

Table 9

Characteristics of soils used in exchange studies

a---.l:--:--î--::f-e€

3

2'3ß ^.- : lo'bal t ryry j

, ,soil 3 irhosphorus i ti2o , ,ru;-," i rv"olr i H2so¡, :3 s ¡9" P"/9" soil- i extiact , u*ti""t : extract: exlract 3

3 ldo"6 z

; iio, 10 2

: Dicks t

: iufcDonald 2

762

1015

7l+o

6lo

aè
z LZ"L z Bl."2'" "16"0 z 2O3 z

i222",
2 5g "I ," L35.o t Lo5.3 z 325 t

oâ

, 8"5 r hz.! z 7"2 ¡ 3oo i
2.øi

alz 2"4 ¡ 2O"2 "", L"0 ; 322 3jzi",Bl,z

Ikperinental Procedure

/. \ ,1 ì. .i}, /i 'orelirrinary exìlerimeni; was first conducted to determine whether

the P32 removed from solution r,ras through the process of exchange" 'Iwo

set,s of three centrifuge tubes, nurnbered Al_, 42, A3 and BI, 82, and

83, and eacir containing 0,5 g. soil in about l+B ml. water, were shaken

for an initial period of l+B hours" irlext 5 uc" carrier-free p32 v¡as

added to tubes Ar, 42, and 43, the volurne of all acljusted to 50 nr.s



5t
and shaking eontinu.ed for a further l+B hours" After centrifugation,
Ì;jre ectivity of tjre labelred extracts from AL, A2, and A3 i^¡as deterninecl
on described on page Ih" Tl_-Le unlabelled exi;racts (i.e. fror¿ tubes
Bf,82, Ðd 83) r^rere then ad.cred to tÌre soÍr residues in tubes A!, Ã2,

and A3 and equilibrated. for a period of hB hours" The ac-r,ivity oÍ.these
ext,racts '¡.ias al-so cLeterrnined as above.

(ti) 
.

Ten 0"5 gram saTrples of each soil were shaken r.rith about J+B mI.
distilled i'¡ater for an ini'i;ial period of 2 claysr 5 nicrocuries pJ2 add.ed,

and'bhe vor',re ad.justed io 5o ¡ù. with water, .after equilibrating for
various periods of time, vi,z, I/LL, L/2, I, 2, \, lZ, ZLt, Lß, 72, and

120 hours respectively, the suspensions were centrifuged and p3t anO

P32 analyses carried o*i on the centrifugates " The soils rernaining in
those tubes i^ùich had been eqrlilibrated with pJZ .lor l+, hB, and 120

hours res¡:ectivery were washed. r,¡ith lN rvacr, and fractionated. into
41, !-e, a.rrd Ca phosphates according 'bo the modifiecl proceclure of Chang

and Jackson. Deiails of this procedure are given on page 1l_¡, Ánalyses

for P3l- and P32 r,rere performecr on the respective fractions.

(i) The resurts of the

shoir that the adcled p32

of exchange are sho¡^rn in
'the results for soil_ No,

for the three oiiler soil_

fusglts and Ðj-sgussioit

prelirai_nary erperiment which was d.esigned to
di-sappeared_ from solntion t,hrough the process

Table 10. It sìroulC be pointed. out that only

6 aye sholtrn" Sj-milar resul_ts were obtained

sary:les which Ï¡ere used,



Tabl-e 10

Ac'bi-vities of label-Ied exti'ac'¿s from i'lo, ó

for l+B hours r¿ith

-^;I ^¡+^% ^^,..i-ì.iL-^+-iñ^,ùuII dl uçr YLlu¿J-f,wrGUIr¿5

P?2

Sample
'fr P32 in soil

ex'¿racts after shalcing
for lr8 hours

P32 in soil ext" after
removal of labelled
ext. anci addition of
unlabelled soil ext,

Observed ual-culatreo ,

,Á-
' 'ìl

' a^o "-¿

, 
^^'"J

l_2.1

19 7

:-,2.h

t_0,5

10,8

10.h

lo,ó

Ll_.c

10. B

shaking for an initial peri od of Ir8 hours (before ad-dition of

the P32) 'nas done in order to allow the phosphorus in the solid phase

io come to equilibriun i+ith the solution phase" The results in Table 10

clearly show that the phosphorus in solutj-on (f3t anrl P32) is in kinetic

equilibrium r¡ith a part of the solid phase phosphorus" fn other words,

PIZ disappeared -[rom soluti on v-ia the process of exchange. Under the

condítj-ons of 'bhe experíment," all the P32 l.roul-ci have remained j:r the

c^'lrrf-in-n nlrrqo i-f ilrere tl.¿ ¡"ur. no solid phase phosÌlhorus with uhi-ch

ihe phosphorus ions j-n solution were exciranging,

The exchange 'uirai ta.l<es place between solution P32 and solid

phase P3I np.y be represented as¡-

P32"e1otr1on + P3lsorid Ílî P32uç1i¿ + P3rse1¿trien



') ')

The onlrì-l ìÌrpirr¡r nn¡¡*õh+ -ç ^ -'.i.-^¡ lna¡¿-¿rrv vyurr,lv¡ rv_lr vv¡IÐ ud,lIu Jù BIVg-tl uy; -

P32so1id. x P3lsol-ution = K = 1

P32sorution x P31so1íd

The equilibrium consta-11t is u:rity because of the near identity of the

isotopes, The foregoíng expression may be rearranged to:-
1l1r.f 1l ... = P1'2 ¡¿ P?l--*solid.'--solid. ^'r.sol_ution t{t

P32solution

The P3l"orid represents the quantity of solid phase phosphorus r:ith

which the added P32 has equilibrated"

