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ABSTRACT

Ph.D. Rongjing X1ie Renewable
Resources

Interactions of ortho- (OP) and pyrophosphatev (PP) w:th Zn need to
be guantified on agricultural soirls. Three Quebec soi1ls were
equillibrated with OP or PP solutions, then witt Zn solutions, and
finally with solutions containing neirther P nor Zn. Subsequently, ZIn
fractions were extracted sequentially with KNO3 (Zny, y3), NaOH /Znyagn)
solutions and concentrated HNOs+H,0, (ZnHNOBL Autoclaved soils were
used for 0P and PP comparisons, and non-autoclaved soils for OP
determinations.,

Unc mmole sorbed P resulted in 1ncreases in CEC from (0.52-1.24
mmolel+), and increased CEC per mmole sorbeoa P was greater with sorbed
0P than witn sorbed PP. Absolute 1increasse in CEC was more with sorbed PP
than with OP due to greater P sorption as PP. Sorbed OP or PP 1ncreased
specific Zn sorption in association with so1l oxide materials: (1) P
sorption increased Zn sorption but reduced Zn descrption, (2) P sorption
reduced KNOz- bul increased NaOH- and HNOs3- extractable Zn, and /3) P
sorption i1ncreased the difference between Zn sorbed and Zn extracted
with KNUz. These effects were more significant 1r coarse than in fine

textured soi1ls, and greater with PP compared with OP.
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RESUME
Ph.D. Rongjing X1ie Ressources
Rernuve lables

La tensur en zinc assimilable des cultures est affectée par les
tnteractions P-7Zn dars le sol. tes additions d'orthophosphates ((P)
peuvent diminuer ou n'avion aucun effect sur la solubilite du zine alors
que celles de pyrophosphates (PP) peuvent l'augmenter ou n'avion aucun
d'effect. Les mecanismes 1mp11qués dans les 1nteractions ne sont pas
bien compris et 1l est donc nécessuire de les quantifier pour les sols
sujets a une fertilisation phosphatée.

Des echantillons pris en surface et en profondeur pour trois sols
agricoles québequOLs furent mis en équ111bre avec des solutions d'0P ou
de PP, puis avec des solutions de Zn et finalement avec des solutinns ne
contenant n1 P n1 Zn. lLe premier équ111bre permit d'evaluer 1'effet de
1'adsorption du P sur la capao1té d‘échange cationique CEC), le second,
1'adsorption du Zn apres celle du P, et la troisieme la désorptlon du Zn
en relation avec l'addition de P. Ensuite, une extraction séquentlellv
des fractions de Zn avec des solutions de KNU3, Na(OH et de HNO 5+H, 0,
concentre fut faite. Des sols passés a l'autoclave furent utlllsés pout
comparalson de 0P et PP, et des sols nan autoclaves furent utilises pour
la determination de OP.

Le passage a l'autoclave a reautt grandement le fer et l'aluminiun
extractible au dithionite-citrate. Avec ou sans passage a 1'auteclave,
l'adsorption de 1 mmole de P (PP ou OP) par le sol a demontre une
augmentation de la CEC de (.52 EJHZQ mmolel+,.lLa comparaison entre QP

. RN .
adsorbe et PP pour les sols passes s l'autoclave a montre que
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l'augmentation de la CEC pour chaque mmole de P adsorbe etait superieure
poui UP comparee a PP malgré un taux similaire d'addition de P.
L'sugmentation en valeur absolue de la CEC etait supéfleure avec PP
adsorbe compare a 0P, probablement a cause d'une me1lleure adsorption de
P avec PP compare a OP.

L'avsorption de OP ou PP pour les sols passés a 1'autoclave et
1'adsorption de OP pour les sols non passés a l'autoclave montrerent une
augmentation spéc1f1que d'agsorption de Zn en relation avec les oxydes.
L'effet fut plus marqué avec PP qu'avec 0P, tel que l'indiquent les
observations suivantes: (1) L'adsorption de P montra une augmentation de
1'adsorption de 7Zn et reduisit la désorptlon de Zn; (2) l'adsorption de
P reduisit le Zn extractible au KNO3 mais augmenta le Zn extractible au
NaOil- ainsi qu'au HNOz; et f3) 1'adsorption de P augmenta la d.fférence
entre le Zn adsorbe et le /n exirait avec KNO5. Les effets firent plus
significatifs dans les sols a texture gr0851ére gue ceux 4 texture fine.
Les resultats suggerent que l'application de Zn doit etre dissociee de
celle de P pour eviter 1'augmentation de l'adsorption de Zn et la

diminution de la désorptlon de Zn.




PREFACE

Use of fertilizers for crop production 1s an almost universal
process, yet 1s complicated by interactions among nutrients, soils and
crops. Phosphorus P) and zinc ‘Zn) 1interactions have been demonstirut ed
in crop production and 1h soi1ls, based on fertilizers containing
orthophasphate (0P). Uther fertilizer P carriers now inh use 1nclude
solutions of polyphosphale, of which the most common constituent 1s
often pyrophospnhate /PP). Solutions of PP have different properties than
those of 0P, including chelation of metal cations. Thus, the PP-/n
interactions may be entirely diffe.ent than the OP-Zn interactions. The
mechanisms of 1interactions between 0P o1 PP and Zn needs to be
determinea 1n soiris, and P-Zn effects on Zn reaction neeu to be
quantified. An effort was made 1n the present study to 1nvestigate the
mechanisms of 0P- or PP-Zn 1interactions on /n transformations 1n three
agricultural soils, in order to understand potential P-Zn 1nteractions
1n soils,

The dissertation 1s composed of four Chupters preced d by an
Introduction and followed by a section of General Conclusions and Future
Research. Chapter I, entitled "Literature Review", establizhes the
context of the study and generates hypotheses to be tested. Chapter 11,
entitled "Effects of Sorbed Orthophosphate on the Zinc Status 1n Three
Soi1is of Eastern Canada", examines /n transformations 1in soils treateo
with 0P, and 1s accepted for publication in the Journal of Soil Scrence
(1989, 4071)), thus literature citations follow the format of the
Journal of Soil Science. Chapter III, entitled "Effects of Sorbed

Pyrophosphate on the Zinc Status of Three Autoclaved 5So1ls of Lastern
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Canada", evaluates Zn transformations 1in soils treated with PP, and 1s
prepared for submission to the Soi1l Science Society of America Journal.
Chapter IV, entitled "Comparisons of Sorbed Ortho- and Pyrophosphates on
71nc Reaction 1n Three Autoclaved Soi1ls", discusses and compares
mechanisms of 0P-Zn or PP-Zn 1interactions 1n autoclaved soils, and 1is
also prepared for submission to the So1l Science Society of America
Journal. Connecting paragraphs have been 1nserted between Chapter 11 and
Chapter [II, and between Chapter 1II and Chapter IV. A paper entitled
"Ine pH Lffect on Sorption-desorption and Fractions of Zinc i1n Phosphate
Ireated Soirls", published in Commun. Plant Sci. Soil Anal. 19: 873-886,
comprises results related to this thesis, was oresented as an appendix
CTAPPENDIX 11).

The following remark concerning the authorship of papers 1s

exerpted from Guidlines Concerning Thesis Preparation publishedby the

Faculty of Graduate Studies and Research:

" While the 1nclusion of manuscripts co-authored by the Candidate
ana others 1s not prohibited by McGill, the Candidate 1s warned
to make an explicit statement an who contributed to such work
and to what extent, and Supervisors and others will have to bear
witness to the accuracy of such claims before the Oral Committee.
It should also be noted that the task of the External Examiner
1s made much more difficult in such cases, and it 1s in the
Candidate's i1nterest to make authorship responsibilities
perfectly clear. "

All three papers 1ncluded 1n this thesis were co~authored by the
candidate and his supervisor Or. AF. MacKenzie. The candicate has been
fully responsible for botb conducting the origional studies and for
preparing the three manuscripts. Assistance was given by Dr. A.F.

MacKenzie through general guidance and editorial comments during the

preparation of the manuscripts.
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CONTRIBUTIONS TO KNOWLEDGE

The studies presented 1in this thesis clarified the mechanisms

1nvolved 1n orthophosphate (0P), pyrophosphate (PP) and Zn interactions,

and quantified effects of sorbed P on cation exchange capacity CLC), /n

sorption and desorption, ana Zn fractions 1n sotls. Major contributions

to knowledge are presented below:

Autoclaving changed soi1l CEC and reduced 0P sorption due to
conversion of organic-Fe and Al components to materials not
extractable with dith:ionite-citrate.

Bcth PP and OP 1increased the CEC of autoclaved soils as did OP in
ncn-autoclaved soils, CEC was increased by (.52 and 1.24 mmolel+)
mmole~! sorhed P as OP or PP.

In terms of per atom of sorbed P, CEC was 1ncreased more with OP
than with PP, 1mplying PP sorption with more than two sorption
bonds (valence) per molecule PP to so1l surfaces. At the same rate
of P addition ‘mmole P kg'l so1l), PP resulted 1n a greater
increase 1n CEC than did 0P due to more P sorption as PP than as
OP. Greater P sorption with PP was attributed to a greater number
of sorption bonds per molecule of PP compared with OP.

The cequestering e«ffect of PP on Zn was not significant. Increussed
Zn sorption by 0P or by PP was not due to increased CEC but due to
enhanced specific Zn sorption through Zn-P-soil complexes, with PP
being more effective than 0P, especially in cuarser textured
solls. Sorbed P as PP had more active linkages, favoring formation

of Zn-P complex, caompared to OP.




The 1nteractions between OP and Zn 1n non-autoclaved so1ls or PP
and Zn 1n autoclaved soils cccurred mainly 1n association with Fe
or Al components as 1ndicated by 1ncreased or decreased
correlations between Zn for P) parameters fsorption, desorption,
ano fractions) and Fe or Al fractions, suggesting that P
application 1s most likely to 1nduce crop Zn deficiency 1n soils

rich in Fe or Al materials.
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INTRODUCTION

Crop Zn deficiencies have been reported frequently following the
application of orthophosphate (0OP) fertilizer (Boawn and Brown, 1968;
Loneragan et al., 1979; Chraistensen and Jackson, 1981; Saingh et al.,
1988). The OP~Zn interaction 1s believed to appear as two aspects: (1)
P-Zn interactions 1in soils, and (11) P-Zn 1interactions 1n plants.
Avallable evidence has indicated that P-Zn interaction in soil includes
s series of hypothetical mechanisms: (1) an increased surface negative
charge of so1l particle after P sorption, therefore enhancing Zn-1on
coulombic sorptions (Saeed and Fox, 1v72; Laverdiere, 1982; Barrow,
1987); (2) a precipitate of hopeite (Znz(P0,),.H,0) and other complexes
between Zn and other soil components (Lindsay, 1979; Pulford, 1986); (3)
an imposed pH effect on localized soil zones by added P, influencing Zn
solubility (Barrow, 1987; Shuman, 1988); (4) a '"bradge" effect of sorbed
P 1increasing Zn fixation by soi1l particles (Stanton and Burger, 1970a;
Bolland et al., 1977); and (5) newly created sorption sites by sorbed P,
increasing specific Zn sorption 1n soils. Information on these
mechanisms 1s often fragmentary and insufficient to explain P-induced Zn
detliclencies 1n Crops.

In contrast to OP, pyrophosphate (PP) has been shown to increase Zn
uptake by crops in early stages (Singh and Dartiques, 1970; Rehm et al.,
1980Y, perhaps PP sequestering Zn both directly (Slack et al., 1965;
Bar-Yosef and Asher, 1983) and i1ndirectly (Mortvedt and Osborn, 1977)
thus keeping Zn 1in solution. Such an effect would be short-lived to the

extent that PP hydrolyzes 1nto OP 1n sn1ils (Dick and Tabatabai, 1986).



In most cases, however, negligible sequestering of Zn by PP has been
observed following PP fertilization (Lehr et al., 1967; Schield et al.,
1978). This may have been due to (1) PP concentration being too iow (the
sequestering requir=s a thresholid PP concentration) (Bar-Yoscf and
Asher, 1983); (2) PP sorption increasing surface negative charge thus
increasing Zn coulumbic attraction, as proposed for UP (Saced and | ox,
1979); (3) PP increasing solubility of Fe and Al oxides (McKeaque, 1967;
Sheldrick, 1984), and precipitation of Fe- or Al-Zn (Pulford, 1986); and
(4) PP increasing specific Zn sorption sites. Therefore it 15 1mportant
to determine effects of added PF on Zn solubility, since understanaing
of the PP-Zn interaction in soils results in improvement 1in fertiliza-
tion techniques and subsequent crop production.

Both OP and PP may have an impact on increasing Zn physico- and
chemisorption. Verifying the significance of the mechanisms 1nvolved 1n
the OP- or PP-Zn interaction 1in soils and comparing the 0P-Zn and PP -Zn
interactions require comparable conditions. It 1s speculated that both
0P and PP sorptionwould result ir i1ncreases 1n coulombic Zn sorption
through increased CEC, and 1in specific Zn sorption through Zn sorption
sites newly created by sorbed P. The existance of such a coulombic
effect could be verified by testing whether the amount of exchangesble
Zn would be 1ncreased, and the specific Zn sorption by testiry whethet
the amount of Zn associated with Fe and Al components and the difference
between sorbed Zn and exchangeable Zn would be 1increased. The relative
effect of OP and PP could be compared using autoclaved soi1ls 1n order to

minimize PP hydrolysis (Tabatabai and Dick, 1979).




As @ result of the above considerations, the objectives of this

study were developed as fol lows:

1. to compare effects of adaed PP ana OP on CEC of soils.
2. to compare effects of sorbed OP and PP on Zn reactions in soils.

5. to evaluate possible mechanisms of 0P or PP interactions with Zn.




CHAPTER 1

LITERATURE REVIEW




Phosphorus 1s a macronutrient required for crop production.
Application of P as orthophosphate (0OP) to soils, however, has been
reported to i1nduce Zn deficiency in plants (Loneragan et al., 1979;
Singh et al. 1988). Such an effect may be attributed to 0P-Zn
interactions in soils and UP-Zn interactions in plants, but results from
various studies are conflicting (Saeed and Fox, 1979; Barrow, 1987;
Shuman, 1988; Singh et al., 1986). Pyrophosphate (PP) as a P fertalizer
has increased i1n popularity due to i1ts high P content, low cost in
transportation and ability to chelate metals. The higher complex
constant of P207a’ with Zn?* than with other dominant cations (Wolhcff
and Overbeek, 1959) has promoted studies cn using PP to keep Zn 1in
solution, and i1ncreasing Zn uptake by crops. The conclusion that PP
fertilizer may eventually increase (Singh and Dartiques, 1970; Rehm et
al., 1980) or have no effect on crop Zn uptake (Lehr et al., 1967;
Adriano and Murphy, 1970) 1ndicates that the mechanisms i1nvolved in
PP-/n interaction 1n soils and i1n plants are complicated. A better
understanaing of the mechanisms controlling OP, PP, and Zn reactions and
Interactions 1n so1l 1s an essential preliminary stage to studying P-ZIn
interactions 1n plants.

Mechanisms of Orthophosphate Reaction in Soils

Phosphate 1n the so1l 1s a complex system of saolid and solution
forms, which vary in their properties and reactions. Among the forms,
orthophosphate (0P) 1s Lhe most favored form for plant use (Sutton and
Larsen 1964; Sutton et al. 1966). Orthophosphate may change 1in the
sequence of HiPQ, ---> H,PO,” ---> HPD,~ ---> PDAB' as pH increases, or

the reverse direction as pH decreases. In the pH range of 5.0 to 8.0,




H,PU,™ and HPOAZ' are the main P species 1n solution. Crystal studies
showed that P043‘ 1on contains a double p1 bond which 1s equally dio-
tributed over all four oxygen linkages as a result of sp atomic orbital
hybridization and resonance of the P-0 bonds (Corbridge, 1974; 19u%).

0f the 0P reactions with soils, sorption on soil materials 1s the
predominant phenomenon at low to medium concentrations. This inc ludes
specific and nonspecific sorption, diffusion and precipitation into o1
on the sorbent (Hingston et al., 1967; Rajan and Fox, 1979; Bohn et al.,
1979; Cabrera et al., 198l; Barrow, 1983a; 1983b; wWillett et al., 1988).

There are at least three types of sorption sites on or 1n the
sorbents postulated by Muljadi et al. (1966a, 1966b, 1966c). The first
two types are located on the sorbent surface, while the third type
results from diffusion 1nto amorphous regions of the crystal surtace
(Barrow, 1¥83a; 1983b; Willett et al., 1988). Different saorbents, 1.e.,
clay minerals and oxide materials, behaved essentially in the same
manner and differed only in the number of sorption sites of types ] and
I1I. Functional groups (S5-0H) or sorption sites increased to a limit with
decreases 1in pH, and the shape of the sorption 1sotherms remained
essentially the same. This 1s consistent with two stages of P fixation:
a rapid initial reaction at sites of types 1 and JI, followed by o
relatively slow reaction at site III (Barrow, 1983a; 1983b; Willett et
al., 1988).

The 1nitial reaction has been attributed to a sorption of OF
tihrough the replacement of 0OH™ 1ions, HZU or other anions on the surface
of the so1l particles (Hingston et al., 1967; Kuo and Lotse, 1972; Rajan

and Fox, 1975; Clark and McBride, 1984; Rao and Sridharan 1984, which




1s believed to occur in the inner electiical double layer, 1.e., Stern
layer or Inner Helmholtz Plane (Barrcw and Bowden, 1987). Chemisorbed
1ons are potential determining i1ons or at least alter the surface
potential (Bolan and Barrow, 1984). Orthophosphate P may form a
hinuclear surface complex with Fe or Al oxides within a rather broad
1ange of P concentrations (Parfitt, 1978; Martin and Smart, 1987).

Nonspecific sorption 1s generally a coulombic attraction between
an anion or cation and a positive or negative charged site on the Al0OH,
or feUH,) groups of soi1l materials (Hingston et al., 1967, Greenland,
1971; Everett, 1972) occurring Just outside the Stern layer.

The conformitv of sorption gata to the diffusion model of Barrow
(19483b) suggests that the increase 1n OP sorption with time 1s induced
by a redistribution of sorbed OP into the interior of layer minerals or
amorphorus materials by a solid-state diffusion process (Holford and
Mattinly, 1975; Ryden et al., 1977; Cabrera et al., 198]; Ima1 et al.,
1941; Bolan et al., 1985). The slow reaction continues by a gradual
increase 1n crystal size of precipitated Fe and Al phosphates, with the
metal rons being contributed from the gradual breakdown of clay minerals
and bydrous oxides (Haseman et al., 195G; Low and Black, 1950).
Recently, Wiliett et al. (1988) showed that the slow reaction was
attributea to the migration and sorption of P 1ons 1nto/on surface
sorption sites of decreasinyg accessability within aggregated particles
of ferrihydrite.

At high rates ¢ >1.0 M) of OP addition, a mechanism of reaction may
1nclude OP aisplacement of s1licates 1n si1licate minerals (Rajan and

Fox, 197%), or destruction of mineral structures and release of Al and




Fe 1ons, which form precipitates with P (Low ana Black, 1950; Rajan and
Fox, 1975). At low pH, the precipitates are mainly Fe-P and Al-P, while
at high pH or i1n calcareous soils, Ca-P 1s dominant Savant and Racz,
1973; Lindsay, 1979).

Mechanisms of Pyrophosphate Reactions in Soils

Polyphosphate fertilizers containing predominantly pyrophosphate
(PP) have become ancreasingly important 1n crop production.
Pyrophosphate changes 1n soluticn in the sequence of HyPo05 ==> H3P,057
-=> H2P207= -~> HP2073’ --> P2074' as pH 1increases and 1n the opposite
d.rection as pH decreases. In a pH range of 5.0 to 8.0, the main specaes
are H2P2072' and HP2073'. The reactions of added PP 1n the soil 1nclude
sequestering (Slack et al., 1965; Bar-Yosef and Asher, 1983), sorption
(Mnkeni and MacKenzie, 1985), hydrolysis (Dick and Tabatabai, 1986),
precipitation (Savant and Racz, 1973; Khasawneh et al., 1974; Subbarao
and Ell1is, Jr., 1975) and dissolution of organic matter (Mortvedt and
Osborn, 1977).

Pyrophosphate can complex cations, such as Al, Fe and Zn ons, and
solubilize so1l organic matter which fixes cations, exposing Fe and Al
sesquioxides for P sorption {Mnkeni and MacKen:sie, 1985; Stevenson,
1986). The complex constant of 92074— with znZ* (109) 1 generally
greater than for other dominant cations Wolhoff and Overbeek, 1959)

%= may keep Zné*

indicating that P207 1n solution, and this has promoled
studies on the effect of PP-Zn 1interactions on Zn solubility 1n
solutions Mortvedt and Osborn, 1977; Bar-Yosef and Asher, 1983, and on
crop Zn nutration (Singh and Dartiques, 1970; Rehm et al., 19&0).

Acdition of small amounts of PP has resulted in decreases in OF sorption




and 1n NHs volatilization (El-Zahaby and Chien, 1982; tl-Zahaby et al.,
1982).

In addition to formation of complexes, PP 1n so1ls hydrolyzes to
OP. The availability of PP for plant use mainly depends on 1ts
hydiolysis to 0P, although evidence has becn obtained that plants can
ut1lize P as PP (Sutton and Larsen, 1964). Hydrolysis of PP 1s basically
4 hiolngical process and microbiological or enzymatic activaity 1s
generally recognized as the most impartant factor in PP hydrolysis
(Sutton et al., 1966; Gilliam and Sample, 1968; Hashimoto et al., 1969;
Subbarao et al., 1977; Dick anc Tabatabai, 1986). Hydrolysis of PP
appears to be a first-order reaction (Blanchar and Hossner, 1969a;
1969b, Hossner and Phillips, 1971; Dick and Tabatatai, 1978) and 1in some
cases zero-order (Subbarao et al., 1977) with a half-life from a few
hours to about 100U days, depending on experimental conditions (Gilliam
and Sample, 1968; Blanchar and Hossner, 1969%a; 1969b; Hossner and
Phillips, 1971; Racz and Savant, 1972; Juo and Maduakor, 19,2; Parent
and MacKenzie, 1985%; Dick and Tabatabai, 1986). Factors affecting the
rate of PP hydrolysis were, 1n decreasing order of importance,
temperature, pH, enzymes, presence of colloids, complexing cations, P
concentration, and 1onic environment in the solution (van Wazer, 1958).
Attempts to determine the individual contribution of one or more of
these factors have met with only partial success (Sutton et al., 1966;
Gilliam and Sample, 1968; Blanchar and Hossner, 1969a; 1969b; Hashimoto
et al., 1969; Savant and Racz, 1972a; 1972b; Al-Kanani, 1985). Neutral
pH, high moisture contents, low OP concentrations, moderately high

temperatures, and media with low P saorption capacities are generally



-~

favoured for high pyrophosphatase activities (Blanchar and Hossner,
1969a; 1969b; Hossner and Phillips, 1971; Racz and Savant, 197%;
Savant and Racz, 1972b). Cations, such as Mgé*, 2n?*, Fel*, may ha.ve an
activation effect on pyrophosphatases (Searle and Hughes, 1977).
Chemical catalysis alone will promote the hydrolysis but probuably not at
a rate adequate for the needs of the crop. The rate of PP hydrolysis in
the so1l could be minimized by eliminating microbial and enzymatical
activities through autoclaving or adding toluene to soi1l /Douglas et
al., 1976; Tabatabai and Dick, 1979).

Pyrophosphate sorption 1s another important PP reaction in the
soi1l. Several studies have shown that sorption capacities for PP were
higher than for OP (Sutton and Larsen, 1964; Blanchar and Hossner,
1969a; 1969b; Al-kanani, 1985; Mnkeni and MacKenzie, 1985), and Lhe
difference was accentuated at lower pH values (Blanchar and Hossner,
1969b). Pyrophosphate sorption was stronger (Hashimoto et al., 1969) but
less rapid (Philen and Lehr, 1967) than OP sorption, and yielded
markedly different reaction products (Savant and Racz, 1973; Lindsay,
1979). In contrast, Sutton and Larsen (1964) showed that the sorption
of OP was stronger than PP. There 1s lack of agreement »n regard to the
energy of sorption of PP and OP anions by soils. Sutton and Larsen
11964) reported a lower bonding energy for PP as compared to UP but
Hashimoto et al. (1969) reported the opposite.

