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ABSTRACT 

Ph.D. RongJlng Xle Renewable 
Resources 

Inleractions of ortho- (OP) and pyrophosphater (PP) ~~th Zn need ta 

b~ quantlfled on agrlcultural sOlls. Three Quebec salIs were 

l'qulllbrated wlth OP or PP solutlons, then Wltt Zn solutIons, and 

flllétlly wlth solutlons conlalnlng nelt.her P nor Zn. Subsequently, Zn 

f[ucLlOrlS were exlracled sequentlally wllh KNO) (ZnK~J3)' NaOH (ZnNaOH) 

solutlons and concentrated HN0 3+H 202 (ZnHN03). Autoc laved sOlls were 

USl'd for OP and pp comparlsons, and non-autoclavEOJ salIs for OP 

(klt l'mInutions. 

Une mmole sorbed P resulted ln Increases ln CEC from 0.52-1.24 

mmole'+), and Increased CEe pel' mmole sorbeo P was greater wlth sorbed 

OP lhun wlln sorbed PP. Absolute Increase ln CEC was more wlth sorbed PP 

thun wllh OP due la greater P sorptlOn as PP. Sorbed OP or PP Increased 

slJeclflC Zn sorptlon ln assoclatlon wlth 5011 oXlde materlals: (1) P 

sorptlon Increased Zn sorptlon but reduced Zn desorptlon, (2) P sorptl0n 

reduced KNO,- bul Increased NaOH- and HN0 3- extractabJ e Zn, and (3) P 

sorptlon lncreasej the dlfference between Zn sorbed and Zn extracted 

wlth KNLJ). Thest' effects were more slgnlflcant lr coarse than ln flne 

lexlured sOlls, and greater wlth PP compared wlth OP. 
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RongJlng XIe Ressources 
Ber' '""lU VP hllJ 1 es 

Lat e n ,<;) ure n Z ln cas sim lIa b 1 e des cul t ure ses t a f f E' C L [. e par l p~; 

Interactions P-Zn dars le sol. Les additions d'orLhophosptwll'!; I[JI') 

peuvent dIminUer ou n'aVlon aucun effect sur la solubllltC' du ZlIll' 8101:. 

que celles de pyrophosphates (PP) peuvent l'auymenter ou n'uv Ion aucun 

d'effect. Les mecanismes Impliqués dans les InteracLlorls fit' bOrit pus 

bien compris et Il est donc n~cess81re de les quantifier pour les sols 

sUjets à une fertIlisatIon phosphat~e. 

Des echantilions prIS en surfacp et en profondeur pour troIS sols 

agrIcoles qu~beq~ols furent mIS en ~quilibre avec des solutIons d'UP ou 

de PP, pUIS avec des solutIons de Zn et finalement avec des solutlnns ne 

contenant nl P nI Zn. Le preffiler ~qull1bre permll d'evaluer l'effeL de 

/ / 

l'adsorptIon du P sur la capaclle d'echange catlOnlque (CEe), le second, 

, \ 1 

l'adsorptIon du Zn apres celle du P, et la trolSleme la desorptlon du ln 

en reJatlOn avec l'addItion de P. Ensulle, une extractiOn s~quenLlellf' 

des fractIons de ln avec des solullons de KN0 3 , NaOH el dp HNU 3+H 2[J2 

concentr~ fut faIte. Des sols pass~s ~ l'autoclave furenL utIlIses pOUL 

/ 

comparaIson de OP et PP, et des sols non autoclaves furent uLlllses pour 

la determination de OP. 

Le passage a l'autoclave a reoult grandement le fer et l'alumlrllUn, 

extractible au dlthIonlte-cltrate. Avec ou sans passage 8 l'autoclave, 

l'edsorptlon de 1 mmole de P (pp ou OP) par le sol a demonlr~ une 

\ 

augmentatIon de la CEC de 0.52 a 1.24 mmo1e(+). La cornpaféllson enLre UP 

adsorbe et PP pour les sols passes a l'autoclave a montre que 
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l'~ugmentation de la CEC pour chaque mmole de P adsorbi ~talt superleure 

pOUL UP comparee a pp maIgre UfO taux slmllalré' d'addltlOn de P. 

". /' 

L'~ufJlTlt'r,tdtlon en valeur absolue de la CEe etalt superleure avec pp 

Hdsorb8 compare a OP, probablement ~ cause d'une melileure adsorptlon de 

P üvec pp compare à OP. 

" , 
L'adsorptIon de OP ou PP pour les sols passes a l'autoclave et 

, , \ 

l'adsorption de OP pour les sols non passes a l'autoclave montrerent une 

cJuyrllPntatlOn sp~cIflque d'aosorptlon de Zn en relatlon avec .!.ee oxydes. 
/ 

L'effet fut plu9 marque avec PP qu'avec OP, tel que l'lndlquent les 

observallons SUiVantes: (1) L'adsorptlon de P montra une augmentatlon de 

l'ddsorptlOn de Zn et r~dulsll la d~oorptlOn de Zn; (2) l'adsorptlOn de 

P redUISll le Zn extractIble au KN03 malS augmenta le Zn extractIble au 

,-
el (3) l'adsorption de P augmenta la dl. fference 

entre le ln adsorbe et le Ln eXl.rall avec KN0 3. Les effets f'Irent plus 

\ \ 
slgnlflcatlfs dans les sols a texture grosslere que ceux a texture flne. 

, " 
Les resul tats suggerent que l'applicatlon de Zn dolt etre dlssoclee de 

celle de P pOGr eVlter l'bugmentatlon de l'adsorptlon de Zn et la 

dLmlnutLon de la d~sorption de Zn. 

v 
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PREFACE 

Use of fertlllzers for crop productIon 1S an almost unlvprSHI 

process, yet lS compllcated by Interactlons among nulnenls , solit, wIll 

crops. Phosphorus rp) and ZinC (Zn) 1nteractlOns hove bcen demormlrul f'c! 

ln crop product lon and 111 SO 11 s, based on fer t lllzers corl! H lrllfHj 

orthophosphate (OPl. Ulher fert111zer P carriers nuw lfl US!' Irll Il.dt· 

solutlons of polyphosphaLe, of WhlCh the must common conslllupnt I~; 

often pyrophospnate (PP). Solut Ions of pp have dl fferent propt'rlu's t tH1f1 

those of OP. Includlng chelatlon of metal cations. Thus, the PP-Ln 

InteractlOns may be enhrely d1ffelent than the OP-Zn Interactlullll. Tht· 

mechanlsms of Interactlons between OP 01 pp and ln net'ds lu tl(' 

determlnea ln SOL LS, dnd P-Zn effects on ln reflct 1011 neeu t (J bl' 

quantlFled. An effort was made ln the present study to lnvestlyotl' thf' 

mechanlsms of OP- or PP-Zn wteractiOns on Ln transformat lOns ln three 

agncultural sol1s, ln Llfder to understand potentlal P-Zn interactlOns 

ln so11 s. 

The dlssertahon lS composed of four Ch..,pters precpd d by éHi 

Introductlon and followed by a sectlon of General ConclusIons and Fulurl' 

Research. Chapter l, en+:'ltled "Llterature Revlew", eslabll-::h(!fj lhe 

context of the study and generates hypotheses lo be tesled. Chapler II, 

ent 1 t led liE ffects of Sorbed Orthophosphale on the Z HIC Slé1lus UI T Ilree 

5011s of Eastern Canada", examlnes Zn trans format lons ln so 11 G lrealeu 

wlth OP, and lS accepted for publlcatlon ln lhe Jourmd of Sod SClefiCP 

(1989, 40(1», thus llterature cllatlons follow lhe formol of lhe 

Journal of SOlI SCience. Chapter III, entltled "Effecls of SOIbed 

Pyrophosphate on the Zinc Status of Three Autoclaved S0118 of [asterrl 
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C~mL:lda", evaluates Zn transforrnatLOns ln SOlls treated wlth PP, and lS 

prepared for submlsSlon ta the 5011 SCience Soc let y of Amerlca Journal. 

Chapter IV, entltled "CG;nparlSons of Sorbed Ortho- and Pyrophosphates on 

lUIC Reaction ln Three Autoclaved SOlls", dlseusses and compares 

IJlucharllsms of OP-Zn or PP-Zn InteractiOns ln autoelaved sOlls, and lS 

~llsû prepared for submlsslon to the 5011 SClence Society of Amenea 

:Juurrl<tl. Lonnect lng paragraphs have been Inserted between Chapter II and 

Chapler III, and between Chapter III and Chapter IV. A paper enhtled 

"1 ne pH [ffeet on SorptlOn-desorptlOn and FraetLOns of ZlnC' ln Phosphate 

Trcated 5011s", publlshed ln Commun. Plant SCI. 5011 Anal. 19: 873-886, 

cnllipflses results related to thlS thesls, was ::.resented as an appendlx 

(APPlNDIX Ill. 

The followlng remark eoneernlng the authorshlp of papers lS 

exerpted from GUldllnes Concernlng Thesls Preparatlon publlshedby the 

FaeuJly of Graduate Studles and Research: 

Il Whde the lncluslOn of manuscflpts eo-authored by the Candidate 
ana athers lS not prohlbl ted by McG 111, the Candidate 15 warned 
ta make an expl1clt statement on who contrlbuted ta such work 
and ta what extent, and Supervlsors and others wl11 have ta bear 
wltness ta the accuracy of such clalms befare thé Oral Cammlttee. 
It should also be noted that the task of the External Examlner 
lS made much more dlfflcult ln such cases, and it lS ln the 
Candldate's lnteresl to make authorshlp responslbllltles 
perfectly c1ear. " 

A Il three papers lnc l uded ln thlS thes lS were co-authared by the 

eémdldate and hlS superv Isor Dr. A.F. MacKenZle. The candlcJate has been 

fully responslble for botn conduetlng the orlg10na1 studles and for 

preparlng the lhree manuscrlpts. ASSistance was given by Dr. A.F. 

t'lacKenZ18 through general gUldance and edltoflal comments durlng the 

preparat lon of the manuscrlpts. 
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CONTRIBUTIONS TO KNOWLEDGE 

The studles presented ln thlS thesls clorlfled the me~hanlsms 

Involved ln orthophosphate (OP), pyrophosphate (PP) and Zn InlerélcllOm;, 

and quantlfled effects of sorbed P on catlon ex change cnpaclty (flC), ln 

sorptlOn and desorptLOn, ana Zn fracClons ln salls. Major eOrlt rlbut lUIIS 

t 0 know l edge are presented be l ow: 

1. Autoclavlng changed sOLI CEC and reduced OP sorpllon due lu 

converSlon of organle-Fe and Al components to materlsls not 

extractable wlth dlth::.omte-cltrate. 

2. Beth PP and OP Increasecl the CEe of autoclaved sol1s as dld OP tri 

ncn-autoclaved sol1s, CEC was lncreased by 0.52 ami 1.24 mmole{+) 

mmole-1 sorfJed P as OP or PP. 

3. In terms of pel' atam of sorbed P, CEC wa::; lncreased more wlth OP 

than wlth PP, lmplylng PP sarptLOn wlth more then two sorpllOn 

bonds (valence) pel' molecule pp to SOLI surfaces. At the same role 

of P addltlon (mmole P kg- l 5011), pp resulted ln a yrealer 

Increase ln CEC than d Id OP due ta marI" P sorpt lon as PP théJn HS 

OP. Greater P sorptlOn wlth PP was attnbuted ta éJ greater nurnber 

of sorptlOn bonds pel' molecule of PP compared wlth OP. 

4. The Ë'equesterlng E:;ffect of PP on Zn was nct slgnLflcanL. Increutleu 

Zn sorptlon by OP or by PP was not due to lncreased ClC buL dup lu 

enhanced speclfle Zn sorptlon through Zn-P-solJ complexes, Wlt~ pp 

belng more effecbve than OP, especléd ly ln COélrser tf;xtured 

sOlls. 50rbed P as pp had TTlore aetLve IlnkéJges, favonng forrnütwrt 

of Zn-P complex, compared to OP. 
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~. The InteractIons between OP and Zn ln non-autoclaved salIs or pp 

and Zn ln autoclaved salIs occurred malnly ln assoclation wlth Fe 

or Al components as lndlcated by Increased or decreased 

correlatlons between Zn (or P) parameters (sorptlon, desorptlon, 

and fractlons) and Fe or Al fractlons, suggestlng that P 

appllcatlon 15 most l ikely to Induce crop Zn deflclency ln sOlls 

rlch ln Fe or Al mater laIs. 
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INTRODUCT ION 

Crop Zn deflclencles have been reported frequently followwg the 

éippllcatlOn of orthophosphate (OP) fertlllZe: (Boawn and Brown, 1968; 

Loneragan et aL, 1'779; Chrlstensen and Jackson, 1981; Slngh et aL, 

lYlidJ. The OP-Zn InteractlOn lS bel leved to appeér as two aspects: (1) 

P-Zn InteractIons ln salIs, and (11) P-Zn InteractIons ln plants. 

AV811able eVldence has Indlcated that P-Zn InteractIon ln sOlI Includes 

a serIes of hypothetlcal mechanlsms: (1) an Increased surface negatlve 

charge of sOlI partlcle after P sorptlon, therefore enhanc~olg Zn-Ion 

coulomblc sorptlons (Saeed and Fox, 1~i'?; Laverdlere, 1982; Barrow, 

19t17 Ji (2) a preclpllate of hopelte (Zn3(P04)2.HZO) and other complexes 

between Zn and other sOlI components (LIndsay, 1979; Pulford, 1986); (3) 

éHl Impusec1 pH effect on locallzed 5011 zones by added P, lnfluenclng Zn 

solubll lty (Barrow, 19A7; Shuman, 1988); (4) a "brIdge" effect of sorbed 

P ulC.:reaslng Zn flXat Ion by saIl partlcles (Stanton and Burger, 1970a; 

Holland et aL, 1977); and (5) newly created sorptlon slles by sorbed P, 

lllcreablng speclflc Zn sarptlon ln salIs. InformatIon on these 

mechanlsms IS often fragmentary and Insufflclent to explaln P-Induced Zn 

lier lClenCles ln crops. 

ln contrast to OP, pyrophosphate (PP) has been shown ta Increase Zn 

uptake by crops ln early stages <Slngh and Dartlques, 1970; Rehm et aJ., 

III fW ), p e r h a p s P P se que 5 t e f1 n 9 Zn bot h dIre c t 1 Y (S 1 a c k et aL, 1965; 

Bar-Yosef and Asher, 1983) and Indnectly (Mortvedt and Osborn, 1977) 

tt)US keeplng Zn ln solutlon. Such an effect would be short-llved to the 

f'xtent that PP hyd r olyzes Into OP ln s n lls (DICk and Tabatabal, 1986). 
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In most cases, however, negl1g1ble sequestenng of Zn by pp has been 

observed followwg pp fertlllzatlOn (Lehr et aL, 19b7; Schleld pt dL, 

197&). Thls may have been due ta (1) pp concentratlon belng loo low (the 

sequesterlng requl[~s a threshold pp concentrallon) (8ur-YobL'f und 

Asher, 1983); (2) pp sorptlon Incre8slng surface negatIve Chéll'lJl' thw, 

Increaslng Zn cou1umblc attractIon, as proposed for ur (~8(,l'U Hlld f 0>-, 

1979); 0) pp Increaslng s01ublllty of Fe and Al oXldes (McKeaguc, 1'Jt,7; 

Sheldnck, 1984), and precl.pltatl.on of Fe- or Al-Zn (Pulforu, IlJU6); ,.HIU 

(4) pp Increaslng specl flC Zn 8orptlon SI tes. Therefore 1 t 1& ll1lporl unt 

to determlne effects of added pp on Zn solublll ty, Slnee unden;lano1ny 

of the PP-Zn Interactlon ln sOlls resu1 ts ln lmprovement ln fertlllZa

bon technlques and subsequer1t crop productIon. 

Bath OP and PP may have an lmpact on Increaslng Zn phYS1CO- and 

chemlsorptlon. Venfylng the slCjmflcance of the mechamsms lnvolvcd ln 

the OP- or PP-ln InteractlOn ln ~lOl1s and comparlng the OP-ln élnd PP ·Ln 

InteractlOns requue compara~1e condltlons. lt l8 specu1aled LhaL bolh 

OP and PP sorptlon would resu1 t H' lncreases ln cou1omblc Zn sorpLIOrt 

through lncreased CEe, and ln speclflc ln sorptlon through Zn sorptlorl 

s l tes n e ~Jl y cre a t e d b Y sor b e d P. T Il e ex l s tan c e 0 f suc h a cou l 0 rtI b H' 

effect cou1d be venfled by testlng wilether the amount of exchangeable 

ln wou1d bp. Increased, and the speClflc Zn sorptlon by test1r~ wheUlel 

the amount of Zn assoclated wlth Fe and Al cornponenls arld the dlfferellc:e 

between sorbed Zn and exchangeab1 e Zn wou l d be Increased. [he re lélll V(' 

effect of OP and PP cou1d be compared uSlng autoclaved so11s Hlorder to 

mlnlmlze PP hydr01yslS (Tabatabal and DICk, 1979). 
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As 8 result of the above conslderatlOns, the obJectlves of thlS 

study were developed as follows: 

1. ta compare effects of added pp and OP on CEe of sOlls. 

L. ta cornpare e ffects of sorbed OP and PP or. Zn reactlons ln sOlls. 

3. la eva luale posslble mechamsms of OP or pp lnteractlons wlth Zn. 
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CHAPTER 1 

LITERATURE REVIEW 
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Phosphorus lS a macronutrlent requlred for crop productIon. 

Appllcéltlon of P as orthophosphate (OP) ta salIs, hawever, has been 

reported ta Induee Zn deflclency ln plants (Loneragan et al., 1979; 

Slngh et al. 1988). Sueh an effect ma) be attrlbuted ta OP-Zn 

Inter~cllan5 ln sOlls and UP-Zn Inter~~tlons ln plants, but results from 

varlOUS stuoles élre conflletlng (Saeed and Fox, 1979; Barrow, 1987; 

Shurnan, l ';teb; Slngh et aL, 198B). Pyrophosphate (pp) as a P fertlllZer 

has Jllcreased ln popularlly due ta Ils hlgh P content, low cost ln 

lransporl8tlon and ablilty ta chelate metals. The hlgher complex 

constant of P207
4- Wl th Zn2+ than Wl th other domlnant catIons rWolhcff 

und Overbeek, 1959) has promoted studles 0,) uSlng PP ta keep Zn ln 

solution, and Increaslng Zn uptaKe by crops. The concluSlon that pp 

fertllller may eventually lncrease (Slngh and Darllques, 1970; Rehm et 

ul., l';lbU) or have no effect on crop Zn uptake (Lehr et aL, 1967; 

Adnana and Murphy, 1970) Indlcates that the mechanisms Involved ln 

PP-Ln Inter~ctlon ln salIs and ln plants are campllcated. A better 

understanding of the meehanlsms controlllng OP, PP, and Zn reactlons and 

lflteractions ln SOlI lS an essenbal prelImlnary stage ta studylng P-Zn 

InteractIons ln plants. 

Mechanisms of Orthophosphate Reaction in 5011s 

PhClsphate 1'1 the SOlI lS a complex system of SOlld and solution 

forms, WhlCh vary ln their praperties and reaetlons. Among the forms, 

arthophosphate (OP) lS lhe most favored form for plant use (Sutton and 

Larsen 19b4; Suttan et al. 1966). Orthophosphate may change ln the 

sequence of H3PU4 ---> H2P04- ---> HP04= ---> Po4
3- as pH Increases, or 

the re\ erse duecL10n as pH decreases. In the pH range of 5.0 ta 8.0, 
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H2 PU 4- and HP0 4
2- are the maIn P speCles ln solutIon. Crystal studll'S 

showed that P0 4
3- Ion contalns a double pl bond WhlCh 18 equall ~ dH,

trlbuted ovel' aIl four oxygen lInkages as a result of sp alornu' ()rbltfll 

hybndlZatlon and resonance of the P-O bonds ICorbrldgf', 1'174; !4U')). 

Of the OP reactlons wlth so11s, sorptlon on so11 malefl[) ls 15 the 

predomInant phenomenon at low ta medIum COllcentratlOlls. Ttll~ lin ludl'~, 

speclflC and nonspeclflc sorptlon, dIffuSIon and preCIpItatIon Into 01 

on the sorbent (Hlngston et aL, 1967; RaJan and Fox, lY7'J; Uohn pt Hl., 

1979; Cabrera et aL, 1981; Barrow, 1983a; 1983b; W1l1ett et aL, InH:l). 

There are at least three types of 8orptlon slLes 011 or Hl LtJp 

sorbents postulated by MulJadl et al. (1966a, 1966b, 1%6c). The f ll'bt 

two types are located on the sorbent surface, whIle the tturd t YP(> 

results from dlffusJon Into amorphous reglons of the c:rystal surfaer' 

(Barrow, 1~83a; 1983b; Willett et aL, 19EW). DIfferent sorbents, Le., 

clay mIneraIs and oXlde materlals, behaved essentlCdly ln the SClme 

manner and dl ffered only ln the number of sorptlon sites of type~ 1 élnel 

II. Functlonal groups (S-OIO or sorptlon sites Jncl'eased to a llmlt WItl! 

decreases ln pH, and the shape of lhe sorptlon lsotherms remUHll'd 

essentla11y the same. ThIS lS conslstent wlth two stages of P flxatwn: 

a l'apld Inltlal reactIon at SItes of types 1 and Il, followed by u 

relatlvely slow l'eactIon at SIte III (Barrow, 19b3a; 1~e3b; Wliletl et 

aL, 1988). 

The lnltlal reactlon has been attrlbuted to a sorptlon of UP 

through the replact:ment of OH- Ions, H2U or ather amans on the sur f éJC(' 

of the 5011 partlcles (Hl-ngston et aL, 1967; Kuo and Lots!:.:, 1972; H8JéHI 

and Fox, 1975; Clark and t~cBrlde, 19b4; Rao and SfldhaIéHI 19b4), WhICh 
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lS belleved to occur ln the lnner electllcal dOL.:ble layer, Le., stern 

I8yer or Inner Helmholtz Plane (Barrow and Bowden, 1987). Chemlsorbed 

Jons are potentlal determl~lng Ions or at least alter the surface 

potent 18 l (Bolan and Barrow, 1984). OrthophosDhate P may form a 

hHluclear surface complex wlth Fe or Al oXldes wlthln a rather broad 

ILll1yt: of P concentrallons (Parfltt, 1978j MartIn and Smart, 1987). 

Nonspeclflc sorptlon lS generall J a cou1omblc attractIon between 

an anIon or catIon and a pOSItIve or negatlve charged slte on the AIOOH2 

01 feUH 2 groups of SOlI matena1s (Hlngston et aL, 1967, Greenland, 

1~71j Everett, 1972) occurrlng Just outslde the Stern layer. 

lhe conformltv of sorptlon oata to the dlffuslon model of Barrow 

( l ~tj5b) suggests that the Increase ln OP sorptlon wlth tlme lS wduced 

by a redlstrlbutlon of sorbed OP Into the Interlor of layer mlnerals or 

dmorphorus materlals by a SOlld-state dIffUSIon process (Holford and 

l-1attlnly, 197)j Ryden et aL, 1977j Cabrera et aL, 198]; Imal et aL, 

lYblj Bolan et aL, 1985). The slow reaetlon contlnues by a graduaI 

Hlcrease ln crystal SlZe of preclpltated Fe and Al phosphates, wlth the 

metai Ions belng contrlbuted from the graduaI breakdown of clay ml~erals 

and t--ydrous oudes (Haseman et aL, 195u; Low anrJ Black, 1950). 

Hecently, Wlllett et al. (988) showed that the slow reactlon was 

attrlbuteo ta the mlgratlon and sorptlon of Plans Into/on surface 

sorptlon sltes of decreaslng accessablilty wlthln aggregated partlcles 

of fe rnhydl'l te. 

At t1.lgh rab~s ( >l.u M) of OP addltlOn, a mechamsm of reactlon may 

Include UP olsplac8ment of slilcates ln slilcate mlnerals (RaJan and 

Fa" 19 7)1, or destructlon of lTilneral structures and release of Al and 
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Fe wns, WhlCh form preclpltates wlth P (Low ano Black, 19,U; RSJlIn und 

Fox, 1975). At 10w pH, the preclpltates are malnly Fe-P and AI-P, whlll' 

at hlgh pH or ln calcareous sOlls, Ca-P IS dOllllnant (Savant and Huc?, 

1973; Llndsay, 1979). 

Mechanisms of Pyrophosphate React~ons in SOl1s 

Polyphosphate fertlllZers contalmng predomlnant 1 y pyrofJhobphnt l' 

(pp) have become l.ncreaslngly Impo·tant ln crop producllOrl. 

Pyrophosph8te changes ln SOlutlC~ ln the sequence of H4P207 --> H3P2U7-

--> H2P207= --> HP Z07
3- --) PZ074- as pH Increases and ln the opposIte 

d4.rectlOr. as pH oecreases. In a pH range of 5.0 ta 8.0, the maH1 specles 

are HZP207Z- and HPZ073-. The reactlons of added pp ln the sOlI lnclude 

sequesterlng (Slack et aL, 1965; Bar-Yosef and Asher, 19(33), sorptwll 

(Mnkenl and MacKenzle, 1985), hydrolysls (DICk and Tabalabsl, 19I:ib), 

precl.pitatlon (Savant and Racz, 1973; Khasawneh et aL, 1974; Subbarélo 

and Ell1S, Jr., 1975) and dlssolutlon of organlc matter fMortvedt and 

Osborn, 1977). 

Pyrophosphate can cOillplex catlOns, su ch as Al, Fe and Zn Ions, and 

solublllze sOlI organlc matter WhlCh flxes catIons, exposl.ng Fe and Al 

sesquloxldes for P sorptlon (Mnkenl and MacKen:le, 1985; Stevensun, 

1986). The complex constant of PZ074- wlth Zn 2+ 'lu8 ) 18 genecal ly 

greater than for other domlnant catlons rWo1hoff and Overbeek, 19)9) 

lndlcatlng that PZ 074- may keep Zn2+ ln solutIon, and thlS has promul8d 

studles on the effect of PP-Zn lnteractlons on Zn SollJblllly HI 

solutlons rMortvedt and Osborn, 1977; Bar-Yosef and Asher, 1983; élnd 011 

crop Zn nutrltlon rSlngh and Dartlques, 197(j; Hehrn et rd., 1980). 

Aodlllon of sma11 amounts of PP I"las resul ted ln decre8ses HI [jfJ sorptlOfl 
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amJ HI NH 3 volat~llZatlan (EI-Zahaby and Ch~en, 1982; EI-Zahaby et al., 

1~U2). 

ln uddltian ta formal~on of complexes, pp ln SalIs hydrolyzes ta 

UP. The avallablllty of pp for plant use malnly depends on lts 

hyurulys~s to OP, although eVldence has bepn obtalned that plants can 

uLlllle P as PP (Suttan and Larsen, 1964). Hydro1ysls of PP lS baslcally 

u bIologlcal process and mlcroblologlcal or enzymatlc actlvlty lS 

(j('nefFJlly recognlzed as the most lmportant factor ln pp hydrolysls 

(Suttan et al., 1966; Glillam and Sample, 1968; Hashlmoto et al., 1969; 

Subbarao et al., 1977; D~ck ano Tabatabal, 1986). Hydrolysis of pp 

élppears ta be a flrst-order reactlon (Blanchar and Hossner, 1969a; 

l%Yb, Hossner and Phllllps, 1971; DIck and Tabatacal, 1978) and ln some 

cases zpro-ord~r (Subbarao et aL, 1977) wlth a half-llfe from a few 

hours to about luLJ days, dependIng on experlmental condlbons (Glll1am 

und S8mr.Jle, 1968; Blanchar and Hossner, 1969a; 1969b; Hossner and 

PI1l111ps, 1971; Racz and Savant, 1972; Juo and Maduakor, 19,;; Parent 

und ~lacKenZle, 19t:l5; Dlck and Tabatabal, 1986). Factors affeetlng the 

rate of PP hydrolysls were, ln decreaslng arder of Importance, 

ternperature, pH, enzymes, presence of collolds, complexlng catIons, P 

concentratIon, and IOnie enVlronment ln the solutlOn (van Wazer, 1958). 

At tempts to determlne the lndlv~dual contrlbullon of one or more of 

these factors have met wlth only partIal suceess (Sutton et aL, 1966; 

L;llllam and SRmrl~, 1968; 81anchar and Hossner, 1969a; 1969b; Hashlmoto 

ct aL, 1969; Savant and Raez, 19728; 1972b; AI-Kananl, 1985). Neutral 

pli, l11gh rnolsture contents, low OP coneentratlons, moderately hlgh 

temperatures, and medIa wlth low P sorptlon capacltles are generally 
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favoured for h~gh pyrophosphatase actlvltles (Blanc.har and Hossner, 

1969a; 1969b; Hossner and Ph~111PS. 1971; Reez and Sav,tIlt, l~n; 

Savant and Raez, 1972b). Cat~ons, sueh as Mg2+, Zn2+, Fe2+, muy hH;~ un 

actlvatlon effect on pyrophosphatases (Searle and Hughes, 1':177). 

Cheffilcal catalys~s alone wlll promote the hydrolysls bul probubly not nl 

a rate adequate for the needs of the crop. The l'flte af pp hydrol yS1S 111 

the SOlI could be m~nlmlZed by ellffilnatlng mlcl'obud and enzyrnéJlICnl 

acbvltles through autoelavlng or addlng toluene to so~1 (Douglas el 

aL, 1976; Tabatabal and DICk, 1979). 

Pyrophosphate sorptl.on ~s another lmportant pp reaellon Hl the 

so~l. Severa1 stud~es have shown that sorptlon eapac~tles for pp werc 

h~gher than for OP (Sutton and Larsen, 1964; B1anehaf and Hossner, 

1969a; 1969b; Al-kanam, 1985; Mnkenl and MacKenZle, 19U':I) , and lhe 

d~fference was accentuated at lower pH values (Blanchar and Hossncr, 

1969b). Pyrophosphate sorpbon was stronger (Hashlmoto et aL, 1%'3) bul 

less rapld (Phllen and Lehr, 1967) than OP sorptlon, and yrelded 

markedly dlfferent reaetlon products (Savant and Racz, 1973; L~ndsay, 

1979). ln contrast, Suttan and Larsen (1964) showed that the sarptlan 

of OP was stronger than PP. There ~s lack of agreement )n regard la the 

energy of sorptlon of PP and OP an~ons by so~ls. Suttan and LHrscn 

(1964) reparted a lower bondlng energy for PP as campared La UP bul 

Hashlmoto et al. (1969) reported the Opposlte. 