(ii) R"te of uquitibr-+tiol. rqÈjrg"_tiorut,iot 9i€rqþ"4g"rbru ptlo"phoruq,

The resurts of shaking a "5 g" j:ortions of each soir in 50 mr_,

t¡al:er contaj-ning 5 ue P32 for varíous periods are shorun in Table l-1,

Figure ó represents a plot of rog (r-F) vs" time, uhere F r.epresents

the fractíon of P32 l,'hich has undergone excha-ngeê In other word.s,

(1-F) is the fraction of rach-oactivity remaining in solution. since

any isotopic exchange reaction obeys ilre first or.der kinetics (34),

i;hen if the exchange Ì¡as with only one soil forrn of phosphorus, a

straigÌrt' line r,¡ould have resu]ted from the plot of log (1-F) vs.time.
the facù that a curve l,¡as obtai-:r'red means that there is more than one

exchange reaction taking place" The observed rate of dissappearance

is the sumination of the sjmultaneous reactions. No atterapt i";rill be

rnade here io analyse b¡r graphical or oÌ;her nethods the composite curves

illustrated i-n lrigure 6"

ft ca:r be seen from Figure ó that the tirne requjred for attain-
rnent of isotopic equ.Ílibrium varied greatly among the soils" Tl:us iüo" 6

(2)
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and No" 10 soils reached isotopic eg.lilibrium in about 2i-L and i+ hours

respectivel;¡, tiitereas for Diclcs and l'ÍcDonalcl the tirne necessaïT- hras

approxifiately 120 hours" In other ioords, it r.rould apÌrear that those

soils high in CaC03 are characterized- by slower isctopic exchange of

phosphor:us ihan soils containiirg siûaller quantities of caco3, on the

o'bher i:and, 't he effect of increasi ng tlre organic rnatter eontent is to

decrease the iinie necessary for estabh-shnieni of isotopic equ-ilibrium.

'lÌris is obvious when soi-]s i'J-o, b (5"2,'i a"¡ti") and. i'[o, lo (7,3% o.li,)

are coinpared.

The results of bjre fraetionatj-on of these samples which had been

equilibra'r,ed,ior l+, Lij, and l2o i:.ours are presented. in Tabre 12, rn

Tabre 13 the isotopically exciiangeabie phosphorr-rs, at the respective

ii¡res for ea.ch phosphate fraction, are gÍven" These val-ues ,,*€rê cal*

culated b;r use of the concent of specific acl,iirity i.e. ac P32/ug. p3l.

Ït should be stated Uhat ùhe values of isotopically excha;rgeable

1:hosphorus so calculated ai:e not enti.rety exact because tiie assu¡red

conch-'cion of equilibriun is not attaj:red in all soils. llor,rever, they do

provide a va.luabl-e mea.rrs of obtaining a coneepti on of soil phosphate

behaviour" ll:i-s reset"voir of solid phase p3I i,¡as very large in corn-

parison to the sclu'bj-on phase Ì:hosphoru.s ¡¡Íth i.¡i-bh i;he P32 equj-librated..

The contrasi in relative niagni-tudes r,¡ould be even larfler under natural

fielc. condi-bions, r,rhere the re.tio of i¿ater to soil r+ou1ci be verl¡ nruch

srnall-er than l::at enployed- experimentally.

The tlree ex-bractants erçloyed i¡r i,iris fractionai;ion scheme are



Tehìs lf

ìiqui1-ibration of P32 t..i-th the various fractions of soil phosphorus

, H^r,-.
e sh¡l¿i ro

/" PIZ Ín extract, í6 V32 i:r extract

l.r.ater r i:I-Tt .tr' . irfrfìTì " TInQoto r r ¿avLLext" :ex-b.åext, jext"
r-'J¡tor . IIHì. f' " Ìrlr ôT-l , ll^qnr

" .,.'4- , ¿lqv¡: ê !|¿9v4
c-¡f. , eví ¿ ovf o a-r*ø , !r!uo

ilours
shaking

No" J0ItJo. ó
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l+o

1) r 38,6 Ll.O "¿ ir" Ir. 25 "3
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Di cks IlcDonald
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noi berieved to be absclu-Ì;ely' sneci-fic in e:çtrac,¿j_ng ihe appropri ate

forrrrs of soil phospìrorus" Thu_s Ìrlä)_rl- ma¡r s¡.¡rrct not only a.-1-¡rninium

phosphates but also irhosirho;'us acisorbed on soil surfaces, l,fo exceri_-

rnental- verificai-,ion of the above sta'l,enrent uill be given, as this uas

noi; tÌre purpose of this investigaii.on" Thus in tìris discussion, ihe

forlor^:ing ierr¡s r,'úll be used:* (i) ttl'lH¡F-extr"acial.1e pÌ-iosphorusn, foj:

alurn-inium pl-rosphate, (:-i) Iti"la0ii-er'r,ractabre phosphorusrr, for i-ron phos-

pliate and (iii) "þS0¡-exi;racta.ble phos.ohorusrt f or calciur1 piros1rhaie.

l-ioi,rever, :l-i sirou.ld be poirrted out thaì: tllis -frac'¿ionaì;ioirschene cioes

'¡i'nr¡i da rn avna] len'b tool for cÌraraef'eri zi no i rroro.alrì n sni I nJrnq ' '(4f, v:rvv¿¿vr¿u evv¡ !uJ v1¡qasvuv¡I¿IIIð _LlrL_o*._.- onaï,es.

If one exanines the d-ata given ín Tables 9 and 13, Íi is observed

that the -t'ote-l surface excl'iangeable i:hospiroru-s d.oes not increa.se Ín a

l-inear fashion uitn 'i;he quantit¡r of phosphorus presen-i; j-n il-ie soil
soluij-on" Thus the phosrrhor-us conce¡:tratj-on cf the sol-u'bi_on phase is
-zn.l- .l-1 -" * ^+ ^ .-I.ll'uuaury rlou a ver.f accura-be indicaiion of the exchangeai-.le phos.phorus

in the sorid irhase, evei'I il:ough-bhe two co-exj-s-b in direc.i; contact.

and contínuous exchang;e occurs beti¡¡een them" Thi-s unexpectecì phenome¡on

can be a-i;trjbutecl to;- (") differences in ilre ionic cornposi-.bioir of

tire sol-utions (b) differences in the sites to r,rhich phospirate ions are

e-ttached in thesolid ¡:l-'ase, r'esulting in oj-fferenees in exchangeability

of phosphate ìons, æd (c) preci-pitation and. so}:biritv oî nreeioii,ated

Íorr,rs of phosphoru-s in ihese calcareous soi_ls.

