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ABSTRACT

The kinetics of leaching of phosphate has been studied on undistributed
columnsof akaline soil (pH =8) of Kotaregion of Rgjasthan India. Na,HPO,
has been taken as source of added phosphate. Initial leaching rates (LR )
have been calculated using Latshaw method and linear power from equa-
tion (LR, = k [PO, *]*®) has been derived for dependence of LR, on
|eachabl e concentration of phosphate present initially in the column during
leaching. Various extractions viz. sodium bicarbonate, sodium oxalate, so-
dium citrate and water have been used to study leaching. Detailed kinetics
has been followed with 0.5 M NaHCO, asextractant. Changein water filled
porosity, 0, cm?® cm® of the column has not affected LR, . Anincreasein
temperaturein therange 25-50°C increased LR | . Experimental dataon fit-
ting on various kinetic model s showed zero and first order kinetic modelsto
be most suited while parabolic diffusion and elovich equations were re-
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INTRODUCTION

Leaching,one of themost important physical pro-
cessesresponsiblefor migration of soil nutrientsand
pollutants, occurseither by activetransport or passive
permeation accompanied by diffusion of energy and
matter through soil matrix. Theleaching rates of salts
arebasically therelative mobility or fluidity of water
adongwith salt movement asdiffusion of satisnot pos-
sblewithout diffusion of water in saturated soils. One
of theworst consequenceof leaching from polluted sites
aswell asfrom over fertilized agricultural fieldsduring
irrigation, rain eventsand water percol ation iscontami-
nation of subsurfaceand ground watert¥. Leaching may
depend on macro porosity in soil@ aswell aslaminar

flow of water in cracksand channelsfoundin soilg3. It
isalso reported to further depend on soil quality, ap-
plied water quaity, ionexchange”, sdt solubility, initia
water content of soil®, pH® and temperatureetc. in
varioustypesof soils.

To meet the ever-increasing demand of thefood
supply, application of chemical fertilizershasbecome
eminent for higher yield and better quality inthe present
agricultural system adopted al over theworld. Appli-
cation of fertilizersin excessto the crop demand be-
comesacurse for theground water eventually in a-
most al typesof agricultural soils. Transport of phos-
phatefrom over fertilized soil hasalso beenreported to
causeeutrophication of lakesand estuariesbecauseeven
alittleamount of 20-30 mg/| of phosphatein surface
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runoff can stimulate phytoplankton growth”8., Inorganic
phosphates such asmono and diammonium hydrogen
phosphate, tri-cal cium phosphate, super phosphate,
calcium metaphosphate etc. arewiddly applied asfer-
tilizersand overfertilisemost of theagriculturd landin
devel oped countries®l. Besidesthat inorganic phos-
phatea so occur naturdly insoil asrock phosphatefrom
disintegration of rocksand minerals. However, in agri-
culturd fieldsonly aportion of inorganic phosphatere-
mainsin thelegand exchangeableform whiletherest
may bereleased by dissolution™, Organic anionsca
pable of forming stable complexes™ with Al and Fe
and on minera surfaces' arereported to reduce sorp-
tion and rel ease of phosphatefor leaching from sorbed
and insoluble phosphate pool. Thesolubilisation of in-
organic phosphate occursdueto microbia production
of organic and inorganic acidswhich effectively dis-
solveinorganic phosphate and render itsavailability to
theplants. In soil water, many soil microorganism pro-
ducelactic, glycalic, ditric, formicand aceticacidswhich
can solubilizeinsolubleinorganic phosphate such as
tricalcium phosphate*®. Number of other organic ac-
idsincluding 2-ketogluconic acid which arefoundin
soil and act as effective chelating agent capable of
complexing with Ca, Cu, Ni, Mn, Feand Al saltsof
phosphate resulting in sol ubilisation of phosphate.

Many previous studiesre ated desorption of phos-
phatefrom soil to availability of plant roots and phos-
phate desorption to soil propertied'**". Sharpley et
al ' hasrel ated phosphate leaching to soil chemical
and mineraogica properties, soil phosphatelevels, ag-
riculture management!*®, |andscape position*9, cli-
mate?® and pH® has shown that an increasein soil pH
may decrease phosphate retention in soil thereby in-
creasing phosphateleaching.

