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EXECUTIVE SUMMARY
 

Acid sulfate soils are world-wide in distribution and occupy
 

an area of about 12.5 million hectares of actual and potential acid
 

sulfate soils occur in Thailand and approximately 0.8 million
 

hectares of those located in the Bangkok Plain where they are
 

primaril: used for rice cultivation. Often production success is
 

very low, less than 0.8 tons per hectare, due to soil acidity, soil
 

salinity, P deficiency, and toxicity of Fe, Al, and H2S. In the
 

absence of Fe and Al toxicity, P deficiency is the most important
 

problem cjf acid sulfate soils in the Bangkok Plain. Several aspects
 

of phosphorus equilibria and availability to rice in acid sulfate
 

soils of Thailand have been investigated. The study of P-sorption
 

by the soils has practical interest but little is known on the P

sorption characteristics of acid sulfate soils of Thailand,
 

particularly under reduced soil conditions. More native insoluble
 

P was released under reduced than oxidized conditions. Para-acid
 

sulfate soils released more native insoluble P than did actual acid
 

sulfate soils under both conditions. Para-acid sulfate soils also
 

sorbed less added P than actual acid sulfate soils. The P-sorption
 

of both actual and para-acid sulfate soils was significantly
 

affected by pH, redox potential and their interactions. The P

sorption increased significantly with increasing pH and decreasing
 

redox potential. Treating soils with NH4OAc (pH 4.0) and sodium

citrate dithionite solutions reduced P-sorption, and decreased the
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differences in P-sorption due to the effects of pH and redox
 

potential. Closely significant correlation between P-sorption 

parameters and iron-oxides indicated the primary role ot iron

oxides to influence P-sorption of the acid sulfate soils of 

Thailand. Aluminum-oxides seeped to play the secondary role in P

sorption in these soils. Manganese also showed a significant
 

effect on P-sorption.
 

The results further suggested that soil Al and Fe govern the 

release of native insoluble P in acid sulfate soils . The actual 

acid sulfate soils sorbed more P than did the para-acid sulfate 

soils, and the standard P requirement for normal plant growth, the 

P-sorption at a concentration of 0.2 ppm in final solution, in the 

actual acid sulfate soil was higher than the para-acid sulfate 

soil. The finding also suggested that as the soil pH increased and 

soil Eh decreased P-sorption increased. Liming the acid sulfate 

soil which is recommended in Thailand should be considered 

carefully especially in reduced soil condition. Liming has been 

recommended in Thailand as an amelioration of acid sulfate soils. 

Liming increases soil pH. Our study showed that as the soil pH 

increased, sorption of added P also increased. Use of suitable P 

sources such as locally available rock phosphate fertilizer to 

provide the plant nutrient should be considered for successful rice 

culture in Thailand. 
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RESEARCH OBJECTIVE
 

World wide area of acid sulfate soils is estimate-d to be 12.5
 

million hectares. In Thailand, one of the major rice production
 

countries in southeast Asia, actual and potential acid sulfate
 

soils occur in approximately 1.5 million hectares. In the Bangkok
 

Plain alone about 0.8 million hectares are acid sulfate soils, of
 

which 95% is used for lowland rice production. One of the major
 

limitations on rice growth in these soils is the high P-sorption
 

capacity of these soils. In addition, the soils contain the
 

significant amounts of Fe and Al which have been reported to limit
 

the rice growth.
 

Tht- essential feature of acid sulfate soils is the 

accumulation of pyrite (FeS2) in intertidal coastal sediments. The 

accumulation of pyrite is brought about by the combined effects of 

somewhat unique conditions that occur in tropical coastal areas. 

Sulfur in pyrite is derived from sulfate in sea water which is 

biologically reduced to sulfide in the anaerobic zone. Acid 

sulfate soils are soils with pH below 4.0 that is directly caused 

by sulfuric acid formed by oxidation of pyrite (FeS2 ). The soils 

also have a sulfuric horizon that is composed of mineral or organic 

soil material with pH < 3.5 and yellow jarosite mottles. Para-acid 

sulfate soils are soils in which the acid has been leached out or 

neutralized to the extent that microbiological activation and root 

development are no longer hampered (generally, pH is not below 

4.0). 

The soils of Bangkok Plain have been classified into five 
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classes of suitability for rice, ranging from soils very well
 

suited to unsuited for rice (PI to PV), based on the relationship
 

between soil mapping units and soil productivity. The soils in
 

class PI are non-acid marine or para-acid sulfate soils which are
 

Subgroup Typic Tropaquepts. With each suitability classes, there
 

are subclasses defined by various limitations such as soil acidity
 

(a). According to this classification, the actual acid sulfate
 

soils were classified as PIIa, PIIIa, and PIVa, and the para-acid
 

sulfate soils were classified as PI. The soils in class PIIa are
 

well developed acid sulfate soils whereas the soil in class PIIIa
 

are semi-mature acid sulfate soils. 
 Soils in both classes were
 

mostly classified into Sulfic Tropaquepts Subgroup. The soils in
 

class PIVa are recently to semi-recent acid sulfate soils which are
 

classified into Sulfic Tropaquepts or Typic Sulfaquepts Subgroups.
 

The acid sulfate soils in Bangkok Plain of Thai.'and are
 

generally well developed. Fertility studies of acid sulfate soils,
 

however, indicated that these soils are unproductive. This is due
 

to the high acidity of soil which retards microbiological activity,
 

high P-sorption capacity, and toxicity of Fe, Al, and H2S. Low
 

availability of P and high P-sorption capacity are considered to be
 

the major limiting factor for rice growth on the acid sulfate soils
 

of the Bangkok Plain. The maximum P-sorption of acid sulfate soils
 

of Thailand has been reported as high as 1 567 mg kg"1 soil.
 

The overall objective of this research project is to obtain a
 

better understanding of the phosphorus chemistry of acid sulfate
 

soils of Thailand. The oxidation-reduction (redox) and pH
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chemistry of these soils determine to a considerable degree the
 

availability of this essential nutrient to crops. The purpose of
 

the research project is to study the oasic chemistry of phosphorus,
 

i.e., the redox/sorption-desorption/precipitation-dissolution
 

reactions of acid sulfate soils with other 
soil constituents, so
 

that phosphorus nutrient management can be made more efficient.
 

Our major trusts are:
 

1. Determine the P equilibria (meaning precipitation

dissolution, sorption-desorption, and oxidation-reduction) of the
 

acid soils under both drained (aerobic) and flooded (anaerobic)
 

conditions.
 

2. Study the solubility of different sources of phosphate
 

fertilizer, including rock phosphate, when added to soils under a
 

range of redox and pH conditions.
 

3. Correlate availability P content of a wide range of acid
 

sulfate soils with growth of plant and yield of rice.
 

4. Study P uptake by rice under controlled Eh-pH conditions of
 

flooded acid sulfate soils.
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METHODS AND RESULTS
 

Research Task No. 1
 

Phosphorus sorption characteristics in acid sulfate soils of
 

Thailand: Effect of oxidized and reduced soil conditions 1
 

A. KRAIRAPANOND, A. JUGSUJINDA°, and W. H. PATRICK, JR.
 

Wetland Biogeochemistry Institute, Louisiana State University, 

Baton Rouge, La. 70803-7511, U.S.A. * Corresponding auth:c 

Key words: redox potential, pH, sorption-desorption, sulfic
 

tropaquepts, typic sulfaquepts, typic tropaquepts
 

The result of this research task was published in Plant and Soil
 

157:227-237, 1993, please refer to addendum to this report.
 

I Contribution from the Wetland Biogeochemistry Institute,
 
Louisiana State University, Baton Rouge, Louisiana 70803-7511,
 
U.S.A. The research was supported by USAID Grant No. DHR-5542-G
SS-9027-00, Program in Science and Technology Cooperation, Office
 
of the Science Advisor, U.S. Agency for International Development.
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Abstract
 

A laboratory experiment was conducted to study phosphorus
 

sorption characteristics in acid sulfate soils (para- and actual

acid sulfate soils) of Thailand. The soils were subjected to
 

oxidized and reduced conditions. The results showed that more
 

native insoluble P was released under reduced than oxidized
 

conditions, with more being released from para-acid sulfate soil
 

than from actual acid sulfate soil under both conditions.
 

Apparently, the para-acid sulfate soil has more available P
 

content. Reduction also caused an increase in P-sorption at
 

added P level >+450 mg Kg'. Less P-sorption occurred under both
 

conditions in para-acid sulfate soil than in actual acid sulfate
 

soils. Significant correlations between the amount of P sorbed
 

and citrate--dithionite extractable Fe and Al showed that
 

amorphous and possibly crystalline Fe and Al play important roles
 

in P-sorption in acid sulfate soils of Thailand. 
The classical
 

Langmuir equation provided the best fit of the P-sorption data of
 

acid sulfate soil under both oxidized and reduced conditions.
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Introduction
 

Thailand is one of the major rice production countries in
 

southeast Asia. Acid sulfate soils occur mainly in the Bangkok
 

Plain in an area of about 0.8 million hectares, of which 95% is
 

used for low land rice production. The remainder of the acid
 

sulfate soils in Thailand, approximately 0.7 million hectares, is
 

located around the coastal areas in the southeastern and southern
 

regions of the country. Due to the acidic nature of the acid
 

sulfate soils, rice production on these soils in the Bangkok
 

Plain is often severely limited. Kevie and Yenmanas (1972) have
 

classified the soils of the Bangkok Plain into five classes of
 

suitability for rice ranging from soils very well suited to
 

unsuitable for rice (PI to PV). The soils in class PI 
are non

acid marine or para-acid sulfate soils which are in Subgroup
 

Typic Tropaquepts. Within each suitability class, there are
 

subclasses defined by various limitations such as soil acidity
 

(a). According to this classification, the actual acid sulfate
 

soils were classified as PIIa, PITIa, and PIVa, and the para-acid
 

sulfate soils were classified as PI. The soils in class PIIa are
 

well developed acid sulfate soils whereas the soils in class
 

PIIIa are semi-mature acid sulfate soils. 
 Soils in both classes
 

were mostly classified into Sulfic Tropaquepts Subgroup. The
 

soils in class PiVa are recent to semi-recent acid sulfate soils
 

which are classified into Typic Sulfaquepts Subgroups.
 

