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ASSTRACT

zinc concentrations in soil solutions of four soils acidified to

various pII values were eompared with the concentration of Zn from sphal-

erite (ZnS), hemimorphite (znO(OH), S-i07 ll20) andrdil'lonite (znrSí0r).

ConcentraËion of Zn ín solution from these minerals r,¡as much greater than

concentration of Zn it soí1 soluËions indicating that these ninerals r^rere

too soluble to exist in soils as solid phases. Acídification of the soils

resulted ín the release of Fe as well as zo and there wâs a close associ-

ation between amounts of Fe and Zn released upon acidificatíon ÍndicaÈing

t]nat zrL rnay be associated \nrith I'e oxides or oËher oxides in soil.

StatistÍcal correlation analysis of varíous comPonents ín eight soils

taken from different locations in Manitoba indícated LhaÈ total soil Zn

concentration in these soils was híghly correlated \{ith toËal Fe concen-

tration, total Al concentraËíon and r,rith clay content. (r: 0.86, 0.95

and 0.91, respecÈiveIy). zi.î¿ was also significantly correlaced with

Fe and Al concentratíon when the cLay síze fraction r¡ras very lor{ or absent.

The soils used in the acidifícation exPeriment r^lere successively

extïacted by an oxâlate solution. Large quantíties of Zn (45 xo 717" of

toLaL Zn content)were extracted along with the amorphous and organic

complexed Fe and Al from the soils indicating' once again' that Zn rntas

in some manner associâted rüith oxides of Fe and A1 ín the soils. The

quanEiËies of Zn, Te ând Al extrâcted from the soils by the oxalate

soluËion were much greaËer than exchangeable Zî, Ie and Al, resPectively.

The retention of Za by Alrorand Fero, from aqueous solutions was

studied. Adsorption of Zî by hydrated 41 r0, and Fer0, r^'as highly pH

dependent and increased markedly with increâsing pH. Fero, had a higher

Zn adsorption capaciËy, at equivalenË pH values than Aln0". Hydrogen



ions were released upon adsorption of Zn on the surface of 41203 and

FerOr. The molar ratio of H* released to Zn adsorbed increased r^,ith pH

from 1.53 to 1.96. Surface aquo (-oHr) and hydroxo (-0H) groups were

believed to be involved ín Zn adsorption. Zinc adsorbed by AlrO, and

F.203 \tas categorized into specifíc and nonspecifíc adsorptíon depending

upon reversibility ( exchangeabi li ty witn ¡3+) and tv¡o mechanisms of ad-

sorption, one with and one \,Jithout Cl adsorption r^rere postulated. The

specífíc adsorption involved adsorption of z3+ ana release of two li*

for each mole of Zn adsorbed and accounted for 60 to 90"/. of tot.al ZD

adsorption. A bondÍng mechanism for specifically adsorbed Zn was pos-

trÌl ated and l¡as as f o1lows:

Fe or

o

The nonspecÍfic adsorption of Zn involved adsorption of znCI+ or Z?+

p1us. Cl and the release of one H* for each mole of Zn adsorbed and ac-

counted for 40 to 102 of total Zn adsorptíon. The bonding mechanism

for nonspecifically adsorbed zinc \,,/as thought to be a monodentate type

of bonding and could be represented as follows:
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The ratio of specifíc to nonspecific âdsorption increased with increase

of pH.

The reaction products or solid phases formed when soils were reacted

¡¡ith various Zn compounds ¡nrere also studied. ZûSO 4, Zr-EDTA, ZnS afrð. Z\SO 
O

plus NHOHTPOO ¡¿ere banded in soils and the solid-phase Zn compounds iden-

tified using x-ray diffraction analysis. Solubility of Zn in soil adjacent

to the fertilízer band was deterained by measuring the Zn concentration ín

soil-water extracts. The reactíon product in a noncalcareous soil treated

with ZnS04 was Zn(OH), rdhich was metastable and persisted for only a few

¡,¡eeks, ZnS04 r.ras usually precipítared as ZnCO, and Znr(COr)r(OH)6 Ín the

calcareous soils. No crystalline reaction products viere detected in soils

treated r^'ith ZnEDTA. zns was usually identified in soils treated with

ZnS. In additíon, Znr(COr)r(0H)U and CaIZn(OH):]Z 2HrO wer e found in

a calcareous soil treated lnrith ZnS and incubated for 32 ¡¿eeks. Reaction

products formed r¡hen ZnSO4 plus NH4H2PO4 were added in a band were Znr(pOO),

' 4Hr0 in the noncalcareous Newdale soil and Zrtr(POO), . 4HZO, NHOZn?OO and

ZnCO, in the calc.areous Lakeland soíl -

Concentrations of Zn in soils treåted with Zn rr'ere greater than

in untreated soi1s. Zinc concentration in soils was greatest with ZnEDTA

and lowest with ZnS. Zinc concentration in calcareous soils was less than

in noncalcareous soils treated \^rith ZnS04. ZnEDTA r,râs híghly soluble in

all soíls, Zinc concentrâtíon decreased \^'ith tíme of incubation in soils

treated with ZnSOO or ZnEDTA but Zn concentration increased r{ith tíme in

soils treated with ZnS, Zinc concentration in soils treated \^rith phosphaÈe

plus ZnSoO r¡as less than for soils treated only with ZnSO4. The concen-

tration of ZrL in all soils treated r^rith Zn :!ras greater than in untïeated

soils indicatíng ZnSOOT ZnS, and ZnEÐTA r¡ould be good Zn fertilizers r,¡hen

banded in soils.
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1. INTRODUCTION

Zinc as an essentía1 micronutrient iras becone increasingly importânt

in agricultural productíon during the past decade. trlridespreåd occurrence

of Zn defícíency and frequent ineffectiveness of Zn fertilization have

drar,¡n lhe attention of soil chemists to the chemis LTy oÍ Zn ín soi1.

A knowledge of the Zn solid phase(s) occurring in soils is fundamenÈal

to understanding the chemicâl behavior of Zn in soil. ldentifying these

Zn phases has been diffícult, primarily because the totâI Zn in soils is.

ofteo quite low.

The high Zn fixing capacity of soils is often mentioned in the liter-

âture although the coûstituent(s) and the mechanisrns involved in fixation

of ZrL in soils are not fully understood. Clay minerals, cârbonates, ses-

quioxides and organic matter have been suggested as possible constituents

involved in the fixation and/or preclpitation of added Zn.

lnvesÊigations concerníng the relâtíonship between Zn and soil solid

phase have traditionally been limited to calcareous soils and soils lrith

natural pH vâlues above 7. HoÌ,rever, the lvell-established fact (Jenne 1968)

that the lirning of acíd soils to pHrs above 6.0 frequently induces Zn de-

ficiency has caused concern for the agronomic management of acid soils.

The foregoing fact, coupled \¿ith the fact that micronutrient deficiencies

(except Mo) are not as frequent in naturally alkaline soils as in higbly

\a'eathered o1d soils that have been limed has raised the question of the

identity of the constituents in soils which fix or sorb micronutrients.

Jenne (1968) proposed Èhat hydrousoxides of Fe and Mn controlled the

concentration of trace metals ín soí1 solution and fresh water.

The fate of added Zn in both calcareous and noncalcareous soils is

not fully understood. I,ùhen very large amounts of Zt are applíed to soíl
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or \4rhen microregions in soil are saturated \,tith Zn, such as for band or

point source applicatíons, formation of new Zn solid phases are very

1ike1y, Identifícation of these new phases and study of their stabílity

and solubiliÈy in the soil system, are of extreme importance in improving

the methods: time and rate of Zn fertilízer application, as well as the

kind of Zn conpound r,/hich should be used as a fertílizer.

The research reported here was undertaken to explore:

(a) - the existence of some Postulated Zn mínerals in soil.

(b) - the role of hydrous oxídes of Fe and Al in controllíng Zn solubility.

(c) - the mechanisrn(s) of Zn sorption by Fe and Al hydrous oxides.

(d) - identífying the reaction Products and determining the solubility

of Zn banded in some soíls.



IT. REVTEW OF LITÊRATURE

Zinc Minerals in

Zírtc ís one of the micronutrients most co¡rlInonly deficient in soils

from the stândpoint of crop production. A knowledge of Llne Zn phase(s)

occurríng in soils is fundamental to the understanding of Zn deficiency

and its correctíon. Identifying these Zn phases has proven to be a

difficult problem, primarily because the total Zn in the soíl is so 1ow

(generally in the range of 10-300 ppn).

Generally Zn is not a Bâjor constituent in any rnineral in igneous

rocks, nor does it occur to any great extent in quartz and feldspars.
a!

However Zn¿- ,¡LLh an ionic ïadius of 0.83 R substltutes to some extent
.)f^.)r

for Mg'' (0.73 X) and Fe'' (0.33 X) in siljcate ninerals (Goldschmídt

1954). Krauskopf (1972) reviewed the geochemistry of Zn and poínted

out that Zn occurs most frequently in the lithosphere as the mineral

zns (sphalerite).

The greatest concentration of Zn in sedimentary rocks is found

in shales as is typícal for most of the heavy. netals, lüedepohl (1953)

reported that one third to one half of the total Zn ín the black shales

of northern Germany is present as sphalerÍte r^ri th the remainder occurríng

ín clay minerals. In sedimentary rocks a portion of the zn is absorbed

as Zn'' on fine-grained material and the remainder is in the structure

ot clay minerals, probably substituting fot ltg2+ (vfhíte, I957, EIBâbaly,

1950), Zinc is also an essential constituent ín the clay mineral !'Sau-

coníte'r but the pure mineral is rare.

Both Krauskopf and Lindsay (L972) are of the opinion that sphalerite

(zns) is unstable under normal oxídízing conditioûs, Nevertheless,

KiÈtrick (1976) examined the solubility of ZnS in the presence of H2S

ils



4

and found that concentrations of H2S actually found in the atmosphere

are high enough Èo engender control of Zn2I in the soil solution of

aerated soils by ZnS. However, these results contradict findings of

McGregor (1972) who reported that applied ZnS mainrained a higher

concentration of Zn2* in soil solution than found for untreated soils

indicatíng thât ZnS did not govern the concentration of. Zn2* in soil

solution of these soils,

Weatheríng of Zn minerals releases Zo2* irrlro sofution. Unlike

Cu'', the simple ion remains dominant at plf values of about 9 or less.

Zínc ions released may then be removed from the soil solution in sev-

eral ways. Ions may combine rnri th anions in the soil solution forming

a ne¡¿ solid phåse such as Zn carbonate or Zt hydroxide. AlÈernatively

Zn ions may be adsorbed on dífferent soil minerals and subsequently

fixed irreversibly.

Most of the simple compounds such as ZnO (Zincite) , or ZatCO 3,
resufting from reactions of Zn2* !ùith common anions in soil are too

soluble to persist in soi1s, Not only are conlmon Zn compounds rel-

atively solub1e, but the complex ions that rnight forrn between Zn and

the colnmonly occurring inorganic aTrions are too soluble to account

for the low solubility of. Zn in soil (Chester, 1965). In basic solution,

ZI(OH), may precipitate íf the concentratíon ol. Zo2l is high. But, such

}:ígh Zn' ' concentrations seldom occur, The rnínimum solubility oÍ ZI(OH),

occurs at pH 9.5. It dissolves at higher pll values to forrn zincate

íons, Zn(OH)f, The precipírated hydroxide js unsLable, decompobing

under both natural and laboratory conditions to zincite, ZnO, This

compound ís rare as a mineral, however, because usually enough carbonate

or silicate is present to precipitate Zn as ZnCO3 (slrithsonite), ZÍO(OH) r-
SiZOT HrO (heurinorphite) or, at higher remperåtures, Zr'rSjIOO @Iillomite)



(Harker & Hutta, 1956; noy & Mumpton, 1956; Takahashi, 1960). Solubil-

íty dâta for hernimorphite and willomite are not available, but Norvell

and Líndsay (1970) found that for precipitation of rhe simple silicate,

ZnSíOr, pH and Zn concentÏation have to be almost as high as for pre-

cípítation of Zn(OH) r. Volk (1970) equilibrared ZnEDTA i,¡i rh a ltisner

silty clay soil at various pll values and carbon dioxide concentrations.

IIe concluded that postulated conpounds such as ZnCOr, Zn(OH), and ZnSíO,

are too soluble to âccount for the 1ow levels of Zn ín the soíl solution.

All the âbove mentioned Zn compounds are too soluble to account

for the srnall concentratíons of Zn found in mosl soil solutions. Ad-

sorption and fixation by clay minerals, sesquioxides, carbonates and

organic matter are much more likely mechanisms controlling Zn concen-

Èration in soil solution. Jenne (1968) proposed that Zn, along wíth

several other heavy metal ions rnay be occluded and coprecipÍtated ü7ith

hydrous oxides of iron and manganese, and that these oxides constitute

the prínciple matrix in \^7hich the less âbundanÈ heavy meÈals are he1d.

Nair and Cottenie (1971) presented convincing statístical proof to show

Ëhat amorphous Fe,,O,, possibly by way of surface coatíng of fíner par-
LJ

ticles, may retain a large proportíon of the trace elemenËs investigated.

White (1957) found evidence to indicate that much of the Zn in the soils

of the Eastern United States is tÍed up with hydrous ferric oxides. He

stated thaÈ 30 to 60 percent of the total Zn is assocíated with Ie oxides,

20 to 45 percent is held in the lattice positíon of the clay rninerals,

and 1.0 to 7 percent is base-exchånged in the clay minerals. Ho"".r"t,

the nature of the associations is not kno!üTl. Furthermore, the extrac-

tanÈ he used, could have also extracted Al and Mn oxides.

Zinc enriched horizons in the soil profile are also often enriched

with c1ay. According to Michell (1955), the clay fïaction is often richer
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in so¡re micronutrients than the associated sands. Stanton and Burger

(I966b) found the dístribution of total Zn, in some soil profiles of

South Africa, to follov¡ closely the distríbution of soil colloids, both

values increasing markedly with depth. Average Zn concentrations in

Èhe c1ay, si1t, fine sand and coarse sand were 75.0, 5I.5, 6.2 and 3.4

ppm, respectively. The total Zn contenÈ of the clay and silt fractíon

did not vary greatly r,zith depÈh, but Zn concentration in the sand

fraction increased markedly i,rith depÈh. They felt thât thís increase

resulted from an increase \^rith depth of ferruginous concretions in the

sand fraction. Slanton and Burger ()-961a) also reported these concre-

tions to be considerably richer in Zn than the surrounding soil from

which they r^rere taken. These results suggest that the enrichment is

assocíated, in some way, wíth cementing materials such as oxides of

Fe and possible AI and Mn,

Another possible control mechanism for zinc, in Ëhe soil system,

is the interaction of Zn !ùith silica associated r^7íth clay minerals.

Tiller (1967) related Zn adsorpÈion by montmorci lloni te to increasing

levels of silica in solution. He concluded that this reaction r'rhich

occurred over a wide range of pH vafues and Zn concentrations l,ras prob-

ably restricted to an adsorbed layer rather than å separate ZnSÍO3

phase. The absence of ZnSiO3 as a separate phase r^7as demonstrated by

Norvell and Lindsay (1969, 1970) when they câlcu1ated this compound

to be too soluble to exíst in natural soil systems.

Zinc probably exists, in soi1s, primarily as the simple ion adsorbed

or fixed on fine-grained constituents. There is líttle doubt about the

association of Zn ¡,¡ith clay minerals, sesquioxides, carbonates and or-

ganíc maiter. Ho\nrever, the nature of these associations are not fu1ly

understood. lt also seems that the degree wíth r^,hich Zn is tied up wllh



the different minerâls in the soil varies from soil to soil.

Adsorption and Fixation of Zn ín Soils

The Zn ion possesses an l8-electron outer shell, a small ionic

radius, and a relatively large charge density. These properties pro-

duce a catíon with strong polarizing ability, Consideration of the

polarization phenomena in the chenÌistry of soil Zn helps explain the

strong adsorption of Zn to clay and other soil minerals and also its

tendency to form numerous complexes.

Zinc can be held at cation exchange sites and adsorbed to soil

surfaces, Separation of Zn reactíons into those of precipitation,

fixation or adsorption is most difficult. One of the major problems

in studying adsorption reactions is the failure to consider lrhich of

the varíous hydrolysis and complex species of Zî jt1 solution are ad-

sorbed (Líndsay, I972).

a, Ad sorption and ¡ixation bv Clav Minerals

Soil colloids play an important role in the fixation oÍ. Zn by

soil. Murty and 14p_¡¡¿ (1974) reported tlnat ZrL fixation ¡neasured 72

hours afÈer Zn additíon \Àras greatest in clay soils (712) followed by'

a sandy clay loam (677.) ar.d finally a loamy sand (382),

Catíon exchange studies wíth soil colloids and salts of poly-

valenË metals often result in reÈention of the aetal ion in excess

of the cation exchange capâcity as measured with NHO+. Elgabaly &

Jenny (1943), and DeMembrun & Jackson (1956a) reported that Cu and Zn

ra'ere retained by soíI colloids in quantities greater than possible if

the metals were adsorbed exclusively as divalent ions. The explantions

offered for the excess retention postulated either Èhe formation of complex

metal íons such as ZnOH+, ZnCI+, Zn(CH.Coo)". . or precipitation
JZ



oÍ zirLc hydroxide. Hor\'ever, the possibí1ity of hydroxide precipitation

was not critically examined, and âdsorption of complex metal ions was

only inferred, Chu (1968) in x-ray studies, however, found that ben-

tonite did not expand appreciably \,rhen it r^'as saturaLed \"ri th Zn using

a variety of Zn salt solutions. This suggested that there was neither

ZnCl' nor ZnAc' ion adsorption by bentoníte. Horarever, vermiculíte ex-

panded somewhat which was attributed Ëo the adsorption of ZnOH* ions.

