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ABSTRACT

ADSORPTION OFF PHOSPHORUS BY FIVE MICHIGAN SOILS
UNDER ANAEROBIC CONDITIONS

By
Mancowetaya Srisen

Chemistry of P in flooded paddy soils, in lakes and in streams is
important for rice cultlvation in Thailand and for the control of P
level in natural waters in the United States as well as other parts of
the world,

Flooded solls as well as alr dried solls can adsorb applied P
from dilute solutions, Tt is known that P availability will increase
upon flooding,

This study was designed to investigate the behavior of P adsorption
by Michigan solls under anaeroblc conditions and to examine the Langmuir
adsorptlion isotherm as a method of evaluating P adsorption by flooded
solls,

Five Michigan solls varying in chemical and physical propertles
were used for the laboratory study. The anaerobic chamber with 10% H,
and 90% Nz atmosphere was used to keep the flooded solls under anaexrobilc
conditions.

Preliminary studies showed that alr drled soils adsorbed more P
from 0,01 M Ca012 than from a water solution, At high P concentration
s0lls adsorbed more P from the 0,01 li Ca012 solution where it was
adjusted to pH 6 than when pH was not, The P adsorption reaction in
0.01 i1 CaCl,, for both adjusted and unadjusted pH treatment, reached

equilibrium faster than in water solution treatment,



Manoowetaya Srisen

Phosphorus adsorption isotherm showed that for alr drled solls,
subsolls adsorbed more P and with greater bonding energy than surface
soils, Fine textured solls adsorbed more P than coarse textured ones,
For coarse textured soils, subsolls adsorbed more P than surface soils,
but for fine textured solils the difference between the amount of P
adsorbed by A and B horizons was not significant,

Langmuir adsorption lsotherms showed that solls have at least two
dilfferent components with respect to P adsorption, one involving tightly
bound and the other involving loosely bound P,

In flooded surface soils, the P adsorption behavior changes with
the chemical changes upon flooding., The adsorption changes occurred
mostly in the loosely P bound portlion in the soils. The amount of P
adsorbed increased with lower bonding energy of P adsorption upon sub-
mergence, Extractable Fe apparently played an lmportant role in the
change in P adsorption after flooding, The P adsorption in the loosely
bound portion apparently is responsible for the increase in the extract-
able P for flooded soils and may be considered to be of benefit for
rice cultivation,

For flooded subsoils, the change in P adsorption also cccurred in
the loosely bound portion, with lncreases in the amount of P adscorbed
and with lower bonding strength., But the chinze was not as great as
that which occurred in surface solls due to the lesser degree of reduction

upon flooding.
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INTRODUCTION

Phosphorus has long been recognized as an important element in
plant nutrition. All plants require P for growth and development
because P is a constituent of metabolism, and plays a key role in energy
conservation and blosynthetlc reactions in plants,

Nutrient enrichment in natural water, a natural process which
may be accelerated by man, is one of the main problems in water ecology.
However, P 1s moat often considered the limiting nutrient for plant
growth in lakes and streams (Ellis and Erickson 1969; Syers et al,,

1973 a), Because of the low natural levels of P and the nature of the
source of P to the natural waters, prevention or reversal of eutrophi-
cation through control is generally more feaslble with P than with other
nutrients, Therefore the behavlor of P in peddy solls and in lakes and
streams are important for rice cultlvation and the control of P level
in natural waters,

So0il has ability to adsord P from dilute solution, The applications
of adsorption 1isotherm egquations to describe the behavior of P adsorp-
tion by soil have been intensively studied (Olsen and Watanabe, 1957;
Shapiro and Fried, 1959; Udo and Uzu, 1972; and Syexs et al,, 1973 b).

A P adsorption equation appears to be useful in describing P avallability
to plants (Fried and Broeshart, 1967) and the correlation between P
adsorption isotherms and plant growth also have been studied (Woodruff
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and Kamprath, 1965). The use of P adsorption isotherms to describe and
predict the reduction of P level in sewage effluent by solls has been
reported (E1lis and Erickson, 1969). However, the P adsorption study
and its application was limited to upland and dried solls,

The solubllity and availability of soll and applied P increases
upon flooding (Shapiro, 1958a and b Patrick and Mahapatra, 1968; and
Ponnaperuma, 1972), But applied P can also be adsorbed by peddy soils,
muds, and lake sediments (Mandal and Das, 19703 Hesse, 1962; Harter,
1968; Shukla et al,, 1971). However, few of these studies used the P
adsorption isotherm to describe the behavlior of P adsorption by an-
aexobic solls, Tha adsorption of P by submerged solls in Michigan has
not been studled.

The first obJective of this study was to investigate the behavior
of P adsorption by Michigan solls under anaeroble conditions. The second
objective was to deternine if the Langmuir adsorption isotherm could be
used to predict P adsorption by anasrobic solls,



LITERATURE REVIEW

2.1 Soil Chemical Changes After Submergance,
Submerging or waterlogging a soll creates conditions markedly

diffeyent from those of a well-drained soll, The most important
chemical and electro-chemical changes that take place when a soil is
flooded are 1) decrease in oxidatlion-reduction potential (Eh) and
change in pH value; 2) reduction of Fe and Mn with the accompanying
increase in theilr solubilitiess 3) change in avallabllity of P and
Si; 4) denitrifications 5) accumulation of ammonla; 6) generation
of toxic organic compounds such as fatty acids, mercaptans, sulfides,
amines and other unidentified substances; and 7) release of cations

+2

such as NH“_"', Na+. K+, Ca ~ and Mg"'z from the colloidal complsx into

soil solution (IRRI, 1963; Pomnamperuma, 1965).
Some of thess chamical changes were reviewed and will be discussed

in the following paragrephs,

2.,1,1 Oxldation-Reduction Potentlal and Soll Acidity,

Reduction of the soil is one of the most lmportant changes caused
by floodlng, In the absence of 02. fecultatlve and oblligate anaerobes
use H03‘, Mn(IVv), Fe(III), soh'z. dissimilation products of organic
matter, 002, 2 and even H+ as electron acceptors in thelr resplration,
reducing NOJ to N,, Mn(IV) to Ma(IT), Fe(II1) to Fe(II), §0,™ to WS,
CO, to CH,, N, to Ni, and H' to H,. Anaercbic respiration also produces
substances that reduce soll components chemically (Ponnamperuma, 1972).

The intensity of scil reduction can be measured quantitatively as
the oxidation-reduction potential (Eh) of the soil, Because of its

diagnostic and Iinterpretative value in the study of anaerobic cendition
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of onvironmnts. such as waterlogged soils, marsh solls, lake mds,
and marine sediments, redox-potential (Eh) has been intensively
measured and its ecologlcal significance indicated (Gillespie, 19203
Mortimex, 1924, Pearsall and Mortimer, 1939; Zobell, 1946; Plerce,
1953; Jefferry, 1960; and Aomine, 1962), MNowever, the high promise
this property has for dliagnostic and interpretative purposes in rice
production cannot be fully oxploited without a clear understanding of
redox-potential in waterlogged soils (Ponnampsrums. and Castro, 196%),

Because the redox-potential is a mixed potential in nmost natural
systems, i1t is very difficult to understand, The thooxy of redox-
potential, both in pure and mixed systems, equilibrium potentials and
nonequilibrium potentials was well explained by Bohn (1971). The
redox-potential or electron availabillity affects the oxldation states
of H, C, N, O, 8, Mn, Fe, Co and Cu in the systems., Any chemical
reaction which involves exchange of electrons will be influenced by Eh.

Ponnamperuma. (1972) comprehensively explained the measurement of
the state of reduction -- both intensity (redox-potential) and capacity
(total concentration of reduction products), He reviewed and discussed
the probleme, advantages and disadvantages of Eh measurements, and also
reviewed the reducing capacity measurement in natural systems, including
soils,

Bacause the hydrogen ion concentration affects Eh by direct partici-
pation in oxlidation-reduction or by influencing the disscciation of
oxidant or reductant, Ponnamperuma and Castro {1964) proposed the idea
of dE/ApH expression to evaluate the reduction of soils. They noted
some similarities between the potentials and dE/dpH values of the reduced
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soils and those of bacterilal suspension, Ponnamperuma (1972) noted
that dE/dpH varies with the system, Although most workers use - 59
m.v./pH unit (at 25 C) as the correction factor, Patrick (1960)
found that the experimental values ranged from about -60 for asrobic
sollis to as steep a slope as =232 for some reduced solls, This un-
certainty makes many potentlals corrected to pH 7 unreliable, But
Ponnamperuma et al, (1967) have shown theoretically and experimentally
that the dE/dpH slope for the solutions of reduced ferruginous soils
after the peak of water-soluble Fe'~ 1s -59 m.v./pH. This corrected
value 1s also reported as a good conversion factor if the redox-
potential is an equilibrium potential (Aomine, 1962; Bohn, 1968, 1971;
and Patrick and Mahapatra, 1968):

Eh, = Eh, - 60(7-x) eee (1)

where x 1s the pH of the soil suspenslon, and Eh is in

m.,v,

Practically speaking, Eh is the single electrochemlcal property
that serves to differentlate waterlogged solls from well-drained soils,
Ponnamperuma (1972) stated that the low potentials (+200 to -400 n,v,)
of submerged soils and sediment xeflect this reduced state; whereas,
high potentials (4300 to +800 m,v.) of serobic media reflect their
oxidized conditions, However, Patrick and Mahapatra (1968) concluded
that aerated soils have characteristlc redox-potential in the range
+H00 to +700 m,v,.; waterlogged soils exhibit potentials from +700 m,v,
to as low as -250 to -300 m,v. In well-drained soils the Eh is difficult
to reproduce because of a lack of poising (easy to change in Eh) and
the range in Eh values is narrow, Expected Eh values corrected to



pH 7.0 are shown below:

[ I e il |
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Patrick and Mahapatra (1968), noted that in waterlogged soils Eh is the
best avallable measurement of oxldation-reductlon status of solils
becauses 1) the range of Eh values in submerged soils is much wider,
approximately 1,000 m.,v. as compared to a range of approximately 300 m,v,
in well-drained solls; 2) in watexrlogged soils the higher concentration
of reduced components contributing to the potential results in better
reproducibility of the potential reading although reproducibility is
still one of the main limitations of Eh measurements in waterlogged
soils; 3) because of the ease of which it is reduced, 0, is usually
absent from submerged soils and methods used for measurement of 02 content
and 02 diffusion rates employed in well-drained soil cannot be used in
waterlogged solls,

Reduction of a submerged soll proceeds roughly in sequential

reductions, and can be predicted by thermodynamics, (Ponnamperuma and
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Castro, 1964; Turner and Patrick, 1968), Many researchers studied
and/or summrized these phenomena, Aomine (1962), reviewed the
studies on Eh of paddy solls in Japan and noted that there are 7

steps of microbic metabolism in waterlogged soils; 1) 02 disappear-

ancej 2) NO. reduction; 3) Mn*? formation (al) of these steps

3
occurred at the initial Eh of +600 to +500 m.v.); &) Fe'? formation
(Eh +500 to +300 m,v,); 5) sulfide formation and sulfate reduction
(Eh 0 to -190 m.v.); 6) H, formtion (-150 to -220 m,v.); and 7)
CH), formation (-150 to -190 m.v.). This is reflected in the microbial
succession -- aeroblc, facultative anaerobic and strict anserobic -«

after submexging of the solls,

As long as 02 is present in the soll, other oxidized components

of s0ll are relatively safe from blologlcal and chemlcal reductilons,

After 02 has disappeared from a waterlogged soll, the need for electron

acceptors by facultative anaercblc and true anaerobic micro-organisms
results in the reduction of several oxidized components, If an energy

source is available to micro-organisms NO., higher oxides of Mn,

2

hydrated ferric oxides and sq; will be reduced (Patrick and Makapatra,

1968).

0

within one day after submergence, The next component to be attacked

is the Tirst oxidant to be reduced, and 1t becomes unatable

3
reduced to a very low value (Bremner and Shaw, 1958; Greenwood, 1962;

is NO, but its reduction begins only after 02 concentration has been

and Turner and Patrick, 1968), Nitrate also retards the reduction of

other redox components, It will stabilize the potential at +200 m,v,
+2 -

to +400 m,v. and retard the production of Mn™~, Fe+2, 8 2' and CH, in

submerged soils (Ponnamperuma and Castro, 1964; Turner and Patrick, 1968).
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Patrick (1960), showed that under controlled redox-potential conditions,
N05 in a waterlogged soil was unstable at Eh of +340 m,v. at pH 5.1,
Turner and Patrick (1968), found that the Eh at which 0, disappeared

was in the range +320 to +340 m.,v. {assuming the Eh/pH slope of ~60
m.v. per pH unit with Eh, = +225 mv, ).
Mn follows NO. in the reduction sequence, But its influence is

3
woaker than that of NO. because it 1s insoluble in water and is used as

3

an electron acceptor in respiration by only a limited number of micro-
organisms, However, added and/or natilve Mn0, retards the decrease in
Eh of flooded soils and prevents the accumulation of Fb+2 and other
products (Ponnamperuma and Castro, 1964; Ponnamperuma et al,, 1965),

The next mineral system in reduction sequence is the Fe (OH)B-Fe"'z
system. But its influence on so0ll reduction 1s not as obvious as that
of N05 or Mn0, due to its low standard potential. However, solls rich
in Fe(I1I) showed a slower reduction in Eh in the zone -50 to =200 n,v.
(Ponnamperuma, 1965), and the addition of Fezo3 to paddy soil depressed
CH), production (Asami and Tarkil, 1970), The reduction sequence that
may be expected 1s shown 1ln the following table:

Table 1. Reductlion sequence as related to Eh.l/

Component Detectability Eh7
n,v,

O2 undetectable 330

- " "

N03 220
Mn detectadble 200
Pe " " 120
304‘2 undetectable 150

1/ Ponnamperum: (1972)
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Studies of redox systems in waterlogged solls have been conducted in
two ways: 1) the soil is waterlogged and changes in Eh and concentration
of reducible substances are determineds or 2) the Eh of the waterlogged
soil is controlled at a constant potential and the concentration of
reducible substances are determined, According to Patrick (1966) one
of the blggest limitations of the use of Eh for studying reactions in
waterlogged solls has been the difficuliy of meintaining the Eh of the
s0ll at a particular value throughout an experiment., He designed an
apparatus used for controlling the redox-potential, This system allows
waterlogged solls to become highly reduced (as low as ~200 to -280 m,v,).
This controlled Eh method has been used to study many redox aystéms in
waterlogged soils, (Patrick, 19603 Patrick, 1964; Turner and Patrick,
19683 Cormell and Patrick, 1968; Gotoh and Patrick, 1972, 1974). The
details of thelr studies on the influence of Eh and/or pH upon Fe, Mn, and
P transformation will be discussed in the Fe, Mn and P sections,

Ponnamperuma and his colleages studied the redox systen by measuring
Eh and reducible materials with time of submergence (IRRI, 1963, 1964,
1965, 19663 Ponnamperuma, 1965), The quantitative treatment of redox-
equilibria has been formulated. The iron hydroxlde redox system has
been intensively studled and described by Ponnamperuma et al, (1967).
The manganese oxlde redox system also has been studied and explained by
Ponnamperuma et al, (1969).

The pH value of waterlogged solls tends to become neutral, When
acld soils are submerged the pH increases; whereas that of calcareocus
end alkaline solls decrease, (IRRI, 1963; IRRI, 1964; Mahapatra, 1968;

and Ponnamperuma, 1972),
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The tendency and the magnitude of pH change depends upon soll
characteristics, such as the initial soil pH, active Fe and Mn con-
tents, organic matter content and cation exchange cepacity (C.E.C.)
of the soils, IRRI (1963) reported that in acid soils (pH 4.4-5,8)
high in active Fe contents, pH values decreased shortly for a few
days after flooding and then increased sharply to a maxima between
6.5 to 7.0 within 20 days of submergence, The slightly acid soils,
which were low in active Fe but high in active Mn content, with
initial pH values of 6,2-6,6, increased somewhat more slowly in pH to
a steady maxima of 7.0-7.2., A soil with an actlve Mn content of more
than 2,000 ppm gave a maximum pH of 7.5. The neutral and slightly
alkaline solls showed slight decreases in pH a day after submergence,
then resumed and maintalned almost their initial values, Another acid
s0ll, low in both active Fe and Mn but high in organic matter, showed
more fluctuations in pH than the others and the pH increased with the
mean maximum pH value less than 6,5,

Puttaswamygowda and Pratt (1973), demonstrated that pH of sodic
solls was decreased by the addition of straw and Ca.Cl2 with accompanying
2’ Na+, Mg+2
conditions have the largest effect on promoting these reactions,

increases in Ga+ concentrations, Submerged anaerobic
However, Olomu et al, (1973), found that pH of soil solution extracted
from calecareous soils (pH 7.4 - 7.9) changed little upon flooding, These
soils were hlgh in C.E.C., and high in organic matter contents, But
coarse-textured solls exhibited relatively large changes in their pH
values, It appears that the buffering capacity of the soils influenced

the relative changes of soll pH upon flooding,
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Liming the soil has no effect on pH change due to submergence,
Mukhopadhyay et al, (1967), found that with an acid soil with pH
4,4, the pH decreased within the first 17 days and then increased
and reached stability near pH 7.0 about 62 days after flooding,
Heavily limed soll (pH changed to be 7.7 initially), showed a decrease
in 1ts pH value and stabilized at pH 7.0 within the same period of
submexrgence,

Ponnamperuma (1972) concluded that when an aexrobic soil is
submerged, its pH decreases during the first few days, reaches a
minimum, and then increases to a very stable value of 6.7 - 7.2 a
few weeks later, The overall effect of flooding is to increase the
PH of acld soils and to depress the pH of sodic and calcareous solls,

Draining and exposure to air reverses the pH changes in paddy
solls, mangrove swamps, lake muds and bogs, and anaerobic soils,
(Ponnamperuma, 1972).

The mechanisn of pH change including quantitatlve interpretation
of pH change has been intensively studied (IRRI, 1964)., It was con-
cluded that the increase in pH of an acid s01l upon flooding is caused
by reduction of Fe and Mnj; pH throughout submergence in calcareous
s0ils is regulated by the partial pressure of 002 and the pH value
of the soll solution of reduced soll lies between 6.5 and 7,0 regardleas
of initial pH and other properties of the soil, Ponnamperume et al,
(19566 a) concluded that the pH of alkall and calcareous soils decreased,
while those of acid soils increased to a fairly stable value of 6.7 to
7.2 twelve weeks after flooding, At this time the solution pH values
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wore 6,5 to 7.0, The pH of the soll solutions were lower than those
of the soll suspenslons for the alkall and calcareous soils from the
start of submergence, and for the acid solls after soil reduction,

The Increase in soil solution pH of acid solls was quantitatively

related to the potentlal of the Fe(OH)j- Fete

system, whlle the decrease
in pH of the alkall and calcareous soils was defined by the partial
pressure of CO, through the Na2003-u20-002 and Ca.COB-HZO-coz systems,
respectively, The pH of reduced-acld solls high in Fe appears to be
determined by the FeB(OH)B-H20-002 system (Ponnamperuma et al,, 1966
a,bs Ponnamperuma et al,, 19673 and Ponnamperuma, 1972).