Studles on PP sorptlon mechamsms are 1ackHlg (Parfltt, 1~7b). A 

b Inuc l ear camp l ex 0 f PP Ions W l th two to fou r phosphéi te oxy gens HI 

coordlnatlon wlth two ferrlc or alumlnum Ions on the mlneral surfaces, 

could be hypothezled. However, PP 10ns are larger than OP lons, 8nd one 
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could cons~der l~nkage wlth sorbed cat~ons, su ch as Ca 2+ or Mg 2+, 

rather than replacement of hydroxyl groups by PP. EVIdence has shown 

lnat clays saturated w~th dIva lent lons sorbed more P than clays 

saturaled wlth monovalent ~ons (P ~ssaldes et aL, 1968). Pol yphosphate 

surptlon was curv~l:nearly related to extractable Fe and Al contents, ~n 

contrdst to l~near relatlonsh~ps obtalned wlth OP sorptlon (Mnken~, 

lYU3). Other studles have shuwn that the pp sorpt~on was partly the 

replacemenl ~r dIssolutIon of organlc matter by pp fMortvedt and Osborn, 

1977; Mnkem and MacKenz~e, 1985). Thus addlng orgamc materlals 

resul ted ln decreased pp sorptlon (Mnkem and MacKenzIe, 1985). 

Mechanisms of ZInc Reactions in Soils 

Zlnc ln the sOlI solutlon could appear as Zn2+, ZnOH+, and Zn(OH)Z 

(Llndsay, 1979). The proporbùn of hydroxyl Zn Increases as pH 

Increases. The maln specles of Zn ln SOlI sollltlon wlth a pH range of 

'J.o to U.G are Zn 2+ and ZnOH+. Other Zn specles ln sOlls Include the 

oXldes, carbonates, phosphates and slllcates (LIndsay, 1979; Mikkelsen 

and Kuo, 1977). The maln reactlon of added Zn ln the SOlI IS a sorptlon

desorptlon (pH < 7.0) or preClpltatlon-dlssolutlon (pH> 7.0) prGcess 

(I:3rummer et aL, 1983). 

Clay mIneraIs (Blngham et aL, 1964; Reddy and Perklns, 1974), 

sesqu~oXldes (Jenne, 1968; Stanton and Bur'Jer 1970a; 1970b), carbonates 

(Udo et aL, 1970), and sol1 organlc matter (Tan et aL, 1971) have been 

suggested as major mater~als accommooat~ng added Zn ln sOlls. Formatlon 

of Zn s~llcates may control Zn concentratlon ln solutIon If natural 

complexlng agents are absent (Brummer et aL, 1983), formatlOn of Fe-Zn 

and P-Zn preclpl tates has also been suggested (Llnasay, 1979; Pul ford, 
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1986). Formatlon of other Zn compounds lS unllkely ln mosl sOlls becnuse 

large amounts of Zn are requlred ta ensure salurallon of sorpllon 51 teL 

before precipita :lon occurrs, excepl ln cal careous SOlI s wlth tuçh pH 

values. lor, exchange between Zn2+ and other catlons, such K+, ('82+ and 

Mg 2+, IS also posslble (Emmen.ch et aL, 1982; Nr.llsen el ul., 14Ubj 

Slngh et aL, 1988). 

Two types of sorptlon, non-speclflc or reverslble and speclfic Dl' 

lrreverSlble, occurred on the surface of sOlI partlcles (Kalbasl et al., 

1978; Klnmburg~l, 1983). Zlnc 15 speclflcal1y sorbed through replacemenl 

of H+ lons on sorbent surfaces. The rabo of mole protons released pel' 

mole Zn sorbed var les between 1 and 3.2, and the net rel~ase of H+ by 

Zn 2+ sorptlon was shown to be lndependent of pH (BenjamIn and Leckle, 

1981; Klnnlburgh, 198.3; Klnnlburgh et aL, 1983; Kuo, 1986; Gupla el 

al., 1987). The ondes of Fe and Al sorb Zn by two dlfferent rnecharusrns, 

one Involvlng OH- and the other HP04- (Stanton and Burger, 1967; l'17Ua). 

Both are specl fIC for Zn to the extent that Ca++, Mg++, K+ and NH 4 + do 

not wterfere. Quuk and Posner (1975) suggested an olatlon bndge and 

rlng structure as a mechanlsm of Zn 2+ sorptlon on goethlte surfélces. 

Blngham et al. (1964) and Barrow (1986b) argued that the speClcs 

assoclated wllh Zn sorpbon lS ZnOH+, wllh an J nlllai rapld sorptlcm of 

ZnOH+ lons onto heterogenous charged surfaces, followed by Ci dl f f USl VI.: 

penetratlon. Wegmuller (1987) concluded that uncharged Zn-aquo-hydroxlde 

was the sorblng Zn specles and re3cted at neutral to alka LUte pH. In 

other studles, Zn 2+ was shawn ta be the prlnclpl e specles fOI Ln 

sorptlOn (Kalbasl et aL, 1978; 5wgh and Abrol, 198')). 

EVidence (Bar ~ ow, 1986a; Hayes and L eckle, 19t:J7) Indlcated that 
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part of the strongly bound Zn enters Into the crystal lattlce of layer 

mIneraIs. Such strongly bound Zn may reduce the exchange capaclty, 

suggestlng that the sorptlon lS taklng place lnSlde of the Stern plane. 

lquIllbrlum was not readlly attalned but Lended ta approach a slow 

steady state after several days <Barrow, 1986a). 

Sorption Isotherms 

MOdels descclblng sorptlon behavlour on SOlI materlals have been 

developed, and may be categoflzed lnto flve groups: 0) equlllbrlum 

models, lncludH:q Llnear, Gunary, Temkln, Freundllch, Langmulr, two 

sur Félce L angmulr, and competl tl v e L angmu lr lsotherms; (2) klnetlc 

models, lncludlng 1'everslble Ilnea1', reverslble nonl1near, klnetlc 

product Ilnear, mass transfer, EloV1Ch, Fava, Eyring and two-slte 

klnetlc models wlth theoretlcal bases of these models detalled by Travls 

and [ tmer (1981) and Ratkowsky (1986); (3) constant capacltance models, 

Inciuding Stern (Barrow et aL, 1980; Bowden et aL, 1980; Bolan and 

Barrow, 1984), mechanlstlc (Barrow, 19~3b) and chemlcal models (Goldberg 

and Sposlta, 1984; Goldberg, 1985), dEveloped on the hases of both 

chllrge and chemlcal changes occu1'1'lng ln the process of lon sorptlon 

reaetlons ln the system (Balan and Barrow, 1984; Goldberg and SpOSltO, 

19U4); (4) mul tl-faclor klnetlc models (Novak and Petschauer, 1979; Lw 

et al., 1983a; 1983b), WhlCh couid account for several factors Involved 

ln the sorptlon process and have been Introduced to deflne P sorptlon on 

mIneraIs and ln aCldlC smls by Lln et al. (l983b); (5) obJecbve model 

rSpaslto, 1984; Barrow and Bowden, 1987), ln WhlCh the P 10n8 are 

allocated ta four pLanes. 

Despite the eXlstance of varlOUS sorptlon Isotherms, the Freundllch 
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and the LangmuIr equabons remaln the preferred cholce for descrlbHly 

aman or caban sorptlon behaVlour ln solI systems (Shuman, 1977; Sld1t, 

et aL, 1977; El-Zahaby and Chlen, 1982; Ratkowsky, 198b). The L anymull' 

equatlon lS represented as: 

CIS = (1/kb) + Clb 

and the Freundllch equatlon lS experessed as: 

5 = K CN 

Oi' InS = InK + N InC 

where, C lS the solute concentratlon at eqlJlllbrlUm, 5 lS the solute 

sorbed, b, k, K and N arc coefflclents. T~e Freund11ch lsotherm mHy bp 

obtalned from the LangmuH theory of monolayer sorptlon by aS8Umlng ltldL 

the energy of sorptlon 18 a logarlthmlc functlon of tne surface coverHge 

rrraVls and Etmer, 19tH). Sorptlon of P by the sOlI was descnoed 

better by the Freundl1ch or modlfled Freundl1ch than by the Langrnulr 

equatlon (Barrow, 1978; Slbbesen, 1981; Ratkowsky, 19U6), wh11e ln other 

studles, P sorptlon on sOlI materlals showed a closer agIeement wlth Lhp 

Langmulf lsotherm than wlth other sorptlon lsotherms (Cole et al., 19)); 

01sen and Watanabe, 1957; Larson, 1967; EI-Zahaby and Chlen, 1geZ). LlIl(' 

sorptlon was descflbed by Langmulr sorptlon lsotherms (UdU et al., 197u; 

Shuman, 1975; 1976; 1977) or more successfully, by the modlf led LanyrnulI 

equatlOn (Boyd et aL, 1947; Gnffln and Au, 1977; Sposllo, 1979), WhlCh 

al10wed for lon exchange reactlons (Harter and Baker, 1977), ,:!fld pH 

depenaertce (Bar-Yasef, 1979), whlle Sldle et ~-.d. (1977) used Freundllch 

sorptlon lsotherms ta characterlze Zn sorptlon ln a foresl SOlI. 

The Importance of flndlng a best-fit sorptlon lsoUlcrrn lS (1) lu 

slmulate solute convectlve-dlsperslve transport ln Lhe 8011 under 
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specl flc candl tlons, and (2) ta help ln understandlng the mechanlsms 

:nvol ved ln the phY5lcal and chemlcal transformatlons of the solute. 

Given the complexlty of solute-VJ:::ter-sOll ~ystems, varlOUS sorptlon 

lsotherms provlde reasonably good lnterpolatlon of data. A plot of C/S 

Hgalnst C for the LangmuIr lsotherms and InS agalnst InC for the 

F reundllch lsotherms shou Id gl ve a stralght Ilne. However, non-llnear 

lsolherms are often obtalned (0 Isen and Watanable, 1957; Larsen et aL, 

1'16':>; ~human, 1975). One explanatlon 15 that sorptlon lncludes several 

stages, or dlfferent sorptlon SItes and the energy of solute sorptlon lS 

flot constant. ,hese sltes are assoclated wlth a hlgh-energy 

chernlsorptlon, Includlng dIffusIon sorptlon, chemlsorptlon, 

~reclpltatlon and a low-energy (phys~ al) sorptlon (Bache, 1964; MulJlda 

et aL, 1966b; Kuo and Lotse, 1972; Shuman, 1975; Ryden et aL, 1977; 

\ü11ett et aL, 19!:Jb). The coefflClents ln the sorptlon lsotherms have 

been shown ta relate to the nature of the sorbent, and were energy 

dSSoclated, e.g., the sorptlon maXImum calculated from the Langmulr 

Isotherms was closely correlated wlth CEe and clay content (Shuman, 

1'17)), surface are a (Borggaard, 1983a), carbonate (udo et aL, 1970) and 

urganlc matter contents (Shuman, 1975; Bar-Yosef, 1979). The 

coeffICIents of N ln the Freun~llch and k ln the Langmulr lsotherm are 

consldered to be bondlng coefflclents (John, 1972; Shuman, 1975), and 

thus can be used to descr lbe sorptlon beha VIaUr. 

Factors Affectl.ng Phosphate or Zinc Sorption ln Soils 

Factors affectlng P and Zn sorptlon are malnly contents of Al and 

Fe nydrous oXldes (Parfltt et al., 1975; Shuman, 1976; Borggaard, 1983a; 

l':lti5b; Laverdlere and Ka,am, 19b4; Mnkenl and MacKenZIe, 1985), types 
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of sorbent (Kar~m and Adams, 1984; AInsworth et al., 1985), and pH (BUf

Yosef, 1979; Clark and Mct:3nde, 1984) ln additlon to other fadors nueh 

as orgall~c matter, IonIe strength, tlme, temperalure, mOlst ure C'ontpflt 

of the system CSharpley and AhuJa, 1982; Sheppard and Rau, 19U4; t:30111fl 

et aL, 1985; Mnkem and MacKenZle, 1985), and nucrobHîl and ènzymallc 

activitles (Rao, 1979; Tinker and Glldon, 1983). 

Sorbent Haterials 

The sorptlOn abllIty of Hon oXldes depends on Uleu crystullHllty. 

Noncrystal1Ine forms ana forms wlth short range arder (amorphous) sorbed 

more OP pel' unIt welght than crysta111ne forms or layer slllcnles 

(Gastuche et aL, 1963; Bache, 1964; McLaughlln et aL, 1981), but flO 

correlatIon between P sorptlon a,ld noncrysla11Jne JXlde W8S shawn, 

IndIcatlng that an InItIal preclpltate of P and the noncrysta111np oXlde 

occurred. Crystall1ne oXldes were correlaled with OP sorptlon ln varlOUS 

oXlsols (Jones, 1981; Karim and Adams, 1984). 

Dl fferences ln the extent of P sorptlon appeared lo be prllTl8nl y 

related to the number of functlonaJ (S-oH) groups presenl at the SOlld-

solut~on ~nterface or surface area (AInsworth pt aL, lY8'J). However, 

var lOUS synthetlc Iron oXldes sorbed near 1 y equa 1 arnounts 0 f OP when 

expressed per unit of surface area (McLaugh11n et al., 1981 j UorÇj<.j[wrd, 

1983a). Allophamc matenals sorbed appreClab1y more OP Lhun oLher Fe, 

Al and kaol1nlte materla1s (McLaugh11n el aL, 1981; t~oocJy und 

Radclliffe, 1986), and together they accounted for lhe predomlnrlfJl P

sorblng sites. 

Solublllty of P and Zn has been related tü content of 8011 Fe élnd 

Al ox~des (Shuman, 1976; LInds8y, 1979; Borggaard, 1983a; 1983b; KaIllll 
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and Adams, 191)4; Laverdlere and Karam, 1984; Pu1ford, 1986). The P and 

Zn concentratIons may be controlled by the Al anJ Fe actlvltles of lhe 

solutIon. Thus hlgh actlvltles of Al and Fe hdve resulted ln less 

Goluble P (LIndsay, 1979) and Zn (Shuman, 1976; Kuo, 1986; Pulford, 

l';lb6). The formation of Fe- or Al-P ln aCJd 50115, and Ca-P ln alkallne 

sods 15 governed by the solublllty product pflnclples, the com~on lOn 

prlnclple, and the salt effect prlnclple. Thus remfJval of the free Fe 

oXlde From the SOlI collolds reduced the magnItude of P sorptlon 

(fjoryyaard, 1983b), and Zn sorptlon (Shuman, 1976). Bath P and Zn lons 

m8y dIffuse Inta or be sorbed at the less accessIble sorptlon SItes of 

the amorphous Al and Fe materlals, resultlng ln a slow reactlon (ElllS 

ana l roug 1955; Harrow, 1986a; Wlliett et aL, 1988). 

Soil pH 

frle dHect effects of pH Include lncreases ln pH WhlCh resul t HI a 

mo re negatl v e surface and less pOSl tl v e pp and ln Ions ln solutlon. 

Irlduect effects lnclude dlSsolutlon or crystaillzatlon of Fe or Al 

mateflals. 

Hydroxyl groups ln solutlon compete wlth OP for the sorptlon sltes. 

Thus lncreases ln pH result ln less OP sorptlon (Imal et al., 1981; 

Asher and Bar-Yosef, 1982; Balan and Barrow, 1984; Inlguez and Val, 

19t:l/.~). However, Stanton and Burger Cl970b) showed that P sorptlon 

Increased as the pH lncreased, up ta a value of 6.25, wlth further 

Increases ln pH resultlng ln decreased sorptlon. 

Zlnc sorptlon lS hlghly pH-dependent (KInmburgh and Jackson, 1982; 

T 111er et aL, 1984; Gupta et aL, 1987). ThIS strong pH-dependence has 

been Interpreted ln terms of several mechanlsms: the preferential 
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sorptlon of hydrolyzed catlon ZnOH+, the formallOn of surfacp-ln(OH)+ 

specles, or tne exchang€ of Zn 2+ for surface bourld protons (MoI'l'1 l't 

al., 19j1; Schendlpr, 1981; Barrow, 19ti6b), and t~e altrnctlon bptWl'PIl " 

more negatl ve surface and the catlon. Tolal and specl f lca 11 y ~;ollll'd III 

lncreased wlth pH lncreases. The non-SpEClf.lcél11y lH)Ufld ln dl~HJ 

generally lncreasea somewhat wllh pH bul less than other forrn~), lJp tu fi 

maXlmum at pH 5.6, then decreased (Tlller et al., 19H4). At tllgh pH, 

preclpltatlon controls Zn solublilty (Llndsay, 1979). 

Organic Matter 

More OP was sorbed when the sOll contalned less organ.lc malter 

(Imal et aL, 1981). Loosely bound organlC' matter lS proyresslvr:.'ly 

dlsplaced by reactlve OP lons. At pH above 7, the er'fecl 15 less 

pronounced. In the presence of organlc anlons, P sorptlon by sOlls lS 

reduced (Appel t et aL, 1975; Lopez-Hernandez et al., 19b6). 

Organlc aClds were capable of reduclng the amount of P (Pp and UP) 

sorbed by mlnerals probably due to competlllon between UP 01 pp élnd 

organlc anlons for sorptlon sltes (NagaraJah et aL, 1970; LopeL

Hernandez and Burnham, 1974; Holford and Mattlngly, 1975; Mnkerll and 

MacKenzle, 1985). On other hand, organlc matter may relélln P Hl 

assoclallon w.lth catlons such as Fe 3+, A1 3+, and Ca 2+ (Wl1eJ, 11)'JU). 

Furthermore, organlc aClds could perturb the crysta 111zallon of Al drld 

Fe OXloes rrhomas, 1975; Wall1ngford et aL, 1975; Ng Kee Kwong 8nd 

Huang, 1978), reauce the dlffuslon coefflclent (Warnecke and Barber, 

1973) or form complexes ln assoclatlOn wlth sOll pafllcles (Hodyson 8t 

aL, 1966) thus duectly or lnduectly affectwg P and Zn solublllty HI 

sOlls. Other effects lnclude organlc matter buffôflng of sud pH 
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(Magdoff and Bartlett, 1985; Curtln et al., 1987), and enhanclng or 

depresslng mlcroblal actl vltles (Frankenberger and DICk, 1983), wtllch 

Indlrectly Influence P or Zn sOlublllty. The comblned eFfect of organlc 

matter on Zn or P sorptlon depends on the balance between these 

reaetlons. 

Salt ConcentratIon or Ionie Strength 

Increas1ng the concentrat1on of background e1ectro1yte Increases OP 

retentlon at h1gh pH (Helyar et al., 1976; Robarge and Carey, 1979), but 

at luw pH, 1ncreas1ng eleclrolyte concentratIon decreased OP sorpbon 

(Barrow et aL, 1980). 

ln sorptlon has been reported to be greater ln chlorlde than ln 

n~trate solutlOns (Forbes et aL, 1976; Padmanabham, 1983), suggesbng 

that the formallon of Zn-Cl complex lons favors speclfle sorptlon. 

E.1 rash1d and O'Connor (1982) found no dlfference ln Zn 2+ sorptlon on a 

sanay loam sOlI uSlng Cl-, N0 3-, and 504= at concentratlons ranglng From 

U.UU5 ta U.l M at pH 7.6. Accordlng ta 5human (1986), lonic strength 

and anlons had no Inf luence on the shape of the lsotherms but the hlgher 

the 10nlC strength the less Zn 2+ lS sorbed. Bohn et aL, (979) 

explalned that dllutlon of equlllbrium solutIons favored retentlon of 

more hlghly charged cabans, and Barrow and Eills (1986) Indlcated that 

Zn sorptlon wùs decreased by hlgh concentratlon of saI t partI y due ta 

eftects of salt ln decreaslng sOlI solutlon pH. Increaslng the salt 

concentratlon would reduce the negatlve potentlals thus decreasing Zn 

sorptlon. Increased Zn sorpt1on ln the 504= system could be due ta 

chanyes ln the surface potentlal after 504= sorption (BenjamIn and 

Leckle, 19t:l2). On the other hano, complexed Zn, such as ZnS04 or ZnCl+ 
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may be favored for speclflc sorpllon because of the reductlon ln 

hydratlon and ln the electncal charge of the ln2+ (Padmanaham, 19H n. 

As expected, Zn desorptlon ln calc.lum solutIons was greater ttHlfl 111 

SOdIum solutlOns (Barrow, 1986) due to fE:placement of sorbed Zn by [[12+. 

In summary, 1.0n1C strength Influences: (1) anlon competlllofl wlth P 

Ions for sorptlon sItes; (2) surface potentl.als and ltllckrH'ss of ltll' 

dIffuse layer; (3) anIon sorptlon WhlCh 1.n turn affects sul'fH('e 

potentlal; (4) soJutlon complexes of Zn wlth anIons WhlCh ellhüflCf' Zn 

sorptlon; (5) surface complexes of Zn wlth anIons WhlCh l't'duce Ln 

desorptlon; (6) backÇjT'ound catIons WhlCh dlSp lace H+ frum the sur f l:Ice, 

decreaslng solutIon pH, and (7) the Ion exchange proces!:> between the 

sol ute and sorbate on the sorbent. 

Temperature 

The rates of both OP sorptlon and desorptlon are lncreased wllh 

Increases ln temperature (Barrow, 1979; ChIen et al., 1982; Barrow, 

1986a). There was a more than threefold Increase ln the rate of charHJP 

of P for each lOoC Increase ln temperature (Barrow, 1974). 

The effect of temperature on P (pp and OP) and on ln sorpt lun was 

attrlbuted ta Increased sorption sItes reeultlng from hlgh tempeIHture. 

Under such condltlons, both the functlona1 groups on the surfflce and Uw 

solutes lil solutIon are ln a hlgh energy state, Increaslng reaCllfHlG 

rates. Kuo and Mlkkelsen (1979) showed that Increaslng temperatur~ 

Increased the rate of Zn reactlon wlth sOll, plobably du[~ ta the 

Increases ln the concentratIon of ZnOH+ lons (Barrow, 19868). 
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MOlsture Levels 

Wlth mOlsture contents greater than fIeld capaclty, sorptlon should 

be lllcreased due to mor= freedom of movement of solutes ln the sOll

solutlon system, wlth 0I0r8 frequent contact between sol utes and sorptlOn 

sltes. The extent of P movement was Influenced more by InItIal SOlI 

rnolsturt' conlent lhan by the source of P (Khasawneh et aL, J974). 

However, hlgh solutlon:so.ll ratIO deC'reased and low ratl.o Increased P 

sorpllOn ln the range of 5:1 to 40:1 (Hope and Syers, 1976). The 

kInellC control of solutlon:soll ratIO on Ion sorptlon may be 

Interpreteo ln terms of the number of Ion sorblng SItes and InItIal 

solute concentratIons on the rates of Ion sorptlon by sOlls. The 

sorpt~ve capacILy of a SOlid for a solute tends ta Increase as the fluld 

phase concentratIon of the solute Increases. Yet, alr-drywg was shown 

to Increase UP sorptlon capaclty of sorne sOlls (Barrow and Shaw, 1980; 

Haynes and SWIft, 1985). Other effects Include mOlsture contents 

affectlng redox condlllOns, WhlCh Influence Fe and Mr, solub1.11tles and 

Hl turn, control ln s01ubll1ty (SaJwéln and LIndsay, 1986). 

ReactIon T 1me 

Sorption pqu111brlum IS not readlly attalned but tends to approach 

a slow steady state after several days (TIller and Hodgson, 1962; Kuo 

and Mlkkelsen, 1979; Barrow, 1986a). ZInc contlnued to react wlth SalIs 

for up ta 3ù h, the change ln concentratIon was propartlona1 ta a 

fractionsi power of tlme (Barrow, 1986a). Non-speclflc sorptlon was more 

rapid thsn speclflc sorptlon. The h1.ghest values of non-SpeC1.flC sarbed 

Zn were recorded at 2 h, and thereafter elther changed Ilttle or 

decreased somewhat because of the transfer ta speclflcally bound forms. 
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Spec1f1C sorptlon was much more rapld dunng the fust 2 or 3 deys lhon 

later, especlally at h1gh pH values (hller et aL, 1~li4). ThuB as tlllll' 

goes on, the l'eac tl ons between sol u te lons and sa rben t change .Ln t tH' 

sequence of rapld non-specl f lC, then speCl flC, and f Ina Il y, penelrsllOrl 

or slow sorptlon Into/ln the 1nterlo1' surface of 8morphou<, ülld 

crystaillne materlals. 

Phosphate and Zinc Interactions in Soils 

Most studles of the effect of P on solub111ty or extraclablilly of 

Zn ln sOlI have found elther negllg1ble or confllct1ng results, evan 

when Zn deflClenCles ln crop have been worsened by P addltlOns (Adams, 

19dO; Adams et aL, 1982; 0lsen, 1972; Norvell et aL, 19U7; Shang und 

Bates, 1987). Loneragan et al. (1979) suggested that one of the l'easons 

for P-lnduced Zn deflclency ln plants could be P-enhanced Zn sorptlon by 

sesquloxldes. A decrease ln avallable Zn occurred when P was applled lü 

aCld sOlls (Badanur and Rao, 1973). Murphy et al. (1981) and Shang and 

Bates (1987) reported that the avallablllty of Zn was low ln calcareous 

solls or ln sOlls of hlgh pH and that added P enhanced Zn deflclencles 

more easlly under hlgh pH or alkallne condltlons (Norvell et aL, l~U7). 

Shang and Bates (1987) suggested that Zn so11 tests shou Id be adJusted 

for fert11lZer P. Kuo (1986) lIld1cated that no ObVIOUS complernenlury 

effect of Zn sorpllon on P sorptlon, or Vl..::e versa, WB", observed USH1f,j 

Fe-oxide, WhlCh IS conslstent wllh the resu 1 ts of Pasflcha et 81. (lCfU7) 

who showed that app lylllg P ta the SOlI dld not decrease Zn lIltenslty HI 

the sOlI solubon. Accor'hng ta AI-Showk et al. (1987) and Mandal nnd 

Haldar (1980), P addlt1on, regardless of source, had no effect on DTPA

Zn, an lndex of avallable Zn ln the sol1. 
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However, the sorbed P plays Important raIes ln Zn sorptlon on salIs 

(Stanton and Burger, 1967; 1970a; 1970b) ln addltlon ta th08e played by 

oryanlc coll010S (Karam et aL, 1983) and pH (Kalbasl et aL, 1978; 

Heddy élnd Perklns, 1974). Several meehanlsms are Invalved ln OP-Zn 

l.nteI8ctl.On :n the SOlI. (1) A coularnblc effeet, Le., P sorptlon on 

f.Oll surfaces cauld change the surface charge towards more negatlve 

vülups (Parfüt et aL, 197J; Laverdlere, 1982), thus Increaslng Zn 

sorptlOn (Saeed and Fox, 197'1; Barrow, 1987). If such l.ncreased Zn 

sorptlon 18 due ta the COUlallDlC e 'feet, then the arnount of exchangeable 

Zn shou1d be Increased and Zn upLake by plants should be enhanced Slnce 

exchangeab1e Zn has been proposed as an avallab1e farm for erop use 

(LeC1alre et aL, 1984). (Z) A preclpltatlon effect, WhlCh Included a 

duecl or wdueet effect. A dll'ect effect lS that HZP04 - and ZnZ+ form 

a preclpltale of hopelte (Jurlnak and Inouye, 1962; LIndsay, 1979), 

W<llch rnay not affect Zn a vai 1abll1 ty Slnee thlS preclpl tate has 

relatlve1y hlgh solubl11ty, belng adequate for crop uptake (Carroll and 

Loneragan, 1968). An wdueet effeet lS that P precIpItates Ca, Fe and 

Al components (KIm et aL, 1983; l1ndsay, 1979; Taylor and Gurney, 1965) 

or 1IlipOSeS lts pH on the 10callZed SOlI zones (AI-Showk et aL, 1987: 

(jarrow, 1987; Shuman, 1988), affectlng Fe solubllÜy. Thus Zn solubllüy 

wou Id be affected. (3) A brIdge effect, wher8 Zn may be sorbed on the 

surface of oXldes of Fe and Al by two mechanlsms, one lnvolvlng OH- and 

the olher HPU 4 =. Stanton and Burger (19708) and BoIl and et aL (1977) 

slaled that Zn lS sorbed on phosphated hydrous oXldes through the medium 

of polyvalent bonds WhlCh are bonded ta both the oXlde and ZnZ+. Thus, 

the sorbed P aets as a bndge between SOlI mIneraIs and Zn, IncreasIng 
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Zn sorptlon. ThIS sorbed Zn could be potentlslly Bvallable for plant 

use. On the other hand, sorbec1 Zn could 81so Bct as a bI'ldyt' ùeb·;een P 

and sOll ,:,.aterlals. Thus Zn sorptlon should result ln Increased P 

sorptlod. (4) A speclflc GOrptlon effect, Le., sorbed P InLlucpu Ln 

specl'lc sorptlon elther through creatlng new sorptlon slles or exposlny 

eXlstlng SI tes. 

Pyrophosphate has been shawn ta mawtaln certaIn meLalllc caL 10 m, 

ln 5011 solutlon through sequestratIon (Rogers and Reynolds, 1949; 

Wllbanks et aL, 1961; Asher and Bar-Yosef, 1982). ThIS fa et has led tu 

work verlfylng the speculatIon that PP, when app1Ied ta sOlI, sequestbrs 

natlve and applled ln and thus lncreases ItS concentratlon ln sOlI 

solutlon (Glll1am and Sample, 1968; Slngh and Darllgues, 1978; G..Lordano 

et aL, 1971; Bar-Yosef and Asher, 1983). The effectIveness of pp Hl 

complexlng Zn was dependent on the levels of Ca, Fe, Al, InItIal pp 

concentratIon and pH of the SolutIon ln contact wlth the sorbent. 