Studies on PP sorption mechanisms are lacking (Parfitt, 1978). A
binuclear complex of PP 1ons with two te four phosphate oxygens 1in
coordination with two ferric or aluminum 1ons on the mineral surfaces,

could be hypothezied. However, PP 1ons are larger than OP 1ons, and one
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could consider linkage with sorbed cations, such as Cal* or Mg2+,
rather than replacement of hydroxyl groups by PP. Evidence has shown
tnat clays saturated with divalent 1ons sorbed more P than clays
saturated with monovalent 10ns (Pissaides et al., 1968). Polyphosphate
surption was curvil:inearly related to extractable Fe and Al contents, in
contrast to linear relationships obtained with OP sorption (Mnkeni,
1983). Other studies have shuwn that the PP sorption was partly the
replacement ur dissolution of organic matter by PP (Mortvedt and Osborn,
1977; Mnkeni1 and MacKenzie, 1985). Thus adding organic materials
resulted 1n decreased PP sorption (Mnkeni and MacKenzie, 1985).
Mechanisms of Zinc Reactions in Soils

Zinc 1n the soil solution could appear as Zn2+, ZnOH*, and Zn(QH)
(Lindsay, 1979). The proportion of hydroxyl Zn 1increases as pH
increases. The main species of Zn 1n so1l solution with a pH range of
5.0 to 6.0 are Zn?* and ZnOH*. Other Zn species 1n soils include the
oxides, carbonates, phosphates and silicates (Lindsay, 1979; Mikkelsen
and Kuo, 1977). The main reaction of added Zn in the soil 1s a sorption-
desorption (pH < 7.0) or precipitation-dissolution (pH > 7.0) process
(Brummer et al., 1983).

Clay minerals (Bingham et al., 1964; Reddy and Perkins, 1974),
sesquioxides (Jenne, 1968; Stanton and Burger 1970a; 1970b), carbonates
(Udo et al., 1970), and soi1l organic matter (Tan et al., 1971) have been
suggested as major materials accommoaating added Zn 1in soils. Formation
of Zn s1licates may control Zn concentration in solution 1f natural
complexing agents are absent (Brummer et al., 1983), formation of Fe-Zn

and P-Zn precipitates has also been suggested (Linasay, 1979; Pulford,
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1986). Formation of other Zn compounds 1s unlikely 1in most soils because
large amounts of Zn are required to ensure saturation of sorption sites
before precipitaiion occurrs, except 1in calcareous soils with high pH

2+ and other cations, such K*, Ca?* and

values. lor, exchange between Zn
Mgz+, 1s also possible (Emmerich et al., 1982; Nellsen et al., 198b;
Singh et al., 1988).

Two types of sorption, non-specaific or reversible and specific or
irreversible, occurred on the surface of soi1l particles (Kalbasi et al.,
1978; Kinniburgh, 1983). Zinc 1s specifically sorbed through replacement
of HY 1ons on sorbent surfaces. The ratio of mole protons released per
mole Zn sorbed varies between 1 and 3.2, and the net release of HY by
Zné+ sorption was shown to be independent of pH (Benjamin and teckie,
1981; Kinniburgh, 1983; Kinniburgh et al., 1983; Kuo, 1986; Gupta et
al., 1987). The oxides of Fe and Al sorb Zn by two different mechanisms,
one involving OH™ and the other HPO,” (Stanton and Burger, 1967; 1970a).
Both are specific for Zn to the extent that Ca**, Mg*™, K* and NH,* do
not interfere. Quirk and Posner (1975) suggested an olation bridge and
ring structure as a mechanism of Zne* sorption on goethite surfaces.
Bingham et al. (1964) and Barrow (1986b) argued that the species
associated with Zn sorption 1s ZnOH*, with an 1nitial rapid sorption of
ZnOH* 10ns onto heterogenous charged surfaces, followed by a diffusive
penetration. Wegmuller (1987) concluded that uncharged Zn-aquo-hydroxide
was the sorbing Zn species and reacted at neutral to alkaline pH. In
other studzies, Zne* was shown to be the principle species for In

sorption (Kalbas: et al., 1978; Singh and Abrol, 19895).

Evidence (Bar.ow, 1986a; Hayes and Leckae, 1987) indicated that
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part of the strongly bound Zn enters into the crystal lattice of layer
minerals. Such strongly bound Zn may reduce the exchange capacity,
suggesting that the sorption 1s taking place inside of the Stern plane.
tquilibrium was not readily attained but tended to approach a slow
steady state after several days (Barrow, 1986a).
Sorption Isotherms

Models describing sorption behaviour on soil materials have been
developed, and may be categorized into five groups: (1) equilibrium
models, 1ncluding Linear, Gunary, Temkin, Freundlich, Langmuir, two
surface Langmuir, snd competitive Langmuir isotherms; (2) kinetic
models, including reversible linear, reversible nonlinear, kinetic
product linear, mass transfer, Elovich, Fava, Eyring and two-site
kinetic models with theoretical bases of these models detailed by Travis
and Etnier (1981) and Ratkowsky (1986); (3) constant capacitance models,
including Stern (Barrow et al., 1980; Bowden et al., 1980; Bolan and
Barrow, 1984), mechanistic (Barrow, 1983b) and chemical models (Goldberg
and Sposito, 1984; Goldberg, 1985), developed on the hases of both
charge and chemical changes occurring i1n the process of 1on sorption
reactions 1in the system (Bolan and Barrow, 1984; Goldberg and Sposito,
1984); (4) multi-factor kinetic models (Novak and Petschauer, 1979; Lin
et al., 1983a; 1983b), which could account for several factors anvolved
1n the sorption process and have been introduced to define P sorption on
minerals and in acidic soils by Lin et al. (1983b); (5) objective model
{Sposito, 1984; Barrow and Bowden, 1987), in which the P 1ons are
allocated to four planes.

Despite the existance of various sorption isctherms, the Freundlich

13



and the Langmuir equations remain the preferred choice for descrabing
anion or cation serption behaviour in soil systems (Shuman, 1977; Sidle
et al., 1977; El-Zahaby and Chien, 1982; Ratkowsky, 1986). The Langmuir
equation 1s represented as:

C/S = (1/kb) + C/b (1)
and the Freundlich equation 1s experessed as:

s =k cN (2)
or 1nS = 1nK + N 1nC (3)
where, C 1s the solute concentration at equilabrium, S 1s the solute
sorbed, b, k, K and N are coefficients. The Freundlich 1sotherm may be
obtained from the Langmuir theory of monolayer sarption by assuming Lhat
the energy of sorption i1s a logarithmic function of tne surface coverage
(Travis and Etnier, 1981). Sorption of P by the soil was described
better by the Freundlich or modified Freundlich than by the Langmurr
equation (Barrow, 1978; Sibbesen, 1981; Ratkowsky, 1946), while in other
studies, P sorption on soil materials showed a closer agreement with the
Langmuir 1isctherm than with other sorption isotherms (Cole et al., 1953;
Olsen and Watanabe, 1957; Larson, 1967; tl-Zahaby and Chien, 1982). Zinc
sorption was described by Langmuir sorption isotherms ‘Udo et al., 1970;
Shuman, 1975; 1976; 1977) or more successfully, by the modified Langmulr
equation (Boyd et al., 1947; Graffin and Au, 1977; Sposito, 1979), which
allowed for 1on exchange reactions (Harter and Baker, 1977), and pH
depenaence (Bar-Yosef, 1979), while Sidle et al. (1977) used freundlich
sorption 1sotherms to characterize Zn sorption in a forest soil.

The importance of finding a best-fit sorption isotherm 15 1) to

simulate solute convective-dispersive transport in the soil under
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specific conditions, and (2) to help 1n understanding the mechanisms
:nvolved 1n the physical and chemical transfcrmations of the solute.
Given the complexity of solute-water-so1l systems, various sorption
1sotherms provide reasonably good interpolation of data. A plot of C/S
against C for the Langmuir isotherms and 1nS against 1nC for the
Freundlich 1isotherms should give a straight line. However, non-linear
1sotherms are often obtained (Q0lsen and Watanable, 1957; Larsen et al.,
1969; Shuman, 1975). 0One explanation 1s that sorption includes several
stages, or different sorption sites and the energy of solute sorption 1s
not constant. These sites are associated with a high-energy
chemisorption, 1including diffusion sorption, chemisorption,
precipitation and a low-energy (phys. al) sorption (Bache, 1964; Muljida
et al., 1966b; Kuo and Lotse, 1972; Shuman, 1975; Ryden et al., 1977;
Willett et al., 1988). The coefficients in the sorption isotherms have
been shown to relate to the nature of the sorbent, and were energy
danssociated, e.g., the sorption maximum calculated from the Langmuar
1sotherms was closely correlated with CEC and clay content (Shuman,
1975), surface area (Borggaard, 1983a), carbonate (Udo et al., 1970) and
organic matter contents (Shuman, 1975; Bar-Yosef, 1979). The
coefficients of N 1n the Freunclich and k in the Langmuir isotherm are
considered to be bonding coeffacients (John, 1972; Shuman, 1975), and
thus can be used to describe sorption behaviour.
Factors Affecting Phosphate or Zinc Sorption in Soils

Factors affecting P and Zn sorption are mainly contents of Al and

Fe nydrous oxides (Parfitt et al., 1975; Shuman, 1976; borggaard, 1983a;

1963b; Laverdiere and Karam, 19643 Mpkeni and MacKenzie, 1985), types
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of sorbent (Karim and Adams, 1984; Ainsworth et al., 1985), and pH (Bar-
Yosef, 1979; Clark and McBride, 1384) 1n addition to other factors such
as organic matter, ionic strength, time, temperature, moisture content
of the system (Sharpley and Ahuja, 1982; Sheppard and Racz, 1984; Boluan
et al., 1985; Mnkeni and MacKenzie, 1985), and microbial and enzymatic
activities (Rao, 1979; Tanker and Gildon, 1983).
Sorbent Materials

The sorption ability of iron oxides depends on their crystallinity.
Noncrystallirne forms ana forms with short range order (amorphous) sorbed
more OP per unit weight than crystalline forms or layer silicates
(Gastuche et al., 1963; Bache, 1964; MclLaughlinet al., 1981), but no
correlation between P sorption and noncrystalline oxide was shown,
indicating that an initial precipitate of P and the noncrystalline oxide
occurred. Crystalline oxides were correiated with OP sorption 1n various
Oxisols (Jones, 1981; Karaim and Adams, 1984).

Differences 1n the extent of P sorption appeared to be praimarily
related to the number of functional (S-0H) groups present at the solid-
solution interface or surface area (Ainsworth et al., 1985). However,
various synthetic 1ron oxides sorbed nearly equal amounts of OP when
expressed per unit of surface area (MclLaughlin et al., 1981; Borggaard,
1943a). Allophanic materials sorbed appreciably more OF than other Fe,
Al and kaolinite materials (MclLaughlin et al., 198l; Moody and
Radci1iliffe, 1986), and together they accounted for the predominnat P-
sorbing sites.

Solubility of P and Zn has been related to content of svi1l Fe and

Al oxides (Shuman, 1976; Lindsey, 1979; Borggaard, 1983a; 1983b; Karim
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and Adams, 1984; Laverdiere and Karam, 1984; Pulford, 1986). The P and
Zn concentrations may be controlled by the Al and Fe activities of the
solution. Thus high activities of Al and Fe have resulted 1n less
soluble P (Lindsay, 1979) and Zn (Shuman, 1976; Kuo, 1986; Pulford,
19b6). The formation of Fe- or Al-P 1n acid soi1ls, and Ca-P in alkaline
soirls 1s governed by the solubility product principles, the com on 1ion
principle, and the salt effect princaple. Thus removal of the free Fe
ox1de from the so1l colloids reduced the magnitude of P sorption
(Borygaard, 1983b), and Zn sorption (Shuman, 1976). Both P and Zn 1ons
mey diffuse into or be sorbed at the less accessible sorption sites of
the amorphous Al and Fe materials, resulting in a slow reaction (Ellis
ana Troug 1955; Barrow, 1986a; Willett et al., 1988).

Soil pH

Tne direct effects of pH include increases in pH which result in a
more negative surface and less positive PP and Zn 1ons 1n solution.
Indirect effects 1nclude dissolution or crystallization of Fe or Al
materials.

Hydroxyl groups 1n solution compete with OP for the sorption sites.
Thus 1ncreases in pH result in less OP sorption (Imai et al., 1981;
Asher and Bar-Yosef, 1982; Bolan and Barrow, 1984; Iniguez and Val,
1984). However, Stanton and Burger (1970b) showed that P sorption
increased as the pH increased, up to a value of 6.25, with further
increases 1n pH resulting i1n decreased sorption.

Zinc sorption is highly pH-dependent (Kinniburgh and Jackson, 1982;
Tiller et al., 1984; Gupta et al., 1987). Thas strong pH-dependence has

been interpreted in terms of several mechanisms: the preferential
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sorption of hydrolyzed cation ZnOH", the formation of surface-Zn/OH)*
species, or the exchange of Zn?* for surface bound protons Morel et
al., 1931; s5chendler, 1961; Barrow, 1986b), and the attraction between a
more negative surface and the cation. Total and specifically soibed /n
increased with pH 1ncreases. The non-specifically bound /n also
generally increasead somewhat with pH but less than other forms, up to a
maximum at pH 5.6, then decreased (Tiller et al., 1984). At high pH,
precipitation controls Zn solubilaty (Lindsay, 1979).

Organic Matter

More OP was sorbed when the soi1l contained less organic matter
(Ima1 et al., 1961). Loosely bound organic matter 1s proyressively
displaced by reactive 0P 1ons. At pH above 7, the erfect 1s less
pronounced. In the presence of organic anions, P sorption by soi1ls 1s
reduced (Appelt et al., 1975; Lopez-Hernandez et al., 1986).

Organic acids were capable of reducing the amount of P (PP and OP)
sorbed by minerals probably due to competition between 0P o1 PP and
organic anions for sorption sites (Nagarajah et al., 1970; Lopes-
Hernandez and Burnham, 1974; Hol ford and Mattingly, 1975; Mnkeny and
MacKenzie, 1985). 0On other hand, organic matter may retain P 1n

M+ A1%*, and Ca?* (wild, 195U).

association wxth cations such as Fe
Furthermore, organic acids could perturb the crystallization of Al and
Fe oxiaes (Thomas, 1975; Wallingford et al., 1975; Ng Kee Kwong and
Huang, 1978), reauce the diffusion coefficient Warnecke and Barber,
1973) or form complexes 1n association with soil particles (Hodgson et

al., 1966) thus directly or indirectly affecting P and Zn solubility in

so1ls. Other effects include organic matter buffering of soil pH
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Magdoff and Bartlett, 1985; Curtin et al., 1987), and enhancing or
depressing microbial activities (Frankenberger and Dick, 1983), which
indirectly influence P or Zn solubility. The combined effect of organic
matter on Zn or P sorption depends on the balance between these
reactions.
Salt Concentration or Ionic Strength

Increasing the concentration of background electrolyte increases 0P
retention at high pH (Helyar et al., 1976; Robarge and Corey, 1979), but
at low pH, 1increasing electrolyte concentration decreased 0P sorption
(Barrow et al., 1980).

In sorption has been reported to be greater in chloride than 1in
n.trate solutions (Forbes et al., 1976; Padmanabham, 1983), suggesting
that the formation of Zn-C1l complex 1ons favors specific sorption.

2+ sorption on a

Elrachid and 0'Connor (1982) found no difference 1n Zn
sanay loam scil using C17, NOs™, and 504= at concentrations ranging from
0.005 to 0.1 M at pH 7.6. According to Shuman (1986), i1onic strength
and anlons had no influence on the shape of the isotherms but the higher

2+ s sorbed. Bohn et al., (1979)

the 1onic strength the less Zn
explained that dilution of equilibrium solutions favored retention of
more highly charged cations, and Barrow and Ellis (1986) indicated that
Zn sorption was decreased by high concentration of salt partly due to
effects of salt 1n decreasing so1l solution pH. Increasing the salt
concentration would reduce the negative potentials thus decreasing Zn
sorption. Increased Zn sorption 1n the 504= system could be due to

changes in the surface potential after SDaz sorption Benjamin and

Leckie, 1982). On the other hana, complexad Zn, such as Zn30, or Znc1*
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may be favored for specific sorplion because of the reduction in
hydration and in the electrical charge of the In+ (Padmanaham, 1983).
As expected, Zn desorption in calcium solutions was greater than in
sodium solutions (Barrow, 1986) due to replacement of sorbed Zn by Calt.

In summary, 1onic strength influences: (1) anion competition with P
1ons for sorption sites; f2) surface potentials and thickness of the
diffuse layer; (3) anion sorption which in turn affects surface
potential; (4) soluticn complexes of Zn with anions which enhance Zn
sorption; (5) surface complexes of Zn with anions which reduce /n
desorption; (6) background cations which displace H* from the surface,
decreasing solution pH. and (7) the 1on exchange process between the
solute and sorbate on the sorbent.

Temperature

The rates of both OP sorption and desorption are increased with
increases 1in temperature (Barrow, 1979; Chien et al., 1982; Barrow,
1986a). There was a more than threefold 1ncrease 1n the rate of change
of P for each 10°C increase 1in temperature (Barrow, 1974).

The effect of temperature on P (PP and OP) and on Zn sorption was
attributed to increased sorption sites resulting from high temperature.
Under such conditions, both the functional groups on the surface and the
solutes 1 solution are 1n a high energy state, 1ncreasing reactions
rates. Kuo and Mikkelsen (1979) showed that 1ncreasing temperature
increased the rate of Zn reaction with soi1l, piobably due to the

increases 1n the concentration of ZnOH* 1ons (Barrow, 1986a).
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Moisture Levels

With molsture contents greater than field capacity, sorption should
be 1ncreased due to morz2 freedom of movement of solutes in the soi1l-
solution system, with more frequent contact between solutes and sorption
sites. The extent of P movement was influenced more by initaal soil
molsture content than by the source of P (Khasawneh et al., 1974).
However, high solution:soil ratio decreased and low ratio increased P
sorption 1n the range of 5:1 to 40:1 (Hope and Syers, 1976). The
kinetic control of solution:scil ratioc on 10on sorption may be
interpretea 1n terms of the number of 1on sorbing sites and initial
solute concentrations on the rates of 1on sorption by soils. The
sorptive capacity of a solid for a sclute tends to increase as the fluid
phase concentration of the solute increases. Yet, air-drying was shown
to increase 0P sorption capacity of some soils (Barrow and Shaw, 1980;
Haynes and Swift, 1985). Other effects i1nclude moisture rcontents
affecting redox conditions, which influence Fe and Mrn solubilaties and
in turn, control Zn solubility (Sajwan and Lindsay, 1986).
Reaction Time

Sorption equilibrium 1s not readily attained but tends to approach
a slow steady state after several days (Tiller and Hodgson, 1962; Kuo
and Mikkelsen, 1979; Barrow, 1986a). Zinc continued to react with soils
for up to 30 h, the change in concentration was proportional to a
fractional power of time (Barrow, 1986a). Non-specific sorption was more
rapid than specific sorption. The highest values of non-specific sorbed
Zn were recorded at 2 h, and thereafter either changed little or

decreased somewhat because of the transfer to specifically bound forms.
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Specific sorption was much more rapid during the first 2 or 3 days than
later, especially at high pH values (Tiller et al., 1984). Thus as time
goes on, the reactions between solute 1ons and sorbent change .n the
sequence of rapid non-specific, then specific, and finally, penetration
or slow sorption into/in the interior surface of amorphous and
crystalline materials.
Phosphate and Zinc Interactions in Soils

Most studies of the effect of P on solubility or extractability of
Zn 1n so1l have found either negligible or conflicting results, even
when Zn deficiencies 1n crop have been worsened by P additions (Adams,
1980; Adams et al., 1982; Olsen, 1972; Norvell et al., 1987; Shang ana
Bates, 1987). Loneragan et al. (1979) suggested that one of thc reasons
for P-induced Zn deficiency in plants could be P-enhanced Zn sorption by
sesquioxides. A decrease 1n avallable Zn occurred when P was applied Lo
acid soils (Badanur and Rao, 1973). Murphy et al. (1981) and Shang and
Bates (1987) reported that the availability of Zn was low 1n calcareous
soils or 1n soils of high pH and that added P enhanced Zn deficiencies
more easily under high pH or alkaline conditions Norvell et al., 1987).
Shang and Bates (1987) suggested that Zn soi1l tests should be adjusted
for fertilizer P. Kuo (1986) 1indicated that no obvious complementary
effect of Zn sorption on P sorption, or vice versa, was observed using
Fe-oxide, which 1s consistent with the results of Pasricha et al. (1987)
who showed that applying P to the soil did not decrease Zn intensity 1n
the so1l solution. According to Al-Showk et al. (1987) and Mandal and
Haldar (1980), P addition, regardless of source, had no effect on DTPA-

Zn, an index of available Zn in the soil.
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However, the sorbed P plays important roles in Zn sorption on soils
fStanton and Burger, 1967; 1970a; 1970b) 1in addition to those played by
orgyanic colloios (Karam et al., 1983) and pH Kalbasi et al., 1978;
Reddy and Perkins, 1974). Several mechanisms are involved in 0OP-Zn
interaction :n the soirl. (1) A coulombic effect, 1.e., P sorption on
w01l surfaces could change the surface charge towards more negative
vulues (Parfitt et al., 1975; Laverdaiere, 1982), thus increasing Zn
sorption (Saeed and Fox, 1979; Barrow, 1987). If such increased ZIn
sorption 1s due to the coulonpic e fect, then the amount of exchangeable
Zn should be increased and Zn upirake by plants should be enhanced since
exchangeable Zn has been proposed as an available form for crop use
fLeClaire et al., 1984). (2) A precipaitation effect, which i1ncluded a
direct or indirect effect. A direct effect 1s that H,P0,~ and Zn?* form
a precipitate of hopeite (Jurinak and Inouye, 1962; Lindsay, 1979),
walch may not affect Zn availability since this precipitate has
relatively high solubilaty, being adequate for crop uptake (Carroll and
Loneragan, 1968). An indirect effect 1s that P precipatates Ca, Fe and
Al components (Kim et al., 1983; Lindsay, 1979; Taylor and Gurney, 1965)
or umposes 1ts pH on the localized soil zones (Al-Showk et al., 1987:
Barrow, 1987; Shuman, 1988), affecting Fe solubility. Thus Zn solubility
would be affected. (3) A bridge effect, whers Zn may be sorbed on the
surface of oxides of Fe and Al by two mechanisms, one involving OH™ and
the other HPU,~. Stanton and Burger (1970a) and Bolland et al. (1977)
stated that 7Zn 1s sorbed on phosphated hydrous oxides through the medium
of polyvalent bonds which are bonded to both the oxide and Zn2+. Thus,

the sorbed P acts as a bridge between soil minerals and Zn, increasing
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Zn sorption. This sorbed Zn could be potentially available for plant
use. On the other hand, sorbed Zn could also act as a bridge cetween P
and so1l waterials. Thus Zn sorption should result 1in increased P
sorption. (4) A specific sorption effect, 1.e., sorbed P induces In
specific sorption either through creating new sorption sites or exposing
existing sites.

Pyrophosphate has been shown to maintain certain metallic cations
in so1l solution through sequestration (Rogers and Reynolds, 1949;
Wilbanks et al., 1961; Asher and Bar-Yosef, 1982). This fact has led to
work verifying the speculation that PP, when applied to so1l, sequesters
native and applied Zn and thus 1ncreases 1ts concentration in soil
solution fGilliam and Sample, 1968; Singh and Dartigues, 1970; Giordano
et al., 1971; Bar-Yosef and Asher, 1983). The effectiveness of PP 1in
complexing Zn was dependent on the levels of Ca, Fe, Al, 1nitial PP
concentration and pH of the solution i1n contact with the sorbent.
Application of P tn a soil resulted in a significant increase 1in Zn 1n
sorl solution, with PP causing more complexing than with OP (Giordano et
al., 1971; Hashimoto and Wakefield, 1974; and Mortvedt and Osborn,
1977). The complexing effect of PP 1s only temporary due to hydrolysis
of PP 1n microbially active soils. Maximum complexing power ot PP 15
expected to be at pH > 9.U, where PP 1is predominantly P2U7a’, which
forms the most stable complex with n?*. The effect of PP on /n
solub1lity 1n so1ls can alsoc be attributed to PP-solubilized organic
matter (Mortvedt and Osborn, 1977). Since P sorption as PP 1s rapid and
greater than OP sorption, the degree, however, to which PP sorption in

so1l leads to decreases in complexing effectiveness of PP for In,
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remains to be 1nvestigated. On the other hand, whether the sorbed PP
would lead to a shift of the surface charge of the sorbent towards more
negative values, 1increasing CEC, and creating more exchange sites, and
thus resulting in i1ncreased Zn sorption, remains to be determined.