From the point of view of environmental quality, it
isimportant to understand the kineticsand dilution ef-
fectsof phosphate release from soils of overland flow
and runoff waters. In earlier studies, kineticshasbeen
applied asan effectivetool to study heterogeneous soil
liquid reactions accompani ed by transport processes
such asdisplacement of soluteand sorbateintheliquid
phase, solid phaseand at theinterphase?+?2. To study
thekineticsof adsorption and desorption of phosphate
insoil, different techniques such asmiscibledisplace-
ment!3, pressure jump relaxation?!, mixed batch®
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and flow method?®! have been used.

In the present investigation, a new and simple
method has been found out to generate linear power
form equation to represent leaching kinetics of three
different phosphate saltsviz. NaHPO,, KH,PO, and
Mg,(PO,), indkainesoil of pH 8. Initid leaching rates
have been determined using plain mirror method” dur-
ing column studies. Effectsof water filled porosity, tem-
perature, concentration of leachable satsand extractants
havebeen studied in details. The suitableexpressions
have been derived to represent leaching kinetics. In
addition variouskinetic modelswere a so applied to
justify our experimentd results.

MATERIALAND METHOD

Theclay loam soil collected from Kota, anindus-
trid city of Rgjasthan, India, wasdried and sieved for
uniform particlesize (53> r). Threedifferent phosphate
sdts viz. Na,HPO,, KH,PO, and Mg,(PO,), were
taken for leaching studies. Phosphate was analyzed
spectrophotometrically?® at 675 nm . The concentra-
tion termsdetermined in mg/l inleachates were con-
verted into mg/kg in soil during kinetic work. All the
solutionswere prepared in deioni sed water.

Procedurefor leaching studies

Glasscolumnsof 20 x 3cmd. Surrounded by glass
jacket of continuoudy flowing thermogtated water, were
used to study phosphate leaching. 60 g soil of pH 8.0
and of particlesize (53> r) was gently packed at wa-
ter filled porogity 0.42 cmcn®. Theleachate porevol-
umewas determined using equation (1).

Pv=qt/ev 1)
Where g =volume of the effluent collected per unit time, i.e.
flow rate, 6 = water filled porosity cm?® cm3, v = total volume of
the soil column

A fixedvolume of aqueous salt solution (Sug) with
desired anion concentration was added at the top of
thesoil column and allowed to get adsorbed uniformly
for 24 hrs, after which the columnswere continuously
leached with deionised water or with other extractants
asper requirement of the study. Theflow ratewasmain-
tained to 2+0.5 m1/10min.. The leaching was carried
out till the soluble anionswere compl etely removed.
Then the soil of the column wastransferred into the
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beaker in aknown volume of extractantsand stirred
for 2hrs. Theion concentrationwasfurther determined
inthefiltrate of thesoil suspens on to ensurethe com-
pleteremoval of solubleionsfrom thesoil inthecol-
umn. Thetota leached concentration wastaken equal
to thetota leachable concentration presentinitidly dur-
ing leaching (i.e. concentration at t = 0) during each
kinetic run. The concentration of anionswere deter-
minedinleachatescollected periodicdly a aninterval
of 10minutes.. Initid leaching rateswere caculated and
theresultswere also applied on variouskinetic models
to establish the nature of leaching kinetics of water-
soluble Na, K and Mg salts of phosphateions. The
concentration termsused for presenting theanaytica
resultsare:

[PO7], = Total leachable concentration in mg/kg present
initially

[PO}], =Leached concentrationin mg/kg at timet

[PO]],  =[POS]-[ PO/,

= Leachable concentration in mg/kg remaining

attimet

[PO,*],, =Concentration introduced / added in the soil
column

[PO}], =Leachable phosphate present naturally in

column soil is=0.6mg/Kg

TABLE 1. Changein maximum leachable content, [PO,*],
with changein NaHCO,Conc. in extr actant water at 30°Cin
unadded columns,soil = 60g