ApplIcatlon of P ta a sOlI resulted ln a slgnlfIcant lncrease Hl ln Hl 

5011 solutlon, wlth pp causlng more complexlng than w1th OP (G1ordéJllu el 

aL, 1971; Hash1.moto and WakefIeld, 1974; and Mortvedt and Osborn, 

1977). The compleXlng effect of pp IS onl y temporary due ta hydrol ySl S 

of PP ln mlcroblally actlve salIs. MaXlmum complexlng power of pp lb 

expected ta be at pH > 9.u, where PP lS predornlnant l y P2U7 4-, wtllctl 

forms the most stable complex wlth Zn2+. The effecl of pp on III 

solublllty ln salIs can also be attrlbuted ta PP-solubllllCd orguruc: 

matter (Mortvedt and Osborn, 1977). 5wce P sorptlOn as pp 18 n:lpHJ and 

greater than OP sorpbon, the degree, however, ta Wh1Ch pp sorpllon HI 

sOlI leads ta decreases ln complexlng effectlveness of pp for ln, 
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, 
... rema~ns to be ~nvestlgated. On the other hand, whelher the sarbed pp 

would lead ta a Shlft of the surface charge of the sarbent towards more 

negatl ve values, lncreaslng CEC, and creatlng more ex change sltes, and 

thus resul tlng ln lncreased Zn sorptlon, remalns to be determlned. 

Zlnc Fractions ln Soils 

The lmportance of Zn fractlonatlOn ln sOlI has two aspects 0) as a 

rcference for sOlI Zn ava~lablllty to crops, and (2) as a crlterlon to 

Hlvestlgate Zn sarptlon mechanlsms. Zlnc fractlons ln sOlI can be 

partltlaned Inta exchangeable, sorbed, arganlc, carbonate, sulflde, Mn 

oXlde, amorphous Fe oXlde, crystal11.ne Fe aXlde and resldual forms by 

uSlng vanous extractants sequentlally (Table 1). 

Exch<mgeabl e (cou 10mblc attracted) and sorbed (llgand exchange) 

forms are hlghly bloavallable, and the organlc form lS a strongly lablle 

plant-avallable Zn pool. Other Zn forms, except for resldual Zn, 

represent reserVOlrS of potentl.ally bloavallable Zn (LeClalre et aL, 

l YI:l4). Studles from Call. forma on Holland, Ramona ana Helendale salIs 

and From wdustrlal northwestern Indlana on Oakvl11e and PlaJ.nfleld 

sOlls found most of sOlI Zn ln orgamc and resldual forms (Emmerlch et 

aL, 19t12j Mllier and McFee, 1983). Exchangeable and organlc forms of Zn 

Increased Wl th decreases ln sOlI pH, but specl flca Il y sorbed and M n-

oüde ln fracllons Increased wlth the lncreases ln sOlI pH for typlC 

Fluvaquents on the M1SSl.SSlppl Rlver alluvlum and for salIs located ln 

Vlrg~n18 Ilyengar et aL, 1981j 51ms and Patrlck, 1978). Reports from 

Ludhlana, Indla lndlcated that added Zn was mostly ln weak1y sorbed and 

organlc fractlons ln Fathehpur sandy loam sOlI (Chandl and Takkar, 

19lJ2L The sOlI Zn forms were shown ta be affected by env ~ranmenta1 
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condltlons (Mlller and McFee, 1983), sewagl'-sludge appilcalions 

(LeClalre et aL, 1984; Emmench et aL, 1982; Sposlto et ul., 1'-JH2), 

and tillage practlces (Shuman and Hargrove, 196)). LIttle InformallOll l!..i 

avallable about the effect of added P, especlally PP, on m~tl Vt' or udcled 

Zn dlstrlbutlOns. 

Slngh et al. (1988) falled ta show eVldence lh8l P-Induced III 

deflclency was a result of dlfferences ln sOlI characterlstlcs or willer 

soluble plus exchangeable, orgamcally bound, Hn- and Fe-oxlde bouml ur 

resldual Zn fractlons, whlle Shuman (1988) reported that P addltluns 

resulted ln a Stllft of Zn from Mn-oXlde and crystalline Fe-OXIdE' 

fractlons to the exchangeable Zn fractIon ln sOlls due la pn HlllléJJ 

lowerea pH by added P. Residuai Zn was cons1dered most slab le, and él 

sh1ft from other fûrms ta resldual forms has been Indlcaled ([mmerlch pt 

al. 1962). 

A problem ln the process of metsl fractionation lS that extractanls 

are only relatlvely selectlve for a speClflc metal fractlOn (TessIer et 

aL, 1979). Thus selectlon of an extractant should be on the bun18 uf 

(1) if lt lS effectlve ln extractlng the expected fraction, and (2) l f 

.lt J.S effICIent or plauslble under the deflned condltlOns. ThIS 15 

probably why varlOUS extraetants have been employed ln parlltlomny Zn 

fractions ln dlffel.'ent studles fIable 1). 

CONCLUSIONS AND HYPOTHESES 

The mal n r e a e t Ion 0 f 0 P, PP and Z n l n s 0 11 SIS sor p LIon 0 n ~) 0 1 j 

components, especlally on Fe or Al ondes. Hlgh surface ar(,8, J ow 

organlc matter content, low IonIe strength, hlgh lemperature, model éJU: 

mOlsture content ~nd longer contact time favor P or Zn sorptlon, éH1d 
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hlyh pH results ln more Zn but less P sorptlon. Most studl~S have 

rndlcated that sorptlon can be descnbed best by the Freundllch or the 

Lal~':.HTlUlf lsotherms. Yi.ith sarbed P, lt would be expected that there were 

more Rvaliable sarp tIan sItes on the sOlI partlcles as the surface 

becomes more negative. Thus sorbed P would lncrease Zn sorptlon. Whether 

such Increased Zn Borptlon lB altrlbuted to the P-lnduced cou lambIc 

effect, or P-lnduced specific sorptlon, or other mechanlsms, could be 

exanllned by means of Zn sorptlon-desorptlon, and fractIon dIstrIbutIon 

Hl salIs. Furthermore, Zn reactlons would be affected ta a greater 

extent ln the presence of added pp lhan ln the presence of added OP 

Since pp sorptlon IS usually greater than OP at the same rate of P 

addItIon. 

As a consequence, the Objectives of thlS thesls were: 

1. ta determlne quantltatlvely the effects cf added PP on 

CEe of SalIs ln comparlson with that of OP, 

2. ta determlne the effects of sorbed OP and PP on sorptlon

desorptlon and fractIons of Zn ln SalIs, 

3. ta relate P, Zn sorptlon-descrptron and fractl.ons to 

SOlI components, and 

4. ta evaluate mechanlsms Inval ved ln OP or PP 

InteractIons wlth Zn ln SalIs. 
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Table 1. Extractants euployeà ln extrachng Zn fractlOllS ln varlOllS studJ.es. 

lIater ~chanqeable Speahcally Orgamcally Car!xlnate Chelate Hn~de Fe+Al OXlde Crystalllne 
Study soluble sorbed sorbed bound extractable SUlflde bound bound S<!S:jUlOXlde ReSldual 

( Canplexed) 

flmIench :!t al • 1982 05 Il IIlOl \l:zO 0.5 Il Na<lI o 05 H Na.-!JlTA 
4 H HOO, 

Levesque " Kathw:. 1'188 \l:zO 1 N Cach 2.5\ IDAc 01 H OCl 4 N IIlOl 

l1audal 6. l1audal. 1q81 1 Il rm.OAc 0.05 Il Cl(CAC), 0.05 Il DTPA Aq. KOI Aq. cach 
iOl l'ITEA +!IydrCXjUlaJe 

~ller alld licFeoe 1583 \l:zO 1 fi Kn:h 1.0 H Na. p,o, 0.1 1'I!JlTA 0.2 1'1 {NKc hc.a. 0.2 1'1 UlM. )zC,Oc O.J/lHaCl 
+{l.1 /1 IlaIICQ, 
+{l.1J Il NaoSzo. 

Nellsen et al . 1986 1 lI~h 30\ !h0z 1 fi lm, 0.1 1'1 IIl!:zCfl.flCl 0.27 N lla-ütrate 1ll1J:J 
iO.01 fi !lIPJ +{l.1 fi naw.:o. %Oz 

+{l.14 li llaoS,(\, 
,"'\" 
," Sh\ll\lIl " Harçrove 1985 1 li ltJ (lPJ ), 0.1 H NaOCl 0.2 /1 (Il!1.o hC,(\, HF 

+0.2 li !hC.o. +I!lo, 
+w.:l 

SUl<Jh et al 1eS8 o 05 Il CaClz 2 5\ 00Ac o 1 Il ,,",p,Or 0.1 Il IIl!:zCfl HO o 2 l'\ (ll!l.o hC,a. 0.1 li Ascobl~ and RF 
+0 2 l! !hC20. -+{).2 li (I/H.12C20. -Ifl!o, 

+{).2 Ij !h(,o. +w.:l 

Sfn;lto et al 198: 05HIX>J H:0 0.5 Il IlaCIl o 05 " Na,-EI1I'A 0.1 Il NH:œ.w.:l 0.2 Il (NR.lzC,o. HF 
+0 01 fi IIllll a 1 If !hc,a. +fil), 

+w.:l 

Sedl:err,' " Redd; 1976- ibO 1 Il 11!!.0Ac 30\ IbO. 0.025 Il Cl (ClAc), IbSOo 
~ 

<!I:Io. 

QJrt a and Chen 19'5 H:O 1 " 1lH.C>\c 30\ !hO: 0.1 Il Ill!:zœ.1t:l 0.2K 11:zC20. fI(h 
-0 1 Il IIllh +{l,Ol IIl!llI <f!i 

+w.:lo. 

51.-::5 an:! ;'3trl.:1t !'?~S H;O l '!'b.k rI'! ~:'l'=::- o l l' ''''''''.l'CI o ;,j 'bC,Slo !fo, 
«l,QI M 'l!1:~ o y. 'lfio he.:.. -Rf 

+w.:l-:" 
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CHAPTER II 

ErrECTS or SORBED ORTHOPHOSPHATE ON THE ZINC STATUS 

or THREE SOILS or EASTERN CANADA 
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l NTROOUCTI ON 

ZInc deflClenCles ln crop productlon ha ve been noted Hl East erll 

Canada. The InteractIon of P wlth Zn and lncreasing use of f1 

fertl1lzers suggests that Zn deficlencles may become more wldesfJl'l'ud. 

Thus eva1uatlon of the Impact of added P on Ln lS Imporlanl fur SUI l 

management purposes. 

ZInc has been shown to be sorbed on the surface of oXldes uf f f.' 

and Al by two mechanisms, one lnvolvlng OH- and the other Involvlnlj 

HP04 = (Junnak &. 1nouye, 1962). Stanton &. BUl'ger ( 197U) and Bo11dnd el 

al. (1977) argued for a "brldge" effect ln WhlCh Zn was sorbed on 

phosphated hydrous oXldes through the medIum of polyvalent bonds lo bulh 

the oXlde and Zn 2+. 1ncreased negatlve charge or catIon exctwn~Je 

capaclty (CEe) with sorbed P has been found by a number of workers 

(Mekaru &. Uehara, 1972; Kuo &. MeNeal, 1984; Glliman &. Fox, 19UCJ), fj/Jd 

was thought to be responslb1e for the Increases ln Zn sorption (Saeed & 

Fox, 1979). However, Barrow (1987) postulated that ln ana P were flurbed 

at sItes of Opposlte charge on the surface. Varlations HI ln sorpllOlI 

wlth added P were attrlbuted to a P-wduced pH effeet (llarrow, 1<)U7; XIe 

and t~acKenZle, 1988). 1f1 8ddltlon, Xle and MacKenZle (l9f:lB) éJnd Nel ben 

et a 1. (1986) s pee u 1 a t e d th al P sor p t 10 n ln cre a se d f, pee 1 fIC sur pli (HI 

sltes of Zn and that such speclflcally sorbed ZInc was nal readlly 

dlsplaeed by other catIons. The relali ve Importance of P addilions orl 

Zn sorptlon seems ta vary wlth SalIs of dlfferent physical and clierrlluJl 

charactenstlcs. 

Informatlon on P-Zn Interacl.l.on ln sOlls could be obléuned frorrl 
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1 

re latlOhsh~ps between Zn desorpllOn and sol1 components at a constant 

pH. 1 f lncreased Zn sorpt~on ~s due to lncreased negat l ve charges wlth 

ddded P then Zn desorptlon w~th added catlons would be revers~ble. 1 f 

there eXlsls 8 brldge effect, the amount of desorbed Zn should be 

proportlonal to the amount of desorbed P. If, however, added P ~ncreases 

~JrH'ClrlC sorptlon sltes for Zn there shoulo be reduced Zn desorpt~on 

wlth added P. Su ch an effect could be st ronger ln salIs of h~gh Fe 

contents than ln sOlls of low Fe contents, s~nce Fe materlals may 

control Zn solublllty ln sOlls of hlgh Fe contents (Pulford, 1986). 

A further dlstlnctlon of decreased Zn so lublilty ln sOlls wlth 

added P can be made uSlng Zn partltlons. F ractlonat~on of Zn Into 

exchangeable Zn, organlc and Fe oXlde assoclated-Zn and resldual Zn, or 

var~ous aval1able forms uSlng dlfferent extractants has been attempted 

(Nel1sen et al., 19136; Shang and Bates, 1987; XIe and MacKer.zle, 1981:i). 

XIe and MacKenzle (1988) discussed pH effects on P-Zn Interactlons and 

Zn partltlons but dld not dlSCUSS the effect of sOlI propertles on Zn 

sorptlon, Zn desorption and Zn fractIons. The Impact of added P on such 

Ln fracLlons could help to evaluate P-Zn Interactlons. 

rlnally, possIble Zn-P Interacllon Iles ln the precIpltatlon of 

hopeIte. l hlS compound has been consldered to be too soluble to exp] aln 

LIl-P lnt erachons ln S0115 (LIndsay, 1979). Howe ver, the posslb~ l~ ty of 

preclpItatlon of hopelte ln 10callZed reglons of hlgh P concentratIon 

ma\. e'ISt. 

Tht' present study was deslgned to determ~ne the effect of so~l 

propertles on orthophosphate sorptlon, of P sorpt~on on CEC, and of so~l 

propert les and P sorptlon on Zn sorptlon, Zn desorption and Zn 
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fractlons, and ta evaluate several mechanlsms Invol ved Hl P-Ln 

Interaction ln sOlls. 

MATERIAlS AND HETHOOS 

Top and SUbSOll samples were obtalned From culLlv~ted Uplands and 

Da Ihousle SOLI and a pastured St Bernard SOLI From south-western QUt'lJl'c, 

Canada, Indlcated as UT, US, DT, OS, ST and 5S, respectlvely. SOlls Wdrp 

selected to represent those developed on alluvlal, marlne-lacLJstrlne and 

glaclal tlll deposlts (Table 1). Samples were au dned, ground 1.0 <l mm 

ana analyzed for pH, organlc C, CEC, phosphate sorpllon maXima, clay 

content, dlthlonlle-cltrate extractable Fe and .l'Il (OC-Fe and OC-Al), 

ammonlum-oxalate extractable Fe and Al (AD-Fe and AU-Al), and sodium 

pyrophosphate extractable Fe and Al (PP-Fe and PP-Al). Crystaillne rI' 

(Fe CRY ) was aeFlned as De-Fe mlnus AD-Fe, amorphous Fe (FeAM) as t\U-F f> 

mlnus PP-Fe, and orgamc Fe (FeOR) as PP-Fe. Zero pOlnt of nel charge 

(ZPNC) was determlned. 

Experiment 1. P Sorption Effecls on Sail CEC 

SIX SOLI samples, 5 P solubon levels (0.0, lZ.O, 30.U, 60.U, and 

9~.O mmole P as NaH ZP0 4 .H 20 kg- l SOLI), and Z repllcates were used. 

Initlai 10nlC strength was held constant by preparlng P solutions HI 

0.03 M KCI04 and pH was adJusted ta 6.0 by tllratlOn wlt~ 0.5 t~ KUH. lwo 

hundred ml of P solubon was added to 250 ml welghed plastlC' cenlnfugf! 

tubes contalnlng 2~~ 9 of SOLI. The suspenslon was shaken reclprocaJJy 

for 72 hours at 25 0 C and centrlFuged. The supernat,mt salut lUIl wa~ 

hl tered and pH and total P determlned 1 Asher, 19f:l(J). The Lube wllh lh!' 

sedlment and resldual Solutlon 'tlas welghed. 5011 ln lhe tube ~as therl 

alr dried and sampled for CEe determlnations. 
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Exper~ment 2. P and Zn Sorption-Desorpt~on 

Two grams of sOll were equlilbrated wlth 20 ml P Solutlon, then 

wlth 2U ml Zn solutlon followed by 20 ml of 0.03 M KCI0 4 solutlon, 

sequentla Il y, for 72 hrs for each of the three equillbrla at 25 0 c. SIX 

sfJlls, 4 P levels (U.O, 3U.O, 60.0, and 90.0 mmole P kg- l sOlI), and 5 

Lrl levels (U, 2.5, 5.0,7.5 and lu.O mmole Zn kg- l SOlJ) were assessed 

wlth 2 rephcates for each treatment. Iomc strength and InItIal pH was 

adJusted as above. SuspensIons were centrlfuged and total P, total Zn 

and pH determlned ln the supernetant solut:on at the end of each 

equlllbrat~on. The fust equlllbrlum determlned P sorpt~on (P Sl )' the 

second Zn sorptlon (Zn52) and P desorptlon fP02 ) or remaInlng sorbed P 

rp5 2), the thud Zn desorpllon (Zno3) or remalnlng sorbed Zn (ZnS3) and 

furlher P desorptlon (P03 ) or remalnwg sorbed P fP S3 ). 

Exper~ment 3. Zn Fract~ons as Affected by Sorbed P 

5Am~Les recelvlng 0.0 and 90.0 mmole P kg- l sOlI at the flrst 

equlllbratlon and (J.u and 10.0 mmole Zn kg- l sOlI at the second 

equlilbratlon ln Experlment 2 were analyzed for Zn fractlons. Solutlons 

o f Cl. 5 M K N 0 3' O. 5 M NaD :-1 and con c (> n t rat e d H N 0 3 + 3 (j~'; H 2 0 2 we r e 

sequentlally used to extract what has been called exchangeable Zn 

(ZnKN03 )' organlc and Fe and Al oXlde-assoclated Zn (ZnNaOH) and 

resldual ln (lnHN03 )' respectlvely (Levesque & Schnltzer, 1966; Emmerich 

et aL, 1982; Sposlto et aL, 1982; MIller & ~1cFee, J983). 

Results were expressed on the bas.ls of oven dry (105°C) welght. 

The PS1 ' PDL , PD3 ' lnS2' Zn03 and Zn fracllon values were obtalned by 

subtractlng the amount of P or Zn remalnlng ln the Solutlon from the 

totdl dmount added or remaInlng from the prevIous step and correctlng 
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for P or Zn ~n the ~nterst~t~al solut~ons. Thus sorbed P or Zn WHS lh!' 

sum of P or Zn adsorbed on so~ l surfaces and P or Zn prt~Clpllé.lled. T hl' 

actl v lty product (logKSp ) for hopelte was ca leu lated uSlng tht' fot'mld LI 

of log KSp = 3 log 8Z n2+ + 2 log aH2P04- + 4 pH under lhe twsUmpllon 

that wlth~n the expenmental pH range, H2P0 4 - and ln 2+ were the ITIUlfl 

components for P and Zn ln the solutIon, respectively. Fur Lill' 

conv6lS10n of concentrations ~nto actlvltles, the actlvlly coefflclenls 

of HZP04- and Zn 2+ were caleulated uSlng the Debye-Hueke] equutlon 

(L~nd5ay, 1979). Changes ln CEC (~CEC) were ca1eulaled accordlny ta lhe 

formula of ~CEC=CECp-CECO' where CECp was the CEC of sOlls wlth added P, 

CE Co wes the CEC of s011s wlthout added P. 

RESUlTS AND DISCUSSION 

ln the 5011s studled, Increased CEe per mmole of sotbed P ranged 

from 0.5 ta 1.05 meq (Table 2), WhlCh lS COflslstent w~th the flndlngs 

reported by others (Kuo & McNeal, 1984; Glllman & Fox, 198u). Over a 11 

sOlls, 1 mmole sorbed P resulted ln 0.72 meq Increase ln CEC, 

(.A CEC=G.72P 51' R2=0.78, P<O.OOl), wluch lS ln agreement wlth the a veruye 

value of 0.8 meq mmole- l sorbed P found by Mekaru & Uehara (1 ':172) fOl 

ferruglnous troplcal sOlls. It lS also wlth~n the ranges noted for 

goettllte by Parfltt (1978). Th1.s suggests that P reaellons may have been 

prlmarl~y assoc1.ated with Fe compounds l.n the sOlls studled, und 

generally agrees wlth accepted adsorptlOn models rParfltt et aL, 197); 

RaJan, 1975). The degree of change ln CEC wlth sorbed P seerned la be 

Independent of amounts of cxtractable Fe and Al except AD-Fe élnd FP-AI~ 

(Table 2), WhlCh negatlvely correlated wlth the changes Hl CEe aL 

affected by PSI' Indlcatwg that P sarbed on arnorphous rnatenals dld pol. 
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contrlbute to Increases ln CEC, or the P-FeAM reeetion was a 

precipitation. On other hand, slope values slgnlflcantly correlated wlth 

original sOlI pH values (Table 2), suggestlng that deprotonation of 

sorbed P occurred at hlgh pH. 

Positive correlations between PSI and sOlI CEC, clay contents, 

organlc C, extractable Fe and Al, and negatlve correlation wlth ZPNC 

(Table ~) ~ere found. rhese correlatIons supported the spe~ulatlon that 

PSI waB occurrlng on the edges of clay ml~erals and Fe crystalline 

compounds (Parfltt ~t aL, 1975) 1 such as geothlte and hematlte, or in 

reactlons wlth organlc Fe and Al materlals (PP-Fe and Al). The 

dlfference between AD-Fe and PP-Fe, I.e., FeAM' waz not cClrrelated with 

PSI' Indlcatlng U.at amorphous Fe oXldes may not have r; ayed an 

Important raIe ln the process of P sorpbon (Lindsay, 1979). 

Desorptlon of P was a Ilnear functlon of the amount of PSI withl.n 

the range of 13 ta 43 mmoles kg- l (F 19. 1), WhlCh 18 consistent wlth the 

results of Barrow (1983), suggesting that the energy of P desorptlon was 

81mllar tor every mmole of sorbed P. The decrease ln slope of PS2 vs PD3 

from second and thlrd equllib~la, compared ta the flrst and second 

equlllbrla, lndlcated a tlme effect on P desorption. As the thlrd 

equllibration was 72 hours later than the second, more P may have 

dlffused lnto Inaccessible sites or become more firmly sorbed (Moore and 

Zouestlagh, 1974; Barrow, 1983), thus decreaslng desorptlon. 

Correlatlons between PD2 and 5011 characterlstlcs (Table 3) may be a 

reflectlon of PSl Slnce P02 Increa5ed with the Increases ln PSI (Fig. 

l ) . 

Zinc additIon decreased P02 (FIg. 2). If the value of ZnS2 wes 
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'" greater thém 9 mmoles kg- l solI, there was v lrluHll~ no PD2 from tht' ut 

and US sOlls. However, Zrl addItion dld not lmprove the correlulllHlb 

between P02 and SOlJ parameters (Table 3), lndlcatlng U1Ht ttJp t'fi ert 01 

sorbed Zn on PD2 wes lndependent of sa 11 propert les. 

On the one hand, decreasea P02 at l11gh ZnS2 levels rnay hUVl' bel'II 

due to hopelte preclpllatlOn al h1gh wll laI P dnd Zn ralcb dur 1 fiC) lht, 

second equlilbration, as lnalcated by solublllly pruducls (lable 4) 

greater than that for hopelte (Lindsay, 1979), On the oUler héllld, lin' 

eVldence that ZnS2 increased as Zn addlllon réltes lncreased al any P 

addlllOn rate (Xle and t>1acKenZle, 1988) supports the speculallOri thal P 

and Zn were sorbed al Opposlte ends of a speclrum of eleclrubluLlL 

potentlals (Barrow, 1987). The ZnS2-P02 relat lonshlp could be l'V!dPfWf' 

for a Zn-P sorptlon complex. ThlS lS conslstent wllh é! Ln-P specifIe 

sorptlon oue to a Zn-P-soll complex. The lIT1purtance of sorbe a ln CHI P 

desorpt.lon should be mlfllmlzed Slnce natlve ln contents of S011S fjl'l~ 

generall y low. However, the reverse, lncreases ln P sorptlUn resu 1 t 1I1(J 

1'"1 decreases ln Zn desorpt lon, 18 more lmportant due ta f requenl P 

fertlllzer appllcatlons ln agricultural sOlls. 

Increased ZnS2 was equlvalent ta less than )~o, HI lhe LJpJdlld~, 

( san d) and St. Ber na r d ( .l..J am) solI s, and les s th a n l ~o, 1 n l h e D él .' 1-10 U S 1 (" 

(clay) salIs, of the lncreased CEe wllh sorbed P (T;üde )), Whlll' IIII)~ 

réltes were reduced 40-5m~ by added P at 9U mM k(j-l cOlllpureu w 1 th /f'l (1 f' 

samples. On the average, Olle meq Increase ln CEe resullc;d tri J.')_~.L)' 

decrement ln ln03' Pree l p 1 tat Ion of Zn élnd f-' as hope J le W;l:.) flul 

responslble for tnls effect as lOn produets at the thud eqllllllJIHt lori 

were smaller than the KSp fOI hopeJ te. 
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Phosphate sorptlOn lmproved the correlatlons between ZnS2 ar l OC

re, AU-Fe, PP-Fe or FeCRY (Table 3), suggestlng that PS2 caused 

l fi cre éJ ses HI Z n S 2 0 n the r e co m p 0 n e nt s (p a r tl cul a r l y the 0 r 9 a n l c Fe, 

1.8., PP-Fe, and crystalllne Fe). The consequence of thlS effect was 

t h [) l P S 2 r e sul te d HI b et ter cor l' el a t l 0 n s b et w e e n Z nO and SOl l 

péJl'élmeters. partlcularly, PP-Fe ana DC-Fe (Table 3), confJ.rmlng the 

~;pecLJ 18tlOri thot PS2 enhanced speclflc Zn sorptlon (Xle and MacKenzle, 

lYIJU; but malnly on Fe matenals. Such matenals may form preclpltates 

wllh Zn and control Zn solublllty (Pulford, 1986). 1 he resul ts that PS2 

IncrCosecJ LnS2 ln so11s (;ue and MacKenzle, 1988) were ln agreement wlth 

the studles wlth goethlte (Bolland et aL, 1977), wlth Hon and alumlnum 

ouries IStantan & Burger, 1970), but contrasLS wlth the studles wIth 

so11 (_lays (Cavallaro, 1982), élnd wlth alumwum hjdroXlde (McBrlde, 

Hu':». Thus PS3 un the surface restrlcted ZnD3' elther through 

rnechofll ca l OC'c..l. dSlon, Increa"'.;(] specl flC adsorptlon sItes, or enhanced 

fll'gélt Ive charge effecls. The brldge effect, Zn Ilnked to the sOlI 

bUI f dce through sorbed P, was probabl y nDt slgnlflcant Slnce PD3 was 

flot correlaled wlth Zn D3 (XIe ana MacKenZle, 1988). Kuo (1986) and 

Barrow (19Hn also showed no eVldence of the eXlstance of the brldge 

cffect. 

The réllla of lnD5 to ZnS2 1ncreased wlth InCreaSf:.S ln ZnS2 (F 19. 

5), Indlcflllng that wlth more ZnS2 ' les3 energy was requ1red to desorb 

Zn, or the portIon of ln specIf1ca11y sorbed was lower. The tugher Zn03 

loth the coars::r textured 80115 may have been due to a hlgher percent 

s,JturcJtlon of tre lnS2 sItes H1 these sOlls. Iherefore, the sorbed Zn 

would be held less strongly WIth lower energy and more Zn would be 
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releasea. 

Added P, compared wlth zero P addltlOn, resulled ln rpdLll't l OllE) 11\ 

ZnK"J03' but lncreases ln lnNaO H {XIe and HacKenzle, 19UI:ll. A!, ClC WHU 

Increased wIth added P, one r..ould have expected mort' LIlKNUS U1 

e>-changeable Zn wlth added P. However, the op~oslle WélS observed, 

IndlcatIng that Zn S2 dld not ap~ear élS exchanYl'üble ln [Illd tilt, ('t\tll'l]!' 

effect produced by sorbed P had llttle effecl on fnc'). 1 t lS mure 11kl'j, 
~'-

that Zn S2 was assoclated wIth Fe and Al axy-hydraudes unu/or orylJnl(' 

matter (ZnNaOH )' ln that P addItIon Increased lhe absolule vulup!> of 

correlatIon coeffIcIents (r) between ln fracllOns !partIculélll y LfiNnUH ) 

and 5011 parameters (Table 6). It was shown UléJl lnKNUS hud net.jütlVf', 

bu l l n NaD Han d Z n H N 0 3 h a d p 0 s lt l V e cor rel a t l an B W l l h P ~J3' 1 n C' r e ,W l' d 

posItIve correlatIons between ZnNaOH and Fe or Al wlth P addilion 1:. 

consIstent wlth the canc luslon that P reacled wlth Fe or A l mater la l ~" 

IncreasIng specIflc Zn sorptIon on these materlais. 

CONa..USIONS 

The effect of P addItIon on decreasIng solutIon Ln Hl S 

shown through IncreasIng specIflc ln sarptlon on Fe malenals. Ttdb vlélh 

supported by the facts that P sorption correlalec.. poslllvely Witti 

organlc or crystallwe Fe contents, élnd that P sorpllorl l'ntwnr'f'd 

aSSOC.latlons between ln sorptlon (poslllveJ, Ln desorpllofl ffll!4dtIVI'J, 

ZnKN0 3 (negatIve) or ZnNaOH (posItIve) and Fe fIIaleflals. The Corlbf~qUl'lllf' 

of surf) reactlons was a reductIon ln readlly 8Vélllüt.Jle Zn fUlfliS. ItH' 

brIdge effect, the r illduced negatlve charge effecl Ofl ln borpt lOfl, ;JfI(J 

precIpItallon of hopelte wcre not lmportant mechamsflls conlrull lflÇj SUl 1 

Zn sol ublllty ln the presence of added P. 
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Table 1. Selected prQpertles of the experlmental sOlls. 