?able p shows thai the toi;al i{2so¡-exi,ractabr-e phospÌrorus

(calcium phospliate) in tle four soj-l-s varies from approxirnaiel-y 2OO to
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?2( rli ôþ^-?^hõ 'l ./ e-a^.^ ^^i1 l.^.)¿2 rLfçr\)rJ.elüs r ./ tr'ÐJn sol-!, Ilor^rêvêr: the exchangeable phosphorus

(at 120 lrours) in this fracti_on varies from only 5"2 to ZO"Z (Tabre l3).
rn other r,:ordsr onllr a very smalr fraction (ress than ô oer cent) of

the li2SO¡-extracta.ble phosphoru-s exchanges r,¡ith ir32, Thus tÌ:e native

cal-ciurn phoq:ha'bes of these soils are characterized b;,r slor"r exchange

t'ritir radioactive t¡hosphorus .

The isoto¡ricall-y exchangeaLle phosphoru.s in i,he respeci'ive frac-
tions can al-so be expressed as percen'r,ages of 'Lhe total excìrangeable

phosphorus in the particula.r -soj-I. r,;hen tiris is done it is apparent

''i*t in ltlo, 6 and irjo" IO soils only 5"ó per cent ancl 9"i per cent,

respectivrely, of 'r,he e>lchangeal-.1e pJrosphori,rs j-s in the Iì2SC¡. extra.ct.

1'lre corresporrding values f or Diclrs and I'icDonalcl soil-s are 25" Z and

1(, l, ner- ôên*- roq'.oni:irro-lr¡uÀvv¿J o

The behaviour of the irlaO}i-extractable ;:hosphorus (iron phosphate)

nrerits particrLlar abienbioll, especiatly in tire case of i,lo" ó and IO

soils. On a percen-bage basj-s, tlris ilaOi:-ex'bractable ohosphoru-s, viz"

i;he iron phosphaie fraction, is the most labile of the soil pÌrospi-lates"

Detailed comparison of rables p anci 13 reveal-s that in j\io" ó soil ó3

per ceni of ihe total iiiaOl-l-extractable phosphoru.s exchanged r¡ith P32

in 120 hou-rs, whereas approximatery 90 per cent of i;his phosphorus

fraci;ion r¡as exchangeable in rvo, 10 soil . fn otÌr.er l^rords, an íncrea.se

in the organic matì;er co¡rtent of a soil (brought about ihrough cumulative

adctitions of ntanure) nas resulteC in a nnrked. j-ncrease Í.n the lability
of the iron phosphates, The total- Itflrtr- a.ncl Il2SO[-extractable phosohorus



6L

also increased si-gnificantly (6ó ancl. óo per cent respectiv-e1y-) uith
an inclease in the orga:ric *atter, however, no sirnilar ì¡s¡sase in tiie

tability of these phosphoz'r-is fractions r¡¡as observecl"

It is believed that this increase in -r,he lability of the i,üaOH

fraction on addition of organic rnatter is clue to the formati-on of

complexes betiueen phospha-te, iron- and organic mati,er. A stud), of the

interactÍon oÍ iron anci phosphoru-s r,iith extracts of organic .matter
(humic acid.) is presented in the next section of this Thesi-s"

Srlmmary and C_onclusions.

Carrier'-f ree P32 added io soil-rora'ber su-spension clisappearecl from

solution through the process of iso-r,opic exchange " Essential_ly roo

per ceni of the P32 i^¡as reccvered inthe four extracts stuclied, vi-2"

''rater, ii'ti¡rF, NaOI{, and iì2s0¡" rn the four soirs stuciied, it is seen

that, regardless of the carciu.m carbonate content, onry a very snrarl

fraction of the total ll2SO¡-extractable phosphorus (calciurn phosphates)

l,ias exchangeable r¡ith P32" Hor^:ever, a nucli le.rger percentage of the

ÌtlH¡F extract, and a.n even larger fra-ction of the j,jaoH-extractable

i:hosphorus exchanged r¡iih P32. Thus it would appear that the iVaOIi_

extractable phosphorus of soils const-ì i;utes a ì.abile fraction of soil-
phosphorus, the ra,bil-ity of irhich increases r¡ith an increase in organi-c

matter content"

The time necessarJ¡ for atiainnreni of :i-sotopic equilibrium varied
among the soj-ls. Generally, the tr¡o soils with h:Lgh calcium earbonaie

content reached- isotopic equÍlibrium after much longer times than ilre
other soils r+ith lor,¡ cal_ci-um carbonate content.
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,SOII O&iÁI't-ïC ytÁTTER

fn Section Vï ihe Jacksonts fractionation proceclure (T) r,¡as

employ-ed in studying 'i;he isotopic occhange of P32 r.,ríth the various frae-

iions of native soil phosphates. ft was observed that the sodium

hyciroxide-extractable ohosphorus, iriz, the iron phosphate fraction was,

on a percentage basi-s, the most }abile of the soil phosphates" lirrther-

more, an increase i.rr ihe organic ma-"ter content of the soi]- resulted i¡

a- marked increa.se in the lability of this phosphate fraction.