Ponnamperuma (1972) noted that the decrease in pH shortly after
submergence is probably due to the accumilation of (102 produced by
respiration of aerobic bacterisa, because 002 depressed the pH even of
ecid solls, The subsequent increase in pH of acid solls is due to the
reduction. The pH of submerged calcareous and sodlc solls are lower
than those of aerobic solls because of the accumulation of CO,. The
PH of alkaline soils is also senslitive to 002 changes as shown by
Ponnamperuma et al, (1966 a),.

The important reductlon reactlons that occur in nature involve
the consumption of ut lons, This means a descrezsse in acldity or net
gain in OH concentration (Ponnamperuma, 1972). Since most solls
contain more Fe(III) oxide hydrates than any other oxidants, the
increase in pH of acld soils is largely dus to the reduction of Fe,
(Ponnamperuma et al,, 1967).

The pH change influences OH , COB-Z, 3"2, P and Si equilibria
in submexrged solls, These equilibria regulate the precipitation and
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dissolution of sollids, the sorption and desorption of lons, and con-
centrations of such lons or substances as A1+3, Fe+2 ’ st. H200 s and
undissocliated organic acids, The detalls of these phenomena were dis-
cussed by Ponnamperuma (1972),
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2,1,2 Manganese and Iron Related to Reducing Condition,

When areated solls are submexrged, Mn reductlon from insoluble
oxldzed forms to slightly reduced forms occurs, Together with dls-
appeaxance of 02 and NO-. an increase lIn Mn+2 in the soill solution
and on the cation exchange complex is one of the flrst measurable
effects of reducing conditions caused by waterlogging (Patrick and
Turner, 1968).

Submerged soll solutions were different from aerated soil sol-
utions in that they contained high concentrations of Fe and Mn present
as protobicarbonates, Submerged soll solutions were also high in Ca and
Mg and contalned H,S and other sulfides (Robinson, 1930), It was noted
that the high concentratlion of Fe, Mn, Ca and Mg was caused directly
by microblological action on the organic matter which produced c02
and other gases, This 002 was mainly responsible for holding Fe,

Mn, Ca and Mg 1n the solution., In the absence of organic matter the
solubllity of Fe, Mn, Ca and Mg was not increased under submerged soll

+2

conditions, It also found that toxic concentrations of Fe -~ and sul-

fides developed in a few days after submergence. Toxlc concentrations
of Mn developed somewhat more slowly,

The main transformations of Mn in submerged solls are the reduction
of Mn(IV) oxides to Mn(II), (resulting in increased solution Mﬁ+2),
+2

preciplitation of ano3 and oxidation of Mn

mass flow to oxygenated interfaces in the soil (Ponnamperuma, 1972).

diffusing or moving by

There were marked differences among the soils in the pattern of

Mn reduction. Solls with a high content of active I'n, regardless of

PH and organic matter content showed a rapid increase in Hn+2
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concentration during the first 30 days of waterlogging and then decline
slowly thereafter. Soils low in active Mn increnses slowly in Mn'2
concentration and reached maximum values which were very much lowexr than

in soils with higher Mn content, The overriding factor that determined

the kinetics of Mn reductlon was the active Mn content of the soil (IRRI,
1963).

IRRY (1964), reported that within 1 to 3 weeks of flooding almost
all of the EDTA-dithionate extractable Mn present in the soils, except
those low in organic matter, is reduced. They concluded that the
reduction is both chemical and blological and precedes the reduction of
Fe. The kinetics of water-soluble Mn'“ reflects the influence of soil
properties on the transformation of Mn,

Patrick and Turner (1968), noted that Mn exists in at least four
forms in waterlogged sollss 1) water soluble; 2) exchangeabls; 3)
easily reducible; and &) residual Mn or that remaining after extraction
of the other three forms. The f£irst two forms are largely Mn'2 while the
easlly reducible fraction is composed of higher oxides of Mn, In
addition to these forms, chelated Mn may also be an important form in
some soils, Studying anaerobic silty clay soll with low organic matter,
they found that with 25 days of submergence as the content of reducible
Mn decreased the content of exchangable Mn increased, These two fractlions
accounted for most of the total Mn present in the soll, Water-soluble Mn
did not increase untll after several weeks of waterlogging in that soll
and accounted for only a very small fraction of the total soll Mn, Residual
Mn was 1ittle affected by flooding, They also found that with controlled

Eh of waterlogged soll samples, the abrupt changes occurred in
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fraction at a potential of about +400 m,v, (Eh7). Beginning at this
potential there was a pronounced conversion of easlily reduclible Mn to
sxchangeable forms as the soll became more reduced, The transition of
Mn from easlly reducible to the exchangeable form was greatest over the
range +400 to +300 n.v, and was essentially completed at +200 m,v,
Sclution Mn also increased in concentration at a potential below +400
m,v,, but not to the extent of the exchangeable fraction, Residual Mn
was not affected by changes in Eh,

For paddy soils, Gotoh and Yamaghita (1966), reported that there was
a rapid increase in Hn+2 content in the early stage of floodlng; after

that successive rises and falls in Mn'2

content were observed, The
rapld increase in Mn+2 content was promoted by the addition of organic
matter, They concluded that the oxides of Mn comprising MnO,,, anoj,
and Mn304 are easlly reducible under strong reducling conditions upon
waterlogging soils,

The effects of organic matter level, time of incubation and
moisture content on extractable Fe and active Mn in acidic, neutrzal,
calcareous and saline-alkaline solls were also reported, (Takkar, 1969).
They found that Fe and Mn avallablilities were influenced by soil temper-
ature, On incubation at 60 percent water holding capacity, Fe increased
greatly after 35 days and Mn decreased after 7 days, These changes were
accompanied with increasing organic matter and with time in most solls
except in acidic so0ils in which Mn was found to increase after 69 days.,
Under waterlogged conditions, marked increases of Fe and decreases of Mn

were noticed after 7 days. The lower amount of Fe and the time lag in
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its release in calcareous solls were due to the presence of iron oxide
An highly crystalline forms in these solls, High content of free Fe
and low pH resulted in higher amounts of extractable Fe 1in acld solls,
Under waterlogged and high organic matter conditions a decrease in Eh
and a high concentretion of Fe+2 were observed, As reported bafore,
soil pH tended to become neutral.

Most flooded soils contain sufficlient water-soluble Mn for growth
of rice and Mn toxicity has not been shown to occur in flooded soils,
But native or added Mn0, retards Fe'” reduction and counteracts the

2

adverse effect of excess Fe'~ and other reductiocn products. Yuan and

Ponnamperuma (1966) found that MnO, retarded the decrease in Eh of the
solls. In spite of the slight pH increase, it generally depressed the

concentration of water-soluble Fe+2 and oxidizable organic matter and

+2

increased the cancentration of water-soluble Mn = in solls., Nhung and

Ponnamperuma (1966) found that ¥nO, at 1,0 percent markedly retarded

the fall in Eh and reduction of S0, '2, slightly increased pH, depressed

the concentration of A1+3 and Fe+2 and oxidizable materials, and markedly

increased the concentration of Mn+2 in the s0il solutlon,

+2 ona #n*? in low-land

+2 and Mn+2

Temperature also affects the kinetlcs of Fe
rice soils, Cho and Ponnamperuma (1971), found that Fe
Increased after flooding, reached peak values, and then declined, 1In
the 38 » 20 C and 30 C regimes the peaks were early, short and sharp,
while in the 20 C and 15 » 31 3 18 C regimes they were late, high, and
broad.

The transformation of Mn and Fe upon flooding were studied by
Mandal (1961), He reported that Mn transformation was somewhat different
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from that of Fe, It enters into exchangeable complexes and also appeared
in soluble form much earller than Fe, The reducible Mn, comprising

higher oxldes such as Mnoz, Mn203,
some time after the so0ill had been waterlogged and then began to Increase

and Mn3q4 showed a decrease for

to a level that was more than at the start, Iron and Mn in the organic
complex fraction was not affected to any appreclable extent by the
flooding conditlion with or without the addition of organic matter,

Ponnamperuma, et al, (1969), noted that the chemistry of manganese
oxides is very complex since y 1) Mn can exist in several oxidation
statesy 2) it forms non-stoichiometric oxides with the metal in mixed
valences states; 3) higher oxides exist in several crystalline or pseudo
crystalline states; and 4) the oxldes form co-precipitates, soild solution
and perhaps superstructures with lron oxides, Therefore the application
of thermodynanics to the study of Mn systems in flooded solil is very
difficult. They formulated the redox-equilibria in terms of pE, (Where
PE = -log (e~ ) = Eh/0,059 at 25 C), of the MnO,, Hn203, and xvtarIBc:.,_P systems,
In studies to test these formulas, they found that the observed data sup-
ported the hypotheslis that the manganese oxides Iinvolved in redox-equili-
bria in soil that undergo seasonal oxidation-reduction are complex non-
stoichlometric oxides of variable composition whose apparent standards
free energy of formation are considerably less than those of their ideal
compounds,

In addition to reduction processes soll pH also has a marked
effect on the activity of soll Mn, with a low pH readlly bringing Mn
into s011 solution under aerobic conditions, A combination of low pH

and restricted soll aeratlon, asuch as occurs In poorly-~dralned acid
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soils, may somstimes resuli in the release of a large amount of Mn
(Gotoh and Patrick, 1972), The distribution of different forms of Mn
in a water-logged soll over a wide range of controlled Eh-pH conditions
was studled, The results show that at pH 5 almost all of the so0il Mn
was converted from easily reducible to water-soluble plus exchangeable
fraction even at an Eh as high as +500 m,v, In sharp contrast, at pH
levels between 6 and B most of the conversion took place at a relatively
lower Eh of +200 to +300 m,v. When the water-soluble plus exchangeable
fractions were further divided into two components, low pH and low Eh
wers found to increase water-soluble Mn at the expense of exchangeable
forms, Catlon-exchange reactlons were apparently important in regulating
the equllibria between water-soluble and exchangeable Mn, The observed
pMn/pH slope and E, were much lower at pH & to 8 than they calculated
for pure equilibrium systems, They concluded that Eh and pH of flooded
solls provide general control of Mn transformation which probably include
both chemical and blological processes, the complexity of which makes it
difficult to explain the reaction in terms of a simple chemical system,
The reduction of Fe has important chemical consequences: 1) the
concentration of water-soluble Fe increases; 2) pH increases; 3) catlons
are displaced from exchange sites; #) the solubility of P and Si increases;
and 5) new minerals are formed (Ponnamperuma, 1972), He alaso summarized
that reduction of Fe 1s a consequence of the anaerobic metabolism of
bacteria and appears to be chiefly a chemical reduction by bacterial
metabolites, although direct reductlon coupled with respiration may be
involved, The kinetics of Fe(II) follow roughly an asymptotic course,

Five to 50 percent of the free iron oxides present in a s0il may be



20

reduced within a few weeks of submergence depending on temperature,
organic matter content,and the crystallinity of oxides, The lower
the degree of crystallinity, the higher is the reduction percentage,

o1l characteristics influence the kinetics of Fe'> in the
soils, IRRI (1963), reported that, after flooding, Fe solubility
increased, but only a smll amount of the reduced Fe was in the soil
solution, The bulk of 1t was in the solid phase as hydroxides,
carbonates and sulflides or exchange Fe+2.

Clayey, latosolice, rice solls with high active Fe and organic
matter contents (and also low pH) showed steep increases in reduced
Fe concentration within 30 days of flooding, The concentratlion reached
maximim values of about 10,000 to 15,000 ppm and remained more or less
constant, Soils with lower organic matter or active Fe contents,
regardless of pH and texture, attained lower maxima, (6,000 to 9,000
ppm) and the rate of reduction is slower than the first group., Soils
low in Fe irrespective of pH and organic matter content reach still
lower maxima (500 to 4,000 ppm) at an even slower rate (Ponnamperuma,
1965), He sugmested that the reduction of Fe in flooded solls is
favored bys 1) the absence of substances at a higher level of oxidation,
such as N05 and Mn0O,j 2) the presence of readily decomposable organic
mattery and 3) a good supply of active Fe, The pH of soil is relatively
less important.

The distribution of Fe'® between the solid and solution phases
is controlled by pH, organic matter content, C,E.C. of the soils, and
duration of submergence (Ponnamperuma, 1965).

The amount of Fe'~ in the flooded soil solution also depended on
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soil properties (IRRX, 19653 Ponnamperuma, 1965). Soil characteristics
Anfluenced the kinetics of water-soluble Fe'~ more drastically than

that of total Fe'Z, Acid soils high 1n organic matter and Fe build

up sater-soluble F‘e+2

concentrations as high as 600 ppm within 1 to 3
weeks of submergence and showed a steep roughly exponential decrease
to levels of 50 to 100 ppm which persist for several months, Sclls
high in organic matter but low in Fe gave high concentrations that
persist for several months, In neutral and calcareous soills Fe"'z
rarely exceeds 20 ppm {Ponnamperuma, 1972).

Gotoh and Yamashita (1966), found that the increases in the
amount of Hn+2. Fe'? and 872 with consequent decrease in Eh was
enhanced by the level of organic matter, Drainage caused a sharp
decrease Iin the amount of reduced compounds, eapzcially Fe+2. This
decrease ls faveored by the addition of organic matter which leads to
an increase in soll pores, They also suggested that Eh in paddy
solls which lies between +200 and -200 m,v, would be controlled largely
by the Fe systen,

Patrick (1964) found that Fe'> predominated in the soil when Eh
was above +200 m,v, The maximim concentration of Fe+3 extracted from
s0ll wes approximately 200 ppm and was falrly constant at Eh between
+200 to +500 m,v, F‘e+3 was detected only in trace amounts at an Eh

of O m,v., or lower, The Fe+2

predoninated at Eh of +200 m,v, and
lower, The amount of extractable F‘ef"2 inereased with a decrease in
Eh and ranged from a trace amount at +200 m,v, to 4,300 ppm at -200
m,v,

One of the soll propertles which has a marked effect on Fe behavior
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is Fh, Even though Eh of many natural systems is a mixed potential,
(Bohn, 1971 )3 however, Hem (1960) found that the behavlor of Fe in
natural systems is to a large extent predicted by'fluctuation in Eh

and pH in the environment., While the physico~chemical relatlon to
flooded solls are rather complex, chemists in the past two decades have
correlated the formatlion of Fe compounds with Eh and pH (Eriksson, 19523
Jeffery, 1960; Ponnamperuma ot al,, 1967; Collins and Buol, 1970; and
Bohn, 1971). Most of these studies of Fe behavior have been restricted
to a narrow range of Eh and pH,.

Gotoh and Patrick (1974), conducted the studies over a wide range
of closely controlled redox-potential and pH condltions and found that
the increase in water-soluble and exchangeable Fe was favored by a
decrease In both redox-potential and pH, The critical Eh values for
Fe reduction and consequent dlssolution was about +300 m,v, at pH 6,
+100 m,v, at pH 7 and -100 n,v, at pH B, Whlle at pH 5 apprecialbe
reduction occurred at +300 m,v, The distribution of water-scluble and
exchangeable Fe frections was highly pH dependent, with a decrease in
PH at a given Eh increasing the relative amount of Fe+2 in the soill
solution at the expense of that on the exchange complex, A thermo-
dynamlic approach to the equilibria between solid phase ferric oxy-

+2)'

hydroxide and a water-soluble species of Fe, (Fe indicated that it

was largely governed by the F‘e+2-Fe(0H)3 system in which the ferric
oxyhydroxides was a mixture of geothite and amorphous material,
Because flooded soll i1s a very complex system, the quantitatlve
treatment of redox-equilibria in waterlogged soil is very difficult,
Ponnamperuma et al, (1967), discussed this difficulty, They formu-

lated the Fe(III) - Fe(II) hydroxides equilibira, and found that the
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test data were closely related to hypothetic equations. The Increase in
concentration of water-soluble Fe can, in most soils, be related to the
Eh and pH of the Fe'Z.Fe (OH), system, The details of these subjects
were well explained by Ponnamperuma (1972), Ponnamperuma et al. (1967),
and Gotoh and Patrick (1974),

The dynamics of the concentration of ret? {and Mn+2) affects the
concentrations of other catlions, This 1s clear from the similarity of

+2 +2

the kinetics of (Ca.+2 + Hg+2 +Nate + kP o+ Nﬂz) to that of (Fe

Mn+2). These dynamics were well discussed by Ponnamperuma (1972),
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2.1,3 Phosphorus and Anaerobic Condition.
P like N, can exist in valence states from +5 to =3, Phosphate

in anaeroblc media can be reduced to form phosphlte, hypophosphite
and phosphine, But the main transformation of P in anaeroblc soils
18 the mobilization of orthophosphate ions (Ponnamperuma, 1972),
Many studies have shown the lncrease in solubility and availability of
P caused by flooding soils (Gasser, 19563 Shapiro, 1958 a, by Mitsul,
1960; Chiang, 1963 a3 and Mahapatra, 1968).

The amount and the pattern of solubllity of native P increase
upon flooding depends on soil characteristics, including amount and
kind of P compounds, organic matter content, texture and acldity of
soil, It was reported (IRRI, 1964) that the increase in available P on
flooding was highest and the subsequent decline least In coarse textured
calecareous soils low In active Fe and medium in organic matter, Soils
high in organic matter and low in actlve Fe showed moderate increases
in water-soluble P; strongly acid solls, high in actlve Fe showed
moderate increases followed by a quilck decline to levels even below the
initial, Ponnamperuma (1965) reported that the largest increase in
Morgan's extractable P was observed in neutral solls with a moderate
content of organic matter, On the other hand for solls low in organic
matter, P concentration in the s0il solution hardly Increased, It was
shown (IRRI, 1966) that the increase in P availability was highest and
most stable in sandy soils high in organic matter and less in acid soils
low in organic matter. Recently Ponnamperuma (1972) concluded that the
P concentration in solution increased on flooding and the peak values

were highest in sandy soils low in Fe, moderate in acild sandy solls
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low 1In Fe, stlll smaller in nearly neutral clays and smallest in acid
clays high in Fe,

When soils are submerged, not anly native P but also P added prior
to flooding increase in solubility and availability, This increase is
enhanced by organic matter and/or lime application, Gesser (1956) noted
that waterlogging acid solls caused an increase in the dilute acid-
soluble POM_. Additioen of glucose, potasslium-citrate, or green manure
increased both Fe'? and dilute acid-soluble PO,. He concluded that the
increase in P solubility is due to the reduction of ferric phosphate to
ferrous phosphate., He proposed that in an acid soil with high Fe con-
tent, ferric phosphate should be consldered as a source of P to rice,
Mitsui (1960) stated that the increase in P avallability by submergence
is mainly due to the combination of PO, with Fe' instead of Fe'> as in
upland soils, In anaerobic conditions, solubility of P on acld soils
proceeds by ordinary solution, while an alkaline solls hydrolysis of
Fe-phosphate, a kind of exchange between PO, and OH , occurs first,

Floodlng solls caused an increase in the avallability of native P,
applied P and N to rice, Yield of rice, P and N uptake on both lowland
and upland soils were increased by flooding (Shapiro, 1958 a),TIt was moted
that submergence increased the avallabllity of native P, but had no
apparent effect on that of native N. Applied P and N were both utilized
more effectively under flooding conditions, The increase in availability
of P could be due to reduction conditions or hydrolysis or both,
Broeshart, et al, (1965) found that in rice soils with absence of free-
Ca,coj. the avallable P Increased upon submergence, The availability of
fertilizer P was similar under lowland and upland conditions but that
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the efflciency of use ls greater under flooded condltions.