5011++ 
Parameter+ --------------------- -------------------- HI:! f P 1"t'fleL' 

ClasslflcatIon (FAO) 
Horizon 
Depth Icm) 
Clay content, 9 kg-1 

pH, sOII:watrr=I:2 
CEC, meq kg
Organlc C, 9 kg- l 

OC-Fe, 9 kg- l 

OC-Al, 9 kg- l 

AD-Fe, 9 kg-1 

AD-Al, 9 kg- l 

PP-Fe IFeDR)l 9 kg- l 

PP-Al, 9 kg-
FeAt~' g kg-Il 
FeCRY' 9 kg-
P l kg-l 5 maXllTléJ, mmo e 
ZPNC 

UT us 

Orthic-podzo l 
Ap 

L-24 
IOU 

6.3 
57.0 
16.7 

3.1 
1.1 
1.5 
2.G 
0.5 
0.7 
1.0 
1.6 

16.6 
3.2 

Bh 
24-4~ 

12U 
b.4 

43.0 
12.0 

3.4 
1.0 
1.3 
1.6 
U.4 
U.~ 

0.9 
2.1 

19.1 
4.2 

ST S5 

E.utrlc-camblsol 
Ah 8hJ 
U-2U 2U-)') 

LUG LllJ 
5 . ..J ') .4 

11'1 lUI 
2b.1 13. ') 
9.4 8.7 
1.5 1.3 
3.7 3.1 
2.1 1.1:3 
1.3 1.1 
1.1 U.1:3 
2.4 2.0 
5.7 ).6 

2.3.9 21.1:l 
2.5 1. 7 

01 

Humlc-gJ l'Y~;o 1 
AIJ lll'tl 
lJ-2LJ 2U-47 

41U ')UU 
') .7 ') .7 

2bU L')'! 
3U.U S':l.4 

'7.2 l).'> 
1.9 1.9 
3.1 3. l 
3. '> ~.4 

1.4 1.4 
2.l 1.7 
1.7 1.7 
6.1 (J.4 

n.7 29.9 
U.& U.4 

') 

4 
') 

7 

+ DC-extracted wlth dlthlonite citratej AO-extréJcled wilh dmilionium 
oxalate; PP-extracted wlth sodluITI pyrophosphatej LPNC-7t'10 pou" ut 
net chargej I-Canada 5011 Survey Commlttee, 1978; 2-Bouyoucns, 1'J,)lj 
3-Hendershot & Duquette, 19U6; 4-Tabalab81 & Bremnpr, 1'J7LJ; 
5-Sheldrlck, 1984; 6-01sen & Watanabe, 19)7; 7-James, 1984; 
FeAt1 = (AD-Fe) - (PP-Fe); FeCRY = (DC-Fp) - (AU-Fe); 

++ UT, US - Uplands top and subsoll; 
ST, SS - St. Bernard top and subsoll; 
DT, OS - Dalhousle top and SUbS011. 



T8bl~ 2. Equatlons of regresslon between catlon exchange 
capaclty (CEC) and sorbed P. 

5011 + RegressIon equatlon++ R2 CV, 0' 
'1) 

** 1.21 UT Y= 60.4+0.94PSl U.98 
** 5.59 US Y= 44.8+1.U5PSI 0.88 

Sl Y=123.6+U.49PSl 0.93** 1.81 
, < Y= 86.6+0.78PSI 0.98** 2.08 J.J 

[JT Y=2ï8 .1+0 .86PSl 0.91** 1.38 
U' J Y=262 .4+0. 77PSl 0.98** 0.7u 

UVf'[<..di sOlls ilCEC;;(j . 72P 51 U.78** 

51mple llnear correlatIon (r) 

S lop!' vs AU-Fe 
FeAM 
pH 
others1) 

-0.87* 
-U.93 ** 

0.87* 

+ 

++ 

l ) 

" * 

ns 

l11, us - Up lands top and SUbSOll j 5 T,55 - St. Bernarc 
Lop and subsol1; DT, OS - Dalhousle top and subsollj 
'=ClC, meq kg- SOlI; PSI = P sorption mmole kg-lj 
péJlrS of data used for regresslon of each SOlI are 10; 
olher pDramelers shawn ln Table 1; 
not SlÇjrllflcantj 
SlCjfllflcanl at the level of p<lJ.U5; 
slynlflcant at the level of p<O.Ol. 
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Table 3. Llnear correlatIon coeffIc1ents (r) betwecn P horpt 10n (PSI)' 
P desorptlOn (P02)' Zn sorptlOn (ZnS2) or ln dC'sorpl1ol1 
(Zn03) and sOll propertles. 

P02 
1) 

ZnS2 
2 ) 

lnO~ 
2 ) 

Parameter+ PS1 --------- ----- --------------- ----------------
-Zn +Zn -P +P -P +P 

_.-----

----------------------------- r ---------------------------
Clay content 0.97** 0.97** "''1* U.89* O. /~ *iI ** *-11 0.9) *li CEC l.J .96 U.99 0.96 
Orgamc G.n** ** ** a.9S** C 0.94 0.94 

* 0.81 il * U.78.[ OC-Fe 0.82 0.86 
** ** *lI ** OC-Al l.J .96 0.99 0.99 U.98 

AU-Fe l.J.7SL ns ns ns 
* ** * 0.93** AO-Al u.89 u.95 0.91 

PP-Fe (FeOR) * 0.89* ** 0.88 * (j.88 0.Y4 
PP-Al * ** It-* lI* 0.91 0.96 0.95 0.97 
F eAt.1 riS ns ns ns 

* * * U .8U.( FerRY G.86 0.84 O. t:Hl 
-0.87* ** ** * ZPNC -U.96 -L.9J -G.es 

+ DC-extracted wlth d1thlonlt~ cItrate; 
AO-extracted wlth ammonlum oxalate; 
PP-extracted wlth sodlum pyrophosphate. 

a.BO.l -O.ln-ll 
0.88 

.. 
-0.9U * 

U.91 * -U.98 
-II li 

G.83* nb 

U.94 ** -u.9l ** 

U .Ul * nb 
* ** U.84 -U.94 
** -U. 74.l u.n 
* .... 

U.9U -U.95 
ns ns 

li 
U.82 ilS 

-U.b7 * u. 7U .l 

FeAM = (AO-Fe) - (PP-Fe), Le., amorphous Fe; 
FeCRY = (OC-Fe) - (AD-Fe), Le., crysta111ne Fe; 

1) -Zn wllhout added Z'I, +Zn wlth ,Idded Zn at 10 mm01e Ir kg- 1: 
2) -P w1thout added P, +P wlth added P at 9U mmole P ky- ; 

not slgnl.flcant; f slgmflcant at p<U.lU; 
slgnlflcant at p<u.05; ** slgnlflcant at p<L.Ol. 

ns 
* 

bu 

il. 
-lJ . 9(, •• -U.'-1<J 
-U.47 *M 

-U.77>" 
*--U.'-1':J 

ilS 

-U .97 
IHI 

-li. H 7 * 

-u.9B *lI 

nb 
-LJ.H1.l 

* U.94 



! , Table 4. Treatments assoclated wlth actlvlty products 
greater than logK~p (3.8) for hupelte at the 
second equl11bratlon. 

lmtlal rate 5011+ 
------------- -------------------------------------------

P Zn UT US ST 55 DT D5 
(mrnule ky-l) 

logK Sp 

5LJ S.U 5.44 3.99 
3LJ 7.5 4.13 4.32 5.59 4.53 4.12 
3U 1O.u 5.68 3.82 4.9U 5.97 5.03 ,~ .52 
6LJ 7.'J 3.88 5.08 3.95 
60 10.0 4.39 5.83 4.41 3.94 
% 7.5 4.64 
9LJ 10.0 4.33 5.30 4.18 4.01 

+ UT, US - Uplands top and SUbSOI1; ST, SS - St. Bernard 
top and 8ubsoll; DT, DS - DalhousIe top and subsoll; 
lhe dashes Indlcates values < 3.80. 
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Taole 5. Sorbe a P (P~l)' changes ln catlon eychangc capacIty (ACEC )' 
sorbed Zn ( n52) and desorbed Zn (zry~) as a funcllOfl 
of added P (lnltlal ln rate=5 mmole y-l). 

Average Zns2 as a l"o3 as a 
lmtlal PSl ACE.C Zns2 proport lOn propnrlion 
p rate of ACEC 

+ of ZnS2 

(mmo1e kg- 1 ) (meq kg-1) Immole kg-1 ) (~D ) ( ~D) 

U1++ 
O.U 0.00 0.0 4.39 ~.U 

3U.U 11.15 11.7 4.65 4.4 2. S 
60.0 12.63 12.2 4.70 5.1 2.1 
90.U 14.75 16.2 4.73 4.2 1.8 

LsDO .05 0.02 0.3 
U5 

o 0 0.00 0.0 4.16 3.5 
3l1.U 14.13 16.0 4.48 4.0 2.6 
60.u 15.40 20.3 4.58 4.2 2.5 
90.0 15.74 23.1 4.66 3.5 2.2 

LsDU.05 0.U4 0.6 
5T 

O.n 0.00 0.0 4.61 ).lI 
3U.û 15.33 12.6 4.75 3.8 2.2 
6U.0 19.44 14.5 4.81 3.8 1.9 
90.G 24.20 17.0 4.84 3.5 1.6 

LsDO.05 0.04 U.2 
5S 

0.0 0.00 0.0 4.31 4.2 
30.G 12.73 13.4 4.57 3.9 3.U 
60.0 20 .09 14.0 4.66 5.0 2.5 
9o.û 22.71 20.4 4.70 3.8 1.9 

LSDO.05 0.03 o.) 
DT 

O.LJ o .O(J O.U 4.80 1.3 
30.0 14.87 13 .U 4.83 0.5 1.1 
60.0 21.63 21.7 4.83 0.4 1.0 
90.0 28.89 34.CJ 4.88 0.5 0.7 

LSDU.05 0.03 U.2 
DS 

0.0 G.Oo 0.0 4.74 2.2 
3LJ.O 16.74 18.2 4.82 0.9 1.) 
60.0 22.84 24.0 4.e5 0.9 1.2 
%.0 31.31 33.3 4.87 U.8 LU 

LSDO.05 0.03 lI.3 

+ calculated as {Znp-ZnO)x2xlUU/( A~EC)l' lnp=Zr'S2 wlth added P, 
ZnO=ZnS2 wlthout added P, l=P ra ej 

and ++ UT, US - Uplands top and SUbSOllj ST, SS - st. Bernard top 
SUbSOllj DT, DS - DalhOUSIe top and SUbSOll. 

62 

i 

l 



~--------------------~--~--

~ 
'\ 

Table 6. Ll.near correlatl.on coeffl.cl.ents (r) between ln fractl.ons 
and sOll propert1es. 

ln fractl.on 

Parameler+ ZnKN03 lnNaOH lnHN03 
------------------ ------------------ ---~--------------P++ +P++ -P +P -P +P 

------------------------- r --------------------------
** Clay content ns -0.92 ns 

CEe -o.Bill: -u.97** ns 
Oryanlc C -u.B5* -0.99** 0.85* 
OC-Fe ns ns ns 
OC-Al 99** ns -u. ns 
AD-Fe ns ns ns 
PP-Fe ns -0.88* ns 
PP-Al -u.83* -0.97** 0.87* 
FeAM ns ns ns 
F eCêY ns -u .79.[ ns 
lPN ns 0.89* ns 
PS$ -u . B 5 * 

+ OC -extracted w1th d1th1on1te c1tratej 
AD -extracted wl.th ammonl.um oxalate; 
PP -extrHcted w1th sodlum pyrophosphatej 

0.93** 0.86* 
0.95** 0.94** 
0.93** U.95** 
0.89* ns 
0.99** 0.97** 
0.81* ns 
0.96** 0.89* 
0.93** 0.98** 

ns ns 
0.91* 0.81* 

-0.92"><* -O.En* 
0.91* 

FeAM = (AD-Fe, - (PP-Fe), 1.e., amorphous Fe; 
FeCRY = (OC-Fe) - (AD-Fe), 1.e., crystall1ne Fej 
Pc) -P rema1nlng sorbed at the thl.rd equl.ll.bratl.onj 

++ -P wlthout added P, +P wl.th added P at 90 mmole P kg-Ij 
ns not slgmf1cant; .[ sl.gmfl.cant at p<O.lOj 
* slgnlflcant at p<O.05; ** sl.gn1f1cant at p<O.Ol. 
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0.92** 
0.97** 
0.98** 

ns 
0.99** 

ns 
0.88* 
0.98** 

ns 
0.80.[ 

-0.90* 
0.85* 

, 
1 
1 
l 
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l 

Flg. 1. Phosphate desorptlon at the second or the thlrd equlilbratlon us 
affected by P sorbed at the Fust or the second equll1bratlOn. 0 P 
desorbed at the second equlilbratlon verses P sorbed at the flrst 

2 ** equlllbratlon, P02=-1.76+0.21P51 , r =u.84 ; + P desorbed at the thll'd 
equillbratlon vers" P sorbed at the second equlllbrallon, PDJ =-
u.84+0 .14P 52' r=O.83 • 
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Flg. 2. Relatlonshlp between Zn sorptlon ~ZnS2), and P desurpllon (PU2) 
dur wg the second equlll bratlon. 5011s: " OT \l DS, 0 51, 
A SS, a UT, and + US. 

SOlI Regresslon r 2 SOlI RegressIon 1 2 

DT PDZ=4.12-0.U437ZnS2 0.995** : DS P02 =3 .84-0 .U437 ~flS2 U.9U')lHI 
ST PDZ=2.94-0.0581ZnSZ 0.993**; SS POZ =2.8.3-0.0755Zn52 U.'1U~H 
UT POZ=2.31-0.1843ZnS2 0.997**; US POZ= 1. 73- 0.1992 ZflS2 (j . '77')·· 
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F~g. 3. Effect of sorbed Zn (ZnSZ) at the second equlilbrullon orl/rl 
desorpt~on (Zn03 ) at the thud equll~bratlon. SalIs: X Ul, 'il [)~, 

<) ST, i::J. SS, 0 UT, and + US. 

5011 RegressIon r 2 
2 DT Zn03=O.0014IZnSZ) O.82*~ 

51 Ln03:0.0032(ZnSZ)2 0.85** 
uT Zn03:0.0043IZnS2)2 O.e9** 
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Q1NNECTING PARAGRAPH 

ln the prevlous chapter, sorbed orthophosphate 1 DP) WB:. 

demonstrated to lncrease sOll CEe and to decrease ln solublLty thrllu~lh 

enhanced speclf1.c Zn sorptlon on partlcle surfaces of non-uutoclnvf'(/ 

so11s. 

Pyrophospt1ate (Pp) 1.S used as a P fertl1lZer, yet Il htls put t'fil Id 1 

for sequester1.ng Zn ln solutIon. However, two react l', of pp ln bUll:. 

may llmlt thlS sequestenng effect: a rapld hydrolyéd' uf pp tu DI', flfll! 

pp sorptlon. The followlrJg chapter reports studles ln whlcn pp WüS Hddpd 

to autoclaved so1.1s to test the hypothesls that pp sOlplllHI w()uld 

lncrease sOlI CEC, create sorptlon S1 tes for ln, dfld chaflql' 

characterlstlcs of sorptlon, desorptlon and fractIon dlGt 11lJlJlI()f1 ut 

added 7n. 
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CHAPTER III 

EFFECTS OF SORBED PYROPHOSPHATE ON THE ZINC STATUS 

Of THREE AUTOCLAVED SOILS Of EASTERN CANADA 
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INTRODUCTION 

Pyrophosphate (PP) has severa1 klnds of reaeltons ln sUlls: (1) 11 

undergoes rapld hydro1ysls to orthophosphale (l:31allchul' Hlld Hll~HHlt'r, 

1969; Busman and Tabatabal, 198); Parent and MacKenLle, lYll'>; DICk élnd 

Tabatabal, 1986); (2) It lS sorbed by sUll eompulll'llts 111 lalljt· 

quantltles IBlanchar and Hossner, 196<1; Sutton and LtHSPfl, 1':1u4; ~lf1kl'lll 

and MacKenzIe, 1985; Juo and Maduakor, 1975); (5) Il dlBbOl veb (,urlwd 

organlc materla1s ln sOlls (Mnkenl ünd MacKenZIe, 19U'); ~lort vt'lll !lnd 

Osborn, 1977); (4) It forms complexes wllh Fe, Al, élnd Mfllfl sulutlofl, 

and has been used ln extractlng saIl organlc Fe, Al ur Mn (ShelcJrlck, 

1 9 e 4, H c Kea gue, l 96 7 ); (5) l t se que s l ers mIe r 0 nul r 1 l! fi t b, ~; U c h H ~I L Iii + , 

and keeps nutnents ln Solutlon IMortvedt and Osborn, 1':177; Glurdano l't 

aL, 1971; Bar-Yosef and AsheI, 19B3; S13rk el. Hl., l'n,». 111!':,(' 

reactlons can affect Zn solublllt) dlreclly or Indlreclly. 

The efflClency of pp ln sequesler 1ng Zn delJerlds 011 the Il'dL l lU lIE. ul 

pp ln sOlls. Although ctlssolutlOn of orgünlc mHtter <uld sCqlJ('~Llflt lOri /If 

Zn caused by pp DddltlOn Increased Ln salubtllly (t~urtvedt WICl fhlllJl'II, 

1977), such lncreased Zn dld not appear ta play tif 1 IInportélflt l'ole III/ri 

nutrltlon of crops, especlally 111 colcmeous soll[.. HilS Win, plulJüldy 

due ta PP hydro 1 ySlS and orthophosphate (OP) lfIUUl'ed ln uld 1 Lll!lll Y fUI 

crop growth (::llngh and Dartlques, 197Uj Ha',hlfTIOto und v/<Jkd lc1u, ]'J/4; 

Schle1d et aL, 1978; Rehrn et ,d., l'7tHJ). Lehl el ,d. (1<J67) ~,II(JWf'cJ 

that pp could decreasc Zn concerilldtlun ln SOI] c,olutHJfl tilIUurJII fOlflllll1j 

Zn-f\.H
4

-PP preclpltate<,. In thlS caSé, flI0nOHflllllulilUfli ptlO~,plléJtr~ v/(J" 1 1J1Jflrl 

t 0 b e rn 0 r e e f f e c II v eth a n a mm 0 n l u fil P Y r 0 phu s ph éll e l f Zn wu Sil fil J 1 J ri (j, 

because greater P uptake from 8mfflorllUfTi pyrolJlI()~,ph[jl(; ;HlLéJ(jrHll/f'Cl /11 
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upluke resulllng HI paal corn growth (AdrIano and Murphy, 1970). 

MechanlS~S of crop Zn deflclency assoclated wlth pp applIcatIons 

dl e nol well understood due ta the lack of InformatIon on ln 

LIwl~,fürrnatlons ln sOll as affected by sorbed PP. Mechanlsms Involved ln 

lllCrCUGHS ln Zn sorptlon wlth pp GOrptlon could be both physlcal and 

d:errllC<tl. PhySlCéd mechanlsrns Include a "cou lambIc effect", provlded pp 

surpllün results ln Increases ln 5011 catIon exchange capaclty (CEC) or 

~;lJrf[jt'l' neg8tlve charges. Increased Zn sorptlon may be due to a "brIdge 

ef f BCt ", where Zn 2+ Ions attsch to sorbed PP. Chemlcal mechanIsms 

lflclutle preclpltatlon, where PP, Fe, Al or other Ions farm preClpltates 

wJt .. tJ LrIL~ lons, and "specIfIe sorptlon", where PP sorptlon changes 

GurfucP pro!-,erlles la enhance Zn sorptlOn. It 1S speculated that sorbed 

P P III cl Y fOl III co III P 1 e x e s w l t h Z nIf l w 0 0 r rn 0 r e 0 x y 9 e n s 0 f sor b e d P Par e 

f [el' Lü f orrn bonds WI th Zn. Other rnechanlsllls HIC lude exposure of more 

~u[ f d('l'S f or Ln sorptlon due ta Increast::d dIssolutions by the added PP 

of urcjllfllc matter, Fe, Al, anrJ Mn. 

i tll' obJectI' eh of thls sluc!) were to Invesllgate the effect of PP 

bur pllon on saIl CEC, ana on Ln sorptlon, desorptloll and fractIon 

cl u, l r 1 bull 0 ri IriS 0 Ils l n 0 r der t 0 e val u a t eth e l m p a C t 0 f sor b e d P P 0 n 

IIwchwllSIIlS of Zn reactlons. 

MATERIALS AND HETHODS 

5011 Pretreat.ents 

iop 1]) and SUbSOll (S) samples were obtalned from cultlvated 

Upl.lflds lU) and DalhousIe (0) sOlls and a pastured SLBernard (S) 5011 

t 1'0111 ~)uuthwestern Quebec, Canada, Indlcated as UT, US, DT, OS, ST and 

~~. SUlls were selectea to represent the major a~rlcultural so~lG of the 
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regIon; those developed on alluVIal, marlne-lacustrH1e and ylBC'lal tlll 

deposlts, respectlvely (Table 1, Chapter II). Samp les were 1:Il!' Ullllll, 

ground to <1 mm and autoclaved for one h a day at 12[°(' ami 1'1 kPII fUI 

three days at a mOlstuLe conten( of u.33 kPa suctlon. Aulodllvl'd !3é1l1lplpf; 

were then BH drled and analyzed for CEC, orgaillc C, dlttllorutt'-eJtrul,' 

extractable Fe and Al (OC-Fe and OC-Al), ammOnium oXédutc-exlrücluldl' 1 (' 

ano Al {A~-Fe and AO-A1), and SOdlUnJ pyrophosphute-extréll'tüble FI' Bill! 1\1 

(PP-Fe and PP-AU uswg methods noted ln Chapter Il. ln yent.·ral, clay, 

orgamc C and extn:ictable ~-e and Al Increased ln lht, oruer ot Up 1 Wlth;, 

SLBernaro and GalhoL,<;le fIable 1) but FeAM was lower !Il Dé.dlloU!.lle lhuil 

ln SLBernard sOlls. COlllfJared to non autoclaved so11s ITaole l, CllUplèI 

Il), auloclaved sOlls had reduced OC-Fe, orydlll' cUlllplexl'u If ('UH' PP

el<.tractable), and crystallwe Fe (FeCRY' dlfference belween DC-rmd AU

extractalbe Fe), reduced OC, AD and PP extractable Al und 1I1creauucl 

ratlo of FeCRy/FeAM whlle values of FeAM were unchanged. 

Equilibrium Solutions 

Solutions contalnlng elther PP as Na4P207.LUH20 or Ln us LnS(J4.7IlL(J 

were prepared ln 0.03 M KCI0 4 . SolutIons were prepared Hl dl'lOrll/P(j 

dlstliled water under sterlle condltlons (sutoclaved contslnerG ur 

apparatus, mlcro fllters, ect.). Solutlon pH values wen, adJusted lu (d) 

wlth u.5 N KOH after aodltlon ta SOlI samples, and LU cJrofJs of t oluerlf' 

were adoed to LUU ml suspensIon (or 2 rlrnps for 2u ml). Welyh t ut Ulf" 

SOlI suspenslon was recorded before and after eSLh addltlOn of <WJUllUfI 

or reagent. 

Experiment 1. pp Sorpt10n and Sail CEe 

Experimental procedures were ,-,irnllal' ta lhuse oul1HIl:rJ tor 
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LxpeflOient l of Chapter Il, except that sOlI samples were autoclaved 

before lhe addltlon of pp Solutlons and operatlons was carrled out under 

sterlle condltlons. The supernatant solutlon was flltered and analyzed 

for orlhophosphate fOP) 'Asher, 1980) and total P aftel' hydrolysls 

(H 2 S1J 4 at 9S oC for lS IIHn) 'Asher and Bar-Yosef, 1982). Thus P 

C'oncent ratlon as pp was the dlfference between total P ana OP 

cuncentratlon. Changes ln CEC (~CEC) were calculated accordlng to 
. 

~ClC=CECpp-CECo' where CEC pp was the CEC of sOlI s wlth added PP, CEC o 

was the CCC of sOlls wlthout added PP. Regresslon equatlons relatlng CEC 

lo sorbed PP (PPSI ) were calculated (Steel and TOfne, 198G). 

Experiment 2. pp Sorption and Zn Sorption-desorption 

Three equlllbratlOns between PP, Zn or U.[J3 M KCI04 solutlOns and 

sod samples were carrled out. Experlmental procedures outllned for 

Lxperlmenl 2 of Chapter Il were followed, except that sOlI samples were 

autoclaved befol'e the addItIon of PP Solutlons. Treatments were dUpll-

cHted. The supernatant Solutlons from each of the ttll'~e equlllbratlons 

were fIl tered and analyzed for pH, concentratlons of OP and total P 

after hydrol ySIS, and Zn. Phosphate concentratIon as PP was calculated 

by the dlfference between total P and OP. The flrst equIllbrlum 

detel'llilned PP sorpllon (PPSl)j the second Zn sorptlon (ZnS2)' PP 

desorpllon fPPD2) or remslnwg sorbed PP (PP S2 ); the thud Zn desorptlOn 

(lnl)))' rem,Jlmng sorbed Zn (LrlS s), further PP desorption (PP D3 ), and 

l't;>11IL11fllng borbed pp IPP S3 )' CorrectIons were rnede for Interstltlal PP or 

ln ccJl'I'lt'd tram prevlous equlllbrations. 

Experiment 3. Zn FractIons as Affected by Sorbed pp 

Sarnp les recel\ 111g 0.0 and 9CJ.u mmale P kg- l SOlI at the flrst 
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equlllbratlon and 0.0 and 10.U mmole ln kg- l solI al tilt' sel'olHj 

equlllbratlon (Expenment 2) were analyzed for ln fractlons. lwenty flVl' 

ml of 0.5 M KN0 3 , then of 0.5 M NaOH solutIons, and f 1IHI1ly 1'> I1IJ 

concentratea HN0 3+3œo H202 at llOoe were sequentIa11'y used lo extrul't 

exchangeable Zn (ZnKN03)' organlc and Fe or Al ouJe-asSOclc1tecj III 

(ZnNaOH) and resldual ln (ZnHNOS)' (Lf'vesque and ~)ctll)IlLl'r. l%l>; 

EmmerIch et aL, 1982; Sposlto et al., 19HZ; Mllier and Mcrt'e, l<.JllS). 

Results were expressed on the basIs of oven-dry (lO,>o[) soll 

welght. The solutlon OP concentratlon was less than U.5~" of total P 

concentratlon ln the three equlllbrla, and P or ln pélrampters (sorpllOn

desorpllon) were not related to OP concentratlOn, so il WcJ~i assurned ttHlt 

P concentrallon was equa1 to total P concenlratlon. StatIsllcal analYEIl" 

of the experlmental data was based on ana lysls of vanance Invo IV!nCJ a 

randomlzed complete block desIgn ana dlfferellces élIllUIH:l meélns W(~l" 

analyzed uSlng the methods of least slym flcanl dl f f ereTlce (~tee l UlHI 

T arr le, 1980). 

RESULTS AND DISCUSSION 

Sorbed pp and CEC 

RegressIon equatlon Indlcated that pp sorptlon Increased SOlI Cl( 

ln a llnear manner (Table 2) wlth slopes ranglng frolTl 0.52 tu (J.U~ 

mmole(+), or 0.052 to 0.089 cmol(+), pel' ITIlnole Gorbed P. Slopes leflcl!'<! 

to be greater wllh Increases ln conlenls of clay, exlractable-Fc or Al, 

and organlc C, and were correlalcu wllh thE. féJlIOS of cl,lY lo 01 

crystalline Fe (FeCRY' dlfference bl:lweer, OC-Fe and AD-Fe, 1at)l!' 1) tu 

amorphous Fe (FeAt1' dlfference betweefl J\U-f-p iHld PP-Fe) bul flot Wlt l, 

FeAtl (Table 2). The non-slgruflcant relatlUm;rllÇJ bé'llo/[)(JrJ 'JJIJpC ;H,d reAI~ 
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flI8y have been assoclated wllh reactlon products of pp wlth FeAM 

(LHIdsay, 1979) maklng no contnbutlon ta lncreases ln CEC. 

At the same level of pp addltlon, amounts of pp sorptlOn Increased 

ln the order Uplands, SLBernard and Dalhousle so11s (Table 3), and the 

S,Hue wes true for CEC or for change ln CEC (~CEC). There eXlsted 

Sl~lrllflcant 11near correlatIons between 5011 clay, organlc C, PP-Fe 

(orgonlc-Fe) or FeCRY contents and PP sorptlon (Table 4) whlle the 

correlatlon between PP SI and FeAM was not slgnlflcant. These results 

suyyest that PP sorptlon and ACEC were assoclated wlth FeCRY' the 

domnanl Fe form ln the flner textured sol1s, and that PP sorptlon was 
" 

1ess important ln Incre8slng CEC on sOlls hlgh ln FeAM content. 

Zn Sorptlon as Affected by pp i 
L1nc sorptlon was lncreased ln the presence of sorbed pp (Table 3). 'j 

1 he higher the rote of PP addltlon, the more Zn was sorbed, Indlcatlng 
1 

thul solullOn pp d.l,j not Increase Zn so1ublllty through sequestenng, 

perhaps because pp dld not reach a hypothetlcal threshold concentratlon 

rt'quHed for seque~,tr8tlOn (Bar-Yasef and Asher, 1983). 

1wo aspects, sorbed ln ln relatlon to Increased CEC, and to 

exCllélrll:wab1e-ln, need to be examwed to see whether the coulomblc effect 

was ln operatlon. 1 f there eXlsted a cou10mblc effect, then sorbed Zn 

shuu Id be ln POSItl ve proportion to sol1 CEe, and Uns was true ITable 

S). Huwc\er, the Increased ZnS2 was only a smail fractlorl of the 

ulcrpnsed CEC causcd by sorbed PP (Table 3), and was equlvalent tu 7 to 

l 2 "" 0 f the ~ CEe l n the U pla n d s , but 0 n 1 y L. 3 - 2 . 8 ~o 0 f the ~ C u: H, the 

SU3E'rnard and the Dalhousle so11s. The coulomblc effect, If lt eXlsts, 

WdS 111l1lted, bul re1atlve1y more Important ln the coarser than ln the 
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fl.ner textured SOlJ s. Exchan'.:leable Zn (ZnKN03) should be greater 111 LIlt' 

presence of sorbed pp compared to zero pp lreatment If Lhe coulomlHl' 

effect was ln operatIon. Expenmental resu l ts dld not fuI flll thH3 

cnterlOn (Table 5). The amounts of LnKN05 wllh pp surptlOn were 41-:'6~'u 

of those wlth zero pp ln all except the US saIl. ThE' conc1uolon thut 

Increases ln Zn sa rptlon w l th sorbed P were not duc Lu the cou l olllb le 

effect was ln agreement wlth results for OP ln Chapter Il. The sorbed P, 

by lnCreaslng surface negati ve charges, may ha ve enhanced the Olovement 

of Zn Ions to the saIl surface, under the drIve of e1eclrostatlc 

attractIon, where Zn was eventually specifically ~orbed. 

lhe brIdge effect wou1d suggest that PP 03 should be pOSIt) vely 

correlated wlth ZnD3' ~xperlmental data dld not show UllS tendency 

(unpub1lshed data), lndlcating that the brIdge effeet was noL 

slgmflcant ln splte of the faet that 3dded ln lLid enhunce eorrelatlOlIS 

between PPD2 and some sol1 parameters (Table 4). 