Differential themal analysis confírned that there was no appreciable
+ZrLAc ion adsorption on bentonite and vermÍculite. Also, chloride

concentration d.ata confirmed that there was no ZnCl* ion adsorpEion

on bentonite and verrniculite.

Elgabaly and Jenny (1943) reported that some adsorbed Zn becomes

nonextractable by entering the octahedral layer of montmorillonite.

LaÈer Elgabaly (1950) suggested tnat Zn2* nighr be fixed in holes
3+normally occupíed by A1- in the octahedral layer decreasing the cation

exchange capacity of the mineral. In minerals rÀti th Mg ín octahedral

positions Zn substituted for I'fg üríÊh no change in the cation exchange

capacity.

Bingham eË al (1964) aLtributed adsorption of Cu and Zn by H-mont-

morillonite in excess of the NH.+-exchange capacity, under alkaline con-

ditions, to the precipítation of Cu(OH)rand Zî(OH) r, Under conditions

in which the pH of the equílíbrium solutlon was too acid for the forma-

tion of ZI(OH), or Cu(OH)r, the amount of Cu and zn retained by H-mont-

moriJlonite ç¿s similar for the Cl- , NO; , and SOO2 sålls and equal

lo Èhe cation exchange capacity as measured with NHO+. Hoú¡ever, ín an

acetate systeD, Cu and Zn retention was usually greater than i:he CEC

even under acid conditions. Zinc adsoxption in excess of the NHO+-ex -

change câpaciËy was also observed by Misra and Tir¡arl (1966) r¡hen the



pH was high and free carbonates were present. But, acíd leaching of

the soils caused them to lose fhe property of excess retention of Cu

aIJ.d Zn. In additíon to hydrolysís or precipitation of the hydroxides,

they suggested that hydroxy carbonates could also precipitate. For

calcareous soils, Udo et â1 (1970) found that the ion concentïation

products of Zt(OH), in solution were withín Ëhe range of solubílíty

of the hydroxíde, when the amount of Zn adsorbed corresponded to

the Langmuir adsorptíon maxima. Hordever, the system remained under-

saturated r,¡ith rcespect to either Zn(Oll), ot ZçLCO 3 at the adsorption

mâxíma, when the soil pH was less than 7.5.

DeMembrum and Jackson (1956a) observed that Ca-montmorillonite

and Ca-peal could accumulate Zn or Cu from very dilute, neutral solu-

tions either in the presence or absence of Ca ions. They concluded

that montmorillonite ând peat had specific adsorption sítes for Zn

and/or Cu. In another paper (1956b), they reported that caÈions that

form weak bases r¿ere sorbed in excess of cations that form strong bases

in quântities of about IQ"Á for montmorillonixe anð 407" for ?eat, Copper

or Zn saturation decreased the intensiËy of the 2.8^ lnfrared adsorp-

tion band of the hydroxyl ions in Dontmorlllonite , vermiculite and

kaolinite, indicating a reaction or bonding with the octahedral OH

in layer silicaËes. This bond could be visualized as â Zn-0-41 or
+

Zn-O- AI in positions where access by the Cu or Zn ions is possible

because of silica net openings, crystal defects or at edges, These

data, together with the observatíon by Hodgson (f963) that a large

part of heavy metals adsorbed could be replaced by acid or eyen less

destructive means, suggest that nlost of the specific adsorption Ís

not by substitution inÈo the octahedral layer, but adsorption by

exposed -OH groups. I'indings of Durg (1974) also support the abo\re



hypothesís' He found that the amounts oÍ zn2* adsorbed by il1ite, T¡ont-

morillonite and kaolinite !r'ere not those expected from the cation_ex_

change capacíty (CEC). The amount of zn2* adsorbed occurred in the
following order: illite, montmorilloni te, kaolínite; whereas the CEC

of montmorillonite rn¡as about four times greater than that of illíte,
Aluost all of the CEC of i1líte and kaolinite is sítuated on the edges

of the clay layers, but for montmorillonite g0Z of the capacíty is
located betveen basai layers. The siuilarÍty in amounL oI Zn2 adsorp_

Líon for illite and montmorilloníte suggested that Zn2* catíons rnere

mainly adsorbed on Èhe edges of clay layers. Reddy and perkins (Lg74),

however, found that Zn fixation betr,¡een basal layers could be enhanced

in 2:1 type clays upon alternate wetÈing and dryíng. One half as much

Zn was fixed by bentoûíte and Íllite, under moist incubation, as under

alternate lretting and drying. x-ray analysis indicated that zn r^ras

entrapped in the internÍcellar spaces of the 2:1 lattice type clays.
Adsorption isotherms have been used for many years to investigate

the nature of various types of adsorption phenomena. They provide use_

ful models for physical adsorption, and in addítÍon, some of the equa_

tions are r^7ell suited to chemadsorption. .The Langmuir adsorption iso_
therm was derived for the adsorption of gases on solids (Langmuir, 191g)

and has since been used to describe the relatíonship between the ad_

sorption of ions by a solid and the concentration of the ions in sorrr-

tion. The Langrnuir adsorption equatíoû has often been applied to soil
P (Kuo and Lotse 1974, and Syers.et al 1973). The latter authors found

that i.rith P there were tr¡7o linear portions of the Langmuir plot pre_

sumably corresponding to t\4ro types of adsorption sites. Fev¿ attempts

have been made to apply the equation to soil micronutrients. Adsorption
isotherms for Zn in soil have been studiedby Jurinak and Bauer (1956),
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I,{arncke and Barber (1973) and Udo et al (f970). The only aurhors

who díscussed the Langmuir coefficients for Zn r^rere Udo et al (f970).
aL

They found tlnat Zn' ' adsorption at lorr concentration in calcareous

soils was described by the Langnuir adsorption equation. The calcu-

lated Langmuir adsorption maximâ ra'ere related to the carbonate and

organic matter contents of the soils. Ialhen the ad.ð.ed Zt2* exceeded

Èhe adsorption maximum, Zï(OH) Z precipitated,

Recently Shuuran (1975) studied the adsorptiort oÍ Zo on four soíIs

of varying texture. He found tbat Zn adsorption conformed to the

Langmuír isotherm and that Ëhere were two línear portíons on the curve,

The adsorption sites for the lower linear portion had very high bonding

energy coefficients and 1or,rr adsorptive capacities compared r^7ith the ad-

sorption sítes of the upper linear portion eorresponding to higher Zn

concentrations. Soils high in clay or organic matter had higher adsorp-

Êive capacities and a hígher bonding energy for Zn than sandy soils

low in organic matter. Low pII reduced Zn adsorption more for sandy

soils than for those high ín colloidal material.

Sharpless et al (1969) concluded that pH and catíon exchange ca-

pacity were the mosË impoiËanË factors controlling the extent and strength

of Zn retenËion by soil colloids, They observed that addiÈíon of a con-

centrated solution of TnSO 
O to soil resulted in rapíd adsorption of Zn,

about 752 of the Ëota1 being accounted for by cation exchange during

the first minute.

The dependence of ZrL adsotptíon on pH is thought to be due t'o the

competition effect of the H+ ¡on and to the change of cation exchange

capaciËy with pH. Chu (1968) demonstrated the pH dependence of Zrr ad-

sorption by kaolínite, bentonite and vermiculite, He found thaÈ Zn

adsorption íncreased slightly with increasing pIl for benËonite and
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kaolínite, but increased sharply Lrith increasing pH for vermiculite.

He attributed the marked increase in the Zn adsorption of vermiculite

to the competítion effect of Mg and Al at low pH[s. The pH dependence

of Zn adsorption was also reported by Mangaroo et al (1965) r,¡ho found

that soils forrned under slightly acid or neutral conditions adsorbed

larger quantities of zn than soils formed under very acid conditions.

The stability constant for the soil-Zn systems were also higher for

the near neutral soi ls ,

Another factor which influences Zn adsorPÈion by clay rninerals is

the silica or silicic acid concentraËion in the soil- solution. Ti11er

(1968) showed that additíon of silicic åcid facilitated the reaction

of heary melal cations \^tith clay and, conversely' Lhat the Presence

of clays facilitated the reacÈion between those cations and silicic

acid. Tiller (1967) related Zn adsorption by montmorillonite to in-

creasing levels of silica in solution. Evidence suggested that over

a wide range of pll levels arid Zn concentrations there r¡Ias an interaction

bet\^reen Zn and soluble síIíca Èhat probably was restricted to ån åd-

sorbed layer râther than a separate Zn silicate phase' The presence

of elay mineral increased the formation of a Zn-Si(OH)O complex, pre-

sumably because of the higher concentration of reâctants ât the clay

surface. Zínc adsorption by bentoníte and kaolinite has also been

reported to increase by addition of sílicic acid (Nekton' 1971). He

suggested the normal distribution of sílicic acid from soil constitu-

ents under field conditions uight be ínvolved in Zn fixation in soils.

b. Adsorption and Fixation of Zn by Sesquioxides

The role of the hydrous oxides of Fe, A1 and Mn in controlling

heavy ÐeË41 levels in soil can be saËisfactorily undelstood only in



t.erms of the factors r^rhich influence the sorption and desorption of

the heavy metals by these oxides. Jenne (1968) believed that pH,

concentration of the metal of interest, concentration of competing

metâ1s, concentration of other ions capable of forming inorganic com-

plexes, and organic chelates to be the principle factors affecting

the adsorptíon and desorption of the heavy rnetals by sesquíoxides of

Ie and Mn. Hodgson (1963) reported that secondary iron oxide and

siliceous minerals which forn during weathering must surely present

reactive surfaces for the adsorption of micronutrients. Ions adsorbed

in this way would largely be occluded as the precipitate contínues to

develop .

The retention oÍ Zn on Al and Fe-hydroxides was studíed by Chu

(1968). The results revealed a pronounced aníon influence as well as

a pH effect on Zn adsorption, the amounts of Zn adsorbed by the hy-

droxides inereased with increasing pll. yiore Zt lras âdsorbed by the

hydroxides frorn sulfate solution than from ehloride ard acetate solu-

tion due to the valence effect and difference in the peptizing po\^rer

of the anions. The adsorption ísotlrerms at a constant pI{ obeyed the

Freundlich equation.

Adsorptíon of Zrt by manganese oxíde (MnOr) r^tas studÍed by Zasoski

G974). The âdsorption nras found to depend upon both the pl{ of the

suspension and the amount of sorbed Zn (surface coverage) , Th" zn2*

adsorptíon, in this study was described well by a multisÍte Langmuir

expression, while a single-site Langmuir expression was found to fit

the Ca'' sorption data, The fitted Langnuir expression suggested that

there r{ere t!ùo or more binding sites for Zî, ar,d. that the sorption

energy decreased rnrith increased surface coverage,

Adsorption and fixatíon of zn by hydrous oxides of the polyvalent
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netals most Iikely occurs, However, tbe natule and extent of its

occurrence in soils is not fully understood, The only research con-

cerning Lhe mechanism of Zn reaction with Fe and A1-oxides is that of

Stanton and Burger (1970) whose results are given belo\d:

1, The presenee of Fe and Al cations in solution markedly lor,tered

the pH at which precipitation of Zn occurred, whí1e Mn had

no ef fec Ë.

2. vârious oxides of Fe and A1 in the solid phâse sorbed Zn in

an ânalogous manner. The sorbing caPacity was a function

of pH and the amount of Phosphate ions adsorbed by the oxides.

3. In the absence of phosPhate íons, adsorption commenced at a

hígher pH and increased r^rith PH. The sorptíon reaction is

probably associated \,Jith surface OH-groups, and is specific

for zn í¡ that ca2+, ue2+, nnf, and K* íons díd not interfere.

4. The ratio of Zn sorbed to PhosPhate sorbed at a gíven PH \üâs

reasonably constant for different Fe and A1 oxides. It was

concluded that the phosphated hydrous oxide of Ie and Al sorb

zn through the rnedium of polyvalent phosPhate ions as follor¿s:

Fe or A1

oxides

= H?O4

= I{POO

-c1
HPO.-4

I

Zt
I

-H?O.
4

-cl

Ie or Al
* ZnC1. 

-
¿=-' oxloes

stanËon and Burger (f967b) tested the availability of zn adsorbed

by Fe and Al-oxides by adding these oxídes to culture solutíon. They

found that Zn bound to hydrated Fe an Al-oxídes in soíls by Polyvalent

phosphate íons r¿as unavailable to plants' In the absence of phosphate

ions, only more strongly crystallíne hydrated Fe oxides' such as goqth-

ite, fix Zn so that it cannot be taken uP by plants. These results
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explain, at least in some ínstances, the often reported Zn and P inter-

action (P induced Zn deficiency). According to Penas (1973) high con-

centratíon of P ín the nutrienÈ solutions reduced the Zn uptake of corn

Plants regardless of the concentraEÍon of i-rorl, Zn, or bícarbonate in

the nutrient solutions. Also, Zn uptake was depressed by iron when

the level of phosphate was lor,¡.

Zinc Interaction wíth organic Matter

High levels of organíc matter in the surface horizon of soil are

probably, at least partially, responsible for the greater avaílability

of Zn íî that horizon. Numerous studies have demonstrated a high cor-

relatíon betrnTeen organic matter and chemically extrâctable or plant

available Zn (Follett and Líndsay, 1970),

Zinc is essential to all forms of life-born plants and animals.

Naturally all forros of organic aatter and bio*residues contaín Zt L:rla|

will be released during decomposition and made available to plants

and organisms in the soil.

Zinc deficiencies are frequently found in areas where the surface

soil has been removed. Nevertheless application of organíc r^7aste is

effective both in correcting Zn defíciencíes and in causing deficiencíes

(l,indsay, 1972). Apparently organic matter can interact ürith Zn in two

r,rays. I'irst, insoluble Zn cân be mineralized and made available to

plants. Secondly, Zn can be bound into organic constituents that are

irunobí1e ín soi1s, Such Zn is not readily released to plants and there-

fore can be considered fixed. DeRemer ard Sníth (1964) showed that in-.

corporation of sugar beet residues can cause Zn deficíency during the

early stages of decomposítion.

The presence of soluble Zî-orgar'íc complexes in soils r^'as demon-

strated by Hodgson et al (1966). They concluded that on the average
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about 607" of the soluble Zn in soils is complexed. The degree of com-

plexing of Zn was correlated r,¡ith soluble organic matter (r = 0.BB).

Stevenson and Àrdakani (L97 2) reviewÊd lhe reactions of organíc

matfer with micronutrients. They concluded that insoluble metal com-

bÍnations are most 1ike1y bound to the huEic fraction, particulârly

hurnic acids, whíle soluble metal complexes are mainly associâted !;i th

indÍvidual biochemical molecules, for example organic acids and amino

acids. Ifetal complexes ¡^rith fulvic acíds have trigh waËer solubilíties.

Randha\,ra and Broadbent (1965a,b) studied the adsorption of Zn

by humic acids. The Zn fraction vhich was less stably bound ¡¡as be-

lieved to be associated with phenolic OH and hTeakly acÍdíc-COOH groups.

The more stable fïaction of Zn was bound by strongly acidic-CoOH groups.

In their study, strongly bound Zn represented less than lZ of tlìe total

Zn retained, but \,ias considered to be of great significance because of

its preferentíal adsorptíon.

Complex reactions of Zn rarith organíc matter extracted from sewage

sludge was studied by Tan et a1. (1971). They reported that the lo\,/

molecular weight fråction of fulvíc compounds r¿as twice as effeclive

ín complexíng Zn as the high molecular \^Ìeight compounds. The cornplex-

ing power and stability constant of fulvic compounds increased uTith

increasing pH, A shift in ínfrared characteristics of OH band from

-1 _t
3500 cn ^ to 32Q0 cn ' and a sharp increase iû cârboxyl stretching

_1
at 1650 and 1400 cm ', indicated the formation of coordinate covalent

bonds between OH groups and Zn ând electrovalent linkage between COO

and Zt, respectively,

Much remains to be learned abouÈ the ínte'Laction of Zû vith organic

matter ín soils. Nevertheless, it is obvious that both soluble and

insoluble Zû-organíc matter complexes are forned and play an important
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role in soils.

Reaction ?roducts of Zn ¡'ertilizers in Soí1s

ZLtc lertíLízation has become increasingly irnportanË in agricul-

tural productíon during the past decade. ¡'requently, the additíon of

ZrL fettíLizers to soils is rather ineffectíve because the element

becomes fixed in plant unavaí1abIe forms.

The role of clay minerals, hydrous oxides of Fe and 41, carbon-

ates and organic matter in fixing native soil Zn was discussed. The

dégree and strength with r^'hích Zn is tied up was shor^m to be mainly

dependent on soil-pH, type of soil mineral, kind and concenlrâtion of

anion in the soí1 solution and Zn concentratioû [Dellumbrum and Jackson

(I956a), Udo et al (f970), Reddy & Perkíns (1974), Srânron and Burger

(re70) l.
The fate of added Zn in boLh calcareous and non-calcareous soils

ís not fully understood. Zinc adsorption in calcareous soi1s, from

ZnSO4, \ras found to conform to the Langmuir adsorptíon isotherm (Udo

et al, 1970). However, r¡hen the concentratíon of added Zn exceeded

the adsorption maximum, the solubiLity of Zn ín the soil solution

corresponded to the solubilíty of Zn hydroxide or Zn carbonate indi-

cating Èhe possible formation of solid phâses such as ZnC03 and Zn(oH),

when very large amounts of Zn are applied to soil. In accordance with

the above findings, Shuman (1975) and Reddy & Perkins (1974) reponted

that oversâturation of the cation exchange capacity (CEC) I¡rith ZnSO4

could have been caused by the fornation of Zî(OH)2 due to the relatively

high pH. Bingham et a1 (1964) also- explained the retentioû of the Zn

in excess of the cation exchange capacity in terns of precipitation of

zr(OH), in the clay systems. Zinc adsorption in excess of the u{-

exchange capacity rnras also observed by Misra and TíwarÍ (1966) r¿hen
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the pH vJas high ând free carbonates were present. In addition to

hydrolysis or precipitatíon of the hydroxide, they suggested that

hydroxy carbonates could also precipitate.