Terman et al, (1970) conducted a series of green-house pot experi-
ments with flooded rice on a soll which was low in avalliable P for upland
crops., They found that a marked yleld response of rice was obtalned,
but the maximum ylelds were obtained at much lower rates of applled P
than was true for most upland crops., Applied P decreased wlth liming
of the solls and with inercasing levels of aclid-soluble soil P, Granular,
water-soluble P sources were most effective, The P in Fe-P form was more
avallable than that in Al-P form in flooded soils. Both forms were more
avalilable in fine particles than as granules and in colloidal form than
as fine crystals, Chakravartl and Ghoshal (1968) mixed two acid soils
with 50% dried grass and added Fe-P, Al-P, and Fe-P plus Al-P, After
the samples were flooded and incubated for 53 days, the amount of P
released was found to be greateat in the Fe~P treatment, followed by
Fe~P plus Al-P, Al-P and control in decreasing order.

Shapiro (1958 b) found that availability of natuxral P and applied
synthetic Fe-F and Al-P increased in acid soils upon flooding, Applica-
tlon of P-free cellulose increased the availabillity of natlve and applied
P, He noted that the increase iIn P availability came from both Fe and
Al-phosphate but that Fe-phosphate was affected to a much greater degree,
The increase in avallable Fe-phosphate was due to the reduction brought
about by the addition of organic matter and flooding., The increase in
Al-phosphate avallability was due to the chelation reaction, His data
showed that the avallability of applied amorphous Fe and Al-phosphate
were greater than that of the crystallized ones in both flooded and
unfiooded soll conditions,

Txansformations of P after flooding solls have been studied by
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many workers, Furukawa and Kawaguchl (1969) found that organic P
decreased up to 21 percent upon submerging paddy soils samples for 2
weeks at 40 C. This decrease correlated well with an increase in Bray-
2 extractable P and wes attributed to mineralization of organic P, This
increased mineralization was thouéht to be due to the enhanced solubility
of Fe and/or Al salts of inositol hexaphosphoric acid, the prominent
organic P constituent in the soll.

Mandal (1964) tested the effects of starch and lime on the trans-
formtion of P in waterlogged soils and found that submerging a soll,
only slightly increased acetlc-acid soluble P and slightly decreased Fe-
P with no change in Ca-P and Al-P fractions. But when starch was added,
a considerable increase in acetic-acld soluble P and a decrease in the
Ca-P fraction occurred., He stated that the release of large quantities
of CO, formed durlng starch decomposition may have caused trilcalclium

2
phosphate to convert to more soluble di-and mono-calcium phsophates,

Although a large amount of Fe'Z was formed, the Fe’- phosphate fraction
showed no decrease and Al-P also showed no change, With the addition of
lime, Fe-~P decreased considerably and Al-P decreased slightly. This
decrease might be due to the hydrolysis of Fe and Al-P due to liming,
Ca~P was increased appreciably, the effect seemed to be a conversion from
Fe-P to Ca-P upon flooding, He suggested that in acid solls having most
of thelr inorganic P in the Fe'2 form, liming followed by the addition of
organic matter will result in a few days in an lincrease in P under water-
logged conditions,

Mahapatra and Patrick (1969) showed that in air dried soils, the

more aclid soll had a greater fraction of Al- and Fe-P while Ca-P was
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highest in the less aclid solls, After flooding these soils for 2 months
transformation of P occurred, The Al-P fraction increased except in
finer textured soils, Fe-P also increased in most of the solls except
one, and genexrally Iincreased more than the Al-P fraction, Ca-P did not
change much as a result of flooding, while the reductant soluble Fe~P
was greatly decreased, They suggested that the Fe~P increase was due to
the converslion from reductant soluble Fe-P and other inorganile fractions,

They also studled the transformation of P added as A].P04.2H20.

FeP0,, .2H,0 and Ca.(HzPou)z.HZO under optimium moisture and waterlogged
conditions, and found that after 2 months of incubation regardless of the
source of added P, P in the soil was present as Al and Fe-P, Little of
the added P was present as Ca-P, They concluded that waterlogged solls
definitely accelemted the conversion of soluble P to the Fe-fraction.

They also found that after flooding the s0ils for 55 days, the
amount of Bray-2 extractable P increases an average of 53 percent, Mul-
tiple regression analysis show that water soluble and locsely bound P,
Al- and Ca-P were highly correlated with the amount of phosphate extracted
in air dry samples, while Fe-, Ca- and Al- phosphate apparently account
for most of the phosphate extracted under waterlogging condition,

The relationship betwsen Eh of flooded soils and P availabllity and
solubility also have been studied, Savant and Ellis (1964) found that Eh
decreased rapidly within 15 days of submergence in acid solls and within
30 days in calcareous solls, Organic matter enhanced the Eh drop during
this period In both solls. But at field capacity (F.C) the Eh of the solls
was not affected by the addition of organic matter, However, Eh drop was
affected by organic matter at two times F.C. on acid soils,
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At F.C., changes in avallability of native P varied less than changes
in avallablility of applied P, The over all avallability of both native
and applied P as a functlon of time are: P available at F.C, < at 2F.C.<
submerged condition in acid soils, But in calcareous solls, the avail-
ability of applied P fluctuated widely and soil moisture inconsistently
affected P availability, Increases Iin availability of native P were more
closely correlated with a decrease in Eh than was the increase in avail-
ability of applied P, A negative linear relationship between available P
and Eh was distinct in acild solls, But the relationship was not evident
in the calcareous solls,

Hayes and Phillips (1958) reported that the Eh has little or no
effect upon the level of P in the soil solution, They feel that the blo-
logical sysitem was the controlling factor and that the inorganic chemical
systen was secondary In importance., After waterlogging a series of solil
samples and administering antibloties to quench the blological system, 10
out of 12 of the soll samples showed an increase in P under reducing con~
ditions; but in 4 out of 10 the difference was less than 5%, They con-~
cluded that their resulis indicated the minor influence of linorganic
reducing system upon P levels in solution,

Chiang (1968) noted that soils rich in organic matter showed rapid
lowering of Eh and increased formation of organic acids and gases upon
wvaterlogging, Disintegmation of soll aggregates and lowered Eh values
caused an increase in P solubllity., The effects were more significant 1in
Fe-rich scils, 1-12, HZS and the organic aclids, especlally acetic acid,
increased P solubillity in Fe and Al rich solls, whereas 002 increased

Ca-P solubllity,
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Under controlled Eh level of submerged soil, Patrick (1964) found
that extractable Fe+3 and Fe+2 wore very senslitive to changes in Eh of
the seoll, Fa+3 predominated at Eh above +200 m,v, and extractable Fe
was mostly Fe'? below +200 m.v. At the same time he found that the
extractable P increased more than three fold between Eh +200 and -200
m,v, The sharp break In the P release curve at +200 m,v, is the same
point at which Fe+3 begins to be reduced, Indicated that the conversion
of P to an extractable P form is dependent upon the reduction of Fe+3
compounds in thes soil,

The effect of Eh and pH on the reduction of strengite (FePOu.ZHzo)
in a pure system to more soluble compounds has been studled by Willians
and Patrick (1971). Under conirolled Eh and pH conditions they found that
at pH 4,0, Eh values of less than +100 m,v, have a marked effect on
the solubility of strengite and reaches rapid dissolution at Eh about
=240 m,v, .t higher pH values (> 5.0), however, even with considerably
lower Eh value (i.e, -240 m,v.), rapid dissolution of strengite did not
take place, This suggests that a critical H* cancentration 1s required
before added electrons chemically reduce Fe~P to more soluble reduced
forms, They concluded that the results are in contrast with those
described for a flooded soll system (Patrick, 1964) where the amount of
reductant-soluble P increase rapidly at Eh of less than -200 m,v. and
within the range of pH 6 to ?, This difference may indicate the presence
in solls of P compounds other than Fquu.2H20 which are susceptible to
reducing condition or may simply reflect the well known ability of various
80il micro-organisms to overcome the anergy barriler necessary to change

the chemical state of sparingly soluble Fe compounds,
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Patrick et al, (1973) investigated the effects of Eh and pH on the
reduction of FEPOu.ZHZO in flooded soils, They controlled Eh of the soil
suspension (25 g of soil and 80 g of H20) at +300, +100, ~-100 and ~250 m.v,
in combination with pH values of 5, 6, 7 and B, respectively. The samples
were incubeted for 3 days. Then fine “°FeP0,.2H,0 was added and additional
incubation continued for 7 to 10 days, They found that both Eh and pH had
a great effect on the dissclution of Fquu.2H20 in flooded solls, At the
highest conbination of Eh and pH (pH 8, Eh + 300 m,v,) there is no disasol-
ution of FePQ4.2H20. At all pH levels, a decrease in Eh caused an increase
in the amount of extractable Fe and PO,. The amount of both were greatest
at the lowest pH values (pH 5). Eh showed similar trend; at lowest Eh
(-250 m,v,), a decrease in pH caused a large increase in Fe and Pqu diss-
olved, but at +300 m,v, pH has much less effect on the amount of Fe and P
dlssolved,

They concluded that FeP04.2H20 partially dissclves under reducing
conditions such as exist in flooded so0lls deprived of 0,, A closed re-
lationship exlsted between the amount of FePQu.ZHZO dissolved and both
Eh and pH of the soll suspension, There 1s a marked interaction between
acldity and Eh, wilth FBPOu.2H20 reductlion and solubllization being more
pronounced under conditions of low pH combined with low Eh,

The dissolution of complex ferric phoasphates (Capezuu(mu)a.anzo
and KFeBHIu(POQ)B.uﬂzo) under controlled Eh and pH was also studied by
Williams and Patrick (1973). In a pure chemical system study they found
that calcium ferric phosphate (CFP) dissolved incongruently to release
Ca and P in a molar ratlio of 1:2 and solid FePO, was formed, At pH L,

Ca, Fe, and P in solution increased with sach successive lowering of Eh,
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Botween pH 5 and 6, the amount dissolved remained constant until an Eh
less than -200 m,v, was reached, Below an Eh of -200 m,v, further P
was released due to FePOu dissolution, Potassium ferric phosphate (KFP)
crystals dissolved rapidly with complete release of K, At pH 4 an
increase in P was accompanied by an increase in soluble Fe at all Eh
values, At pH 5 to 7 the amount of P in solution remalined constant except
for a slight increase at pH 5 and Eh -300 m,v, The P concentraticn
corresponded closely to total dissolution of the KFP crystals, leaving
an insoluble 1"3?01,_L residue, They concluded that the dissolution of CFP
was retarded probably due to the precipitation of FePQu. The solubllity
of precipltated FePO4 differed slightly from that observed with
crystalline FePO,.2H,0 and at pH 6 and 7, ret3 hydroxides apparently
entered into the reactilon,

The mechanism of the lncrease in P solubillity upon flooding in
acid soils was summarized as: 1) hydrolysis of Fe(III) and Al-phosphate;
2) release of P held by anion exchange on clay and hydrous oxides of
Fe(III) and Al3 and 3) reduction of Fe(III) to Fe(II) with liberaticn
of sorbed and chemically bound P, The first two reactions are due to
increases in alkalinity upon soil reduction, 1In alkaline soils an in-
crease in solubllity of P is caused by the increase in acidity of these
solls upon flooding (for the solubillity of hydroxyl apatite increases
as pH decreases), (Ponnamperum, 1972).

Patrick and Mahapatra (1968) and Patrick et al, (1973) explained
the mechanism of P liberation on flood soils aﬁs 1) the reduction of
highly insoluble Fe®> to the more soluble noncrystalline form; 2)

the displacement of Poh.fron Fetd and Al-P by organic anions produced
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in anaerobic flooded solls; and 3) the hydrolysis of Fe'>  as a result
of the almost inevitable increase in the soll pH which resulis when an
acid soll is flooded, In additlon to these major mechanisms, the release
of occluded P by reduction of hydrated fexrric oxide coating, hydrolysis
of Al-phosphate and anion (phosphate) exchange between clay and organic

anlons may also occuxr,
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2.2 Phosphorus Adsorption Isotherms of Soil.
Applied P in solls is retained and immobilized by P fixation pro-

cesses, Two mechanisms, adsorption and  precipltation, are considered
to be responsible for this fixatlon,

Precipitation of P occurs when phosphate lons in the solution react
with components of the soil such as Al, Fe and Ca to form slightly soluble
crystallized components,The reaction occcurs when P concentration is
sufficlently high and the solubility producis are higher than the solublility
product constant of the respective P compounds, But P can also be adsorbed
by reactive sites existing on the surface of soll particles, Adsorption
differs from precipitation in that one component of the reaction is al-
ready a solid, (Ellis, 1973).

The extent of P adsorption from dilute solution by soil depends on
the nature of soll, P solution and temperature, At a given concentration
of P the amount of P adsorbed increases with an increase in temperature.
Therefore a P adsorption isotherm should be used for P adsorption study.
The effect of temperature on P adsorption (by Kaolinite) was demonstrated
by Low and Black (1950),

Phosphorous adsorption by soils and clay minerals has been inves-
tigated, and adsorption isotherms have been used to describe the exper-
imental data, (Kurtz et al,, 1946; Low and Black, 1950; Olsen and Watanabe,
19573 Shapiro and Fried, 1959; Weir and Soper, 1962; Woodruff and Kamprath,
19653 Udo and Uzu, 1972; and Syers et al,, 1973 b).
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2.2.1 Theory of Adsorption Isotherm,

The atoms or molecules are sald to be adsorbed on the solid surface
and it is distinguished from penetration of a component throughout the
body of a second, called ahsorption. The distinction between the two
processes 1s not always clear-cut and the word sorption is sometimes used,
but when the process is essentially surface effects, the word adsorption
is preferred, (Barrow, 1966).

Adsorption occurs on the solld surface because of the attraction
forces of atoms or molecules in the surface of the solid, The potential
energy of a surface plus moleculss decreases as the molecules approach
the surface, When a molecule approaches the surface it 1s attracted and
this leads to an increase in kinetic energy, but the molecule will bounce
awvay from the surface unless some of 1ts momentum in the component normal
to the surface is lost so that the molecule is trapped into a potential
well, The adsorption process continues until the free surface energy of
the system dus to imbalance of surface forces, has been reduced to a
ninliyum value,

It is convenient to classify adsorption behaviors into physical
adsorption and chemisorption, Physilcal adsorption is due to the oper-
ation of forces between the solid surface and the adsorbate molecules,
(similar to Van de Waals forces between the molecules), This adsorption
is reversible, The energies of adsoprtion evolved are of the order of
300 to 3000 J mol™’ (this correspends to a heat of adsorption less than
about 10 K cal/mole), and the amount of material adsorbed may correspond to
several monolayers, Chemlsorption is the result of much stronger binding

forces comparable with those leading to the formation of chemical compounds,
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Such adsorption may be regarded as formatlon of a surface compound, The
energles range from 40 to 400 k 3 s (The heat of adsorption is greater
than a.‘bdut 20 k cal/mole), At lower temperatures, chemisorption is seldom
reversible and no more than a monolayer may be adsorbed (Barrow, 1966;
Moore, 1972),

Two commonly used adsorption lsotherms to quantitatively descrilbe
adsorption of phosphate ions from solution onto s0il partlicles are
Freundlich Isotherm and Langmlr Isotherm,

A) Freundlich Isotherm.

x/m = kc® (2)
where: x/m = the quantity of lons adsorbed per unit weight of
adsorbexr,
C = the equilibrium concentration of the adsorbate
after adsorption occurred,
k = a constant,

and n = a constant

Thls equation can be determined by using a log - log plot, since the
following equation 1s linear,

log x/m = log k + n log C (3)

Thus, n is the slope of the line and k i1s the antilogarithm of the
intercept, According to the Freundlich equation, the amount of adsorption
Increases indefinitely with increasing concentration. This empirical
equation does not predict a maximim quantity of adsorptlion, which has
been considered a limitation,

B) langmuir Adsorption Isotherm,

This theory was developed by Langmuir (1918) to explain gas adsorption

onto solid surfaces, There are many assumptions in this theory. However,
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Olsen and Watanabe (1957) have suggested a method for appiication of
Langmuir Adsorption Isotherm to the study of P adsorptlon from solution
by soils, A rigorous, theoretical development for application of this
equation to adsoxrption cf ions from solution has not been presented;
thus a simplified derivation for P adsorption by solls is given below,
The followlng assumptlons and notation arxe ma.dacl
1, It is assumed that each adscorption site had an equal
probability of adsorption of P from solution, i,e, this
requires a constant free energy of adsorption.
2, (P) = activity of P in solution (mole/liter).
3. Xx/m = mg P adsorbed per 100 grams of soll,
4, b = the maximum amount of P that will be adsorbed by a
given soil (mg/100 g soil).
However, these assumptions are somswhat different from that of the
original Langmulr theory for gas adsorption on the surface of solld,
The rate of P adsorption will be proportional to (P) and to the
sites yet unoecupied by P (b - x/m), Thus;
Rate of adsorption = k, (P)(b-x/n) (4)
The rate of dissociation (desorption) will be proporticnal to the
occupled sites. Thus:
Rate of dissociation = kz(x/m) (5)
At equilibrium, both rates must be equal, Thus, equating (4) and

(5)s

ky(x/m) = k, (P)(b~x/m) (6)
. L Y W oL
ki, (P) 1+(k, /k, ) (P) (?)

1 Taken From Ellis and Erickson (1969); and Ellis and Knezek (1972).



K(P )b
or x/m = T T E(P (8)

where: k1 and kz = the proportional constants
K = kl/kz. is sometimes called the adsorption coefficient,
It is related to bonding energy of P adsorption on soll,
(Olsen and Watanabe, 1957).
This is the common form of the Langmuir equation, The typlcal curve
is obtained by plotting x/m versus (P). The limit of x/m as (P)
approaches infinity is b, the adsorption maximum, However, this is not
a particularly useful form of the egquation from which to obtain b and X.