S. no. NaHCOzg mol/ | [PO,* ], mg/kg
1 0.00 157
2 0.01 7.57
3 0.50 9.86
4 1.00 9.46
5 2.00 9.21
3
3

0 1 2 3
Pore Volume, Pv
Figurel: Variationin [PO,*]t/[PO *]i withno.of pore
volume of effluent on soil column at 30°C ; Soil =30¢; q=
0.86 cmcm’®

Breakthrough curvesof leaching

Breakthrough curvesobtainedin thisstudy supports
previousviews? (Ddd 1974) that in undisturbed natu-
raly structured soil only partial displacement of resi-
dent water and sol ute by incoming water and solute
occurs. Figure 1 giveschangein [PO,*], /[PO,*]i with
number of porevolumewhich estimate changeinthe
volume of soil water with time participating in solute
transport.

Barrow™ hasreported that the porevolumeof the
effluent dependson theflow velocity andinitial wetness
0 of thesoil column, but inthe present case, avariation
of 6 from 0.36t0 0.63 cm?® cm® showed no significant
changein [PO,*]i and LRobs. Thisisprobably dueto
comparatively higher adsorption of phosphatein soil
columnthenleaching at various added phosphate con-
centration. Jardine et al . has also studied the effect
of 6 on Mgleaching and showed that leaching of sdltis
accompanied by diffusion of adsorbed/ desorbed salt
into the extractants volume present in themacraoscopic
poresof thesoil column. Higher istheadsorption, lesser
will bethe effect of 6 on leaching rates as shown in
figurel.

RESULTSAND DISCUSSION

Alkadine soil hashigh adsorption capacity for dif-
ferent phosphate salts. Henceto extract phosphorus
various extractants such as NaOH®!, Na,CO,*7,
H,SO,*, oxalate, formate and citrate™ and bicar-
bonate® were used previoudly. Inthisstudy, NaHCO,
was used to study theleaching kineticsof phosphate The
val ues of maximum |eachable content [PO,*], by dif-
ferent concentrations of NaHCQO, in extractant solution
in60g soil a 30°C aregivenin TABLE 1.

Theleaching kineticswasfollowed using 0.05M
NaHCO, asextractant, becausethis concentration was
foundtoleach maximum [PO,*], . Higher desorption
of phosphateby HCO, ionsin alkaine soil may occur
either dueto direct dissolutin of phosphatewith HCO,
ionsor dueto production of OH-ion by hydrolysis of
HCO, ionsfollowing equation(2).

HCO, +H,0—>HCO, +OH- )

OH- ionsrepl ace phosphateionsfrom Caand Mg
saltsdominantly present in the experimentd soil.
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Initial leaching rate

Initial rateof leaching, LRobsrepresent therate of
changeinleachable concentration, [PO,*] withtimet.
TheLRobsiscal culated for various added phosphate
concentrationsin therange 10-80 mg/kg for all three
sdts. Theinitial rate plotsarestraight lines.From the
dopeof straight linesLRobswerecalculated. Thede-
pendence of LRobson[PO,*], showsthat the LRobs
valuesincreasewithincreasein [PO,*] . Thelog-log
plotsof [PO,*]i and LRobsindicated afractional or-
der (>1) in[PO?]i. Theleaching rateswerefoundto
fitat following ratelaw-

LRobs=[PO,*]in

Thevauesof k, n, r2and SEE for thethree phos-

phatesatsaregiveninTABLE 2.

Effect of extractants

Low mol. wt. organic acidssuch assodium oxalate
(di-carboxylic) and sodium citrate (tri-carboxylic) were
found to affect phosphate dissolution. Resultsaregiven
inTABLE 3, which showsthat oxaateand citratewere
found to have low release of phosphate ions than
NaHCO, but higher than water. TABLE 3 Changein
[PO,*],and LR for various Our resultsarein accor-
dance with the studies of Kuo et al.?® and Kuo and
Lotse® who reported that the rate of phosphate des-
orptionisaffected by low mol. wt. organic anionsand
found to befaster in EDTA than formate and citrate.
Most of the phosphatein alkaline soilsis associated
with Caand Mg metalsto which formateand citrate

TABLE 2: Thevaluesof rateconstant (k), order (n) and cor-
relation parameter s(r2and SEE) for different phosphatesalts

Salts --->

par ameters NazH PO4 KH 2PO4 M O3 (PO4) 2
10% 5.2 12.3 8.4
n 1.3 1.2 1.2
r2 0.902 0.998 0.980
SEE 0.0013 0.0009 0.0015

*Unit of k is mg'" kg™is?
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can effectively chelate and henceincrease phosphate
leeching.