Clarks ¿nd Graham (1968) and more recently Melton er a1 (1973)

studied Zn diffusivity in soíl and suggested the possible precipita-

tion of the applied Zn as Zn(OH) r, ZnCO, and calcium ziîcate [Cazn(OH)O].

Hoover (1966) also suggested the possible formarion of Zn(OH), or

ZnCo, in soils treated with 500 ppm Zn. He added that the clay miner-

alogy of the soil díd not affect the Zn reaction as much as the soil

plt. hrtrether or not the soil was calcareous or noncalcareous rnras the

mosÈ important factor influencing the solubilÍty of applied Zn.

Dhillon et a1 (1975) observed thât Zn(OH)2 and ZnCO3 were the

inmediate reaction products in an incubation study on various physico-

chemícal parameters governing solubility of Zn iÐ a1kâli soils. Upon

further agíng, hornrever, those compounds r\rere converted into more

spâringly soluble compounds. In addition, they hypothesized thåt

ZnNHOPOO arrd Znr(POO), should be inmedíate reaction products r,rhen

alkaline soils are feÎtLLizeð símultaneously rn'ith Zn and P. Jones

et ål (1936) also suggested the possíble formation of Znr(POO), ín

the fertilizer band, when orthophosphate and Zt fertíIízers are

applíed simultaneously.

Hossner and Blanchar (1969) prepared ammoníum phosphate mixtures

containing varying proportions of total P as pyrophosphate at different

pH values. They blended those mixtures r¡ith ZnSO4 (2-8% Zn) and re-

acted them with the soí1 solution. Residues rÀrere recovered and anal-

yzed. Tu¡o Zn ammoniuu or thophosphates, ZnNH4H 
ZeO rr) Z. HrO and ZnNHOPOO r

were identifiêd by x-ray analysis. Zinc ammonium pyrophosphates iden-

tj-fied -dere zn(NHO),HO(P,0t) 2 ' 2Lr2O, ztr(NHO), (Pz}t) Z 
' 2t1zo and
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zn(NH | ,P ,o, Hro .

The amphoteric nature of Zn may influence the chemícal activity

in alkaline soi1s, If a transforrnâtion fron a positively charged Zn

íon to a negatively charged zíncaLe íon were realized under slightly

alkalíne conditions, the behaviour of Zû it an alkaline soí1 system

¡^rould be quite different from that previously discussed, Jurinak and

Thorne (1955) investigated the possible formation of ziîcate ions in

K, Na and Ca-bentonite systems. In both the Na and K sysÈems, Zn so1-

ubility reached â minimum in the pH range of 5.5 to 6,7. That was

perhaps due to the precipitation of Z\(OH) Z. As the pH was increased,

the solubility of Zrt also increased suggesting the formation of soluble

alkali zincates. In the Ca system, however, Zn solubitity reached a

minimum at a pll of 7.6 with no íncrease in soluble Zn as the pH of

the system was increased. The formation of insoluble Ca zincate was

postulated.

Solubilíty of Zn in Soils

A - Concentration of Zn in soil solution.

Zinc is only sparingly soluble in soi1s. Solid phase minerals and

adsorption reactions preveot a high concentration of Zn trom persislíng,

Hodgson et al (1966) measured total soluble Zn in several Ner.t7 York and

Colorado soils. They reported an average of abouË 75 ppb of Zn in

several acidic Ne!¿ York soils and 2 ppb in 20 alkaline Colorado

soils. Those results suggested one possible explanatíon for Zn de-

ficiencies being more common orl alkaline than on acidic soi1s.

Norvell and I-índsay (1969, I9l2) allor¡ed ZnEDTA (zinc erhylene-

díaminetetraacetate) and ZnDTPA (zinc diethylenetriaminepentaacetate)

to react !¡íth soils of dífferent pHs and were able to calculate the free
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2+Zn concentration for the fo1lov,¡ing relationship.

Zn2t + soíl I Zn-soíl + 2H*.\

Log K, Êhe equilibrium for the above relãtíonship was -6..0. The solubility
t!

relationship of Zn'' ín soíls was then expressed as:

(2112+ ) = I o6 (n+) 2

This equatíon emphasízes a significant pH relationsh íp on Znz+ solubility

in soils,

B - Stâbility of Synthetíc Zn Chelates in Soils

Synlhetic chelatíng agents cân be used to prevent the precipiLaLion

of Zn'' and other netal ions from solution. Naturally the questíon arises

as to hThether synÈhetíc chelates are stable in soíls, or i" Zn2* dis-

placed from Êhe metal chelâtes by olher cations. Lindsay et al (1967)

made the inÍÈial attempts ín developing theoreticâl models for the

equilibrium relationships between metal ions and chelating agents j,n

soi1s. The predicted stability diagrams for ZnEDTA and ZnDTPA in soils

!¡ere developed later by Lindsay and Norvell (1969). At low pHrs, Fe3-
.,I 

'Ldisplaces ZrÍ' from these chelates r,¡hereas at hígh pH's, Ca'' dísplaces

Zr'. Zine UOfe has a maximum stabilíty at pH 6.5 where approxinaËely

707" of tine EDTA ligand ís chelated w|rtin Zn2*. ZnDTPA, on the other hand,

has a maximum stability at pH 7.3.

The loss of EÐTA ligands from soil solutions resulEs prinarily from

íts adsorption by particles, The rate of adsorption or fixation is

usually rapid initíally and decreases sharply \rith tíme. According

to Norrn'ell and Líndsay (1969), the rate of Zn loss from the reactíon

of ZnEDTA \üith soil solution havíng pH's near neutral uas very rapid

initially. Further loss occurred, however, quite s1or,J1y and in mosÈ

cases the percentage of ZnEDTA became nearly constant with tine.
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C - Effectiveness of Zn Carriers in Soils

Reports ín the Iiterature concerning the solubility of Zn applied

to the soil ín dÍfferent forlns are limited. The fer,¡ reports found in

the literature concerning the plant availability of Zn applied ín

different forms are summarized below, Most researchers reported thât

Zn applíed to the soil âs a chelate \¡¡as more readily utilízed by plants

than Zn applied as an inorganic salt. Boara'n et al (1957) found in

Pot experiments that bean (Phaseolus vulgaris L.) plants took up 3.5

times more Zn from ZnEDTA thar frorn ZnSOO 1H20, when 2 ppm Zn was

applíed to an alkaline silt loam soíl. Brown and Krantz (1966), how-

ever, foLrnd Lhat Zn uptake by corn from ZnSO4 and from ZnEDTA \¡/as com-

parable when the sources were mixed r^rith the soi1, but ruhen the Zn

sources r,¡ere banded under the seed, ZnEDTA \nras utilized more reâdíly

than ZnS04.

Judy (1968) observed tlnaL Zn uptake and bean (phaseolus vulgaris

L,) yields r{ere highest lríth Zn applied as ZnEDTA. He also found thât

more water-soluble and exchangeable Zn \^'as extracted from íncubated

soil treated ¡,¡ith ZnEDTA than from Znso4-treaËed soil.

Most of the slíghtly soluble Zn compounds may be used as a source

of Zn fertilizers. However, their effectiveness is governed mainly by

the pH, texÈure and carbonate content of the soÍl, Holden and Brornm

(1965) reporred thât hemimorphire (2ZnO H20 SiO2) dissolved ar a

satisfactory rate in a neutral Florida sand, but not in a trIesÊern cal-

careous 1oam. tr{i1lomite (22t0 SiOr) supplied only very 1ów levels of

2t, and. sphalerite (ZnS) had no effect on the crop. ZnEDTA r^ras two

times as effective as ZnSoO in increasing the Zn content of the crop

in a neutral soil and up to six times as effective in a calcareous

soÍl. In contrast to the above findings, McGregor (1972) found ZnS
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to be the best Zn fertílizer when a varíety of soluble and slightly

soluble inorganic zinc salts were added to calcareous and noncalcareous

base-saturated soils. He also reported Na2ZnEDTA to be the best source

particularly for calcareous soi1s.

The results fro¡n field experiments agree well !¡ith tllose from pot

experiments. Boav¡n (1973) reported that one unit of Zn applied as the

chelâte, ín the field, was equivalent to âpproximateLy 2 to 2.5 uníts

applied in the sulfate form. The effectíveness ratio appeared to be

slightly greater, at least 2.5, when Zn r^ras banded príor to planting.

Anderson (1964) reporfed the effectiveness of Zn sources in calcareous

soils Èo be, in decreasíng order, DTPA, EDTA, EDDHA, zns04 and Rayplex.
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II1. MATERIALS AND METHODS

The investígations reported in this manuscript include several

indívidual studies r¡here different experimentâI procedures were used.

The experimental nethods used for each of these investigations are

not described in a general methods section, but, for purpose of clarity,

are discussed along wíth the resulÈs obtaÍned, under the appropríate

subsection. The ånalytical plocedures employed in the investÍgations

and in cha¡acterizilìg the soils are outlíned belorl'. A bríef description

of the soils studied is also included.

Soí1s

Four surface soils selected for their varying texture, carbonate

content and organic matter r^rere used throughout nlost of these ínvestí_

gations (Tables 1 and 14). A subgroup designation of the soils studied

is given below:

Soil ¡lame

Stockton
Neurdale
Lakeland
Plum Ridge

Subgroup

orthic Black
Orthíc Black
Gleyed Carbonated
Gleyed Carbonated

Rego
Rego

Black
BIack

Analytical Procedures

I. Soil pH.

Soil and distilled water (1:10 w/w) were equilibrated by shaking

for 24 hours. The pH of the supernatant above lhe soil \ras measured

using a glass electrode in conjunction \,ri Ëh a calomel half-ce1l on a

Beckman pH meter.

2. Tnorgani c carbonate content.

A one gram soil sample rnras digested in 10ii HC1 for ten mínutes. The

cârbon dioxide evolved r^¡as sucked Lhrough a drying and adsorption train
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and adsorbed on Ascarite in a Nesbitt tube. The weight of carbon díox-

ide adsorbed on the Ascaríte was detennined and the carbonate content

of the soil calculated.

3. soil organic Matter.

Soíl organic *"it.t rr" determined as described by l{alkley and Black

(1934). Excess potassium dichromate was used to oxidize the orgânic

matter and Ehe unreacted dichromate back-titrated with ferrous sulfate

using barium diphenylâmine sulphonate as an indícator.

4. Ammonium Acetate Extractable Ca and Mg,

One hundred mI of I N CH3COONH4 solution (pH = 7) was equilibrated

with 10 g of soil by shaking for one hour. The suspension was trans-

ferred to a Buchner funnel and the soil leached ¡^¡ith arnmoníum acetate

solution to a volume of 250 nl. The Ca and Mg contents of the filtrate

r,rere determined by EDTA títration (Tucker and Kurtz 1961).

5. Soíl Câtion Exchange Capacity,

Soil cation exchange capacity'(CEC) was determined by the ammonium

saturatíon method outlined by Chapman (1965). Exchange sites of a

10.0 g soil sample hrere saturated v¡ith ammonium by shaking for one

hour in 100 ml of t N CH3COONH4 solutíon contaíning 250 ppn lithium and

adjusted to pH 7,0 \4,iÈh dilute HCl. The suspensíon was filtered under

suctíon and washed with CH3COONH4 untíl 250 ml was collected. The soíl

was !¡ashed with 250 m1 of 95 percent ethanol. The adsorbed ammonium

was displaced by leaching the soil with 250 ml of acidified I N NaCl.

The fíltrâte was collected and tlansferred to an 800 ml Kjeldaht flask.

lwenty-five rnl of 1,0 N NaOH r^ras added and the NH3 díslilled into 50 m1

of 2.0 percent boric acid solution using a Kj eldahl distillation apparatus,

The absorbed NH^ was tjtrated ü'íth standardized 0,1 N H^SO, and the
524

cation exchange capacity of the soil calculated.
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6, Mechanícal Analysis.

The pípette method for particle size analysis was used. Duplicate

10.0 g samples r"¡ere used. organic matter vas destroyed by the addition

of 30 percent hydrogen peroxide. Ten ml of Calgon solution was added

and the samples stirred mechanically for 30 ninutes. The sand fraction

was obtained by sieving the suspension through a 300 mesh sieve. The

eluate r¿as collected in a 1000 m1 cylinder and made up to volume with

distíl1ed water. Aliquots \rere taken at a depth of I0 cm for an esci-

mation of silt plus clay and clay fractÍons after âllowing for the

appropriate settling times, The percent sand, silt and clay were

Ëhen calculated.

7' Soluble Carbonate Content of Soil.

Air dríed soil r,ras ground to pâss a one mm sieve. Duplicâte

five gram samples were shaken i^Ìi th 50 ml of distilled \nrateï in centïí-

fuge tubes open to the atmosphere for 24 hours, The suspensions r¡/ere

fíltered using Í/-hatman fí1ter paper number 42. A twenty m1 aliquot of

filtrate ü'as ËiÈrated r,zi th standardized 0.01 N H^SO, for CO?-and HCOI2433
using phenolphthalein and methyl orange as indicâtors. The corcentra-

. t-tjon of CO; and HCO^ r^¡ere calculated,
JJ

8. Total Concentratíon of Zn, f'e, A1 and Mn in Soi1.

Air drled soil uras ground to pass a one mn sieve. Duplicate one

gram samples of soil rÀrere plâced into micro Kjeldahl flasks. Fifleen

mL of I0"/. HCIO, and 10 ml of concentraled HNO^ b'ere added and the soil+J
digested by boiling until the solutions turned completely clear. The

digest was allowed to cool and diluted wíth approxímately 25 rnl of

deionized r¿ater. The digest was allowed to siÈ one hour, filtered ínto

a 50 m1 volumetric flask, and brought to volume with deionized water.



Zinc, Fe, AI and Mn concentrations were measured in the filtrates and

tl;'e ZD, Fe, A1 and Mn content of the soil calculated.

The eoncentratÍon of Zt, Fe, Al and Mn ín all the soÍl extracts,

were determined using a Perkin E1ner, Model 303 Atomic Absorption Spec-

troDeËer. The stândard soluEions for Zn, Fe, A1 and Mn r,¡ere prepared

with the same solutions used for extraction of the soil. Deionized

r4¡ater r4'as used in all preparations.

9. Determination of Cl Ion Concentration in Solution.

Duplicate I0 ml aliquots of solution LTas titrated r^zíth standardized

0.05 N AgNO3 usíng an automatic titrometer model Radiometer Titrator 11

The end poinÈ of titration was *70 mv. Blank deteïminatíons r¡rere con-

ducted using distilled r.¡ater.

10. pH of Fe203 and 4110, Suspensions.

The pH of the Fe203 and 4110, suspensions raTas determíned electro-

metrically by the use of the glass and calomel electrodes on an Orion

Research TorraTyzer urodel 801 digiLal pH meter. The suspensíons r4rere

shaken vigorously before the combination electrode \{as placed iûÊo the

suspensions. The pH uras read r^rhen it no longer changed.

X-ray Techniques

1, Identificâtíon of A-1r0, and I'er0r.

The sample was finely ground ( (OO mestr) and placed ín a speciâl

sample container mounted on a Philips P.I^I. 1050 diffractometer equipped

with a wide range gonlometer. The diffractometer r^7as positioned on a

Philíps P,I,I. 1010 x-ray generaror atrached to a philips p.I^r. 1051

electronic circuit panel detector (recorder). The x-ray tube

r{as operated aÈ 36 KV and 8 ma and equípped wiËh a cobalE target

and an iron filter. Exposure time was about 60 minutes, Usiûg the
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position and height of the peaks on the chart, d- spacings and relative

intensitíes of the diffraction lines were calculated, The calculated d-

spacings for 4110, and Fer0, were compared !,¡ith the kno¡,m values in

the A.S.T.M. x-ray powder data file and the crystalline structuïe of A1203

and Fe203 idenrified.

2. Identifícatiolj' of ZrL Reaction Products in Soil.

The sample was finely ground ( (300 mesh) and placed into a glass

capillary tube (0.3 mm diameter) obtâined from Caíne Scientífic Sale

Company, Chicago, Illinois. The tube was then centred ín a philips

cylindrical power diffraction camera. The camera was then loaded with

Kodak no-screen medícal x-ray film and positioned on a philips p.üt.

1010 x-ray generator. The x-ray generaËor \nras operated at 36 kv and

8 manps and equipped r^rith a cobalt taïget and an iron filter, The

sample tube r^/as rotated meehanically during exposure. Exposure time

r¿as 22 hours for all samples. After exposure, the film was removed

from the camera, immersed in Kodak rapid x-ray developer for five

minutes, rínsed with r^7ater, and p1âced into Kodak x-ray fixer for twen-

ty minutes, The fi1¡n r¡7as agâin rínsed, then dried. The distance be-

trareen the diffraction lines were measured on a philips film illuminator

and measuring device. Calculated d-spacings for the samples e¡ere com-

pared to known values lisÈed Ín the A.S.T.M. x-ray powder data file

and the crystalline Zn species present in the sanples ídentifjed.



IV. PRESENTATION OI' EXPERIMENTAL METHODS AND RESULTS.

A.