Zinc Fractions in Soils

The w1mportance of Zn fractionation in soil has two aspects (1) as a
reference for soi1l Zn availability to crops, and (2) as a craiterion to
1nvestigate Zn sorption mechanisms. Zinc fractions i1n soi1l can be
partitioned into exchangeable, sorbed, organic, carbonate, sulfide, Mn
oxide, amorphous Fe oxi1de, crystalline Fe oxide and residual forms by
using varlous extractants sequentially (Table 1).

Excharigeable (coulombic attracted) and sorbed (ligand exchange)
forms are highly biocavailable, and the organic form 1s a strongly labile
plant-available Zn pool. Other Zn forms, except for residual Zn,
represent. reservolrs of potentially biocavailable Zn (LeClaire et al.,
1984). Studies from California on Holland, Ramona ano Helendale soils
and from industrial northwestern Indiana on Oakville and Plauinfield
solls found most of soi1l Zn in organic and residual forms (Emmerich et
al., 1982; Mi1ller and McFee, 1983). Exchangeable and organic forms of Zn
increased with decreases i1n so1l pH, but specifically sorbed and Mn-
ox1de Zn fractions 1ncreased with the 1ncreases 1n soil pH for typic
Fluvaquents on the Mississippi River alluvium and for soils located in
vVirginia (lyengar et al., 1981; Sims and Patrick, 1978). Reports from
Ludhiana, India indicated that added Zn was mostly 1n weakly sorbed and
organic fractions i1n Fathehpur sandy loam soil (Chand: and Takkar,

1982). The so1l Zn forms were shown to be affected by environmental
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conditions (Miller and McFee, 1983), sewage-sludge applications
(LeClaire et al., 1984; Emmerich et al., 1982; Sposito et al., 1942),
and t1llage practices (Shuman and Hargrove, 1985). Little information 1s
available about the effect of added P, especially PP, on netive or added
Zn distributions.

Singh et al. (1988) failed to show evidence that P-induced /n
deficiency was a result of differences in soi1l characteristics or water
soluble plus exchangeable, organically bound, Mn- and Fe-oxide bound or
residual Zn fractions, while Shuman (1988) reported that P additions
resulted in a shift of Zn from Mn-oxide and crystalline fe-oxide
fractions to the exchangeable Zn fraction i1n so1ls due to on 1nitial
lowerea pH by added P. Residual Zn was considered most stable, and a
shift from other furms to residual forms has been indicated (Emmerich et
al. 1982).

A problem i1n the process of metal fractionation 1s that extractants
are only relatively selective for a specific metal fraction /Tessier et
al., 1979). Thus selection of an extractant should be on the basis of
(1) if 1t 1s effective 1n extracting the expected fraction, and (2) 1f
1t 1s efficient or plausible under the defined conditions. This 1s
probably why various extractants have been employed in partitioning Zn
fractions 1in differvent studies (Table 1).

CONCLUSIONS AND HYPOTHESES

The main reaction of 0P, PP and Zn 1n soils 1s sorption on sotl
components, especially on fe or Al oxides. High surface area, low
organic matter content, low 1onic strength, high temperature, moderatc

moisture content znd longer contact time favor P or Zn sorption, and
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high pH results i1n more Zn but less P sorption. Most studies have
indicated that sorption can be described best by the Freundlich or the
Lanamulr 1sotherms. with sorbed P, 1t would be expected that there were
more avallable sorption sites on the soil particles as the surface
becomes more negative. Thus sorbed P would increase Zn sorption. Whether
such 1ncreased Zn sorption 1s attributed to the P-induced coulombic
effect, or P-1nduced specific sorption, or other mechanisms, could be
examined by means of Zn sorption-desorption, and fraction distribution
in soils. Furthermore, Zn reactions would be affected to a greater
extent 1n the presence of added PP than in the presence of added 0P
since PP sorption 1s usually greater than OP at the same rate of P
addition,
As a consequence, the objectives of this thesis were:
1. to determine quantitatively the effects c¢f added PP on
CEC of soils 1n comparison with that of 0P,
2. to determine the effects of sorbed OP and PP on sorption-
desorption and fractions of Zn 1in soils,
3. torelate P, Zn sorption-descrption and fractions to
so1l components, and
4. to evaluate mechanisms involved 1in OP or PP

interactions with Zn in soils.
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Table 1. Extractants employed 1n extracting Zn fractions in various studies.

Vater Exchangeable Specifically Organmically Carbonate Chelate Hn—cxade Fe+Al axide Crystalline
Study soluble sorbed sorbed bound extractable Sulfide bound bound sesquiaarde Residual
(Complexed)
Brmerich ot ai , 1982 - 054 R 0 0.5 M NaCH 0 05 4 Naz-EDTA - - - - _ 44 10,
Levesque & Mathur, 1988 Hz0 1 N CaCle 2.5% HOAc - 01 MHC - 4 N 1B, - - _ _
Mauvdal & Maudal, 1987 - 1 Y NLOAc - 0.05 M Cu(OAC)z he 0.05 M DTPA Aq. KN - Aq. CaClz - -
41 NTEA +ydroguione
Miller and McFee 1583 B0 1 N KNOs - 1.0 M NaP:0: 0.1 MEDTA 0.2 M (NB4)2C20¢ - - 0.2 M (I4)2C20¢ 0.3 M NaCl -
+3.1 M MalCO
+0.13 M Naz 5204
Neilsen et al , 1986 - 1 M MoClz - 308 kO - - 1IN 0.1 M NROH.HC - 0.27 N Na~Citrate [i1200]
+0.01 N HNO3 +0.1 N NaHoO» +H02
40.14 M NazSz0¢
Shuman & Hargrove 1985 - 1M MgNDy)2 - 0.7 M NaOCl - - - - 2 M (1Ha)2C200 - 52
+0.2 H BCa04 +10;
HiC1
Singh et al 1988 - 005MCaCl: 2S5V HOAC 01 M kP07 - - - 0.1 M MOH HCY 02M (M)2€200 0.1 ¥ Asoobic acad HF
+0 2 H HBC0 0.2 4 (MBe27200 Dy
H0.2 M H2C204 +HC1
Sposito et al 1982 - 05Ny RO 0.5 M NacH 0 05 M Naz-EDTA - - 0.1 K NLOH.HC1 0.2 M (MHe}2C20n - HF
+ 0l N B 0 1M RGO Re: 101
1
Sedherry & Reddy 1976 R0 1% MBLOAC - 0N By - 0.025 M Cu(Gic)2 - - - - P 50
+HBF
+HC104
Gupta and Chen 1975 ;3] 1 MOHQA - 3 RO - - - 0.1 ¥ MRLOH.ACY 0.2 B2Caln - | (03]
0 1M R +0.01 ¥ By +HF
HC10
Sis and Fatrick 1878 ] 1% Nadac - € 1% FaFr- - - - 0 1MNRW.P DM BC20 - B
+0,01 M Ry 0 M MHa)2C5 e
1%
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CHAPTER  II

EFFECTS OF SORBED ORTHOPHOSPHATE ON THE ZINC STATUS

OF THREE SOILS OF EASTERN CANADA
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INTRODUCTION
Zinc deficiencies 1n crop production have been noted in Eastern
Canada. The interaction of P with Zn and 1increasing use of P
fertilizers suggests that Zn deficiencies may become more widespread.
Thus evaluation of the impact of added P on Zn 1s important for so1l
management purposes.

Zinc has been shown to be sorbed on the surface of oxides of fe
and Al by two mechanisms, one 1nvolving OH™ and the other involving
HPO,~ (Jurinak & Inouye, 1962 ). Stanton & Burger (1970) and Bolland et
al. (1977) argued for a "bridge" effect in which Zn was sorbed on
phosphated hydrous oxides through the medium of polyvalent bonds to both
the oxide and Zn2+. Increased negative charge or cation exchange
capacity (CEC) with sorbed P has been found by a number of workers
(Mekaru & Uehara, 1972; Kuo & McNeal, 1984; Gillman & Fox, 1980), and
was thought to be responsible for the increases in Zn sorption (Saeed &
Fox, 1979). However, Barrow (1987) postulated that /Zn ana P were surbed
at sites of opposite charge on the surface. Variations 1n Zn sorption
with added P were attributed to a P-induced pH effect (Barrow, 1987; Xic
and MacKenzie, 1988). In addition, Xie and MacKenzie (1988) and Neiloen
et al. (1986) speculated that P sorption increased specific sorption
sites of Zn and that such specifically sorbed zinc was not readily
displaced by other cations. The relative impertance of P additions on
Zn sorption seems to vary with soils of different physical and chemical

characteristics.

Information on P-Zn interaction in so1ls could be obtained from
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relatiohships between Zn desorption and soil components at a constant
pH. If increased Zn sorption 1s due to 1increased negative charges with
4«dded P then Zn desorption with added cations would be reversible. If
there exists a bridge effect, the amount of desorbed Zn should be
proportional to the amount of desorbed P. If, however, added P 1increases
specific sorption sites for Zn there shoula be reduced Zn desorption
with added P. Such an effect could be stronger in soils of high Fe
contents than 1n soils of low Fe contents, since fe materials may
control Zn solubility 1n soi1ls of high Fe contents (Pulford, 1986).

A further distinction of decreased Zn solubility 1in so1ls with
added P can be made using Zn partitions. Fractionation of Zn into
exchangeable Zn, organic and Fe oxide associated-Zn and residual Zn, or
various avallable forms using different extractants has been attempted
(Neirlsen et al., 1986; Shang and Bates, 1987; X1e and MacKerzie, 1988).
X1e and MacKenzie (1988) discussed pH effects on P-Zn 1interactions and
Zn partitions but did not discuss the effect of so1l properties on Zn
sorption, Zn desorption and Zn fractions. The impact of added P on such
I/n fractions could help to evaluate P-Zn interactions.

Finally, possible Zn-P interaction lies 1n the precipitation of
hopeite. This compound has been considered to be too scluble to explain
/n-P 1nteractions 1in soils {Lindsay, 1979). However, the possibility of
precipitation of hopeite 1in localized regqgions of hign P concentration
mav exist.

The present study was designed to determine the effect of so1l
properties on orthophosphate sorption, of P sorption on CEC, and of so1l

properties and P sorption on Zn sorption, Zn desorption and Zn
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fractions, and to evaluate several mechanisms involved in P-/n
interaction in soils.
MATERIALS AND METHODS

Top and subsoil samples were obtained from cultivated Uplands and
Dalhousie so1l and a pastured St Bernard soil from south-western {Quebec,
Canada, 1ndlca£ed as UT, US, DT, DS, ST and SS, respectively. 501ls were
selected to represent those developed on alluvial, marine-lacustrine and
glacial till deposits (Table 1). Samples were air dried, ground to <l mm
ana analyzed for pH, organic C, CEC, phosphate sorption maxima, clay
content, dithionite-citrate extractable Fe and Al (DC-Fe and DC-AL),
ammonium~oxalate extractable Fe and Al A0-Fe and AU-A1), and sodium
pyrophosphate extractable Fe and Al (PP-Fe and PP-Al). Crystalline fe
(FeCRY) was aefined as DC-Fe minus AO-Fe, amorphous fe (Feyy) as AU-Fe
minus PP-Fe, and organic Fe (FeDR) as PP-Fe. Zero point of net charge
(ZPNC) was determined.
Experiment 1. P Sorption Effects on Soil CEC

Six so1l samples, 5 P solution levels (0.0, 12.0, 30.0, 60.0, and
96.0 mmole P as NaH,P0,.H,0 kg'l sorl), and 2 replicates were used.
Initial 1onic strength was held constant by preparing P solutions 1n
0.03 M KC10, and pH was adjusted to 6.0 by titration with 0.5 M KUH. Two
hundred mL of P solution was added to 250 mlL weighed plastic centrifuge
tubes containing 2G.0 g of soil. The suspension was shaken reciprocally
for 72 hours at 25°C and centrifuged. The supernatant solution was
filtered and pH and total P determined ‘Asher, 1980). The tube with the
sediment and residual solution was weighed. So1l 1n the tube was then

air dried and sampled for CEC determinations.
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Experiment 2. P and Zn Sorption-Desorption

Two grams of soil were equilibrated waith 20 mL P solution, then
with 20 mL Zn solution followed by 20 mL of 0.03 M KC10, solution,
sequent1ally, for 72 hrs for each of the three equilibria at 259C. Saix
soiLls, 4 P levels (0.0, 30.0, 60.0, and 90.0 mmole P kg‘l so1l), and 5
/n levels 0, 2.5, 5.0, 7.5 and 16.0 mmole Zn kg"l s01]) were assessed
with 2 replicates for each treatment. Ionic strength and initial pH was
adjusted as above. Suspensions were centrifuged and total P, total Zn
and pH determined in the supernztant solut:on at the end of each
equllibration. The first equilibrium determined P sorption (Pg,), the
second Zn sorption (Zng,) and P desorption {Pp,) or remaining sorbed P
PS,), the third Zn desorption (ZnDB) or remaining sorbed Zn (ZnS3) and
further P desorption (PDB) or remaining sorbed P fPS3L
Experiment 3. Zn Fractions as Affected by Sorbed P

1

Samp les receiving 0.0 and 90.0 mmole P kg™ soi1il at the first

-1 so1l at the second

equllibration and 0.0 and 10.0 mmole Zn kg
equilibration 1n Experiment 2 were analyzed for Zn fractions. Solutions
aof 0.5 M KNO3, 0.5 M NaOd and concentrated HNO 3+30% H,0, were
sequentially used to extract what has been called exchangeable Zn
{Zrgnps)s organic and Fe and Al oxide-associated Zn (Zny,qy) and
residual Zn (Z”HNUB)’ respectively (Levesque & Schnitzer, 1966; Emmerich
et al., 1982; Sposito et al., 1982; Miller & McFee, 19B3).

Results were expressed on the basis of oven dry (105°C) weight.
The PSl’ PDZ’ PDB’ Znsz, ZnD3 and Zn fraction values were obtained by

subtracting the amount of P or Zn remaining 1n the solution from the

total amount added or remaining from the previous step and correcting
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for P or Zn 1n the 1nterstitial solutions. Thus sorbed P or Zn was the
sum of P or Zn adsorbed on so1l surfaces and P or Zn precipitated. The
activity praoduct flogKSP) for hopeirte was calculated using the formula
of log Kgp = 3 log azo, + 2 log ayypg,- + 4 PH under the assumplion
that within the experimental pH range, H,P0,” and Zn2* were the main
components for P and Zn 1n the solution, respectively. For the
conversion of concentrations into activities, the activity cocfficients
of H,POQ,” and Zn* were calculated using the Debye~Huckel equation
(Lindsay, 1979). Changes 1n CEC (4ppc) were calculated according to the
formula of ACEC=CECP—CEC0, where CECp was the CEC of soils with added P,
CEC; was the CEC of soils without added P.
RESULTS AND DISCUSSION

in the soils studied, increased CEC per mmole of sorbed P ranged
from 0.5 to 1.05 meq (Table 2), which 1s consistent with the findings
reported by others (Kuo & McNeal, 1984; Gillman & Fox, 1980). Over all
so1ls, 1 mmole sorbed P resulted in 0.72 meq increase 1n CLC,
(Bppe=U.72Pg,, R%z0.78, P<0.001), which 1s in agreement with the average
value of 0.8 meq mmole=! sorbed P found by Mekaru & Uehara (1972) fo1
ferruginous tropical soi1ls. It 1s also within the ranges noted ftor
goethite by Parfitt (1978). This suggests that P reactions may have been
primariiy associated with Fe compounds i1n the soils studied, and
generally agrees with accepted adsorption models (Parfitt et al., 1975;
Rajan, 1975). The degree of change in CEC with sorbed P seemed to be
independent of amounts of extractable Fe and Al except AU-Fe and Fepy
(Table 2), which negatively correlated with the changes in CEC as

affected by Pgyy 1ndicating that P sorbed on amorphous materials did not
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contribute to 1increases in CEC, or the P-FeAM reaction was a
precipitation. On other hand, slope values significantly correlated with
original soi1l pH values (Table 2), suggesting that deprotonation of
sorbed P occurred at h:gh pH.

Positive correlations between PSl and so1l CEC, clay contents,
organic C, extractable Fe and Al, and negative correlation with ZPNC
{Table 7) were found. These correlations supported the speculation that
Pg) was occurring on the edges of clay minerals and Fe crystalline
compounds (Parfitt <t al., 1975), such as geothite and hematite, or in
reactions with organic fFe and Al materials (PP-Fe and Al). The
difference between AO-fe and PP-fFe, 1.e., Fepy, was not correlated with
P¢yy» 1ndicating that amorphous Fe oxides may not have p:ayed an
wmportant role in the process of P sorption (Lindsay, 1979).

Desorption of P was a linear function of the amount of PSl within
the range of 13 to 43 mmoles kg'l (Fig. 1), which 1s consistent with the
results of Barrow (1983), suggesting that the energy of P desorption was
similar tor every mmole of sorbed P. The decrease in slope of PSZ V8 P03
from second and third equilibria, compared to the first and second
equilibria, i1ndicated a time effect on P desorption. As the third
equilibration was 72 hours later than the second, more P may have
diffused 1nto inaccessible sites or become more firmly sorbed {Moore and
Zouestiagh, 1974; Barrow, 1983), thus decreasing desorption.
Correiations between Ppp and so1l characteristics (Table 3) may be a
reflection of Pg, since Ppp increased with the increases an Psy (Fig.
1).

Zinc addition decreased Pp, {Fi1g. 2). If the value of Ing, was
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greater than 9 mmoles kg'l so1l, there was virtually no Ppp from the U1
and US soils. However, Zrn addition did not 1mprove the correlations
between PD2 and so1] parameters ‘Table 3), indicating that the eftect ot
sorbed Zn on PDZ was 1ndependent of so1l properties.

On the one hand, decreased PDZ at high Zngy levels may have been
due to hopeite precipitation at high initial P and Zn rates during the
second equilibration, as 1ndicated by solubility products Table 4)
greater than that for hopeite Lindsay, 1979). On the other hand, the
evidence that ZnSZ increased as Zn addition rates 1ncreased at any P
addition rate Xie and MacKenzie, 1988) supports the speculation that P
and Zn were sorbed al opposite ends of a spectrum of electrostatic
potentials fBarrow, 1987). The Ing,-Pp, relationship could be ev:idence
for a Zn-P sorption complex. This 1s consistent wilh a /n-P specific
sorption aue to a Zn-P-so1l complex. The importance of sorbea 7Zn on P
desorption should be minimized since native Zn contents of so1ls are
generally low. However, the reverse, increases 1n P sorption resulting
1n decreases 1n Zn desorption, 1s more important due to frequent P
fertilizer applications 1n agricultural soils.

Increased Zng, was equivalent to less than 5%, 1n the Uplunds
{sand) and St.Bernard f1uam) sotls, and less than ]%, 1n the Da housie
fclay) soils, of the increased CEC with sorbed P ‘Table 5), while /ny,
rates were reduced 40-50% by adoed P at 9U mM L(g'l compared with zera P
samples. On the average, one meq 1ncrease 1n CEC resulted in 1.v=5.5
decrement 1in Znpz. Precipitation of Zn and P as hopecite was  not
responsible for tnis effect as 1on products at the third equilibration

were smaller than the Kgp for hopeste.
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Phosphate sorption improved the correlations between Zng, ari DC-
Fe, AU-Fe, PP-Fe or Feppy (Table 3), suggesting that Pg, caused
lncreases 1n Zng, on the Fe components {particularly the organic Fe,
1.e., PP-Fe, and crystalline Fe). The consequence of this effect was
that Pg, resulted 1n better correlations between Znp and soil
parameters, particularly, PP-Fe ana DC-Fe (Table 3), confarming the
speculation that P52 enhanced specific Zn sorption (Xie and MacKenzie,
19448, but mainly on Fe materials. Such materials may form precipitates
with Zn and control Zn solubility (Pulford, 1986). 1he results that Pgo
Increased Lng, 1N soils (x1e and MacKenzie, 1988) were 1n agreement with
the studies with goethite (Bolland et al., 1977), with 1iron and aluminum
oxi1des (Stanton & Burger, 1970), but contrasts with the studies with
so1l rlays (Cavallaro, 1982), and with aluminum h,droxide (McBraide,
1785). Thus st un the surface restricted inp3, elther through
mechanical occiusion, 1increasca specific adsorption sites, or enhanced
negatlive charge effects. The bridge effect, Zn linked to the soil
sut face through sorbea P, was probably not significant since Pp3 was
not correlated with Znpg {X1e ana MacKenzie, 19BH). Kuo (1986) and
Barrow (1987) also showed no evidence of the existance of the bridge
effect.

The ratio of Iny3 to Ing, 1ncreased with increases 1in ing, (F1g.
3y, 1ndicating that with mare ZnSZ’ less energy was required to desorb
Zn, or the portion of /n specifically sorbed was lower. The higher ZnD3
with the coarser textured sn1ls may have been due to a higher percent
saturation ot the ZnSZ sites 1n these scils. lherefore, the sorbed Zn

would be held less strongly with lower energy and more Zn would be
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released.

Added P, compared with zero P addition, resulted in reductions in
Zngng3s Dut 1ncreases in Zny g, fA1e and MacKenzie, 1988). Ay CEC was
increased with added P, one could have expected more ZHKN05 ot
exchangeable Zn with added P. However, the opposite was observed,
indicating that Zn52 did not appear as exchangeahle /n and the charge
effect produced by sorbed P had little effect on Ing,. 1t 1s more likely
that ZnSZ was assoclated with Fe and Al oxy-hydroxides and/or organic
matter (ZnNaUH), in that P addition increased the absolute values of
correlation coefficients (r) between Zn fractions (particularly Lhyaon’
and so1] parameters Table 6). It was shown that Z”KNU5 had negative,
but ZnNaOH and ZnHND} had positive correlations with Peg. Increased
positive correlations between Z”NaOH and Fe or Al with P addition 1y
consistent with the conclusion that P reacted with Fe or Al materials,
increasing specific Zn sorption on these materials.

CONCLUSIONS

The effect of P addition on decreasing solution Znin s s was
shown through increasing specific Zn sorption on Fe materials. This was
supported by the facts that P scrption correlatec positively with
organic or crystalline Fe contents, anag that P sorption enhanced
assoclations between Zn sorption (positive), Zn desorption ‘negative,
Zngngs (negative) or Iny,gp (positive) and Fe materials. The consequence
of sucn reactions was a reduction 1n readily avallable Zn forms, IThe
bridge effect, the + induced negative charge effect on /n sorption, and
precipitation of hopeite were not important mechanisms controlling suil

Zn solubility 1in the presence of added P.
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Table 1. Selected properties of the experamental soils.

Parameter+ = s e Reference

Classification (FAQ) Orthic-podzol Eutric-cambisol Humic-gleysol 1

Horizon Ap Bh Ah Bhy Ap Beh

Depth fcm) (=24 26-45 (=20 20U=35 (=20 20-47

Clay content, g kg™! 10U 120 2006 21U 410 SU0U R
pH, 301l:watTr=l:2 6.3 6.4 5.0 5.4 5.7 9.7

CEC, meq kg™ 57.0  43.G 119 WL 260 299 ;
Organic C, g.kg-! 16.7 12.0  26.1  13.5 8.8 9.4 4
DC-Fe, g kg~! 3.1 3.4 9.4 8.7 9.2 9.5 b
DC-Al, g kg™t 1.1 1.0 1.5 1.3 1.9 1.9 5
AO-Fe, g kg1 1.5 1.3 3.7 5.1 3.1 509
AD-AL, g kgt 2.0 1.6 2.1 1.8 3.5 540005
PP-Fe (Fepp)y g kgl 0.5 .4 1.3 1.1 1.4 1.4 Y
PP-Al, g kg~ 6.7 0.5 1.1 6.8 2.1 1.7 5
Feaps kg"ll 1.0 0.9 2.4 2.0 1.7 1.7
Fecrys 9 kg L L6 2 5.7 5.6 6.1 6.4

Pc maxima, mmole kg~ 16.6 19.1 23.9 21.8 31.7 29.Y O
ZPNC 3.2 4.2 2.5 1.7 0.6 0.4 7

+ DC-extracted with dithionite citrate; Al0-extracted with ammonium
oxalate; PP-extracted with sodium pyrophosphate; (PNC-ze1o point of
net charge; 1-Canada So1l Survey Committee, 1978; Z2-Bouyoucos, 1951;
3-Hendershot & Duquette, 1986; 4-Tabatabai & Bremner, 1970;
5-Sheldrick, 1984; 6-0lsen & Watanabe, 1957; 7-James, 19Y84;

Feay = (AO-Fe) - (PP-Fe); Fecpy = (DC-Fe) - (AU-Fe);

++ UT, US - Uplands top and subso1il;
5T, SS - St. Bernard top and subsoil;
DT, DS - Dalhousie top and subsoil.
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Table 2. Equations of regression between cation exchange

capacity (CEC) and sorbed P.