This is illu-strated in the follouing tabl_e, obtained i¡ the

stlrdy of the exchange of P32 ui.th the inorganic soil phosphates"

Tabl-e llr

fnfluence of organic matter content on the exchangeability of the NaOH-

extr"actable phosphate fraction

t I s NaOII extr, s Isotopi-cal]y exchge. P. j iã j,iaoll-extr. i
: Soil '. lo A,[" å P, .(F"-f.) r extr" with ]VaO]l 3 p. that is 3

i t i u-ge t'"/9, soil: ug. P"/g. soil e exchge. z

ô.êè
c íi6 z 5.2 z 76"c t h5"B z 60"3 B

c ifto B 7 ,3 z ro5,3 t 93.7 3 99.1 2

Òo

f¡roii these observations, the hypothesis l:as put forr.¿ard that tìre iron pirosphates

in soils can react r,rith groups present in the organic matter of soils,

resulii.ng in the dissoluiion of the iron phosphates and fonnation of a
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comprex betl¡een the organic groupe iron and phospha-r,e, The phosphorus

thus held is bel-ieved to be rnore labile 'r,ha:r when bound as ferric
phosphate,

Ïn tire follor"iing experiments, an attempi; r.'ill be macle to demon-

strate that active groutls present in soíl h.umus :-re capable of holding

iron and phos¡rhorr-r-s. Hurri-c acid disoersions rvere u-sed. since it is

bel-ieved tirat tLris rnaieriaL represents fairly closely the whole of ilre
soj-l humus (ù3), I'i; rnus'i; be pointed out i,hat the ternLtrllurn:ic Acídtras

used in 'i;his studyr lepresents i;hat .fractj-on of the soí} oreanic matter

irhich is solubl-e in alkali- but insoluble in aci.c1" The terrn, of course,

has no s'brict chemi-cal d,efinibion, anrì therefore shoulo not be given

any exact chemical or physical_ connotaì;ion,

The idea tÌrai hurli-c acid extrects can hol-d ir=on in scl-ution Ís
L=. -^rrJi rio means novel, Several- workers (3, L5t Lg, _lL, J+ó) have observed.

this -rrhenonenon. So¡re r^¡orkers are of the opinion that the bond betr,,ieen

the metal- j_on ancj ihe anion involves complex Íormatj_on, ft is also

f.hnrrch*. f ? ) fhq* -l--iro hn¡rlina nfurruugrrrr \)/ urrcr.rr urrçi rJ\Ir\rr1rB ur probably one of chelation, i ,e" the

rnetallic 
"ution 

ca'rr,sing -t he closing of a cyclic ring stru-cture in the

organic groupsø

the i-dea that i;he com,clex be'bi"¡een iron and huinic acid ca-n hold

phosphate ions is relaiively neü " To date only one reference (26)

has been found in the literature concerning this phenonrenon. Tn this
repori orgarii-c soj.ls i,¡ere found to fix phosphoru-s, the fjxal,.i on increas-

ing i.;ith the adclition of iron and. alurrdniuni 6
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l'Laterials and i',letirods

Experímental

(i) ïn-beraction of humj-c acj-d extracts iuith ferr.ic iron"

fn these studies tlie rrhurnr-c acidrr (liA) fract,ion of soil organic

matter was used as the reactive component of the organic matter"

(a,) The HA fraetj.on r,¡as obtained by extractinc¿'vhe soil ld-th O"l

ll NraOii (using a 1:10 soilrsolution rati-o) for a period of about ó

Ìrours" The I-iA was separated from the ltfulvic acidttfraction by pre-

cipiiati-ng :'-t i'rith excess dilute hydrocl-,loric aei d. After washin¡| tÌre

i'iA residue several times r^¡ith 'ai'ater, it r:as fj-nally redissolved in

ciÍstill,ed t¡ater to l^¿liich a fer.r drops of d.j-lu-te sodium hlrdroxÍde was ad_Ced.

/r \(b/ the quantity of iron, added as a stand.ard solution of ferric chlorj-cie"

required to produ.ee a visible amount of orecilrita'uion in the I-iA solu'uj-o¡s

at a given pi-l value I',ras ternied i;he iron holding capaci-ty of ihat soiu-

tion. This iron holcling cauacity r,¡as cieternined by rnaking small- aclctitions

of ferric salt, anC acìju-si;ing the pH after each small j-ncr.ement of iron

t'¡ith dilute sodium hyciroxicie solution" Dilute liydrochloric acj-d r"¡as

nex'r, added dropwise, and'the api:earatrce of a -orecipitate rras ascertained

by vier,ring the solutj-on before a strong lí¡lht source; uith due care a

quite definite a.nd reproducible end poj.nt was obtained in these titra-

tions" The o::ganic matter content oi the extracts was deternrined bl¡

cij-chrornate oxidation (;oage 12), the solui;ions being first evaporated"

to dr;mess on a stearn l--ath" The arnoun't, of iroh helo by the llA r¿as
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determi¡ed by first ciestro¡"ing the organic carbon ui-th hycìrogen Ðer-

oride, anc- estjmating the iron in solution accordíng to the nrocedure

described on page13.

(c) In order to obtain some information on the natu-re of the bondine

between the iron and the lLA, solu-tions of iron and HA i^¡ere shaken r:i-th

ol)e gra;û each of a poiassium ancì barj-r¡n sa-burated resin for L hours. The

amount of iron removed by the resj-ns t'ras cietermined. lhe poiassiuni ancj.

barium sai;urated resins -r¡rere prellared b¡r pass:ìng dilute solutions of

i.roi;assiu-m chl-or"ide and bariu¡r chloride throu.Eh a su-Lfoira.ted poly-

sf,rrrena c¡i',i nn eXc.tanpe re.si¡ lhvdr,..c'en fn-rm) . llnti'l ì;Ìre nli of tÌfe\¿lJsr v6ett r_vLttL/ , u-¡rv!! u¿rv IJrr va

effluent r^¡as i;he same âs the pli of the elueni" ieì,h;rlation of ihe l{-rl

tu"q -¡a"r*. ncnfnnr.oçf , Iir this procecÌure the Ì{À T¡Ta.s reneâtec:l-l r- ¡6sJ;rrrr'r o*arìv tJeJ4v¡¡,:vvo v¡vvvvu¡e urfv rq\ wqo rsluçeuçglr" I[çu]r.)/J-éugu

(four times)',vith oemethyl sulfate after the procedure of Gilman (f9).