The linear form can be obtalined by rearranging equation (8). Thus:

@9 -8 (9)

This form of the equatlon lends itself well to evaluation by computer
methods in that the best fit of the linear relationship may be obtalned
by standard least squares method., The adsorption maxirum, b, is the
reciprocal of the slope of the regression line, and K may be obtained as
the slope divided by the intercept,

Using the equation -F® = RT in K, the standard free energy of P ad-
sorption may be calculated, which constitutes a measure of the strength
of adsorption bond,

Another useful form of the iIangmuir equation may be obtalned as
followss

1, let © be the fraction of possible sites occupled by P.
2. Other symbels and aanumptiona are as gtated above, Thens

J"ég & (10)
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and equation (6) divided by b, gives:

y (7) (1 - x/a) = kplx/n)

(11)

or kl(P)(i—O) = k6 (12)
k1 &

S e 1)) (13)

Since K 1s known from fitting experimental data into equation (9),
equation (13) can be used to predict the concentration of P in solution
at any level of P adsorption up to the adsorption maximum,

Langmuir theory does not describe the mechanism of adscrption, but
the model ls based on many assumptions including the chemical adsorption
type. However, Low and Black (1950) demonstrated, by using In IIC =
-AH®° + constant, that the nature of P adsorptlon reaction (by Kaolinite)
didnzot change and the standard heat of xeaction (& H®) was positive,
therefore P is chemisorption, The reactioﬁs that are responsible for
adsorption from solution have been discussed by Giles (1959). They may
be classified asj; 1) non-polar Van de Waals attractiony 2) formation of
H bond; 3) ion-exchange; and 4) covalent bond formations,

2.2,2 Application of Adsorptlon Isothexrm to P Adsoxrption,

Experimental data of P adsorption by soil has been reported to con-
form to Freundlich equation (Kurtz et al,, 196) and by kaolinite (Low
and Black, 19503 Russell and Low, 1954), at high concentiation of P
solution (up to 50 ppm). Kurtz et al, (1946) indicated that at the low
concentration of P (less than 1 ppm) their data dit not conform to the
Freundlich egquation, |

Langmiir» equation has been widely used to describe P adsorption by
s01)l and e¢lay minerals, Ellis and Knezek (1972), pointed out that this
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equation was derived by assuming constant free energy of adsorption (no
interaction between adsorbed ions and a surface is uniform), but this
situation would not be expected to occur in mature, They noted that the
heat of adsorption, the nest !.mpozjt-a.nt factor in the coanstant K, should
be expected to decreass with increasing aurface coverage. But the inter-
action of ions already adsorbed with the lons belng adsorbed would in-
crease the heat of adsorption with Increasing coverage, The two changes
would in pert compensate, tending to give a constant heat of adsorptionm,
They indicated that even though the Langmuir equation is astill theor-
etically sound, one should avold extrapolation of the regression beyond
experimental data, Deviations from Langmuir isotherm also axe expacted
if precipitation of the lon being adsorbed occurs, PFPrecipitatlion is
indicated by a rapid increase in x/m with a small change in equilibrium
in solution,

Many workers found thelr experimental data on P adsorption by
solls conformed to the Langmuir Isothexm at low equilibrium P concentration
(Olsen and Watanabe, 19573 Weir and Soper, 19623 Rennile and McKercher,
1959, etc.,). They also found that the deviations from a single linear
Langmiir relationship at higher equilibrium P concentration (above approx-
imately 15 mg/ml, or ppm P which is equivalent to about 48,45 x 1077 mole/
liter,) Udo and Uzu, (1972) reported that a straight line was obtalned
from Langmuir equation at (P) up to 2,5 to 5.5 ppm, for tropical Nigerian
soils, Gunary, (1970) reported that deviations were found with P
concentrations above 5 to 5.5 ppm. Recently Syers et al, (1973 b) found
that there a.m two straight lines for the Langmuir plot for P concentration

up to 14 ppm., The first straight line was for low P (up to 1,5 to 3,15 ppm).
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Deviations were found for P concentrations higher than these, but these
deviations also yielded a stralght line which conformed to Langmuir
Isctherm., They postulated that two populations of sites exlist which
have different affinities for P, Thoy concluded that the sites in
part I, at low (P) had a very much higher binding energy constant (X)
than in part II, at high (P). They rewrote the Langmuiir equa.tion for
two population of sltes ass:

x/m =KL (p) + kI (P)

1+ KN®) 1+ k@)

(14)

where: superscript I and II refer to paxrt I and II of the
population sites,

For clay minerals Cole et al. (1953) found that P adsorption on
the surface of (:a::(:)3 yvielded a straight line for a Langmuir equation up
to 9.6 ppm P. Higher P concentrations caused precipitation, Muljadl
et al, (1966) found that there are two or more straight lines for P
adsorption by Kaolinite, gibbsite and pseudoboehmite, Hsu and Rennie
(1962) found that P adsorption gave a straight line up to 12 ppm P for
amorphous Al hydroxide, The deviation also ylelded a straight line which
conformed to the Langmiir relationshilp,

Even though the Langmuir Isothexrm does not always accurately describe

P adsorption by soil, as pointed out by Olsen and Watanabe (1957), a major

advantage of the Langmuir equation is that it is possible to calculate an
adsorption maximum and a relative bonding energy term for P sorption.

Agreement of P adsorption data with Langmuir Isotherm does not necessarily

imply any specific adsorption or reaction mechanism, However, if the data

ocbeys the Langmuir Isotherm the sdsorption maximm (b) and a constant
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related to binding energy of the soll for P are very useful to describe
the behavior of adsorbed P,

Ellis and Exickson (1969), used Langmir Isotherm successfully to
describe and predict the reductlion of P level in sewmge effluent by
s80lls in Michigan. Their study was very useful in evaluating a sewage
treatment system for eliminating P from municipal waste by spreading it
on solls,

2,2.3 Factors Affecting P Adsorption,

Phoasphorus adsorption from dlilute solution by soll depends not only
on temperature but also on soil characteristics such as soil acidlty,
amount of Al, Fe and thelr oxldes, amount and kind of clay minerals,
specific surface area or texture, oxganic matter content, and Ca in the
soil and P solution,

For P solution, factors including salt effect, anion competitlon and
PH of the solution may affect P adsorption, Kurtz et al, (1946) reported
the amount of P adsorbed in the presence of KC1l in the solution is greater
than that of water solution, Barrow (1972) found that at a given concen-
tration of phosphate, sulfate or molybdate, the adsorption of each res-
pective anion increased as Ca concentxation in the initial solution in-
creased, Therefare salt concentration in P sclution should be kept the
sams as the lonic strength of the natural soil solution,

Phosphoxrus adsorption is not affected by soll solution ratlo
(Kurtz et al,, 19463 Shapiro and Fried, 1959), Shapiroc and Fried (1959)
found that the characteristics of P adsorption by equilibrium method
is not dependent on soil:P solution ratio of 115 to 132000,

Phosphorus adsorption is also affected by other anlons contained in
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the P solution and pH of the solution, Adsorbed P on the surface of soll
can be replaced by other anions, The replacing ability at a neuntrel pH
are in ths order fluoride) oxalate) citrate) bicarbonate) borate) acetate
> thiocyanate) sulfate) chloride, The ability of soil to adsorb acld is:
oxalate> citrate) phosphate> sulfate (Kurtz et al,, 1946), Baxrow (1970)
reported that as the pH of the soll decreased from 6 to 4 (in 0,01

M CaCl, solution), the ratio of sulfatesphosphate adsorbed increased,
Adsorption was nmeasured at concentrations of 20 and 0.2 ppm for sulfate
and phosphate, respectively,

The P adsorption by amorphous Al hydroxide from buffer P solution
(buffer with acetate) increased as pH of the molution increased (Hsu and
Rennie, 1962), Black (1942) also found that pH of the P solution affected
the amount of P adsorbed by kaolinite, bentonite, 1llite and soil,

Soil characteristics have greatly affected P adsorption, Kurtz
et al. (1946) discusced that P adsorptiom might take place at & point where
OH™, silicate or organic anions could be exchanged, or at a point where
Al or Fe are exposed on the surface, If OH was present where Al and Fe
occurred at lattice edges, adsorption at these points would be an exchange
of OH and phosphate ions., Black (1942) explained that fixing powexr of
the clay fraction was attributed to reactlon of phosphate with Fe and Al
present as exchangeable catlons, as hydrous oxides or in solution, and to
reaction with Ca, Russell and Low (1954) found that kaolinite saturated
with exchangeabls A1*> adsorbed about ten times more P than that of comtrol.
Kaolinite treated with oxalate or flouride and then washed to remove Al
markedly reduced the amount of P adsorbed, However, oxalate treated
and washed kaolinite adsorbed P from solution greater than that from P plus
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oxalate solution, They cancluded that exchangeable Al+3 or hydrous
oxides were responsible for P adsorptlon.

In the application of lLangmuir equation, Olsen and Watanabe (1957)
found that the adsorption maximm, (b), was closely related to the specific
surface area of soils, Acid soils adsorbed more P per unlt surface area
and held P with a greater bonding energy (indicated by the constant K)
than alkaline soils, They indicated that acld soils are weathered more
than alkaline solls, and have more weathering products such as the
hydrous Fe a.nd Al oxides, which may be responslble for P adsorption.

Udo and Uzu (1972) reported that tropilcal acld soils adsorbed a large
amount of P added to them. The capacity of P adsorption generally dep-
ends on degree of weathering, The P adsorptlon was positlively correlated
with sesquioxides and exchangeable forms of Al and Fe as woll as clay con-
tent and was negatively correlated with pH of solls, The clitrate~dithlonlte
and the oxalate extractable oxides were of equal lmportance in P adsor-
ption, but the role of Al was more important than that of Fe. They sug-
gested that sesquioxides (probably amorphous form) were reactive in adsorb-
ing P. Clay also provides adsorption sites for P, It is likely that |
clay forms a part of complex gel which conslsts of hydrate I-"ezo3 along
with smll amounts of organic matter, 4&12'2)3 and associated 31(01-[)4 and P,
which is considered as a major site for P adsorption, The P adsorptlon
increases as pH of soil decreases which may be due to the effect of pH on
the exchangeable Al which is strongly correlated with P adsorptilon,

Ellis and Truog (1955) also found that montmearillonite would not fix P
after all of Al and Fe were removed,

Heu (1964) stated that the adsorption of P by a slight acid soil from

dilute P solution at pH 7 is due to amorphous Al and Fe oxides in soil,



45

They discussed that activity of A1+3 and Fe+3 in solutien 1s limited
by pH, and becomes negligible at pH 5 or above. Bui the surface reactivity
of amorphous Al and Fe cxides have no such limitation,

Harter (1969) stated that organic matter provides the major site
for P adsorption. Rennile and McKercher (1959) also noted that organic
matter is considered to be equally as important as inorganic colloids in P
adsorbing capacity of four Canada soils, They also found that Ca is not
cloesly related to the P adsorption maxiwum, Whereas, Udo and Uzu (%972)
found no correlation between organic matter and Nigerian soils, However,
they suggested that organic matter could be part of the complex gel
responsbile for P adsorptlon,

Ellis (1973) stated that the adsorption meximum, (b), depended on
s01l texture and horizon. Sandy soils have lower P adsorptlon maximmn
than heavy texture solls, The A horlzon adsorbed less P than the B
horizon in soils, This is due to the accumulation of Fe in subsoil,

Syers et al. (1971) found that P adsorption from dilute solution by
tropical solls was correlated with exchangeable Al, with oxalate and
citrate-dithionite, blcarbonate, Fe and Al and with clay content., Sor-
ption of added P was always better correlated with Al parameters than
with Fe parameters, It is difficult to identify the soll paremeters most
responsible for P sorption because they are themselves correlated to a
considerable degree, Fried and Dean (1955) reported that the retenticm
of P by soll probably involves exchange of phosphate from solution with an-
ions on the surface of the paxrticle, Hydrous oxides of Fe and Al are
involved in this adsoxrption, The presence of cations such as Ca, Na,
and H, affect the extent of this retention, Shapiro and Fried (1959)
stated that P can be adsorbed on the surface of clay, surface of Fe and
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Al oxides or hydroxides and CaCOB. and lndirectly adsorbed by means of
cation bridge to the clay, Adsorbed P is either hydrolytically dis-
placed or displaced by another anion,

2,2.4 Correlation Between P Adsorption and P Avallability,

The avallablility of P is related with the reactive surfaces of soil
material, Olsen (1953) pointed out that the amount of surface P as
measured by P-° exchange is closely related to plant availlable P. Fried
and Shapiro (1956) and Olsen and Watanabe (1957), showed a close agreement
between the adsorbed P besed on lLangmuir Isotherm and surface P measured
by P32 equilibrium,

Olsen and Watanabe (1957) also pointed out that the range in value
covered by P adsorption maximum will 1lie within the range of P fertilizer
addition to soills,

Phosphorus adsorption maximum as measured by Langmuir isotherm and
its relationship to plant avallability was studied by Woodruff and Kamprath
(1965). They found that conversion of exchangeable Al to au(on)3 remarkedly
reduced P adsorption maximum, The growth of plants was related to the
degree of saturation of the P adsorption maximum, The soils with a large
P adsorptlion maximum did not require as high a P Baturatién as those with
a low P adsorption maximum, The soils with a higher P adsorptlon maximum
apparently are able to supply sufficlent P for growth at a lower saturation
than the soils with a low P adsorption maximum, The maximum yields on
the 1imed soils were obtained when P was greater than 1 x 107 moles/liter,
Much higher P was needed on the solls with a high saturation of exchangeable
Al to glve maximum yields; however, the yiolds were lower than on the limed

soils,
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Fried and Broesshart (1967) noted that there are three methods of
describing soll P system in relation to solution concentration; 1)
phoasphate potential, 2) solubility diagram, 3) adsorption equation, The
adsorption equation appears to be the most useful description for plant

nutrition,
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2,3 FPhosphorus Adsorption by Flooded Soils,

Even though the avallabllity of native P and added P before flooding
increases upon submergence, when water-soluble P was applied to water-
logged soils, rapid removal of P from the solution occurred (De Datta
et al,, 19663 Mandel and Das, 1970),

Acid, lowland rice solls generally contained large amounts of
hydrated ferric oxides, which are highly reactive in removing P from solu-
tion, Besides, such so0ils, under waterlogging condltions, alsoc contain
higher quantities of soluble Fe (IRRI, 1963; Mandal, 1964), which can
rapidly precipitate the added water-soluble P from the soil solution
(IRRI, 1964).

Fixation of added P occurs In both acld and calcareous paddy soils,
Chiang (1963 b) reported that the fixation of P compounds added to acid
paddy solls was generally very rapid and completed within 5 - 9 dayss;
then there was a slight increase of soluble P which in the later stages
declined to nearly the same extent as in the untreated soil samples, In
alkaline soils, fixation was generally completed in about 13 deys after
P application; and the soluble P present was in greater amounts than
that of acid solls,

Williams and Simpason (1965), studied the effect of waterlogging in
clover cultivation on pasture solls and found that short periods of
flooding (1-2 days) produced anaercbic conditions that caused a decrease
in P availability and an increase in sorption capacity, particularly in
disturbed (mixed) soil, This reduced P availability applied to both
native and added P,

De Datta et al, (1966), showed that the disappearance of added P in
solution in equillbration with acid and neutral lowland rice solls is
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very rapid, For two acid soils with pH of 5.1 and 6,0, none of the
added P remained in the solution after 4 days of equilibretion,

The mechanism of P fixation also was observed, Chiang (1963 b)
noted that the chlef forms of P fixed upon the addltion of soluble P are
Al-P and Fe~P in aclid soils and Ca-P in alkaline soils. De Datta et al,
(1966) reported that the amount of P remaining in the solution within a
poxriod of 4 days from application was lowest for those acid latosolic
solls contalning kaolin type minerals and slightly higher in soil con-
taining predominantly montmorillonite, In calcarecus soil (pH 7.6), the
added P remaining in solution was unaltered during # days of equilibrium,

Williams and Simpson (1965 ), stated that the decrease in P avail-
abllity upon waterlogging was due to the effects of certain reactions
during the waterloggling treatment. Reducible metals such as Mn could
have interfered; the nature of the sorption sites may have been altered
due to Fe reduction causing P to be more tightly bound; or some of the P
sorbed could have been occuluded by reprecipitation of Fe upon restoration
of aercbic conditions, They felt that the increase in soil P availlability
upon waterlogging must be due .-bo the presence of easlly reducible ferric
rhosphate. Soils low in ferric phoshpate would not be expected to
increase in P avalilabillity upon submergence,

Mandal and Das (1970), studied the transformation of applied water-
soluble P in three acidic lowland rice s;oils by incubating the soll
samples with distilled water for 7 days and then adding P solution (as
KH,PO,, 20 ng P,0, per 100 gm of soil), Each week after P application,
they analyzed for P in both soll and solution and found that the amount
of added P remalining in the solution in equilibrium with the soil deciined
sharply in all three soils., But the rate at which it declined was found
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1o be influsnced more by the F‘e“.?_o3 and active Fe content than by the pH
of the solls,

They also reported that the solid-bound P fraction in the treated
solls showed practically no increase over the control., The Al-phosphate
fraction in the treated soll, showed a marked increase over the untreated
sample in all three soils, The magnitude of increase appeared to be

Influenced by A120 content rather than the pH of the solls, The

maximm fixation az Al-phosphate occurred within the first week of P
aypplication. The transformatlon of added P into Fe-phosphate fraction
indicated that the magnitude of P fixatlon was affected by Fe203 and
active Fe content, not by the initial pH of the soils, The rate of fix-
ation of applied P as Fe~phosphate was progressive with time of incubation
in the soll which was rich in the amount of Fe203 and active Fe,

Mud and Lake sediment have the ability to adsorb P froam introduced
solution, (Hesse, 19623 Harter, 1968; and Shukla et al,, 1971).

Hesse (1962) found that the fixation of P by fresh and dried mud
is extremely rapid., Equllibrium was almost attained within 30 minutes
and considerable fixation had occurred within 5 minutes, The difference
in amount of P fixed in 30 minutes and 30 days of contact time was very
small, However, Harter (1968) found that with low concentratlons of P,
the dried sediment was nearly identical to mud in its adsorption character-
istics, He suggested that sediment can be drled at 110 C without mch
change in P adsorption ability., But when more P was added the dried
sediment adsorbed less P than did the fresh mud, The dried sediment did
not wet easlly and its adsorption capaclty was likely decreased dus to
inaccessibllity of a portion of reactive sites. The P-free sediment wetted

more easily, and its adsorption isotherm followed by that of fresh sedi-
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ment throughout the range of P concentratlion used,

Like air dried soil, there are many factors affecting P adsorption
by lake sediment, Shukla et al. {(1971) found that in general, noncalcar-
eous sediments adsorbed more added P than calcareous sediments, They
stated that (}&LC()3 was not the major component responsible for sorptlion
of P by the calcareous sediments, The proportion of added P sorbed was
closely related to the amount of oxalate soluble Fe and to the levels of
native total inorganic P in the sediments, They suggested that the best
single criterion indicating P adsorption in both non- and calcareous
sediments was the amount of oxalate-extractable Fe presumed to be derived
from amorphous Fe oxides, and proposed that a gel complex of hydrated
Fe oxide which contains smll amounts of 51203, Si(OH)h_ and organic
matter, is the main P sorbing components of sediments,

Form of adsorbed P by mud and lake sediments also have been investi-
gated, Hesse (1962) found that when Ca-P was added to mud at 20 ppm P,
the Al-P after an initial increase, decreased within 30 days to its
original value, He explained that the Al bounded P decreased due to a
transfer to Fe-P.

According to Harter (1968), when 0.1 mg P or less was added to lake
sedlinments, NH"'F extracted a tightly bound form of P, probably occurring
as Al-P, However, when more than 0,1 mg P was added, additional P in a
more loosely bounded form was adsorbed into NHI‘_F extractable fraction,
The loosely bounded P appeared to be independent of Al content and could
be removed by successive water extractions,

Phosphorus isotherms of lake sediments studied by Harter (1968)

showed that total adsorption as measured by loas from solution and by
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extractlion with 0,5 NH, F followed Langmilr Isotherm at low concentrations
of P hut at high P concentration the isotherm curve deviated from the
conventional Langmir Isotherm, However, adsorbed P recovered by
extraction with 0,1 N NaOH followed Langmir Isotherm throughout the P

concentration used,



MATERIALS AND METHODS

3.1 Materlals.
3.,1,1 Soil Samples .

Five Michigan s0ils were selected to give a variation in chemical
properties such as pH, organic matter content, amount of Fe and M, and
physical characteristics including texture ranging from sandy loan to
clay loan,

Both surface soil (A horizon) and subsoil (B horizon) were collected
from each so0ll series. Soll samples were air-dried, ground and passed
through a 1 m.m, sieve, The s0l]l characteristics axe shown in Table 1.2,
of the Appendix,

3.1.2 Phosphorus Analysis.

3.1.2,1 Murphy and Riley or Ascorxrbic Method.