Soil* Regression equation™* RZ cv, %
%* ¥
Ut Y= 60.4+0.94P¢, u.98_, 1.21
us Y= aa.8+l.U5Pél g.88,, 5.59
51 Y=123.6+U.49P¢; 0.93, 1.81
5% Y= 86.6+0.78P¢) 0.98, 2.08
[)i Y:278.I+U.86P51 D 9.1** lo38
D Y=262.4+0.77P¢) G.98 0.70
Uverall soils ACEC:U'TZPS]. U;78**
Simple linear correlation (r)
Siope vs AU-Fe -0.87,
Fe -0.93
AM *
pH 0.87
othersl) ns
+ U1, US - Uplands top and subso1l; ST, S§S - St Bernard

0 e

6}

*

x »

Lopzumisub801i; DT, DS - Dalhousie top and subsoil;
Y=CtC, meq kg™ soil; PSl = P sorption mmole kg™ *;
pairs of data used for regression of each soil are 10;
other parameters shown 1n Table 1;

not signiificant;

sigmficant at the level of p<0.05;

significant at the level of p<0.0l1.
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Table 3. Linear correlation coefficients /r) between P sorption (Psl\,
P desorption (PDZ)’ Zn sorption (Znsz) or In desarption
{Inps) and soil properties.

1) 2) 2)
. Pb2 Ing A
Parameter PSl ---------------------------------------------
-Zn +Zn -P +P -P +P
_____________________________ T o o o oo tn i o o e e o e e e e e e o e i e
¥* ¥ * * " * * i‘ . * ®
Clay content 0.97.. 0.97.. 0.%2. ~ 0.89) 0.80% -0.837 -u.9) "
CEC L.96..  U.99.. 0.96.. 0.957 0.88. -0.907 -0.99%"
Organic C L.92, 0.94 ~ 0.94, 0.98 v.91  -0.98  -U0.97
DC-Fe 0.82,  0.81) .86, 0.78t  G.837 0o 0774
DC-Al .96 0.99"" 0.9977  0.98"" v.94" -0.91"" -u.9
Au-Fe ns ns L.78 ns U.81 ne ns
AQ-Al L.89,  0.957 ©.91. 0.93%7 u.e4., -0.94" -0.97"
PP-Fe (Fens) U.B8 0.89°  0.94 0.88"  0.92%" -0.74* -u.87
UR ¥* * ¥ x LR 3 * * # * M
PP-Al 0.91 0.9 0.95 0.97"" uv.90® -u.93™ —0.98
Fe ns ns ns ns ns ns ne
AM o
Ferny .86,  U.84,, C.eel, u.eot w2l s ot
ZPNC -0.87%  —0.96" " -0.95"" -(.85" -U.b7 0.78%  U.94

+ DC-extracted with dithionite citrate;
AQ-extracted with ammonium oxalate;
PP-extracted with sodium pyrophosphate.
Feay = (AO-Fe) - (PP-fe), 1.e., amorphous Fe;
Fecpy = (DC-Fe) - (AD-fFe), 1.e., crystalline Fe;

1) -Zn without added Zn, +Zn with added Zn at 10 mmole ZT kg‘lz

2) =P without added P, +P with added P at 90 mmole P kg

ns not significant; £ significant at p<0.1l0;

* significant at p<U.05; ** significant at p<b.0Ol.
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Table 4. Treatments associated with activity products
greater than logKgp f3.8) for hupeite at the
second equilibration.

Initial rate Soil*
p Zn Ut us ST SS DT DS
fmmole kg'l)
logKSP
3 5.0 - - - 5.44 3.99 -
3L 7.5 4.13 -~ 4.32 5.59 4.53 4.12
30 10.UL 5.68 3.82 4.90 5.97 5.03 4.52
6L 7.5 - 3.84 - 5.08 3.95 -
60 10.0 -~ - 4.39  5.83 4.41  3.94
9o 7.5 - - - 4.64 - -
90 10.0 - 4.33 - 5.30 4.18 4.01

+ UT, US - Uplands top and subsoil; ST, SS - St. Bernard
top and subsoily DT, DS - Dalhousie top and subsoil;
the dashes indicates values < 3.80.
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Tavle 5. Sorbea P (Pgy), changes 1in cation exchange capacity {AC[C)'
sorbed Zn (Zng,) and desorbed Zn (Zneg) as a function
of added P finitial Zn ratez5 mmole Q'l).

Average Ing, as a Inp; as a
Initial Psy Acec Zng o proportion proportion
P rate of Appe of Zngs

(mmole kg'l) (meq kg'l) (mmole kg‘l) (%

-~
aa
~—

ur+t
0.U 0.00 0.0 4.39 - 3.0
30.0  11.15 11.7 4.65 4.4 2.3
60.0 12.63 12.2 4.70 5.1 2.1
90.u 14.75 16.2 4.73 4.2 1.8
LSDg gs - - 0.02 - 0.3
us
GO 0.00 0.0 4.16 - 3.5
30.0  14.13 16.0 4.48 4.0 2.6
60.0  15.40 20.3 4.58 4.2 2.5
90.0 15.74 23.1 4.66 3.5 2.2
LSDg s - - 0.04 - 0.6
ST
0.0 0.00 0.0 4.61 - 3.0
3u.0  15.33 12.6 4.75 3.8 2.2
60.0 19.44 14.5 4.81 3.8 1.9
90.0C 24.20 17.0 4.84 3.5 1.6
LSDgy g5 - - 0.04 - 0.2
55
0.0 0.00 0.0 4.31 - 4.2
30.6  12.73 13.4 4.57 3.9 3.0
60.0 20.09 14.0 4.66 5.0 2.5
90.0 22.71 20.4 4.70 3.8 1.9
LSD - - 0.03 - 0.5
0.05 oT
0.U 0.00 0.0 4.80 - 1.3
30.0  14.87 13.0 4.83 0.5 1.1
60.0 21.63 21.7 4.83 0.4 1.0
90.0 28.89 34.0 4.88 0.5 0.7
LSDy g5 - - 0.03 - U.2
DS
0.0 (.00 0.0 4.74 - 2.2
3L.0 16.74 18.2 4.82 6.9 1.5
60.0 22.84 24.0 4.85 6.9 1.2
9G.0 31.31 33.3 4.87 U.8 1.0
LSDg g5 - - 0.03 - U.3

+ calculated as (Znp-Zng)x2x10G/ Apee)
Iny=Ing, without added P, 1=P rate;

++ UT, US = Uplands top and subsoil; ST, S5 - St. Bernard top and
subso1l; DT, DS - Dalhousie top and subsoil.

1! ZHP:ZHS'Z with added P,
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Table 6. Linear correlation coefficients /r) between Zn fractions
and socl1l properties.

Zn fraction

- — - - 1 W P > M - S U T —— e o — - - - -

s +
Parameler Inenp3 LN agH ZnyND3
pr+  4ptt -P +P -P +P
_________________________ T v o oom oo o o it e om i e i e e o v b e o
Clay content ns -0.92:: ns 0.93:: 0.86:* 0.92::
CEC —0.82* —0.97** ns 0.95** 0.94** 0.97**
Organic C -0.85 -0.95 0.85 0.93* 0.95 0.98
DC-Fe ns ns . ns 0.89** ns . ns -
DC-AL ns -u.99 ns 0.99* 0.97 G.99
AO-fFe ns ns ns 0.81** ns ns _
PP-Fe ns _ -0.88** ns . 0.96** 0.89** 0.88**
PP-Al -0.83 -0.97 0.87 0.93 0.98 0.98
Fe ns ns ns ns ns ns
AM 2
Fecgy ns  -0.79% ns 6.91%, 0.607 o0.80%
ZPNE ns .89, ns -0.92: -0.87" -0.90,
P55 - ~-0.85 - 06.91 - 0.85

+ DC -extracted with dithionite citrate;
A0 -extracted with ammonium oxalate;
PP -extracted with sodium pyrophosphate;
Fe = (AO-Fe, - (PP-Fe), 1.e., amorphous Fe;
Fecpy = (DC-Fe) - (AO-Fe), 1.e., crystalline Fe;
P(j ~-P remaining sorbed at the thaird equilibration;
++ -P without added P, +P with added P at 90 mmole P kg'l;
ns not significant; £ significant at p<0.10;
* significant at p<0.05; ** saignificant at p<0.01.
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Fig. 1. Phosphate desorption at the second or the third equilibration as
affected by P sorbed at the first or the second eguilibration. @ P
desorbed at the second equilibration verses P sorbed at the first
equilibration, Pp,=-1.76+0.21Pg;, r20.84 3 + P desorbed at the third
equilibration verses P sorbed at the second equilibration, Pjj=-
U.84+0.14P52, r=0.63 .
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F1g. 2. Relationship between Zn sorption /Znc,) and P desorption (PDq)
during the second equilibration. Soils: « 8%

A 55, O UT, and + US,

Soil Regression r?
DT Ppy,p=4.12-0.04371Ing, 0.995**;
ST PD§:2.9Q-U.USBlZn G.993%%;

UT Ppp=2.31-0.18451Ing, 0.997%*;

“

, ¥ DS, ¢ SI,

Soil Regression 1
DS Ppp=3.84-0.04374n¢, 0985>
5SS Ppp=2.83-0.07551ng, U.985**
US  Ppp=1.73-0.1992Zng, 0.975"*




(nos |

By ajouiul) paGi0sep d
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Fig. 3. Effect of sorbed Zn {Znc,) at the second equilibration on /n
desorption (ZnEB) at the third equilibration. Soi1ls: X D1, DY,
1

O ST, A S5, @ UT, and+ US.

Soil Regression | r2 So1l Regression rl
DT Zmp3=0.0014(Zng,)2 0.82% DS Znp3=0.0017(Zng,)% U.70*
ST Znp3=0.0032(Zngy)2 0.85% S5 Inp3=U.0046(Zncy)s  0.79xx
U Znp3=0.0043(Zng,)?  0.09%* US  Znp3=b.0053(Zngy)d  U.70ms
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CONNECTING PARAGRAPH

In the previous chapter, sorbed orthophosphate ‘0P) way
demonstrated to increase soi1l CEC and to decrease /n solubii.ty through
enhanced specific Zn sorption on particle surfaces of non-sutoclaved
soils.

Pyrophosphate (PP) 1s used as a P fertilizer, yet 1t has potential
for sequestering Zn in solution. However, two react moof PP oan sotly
may limit this sequestering effect: a rapid hydrolys.. of PP to 0P, and
PP sorption. The following chapter reports studies in whacnh PP was ndded
to autoclaved scils to test the hypothesis that PP sorption would
increase soi1l CEC, create sorption sites for Zn, and change
characteristics of sorption, desorption and fraction distiibution of

added 7n.
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CHAPTER 111

EFFECTS OF SORBED PYROPHOSPHATE ON THE ZINC STATUS

OF THREE AUTOCLAVED SOILS OF EASTERN CANADA

ob




INTRODUCTION

Pyrophosphate (PP) has several kinds of reactions in soils: (1) 1t
undergoes rapid hydrolysis to orthophosphate ‘Blanchar and Hossner,
1969; Busman and Tabatabai, 1985; Parent and MacKenzie, 198%; Dick and
Tabatabai, 1986); f2) 1t 1s sorbed by soil compunents 1n luarge
quantities (Blanchar and Hossner, 1969; Sutton and Larsen, [Yo4; Mnkem
and MacKenz1ie, 1985; Juo and Maduakor, 1973); /3) 1t dissolves sorbed
organic materials in so1ls (Mnken1 and MacKenzie, 1985; Mort veut and
Osborn, 1977); (4) 1t forms complexes with Fe, Al, and Mn 1n sulution,
and has been used 1n extracting so1l organic fFe, Al or Mn (Sheldrick,
1984, McKeague, 1967); (5) 1t sequesters micronutrients, such as [n2+,
and keeps nutrients 1n soliution (Mortvedt and Osborn, 1977; Giordano et
al., 1971; Bar-Yosef and Asher, 1983; Slack et al., 1965). Theue
reactions can affect Zn solubility directly or indirectly.

The efficiency of PP 1n sequestering Zn depends on the teactions of
PP 1n soils. Although dissolution of organic matter and sequestration of
Zn caused by PP addition increased /n solubility ‘Mortvedt ana (ushorn,
1977), such increased Zn did not appear to play an 1mportant role in /n
nutrition of crops, especially in calcareous svils. This was probubly
due to PP hydrolysis and orthophosphate (0P) 1induced /n deficiency fol
crop growth (Singh and Dartiques, 1970; Hashimolo andg Wokeficld, 1914
Schield et al., 1978; Rehm et al., 1980,. Lehr et al. (1967) showed
that PP could decreasc Zn concentriation in soil solution through forming
Zn~NH,~PP precipitate«. In this case, monoammoniuim phosphigte was founa
to be more effective than ammonium pyrophosphate 1f Zn was Limit g,

because greater P uptake from ammonium pyrophosphate antayomzed /o
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uptake resulting im poor corn growth fAdriano and Murphy, 1970).
Mechanisns of crop Zn deficiency associated with PP applications
asle not well understood due to the lack of information on Zn
Lransformations 1n soil as affected by sorbed PP. Mechanisms involved 1n
increases 1n Zn sorption with PP sorption could be both physical and
chemical, Physical mechanisms include a "coulombic effect", provided PP
surption results 1n 1ncreases 1n soil cation exchange capacity (CEC) or
surface negative charges. Increased Zn sorption may be due to a "bridge

2+ 1ons attach to sorbed PP. Chemical mechanisms

effect”", where Zn
include precipitation, where PP, Fe, Al or other 1ons form precipitates
with /n2* 1ons, and '"specific sorption”, where PP sorption changes
surface properties to enhance Zn sorption. It ic speculated that sorbed
PP may form complexes with Zn 1f two or more oxygens of sorbed PP are
free Lo torm bonds with Zn. Other mechanisms 1nclude exposure of more
sutfaces for Zn sorption due to increased dissolutions by the added PP
of organic matter, Fe, Al, and Mn.

it objecties of this study were to investigate the effect of PP
sorption on soi1l CEC, ana on Zn sorption, desorption and fraction
distribution i1n so1ls 1n order to evaluate the 1mpact of sorbed PP on
mechanlsms of Zn reactions.

MATERIALS AND METHODS

So1l Pretreatments

Top +1) and subsoi1l !S) samples were obtained from cultivated
Uplands 'U) and Dalhousie D) so1ls and a pastured St.Bernard (S) so1l

trom southwestern Quebec, Canada, i1ndicated as UT, US, DT, DS, ST and

55. Soulls were selecteo to represent the major agricultural so.ls of the
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region; those developed on alluvial, marine-lacustrine and yglacial till
deposits, respectively (Table 1, Chapter 11). Samples were a1r diied,
ground to <1 mm and autoclaved for one h a day at 121°C and 15 kPa tur
three days at a moistu.e content of 0.33 kPa suction. Autoclaved samples
were then air dried and analyzed for CEC, organic C, dithionite-citrate
extractable Fe and Al (DC~Fe and DC-Al), ammonium oxalate-extractable to
and Al (A0-Fe and A0-Al), and sodium pyrophosphate-extractable Fe and Al
(PP-Fe and PP-Al) using methods noted i1n Chapter I1l. In general, clay,
organic C and extractable Fe and Al 1increased 1in Lhe order of Uplands,
St.Bernara and Dalhousie (Table 1) but Fepy was lower in Dalhousie than
in St.Bernard soils. Compared to non autoclaved soils (Table 1, Chapter
11), autoclaved so1ls had reduced DC~-Fe, orgaii: cumpluxoufftlnh PP-
extractable), and crystalline Fe (Fecgpy, difference belween DC-and AU-
extractalbe Fe), reduced DC, A0 and PP extractable Al and increased
ratio of FeCRY/FeAM while values of Feyy were unchanged.
Equilibrium Solutions

Solutions containing either PP as Na,P,0,.10H,0 or {n as £nSU,.7H,0
were prepared in 0.03 M KC10,. Solutions were prepared 1n delonized
distilled water under sterile conditions (autoclaved contalners ol
apparatus, micro filters, ect.). Solution pH values were adjusted to 6.0
with 0.5 N KOH after acdition to soi1l samples, and 20U drops of toluene
were adaed to 20U mL suspension (or 2 drops for 20 mL). Weight of the
so1l suspension was recorded before and after each addition of solution
or reagent.
Experiment 1. PP Sorption and Soil CEC

Experimental procedures were uimllar to those outlined for
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Experiment 1 of Chapter 11, except that so1l samples were autoclaved
before the addition of PP solutions and operations was carried out under
sterile conditions. The supernatant solution was filtered and analyzed
for orthophosphate (0P) fAsher, 1980) and total P after hydrolysis
/szl]a at 95°C for 15 min) ‘Asher and Bar-Yosef, 1982). Thus P
concentration as PP was the aifference between total P ana 0P
concentration. Changes in CEC (ACEC) were calculated according to
by =CECpp-CEC,, where CECpp was the CEC of so1ls with added PP, CEC,
was the CEC of soils without added PP. Regression equations relating CEC
to sorbed PP (PPSl) were calculated (Steel and Torrie, 1980).
Experiment 2. PP Sorption and Zn Sorption-desorption

Three equilibrations between PP, Zn or 0.U3 M KC1l0, solutions and
so1l samples were carried out. Experimental procedures ocutlined for
Experiment 2 of Chapter 1I were followed, except that soil samples were
autoclaved before the addition of PP solutions. Treatments were dupil-
cated, The supernatant solutions from each of the tnree equilibrations
were filtered and analyzed for pH, concentrations of 0P and total P
after hydrolysis, and Zn. Phosphate concentration as PP was calculated
by the difference between total P and OP. The first equilibraium
determined PP sorption (PPSl); the second Zn sorption (Zng,), PP
desorption (PPy.) or remaining sorbed PP (PPg,); the third Zn desorption
{Znps), remaining sorbed Zn (Zn¢;), further PP desorption (PPp4), and
remaining sorbed PP (PPc4). Corrections were made for interstitial PP or
/n carried from previous equllibrations.
Experiment 3. Zn Fractions as Affected by Sorbed PP

1

Samples receiving 0.0 and 90.0 mmole P kg™* so1l at the first

72




equilibration and 0.0 and 16.C mmole Zn kg'l so1l at the second
equilibration (Experiment 2) were analyzed for Zn fractions. lwenty five
ml of 0.5 M KNOs, then of 0.5 M NaOH solutions, and finally 15 ml
concentrated HNO3+30% Ho0, at 116°C were sequentilally used to extruct
exchangeable In {ZnKNOB)’ organic and Fe or Al oxide-assocrated /n
{Znyagy) and residual In (Zngygs)s (Levesque and Schoatzer, 19o0;
Emmerich et al., 1982; Sposito et al., 1982; Miller and Mcfee, 1983).

Results were expressed on the basis of oven-dry (105°C) soil
weight. The solution OP concentration was less than U.5% of total P
concentration in the three equilibria, and P or Zn parameters (sorption-
desorption) were not related to OP concentration, so 1t was assumed that
P concentration was equal to total P concentration. Statistical analysis
of the experimental data was based on analysis of variance involving a
randomized complete block design ana differences among means wote
analyzed using the methods of least significant difference (Steel and
Torrie, 1980).

RESULTS AND DISCUSSION

Sorbed PP and CEC

Regression equation indicated that PP sorption increased soil CL{
in a linear manner (Table 2) with slopes ranging from (.52 to 0.8Y
mmolef+), or 0.052 to 0.089 cmolf+), per mmole sorbed P. Slopes tended
to be greater with increases in contents of clay, extractable-fe or Al,
and organic (, and were correlated with the ratios of clay to ol
crystalline fe (FeCRY’ difference bctween DC~fe and AUO-Fe, Table 1) to
amorphous Fe (FeAM, difference between AU-Fe and PP-Fe) but not with

Fepy (Table 2). The non-significant relationshing between o lope and Feyy
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muay have been associated with reaction products of PP wath Feam
{Lindsay, 1979) imaking no contribution to increases in CEC.

At the same level of PP addition, amounts of PP sorption increased
in the order Uplands, St.Bernard and Dalhousie soils (Table 3), and the
same was true for CEC or for change 1in CEC (ACEC)’ There exaisted
significant linear correlations between so1l clay, organic C, PP-Fe
forganic-Fe) or Fecpy contents and PP sorption Table 4) while the
cortelation between PPSl and FeAM was not significant. These results
suyyest that PP sorption and Acpc were associated with Fecpy, the
dominant Fe form i1n the finer textured soils, and that PP sorption was
less important 1n 1ncreasing CEC on so1ls high 1n FeAM content.

Zn Sorption as Affected by PP

/1nc sorption was increased in the presence of sorbed PP (Table 3).
The higher the rate of PP addition, the more Zn was sorbed, i1ndicating
that solution PP did not 1ncrease Zm solubilaty through sequestering,
perhaps because PP did not reach a hypothetical threshold concentration
required for sequestration (Bar-Yosef and Asher, 1983).

Iwo aspects, sorbed Zn in relation to increased CEC, and to
exchangeable-Zn, need to be examined to see whether the coulombic effect
was i1n operation. If there existed a coulombic effect, then sorbed Zn
should be 1n positive proportion to soil CEC, and this was true (Table
5). Huwever, the 1increased Z”SZ was only a small fraction of the
increased CEC caused by sorbed PP (Table 3), and was equivalent tu 7 to
12% of the &cpe 10 the Uplands, but only G.3-2.8% of the App - 1n the
St.Bernard and the Dalhousie soils. The coulombic effect, 1f 1t exists,

was limited, but relatively more 1mportant in the coarser than in the
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finer textured soils. Exchangeable Zn (ZnKN(]}) should be greater 1in the
presence of sorbed PP compared to zero PP treatment 1f the coulombic
effect was 1n operation. Experimental results did not fulfill this
criterion (Table 5). The amounts of Znyngs with PP sorption were 41-56%
of those with zero PP 1n all except the US so1l. The conclusion that
1ncreases 1n Zn sorption with sorbed P were not due to the coulombie
effect was in agreement with results for OP in Chapter I1. The sorbed P,
by increasing surface negative charges, may have enhanced the movement
of Zn 1ons to the soi1il surface, under the drive of electrostatic
attraction, where Zn was eventually specifically corbed.

The bradge effect would suggest that PPD3 should be positively
correlated with Znps. Uxperimental data did not show this tendency
funpublished data), indicating that the bridge effect was not
significant in spite of the fact that added Zn did enhance correlations
between PP, and some so1l parameters (Table 4).

The first equilibration between PP solution and the soll removed
active components, such as Fe, Al and S1 and solublized organic matter
(Sheldrick, 1984; Mnkeni and MacKenzie, 1985). The remaining active
components, 1including PP, which may form precipitates or complexes with
Zn, were well below the levels required for precipitalion to occcur
during the second equilibrium ‘Lindsay, 1979).