After this ireatment, the iron holaing capacity of this äreth_r'Iated HA

at different pH val-ues was de'berrriined as abol-e"

(ii¡ lirteraction of Phosphate with (Fe-l-iA) complex,

Aliquots of tlre (fie-Ae) co¡rpl-ex (containing L"t]Z rûg. Fe and 2rJ

mg. organic carbon), at various pFì rralues, r,Iere shaken r,¡ith O"! g" of a

phosnhate resin for i hours " Tire phos;;hate resin r'¡as made by passing

successive quaniities of ctilrrte po'cassiurn d.ihyclrogen phosphate solution

tJrrough a column containing a pol¡'an:j.ne anion excilange resin-hyrirox¡r]

fortn, unti-l 'uhe pi-i oÍ the effluerrt r+as ¡he sarne as the pli of the elu-ent.

The arnount of phosphate held by the (ilA-¡b) solutions against

the resin was deter¡ilined b), first oxidizing'i;he orga:ric matier r.ribh



j.}'drogen peroxide, anci then deterrnining the ;chospiraie conient bl¡ t,he

Diclrman and Bray (fl+) proceciure.

(iii) Re-actiq4s o{ !þ_osphorus associaied r,¡ith Fe-IiA) coirpJ-ex.

fn order to characterize the phosphorus held

plex the follor,ring experÍ-rneni;s r,¡ere conducted,

. /--^ - \lry \r4-¡ê) com-

(a) Aliquots of the i1,4. solution contaj-ning knor^¡n amotln,üs of iron and

phosphorus T1r'ere shaken,.o.5 g" each of hydroxide and chloride resin at
a pH of ap1:ro:rimailely 7"5 for 3 hours. Tlle arnounts of phosphorus

removed by the resins r.tere d.eternined b)¡ leaching the resins with dilu-r,e

irydi"ochloric acj_d a:rd. cleter¡ninì ng tÌre phosphorus obtained as a.bove .

(¡) ?he excirangeabÍlity of the phosphoru_s hefd, b.). the (fe_AA) complex

t''¡as estj-mated j-n the follol'ring ma.ruer. Knor,¡n amounts of a starrdard

pilosphate sol',rtÍon ¡rere aci.ded. to al-iquots of ihe (Fe-liA) cornplex a.L a

pH of I 'J The amount of phosphate aclded rvas larger than the qu,a'i,it¡r

of phospha'be r^¡hich the coinpleï can hold_ at pLI T "5" lìve mi_crocuries

or P32 L'ere than acld.ed to each solution, and. after mìxing for a períod.

of J hcu-rs, oÌ1€ gri:ì.rn of a lrydroxj-de resin was ad.ded. The amounts of ,

P32 and PJI remo-¡ed- by ilre resi-n r,¡ere deterlnined by .the appropriate

meilhocls,

ic) Finalþ, ihe a.vaj-labiri'by of ilre phosphorus assocj_ated ,¡ii;h the

(na-lte) complex to surflo'ruer pla.nus, grolm Ín nui;rient solu.biorsin

the greenhouse rvas cleierniined." Before i.ncorporat:.-ng in the nutrient
solu't:Lons, the 'phcsphonrs held by the (1L4.-Fe) cornplex T^ràs jlassecì, çrrough

a. corr:r¡¡r containinir eiì;her:- (") a chlorid.e resin or (¡) a hyclroxid.e
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resin. This prorridei- t¡,ro sources of phosphoï'ìr.s. 'I\uo o-bher sources of

l>hosphorus r'rere u-sed;- (c) triu¿c acid arrd phosphorus and (d) phosphorus

alone" Thu-s soltr:ces (c) an¿ (di represenis phos'ohorus not associated

r^¡iih (¡-e-¡LA) cornplex, i"e. ttfree phosphorus'r. Each of ihe sources

coirtained l"h8O rng, phosphorus. The relaiive availabili-ties of these

phosoÌ-.,ate soì.rrces r.nrere obiai-necl b¡r growing the sunflower prants foz,

three weeks j-n the nutrient, solutions, and then clete:rmining ihe botal
phosphorus uirtake according to the proced.u.re described on page 13"

Results and Discussion

\al trri;_eraction of liA iktracts '¡ith fron.

The ano-.rnt of iron held- by Iìj, extrac.bs as a fu:rci;ion of pl-l 1s

illus'r,rated in lligr-rre T (solid l_ines)" lt is seen tlpt a_s the pli of
the HA sofutions increase, the arnount of iron held increases, The

relationship, however, is not linear"

The exact rrtechanism by which I{A hotds metallic ions Ìias been the

object of consj-derable investi-gaÌ;ion, and up to date, there is no

r:niversal agreement on 'uhis matter" prelirninary exrleriments shorcd

that the iron held by the IIA was noi removed (ai; any pH) by shal<ing

the IIA r.¡ith a bari-um or potassium saturated. resin" Thus the boird

between iron and Fl-A. is stronger than the bond between iron and resin.
In contrast to this, t"rhen similar arnou.nì;s of j-¡.on in tire absence of ÌJA

t¿ere shaken ¡¡ith a ca-bion resin the j-ron ruas cornpletely rernoved from

solution"

The results of the neth¡rlation studies are also sho,".¡n in !ì-Eure Z
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(Oottea li*nes) " ÌGthylation resulbs in a conversion of the non-

nrr?'n-r¡r] in ì.¡r¡i-nnr.-r¡'ls in-hn meihovr¡ls- ''l%'ìs'hreaf,ment bherefore removesu4I UVÀJ llv rr<./ur vrL¿l !u v:rvrlJ Àe €