å. Solubiliry of Zn in Soils and Minerals

Zinc is one of the most conmonly deficient essential micronutrienEs

in soils. A knowledge of Èhe Zn phase(s) occurring ín soils ís funda_

mental to understanding Zn deficiency and íts correction. Identífyíng

these Zn phases has been difficult, prirnarily because LotaL Zr\ ín soil

is often very 1ow,

SphaleriËe (ZnS), one of the xnost sparingly soluble Zn ð.ompounds,

and. Ëhe more complex Zn-silícate compounds heminorphite (ZnO(OH)rSiO,

HrO), and willomite (ZarSíO r) have been postulated as rhe narive foïms

of Zn iî soils (Krauskopf, L972 and Kittrick, 1976). To examine this

hypothesis, solubility of Zn from Ëhese compounds was compared with

solubility of Zn in soils.

Solubility diagrams (concentration of Zn vs pH of a saturated

system) for these three Zn compounds was constructed from data for

aqueous non-buffered systems. Reagent grade sphalerite (ZnS) and

samples of hemimorphiËe (Zn4(0H)2SiO7 . H20) and u,illomire (ZnrSíOr),

obtained from the Department of Geology, University of Manitobâ, r{ere

groùnd to pass a 60 mesh sieve. Duplicate 10 g samples of each mineral

were placed in centrifuge tubes. T\À7enËy El of distilled Hro and. in-

creasing amounts of HCI were gradually added to the tubes to obtain

pH values rânging fron seven to one. The suspensions rÀrere shaken for

24 hours r,¡Í th the tubes open to the âtmospheïe. During shakingr reg-

ular inspections were made to eûsure that alI the suspensions remained

saturated rn¡ith respect to the solid mineral, i.e. both solid and liqui<l
phases existed in the system. Sma1l arnounts of the minerals were added
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wherever the solutions seemed to be undersaturated wiÊh respect Ëo

the solid mineral . pHof the suspension above the sediment was measured

after 24 hours of shaking. The suspensions were filtered using r^rhatman

filter paper No. 5. Zinc concentration of the filtrate l,¡as measured.

Zinc concentration of the solution was then plotted versus final equil-

ibríum pH of the solutions (Figure 1).

Air dríed samples of Lakeland, Newdale, Stockton and ?1um Ridge

soils (Table l) were ground to pass a 60 mesh sieve. Sets of duplicate

samples of each soil were acidified to pll vãlues ranging from eíght to

one by adding increasing amounts of concentrated HCI to l0 g of soi1.

The final volumes were adjusted to 100 ml and the suspensions \4rere

shaken for 24 hours in centrifuge tubes open to the atmosphere. Pre-

liminary experiments índicated thât equílibríum was reâched after 24

hours of shaking, i.e, no significant pH change occurred after 24 hours

of equilibration. Final pH was measured iû the supernatant above the

sediment. The suspensions rùere then filtered using rthatman No. 42

filter paper. Zinc, Mn and Fe concentrations of the fíltrates were

measured, Metal concentrations in the filtrates were plotted versus

final equilibrium pH values (Figures 2, 3 and 4),

Norvell and Lindsay (1969, I97 2) reacted Zn EDTA and Zn DTPA \,títh

soil at various pH values; the following equation, representíng the

reâction of Zn r,ri th soi1, had a pK value of 6.0.
2+zrL'' + soLL 

=- 
2" - soil + 2H'

.L

The amount of Zn'' in soil solutíon as a function of soil pH was

expressed as:
1! L L.)(zî'') = lo'(H')'

Comparison of this relatiorship \a'ith solubility diagrâms obtaíned for

heminorphíte, willomite and sphalerite (I'igure 1) indicated the follo\ring:
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1. Zn concentrâtion in solution from both hemimorphite and willo-

mite were much greater than predicted by the a.bove relationship oblained

by Norvell and Lindsay (1969, L972) and therefore most likely are not

the native form(s) of Zn in soils.

2, Solubility behaviour of ZnS, although much closer to the so1-

ubility relationship obtaíned by Norvelt and Lindsay (1969, L972) aLso

did not fit the relatíonship. Ar high pH, rhe solubilíry of ZD from

ZnS was higher and at low pH lower than those obtained usíng the Norvell

and Lindsayrs (1969, 1972) relationship. Furthermore, solubilíty of ZnS

is â function of H2S partíal pressure lrhich may not be the same ín soil

solution as iû the atmosphere. In addition, according to both Krauskopf

and Lindsay (1972), ZnS ís unstable undeï normal oxidizing conditions

and ís oxidized to less sparingly soluble compounds. The reactíon

product study conducted by the author also indicated that !¡hen ZnS

was banded ín soils and incubated for varying periods of tine, Zn

concentratÍon in solrrtjon of al1 the soils increased. Znr(COr)r(OH)U

and CalZn(oll),1 ,. ZU|O r,¡ere formed in the calcareous ?1um Ridge soi1,

after 32 weeks of incubatíor, indicatiûg oxidatioÊ of ZnS to less spar-

ingly solubJ e Zn compounds.

The above comparison r,¡as made betweeû the sotubility behavíour of

three Zn mínerals (Figure 1) and solubility of Zn in soils treated liith

ZnEDTA and ZnDTPA obtained by Norvell and Lindsay (1969, I9l2). This

comparison, although useful in indicating that hemiüorphite and willomite

were much too soluble to accouriÊ for the 1or{ solubility of ZrL ín soíls,

wâs of litt1e aid in determíning the nature of the native forur(s) of Zn

ín soí1s. Norvell and Lindsayrs (1969, I97 2) rei.atíonship was deríved

for Zû treaLed soils and is probably not valid for the solubility of Zn

in untreated soi1s. According to this relationship, zn2* 
"orrcerrtt"tion
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in equilibríum r,ri th a soil solution having a pH of four should be about

650 ppÛl. Total Zn concentrâtion in agricultural soíls is generally below

100 ppm. A more meaníngful comparison liould be beth¡een concentration

of Zn ín solutions of untreated soíls at varying pI{'s and solubility

of Zn from the Zn minerals.

b. Zinc, Fe and Mn ConcentraLions of Soí1 Extracts as a Function of plL-

Concentration of Zn, Fe and Mn in all four soí1 solutions increased

as pH decreased (figures 2, 3 and 4). I,IíËh the exception of the Plum

Rídge soiI, the Zn concentration-pl{ relationshíps (Figure 2) were ex-

ponential, i,e. the increase in Zn concentration with decreases in pH

was initially very slow until a pH value of about 2.5. Zinc concentra-

tion increased sharply with decreasing pH beyond 2.5 (Figure 2). The

higber Zn concentration in the Plum Ridge soil solution was probably

due to the high exchange abLe Zn in this soil as compared to the other

three soils.

Comparison of Zn concentration in solutions of untreated soíls

(Figure 2) anð zíILc concentrations in saturated solutions of sphalerite,

hemímorphite and willornite (Figure 1) clearly shoüred that all of these

Zn minerals have a much greater solubilíty than that of zínc in soí1s

and probably could not persisl in soil to control Zn concentration,

For example, concentration of ZrL at a pH of four in â11 of the soil

solutíons was less thân one ppn (Figure 2) whereas Zn concentration in

equílíbriun with ¿he above mentioned minerals at a pII of four $¡as about

20 ppur for sphalerite and greater than 3000 ppm for both willomite and

hemimorphite (Figure I).

All of the aforementioDed Zn mínerals r¡'ere too soluble to account

for the sltrall concentrations of Zn found in nost soil solutions. I{ith
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the exception of the Plum Rídge soí1, curves for concentration of Zn and

Fe vs pH rdere similar, particularly for the noncalcareous Newdale and

Stockton soi1s. Except for Zn concentration in the ?lum Ridge soil

solution, curves for concentration of ZrL ar!ð. Fe in soil solutions vs

pH were exponential \rith inflection points at a pH of approxinateLy 2.5,

indicatíng x]na:L ZrL was released largely into the solution at about Ehe

same pH as Fe dissolved. Fígures 2 and 3 also indícated that for every

10 ppm increase in Fe concentration in soil solution, Zn concentratíon

jncreased about one ppm. This ratio rn/as relatively constant especially

for the noncalcareous Nevdale and Stockton soils at 1ow pII. Most of the

known existing Fe compounds in soils such as hydrous oxides of Fe dis-

solve at pHt s lower than the Zn coEpounds suggested as forms of native

soil Zn. Therefore, it may be hypothesized Èhat either a Zn compound

not as yef: identified or postulaËed existed in those soíls which dis-

solved lârgely at about the same pll as hydrous oxides of Ie and had

no essential association wíth Fe oxides or tl¡'at Zn rn'as in some way

associated wíth hydrous oxides of Fe in Zn-Fe complexes r^rith Zn:¡'e

ratios of about l:10. Association of Zn \^7Í th hydrous oxídes of Fe

and A-l has bLen reported by Jenne (f968). He suggested that Zn along

with several other heaary metal ions trlay be occluded and coprecipitated

L,ith hydrous oxides of Fe and Mn, and that these oxides constitute the

principal matïix iû which the less abundant heavy metals are held.

Thus, the âssociation of Zn with sesquioxides is the more likely nech-

anisEl.

Curves for concentrations of Mn in soil solution vs pH (Fígure 4)

shoi,red different patterns than those for Zn and Fe. Zitc ar.d Fe con-

centrations in the soil solutions \rere more or less exponentially re-

lated to pH in all soils. But, for Mn such relationships occurred
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only in the noncalcareous soils and even in those soils the points of

inflectíon were not as pronounced as for Zî and Fe. ¡langanese concen-

trations in the calcareous soil solutions \Àrere not exponentially related

to pH. Instead, Mn concentration increased rapidly wiËh deereasíng pH

parËicu1ar1y in Lakeland SiL and then rerBained constant after approximately

pH 4,5 (Fígure 4). There were very few similarities between concentra-

tion diagrams of Zt ar.ð Mn (Iigures 2 and 4). That was particularly

true for calcareous soils at high pH where Mn was much more soluble

than either Fe or Zn. Curves for concertration of Mn in soil solutíon

vs pH for the Ne!¡dale soil revealed sone resemblance hTith curves for

Zn. l{or^rever, the Mn curves were smoother and did not have the sharp

increase at Ëhe lower pHrs (Figures 2 ar.d 4). These results confirmed

findings of Stanton and Burger (f970 ). They reported that the presence

of Fe and A1 catíons in solution markedly lowered the pH at whích pre-

cipitation of Zn occurred whereas Mn had no effect indicating that Zn

coprecípitâted with I'e and Al but not r^rith Mn.

Evidence presented in this section indicated t]naiL Zn compounds such

as sphalerite, hemimorphite and wí11omite \À'ere too soluble to accounÈ

for the smal1 concentiations of Zn found in the soil solutions. It was

also shown Lbax Zt was possibly occluded and coprecipitated r,rith hydrous

oxides of Fe. Manganese did not seem to have any significant control

over ZrL solubí1iÈy. More experímental evidence, however, was required

to Prove those postulations. ¡'urthermore, the role of A1 seemed in-

portant and iequired further investígation.

c. Statistical Evaluation of the Inrer-relariorfEÞilE_lCly9e!_f9lg1 IC,

Hydrous oxídes of Ie, AI and Mn are nearly ubíquitous ín clay soils
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and sediments, The reason for their occurrence is that during the

formâtion of clays the various ions are seldom, íf ever, present in

the exact amount required for the secondary silicates (c1ay minerals)

to be stable under the prevailing conditions, Sllicon, Fe, Al and

occasionally l,fn are commonly presenl ín excess and may be deposited in

the form of spar ingly-so luble oxides, either as díscrete particles or

as surface coatings on other mineral particles. By vírtue of their

frequent occurrence as coatings on the clay rnicelles, the oxides are

far more important than their amounts in the soí1 would indicate.

Chemical enrichment of certaín size fractions or horizons aË the

expense of others occur during soíl development. The most common

approach Ín most investígations of micro-element dístïibution patterns

ín soils has been to fractíonate the micro-elements into distinct size

classes. The chjef drawback in rhís approach is the inevíLab1e loss of

micro-elements by solutíon and displacement. An alternatíve approach

might be to determine independently of one another the micro-element

composition and particle size distribution in all horizons of a number

of soils and then by employing âppropríate statístícal procedures,

arrive aE the inherent relationships between the two. Such an approach

would be free of the aforementioned limitations and would help determine

fhe precise association of not only the individual elements hTith partic-

ular size fractions, but also relationships among the heavy metals theD-

selves.

Eight soils in Manitoba, varying in Great Soil Groups, ín texture

ând in amount of clay moveoent were chosen (Tables 2-9). PercenÊ sand,

silt, and clay as !rel1 as total content (eoncentration) of Fe, 41, Mn

and Zn were measured in every horizon of each soil (Tables Z Lo 9),
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Statistical analyses rÀ'ere conducted to correlate totâl Fe, 41, Mn and

Zn concentratiors and particle síze distribution Total PoPulation

consisted of 41 soil samples. Results of this correlation analysis

(r values) are given in Table 10. There were highly siSníficant corre-

lations (significânt at the 0't% Probability level) between total Fe,41,

or clay content and Zn concentration (r = 0'86' 0.95 and 0.91, respec-

tíve1y). Significant correlation betr{een Zn coûcentration and clay

content might have been caused by the ínter-relation of Fe and A1

with clay content (r = 0.84, 0.88). There was also a significanË

negative correlation between the sand content and Zn concentrâtion

(r = -0.91) r,¡hich was probably due to lhe negative correlation of the sand

content l^rith total Fe, A1 anit clay content (r = -0.83, -0.85, -0.93).

There was also a correlation between LoLaI Zn and. Mn (r = 0.5f). How-

ever, it was not as signíficart as the correlatíon betlteen Zn and eíther

I'e or Al (Tab1e 10). The above findings confírmed that of Naír and

Cottenie (1971). They presented convincing statisticâl proof to show

that amorphous Fer0, may retain a large proportion of the micro-ele-

meûts includíng Zn possibly by coating the surface of finer particles.

Zinc enriched horizons ín the soil profiles ¡¿ere often enriched

rn'ith clay (Tables 6 and 7). Ho\{ever, for horizons into which there

r4ras very líttle clay movement or in which very little cIây existed,

enrichment of Zn occurred and followed closely accumulation of Fe

and AI ('Tables 2 and 3) indicating Èhat hydrous oxides of Fe and Al

rather than clay were probably the matrices acconmodating Zn' In

the Bm horizon of soil number one (Table 2) r.¡hich rn¡as almosÈ pure sand

there !,7ere substanlial accumulations of Zn' Fe and Al but no accumula-

tions of either clay or Mn. On the other hand, in the B horizon of
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of soil number fíve (Tab1e 6) there !,/ere accumulations of c1ay, Zn, Fe

and Al, but noË Mn. These results agreed well with findings of Stanton

and Burger (f966b) who found that total Zn in soí1 profiles of South

Africa followed closely the distribulion of soil co1loids, both values

increasing markedly wíth depth. They felt that increases in Zn con-

centration in the sand fraction rdith depth resulted from an increase

with depth of ferruginous concentrations in the sand fraction.

The L-H horizons in soils five and seven (ÎabIes 6 and 8) were

enriched ín Zn. This r,¡as evidence for adsorption and fixation of Zn

by organic matter, Although the organíc hoiízon (L-H) contained very

1iÊÈle inorganíc material, it did contain significant amounts of Fe and

Al (Tables 6 and 8), Therefore, it night be speculated thaË Zn accr.r¡nula-

tion in the organic horizon was also associated with hydrous oxídes of

Fe and 41. Conclusions from the correlation analysis nay be outlined

as follows:

1. Total soil Zû concentration r¿as correlated with Fe and Al

concentration and \nri th percent clay content.

2. Zinc was also sígníficântly correlated !¡ith Fe and A1 concen-

traÈion when the clay size fraction was very srnall.

3, The correlation between Zn and percent clay content may have

resulted fïom coïrelation betureen clay and the hydrous oxides of Ie

,nà ¡1.

4, Correlatíon between Zn ând t'fn concentration '\Àras comparatively

relatively small and night have been caused by the correlatidn betr,¡een

Mn and clay content.

5. Accumulation oÍ ZrL ín organíc horízons (1-H) might have been

related to enrichments of Fe and Al in those horizons.
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d. Extraction of Fe, Al and Associated Zn from Soils.

Sinilarities between concentrâtion versus pH diagrams for Zt ar'd

Fe (Figures 2 and 3) suggested an associatíon betLreen Zn and hydrous

oxídes of Fe. Although they were conducted or different soíls, the

statístícal correlation analysis (Tab1e 10) confir¡ned that hypothesis.

Those analyses also suggested the possible involvement of Fe as well

as Al. Hor^rever, although both of those 1ed to similar conclusions,

they \üere only indirect approaches and were not conducted on the same

soí1s. Therefore, a more dírêct approach was required to reinforce

the above findings and clarify the inter-relat ionship s .

The more dírect approach included two extraction methods both of

which r¡ere conducted on the four soils studies in the acidification

experirDent (Table l). The first extracÈion method r^¡as designed to

measure exchangeable Zn, Fe and AI. ¡ive successive extractions wiËh

a solutíon of 1M KCl + 0.01 M Nâ2EDTA utere conducted. Na2EDTA T^tas

included in the extractant to prevent readsorption or preciPitation of

Zn, Fe or Al displaced from the exchange sites. Air-dríecl .samples of

four soils (Table 1) were ground to pass a 100 mesh sieve. DuPlicate

5.0 g sarnples of each soil were shaken v¿ith 50 url of 1.0 M KC1 +

0.01 M Na2EDTA for tu'o hours in centrifuge tubes. PH of the super-

natant above the sediment r,¿as measured after each extracLion. The

suspensions were then centrífuged for 15 minutes at 2000 RPM. The

clear centrifugates were decanted into another set of tubes and saved

for Zr., Fe and Al analysis. The procedure !ùas repeâted five times on

the same soil sample. Exchangeable Zn, Fe and Al were calculated on

a soil basis using the sum of metal cation extracted in the five ex-

trâctíons.
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Much of the exchangeable Fe and A1 and nearly â11 of the exchange-

able Zn rn'as extracted in the first extraction (Tab1e 11). Except for

the Plum Ridge soil, the amount of exchangeable Zn \^¡as sma1l and con-

stituted only a smal1 proportion of the total soil Zn concentration

(5.37, ín Stockton, 2,6% in Newdale and L,7"/. in Laketand) (Table 1t).