Pyrophosphate sorption most l:ikely resulted in increased specific
/n sorption by formation of a Zn-PP-soil complex. This was evidenced by
the following results:

1) Sorbed PP decreased both Znp3 (Fags. 1, 2, and 3) and the

percent of an (Table 3). Significant effects of PP sorption on reduced
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percent 1in Znp3 were observed in the Uplands and St.Bernard soils (Table
3). At a fixed level of sorbed Zn, desorbed Znwith zero PP treatments
was twice as much as that with sorbed PP, greater in the sub- than in
the top-so1l samples, and more significant 1n the coarser than in finer
textured so1ls (Figs. 1, 2 and 3). This suggested that PP sorption wag
more effective 1n 1ncreasing Zn sorption 1in coarser than i1n finer
textured so1ls. This may be due to potential-specaific sorption sites
being less numerous 1n coarser than 1n finer textured soils, or due to
lower organic ma.ter, and less coating of sorption sites. On the other
hand, relatively more Znyz at higher levels of Ing, suggested that the
energy required for Zn sorption was reduced with increases in the
fraction of the surface covered by Zn, and sorbed PP increased the
energy needed for Zn desorption, particularly in the coarser textured
soils,

(2) Added Zn decreased PP desorption and enhanced the associationg
between PPp, and organic C, CEC, and all fe fractions except Feyy (Table
4). This would appear to indicate that Zn-PP complex sorbed on soi1l
surfaces through Fe or organic compounds.

(3) More added Zn was distributed as Zny,gy and Znyngs 10 SO1ls
with added PP compared with zero PP (Table 5). The Zny,gy with addea PP
was two to three times that with zero PP treatments 1in the Uplands and
in the St.Bernard soils, while being about equal in the Dalhousie so1ls
(Tabie 5), 1indicating that added PP significantly increased In
complexation by Fe or organic materials in the soil.

(4) Correlations between ZnyggH @nd CEC, Al, clay and organic €

disappeared 1n the presence of sorbed PP, indicating that sdded PP
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disrupted soil surfaces and, removed organic C (Mnkeni and MacKenzie,
1985) to an exient that Znyaon Was 1ncreased (Table 5). Such i1ncreases
were not related to measured soi1l variables, perhaps due to creation of
an excess of sorption sites.

5) Significant positive correlations existed between Zny\ g3 and
PPS—5 {Table 6). Thus sorbed PP was a major factor in increasing ZnNaOH
and Znyngs Since these two Zn fractions were increased in the presence
of sorbed PP (Table 5).

(6) The 1ncreased In specific soiption (ZnSB"Z”KNIB) by PP addition
was most obvious in the Uplands and the St.Bernard soils, and was more
pronounced 1n the subsoil than 1n the topsoil {Table 5). Increases in
contents of organic C, clay, and PP-fe (organic Fe) and extractable-Al
reduced PP effects on increasing specific Znsorption as i1ndicated by
negative values of correlation coefficients(Table 7). This suggests
that these variables may have reduced the abilaty of PP to enhance
spec1fic Zn sorption.

CONCLUSIONS

Increased solution PP did not enhance Zn solubility, but sorbed PP
increased Zn sorption. The mechanism involved a complex reaction of PP,
Zn and so1l components, rather than an increase in exchangeable Zn with
added PP, precipitation, or a "bridge" effect. This is supported by the
following evidence (1) that PP addition increased CEC but reduced KNO -
extractable Zn (exchangeable); (2) that a "bridge" effect was not
evident, and solubilaity products of Zn-PP and other complexes were not
exceeded; and (3) that sorbed PP decreased Zn desorption probably

through 1ncreasing the energy needed for Zn desorption, and increased
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0.5 N NaOH and concentrated HND;—extractable in, or Zn associated with
Fe, Al, or organic matter. Thus in spite of the fact that PP has the
ability to complex cations, dissolve organic matter, and 1increase CEC,
PP st1ll sorbs strongly on so1l particle surfaces, and resulted in
changes 1n soil properties which significantly enhanced specific Zn
sorption.
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Table 1. Selected properties of the autoclaved soils.

Soil
Parameter+  «~ccceccecccccecccacee- - --- Reference
Uttt us ST SS DT DS
CEC, meq kg™l 54.9 37.4 129 111 312 307 1
OrganicC,g kg=! 7.4 3.8 25.4  14.3 39.5  31.6 2
DC-Fe, g kg1 2.6 3.1 7.7 7.3 7.7 8.0 3
-Al, g kg-1 0.8 0.8 1.0 0.9 1.5 1.4 3
AG-Fe, g kg1 1.8 1.4 3.3 2.6 2.7 2.8 3
-Al, g kg-! 1.8 1.5 1.6 1.3 3.1 3.2 3
PP-Fe, g kg1 0.3 0.2 0.9 0.6 1.0 1.2 3
-Al, g kg1 0.3 0.3 0.4 0.5 1.2 1.5 3
Feam, kg'i 1.5 1.2 2.4 2.0 1.7 1.6
Fecry, 9 kg~ 0.8 1.7 4.4 4.7 5.0 5.2
Fecpy/F eay 0.5 1.4 1.8 2.4 2.9 3.3

+ DC-extracted with dithionite citrate; AO-extracted with ammonium
oxalate; PP-extracted with sodium pyrnphosphate; 1l-Hendershot &
Duquette, 1986; 2-Tabatabai & Bremner, 1970; 3-Sheldrick, 1984;
Feam 1s difference between AO-Fe and PP-Fe;

Fecry 1s difference between DC-Fe and AO-Fe;

Other values of parameters are in Chaper II;
++ UT, US - Uplands top and subso1il;

ST, 55 - St. Bernard top and subsoil;

DT, DS - Dalhousie top and subsoil.
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Table 2. Regression equations relating cation exchange capacity
(CEC) of autoclaved soils and sorbed pyrophosphate (PP).

Soil* Regression eqtation RZ cv, %
ut CEC = 57.3 + 0.52 PPg,** 0917 4.
us CEC = 43.8 + 0.62 PPSI U.95*** 4.2
ST CeC = 128 + 0.70 PPSl 0.9 o 2.2
55 CEC = 104 + 0.64 PP 85 6.7
DT CEC = 290 + 0.83 PPSl 0.98*** 1.1
DS CEC = 276 + 0.89 PPSl 0.98 1.1

Simple linear correlations r)

Slope vs Fegg (PP-Fe) 6.91,
Vs FeCRY 0.33
Vs Feay nS
vs (rganic C 0.89**
vs Clay 0.97**
vs Ferpy/Fe 0.93
vs C1ay/Feg 0.92,,
vs DC-Al 0.94*
vs A0-Al 0.84**
vs PP-Al 0.93
vs others ns

+ UT, US ~ Uplands top and subsoil; ST, S$ - St. Bernard
top and subsoil; DT, DS - Dalhnusie top and subsoil;
Fecry- difference between DC-Fe and AO-Fe,

1.e., crystalline Fe;
FeAM - daifference between AO-Fe and PP-Fe,
1.e., amorphous Fe;
where DC- extracted with dithionite citrate;
AQ- extracted with ammonium oxalate;
PP- extracted with sodium pyrophosphate;
++ CEC, mmolel+) kg~* so1l; PPSl = P sorption, mmole P kg"l;
10 pairs of data used for regression of each soil;
ns Not significant; * Significant at p < U.05;
** Significant at p < 0.01; *** Significant at p < U.00O0L.
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Table 5. Sorbed pyrophosphate (PP¢y), changes 1n cation exchange
capacity (dppp), sorbed %n {Zn,) and desorbed In ( Znpys)
as a functl?n of added pyrophosphate finiti1al Zn rates=

Py

5 mmole kg~
Initial Average Ing, as a Inp3 as a
PP rate PPg; Acee Ingp proportﬂm propartion
of ACEC of Znsz
mmole!+)
mnole P kg’l kg‘l mmole kg'l -------- % mm—————
Uplands topsoil fUT)

U.0 0.0 - 3.87 - 5.5
30.0 21.1 14.1 4.37 7.1 4.7
6U .0 31.0 18.7 4.54 7.2 3.8
30.uL 46.3 21.0 4,62 7.1 4.0

LSD(J 05 - - 0.06 0.9
) Uplands subsoil (US)

G.u 0.0 - 3.21 - 9.7
30.0 21.7 15.4 4.14 12.1 5.6
60U .0 26 .8 20.3 4.29 10.6 5.7
90.0 42.5 23.7 4.33 9.5 5.0

LSOy g5 - - 0.05 1.3
St.Bernard topsoil (ST)

0.0 -1.9 - 4.24 - 5.0
30.0 24 .0 19.0 4.40 1.7 3.6
6U .U 45.1 34.8 4,57 1.9 3.0
90 .0 64 .6 41.7 4.64 1.9 2.8

LUy g5 - - u.03 0.7
St.Bernard subsoil fSS)

U.u -0.4 - 4.06 - 5.7
30.0 25.4 21.1 4.35 2.7 3.4
60 .0 46.7 37.6 4.56 2.7 2.8
90.0 72.0 42.0 4.65 2.8 2.7

LDy g5 - - 0.05 - 0.8
Dalhousie topsoil (DT)

0.0 -0.3 - 4.78 - 1.6
30.0 26.5 22.4 4.99 1.9 2.0
60.0 54 .4 48.7 4.90 0.5 1.5
90.0 0.6 64.5 4.87 0.3 1.5

LSDg o5 - - ns - ns
Dalhousie subsoil (DS)

0.0 -0.3 - 4.73 - 1.7
30.0 27.1 24.6 4.81 0.7 1.5
6U.0 54.3 46.8 4.86 0.6 1.7
90 .0 82.0 74.5 4.88 0.4 1.9

LSDU-US - - .05 - ns

1) calculated as (Znpp-2Znq)x2x100/(8qcr) Inpp=Znc, with added PP
PP a1y PP S2 '
ZnU-ZnSZ without addecoi PP, 1=P rgE .l
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Table 4. Lainear correlation coefficaents (r) between pyrophosphate (PP)
sorption /PPS ), PP desorption fPPDZ), In sorption onsz) or
Zn desorption (ZnD3) and properties of autoclaved soils.

. PPpo L Zng,2) Znpys2)
Parameter PPSl ----------------------------------------------
-Zn +Zn -PP +PP -PP 4PP
——————————————————————————— I me ittt ittt
Clay** 0.89) ns ns G.81> u.BB) -0.947" -0.85"
CEC 0.90] ns U.BUf* U.887  0.93% -0.98%" -u.By]
Organic C 0.88** ns 0.93** 0.91* g.91 -0.95 -U.qa*
DC~Fe 0.927 ns  0.92 0.81" 0.7 -0.73% 0.9
DC-Al 0.86 ns 0.785  ©.es* 091" -0.96™" -0.88"
AU-Fe 0.77¢ ns  0.92%  0.79%  ns_ ns  -0.76
AG-Al ns ns ns 0.73§ 0.84  -0.927" ns
PP~Fe(Fegg) 0.91 ns (.89 0.90%  0.89"  -0.92"" -U.87
PP-Al 0.84 ns ns .78 087" -u 93" -0.77d
Fe ns ns ns ns ns ns ns
FeAgY 0.94, ns  0.88], 0.77% u.76¢ -u.75f* -0.91"
Dc-Fe & AL 0.9 ns  0.937°  0.83] u.79§* -0.787" -0.92"
AD-Fe & AL 0.89. ns  0.B87  0.947 09477 U967 -0.87]
PP-Fe & AL 0.917 ns  0.78%  0.87)  0.917  -0.96 -U.85
IPNCT -0.98 ns  -U.B5  -0.94 " -U.9% U.93 u.92"

+ DC-extracted with dithionite citrate;
AD-extracted with ammonium oxalate;
PP-extracted with sodium pyrophosphate.
Fe,y ~-difference between AO-Fe and PP-Fe, 1.e., amorphous fe;
Fe RY-dlfference between DC~-Fe and AO-fFe, 1.e., crystalline Fe;
++ Values for non autociaved solls were used;
1) -Zn waithout added {n, +7Zn with added Zn /10 mmole kg_y);
2) -PP without added PP, +PP with added PP (90 mmole P kg_));

ns not significant; &£ significant at p<0.10;
* sagnificant at p<0.05; ** gignificant at p<0.0l;
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Effects of initial pyrophosphate (PP) and Zn addition
rates on Zn fractxons and specific Zn sorption.

Table 5.

Initial rate In fraction Specafically
--------------------------------------------- Zngs sorbed Zn*
P In IgNg3 ZnaoH ZMRNg3 UM
--------------------------- mmale kg'l 801] wmmm e
Uplanus topsoil (UT)
U U 0.0 0.01 .13 G.14 -
90 0 (.00 0.01 0.38 0.38 - -
U 10 2.04 1.R3 2.82 6.69 6.76 4.72
90 10 1.15  4.50 3.20 8.85 8.52 7.37
LDy gs 0.20 0.03 0.16  0.25 0.23* 0.56%
Uplands subsoil fUS)
U ] 0.00 0.0u 0.32 0.32 - -
90 U 0.60 0.00 0.25 (.25 - -
U 10 1.49 1.89 2.11 5.49 4.57 3.06
90 10 1.57 3.81 3.02 8.40 7.83 6.26
LSOy s 0.12 0.27 0.18  G.45 0.15 G.42
St.Bernard topsoil fST)
0 1] U.00 0.60 1.01 1.01 - -
Ju 0 g.u0 G.00 1.02 1.02 - -
U 10 2.11 1.81 4.68 8.59 7.74 5.63
90U 10 0.87 3.57 5.91 9.95 8 .80 7.93
LDy g5 6.11  ©0.07 0.25  0.25 0.27 6.03
St.Bernard subsoil !SS)
f] U 0.00 0.00 0.95 0.95 - -
90 G 0.00 0.00 0.88 U.88 - -
U 1u 2.786 1.14 3.99 7.91 7.28 4.50
90 10 .96 3.59 5.29 9.83 8.80 7.84
LSD,, oo 0.01 004 0.17  0.20 0.17 0.16
Dalhousie topsoil /DT)
0 O (.00 0.01 1.68 1.69 - -
Su 0 0.00 0.02 1.78 1.80 - -
0 10 0.75 3.52 6.95 11.22 9.28 8.53
9L 10 0.41 4.10 7.27 11.78 9.71 9.30
LSOy s, 0.01 0.73 ©0.38  0.48 ns 0.59
Dalhousie subsoil (DS)
0 U 0.06 G6.01 1.74 1.75 - -
Su 0 0.00 0.01 1.71 1.72 - -
0 10 0.82 2.82 7.05 16.69 9.08 8.26
YU 1U 0.46 3.54 7.41 11.42 9.53 9.07
LDy g5 0.07 G2 0.15 .11 ns 0.49

+ LSD value only for locating difference

a so1l 1n columns Zn53 or 2”53'Z”KN03'
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Tanle 6. Linear correlation coefficients ‘r) between Zn fractions and

properties of autoclaved soils receiving 10 mmole /n kg™*.

IZn fraction

- D A s g i T > — — . o T T o T - St R T D > e D . A W

Parameter™ InyND3 Zny a0H InyNo3
-ppl) Lpp2) -PP PP -pp PP
e s e e 4 e i o e G S e T merenon oo o e e e
Clay™ ns -0.9G), 0.76¢  ns 0.967" 0.94
CEC ns —0.95** 0.83_ ns 0.99H U.96M
Organic C ns -0.94 0.77¢ ns 0.97 . 0.96
DC-Fe ns —0.82** ne ns 0.83” 0'91*.
DC-Al -0.77% 0.9 0.89 ns 0.97™ 0.93
AD-Fe ns_ -0.75£ ns, . ns ns, U.ZU?
AG-Al -0.89° -0.82 L.93 ns 0.87,, 0.770,
PP-Fe ns -0.94* ns ns 0.96** 0.97'
PP-Al -0.76% -0.87 0.805 s 0.93"" 0.8y
Feam ns ns ns ns ns ns
Fe ns -0.81 ns ns U.B4 L.92
R
2PNCH ns  0.97. s ons -0.95." -0.96""
DC-Fe & Al ns ~0.85 ns£ ns 0.87,, 0.94
AD-Fe & Al ns -0.97_, 0.74 ns .99, 0.96
PP-Fe & Al ns  -0.94%, 0745 ns u.96"" 0.96"
PP53 - -(.92 - ns - .98
+ DC-extracted with dithionite citrate;
AQ-extracted with ammoniun oxalate;
PP-extracted with sodium pyrophosphate;
Fepy - difference between AD-Fe and PP-Fe, 1.e., amorphous Fe;
Fecgpy-difference between DC-Fe and AO-Fe, 1.e., crystalline Fe;
++ Values for non auteclaved soi1ls were used;
1) -PP without added pyrophosphate (EP);
2) +PP with added PP (90 mmole P kg™*);
PPg3 -PP remaining sorbed at the thard equilibration;
ns not significant; & significant at p<0.10;

significant at p<0.05; ** significant at p<U.0l.
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Tabile 7. Linear correlation coefficients (r) between
Zng3-Znyngs and properties of autoclaved soils.

Zn53-ZnKN03 PP effect on
Parameter™ m--m=sofie=-=-sio-sso-Ancreasing

-ppl) +Pp2 Zng3-IneNn3

_______________ I m—erme—— e —————

Clay** 6.92,.  0.89., -0.89
CEC u.975 0.94 -0.94"
Organic C U.95 0.94 -0.89
DC-fe ns ns ns
DC-AL 0.97* 0.92" -0.95""
AO-Fe ns ns ns
AQ-Al .93 0.82 -C.97, "
PP-Fe 0.91) 0.91 -0.83),
PP-Al G.91 0.82 -0.97
FEAM ns ns £ ns
FeCRY ns ¢ (1.79£ ns
Fecny/F e 0.76 .79 ns
Clay/Fepn 0.86 0.79% ~0.88
+ DC-extracted with dithionite citrate;

AQ-extracted with ammonium oxalate;

PP-extracted with sodium pyrophosphate;

Fepy —difference between AG-Fe and PP-fe,
1.e., amorphous Fe;

Feppy—difference b tween DC-Fe and AQ-Fe,
1.e., crystalline Fe;

Values for non autoclaved soils were used;

+—+
1) -PP without added pyrophosphate (liP);
2)  +PP with added PP /90 mmole P kg™ );
ns not significant; £ sigmficant at p<0.10;

significant at p<0.05; ** sagnificant at p<0.01.
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Fig.l. Effect of sorbed In {Zng,) at the second equilibration on
In desorption /Znps) at the third equilibration in the Uplands soils.
Lines are calcula%ed values based on regression equations of:

Socil PP rate (mmole P kg"l) ) RZ x
UT G Znpy = 6.0062 Zngy + 0.0102 (Zngy)2 0.9y

U Iy = 0.0199 Zngy +.0.0036 (ZngD? 0.9
D3 52 52
US G Zmpy = 0.0274 (Zngy)? 0,987
30 Zm3 = 0.0375 ZIngy + 0.0025 (Zng,)?  1.998
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F1g.2. Effect of sorbed Zn (Zns ) at the second equilibration on
Zn desorption {Znps) at the thlrg equilibration in the St.Bernard
soils. Lines are calculated values based on regression equations of:

Soi1l PP rate 'mmole P kg"l) RZ s

ST O Iy = 0.0336 Zngy + 0.0WG (Zng)2  0.997)
%0 Inpz = 0.0168 Ing, + 0.0021 (Ingy)s  0.999

S5 0 Inp3 = 0.0307 Ingy + 0.0067 (2ngy)2  0.998%"
% Imp3 = 0.0187 Zngy + 0.0018 (Zngp)?  0.997
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Fi1g.3.
soils.

Soil
DT

DS

Effect of sorbed Zn (Zng,) at the second equilibrationon
Zn desorption (ZnD3) at the thard equilibration in the Dalhousie
Lines are calculated values based on regression equations of:

PP rate (mmole P kg™)

O
SU
o
90

n

-'D3
ZnD3
Z“DB
Znp3

0.0041 Zng,
0.0G70 znsz
0.0059 Zngy
0.0057 Zngy

+
+
-+
+

0.0026 (Zng

2
0.0011 (Zngy)2
2

0.0u24 (Zng
0.0022 (Zng;

90

)
)
)
)

2

Z
Z

R2
0.998::
0.999
.99

0.99™*
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CONNECTING PARAGRAPH

In Chapter 11, orthophosphate (DP) sorption and Zn transformation
1n non-autoclaved so1ls was discussed, and 1t was shown that sorbed QP
increased Zn specifac sorption. Similar conclusions were also derived in
Chapter III waith pyrophosphate (PP) 1n autoclaved soils. It was realized
that autoclaving resulted in changes i1n so1l characteristics. For direct
comparison of PP with 0P, the effect of QP sorption on Zn transformation
1n autoclaved soils should be evaluated.

In the followang Chapter, OP sorption effects on soil CEC, and Zn
reactions 1in autoclaved soils will be examined and compared with PP
sorption effects. Comparing the magnitude of the effects of 0P-ZIn
interaction and PP-Zn interaction 1in soi1ls would help to assess Zn
availability to crops grown in soils treated with P fertilaizers.

The effect of autoclaving on Zn reactions in soi1ls was assessed 1n
a separate paper but was excluded from this dessertation in order to

focus on comparisons of sorbed OP and PP on Zn transformations in soils.
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CHAPTER IV

COMPARISONS OF SORBFD ORTHO— AND PYROPHOSPHATES ON

ZINC REACTIONS IN THREE AUTOCLAVED SOILS
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INTRODUCTION

Sorption of ortho- (0P) and pyrophasphate (PP) and the reactions of
OP with Zn 1n soils have been studied extensively. Both OP and PP may
increase cation exchange capacaty (CEC) of soil {Chapters Il and 111),
form precipitates with Zn in the presence of other ions (Lindsay, 1979;
Lehr et al.,, 1967), induce decreases in solubility of applied /n
(Chapter 1I and Chapter III), and impose a pH change on localized soil
zones, thus affecting Zn solubility {Giordano et al., 1971; Barrow,
1987; Shuman, 1988).

The most frequently cited causes for OP-1induced CEC are (1) a shift
of surface charge towards more negative values (Hingston et al., 1972),
(2) neutralization of positive charges (Hingston et al., 1972), and (3)
eletrolyte imbibation (Thomas, 1960). A binuclear surface complex of OF
with various Fe and Al oxides has been postulated (Parfitt et al., 1975;
Russell et al., 1974) and confairmed by infrared spectroscopic techniques
(Martin and Smart, 1987). Such a complex 1s consistent with an
observation of one meq 1increase in CEC associated with one mmole sorbed
P Chapter II1). Each OP replaces two A-type OH or Ho0 groups on the
surface and two of the oxygen atoms of the P 1on are coordinaled,
each to a different Fe or Al 1ion (Parfitt et al., 1975; Martin and
Smart, 1987), leaving a -0~ bond from the sorbed 0P to provide a
negative charge, or an OH for subsequent ignization.

Isotherms have been evaluated to describe P sorption behaviour 1in
soi1ls. Amongst the various sorption equations, both OP and PP sorptaion
has been better decribed using the Freundlich isotherm than the Gunary,

simple Langmuir, and Temkin equations (Ratkowsky, 1986; Al-kanani, 1985;
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Travis and Etnier,1981). The preferred 1sotherm for Zn sorption remains
to be determined. Mechanisms involved when sorbed PP increases CEC have
not been studied to the extent of the OP effects. The 1ncreased CEC by
both OP and PP, however, was shown not to be the main cause 1ncreasing
Zn sorption (Chapters II and III).

In contrast, added OP decreases (Al-Showk et al., 1987; Lindsay et
al., 1962; Kim et al., 1983; Norvell et al., 1987) while added PP
increases (Sheldrick, 1984; Mnkeni and MacKenzie, 1985) solubilaty of
so1l Fe and Al, thus possibly influencing Zn solubilaty (Pulford, 1986).
Pyrophosphate has a greater capacity than OP to disperse soi1l and to
dissalve sa1l organic matter (Mortvedt and Osborn, 1977). This capacity
could mobilize micronutrients such as Zn since soluble organic matter
forms stable complexes with Zn (Hodgson et al., 1966). Complexed Zn
could be less subject to sorption by soil mineral components.

The reported formation constant of the 2n-P2074' comp lex (K=108) 1s
large relative to the formation constant of PP with other cations 1n
so1rl solution ‘Wolhoff and Overbeek, 1959). The effectiveness of PP 1n
complexing Zn 1s dependent on levels of Ca and other metallic cations,
solution pH, and 1nitial PP concentration ‘Asher and Bar-Yosef, 1982;
Bar-Yosef and Asher, 1983; Giordano et al., 1971; Mortvedt and Osborn,
1977). Orthophasphate, unlike PP, does not sequester micronutrients
such as Zn.