Temperaturedependence

The effect of temperature on [PO*], and LR
was studied in the range 25°C - 50°C at fixed
[PO,*] , of 200 mg/kg. Results shows that with in-
creaseintemperature, adsorption of added phosphate
isreduced and solubility and leachingisincreased. Bar-
row ! hasal so given three effects of temperatureon
thereaction between inorganic phosphate and soil in
which phosphate was present (a) in solution, (b)
adsorbedinequilibriumwithsolutionand (c) firmly held.
When neither adsorption nor desorption occurred the
phosphate concentrationin solutionincreased withtem-
perature (5-38°C).

In our experimental conditions, asthe desorbed
phosphate was continuously removed from the macro-
poric water through leaching, increasein temperature
has increased solubility of firmly held or surfacial
adsorbed phosphateremarkedly, increasing equilibrium
phosphate concentration in soil water whichresultedin
higher LRobsand [PO,*], valuesfor al three phos-
phatesdts. Thusthe phosphateleachingin our soil con-
ditions can be attributed mainly to the formation of
soluble complexesrather thanto thetrueion exchange
withinthesoil matrix.

The effect of temperature on Na,HPO, leaching
wasexaminedin detail by applyingtheArrheniusequa-
tioni.e. k =Ae®R ontherate constant data. A plot of
log k vs 1/T yielded astraight line from the slope of
which activation energy Eawas ca culated to be 22.052
Kj/mol [SEE=1.032].

Effect of co-cation

Thesizeof co-cation attached to the phosphateion

hasinfluenceditsleaching. Figure4 depictstherdation

between LRobsand radii of the co-cation.
L Robsvaluesdepends upon theradii of hydrated

TABLE 3: Changein[PO,*] and LR for variousextractants

Blank Na,HPO,

KH,PO, Mgs(PO,).

3 3 3 3
Extractants  [POF] 0 LR% [POSY 10 R (PO 1 CRes [POSY T OVl
mg kg™ mgkg-s mg kg™ mgkg-s mg kg™ mgkg-s mg kg™ mgkg~s
H.O 2.15 25 4.17 3.9 3.78 4.6 2.92 2.6
Sodium citrate 6.84 6.9 5.61 6.8 4.26 2.1 3.62 31
Sodium oxalate 5.09 4.6 7.93 9.3 12.63 4.2 6.5 4.2
Sodium bicarbonate ~ 7.53 25 9.97 19.6 16.9 4.8 8.6 5.3
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TABLE 4. Averagevaluesof r2 SEE, and sopefor different kinetic modalsapplied on Na,HPO,,KH PO, and M g,(PO,) leaching

dataat different [PO 2] at 30°C

Salts Na,HPO, KH,PO, M gs(PO.),
Kinetic Models r’ Slope  SEE r? Slope SEE r’ Slope SEE
Zero order 0992 -0.002 0276 0.979 -0.003 0.427 0.993 -0.003 0.263
First order 0.962 0.00045 0.131 0959 -0.00024 0.076 0975 -0.00027 0.066
Elovich equation 0.944 3.941 0.701 0.935 4.204 0.811 0.932 4.073 0.807
Parabolic diffusion 0.921 0.147 0.967 0.921 0.159 1.06 0.916 0.152 1.032
) soil ratio, W, with P, the initial amount of desorbable phos-
o 3 . phate present in the soil and K, o and B are constants for a
-g Aou Mig2+ - K+ given soil. Linear power form equation used by usisdifferent
g Na+ in the manner that it include initial leaching rates but not the
[92] e ey
g initial amount of desorbable phosphate.
L & v o T© = I Thisequationismoresuited to our soil conditions.
40 60 B0 100 120 140 160 Besidesexperimentd resultswereasofitted tothe pre-
Size,pm