One of the major limitations on rice growth in acid sulfate
 



soils is high P-sorption capacity (Attanandana, 1982). In
 

addition, the excess 
amount of Fe and Al have been reported to
 

limit rice growth in these soils. Since P-sorption mechanisms in
 

acid sulfate soils are greatly influenced by the forms and
 

amounts of Fe and Al compounds, it is probably that soil redox
 

potential and pH condition, which control iron and aluminum
 

reactions, govern the release and sorption of P in the acid
 

sulfate soils. The P-sorption of soil has been reported to either
 

increase (Mokwunye, 1975; White and Taylor, 1977; Haynes and
 

Swift, 1985; Traina et al., 1986) or decrease (Obihara and
 

Russell, 1972; Lopez-Hernandez and Burnham, 1974; Smyth and
 

Sanchez, 1980) as pH increase. Khalid et al. (1977) reported that
 

more P was sorbed under reduce condition than under oxidized
 

condition at high level of added P.
 

During the past three decades, several experiments were
 

conducted in an attempt to improve rice production in acid
 

sulphate soils. The results show that the improvement can be
 

achieved by applying rock phosphate ( Engelstad et al., 1974), by
 

liming the soils and applying P fertilizer (Charoenchamratcheep
 

et al., 1982; Attanandana and Vacharotayan, 1986). Attanandana
 

and Vacharotayan (1986) found that the applicaLion of lime at
 

very high rates reduce the availability of P in the actual acid
 

sulrphate soil.
 

The main objective of this research was to investigate P

sorption characteristics of the acid sulfate soils of Thailand as
 

affected by oxidized and reduced conditions in terms of sorption
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models. The effects of Fe and Al on P-sorption behavior unatr
 

oxidized and reduced condition and at the selected pH levels are
 

also reported.
 

Materials and Methods
 

The surface layer (0-15 cm) of the acid sulfate soils used in
 

this study were collected from the Bangkok Plain of Thailand
 

(Fig. 1.1). Soils were air-dried, sieved (<2 mm), and thoroughly
 

mixed prior to chemical analysis. In this study one para-acid
 

sulfate soil, Bangkok (Bk) (pH 4.9), and three actual acid
 

sulfate soils, Maha-Phot (Ma) (pH 4.5), Rangsit (Rs) (pH 4.3),
 

and Rangsit very acid (Rsa) (pH 3.9) were used. These soils
 

represent those where rice is produced on the Bangkok Plain.
 

General morphology and chemical characteristics of the soils
 

where described by Kevie and Yenmanas (1972). Selected soil
 

physical and chemical properties are presented in Table 1.1.
 

Suspensions of 250 g soil in 1750 ml 0.01 M CaCI, were
 

incubated in laboratory microcosms under oxidized and reduced
 

conditions for four weeks at 25 0C (4 replications). The
 

microcosm consisted of a 2-L wide mouth flask with 
rubber
 

stopper. Two platinum electrodes, a salt bridge and a
 

combination glass electrode were permanently inserted through the
 

rubber stopper to measure Eh and pH. The soil solution was kept
 

in suspension by a magnetic stirrer and a stirrer bar. N, and 0,
 

gases bubbled continuously through the soil suspensions through
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the gas inlet and gas outlet at a slow rate of flow to promote
 

reduced and oxidized conditions, respectively. The redox
 

potential and pH of the system were monitored. Prior to the
 

incubation, the soils were amended with 0.2 % finely ground rice
 

straw which provided an energy source to promote microbial
 

activity. At the end of the incubation period, the soil
 

suspensions (50 mL) were then transferred to 250 mL polycarboaiate
 

centrifuge bottles and P in concentrations ranging from 0 to 500 

mg P kg1 soil as KH 2PO4 was then added to the soil suspensions. 

For the reduced condition treatment, the centrifuge bottles were 

flushed with 02-free N, prior to adding the soil suspensions to 

maintain a reduced atmosphere during the equilibrium. After 24 

hours equilibration on a reciprocating shaker, the soil
 

suspensions was centrifugated (20 min at 7 000 rpm) and filtered
 

through a 0.45 micro meter membrane filter, under an 02-free N,
 

atmosphere to maintain a reduced condition (Gambrell et al.,
 

1975). The filtrate was analyzed for P, soluble Fe and Al using
 

an ICP (Inductively Coupled Argon Plasma Atomic Emission
 

Spectrometer). The P that disappeared from solution was
 

considered as sorbed P.
 

The residual soil samples were shaken with 100 ml sodium

citrate solution (20%, 100 mL) on a reciprocating shaken for 18
 

h. After centrifugation and filtration, the filtrate was
 

analyzed for citrate-dithionite extractable Fe and Al with ICP.
 

Sorption data for the soils were fitted to the classical
 

Langmuir (Olsen and Watanabe, 1957), Freundlich (Low and Black,
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1950) and Temkin (Mead, 1981) equations.
 

The Langmuir equation is written:
 

x = kxmC/(l+kC) (1) 

where x is the amount of sorbed P per unit of soil, C is the
 

final solution P concentration, k is a coefficient which reflects
 

the relative rates of sorption and desorption at equilibrium and
 

is thus an affinity term, and xm is the maximum monolayer
 

sorption capacity. The two constants (k and xm) were determined
 

by fitting the experimental data to linearized form (Lineweaver-

Burk form) as given below (Persoff and Thomas, 1988): 

1/x = i/xm + (1/kxm)(1/C) (2) 

The Freundlich equation is written: 

x = acl/n (3) 

from which 

inx = lna + (i/n)lnC (4) 

Mead (1981) gives a linear test plot where a and 1/n are 

constants. 

The simplest form of Temkin equation (Mead, 1981) was used:
 

x = alpha + beta(lnC) (5)
 

where alpha and beta are constants. A plot of x against lnC
 

should give a straight line.
 

The constants in equation (2), (4), and (5) were calculated
 

by linear regression techniques using the procedures available
 

with Statistical Analysis System (SAS Institute Inc., 1985). An
 

asterisk (*) and double asterisks (**) were used to represent
 

significant correlations at the probability levels <0.005 and
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0.001, respectively.
 

Results and discussion
 

Effects of reduced and oxidized conditions on release of native P
 

Under reduced conditions (Eh -190 to +145 mY) more native
 

insoluble P was released from soils than under oxidized
 

conditions (Eh +695 to +815 mY) (Table 1.2). The concentrations
 

of 'Fe and Al in solution as well as the citrate-dithionite
 

extractable Fe and Al were higher under the reduced conditions
 

than that under the oxidized conditions. The increasa in P
 

concentration of the soil solutions is generally attributed to
 

the reduction and dissolution of ferric phosphate, particularly
 

in acid soils (Patrick et al., 1973) and the release of P
 

occluded in previous insoluble ferric hydrous oxides (Chang and
 

Jackson, 1958). Tanaka et al. (1969) attributed most of the
 

increase in P solubility under reduced conditions to the increase
 

in pd which usually occurs along with reduction in acid soils.
 

Lindsay (1979) also reported that the pH of reduced soil, which
 

generally rises toward neutrality, increase the solubility of Fe
 

and Al phosphate.
 

The para-acid sulfate soil (Bk) released more P than actual
 

acid sulfate soils (Ma, Rs, and Rsa) under both oxidized and
 

reduced conditions. Apparently, the para-acid sulfate soil had a
 

much higher amount of Bray II P than the actual acid sulfate
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soils. Among the actual acid sulfate soils, Ma and Rs released
 

more P than Rsa under both soil conditions, while Rsa had a
 

higher Bray II P concentration than Rs and Ma. The results
 

showed that Rsa had higher amounts of citrate--dithionite
 

extractable Fe and Al than Rs and Ma, respectively (Table 1.2).
 

Correlation matrices cnmputed between the amount of native
 

insoluble P released into solution and some cherical soil
 

properties indicated that the concentration of native P released
 

under oxidized conditions was negatively correlated with both
 

soluble Al and citrate-dithionite extractable Al and Fe (r=

0.90**, -0.84**, and -0.80*, respectively). Under reduced
 

conditions, native P released was also negatively correlated with
 

both soluble Al and Fe and citrate-dithionite extractable Al and
 

Fe (r=-0.97**, -0.78**, -0.90**, and -0.87**, respectively). The
 

results suggest that Al (trivalent aluminum ion, amorphous and
 

crystalline forms) and Fe (ferrous and ferric ions, amorphous and
 

crystalline) are important in affecting the release of native
 

insoluble P in acid sulfate soils under both oxidized and reduced
 

conditions. It should be pointed out that citrate-dithionite
 

extraction dissolves Fe and Ai from both amorphous materials,
 

weathering products, and some crystalline primary oxides
 

(McKeague and Day, 1966).
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Phosphorus sorption characteristics under oxidized and reduced
 

conditions
 

The experimental P sorption isotherms constructed for the para

acid sulfate soil (Bk) and one of the actual acid sulfate soils
 

(Ma) (Fig. 1.2) indicated that the amount of P sorbed differed
 

for soils with different acidity classes. Furthermore, the
 

sorption behavior was influenced by soil oxidation-reduction
 

status. Similar patterns were also observed in other actual acid
 

sulfate soils (Rs and Rsa) (Fig. 1.3). The amounts of P sorbed
 

by the para-acid sulfate soil was less than those by the actual
 

acid sulfate soils under both oxidized and reduced conditions.
 