:1-l ïho.sc hvclror,.l s r.rh'ì eÌr rJ i ssoci a'i;e hrrdroEen ions in neutral- or'r-LL :I.J v-L ¿--J

allcal-ine condii;ions, but l-eave the carboxylic Sroups func'bional. Iigu.re

J shor.rs bì:at up Ì;o a pil of approxirûebely L.7, the rriethr¡lated ilr behaves

afmos'l i-dentiea}ly r'rith HÂ, in res;oect 't,o ihe alnourlt of iron held,

Àhnrre thi s nil- hnr.terrer" the n'er1h'-ì ^+^á 1:^ r"^r'r -o lito::e ifon. ThiS+uv vv u¡.I!u .p:-g ¡ruwç vgI , urls lltç urr-)Jduçu r.ë trv!'J ¡1

iuould suggest, tna-b -bhe non-cal:boÐ'lic hydroxyls are quite i-n1ocr"ta:ti as

bonclíng sites for iron" The results also support -ühe idea that bond-

íng of P,A and j-i'on in¡¡olves chelation (3) " F.owever, r'ecent potentiorne-bric

i;itration daba by it'Ia.rtin and Ìlee-ye (3t) have indicaied ttra-b tire metal-

ion on adsor,otioir clid not displace sufl'i'-cient h;'drogen ions for simple

chelate forma-bion,

( ii) Interaction jf (HA-Fe ) ,_"_ " Iex 14 jh .

Figure E shor.¡s the results of mixin¿; aliquots ol (llA-Fe) com*

plex l'úth 0.5 g, of a phos;:haì;e resin at various pli values" ft is
| ¡tseen rnar rne tnA-Fe) complex i.ras able to hold consj.derabtu q,r*rrtiti""

of phosptrate agaíns-b tlre resin. It might be argued thab ferric ions

alone (in tire absence of llA) could aiso cor¿plex phos:rhate ions. This

i-s true, Ho',re-,/er, llfree ferric ionsrr as snch can on1;y exist belotr a

pH of 2"3" Above this ,:il: n'e(0H)3 is conloletely precipita.becì (3f ).

Since all these ex,oeriments i,¡ere conduc'bed in med:La above pll 2.3 it is

clear that the conrplexi-n3 of phospha-be was not due to'blte presence oÍ

free ferric ions" TÌre t,ermttfree íerric ionsrl rnu.st be used'¡ith some
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reservatiorl, as-i;he simple ferrj-c ion is nel¡er found in aqueous so}r-

ti ons lf,irorrol. nfien Uri tten as Such ) - lrec.qlrse i t h¡s a ørn;.¡i-, -renrìennr¡\ v:rvq5:¡ qu ùLlvrf // , uvvqu-ug I u :rau e Éf,vc.u uvrluç¡rvJ

to form coordinate bonds i';ith any availab-ìe rnolecules or ions r,¡hich

carry unshared ï:airs of electrons viz" rrlater"

Figure B al-so reveals thai less ohosphate is hetd at higher pH

values, also the rel-a'bionshiF bei;r.reen pH and phosuha'te held is appro>l:L-

mr-l'.r:'l r¡ li'¡oc¡ 'fhe faCt t,l:at less nhnenh:f.a i o helCi at lriøher n]jo ¿::v ¿ev e Ju :¿v¿!L

values can be par't]¡r e:cplained by ihe fact ilrat in acid mcclip¡n phos-

i.rhai:e is present p::edonri-nantl-.¡ in the FI2PO¡,- íorm, rrhíIe in slightly

alkaline solutions the hT'O¡= fonn pred,oruina-Les" Thus it is clear that

less phos::hale roil-l be held by the complex as the nii increases.

(iii) .leactions of :)hosphate associai;e9 uíth (Fe-llA) complex"

It l¡as found that the phosphorus helo bJ'lhe (I-lA-Fe) complex

r'las not removed b"r' siraking r+ith a hyd-roxide resin; hor,,¡e¡¡er¡ nhen shaken

r,rith a chlor-ide resin, approxi-mately 68 per cent of the conlolex ¡:hos-

;ohorus rras r:moved by the resin.

iÌxchange stucìies ¡¡ith carrier-free P32 showed that betl¡een 90

to IOC per cent of -r,he phosphorus associated l.¡ith the (HA-Fe) complex

lvas excha:rgeable with P32 in 3 hours"

Tab1e 15 sho'*s the resu-lts of the experimen'b conductec] to colirpare

the availabili'u¡- io ,:lants of phosphorus assocíated r'úth (ll¡.-Lr'e) complex,

and truncomplexedrr phosphorus. As indicated on pages óó and ó7 four

different sorìïces of phosphoru.s T{ere employed; -
(1) conplexed phosphorus which r^ras previously passed tirrough a chlorid-e

FâQI h
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( 2\ ñ^ñh-l ôvô^ hhostlhont s t,rhi ch wâ s n?er¡i ôrlsl \¡ nâsqêd thrarrc.h r hrrrìrÄ-¿i rìa\ s/ l,¡:vviJ¿rvJ uJ iurt¡vr: ly*v u- puvvvg er1¿ vsÈi¡r @ L-.t __

resin

(3) hurn-'c acid- and phosphor.us (i"â. ,¡u-i1comÐlexedrr 
;L:liosphorus)

([) phosphorus alone

TaÌ:fe 15 shorus 'bhat approximately óo to 70 per cent of the totat
phosi:horus from sources (2), (l) an¿ (i¡; r"ras availaÌrre to the su¡Ílower

plants r^¡hile only ó per cent of the Lotar phosphorus froni source (r)

was available"

It is recalled that a- hyci.roxi-de resin was unable to rernove anv

of the phosphorus Ìrelci ny (HA-Fe) complex, r,rhiie a chloride resin re-

moved óB per. cent" i,ihen com;oarecl r..;ith the availabil-ii), stu-d.iss 1¿

appears i;ha'b the plants anc' i,he chlorj-de resin i^;ere quite simirar in
tireir ca"pac:'-ty -bo exiract phosphorus from the (H¿-re) cornplex, rt
also is cfear-bha-t although aIl -t,he ohosphe.te associated riith the (11_pe)

cor,'çIer r^r-as exchangeabJ-e r.;ith radioactive phosphcrus, only a portion of
this phosphaie is ¿rvaiiable for plan,c use 

"

Sl:¡n¡iary ap_d Conclusions

Hunúc acid ciispersi ons of soil- organic ma-L.ber had the capacity

to hold ferric ions j-n solutj-on agains'i; a ca'bion resin, l-Lus although

.feric ions normally ,orecii¡ila.te as insoluble .ferr"ic h5droxid.e above

pIJ 2"3, i-n bhe presence of liA considerable amounts of iron l.¡ere hel-d in
solution" l.'b'i;hylaiÍon stu-dies inciicated that bot,h carboxylic and non*

carboxSrlic hydroryl groups i,¡ere involved in bonCing íron.