Figure4: Changein LRobswith sizeof cation at afixed
[PO,*]i =16 mg/kg at 30°C

ion, smaller isthesize of thecation, larger will bethe
radiusof itshydrated ion and lesser will beitsmobility.
Thesizeof thecationisintheorder K*>Na" > Mg+
andtheradii of hydratedion K*< Na" < Mg Hence
the LRobsfor salts should follow the order same as
that of radii of cation but itisinthe order KH,PO, >
Mg,(PO,),>Na,HPO,. Astheakalinesoil wasrichin
Caand Mg, unavailability of Mg adsorption siteson
the soil surface resulted in higher desorption rate of
Mg,(PO,), than Na,HPO,. Leachingrate of KH,PO,
wasfound highest because of smallest sizeof hydrated
K*ion.

Application tothekinetic models

Mogt of theearlier gudiesonkineticsof phosphate
desorption from soil found that rel ease of phosphate
deviatefromfirst order kinetic reaction and described
better by ahigh order reaction®!. Barrow!*s used the
framework of Freundlich equation and devel oped ki-
netic model for desorption incorporating power form
equation. Heexplaned that parameters of themode' s
depended upon thelength of theincubation period a-
lowed addition of phosphate to soil and the start of
desorption further. Chien and Clayton* described
desorption of phosphate by modified form of Elovich
equation. Sharpley! presented avery simplemodel
for therelease of phosphateto water
P,=KP_ taW?

Where P, = amount of phosphate desorbed intimet at a water

vioudy explained conventiond kineticmodds Average
valuesof dope, r? and SEE aregivenin TABLE 4 for
different concentrations of [ PO, ], for thethree phos-
phate salts. Itisclear from the TABLE that leaching
followed zero and first order kinetics.

Thefirst order kinetic model wasused to describe
release and sorption of phosphatein soil by Chienand
Clayton1(1980). For the slow rel ease of phosphate
asinduced by anion exchangeresin, aparabolic diffu-
sion equation*4(Cooke 1966) and atwo constant rate
equation? (Daa 1974) werefound to describereac-
tion rates satisfactorily. Onken and M atheson1(1982)
evaluated elght kinetic modelsfor dissol ution rate of
EDTA extractable phosphate from the soil and inwhich
two constant rate equation, elovich equation and dif-
ferential rate equation werere ected, whereas zero or-
der, first order, second order, third order and parabolic
diffusion equationsgaverelatively higher valuesof r?
and low vauesof SEE. Theseresultsindicatethat sev-
era kinetic modelsmight be used to describethedis-
solution of phosphate from soils and any one model
can not befitted to describe the phenomenon of phos-
phatedissolutionfor different soils.

CONCLUSION

Thispaper demonstratesanew method of studying
leaching of phosphateinwater saturated soil conditions.
In this study phosphate |eaching was studied using
extractants such asNaHCO,, sodium citrate and so-
dium oxalate. Carbonate and bicarbonate ions are
present intherain water, ground water andinirrigation
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water. Theresultsexplain theeffect of HCO, ionson
rel ease of phosphatein soil and itsdownward trans-
portation to subsurface and ground water.

Thisstudy suggeststhe applicability of initial rate
method and devel opment of linear power form equa-
tionsto represent theleaching kineticsof phosphatein
dkainesoils. It d so showsthat unleachable phosphate
sdtspresent insoil may dso start leechingwithincrease
in soil temperature. Therate of leaching isaffected by
relativemovementsof ionsand Size of the attached cat-
ion.

Our method can beappliedintheagricultura fields
aswell ason other phosphate enriched sitesfor calcu-
lating therate of leaching at any point of time. Thefind-
ingsof the present research study areof vital agro-en-
vironmentd s gnificanceinunderstanding migration of
sdtsinwater saturated soilsandinrelated environments.
Thiswork hasaso devel oped an analytical approach
minimizingthetheoreticd calculationsdescribedinmany
previous mode sfor phosphatetransport in soil.
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