This is in consistent with the data in Table 2 which showed that
 

the native P released by the para-acid sulfate soil was more than
 

those by the actual acid sulfate soils under both soil conditions
 

(Table 1.2). Para-acid sulfate soil has low organic matter
 

content, high Bray II P, low exchangeable Al and exchangeable
 

acidity, low citrate-dithionite extractable Fe and Al, and high
 

CEC (Table 1.1). Even though the reduced soil conditions
 

caused an increase in the release of native insoluble P to
 

solution, reduction also led to a very large increase in P
 

.
sorption capacity of soils at the higher P levels, >450 mg kg-1


Khalid et al. (1977) reported similar results, while Holford and
 

Patrick (1979) demonstrated that the reduced conditions led to a
 

decrease in P sorption of the soil at pH 5.0, but induced an
 

increase of P sorption of the soil at pH 6.5. In our study, we
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observed that the amount of citrate-dithionite extractable Fe and
 

Al under reduced conditions were considerably higher than under
 

oxidized conditions. This discrepancy needs furthert studies.
 

Correlation matrices indicated that P sorbed was positively
 

correlated with citrate-dithionite Fe and Al extractable under
 

both oxidized and reduced conditions (r=0.85**, 0.93**, 0.88**
 

and 0.92**, respectively).
 

Phosphorus sorption in acid sulfate soils in Thailand could
 

be attributed to Fe and Al in both amorphous and crystallire
 

forms. Soil reduced conditions associated with changes of pH
 

have strong effects on P-sorption isotherrns. As the pH
 

increased upon reduction, the increased activity of the amorphous
 

hydroxy-aluminum species probably also supported the increase in
 

P-sorption.
 

Comparison of sorption equations
 

The experimental P-sorption data for the para-acid sulfate soil
 

(Bk) and one of the actual acid sulfate soils (Rsa) under both
 

oxidized and reduced conditions were fitted with the classical
 

Langinuir, Freundlich, and Temkin isotherm as depicted in Figs.
 

1.4 and 1.5. A similar pattern was also observed in Ma and Rs
 

soils. The classical Langmuir equation showed the best fit with
 

the actual P sorption data in all soils under both oxidized and
 

reduced soil conditions. The Temkin equation closely predicted
 

the actual P-sorption as well. The Freundlich equation, however,
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provided the closely predicted values of P sorption only up to P
 

added level of 400 mg P Kg4 soil. Beyond that level the
 

predicted value began over estimated.
 

The goodness of fitness of the three sorption equation was
 

compared by simple linear regression analysis of the actual and
 

predicted sorption for each soil under each condition.
 

by far the most widely used model for describing P sorption
 

is the Langmuir equation (Berkheiser et al , 1980), which was
 

originally applied to P sorption by Olser and Watanabe (1957).
 

According to Olsen and Watanabe (1957), the advantages of the
 

Langmuir equation are that it fit actual P sorption isotherm for
 

soils better, and that the sorption maximum can be calculated.
 

Our results also indicated that the classical Langmuir equation
 

fitted the actual P sorption better that other equations under
 

both oxidized and reduced condition. The Langmuir equation is
 

applicable to uniform energy sorption. However, sorption
 

potential energies of surfaces in soil systems are not usually
 

uniform in distribution. Each mineral and type of organic matter
 

can be expected to solve P with different sorption energies
 

(Berkheiser et al, 1980). Thus, the classical Langmuir equation
 

has been modified by postulating that there is more than one
 

sorption surface (Holford et al, 1974); Ryden et al, 1977).
 

However, Posner and Bowden (1980) reported that the model, which
 

is based on a single type of adsorption site is very similar to
 

their experimental isotherms. Kuo (1988) found that the
 

correlation coefficient for the regression of Lineweaver-Burk
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form of classical Langmuir isotherm in eleven western Washington
 

soils are between 0.955-0.996. Barrow (1978) suggested that the
 

simplest model should be preferred unless a more complex one can
 

be shown to improve the measure the goodness of fit. In this
 

experiment, we concluded tl'at because of its better fit to the
 

experiment data the classical Langmuir equation should be
 

preferred for describing for acid sulfate soils of Thailand.
 

The sorption maximum for each soil under each condition
 

calculated from the Langmuir equation (Table 1.3) indicated that
 

the maximum sorption capacities of para acid sulfate soils were
 

less than those of actual acid sulfate soils under both oxidized
 

and reduced conditions. The sorption maxima of all soils under
 

oxidized conditions were less than under reduced conditions. This
 

prediction is in good agreement with the experimental data.
 

Conclusions
 

More native insoluble P was released under reduced than oxidized
 

conditions. Para-acid sulfate soil released more native
 

insoluble P than did actual. acid sulfate soils under both
 

conditions, in consistent with its Bray II P content.
 

Although reduced soil conditions resulted in an increase in
 

the amount of native soil P released, reduction also caused an
 

increase in P-sorption at added P level above 450 mg Kg'. Less
 

P-sorption occurred under both conditions in para-acid sulfate
 

soil than in actual acid sulfate soil.
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Significant correlations between the amount of P sorbed and
 

citrate-dithionite extractable Fe and A! showed that amorphous
 

and possibly crystalline Fe and Al played important roles in P

sorption in acid sulfate soils of Thailand.
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mg kg I sol 
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oxidiz.. 1.00 488 0.76 0.84
 

rednced 0.99 652 0.8 0.78
 

Rangsir (Rs)
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Abstract
 

The influences of soil pH and redox potential on P-sorption
 

characteristics of acid sulfate soils of Thailand were studied.
 

Surface soil samples of the para- and actual-acid sulfate soils
 

collected from the Bangkok Plain in Thailand were incubated under
 

controlled pH (4.0, 5.0, and 6.0) and redox potential (+600,
 

+400, +300, +200, +100, and 0 mV) conditions for 6 wk in stirred
 

soil suspensions with a soil to 0.01 M CaCl2 solution ratio of
 

1:7. After the incubation period, the soil suspensions were
 

equilibrated with KH2PO4 ranging from 0 to 500 mg P Kg' soil.
 

Sorption isotherms were described by the classical Langmuir
 

equation. It was found that the P-sorption of both actual and
 

para-acid sulfate soils was significantly affected by pH, redox
 

potential, and interaction between pH and redox potential. The
 

P-sorption increased significantly with increasing pH and
 

decreasing redox potential. The actual acid sulfate soil sorbed
 

more P than did para-acid sulfate soil. Significant correlation
 

between P-sorption parameters and iron-oxides indicated the
 

primary role of iron-oxides in P-sorption of acid sulfate soils
 

of Thailand. Aluminum-oxides seemed to play a secondary role in
 

P-sorption of these soils. Manganese also showed a significant
 

effect on P-sorption.
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Introduction
 

The worldwide area of acid sulfate soils is estimated to be 12.5
 

million hectares (FAO/UNESCO, 1979). In Thailand, one of the
 

major rice production countries in southeast Asia, acid sulfate
 

soils occur mainly in the Bangkok Plain in an area of about 0.8
 

million hectares, of which 95% is used for low land rice
 

production. The Bangkok Plain accounts for nearly half the total
 

rice production of the country. During the rice growing season,
 

the Bangkok Plain is inundated by river floods and rain water,
 

and water levels in dry seasons are predominantly 100 cm below
 

the soil surface. Furthermore, irrigation water is rarely
 

available during the dry season Under this condition, one crop
 

per year is a rule, and rice production is low to very low,
 

ranging from 500 to 1 500 Kg-1 (Attanandana et al, 1982).
 

Fertility studies of acid sulfate soils (Attanandana, 1982)
 

indicated that the high acidity of these soils retards
 

microbiological activity , and the P-sorption coefficient is
 

high. In addition, the excess amounts of Fe and Al have been
 

reported to limit rice growth. Charoenchamratcheep et al (1982)
 

noted that rice did not response to P fertilizer unless the soil
 

pH was raised by liming.
 

Kevie and Yenmanas (1972) have classified the soils of the
 

Bangkok Plain into five classes of suitability for rice ranging
 

from soils very well suited to unsuitable for rice (PI to PV).
 

The soils in class PI are non-acid marine or para-acid sulfate
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soils which are in Subgroup Typic Tropaquepts. Within each
 

suitability class, there are subclasses defined by various
 

li.mitations such as soil acidity (a). According to this
 

classification, the actual acid sulfate soils were classified as
 

PIIa, PIIIa, and PIVa, and the para-acid sulfate soils were
 

classified as PI. The soils in class PIIa are well developed
 

acid sulfate soils whereas the soils in class PIIIa are semi

mature acid sulfate soils. Soils in both classes were mostly
 

classified into Sulfic Tropaquepts Subgroup. The soils in class
 

PIVa are recent to semi-recent acid sulfate soils which are
 

classified into Typic Sulfaquepts Subgroups.
 

One of the major limitations on rice growth in acid sulfate
 

soils is high P-sorption capacity (Attanandana, 1982). In
 

addition, the excess amount of Fe and Al have been reported to
 

limit rice growth in these soils. Since P-sorption mechanisms in
 

acid sulfate soils are greatly influenced by the forms and
 

amounts of Fe and Al compounds, it is probably that soil redox
 

potential and pH condition, which control iron and aluminum
 

reactions, govern the release and sorption of P in the acid
 

sulfate soils. The P-sorption of soil has been reported to either
 

increase (Mokwunye, 1975; White and Taylor, 1977; Haynes and
 

Swift, 1984; Traina et al., 1986) or decrease (Obihara and
 

Russell, 1972; Lopez-Hernandez and Burnham, 1974; Smyth and
 

Sanchez, 1980) as pH increase. Khalid et al.(1977) reported that
 

more P was sorbed under reduce condition than under oxidized
 

condition at high level of added P.
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During the past three decades, several experiments were
 

conducted in an attempt to improve rice production in acid
 

sulphate soils. The results show that the improvement can be
 

achieved by applying rock phosphate ( Engelstad et al., 1974), by
 

liming the soils and applying P fertilizer (Charoenchamratcheep
 

et al., 1982; Attanandana and Vacharotayan, 1986). Attanandana
 

and Vacharotayan (1986) found that the application of lime at
 

very high rates reduce the availability of P in the actual acid
 

sulphate soil. The sorption of P by aerobic soils and pure iron

or aluminum -oxide have been studied intensively during the last
 

two decades. However, few attempts have been made to simulate
 

effects of pH on P-sorption of anaerobic soils, particularly in
 

acid sulfate soils of Thailand. The effect of pH on P-sorption
 

of oxidized acid sulfate soils of Thailand studied by Imai et al.
 