The flrst equllibrallon between pp solutIon and the sOll l'Cilla I!(!(] 

actIve components, sueh as Fe, Al and SI and solub1Ized orgBnlC ilia! ler 

(Sheldrlck, 1984; Mnkenl end MaeKenz18, 1985). The remalnll1g actlve 

components, Includlng PP, whlch rnay form preclpltates or complexes wllh 

Zn, were weIl below the levels required for precipitalion ta occur 

dunnç; the second equlllbrlum (LIndsay, 1979). 

Pyrophasphate sorptlOn most 11ke l y resu l ted ln l.ncreaseu spec If u: 

ln sorptlon by formatlon of a Zn-PP-soI1 camp lex. ThIs was ev IdeflcerJ hy 

the followlng results: 

(1) Sorbed pp decreased both ZnD3 (FlgS. l, 2, and)) ,Jfld lh{; 

percent of ZnD3 (Table 3). Slgmflcant effects of PP sorptlon orl redLJef'd 
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percent ln ZnD3 were observed ln the Uplands and St.Bernard sol1 s (Tall le 

3). At a fixed level of sorbed Zn, desorbed Zn wlth zero pp treatmenls 

was tWl.ce as much as that wlth sorbed PP, greater ln the sub- lhan ln 

the top-soll samples, and more signlflcant l.n the coarser thon ln fwcl' 

textured sOlls (FIgS. 1,2 and 3). Thls suggested that PP sorpllon WHLl 

more e ffectl v e ln InCreaSl.ng Zn sorptlon ln coarser than ln f Iner' 

textured sOlls. ThlS may be due to potentlal-speclflc sorpllon Glll's 

bewg l ess numerous ln coarser th an l.n fwer textured SOlI s, or due ta 

10wer orgamc ma ... ter, and less coatl.ng of serptlon sItes. On the ether 

hand, relat! ve ly more ZnD3 at hlgher levels of ZnS2 suggested that the 

energy requlred for Zn sorptlon was reduced wlth Increases ln the 

fractlon of the surface covered by Zn, and sorbed PP Increased lhe 

energy needed for Zn desorptl.on, partlcular ly ln the coarser textured 

sol1s. 

(2) Added Zn decreased pp desorptlon and enhanced the aSSOclat lOrw 

between PPD2 and organlc C, CEC, and aIl Fe fractions except FeAt~ (1 able 

4). ThlS would appear ta wdl.cate that Zn-PP complex sorbed on SOli 

surfaces through Fe or organlc compounds. 

(3) Nore added Zn was dl.stnbuted as ZnNaOH arld ZnHN03 ln sOlls 

wlth added pp cempared wlth zero pp (Table 5). The ZnNaOH Wl.th added pp 

was two to three Urnes +:hat Wl. th zero PP treatments ln the Up lands and 

l.n the St.Bernard so11s, whlle being about equal ln the DalhOUSIe sOlls 

(Table 5), Indicatlng that added PP signlflcantly increased Zn 

complexatlon by Fe or organlc matenals ln the sol1. 

(4) Correlatlons between ZnNaOH and CEC, Al, clay and organlc C 

dl.sappeared ln the presence of sorbed PP, l.ndlcatl.ng that added pp 
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Lllsrupted soil surfaces and, removed orgamc C CMnkeni and MacKenZIe, 

19~5) to an eXlent that ZnNaOH was lncreased fTable 5). Such lr.creases 

were not re l ated to measured SOlI vanab les, perhaps due to creatlon of 

ail excess of sorptlon sItes. 

(5) Slgnlflcant posltlve correJat~ons eXlsted between ZnHN03 and 

PPS3 (Table 6). Thus sorbed pp was a major fador ln lnCreaslng ZnNaOH 

and LnHN03 Slnce these two Zn fractions were Increased ln the presence 

of sorbed pp fTable 5). 

(6) The J..ncreased Zn speclflc sOlptlon (ZnS3-ZnKN03) by pp addltion 

was most obv ious ln the Up lands and the 5 t.Berllard sol1s, and was more 

pl'onounced ln the subsoll than ln the topsoll (Table 5). Increases in 

contents of organlc C, clay, and PP-Fe (organic Fe) and extractable-Al 

reduced pp effects on Increaslng specIflc Zn sorptIon as lndlcated by 

negatl.ve values of correlatlon coefflclents (Table 7). Thls suggests 

that these vanables may have reduced the abllJ..ty of pp ta enhance 

specl flc Zn sorptlOn. 

CONCLUSIONS 

lncreased solution pp dJ..d not enhance Zn solubility, but sorbed pp 

Increased Zn sorptlon. The mechanlsm lrIvol ved a complex reactlon of PP, 

Zn and soll components, rathel' than an Increase in exchangeable Zn with 

added pp t preclpltatJ..on, or a "bf1dge" effect. This is supported by the 

followwg eVJ..dence 0) that PP additlon increased CEe but reduced KNOr 
extractable Zn (exchangeable)j (2) that a "bridge" effect was not 

eVldent, and solubll1ty products of Zn-PP and other complexes were not 

e).ceeded; and 0) that sorbed pp decreased Zn d€:Jsorptlon probably 

tl1fough IncreasIng the energy needed for Zn desorptlon, and lncreased 
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0.5 N NaOH and concentrated HN03-extraetab1e Zn, or Zn assoclated with 

Fe, Al, or organl.c matter. Thus in spl.te of the fact that pp has the 

abl11.ty ta complex cabans, dissol ve organlc mat ter, and Increase CEC, 

pp stlll sorbs strongly on sol1 partiele surfaces, and resulted ln 

changes ln 5011 properbes WhlCh slgnl flcantl y enhanced specl. f le Z ri 

sorptlon. 
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T éJble 1. Selected propertles of the autoc1aved sOl.ls. 

5011 
Parameter-+! -------------------------------------------- Reference 

UT++ US ST 5S DT D5 

CEC, rneq kg-1 .54.9 37.4 129 III 312 307 1 
OrgamcC, 9 kg- 1 7.4 3.B 25.4 14.3 39.5 31.6 2 
OC-Fe, 9 kg-1 2.6 3.1 7.7 7.3 7.7 8.0 3 

-Al, 9 kg- l 0.8 0.8 1.0 0.9 1.5 1.4 3 
AU-Fe, 9 kg- l 1.8 1.4 3.3 2.6 2.7 2.8 3 

-Al, 9 kg- l 1.8 1.5 1.6 1.3 3.1 3.2 3 
PP-Fe, 9 kg-1 0.3 u.2 0.9 0.6 1.0 1.2 3 

-fil, 9 kg-1 0.3 0.3 0.4 0.5 1.2 1.5 3 
F eAH' 9 kg- l 1.5 1.2 2.4 2.0 1.7 1.6 
FeCRY' 9 kg-1 0.8 1.7 4.4 4.7 5.0 5.2 
FeCHy/F eAt4 0.5 1.4 1.8 2.4 2.9 3.3 

+ DC-extracted wlth dl.thionl.te cltrate; AO-extracted wlth ammonl.um 
axaI ate; PP-extracted wlth sodlum pyrnphosphate; 1-Hendershot & 
Duquette, 1986; 2-Tabatabai & Bremner, 1970; 3-Sheldrlck, 1984; 
FeAt~ 18 dl fference between AD-Fe and PP-Fe; 
FeCRY 18 dl. fference between DC-Fe and AD-Fe; 
Other values of parameters are l.n Chaper II; 

++ UT, US - Uplands top and SUb80l1; 
ST, SS·- St. Bernard top and subsoll; 
lH, OS - Dalhousle top and subsol.l. 
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Table 2. Regression equatlons relat~ng cat~on exchange capaclly 
(CEC) of autoclaved so118 and sorbed pyrophosphate (pP). 

Soil+ 

UT 
US 
ST 
SS 
DT 
D5 

Slope 

Regress~on eqlJ8tlon 

CEC = 57.3 + 0.52 PP S1++ 
CEC = 43.8 + 0.62 PP 51 
CEC = 128 + 0.70 PP sl 
CEe = 104 + 0.64 PP SI 
CEC = 290 + 0.83 PP sl 
CEC = 276 + 0.89 PPsl 

0.91*** 
*** 

0.95*** 
0.97 
0.85*** 
0.9H*~* 

0.98 *** 

Simple l.lnear correlaUons (r) 

vs FeOR (PP-Fe) 0.91* 
* vs FeCRY 0.33 

vs FeAlvl ns 
vs Organ~c C 0.éJ9* 
vs Slay 0.97** 

** vs FeCRy/FeAM 0.93 ** 
vs Clay!FeAt~ 0.92 
vs OC-Al U .94 *"II 

vs AD-Al 0.84* 
vs PP-Al 0.93** 
vs others ns 

CV, % 

4.4 
4.2 
2.2 
6.7 
1.1 
l.1 

+ UT, US - Uplands top and subso~l; ST, SS - St. Bernard 
top and subso~ l; DT, 05 - DalhousIe top and subsoll; 
FeCRY- d~fference between OC-Fe and AD-Fe, 

1. e., crystaillne Fe; 
FeAM - d.lfference between AD-Fe and PP-Fe, 

~.e., amorphous Fe; 
where DC- extracted wlth 

AO- extracted wlth 
pp- extracled w~th 

++ CEC, mmole(+) kg- soll; 
10 paIrs of data used for 

ns Not sign.l f~cunt; 
** S~gmflcant at p < 0.01; 

dlth~on~te c~trate; 

ammonlum oxalate; 
sodIum pyrophosphate; 
pp 51 = P sorptlOn, mmole P kg-Ij 
regress~on of each so~l; 

* 5~gnifjcant at p < (j.OS; 
*** S~gm f~cant at p < (j .UUOI. 
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l Table 5. 

ln 1. bal 

Sorbed pyrophosphate (PP S1 ) 1 changes ln catlOn exchange 
capaclty (ACEC )' sorbed Zn (Zn~2) l:md desorbed Zn (Zn03) 
as a functlpn of added pyrophosphate (lnltIal Zn rate= 
5 mmo1e kg- ). 

pp rate PP SI 
Average 

ZnS2 
ZnS2 as a 
proportt9n 
of ~CEC 

ZnD3 as a 
proportlon 
of ZnS2 

mrno1e P ky-l 

U.U 
3U.U 
6U.U 
9U.U 

LSOU .05 

U.U 
30.8 
6u.G 
90.8 

LS[)U .05 

U.C; 
3U.U 
6U.U 
'JO.Û 

L5IJU • U'J 

O.U 
30.0 
bU • U 
90.0 

LSDO • O'J 

0.0 
30,0 
60.0 
9U,U 

LSDO • U5 

0.0 
30 ,U 
6U .0 
90,0 

LSDu .05 

O.U 
21.1 
31.8 
46.3 

0.0 
21. 7 
28.8 
42.5 

-1.9 
24.0 
45.1 
64.6 

-U .4 
25.4 
46.7 
72,0 

-U.3 
26.5 
54.4 
eO.6 

-U.3 
27.1 
54.3 
82.0 

mmo1e f +) 
kg-1 mmole kg-1 

Uplands topsoll 
3.87 

14.1 4.31 
18.7 4.54 
21.u 4.62 

15.4 
20.3 
23.7 

0.06 
Uplands subsoll 

3.21 
4.14 
4.29 
4.33 
0.05 

( UT) 

7.1 
7.2 
7.1 

( US) 

12.1 
10.6 

9.5 

SLBernard 
4.24 
4.40 
4.57 
4.64 
!.J.03 

topsoü (sT) 

19.0 
34.8 
41.7 

21.1 
37.6 
42.0 

22.4 
48.7 
64.5 

24.6 
46.8 
74.5 

SLBernard 
4.06 
4.35 
4.56 
4.65 
0.05 

Dalhousle 
4.78 
4.99 
4.90 
4.87 

ns 
Dalhousie 

4.73 
4.81 
4.86 
4.88 
(j.OS 

1.7 
1.9 
1.9 

subsoü (SS) 

2.7 
2.7 
2.8 

topsoll (DT) 

1.9 
U .5 
0.3 

SUbSOll (DS) 

0.7 
0.6 
0.4 

0' 
10 --------

5.5 
4.7 
3.8 
4.0 
0.9 

9.7 
5.6 
5.7 
5.0 
1.3 

5.0 
3.6 
3.0 
2.8 
0.7 

5.7 
3.4 
2.8 
2.7 
0.8 

1.6 
2.0 
1.5 
1.5 

ns 

1.7 
1.5 
1.7 
1..5 

ns 

1) calculated as (Znpp-ZnO)x2xlDO/(ACEr)l' Znpp=ZnS2 wlth added PP, 
ZnLJ=ZnS2 wlthout added PP, l=P rate. 
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Table 4. Llnear correlatlon coeffIcIents (r) between pyrophosphate (PP) 
sorptIon rpPSl )' pp desorptlon rpPD2 ), Zn sorptlon rlnS2 ) or 
ln desorptlon (Zn03) and propertles of autoclaved sOlls. 

Parameter+ PP S1 

pp 1) 
02 

ln 2) 
S2 

Zn 2) 
OJ 

-Zn +Zn -pp +PP -pp +pp 

--------------------------- r ---------------------------

Clay++ 
CEC 
Orgamc C 
OC-Fe 
OC-Al 
AU-Fe 
AD-Al 
PP-F e r F eOR ) 
PP-Al 
FeAM 
FeCRY 

OC-Fe & Al 
AD-Fe & Al 
PP-Fe & Al 

ZPNC++ 

0.89* 
0.90* 
0.88* 
0.92** 
0.86* 
ü.77I. 

ns 
0.91 * 
0.84 '* 

ns 
0.94 ** 
U.94 *-If 

0.89* 
U.91* 

-0.98** 

ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 
ns 

ns 
0. 80I. 
0.93** 
0.92** 
0. 78I. 
lI.91* 
ns 

0.S9* 
ns 
ns 

0.8B* 
G.93** 
u.BS* 
0.78.L 

-lI.85 * 

0.81* 
U .88* 
D.91 * 
0.81* 
u.84* 
D.nt 
0.73.[ 
U.9Ü* 
u.7f:l.l 

ns 
U.77i 

0.83* 
O. 94 ~ ~ 
U .87"* 

-ü. 94 H 

+ DC-extracted wlth dlthlOnl te cltrate; 
AD-extracte" wlth ammomum oxalate; 
PP-extracted wlth sodIum pyrophosphate. 

LJ.88* 
G.93** 
0.91* 
0.75.1.. 
0.91* 

ns 
0.84* 
U.89* 
0.87* 

ns 
U .74.1.. 
U.79.1.. 
U.94""* 
0.91* 

-U.96** 

-0.94** 
-lJ.9tl** 
-U.9S** 
_lI.nI: 
_U. 96 l'-* 

ns 
-U.92** 
-0.92 itlt 
-u 9}** 

ns 
-lI. 75.L 
-U.78** 
-U .nt* 
-U .96

H 

U.95** 

-0.8.5* 
-LJ.8Y* 
-0.94** 
-O. 9U. 
-D.SB· 
-U. 76.L 

ns 
-u.ln* 
-li .77.L 

nE; 
-U.9}* 
-U.92** 
-lI.87· 
-U.8S* 
LJ.n** 

FeAM -dlfference between AD-Fe and PP-Fe, I.e., amorphous Fe; 
FeCRy-dlfference between OC-Fe and AD-Fe, I.e., crystalllne Fe; 

++ Values for non autoclaved sOlls were used; 
1) -Zn wlthout added Ln, +~n \oth added Zn (10 mmo1e kg_1); 
2) -pp wlthout added PP, +PP wlth added PP (9U mmo1e P kg_ 1); 

nat slgnlflcant; I. slgnlflcant at p<O.10j ns 
* slgmflcant at p<O.05; ** slgnlflcant at p<U.Ulj 
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-~ 
(PP) Table 5. Effeets of InItlal pyrophosphat~ and Zn addl tlon 

rates on ln fract~ons and speclfIc Zn sorptlOn. 

lm t laI rate Zn fractlOn Specl flcally 
-------------- ------------------------------- lnS3 sorbed Zn+ 

P Zn ZnKN03 ZnNaOH lnHN03 Sum 

--------.. ----------------- mmole kg- l sol1 ---------------------
Uplanas topsoll (uT) 

() l.J a.OG 0.01 0.13 0.14 
9U 0 G.OO 0.01 0.38 0.38 

Û 10 2.04 1.83 2.82 6.69 6.76 4.72 
9G lu 1.15 4.50 3.20 8.85 8.52 7.37 

LSDû .05 0.20 0.03 0.16 0.25 0.23+ 0.56+ 
Uplands SUbSOll (US) 

U G O.OÛ U.UU 0.32 U.32 
9û u 0.00 0.00 0.25 0.25 
li 10 1.49 1.89 2.11 5.49 4.57 3.05 

9û 10 1.57 3.81 3.02 8.40 7.83 6.26 
LS[)(J.O? 0.12 0.27 U .18 0.45 0.15 0.42 

St.Bernard topsoll (ST) 
() U O.UO U.GG 1.01 1.01 

~l.J 0 (J.UO 0.00 1.02 1.02 
U 10 2.11 1.81 4.68 8.59 7.74 5.63 

9U lU 0.87 3.57 5.51 9.95 8.80 7.93 
LSOl; .05 G.ll U .07 0.25 0.25 0.27 G.03 

St.Bernard SUbSOIl (5S) 
l.J u (LOO U .OU 0.95 U.95 

':lU u 0.00 0.00 0.88 U.88 
U lU 2.7t1 1.14 3.99 7.91 7.28 4.5u 

9U lu 0.96 3.59 5.29 9.83 8.8U 7.84 
LSDu.OS 0.01 0.04 0.17 0.2U 0.17 0.16 

Dalhousle topsoll (DT) 
U u U.OÛ O.Ul 1.68 1.69 

9lJ 0 0.00 0.02 1.78 1.80 
U lU U.75 3.52 6.95 11.22 9.28 8.53 

'iL 10 0.41 4.10 7.27 11.78 9.71 9.30 
LS[)LJ.uS O.Ul o.n 0.38 0.4B ns 0.59 

Dalhousle subSOJl (DS) 
0 LJ Cl .UO 0.01 1. 74 1. 75 

9U a 0.00 0.01 1.71 1.72 
U IG 0.82 2.82 7.05 10.69 9.08 8.26 

~l.J lU 0.46 3.54 7.41 11.42 9.53 9.07 
LSDO.OS 0.07 0 .. 12 0.15 0.11 ns 0.49 

+ LSD value only for 10catlng dlfference between two means of 
a sOlI ln columns lnS3 or ZnS3-ZnKN03' 
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·- TaDle 6. L~near correlatlon coeff~c1ents (r) between ln fractlons and 
properbes of autoclaved sol1s recelV1ng 10 mmole Ln kg- 1 . 

Zn fractlon 
------------------------------------------------- -------

Parameter+ ZnKND3 ZnNaOH lnHN03 

---:;;I~----:;;~J-
------------------ ----------~ .. _-----

-pp +pp -pp +pp 

------------------------- r ----------- --------- -----

Clay++ -0.90* D. 76f. ns 
CEC -0.95** * ns 0.83 _ 
Orgamc C ns -0.94 ** O.77!. 

* OC-Fe ns -0.82 ns 
OC-Al -0.771 -0.96** 0.89* 
AD-Fe ns -0.75 i ns 
AD-Al -0.89* -u. H2 * L.93iH

I-

PP-Fe nb -0.94** ns 
PP-Al -0.761 -0.87* D.BOf. 

FeAM ns ns * ns 

FeCR++ ns -Cl.81 ns 
ZPNC ns 0.97** ns 

OC-Fe & Al ns -u.8S* ns 
AD-Fe & Al ns -0.97** fJ .74[ 
PP-Fe &. Al -0.94** O.74[ ns 

** PP S3 -u .92 

+ DC-extracted wüh dlthlonlte cltrate; 
AO-extracted w l th ammon1um oxa l ate; 
PP-extracted wlth sodIum pyrophosphatej 

0.96 ** 0.94** ns 
0.99** •• ns 0.96 

ns 0.97** 0.96** 
ns 0.83* 0.91*"" 
ns lI.97** 0.9.3** 
ns ns lJ • 7 U.!.. 
ns 0.87* O. ï7{ 
ns 0.96 ** o.(nH 

CI.93** o.e'7 * ns 
ns ns ns 
ns 0.84* 1J.92** 
ns -0 .9~ ** -u.96** 
ns o.8i* U.94*-
ns U .99** 0.96 ** 

U. 98 ** 0.96 ** ns 
ns 0.98** 

++ 

FeAM - dl fference between AD-Fe and PP-Fe, 1. e., amorphous F ej 
FeCRy-d1fference between De-Fe and AD-Fe, 1. e., crystalllne fe; 
Values for non autoclaved SalIs were usedj 

1) 
2) 

PP S3 
ns 
* 

-pp w~thout added pyrophosphate (~P); 
+pp wüh addad pp (9U mmole P kg- ); 
-pp remalmng sorbed at the th~rd equ1l1bratlon; 
not sigmflCantj i slgn1flcant at p<O .lu; 
s~gm flcant at p(O .05; ** slgn1 f1cant at p<lJ .01. 
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Taule 7. Llnear correlatl.on coeffIcIents (r) between 
ZnSrZnKN03 and propertl.es of autoclaved sOlls. 

pp eftect on 
lncreas~ng 

ZnSrlnKN03 

--------------- r ---------------

Cla)' ++ 
CEe 
OrgdnlC C 
OC-Fe 
OC-Al 
AD-Fe 
I\O-Al 
PP-Fe 
PP-Al 
FeAN 
FeCHY 
F eCHy/FeAN 
Cl élylFeAm 

CI.92** 
U .97** 
CI. 95 ** 

ns 
U.97** 

ns 
l.J .93** 
U .91* 
lJ .91 * 

ns 
ns 

0.7é 
0.86 * 

* 
0.89 ** 
0.94** 
0.94 

n:3 
0.92 * 

ns * 
U.82* 
0.91* 
0.82 

ns .( 
G.79.( 
û.79 
0.79.( 

+ DC-extr~cted wlth dlthlomte cItrate; 
AO-extracted wIth amfi10murn oxalate; 
PP-extracted wlth sodIum pyrophosphatej 
FeAt~ -dlfference between AD-Fe and PP-Fe, 

++ 

l.e., amorphous Fe; 
FeCRy-dlfference b 'tween OC-Fe and AD-Fe, 

l.e., crystaillne Fe; 
V3lues for non autoclaved salIs were usedj 
-pp W l thout added pyrophosphate (~P) j 
+PP W l th added pp (90 mmol e P kg- ); 

* -8.89 
** -0.94 

-u.89* 
ns 

-0.95** 
ns 

-0.97** 
-8.83* 
-0.97** 

ns 
ns 
:lS 

-0.88 * 

1) 
2) 
ns 
* 

not S.l.gmfIcantj .( S.lgmflcant at p<O.lOj 
slgmfIcant at p<O.U5j ** slgmflcant at. p<O.Ol. 
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Flg.l. Effect of sorbed Zn (ZIISZ) at the second equlllbratlOn on 
Zn desorptlon (ZnD3 ) at the thud equll ibratlon ln the Up1ands so11s. 
Llnes are calculated values based on regresslOn equatlons of: 

5011 pp rate (mmole P kg-1) R2 
UT 0 ZnD3 = u.0162 ZnS2 + 0.0102 ( ZnS2) ~ o .99~:i! 

9U Zn03 = 0.0199 ZnS2 + O.U034 ( ZnS2 ) O.9U 
US 0 ZnD3 = 0.0274 (ZnS2)2 (j 98** 

90 ZnD3 = IJ.0375 ZnS2 + 0.0025 (ZnS2) 2 lJ :991:l** 

88 



'" ~l 

1. j 

~----------------------------------------r~ 

" ~ 
+~ 

, 
~+ 

~ 
~ 

,......, 
ri 
1 

~ 
0... 0+ 

~ 
0 
~ 
"'-
'-'o~~§g 

~ 
~ ..J ...... 

0... 
0 

C/) 

Dl 10 f' !..f) If) v n N . . . . . . . . 
o o o 0 o o o 0 

(IlOS T.?>1 ajOww) paqJOSap UZ 

,. 
o 

o 

CD 

~ 

,..... 
.-
0 
UI 

ri 
IC1I 

::t 

Q) 

0 
E 
E 
'J 

"0 
Q) 
.0 
L-
0 
UI 

L 
N 



, 

Flg.2. Effect of sorbed Zn (ZnSZ) at the second equl1ibrat1on on 
Zn desorptlon (Zn03) at the thud equl11brabon ln the St.Bernard 
s011s. Lines are calculated values based on regresslon equabons of: 

5011 pp rate (mmole P kg-1) R2 
ST Cl ZnD} = o .u336 ZnS2 + O.01.J4L (ZnS2)~ 0.997** 

90 ZnD3 = o .U168 InS2 + 0.0021 ( ZnS2)2 0.999** 
S5 0 ZnD3 = 0.0307 ZnS2 + 0.0067 (znS2) 2 0.998** 

90 ZnD3 = 0.0187 ZnS2 + 0.0818 ( ZnS2 ) 0.997** 
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Flg.3. Effeet of sorbed Zn (Zn52) at the second equlllbratlonon 
Zn desorpbon (ZnD3) at the thud equlhbratJ.on ln the DalhousIe 
sOlls. Llnes are calculated values based on regresslon equBtlons of: 

5011 pp rate (mmole P kg- J) R2 
DT G Zn03 = D .0041 ZnS2 + O.u026 ( ZnS2) 2 0.998** 

98 Zn03 = O.CJ['70 ZnS2 + D.Oull (ZnS2)~ O.99f* 
DS 0 Zn03 = U .0059 ZnS2 + O.Ol.J24 (znS2 ) U.99 if 

9LJ ZnD3 = 0.0057 ZnS2 + O.OO2L. ( ZnS2)2 0.99*'* 
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CONNECTING PARAGRAPH 

In Chapter II, orthophosphate (OP) sorptlOn and Zn transfol'mallon 

ln non-autoclaved sol1s was dlscussed, and lt was shown that sorbed OP 

lncreased Zn speclf~c sol'pt~on. S~mllar conclusIons wel'e also derl Jed ln 

Chaptel' III wüh pyrophasphate (PP) ln autoclaved so11s. 1 t was l'eèllueu 

that autoclav~ng resulted ~n changes ln 5011 charactenstlC's. For dIrect 

comparlson of pp wlth OP, the effect of OP sorptlon on Zn transformatIon 

ln autoclaved soils should be evaluated. 

In the follo\"nng Chapter, OP sorpbon effects on solI CEC, and Zn 

reactlons ~n autoe laved soi ls W~ Il be examlned and compared wlth pp 

sorptlon effects. Compar~ng the magmtude of the l~ffects of OP-Zn 

InteractIon and PP-Zn Interact~on ln so~ls would help to assess Zn 

availabllity ta crops gl'own ln so~ls treated wlth P fertlllZers. 

The effect of autocla v ~ng on ln reacllons ln s011s was assessed ln 

a separate paper but was excluded from thlS dessertatlon ln arder ta 

focus on comparisons of sorbed OP and PP on Zn transformatlons ln S011S. 
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CHAPTER IV 

COMPARISONS or SORB~O ORTHO- AND PYROPHOSPHATES ON 

ZINC REACTIONS IN THREE AUTOCLAVED SOILS 
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INTRODUCTION 

Sorphon of ortho- (OP) and pyrophosphate (PP) and the reactlons of 

OP wlth Zn ln soils have been stud1.ed extenslvely. Bath OP and PP OIsy 

increase caban exchange capacIty (CEC) of sol1 (Chapters II and Ill), 

form preclpitates wlth Zn ln the presence of other lons (LIndsay, 1979; 

Lehr et aL, 1967), Induee deereases ln solublilty of applled ln 

fChapter II and Chapter III), and Impose a pH change on 10callZed sOlI 

zones, thus affeetlng Zn s01ublllty (GIordano et aL, 1971; Barrow, 

1987; Shuman, 1988). 

The most frequentl y cüed causes for OP-lnduced CEC are (1) a Slll ft 

of surface charge towards more negab ve values (Hlngston et al., 1972), 

(2) neutrallzatlon of pOSltl ve charges (Hwgston et aL, 1972), and (~) 

eletro1yte ImbIbltlOn (Thomas, 1960). A bwuclear surface complex of OP 

wlth varIOUS Fe and Al oXldes has been postulated (Parfltt et aL, 197~; 

Russell et aL, 1974) and conflrmed by wfrared spectroscoplC technlques 

(Martln and Smart, J 987). Such a complex lS conSIstent wlth an 

observatIon of one meq Increase in CEe assoclated wIth one mmole sorbed 

P (Chapter IlL Each OP replaces two A-type OH or H20 groups on the 

surface and two of the oxygen atoms of the Plon are coordlnaled, 

each ta a dlfferent Fe or Al lon (Parfltt et aL, 1975; Marhn und 

Smart, 1987), leav Ing a -0- bond From the sarbed OP ta prov Ide il 

~egatlve charge, or an OH for subsequent lonIzatlon. 

Isotherms have been eV81uated ta descnbe P sorptlon behélvlouI HI 

sOlls. Amongst the varlOUS sorptlon equatlons, both OP and pp sorpllon 

has been better decnbed uSlng the Freundllch Isotherm than the Gunary, 

SImple LangmuIr, and Temkln equatlons (Ratkowsky, 1986; Al-kananl, 1985; 
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TraVIS and Etnler,1981). The preferred lsotherm fo: Zn sorptlon remalns 

ta be determlned. Mechamsms Inval ved when sorbed pp Increases CEC have 

not been stud led ta the extent 0 f the OP e ffects. The lncreased CEe by 

both OP and PP, howev er, was shown not to be the maln cause Increaslng 

Zn sarptlOn (Chapters II and III). 

ln conlrast, added OP decreases (Al-Shawk et al., 1987; Llndsay et 

aL, 1962; Klm et aL, 1983; Narvel1 et aL, 1987) whlle added pp 

InCl'eaSes (Sheldnck, 19134; Mnkem and MacKenZle, 1985) solubillty of 

solI Fe and Al, thus posslb 1 y Influenclng Zn solubûüy (Pulford, 1986). 