The (HA-Fe) conplex rrad the capac'i:y to hold phosphate ions
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against an altion resinu The amount of phosphorus held tlas a function

of (a) pH and (¡) the tyoe of anion resjn" This phosphorus was not

r.cmor¡ecl hw shelri. .- --Å +ì^ ^- 1.",';ræ^yirJe res-in. r.¡hi'l n ^**-^.-j'-^*^.-- bIVO----*.-llq fiJtJl.l d,-!I lrJU-I'U^IuE açù¿¿19 rïIuJ-{. d.lJp.r. vÁIl.lsUçJ-ov

thirds r,¡as clisplaced by shaJting ivith a chlcride resinu In addition,

nearly all of the phosphoru-s r,ras exchangeable tti-Lh P32. Since the

properties of IiA clispersi-ons are believed to be guite simj-lar i;o 'bhose

of soil humus, the conclusion reached" j-s that active grou;cs present in

soil organic rnatter can reaet r¡ith iron phosphates in soils resulting

in ihe forrnation of a comoJex be i;i^¡een the organic groupr íron and phos-

pha'r,e " Ii is r:robable tha'¡ such ¿ compound ma;i exi s'u in some soils

containing api:reciable arilounts of organic ma'i;tei'.

The avaj-Iability of bhe complexed phosphorus to plants was found

-f.n rla^orrÀ nn 1-.hp previous treatrnent. Thus r+hen the conrolexed phos-

phorus ¡.:as fi:'st passed through a hydroxide resÍn, app,:o.xi-inaieTy 65

per cent of it was avail-able to plants, i,rhereas only 6 per cent l^ras

avail-able rrtjren a chloride resin re;olaced -r,he hydroxide resj-n" The

amount of phosphoms removed from the comolex by the plants Ì.ias almost

equal to the quan't'ity d.is,cl-aced L-:,' a chloride resin"



\TÏI. GEì]ER.q.L CONCLUSTOJ.JS

The investigaii-ons presented herein r+ere iniùiated i-n order to

character:ize tl-re Ï,eharriour of i:hosi:horus in some calcareou-s l''ian-i-'ooba

soil sysi,erns" Tliese str:.dies can be broadly dj_víoed into ir,ro sec'cions

trizu (1) sotubilii;y and (2) exchanqe stuoies.

In ihe solu"bjl-j-ì,y stucties, 't,he .f'undarnental questions sou.ghi 't,o

be anst:ered i-ncluoed-, (a) ;tre íorrn of nal,ive soil phosphate which Governs

the solution concentration of phosphorus in ihese calcareous soi-ls,

(¡) 'Utre phospÌraie species initially fornred. on aclctition of i"iater soltrble

phosphai;es to carcareous soils, (c) t¡e stability of bhe iiritially
f'nrm.¡rl nhnqir'Ìrrf.e nnmnrrnÄ ¡-d l.l\ .rho*1.,¡r'l-1'^ ^^vv1,.,f/vw¡v *.,* 1J) whether" the calcj-un carbonaie content

of the soils had any effect on the forrn and behavj_ou-r. of phosohorus j:r

these soìIs. A series of soils r.iith calciu¡r ca:lbonate ler,-els va:1¡ing

fronr approximately one per cent tc L¡2 i:er cent was used in t,l:ese

i-nvestigatj-ons 
"

The solui-i1i-'c¡r procìu-ct prínciple r,¡as enl:loyed to explain bhe

cherrrical behav-i.our of added and native soil_ phosphates. Tt ioas fou_nd

'b.tat cal-ciunt ohosphates coulC- accou:rt for the piros_ohoru-s conten'i; Í'ound

in extracts fr.om ihese soils. Thus ociocalcj_um phosÌ:liate was found to

be pho-"Þhaie sÞecies lìoverning tìre sol-ution concentra'i;ion of phosphate.

i{otr;ever, iuhen soluble monocalcium phosphai,e uas added to these soil-

t¡ater s¡¡siems - cli cp-t r:iilm nhoq'rh:t,o rìi lrrrrìrr-l-.a r^rrq *-ho '¡hn<'¡lr¡*.a c 'u.I v uvr.lv --*__ _pecl_es

r¡hich l'¡as iniiially formed,
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It Ís poss-i-ble tha-r, dicalciun phosÐhate d:-hyd-rate i.:irich forrrred

ini-tially rr:3ht evenirially cìissolve i^rith concomitani precipita'cion o-f a

Iess soluble calcitim phos;chare-:perhaps oc'¿ocal-cium phosphate or [ycÌroxy-

apauÍie, It nusi be pohted out, however, that si;ch chenr-ical trans-

forrnatj-ons ::eíer::ed- ì;o here clo not occu.r j-nstantaneou,sf]t. TLLe rates

of dissolu-tion and preci,oitai;ion in many of t,l:ese reacti ons are perhaps

ver..¡ slow and this nnrst be relnenrbered r'¡hen atte¡¡liing t,o iul;erpret

solulrilii;y tì.-easurements of phosphate reactions in soj-ls" In e.11 probabil-

it¡r, tìie less soluble cal-cium phosphate conpound.s (also sl-ightly soluh'le

iron and a,lu.rniniurn rrhosphates in acid soils), a-l,tain ecluilibriuil r¡ii-bh

sol-u-Líon so slowl;r tÌ:a.t solubi-lity measurements in soil-s quiie ofì;en

d.o nol, correspond to any knoun solu.biU-ty oroduct 
"