(1983) showed that P-sorption capacity increased with increasing
 

pH and reached its maximum around pH 5 to 6. In our previous
 

study (Research Task No. 1) where the acid sulfate soils were
 

subjected to oxidized and reduced conditions without changes of
 

redox potential and pH, more native insoluble P was released
 

under reduced than oxidized conditions, with being more released
 

from para-acid sulfate soil than from actual acid sulfate soil
 

under both conditions. The effects of redox potential and pH
 

changes on P-sorption had been studied by Holford and Patrick
 

(1979). They found that changes in P-sorption varied depending
 

on both redox potential and pH. At pH 5.0, reduction to Eh -150
 

mV decreased P-sorption whereas reduction (same Eh) caused a very
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large increase in P-sorption at pH 6.5. Little information is
 

available on P-sorption of acid sulfate soils of Thailand as
 

affected by pH and redox potential changes. Knowledge of P

sorption phenomena when pH and redox potential change will aid in
 

developing a program for lime and P usage for improving the rice
 

production in the Bangkok Plain.
 

The objective of the present work was to obtain more
 

information on P-sorption of acid sulfate soils of Thailand as
 

affected by different controlled levels of pH and redox
 

potential.
 

Materials and Methods
 

The surface layer (0-15 cm) of the acid sulfate soils used in
 

this study were collected from the Bangkok Plain of Thailand (see
 

Fig. 1.1). Soils were air-dried, sieved (<2 mm), and thoroughly
 

mixed prior to chemical analysis. In this study one para-acid
 

sulfate soil, Bangkok (Bk), and one actual acid sulfate soils,
 

Maha-Phot (Ma), were used. General morphology and chemical
 

characteristics of soils were described by Kevie and Yenmanas
 

(1972). Selected soil physical and chemical properties are
 

presented in Table 1.1.
 

The experiment was conducted to determine P-sorption of each
 

soil under six different levels of redox potential (+600, +400,
 

+300, +200, +100, and 0 mV, respectively) at three levels of pH
 

(4.0, 5.0, and 6.0, respectively). The experimental design was
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6*3 factorial in a randomized block design with two replications.
 

The suspensions of 250 g soil in 1 750-mL 0.01 M CaCl2 were
 

incubated in laboratory microcosms at various redox potential and
 

pH (as mentioned above) using a modification of the redox control
 

system developed by Patrick et al. (1973) for 6 wk at 25 0C.
 

Prior to incubation, the soil were amended with 0.2 % finely
 

ground rice straw which provided an energy source to promote
 

microbial activity. In the redox control system, pH of soil
 

suspensions was controlled at the desired pH values by manual
 

additions of either 2 N HCl or 2 N NaOH daily or as required. The
 

redox potential was maintained at aforementioned levels
 

automatically. The two platinum electrodes in each microcosms
 

were connected to millivolt meters to give continuous measurement
 

of redox potential of the soil suspensions. The recorder output
 

of the millivolt meter sent a signal to a meter relay which, in
 

turn, activated an air pump to supply a small amount of air into
 

the system to maintain the desired redox potential whenever the
 

redox potential dropped below the selected level. Nitrogen gas
 

was bubbled continuously through the soil suspensions at a slow
 

rate to purge excessive 02 from the additional air to control
 

redox potential of the system. Using this system with the ability
 

to provide a slow flow rate of air by virtue of a capillary
 

tubing in conjunction with continuous N, flow resulted in
 

maintaining redox potential within + 5 mV.
 

At the end of the incubation period, the soil suspensions
 

(50 mL) were transferred to 250 mL polycarbonate centrifuge
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bottles and P concentrations ranging from 0 to 500 mg P kg' soi.l
 

as KH2PO4 was then added to the soil suspensions. For the reduced
 

condition treatment, the centrifuge bottles were flushed with 02

free N2 prior to filling with soil suspensions to maintain a
 

reduced atmosphere during the equilibration. After 24-h
 

equilibration on a reciprocating shaker, the soil suspensions
 

were centrifuged (20 min at 7 000 rpm) and filtered through a
 

0.45-um membrane filter, under an 02-free N2 atmosphere for
 

reduced conditions (Gambrell et al., 1975). A shaking time of 24
 

h was chosen because this period was ccnsidered adequate for the
 

fast reaction as well as the initiation of the slow reactions to
 

take place during P retention in the soils (Mehadi and Taylor,
 

1988). The filtrate was immediately analyzed for P, soluble Fe,
 

Al, and Mn using an ICP (Inductively Coupled Argon Plasma Atomic
 

Emission Spectrometer). The P that disappeared from solution was
 

considered as sorbed P.
 

Fifty mL of soil suspension was shaken with 100 mL of 1N
 

NH4OAc, pH 4.0 on a reciprocating shaker for 1 h. The suspension
 

was centrifuged (20 min at 7 000 rpm or 8 000 x g) and filtered
 

through a 0.45-um membrane filter. The filtrate was analyzed for
 

exchangeable Fe, Al, and Mn using the ICP. Another 50 mL of soil
 

suspension was shaken with sodium-citrate dithionite solution
 

(20%, 100 mL) on a reciprocating shaker for 18 h. The suspension
 

was also centrifuged and filtered. The filtrate was analyzed for
 

free oxides of Fe, Al, and Mn with ICP.
 

To compare the results, P-sorption data for all samples were
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fitted to the classical Langmuir equation (Olsen and watanabe,
 

1957). The langmuir equation is written:
 

x = kxc/(l+kc) ()
 

where x is the amount of sorbed P per unit of soil, c is the
 

final solution P concentration, k is a coefficient which reflects
 

the relative rates of sorption and desorption at equilibrium and
 

is thus an affinity term, and x, is the maximum monolayer
 

sorption capacity. The two constants (k and x,,) were determined
 

by fitting the experimental data to linearized form (lineweaver

burk form) as given below (Persoff and Thomas, 1988):
 

i/x = 1/xm + (l/kxm) (1/c) (2)
 

The buffer capacity (BI), a mixed quantity-intensity
 

parameter, was calculated from kxm (Holford, 1979). The standard
 

P requirement (SPR), P-sorption at a concentration of 0.2 ppm P
 

in final solution, was also calculated. The analysis of variance
 

(ANOVA), Duncan Multiple Range Test (DMRT), and Pearson's
 

correlation coefficients were processed using the procedures
 

available with Statistical Analysis System (SAS Institute Inc.,
 

1985).
 

Results and discussion
 

Effects of redox potential and pH on the release of native P
 

The release of native P measured from soluble P concentrations
 

when no P was added in para-acid sulfate, Bangkok (Bk) soil was
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presented in Table 2.1 and in actual acid sulfate, Maha-Phot (Ma)
 

soil in Table 2.2. The concentration of soluble P increased with
 

decreasing soil redox potential and pH. Redox potential had
 

greater effect on soluble P than did soil pH. The concentrations
 

of soluble Fe also increased as redox potential and pH decreased
 

(Table 2.1 and 2.2). Level of soluble Fe sharply increased as Eh
 

decreased from +400 to +300 mV at pH 4.0, from +300 to +200 mV at
 

pH 5.0, and from +300 to +200 mV at pH 6.0, respectively.
 

illustrating the reduction of Fe in ferric forms (Fe3+) to
 

ferrous forms (Fe2+), which is more soluble. In a review by
 

Gambrell and Patrick (1978), ferric reduction begins when redox
 

potential decrease to around +120 mV, assuming pH 7.0 conditions
 

and a redox potential/pH slope of -59 mV/pH unit. The
 

concentrations of soluble Mn slightly increased with decreasing
 

redox potential and pH. There was no clear pattern between the
 

concentration of soluble Al and redox potential, however, the
 

concentration of soluble A] increased with decreasing pH (Table
 

2.1 and 2.2). Satawathananont (1986) also reported in the
 

similar patterns of increasing soluble P and Fe in acid sulfate
 

soils of Thailand. Major contributions to increasing in the
 

concentration of soluble P with decreasing redox potential and pH
 

would be the reduction and dissolution of ferric phosphate which
 

releases Fe2+ and phosphate ions (Patrick et al., 1973), the
 

release of P occluded in previous insoluble ferric hydrous oxides
 

(Chang and Jackson, 1958), and a greater dissolution at low pH of
 

ferrous phosphate as well as ferric phosphate (Patrick et al.
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1973) 

Although Mn 2 in soils is redox dependent (Lindsay, 1979),
 

the concurrent increase in the concentration of soluble Mn may
 

not contribute to the increase in the amount of soluble P due to
 

the solubility of manganese phosphates (MnHPO4 and Mn 3(PO)2) which
 

are 
likely stable under the condition of this experiment. The
 

increase in the amount of soluble Al may not contribute to the
 

increase in the amount of soluble P due to the solubility of
 

aluminum phosphate (variscite, AlPO,.2H 20). Lindsay (1979) noted
 

that when soils are reduced until pe + pH levels drops below
 

4.96, variscite, which is considered to be stable beyond this pe
 

+ pH levels, can be converted to vivianite (Fe3 (PO4 )2.8H20). In 

the presence of vivianite, lowering redox potential lowers the 

solubility of P (Lindsay, 1981).
 

Effects of redox potential and pH on P-sorption characteristics
 

The experimental P-sorption data were described by the Langmuir
 

equation. Standard P requirement (SPR) of actual and para-acid
 

sulfate soils were plotted in varying redox potential and pH
 

field as presented in Fig. 2.1 and 2.2. Langmuir maximum
 

sorption capacity (xm) and Langmuir sorption constant (k) of both
 

soils were shown in Fig. 2.3 and 2.4. Standard P requirement, P

sorption at a concentration of 0.2 ppm P in final solution, was
 

selected following the suggestion of Beckwith (1965) that this
 

concentration, if maintained constantly in solution culture, will
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provide adequate P to many plants.
 