Pyrophasphate has a greater capaclty than OP ta dlsperse sOlI and to 

dISsol ve 5011 arganlc matter (Mortvedt and Osborn, 1977). ThlS capacity 

cou Id moblllze mlc:ranutnents such as Zn Slnce sol uble organl':: matter 

forrTls stable complexes wlth Zn (Hodgson et aL, 1966). Complexed Zn 

could be less subJect to sorptlon by sOlI mIneraI components. 

The reported formatlon constant of the Zn-PZ07
4- complex (K=108) lS 

large relatlve to the formatlon constant of pp wlth other catIons ln 

sOlI solutlOn (Wolhoff and Overbeek, 1959). The effecbveness of pp ln 

campleüng Zn IS dependent on levels af Ca and other metall1c catlons, 

sululion pH, and Inltlal pp concentratlon (Asher and Bar-Yasef, 1982; 

Bar-Yaser and Asher, 19B3; GIordano et aL, 1971; Mortvedt and Osborn, 

1977). Orthophosphate, un1~ke PP, does not sequester mIcronutrients 

such as Zn. 

Compans ons were made between effects of pp and of OP on crop P 

nutnllon ~n fleld and ln greenhouse condlt~ans (Gil1iam, 1970; Sutton 

et aL, 1966; Juo and Maduakor, 1973) and on micronutrlent avallablllty 

ta plants IRehm et aL, 1980; Sch~eld et aL, 1978; Hashimato and 
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Wakef~eld, 1974; Parent et al., 1985). There was l~ttle d1fference shown 

between pp and OP due to the rapld hydrolysls of pp 1nto OP 1n salIs 

(Gililam and Sample, 1968; Savant and Racz, 1972; DICk and Tabatabfll, 

1986; Tabatabal and Dick, 1979), suggestlng that aftpr hydrolysls, pp 

had s~mllar reactlons to OP ln the sOlI. However, delayed hydrolyslD of 

pp was found ta reduce P uptake by anIons grown 1n organlc sOlls (Parent 

et aL, 1985) 

Under minlmlzed ffi1croblal and enzyme actIvlt1es ln autoclave~ 

salIs, sorbed pp was found to reduce Zn solublilty rChapter Ill) as dld 

OP ln alr-drled salIs rChapter II). Among the effects of Increased 

charge, a P-Zn bndge, sequestenng, Zn-P preclpItatIon and specl fic 

sorptlorl, the charge effect was dlscounted ln that added P reduced KNU r 

extractable Zn. The brldge effect d2d not play a slgnlficant role whlle 

preclpltates of hopelte may have eXlsteo under llmlted condItIons for OP 

rChapters II, III). The effect of solutlon pp on sequesterwg ln wes 

not slgnlflcant due ta the fact that sequesterlng requlr8s a threshold 

pp concentratlon (Bar-Yosef and Asher, 1983), and under sOlI pH 

condItIons, the P207
4- concentratIon was expected ta be less thon 1% of 

the total PP concentrabon. Decreased Zn solublllt y ln the sOlI wes 

m81nly a result of Increased Zn specIflc sorptlon by sorbed P rChupler 

Il; Chapter III). Compaflson of effects of pp and of OP under simlléll 

condItIons 18 needed to quanbfy effects of sorbed pp and UP on Ln 

solublllty ln salIs. 

The objective of thlS study was ta quantlfy or to compare Ulf! 

mechan~sms Invol ved ~n the reactlons of sorbed OP and PP wlth added Zn 

ln autoclaved 8011s. 
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HA TERIAlS AND HETHOOS 

Expenmental procedures were those in Chapter III except that OP 

was used. Only three surface 5(111 samples were used: Uplands (UT), 

S t.Bernard (S T), and Oal hOUSIe (DT). Three sequentlal equIllbria were 

conducted between sOlls and solutions, the fIrst equIlibratlon was for P 

sorptlon (OP Sl for OP, PP Sl for PP) and CEC determInatlon, the second 

for Zn sorptlon (ZnSZ )' P desorptlon (OP02 for OP, PP OZ for PP) or 

remalnlng sorbed P (OP SZ for OP, PP SZ for PP), and thud for Zn 

desorptlon (Zn03) or remaIn.Lng sorbed ~n (ZnS3)' P further desorptlon 

(OPO.3 for OP, PP 03 for PP) or remalnlng sorbed P (OP S3 for OP; PP S3 for 

PP). Fractlons of Zn extracted wlth 0.5 M KN0 3 (ZnKN03)' 0.5 N NaOH 

(LnNaOH) and concentrated HNO .3+30~oH20Z (ZnHN03) represented exch,:-ngea

ble-, organlc- and Fe Dr Al-bonded-, and resIdual-Zn, respectIvely. Sorne 

compansons of OP to PP Invol ved resul ts from Chapter III. Isotherms of 

Freundllch, Gunary, Langmuir, ard Temkin were used tn evaluate Zn 

sorptlon behaVlour ln sOlls treated with OP Dr PP. The equatlons are 

expressed as fol1ows: 

Freundllch equatlon, In( SZn) = kl + kZ 1n(CZn ) (1) 

Gunary equatlon, 
CZn 

kZ CZn + k3 (C Zn )1/2 = kl + 
SZn 

CZn l CZn 
= + LangmuIr equatIon, 

SZn K SZnM SZnM 

= kl + kZ CZn (3) 

and Temkln equatlon, 

where SZn was Zn sorbed per umt of sOll (mmole kg- l ), CZn was Zn 
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concentratIon ln solutIon (mM), SZnM was Zn sorptlon maxIma, and K H 

constant for the LangmUIr equatlon. The values of k l , kZ and k3 , were 

determlned uSlng mulbple regresslOn (Steel and Torfle, 19130). The termn 

k l and k 2 do not have the same me8nlng ln the dlfferent equatlolls, but 

were used to prevent a pral! ferabon of unnecessary terms. 

RESULTS AND DISCUSSION 

Both sorbed OP and pp lncreased CEC 1lnear l y ln the Buloc l av ed 

sOlls (Table 1). For OP, one mmole sorbed P resulted ln lncreases ln CEe 

of 0.92 to 1.24 mmole{+), WhICh was greater than values for sorbed PP, 

WhlCh vaned From u.52 to 0.83 mmole{+) mmole- l sorbed P. Th!s lmplles 

fewer charges pel' atorn sorbed P as pp than as OP. lncreased CEC per urul 

scrbed P l'las greater ln the f lner than ln coarser tex tured sol1 s, Whl ch 

was assoclated wlth relatIvely less amürphous materlals ln the flnel 

textured so11s (Chapter III). Sorpllon of P as PP was grealer than au OP 

(Table 2) probably due to more actl.ve bonds for a pp molecule. Thus 

absolute Increases ln CEe (~CEC) were greater for added pp than for 

added OP. 

One mmole sorbed OP shou ld resu l t ln one mmole{ +) Increase HI CEe 

assumlng a blnuclear comp1ex theory (Parfltt et aL, 197'); Mart~n imd 

Smart, 1967) and one negatI ve charge pel' mol ecu le OP. Values 10wer thfHl 

one mm01e(+) cou1d be due to preclpltated OP (KIm et aL, 19133; LlnduFJY, 

1979), over lapplng of sorbed OP, unlonlzed OP, or ffilgratlOn of OP Hllo 

the solld portIon (Barrow, 1983; WI11ett et aL, 1988). ThUG ACU. le8fJ 

than one mmole{ +) mmo1 e- 1 P was an IndIcatIon of one or more of these 

processes. Values of ~CEC greater than one 1n the DT 5011 1ndlcate that 

the blnuclear reactlon may not have occurred, ln that sorbed OP molecule 
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would only use one OH group 1n coord1nat1ng w1th the sorbent (Barro~ and 

Bowden, 1987). Th1s occurred ln the DT s011, suggestlng that a blnuclear 

complex may be restrlcted by sOlls hlgher in organ~c matter or clay, or 

that OP complexed wlth slngle carboxyl or hydroxyl groups ln organic 

rnolecules. 

The conflguratlon of PP rCorbndge, 1974; 1985) lndlcates that a 

maXImUm of four oxygens of pp could react wlth a "fIat" surface of the 

sarbent, assum1ng slmllar blnuclear surface complexing per P atom as for 

OP. Calculatlons uS1ng the geometry data of crystal11ne oXlde mater1als 

(DlXon and Weed, 1977; Parfüt et aL, 1975) and of PP (Corbndge, 1974; 

1985) IndIcate that It is less llkely for the sorbent surface to have 

four reactIng sItes accommodatlng four oxygens of a slngle pp Ion. As 

we Il, rotat10n 0 f the two P atoms around the 0 atom, Le., P-O-P 

(Corbrldge, 1985), may result ln less than four groups coordlnating wlth 

the sorbent surface. Thus, wlth SlX OH or 0 groups ava11able (assumlng 

sp Ilybnduatlon of P-O l..lOnds) for each pp molecule, less than four 

oxygens of the hydroxy1 groups could coordlnate with adJacent Fe or Al 

lOns 0 f the sorbent, wlth the remaln1ng OH or 0 acting as exchange 

sItes. Thus with thlS mechanism, for each mmole of pp sorbed (Le., 2 

mrnole p) to less than four surface sItes, there would be an Increase of 

less than four mmo1e(+) ln CEC, assumlng one slte consumed one valence, 

otherW1se pp sorptlon would bs less stable. Values less th an two (Table 

1) wou Id Imp l y some pp sorption uS1ng more than two surface 51 tes or 

more than two 0 or OH bonds per sorbed pp molecu1e. Complexes or 

preClpltates of pp wIth other soil compon~nts such as Ca and Fe 

(Llndsa), 1979) could also reduce CEC Increases. The reduced change ln 
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CEC wlth sorbed pp compared wlth OP was conslstent wlth sur~LIon through 

comblnabons of two, three or four bond coordlnatlons per pp mol ecu le, 

or wlth sorne sorbed pp not belng ionlZed (Flg. 1). 

Phosphate sorptlon Increased Zn sorptl0n, especlally at hlgh Zn 

addltl0n rates, and Inc~eased Zn sorptIon was greater wIth pp than wIlh 

OP ln the coarser textured sOlI (Table 2; FlgS. 2-4), due to more P 

sorption wlth pp than wlth OP Of more potential bonds per atom P as pp 

than as OP. Zinc sorption lsotherm regressions lndlcated that the 

results flt the Freundllch equatlon better than with Gunary, LangmuIr or 

Temkln lsotherms based on R2 and cv values (Table 3). Assumptlorls of 

one-l ayer sorptlon and conslstant sorption energy made for Langmulr, 

Gunary and Temkln lsotherms may have 11mlted their appl1r.allons. 1 Ile 

Freundllch equation lS an empIflcal Isotherm and IS conslstent wlth 

bondlng energy decreases as the fractIon of surface covered Incremws 

(Travis and Etnler, 1981; Slbbesen, 1981). At the same level of Zn 

Solutlon concentratlon, PP lncreased ZnS2 more ln the UT, aboul equa1 

(to) ln the ST, and less ln the DT soil than OP, compared to zeru P 

(F 19S. 2-4). 

It ha8 been shawn (Chapter II, III) that lncreased ln sorptlOn dld 

not result from the coulomblc effect Slnce the KNO} extractable Zn wüs 

reduced wlth sorbed OP ln au-dr led sOlls and wlth sorbed pp ln 

autoclaved salIs. Compared to zero P, added OP dld not affect ZnKNO.5 Hl 

the autoclaved UT and ST soils but reduced lt ln the DT sOlI, as did pp 

in aIl three so118 'Table 4). Comparlsons between OP and PP showed thal 

Z nK N 0 3 w it h PP w a s ha 1 f 0 f th a t w it hOP ln the UT and ST sa) l s , 

lndicatlng that pp was more effectlve ln reduclng the portIon of 
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coulomblcally sorbed Zn than OP. 

PreClpl tates of hopelte for OP, and of Fe-Zn, Fe-P-Zn, ZnO or ZnC03 

for both OP and PP may eust ln soil systems (Lindsay, 1979; Gupta et 

aL, 1987). Calculatlons showed that solubl.llty produds were below the 

value of lU 3 .8 for hopelte, lndlcatlng that hopeüe did not form ln 

autoclaved soils treated Wlth OP ln contrast to sorne Instances ln non-

autoclaved sol1s (ChapteL' II). For OP, the dlSSolutlon of Fe or Al 

components was not detecr.able. For PP, d~ssol ved Fe or Al were removed 

at the fust eqUlllbrabon (unpubllshed data), with the remalning Fe and 

Al belng weIl below the concentratlon required for Fe- or Al-Zn 

preclpltates (Llndsay, 1979). Preclpltates of ZnO and ZnC03 were not 

posslble when pH was below 7.0 and Zn2+ concentratlon below 0.25 mM. 

Complexes of PP-Zn or organlc matter-Zn dld not exist or were not 

slgnl flcant Slnce Zn sorption was increased with Increases ln PP 

addülon rates (Table 2). 

The Increased Zn sorptlon may have been a result ofa PbInuclear 

surface complex wlth the sorbent, which IS subsequently less subJect tr"J 

desorptlOn, creatlng more act! ve sItes (Barrow and Bowden, 1987; Hayes 

and Leckle, 1987) easlly accessed by Zn 2+ lOns. 

Calculated ratios of Increased Zn sorption to sorbed P (Table 5) 

were greater wlth hIgher P addItlon rates on the coarser soils. 

Pyrophosphate tended to produce greater ratIOS than OP, indIcating that 

part of the sorbed Zn may have formed Zn-P-soll complexes. ThlS effect 

was most notlceable ln the coarser textured SalIs with higher Zn 

addltlOn rates, suggestlng that the complexation was more llkely when a 

hlgher proporbon of the surface of the Barbent was coated wlth P. In 
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companson wlth models proposed for OP (Stanton and Burger, 197U; 

BoIl and et aL, 1977), such campI exes cou Id account for lncreosed ZnS2 

and decreased ZnD3 wlth P addltlons (Table 2). Relatlvely, added pp 

reduced ZnD3 more than added OP ln the UT sOlI, about equal ln the 5 l 

5011, and lessin the DT S01.1. The effect of pp add1tion on reducbon of 

ZnD 3 was more slgmf1.cant a t hlgh than at 1 ow rates of P addltlOn (1 ub l e 

2) • 

Ttl3 comp lex afP-Zn has been stated ta be at the Stern layer ur 

lnside the beta plane - an lmmobile layer (Hayes and Leck1.e, 1987; 

Barrow and Bowden, 1987). The energy requued to break the bonds of re-

0, or o-P or O-Zn 1.5 extremely h1.gh (8a1.1a1', Jr., et aL, 1973). In 

addltwn, oxygen has an electronegatlvlty of 3.5, and zinc of 1.5. H-e 

two atoms can share electron pans pro vided by the oxygen. Thus 

desorption or exchange of 5uch 50rbed Zn wou Id be dJ.fflcu 1 t. 

Pyrophosphate lncreased ZnNaO H more than OP, especla11y ln the UT 

SOlI (Table4). The extractant NaoH has been shown ta result ln 

dlSsolutlan of organl.c matter and Fe and Al components (Levesque and 

5 chmtzer, 1966). It is plauslble ta make the l.nductJ.on that slIlce 

phosphates were mam 1 y sorbed on Fe and Al components (8 a Il ard and 

Fiske11, 1974; Borggaard, 1983a; 1983b; Mclaugh1J.n et aL, 1981; Maody 

and Radacllffe, 1986), and Zn was complexed wlth the sorbed P, then ~I~cn 

Fe and Al matenals were extracted by NaoH, tre Zn-P cornplex would also 

be dl.ssolved. The ZnHNo3 whJch was strong1y bonded wlth the so1'bent 

materJ.al or sorbed P was lncreased ln the presence of sarbed OP and PP, 

and greater differences between PP and OP were observed ln tm UT sad. 

Bath pp and rJP l.ncreased speclflc Zn sorptlOn (ZnS3-ZnKN03)' '1llth 
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pp belng more slgmficant than OP (T able ~). The value of Increased 

ZnS3-ZnK N03 for pp over that for OP washlghest ln the UT and lowest ln 

the DT s011, suggesting that P sorpbon was mûre effective in lncreasing 

speclfc Zn sorptlOn ln the coarser textured sail, where pp sorptlon 

produced more sorphon ':utes, compared wlth 0 P. 

CONCLUSIONS 

T ota l Increased CEe at a fixed P addlhon rate was greater with pp 

than wlth OP as a resul t of more P sorptlon as PP than as OP, due to the 

posslblhty of PP haVlng a greater number of bonds per molecule, 

compared wlth OP. Increased CEe per atom of sorbed P was greater with 

sorbed 0 P than wi th sorbed PP prohab l y because of sorbed PP ma l ecu les 

ha v Ing more than two 0 or 0 H groups camp lexlng wlth sorbent surfaces. 

The reduced effect 0 f OP on lnCreaslng Zn sorption compared wlth pp 

cou Id be due ta a number of mechamsms. Reduced strength of bondlng with 

OP may have produced a Iess stable sorbed P complexe On other hand, pp 

was more effectIve ln dlSsoluhon of orgamc matter or orgamc matter-Fe 

or A l camp l exes than 0 P, exposing more sites for Zn sorptlOn, sa there 

was more ZnNaO H and ZnH N 03 w1th pp than with OP. Thus speclflc Zn 

sorptlon was increased more wlth pp than with 0 P, most slgmflcantl y w 

coarser tex tured sOlls. 

Thus sorbed PP would be expected to result ln reduced Zn 

solublllty, at least untll hydrolysis. Z1nc applicatl0ns following PP 

fertlllzatlOfl dhJu Id be p Iaced out of the zone of PP-solI reacbons. 
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Table 1. Ortho- (Op) 

and pyrophosphate (Pp) 
sorptlon effects 

on changes 
ln sOll caban exchang e capacüy (~CEC)' 

P form So11 
RegreSS lOn Equat lon 

R2 p 

OP Uplands 
~CEC =0.92( +0.11) OPSl 

+ 0.90** 0.0001 
** 

OP St.Bernard 
~CEC =0.96(:=.0.19) OPS1 0.76 o .0Ull 

OP Dalhousie 
~CEC =1.24( +0.1') OPS1 

0.89** O.OU01 

pp++ Uplands 
~CEC =u .52 ( ,::0.06 ) PPS1 

** o .OUll1 
0.91** 

PP St. Bernard 
~CEC ::(J. 7U (,::0.04) PPSl 0.97 ** 

0.UUU1 

PP DalhouSle ~CEC =0.83 (,::0.04) PPSl 0.98 O.UUOl 

+ + 95~D confldence 11lfll t; 
OPSl' PP

S1 
= sorbeï oP and PP, ""ole P k9-

1 
soü, 

~CEC' mmo1e(+) kg- ; 
++ data for pp are from Chapter Ill; 
** slgm flcant at pŒ .(J!. 
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Table 2. Phosphate addItIon effects on sorptlon (Zni2) and desofptlon 

(ZnD3) of Zn ln autoclaved so11s (Zn rate= (j mmole kg- ). 

Sorbed P Increased ZnD3 
P forrn Prate (OPS1 ' or ACEC ZnS2 Increased ZnS2 as a ------

PP SI ) ZnS2 proportt~n ZnS2 
of ACEC 

---mmole kg-1 ___ mmole{ +) --mmole k -1 0' g -- ------- 1'0 ------

kg- l 

Uplands 5011 

0 7.41 9.04 
OP 30 6.7 6.4 7.51 0.10 3.1 7.68 
OP 60 10 .2 8.6 8.00 0.59 13 .7 6.55 
OP qo 11.4 11.0 7.96 0.55 10.0 5.82 
pp 30 21.1+ 14.11 8.34 0.93 12.9 6.01 
pp 60 31.8 18.7 8.74 1.33 14.2 5.32 
pp 9U 46.3 21.U 8.98 1.57 14.9 5.37 

LSDO .05 0.08 0.70 
St. Bernard sol1 

0 8.24 6.11 
OP 3U 7.6 10.6 8.68 0.44 8.3 4.02 
OP 60 10.7 11.4 8.66 0.42 7.4 3.78 
OP 90 16.8 16.0 8.83 0.59 7.3 3.65 
pp 38 24.G 19.8 8.49 0.25 2.6 4.48 
PP 60 45.1 34.8 8.97 0.73 4.2 3.72 
PP 98 64.6 41.7 9.07 (j .83 4.0 3.04 

LSDO.05 0.11 
DalhousIe 5011 

0.60 

0 9.44 2.89 
OP 30 9.3 18.0 9.43 -0.01 1.86 
OP 60 17.5 22.2 9.37 -0.07 1.43 
OP 90 24.8 28.5 9.64 0.20 1.4 1.64 
PP 30 26.5 22.4 9.49 0.05 0.4 2.21 
PP 60 54.4 48.7 9.78 0.34 1.4 2.14 
PP 9U 80.6 64.5 9.76 0.32 1.0 1.76 

LSDO .05 0.30 0.36 

1) calculated as (Znp-ZnO)x2xlOO/(ACEC)1' Znp=ZnS2 wlth added OP 
or PP, ZnO=ZnS2 Wlthlut added OP or PP, ACEC=lncreased CEC 
by added 0 P or PP, l=P rate; 

+ data for PPS1 and ACEC for PP are from Chapter III. 
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Table 3. Parameters of Zn sorptlon lsotherms as affected by P addItlon. 

OP or PP Sorptlon Parameters 
addl t lon lsotherms ---------------------------- R2 p-value cv, Il 

kg-1 ," 
mmole P k1 k2 k3 

NP+ Ù Freundlich 2.6795 
Uplands 80 11 

D.5037 0.9918 U .0uOI 3.2 
Gunary -O.005üns _0.06BS ns 0.1102 0.9B93 O.OUOI 4.9 
LangmuIr 0.0101 0.1016 0.9328 o.OUOl ll.l 
Temkw 9.7914 2.0863 0.9351 O.OOUI il. 7 

OP 9U Freundllch 2.9534 0.4335 0.9967 O.OUUI 2.U 
Gunary o .0002ns 0.0368 0.0326 0.9997 O.OUul 1.1 
Langmulr 0.0033 0.1052 0.9854 O.UOOl 7.4 
Temkln 11.4348 1.9198 0.9820 (J .0UUl 6.3 

pp 90 Freundllch 3.8366 0.650] 0.9566 0.0001 7.4 
Gunary 0.0059 0.1187 -0.0215 ns O. ~827 0.0001 'J.U 
LangmUlr 0.0039 0.0674 0.9727 0.0001 r) .7 
Temkln 16.7036 3.2358 U.9958 O. oum 3.2 

St.Bernard so11 
NP 0 Freundllch 3.2334 U .634.3 u.9948 D .GOOl 2.6 

Gunary -O.OlJ13 ns -O.U!:l29 0.0853 U.9872 o .OOO! 3.6 
LangmUIr 0.0091 0.0718 0.9152 U.00U2 H.') 
Temkln 12.7336 2. B201 0.9411 a .UUUI ILl) 

OP 9U Freundllch 3.5990 0.5617 0.9940 a.OOUI 2.7 
Gunary 0.0014 0.03DZ ns 0.0194 0.996b D.UUUI 2.6 
Langmuir 0.0030 o .U801 0.9879 o .0uOl 4.7 
Temkln 15.1964 2.7078 0.9836 O.OOUI 6 . .5 

PP 90 Freundl1ch 4.0643 0.7104 0.9948 U.OUOI 2.6 
Gunary 0.0036 -0.0.361 ns o .OO74 ns 0.9933 0.UOU3 2.1 
LangmUir 0.0043 o .OS50 0.9912 (j .UOO3 2.L 
Temkln 17.6868 3.4910 U.9812 0.0001 6.9 

Da Ihous le 50 11 
NP 0 Freundlich 4.0507 0.6123 U .9922 o .0ur.Jl 3.1 

Gunary 0.0013 o .0279 ns 0.0129 0.9942 D.OOOI 3.D 
LangmUIr 0.0022 0.0684 0.9869 U .(JUUl 4.2 
Temkw 18.07U7 3.1102 0.9820 U .0UOl 6.lJ 

OP 90 Freundl1ch 4.3211 0.5889 0.9978 U.OUOI 1.7 
Gunary o .0003 ns 0.0021 ns 0.0160 0.9959 (J.U[;Ul 2.7 
LangmUir 0.0012 0.0698 0.9744 U.UUUl b.L 
TemkJn 19.5609 3.0116 0.9696 (1. OUUl 'J.U 

PP 9U Freundl1ch 4.1766 0.5840 0.9678 O.UUUl 6.5 

Gunary -u .DOOüns -0.0402. ns 0.0277 0.%11 U.UfJU3 7.<) 

LangmUir 0.0015 0.0667 0.9U75 0.OU03 ll.L 
Temkw 18.9593 3.0188 0.9310 o .OUOl 13 . l) 

+ NP zero added P j ns not slgm flcant. 
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Table 4. Z~nc fractlons and spec~f~c sorptlon fS affected by add~t~ons 
of phosphates (Zn rate = lu mmole kg- ) ln autoclaved sOlls. 

Zn fractlons P effect on 
P form+ ZnS3 ---------------------- ZnSrZnKN03 Increas~ng ) 

ZnKN03 Zr,'.IaOH ZnHN03 ~ Z l LnS3- nKN03 

----------------- mmole kg- l sOlI -------------------
Uplands sOll 

NP 6.76 2.04 1.83 2.82 4.72 
OP 7.50 2.04 3.27 2.82 5.46 
pp 1::1.52 1.15 4.50 3.20 7.37 

LSDO.05 0.15 0.28 0.22 0.25 u.35 
5 t. Bernard sail 

NP 7.74 2.11 1.81 4.68 5.63 
OP 8.47 1.84 2.77 5.53 6.63 
pp 8.80 0.87 3.57 5.51 7.93 

LSDO.05 0.19 0.26 0.15 0.14 0.31 
Dalhous~e soil 

NP 9.28 0.75 3.52 6.95 8.53 
OP 9.49 0.47 3.66 7.18 9.02 
PP 9.71 u.41 4.10 7.27 9.30 

LSDG.U5 u.38 0.06 ns ns 0.37 

+ NP - wlth zero added P; 
OP - wlth added orthophosphate (90 mmole P kg-l sOlI); 
PP - wlth added pyrophosphate (9G mmole P kg-l 5011); 
values for NP and PP are from Chapter III; 

0.74 
2.65 
0.59 

1.00 
2.30 
0.52 

0.49 
0.77 
0.20 

1) values were calculated as (ZnSrZnKN03)OP - (ZnSrZnKN03)NP' 
or (ZnSr ZnKN03)PP - (ZnSrZnKN03)NP' 
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Table 5. Effect of P and Zn addltlOn rates on the ratlo of 
sorbed Zn ta sorbed P ln sOlls. 

P form 

OP 
OP 
OP 
pp 
PP 
PP 

LSDO.05++ 

OP 
OP 
OP 
PP 
PP 
PP 

LSDO.05++ 

OP 
OP 
OP 
PP 
PP 
PP 

LSDO.05++ 

Prate 

mmole kg-1 

3U 
60 
90 
30 
60 
90 

30 
60 
98 
30 
60 
90 

30 
60 
90 
30 
60 
90 

2.5 

0.0441 ) 
0.083 
U .06) 
0.122 
0.132 
0.092 

ns 

0.095 
0.112 
o .1L~O 
o .898 
0.137 
0.148 

ns 

0.02u 
0.004 
0.020 

-0.023 
0.032 
Ü .041 

ns 

Zn rate, mmole kg-1 

5.0 7 .5 

Up1ands sol1 
0.109 0.114 
0.223 0.206 
0.231 0.269 
0.229 0.324 
0.293 U .407 
0.348 0.423 
0.087 0.055 
SLBernard saIl 
0.106 0.154 
0.171 0.153 
0.204 0.239 
0.093 0.139 
0.130 0.22U 
0.205 0.243 
0.049 0.073 
Dalhou&le solI 

-0.040 -U .OOU 
-0.055 O.OOB 

0.006 0.039 
-0.045 -O.Oll 

0.044 0.042 
0.011 0.U32 

ns ns 

10.0 

G.057 
0.197 
0.203 
0.2Bl 
0.371 
0.414 
0.016 

0.132 
0.131 
0.182 
o .U87 
0.2U5 
0.241 
0.026 

[UJlS 
0.014 
G.066 
0.U23 
0.083 
lJ .O'3tj 
0.063 

U.046 
U.UtiS 
0.U61 
0.037 
0.042 
0.121 

ns 
ns 

0.u61 
U .u36 
0.02U 
U.040 

ns 
ns 

U.035 
ns 
ns 

0.049 

+ for locating slgnlflcant dlfference between me ans ln the row 
- the effect of Zn rate; 

++ for locating slgnlflcant dlfference between mcans ln a column 
under a sOlI - the effect P forms and rates; 

1) values were ca1culates uSlng the formular of 
ratlo = ((ZnS3)1 - (ZnS3)o) / (O.5xP S3 )' where ZnS3 = sorbed 

Zn (mmole kg- l sOlI) at the thlrd equlllbratlon, l = ln rate, 
o = zero added Zn, PS3 = sorbed OP or pp (mmole P kg- soll); 

ns not sJgnlficant at tne 1evel 0.05. 
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FIg. 1. Schemabc representabon of pp sorphon on surface of soJ.1 
particles, wrere M=Fe, Al. ü) sorphon wlth four bonds, no 
lncease ln CECi (li) Gorphon wl.th three bonds, 0.5 mmo1e(+) 
lncrease ln CEC per atom P; (lll) sorptl.on wlth two bonds from 
two P atoms, 1.0 mmole(+) J.ncrease ln CECi (J.v) sorptl.on wJ.th 
two bonds from one P atom, 1.0 mmole(+) lncrease ln CECi (v) 
sorptlon wJ.th one bond, 1.5 mmole(+) lncrease J.n CECi (Yl.) 
sorptlOn with two bonds from two P atoms, sorbed P not l.Onlzed 
and no lncrease ln CE C. 
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FJ.g. 2. ZJ.nc sorptJ.on lsotherms in autoclaved Uplands soil 
treated wJ.th ortho- or pyrophosphates. Llnes are the 
calculated values based or the Freundllch sorption 
lsotherms (T able 3). 
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FIg. J. Zlnc sorptlon lsotherms in autoclaved St. Bernard sOlI 
treated wlth ortho- or pyrophosphates. Lines are the 
calculated values based on the Freundllch sorption 
lsotherms (Table 3). 
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FIg. 4. Zinc sorptlon lsotherms ln autoclaved DalhouSIe solI 
treated wlth ortho- or pyrophosphates. Llnes are the 
calculated values based on the Freundllch sorptlOn 
lsotherms (T able 3). 
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GENERAl CONClUSIONS AND FUTURE RESEARCH 

Zwc solublll.ty has been reported to be J.ncreaseG by pyrophosphate 

(PP) addltl.on (Mortvedt and Osborn, 1977; Bar-Yosef and Asher, 1983), 

wh1.ch 1.S l.n contrast to observatl.ons that crop Zn nutrltl.on was not 

lInproved by pp appllcatl.On. Hydrolysl.s of pp to orthophosphate (OP) 

(Parent and MacKenZl.e, 1985; Olck and Tabatabal, 1986) has llmted 

studles cornpanng effects of the two P sources on Zn reactlon in sOlls. 