Murphy and Riley (1962) proposed use of a single reagent for deter-
mining P in natural water, The reagent and procedure of this method are
as followss

Reagentst

(1) Reagent A, Dissolve 12 g of ammonium molybdate in 250 ml of
distilled water, Antimony potassium tartrate 0,2908 g is dissolved in 100
ml of distilled water, In 1,000 ml of 5 N stou (148 m1 of concentrated,
36 N H,80, 1s carefully added in to about 700 ml of distilled water, cooled
to room temperature and then made to volume with distilled water), both
dissolved reagentis are added, mixed thoroughly and made to 2,000 ml with
distilled water, Reagent A is stored in pyrex glass bottle in a dark
and cool compartment at 4 C,

(2) BReagent B, Dissolve 1.056 g of ascorbic acid in 200 ml of
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reagent A and mix, Thils working reagent is light yellow in color and
should be prepared as required since it does not keep for more than 24
hours,

Procedures

Pipette aliquots containing 1 to 40 e of orthophosphate into 50-ml
volumetric flasks., Add distilled water to meke the volume to 40 ml, and
then add 8 ml of reagent B, Make to volume with distilled water and mix
thoroughly., After 10 minutes and within 24 hours, the color is read on
an Evelyn photoelectric colorimeter at 660 mi, A standard P curve is
prepared in the same manner as the samples, with P concentratlon ranging
from O 4o 1 ppm,

In this method, the reagent contains stoa. ammonium molybdate, asc-
orbic acid and antimony potassium tartrate in a single solution reacts with
orthophosphate to produce a blue-purple complex compound within 10 minutes,
Antimony accelerates color development and the color remalns stable for at
least 24 hours, The complex obeys Beer's law up to a P concentration of 2
rpm, The sensitivity of this procedure is comparable with that of the
$nCl,-H,80, method for P determination in sea water (Murphy and Riley,
1962), and water extract (Watanabe and Olsen, 1965),

3.1.2.2 8nCl1,-H,30, Method,

Chlorostannous-reduced molybdophosphoric blue color method, in a
sulfuric acld system was wldely used for determining P in the solution
samples (Jackson, 1965)., The reagents and procedure of this method are
as follows:

Reagentss
(1) Solution I, Dissolve 25 g ammonium molybdate in 200 ml of dis-

tilled water, and warm at 60 C, The reagent is filtered if necessary,
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(2) BSolution IT. Add 275 ml of concentrated H,80;, carefully to

425 ml of ]-[20. The solution is cooled to room temperature and Solution
I added slowly., Then dilute the solution to ane liter and protect it
from 1light,

(3) Chlorostannous acid reagent, 25 g of SnCl,.2H,0 1s dissolved

in 50 ml of concentrated HCl. The solution 1s added to 500 ml of dis-
tilled water and then make volume to 1 liter with distilled water. The
final solution is 1M Sn*2,

Procedure:

25 ml of the test solution (the final concentration of P ranges from
0 to .8 ppm), is placed in a 50 ml of volumetric flaek, and 2 drops of 2,
h-dinitrophenol indicator i1s added, and pH is adjusted with 2 N stoll- or
b N Na.2003 until one drop of &4 N Na.2003 produces a faint yellow color (pH
about 3), Two ml of solution II is added and the samples are diluted
nearly to volume with distilled water and thoroughly mixed, Then 0.2 ml
of chlorostannous solution is added to develop the color and the sample ls
diluted to 50 ml with distilled water, After 5 minutes, but not later
than 10 minutes the color is read photometrically on an Evelyn photo-
electric colorimeter at 660 mu, Calibrate the method using a standard
P in the same manner as the sample with P concentratlon ranges from O to
i ypm P,

This method has a very high sensltivity per unit of P comtent, pro-
viding a working range from 0,02 to 0,6 of P, It provides for nonin-
terference of Si in solution up to 200 ppm, Fe'> up to 100 ppm, Fe'> up
to 2 ppm, Ti up to 20 ppm, Ca and Mg up to 500 ppm or more, N05 up to
100 ppm, F up to 5 ppm, C1l up to 250 ppn, 304"2 up to 1000 ppm -~ but

1t includes arsenate in chemical equivalence to P (Jackson, 1965),
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3.2 Methods,

3.2.1 A 8t of the Met Used in the Determination of P,

The SnC!].z-HzS'I)‘,1P method was wldely used for P determination in water
sample and soll extract because of 1iis sensitivity, However, this method
is not convenient when working with several samples at the same time, The
PH of the samples must be adjusted to pH 3 before color development and
the color must be read between 5 and 10 minutes after mixing with all of
the reagents,

The Ascorbic method, on the other hand is easier to handle, with no
PH adjustment and allows for working with several samples at the same
time due to the very stable color complex. Thils method also uses only a
single reagent solution,

Both methods are sentltive 1n the lower range of P concentration of
0.02 ppm to 0.6 ppm, The SnClz 1,80, method is the standard method for
determining P in the solution in this low range of concentration, This
preliminary study was designed to test P determination in P adsorption
isotherm experiments, comparing Ascorbic and ‘511{:12-}{28()4 methods,

50 ml of 0,01 M (1&.(.’:]2 solution, containing KHZPOu at a concentration
ranges from O to 30 ppm, was added to 5 g of prepared soll samples in 125
ml Erylenmeyer flasks. The samples were shaken on a rotary shaker machine
at 200 rpm for 5 hours at room temperature, The samples were then filtered,
The concentration of P in the filtrates were determined by both methods.
The amount of P adsorbed (x/m) were calculated by substracting the P
remaining in the filtrete from P in the initial solution., The data of
this study 1s shown in Table 2,

The results of this study are shown in Figure 1, The amount of P
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Table 2, Comparison of two analytical methods for P analysls in P
adsorption studles,

Solls Initial Equilibriun l/ P adsorbed é/
P P (x/m)
Ascorbic Sn012-nésou Ascorbic 3“012““25Qu
_— ppm rg/100 g soileaaeo
Hillsdale A 0.0 0.06 0.12 _— -
3.0 0.65 0,70 2,35 2,30
6,0 1.82 1,78 4,18 4,22
9.0 3.20 3,18 5.80 5.82
12,0 5.30 5.35 6.70 6,65
15,0 7+55 7.68 7.40 7.32
20,0 11,2 11,2 8,80 8.75
30,0 18,4 19,9 11,6 10,0
Hoytville A 0,0 0,06 0.12 -— -
3.0 0,15 0.25 2,85 2,75
6.0 0,29 0.55 5.72 5.50
9.0 0,70 0.95 8.30 8.05
12,0 1.35 1.45 10,6 10.5
15,0 2,12 2,45 12,9 12.7
20,0 3,62 4,88 16,4 15.1
30,0 8,62 8,92 21 .4 21.1

1/ average of 2 replications,
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adsorbed which was obtained by both methods of P determination is

closely agreemsnt, especlally at low concentratlon of P, At higher

P concentration, the amount of P adsorbed obtained from the Ascorblc method
deviated somewhat from that obtained by the Sn012-H230u mothod, For
Hoytivlle A a deviation occurred at 20 ppm P of initial solution but

the higher concentration of 30 ppm of Anitial solution, gave little
deviation, For Hillsdale A, the deviation occurs at 30 ppm of the

initlal sclutien,

It could be concluded that at low concentration of P in the ini-
tial solution the Ascorbic method gives comparable results to that of
SnClz-HzSOu_ method.

S8ince the Ascorbic method is more convenient to work with, the
P determination by this method 18 selected to use in the study of P
adsorption in this thesis,
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3.2.2 Phoaphorous Adsorption by Flooded Solls,

3.2.2,1 Anaerobic Condition,

An anaerobic glove chamber (Coy manufacturing Co,, Ann Arbor, Mich,)
was used to keep soll samples under anaerobic conditions. This anaseroble
system was described by Aranki et al, (1969). The atmosphere is composed
of 10 percent Hé and 90 percent N2‘ Oxygen gas, if present, is reduced by
means of Palladium catalyst diffuslion box system by the reactlon:

2H, + 0, __;g;___; 2H,0 (14)

Sllica gel was used to remove HZO genexrated by the Pd catalyst and
Hydrogen sulfide absorbent, (dissolve .5 g Ag,SO, in 100 ml hot distilled
water, and add 1 ml N H,SO, plus 100 ml glycerol) was used to remove HyS8
gas which may be produced by bacteria since st gas wlll poison the Pd
catalyst, Thls anaerobic chamber reduced 02 to less than 5 ppm,

3.2,2,2 Phosphorus Solutien,

The P solutions used in this study were prepared as followss

(1) LaCl, solution,

11,099 g of anhydrous CaCl, (analytical grade) was dis-
solved in distilled water to obtaln a stock solution of 0.1 M CaCIZ.
Working solutions of 0,01 M Cacl2 were obtained by dilutioﬂ of this stock
solution with dilstilled water,

(2) Phosphorus in 0,01 M Cacl, (pH 6).
2,6362 g of analytical grade KH,PO, was dissolved in 0,01 M
CaCl, to obtain a 600 ppm P stock solution,

The working P solutions were prepared by diluting the stock solution

with 0,01 M Caclz. These solutlions contained P concentratlons ranging

from 0 to 300 ppm P,
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The P solutions were adjusted to pH 6, using a Beckman pH meter,
by addition of .02 M Ca(OH)z. The adjusted P solutions were stored over~
night and the pH values measured and readjusted to pH 6 if necessary.
Because the P solutions were adjusted to pH 6, P in the solutions was
measured by the Murphy and Riley method to obtain the P concentration
in each solution, Solutions containing 3.5, 62,0, 88,6, 107,2, 147,0,
167.5, 214,5, 2%.0 ppm P and 35,0, 63.0, 89.2, 96,25, 117,13, 170,0,
242,1 ppm P were used for surface (horizon A) and subsoils (horizon B)
respectively,

3.2,2,3 Phosphorus Adsorption Isotherm,

(1) Air dried soils.

Five g soll samples were placed in 100 ml plastic centrifuges tubes
and 45 ml 0,01 caCl, (adjusted to pH 6) and 5 ml of adjusted pH P
solutions were added to five inltial P concentration varying from 3 to 30
ppn, The samples were shaken on a wrist-actlon shaker for 24 hours,
centrifuged at 2,200 rpm for 15 minutes, filtered and the filtrates
analyzed for P concentratlion by Murphy and Riley method. The amounts of
adsorbed P, (x/m), were calculated.

(2) Anasrobic solls,

40 m1 of 0,01 CaCl, (adjusted to pH 6) were added to each set of

s0ill samples in 100 ml plastic centrifuge tubes., A set of P solutions

was prepared as followss 5 ml of 0,01 CaCl, (adjusted to pH 6) in 25 ml
Erylenmeyer flask were mixed with adjusted pH P solution (see above).

Both s0il samples and the set of P solutions were placed in the entry lock
portion of the anaerobic glove chamber (see Figure 2). After closing the

outside door of the entry lock, the entry lock was evacuated and then
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flushed with Hz two times, then evacuated and flushed with a gas mix-
ture, (10 percent H, and 90 pexcent N,). The samples and the set of P
solutlions were transferred from the entry lock into the glove chamber,
and closed with parefllm papers, The samples were incubeted in the glove
chamber for 1, 3, 7, days, After incubation, the prepared P solutions
were added to the soil samples in the glove chamber, and the tubes were
closed with paraflilm papers, The tubes were transferred via entxy lock
and were shaken, centrifuged, filtered, and the filtrates were analyzed

for P concentration in the same manner as air dried soils,
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BRESULTS AND DISCUS3ION

The first portion of this study was designed to determine the
optimum time of contact, salt concentration and pH of P solutlion for
the best data for the Langmuir Adsorption Isotherm, Many conflicting
reports in the literature have made these preliminary experiments
essentilal,

4,1 Preliminary Studies,

4,1,1 Study of Contact Time and Effect of Salt Solution,

The typical time P adsorption curve Iindicates a fast reaction ini-

tially, followed by a reaction which proceeds at a slow and almost constant
rate, Researchers have attempted to adjust the contact time to where the
rate of P adsorption and desorption are at equilibrium, Practically they
attempt to get the time perlod to where the rate of P change in solution

is small,

The contact period required to reach equilibrium depends on many
factors including soll properties, P soclution and rate of shaking. The
contact period ranged from a few hours to 3 days or more, Syers et al,
(1973 b) used 72 hours, Olsen and Watanabe (1957) used 24 hours, Shapiro
and Fried (1959) used 18 hours for shaking, while Hsu (1964) and Rennie
and McKercher (1959) allowed a contact period of 6 hours,

The P solutlon used 1n adsorption studles varied from researcher
to researcher, Some workers used P in salt solutions such as 0,01 M
CaCl, (E111s and Erickson, 19693 Gunary, 1970; and Udo and Uzu, 1972) or
0.1M NaCL (Syers et al,, 1973 b), However, P in water solution also has
been used, (Olsen and Watanabe, 1957; Hsu, 1964), The purpose of having
salt in the solution 1s to keep the ionic strength of the suspension the
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same as that of the natural soil solution, The following study was designed
to determine the appropriate contmact period and the effect of 0,01 M
CaCl, on P adsorption. The study was conducted in 0,01 M CaCl, and H,0
solution containing 6 and 12 ppm P, The shaking times were 3, 5, 12, 24,
and 48 and 72 hours, The data of this study are shown in Table 1.'5. of
the Appendix,

The results of this study are shown in Figures 3 and 4, The amount
of P adsorbed by both Hoytvllle A and lLocke A soils in 0,01 M ('Jlesn,(:l2 P
solutlon is greater than that of P in water solution at each time interval,
The reaction rate 1s fast initially and is followed by a slow rate and app~
arently approaches equilibrium with time of shaking for all treatments,
However, rate of P adsorption in salt treatments was initially faster
than that of water treatments at all P concentrations, and eventually
approached equilibrium at about 24 hours of contact time, But in H,0
treatment, the contact period of 24 hours was insufficient to reach equili-
brium, For the Hoytville A the contact perilod for equilibrium P adsorption
from HZO solution was about 48 hours, whlle Locke A soil can adsorb more
P and the contact period of this soll is apparently longer than 72 hours,

When solutlon was added to soll, the lonic strength in the soil
solution was dilute and the ions in liquid and solld _.hase were not in
equillbrium, It takes time to allow the lons in the soil which is a
heterogensous system to reach an equilibrium state. When we Iintroduce
P into this system, the P adsorption reaction is also dependent on the
strength of other lons specles, For the system in which the native ionlc
state is in equilibrium or near equilibrium, the P adsorption reaction
would reach equillbrium faster than in the other system., Therefore the
P adsorption in salt solution reached equilibrium faster than that in
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Hzo solution, 1In addition to the P directly adsorbed on the surface of
clay material, P can be adsorbed indirectly by means of cation bridge to
clay or other soil materials (Shapiro and Fried, 1959). This mechanism
of P adsorption could explain the greater and faster P adsorption in 0,01
M Ca,(‘:l2 solutlon than in water treatment,

From this study, it could be concluded that 24 hours is the appro-
priate contact pericd for P adsorption isotherms using P in 0,01 M CaC12
with shaking the soil suspension on a wrist-action shaker, The advantage
of 0,01 M (3&1.(!12 for the P adsorptlion study in the Michligan Solls is not
only the faster equilibrium adsorption, but also a clear solution is
obtained for P analysis after centrifugation at 2,200 rpm (1500 RCF),
With P in water solution treatments, the suspension need further
contrifugation at the faster speed of 6100 rpm (4500 RCF) to set the

appropriate clear solution for P determination,
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4,1,2 Effect of the pH of the Initial P Solutlon,

Most studies of P adsorption isotherms have been carried out either at
uncontrolled pH values (Syers et al,, 1973 b; Helr and Soper, 1962: and
Kurtz et al,, 1946) at a buffered pH (Hsu and Rennie, 19623 Bache, 1964);
or adjusted to a certain pH initially without buffering (Olsen and
Watanabe, 19573 Rennie and McKercher, 1959; Woodruff and Kamprath, 1965).

Phosphorus adsorption is not a single mechanisn or type of reaction
-=- 1t is partially anion exchange because P can be replaced by other anions
such as flouride, oxalate, citrate, bicarbonate, borate, acetate,
thlocyanate, sulfate and chloride (Kurtz et al., 1946), Therefore the P
solution with pH controlled by a buffer appears not to be satisfactory
because anions used in the buffer are likely to compete wilth phosphate
ions for reactive sites, complicating the Interpretation of the results.

However, the pH of P solution in 0,01 M C's.!.c.'l.2 is not constant init-
ially, As the P concentration increases the pH of 0,01 M Cac:]2 solution
decreases (Table 3), Thus, the effect of pH of P solution on P
adsorption must be studled,

The studles were conducted in 0,01 M (Ixatcl2 solution with pH adjusted
to 6 {(with 0,02 M Ca.(OH)z) or the same solution with pH unadjusted, The
amount of adsorbed P, (x/m), was calculated. The data from this
exporiment is shown in Table i,c, of the Appendix,

The amounts of P adsorbed as a functlon of P equillibrium, at low
concentrations of P of both treatments are equal in all three solls (See
Figures 5, 6 and 7)., For higher P concentrations, the amount of P adsorbed
at pH 6 became somewhat greater at each P increment. The pattern of adsorp-
tion curves in both treatments are the same -~ starting with a fast ad-
sorption rate, followed by a slow rate and approaching the maximum adsorption
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Table 3. The pH of increasing KHéPQu

0,01 M Ca012 and Hzo.

concentrations in aolutiana of

P concentration

0.01 M CaCl 1,0 &/
--—Ppm---

0.0 5.45 6.30
30,0 5.10 5.85
60,0 4,85 5.30
90,0 4,65

120,0 4.55 5.20
150.0 4,62
200,0 L4, 62 5.10

1/ delonized distilled water,
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as P mc;easad.

The amount of P adsorbed from the P solution adjusted to pH at 6 at
highexr P concentration was somewhat greater than that of the uncontrolled
treatment, This may be due to pH effects or the amount of Ca in solution,
According to Black (1942) the pH of solutlon affected the amount of P
adsorption by clay minsrals such as kaolinite, hydrated halloysite, illite
and bentonite and by soil, each of which had a range of pH of final sol-
ution for ftsmaximum adsorption, He found that finely ground kaolinite
showed a maximum adsorption at a final pH of 3 to 4, For ancther kao-
linite clay the maximum adsorption occurred at pH about 6 to 7 with 1 and
10 ppm P solutions. At 1 ppm P, the maximum adsorption by Cecil clay in
which free Fe oxide was removed occurred at a final pH of 6 to 7 with
smaller quantities being adsorbed at lower or higher pH values. The
adsorption from a solution concentration of 10 ppm P showed two dlstinct
maxima, one in the range of pH 6 to 7 and the other at pH 3.2, However,
for untreated Cecll clay, at 1 ppm P concentration the maximim adsorption
occur at about pH 4.5 These studies show that the P maximum adsorption
as & functlon of pH of the solutlon depends on the so0ll properties in-
cluding kind and quantities of free oxides and type and size of clay
nineral and P concentration,

However, in adjusted pH treatment the amount of Ca*® in the P
solution was somewhat greater than that of uncontrolled treatment, This
may more oxr leas account for the increase in the amount of P adsorption
in pH edjusted treatment. Barrow (1972) found that the amount of P

adsorbed increased as Ca concentration in P solution increased,
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4.,1.3 Effect of Contact Time on P Adsorption from 0,01 M CaCl, at pH 6,

Because 24 hours was selected as the appropriate contact period for P
adsorption from 0,01 M Caan.(::l.2 solution, this study was designed to determine
the contact time for P adsorption from P solution in 0,01 M Cat.tll2 which
was adjusted to pH 6 with 0,02 M Ca(OH)z.