Standard P requirement was significantly affected by redox
 

potential, pH, and interaction between redox potential and pH in
 

both actual and para-acid sulfate soils (Table 2.3 and 2.4). A
 

significant interaction indicated that the effect of redox
 

potential changed as the level of pH changed. The graphical
 

factorial comparison between treatment means showed that the
 

significant interaction was due to the different effect of redox
 

potential -etween pH 4.0 and pH 5.0 and pH 6.0 (graph not shown).
 

At every pH level, standard P requirement slightly increased or
 

did not change as redox potential decreased from +600 to +400 mV
 

in both actual and para-acid sulfate soils. (Fig. 2.2 and 2.3).
 

At pH 4.0, standard P requirement considerably increased with
 

increasing redox potential from +400 to +300 mY, whereas at pH
 

5.0 and 6.0, it gradually increased. As redox potential
 

continued to decrease from +300 to 0 mV, standard P requirement
 

at pH 4.0 continued to gradually increase. At pH 5.0 and 6.0, the
 

patterns of standard P requirement were likely the same. As
 

redox potential declined from +300 to +200 mV, standard P
 

requirement steeply increased, particularly in the actual acid
 

sulfate soil. Below the redox potential of +200 mV, standard P
 

requirement continued to increase, particularly in the actual
 

acid sulfate soil.
 

The comparison between treatment means using Duncan's
 

Multiple Range Test (DMRT) indicated that standard P requirement
 

increased significantly as pH increased (SPR at pH 6.0>5.0>4.0,
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respectively). The standard P requirement also increased
 

significantly with decreasing redox potential (SPR at Eh
 

0>+100>+200>+300>+400 mY, respectively). Nevertheless, an
 

increase in standard P requirement as redox potential decreased
 

from +600 to +400 mV was not significant. The standard P
 

requirement of the actual acid sulfate soil (Maha-Phot, Ma)
 

ranging from 52 to 132 mg kg 1 soil was classified as low (10-100
 

mg kg' soil) to medium (100-500 mg kg-' soil) level, whereas that
 

of para-acid sulfate soil (Bangkok, Bk) ranging from 34 to 59 mg
 

kg1 was classified as low level on the scale proposed by Juo and
 

Fox (1977). The materials classified as low level were 2:1
 

clays, quartz, and 1:1 clays, and materials classified as medium
 

level were 1:1 clays with oxides. This is in good agreement with
 

the properties of soils under study. Both actual and para-acid
 

sulfate soils comprised more than 60% of kaolinite (Breemen,
 

1976) which is 1:1 type clay. However, the amount of free iron
 

oxides (citrate-dithionite extractable Fe) of actual acid sulfate
 

soil was higher than that of para-acid sulfate soil (Table 2.1
 

and 2.2).
 

Like standard P requirement, Langmuir maximum sorption
 

capacity (xm) was significantly affected by redox potential, pH,
 

and interaction between redox potential ana pH in both actual and
 

para-acid sulfate soils (Table 2.3 and 2.4). A significant
 

interaction redox potential dnd pH resulted from the similar
 

reason as standard P requirement. The effects of redox potential
 

and pH on Langmuir maximum sorption capacity of both soils (Fig.
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2.1 and 2.2) showed the similar trend with those on standard P
 

requirement. The obvious change in Langmuir maximum sorption
 

capacity at pH 4.0 occurred when redox potential decreased from
 

+400 to +300 mV, but at pH 5.0 and 6.0 this phenomenon occurred
 

when redox potential declined from +300 to 200 mY. Although the
 

pattern of Langmuir maximum sorption capacity of the actual acid
 

sulfate soil was not quite different from that of the para-acid
 

sulfate soil at the same redox potential and pH levels.
 

Duncan's Multiple Range Test indicated that an increase in
 

pH significantly increased the Langmuir maximum sorption
 

capacity. The Langmuir maximum sorption capacity also
 

significantly increased with decreasing redox potential except
 

when redox potential declined from +600 to +400 mV. The maximum
 

sorption capacity of the actual and para-acid sulfate soil
 

ranging from 508 to 699 mg kgl soil, and from 458 to 618 mg kg'l
 

soil, respectively, was somewhat lower than that reported by Imai
 

et al. (1983). This may be due to the differences in soil
 

conditions, soil series, and equations used to determined the
 

maximum sorption capacity. Imai et al. (1983) used air-dried
 

acid sulfate soils, and they used two layers Langmuir equation to
 

determine the maximum sorption capacity.
 

The Langmuir sorption constant (k), related to the energy
 

bonding of sorption of P to soil surface, and buffering capacity
 

(BI) wcre significantly affected by redox potential, pH, and
 

interaction between redox potential and pH as well (data not
 

shown). Both parameters of the actual acid sulfate soil were
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higher than those of the para-acid sulfate soil at the same level
 

of redox potential and pH (Fig. 2.3 and 2.4). These P-sorption
 

parameters significantly increased with increasing pH in both
 

soils, and significantly increased with decreasing redox
 

potential in the actual acid sulfate soil. Fur the para-acid
 

sulfate soil, there was no significant increase in Langmuir
 

sorption constant as redox potential declined from +600 to +400
 

mY, and from +300 to 0 mV. However, there was a significant
 

different in Langmuir constant when redox potential decreased
 

from +400 to +300 mY. Phosphorus was more loosely bounded to well
 

oxidized soil than reduced soil. The buffering induces at redox
 

potential +600 and +400 mV were not significantly different, but
 

they increased significantly as redox potential decreased from
 

+400 to +300 mV, from +300 to +200 mV, and from +100 to 0 my,
 

respectively. Nonetheless, there was no significant increase in
 

buffering index with decreasing redox potential from +200 to +100
 

mYV.
 

Conclusions
 

The P-sorption of both actual and para-acid sulfate soils was
 

affected by pH, redox potential, and interaction between pH and
 

redox potential. The effect of redox potential on P-sorption
 

changed as pH level changed. At pH 4.0, a considerable increase
 

in P-sorption occurred as redox potential decreased from +400 to
 

-300 mY, whereas at pH 5.0 and 6.0 an obvious change in P
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sorption occurred when redox potential decreased from +300 mV to
 

+200 mY. This would be mainly due to the reduction of Fe at
 

particular redox and pH levels. The P-sorption increased
 

significantly with decreasing redox potential and increasing pH.
 

The increase in P-sorption with decreasing redox potential may be
 

attributed to the reduction and solubilization of ferric
 

compounds, the role of organic matter and the effect of Mn on P

sorption, and the relationship between sulfate-sorption and P

sorption by amorphous or crystalline iron- and aluminum-oxides.
 

The increase in P-sorption with increasing pH would be mainly
 

contributed from the activity of amorphous hydroxy-aluminum
 

species which increases with increasing pH. The actual acid
 

sulfate soil sorbed more P than did para-acid sulfate soil.
 

Closer correlation between P-sorption parameters and iron-oxides
 

than aluminum oxides indicated the primary role of iron-oxides in
 

P-sorption of both actual and para-acid sulfate soils. Manganese
 

seemed to have an important effect on P-sorption, but further
 

study on the effect of Mn on P-sorption is needed. Further
 

investigation on the different effects of amorphous and
 

crystalline forms of iron- and aluminum-oxides on P-sorption
 

should be done. Although we reported that P-sorption increased
 

with increasing pH from 4.0 to 6.0, a study on the effect of
 

further increase in pH beyond 6.0 on P-sorption should be done to
 

make a better possibility in liming and P fertilizer
 

recommendation.
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Table 2 1.. Concenlralions of soluble (s)P, Fe, Al, and Mn, and concenlrations of Fe, Al, and Mn ex(racted by I N NI14OAc (pll 4.0) 

(;t), and sodium-citrale dithdonifc solulion (d) in Ilingkok soil 

pI1 Redox 

potential 

P 

s s 

Fe 

a d s 

Al 

a d s 

M11 

a d 

1V ---------------------------------------------------- Ing kg- soil ----------------------------------------------------------

4.0 

5.0 

1600 

•400 

+300 

-*200 

-100 

0 

-600 

-400 

300 

1200 

2.9 

2.7 

5.7 

6.2 

6.3 

6.1 

2.4 

2.2 

2.9 

5.3 

1.3 

4.1 

832 

951 

1190 

1455 

1.1 

5.2 

23 

894 

42 

52 

3105 

3561 

3817 

4008 

38 

50 

74 

3254 

5203 

5,197 

7129 

7844 

8384 

8906 

5344 

5805 

6057 

7726 

41 

39 

42 

46 

38 

43 

38 

34 

38 

36 

576 

574 

568 

573 

570 

562 

535 

546 

547 

540 

6123 

6338 

6327 

6359 

6364 

6369 

6398 

6492 

6547 

6542 

58 

62 

66 

70 

74 

84 

46 

42 

50 

'17 

51 

51 

53 

59 

60 

64 

44 

42 

53 

62 

49 

52 

55 

48 

47 

50 

39 

41 

12 

45 



Table 2. 1. (Confintcd) 

piH Rcdox 

iX)lCIli.Il 

V 

I) 

s 

----. 

s 

Fe A] M1 

a d s a d s a d 

..------------------------------------------------Ig kg- soil ----------------------------------------------------------

5.0 

6.0 

.100 

0 

1600 

1400 

u300 

*200 

-1!00 

0 

5.6 

5.7 

1.7 

1.9 

1.9 

4.5 

4.9 

5.1 

1058 

1274 

1.1 

5.0 

19 

837 

965 

1121 

3654 

3779 

32 

16 

65 

3003 

3382 

3559 

8269 

8663 

5512 

5807 

6138 

8243 

8502 

8967 

39 

40 

36 

39 

34 

38 

37 

39 

538 

535 

575 

520 

525 

521 

514 

505 

6532 

6547 

6646 

6688 

6740 

6773 

6794 

6826 

53 

66 

37 

44 

48 

42 

50 

54 

64 

64 

31 

30 

35 

41 

48 

52 

44 

44 

51 

46 

43 

44 

48 

48 

ul 



Table 2. 2. Concen1ralions of soluble (s) P, Fc,Al, and Mn, and concentrations of Fe, Al, and Mn exlraclcd by I N NI IiOAc (pl1 4.0) 