Since phosphorus sol-ubi-lity i:: the soils stucìied conforrnecÌ qr.ri-'be

closely to -t,he solubility isctherm for ociocal-ci-um phosphate, one may

conclude that this slrecies of phosphate is tÌre only one present j:l

ihese soils. However: this conclusion is rrot necessarily true, as ihe

experi-mental results cl,o no'b excl-ude the possibility that otlrer phos-

phate corpounds, mucit less solu-ble than octocalcium pl'iosphat,e e.g"

hyd.roxyapatite: fiâ)'be al-so ;oresent i-n tliese soil-s.

in acl-clition. it r'ras formd frorn these sol-ubility stuclies i:hat

adsorption of ¡:hos,ohate frorn ctifute solutions shor''¡ed fairl;r close

agreement r^:ith the Langmuir adsor-ption isoi;herrn, t^lhen the fínal solu-

tion concentrations Tnere less than aj:out, 20 ug " P"/nJ" Al-though ihe

experinenta.l resuli;s su-ggesbed- a monolayer a-cisolption reaction over the
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it is possible that both adsorption end precipÍtaiion reactj-ons occur

r,¡hen difute phosp'horus sclu,tions are added to the soil systens.

It t¡as found that the leve1 of cal-eium carbonaùe on the soil luas

roÌ; the only factor de'terinining the adsorp'bion reactj-o¡ in tjiese cal--

caieous soj]-s" 1'he organic rnatter content anci the clay content are

bel-ieved to be alsc o.í grer;,t im.¡rortance j-n d.eternr-1ning phosphate adsorp-

tion" liouever': i'b i+as shot^¡n thaÌ; the bonding energy of the soils for
phosphorus r¡ìâs åpproximetely the same fo:: all- soils" This r^¡ould, sui¿p.:est

that the same mechanism i^¡as j-nvol-ved i¡ alr the sys-bems studied."

The results of these solubility stucÌies are of great practical

siguificance" The addii;ion oí rtater soluble phospìraÌ;e fertilizer to

calcareous soils was shot'rn to resu-lt in'r,he formabion of dical-cÍurn irhos-

phaie d:'-hyd.r'ate" This species of phosphate, althougli r:nstable, persists

for long .periods in the soíl, the hydrolysis and precipitation of this

species -l,o less solu.ble ohospl:a_te conrpounds is extremely. sIow, These

r"esul-ts are ìn general agreement wi-r,Ì: the present belief that ohosphate

fertilizers added to cal-ca::eous soils re¡nain in a pfant availabLe state

for consiclerable periods of tirne. In a recent 6reenhouse in¡¡estigation

(17), fertilizer phosi:hates iir calcareous soils rernained available to

plants even after fi-.¡e successi_ve croppincs.

ïn the exchange stucies the r.ea-ctivity of -r,he soil inorganic

phosphates (calcium, alurrriniun and iron phosl:hates), ï"ras stud.ied

tìrrough a co¡rrbinabìon of the Jaclcsonts fractionaüion ifrocedllre with
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P32 equilibra-bion" It should be pointecl out thaù this ner+ appr:oach

to the stud-. of tlie soil inorganic phosphates is uni-qu-e in that the

contribution of each of i,he inorganic phoslrhate i,o the l;ota1 iso-

topically excha.ngeable phosphorus in any soil can be deterririneC" Si-nce

the to'bal isotopically exchangeable phosphorus ( "labi fe phosphornstr) is

be}ìeved to be closely correl-ateci wrth r(availabfe phosphorus"e the stu.cty

is of great orac-r,ical importalce"

A significant finding in -bhese exchange studies i^ras i]:at the

ti¡æ necessary for establishrnent of iso'l;opic eo,uil-ibriurn varied wj-th

-bhe level of ca.Iciurn car"bonate in'bhese soils, Thus in two soi-ls con-

i;aining apgrox,i-nabely one per cent calciun ca.rbonate, isotopic equili-

brium rrias reached in less than 2J+ hours. r,ihile aÌrout 120 hours iras the

iime necessary r.¡hen 't,he le-,¡el of cafciurn carbonate in tl¡o otber soils

."ras 11,5 and it2 per cent respectívely. It also appeared that increa.s-

inp ihe orpanic rrra.tter content of a soi-l resu-Ited in a decrease in ihe

'rliiile necessary- for aitainrnent of, isotopic equilibrium'

0f even grea.ter signifícance Í¡as the observation that only

about six per cent cf the total Ì-i2SOl*-ex'r,ractable phosphorus (calcíum

'ohosphate fraction) exchangeC- r+ith P32 in l-20 hourso HoÌre-/ere a mucll

-Larger fraction of the .i'il{¡-f--s}r¡¡actable nhosphorus (alu:iúniurn phosphate),

and an even larger percentage of i;he NaOIl-exfractable phosphor'us (iron

phosphate) r,,ias exqhangeable r^rith P32 ín l-20 hours" Furthermoree it was

appar"ent that an increase in tÌre organic rnatter conient resulted j:r an

increase in ihe exchangeability of ihe iron phosphate fraction" This
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observation led to'r,he hypo'bhesis-bhai; the iron lthosi:hates i.n soils ca.n

react uith groups present in soil hurnus¡ r¡rhich result, in the ciissolution

of the iron phosphate and for,nai,j-on of a cornplex between ihe organic

groLrp, iron and. Ìrhosphorus" The phosphorus thus held is belie¡,-ed to

be more -Iabile 'Lhan r^¿hen helci as ferric phosnhate"

Under the experimental conditions u.sed in this investigation it
uas shol¡n that a considerabre a¡noun'b of i-r'on and phosphorus can be

held, b¡r humic aci-d extracts of soil organic matter'" It was shown that

the phosphate thus hel-d l.¡as virtuarly al-l excha.ngeable, but was only

¡¡ø*ì-. ^-;^'l 
-l 

^l^1 ^ .tr^-. *'1 ^h1- ..^^
IJqL vLJ dvd,_LIdUIr: :\./r pJ-d,lI U r.tùËe
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