Comparisons were made between effects of PP and of OP on crop P
nutrition in field and in greenhouse conditions (Gilliam, 1970; Sutton
et al., 1966; Juo and Maduakor, 1973) and on micronutrient availability

to plants Rehm et al., 1980; Schield et al., 1978; Hashimoto and
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Wakefield, 1974; Parent et al., 1985). There was little difference shown
between PP and OP due to the rapid hydrolysis of PP into OP in soils
fGilliam and Sample, 1968; Savant and Racz, 1972; Dick and Tabatabaa,
1986; Tabatabai and Dick, 1979), suggesting that after hydrolysis, PP
had similar reactions to OP 1in the soi1l. However, delayed hydrolysis of
PP was found to reduce P uptake by onions grown in organic soils Parent
et al., 1985)

Under minamized microbial and enzyme activities an autoclaved
so1ls, sorbed PP was found to reduce Zn solubility /Chapter 111) as did
OP 1n air-dried soils (Chapter I1). Among the effects of increased
charge, a P-Zn bridge, seguestering, Zn-P precipitation and specific
sorption, the charge effect was discounted in that added P reduced KNUy-
extractable Zn. The bradge effect did not play a significant role while
precipitates of hopeite may have existea under limited conditions for OP
(Chapters II, III). The effect of solution PP on sequestering Zn was
not significant due to the fact that sequestering requires a threshold
PP concentration (Bar-Yosef and Asher, 1983), and under soil pH
conditions, the P2074’ concentration was expected to be less than 1% of
the total PP concentration. Decreased Zn solubility 1n the so1l was
mainly a result of increased Zn specific sorption by sorbed P fChapter
11; Chapter 111). Comparison of effects of PP and of OP under simi1lar
conditions 1s needed to quantify effects of sorbed PP and 0P on In
solubality 1n soils.

The objective of this study was to quantify or to compare the
mechanisms involved in the reactions of sorbed OP and PP with added In

1n autoclaved soils.
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MATERIALS AND METHODS

Experimental procedures were those in Chapter I1I except that 0P
was used. Only three surface scil samples were used: Uplands (UT),
St.Bernard (ST), and Dalhousie (DT). Three sequential equilibria were
conducted between soils and solutions, the first equilibration was for P
sorption 0Pg; for OP, PPg; for PP) and CEC determination, the second
for Zn sorption (Znsz), P desorption (OPy, for OP, PPp, for PP) or
remaining sorbed P (OPSZ for 0P, PPgp for PP), and third for Zn
desorption fZnps) or remaining sorbed 7n (Zngz), P further desorption
(OPDS for OP, PPp3 for PP) or remaining sorbed P(0P53 for OP; PPg for
PP). Fractions of Zn extracted with 0.5 M KNO3 (Zngng3)s 0.5 N NaOH
{4nyNapy) and concentrated HNO ;+30%H,0, (Znyng3) represented exchengea-
ble-, organic- and fFe or Al-bonded-, and residual-Zn, respectively. Some
comparisons of OP to PP involved results from Chapter III. Isotherms of
Freundlich, Gunary, Langmuir, ard Temkin were used to evaluate Zn
sorption behaviour in soi1ls treated with OP or PP. The equations are

expressed as fol lows:

Freundlich equation, InfS;) = kg + ko 1nfCy.) (1)
Czn 1/2 (
Gunary equation, —— =k} + ky 7y + kg (CZn) 2)
5zn
Czn 1 Czn
Langmuir equation, = +
Szn - K Sznm SznM
= kl + kz Czn (3)
and Temkin equation, Sz, = k; + ko 1n(Cy) (4)
where 5;  was Zn sorbed per unit of soi1l (mmole kg'l), C;n was In
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concentration in solution ‘mM), SZnM was Zn sorption maxima, and K a
constant for the Langmuir equation. The values of kl, ko, and ki, were
determined using multiple regression ‘Steel and Torrie, 1980). The terms
ky and ko do not have the same meaning in the different equations, but
were used to prevent a proliferation of unnecessary terms.

RESUL. TS AND DISCUSSION

Both sorbed 0P and PP increased CEC linearly in the sautoclaved
so1ls (Table 1). For OP, one mmole sorbed P resulted in 1ncreases in CEC
of 0.92 to 1.24 mmolel+), which was greater than values for sorbed PP,
which varied from 0.52 to 0.83 mmole(+) mmole~! sorbed P. This implies
fewer charges per atom sorbed P as PP than as OP. Increased CEC per umt
scrbed P was greater in the faner than in coarser textured soils, which
was associated with relatively less amorphous materials in the finel
textured soils (Chapter III). Sorption of P as PP was greater than as 0P
(Table 2) probably due to more active bonds for a PP molecule. Thus
absclute increases i1n CEC (ACEC) were greater for added PP than for
added OP.

One mmole sorbed OP should result in one mmolef+) increase in CCC
assuming a binuclear complex theory (Parfitt et al., 1975; Mart:n and
Smart, 1987) and one negative charge per molecule OP. Values lower than
one mmole(+) could be due to precipitated OP ‘Kim et al., 1983; Lindsay,
1979), overlapping of sorbed OP, unionized OP, or migration of 0P 1into
the solid portion {Barrow, 1983; Willett et al., 1988). Thus dpp less
than one mmole(+) mmole™! P was an 1ndication of one or more of these
processes. Values of Q- greater than one in the DT soil indicete that

the binuclear reaction may not have occurred, 1in that sorbed OP meclecule
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would only use one OH group 1in coordinating with the sorbent (Barrow and
Bowden, 1987). Thas occurred in the DT soil, suggesting that a binuclear
complex may be restricted by soils higher in organic matter or clay, or
that OP complexed wath single carboxyl or hydroxyl groups in organic
molecules.

The configuration of PP (Corbridge, 1974; 1985) i1ndicates that a
maximum of four oxygens of PP could react with a "flat" surface of the
sorbent, assuming similar binuclear surface complexing per P atom as for
0P. Calculations using the geometry data of crystalline oxide materials
Dixon and Weed, 1977; Parfitt et al., 1975) and of PP (Corbridge, 1974;
1985) indicate that 1t is less likely for the sorbent surface to have
four reacting sites accommodating four oxygens of a single PP 1on. As
well, rotation of the two P atoms around the 0 atom, i.e., P-0-P
Corbridge, 1985), may result in less than four groups coordinating with
the sorbent surface. Thus, with six OH or 0 groups available (assuming
sp hybridization of P-0 bonds) for each PP molecule, less than four
oxygens of the hydroxyl groups could coordinate with adjacent Fe or Al
1ons of the sorbent, with the remaining OH or 0 acting as exchange
sites. Thus with this mechanism, for each mmole of PP sorbed (i.e., 2
mmole P) to less than four surface sites, there would be an increase of
less than four mmole(+) in CEC, assuming one site consumed one valence,
otherwise PP sorption would bz less stable. Values less than two {Table
1) would imply some PP sorption using more than two surface sites or
more than two 0 or OH bonds per sorbed PP molecule. Complexes or
precipitates of PP wath other soil components such as Ca and Fe

‘Landsay, 1979) could also reduce CEC increases. The reduced change 1in
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CEC wath sorbed PP compared with OP was consistent with surption through
combinations of two, three or four bond coordinatiocns per PP molecule,
or with some sorbed PP not being ionized (Fig. 1).

Phosphate sorption increased Zn sorption, especially at high Zn
addition rates, and 1increased Zn sorption was greater with PP than with
OP 1in the coarser textured soil (Table 2; Figs. 2-4), due to more P
sorption with PP than with OP or more potential bonds per atom P as PP
than as 0OP. Zinc sorption 1isotherm regressions indicated that the
results fit the Freundlich equation better than with Gunary, Langmuir or
Temkin 1sotherms based on RZ and cv values (Table 3). Assumptions of
one-layer sorption and consistant sorption energy made for Langmulr,
Gunary and Temkin 1sotherms may have limited their applications. The
Freundlich equation 1s an empirical isotherm and 1s consistent with
bonding energy decreases as the fraction of surface covered 1ncreases
(Travis and Etnier, 1981; Sibbesen, 1981). At the same level of Zn
solution concentration, PP increased Znsz more in the UT, about equal
fto) 1n the ST, and less in the DT soil than OP, compared to zerou P
(Figs. 2-4).

It has been shown (Chapter 11, III) that increased Zn sorption did
not result from the coulombic effect since the KNC3 extractable Zn was
reduced with sorbed OP in air-dried soils and with sorbed PP 1n
autoclaved soi1ls. Compared to zero P, added OP did not affect Lnynps 10
the autoclaved UT and ST soils but reduced 1t in the DT soil, as did PP
in all three soils fTable 4). Comparisons between OP and PP showed that
ZnKNUB with PP was half of that with OP in the UT and ST so1ls,

indicating that PP was more effective in reducing the portion of
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coulombical 1y sorbed Zn than 0OP.

Precipirtates of hopeite for OP, and of Fe-Zn, Fe-P-Zn, Zn0 or ZnCD3
for both OP and PP may exist in soil systems (Lindsay, 1979; Gupta et
al., 1987). Calculations showed that solubility products were below the
value of 1028 for hopeite, indicating that hopeite did not form in
autoclaved soils treated with OP 1n contrast to some i1nstances in non-
autoclaved soi1ls (Chapter 1I). For OP, the dissolution of Fe or Al
components was not detectable. For PP, dissolved Fe or Al were removed
at the first equilibration (unpublished data), with the remaining Fe and
Al being well below the concentration required for Fe- or Al-Zn
precipitates Lindsay, 1979). Precipitates of Zn0 and ZnCO3 were not
possible when pH was below 7.0 and Zn2* concentration below 0.25 mM.
Complexes of PP-Zn or organic matter-Zn did not exist or were not
significant since Zn sorption was increased with increases in PP
addition rates (Table 2).

The i1ncreased Zn sorption may have been a result ofa Pbinuclear
surface complex with the sorbent, which 1s subsequently less subject to
desorption, creating more active sites (Barrow and Bowden, 1987; Hayes
and Leckie, 1987) easily accessed by Zn2* 1ons.

Calculated ratios of increased Zn sorption to sorbed P (Table 5)
were greater with higher P addition rates on the coarser soils.
Pyrophosphate tended to produce greater ratios than 0P, indicating that
part of the sorbed Zn may have formed Zn-P-soil complexes. This effect
was most notaiceable 1n the coarser textured soils with higher Zn
addition rates, suggesting that the complexation was more likely when a

higher proportion of the surface of the sorbent was coated wath P. In
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comparison with models proposed for OP (Stanton and Burger, 1970;
Bolland et al., 1977), such complexes could account for 1increased ing,
and decreased Inp3 with P additions (Table 2). Relatively, added PP
reduced Znpz more than added 0P in the UT so1l, about equal in the ST
sorl, and less in the DT so1l. The effect of PP addition on reduction of
ZF\D3 was more significant at high than at 1ow rates of P addition fTable
2).

Tre complex of P-In has been stated to be at the Stern layer or
inside the beta plane - an immobile layer (Hayes and Lecke, 1987;
Barrow and Bowden, 1987). The energy required to bresk the bonds of lNe-
0, or 0-P or 0-Zn 1s extremely high (‘Bailar, Jr., et al., 1973). In
addition, oxygen has an electronegativity of 3.5, and zinc of 1.5. The
two atoms can share electron pairs provided by the oxygen. Thus
desorption or exchange of such sorbed Zn wou ld be difficult.

P yrophosphate 1ncreased Z”NaUH more than 0P, especial ly in the UT
so1l (Table4). The extractant NaOH has been shown to result in
disso lution of orgamic matter and Fe and Al components (Levesque and
Schnitzer, 1966). It is plausible to make the induction that since
phosphates were mainly sorbed on Fe and Al components (Ballard and
Fiskel 1, 1974; Borggaard, 1983a; 1983b; Mclaughlan et al., 1981; Moody
and Radaciiffe, 1986), and Zn was complexed with the sorbea P, then wher
Fe and Al materials were extracted by NaOd, the Zn-P complex would alsc
be dissolved. The Znyypg3 whch was strongly bonded with the sorbent
material or sorbed P was increased in the presence of sorbed 0P and PP,
and greater differences between PP and 0P were observed in the UT soil.

Both PP and NP ancreased specific Zn sorption ’Zn53-ZnKNU3), with
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PP being more significant than OP (Table %4). The value of increased
Ings-Iny Ng3 for PP over that for OP was highest in the UT and lowest 1n
the DT soil, suggesting that P sorption was more effective in increasing
specifc Zn sorption in the coarser textured soil, where PP sorption
produced more sorption sites, compared with OP.
CONCLUSIONS

Total increased CEC at a fixed P addition rate was greater with PP
than with OP as a result of more P sorption as PP than as 0P, due to the
possibility of PP having a greater number of bonds per molecule,
compared with OP. Increased CEC per atom of sorbed P was greater with
sorbed OP than with sorbed PP probably because of sorbed PP molecules
having more than two 0 or OH groups comp lexing with sorbent surfaces.

The reduced effect of OP on increasing Zn sorption compared with PP
could be due to a number of mechanisms. Reduced strength of bonding with
OP may have produced a less stable sorbed P complex. On other hand, PP
was more effective in dissolution of organic matter or organic matter-Fe
or Al complexes than OP, exposing more sites for Zn sorption, so there
was more ZnNaOH and ZnHNUB with PP than with 0P. Thus specific Zn
sorption was increased more with PP than with OP, most significantly in
coarser textured soils.

Thus sorbed PP would be expected to result in reduced Zn
solubility, at least until hydrolysis. Zinc applications fol 1lowing PP

fertilization shou 1d be p laced out of the zone of PP-so1l reactions.
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Table 1. Ortho- (oP) and pyrophosphate (pp) sorption effects

on changes 10 so1l cation exchange capactity (‘ACEC)‘
p form So1l Regress1ion Equation R2 P
+ *

oP Uplands Acec =U.92(10.113 OPgy 0.90,, 0.0001
opP st .Bernard AceC :0.96’_-_»_0.193 0Pgy 0.76,, 0.0011
oP Dalhousie Acec :1.214’10.15\ OPgy 0.89 $.0001
pp++ Uplands Bgpe =0-52(20.06) FPs) 917> o.0v0l
PP St .Bernard Acec :D.7U(_+_0.UL0 PPy 0.97 .« 0.06ul
pp  Dalhousie CEC =(.83(%0.04) PPgy 0.9 0.0001

+

++
¥t

+ 95% confidence limit;
UPS].’ PPS}‘ = sorbe
AC Cr mmo.ie s
data
s1gn1f1cant at p<G.01.

gP and PP,

mole P kg™t soils

1
for PP are from Chapter 1113




Table 2. Phosphate addition effects on sorption (Zn 2) and desoiptlon
’ZnD3) of Zn 1n autoclaved soils fZn rate:?ﬁ mmole kg™*)

Sorbed P Increased Znp3
P form P rate (OPgy, or Apgc Zng, Increased Ingy as @  —-==——-
PPg1) Ings prOporti?n Ingo
of beec
~---mmole kg"l--- mmole(+) --mmole kg"l-- ------- % m——— -
kg™
Uplands so1l
- 0 - - 7 .41 - - 9.04
op 30 6.7 6.4 7.51 .10 3.1 7.68 1
opP 60 10.2 8.6 8.00 0.59 13.7 6.55 j
op ag 11.4 11.0 7.96 0.55 10.0 5.82
PP 30 21.1% 1411 8.35  0.93 12.9 6.01
PP 60 31.8 18.7 8.74 1.33 14.2 5.32
PP 9u 46.3 21.0 6.98 1.57 14.9 5.37
LSDg g5 - - 0.08 - - 0.70
St.Bernard soi1l
- 8 - - 8.24 - - 6.11
0P 30 7.6 10.6 8.68 0.44 8.3 4.02
by 60 10.7 11.4 8.66 0.42 7.4 3.78
gp 90 16.8 16.0 8.83 0.59 7.3 3.65
PP 30 24.0 19.0 8.49 0.25 2.6 4.48
PP 60 45.1 34.8 8.97 0.73 4.2 3.72
PP 90 64 .6 41.7 9.07 0.83 4.0 3.04
LSDg g5 - - 011 - - 0.60
Dalhousie soil
- 0 - - 9.44 - - 2.89
0P 30 9.3 18.0 9.43 =0.01 - 1.86
0P 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 90U 8U.6 64.5 9.76 0.32 1.0 1.76
LSDy g5 - - 0.30 - - 0.36

1) calculated as {Znp=Iny)x2x100/(Acge), s Znp=Ing, with added OP
or PP, Ing=Zng, without added OP or PP, Acpc=increased CEC
by added OP or PP, 1=P rate;

+ data for PPgy and Agge for PP are from Chapter III.
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Table 3. Parameters of Zn sorption isotherms as affected by P addition.

P or PP Sorption Parameters
addition 1sotherms —-—e—memm e R2 p-value cv, !
mmole P kg‘l ky ko K3

Uplands soil

ADRNIONO DR - N

NI~ B

[Nl N

;\).\!C‘J-\wl-\b-‘C\lh—

vion O

Nl

R = N O g

wON NN O -

[Salll NupVo)

NPt 0 Freundlich 2.6795  0.5037 - 0.9918 0.0U0LI 3.
Gunary -0.0056™5 -0.0688™°  0.1162  0.9893 0.000L 4.
Langmuir 0.0101 0.1016 - 0.9328 0.0001 1t1.
Temkin 9.7914  2.0863 - 0.9351 0.0001 1)

OP 90 Freundlich 2.9534  0.4335 - 0.9967 0.0001 2.
Gunary 0.0002™ 0.0368 0.0326  0.9997 0.00U1 1
Langmuir 0.0033 0.1052 - 0.9854 0.0001 7
Temkin 11.4348  1.9198 - 0.9820 0.0001 6

PP 90 Freundlich 3.8366  0.6501 - 0.9566 0.0001 7
Gunary 0.0059  ©.1187 -0.0215™° 0.$827 0.00CL 5
Langmuir 0.0039  ©.0674 - 0.9727 0.0001 5
Temk1in 16.7036  3.2358 - U.9958 0.0001 3

St.Bernard so1l

NP O Freundlich 3.2334  U.6343 - 0.9948  0.0001
Gunary -0.00613"° -0.0829 0.0853 U.9872  0.0001
Langmuir 0.0091  0.0718 - 0.9152 0.0002
Temkin 12.7336 2.8201 - 0.9411 0.0001 1

oP 90 Freundlich 3.5990  0.5617 - 6.9940 0.0001
Gunary 0.0014  0.03027° 0.0194 0.9968  0.000L1
Langmuir 0.0030  0.0801 - 0.9879 0.0601
Temk1n 15.1964  2.7078 - 0.9836 0.0001

PP 90 Freundlich 4.0643  0.7104 - 0.9948 0.0001
Gunary 0.0036 -0.0361™° 0.0074™ 0.9933  0.00U3
Langmuir (.0043  0.0550 - 0.9912  0.0003
Temk1n 17.6868 3.4910 - 0.9812 0.0001

Dalhousie soil

NP D Freundlich 4.0507  0.6123 - 0.9922  0.0001
Gunary 0.0013  0.0279"° 0.0129  0.9942 0.000l
Langmuir 0.0022 0.0684 - 0.9869 U.000G1
Temk1n 18.0707 3.1102 - 0.9820 G.0001

OP 90 Freundlich  4.3211 0.5689 - 0.9978  0.0001
Gunary 0.00037% 0.0021"8 0.0160 0.9959  G.0LUL
Langmuir 0.0012  0.0698 - 0.9744  0.0001
Temk1n 19.5609 3.0116 - 0.9696 0.0001

PP 90 Freundlich 4.1766 0.5840 - 0.9678  0.0001
Gunary -0.0000™° -0.040z"° 0.6277 0.9611  U.0LU3
Langmuir 0.0015  0.0667 - 0.9075 0.0003 11.
Temk1n 18.9593 3.0188 N 0.9316  0.0001 13.

+ NP zero added P; ns not significant.

109




Table 4. Zainc fractions and specific sorption fs affected by additions
of phosphates (Zn rate = 10 mmole kg~+) 1in autoclaved soils.

Zn fractions P effect on
P form* INgs  m=m=memmme—ommmeeee o Zngz-IngNg3 lncreasing ) )
Z¢eND3 £TNaOH Z£THNO3 Ing3-Znnp3 !

----------------- mmole kg‘l 3011 -- ——
Uplands soil

+ NP - with zero added P;
OP - with added arthophosphate (90 mmole P kt_:}‘l so1l);
PP - with added pyrophosphate {90 mmole P kg~1 soil);
values for NP and PP are from Chapter III;
1) values were calculated as Zngz-Znyno3)op = {Zngz=-Zrng3)Np s

{
or [Zng3=2ngngs)pp = Zns3-Zngng3Inp -

1
NP 6.76  2.04 1.83 2.82 4.72 - f
] 7.50 2.04 3.27 2.82 5.46 0.74 !
PP 8.52 1.15 4.50 3.20 7.37 2.65 :
LSDg gs 0.15 0.28 0.22 0.25 0.35 0.59
St.Bernard soil
NP 7.74 2.11 1.8l 4.68 5.63 -
oP 8.47 1.84 2.77 5.53 6.63 1.00 :
PP 8.80 0.87 3.57 5.51 7.93 2.30 :
LSDg gs 0.19 0.26 0.15 0.1l4 0.31 0.52 i
Dalhousie soil i
NP 9.28 0.75 3.52 6.95 8.53 - :
opP 9.49 0.47 3.66 7.18 9.02 0.49 ]
PP 9.71 G.41  4.10 7.27 9.30 0.77 $
LSOy, us 0.3 0.06 ns ns 0.37 0.20 !
: 7
i
§
i
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Table 5. Effect of P and Zn addition rates on the ratio of
sorbed Zn to sorbed P in soils.

Zn rate, mmole kg"l
P form P rate  commmcec e el LSDU.5+
2.5 5.0 7.5 10.0
mmole kg‘1
Uplands soil

oP 30 0.046)) 0.109 0.114 0.057  U.046

opP 60 0.083 0.223 0.206 0.197 0.085

oP 90 0.065 0.231 0.269 0.203 0.061

PP 30 0.122 0.229 0.324 0.281 0.037

PP 60 G.132 0.293 0.407 0.371 0.042

PP 90 0.092 0.348 0.423 g.414 0.121
LSDg g5 ns 0.087  0.055  0.016

St.Bernard so:il

QP 30 0.095 0.106 0.154 0.132 ns

oP 60 0.112 0.171 0.153 0.131 ns

op 90 0.140 0.204 0.239 0.162 0.061

PP 30 0.098 0.093 0.139 0.087 U.036

PP 60 0.137 0.130 0.220 0.205 0.020

PP 90 0.148 0.205 0.243 0.241 G .040
LSDg g5 ns 0.049  0.073  0.026

Dalhousie so1l

oP 30 0.020 -0.040 -0D.00UL 0.018 ns

apP 60 0.004 -0.055 0.008 0.014 ns

0P 90 G.020 0.006 0.039 (.066 0.035

PP 30 -0.023 -0.045 -0.011 0.023 ns

PP 60 0.032 0.044 0.042 0.083 ns

PP 20 0.04l 0.011 0.u32 t.09d 0.049
LSDg g5t ns ns ns 0.063

+ for locating significant difference between means 1in the row

1)

ns

- the effect of Zn ratej

for locating significant difference between means 1n a column
under a soil - the effect P forms and rates;

values were calculates using the formular of

ratio = ((Zngs); - (Ing3)y) / (0.5xPg3), where Zngs = sorbed

Zn ‘mmole kg'l so1l) at the third equilibration, 1 = %n rate,

o = zero added Zn, Pgy = sorbed OP or PP ‘mmale P kg™ soil);
not sygnificant at the level 0.05.
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Fig.

1.

Schematic representation of PP sorption on surface of soil
particles, where M=Fe, Al. (1) sorption with four bonds, no
incease 1n CEC; (1) sorption with three bonds, 0.5 mmole(+)
increase 1n CEC per atom P; (i) sorption with two bonds from
two P atoms, 1.0 mmole(+) increase in CEC; (1v) sorption with
two bonds from one P atom, 1.0 mmole’+) 1increase in CEC; (v)
sorption with one bond, 1.5 mmolefl+) increase in CEC; (vi)
sorption with two bonds from two P atoms, sorbed P not 1onized
and no increase 1n CEC.
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Fig. 2. Zinc sorption isotherms in autoclaved Uplands soil
treated with ortho- or pyrophosphates. Lines are the
calculated values based or the Freundlich sorption
1sotherms (Table 3).
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Fig. 3.