(a), and sodium-cil rale ditliunile solution (d)in mIahai- 1lhot soil 

j)il Rcdox 1) Ie 	 Al
 

s a dpolcllial s s a d s a d 

"
iV--- - ----------------------------------------------- ng kg 1 soil ----------------------------------------------------------

14775 185 223 2434.0 -600 2.3 1.4 38 5904 65 755 


t400 	 2.5 4.3 36 6197 67 744 14842 202 230 263
 

2315 9603 64 747 14908 207 231 266
-1300 3.8 1188 


-1200 3.9 1717 25,16 9935 60 765 14914 219 233 265
 

1100 4.2 22,15 2819 10254 61 748 14935 217 231 265
 

0 4.2 2659 3122 10763 64 746 14963 228 235 269 

5.0 *600 1.7 1.2 30 5245 45 637 15047 156 202 236 

-i400 1.9 3.7 31 6427 41 621 15153 162 215 235
 

-300 2.0 7.6 44 7643 43 626 15164 174 218 2,12
 

,200 3.1 1381 1854 9802 49 631 15205 182 220 243
 
Ln 
ELr
 



Table 2.2. (Conlinucd) 

pl Rcdox I) Fe Al M1 

poilcliai s s a s a d s a (1 

V -----..----------------------------------------------- mg kg 1 soil ----------------------------------------------------------

5.0 -1l00 3.3 2039 2362 10164 46 626 15 94 186 223 240 

0 3.2 2367 2821 10599 48 622 15242 191 224 248 

6.0 i600 1.2 1.0 28 6429 39 603 15484 127 195 230 

-1400 1.1 2.9 33 6801 37 612 15502 138 209 244 

-+300 1.3 4.7 39 8785 37 596 15514 154 215 246 

1200 2.8 1246 1573 10064 34 597 15616 166 219 246 

-1100 2.7 1809 2107 10359 36 580 15627 172 224 246 

0 2.9 2227 2648 10854 42 584 15654 !80 224 253 

wIw 
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Table 2.3. Aralysis of variance of P-sorpdon daT in Bangkok soil 

Sour-- Deg= of Sum of F Probability of 

Fredom Squares Values a Great= F 

SPR 

Block 1 1.8 3.7 0.0722 

pH 2 354 366 0.0001 

R=eox Poznti.a 5 1241 513 0.0001 

pH*Redox Potential 10 291 60 0.0001 

Error 17 8.2 

X~m 
t 

Block 1 2.3 3.0 0.6562 

pH 2 15526 708 0.0001 

Redox Potental 5 112203 2230 0.0001 

pH*Redox Potendal 10 13261 121 0.0001 

FBror 17 282 
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Table 2.4. Analysis of variance of P-soronon da in MIaha-Phot soil 

Sourc: Deg=s of Sum of F Probability of 

Fr dm Squares Values a Ca-r= F 

SPR 

Block 1 1.8 0.86 0.3673 

pH 2 978 236 0.0001 

Redox Potend 5 20381 1967 0.0001 

pH*Rfdox Poten!aI 10 1287 62 0.0001 

E-ror 17 35 

Block 1 17 1.4 0.2512 

poH 2 5121 208 0.0001 

R-dox Potenail 5 1029?8 1674 0.00C . 

oH*Rtdox Porme-tl 10 7176 58 0.0001 

E-ror 17 209 
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Abstract
 

P-sorption in soils are controlled by many factors. The
 

objective of the present study was to evaluate the effect of
 

various forms of soil Fe, Al, and Mn on P-sorption of flooded
 

Typic Tropaquepts and Sulfic Tropaquepts under different soil
 

oxidation-reduction and pH conditions. We used Bangkok soil and
 

Maha-phot soil from Bangkok Plain Thailand to represent Typic
 

Tropaquepts and Sulfic Tropaquepts and incubated them under
 

oxidized and reduced conditions at three different levels of pH
 

(4.0, 5.0, and 6.0) for 6 wk in stirred soil suspensions with a
 

soil to 0.01 M CaCl2 solution ratio of 1:7. After the incubation
 

period the soil suspensions were treated with 1N NH4OAc (buffered
 

to pH 4.0) and sodium-citrate dithionite solutioi: (20%) to remove
 

Fe, Al, and Mn in the forms of exchangeable, and free oxides,
 

respectively. The soil residues were then equilibrated with
 

KH2PO4 ranging from 0 to 500 mg P kg soil. Sorption isotherms
 

were described by the classical Langmuir equation. The P

sorption capacity (x) of soil under reduced conditions was
 

higher than under oxidized conditions and increased with
 

increasing pH. Treating soils with NH4OAc reduced x,, by 15 to
 

42% and with sodium-citrate dithionite solution by 32 to 55%, and
 

also decreased the differences in P-sorption due to the effects
 

of pH and oxidation-reduction conditions. Significant
 

correlations between P-sorption and Fe, Al, and Mn extracted by
 

sodium-citrate dithionite indicated that Fe, Al, and Mn oxides
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controlled P-sorption of these soils.
 

Introduction
 

Many factors influence P-sorption including pH (Mokwunye 1975;
 

Bar-Yosef et al. 1988), temperature (Barrow 1979; Sah and
 

Mikkelsen 1986a), the amount and type of clay (Muljadi et al.
 

1966; Bar-Yosef et al. 1988), organic matter (Bloom 1981), and
 

the amount of Fe and Al (Bromfield 1965; Torrent 1987; Jajtha and
 

Bloomer 1988; Russell et al. 1988). These P-sorption studies were
 

conducted in aerobic soil. In contrast, P-sorption in anaerobic
 

soils has not been extensively studied. However, it has been
 

reported that oxidation-reduction potential, pH, and the amount
 

of iron-oxides affect P-sorption under reduced conditions (Khalid
 

et al. 1977; Holford and Patrick 1981).
 

Soil oxidation-reduction condition and pH influence P

sorption characteristics of acid sulfate soils of Thailand
 

(Krairapanond et al. 1993), however, factors controlling P

sorption in these soils have not yet been extensively
 

investigated. Imai et al.(1983) claimed that P was initially
 

sorbed on the surface of acid sulfate soils and formed chelating
 

compounds with hydroxy-aluminum. Uwasawa et al. (1988) also
 

reported that added P was sorbed as Al-P and Fe-P in acid sulfate
 

soils of Thailand. A marked decrease in P-sorption following the
 

chemical removal of Fe-oxides from soils and clay minerals was
 

reported (Bromfield 1965; Borggaard 1983; Sah and Mikkelsen
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1986b)
 

Acid sulfate soils are world-wide in distribution and occupy
 

an area of about 12.5 million hectares (FAO/UNESCO 1979).
 

Npproximately 1.5 million hectares of actual and potential acid
 

sulfate soils occur in Thailand (Pons and Kevie 1969) and
 

approximately 0.8 million hectares of those are located in the
 

Bangkok Plain (Kevie and Yenmanas 1972). The poor growth and low
 

yield of rice grown in acid sulfate soils in Thailand due to high
 

P-sorption capacity is well knowr (Jugsujinda et al. 1978:
 

Attanandana 1982).
 

Various equations have been used to describe P-sorption in
 

soils, but the classical Langmuir equation is most frequently
 

employed. Here, we report the effect of soil Fe, Al, and Mn on
 

P-sorption under both oxidized and reduced conditions of flooded
 

acid sulfate soils from Thailand at various pH levels. The
 

identification of the factors affecting P-sorption in the soils
 

will be important in determining the most effective mitigation to
 

prevent increasing P-sorption.
 

Materials and methods
 

The surface layer (0-15 cm) of Bangkok soil (Typic Tropaquepts),
 

and Maha-Phot soil ( Sulfic Tropaquepts) collected from the
 

Bangkok Plain of Thailand were used in the study. According to
 

U.S. soil taxonomy classification (Soil Survey Staff 1975), the
 

Typic Tropaquepts are para-acid sulfate soils which are non-acid
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marine soils, and the Sulfic Tropaquepts are actual acid sulfate
 

soils. Attanandana and Vacharotayan (1986) described the non

acid marine soils are soils in which the acid has been leached
 

out or neutralized to the extent that microbiological activation
 

and root development are no longer hampered (generally, pH is not
 

below 4.0), and the actual acid sulfate soils are soils which 

have pH values below 4.0 that is directly or indirectly caused by 

sulfuric acid formed by oxidation of pyrite (FeS2) . We brought 

the soils to our laboratory and they were air-dried, sieved ( 2 

mm), and thoroughly mixed prior to analyses. General morphology 

and chemical characteristics of soils were described by Kevie and 

Yenmanas (1972). Selected soil properties are presented in Table 

3.1.
 

Experimental design
 

The experiment was conducted to determine P-sorption
 

characteristics of each soil treated with either of two
 

extractants (1N NH4OAc, pH 4.0 and sodium citrate-dithionite
 

solution (20% weight/volume basis) to remove different forms of
 

Fe, Al, and Mn from soils under oxidized and reduced conditions
 

at three pH levels (4.0, 5.0, and 6.0). The experiment was
 

arranged as a 3*2*3 factorial in a randomized complete block
 

design with two replications.
 



65 

Soil incubation
 

Suspensions of 250 g soil in 1,750 mL 0.01 M CaCI2(I:7, soil to
 

CaCl2 solution ratio) were incubated in laboratory microcosms
 

(Patrick et al. 1973) under oxidized and reduced conditions for
 

six weeks at 25 0C. Prior to the incubation, the soils were
 

amended with 0.2% (weight/weight on dry soil basis) ground rice
 

straw (C/N ratio = 29) which provided an energy source to promote
 

microbial activity. Nitrogen and oxygen gases were bubbled
 

continuously through the soil suspensions in the microcosms to
 

promote reduced and oxidized conditions, respectively. The redox
 

potential and pH of the system were monitored for a 6-week
 

period. The pH of the soil suspensions was controlled at the
 

desired pH values by manual additions of either 2 N HCl or 2 N
 

NaOH daily or as required.
 