The exceptíonally hígh exchangeable Zn 1eve1 in the plum Rídge soil

(267. oÍ the total) rnÌâs not surprising considering that Èhe Zn concen-

tration for the Plurn Rídge soil solution in the Zn concentration vs

pH study was hÍgher thân for the orher rhree soils (Figure 2). The

reason for Èhe high exchangeable Zn in the plurn Ridgg soil is not

clear. llowever, it is possible that the soil sample was taken from a

locatíon which had been fertilízed urith Zn. Arnounts of exchangeable

Fe and Al were also small and each constituted a very small fraction

of the Ëota1 Fe or A1 fTable ff). As i,rith Zn, thís !¡as particularly

true for the calcareous -La'keland soil.

The'pH of the extracting solution (l M KCl + 0.01 M NaTEDTA) was

about four. Hor4reveI, it increased markedly \"¡hen the Solution ¡^¡as added to

the calcareous soils (Tab1e 11). It htas thought that the comparaÊive-

ly loInT quantities of Fe, Al and especially Zn extracted from the Lake-

land soíl were due to the hígh carbonate content and resultant high

buffer capaciÈy. However, high carbonate conterit in the ?lum Ridge

soil did not prevent extIaction of relatively large quantities of Zn

(Table 11). Furthermore, the 1ow pH of extracting solution in the non-

calcareous Stockton and Ner¿dale soíl did not greatly increase the

amount of Zn extracted indicating thaË pH did not greatly ínfluence

the extracting porl'er of the solution (Table 11).

Soils (Table 1) were extracted successively wiÈh a solutíon of
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oxalíc acíd + NH./-oxalate (pH = 3) ín a second extraction study. A

¿+

0.2 ì4 so1ution of (NH, )"C"0, H.0 (anunon.ium oxalate) and a 0.2 M' 4'2 2 4 2

solution of HîC,)O, 2H"0 (oxalic acíd) were prepared. About 700 mlz ¿¿1 2 '

of the former ánd 535 ml of the latter rdere mixed and the pH adjusted

to 3.0 by adding either ån]nonium oxalate or oxalíc acid.

Aír-dríed samples of soils (Table 1) r,rere ground to pass a lO0-mesh

sieve. Duplicate one g samples of each soil ¡¿ere shaken ¡^ri th 40 m1 of

the acid oxalate solution in centrífuge tubes for four hours (McKeague

and Day, 1966). pH of the supetnatant was measured, the suspensions

centrifuged for 15 minutes àt 2000 RpM and the clear centrifugates

decanted into another set of tubes. Another 40 ml of acid ammonium

oxalate was added Ëo the sanples and the procedure repeated. Five

successive extractions r,Jeïe conducted, Zíne, Fe and A1 concentratíons

of the clear centrifugates were measured, The amounts of Zn, Fe and

Al extrâcted in the five extractíons were calculated on a soil basis.

The portion of total soil Zn, Fe and Al extracted by the oxâlate solu-

tion r,7as calculated (Table 12) using values for total Zn, Fe and A1

shown in iable 1.

oxalate extraction removed amorphous inorganic Fe and Al and organic-

complexed Fe and A1 from soils (B1une and Schlrartnann, 1969). Data

(table t2¡ elearly showed that large quanfíties of Zn !¡ere extrâcted

along with Fe and 41. In addition, for eaeh of the three elements

the proportion of the total lrhich was exlracted with oxalate was con-

siderably higher thân the proportion of the total which was exchangeable

(Tables 11 and 12). Total Zn extracted in the five successive extrac-

tions varied considerably among the soi1s. Total oxalaËe extractable

Zn varied betu'eer 45 atd 7 )-"/. of the total Zn content of the soils (Table

LZ). oxalate extractable Zn was greaÈer for coarse-texËured soils than
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fine-textured soi1s. Total oxalate extractable Fe and A1 were 15 to 277"

and 3.5 to I2"/" of total Fe and A1 concentrations in the soils, respective-

1y. Those values were significanÈly lower than for Zn (Tabi_e L2). The

PÏoporËions of total Zn and Fe extracted by oxalate riere greater in the

coarse-textured Stockton and.Plum Ridge soils.

The extracting por¡rer of the oxalate solutíon is mainly due to com-

plexing of Fe and A1 with oxalate rather than acid dissociation (McKeague

and Day 1966). This was confirmed in an acidifícation experiment in

urhich very little Zn and Fe were extracted from the soils whích had

been acidified Êo pH values of three (Figures 2 and 3). Regardless

of the mechanisrn(s) involved, relatively large quantities of Zn were

in some way associated \^riÈh hydrous oxides of Fe and Al,

The oxalate solution contained NHO+ and therefore extracted not

only Fe, Al and associatedzn, but also exehangeable Fe, AI and Zn.

Thus, corrections r^rere nade by subtracting the exchangeable values

from the oxalate extractable Fe, Al and Zn (Table 12). Corrected

values r^rere ernployed to calculate the percent of the total Fe and A1

which v¡ere amorphous and organic complexed Fe and At as urell as percent

of Èotal Zn ássociated wiLh rhis fraction of Fe and Al (Table 12).

These results confírmed fíndings of larhire (1957) who used 1 M CIl3-

COONH/, (pH = 7.0) for exchangeable and di thionite-citrate for removal

of I'e and 41. He found t]nat 30-60"/. of the total Zn was associated

hrith Fe oxides, 20-45% ¡,tas held in the lattice position of the clay

minerals and one Ëo seven percent hTas exchangeable.

It may be concluded thaL probably no Zn mineral exisLs in soils

as hâve been previously postulated by some researchers. Furthermore

Zn in soils is most likely associated in some way uTith hydrous oxides

of Fe and Al.



tion Fe & Al Oxides

I'rom an agricultural and an environinental standpoint, the need to

understand the factors moderating the partítion of ions between solid

ínterfaces and aqueous solution ís of considerable importance. The

å1most ubiquitous occurrence of oxides neans that Ëhey play a signifí-

cant ¡ole in controlling the concentrations of various íons in soil

solutions ånd natural r¡'åter systems.

It was well established in the previous sectior that Fe and Al

hydrous oxides are the major matrices accorunodating soil Zn and probably

some of the other micronutrients. A strong assocíatlon between Zn, Fe

and A1 was shorrn to exist ín the soils studied. Thís association may

be the reason for both the unavailabílity of native Zn forms and fixâtion

of applied Zn into unavailable form(s). Although association undoubtedly

exists, the mechanisms involved have remained challenging problems yet to

be satisfactorily explained. Further progress in the field of Zn nutrition

of plants will depend on our ability to recognize and allevíate the causa-

tive factors of Zri unavaílabílity. Attempts have been made in this section

to clarify some aspects of the mechanisms of Zn sorption by Fe and Al hydrous

oxídes.

The greater portion of reactive Fe in most soils is in the form of

variably hydrated ferric oxides (Merk1e, 1955). Except in very acíd soils,

Ëhe amounE of Fe in solution ís generally sma1l. Sirnilarly, A1 occurs

mainly as the solid phase, but ís also present as exchangeable ions (I^Iild,

19s0).

B. Zinc Ad

Hydrous oxides of ¡'e and Al have â

are linked by 
,/o(

^,( )*

OH

structu.re in which Fe and Al atoms

o

^,/\^,
o

and



groups (Hen and Roberson, 1967; Hsu, 1968). At the surface of the poly-58

meric structure the co-ordinate positions of the terminal atoms are

occupied by aquo (41-H20) and hydroxo (41-0H) groups. The relative

proportion of the aquo and hydroxo groups is determined by suspension

pH and in turn determínes the surface charge:

;

e

Thus, at any pH value, tlìere \tí11 be Present on the surface three Èypes

of sites: positÍve, negative ând neutral. There wíll be a pH at whích

the number of positive sites equals the number of negative sites when

the surface as a whole will be electrícally neutral. Thís pH value

is termed the isoelectric point - IE? (Parks, 1965) '

It is necessary jÎL Z1 sorPtion studies to exclude the PrecipiÊaËion

of Zn as zn(OH)r. ConcentraËions of zT and OH- sufficiently low to pre-

clude the ioníc concentration Products exceeding the solubility product

of Zrr(OH), were therefore employed. It is also desirable to knord the

conditions under which complex ions of Zn are fonned so that complex íon

sorption can be taken into account. From a consideration of the hydroly-

sis reactíon of z3+, the role of th" zrrOH* form appears to be insígniti-

canr, The hydrolysis constant for the z3+ io¡ it (znoH+) Gf)/Goz+) = 10-10

(Char1ot, 1954). The variation of the ionic ratío of zA+ /znolf vrith pH

as predicted from Lhe hydrolysis constant ís as follo¡¿s:

-P!
4

6

7

zi'lzîo:Ë-'

-rF
1,O'

¿,
10

1o'

_ oH ,"/*1.-----w---- \*j
-OHì -./l _

F/ | -ou u\ I _-__=r_
\l H+

or/



In acíd and neutral solutions, the ionic ratío of Z!r* /ZnOll* is so large

that it tends to preclude any significant sorptÍon of ZnOH*.

Zinc also forms complexes with the Cl ion, The ioníc râtíos of

ZICI' /Zi' íncrease urith increasing concentration of the salt solutíons.

Short ând Morris (1961) established the exístence of the complex speeies
+ n - 1-

ZnCT' , Zn1li, ZnCl3 and ZïCLî in aqueous soluríon and measured rheir

stability constants. They reporÊed the following values for 0.691 M

cl oo at zoc:
-L 

'J- - _1Kj = (Zncl')/(zi.') (cl ) = 5.3 moles ' litr".
K, = (zacLr) /(zncl+) (c1-) = 0.58 motes-l títre.
K3 = (r,ñr;) /(zr'cr) (c1-) = 0.20 mores-I litre.

')- -rKo = Qncli ) /(zncrr) (cr ) = 2.34 rnoles ' lítr..

Using these constants the percentages of ionic specÍes were câlculated to be:

Concentratíon /,11

Percentage of ionic specíes
+ - t-znCI ZnCf2 ZnCI, zncli

0.001 M

O. OI M

0.1 M

99.0

atit . o

1.0

8.87

45

0 .52

4

Values in the above table indicated that kTith the Zn and Cl concentratíons

(1.23 X 10-3 and 2,46 X ir}-3 Ìf respectively) used in rhis experiment, rhe

role of al1 Zn species except Zå+ would be insígnificant.

An adse¡p¡i6n study !¡as conducted using samples of pure Reagent Grade

re203 and 41203 obtained from Iisher scientific co. The oxides ¡¿ere x-rayed and

found to be crystalline c(-FerO, (hematite) and o(-Alro, (corundum).

Both minerals are known to occur nâturally with henatite being the most

coümon naturally occurring form of anhydrous oxide.
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Triplicate sets of 0.2g-samples of 270-mesh 4110, and Fero, were

placed in centrifuge tubes. Ten m1 of a 400 ppm Zn solution made of Reagent

Grade ZïCL, in deionízed HrO was added to â11 but control solutions. In-

creasing volumes of 0.01 N NaOH ranging from one to 12 ml were added Ëo the

tubes and the final volumes adjusted to 50 nl with deionized HrO. The sus-

pensíons were shaken for 24 hours after which Ëhe pH of the suspensíon

was measured. The suspensions rdeïe filtered iûìnedíately after pH measure-

ments using lÀfha tman number five filter paper, and the Zn, Na, Fe or Al

and Cl íon concentrations of the filtrates measured.

The proportion of adsorbed Zn whích was held in exchangeable form

r^ras measured using a second set of duplícate samples prepared in the

same manner as above except that after the pH measurements, the samples

'were centrifuged at 2000 RPM for 20 mínutes. The centrifugãtes vere

decanted into another set of tubes and saved for Zn measurements. Fifty

ml of 1.0 M BaCl^ r,Jere then added to the oxíde sediments and the suspen-
z

sions equilibrated for 24 hours r,ríth shaking. The suspensions were

fíltered and the Zn eoncentratíons of the filtrates measured. The pro-

portion of total adsorbed Zn, exehanged or displaced by 1.0 M BaC1, was

consídered to be the portion of exchangeable Zn.

Initial Zn concentraËions in all solutions were 80 ppm. Eighty

ppm r^7as chosen sínce preliminary experiments showed that no Zn preciPitated

as Zn(oH)2 from an 80 ppur Zn solution unless the pH was 7.2 or greater'

Amounts of Zn adsorbed was calculated from the difference betrdeen ZÍL corl-

centration after equilibration and the initial concentration of Zn added

(80 ppm) .

Decrease ín pH concomítant \t7í th zn adsorption revealed the release

of g* ions as a result of zn adsorption, In order to neasure the amounË of

hydrogen ions released upon Zn adsorp tion, titrat ion curves for Fe.0" and
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4110, were constructed. Aír-dried samples of Reagent Grade Alr0, and

FerO, were ground to pass a 270 mesh sieve. Duplicate O.2g-samples

of FerO. and AlnO. were treated ¡,vith increasing volumes of either 0.01 N¿) ¿J

HC1 e¡ 9.91 N NaOIi. The finat volume r¡as âdjusted to 50 ml by deionized

water and the pH of the suspension measured after tvno hours, one, four
and ten days of equilibration ín centrifuge tubes. Final pH values were

Plotted versus mill iequívalent s of HC1 or NaOH used (!'igure 5).

The quantity of H íons released on Zn adsorption r,¡as calculated from

the amount of base consumed in the reaction. The finat pH varues obtaíned

for sarnples trealed \^'ith Zn and NaOH were higher or lor¡er Lhan for non-

treated oxides in deionized HrO. The amount of base consumed in samples

treated with zínc and having final equilÍbrium pH values greater than

that for the oxídes in deionized \4rater r^ras calculated as follo¡,¿s:

meq. of base added to sample treated \riLih ZrL - meq. of base required

to incrg¿ss pH of the nontreated sample to tlte pH values of the sample

treated with Zn. The latter value was obtained from the titratlon curves

shown in Figure 5. The amount of base consumed in samples treated \^rí th

zn but having final pH values ress thân that for the oxides in distilled
water \,ras calculated as follows:

meq. of base added to sample treated \,Jith Zn + meq. of acid required tò

decrease the pH of the nontreated sarnple to the pH value of the sample

t rea Led wíth Zn.

Increase ín pH of un¿reated Fe2O3 and A1r0, with shaking time

indicated the protonation of surface A1-0 groups to AI-OH or AI_OH,

groups (Figure 5). Increase in pH wíth time was slightly grearer for

41203 thrt,F.rO, particularly at low pHts. The increase of pH decreased

ú,¡i th time and approached zero after 4 days of equilibration (Figure 5).

At Ioûer pH values protonation was favored as a result of higher H+
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ge76s+s?lolz-34567
HCI odded(me x lO-1 NoCH odded(me x lÛ3)
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ion concentration in the solution. At very low pHrs, however, the H* ion

concentration was high enough so that H* upt.ake by the nineral did not

change the pH signíficanrly (¡'igure 5). Since pH did not increase sígnif-

icantly after one day, 24 hours shaking was adopted as equílibrium time for

the Zn adsorption study,

Adsorption of Ztr by hydrated 4110, and FerO, was conducted at pH

values ranging from 6.42 to 6.92 for 4110, and from 5,93 to 6.96 for

FerO, (Table 13). Sorption increased markedly i.'i rh pH for both Fe and

A1 oxides probably due to a reduction in net positive charge and develop-

menÈ of ne\À7 neutral and negative adsorption sites on the mineralts sur-

face. Also H* from -OH, groups could be more easily replaced aË the higher

pH's. Iron oxide adsorbed Zû at a lor"zer pH thar 41203 and had a hígher

âdsorption capaeity than 4110, at equal pH values. This r^ras probably

due to the lo¡¿er isoelecÈric pH of I'er0, as compâred to A1203 (Chu, f960).

An extremely signíficant feâture Inras Èhe concomitant desorption of

H* rhen Zn was sorbed. The quantíty of H+ released was a function of

both pH and Zn adsorbed (Table 13). The molar ratío of H* released

to Zn adsorbed, increased h¡ith pH and amount of Zn adsorbed and had a

range from 1.58 to 1.87 with an average of L,7L for AIr0, and from

I.53 to 1.94 r,¡i th aÌì average of I.75 for Feror. In other words for

eaih mole of Zn adsorbed an average of about 1.73 protons were desorbed.

This agreed vrith the findings of Forbes (1973) who suggesred rhar for

each Cu (II) adsorbed on goethiÈe, 1.78 protons r,¡ere released. The

fact thaÊ this val-ue ¡¡as less than tr^'o rdas attributed to monodenËate

bondings' If Zn sorption could be vier,ied as a sÈraight surface adsorp-

tion wíth release of H* from aquo or hydroxo groups, then two H* iorrs

should be released on adsorption of one mole of Zn irL order for the

solution Èo remain electrícally neutral. If less than tr,ro H* raaa
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released as appeared to be Ehe case for this experiment, then an anion

should have been counter adsorbed to balance off the charge imbalance

caused by Zn adsorption. Chloride lias the only other anion tlÌat existed

in Èhe system ¡,¡hich could have been adsorbed. Very few or no Cl coTrcen-

tration differences !¡ere detected among the Zn treated samples. However,

v¡hen Cl concentration values were compared with control determinations a

small and unlforrn Cl adsorptjon was recognized (Table 13). Tn conlrast

to Zn adsorption ¡¿hich was highly pH dependent, Cl adsorption did not

vary r^ri th pll. The molar ratio of CL xo Zrt sorbed, however, decreased

markedly with increasíng pH (Table 13). The ratio of moles of Cl to

moles of zinc adsorbed decreased from 0.39 at lovJ pH values to 0.08 at

hígh pI{ vâlues (Table 13). The chloríde adsorbed lrith Zn night have been

adsorbed onto the same sites as ZTL or adsorbed onto separate sites.