21nc sorption isotherms in autoclaved St.Bernard soil
treated with ortho- or pyrophosphates. Lines are the
calculated values based on the Freundlich sorption
1sotherms (Table 3).
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Fig. 4. Zinc sorption isotherms i1n autoclaved Dalhousie soil
treated with ortho- or pyrophosphates. Lines are the
calculated values based on the Freundlich sorption

1sotherms (Table 3).
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GENERAL CONCLUSIONS AND FUTURE RESEARCH

Zinc solubility has been reported to be i1ncreasec by pyrophosphate
fPP) addition 'Mortvedt and Osborn, 1977; Bar-Yosef and Asher, 1983),
which 1s 1n contrast to observations that crop Zn nutrition was not
improved by PP application. Hydrolysis of PP to orthophosphate (0OP)
(Parent and MacKenzie, 1985; Dick and Tabatabai, 1986) has limited
studies comparing effects of the two P sources on Zn reaction in soils.
Autoclaving provided a delay i1n PP hydrolysis (Tabatabai and Dick, 1979)
and allowed studies of PP and OP under comparable conditions.

Autoclaving resulted in changes i1n soil properties, particularly in
Al and Fe materials. Extractable Al was reduced by autoclaving. When
extractable Fe was partitioned into organic (Fegp), amorphous (Feam?s
and crystalline Fe (FeCRY), 1t was shown that autoclaving reduced Fegp
and the ratio of FeCRY/FeAM while Feyy was not affected. Subsequently,
autoclaving reduced cation exchange capacity (CEC) of the Uplands top-
(UT) and sub-so1ls (US) while 1t 1ncreased CEC of St.Bernard top- (ST)
and sub- (SS), Dalhousie top- ‘DT) and sub-soils /DS). Autoclaving
decreascd OP sorption in all soils, possibly due to hastening of the
process of converting FeOR to more crystallized materials. Comparing
effects of PP i1n autoclaved soi1ls with OP 1n non-autoclaved was not
appropriate due to such changes.

Pyrophosphate sorption resulted in increases in soil CEC as did OP.

Comparisons between PP and 0P 1n autoclaved soi1ls i1ndicated that in
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terms of per atom of sorbed P, CEC was 1increased less with PP than with
0P. A sorbed PP molecule, having less than four bonds (valence)
coordinating with the sorbent, would leave the remaining bonds (valence)
displaying negative charges per two P atoms. Waith 0P, two bonds
fvalence) coordinating with the sorbent would leave one bond fvalence)
displaying charge per P atom.

The absolute increase in CEC was greater for PP than for OP at o
fixed rate of P addition (mmole P kg"l so1l), because of more P sorption
as PP than as OP in autoclaved soils. Greater sorption was probably due
to greater numbers of bonds available for a molecule of PP than for a
molecule of OP. This could be important in soil management or
fertilization practice, especially for soils with low base saturation or
low levels of crap nutraents, where OP and PP application may enhance
sorption of nutrients (cations), which would otherwise be subject to
leaching. On the other hand, 1n fine textured soi1ls, application of P
may further reduce solubility of cation nutrients, such as Zn, through
enhanced sorption. However, at normal rates of P application, such
effects should not be overestimated.

Sorbed PP increased soil capacities for In sorption more than
sorbed OP, probably due to more active linkages of PP with soil
surfaces, thus creating a more stable ampact of sorbed PP on added Zn.
This PP-induced Zn sorption was more significant 1n coarser textured
so1ls of lower organic matter than in finer textured soils af hagher
organic matter levels. The amount of Zn desorption was a quadratic
function of the amount of Zn sorbed, 1ndicating that energy of Zn

desorption was not equal across all levels among sorbed Zn. Sorbed PP
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and OP may have raised the energy level needed for Zn desorption, thus
reducing Zn desorption.

Sorbed PP resulted in 1increases 1n specific Zn sorption in
autoclaved so1ls as did OP in both autoclaved and non-autoclaved soils.
More specific Zn sorption with PP may have been due to PP exposing more
sites for Zn sorption. These sites were probably occupied by organic
matter or organic matter-fe or Al materials. Interaction of PP-Zn or 0P-
Zn was effective 1in coarser than in finer textured soils. QObservations
indicated that the association between the decrease 1in soluble Zn and
the increase i1n surface negative charge or CEC by P addition {Saeed and
Fox, 1979) was not a related phenomenom, and PP i1ncreased specific Zn
sarption more than OP, particularly 1in coarser textured soils.

A precipitate, hopeite (Zn3(P04)2.4H20), may have formed in some
treatments of non-autoclaved soi1ls with OP, since the calculated
solubility products (Kgp) exceeded the value of 16>-8 (KSP for hopeite)
1n some instances. In autoclaved soils, there was no evidence of hopeite.

The effect of P addition either as OP or as PP on native ZIn
dissolution and fraction transformation in the soil was not significant.

The 1interactions between OP and Zn 1in non-autoclaved soils or PP and
Znin autoclaved so1ls occurred mainly i1n association with Fe or Al
campunents as 1indicated by increased or decreased correlations between
Zn (or P) parameters (sorption, desorption, and fractions) and Fe or Al
fractions, suggesting that there existed P-Zn-Fe or Al complexes and
that P application was most likely to induce crop Zn deficiency insoils
rich in Fe or Al materaials.

The ratio of increased Zn sorption to sorbed P increased with
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higher rates of P addition, and coarser soil textures, indicating that
the specific Zn sorption was more likely 1n soi1ls with a higher than
with a lower fraction of surface coverage by sorbed P, and with PP than
with OP. Higher organic matter contents may reduce the probabilities of
forming specific sorption sites.

The practical implication of the above findings 1s that f In
addition i1s recommonded following OP or PP application, Zn should be
placed out of the zone of P reaction, 1n order to maintain a certain
level of Zn in solution for crop utilization.

Significant findings have been made 1n this rese.rch. However, work
should be containued to confirm or complete the following.

1. A confirmation of number of bonds involvedin reactions
between PP and soil components 1s necessary. Procedures of
Martin and Smart (1987) -~ X-ray photoelectron or of Willett
et 1. (1988) -~ infra-red spectromelry, using pure
crystalline Fe or Al materials as well as soil samples.
Procedures to apply these techniques teo a whole soil sample
need to be developed. Such studies would provide &
theoretical basis for determining PP surface reactions with
sorbents. Samul taneously, a measurement of surface ares
might be done to determine sorbed P and surface arca effects.

2. An investigation of changes 1n CEC of mixtures of

crystalline and amorphous Fe or Al materials with added OF
and PP could be carried out to examine whether the relative
precipitated P compounds contribute to increases in CEC.

3. Structures of OP or PP and Zn complexes on particle surfaces
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B need to be verified, perhaps using X-ray photoelectron
techniques (Martin and Smart, 1987). This could be done with
pure crystalline Fe and Al materials and treated natural
so1l materials.

4, A desorption study in combination with the above may be
required to evaluate the bonding energy of the OP or PP and
Zn on so1l particle surfaces. This would indicate to what
extent bound Zn would be available to plants.

5. A hydroponic study should be established using pure
crystalline Fe or Al or clay minerals coated with either OP
or PP, following a technique similar to that of T jepkema et
al. (1981). A range of Zn addition rates would be assessed !
to examine the availability of the sorbed Zn to plants.
Solutions of OP and Zn or PP and Zn could be used to test
whether P sorption would affect Zn absorption by the plant
and Zn translocation 1in the plant.

6. Pot experiments, using so1ls of various characteristics,

could be i1nitiated to determined effects of different P

sources (0P and PP) and Zn application methods or sequences
on crop In nutraition. Treatments could include band
application of P and Zn together, or separately, and rates
and residual effect could be evaluated and quantified.
Subsequently, various management approaches could be practiced to

increase desorption of specifically bound Zn, increasing Zn

availability to plants.
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Specific conductivity of suspension of soil-phosphate after the

first equilibration.

P concentration Solution Soil
in U.03 M KClOa of P e -
ut us ST SS DT DS
P mM L'l --------------------- mS cm"l ---------------------
Orthophosphate (OP)
0.00 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
6.00 4.03 4.64 4.22 4.25 4.25 4.55 4,22
9.60 4.43 4.65 4.50 4.35 4.31 4.60 4.26
LSDO.UB - 1.02 0.25 0.74 ns ns ns
Pyrophosphate (PP}
G.Cu 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
6.0U0 4.35 4.29 4.34 4.30 4.18 4.06 4.12
9.00 4.71 4.69 4.94 4.84 4.43 4.33 4.45
LSDg g5 - 0.21 0.11 0.24 0.44 0.17 0.48

ns -not significant at p <G.05.
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Appendix II

Manuscript of Xie and MacKenzie (1988) in 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 sorption, Zn desorption, Zn fractions.

R.J. Xie and A.F. MacKenzie
Department of Renewable Resources, Macdonald College of McGill
University, Ste Anne de Bellevue, Quebec, Canada, H9X 1CO.

ABSTRACT

Zinc sorption-desorpticn and Zn fractions 1n three soils, a
Dalhousie clay (DT: Typic Haplorthod), a St. Bernard loam (ST:
Typical Eutrochrept) and an Uplands sand UT: Typical Humaquept),
vwere studied with and without added P at d:fferent pH values.
Phosphate addition increased Zn sorption ’Zns) in the order: DT
clay > ST loam > UT sand. A positive correlation was noted
between Zng and pH for soils treated with and without P.
Phosphate addition reduced Zn desorption onD) especially at low
pH and was attributed to P induced pH effect. At high pH values,
the P effect was less important. An increase in pH value resulted
in .ess 0.5 M KNOz~-extractable Zn/ZnKN03) and more 0.5 NaOH-Zn
(ZnNaOH) and HNO4 extractable Zn’ZnHND3).C0mpared with zero P
treatments, P addition reduced Ingngs at low pH value but

1ncreased anaDH at all pH values.
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INTRODUCTION

0f the factors affecting soil Zn availability to plants, pH
and P have been subjected to intensive studiestsZ. The pH-
dependent surface charge tends to shift to less negative values
at lower pH resulting in less Zn sorptlonj. Increases 1in P
sorption on particle surfaces at constant pH may enhance Zn
sorption through increases in negative charge on surfacesa, thus
reducing Zn solupility. Stanton and Burger5 believed that the
sorbed P acted as a "bridge" between surface and sorbed Zn while
Pasricha et al.® showed that applying P to soils did not decrease

Z recently

Zn concentrations 1n the so1l solutions. Barrow
reported that the effect of P on Zn sorption included a P-induced
pH effect which either increased or decreased ZnOH* species, thus
influencing Zn sorpt10n.Parf1tt7 noted an increase in pH with
added P, which would decrease Zn in solution.

In a previous work, Xie and MacKenz 1e8 indicated that
exchangeable Zn extracted by 0.5 M KN0O; was reduced 1n soils
treated with P at a initial pH 6.0. This may partly explain the
observation that Zn uptake by plants was depressed at high P and
high pH levels’. However, the mechanisms involved in interactions
between P, pH and Zn 1n soil are still not well understood. There
1s a lack of information on how pH would affect Zn sorption-
desorption and Zn fractions 1in soils treated with P. The
objectives of this stuay were to evaluate the effects of pH on Zn

sorption-desorption and on Zn fractions 1in soils treated with and

without P.
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MATERIALS AND METHODS

Soi1l samples (G-15 cm) from an Uplands sand !Typical
Haplorthodlu), a St. Bernard loam (Typical Eutrochrept), and a
Dalhousie clay {Typical Humaquept) 1dent1fied as UT, ST and DT
respectively, ranging in clay content, pH, CEC, organic C and
extractable Fe and A1l (Table 1), were air-dried and ground to

pass a l-mm sieve.

TABLE 1
Selected Properties of the Experimental Soirls
So1l
Parametert = 0 e e Reference
uT ST DT

Clay content, g kg~ 100 200 410 11
pH, 301l:water=liZ 6.3 5.3 5.7 12
CEC, mmol’+) kg~ 57.0 119 260 13
Organic C, g kg~3 16.7 26.1 34.8 14
Felal)-DC, g kg™! 3.171.1)  9.4(1.5)  9.201.9) 15
FelAl)-AO, g kg™! 1.5(2.0) 3.7(2.1)  3.1/3.5) 15
Fe/Al)-PP, g kg~! 0.5/0.7) 1.3(1.1)  1.4(2.1) 15

+: DC=dithionite citrate; AU=ammonium oxalate;
PP=sodium pyrophosphate.

So1l samples of 2 g were first equilibrated with 20 ml of P
(0 ang S mM NaHZPUQ) solutions in 50-ml stoppered polypropylene
centrifuge tubes. The 1nitial 1onic strength of each solution was
controlled using 0.3 M KC10,. The mixture of the so1il and the
solution was adjusted to 1nitial pH values of 4.5, 6.0 and 7.5

with HC10, or KOH solutions and such pH values were mgintained
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for > h before shaking. Each combination of s01l1xPxpH was
repeated to ensure that every treatment i1n the third mixing (Fig.
1) was duplicated. Before and after adjusting pH, the tube
containing so1l and the solution was weighed in order to
cetermine volume changes 1ntroauced in the process of adjusting
pH. The mixture was mixed for 72 h using an end-over-end shaker
tnorder to achieve a near equilibration ‘throughout the text,

equilibration refers to near equilibration), and centrifuged at

Equilibration

l - 4.5 6.0 7.5 P sorptaon
/ \ I
VA . J \
2 -1 7.5 6.0 4.5 6.0 7.5 6.0 4.5 Zn sorption
/ \ P desarption

t
3 —} 4.5 6.0 7.5 Zn, P desorption
+
|

Initial pH value

FIGURE 1. Experimental pH Flow Chart for the Sequential
Equilibratian Procedures.

12,00L rpm for 10 min and filtered through Whatman No. 42
filter paper. Supernatant solutions were kept at 4°C praior to
Pi® and zn (atomic absorption) analyses and pH ‘referred as to

final pH) reading.

The tube containing soirl and residual solution was weighed
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to determine the amount of P 1in the interstitial solution. Then
20 ml1 of Zn solution (0, 0.5 and 1.0 mM Zn50, 1n 0.03 M KCJDQ)
were added for a second 72-h equilibration. The mixture of the
so1l and the solution was re-adjusted to three pH levels (4.5,
6.0, and 7.5) according to Fig.l and subsequent steps were as
those for the first equilibration.

In a third equilibration, the tube containing soi1l and
residual solution from the second equilibration was weighed and
26 ml 0.03 M KC10, solution was added. The mixture of so1l and
solution was adjusted to three pH levels according to Fig. 1 and
subsequently mixed for 72 h, and centrifuged as 1n the first
equilibration.

Sorption and desorption values were calculated by
substracting the amouni of P or Zn remaining in the supernatant
from the amount of P or Zn added or remaining from the previous
step. Thus P or Zn sorption 1s defined as P or Zn adsorbed on
so1l particle surfaces and precipirtated from the solution.

Samples at 1nitial pH 6 in the first equilibration, 1.0 mM
Zn solution at initial pH 6 1n the second equilibration and at
intti1al pH 4.5, 6.0 and 7.5 1n the third equilibration were
analysed scquentially for the following Zn fractions: 0.5 M KNUs-
extractable Zn (Zngygs), 0.5 M NaOH-extractable Zn (Zny,ny) and
concentrated HNO3 + 30% Hp0, (Znyygs) at 110°C extractable
an7’18. Before adding each extractant, the tube containing soil
sample and residual solution from the previous step was welghed

to determine the amount of Zn 1n the interstitial solution.
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The statistical procedures of Steel and Torrlel9, and SAS
User's Guide?Y were followed for the LSD test and regression

analyses.

RESULTS

Lffect of pH and Added P on Zn Sorption

Zinc sorption (Zns) was a linear function of the final pH 1n
all of the soils /Table 2). The addition of P slightly enhanced
the pH effect on Zng 1n the DT and ST soils and considerably
increased the pH effect on Zng 1n the UT soil. Higher Zn addition
rates resulted 1n higher 1intercept and slope values except for

the P-treated UT so1l. The intercept values were 1n decreasing

TABLE 2
Regression between Zn Sorption Zng) and Final pH at the Second
fquilibration with and without Added P

P addition
5011 Zn-rate ———mem—mem e e -
fmM) Added P, 9 mM Zero added P

EquationT rZ Equation 2

DI U.5  Ing=4.38+0.06pH 0.42..  Ing=4.35+U.G5pH .74,

1.0 Ing=8.16+0.21pH 0.86,.  Zng=7.98+0.24pH 0.83.

ST 0.5  Ing=4.16+0.10pM 0.64, .  Ing=3.86+0.12pH 0.76,.
1.0 Zng=6.85+0.43pH 0.80. Znc=6.62+G.37pH 0.86

Ul L.5  Zng=2.5140.37pH 0.55_  Zng=2.93+0.27pH 0.381%
1.0 Zncz=  1.36pH 0.68 Zng=4.70+0.61pH  U.64

1= Intercept and slope values are significant at 1% level;
Zng= total Zn sorbed, mmol kg=l g011; each regression was
done with 22 pairs of data;

+ = significant at 10% level; *¥ = significant at 1% level.
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order while the slope values were 1n 1ncreasing order for DT, ST
and UT soils for both 0 and 9 mM P treatments.

Effect of pH and Added P on Zn Desorption

The addition of P resulted 1n less Zn desorption (ZnD) at low
pH values 1n all soils at the third equilibration (Table 3). The
amounts of Znp with added P were only 41, 49 and 6Z% of the
amounts of inp without added P, for the DT, UT and ST soils,
respectively. Differences of Znp with or without added P were not
pronounced as only small amounts of Zn were desorbed (or re-
sorbed 1n the UT soil) i1n either case at 1nitial pH 7.5. High

solution pH finitial or final) reduced ZnD in soi1ls with or

TABLE 3
Effect of Initi1al and Final pH on Desorption of P and Zn /mmol
kg'l so1l) at the Third Equilibration

So1l
Initial DT ST ul
pH = mmmmmmmmemc e et e -

pHt Py Iny  pH Po Zny pH Py Iy

9 mM P
4.50 5.64 5.80% 0.22 5.41 3.78 0.80 5.46 1.97 1.05
6.00 6.04 4.17 0.08 6.19 2.92 U.l6 5.92 1.73 0.26
7.50 7.00 3.14 0.02 7.33 2.83 GL.U2 6.52 1.85 C.U3
LSDy gs 0.24 0.24 0.05 0.29 L.28 0.13 ©.08 U0.23 U0.25

Zerc P
4.5C 4.20 - 0.5 4.10 - 1.29 5.80 - 2.16
6.G0 5.58 - 0.14 5.72 - 0.26 6.37 - U.35
7.5U 8.37 - 0.0U B.28 - L.09 7.8 - -U0.07
LSDg g5 1.61 - (.08 1.04 - UL.05 1.07 - U.25

+ = final pH values; T = 1nitial Zn level: 1.0 mM,
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without added P. The addition of P resulted i1n a buffering of
5011 pH compared to zero P additicon. In the presence of soils
treated with P, the final pH of the three soi1ls tended to move
towards pH 7, especially for treatments with 1nitial pH of 4.5
and 7.5. For the DT and ST so1ls with zero P addition, the final
pt of the solution shifted to lower values for treatments with
intt1al pH 4.5 and 6.0 and to higher values for the treatments of
initial pH 7.5.

Decreasing 1initial pH 1ncreased P desorption (PD) in the DT
and ST soils ‘Table 3). In the UT so1l, the highest Pp was found
with 1nitial pH of 4.5, the lowest with 1nitial pH of 6.C.

Lffect of pH and added P on Zn Fractions

Increasing pH decreased ZnKNOJ as did added P at pH values
of 4.5 and 6.0 Table 4). For the UT soi1l, P addition increased
Ingngs a8t pH 7.5, Increasing pH with addition of P resulted 1n
more Znyaon 10 all soils tested, and more Znyygs 1n the DT soil.
Regression showed that Zng g3 was a negative linear function of
the tnird final pH (2 from 0.66 to 0.94, p<0.05). In so1ls with
added P, Znyggy was a positive linear function of the third final
pH ’r2=U.72, .80 and 0.9]1 respectively, for the DT, ST and UT
sc1ls). Increased Inyagy @nd ZnHN03 with added P (differences
with and without added P) generally was less for non-existent) at
high compared to low pH values. The Znyngz in the UT so1l was
reduced by P addition at pH 7.5. The sum of the Zn fractions was

influenced little by pH but was greater in soirls with added P

compared to no P additaion.




TABLE 4
Effects of P Addition and Initial pH Values on Zn Fractions

FractionsT
Init1al pH ———mmmr e e e e
{
Third ZnyND3 ZNapH ZNyno3 Sum
BQUL11le ——mmccrmmcem  emmcimvre eemdmmmmlen e -

bration) NOP9 mM-P No P 9 mM-P No P 9 mM-P No P 9 mM-P

-------------------- mmo 1 kg“l e
DT
4.5 1.52 0.46 2.02 2.64 5.23 7.3 B8.77 10.44
6.0 .5 0.24 2.63 2.92 5.62 7.67 8.8l 10.83
7.5 0.12 0.11 2.58 3.00 6.35 7.59 9.04 10.71
LSDy . 5 0.37 G.03 0.08 0.09 0©.29 G.19 0.32 0.18
ST
4.5 3.28 1.96 0.77 1.76 3.34 6.85 7.39 .0.57
6.0 1.81 0.80 1.71 2.53 4.50 6.67 8.63 10.0U
7.5 U.24 0.22 2.12 2.73  5.55 6.7 7.91 9.73%
LSDg g5 G.40 U.37 (.08 €.23  0.23 NS U.43 NS
Ut
4.5 2.94 2.29 0.47 2.6 1.84 2.12 5.25 7.03
6.0 2.06 2.09 1.86 3.20 2.70 2.00 6.59 7.3U
7.5 0.80 1.34 2.54 3.49 3.14 2.5 6.49 7.4l
LSDy g5 0.31 0.19 0.16 0.26 0.18 NS 0.34 NS

Qver all soils

Zrgngs = 6.85=0.63xpH3-0.09xP 543 (n=18, R2=U.7l, p<U.01)
pHs = final pH after the third equilibration
Pog3 = sorbed P remaining after the third equilibration

t+ = Initial Zn rate: 1.0 mM; NS = not significant at 5 level.

DISCUSSION

Zns and Z”HND3 were 1n 1ncreasing order and Znp 1n
decreasing order in UT, ST ana DT soils with added P. Soils with
high clay, organic matter, Fe and Al contents and CEC have more
avallable reactive sites and are expected to have more

specifically sorbed Zn and less ZnD. In theory, soils with high




Fe, Al and organic matter contents should have more variable

charges. Thus pH would be expected to have a strong effect on Zng
and Zny. However, the opposite was observed in the present study,
1n that with the UT so1l f‘low clay, organic C, Fe and Al
contents), pH had strong effect on Zng end Znp, but not on P
desorbed. Added P enhanced this pH effect on Zng and Znp.
Increased anNOB with added P at high pH 1in the UT so1l suggested
that 1n so1l with low variable charge components, added P
inf luenced Zn reaclions perhaps 1n association with permanent
charge sites. Increased ZIng with increases 1in pH values was
consistent with the results of Barrole, who noted that increased
ZnOH* strongly correlated with Zng. In addition, the fact that
Ziyngs was significantly reduced by high pH values, compared with
low pH values, while ZnNaDH increased confirmed, transformation
among /n fractions with pH changes.

Added P 1increased Zng slightly at the second equilibration
fmainly the UT so1il) but the P effect was most ocbvious 1n Zn
fractions, where the sum of the Zn fractions was always greater
with added P. The role played by sorbed P 1n 1increasing Zng 1n
the DT and ST sotrls was probably not associated with P induced
negative c:harges7, particularly as the Zm\g3, or exchangeable
{n, was reduced with added P at low pH values. Added P 1increased
ZnypHy Which would be related to In specifically adsorbed on Fe
and Al hydroxides and on organic matter, and increased Znyng3zs OT
residual Zn.

The relatively large increase in Zny,qy with added P in the
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UT so1l was consistent with the notion of added P acting as a
"bridge" between so1l surfaces and sorbed Zns, or w.tin the
mechanism proposed by Kuo and McNeal? where sorbed P altered soil
surface properties sufficiently to increase Zns or decrease Zny.
The latter seems more likely, as Znp was not directly related to
Pps as would be expected from the bridge theory. Similar P
effects on Zng found 1n the Znypgs fraction ‘residual Zn) were
indications that specifically sorbed Zn has a variety of sorption
mechanisms associated with differing soi1l materials.