Soil washing
 

After 6 weeks, the soil suspensions (50 mL) from each of the
 

oxidized and reduced conditions were transferred to 250-mL
 

polycarbonate centrifuge bottles. For the reduced condition
 

treatment, the centrifuge bottles were flushed with 02-free N2 gas
 

to maintain a reduced atmosphere. For the oxidized condition
 

treatment, the centrifuge bottles were flushed with air. In the
 

first treatment (control), the soil suspensions were not washed
 

or pretreated with any extractants. For the second treatment
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(II), the soil suspensions were pretreated with 100 mL of 1 N
 

NH4OAc, pH 4.0 For the third treatment (III), the soil
 

suspensions were pretreated with 100 mL of a sodium-citrate
 

dithionite solution (20%, w/v solution basis). In the washing
 

procedures, the soil suspensions from both the first and the
 

second treatments were shaken on a reciprocating shp'.er for 18
 

hour, centrifuged for 20 min at 7 000 rpm (Sorvall GSA-400 rotor,
 

DuPont Co., Wilmington, DE) and filtered through a 0.45 pm
 

membrane filter. The reduced soil suspensions only were
 

centrifuged and filtered under 02-free N2 atmosphere (Gambrell et
 

al., 1975). The soil residues from both the second and the third
 

treatments were washed twice with 100 mL distilled water. All
 

solutions and distilled water added to soils under reduced
 

conditions were free of 0,. After each washing the soil
 

suspensions were centrifuged and filtered. All filtrates were
 

analyzed for P, Fe, Al, and Mn using an ICP (Inductively Coupled
 

Argon Plasma Atomic Emission Spectrometer).
 

Phosphorus sorption isotherm
 

Fifty mL of 0.01 M CaCl2 containing P as KH2PO4 in concentrations
 

ranging from 0 to 500 mg kg"1 was added to all samples in the
 

first, second and third treatments. For reduced condition
 

treatment, the samples were flushed again with 02-free N2 prior to
 

adding the diluted CaCl,-P solution. After 24-h equilibration on
 

a reciprocating shaker, all samples were centrifuged and
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filtered. A 24-h period was chosen because this period was
 

considered adequate for the fast reactions as well as the
 

initiation of the slow reactions to take place during P retention
 

in the soils (Mehadi and Taylor 1988). The filtrates were
 

analyzed for P, Fe, Al, and Mn using the ICP. The P that
 

disappeared from solution was considered as sorbed P.
 

To interpret the results, P-sorption data for the soils were
 

fitted to the classical Langmuir equation (Olsen and Watanabe
 

1957).
 

x = kxmC/ (1+kC) (1) 

where x is the amount of sorbed P per unit of soil, C is the
 

final solution P concentration, k is a coefficient which reflects
 

the relative rates of sorption and desorption at equilibrium and
 

is thus dn affinity term, and xm is the maximum monolayer
 

sorption capacity. The two constants (k and xm)7 were determined
 

by fitting the experimental data to the linearized Lineweaver-


Burk form as given below (Persoff and Thomas 1988):
 

i/x = i/xm + (I/kx) (1/C) (2) 

The buffering index (BI), a mixed quantity-intensity
 

parameter, was calculated from kxm (Holdford 1979). The standard
 

P requirement (SPR), P-sorption at a concentration of 0.2 ppm P
 

in final solution, was also calculated as outlined by Beckwith
 

(1965). The analysis of variance (ANOVA), Duncan Multiple Range
 

Test (DMRT), and Pearson's correlation coefficients were
 

calculated using the proce,.Jres available with Statistical
 

Analysis System (SAS Institute Inc. 1985).
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Results and discussion
 

P-sorption characteristics
 

The P-sorption isotherms constructed for each treatment are shown
 

in Fig.3.1 (for Bangkok soil) and Fig. 3.2 ( for Maha-Phot soil).
 

Reduced conditions (Eh -165 to +225 mY) caused mark rise in P

sorption of untreated soil (control treatment) at every pH level
 

when compared with oxidized condition (Eh +635 to +765 mV).
 

Standard P requirement (SPR), Langmuir maximum sorption capacity
 

(xm) , Langmuir sorption constant (k), and buffering index (BI)
 

for Bangkok soil are presented in Table 3.2 and for Maha-Phot
 

soil in Table 3.3. Standard P requirement, P-sorption at a
 

concentration of 0.2 ppm P in final solution, was selected
 

following the suggestion of Beckwith (1965) that this
 

concentration, if maintained continuously in solution culture,
 

will provided adequate P to many plants. All P-sorption
 

parameters (SPR, xm, k, and BI) in Bangkok soil were higher under
 

reduced conditions than those under oxidized condition (Table
 

3.2). The P-sorption parameters in Maha-Phot soil under reduced
 

condition were also higher than those under oxidized condition,
 

except at pH 5.0 (Table 3.3). Several studies have also been
 

reported a higher P-sorption under reduced conditions than under
 

oxidized conditions (Khalid et al. 1977; Willett and Higgins
 

1978; Holdford and Patrick 1979; Krairapanond et al. 1993).
 

Holford and Patrick (1981) reported an increase in P-sorption at
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pH 5.0 during reduction which may be due to some precipitation of
 

ferrous phosphate. When the soil was undergone reoxidation,
 

there was a large decrease in P-sorption capacity at pH 6.6, but
 

little change at pH 5.0.
 

SPR obviously increased as pH increased in control
 

treatment. 
 For the second and third treatments, SPR slightly
 

increased and almost steady with increasing pH, respectively. SPR
 

under reduced condition was significantly higher than that under
 

oxidized condition in control treatment, whereas in the second
 

and third treatments this value under oxidized and reduced
 

conditions was almost the same.
 

Like SPR, Langmuir maximum sorption capacity (xm) was
 

significantly affscued by all factors and all of their
 

interactions in both soils (Table 3.2 and 3.3). The significant
 

interactions were resulted from the similar reasons as 
SPR. The
 

amount of P sorbed by the Bangkok soil was less than those by
 

Maha-Phot soil under both conditions at every pH level.
 

The Langmuir sorption constant (k) related to the energy
 

bonding of sorption of P to soil surface, was smaller under
 

oxidized than under reduced conditions (Table 3.2 and 3.3). This
 

indicated that P was more tightly bounded to the soil surface
 

under reduced conditions than under oxidized conditions.
 

Another P-sorption parameter, the buffering index (BI) also
 

diminished after washing the soils with these extractions (Table
 

3.2 and 3.3).
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P-sorption characteristics as influenced by Fe, Al, Mn,
 

oxidation-reduction condition, and pH.
 

The amounts of Fe, Al and Mn dissolved by NH4OAc (Fe,, Al,, and
 

Mn) and by sodium-citrate dithionite (Fed, Ald, and Mnd) are
 

presented in Table 4.4. Reduced conditions caused enormous
 

increases in the amount of Fe,. 
 But, oxidized conditions had
 

less effect on the amounts of Al, and Mn than that of Fe.. The
 

amount of Fe,, Al,, and Mna increased as pH decreased. Higher 

amounts of Fed, Ald, and Mnd were removed from soil under reduced 

conditions than under oxidized conditions.
 

Pretreatment of soil with 1N NH4OAc and sodium-citrate
 

dithionite solution followed by washing with distilled water
 

reduced P-sorption by 15 to 42% and 32 to 55% according to the
 

Langmuir maximum sorption capacity (xm), and 7 to 34% and 68 to
 

84% based on the SPR, respectively (Table 4.4). The differences
 

in P-sorption under oxidized and reduced conditions that were
 

observed in untreated soils were decreased after either NH4OAc or
 

sodium-citrate dithionite extractions. 
 Soil pH had less effect
 

on P-sorption of pretreated soils than that of untreated soils
 

(Fig. 3.1 and 3.2). 
 This implies that the increase in P-sorption
 

due to reduced conditions and increasing pH is related to the
 

components of soil extractable by these extractions. The
 

differences in P-sorption between Bangkok and Maha-Phot soils
 

were not removed by these treatmencs. 2here are other soil
 

components (organic matter and/or clay minerals) besides the
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components which had been removed by the extractions, that
 

participate in P-sorption. The extractions, therefore, did not
 

eliminate the difference in P-sorption between the soils.
 

Correlation of P-sorption and soil Fe, Al, and Mn
 

Phosphorus sorption parameters of pretreated soils were
 

significantly correlated with Fed, Ald, and Mn, (Table 3.5).
 

However, P-sorption parameters (except k) were more closely
 

correlated with Fed than Aid and Mnd suggesting the dominant role
 

of amorphous and poorly crystalline iron-oxides or free iron

oxides in P-sorption characteristics of acid sulfate soils. There
 

were significant correlations between P-sorption parameters
 

(except xm) and Mn, (Table 3.5) indicating the importance of
 

exchangeable Mn on P-sorption of acid sulfate soils.
 

Although there was a lack of significance in correlation
 

between P-sorption parameters of untreated soils and the amounts
 

of Fe. and Al,, significant correlations between the reduction in 

P-sorption (SPR and x) and the amounts of Fe, were established 

(Table 3.5). The reduction of SPR was also significantly 

correlated with Fed, Ald, and Mnd, whereas the reduction of xm was
 

significantly correlated with Yed only. The reduction of 'R was
 

more closely correlated with Fed than any other fractions, while
 

the reduction of the x, was more closely correlated with Fe, than
 

Fed. This indicated that at high concentrations of added P,
 

exchangeable Fe had more effect on P-sorption than did amorphous
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and crystalline iron-oxides, and vice versa at low concentration
 

of added P.
 

conclusion
 

P-sorption of both Bangkok soil (Typic Tropaquepts) and Maha-Phot
 

soil (Sulfic Tropaquepts) was significantly affected by soil Fe,
 

Al, and Mn. Pretreatment of the soils with IN NH4OAc (pH 4.0)
 

and sodium-citrate dithionite solution (20%) to remove
 

exchangeable, and amorphous and crystalline forms of Fe, Al, 
and
 

Mn, reduced P-sorption of soils. The treatments also decreased
 

the differences in P-sorption due to the effects of pH and
 

oxidation-reduction conditions. 
However, the differences in P

sorption between the Typic Tropaquepts and Sulfic Tropaquepts
 

were not eliminated by these treatments.
 