Evidence presented here lndicâtes that Cl- ions were adsorbed onto the

same sites as Zn. Another way of regarding thís process is to assume

Ëhat the surface had a strong affínity for a cornplex species sucìr as ZnCl*.

Even though concentrations of such a species r^rould have been very 1ow

because of the lolr Zn and Cl concentrations, the removal of ZnCl+ by

the surface would have caused displacement of the solution equilibríum

forrning new complex species to be adsorbed. The affinity of the surface

for the complex form must have decreased markedly ù¡ith increasing pH

since the Cl to Zat molar ratío was always less than one. Perhaps two

kínds of sites for adsopLion of Zn existed, one with and one liithout C1
!

and the proportion of sites i^'i th cl decreased as pH increased (Tabte 13).

Decrease in the proPortion of sites r^7ith Cl míght have been dire to the

development of new neutral or negalive sites lrith an increase in pH.

These new sites r^rould have provided the Illineral r.¡ith new locations to

preferentially adsorb znz* r ather than zncL*,
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ations indícated that no Na adsorption occurred (Table 13). Concentra-

tions of Fe and A1 in solutÍon r^rere belolr the detection limit of atomic

absorPtion spectrometry. Zinc and Cl r¿ere the only ions adsorbed and H*

the only íon desorbed in measureable amounts, Thus, íf the solution hrere

'+to remain electríeally neutral, the sum of H released plus C1 adsorbed

ín nill iequivalent s should have been equal to total ZrL adsorbed in millí-

equivalents. The data (Tab1e 13) indicated that this rnras the case,

If adsorption of boËh ZnCl* and Zn2* oc.rl.red, Èhere probabfy v¡ou1d

have been two different sites and adsorption mechanísms. Since ZnCl*

is a nonovalenË cation as opposed to Zå+ which is a divalent cation, one

H* v¡ou1d have been released upon adsorption of ZnCl* and tr¡o lf øt zZ+,

In other words, if the number of moles of Cl adsorbed were subtracted

from both the moles of H* released and Zn adsorbed, the molar ratio of

the remainder of H released to Zn adsorbed should be equal to trro. Data

(Table 13) índiäated values for this quanËity rânging from 1,80 to 2.03

r"ith an âverage of I.97 ¡¿hich could be considered as stlpport for the above

hypothesis. If different mechanisrns had been involved in adsorption of
a-L J- .r-!- +Zi' and ZnCl', then Zâ' and ZnCl' vould likely have been adsorbed wiËh

varying strengths. Or, íf they r,zere adsorbed wíth dífferent strengths,

then thís r¿ould have been a reason for the different mechanisms being

involved.

?reliminary experiments indicated that only a porÈíon of total Zn

adsorbed on FerO, ancl 4110, were exchangeable by sZl cZ* "na 
u!+. these

experinents â1so shor,ned that the amount of Zn replaced by 1.0 M BaClr,

CaCl, anð MgCl2 rtere not signífícantly different and did not change wiÈh

time of extraction after 24 hours. Thus, 24 hours extraction wíth 1.0 M

BaC1, was adopled for measurement of exchangeable Zn. An interesting
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point r4ras that exchangeable Zî lrhi ch was displaced with 1.0 M BaCl2 was in

close agreement L¡Íth the proportion of sites occupied by C1- or the pro-

portion of Zn r¡hích \À'as adsorbed as ZnCl* (Table 13). The facr thar a

relatively hígh concentration of ø?+ 
^na 24 hours of extraction period

could dísplace only a portíon of Zn adsorbed and that thís portíon decreased

with increasiûg pH exactly in the same manner that the molar ratio of Cl

to Zn decreased, once more supported the hypothesÍs thaË two mecharisms

of Zn adsorpÈion existed. The first rnechanisrn 1ike1y involved adsorption
2)--r

ol Zi' arrd CI or ZnCl' along with release of one Il- for each ZnCl-. This

portion which v¡as relatively high at low pH values and decreased narkedly

as pH increased consisted of 39 to 14:l and 44 Lo 8Z of total Zn absorbed

bl AL,O., and FerOr, ïespectively (Tabte 13). Adsorptíon of ZnCl* was

nonspecific for Zn it Èhat iE could be replaced Uy n3+, cZ+ 
^na 

vtfr+,

The exact mechanísm and location of ZrlCi1t adsorption on the surface is

not clear. However, due to its lolrer positive charge "" "orp"."d to Zå+

and also its much stronger pofarity, the probability of ZnCl+ being adsorbed

onto posítive sites was better than to, Z3+. Since adsorption of ZnCl*

was accompanied !r'ith release of one H* ion, ZnCl+ adsorption cannot be

considered as purely electrostatic. This adsorption was only sigûificant

at 1ow plirs, thus it may have only involved aquo groups. This night be

considered as monodentate adsorption of Zn as described by Forbes (L973),

Consideríng the experímental evjdence presenLed here tlìe tollov¡ing mech-

anisms of adsorption of ZtCLt or the surfaces of 4110, and Fe203 r^'ere

postulaÈed:

+ ZrCl'

or zi' + c1

Fe or A1 - OH,

\
oHz

Al-OH-ZnCl+H*
\

oHz



The second mechanis¡n likety involved adsorptíon of z?n+ 
"nð, 

release of 
68

.L 1.L
thro H' for each Zi'. This portion íncreased wíth pH from 61 to 86U for

Alr0, and 56 to 927. for I'er0r, respectively (Tab1e 13). In contrast ro
-!- ')J- 

')- 
aJ- .rL

ZnCl', adsorption of zi' was specífic {or Zn írt that Cá-, øâ- and ltþ-

could not replace it from the mineral surface, In this mechanisn, Z3+

was likely adsorbed at pH values (6 to 7) belo\^r the IEP of borh 41203

and Fe203 (Kirniburgh, eL aL I9l5). Thus adsorption probably took place

despite an unfavorable electrical potential due to the large chenícal

affinity. Therefore, the Zn wâs held by strong chemical bonding. Quírk

and Posner (1975) suggested the following mechanism for adsorption of

Zñ on the goethíte surface:

2+
l- Zn J

In this scheme an olation bridge and ring structure is postulated to form.

Such adsorption can be vier,¡ed as a gro\^7th or an extension of the surface

and its propertíes would accord r,ri th the lack of reversibility of such an

adsorption. The adsorption of Z3+ r{as represented as a bridging 1igãn¿t

beLr{een tr{o neutral sites, however, Z3+ couLd be adsorbed to two positive

or a positive and a neutral site similar to the above scheme, This mech-

anism fitted the experimental evidence found for Zn specifically adsorbed

i.e, the portion which r,ras not exchangeable with B3+. Release of two H*
NL

for each Zá' adsorbed and lack of reversibility were both sholrn to be the

characteristícs of this portion of adsorbed Z3+ adsorbed on 41n0,, and FerOr,
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The source of desorbed H* coul,d have been either hydroxo or aquo groups.

Aquo groups, ho\nrever, as r,ras poslulated by Quirk and Posner (1975) were

more likely the source of H* because they were more abundant at pHrs lower

than the IE?. Furthermore, H* would have been more easily dissociated from

aquo groups than frorn hydroxo groups,

Iron and A1 hydrous oxídes revealed a trenendous câpacity for adsorpÊíon

of Z¡. Adsorption was highly pH dePendent and consisted of specific and non-

specific portions. The nonspecific portion decreased whereas the specific

porËiop increased markedly with increasing pE. Specifically adsorbed Zn

accounted for 60 to 902 of tot-al adsorption and may explaín, at leasË to

some extent, the significant association found between Zn and I.e or Al

content of some soí1s studied in the previous chapter"
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C. Reaction Producls of ZÍSO,, Z1EDTA, ZnS and ZnSO, + NH,H^pO.
-+-ztlBanded in Soils

The solíd-phase crystalline reaction products forned when Zn

fertilizers are added to calcareous and noncalcareous soil, have been

inferred, by several researchers, using solubility criteria. Hornrever,

no direct evidence, for the existence of these compounds in the soil,

hTere reported or r{7ere found in the literâture. It ís therefore of in-

terest to determine if Zn compounds could form in calcâreous and non-

calcareous soils when microregions ín soils are salurated with respecE

to Zn fertilLzet.

A method similar to Ëhat of Bell and Black (1970) was selecred ro

deternine the reactíon products of Zn compounds applied as a band, Air-

dried duplicate samples of Lakeland, Newdale, Stockton and Ptum Ridge

soils (Tables l and 14) were placed in plastíc cylinders (2,5 cm diam-

eÊer and 5 crn high) and r,retEed to field capacity by capíllarity using

distilled water, One-tenth g oÍ ZrL as ZnSOO, ZnS or ZnEDTA was placed

on the surface of the soil and the tops of the columns sealed rnrith para-

fíln. The columns r^7ere inverted and incubâted at room temperature ín

a glass container maíntaíned near L007. relative hurnidity.

In a second sÈudy, samples of Lakeland and Newdale soil r,rere treated

with both Zn and P. The procedure follor¿ed was as outlined above except

that 0.3 g phosphorus as NH4H2P04 was added and only ZnSO4 r,¿as used as

a source of Zn.

After incubation for 2,4,8, 16 and 32 weeks a very smal1 sample

of soil irunediately adjacent to the placement site was taken, aír dríed

and finely ground for powder x-ray diffraction ânalysis. The "d" spac-

ings for treated soils and soil withouË added Zn r^rere detetrined.
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spacings that occurred in the treated soi1, and not found in the soil
lrithout að,ded Za\, were taken to be those of the reaction producÈs. Some

of the "d" spacings obtâined for the soil-zn reaction products and the

"d" spacings (most intense lines) listed for these products in the ASTM

(Amerícan Society for Test ing. Materials X-ray powder datå files) are

shown in Table 15. The expeïimental values, usually r^,ith 10.03A of

the knorln values, are meâns of values obtaÍned for several anâlyses.

I'ive or six rrdrr spacings were usually identified for a particulâr

reâction product before it rdås lísted âs being present in the soil.

.A two-cm layer of soil adjacent to. the fertilizer band r,ras cut,

air dríed, and ground for pH and solubility measurements. Five g of

soil r,zas shaken in 50 ¡n1 of deionized rÀrater for 24 hours. pH \,ras

rneasured on the supernatanË, using glass and calomel electrodes attached

to a Becknaû pH meter. Zinc concentration in the filtïate was measured

by atomíc absorption spectrometry.

Reaction Products and Solubilit.y of Banded ZnSO,

Ne¡üdale CL.

Zinc hydroxide ZI(OH)" r.Tas identified as a reaction product ofI

banded ZnSOO in the Newdale soil after tr^7o and four weeks of incuba_

Èion (Tab1e 16). The soil pH adjacent to rhe ZnSO4 band ¡n¡as 6.35 and

6.60 at two and four r,¡eeks of incubation, respectively (Tab1e 17).

This agrees r^rirh rhe fÍndings of Bingham et a1 (1964) in which precip_

ítation of Zt(OH), in a H-montnorillonite occurred only when the pH

of the system was above 5.5 to 6.5 and added Zn was ín excess of the

I'THjexchange capaciry of the elay. Zinc hydroxid e Zn(OH), was not de-

tected after Eore than four ¡¿eeks of incubatíon in the Newdale soil treated

rarith ZnS04. Thus, it appears t:hax ZiL(OH) Z u,as a metastable reaction

a.

1)



T
A

B
LE

 1
5.

 "
d"

 S
pa

eL
ng

s 
(A

) 
F

or
 S

ôL
l-z

ln
c 

R
ea

ct
lo

n 
P

ro
du

ct
s*

zn
(0

H
),

7.
 s

7 
(7

.s
6)

3.
28

 (
3,

27
)

3.
 2

3 
(3

.2
6)

3.
06

 (
3.

03
)

2.
7'

1 
(2

,7
6)

2.
68

 (
2.

69
)

2.
 0

8 
(2

.0
9)

2.
0r

 ( 
2.

0r
)

R
el

at
iv

e
In

te
ns

lE
y

40 r0
0

10
0 90 60 10 10 30

Z
nC

0

3.
54

 (
3.

s5
)

2,
73

 (
2,

75
)

2.
33

 (
2.

33
)

r.
 9

s 
(r

 . 
9s

)

r.
 7

o 
(r

.7
0)

1.
49

 (
r.

49
)

R
el

aÊ
lv

e
In

È
en

si
ty

N
H

4Z
nP

0

4.
66

 (
4.

6s
)

2.
72

 (
2,

72
)

2.
76

 (
2.

76
)

2.
07

 (
2.

0i
)

2.
02

 (
2.

0r
)

r.
79

 (
r.

78
)

50 10
0 25 45 L4

Z
nS

r0
0 55 L2

A

3.
3r

 (
3.

3r
)

3.
12

 (
3.

 r
.2

)

2,
72

 (
2.

7L
)

r.
 9

r 
(r

. 
90

)

r.
 7

6 
(1

. 
76

)

r.
67

 (
r.

68
)

1.
 6

3 
(r

.6
3)

r.
60

 (
r.

60
)

r.
3s

 (
r.

35
)

R
el

at
lv

e
In

te
ns

lty

(P
o4

) 
2 

4r
{2

0

4.
83

 (
4.

8s
)

3.
04

 (
3.

03
)

2.
3L

 (
2.

27
)

r.
93

 (
r.

94
)

L,
75

 (
L.

71
)

L.
72

 (
L.

73
)

2

r0
0 4

(c
0-

)

3.
98

 (
3.

99
)

3.
68

 (
3.

66
)

2.
99

 (
3.

00
)

2.
86

 (
2.

85
)

2.
72

 (
2.

72
)

2.
64

 (
2.

69
)

2.
43

 (
2.

39
)

r.
86

 (
r.

84
)

r.
72

 (
r.

69
)

(0
H

)

50

4 2

35

2 2

20 l0 30 40

R
el

aE
lv

e
In

te
ns

ity

Z
n

(P
0

4.
 s

8 
(4

. 
s5

)

3.
0s

 (
3.

06
)

2.
71

 (
2,

78
)

2.
72

 (
2.

74
)

2.
33

 (
2,

33
)

r.
92

 (
r.

93
)

)

20 40 IO 30 60 20 70 l0 40

l0

l_
0 5

ca
Iz

n(
0H

) 
r]

 z
' 2H

2a

4.
13

 (
4.

12
)

3.
66

 (
3.

57
)

3.
09

 (
3.

 1
2)

3.
 0

0 
( 
3.

 0
o)

2.
86

 (
2.

88
)

2.
72

 (
2.

73
)

l5

10
0 l6 r0
0 2 50 10



T
A

B
LE

 1
5 

( 
C

on
tln

)

1.
s7

 (
r.

57
)

r.
69

 (
r.

69
)

LO
1.

88
 (

r.
88

)

L,
14

 (
L.

72
)

r,
7r

_ 
(.

r-
.6

9)

r.
62

 (
r.

63
)

(r
, 

60
) 
(r

. 
s9

)

1.
96

5

(2
,4

9)

(1
. 

96
)



T
A

B
LE

 1
6.

 R
ea

ct
lo

n 
P

ro
du

ct
s 

of
 Z

in
c 

C
om

po
un

ds
 B

an
de

d 
1n

 S
of

l,

A
pp

lte
dC

om
po

un
d 

In
cu

ba
tlo

n
T

ln
e

(w
ee

ks
 )

Z
nS

0,

Z
n 

E
D

T
A

2 4 I t6

S
to

ck
to

n 
N

el
¡d

al
e

2 4 I
16 JZ

Z
n 

(0
H

) 
^

zn
(o

u)
i

:

Z
nS

04
+

 N
H

4H
2P

04

2 4 I r6

Z
nS

Z
nS

¿
n5 Z
nS

Z
nS

La
ke

la
nd

 S
iL

Z
nC

0q
zn

c0
!

zl
co

,

4 8

16

Z
nS

Z
rL

S

zn
S

Z
nS

Z
nS

x-
 x*

x x x

P
lu

n 
R

ld
ge

 S
L

zn
, 

(P
oO

) 
2 

' 
4H

Z
o

Z
n^

(P
O

,)
^ 

4I
l'0

zn
'" 

(p
o1

 )l
 

¿
¡Í

o
zn

l<
po

ill
' q

ui
o

zn
;(

P
o;

)i'
 +

ur
o

* 
no

 r
ea

ct
io

n 
pr

od
uc

t 
de

te
cE

ed
.

**
 t

tu
dy

 n
ot

 c
on

du
cC

ed
.

Z
n.

 (
C

0o
) 

n 
(0

H
) 
.

rï
iIs

si
]il

si
ì:

Z
nS zn
S

zn
S

Z
nS

zn
S

N
H

, 
Z

nP
o 

,

z"
\<

ro
 ol

 ,
zr

t^
(r

O
 )

 7
zn

l (
P

0,
 )

 ^
zn

ie
oï

);
zn

i (
ro

o)
 |

Z
nS

Z
nS

Z
nS

' 
Z

nS
Z

nS
 +

 z
n.

(C
0"

)^
(0

H
),

+
 c

a[
zn

(ô
H

) 
,1

 ,"
' z

ul
o

' 4
E

zo

.' 
2H

ro
. 