The fact that the effect of added P on increasing Znyggy and
Inynp3 was most pronounced at low i1nitial pH values could be
related to more positive charges on Fe and Al oxides at low pH
values, resulting 1n enhanced P sorption, and consequently,
gnhanced P-Zn 1interactions. However, a buffer effect of added P
was evident since final pH ranges were reduced with added P, and
further, ZnKN03 was assoclated more with pH at the third
equllibration than with P 43 slope values i1n Table 4),
indicating that the P effert 1s expected only at low pH values.
At high pH values, such effects became less 1mportant. Gn one
so1l fUT) where such comparisons are possible, P effects on
Inyggy were more pronounced at low pH values. Thus the mechanism
of P 1induced Zn sorption in terms of Zny,gy may well be a

function of pH.
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Appendix 11

THE CFFECT OF pH GN ZINC TRANSFORMATION IN AUTOCLAVED

SOILS TREATED WITH PYROPHOSPHATE

Key words: pH buffer, pyrophosphate sorption-desorption,
Zn sorption-desorption, KNOs~extractable Zn,
NaOH-extractable Zn.

R.J. Xie and A.F. MacKenzie
Department of Renewable Resources, Macdonald College of

McG1ll University, Ste Anne de Bellevue
Quebec, Canada, H9X 1C0

ABSTRACT

Zinc solubility in soile can be affected by both pH and
pyrophosphate (PP), yet the reaction of PP 1s influenced by pH,
thus there 1s a need to evaluate pH effect on Zn transformation
in so1ls treated with PP. Samples of three autoclaved soils, a
Dalhousie (DT) clay, a St. Bernard /ST) loam, and an Uplands /UT)
sand were equilibrated first with PP (0.0 and 9.0 P mM), then
with Zn fU.0, 0.5, 1.0 Zn mM) and followed by 0.03 M KC10,
solutions at the initial pH of 4.5, 6.0, and 7.5 with constant

1oni1c strength, The first equilibration was for PP sorption, the
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second for Zn sorption and PP desorption, and the Lhird for Zn
desorption and further PP desorption. And finally, Zn of selected
samples were extracted with 0.5 M KN03 {exchangeable Zn, Z“KNUB)'
0.5 M NaOH f‘organic and Fe oxides associated ZIn, ZnNaUH)
solutions, and concentrated HNO3+H202 {residual In, Z”HND3L

Increases 1n pH reduced PP sorption 1n the UT and the ST
soirls while high or low pH values tended to reduced 1t 1n the DT
soil, i1ndicating a competition between PP and OH 1ions for
sorption sites. Zinc sorption was linearly related to solution
pH, the slopes varied from 0.10 to 1.06, lower values were
associated with PP addition, with low Zn rate, wirth finer
textured soils, with high contentsof Fe and A1 materials, and
with high pH buffer capacity. The values of Zn desorption and
Ingng3 were greater at low than high pH while the reverse vas
true for ZnNaUH' The pH effects on Zn sorption-desorption and
fraction distributions were less significant in so1l with than
without PP. The overall effect of high pH and the presence of the
sorbed PP was the increased Zn specific sorption, compared to the

pH or PP effect alone.

INTRODUCTION

The effect of pH on Zn reactions 1n so1ls has been studied
extensively (9, 16, 23). It was generally accepted that high pH
values decrease Zn solubility as a result of increasing Zn

sorption both through 1ncreasing IZn adsorption and through




1ncreasing Zn precipitate (11, 15, 23). The mechanism of

1ncreasing Zn sorption with raising pH increasing Zn sorption was
not well understood. Barrow (3) believed that high pH increases
the proportion of ZnOH* species, and 1t 1s the ZnOH* reacting
with the sites of negatively charged surface. Tiller et al. (23)
showed evidence that increases 1n pH resulted 1in increases in Zn
specific saorption.

Orthophosphate (0P) was shown to enhance Zn sorptien both
directly or indirectly (4, 18, 24). The direct effect includes
the sorbed OP increases Zn sorption sites /24) or precipitates Zn
from the solution (11), the i1ndirect effect includes OP addition
alternatiny so1l pH 74, 18) thus affecting Zn sorption. In a
study of OP-pH-Zn interaction i1n soi1ls (25), the OP effect was
found to be more significant at low than at high pH conditions,
and 0P was shown to increase Zn specific sorption as did high pH
conaition, as 1ndicated by the decreased KNO3-extractable and the
1ncreased NaOH-extractable Zn.

Studies on pyrophosphate fPP) and Zn 1interaction are
numerous i1n the last two decades. The PP effect on Zn solubility
could be summarized as (1) PP increases Zn solubility through the
chelating effect (5, 8, 14), and the effect 1s more significant
at high pH conditions while 1n most agricultural soi1ls the pH
value 1s within a range of 5-8, but the effect is limited due to
the rapid hydrolysis of PP (7), (i1) has no effect on Zn
solubility, and (111) decreases Zn solubility through increasing

Zn specific sorption at a constant 1nitial pH 8, 10, 17, 26) or
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increasing Fe solubility and forming Fe-Zn precipitates 12, 15).
In soils, there exist shifts of HP,05 --> H3Py0;" -=> HoPo05%
- HP2073' -=> P207a' and ZnZ* -=> InOH* --> Zn/0H), as solution
pH 1increases (11), the shifts are 1n the reverse direction as pH
decreases. Little information 1s available on PP-pH-Zn
tnteraction in soils. A bridge effect of the sorbed 0P was
proposed for OP (6, 21), in which, Zn 10on 1s attached to sorbed
0P. However, desorption study at various pH values did not show
evidence of the existence of such bridge effect /25). Whether the
bridge effect 1s in association with PP remains to be
investigated. Since PP (1) or Zn /3, 16) sorpti1on has been shown
to be a function of pH, and the proportion of P207l" species,
wnich complexes cations, 15 greater at high than at low pH
values, understanding the overall effect of PP-pH-Zn interaction
1n soil would be helpful in i1mproving Zn nutrition status of
crops grown in soils witn PP fertilization.

The objectives of this study were to evaluate the pH effect
on Zn sorption, desorption, and fraction distribution 1in

autoclaved soils treated with or without PP.

MATERIALS AND METHODS

Topso1l samples from an Uplands sand Typical Haplorthod) a
St. Bernard loam /Typical Eutrochrept), and a Dalhousie clay
Typical Humaquept), 1dentified as UT, ST and DT respectively,
ranging 1n CEC, clay, and organic C and extractanle Fe and Al

contents, were autoclaved (26) and accessed 1n this study.

139




To weighed 50 ml polyethylene centrifuge tube, 2 g so1l

sample was added, the soi1l was moist to 0.33 kPa suction and
autoclaved at 121°C and 15 kPa for 1 h day"l for 3 days to
eliminate microbial and enzymatic activities. After autoclaving,
the weight was recorded. Three equilibria between the autoclaved
so1l and 20 ml PP /0.0 and 9.0 P mM as Na,P,07.10H,0), then 20
ml Zn (0.0, 0.5, 1.0 mmole Zn kg™! as ZnS0,.7H,0), and finally 20
ml of G.03 M KC10, solution were carried out sequeni.ially. The PP
and Zn solutions were prepared in 0.03 M KC10,. Two drops of
toluene were added to the solution-soil suspensicn. Initial pH

value of the suspension for each equilibration was adjusted to

tquilibration

PP sorption

4.5 6.0 7.5
S RAVE RV
7.5 6.0 4.5 6.0 7.5 6.0 4.5

2 - . . Zn sorption
} . /// /// \\ \\\ \\\ l PP desorption
3 - 5.0 6.0 4.5 6.0 7.5 6.0 6.0 Zn and PP
' } [ l desorption
-} e - > Zn fractions

Initial pH value

FIGURL 1. Experimental pH flow chart for the sequential
equilibration procedures.
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4.5, 6.0, and 7.5 Faig. 1), using-HC10, or KOH solutions, and
such pH values were maintained for 3 h before shaking. Before and
after adjusting pH, the tube containing so1l and the solution was
welghed 1n order to determined volume changes 1ntroduced in the
process of adjusting pH. The suspension in the stoppered tube was
mixed for 72 h using an end-over-end shaker in order to achieve a
near equilibration, and centrifuged at 12,000 rpm for 10 min and
fil.ered through Whatman No. 42 filter paper. Supernatant
soclutions from each equilibration were received 1n polyethylene
bottles and kept at 4°C prior to PP, OP 72), Zn fatomic
absorption) analyses and pH ‘referred to as pHy, pH,, and pHy for
the first, the second, and the third equilibration, respectively)
readings. The first equilibration determined PP sorption ’PPSlh
the second Zn sorption (Znsz) and PP desorption (PPp,), and the
third Zn desorption (Z”DB) and further PP desorption /PPpy).
Sorption and desorption values were calculatcd by subtracting the
amount of PP or Zn remaining 1n the solution from the total
amount of the previous step. Thus PP or Zn sorption was defined
as PP or Zn adsorbed on so1l particle surface and precipirtated
from the sclution. The dissocciation constants of logkl:-U.BU,
logky=-2.28, logk3=-6.70, and logk,=-9.41 (11) were used to
calculate PP species distribution as functions of pH 1n soluttions.
Samples at initial pH6 1n the first equilibration, 1.0 mM
Zn solutionwith 1nitial pH 4.5, 6.0, and 7.5 1n the second and
tne third 2quilibrations were analysed sequentially for the

following Zn fractions: 0.5 M KNOs3- ‘ZNypnp3)y 0.5 M NalH-
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(Zriyugy) @nd concentrated HND3 + 3U% Hy0, (Znyngs) at 110°C
extractable Zn 713, 20). Before adding each extractant, the tube
containing soil sample and residual solution from the previous
step was welghed to determine the amount of Zn 1n the
mterstitral solution.

The sorption, desorption and fraction data were expressed on
oven (105°C) dry basis. The statistical procedures of Steep and
Torrie 22) were followed for the LSD test and regression

analyses.

RESULTS AND DISCUSSION

So1]l] pH did not remain at the 1nitial pH values after
equilibrationwith PP solutions but tended to 1ncrease and the
values of 1ncreased pH were greater at low than at high 1nitial
pH fTable 1). Two mechanisms may have associated with the
wncreased pH. (1) After the addition of Na,P,0, to the autoclaved
solls, there would be a reaction of P207a' + 2H20 {==> HP2073' +
Hi0," ‘logk=-4.59), sucn produced OH™ may have caused the
increases 1n solution pH. f11) PP specific sorption occurred,
t.e., PP 10ns replaced OH™ groups from the sorbent surface,
increasing the solution pH. The specific sorption was less
significant (less increased pH) at high i1nitial pH value probably
due to the competition between QH™ and PP 1ons for sorption
sites.

Pyrophosphate sorption increased as decreases 1n solution pH
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1n the UT and the ST sorls, while 1n DT so1l, PPSl tends to be a
quadratic function of the solution pH ‘Table 1), within the pH
range of 5 to 8 observed in normal agricultural soils, the effect
was mare significant at lower than at higher pH values,
1ndicating that more sites for PP sorption were available on the
surface of soil particles at low than at high pH, or that PP was
mainly sorbea through electrostatic attraction between the
surface and PP 1ons.

The changes 1n proportion of PP species with pH are
indicated 1n f1g. 2, within the pH range of 5-8, the species of
HyP 207, H3P207', H2P2072", HP2073', P2074’ are 1n the ranges of
0.08-0.00, 5.21-0.06, 79.93-17.96, 14.60-65.90, and 0.18-16.09%
of the total PP, respectively, suggesting that the species
assoclated with PP sorption be H2P2072' - HP2075' ovrr the pH

range. These PP species may reach the sorbent surface under the

TABLE 1
Pyrophosphate Sorption /PPg;, mmole P kg~
pHy) after 72 hr Equilibration.

! §011) and pH

Soil
Initial Uplands St. Bernard Dalhousie
pH = mermeememcscee cmmemmcemmes esmemme e
4.5 5.43 59.0 5.11 70.7 5.42 79.6
6.0 6.35 44.1 6.48 58.2 7.16 80.
7.5 7.34 37.3 7.64 50.3 7.95 8.7
LSDg g5 U.04 1.3 0.07 2.1 U.0H 1.5
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driving force of H-binding or van de Waal force (19).

Pyrophosphate sorption was not only control led by pH. More
PP was sorbed 1n the finer than 1n the coarser textured soils
fTable 1), which 1s 1n consistent with the concept that the finer
the so1l textures, the greater are the surface areas or the more
are the sorption sites, 1s also consistent with more contents of
Fe and Al materials in the finer than in coarser textured soils
f26), suggesting that Fe and Al components be nvol ved 1in
accommodating PP. Furthermore, the pH effec. was more
significant 1n the coarser than in the finer textured soils,
e.g., in the pH range of 5.0-6.5, a unit decrease 1.n pH 1n the UT
so1l resulted in an increase in PP sorption of 16 mmole P kg'l
so1l, the value in the ST so1l was 9 mmole P kq“l soil, while the
value in the DT soitl was not significant, suggesting that the pH
effect on alternating the number of sorption sites was more
significant 1n the coarser than in the finer textured soils, or
the coarser textured haa less pH buffer capacity.

Zinc sorption increased as the the increases 1n solution pH
1n soils with and without PP except in the DT so1l with sorbed PP
(Table 2). The regression between Znc, and pH, indicated that pH
effect on ZIn sorption was greater with high than with low Zn
addition rate, 1n the coarser than in the finer textured solls,
which were consistent with the work on 0P 25), and 1n soils with
less than with more Fe and Al contents, suggesting that free fe
or Al may have precipitated Zn from the solution "15); and was

less significant in soils with than without sorbed PP, indicating

145




that PP sorption reduced pH effect on Zn sorption, while 0P was
shown to 1increase pH effect on Zn sorption 725). One of
mechamsms associated with Zn sorption 1s that Zn 1ons replace
protons on the sorption sites, the displaced protons in the
so lution has potential of decreasing pH. More Zn 1s sorbed 1n
satls with than without sorbed PP, thus there should be more
disp laced proton 1in the solution 1f both the sorbed PP and the PP

remaining 1n the solution had no effect on buffering soi1l pH. In

TABLE?Z2
Zinc Sorption Zne,) as a Function of pH (pH,) at the Second
Cquilibration 1n §01ls Treated with and without Pyrophosphate.

So1! In-rate Equation r

90 mmoie P kg'l

Up Lands Zng)=3.9UT20.31)+0.14(+0.05)pH,  0.48),
Ingy=6.27/+0.31)+40.47(+0.05)pH, 0.91
St. Bernard Zngy=4.147+0.18)+0.107+0.03)pH, 0.59,,

Zngy=7.62(40.32)+0.31(%0.05)pH;  G.81%

— O b b O
owvowe w

Dalhousie NS
NS
Zero added P

Uplands U.5 Ing,=1.78+0.41)+0.40(+0.07)pH, 0.80
1.6 Ingy=1.77(30.62)+1.06/+0.12)pH, G.91
St. Bernard 0.5 Ingy=3.36(+0.07)+0.21740.01)pH, 0.98
1.0 Ing,=5.65(+0.16)+0.547+0.03)pH, 0.98,
Dalnousie  U.5 Ingp=4.64%0.12)+0.05/%0.02)pH, 0.50,
1.0 Ing,=8.41/+6.17)+0.217+0.03)pH, 0.88

Ing» = Zn surbed at the second equilibration,
mmale kg™+ soil;
ns not significant at 0.05 level;
* signifticant at (.05 level;
** significant at (.01 level.
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fact, the pH tended to smft towards 6 or near neutral values in
most cases 1n the presence of PP, especial ly at low pH with low
Zn addition rate (Tables 3, 4). Thus for each umt carge 1n

solution pH f‘when the pHZ 1s expressed as a function of Zns7),

TABLE 3
Effect of Initial pH at the Third Equilibration on Final pH
{pH=) ?nd Desorption of PP (PPy3) and Zn Znps, mmole P or
In 39- so1l).

- s v P e e S b A ke ot S e . S S o T e i e S e e s e G S o o N

PH3 PPp3 Zmps  pHs PPps Znps  pHs  PPps Znps

90 mmole P, 5 mmole Zn kg'l
4.50 6.30 8.13 0.04 6.33 8.89 0.10 5.94 1.96 (.12
6.00U 6.47 8.41 U.04 6.29 9.95 U.10U 6.21 2.27 bL.12
7.50 6.35 8.71 0.04 6.44 9.12 U.10 5.89 2.16 G.12
u.

LSDg g5 NS NS NS 04 NS NS NS NS NS
Zero P, 5 mmole Zn kg'l
4.50 4.10 - 0.20 4.18 - 0.45 4.26 - 0.7l
6.00 6.00 - 0.02 5.89 - 0.11 5.05 - .33
7.50 7.83 - -0.00 7.31 - 0.02 7.19 - =0.00
LSbg g5 1.00 - 0.03 0.44 =~ 0.03 .67 - 0.07
90 mmole P, 10 mmole Zn kg1
4.50 4.37 106.7 0.32 4.47 8.4 0.61 4.44 2.35 1.36
6.00 6.12 7.5 0.12 6.19 10.8 0.26 5.09 3.06 G.42
7.50 7.67 5.5 0.08 7.65 8.00C.18 7.21 3.89 0.06
LSDO.US 0.39 0.6 4.07 0.74 NS 0.06 0.54 1.10 C©.05
leroc P, 10 mmole Zn kgfl
4.50 4.36 - 0.47 4.13 -~ 1.10 4,12 - 1.79
6.00 6.01 - 0.15 5.77  ~ 0.35 4.85 - 0.83
7.50 7.46 -~ 0.02 7.26 - 0.04 6.92 - U.04
LSDg g5 0.43 - 0.02 0.38 - 0.14 0.2 - U.60

+ Initial pH values for the first and the second equilibration
were 6.0.

147




Effect of pH on Zn Fract
(Zn rate=10 mmole Zn kg~

TABLE 4

jons 1n Sails Treated with or without Pyrophosphate (PP)
)

Initial pH sz DH3 ZnKN03 ZnNaDH ZnHN03
2nd 3rd  -PPL) 4pp PP PP PP +PP -PP  4PP -PP 4PP
mmole kg‘l
Dalhousie
4.5 6.0 4.4c 6.6b 5.7d 6.3bed  0.65b 0.1Be 2.11f 3.04ab 4.90bc 4.55¢ct
6.0 4.5 6.4b 6.5b 4.4e 4.4e 0.99a 0.45c 2.04f 2.B0c 4.88bc 5.31ab
6.0 6.0 6.5b6.5b 6.0cd 6.1becd 0.47c 0.l4e 2.48de 3.Glb 5.2labc 5.46ab
6.0 7.5 6.4b 6.5b 7.5a 7.7a 0.17e 0.06F 2.60d 3.05ab 5.65a 5.36ab
7.5 6.0 7.BaB8.la 6.7b 6.5bc 0.29d 0.10ef 2.43e 3.16a 5.66a 5.42ab
St. Bernard
4.5 6.0 4.3d 4.8c 6.0de 5.5f 1.85b 0.75de 1.31f 2.57b 3.64e 4.07d
6.0 4.5 6.1b 6.2b 4.1g 4.5g 2.82a 1.29¢ 0.96g 2.33c 3.45e 4.06d
6.0 6.0 6-3b 6.1b 5.Bef 6.2d 1.83b 0.41f 1.55e 3.1lla 4.07d 4.35c
6.0 7.5 6.3b 6.3a 7.3b 7.7a 0.61ef 0.12g 2.01d 3.19a 4.58bc 4.48bc
7.5 6.0 7.6a 6.1b 6.6c 6.2cd 0.97d 0.41f 1.91d 3.0Ba 4.97a 4.71ab
Uplands
4.5 6.0 4.3e 4.7d 4.4ef 4.7de 2.45a 1.8%b 0.49g 2.54c  1.50c 2.03be
6.0 4.5 4.5de 5.7b 4.1f 4.4e 2.67a 2.38a 0.43g 2.19d 1.63c 1.75bc
6.0 6.0 5.1c 6.0b 4.9cd S5.1lc 2.45a 1.70bc 1.01f 3.42b 3.5Ba 2.1%abc
6.0 7.5 4.7d 5.9b 6.9a 7.2a 1.37de 0.63F 1.83e 3.%a 2.57abc 2.45abc
7.5 6.0 7.5a 7.6a 6.4b 6.3b 1.48cd 1.11e 3.22b 3.93a 3.l6ab 2.42abc

means with same letter(s) in each column under a soil are not significantly

different at the level 0.05 by
1) +PP zadded PP at 90 mmole P kg

i

test.

~PP =zero added PP.



o

more Zn would be sorbed with PP than without PP as a result of
the pH buffer ability of PP. The 1nitial pH at the third
equilibration did not show any effect on PPD3 or Znpy 1n soils
with 5 mmole added Zn kg‘l, apparently due to the fact that in
the presence of PP, so1l pH was buffered, but at the rate of 10
mmole kg'l, the pH effect on PP desorption was basically
significant.

The pH effect on PPD3 was not consistent i1n different so1ls.
In the DT Soil, more PPD3 was assoclated with low pH, while 1n
the UT so1l, more PPD3 was assoclated with high pH, and in the S1
so1l, more PP was with the medium pH value (Table 3). The pH
effect on Znps was consistent 1n all soils with and without PP,
but was less apparent in soils with than without PP. Low pH
resulted in more Znps, the effect was less significant at high pH
> 7)., The rel ationships among PH3, Znpy and PPy 5 dia not support
the speculation that the increased Zn sorption was attached to
the sorbed PP, 1.e., the bridge effect. If such mechanism was 1n
operation, then the increased ZnD3 should be 1n a positive
proportion to the increases in PPn3; and to the increases in pH.
As obser ved 1n soils with added GP /25), 1n the autoc laved solls,
more Znps occurred in the coarser than in the finer textured
soils /Table 3) although the Zng, values were smal ler with the
former than with the 1ater soils /Table 2), indicating that Zn
was less strongly sorbed i1n the coarser than in the finer sotils.

Zinc fractions were affected by both the second and the

third 1nit1ial pH values Table 4), i1ndicating that pH change at

149




anytime wn farming practice would 1introduce Zn fraction

reaistribution, with the addition of PP, the redistribution was
less obvious. Higher pH values resulted in less Zny 53 and more
Z”NaOH in the autoclaved soils treated with and without PP, with
PP addition decreasing Zny, \ g3 and increasing Zny g y- Comparison
among the treatments of second 1nitial pH 6.0 and the third
imtial pH 4.5, 6.0, and 7.5 showed that for the ZnKNDB’ the
dif ferences between without and with PP were greater at low than
at high pH values for the DT and 5T, but the reverse was true for
the UT soil, indicating that the effect of PP on increasing Zn
specific sorption was most important in soils of low pH or high
pH depending on individual so1l, while the comparisons among the
treatments of the second initial pH 4.5, 6.0, and 7.5 and the
thire wnitial pH 6.0 showed thet for the ZnKNUB’ the greatest
dif ference between without and with PP was associlated with the
second 1nitial pH 6.0 in the 5T and UT soils. The significant
lower Zny \ g3 values in solls of tugh pH with PP compared to zero
PP suggested that Zn deficiency may become more severe 1in soil of
the high pH when PP fertilizer 1s applied 1f the Zny g3 is
considered as avallable form for crop uptake. The fact that both
the high pH condition and the presence of PP resulted in more
less Zny g3 and more Zny gy 1s consistent with the specu laviwon
that both the OH groups on the surface of sorbent and the sovbed
PP were the sites for Zn specific sorption to occur. Since NaOH
also extracts Zn associated with Fe or Al components, these

resu l ts suggested that the PP-pH-Zn interaction occur on surface
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of Fe and Fe mnerals. Low pH showed a general trend of reducing
InyNo3 (Table 4). The differences between with and without PP
were not significant except in the ST so1l of low pH where the

presence of PP increased InyuND3-

CONCLUSIONS

The decressed Zn solubility with the increases 1n pH 1n the
presence of sorbed PP was attributed to the increased Zn specific
sorption as indicated by increased Zn sorption, reduced Zn
desorption and KNOj-extractable Zn, and the increased NaOH-
extractable Zn 1n soi1ls. These effects were more significant at
low than at high pH values. Sorbed PP depressed pH effect on Zn
transformation, which may have been associated with high for

relatively high) pH buffer capacity of so1ls with sorbed PP.
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