The experiment was conducted in 0,01 M CaCl, (rH 6) containing
6.2 and 14,7 ppm P, The shaking times wexre 3, 5, 10, 16, 24, 48 and 72
hours, The data is shown in Table 1.d, of the Appendix,

The results are summarized in Figure 8, As expected the P adsorption
curve is a function of time as was the case in the previous study with P
solution in which pH was not adjusted, The rate of P adsorption was first
fast, followed by & slower xrate and proceeded to reach the equilibrium
eventually, At the lower concentration of P (6.2 ppm) the equilibrium was
reached in 24 hours of contact time in bothSims A and Locke A soils, But
at the higher P concentration (14.7 ppm P) the shaking time of 24 hours
approached equilibrium, but equilibrium was not reached until about 48
hours in both soils,

It could be concluded that the appropriate contact period for P
sdsorption by the solls under study, from P solution in 0,01 M Ca.012
which was adjusted pH at 6, is about 24 houras, This contact period of
24 hours will be used in the P adsorption lsotherm study for anaerobic
soils in the next section,
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4,2 Phosphorus Adsorption Isotherm,

4.2.1 Phosphorus Adsorption by Air Dried Solls,

The amount of P adsorption by soils (x/m) as a function of P
equilibrium concentration, {P), is shown in Figures 9 to 13,
The amount of adsorbed P increased as (P) increased. The incre-

-

ment of P adsorbed, [ & (x/m) ], decreased as (P) increased, and x/m

apparently approached thePP a&sorption maximum, (b). For example, when
(P) increased from 2,5 x 1077 to 5 x 1072 mole/l, the increase in ad-
sorbed P.[a. (x/m)] was about 2.2 and 1.8 mg P/100 g for Hillsdale B and
A horizons. When (P) increased from 5 x 1072 to 7.5 x 10~2 mole/2,
(x/m) became about 1,0 and 1.4 mg P/100 g for the same soil samples,
This indicated the typlcal curve of P adsorption isotherm,

The amount of P adsorbed, (x/m), at any given (P) by subsoils is
greater than that of surface soils, For example, at 5 x 10~ mole ®)/
1, the amount of P adsorbed by solls in B horizon of Hillsdale, locke,
litami, Sims and Hoytville, are 15.2, 14,2, 13, 10, and 17.5 ng/100 g
soil, compared with 6, 6.7, 5.8, 8.5, and 13.0 mg/100 g soils in the
respective A horizons, However, with coarse textured soils, (Hillsdale,
Locke, and Miami) the amount of P adsorbed by the B horizon is much
greater than that adsorbed in the surface, 1.e. at 5 x 10”2 mole(P)/

1, x/m of subsoils were approximately 2.5, 2.1, 2,2 times of the sur-
face ones, The differences are 9,2, 7.6, and 6.2 ng/100 g soil res-
pectively, But with the fine textured soils, Sims and Hoytville, the
difference in the amount of adsorbed P between the two horizons is not
so pronounced, i.e, at 5 x 10™° mole (P)/1 the differences are about
1.5 and 4,5 ng/100 gn soil, Sims B and Hoytville B adsorbed 1,2 and

1.4 times more P than the A horizons at the same (P) values,



Figure 9. Amount of P adsorbed by Hillsdale soils as a function of (P),

Figure 10, Amount of P adsorbed by Locke soills as a function of (P).
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Figure 11, Amount of P adsorbed by Miami solls as a function of (P).

Figure 12, Amount of P adsorbed by Sims soils as a functlon of (P),
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The amount of P adsorbed in the subsoils is greater than that
adsorbed by surface solls because of the accumulation of Fe and clay min~
erals in the B horizon, Ellls and Erickson (1969) also reported that B
horizons have the ability to adsorb more P than A horlzons.

The results also showed that fine textured soils adsorbed more P
than coarse textured ones, Sims A and Hoytville A solils with clay loam
texture, adsorbed more P than Hillsdale A, Locke A and Miami A, (sandy
loam and loam texture)., At 5 x 10~ mole (P)/1, Sims A and Hoytville A
adsorbed about 8,5 and 13.0 mg P/100 g soil, whereas Hillsdale A, Locke
A and Niami adsorbed about 6, 6.7 and 5.8 mg P/100 g soil respectively,

For subsoils at the same values of (P), Hoytville adsorbed 17,5 mg
P/100 g soil (Hoytville B), while Hillsdale B, Locke B, and Miami B ad-
sorbed only about 15,2, 14,3 and 13 mg P/100 g soil, However, the Sims
B adsorbed only about 10 mg P/100 g soil, This may be due to a lower
accumulation of Fe and clay in this soll than in Hillsdale B, Locke B,
and Miaml B or it may be due to some other factors.

Olsen and Watanabe (1957) found a close relationship between ad-
soprtive capacity and the specific surface area of soils, Black (1942)
reported that ground kaolinite adsorbed more P than the unground miner-
al, Syers et al, (1971) and Udo and Uzu (1972) found that soil ad-
sorption capacity and the amount of clay content were correlated,

Because for a given amount of soil, fine textured soil has a
greater number of reactive sites than coarse textured socll, clay solls
will adsord more P than sandy soils,

Figures 9-13 show that almost all of the P in the low initial P
solution was adsorbed by subsoil, indicated by the steep increase in x/nm

as P increased, But for surface soils the amount of x/m increased as a
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function of (P) was lower. This would indicate that there are more sites
for P adsorption in B horizons than in A horizons,

Langmir adsorption isotherm for air dried solls are shown in
Figures 14 to 18,

A plot of (P)/(x/m) versus (P) gave a straight line at low P concen-
trations -- up to about 5 x 10”2 mole (P)/1 for surface soils except
Hoytville A (at about 2.5 x 10~ mole (P)/1) and up to 1 x 10™ to § x
10™2 mole (P)/1 for subsoils. At higber (P) the deviation also yield
another straight line for levels up to 10 x 10~ to 30 x 10”2 mole (P)/1.
That Langmiir P adsorption data ylelded two straight lines for P levels
of about 14 ppm or about 45 x 102 mole (P)/1 was also found by .Sya::s
et al, (1973 b)., They noted that there are two components of soils which
are very different with respect to P adsorption,

The constant X, related to bonding energy, and b, the adsorption
maximum of the two parts were calculated from the slopes and the inter-
cepts of both straight lines, The value of K and b were shown on Table 4,

The K, (K value for the first straight line) values vary from about
0.2 to 0.7 x 10° 1/mole for surface solls, and range from 0.86 to 8,8 x
10° 1/mole for subsoils, While K, (corresponds to the second straight
line) vary from about 0.07 to 0,22 x 10° 1/mole for surface soils and
about 0.15 to 0.77 x 10° 1/mole for subsolls.

For all soils, K,, is greater than K, (See Table 4) which indicated
that P was adsorbed in part I more tightly than by part 1II, since the
greater the K value the greater the energy of P adsorption on the surface
of soil partlcles, However, the difference between this bonding energy
constants (K, and xz) is greater in subsoils with x1/x2 ratios varying
from about 5.8 to 15.5, (See Table 4), The Ki/KZ ratios of surface solls



84

Table 4, Langmuir adsorption parameters for alr dried surxrface and
subsolls,
Part I Part II 1(1/1<2 1:2/1:.1 £b
Soil 1{1 b1 K2 ‘b2
x 10 ng/100 x 1072  ng/100 ng/100
& soil g soil g soil
Hillsdale
A 205 12,9 . 087 17.9 2.35 1.4 30,8
B 8.33 12,0 .769 20,0 10.8 1,6 32,0
Locke
A « 354 10,5 .126 15.2 2,80 1,5 25,7
B 5.92 11,2 694 18,0 8.53 1,6 29,2
Miami
A 259 10,7 .073 17.9 3.53 1.7 28,5
B 4,28 11,7 431 19.3 9, % 1,7 31.0
Sims
A .389 12,9 «135 20.0 2,88 1.6 32,9
B .857 11,7 JA49 21,0 5.76 1.8 32.7
Hoytville
A .706 15,0 227 26,7 3.36 1.8 41,7
B 8.88 11,2 .578 29,0 15,5 2,6 49,2
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range from about 2 to 3.5. However, Syers et al, (1973 b) found that
1{1/1(2 values range from 33 to 91 for their soils.

Bond strength indicated by K values of both regions showed that
subsolls adsorbed P more strongly than do surface solls, In coarse tex-
tured soils (Hillsdale, Locke and Miami), the difference between K values
of A and B horizons 1n both reglons is greater, which 1ls indicated by
Kp/K, value (Table 5), These values (K, and K,) range from about 16 to
40 in part I and about 5.5 to 8,8 for part II, For fine textured solls,
Sims and Hoytville, the KB/KA values are about 2 and 12 for region I and
about 1 and 2.6 for region II respectively.

The b, (adsorption maximum in region I) values vary from i1 to 15
mg P/100 g soil for A horizon and range from i1 to 13 mg P/100 g soil
for B horizon., While b, va.lﬁsa (adsorption maximum in region II) vary
from about 15 to 26,7 mg P/100 g soil and about 18 to 29 mg P/100 g soil
for horizon A and B respectively.

In region I, the adsorption maxirmum Indicated bybl values, was sim-
1lar for sub and surface solls, except for Hoytville, For example, 'b1
values are about 10,5 and 11,25 mg P/100 g soil for Locke A and B, and
about 10,7 and 11.7 mg P/100 g soil for Miami A and B respecitvely,
But Hoytville A and B have b, values about 15 and 11 ng P/100 g soil,

The adsorption maximum of region II, 'b2, of subsolls is greater
than that of surface smoils, except Sims, For example, for Locke soll
the adsorption maximum of region II are about 15.2 and 18.0 mg P/100
g soll for horizon A and B respectively, While Sims A and B, the 'b2
values are about 20 and 21 mg P/100 g soil,

Figures 14 to 18 showed that at any given (P) the amount of P
adsorbed by subaolls is greater than that of surface solls, indicated
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Table 5. Ratlo of bonding energy constant and adsorption maxipum
of A and B horizons,

Soil Part I Part IX
Kp/Xy by/By Kp/¥y bp/b,
Hillsdale 40,7 .93 8.8 1.12
Locke 16.8 1,17 5.5 1,18
Miami 16.5 1,09 5.9 1,07
Sins 2,2 o1 i.1 1.05
Hoytville 12,0 75 2.6 1,09
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by the lower P values, However, the total amount of P adsorption
maximum, (Eb@luea in Table 4), which were calculated from Langmuir
straight lines, showed that in corase textured solls, (Hlllsdale, Locke
and Miami), the B horizon has the ability to adsorb more P than surface
soil, e.g, 30,8 and 32, 25,7 and 29,25, 28.6 and 31,00 for Hillsdale,
Locke and Mimmi, A and B horizons respectively, This indicated that B
horizon of coarse textured soils have the abhllity to adsorb more P from
solution than A horizons, The greater ability is due to the accumilation
of clay and Fe in B horizon, But 1n fine textured soils 1l.,e, Sims and
Hoytville, the total maximum adsorption are about 32,9 and 32,7 for Sims
A and B and 41,7 and 40,2 mg P/100 g soll for Hoytville A and B horizon
respectively, This shows that the ultimate ability to adsrob P from the
solutlon for A and B horizons of these two solls are not different even
though Figure 12, 13 showed that the B horlzon of these two soils adsorbed
more P than the A horizon at any given (P) under study, For fine textured
soil the difference in clay content between the surface and subsoll is
not as much for coarse textured solls,

The first stralght line of Langmuir plotting may correspond to the
steep part of the curve x/m versus (P) in Flgure 9to13;, This part of
the curve corresponded to the part of the soil that adsorbed P more tight-
ly than that of the second part of the curve,
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4,2.2  Phosphorus Adsorption by Flooded Soils.
4.2.2,1 Phosphorus Adsorption Isotherms for Flooded Sirface Solls.

After flooding soil, an iIncrease in extractable P has been found
(Ponnamperuma, 1972). For the five Michigan soils under study, Srisen
(1971) found that the amount of Flouride (Bray®s), Sodium bicarbonate
(Olsen’s) and diluted H,80,, (Troug's) extractable P also increased
upon flooding; (Table 1.e, in Appendix)., This would suggest that the
P adsorption behavior of these solils would change due to flooding and
the tendency to decrease P adsorption could be anticlpated since the
solubility and the amount of extractable P increased,

Phosphorus adsorption by flooded and anaeroblc surface soils did
change upon flooding, (Table 6 and Figures 19 to 23,) But as shown in
Table 6 the amount of P adsoxrbed (x/m) as a function of initial P con-
centration increased upon flocodlng, especially for Hillsdale A, Miami
A, and Sims A solls,

For Locke A, the amount of P adsorbed after flooding 1s somewhat
smaller than that of the air dried soil at low P concentration, but at
higher P concentration(at 21,45 and 29,4 ppm P initially), the amount of
P adsorbed by flooded soils become greater, On the other hand, the amount
of P adsorbed by the Hoytville A horlzon decreased upon submergence,

These results are shown in Figures 19 to 23,

Phosphorus adsorption by flooded soils and by lake sediment has been
studied by many workers who found that the dlsappearance of P from the sol-
ution by submrgald Bolls was related to #ctive Fe and ‘:T'oe:‘,‘.:o3 content of the
solls (Chiang, 19"63 b; De Datta et al,, 1966; and Mandal and Das, 19703
Shukla et al., 1971) Shukla et al, (1971) also reported that non-

calcareous lake sediment adsorbed more P than calcareous ones, and
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Table 6, Amount of P adsorbed by anaeroblc surface 801131.

So1l (P) initial Amount of P adsorbed (x/m)
Incubatlion Time
0 day 1 _day 2 days 7 daya
PPR - ng/100 g soll-
Hilladale A 345 3.00 3.11 2,95 3,04
6.20 5,01 5.57 5,26 5.12
8.86 6.93 7.72 7.49 7«24
10,7 8.1 8.74 8.89 8.15
14,7 i10.1 11,2 11.3 10,6
16.7 11.1 12,6 12,0 -
21,4 12,7 14,7 14,2 14,1
29,4 15.3 18,0 17.8 19,4
Locke A 3,45 3,07 2,80 3,08 2,88
6.20 5,32 4,95 5,11 4.88
8.86 7.07 6.59 6,67 6.75
10,7 . 7.97 7.42 ?7.70 6.87
14,7 9.98 9.33 10,0 8,95
16.7 10'? 10'3 1006 -
21.4 12,0 12,0 12.0 12.5
29.4 13.4 15.7 15.2 19.9
Miami A 345 2,99 3.12 3.11 3,21
6.20 4,97 5.61 5.59 5.82
8.86 6,71 7.61 7.72 7.52
10,7 7.62 8.73 8,74 8.37
14,7 9,87 11.2 11.2 11,1
16,7 10.5 12,3 12,6 -
21, 12,2 14,3 13.8 17.5
29.4 14,6 17.6 18.3 20.7
Sims A 3.45 3,14 3.28 3.30 3,27
6,20 5.56 5.81 5.95 5,89
8.86 7.68 8.17 8,38 8.48
10.7 8.89 9.67 9. 9% 10,0
14,7 11.5 12,8 13.3 13.3
16.7 12, 14,4 15,1 -
21, 14,9 17.7 18.3 18,5
29 4 17.9 22.7 23.8 24 i
Hoytville A 3.45 3.33 3.24 3.08 2,95
6,20 5.91 5.57 5,62 5.38
8.86 8.3 7.80 8,09 7.82
10.7 9.91 9.26 9.85 9,03
14,7 13.4 12.5 12.4 12,2
16.7 14,9 14,0 13.8 13.2
21.4 18, 16.8 16.5 17,2
29.4 23,2 22,2 21.9 23,0

1 average of J replications,
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Figure 19, Amount of P adsorbed by alr driasd and flooded Hlillsdale A
soils,

Figure 20, Amount of P adsorbed by alr dried and flooded Locke A
solls,
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Flgure 21, Amount of P adsorbed by air dried and flooded Miami A
so0lls,

Figure 22, Anount of P adsorbed by alr dried and flooded Sims A
soils,
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onlatéd soluble P played an important role in P adsorption by the lake
sediments, De Datta et al., (1966) reported that there is no change in
P concentration in solution during 4 days equilibrium with calcareous
solls, '

Greenhouse studles showed that the amount of 1N NH, GAc extractable
Fe of Mlchigan solls under study increased conslderably upon flooding
(see Table 1.f, in Appendix), and reached the maxim about 3 to 6 weeks
after flooding (Srisen, 1971).

For Hillsdale A, Miami A and Sims A, the amount of Fe increased
greatly within 3 weeks of submergence, while for Locke A and Hoytville A,
the amount of extractable Fe was also increased but the increase was much
less within 3 weeks of submergence and reached the maxima slower at about
6 weeks after flooding. But in all five surface soils the extractable P
increased greatly within 3 weeks of submergence, (see Table 1.,e,, in
Appendix).