¿
H

 -
n

, 
+

ü1
õ 

+
zn

co
-

. 
+

nl
o 

+
zn

co
l

X X X x x



T
A

3L
E

 1
7.

 p
H

 o
f 

S
ot

ls
 B

an
de

d 
l,l

ith
 Z

in
c 

C
om

po
un

ds
.

C
om

po
un

d 
In

cu
ba

tio
n 

S
ol

l 
P

H
A

pp
lte

d 
T

lm
e 

(l:
10

 s
ol

L 
- 

H
rO

)
(r

,r
ee

k)
 

S
to

ck
to

n 
LS

-S
L 

N
et

ld
al

e 
C

L 
La

ke
la

nd
 S

1L
 

B
!9

S
--

E
1g

C
Ê

--
q-

!-
-

2 
5,

10
 

6.
35

 
7 
,2

5 
6,

60
4 

5,
40

 
6.

60
 

7.
30

 
6.

85
zn

S
O

, 
8 

5'
60

 
6'

10
 

1'
40

 
6.

95
u 

16
 

5,
65

 
6,

75
 

7.
4o

 
i.o

o
32

 
5,

55
 

6.
80

 
7.

45
 

7,
10

Z
n 

E
D

T
A

Z
nS

¿ 4 I l6

Z
nS

04
 +

N
H

4H
2P

04

2 4 I
L6 1L

7 
,2

0
7,

 3
0

1 
.4

5
7.

10
7.

00

* 
-s

tu
dy

 n
oÈ

 c
on

du
ct

ed
.

2 4 I I6 ?,
t

6 
.2

s
6 

.4
s

6.
60

6,
70

7 
.6

0
7,

75
7 

.8
5

7 
.1

0
7.

90

X
:

X X x

7,
70

7 
,8

5

7,
70

8.
25

8.
35

8.
40

8.
 3

0
8.

30

5.
80

6,
 r

0
6.

 4
0

6,
70

6,
60

8.
 0

0
I,t

0
8,

r0
8.

00

8.
05

8.
15

8.
20

8.
r0

7.
90

7,
65

7,
80

7,
90

8,
 0

5
8,

15

7,
90

8,
05

7,
95

7.
60 X X X X x

!



77

product which persisLed only for a short period of tíme, Thís is in

agreement with the report of Krauskopf (L972). He found precipitâted

Zï(OH), to be unstable, decomposing under both natural and laboratory

condítions to zirLci:Le, ZnO. Dhillon et al. (1975) also suggested that

ZV(OH) r, formed upon addition of supplement ary Zn to soÍl, converts

into more sparíngly soluble compounds upon aging.

Reported solubility product data for ZI(OH), vary from 10-14 to

10-18 lsitt.r, & Martel 1964). However, values near 10-17 are most

frequently reported. Thus, a value of 10-17'15at 25oC frorn Sílten

and Martell (1964) was chosen for solubilíty calculations. Using rhis

value and measured pH's, Zn concentrations fol: the various incubatioì

times r4rere calculaLed and compared to measured values for Zn concentra-

tion (Table 18). The activiËy coefficient, in those calculations was

assumed to be unity. Except for the sample obtaíned after t!ùo weeks

of incubaiion in which the .measured Zn concentration \das 1or^/er than the

calculated va1ue, the measured and calculated values agreed reasonably

well (Table 18), suggesting that the Zn concentration was controlled

by the solubiliËy of ZI(OH) r. However, uncertainty regarding the solu-

bility product of Z\L(OH) Z precludes further speculation regarding the

existerce of zn(OH), beyond four weeks of incubatíon. The difference

between the measured and calculated Zn concenÈrations for the sample

obtained after two weeks of incubation indicated the soíI solution

rùas undersaturated \ríth respect to Zn(Oli) Z. However, errors involved

ín pH measurement or in choosing the solubílity product value might

have been pârtially responsible for the dífference.

SolubÍlíty of Zn (concentration of. ZrL irL the soil extract) !"hen

applíed as ZnSoO to the Ner^'da1e soil decreased r¿iËh tine, r,ith the
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largest decrease occurring during the first eight vreeks of incubation

(Figure 6). Decrease in Zn solubility may have been caused by the for-

mation of more sparingly soluble Zn compounds. Thís conforms to Ëhe

x-ray díffraction data in whích Z'(OH)2r,râs not detected after four weeks

of incubation (Table 16) indicating the possible conversion of Zn(OIl),

to other Zn compounds. The decrease in Zn solubility could also be

attríbuted to the increase in the pH of soí1 solution, causing the con-

centration of Zn ín the soíl extract to decrease: this hypothesis

is supported by the agreement t¡eE\reen calculated and measured values

of Zn concentration ín the soil soluËíon (Tab1e 18). However, both

mechanisms could have been operative,

Decrease in solubility of Zn addeð as ZnSOO to Èhe Ne!üda1e soi1,

contrary to the other soils, continued afLer 16 weeks of incubation

(Figure 6), indícating either continuous ehanges in the Zn solid phase,

or in the pH of the soil-v¿ater systen or both.

Solubility of Zn Ln the Nern'dale soil decreased more than three

fold from 350 ppm at two weeks incubation tíme to about 100 ppm after

32 weeks of incubation (Fígure 6). Nevertheless, Zn solubilíty, even

aftet 32 rreeks of incubation was much greater than for tiie untreated

soí1 (0.04 ppTn) and greaË enough such that ZnSOO would. be a good Zn

ferti.lizer. Zinc concentration in Èhe Nerardale soil solution \ías

higher, at alI incubation times than in the calcareous plum Rídge

and l,akeland soils and loInrer than ín the non-calcareous Stockton soil.

2) Stockton LS-SL

No reactíon product was detected in the Stockton soí1 treated

!.'ith ZnSO4 (Tabte 16). This was probably a rcesulr of rhe relarively

1ow soíl pH near the fertilizer band (Table 17) or due to the formation
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of a reaction product in very low concentrafion and thus not detected

by x-ray diffraction analysis. Precipitation of a new Zn solid phase

was unlikely as the treated soil exhibíted no "d'¡ spacings other Ëhan

those found in the untreated soil solubiliÈy of Zn in the Stockton

soil treated !ùith ZnSO, r^ras higher ât a1l incubation tímes than ín the

other soils, especially the calcareous Plu1n Ridge and Lakeland soils

(Figure 6). Zinc concentration ir the soil solution declíned very

sharply from 460 ppm at t\ro weeks of incubation tine to 220 ppm at

eight rueeks of incubation tine. The rapid decrease in Zn solubilíty

was probably due to boËh adsorption ând formation of neht Zn compounds.

Increåsing pH !¡ith incubation tine (Table 17) may have also decreased

the solubility oî Zrr through its Ínfluence on both ad.sorptíon aûd

solubility of nehrly formed Zn compounds, the pH as well as Zn concen-

tration in the soil extract remained relatively corìstant after eight

weeks of incubation (Fígure 6, Table t7),

Stockton LS-SL soil is non-calcareous and has a low buffer capac-

ity due to íËs coârse texture (Table 1). Consequently, Ëhe pH of the

soil decreased markedly lihen ZnSO4 r,¡as added. The pH of soil adjacent

to the ZnS04 band was 5.10 to 5.65 during incubation. PrecipitarÍon

of Zn(OH), under this pli rânge would require Zn2* .orr.".rttâtions of
tat least 2.3 x I0 pprn which is much greater than the Zn concentration

in the Stockton soil at any incubation time (Figure 6). Therefore,

ZV(OH), could not have precipitated in the Stockton soil. However,

the possÍbiliËy of formâtion of very sma1l amounts of more sparíngly

soluble Zn eompounds (not detectable by x-ray analysis) should not be

excluded.
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3) Lakeland SiL

Zinc carbonate (ZnCOr) r{as the only reaction product identified

e-fLel ZrLSO 4 had been added to Èhe calcareous l-akeland soil (Table 16).

The soil pH adjacent to the ZnS04 band uras 1.25 to 7.45 (Table 17).

This confirms the findings of Udo et aI, (1970), Hoover (1966) and

Dhillon et aL (1975) lrho suggesled ZnCo, forrned as a reaction product

i,¿hen ZnS04 was added Èo calcareous soils. Ho\n7ever, none of the above

researchers identified ZnCO, by x-ray analysis, but only inferred its

possíble precipitation using solubility criteriâ. Zinc carbonate

(ZnCor) uras detected in the Lakeland soíl after 16 weeks of incubation

(Table 16) indicating that it rr'as more stable than Za(OH), which per-

sísted for only eight weeks in the Newdale soil.

Solubility of ZDCO3 is not only a function of pH but also depends

upon the partial pressure of C0, (PeOr) in ¿he rnediurn, makíng the calcu*

lation of Zn concenËration in solution in equilibrium wíÈh solid phase

ZnCO, somewhat complicated. Critical control of ?C0, in the soil solu-

tion r{as not exercised. Ho\nrever, calculations r{ere conducted assurning

that the PCO, in the soil-r^'ater system was in equilibrcium with atmos-

pheric CO2, Dissociation constants for I1rC0, reported by Garrels and

Christ (1965) aûd the ZnC03 solubility product reported by Sillen and

Martell (1964) were used. The activity coefficients r,¡ere assuned to

be unity. Calculated Zn concentrâtions assuming equilibrium hriEh solid

phase ZnCO3 and a PCO, ot t0-3'5 (atmospheric partial pressure of COr)

are compared to measured Zn concentrations in Table 19. Measured and

câlculated values agïeed reasonably r^rell except for samples obtained

after tr^ro \reeks of incubatíon. The calculated value r^ras abouÈ tr^rice

as large as the measured value for samples obtâined afÈer two weeks



T
Ä

B
LE

 -
I9

 M
ea

su
re

d 
Z

ln
c 

C
on

ce
nt

ra
tip

ns
 i

n
Z

ln
c 

C
on

ce
nt

ra
E

lo
ns

 C
a 
lc

ul
a 

c 
ed

ln
cu

ba
tio

n
T

lm
e

(w
ee

k)

La
ke

la
nd

 S
o{

l 
B

an
de

d
A

ss
um

in
g 

E
qu

ill
br

iu
m

I

16

P
H

( 
l:1

0 
)

(s
oi

r-
ur

o)

1,
25

7 
.3

5

7 
,4

Q

7.
40

7 
.4

5

ca
lc

ul
at

ed
 u

sl
ng

 1
0-

10
'6

8 
(s

tlt
"r

, 
an

d 
M

ar
re

l 
19

64
)

va
lu

es
 fo

r 
K

sp
 fo

r 
Z

nC
o,

 a
nd

 P
co

2,
 r

es
pe

ct
lv

el
y,

W
lth

 Z
nS

O
a 

C
om

pa
re

d
w

lth
 Z

nC
o3

,

C
al

cu
la

E
ed

'*
Z

in
c 

C
o 

nc
en

Lr
at

 io
n

(p
pm

)

to

2r
,6

13
,7

10
.8

r0
.8 8.
6

M
ea

su
re

d
Z

in
c 

C
on

ce
nE

ra
tfo

n
( 

p 
pr

n)

an
d 

L0
-3

'7
 (

G
ar

re
ls

 a
nd

 c
hr

is
r 

19
65

) 
as10

, 
6

10
, 

9

r0
.r 8.
r0

9,
6

co



84

of incubation. Agreement bet!üeen calculated and measured Zn concentra-

tíons indícates that ZnC03 r{as lÍkely the solid phase controlling the

solubility of Zr ín the Lakeland soil treated with ZnSOO. Furthermore,

it shor'rs that ZnC03 exisLed at eight weeks and probably persisted

for 32 weeks even though ZnCO, was noË detected by x-ray analysis

after eíght and 32 weeks of incubation. The difference bet\,/een cal-

culaËed and measured Zn concentralions for the samples obtained after

two ¡.reeks of íncubation may have been caused by a PCO, value in the

soil solution higher Èhan that in the aËmosphere. This can happen íf

a soil-water sysÈem is shaken in stoppered bottles. Increasing pCO2

v'rould increase the concentrations of HrCOrr HCOrãnd COr= ín the calcar-
')+eous soil solution suppressing the solubilit! of ZttCO, and causing Zn-'

concentration in the soil solution Eo decrease.

Solubility of Zn ín a soil solution, in equilíbrium with ZnCO, is

also extremely pH sensitive. Errors âs large as 0.1 pH unít are quiËe

common in soil pH measurements and are large enough to result ín Zn2*

concentrâtíon ehanges of about 802. Therefore, inherent errors involved

in pH measurements could have also contributed to differences between

measured and calculated values of Zn2* 
"orr.".rtr"tion.

Solubility of Zn from ZnSOO was lo'Inrer in the Lakeland soil than in

the other soils (figure 6). In contrast to the other soils in which

there was a considerable decrease ín Zn solubÍlity between tr,¡o and 32

weeks, there vras litÊle or no vâriation in solubility of Zn from ZnSOO

in Ëhe Lakelând soil (Figure 6). This likely was caused by rapid for-

mation of ZICO 3 arLd íts persistance throughouL the entire incubation

per.i od.

Zinc solubility from ZnSoO ín the Lakeland soil \^ras relatively

1ow compared Èo the other soi1s. NeverLheless, Zn corcentrations in
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the soil solution Lrere much greater than for the untreated soil and

high enough to supply Zn to plants. Therefore, banded ZnSo* would

1ike1y be a good source of fertilízer Zn in the calcareous l-akeland

soi1.

4) ?1ur Ridge SL

Banding ZnSoO in the PIum Ridge soí1 resulted in the formatíon

of Znr(cOr),(OH)U (Table 16). The soil pI{ adjacent to the zns04 band

varied from 6.60 to 7.10 (Tab1e 17). This agrees rnrj-Ëh Misra and Tir,¡ari

(1966) who hypothesized thât under conditions of high pH and the pres-

ence of free carbonates both Zï(OH), anð Znr(COU) r(OH)U should precipi-

taÈe. Although znr(cor)r(oH)U was not detected after tvro and 32 rnTeeks

of incubation (Table 16) relaEively smâIl changes in both soil pH and

conceûtration of ZrL ín soil solution (r'igure 6, Table 17) -throughout

the incubation period iodicate that Zn5(CO3)2(0ll)U probably persisted

beyond 16 weeks of incubatíon.

Solubility product data for Znr(Cor)r(0H)U nere not found ín the

literature. However, since it is both a carbonate and a hydroxíde its

solubility would depend both on pH and PCO,. Decrease in Zn solubility

Partícularly in the first eight weeks of íncubatíon (Fígure 6) was prob-

ably due to the slÍghË increase in soil pH (Table 17), The data also

indicates that the solubility of Zn from the ZnSo4banded irt Êhe Plum

Ridge soíl was greater than in the Lakeland soil but less than in the

Newdale. The relatively high solubility of ZrL af:ueÍ 32 weeks of incu-

bation indícates thaË ZnSO4 i,rould also be a gooð, ZD fertilizer on the

Plum Ridge soil.

SolubÍlity of Zn fl'om banded ZnSO4 Í'as great enough on all four

soils to supply sufficient Zn to plants (Figure 6). Nevertheless, it
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is obvious that the availability of Zn from ZnSO4 r^rould be rnuch higher

in noncalcareous than in calcareous soíls. I'urthermore, that availa-

bility of Zn from ZnSO, r,¡ou1d be 1o\rer on fine-textured soils than on
+

coarse textured soíls, probably because of a more rapíd reaction of

Zn with soíl constituents in the fine textured soi1s.

b. Reaction Products and Solubility of Banded ZnEDTA

No reaction products were detected r^rhen ZnEDTA was banded in the

soils (Table 16). this was probably caused by Zû persisting in the

soil as ZnEDTA resultíng in lorn' concentraËions of ioníc Zn2* in soíI

solution and therefore littIe or no precipitation of Zn compounds near

the ZnEDTA band. In additíon, the greater solubility of ZnEDTA l,rould

allow it to diffuse through the soj-l such thåÈ the amounËs precipitated

in aûy partícular volume of soil v¿ould be small ând not detectable by

x-ray analysis,

Concentrations of Zn in extracÊs of soils treated wi{:h ZnEDTA \,rere

much higher than the concentrations of Zn in extracts of soils treated

r,zíth ZnS04 (Figures 6 ar'd 7) indicating that Zn probably remaíned ín

chelated forn even afíer 32 weeks of incubation (Figure 7). Thus,

ZnEDTA was suffíciently stable to hold a large portion of the Zn in

solution in spite of the high pH ând carbonate content of soils and

the affinity of soil constituents for ZrL,

Solubility of Zn from ZnEDTA was híghest ín the l-akeland soil

whereas solubility of ZrLSO 4 r,¡as the lowest in this soil (Fígures 6 and

7). Thís was probably due ro the higher stâbiliry of ZnEDTA at higher

pHts. The pH of soil adjacert to the fertilizer band \ras highest ín

the l,akeland soil rangiBg from 8.35 to 8.45 and 1o\^7est in Stockton LS

Ëo SL ranging from 7.10 to 7,45 (Table 17). This, however, conÈradicted
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the findings of Lindsay and Norvell (1969 ) i,¡ho found rhat ZnEDTA had

a maximum stabilíLy at pH 6.5 where approximately 702 of the EDTA ligand

was chelated ,Ldn zn2* .

The loss of the EDTA ligand from soil solution is thought to

result prinarily from its adsorption by soil partícles. The rate of

adsorption or fixation ís usually rapíd ínitially and decreases sharply

with time. Zinc solubility frorn ZnEDTA decreased very rapídly unÈil

eight vreeks and then became nearly constant r^7i Èh tíme (Figure 7).

This is in accordance \rith reports by Norvell and Lindsay (1969) vho

found the rate of Zn loss from Èhe reaction of ZnEDTA wiËh soil solution,

having pllrs near neutral, very rapid initía[y. Further loss occurred,

ho¡,¿ever, quile slowly and in most cases the percentage of ZnEDTA became

nearly constant urith time.