AutoclaVlng proVlded a delay ln pp hydrolysls (Tabatabal and Olck, 1979) 

and allowed stud1.es of pp and OP under comparable condlbons. 

Autoclavlng resulted l.n changes ln sOlI properbes, partlcularly in 

Al and Fe matenals. Extractable Al was reduced by autoclav l.ng. When 

extractable Fe was partltloned lnto organic (FeOR)' amorphous (FeAM ), 

and crystalllne Fe (FeCRY)' lt was shawn that autoclaving reduced FeOR 

and Lhe ratlO of FeCRy/FeAM whlle FeAt4 was not affected. Subsequently, 

autoclavlng reduced cabon exchange capaclty (CEC) of the Uplands top

(UT) and sub-solls (US) whlle lt l.ncreased CEC of SLBernard top- (sT) 

and sub- (55), DalhouSle top- rOT) and sub-soils (05). Autoclavl.ng 

dec redscd OP sorpt lon ln a Il SalIs, posslbl y due to hastem.ng of the 

process of convertl.ng FeOR ta more crystaillzed materlals. Companng 

effects of PP ln autoclaved SalIs wlth OP ln non-autoclaved was not 

appropr late due to such changes. 

Pyrophosphate sorptlon resul ted ln l.ncreases ln soil CEe as d1.d OP. 

Compansons between PP and OP ln autoclaved sOlls lndicated that ln 

L._ 
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terms of pel' atom of sorbed P, CEC was lncreased less wlth pp than wlth 

OP. A sorbed pp molecule, havlng less than four bonds (valence) 

coordlnating with the sorbent, would leave the remalning bonds (valence) 

displaYlng negatlve charges per two P atoms. Wlth OP, two bonds 

(valence) caardlnallng wlth the sarbent would leave one bond (valence) 

displaylng charge per P atom. 

The absolute lncrease ln CEC was greater for pp thon for OP al u 

f1.xed rate of P addltlOn (mmole P kg- l 5011), because of more P sorpt lOn 

as pp th an as OP ln autoclaved salIs. Greater sorptlon was probably due 

ta greater numbers of bonds avaliable for a molecule of PP than for a 

molecule of OP. ThIS cauld be Important ln sOlI management or 

fertil1zatlon practlce, especlall y for sol1s wlth low base sat.urallOn al' 

low levels of crop nutrients, where OP and pp applIcation may enhance 

sorptlon of nutrlents (catlOns), WhlCh would otherwlse be subJect ta 

leaching. On the other hand, ln flne textured salIs, appllcatlOn of P 

may further reduce solublllty of callon nutnents, such as Zn, through 

enhanced sorptlon. However, at normal rates of P appl1catlon, such 

effects should not be overestlfTiated. 

Sorbed PP increased sOlI capacl tles for Zn sorptlOn more thur: 

sorbed OP, probably due to more active Ilnkages of pp wllh 8011 

surfaces, thus creatwg a more stable Impact of sorbed PP on addcd Zn. 

ThIS PP-lnduced Zn sorptlon was more slgnlflcBnt ln cosrser texlUled 

salIs of Iower organlc matter than ln flner textured so11s of hlgher 

organlc matter levels. The amount of ln desorptlOn wes a quadrallc 

functlon of the amount of Zn sorbed, Indlcatlng that energy of ln 

desorptlOn was not equal across aIl le ve 15 among sorbed Zn. Sorbed pp 
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and OP may have ralsed the energy level needed for Zn desorptlon, thus 

reduclng Zn desorptlon. 

Sorbed pp resu l ted ln Increases ln speCl flC Zn sorptlon in 

autoclaved salIs as dld OP in both autoclaved and non-autoclaved soils. 

I~ore speclflc Zn sorptlOn wlth PP may have been due to pp exposwg more 

sItes for Zn sorphon. These sltes were probably occupl.ed by organlc 

matter or organlc matter-Fe or Al materlals. InteractIon of PP-Zn or oP-

Zn was effectl ve ln coarser than ln flner textured sOlls. observatlons 

wdlcélted that the assoclatlon between the decrease ln solubL~ Zn and 

the Increase ln surface negatl ve charge or CEe by P addItIon (Saeed and 

Fox, 1979) was not a related phenomenom, and PP l.ncreased specl. flC Zn 

sorptl.on more than OP, partlcularly ln coarser textured salIs. 

A preClpItate, hopelte (Zn3(P04)2.4HZO), may have formed ln some 

trealments of non-autoclaved salIs wlth OP, Slnce the calculated 

solublllty products (K Sp ) exceeded the value of 103.8 (KSp for hopelte) 

ln some instances. ln autoclaved sOlls, there was no eVldence of hopelte. 

The effect of P addltlon elther as OP or as PP on natl v e Zn 

dlSSolutl.on and fractlon transformatlon ln the sOlI was not slgnlflcant. 

The Interactlons between OP and Zn ln non-autoclaved salIs or PP and 

Zmn autoclaved salIs occurred maInly ln aSSOCIatIon wIth Fe or Al 

cornpunents as Indlcated by Increased or decreased correlatlons between 

Zn (or p) parameters (sorptlon, desorptlon, and fractlons) and Fe or Al 

fraetlons, suggestlng that there eXlsted P-Zn-Fe or Al complexes and 

that P appllcatlon was most llkely to Induce crop Zn deflciency Insoils 

nch ln Fe or Al materlals. 

The ratlo of Increased Zn sorptlon to sorbed P increased with 
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hlgher rates of P addltion, and coarser sOll textures, IndH::atlny thut 

the speciflc Zn sorptlan was more 11kely ln sOlls wlth a hlgher lhan 

wlth a 10wer fraC'tlon of surface coverage by sorbed P, and wlth pp than 

wlth OP. Hlgher organlc matter contents may reduce the probabllltles of 

formlng specl flc sorptlon 51 tes. 

The practlcal lmplicatlon of the above flndlngs lS that lf ln 

addltlon lS recommonded followwg OP or PP appllcatlon, Zn should be 

placed out of the zone of P reactlon, ln arder ta maintaw 0 certaw 

level af Zn in solution for crop utl11zatlan. 

Slgnlflcant flndlngs have been made ln thlS rese~rch. However, work 

should be contlnued ta conflrm or complete the followwg. 

1. A confirmatlon of number of bonds lnval vedln reaellOl\8 

between pp and sol1 components 18 necessary. Procedures of 

Martln and Smart (191:17) -- X-ray pholoeledron or of WlllcU 

et ~l. (1988) -- Infra-red spectromelry, USlng pure 

crystaillne Fe or Al ma terla l s as we Il as solI sürnp les. 

Procedures to apply these technlques ta a whole solI sümpll' 

need to be developed. Such studles would provlde [j 

theoretlcal basls for deterffilnl.ng PP surface reactlOns wlth 

sorbents. Slmu l taneous1 y, a measurement 0 f sur f8ce arC8 

mlght be done to determlne sorbed P and surface aree ef feets. 

2. An investlgatlon of changes ln CEe of mIxtures ut 

crystalilne and amorphous Fe or Al materlals wlth 8dded UP 

and pp could be cbrrled out la examIne whether the re13tlve 

preclpltated P compounds contrlbute to Increases ln CEC. 

3. Structures of OP or pp and Zn complexes on partlc]e surfaces 
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need to be verlfled, perhaps using X-ray photoelectron 

lechniques (Martin and Smart, 1987). This could be done with 

pure crystaillne Fe and Al materlals and treated natural 

sOlI matenals. 

4. A desorptlon study ln comblnahon wlth the abo ve may be 

requued ta evaluate the bondlng energy of the OP or pp and 

Zn 011 solI partlele surfaces. ThIS would Indlcate to what 

extent bound Zn would be avallable to plants. 

5. A hydroponic study should be establlshed uSlng pure 

crystalline Fe or Al or clay mIneraIs coated wlth elther OP 

or PP, following a technique slmllar ta that of TJepkema et 

al. (1981). A range of Zn addltion rates would be assessed 

to examine the availablilty of the sorbed Zn to plants. 

Solutlons of OP and Zn or PP and Zn could be used to test 

whether P sorptlon would affect Zn absorptlon by the plant 

and Zn translocahon ln the plant. 

6. Pot expenments, uSlng sOlI S of var lOUS character lshcs, 

could be wltlated to determined effects of dlfferent P 

sources (OP and PP) and Zn appllcatI0n methods or sequences 

on crop Zn nutrltlon. Treatments could include band 

appllcatlOn of P and Zn together, or separately, and rates 

and resldual effect cou1d be evaluated and quantlfled. 

Subsequentl y, vanous management approaches cou Id be practiced to 

lncrease desorptlon of speclflcally bound Zn, increasing Zn 

avallablllty to plants. 
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AppendlX l 

SpecIflc conductlvlty of suspensIon of sOlI-phosphate after the 
f1.rst equllibration. 

P concentration SolutIon Soil 
ln (j.03 N KC104 of P -----------------------------------------

UT US ST 55 DT DS 

P mt--1 L-l --------------------- mS cm-1 ---------------------
Orthophosphate ( Op) 

a.uo 3.34 4.21 4.16 4.42 4.27 3.99 4.12 
1.20 3.44 3.56 3.95 3.68 4.10 3.76 4. 19 
3.00 3.65 4.58 4.11 3.64 4.10 3.63 4.28 
6.UU 4.03 4.64 4.22 4.25 4.25 4.55 4.22 
9.0û 4.43 4.65 4.50 4.35 4.31 4.60 4.26 

LSDO•Û5 l.02 0.25 0.74 ns ns ns 

P yrophosphate (PP) 
D.OU 3.34 3.97 3.64 3.75 3.64 3.64 3.60 
1.20 3.51 3.98 3.89 3.82 3.71 3.63 3.40 
3.00 3.86 4.22 4.01 3.97 3.92 3.91 3.98 
6.UO 4.35 4.29 4.34 4.30 4.1B 4.06 4.12 
9.00 4.71 4.69 4.94 4.84 4.43 4.33 4.45 

LSDO .05 0.21 0.11 0.24 0.44 0.17 0.48 

ns -not slgnlflcant at p <0.05. 
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AppendlX II 

Manuscrlpt of Xle and MacKenzle (1988) ln Commun. 
Soil SCI. Plant Anal., 19: 873-886. 

THE pH EFFECT ON SORPTION-DESORPTION AND FRACTIONS OF 
ZINC IN PHOSPHATE TREATED SOILS 

Key Words: pH, buffer, Zn sorptlon, Zn desorptlon, Zn fractlons. 

R.J. Xle and A.F. MacKenzie 

Department of Renewable Resources, Macdonald College of McG 111 
Universlty, ste Anne de Bellevue, Quebec, Canada, H9X lCO. 

ABSTRACT 

Zlnc sorption-desorption and Zn fractlons ln three so11s, a 

Dalhousle clay (DT: TYPIC Haplorthod), a St. Bernard Ioam (ST: 

TYPlcal Eutrochrept) and an Uplands sand (UT: TYPlcal HumaquepU, 

~I e r est u d le d w l th and w lt hou t ad de d Pat d::. f fer e n t pH val u es. 

Phosphate addltl.on increased Zn sorptlOn (Zns) ln the arder: DT 

clay> ST Ioam > UT sand. A posItIve correlatlon was noted 

between ZnS and pH for salIs treated wlth and wlthout P. 

Phosphate additlon reduced Zn desorption (ZnD) especlally at low 

pH and was attributed ta P Induced pH effect. At high pH values, 

the P effect was less Important. An Increase ln pH value resulled 

ln :.ess 0.5 t~ KN0 3-extractabJ e Zn (ZnKN03) and more 0.5 NaOH-Zn 

(Zn NaOH ) and HN0 3 extractable Zn (ZnHN03)' Compared wlth zero P 

treatments, P addltlon reduced ZnKN03 at low pH value bul 

lncreased ZnNaOH at al! pH values. 
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INTlWDUCT ION 

Of the factors affecting sOLI Zn avallablilty to plants, pH 

and P have been subJected to intensl ve studles 1 ,2. The pH-

dependent surface charge tends to Shl ft ta less negati ve values 

ut low8r pH resultlng ln less ln sorptlon 3. Increases ln P 

SOI ptlon on particle surfaces at constant pH may enhance Zn 

sorptlOn through lncreases ln negabve charge on surfaces4 , thus 

reduClng Zn soluolllty. Stanton and Burger5 belleved that the 

sorbed P acted as a "br ldgell between surface and sorbed Zn wh lIe 

Pasl'lcha et a1.6 showed that applylng P to soils dld not decrease 

ln concentrations ln the sOLI solutlons. Barrow 2 recently 

rcported that lhe effect of P on Zn sorptLOn lncluded a P-tnduced 

pH cffec t WhlCh elther Increased or decreased ZnOH+ species, thus 

Inf luenclng ln sorptlon. ParfLtt 7 noted an Increase in pH with 

addcd P, WhlCh would decrease Zn ln SolutIon. 

In él prey lOUS work, XIe and MacKen21e B indlcated that 

exchangeable Zn extracted by 0.5 M KN0 3 was reduced ln sol1s 

treated wlth P at a inLtlal pH 6.0. ThIS may partly explain the 

observat Lon that Zn uptake by plants was depressed at hlgh P and 

tllgh pH levels9. However, the mechanlsms Inval ved ln interactions 

between P, pH and Zn ln soil are still not well understood. There 

18 é:l lack of Informatlon on how pH would affect Zn sorpt1_on-

desorption and Zn fractlons ln salIs treated wlth P. The 

obJectlves of thls stuoy were ta evaluate the effects of pH on Zn 

sorphon-desorptlon and on Zn fractlOns ln soils treated wlth and 

\'-11 t.hout P. 
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MATERIALS AND METHODS 

5011 samples (0-15 cm) from an Up1ands sand (TYPlcal 

Haplorthod lu ), a St. Bernard loam (Typicai EutrochrepU, and a 

Dalhousle clay (TYPl.cal HumaquepU ldentl fled as UT, ST and DT 

respectlvely, ranglng ln clay content, pH, CEC, argenlc C and 

extractab1e Fe and Al (Table 1), were air-dned and ground ta 

pass al-mm sieve. 

TABLE l 
Se1ected Properttes of the ExperImental Sol1s 

5011 
Parametert ----------------- .------------- Reference 

UT ST DT 

Clay content, k -' 9 g" 100 WO 410 
pH, sOll:water:liZ 6.3 5.3 5.7 
CEC, mmol(+) kg- 57.U 119 26(; 
Organlc C, g kg- l 16.7 26.1 3tL8 
Fe( AU-OC, 9 kg-1 3.1(1.1) 9.4 11.5) 9.2 11.9) 
Fe(Al)-AO, 9 kg-1 1.5(2.0) 3.ï I Z.U 3.1(3.5) 
Fe(Al)-PP, 9 kg-1 D.S(O.]) 1.3(1.}) 1.4(2.1) 

t: DC=dlthlOnüe citrate; AO=ammomum oxalaLe; 
PP=sodium pyropl-Josphate. 

11 
12 
13 
14 
15 
15 
15 

5011 samples of 2 9 were fust equlllbrated wlth 2lJ ml of P 

(0 and 9 mt~ NaH 2P04) solutlOns ln 50-ml stoppered po1ypropylene 

centrifuge tubes. The lnlbal lomc strength of each solutlon wes 

controlled uSlng 0.03 M KCI0 4 • The mlxture of the 5011 and the 

solutlon was adJusted to Inltiai pH values of 4.5,6.0 and 7.5 

with HCl04 or KOH solutlOns and such pH values were rnéJlntalned 
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for 3 h befare shaking. Each comblnatlan of sOllxPxpH was 

repeated to ensure that every treatment ln the thud mixJ_ng (Flg. 

1) was dupllcated. Before and after adJustlng pH, the tube 

cOllta Hllng sOLI and the salut Ion was weighed in order ta 

oetermine volume changes lntroauced ln the process of adJustlng 

pH. The mIxture was mlxed for 72 h uSlng an end-oveI'-end shaker 

Hl arder to achleve a near equlll.bration fthroughout the text, 

equllibration refers to near equlilbratlon), and centnfuged at 

Equ 11 lb rat wn 

l -

2 - 7.5 6.0 

, 
3 - r 

1 

l 

FI GURE 1. 

4.5 6.0 

1 
/ 

/ 
/ 

7.5 

4.5 6.(J 7.5 

Imtial pH value 

7.5 
".~ 

1 \ 
6.0 4.5 

P sorpt Ion 

Zn sorptlon 
P desarptlOn 

Zn, P desarptlOn 

Experimental pH Flow Chart for the SequentIal 
Equ 11 ibrat Ion Procedures. 

12,ulJG rpm for 10 mln and ftl tered through Whatman No. 42 

filte!' paper. Supernatant solutlons were kept at 4 0 C prlOr ta 

plD and Zn (atoffilc absorption) analyses and pH freferred as ta 

fInal pH) readwg. 

The tube contalnwg sOLI and resldual solutIon was welghed 
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to determlne the amount of P ln the lnterstltlal solution. Then 

20 ml of Zn solution (0, 0.5 and 1.0 mM ZnS04 ln 0.03 M KCID 4 ) 

were added for a second 7Z-h equlilbratlon. The mlxture of the 

sol1 and the solution was re-adJusted to three pH levels (45, 

6.0, and 7.5) accord lng ta F 19.1 and subsequent s teps were as 

those for the fust equlllbratlOn. 

In a thud equillbratlon, the tube contalnlng 5011 élnd 

resldual solutlon from the second equlllbrabon was welghed and 

2(; ml 0.03 M KCI0 4 salutlon was added. The mlxture of sOll and 

solutlon was adJusted to three pH le ve ls accordwg to F 19. land 

subsequentl y m lxed for 72 h, and centr l fuged as ln the fI l'st. 

equ lllbratlDn. 

Sorptlon and desorptlon vaIlles were calculated by 

substractlng the amount of P or Zn remalnlng ln the supernatant 

from the amount of P or Zn added or remalnlng frolTl the prevlOus 

step. Thus P or Zn sorptlOn lS defwed as P or Zn adsorbed on 

sol! partlcle surfaces and preclpltated from the sol utlOn. 

Samples at lnltlal pH 6 ln the Fust equ1l1bratlOn, l.u mM 

Zn solutlon at lnitlal pH 6 ln the second equlllbrahon and at 

lnitlal pH 4.5, 6.0 and 7.5 ln the thnd equlllbration were 

analysed s<:quentlally for the followlng Zn fraetlOns: 0.5 M KNUr 

extractable Zn (ZnKN03)' 0.5 M NaOH-extractable Zn (ZnNaOH) and 

coneentrated HN0 3 + 30% H2 D2 (ZnHN03) at llOoe extractable 

Zn17 ,18. Before addlng each extractant, the tube conta imng 5011 

sample and resldual solutlOn from the prevlous step was welghed 

to determlne the amount of ln ln the lnterstitial solutLon. 
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The statlstlcal procedures of Steel and Torne l9 , and SAS 

User's GUlde 20 were followed for the LSD test and regresslon 

analyses. 

RESULT5 

lffect of pH and Added P on Zn 50rptlon 

Zlnc sorptlon (ZnS) was a Ilnear functl0n of the fInal pH ln 

a 11 of the salIs (Table 2). The addltLOn of P Sllghtly enhanced 

ltle pH effect on Zns ln the DT and ST salIs and conslderably 

lllcreased the pH effect on ZnS ln the UT solI. Hlgher Zn addltion 

rates resul ted ln hlgher lntercept and slope values except for 

the P-treated UT SOLI. The Intercept values were ln decreaslng 

TABLE 2 
Regresslon between Zn Sorptlon (ZnS) and FInal pH at the Second 
[qulilbratlon wlth and wlthout Added P 

P addltlOn 
50 11 Zn-rate 

(mM) Added P, 9 mM Zero added P 

EquatlOnt [quat lOn 

** U.74** DT U.5 ZnS=4.38+0.06pH U.42 ZnS=4. 3 5+U .05pH 
LU ZnS=8 .16+0 .21pH G .86** ZnS=7 .98+0. 24pH G 83** 

** 0: 76** ST U.5 Zn 4 ,,, " , c, ..,1-1 0.64** ZnS=3 .86+0 .12pH S= . .l.U-;-u.J."'t-
** 1.0 ZnS=6.85+0.43pH u.80** ZnS=6 .62+0 .37pH 0.86 

UT G.5 ZnS=2 .51+0 .37pH 0.55 ZnS=2.93+0.27pH 0.3S!! 
1.0 ZnS= 1.36pH 0.68** ZnS=4. 70+0. 61pH 0.64 

t = l ntercept and slape values are slgnlflcant at l~é level; 
ZflS= total Zn sorbed, mmol kg-l sOLI; each regresslon was 
done wlth 22 palrs of data; 

tt = slgnlflcant at 10% level; ** = slgnlflcant at 1% leve1. 
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arder whlle the slope values were ln lnereaSlng arder for DT, ST 

and UT sol1s for both 0 and 9 mM P treatments. 

[ffeet of pH and Added P on Zn Desorptlon 

The addltlOn of P resulted ln less Zn desorptlOn (ZnD) at low 

pH values ln aIl sol1s at the thlrd equll1bratlon (Table 3). The 

amounts of ZnD wlth added P were only 41, 49 and 6Z~ of the 

amounts of ZnD wllhout added P, for the DT, UT and ST so11s, 

respectlvely. Differences of ZnD wLth or wühout added P were not 

pronouneed as only sma11 amounts of Zn were desorbed (or re-

sorbed ln the UT 5011) ln either case at lnltlal pH 75. Hlgh 

Solut1on pH (lnltlal or flnal) redueed ZnD ln sOlls wlth or 

TABLE 3 
Effeet of Inlt1al and F1nal pH on Desorptlon of P and Zn (mmol 
kg- l 5011) at the Thud Equillbrat ion 

5011 
-------------------------------------------------------

lnü laI DT ST UT 
pH ----------------- ----------------- -----------------

pHt PD ZnD pH PD Zrt pH Po 'no 

9 mM P 
4.5G 5.64 5.80T 0.22 5.41 3.78 (j.Bu 5.46 1. 97 LOS 
6.0û 6.04 4.17 0.08 6.19 2.92 0.16 5.92 1.73 0.26 
7.5U 7.00 3.14 0.U2 7.33 2.83 (j.U2 6.52 1.85 U.U3 
LSDu .05 0.24 0.24 0.03 0.29 L.28 0.13 (j.Ob lJ.2) {J.V 

Zerc. P ---
4.50 4.2(j (J.54 4.10 1.29 "J.Bu 2 .16 
6.00 5.58 0.14 5.72 0.26 6.37 U.j) 

7. Su 8.37 0.00 8.28 L.09 7.58 -(J.07 

LSDO. G5 1.61 0.08 1.U4 LJ.05 1.07 tl.2) 

t = flnal pH values; T = llllhal Zn level: 1.0 mM. 

129 



wlthout addl'd P. The addltlon of P resulted ln a bufferwg of 

sa l l pH e om par e d ta z e r 0 P Cl d d lt l G n. l n the pre 5 e n e e 0 f S 0 11 5 

trealed wlth P, the flnal pH of the three 50115 tended ta move 

tawards pH 7, especlally for treatments wlth lnltlal pH of 4.5 

and 7.5. For the DT and ST SOlls wlth zero P addltlon, the fwal 

pH of the solution shlfted ta lower values for treatments wlth 

initlal pH 4.5 and 6.0 and to hlgher values for the treatments of 

illÜiéd pH 7.5. 

Decrea51ng lnltial pH mereased P desorptlOn (PD) ln the DT 

and ST so1l5 'Table 3). In the UT sOlI, the hlghest PD was found 

wllh lnltial pH of 4.5, the lowest wlth Inltial pH of 6.0. 

Ufcet of pH and added P on Zn Fract lons 

1 ne re<Js ing pH decreased ZnKN03 as dld added P at pH va lues 

of 4.5 and 6.0 'Table 4). For the UT soll, P addülon Increased 

lnKNU3 at pH 7.5. lncreaslng pH wlth addltlon of P resulted ln 

more ZnNélOH ln a11 solls tested, and more ZnHN03 ln the DT 5011. 

fÜ'yresslon showed that ZnKN03 was a negatlve linear functlon of 

tt1C tnlrd flnal pH (r Z from 0.66 ta 0.94, p<0.05). In sOlls wlth 

üdded P, lnNaOH was a pOSit 1 ve llnear funct lon of the thlrd flnal 

pH (r 2=LJ.72, U.80 and 0.91 respectlve1y, for the DT, ST and UT 

so1l5Î. lncreased ZnNaOH and ZnHN03 wlth added P (dlfferences 

wllh and wlthout added P) generally was less (or non-eXlstent) at 

hlgh cornpared ta 10w pH values. The lnHN03 ln the UT sOlI was 

reduced b y P addlllOn at pH 7.5. The sum of the Zn fractions was 

lnflueneed llttle by pH but was greater ln solls wlth added P 

compareeJ ta no P additlon. 
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TABLE 4 

Effects of P AddltlOn and InltIal pH Values on ln FractlOns 

FractlOnst 
InItlal pH -------------..... _------------------------------------

( Thud ZnKN03 ZnNaOH ZnHN03 Sum 
equlll- ------------ ----------- ----------- -----------
brat 10n) No P 9 mr-1-p No P 9 m~1-P No P 9 m~1-P No P 9 mM-P 

-------------------- mmol kg- 1 ---------------------
DT 

4.5 1.52 0.46 2.02 2.64- 5.23 7.34 8.77 10.44 
6.0 0.56 0.24 2.63 2.92 5.62 7.67 8.81 10.83 
7.5 0.12 0.11 2.58 3.0U 6.35 7 .59 9.04 10.71 

LSDO .05 0.37 0.03 0.08 0.U9 (j.29 G .19 0.32 O.Hl 
ST 

4.5 3.28 1.96 0.77 1.76- 3.34 6.85 7.39 ..:..0.57 
6.0 1.81 0.8U 1. 71 2.53 4.5lJ 6.67 8.03 lU.OU 
7.5 U .24 0.22 2.12 2.73 5.55 6.7S 7.91 9.73 

LSDO .05 G.4U U.3ï U.08 0.23 U.23 NS U.43 NS 
UT 

4.5 2.94 2.29 0.47 2.61 1.84 2.12 5.25 7.03 
6.fJ 2.04 2.09 1.86 3.20 2.7U 2.UG 6.59 7.3U 
7.5 0.80 1.34 2.54 3.49 3.14 2.58 6.49 7.41 

LSDfJ .05 0.31 0.19 0.16 0.26 0.18 NS 0.34 NS 

Over aIl salIs 
ZnKN03 = 6.85-0.63xpH3-u.09xP ad3 (n=18, R2=O.71, p<O.Ul) 

pH3 = f1nal pH after the thud equ lllbrat lOn 
Pad3 = sorbed P remalnwg after the thud equlllbratlon 

t : Inl.tlal Zn rate: 1.0 mM; NS: not s1gnlflcant at 5~o level. 

DISCUSSION 

Zns and ZnHN03 were ln Increaslng order and Zna ln 

decreas1ng arder ln UT, ST ana DT salIs wlth added P. SalIs wlth 

hlgh clay, organlc matter, Fe and Al contents and CEe have more 

aV8l1able reactlve sites and are expected ta have more 

speclflcally sorbed Zn and less ZnD' In theory, 6011s wlth hlgh 
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Fe, Al and organlc matter contents should have more varlable 

charges. Thus pH would be expected to have a strong effect on ZnS 

and ZnD' However, the opposite was observed ln the present study, 

ln that wlth the UT solI (low clay, orgamc C, Fe and Al 

contents), pH had strong effect on lnS end ZnD' but not on P 

desorbed. Added P enhanced thls pH effect on ZnS and ZnD' 

l ncreased ZnKN03 wüh added P at hlgh pH ln the UT solI suggested 

that ln solI wlth low vanable charge components, added P 

Inf luenced Zn reaellOns perhaps ln associatl0n wlth permanent 

charge s l tes. l ncreased ZnS Wl th Increases ln pH values was 

con::1lstent wüh the resul ts of Barrow21 , who noted that Increased 

lnOH+ strongl y correl ated Wl th ZnS' In add l t lon, the fact that 

Zr'KNO > was slgm flcantl y reduced by hlgh pH values, compared wlth 

low pH va lues, whlle ZnNaOH Increased confumed, transformat lon 

among Zn f raet lOns wlth pH changes. 

Added P Increased ZnS Sllghtly at the second equlllbratl.on 

(malnly the UT solI) but the P effect was most obvious ln Zn 

fractions, where the sum of the Zn fractlOns was always greater 

wlth added P. The l'ole played by sorbed P ln lnCreaslng ZnS ln 

the DT and ST sOlls was probably not assoclated wlth P wduced 

negatlve charges 7 , partlcularly as the ZnKN03' or exchangeable 

Zn, was reduced wlth added P at low pH values. Added P Increased 

Zn~aOH' WhlCh would be related to Zn speclflcally adsorbed on Fe 

and Al hydroXldes and on organlc matter, and Increased ZnHN03' or 

res Idual Zn. 