The Increase in extractable Fe and extractable P upon flooding the
solls should change the abillity of solls to adsorb P after flooding.
Howevexr, the amount of extractable Fe appears to play a more important
role in thils case, For Hillsdale A, Miami A and Sims A, the increase in
extractable Fe within 3 weeks of submergence may cause increases in P
adsorption by these soils upon flooding, However, for locke A and Hoyt~
ville A with much '.ljowar extractable Fe within 3 weeks of flooding, (19.7,
12,0 and 38.7 ppm for those three solls compared with 1,04 and 2,73 ppm
Fe for Locke A and Hoytville A), the amount of P adsorbed decreased a
1ittle in flocded treatments, This may be due to a greater Increase in
soluble P than could be adsorbed upon flooding within 7 days of incubation,
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Therefore the P that remained in solution after shaking with the soils
in flooded treatment was greater than that of elr dried soils,

The adsorption of P by flooded soll would differ from that of air
dried soil in this aspect, For air dried soils, the number of P ad-
sorption sites does not change and the soil adsorbs added P from the
solution, For flooded soils the number of P adsorption sites is more or
less changed due to the chemical changes under anaerobic condition, e.g.
extractable Fe and P increase, and flooded soll adsorbs not only applied
P from the solution, but it adsorbs native P that 1s released into sol-
uticn during chemical changes upon flooding,

As concluded by Ponnamperuma (1972) acid clay high in Fe gave a low
increase in solution P while sandy soils low in Fe gave the moat increase
in P in the solution of flooded solls, Thls would indicate the importance
of Fe in removal of P from solution, some of which is fixed by adsorption
reaction and the other portion 1s precipitated,

Langmuir adsorption isoctherms for flooded surfaced soils are shown
in Figures 24 to 28, and P Langmulr adsorption data showed in Table 1.g.
to 1.3. in Appendix, The Figures show that the longer the time of in-
cubation the greater 1s the deviation from a straight line, The bonding
energy constant, K, and the adsorption maximm, b, were calculated and
are given in Table 7?7,

The strength of P adsorption in part I, indicated by K1 values,
changed a 1little upon flooding. The tendency to decrease of the energy
of adsorption in this part of the soil is shown by Hillsdale A, Locke A,
and Hoytville A, However, for Miaml A and Sims A soils the K1 values
increased a 1little upon flooding,
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Table 7, Langmuir adsorption paramaters for anaerobic surface solls,
Incubation Part I Paxrt II
Soil time K, B, X, b, Eb
days x 10°'  ng/100 x 10~  ng/100 g soil-
1/mole g soil  1/mole
Hillsdale
A 0 2,047 12,9 0,872 17.9 30.8
1 2,392 15,8 0,962 21,7 37.5
3 2,23 15.4 0.871 21.2 36.7
7 1,880 14,0 0,663 22,9 36.9
Locke
A 0 3.535 10.5 1,262 15,2 27.4
1 2,200 10,8 0,748 16,9 27.7
3 2,5% 10,7 0.833 17.1 27.8
7 2,661 8.9 0.367 21.7 30.6
Miaml
A 0 2,593 10,7 0.73% 17.9 28,6
1 4,453 11.8 1,242 19,2 31,0
3 3.283 14,1 0,777 24,3 38.4
7 4,964 10,7 0,459 32,5 43,2
Sins
A 0 3.889 12,9 1.351 20,0 32,9
1 4,629 16,0 0,998 32,9 48.9
3 4,167 20.0 0,961 37.1 57.1
4 4,347 20,0 0,788 43,8 63.8
Hoytville
A 0 7.407 15,0 2,206 26,7 4,7
1 I, 687 13.3 1,309  25.4 38.8
3 7.778 14,3 1,267 25,4 39.7
7 4,167 13.3 0,588 37.8 51.1
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The adsorption maxirum in part I of adsorption, b,, increased in
Hillsdale A, Miaml A and Sims A soils, While Locke A soll the adsorption
maximum was relatively constant and Hoytville A soll showed a slight de~
crease in bi values,

In the second part of P adsorption by solls, the bonding energy

constant, K,, decreased upon flooding, this would 1ndicate that solls

2
adsorb P more loosely in this part of the adsorption than in air dried
solls, The adsorption became weaker when the incubation time increased
up to 7 days of incubatlion in this study,

The abllity to adsordb P, indicated by bz values, showed that the
adsorption maximmm in part II increased upon flooding, e.g. from 17.9
to 2t , and from 20 to 43 mg P/100 g soil for Hillsdale A and Sims A
after 3 days of incubation, However, for Hoytville A the adsorption
maximm did not increase until 7 days after flooding, The increase in
P adsorption meximum and the decrease in bonding energy for P adsorption
in this part, associated wlth the smell change in both b and K values in
part I, Indicated that the change in the behavior of P adsorption by
surface solls after flooding is due to the changes In thls portion of
the adsorption., Generally the ability of the soll to adsorb P increased
but with weaker bonding energy than those of ailr dried soil,

The total amount of P adsorption maximum, (Zb in Table 7), increased
upon submergence especlally for Hilladale A, Miami A and Sims A solls,
However, the tcotal adsorption maximum for Locke A and Hoytville A soils
did not increase untll after 7 days of lincubation,

It should be noted that the adsorption cepacity of surface solls
generally increased upon flooding but the P was held with a lower bonding
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energy than in alr dried soils. This change is due to the chemical
changes in the soll after flooding,

In flooded soils, P became more soluble and is released in to
the soll solution and could be adsorbed on the reactive sites of the
soll, It has been found that (greenhouse studies) the amount of P in
solution was vexry small compared to the extractable P for these five
soils (Srisen, 1971)., These showed that P was adsorbed after it was
releaged into the solution after flooding for a period of time, This
adsorbed P may account for the increase in extractadle P after flooding,

It should be also noted that the break point in Langmuir curve
between the two parts is between P values of 5 to 10 x 10~ mole P/1
(about 1.8 to 3.1 ppm P). This P concentration is somewhat higher than
the amount of P in the natural lake water, Syers et al. (1973 a) con-
cluded that the P concentration in anaerobic water at the bottom of the
Lakes is about .1 to .5 ppm P. Srisen (1971) found that after 3 weeks of
incubation the concentration of P in water is less than { ppm under green-
house studles for Michigan solls, This means that the amount of P re-
mained in water of flooded solls would have the possibllity of removal
from the solution if the contact time was longer, (e.g. by adsorption,
precipitation or microbal consumption), However, umnder laboratory studies,
the concentration of 5 to 10 x 10~ mole P/1 in the solution after shaking
would be consldered to be the concentration of P that provide loosely
bound P by the soils under flooding conditions in this study.

The P adsorption reaction occurring in flooded solls should be of
benefit to rice cultivation especially in the paddy field with uncontroll-

able water area, Phoaphorus in the water which may come from native or
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applied P would not be lost with drainage water, It can be adsorbed and
can be used by rice during the growing season,

It should be notsd that the disappearance of P from P solution
occurred by the two mechanismgs, chemlcal adsorption and precipitation.
Preciplitation would occur when the concentration of P and the reactlve
counter catlons such as Fe+3, Fe+2, A1+3 angd Ca.+2 were sufficlently
high and the solublility products axe higher than the sclubility product
constant of the respectlive P compounds, Because the solublility of Fe
and P in reducing conditions in flooded soil is higher than that of alr
dxled soil, the possibility exists that P may be removed from solution
by precipitation, especially when an anaeroblc soll becomes asrobic, An
example of this reaction is the oxidized zone in paddy rice soil (Patrick
and Mahapatra, 1968), Evidence of this was found in this study during an
initial experiment. When the surface solls were incubated in anaerobic
chamber for 7 days and were shaken with P solutlion alr leaks developed
in the stoppers of some of the samples which then were contacted with
alr atmosphere during shaking periods, The loss of P from the solution
in those tubes was much greater than with the other samples suggesting
that preclipitation occcurred, The data on this lnvestigation is showm in

Table 8,
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4,2,2,2 Phosphorns Adsorption Isotherm for Flooded Subsurface Soils,

Chenical changes also have been found in subsoils after flooding
(Sxrisen, 1971). The amount of extractable P increased greatly but was
st111 smaller than that of flooded surface solls (Table i.,e, in
Appendix). This may be because the extractable P and organic matter con~
tent in air dried subsoils was much smaller than in surface solls (Table
1.a. in Appendix), The amount of extractable Fe in flooded subsoils also
increased but the increase was much smaller than in flooded surface soils,
even in Sims B and Hoytville B solls which have more extractable Fe than
that of those surface soils before flooding, (Table 1.f. in Appendix).
Actually the total amount of Fe in subsolls ls greater than in surface
soils through the process of Fe accumulation., The smller change in the
extractable Fe would indicate a lesser degree of reduction in subsoills
after flooding. This may be due to more anmerobic metabollism in surface
0lls than in subsoils associated with higher organic matter content,

Phosphorus adsorption behavior in subsolls is also changed upon
flooding, (Table 9 and Figure 29 to 33). Table 9 shows the amount of P
adsorbed as a function initial P concentration, It shows +that at low
initial P concentrations, up to 9.6 ppm P, the amount of P adsorbed did
not change upon 7 days of flooding except for Sims B soll which showed &
s8light increase, But at higher P concentrations, flooded subsoils adsorbed
more P than unflooded ones, especlally Locke B, Miami B, Sims B and Hoytville
B s0lls, However, for Hillsdale B soil, the amount of P adsorbed was
slightly decreased upon 7 days of aubmfgence. This is shown in Filgures
29 to 33.

Alr dried Hillsdale B soil contained slightly higher extractable P
when compared with other subsoils, (Table i.a. in Appendix), However, the
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Table 9, Amount of P adsorbed by anasrobic aubsoilel'/ .

Soil (P) initial Amount of P adsorbed (x/m)
Incubation Time
0 day 1 day 7 _days
PP 0 eemmeee——— ng/100 g soil

Hillsdale B 3.50 3.49 3.48 3.48
6.30 6.27 6,24 6,23

8,92 8,80 8.66 8.75
9,63 9.37 9.37 9.36

11,7 11,2 11.1 11.1

17.0 15.4 15.0 1!+.8

24,2 18.6 17.3 17.2
Locke B 3,50 3.48 3,47 3.47
6.30 6.23 6,21 6,20
8,92 8.69 8.66 8,69

9.63 9.32 9.32 9.35

11,7 11,0 11,1 11.2

17.0 15,8 15,8 16.0

24,2 17.7 18,7 20,4

Miami B 3¢50 .47 3.47 3.48
6.30 6.23 6.16 6,23

8,92 8.74 8,62 8,78

9.63 2.25 9.24 9.33

11.7 10.8 10.7 11,2

17,0 15.6 15.2 15,9

24,2 17.5 17.2 19,7

Sim B 3050 3-32 3-38 3.1'"8
6030 5096 5-86 ’ 6015
8,92 8,19 8.15 8.92
9,63 8.52 8.57 9.20

11.7 9,86 9,67 10,9

17,0 13.3 13.3 15,9

24,2 16.5 15,2 21,7
Hoytville B 3.50 3.48 3,49 3.49
6.30 6,25 6.27 6.28

8.92 8,83 8.84 8.85

9.63 9,48 9,49 9.51

11.7 11.3 114 11,4

17.0 16.2 16.3 16,4

2.2 21.3 20,7 21.3

1/ Average of 3 replications,
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Flgure 29, Amount of P adsorbed by air dried and flooded Hillsdale B
solls,

Flgure 30, Amount of P adsorbed by air dried and flooded Locke B soils,
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Amount of P adsorbed by Miani B soil, air dried and 7 days
incubation,

Amount of P adsorbed by Sims B soll, alr dried and 7 days
incubation,
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amount of extractable Fe of this so0il after 3 weeks of submergence was
very small, This would account for the slight decreased in P adsorption
upon 7 days of flooding. Locke B and Miaml B also have a very small ex-
tractable Fe content after 3 weeks of flooding but these soils contain
lower amounts of extrauctable P than Hillsdale B in alr dried treatment.
Hl)eiieaa Sims B soil in which the increase in P adsorption is greater than
the other subsoils after flooding, contains higher extractable Fe within
3 weeks of submergence,

The P Langmiir adsorption data for flooded subsoils are shown in
Tables 1,k to i.m in Appendix, and the plots (P)/(x/m) versus (P) are
shown om Figures 34 to 38, The bonding energy constant K and the adsorption
maximum were calculated and are given in Table 10,

In the part T of P adsorption, the strength of P adsorption and the
ability of subsoil to adsorb P, (indicated by K;» and by values in Table
10), were relatively unchanged for Hillsdale B, Locke B, and Miami B
solls., However, for Sims B both l{ia.nd. ’t:r1 values increased after 7 days
of flooding, Whille Hoytville B, soll adsorbed somewhat more P and with
a little lower enexrgy in this part of P adsorption.

In part IT of P adsorption, flooc’;ed solls adsorbed P with a lower
bonding energy than alr dried soils, (indicated by K, in Table 10),
except for Hoytville B the X, values increase upon flooding,

The adsorption maxirmum in this part of the solls was also changed
upon flooding, For Locke B and Miami B soils, the b, values incroased
a little, whereas Sims B soil, the adsorption maximum increased consider-
ably. However, for Hlllsdale B and Hoytville B soils, the asdsorption
showed a slight decrease in the adsorption maximum upon flooding,



120

Table 10, Iangmuir adsorption parameters for anaerobic subsolls,

Soil Incubation Part I Part 1II
time K1 b1 K2 b2 Xb
days x 10~ mg/100g x 10  mg/100g  mng/100g
soil soil soil
Hillsdale B 0 8.333 12,0 .769 20,0 32,0
1 8.392 10,8 779 18.3 29,2
” 8,392 10.8 <736 18,1 29,2
Locke B 0 5.926 11,2 L6 18.0 29,2
1 5,758 11,6 «556 20,0 3,6
7 5.758 11,6 . 600 22,0 33.6
Miami B 0 4,286 11.7 31 19.3 31.0
1 3,897 11.7 05 19,0 30.7
4 L4, o040 11,2 458 23,0 .2
Sims B 0 .857 11,7 149 21,0 32,7
1 .884 11.3 . 097 25.7 37.0
4 1,322 13.8 «139 40,0 53.7
Hoytville B 0 8,889 11,2 « 575 29.0 40,2
1 8,000 12,2 .867 23.1 35.3
7 7.500 13,0 . 909 24 .4 37.4
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The capacity of subsoils to adsorb P, indicated by the total adsorp-
tion maximum, (£b values in Table 10), also reflected a similar change,
However, the change is not as pronounced as for surface soils except Sims
B,

The change in the bshavior of P adsorption by subsoils upon 7 days
of flooding, both change 1ln bonding strength and the capacity to adsord P
is similar to that of surface solls, &.,e. gensrally increase the capacity
of adsorption with more loosely bound P to the soil surface, and generally
most of the change 1is In part II of adsorption, However, the degree of
change is not as great as that of surface soils (See Table 7 and 10).

Because the change in the capacity of reduction in surface soils
assoclated with high organic matter content, is greater than that of
subsoils, (i.e. greater increase in extractable Fe and Mn ete.),
upon flooding, the difference occurs in the P adsorption by the surface
and subsoils, For Sims B soll, the amount of organic matter is somewhat
greater than that of other subsoils (in air drled treatment, Table 1.a
in Appendix), This may account for the faster increase in the extractable
Fe content upon 3 weeks of flooding, (Table i.f in Appendix)., The higher
content of extractable Fe in flooded Sims B scoil may account for the
much greater P adsorption with in 7 days of incubation,

It should be noted that subsoils, both Flooded and air dried,
adsorbed almost the same quantity of P from the solution at low P concen-
tration, For surface solils the change in the adsorption at low P concen-
tration is not as great as in higher P concentrations, The plots (P)/(x/m)
versus (P) of flooded soils showed that the part I of P adsorption changed
little upon flooding, Thils suggested that the adsorption sites in this
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part mny be due to Al or other sources which did not change upon
flooding. But for the part II of P adsorption, the adsorption sites
may be due to Fe or the other sources which were Anfluenced by the
reduction process. However, the further astudles on the sources of the
P adsorption sites in both part could give a better explanation on this
matter,

The mechanism of P adsorption is not a single type of reaction., As
cited by Shapiro and Fried (1959), P adsorption consists of anion adsorp-
tion on the surface of clay, adsorption on the surface of Fe and Al
oXldes or hydroxide and Ca.CO3 and indirectly anion adsoxrption 'by means
of a cation bridge to the clay, Udo and Uzu (1972) noted that clay forms
a part of complex gel which consists of hydrated 13‘9203 along with small
amounts of organic matter, 31203 and assoclated 31(03)4 and P, This com-
plex gel 1ls considered to be the main P adsorption site of sediments,
(Shukla et al,,1971), However, Harter (1969) noted that organic matter
also provides the main site of P adsorption, Themfomlclay particle,
oxldes or hydroxilde of Fe, and Al, Cacoj. organic mtter and exchangable
cations i,e, Fe+2, Fe+3, A1+3, and Ca.+2 would provide directly or in-
directly the sources of P adsorption sites in the soils, Some of which
were AInfluenced by reduction reactions, which account for the change in

the behavior of P adsorption upon flooding,



CONCLUSICNS

(1) 8oils adsrobed more P from 0,0L M CaCl, solution than from
water solution, The adsorption reactlion in 0,01 M 03012 treatment
reached equilibrium faster in 24 hours, while for water solution
treatment, the adsorptlon reaction required 48 hours or longer to reach
equilibrium,

(2) Soils adsorbed more P from 0,01 M CaCl, solution adjusted
to pH 6 than from unadjusted pH treatment at high P equilibirum con-
centrations, The adsorption reaction in the pH adjusted treatment
also reached equilibrium at 24 hours of shaking,

(3) Air dried, fine textured soils adsorbed more P than coarse
textured ones, Subsolls adsorbed more P than surface soils, How-
ever, for coarse textured soils, subsolls adsorbed more P than did
surface soils, but for fine textured soils the difference in the amount
of P adsorbed in the A and B horizons was not great,

(4) Langmuir adsorption studies showed that thexre are at least
two different portions of the soils with respect to P adsorption,
the tightly and loosely bound portions,

{(5) The behavior of P adsorption changes upon flooding surface
solls, The changes mostly occurred in the locosely P bound portion,
The amount of adsorbed P increased with a lower bondlng enexgy upon
flooding. Extractable Fe apparently played an important role in the
change in P adsorption,

(6) The increase in P adsorbed by surface solls after flooding
may be responsible for the increase in the extractable P, Phosphorus

adsorption by flooded surface solls, therefore, should be of benefit

128
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for rice cultivation in lowland or paddy soils,

(7) Por subsoils, the change also occurred in the loosely P bound
portion of the soll upon flooding, The amount of P adsorbed increased
and possessed a lower bond strength than air dried soils, However, the

changes were not as great as for surface solls,
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APPENDIX



Table 1 a, Physlcal and chemical properties of air dried soilsy

Soil Type Texture pH  Eh  Omganic Sxtractabley Extractabled pd
Matter Mn Fe

Bray's Olsen's Troug's

mv, » PPR~== -

Hillsdale A Sandy Loam 5,82 595 1,66 7.24 0,74 57.9 25,9 71.9
B 5,20 660 0.4 6,05 0,44 5.3 6.5 60,8

Locke A Sandy Loam 6,00 536 2,72 1,59 0.15 1,7 23.7 64,3
B 6.29 587 0,40 0,82 0,29 3.5 5.5 37.0

Miami A Loanm 6,48 544 2,84 1,45 0.59 4,8 3.5 17.5
B 6.52 561 0,48 1,20 0.59 2,6 41 5.6

Sims A Clay Icam 6,23 599 6,77 0,50 0.29 39.5 k2,7 113.1
B 6.5% 575 0.93 0,82 0.59 2,7 1,7 80,8
Hoytville A Clay Loam 6,50 599 3,16 0,50 0,29 7.5 b5 51,6
B 6,76 525 0,56 0,76 0,44 1.3 3.2 40,3

1/ 1 K NH,OAc extractable Fe

2/ saturated CaS0, extractable ¥n

3/ a, Bray's P, 0,03 N NHF in 0,25 N HCi; b, Olsen's B, 5N NaHCO, (pH 8.5)3
c. Troug's P, .002 § H,S0, (uffer with (rmh)?_ soa)

4/ From Srisen, M, 1971, M.S. Thesis, Michigan State University,



Table 1 b, The effect of time, 03012 and water solution on P
adsorption by alr dried solls,

Initial P concentration P Adso:hedi/'g/
and soll 3 5 12 24 48 72 hourag7
, mg P/100 g Soil

Hoytville A

1 6 ppm P in H,0 4,55 4,70 4,85 5,00 5.25 5.25
2 6 " in 0,01 M CaCl, 5.76 5.87 5,88 5.82 5,75 5.72
3 12 " in H,O 7.85 8,20 8,76 9,40 9,85 9.90
4 12 " 1n 0,01 M CaCl, 10.35 10,70 10,78 11,00 11,05 11,32
Locke A

1 6 ppm P in H,0 2,52 2,55 2,76 3,30 3.60 4,18
2 6 " in 0-01 M C&Clz 3080 ""ol"o 4075 5-05 5-2? 5-30
3 12 " 1in H,0 2,60 3,00 4,10 4,90 5,47 6.55
4 12 " in 0,01 M CaCl, 6,70 7.00 7.76 8.30 9.00 9.05

1/ pPH of P solution was not adjusted.
2/ Average of 2 replications,
3/ Shaking Time,



Table 1 ¢, Effect of pH of P solution in 0,01 M Ca.Clz on P adsorption
by solils,

Soil Unad just pH Ad just pH

Initial Eq_uilli:/ Adsorbed In::;al Equili- Adsorbed
1 1

P briun P brium P P
PPl x 105 ng/100 pPpm x :IJZ)5 mg/100
mole /1 soil mole /1 soil
Hillsdale
A 0 3.45 1,47 2,99
3 1,17 2,64 6.20 3.83 5.01
6 3.89 4,98 8,85 6.21 6,94
9 7.4 6.70 10.7 8.41 8.12
12 12,9 8.00 14,7 14,8 10,0
15 19,7 8.90 16,7 18,2 11,1
20 29,1 11,0 21,4 28.2 12,7
30 hg,2 14,7 29.5 45.6 15.3
Miami 4 o 3,45 1.49 2,99
3 1,52 2.53 6,20 3.96 h,97
6 3. 9% L.,78 8.86 6.9 6,71
9 8.23 6.45 10,7 10,0 7.65
12 12,9 8,00 14,7 15,6 9,88
15 20,0 8.80 16,7 19.9 10.6
20 30,0 10,7 21,4 29.7 12,2
30 52.5 13,7 29,4 47.8 14,6
Hoytville
A 0 3.45 0.39 3.33
3 0.40 2,88 6,20 0.95 5.91
6 0.58 5.82 8.86 1.67 8.34
9 2.22 8.30 10,7 2.63 9,91
12 3.39 10,9 14,7 h.15 13.4
i5 5.33 13.3 16,7 5.79 15,0
20 10,6 16,7 21,4 9.77 18.4
30 23,8 22,6 29,4 20,0 23,2

1/ average of 2 replications,



Table 1 d. P adsorption from 0,01 M CaCl,, pH 6.0 solution as a
functlon of time.