Very high solubility of Zn in soils treared wiÈh ZnEDTA srability

in soils especially after eight r^'eeks of incubation indicates that ZnEDTA

!¡hen banded will maintain high concentrations of Zn in soil solution in

both calcareous and noncalcâreous soils and thus would be excellenË Zn

fertilízer.

c. Reaction ?roducts and Solubility of Banded ZnS

Zinc sulfide (ZnS), a sparingly soluble salt, dissolved very s1or,r1y

such that ZnS persisted in the soíIs at all sampling dates (Table t6).

However, x-ray analysis sho!¿ed the fornation of Znr(COr) r(OII)U and

Ca[Zn(oH)"]"' 2H"0 in the ?lum Rídge soil aÍter 32 nreeks of incubarion5¿ Z

(Table t6).

Solubility measurements (Figure 8) revealed two distinct differences

in the solubility behaviour of ZD.S as compared to ZÛSO4 and ZnEDTA:
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i) - Concentrations of Zn in solution of soils treated hríth

ZnS were very 1or^7 as compared to soils treated r{ith ZnSO4 or

ZnEDTA. Nevertheless, it r{as at least ten times greater than

for untreated soils (l'igure 8, Table 14).

ii) - Zinc concentrations in solution of soils treated with

ZrLSO 4 or ZnEDTA decreased wíth tíme r,rhereas Zn concentratíons

in exËracts of soils treated \,¡ith ZnS increased rn'ith time

(Figure 6, 7, 8). Hor^rever, the increases in Zn concentrations

wíth tine in solutíons of soils treaËed !¡ith ZnS were Írregular,

probably due Èo pll fluctuations (Table 17), Most of the in-

creâses in Zn concentrations occurred after 16 weeks of incubaÈion.

Zinc sulfide (ZnS) has a solubiliry product of abour 10-25 lSlLt.r,

and Martell, 1964) and is therefore highly insoluble in Èhe presence

of even trace quantíties of HrS. However, under aerobic conditions

ín which HrS ís thermodynamically unstable ZnS is oxidized to soluble

compounds such as ZnSO4 rrith the release of Zn2* into soluEjon. Reports

of Krauskopf and Lindsay (1972) support Ëhis theory. They suggested

that ZnS is unstable under normal oxídízíng conditions. Formation of

znr(C0r)r(0r1)U and calZn(OH) 11, ' ZnrO in the ?1uTn Ridge soil (Table

16) and the increase in zinc concentration with {:inle in soils Ëreated

wíth ZnS (I'igure 8) are evidence for at least partial oxidatíon of

ZnS to less sparíngly soluble cornpounds. However, the oxidation re-

action was apparently slow, becoming significant only after 32 weeks

on íncubation (Figure 8), FurÈhermore, detection of ZnS by x-ray

analysis even after 32 weeks of íncubation indicated that only partial

oxidaËíon occurred. Increases in solubility of applíed ZrS Lrith time

were also reported by Mccregor (L972). He found Zn concenÈrations
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increased by about 10 ppm (on soíl basis) duríng three r,¡eeks of incubâtion

when ZnS was mixed with calcareous soí1s.

Zinc sulfj-de can still be coosídered a good ZD fertíLízer, despite

its lolr,¡ solubilíty compared to ZîSO4 and ZnEDTA. Zínc concentrations

h¡ere about Ëen tímes higher in soil solutions receiving ZnS than in

soils receiving no supplemenLary Zn. Solubility of ZnS increased vrith

time indicatíng that ZnS would maintain high Zn concentrations in soil

solutions for an extended period of time whereas solubility of Zn in

soil solution from ZISO 4 and ZnEDTA decreased rn'ith time. In addítion,

ZnS ís a less costly source of Zn fer Liltzer rhân either ZnSOO or ZnEDTA.

d. Reaction Products and Solubilíly of Z\SO, + Nli,H^pO, Banded in Newdal.e

Zinc orthophosphate (Zn3(POì2. 4H2O) r,nas derected in the Newdale

soí-L Lreated \^rith ZnSo, and NH,H-PO, at all incubatíon durations andtl 4¿4

was the only reaction product detected. In tl-re Lakeland soíl, hor,rever,

NH,ZnPo, and ZnCo^ vere idenlífíed in êddítion ro Zn^(pO,)^ 4H^0 (Table4 4 3 - 3. 4'2 -2- '---
16). These results agreed nirh rhose of Dhillon er a1, (1975), Jones

(1936) and Hossner and Blanchar (1969) who indicated thaË ZnNH4pO4 and

Zt"(PO,.) 
" 

were probable reaction products when Zn and p \{ere applied sim-5 +Z
ultaneously in a band.

A large portion of the applied fertí1izer míxture remained at Lhe

site of addiÊion even after 32 r,¡eeks of incubation. The portion which

did not move into the soil was x-rayed and ídentified as Znr(pOO)r.

4HrQ for both soils. Since that was the case even after trn'o ¡,¡eeks of

incubaÈion, it !ìay be deduced that most of Llne Zl reacted with phosphate

in the fertilizer band príor to diffusíng into Ëhe soil.

Zínc concentrations decreâsed ¡¿íth Lime in both soil solutíons

(Figure 9) whereas soil pH íncreased (Table 17). Since the reacrion
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products, particularly Znr(POO),' 4H20, persisÈed in both soils for

the totâ1 íncubation period of 32 weeks, ít may be concluded that de-

creases in Zn concentration ín both soil solutions was due primarily

to íncreasiDg pH, Zinc concenËrations ín the Newdale soil solution

h¡ere about 100 fotd higher than in rhe Lakeland soil (Figure 9). This

was probably due to the large differeDce in pH between the two soils

(labte 17), Decreases in Zn concentration vith tine rnrere initially

sharp in bofh soil solutions. IìoraTever, âfter eight r^reeks of íncubation

zinc conceotratíon in the soil solutíons became relatively consLant

r^7ith time.

CoÐcentïation of Zn ín a solution ín equilibriurn wiËh pure solid

phase Zno(Po/ ). ís governed only by the pI{ of the system. Howeve.r.,J +¿
application of orthophosphates to soils results in formâtion of various

phosphate conpounds. Racz (1966) Ídentified CâHPO4 . 2HrO and MgHpOO

3H"0 in soÐe Manitoba soils treated r^rith orlhophosphate. Tlìe concentra-

Èion of phosphorus in soil solutíon would be governed by the ûiost sol-

uble compound, such as MeilPoO 3ltr0. The preserce of phosphate ions

from the dissolutíon of the calcium and magnesium phosphates would

affect the solubility of Znr(POO), through the coÍunon ion effect.

Due to the conInon ion effect, ealculation of Zn solubilíty in soils

Èreated with boËh Zn arld P lrithout knowing the concentratíons of the

varíous phosphate species \ras not possible.

ft is interesting to note the concentrations of. ZÐ in the solutíon

of soí1s treated \,rith botlì ZrL aîd ? were much less than for Èhe soils

treated only with Zn (Figures 6 and 9), this indicates rhar phosphate

fertilizers applied with Zn fertilizers such as ZnSO4 may decrease Ëhe

solubility of both Zn and P. However, although depression ín Zn avail-

ability occurred ín these experÍments., concentration of Zî irrl solution
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of soils treated r,rith both Zn anð p were still much greater than untreared

soíls (Figures 9 and 14),



V. SUMMARY AND CONCTUSIONS

Sphalerite (ZnS), hemirnorphìte (ZnO(OH)ZSiO7 Hr0) and rn'jllo jLe

(Zn"Si0.) have been postulated to occur in soils as natíve Zn compounds,

In order to test this postulation, Zn concentratíon in saturated solu-

tions of these minerals adjusted to vârying pH values was compared with

the coneentration of Zn in soíl solutíons âdjusted to equivalent pH

values. Concentratíon of Zrr ín solution fron these minerals particu-

larly hemiuorphÍte and willomite were much greater than the concentra-

tion of Zn in soil solutions índicating that these minerals !/ere too

soluble to persistin soíls as solid phases. Although the solubility

of sphalerite was much less than Ëhat of hTillomite and hemimorphite,

the solubilíty of sphalerite rias stil1 much greater than that of soil

Zn. SphalerÍte ís also unstable under the oxidizing conditions normally

prevaí1ing in soils and converts to more soluble compounds upon oxida-

tion. Furthermore, when ZnS was banded in soiIs, Zn concentration in

soluÈion of all the soils iBcreased. Thus it appears that ZnS does

noÈ exist as a solid phase ín soil,

Acidificatíon of the soils resulted in the release of both ¡'e and

ZrL. Release of relatively large amounts oÍ Zn, at about the sâme pH âs

Fe suggested a possible association of Zn lnri til Fe oxídes or other oxides

in the soil.' In order to investigaÈe the associatíon of Zn \^rith these

oxides, eight soils in Manitoba, varying in texture and in amount of

clay movement were analyzed. Percent sand, silt and clay as well as

total content of Ie, Al, ll::r and Zn r^rere measured in every horizon of

each soil. StatisticâI analyses were conducted to correlate total Fe,

Al, Mn and Zn concentrations and particle size distribution There

were highly signifieant correlâtíons bet\n'een total Fe, Al or clay cortent

and Zn concentratíon (¡ = 0.86, 0,95 and 0,91, respectively). Zinc rn'as
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also significantly correlated with Fe and Al concentration \^rhen the

clay size fraction r^ras very low or absent.

Sirnilarities between concentration versu s pH diagrams for Zn and

Ie suggested an association bet\deen Zn and oxides of Fe. The statis-

tical correlation analysis supported this hypothesis. Nevertheless,

a more direct approach was requíred to confirn the above findings.

The more direct approach included two extraction metlìods both of which

r^7ere conducted on the four soils studíed in the acidification experiment.

Exchangeable Zn, Fe and A-1 ¡n¡ere measured after extraction with a solutíon

of 1M KCI + 0.01 M Na2EDTA. Except for the Plum Ridge soil, the ex-

changeable Zn was smal1 ând constituted only a snall proporÈion of the

total soil Zn conceûtration (5.3% in Stockton, 2.67, j.n Newdale, 1.12

in Lakeland ar,ð. 267 in the Plum Ridge soil). The soils rarere extracted

I'ith a solution of oxalic acid * NH4-oxalate (pH = 3) in a second study.

oxalate extraction removed amorphous inorganic Fe and A1 and organic

complexed Fe and Al from soils. Large quantítíes of total ZrL (6LZ ín

Stocktor, 45% in Newdale, 5IZ ín Lakeland and 1LZ in the Plum Ridge

soil) were extracted along with Fe and Al indicating, once more thât

Zn ivas ín some manner assocíâted wíth oxides of Fe and A1 in the soíl.

I'ollowing the establishment of an associatíon betuTeen Zn and oxides

of Fe and Al in soils, studies urere conducÈed to investígâte the mech-

anisrn(s) of this associatíon. The retention of Zl by oxides of Ie and

A1 (Fe"0, and 41,,0.) was studied in aqueous nonbuffered systems. Sarn-¿J ¿5

ples of finely ground ÏerO, and 4110, r,rere suspended in 80 ppm Zn solu-

tions adjusted to pH values varying from 6,0 to 7.0. The suspension

pHrs were measured after 24 hours equilibration and Zn concentratíons

r¿ere measured in the filtrates. Adsorption of Zn by hydrated 41203

and Fe"0. was highly pH dependent and increased markedly r^ri th increasingz3
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pH. Fer0, had a higher Zn adsotptíon capacíty at equivalent pH values

than A1r0r. An ínteresting aspect of Znâdsorptionwas the. concomitanË

release of H* ion upon Zn adsorptíon. The molar râtio of H* release

to Zn adsorbed increased hrith pH from 1.53 to L.96 wíth an average of

L.73. In oÊher words, an average of I.l3 moles of H* was released for

one mole of Zn adsorbed. The fact that thís value was less than t\üo

indicated thaf another anion \^ra s counteÏ adsorbed. A small and uniform

amount of Cl r¿as found Êo be adsorbed aË all the pH values. Decrease

ûríÈh pH of Gl to Zn molar ratio, coupled r^,i th the decrease in exchange-

abíIity of adsorbed Zn rdith Ba2+ províded evidence for postulation of

two mechanisms for Zn adsoption, namely, specific and nonspecífie Zn

adsorption. The specific adsorption involved adsorption of zn2* species

and release of Èwo Ii* ions for each mole of Zn adsorbed. Thís portion

vras not exchangeable r¿ith Ba2* and accounted for 60 to gOlZ of LotaI zrr

adsorption. A binding mechanism for specifically adsorbed Zn \^ras pos-

tulated and was as follows:
OH

r" ot at/ ott^
/
\ Al- 0H^
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OH

p" ot xZoH
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o/zn 
* 2H
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The nonspecific adsorption of zn Ínvolved adsorption ot ZnCLt o, Zn2*

plus Cl , probably onto the same síte and the release of one H* ion

for each mole of Zn adsorbed. This portion of Zn adsorption accounted

for 10 to 407" of Lo:uaL Zn adsorbed and decreased markedly with íncreas-

ing pII. The binding mechanism for nonspecífically adsorbed Zn rdas

thought to be a monodentate type of bonding and could be represented as:
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As was demonsËrated âbove, surface aqua (-oHr) and hydroxo (-0H)

groups r¡rere believed to be involved in Zn ådsorption. Lack of rever-

síbilíty as r¡ell as iricrease in adsorption u'ith increase in pH of the

medíum are both characteristics of Zn fixation in soils. Thus, it rn'as

speculated that specifíc adsorptíon of Zî may be responsible, at leâst

to sone extent, for frequently reported fixation and unavailability of

added Zn to soils.

The role of I'e and A1 oxides in controlling Zn solubiliËy ir soils

and rnechanism of adsorption or fíxation of added Zn was partíally in-

vestj-gated. Hornrever, when very large amounts of zn are applied Ëo soil

or when microregions irl soil are saturated wíth Zn, such as a band or

point source of applicarion, formation of nernr Zn solid phases, ín addi-

tion to adsorptíon and fixation, are very 1ike1y. The identification

of these new phases and studies of theír chemícal properties such as

solubility and stability are very important in formulating agroromíc

prâctices for zn fertílizer applícation. Therefore, a reaction product

study using four Zn compounds and four soils was conducted. ZISOO,

ZnEDTA, ZnS and ZnS04 plus NH4H2PO4 were banded in Stockton, Newdale,

Lakeland and Plum Ridge soíls and incubated for 2,4,8' 16 or 32 r¿eeks.

The solid-phase Zn compounds formed in soíls were identified using x-ray

diffraction analysis. The solubility of Zn in soil adjacent to the

fertiLízer band was deternined by measuring the Zn concentration ln

soil-water extracts, The reaction product in the non-câlcareous Nern'dale

soil treated wiËh ZnSoO was Zn(OH), which ¡¿as Tretâstable and persisted

for only a few weeks. znso4 nås precipitated as znc03 in the calcareous
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Lakeland soil and as znr(COr)r(Otl)6 in tbe calcareous plum Ridge soil.

BoËh these compounds persisted for 32 weeks or more. No solid-phase

reaction products \^rere detected in the Stockton soil treated with ZnSO4.

This was altríbuted to the 1o\r pH of the ferLllizer band and/or to the

lora' concentration of the reaction product formed. No solid-phase crys-

lâlline reaction products \7ere detected when ZnEDTA uras banded in the

soils. This was probably caused by Zn persisting in the soil as ZnEDTA

resulting in low concentrations of ionic Zn in soíI solutiôn and tbere-

fore little or no precipitation of Zn compounds near the ZnEDTA band,

ZnS, a sparíngly soluble salt, dissolved very slowly such that ZnS

persisted in the soils aÈ all sanpling dates. Horn¡ever, x-ray analysis

showed the formation of Znr(COr)r(0H)U and, Ca[Zn(OH)rJ, . 2H20 in rhe

PIum Ridge soil after 32 weeks of incubatíon. Zn, (POì2. 4HZ0

was detected in the Newdale soil treated wiÈh ZnSOO plus NH4H2PO4 at

all íncubation times and was the only reaction product detected, ln

the Lakeland soil, however, NH4Zn?O4 and ZnCO, ¡,¡ere identified in addition

to znU(PA 
O) 

,, - 4H20 .

Concentrations of ZrL in rnTat er-ext rac t s of the Stockton, Newdale and

Plum Ridge soils treated wíth ZnSO4 decreased rÀrith tíme, with the largesÈ

decrease in solubility occurring during the first two to eight ureeks

of incubation. The concenËration of Zn from applied ZnS04 in Êhe câl-

careous soils wås less than in Èhe noncalcareous soils. Concentrations

of Zn ín extracts of soils treated r,rith ZnEDTA were much higher than

concentrations of Zat in extracts of soÍ1s treated with ZnSoO. Concen-

tration of Zr ín solution of soils treated with ZnS were very low as

compared.to soils Ëreated \^,i th ZnSO4 or ZnEDTA. Nevertheless, it r¡'as

at least tenfold greater than for untreâted soi1s. Zinc concentration

in the soils treated wíth ZnSOO and ZnEDTA decreased with time whereas
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Zn concentration in extracts of soils treated wÍth ZnS increased h¡ith

time. this was atrributed to the partial oxidation of ZnS to less

sparingly soluble compounds. lt is interesting to note thaË the con-

centration of Zr ín the solution of soils treated with both Zn and

phosphate were much less than for soíls treâted orly rdíth Zn. llow-

ever, allhough the addition of phosphate decreased Zn solubility, con-

centrations of Zn ir-r solutions of soils treated r^ri th both Zn and P

r,Jere still much greaÈer than in untreâted soils. The concentration

of Zn in all soils treated with Zn lrere greater than in untreated

soils indicating ZnSo,, ZnS, or ZnEDTA r,¡ould be good Zt fertíILzers-4

when banded in soils.
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