The relattvely large Inerease ln ZnNaOH wlth added P ln the 
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UT sol1 was conSIstent wlth the notIon of added P actwg as a 

"brIdge" between 5011 surfaces and sorbed Zn', or w ... ti~ the 

mechamsm proposea by Kuo and McNea14 where sorbed P al tered sol1 

surface properlles sufflclentl y ta lncrease ZnS or decrease Zno. 

The latter seems more llkely, as ZnD was nal dlrectly related ta 

PD' as would be expected from the brldge theory. Slmllar P 

effects on ZnS found ln the ZnHN03 fract Ion (resldual Zn) were 

1ndlcat1ons that specIflcally sorbed Zn has a variety of sorpt1on 

mechamsms assoclated with differwg sOll mater laIs. 

The fact that the effect of added P on lncreasmg ZnNaOH and 

ZnHN03 was most pronounced at low Wltlal pH values could be 

related to more pOSItive charges on Fe and Al oXldes at low pH 

values, resultlng ln enllanced P sorptlon, and consequently, 

enhanced P-Zn lnteractlOns. However, n buffer effect of added P 

was ev Ident smce fwal pH ranges were reduced w üh added P, and 

further, ZnKN03 was assoclated more wlth pH at the thl.rd 

equl11bratlon than w1th Pad3 fsl ope values ln Table 4), 

tndlCabng that the P effert 18 expectE'd only at low pH values. 

At hlgh pH values, such effects became less important. Cn one 

SOLI (un where su ch compansons are posslbl e, P e ffects on 

ZnNaOH were more pronounced at low pH va lues. Thus the mech8n lsm 

of P Induced Zn sorpt 10n ln terms of ZnNaOH méJy well be éJ 

funct lon of pH. 
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AppendlX III 

THE [FFECT UF pH ON ZINC TRANSFORMATION IN AUTOCLAVED 

SOILS TREATED WITH PYROPHOSPHATE 

Key words: pH bu ffer, pyrophosphate sorphon-desorptlon, 
Zn sorption-desorpt lon, KN03 -extractable Zn, 
NélOH-extractab1e Zn. 

R.J. X le and A.F. MacKenZle 

Department of Renewab1e Resources, Macdonald Co1lege of 
McG 111 Uni vers ity, Ste Anne de Bellevue 

Quebec, Canada, H9X lCO 

Al:3STRACT 

Llnc solublilty in S0118 can be affected by both pH and 

pyrophosphate (PP), yet the reachon of PP lS lnfluenced by pH, 

thus there 15 a need to evaluate pH effect on Zn transformat lon 

ln 50115 treated wlth PP. Samples of three autoclaved sol1s, a 

DulhouSle (Dn clay, a St. Bernard (sT) loam, and an Uplands fUT) 

sand were equ1l1brated fust with pp (0.0 and 9.0 P mM), then 

wlttl Zn (u.l.J, 0.5, 1.0 Zn mM) and fol1owed by 0.03 M KCI0 4 

solutlOns at the imtial pH of 4.5, 6.0, and 7.5 wlth constant 

10lHC st rength. The f lrst equillbratlOn was for PP sorptlon, the 
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second for Zn sorption and pp desorptlon, and the lhlI'd for Zn 

desorptlOn and further pp desorptlOn. And flnall y, Zn of selected 

samples were extracted wüh 0.5 M KN03 (exchangeable Zn, ZnKN(l3)' 

0.5 t~ NaOH (arganle and Fe oxides assoeiatp-d ln, ZnNaOH) 

solutlOns, and concentratl'.d HN0 3+H 20 2 (resldual Zn, ZnHN03), 

Inereases ln pH reduced pp sorptlon ln the UT and the ST 

SaLIs whlle high or low pH values tended to reduced Ü ln the DT 

sail, Ind1.cabng a eompebtlon between pp and OH lOns for 

sorptlon sites. Zinc sorptlon was Imearly related to Solutlon 

pH, the slopes varied from 0.10 to 1.06, lower values were 

assoelated wlth pp addltlon, wlth low Zn rate, wlth flner 

textured soils, wlth high contents of Fe and Al mater1.81S, and 

wlth hlgh pH buffer eapaclty. The values of Zn desorptLOn and 

ZnK N03 were greater at low than h 19h pH wh 11 e the re verse ./8S 

true for ZnNaOH' The pH effeets on Zn sorpt lon-desorpt lon and 

fraction distributions were less slgnlflcant ln sod wlth than 

wlthout PP. The overall effecl of hlgh pH and the presence of the 

sorbed pp was the increased Zn spec] he sorptlOn, compared to the 

pH or pp effect al one. 

INTRODUCTION 

The effeet of pH on Zn reactions ln SalIs has been studled 

extensively (9,16) 23). It was generally aeeepted that hlgh pH 

values decrease Zn solub1.11ty as a result of Increaslng ln 

sorptlon both through lncreaslng Zn adsorpt 10n and through 
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Increaslng Zn preclpltate (Il, 15, 23). The mechanlsm of 

Inereaslng Zn sorptlon wlth raislng pH Increaslng Zn sorptlon was 

not we Il understood. Barrow (3) belie ved that high pH Increases 

the proportlon of ZnOH+ specles, and lt lS the ZnOH+ react ing 

wlth the sües of negatl vely charged surface. Tl11er et al. (23) 

showed ev Idence that Increases ln pH resulted ln Increases ln Zn 

speclflc sorptlon. 

Orthophosphate (OP) was shown to enhance Zn sorptlCm both 

d lrectly or Induectly (4,18, 24). The dnect effect includes 

the sorbed OP lncreases Zn sorptlon sltes (24) or preclpitates Zn 

from the solutlOn (11), the lndl1'ect effect l.nciudes OP addItion 

a l te rnél t l ny 50 11 pH (4, 18) thus affect Ing Zn sorpt lOn. Ina 

study of OP··pH-Zn Interactlon ln salIs (25), the OP effect was 

fuund ta be more slgn1f1cant at low than at hlgh pH condItions, 

and OP was shawn ta increase Zn speci fic sorpt lon as dld h1gh pH 

canm tlOn, as Ind lcaled by the decreased KN03-extractable and the 

lnereased NaOH-extractab le Zn. 

Sludles on pyrophosphate (pp) and Zn 1nteraction are 

numerous ln the last two decades. The PP effect on Zn solubl1lty 

cou Id be summanzed as (1) pp mcreases Zn solubillty through the 

chelatlng effect (5,8, 14), and the effect lS more signiflcant 

at hlgh pH condlt1ons whlle ln most agricultural 50115 the pH 

val ue 15 w lthln a range of 5-8, bul the effect is llmi ted due to 

the rélpld hydrolysls of pp (7), (il) has no effect on Zn 

solubll1ty, and \111) decreases Zn solublllty through increasing 

Zn speclfle sorpt1on at a constant lnltial pH (8, lU, 17,26) or 
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lncreasmg Fe solublllty and forming Fe-Zn preclpltates (12, 15). 

In so11s, there exist ShlftS of H4P207 --> H3P207- --> H2P20/

--> HP 2073- --) P207
4- and Zn2+ --) ZnOH+ --> Zn(OH)2 as solut lon 

pH Increases (11), the sh 1 fts arp ln the reverse direct lOn as pH 

decreases. LIttle lnformation 1S avallable on PP-pH-Zn 

Interactlon in 5011s. A bndge effect of the sorbed OP was 

proposed for OP (6, 21), ln WhlCh, Zn lon 15 attached ta sorbed 

OP. Howevei', desorptlOn study at vanous pH values d1d not show 

ev ldence of the eXlstence of su ch bridge effect (25), Whether tht:' 

brldge effect lS ln aSSoclatlon wlth pp remalns to be 

lnvestlgated. Since pp (I) or Zn (3, 16) sorpt10n has been shown 

to be a function of pH, and the proportion of P2o/'+- specIes, 

WhlCh complexes cations, 15 greater at hlgh than at low pH 

va lues, understand1ng the overall effect of PP-pH-Zn Inleract lOn 

ln soil would be helpful ln Improvlng Zn nutritlon stalus of 

crops grown in s01.1s wün PP fertlllzatlOn. 

The obJecti ves of thlS study were ta evaluate the pH effect 

on Zn sorptlOn, desorptlon, and fractlon dlslrlbutlon ln 

autoclaved soils treated wlth or wlthout PP. 

t~ATERIALS AND METHODS 

Topso1l samples from an Uplands sand (TYP1cal HaplorlhodJ d 

St. Bernard loam (TYPlcal EutrochrepU, and a DalhouSIe cJ 8y 

(TYPlcal Humaquept), Identlfled as UT, ST and DT respectively, 

ranglng ln CEC, clay, and organlc C and p.){tr~ctélDle Fe and Al 

contents, W8re autoclaved (26) éfnd accessed ln thlS study. 
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Ta welghed 50 ml polyethylene centrlfuge tube, Z 9 SOlI 

sarnple wa5 added, the 5011 was mOlst ta 0.33 kPa suctlon and 

auloclaved at lZloC and 15 kPa for l h day-l for 3 days ta 

ellmloate mlcroblal and enzymatlc actlvitles. After autoclavlng, 

the y,tHght was recorded. Three equlllbna between the autoclaved 

SOLI and 2lJ ml pp fO.O and 9.0 P mM as Na4PZ07.1UHZO), then ZO 

ml Ln (u.O, 0.5,1.0 mmole Zn kg- l as ZnS04.7H20), and finally ZO 

ml of O.U} M KCl04 solutlOn were carned aut sequenLlally. The pp 

and Z.l solutlons were prepared ln O.O} M KCl0 4 • Two drops of 

loluene were added ta the solutlon-soll suspensIon. InItIal pH 

védue of the suspenslOn for each equlllbration wa~, adJusted to 

1: qu lllbrat lOn 

1 - 4.5 6.0 7.5 pp sorptlOn 

/ 1 \/ 1 
\ / f \ \ 

1 \ 
2 - 7.5 6.0 4.5 6.0 7.5 6.0 4.5 Zn sorptlOn 

1/ 
. 

/ / r \ 
. 

\1 
pp desorpbon 

• \ l 
3 - 6.0 6.0 4.5 6.0 7.5 6.0 6.0 Zn and pp 

desorption 

------------------------------) Zn fractlOns 

l nI bal pH value 

FIGURl1. Experlmental pH Flow chart for the sequentlal 
equlilbration procedures. 
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4.5, 6.0, and 7.5 (Fig. 1), uSlng.HCl04 or KOH Solutlons, and 

such pH values were malntalned for 3 h before shakl ng. Before and 

after adJustlng pH, the tube containing SOLI and the solulion was 

welghed ln order ta determlned volume changes lntroduced ln Lhe 

process of adJusting pH. The suspens Ion ln the stoppered Lube l'las 

mIxed for 72 h uSlng an end-over-end shaker ln order lo élchleve a 

near equllibratlOn, and centnfuged at 12,OUO rpm for lU mtn and 

fll ~ered through Whatman No. 42 fll ter paper. SupernatunL 

solutions From each equllibration were recelved ln polyethylene 

bottles and kept at 4°C prlor ta PP, OP (2), Zn (stOlnlC 

absorption) c:nalyses and pH (referred ta as pHI' pH 2 , and pH} for 

the flTst, the second, and the thlrd equlilbratlon, respectlvely) 

readlngs. The fust equllibration determlned PP sorpllOn (PPS1 )' 

the second Zn sorptlon (ZnS2) and PP desorpt iOn (PP D2 ), and lhe 

thlfd Zn desorptlon (Zn03) and further pp desorptlOn rpP D5 ). 

Sorptlon and desorptlon values were calculatcd by subtractlng the 

amount of PP or Zn remalnlng ln the SolutIon from the total 

amount of the prevlous step. Thus PP or Zn sorpllon was deflned 

as PP or Zn adsorbed on sol1 partLcle surface and preclptt.ated 

from the solutIon. The dlssoclatlOn constants of logk l =-û.80, 

logk 2=-2.28, logk 3=-6.70, and logk 4 =-9.41 (11) were used ta 

calculate PP specles distnbutlon as funchons of pH ln solut lOns. 

Samples at inltlal pH 6 ln the fast equlllbratlon, LU m'~ 

Zn solutlon wlth lnltlal pH 4.5,6.0, and 7.5 ln the second and 

tne thlrd 3qulllbrations were analysed sequentlally for the 

followlng Zn fractIons: 0.5 t4 KN0 3- (ZN KN03 )' 0.5 M NnOH-
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(ZnNaOH) and concentrated HNO} + 3U% H202 (ZnHN03) at 110°C 

extractable Zn (13, 20). Before addlng each extractant, the tube 

cantalmng solI sample and resldual solutLOn From the prevl0us 

step WélS welghed to determlne the amount of Zn ln the 

lIIlerstltlal solutLOn. 

The sorptlon, desorptl0n and fraetlon data were expressed on 

oven (105 0 C) dry baS1S. The stabslleal procedures of Steep and 

Torfle (22) were followed for the LSD test and regression 

ana lyses. 

HESULTS AND DlSCUSSlON 

Sol! pH dld not remaln at the lnltlal pH values after 

el1U 1 li bréJ t lOn w 1 th pp sa l ut Lons but tended to lncrease and the 

vdluw, of U1creased pH were greater at low Lhan at hIgh witIal 

pH (Table l L Two mechanlsms may have assoclated wlth the 

lncredsed pH. (1) After the addltlon of Na4P207 to the autoclaved 

sülls, there would be a reacllon of P2074- + 2H ZO (::) HPZO/- + 

H.3IJZ - (10gk:-4.59), sucn produeed OH- may have caused the 

lnCl'eases ln solutlOn pH. (u) pp speclflc sorptlon occurred, 

l.e., pp Ions rep laced OH- groups from the sorbent surface, 

llle l't'as lng the 50 lut Lon pH. The spec l flC sorptlon was less 

slgrJlflcélnt (less lncreased pH) at hlgh Inltlal pH value probaLly 

due ta the campet 1 t lon between OH- and pp lons for sor pt Ion 

S lles. 

Pyrophosphate sorptton lncreased as decreases ln solutlOn pH 
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ln the UT and the ST salIs, whlle ln DT solI, PP S1 tends ta be a 

quadrattc funct Lon 0 f the sa lut lon pH (Tab l el), w lth ln the pH 

range of 5 to 8 observed ln normal agncultural 50115, the effect 

was more slgnlflcant at lower than at hlgher pH values, 

Indicatwg that more sItes for pp sorptlOn were avallable on the 

surface of sOLI partlcles at low than at hlgh pH, or thal pp wus 

rnalnly sorbea through electrostatlc attraction between thf' 

surface and pp Lons. 

The changes ln proportion of pp specles wlth pH ure 

Indlcated ln Flg. 2, wlthw the pH range of ~-8, the specles of 

H4P207 , H3P207-, Hzpzol-, HPZ073-, PZ074- are ln the ranges of 

0.u8-G.00, 5.21-0.06, 79.93-17.96, 14.60-65.9U, and O.18-16.U9~o 

of the total PP, respectlVe1y, suggestlng thüt lhe speclés 

as soc lat e d w lt h P P sor p t ion b e H 2 P 2 07 2 - - HP 2 07 5 - 0 v r' r t h {' P Il 

range. These pp specles may reach the sorbent surface under lhe 

TABLE l 
Pyrophosphate Sorptlon rpPSl ' mmale P kg- l SOLI) and pH 
(pHI) after 72 hr EqulhbratlOn. 

lm t laI 
pH 

4.5 
6.0 
7.5 

LSDO•05 

Uplands 
-------------

pHI PP S1 

5.43 59.0 
6.35 44.1 
7.34 37.3 

U.04 1.3 

5011 

st. Bernard DalhousIe 
------------ --------------

pHl PPSI pHl PP S1 

5.11 70.7 ).42 79.6 
6.48 58.2 7.16 80.7 
7.64 50.3 7.95 7B.7 

0.07 2.1 U.Uti 1.') 
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dnVlng force of H-bwdlng or van de Waal force (19). 

Pyrophosphate sorptlon was not onl y controlled by pH. More 

pp was sorbed ln the bner than ln the coarser textured sods 

(Table 1), WhlCh lS ln conslstent wlth tm concept that tt-e fmcr 

the 5011 textures, the greater are the surface areas or U1e more 

are tt-e sorptlon sltes, lS a Iso conslstenl wlth more contenls of 

Fe and Al matenals ln the flner than ln coarser textured sods 

(26), suggesbng that Fe and Al components be tn~'oi ved ln 

accommodatlng PP. F urthermore, the pH effec.:.. was more 

slgmflcant ln the coarser than ln the flner text ured sol1 S, 

e.9., ln the pH range of 5.0-6.5, a unit decrease ln pH ln the UT 

sol! resulted ln an lncrease ln PP sorptlOn of 16 mmole P kU- 1 

sol1, tt-e value ln tt-e ST 5011 was 9 mmole P kg- 1 srJlI, whlle trc 

value ln the DT soil WdS not slgmflcaflt, suggestlng thélt the pli 

effect on al ternatmg tt-e numbe!' of sorptlOn sltes was more 

slgmflCant ln the coarser than ln the flner textured sOLI s, or 

tl-e coarser textured haa less pH buffer capaclty. 

Zlnc sorptlOn lncreased as the the lncreases ln solution pH 

ln 5011 s \Hth and wlthout PP except ln the D T 5011 wlth sorbed pp 

(Table 2), Tt-e regresslOn between Zn S2 and pH 2 wdlC8ted that pH 

effect on Zn sorptlOn was greater wlth hlgh than wüh low Zn 

addltlOn rate, ln tt-e coarser thsn ln tt-e flner texlured salIs, 

W''llch were consistent wlth the work on OP (25), and HI 8011s wlth 

l ess than wlth more Fe and A l conlen ls, suggestmg that free f e 

or Al may have preclpüated Zn From the solutlOn (15), and WBf:l 

less slgmflcant ln 50118 Wlth than wlthout sorbed PP, lndlcéltlny 
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tha l pp sorptlOn reduced pH effect on Zn sorptlOn, W"ul e OP was 

shawn ta lncrease pH effect on Zn sorptlOn (25). One of 

mecnamsms assoclated with Zn sorptlOn lS that Zn lOns rep 1 ace 

protons on the sorptLOn sltes, the dlSpl aced protons ln the 

90 lutlOn has potentLal of decreaslng pH. r~ore Zn lS sorbed ln 

GO Ll S \Hlh than wlthout sorbed PP, thus there shou 1 d be more 

dlSp l aced proton ln the sa l utlOn If bath the sorbed pp and the pp 

rernéilnlng ln tl-e sa l utLOn had no effect on buffenng 5011 pH. In 

T ABL E 2 
Llnc Sorption (ZnS2) as a Function of pH (pH2) at the Second 
[qullibration ln SalIs Treated wlth and wlthout Pyrophosphate. 

Soli Zn-rate 

Up L dml!., lJ . ') 
LU 

Sl. f:leffldrd 1. ') 
1.0 

DdlhoUSH' 0.5 
1.0 

Uplands U.5 
1.0 

st. Berndrd G.5 
1.0 

Déilnous le U. ') 
1.0 

Equatlon 

9ù mmole P kg-1 

ZnS2=3.9U{~u.31)+0.14{+U.05)pH2 
ZnS2=6.27(~0.31)+O.47(~O.05)pH2 
ZnS2=4.14{~O.18)+O.10(~0.03)pH2 
ZnS2=7 .62( ~O .32 )+0.31 (+0.05 )pH2 

Zero added P 

ZnS2=1.78(~O.41)+ù.40(~O.07)pH2 
ZnS2=1.77(~O.62)+1.06{~O.12)pH2 
ZnS2=3.36(~U.07)+O.21(~O.Ol)pH2 
ZnS2=5.65{~O.16)+ü.54{~O.03)pH2 
ZnS2=4.64(~O.12)+ü.05(~O.02)pH2 
ZnS2=8.41(~O.17)+0.21{~0.03)pH2 

= Zn sorbed at the second equlilbratlon, 
mmole kg- 1 sol1; 

ns 
* 

IHI" 

not slgnlflcant at 0.05 level; 
~lgnltlcant at G.05 level; 
slgnlflcant at 0.01 level. 
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0.48 * 
0.91 ** 
0.59** 
0.81** 

NS 
NS 

0.80** 
0.91** 
0.98** 
a 98** . * 
0.50 
0.88** 



facto the pH tended to S1lft towards 6 or near neutra l val ues ln 

most cases ln the presence of PP, especlally at low pH wlth low 

Zn addltlon rate (Tables 3, 4). Thus for each umt dH:lrge Hl 

solutlOn pH (when the pHZ lS expressed as a functlon of Zn S2 )' 

TABLE 3 
Effeet of Inltlal pH at the Thlrd EquIllbratlon on FInal pH 
(pH3 ) înd Desorptlon of pp (PPD3 ) and ln (Zno3' mmole P or 
Zn kg- sol1). 

Imtlal 
pHt 

4.50 
6.LU 
7.50 

LSDO.G5 

4.50 
6.00 
7.5U 

LSDO.05 

4.50 
6.00 
7.50 

LSDO.05 

4.50 
6.00 
7.5CJ 

LSDO.05 

5011 

Dalhousle st. Bernard Uplands 

90 mmole Pl 5 mmole Zn kg- l 

6.30 8.13 0.04 6.33 8.89 0.10 ').94 1.96 U.12 
6.47 8.41 G.04 6.29 9.95 (j.H) 6.21 2.27 l.J.12 
6.35 8.71 0.04 6.44 9.12 U.lU 5.89 2.16 (j . 12 

NS NS NS U.04 NS NS NS I\IS NS 

Zero Pl 5 mmole Zn kg- 1 

4.10 - 0.20 4.18 0.45 
6.00 - 0.02 5.89 0.11 
7.83 - -0.00 7.31 0.02 
1.00 - 0.03 0.44 0.03 

90 mmole Pl lu mmole Zn 
4.37 10.7 0.32 4.47 8.4 0.61 
6.12 7.5 0.12 6.19 10.8 0.26 
7.67 5.5 0.08 7.65 8.0 0.18 
0.39 G.6 U.07 0.74 NS 0.06 

4.24 - U.71 
5.05 - 0.35 
7.19 - -U.OO 
U.67 - 0.07 

kg- 1 
4.44 2 . .35 1..36 
5.09 3.06 u.42 
7.21 3.89 U.06 
U.54 l.lu U.O~ 

Zero Pl lu mmole ln kg- l 

4.36 0.47 4.13 - 1.10 4.12 - 1. 79 
6.01 0.15 5.77 - 0.35 4.85 - 0.83 
7.46 0.02 7.26 - 0.04 6.92 - u.U4 
0.43 0.02 0.3B - 0.14 0.24 - 'J .6U 

t Inltlal pH values for the flrst and the second equlilbration 
were 6.0. 
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TABLE 4 
Effect of pH on ln Fractions ~n 50115 Treated wlth or wlthout Pyrophosphate (Pp) 
(Zn rate=10 mmole Zn kg- ). 

Inltlal pH pHZ pH 3 ZnKN03 ZnNaOH ZnHN03 
------- -------------

2nd 3rd _ppl) +pp _pp +pp -pp +pp -pp +pp -pp +pp 

mmole kg-
1 

----------------

Dalhousle 

4.5 6.0 4.4c 6.6b 5.7d 6.3bcd 0.65b D.IBe 2.IH 3.04ab 4.9Dbc 4.55ct 
6.0 4.5 6.4b 6.5b 4.4e 4.4e 0.99a 0.45c 2.04f 2.BOc 4.88bc 5.31ab 
6.0 6.0 6.5b 6.5b 6.Dcd 6.1bcd 0.47c 0.14e 2.4Bde 3.DIb 5.21abc 5.46ab 
6.0 7.5 6.4b 6.5b 7.5a 7.7a 0.17e 0.06 f 2.60d 3.05ab 5.65a 5.36ab 
7.5 6.0 7.8a 8.1a 6.7b 6.5bc O.29d D.IDef Z.43e 3.16a 5.66a 5.42ab 

st. Bernard 

4.5 6.0 4.3d 4.8c 6.0de 5.5f 1.85b 0.75de 1.3lf 2.57b 3.64e 4.07d 
6.0 4.5 6.1b 6.2b 4.1g 4.5g 2.82a 1.29c O.96g Z.33e 3.45e 4.06d 
6.0 6.0 6.3b 6.1b 5.Bef 6.2d 1.83b 0.41 f 1.55e 3.11a 4.07d 4.35e 
6.0 7.5 6.3b 6.3a 7.3b 7.7a D.61ef 0.12g 2.01d 3.19a 4.58bc 4.48bc 
7.5 6.0 7.6a 6.1b 6.6c 6.2cd 0.97d 0.41 f 1.91d 3.08a 4.97a 4.7lab 

Uplands 

4.5 6.0 4.3e 4.7d 4.4ef 4.7de 2.45a 1.89b 0.49g 2.S4c l.SOc 2.03bc 
6.0 4.5 4.5de5.7b 4.lf 4.4e 2.67a 2.38a 0.43g 2.19d 1.63c 1.75bc 
6.0 6.0 S.le 6.0b 4.9cd 5.1e 2.45a l .70be l.Olf 3.42b 3.58a 2.19abc 
6.0 7.5 4.7d 5.9b 6.9a 7.2a 1.37de 0.63 f 1.83e 3.94a Z.57abc Z.45abc 
7.5 6.0 7.5a 7.6a 6.4b 6.3b 1.l.8cd 1.11e 3.2Zb 3.93a 3.l6ab 2.42abc 

t means w~th same 1etter(s) in each ~olumn under a so~l are not s~gn~ficantly 
different at the 1evel 0.05 by ~SD test. 

1) +PP :added pp at 90 mmole P kg- , -pp =zero added PP. 
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more Zn wou l d be sorbed wlth pp than withou t pp as a resu l t of 

the pH buffer ablllty of PP. The mitiai pH at the third 

equllibration dld not sI-ow any effect on PPD3 or ZnD3 ln 80118 

wlth 5 mmole added Zn kg-l, apparently due ta tre fact that \0 

the presence of PP, sol1 pH was buffered, but at the rate of 10 

mmo le kg- l 
J the pH effec t on PP desorptlon was basica l l Y 

slgmflcant. 

Tre pH effect on PP 03 was not consIstent ln dlfferent SOlls. 

In the DT Sail, more PP 03 was assoclated wlth low pH, whlle ln 

the UT sOlI, more PP D3 was assoclated wlthhlgh pH, and ln the 51 

5011, more PP D3 was wlth the med1um pH value (Table 3). The pH 

effect on ZnD 3 was consIstent ln a Il sol1 S wlth and wlthout PP, 

but Has less apparent ln solls wlth than wlthout PP. Law pH 

resulted ln more Zn03' the effect was less slgmflcant al 111gh pH 

(> 7), The relatlOnstups among pH 3, ZnD3 and PP03 dlO not support 

the speculat10n that the Increased Zn sorptwn was attadled ta 

the sorbed PP, l.e., tt-e bndge effec t. If sueh mechamsm was ln 

operat1.on, then the 1.ncreased ZnD3 shauld be ln a positive 

propartl.On ta He lncreases ln PPD3 and ta th:: Increases ln pH. 

As observed ln solls wlth added OP (25), ln the autoc laved solla, 

more ZnD3 oeeurred 1.n the coaraer than ln the flner textured 

sol1s (Table 3) althoug, the ZnS2 values were sma 11er wlth the 

former than wlth the l ater sol1s (T able 2), Indlcating that ln 

was less strong l y sorbed Ln tt"'e coarser than ln tm flner sol! s. 

Zlnc fracbons were a ffected by both the second and the 

thrrd 1mttal pH values (Table 4), lodlcalmg thal pH mange <Il 

149 



anytlme ln farmlng practlce wou Id Introduce Zn fraction 

reOlstnbu bon, with tœ addülOn of PP, tœ redlstnbubon was 

l ess ob v lOUS. H 19her pH val ues resu l ted ln less Z nK N 03 and more 

ZnNaOH ln tt-e autoclaved solls treated with and wlthout PP, with 

pp additlon decreaslng ZnKN03 and Increaswg ZnNaOH' Companson 

alIIong the treatments 0 f second Imtla l pH 6.0 and the tlurd 

InItlal pH 4.5, 6.0, and 7.5 showed that for the Zn K N 03' the 

dlfferences between wlthout and wlth PP were greater at low than 

athlghpH values for the DT and ST, but trereversewastrue for 

the UT 5011, IndlCatlng that the effect of pp on Increasmg Zn 

speClflc sorptlOn was most Important ln sol1s of low pH or hlgh 

pH dependlng on mdlvldual sol1, w,lle the comparlsons among the 

Lreatments of tœ second ImtIal pH 4.5, 6.0, and 7.5 and the 

tllU'O Initial pH 6.0 showed thélt for the ZnKN03' the g:reatest 

difference between wlthout and wlth PP was assoclated wlth the 

second Initia l pH 6.0 ln the STand UT sol1 s. Tœ sigmflcant 

lower Zn K N 03 values ln S011S of hlgh pH with pp compared ta zero 

pp suggested that Zn deflciency may become more severe ln solI of 

the hlgh pH when pp fertllLZer 15 appl1ed If the ZnK N03 is 

consldered as a v a11 ab l e form for cr op uptake. The fset that both 

Lhe high pH condi t lOn and the presence 0 f pp resu l ted ln more 

l ess ZnK N 03 and more ZnN aD H lS conslStent wlth tœ specu lauo r , 

that both the 0 H groups on the sur face of sorbent and the sOf:bed 

pp were tœ sltes for Zn speclflc sorptlOn to occur. Since NaD H 

aiso extracts Zn assoclated wlth Fe or Al components, these 

resu l ts suggested that tre PP-p H- Zn interactlOn occur on surface 
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of Fe and Fe mmerals. Low pH Slowed a general trend of reduclng 

ZnHN03 (Table 4), The dlfferences between wlth and without pp 

were not sigmflCant except ln the ST sol1 of low pH w,ere the 

presence of pp lncreased Zn H N 03' 

CONCLUSIONS 

Tre decreased Zn solubllit}' with the lncreases ln pH ln tm 

presence of ~orbed pp was attributed to the lncreased Zn speclfic 

c;orptlon as indlcated by increased Zn sorption, reduced Zn 

desorphon and KN0 3-extractable Zn, and tt-e lncreased NaOH

extractable Zn ln sOlls. These effects were more slgmflcanl at 

low than at hlgh pH values. Sorbed pp depressed pH effect on Ln 

transformation, whlCh ma y ha ve been aSSOCia ted wLth hlgh (0 r 

reIatlvely hlgh) pH buffer capacity of solls wlth sorbed PP. 
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