Soil Initial P Shaking Time hours
3 5 10 i6 24 48 72
ppm - mg P/100 g soil-- ~—
Sims A 6,2 %,59 4,85 5.28 5.1 5.61 5.75 5.76
14,7 9,10 9,76 10,67 11,31 11,68 12,54 12,68
Locke A 6,2 L,o? 4,34  5.13 5.33 5.4 5.51 5,53
14,7 7.42 8,15 8,80 10,08 10,88 11,74 11,96




Table 1 e, Quantity of extractable P, from air dried solls and from solls after 3 weeks of floodingé/ .

Soil Bray's P Olsen's P Troug's P Soil water P content
air dried flooded air dried <flooded  air dried flooded 3 weeks of flooding

—— —_—— - DpI - e mm e a——————
Hillsdale A 57.9 109,2 25,9 41,6 71.9 133.0 0.31
B 5.3 41,0 6.5 12,5 60,8 Lo.4 0.15
Locke A 41,7 80,7 23.7 32,0 64,3 160,0 0.4
B 3.5 52,7 55 7e5 37.0 68.9 0.15
Miami A 4,8 51,3 3¢5 6,0 17.5 73.2 0,22
B 2,6 26,6 b1 Lh 5.6 68,9 0,16
Sims A 39.5 65.6 h2,? 55.6 113.1 214,0 0,73
B 2,7 43,9 1.7 16,0 80,8 118,0 0.10
Hoytville A 7e5 17.3 4,5 20,6 51,6 149,0 0,18
B 1.3 49,9 3.2 13,3 ko,3 77.5 0.14

i/ From Srisen, M, 1971, MS Thesis Kichigan State University.



Table 1 f,

Saturated CaS0, extractable Mn, and 1 N NH;OAc extractable

Fe from alr drled and flooded aoilsl/ .
Soill Mn Fe
alr flooded solls alr flooded soils

dried 3 weeks driled 3 weeks 6 weeks

e T S PpM ——————————— -

Hillsdale A 7.24 123,00 0,74 19.70 15,30
B 6.05 8,96 0,44 1,04 2,45

Locke A 1.59 8.75 0.29 1.04 13,70
B 0,82 3.40 0,15 0.20 1,22

Miami A 1,45 81.70 0.59 12,00 9.86
B 1,20 12,60 0.59 0.20 5.13

Sins A 0. 50 7.35 0.29 38,70 45,10
B 0,82 9. 74 0.59 443 77

Hoytville A 0.50 4,05 0.29 2.73 55.80
B 0.76 1.61 0, L4 1.68 5.85

1/ From Srisen, M, 1971 M.S. Thesis, Michigan State

University,



Table 1 g, Langmuir F adsorption isotherm for alr drled surface soils,

Soils Initial BEquilibrium Pl/ P a.dsorbed:-"-/ (P) (x/m)
P (») (x/m)
ppm ppm (mole/1 X107 mg/100 g soil x10°
Hillsdale A 3.45 0.45 1,47 3.00 0.49
6.20 1.19 3.83 5.01 0,76
8,86 1,92 6.21 6.93 0.90
10,7 2,60 8.1 8,12 1,04
14,7 4,58 14,8 10,1 1.46
16,7 5.64 18,2 11.1 1.64
21,4 8,73 28,2 12,7 2,21
29,4 14,1 45,6 15,3 2,98
Locke A 3.45 0.38 1.23 3,01 0.40
6,20 0.88 2,84 5,32 0.53
8.86 1,79 5.77 7.07 0,82
10,7 2,75 8,88 7.9 1,11
14,7 4,72 15.2 .98 1,53
16,7 6.00 19,4 10,7 1.80
21 .4 o.k2 30,4 12,0 2.53
29.4 15.5 50.1 13.9 3.61
Miami A 3.5 0.46 1,49 2,99 0.50
6.20 1,23 3.96 4,97 0,80
8.86 2,15 6.94 6.71 1,03
10,7 3.10 10,0 7.62 1.31
14,7 4,82 15,6 9.88 1,58
16.7 6.18 20,0 10,6 1.89
21.4 9,21 29,8 12,2 2,43

29.4 14,8 47.8 14,6 3.27




Table 1.g. (cont’d.)

Solls Initial BEquilibrium p’-‘/ P adsorbedy (P)/ (x/m)
P (P) (x/n)
ppR ppm (mole/1)X10° mg/100 g soil x10”
Sims A 3.45 0.31 1.00 3.14 0.32
6.20 0.64 2,08 5.56 0.37
8,86 1,18 3.81 7.68 0.50
10,7 1.83 5.92 8,89 0,67
14,7 3.17 10,2 11,5 0,89
16,7 4,10 13,2 12,6 1,05
21.4 6.52 21,0 14,9 1.41
29.4 11.4 37.0 17.9 2,05
Hoytville A 3.45 0,12 0.39 3.33 0,12
6.20 0.29 0.95 5.91 0.16
8.86 0,52 1,67 8,34 0.20
10,7 0.82 2,64 9,91 0.27
14,7 1.28 4,15 13.4 0.1
16,7 1.79 5.79 15,0 0.39
21 .4 3.02 9.77 18.4 0.53
29.4 6.20 20,0 23,2 0.86

1/ Average of 3 replications,



Table 1 h, Langmir P adsorption isotherms for flooded surface soils,
incubated 24 hours,

Soils Initial Bquilibrium Py P a.dsor'bedy (®)/(x/m)
P (P) (x/m)

Ppm Ppm (mole )1105 ng/100 g soil X107

Hillsdale A 3,45 0.34 1,09 3.11 0,35
6.20 0.63 2,03 5.57 0.36

8.86 1.14 3.68 7.72 0.48

10.7 1,98 6.40 8.74 0.73

14,7 3,42 11,0 11,3 0.8

16,7 4,17 13,4 12,6 1.06

21,4 6.72 21,7 14,7 1.47

29.4 11 .4 36,8 18,0 2,04

Locke A 3,45 0.65 2,09 2.80 0.7h
6.20 1.25 4,03 L,95 0.81

8.86 2,27 7.32 6.59 1.11

10,7 3.30 10,7 7.42 1,404

14,7 5.37 17.3 9.33 1,86

16,7 6.42 20,7 10.3 2,0t

21,4 9.39 30,3 12.1 2,51

29, 13,6 44,0 15.8 2,80

Miami A 3.45 0.33 1.05 3.12 0.34
6.20 0,59 1,92 5.61 0,34

8.86 1.25 L, 03 7.61 0.53

10,7 2,00 6.45 8,72 0,74

14,7 3.47 11,2 11.2 1.00

16,7 L 40 14,2 12,3 1,15

21.4 7.16 23,1 14,3 1,61

29.4 11.7 37.9 17.6 2,15




Table 1 h, (cont'd,)

Soils Initial Equilibriun Pj-'/ P adaorbed—l-/ (®)/(x/m)
P (P) (x/m)

Ppm PP™ (mole/i)lidg__-mg/ioo g soil x10°
Sims A 3.45 0.17 0.54 3,28 0.16
6,20 0,39 1.25 5,81 0.21
8,86 0.69 2,22 8.17 0.27
10.7 1,06 3.42 9,67 0,35
14,7 1,86 5.35 12,8 0.47
16.7 2,33 7.52 14,4 0.52
214 3. 74 12,0 17.7 0.68
29.4 6,63 21 .4 22,8 0.9
Hoytville A 345 0,21 0.69 3.24 0.21
6,20 0,62 2,02 5.57 0.36
8.86 1.06 304 7.80 0,44
10,7 1,47 4,73 9.26 0.51
14,7 2,16 6.97 12,5 0.56
16.7 2,48 8,00 14,1 0.56
21 .4 4,60 14.8 16,8 0.88
29.4 7.12 23,0 22,3 1,03

i/ Average of 3 replications.



Table 1 1, Langmulr P adsorption isotherms for flooded surface solls,
incubated 3 days,

Soils Initial Equilibrium pi/ P aasorbedi/ (P)/(x/m)
)2 (p) (x/m)
ppm ppm (mole/1 )x1§ ng/100 g soil X10°
Hillsdale A 3,45 0.50 1,61 2.95 0. 54
6.20 0,9% 3.05 5.26 0.58
8.86 1.37 L 42 7.49 0,59
10,7 1,84 5.9 8.89 0.67
14,7 3.39 10,9 11.3 0,97
16,7 L,68 15.1 12,1 1,25
21,4 7.18 23.2 14,3 1.62
29,4 11.5 37.2 17.9 2,08
Locke A 3.45 0,37 1,20 3,08 0,39
6,20 1,09 3.53 5,11 0,69
8.86 2.19 7.05 6.67 1,06
10,7 3.02 9.77 7.70 1.27
14,7 4,70 15,2 10.0 1.52
16,7 6.05 19.5 10,7 1,83
21.4 9.38 30.3 12,1 2,51
29,4 14,2 45,8 15,2 3,01
Miami A 3,45 0.34 1.11 3,11 0.35
6,20 0.61 1,98 5.59 0.35
8,86 1,14 3,67 7.72 o.,48
10,7 1.99 6,41 8,74 0,64
14,7 3,49 11.3 11,2 1.00
16,7 4,11 13,3 12,6 1,05
21 .4 7.58 24,5 13.9 1.76

29.4 11,0 35.7 18,3 1.94




Table 1 4, (cont'ad,)

Soils Initial Equilibrium Pl/ P adaorbedl/ (P)/(x/m)
P (®) (x/m)

ppm Ppm (mole/1)x1 0’ mg/100 g soil X10°
Sims A 3.45 0.15 0,05 3.30 0.15
6,20 0.25 0.81 5.95 0.14
8.86 0,48 1,54 8.38 0.18
10,7 0,78 2,25 9. % 0.25
14,7 1.36 4,40 13.3 0.33
16,7 1,60 5.17 151 0,34
21.4 3.07 9,99 18.4 0.54
29.4 5.56 17.9 23.8 0.75
Hoytville A 3.45 0.37 1,18 3,08 0.38
6.20 0.58 1,89 5,62 0,34
8.86 0.77 2,48 8,09 0.31
10.7 0.88 2,83 9.85 0.29
14,7 2.25 7.25 12,4 0,58
16.7 2,89 9,34 13,9 0.67
21,4 4, o 16,0 16,5 0,97
29.4 7.43 24,0 22.0 1,09

1/ Average of 3 replications.



Table 1 j, Langmuir P adsorption isotherms for flooded surface solls,
incubated 7 days.

Soils Tnitial Equilibrium Py P adsorbedy ®)/(x/m)
P (P) (x/m)
pPpm pPpm (mole/i)x105 mg/100 g soil X10°
Hillsdale A 3.45 0.44 1.4 3,01 0,47
6.20 1.08 3.48 5,12 0,68
8.86 1,62 5.23 ?7.24 0,72
10,7 2,58 8,32 8,15 1,02
14,7 4,05 13.1 10,6 1.23
16,7 - - - -
21 .4 7.33 23.7 14,1 1.68
29,4 10,0 32,3 19.4 1,66
Locke A 345 0.57 1.84 2,88 0,64
6.20 1,31 4,25 4.89 0.69
8.86 2.10 6.79 6.76 1,01
10,7 3.85 12,43 6,87 1.81
14,7 5.75 18,6 8.95 2,07
16.7 - - - -
21,4 8,87 28,6 12,6 2,28
29.4 9.50 30,7 19.9 1,54
Hiami A 3.45 0.24 0.77 3.21 0.24%
6.20 0.37 1.21 5,83 0,21
8,86 1.34 4,33 7.52 0,58
10,7 2,35 7.59 8,37 0.91
14,7 3,50 11.6 11,2 - 1,01
16,7 - - - -
21.4 3.92 12,6 17.5 0,72

29,4 8.68 28,0 20,7 1.35




Table 1 j, (cont’d,)

Soils Initial Equilibrium Pé/ P adsorhedi/ ()/(x/m)
P (P) (x/m)
PPM ppm (mole/1)x1 o® mg/100 g soil x10°
Sims A 3.45 0.18 0,60 3.27 0.18
6.20 0.31 0,99 5.89 0.17
8.86 0,40 1.28 8,u6 0.15
10,7 0.70 2,25 10,0 0.22
14,7 1,34 4,34 13.4 0.33
16.7 - - - -
21.4 3.16 10,2 18,6 0.55
29.4 4,94 15.9 34.5 0.65
Hoytville A 3,45 0.50 1,60 2.95 0.54%
6.20 0,82 2,66 5.38 0.49
8.86 1,04 3,37 7.82 0,43
10,7 1,70 5.47 9.03 0.61
14,7 2,50 8,07 12,2 0,66
16,7 3.51 11,3 13,2 0.86
21,4 4,43 14,2 17.2 0.84
29,4 6,40 20,7 23,0 0,90

1/ Average of 3 replications,



Table 1 k., Langmir P adsorption isotherms for air dried subsolls,

Soils Initial Equilibrium Pi/ P adsorbeai/ (P)/ (x/m)
P (p) (x/m)
Ppm Ppm (mole/1 )x105 mg/100 g soil X106
Hillsdale B 3,50 0.01 0,04 3.49 0,12
6,30 0,03 0,09 6.27 0,14
8,92 0,12 0,40 8.80 0.45
9.62 0,25 0,82 9.37 0.87
11,7 0,50 1,16 11,2 1,43
17.0 1,47 4,78 15.5 3,08
24,2 5.62 18,1 18.6 9.76
Locke B 3.50 0,02 0.05 3.48 0.15
6,30 0,07 0,22 6,23 0.35
8,92 0,23 0,76 8.69 0,87
9.62 0.31 0,99 9.32 1.06
11.7 0,70 2.26 11,0 2,05
17.0 1.29 L.16 15.8 2,61
24,2 6.50 21,0 17.7 11.8
liami B 3.50 0.03 0,10 3.47 0,28
6,30 0,07 0.22 6.23 0,35
8,92 0.18 0.57 8,74 0,65
9.62 0.37 1,20 9.25 1.30
11.7 0,91 2,94 10,8 2,72
17,0 1.58 5.11 15,6 3.28
24,2 6,70 21,6 17.5 12,3
Sims B 3.50 0,17 0.56 3.33 1,68
6,30 0.34 1,11 5.96 1,87
8,92 0.73 2,37 8.19 2,89
9,62 1.10 3.56 8.52 4,18
11,7 1,85 5.99 9.86 6,07
17.0 3.73 12,0 13.3 9.07

24,2 7.72 24,9 16.5 i5.1




Table 1 k, (cont'd,)

Soils Initial BEquilibrium Pj—'/ P a.dsorbedy (P)/(x/m)
P ®) (x/m)

ppM ppm (mole/1 )x105 ng/100 g soil x10°

Hoytville B 3.50 0.02 0,06 3.48 0.18
6.30 0,05 0.16 6.25 0.25

8,92 0,09 0,28 8,83 0.45

9,62 0,15 0,48 9.48 0.55

11,7 0,36 1,16 11.3 1,02

17.0 0,79 2,56 16,2 1.58

24,2 2,89 9.33 21,3 L, 37

1/ Average of 3 replicaticns,



Table 1 1,

Langmir P adsorption isotherms for flooded subsoils,

incubated 24 hours,

Soils Initial Equilibrium B/ P adsorbear (®)/ (x/m)
P (®) x/m)
Ppm pPm (mole/l)Xi05 mg/100 g soil x10°
Hillsdale B 3.50 0,02 0,06 3.48 0,17
6.30 0.06 0.19 6.24 0,30
8.92 0.17 0.53 8,66 0,62
9.62 0.25 0.82 9.37 0.88
11.7 0,61 1,97 11,1 1,78
17.0 1.11 3.58 15.9 2.25
24,2 6,94 22.4 17.3 12,¢
Locke B 3.50 0,03 0,09 3.47 0,27
6,30 0,09 0.31 6.21 0,49
8,92 0.26 0.84 8,66 0.97
9.62 0.31 0,99 9.32 1,06
11,7 0.63 2,04 11,1 1,84
17.0 1.23 3.9 15.8 2,52
24,2 5.53 17.8 18,7 9.56
Miami B 3.50 0.03 0,09 3.47 0,26
6,30 0.14 o.44 6.16 0,72
8,92 0,30 0.97 8,62 1.13
9.62 0.38 1.24 9,24 1,34
11,7 0,98 3.16 10,7 2,9
17.0 1.80 5.83 i5.2 3.83
24,2 6.8 22.5 17.2 13.1
Sims B 3.50 0.12 0,738 3.38 1,12
6,30 0.43 1.40 5,87 2,39
8,92 0,77 2,48 8.15 3.05
9.62 1,06 3.42 8.57 3.99
11,7 2,04 6.58 9.67 6.80
17,0 3.67 11,8 13.3 8.89
24,2 8,99 29,0 15.2 19.1




Table 1 1, (cont'd,)

Soils Initial Equilibriun P’:/ P a.dsor‘bedy (P)/(x/m)
P (B) (x/m)
PPl ppm (mole/1 )x105 mg/100 g soil x10°
Hoytville B 3.50 0,01 0,02 3.49 o, 04
6,30 0,03 0,09 6.27 0.14
8.92 0,08 2,27 8.84 0,30
9,62 0.14 0,45 9. 49 0,47
11.7 0.33 1.05 1.4 0,92
17.0 0.74% 2,39 16,3 1.47
24,2 3.51 11,3 20,7 5.47

i/ average of 3 replications,



Langmuir P adsorptlion lsotherms for flooded subsoils,

incubated 7 days,

Table 1 m,

(P)/(x/m)
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1/ Average of 3 replications,