P-sorption of the soils was greatly affected by both pH and
 

oxidation-reduction conditions. The P-sorption under reduced
 

conditions was higher than that under oxidized conditions, and it
 

increased as pH increased. The effects of pH and oxidation

reduction conditions on P-sorption could be attributed to (i) the
 

reduction and dissolution of Fe, (ii) the role of organic matter,
 

(iii) the activity of amorphous hydroxy-aluminum species which
 

increases with increasing pH.
 

Significant correlations between P-sorption parameters and
 

the reductions in P-sorption after the treatments, and the free
 

iron-oxides indicated the primary role of iron-oxides in P
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sorption of soils of Thailand. Aluminum-oxides seemed to play a
 

secondary role in P-sorption. Manganese appeared to have the
 

important effect on P-sorption, but further study is needed to
 

determine the effect of Mn on P-sorption in these soils.
 

As the results indicated the increase in P-sorption with
 

increasing soil pH, liming the soils should be carefully taken
 

into consideration for successfully rice culture.
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Table 3- '1. Sclecled physical and cliciical pl)ropilics of the actual and para-acid sulfiic soils 

Soil lropeties llagkok Mala-Plhot 

Greal Soil Group Typic "'TropmItCucp Sulfic lroplqucpt 

Acidity class Non-acid Moderately acid 

p' 1 (1:1 writer) 4.9 4.5 

Organic malcr (%)a 1.3 1.9 

Available pb 19.2 3.2 

Iixcliangeable Al (cmol kg-l)C 1.1 2.3 

Elxchangeable acidily (crnol kg- l)d 1.2 3.2 

CEC (cmol kg- I)e 24.9 19.9 

* Walkley-Black 
b modified Bray II; soil:extracta.it ratio = 1:10 
CIA KCI 

AmmotnlTieit tiolainilii 

"Ainnoihnu sat tralioii-distillat~ion
 

http:soil:extracta.it
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Table 3.2. Phosphorus sorpdon paranc.s for Bangkok soil 

Conditcn pH T---z- SPR Xm k BI 

-mg kg -

O)Ci 4.0 COnavl 34 410 0_515 208 

I" 30 352 0.353 122 

T 11 255 0.181 45 

5.0 Contmi 39 437 0.515 227 

F 34 347 0.460 162 

III 11 296 0.210 61 

6.0 Control 51 491 0.635 305 

IT 40 403 0.543 214 

T 12 305 0.216 63 

Rzdncd 4.0 Conzo1 48 521 0.551 286 

I 37 338 0.545 185 

1 12 238 0.109 66 

5.0 Co=o1 52 583 0.565 321 

U 41 346 0.610 2C9 

12 266 0.319 83 

6.0 Conrol 58 668 0.632 414 

11 4 396 0.615 241 

" 12 299 1.291 32 

II=NH4OAc SPR=Standard P requirement 

M=Citrate dithionite xrn=Langmuir maximum sorption capacity 

k=Langmuir sorption constant 

BI=Buffering index 
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Table 3 .3. Phosphorus sorpdon pmame s for Maha-F not soil 

Conditon PH = SPR xr k BI 

-mg kl 

4.0 Control 51 461 0.633 
 290
 

11 47 382 0.63" 245
 

M 13 306 0.2.51 76
 
5.0 Cono! 68 
 610 0.659 403
 

II 48 
 397 0.587 253
 

M 13" 302 0.316 94
 
6.0 Control 58 516 0.615 315
 

II 51 416 0.645 270
 

M 14 312 0.288 86
 
4.0 Control 76 673 0.696 464
 

I 53 403 0.604 244?
 

M 13 303 0.344 100
 
5.0 Control 63 589 0.639 382
 

55 419 0.635 272
 

M 14 318 0.286 88
 
6.0 Conol 88 696 0.725 501
 

11 58 408 0.664 273
 

T 13 315 0.348 110
 

I=N 4OAc 
 SPR=Standard P requirement 
JH=Citrate dithionite xm=Langmuir maximum sorption capacity 

k=Langmuir sorption constant 

BI=Buffering index 



------------------------------------------- - - - - - - - - -

Table 3.4. lhe antil1S of Fe, Al, and Mn rcimovcd froi soils lby I N NI IOAc (p11 .0) (a), and sAlhlnil-cilrmle dilionile 

solion (d) and Ihcir cffccts (it I alignluir niaxiuini sorpioll capacity (xm ) and Standartl P rCqUimenrtnt (SIT) 

Soil Condilion 1,11 Fc Al Mi Reduclion In xi Rcliueil Ioni Sl1R 

a d a d a d ( i a d 

------------------------- ng kg-I- - - - - - - - - - - - - - - - -  % 

llingkoik Oxidized 4.0 51 8129 564 9,115 
 57 71 15 38 13 68 

5.0 46 8097 5,13 9,114 45 60 20 32 13 72 
6.0 42 7982 530 9675 39 54 18 38 22 77 

Redlced 1.0 5190 8900 557 10123 73 74 35 55 24 76 
5.0 4808 8637 5,10 10168 53 64 40 55 22 77 
6.0 4445 8826 528 10,104 46 61 ,11 55 23 79 

Maua-'1h1ol Oxidized 1.0 41 8930 823 18528 292 351 17 34 7 74 
5.0) 36 8783 787 18679 286 3,14 19 ,10 12 77 
6.0 28 8720 7'12 187,13 274 3,13 29 ,16 13 78 

Rchilced 4.0 2225 9669 7,15 18767 371305 35 51 30 80 
5.0 1916 9784 698 18796 281 369 ,10 55 28 82 
6.0 1689 961 674 18931 272 365 42 55 34 8,O 

xin
1Rc(Iicli il .r (.l ill controlI trelliiiut-xi inlNII 4OAc trmeat meni) x 100/.rim ill
 
coiliiiul [ret' lilllf
 

lltUdiit'ion ill SIPR (S1'1 illcotlrol Irc-lltllciit-SPR illNII 4OAc Itrattilent) x I00/SPR
 
iii illitrol rellllielll
 



and warious forms of Fe, Al, and Mn (extractdters 
Pearson's coniation coefficiells betweenl'-sorplion parIm 

Table 3.5 

4.0), .a; ad sodium,-citralte dithionite solution, (1)
by I N NI L OAc (pl 

Fed Aid Mod 
Fca Alit Mna 

0.7210.854 0.735
0.120 -0.208 0.677 

SIt
SIT 0.364 -0.10' 0.369 0.711"'* 0.441 0.,421* 

xnk 0.268 0.112 0.573"' 0.570"* 0.629"' 0.629* 

111 0.027 0.031 0.549"' 0.733*** 0.616 0.607"' 

Reduction In SPR 9.492 -0.234 0.04'7 0.667k"' 0.516 o.486 

RCductio inxn, 0.746il* -0.128 0.112 0.520** 0.115 0.096 

0.001 probability levels, respectively. 
, +, ' Significant ot thc 0.05, 0.01, il 

Sl'Ri=Samtkird 1' requirenltW 

- sorption calpalcityxinj l.iignimr maximuml 

k= l;mgnuir sorp)ioii constant
 

index
iu ffef-ingIl = 
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Fig. 3.1. Phosphorus sorption isotherm for Bangkok soil.
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Fig. 3.2. Phosphorus sorption isotherm for Maha-phot soil.
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Abstract
 

Sodium acetate (NaOAC, buffered to pH 4.0) extractable Fe in
 

twenty-five flooded acid sulfate soils averaged 4 000 mg kg" , 4

fold higher than the NaOAC extractable Al, Mn, and P. Similar
 

trend was observed with water-soluble extractable forms of these
 

elements, but the magnitude was lower than the NaOAC extractable
 

fractions. T'ater-soluble Fe under flooded soil condition was
 

greater than 100 mg kgl . An uptake of 100 mg Fe plant- was
 

observed in the plant growing under flooded soil condition. Dry
 

matter weight of rice plant under this condition was 0.04 g.
 

Uptake of Al, Mn, and P by rice growing under flooded soil
 

condition was also high. Uptake of these elements by rice was in
 

the following order: Fe > P > Mn > Al. Based on these results,
 

rice growing under flooded soil conditions suffer Fe, and Al
 

toxicity since their average tissue concentrations were greater
 

than reported toxicity threshold level of 300 mg for Fe and 300
 

mg for Al kgl . Rice plant growing in the flooded condition would
 

also perhaps suffered from P deficiency since level are lower
 

than rice phosphorus requirement reported in literature. The
 

results obtained also suggest that the rice plant may suffer from
 

Mn toxicity since Mn concentration in the tissue was greater than
 

reported threshold toxicity value of 2 500 mg Mn kg-' of plant
 

tissue. There was a significant correlation between soil pH and
 

NaOAc extractable Fe, Al, Mn, and P, and between soil Eh and all
 

of these NaOAc extractable forms except Mn in soils. No
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significant correlation was observed between soil pH and water
 

soluble forms of these nutrients except P. P released and P
 

absorbed in soils and concentration and uptake of Fe, Al, Mn and
 

P by rice also showed no significant correlation in this study.
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Intr:oduction
 

Acid sulfate soils are world-wide in distribution and occupy an
 

area of about 12.5 million hectares (FAO/UNESCO, 1979).
 

Approximately 1.5 million hectares of actual 
and potential acid
 

sulfate soils occur in Thailand (Pons and Kevie, 1969) and
 

approximately 0.8 million hectares of those are located in the
 

Bangkok Plain (Kevie and Yenmanas, 1972). The poor growth and low
 

yield of rice grown in acid sulfate soils in Thailand due to high
 

P-sorption capacity is well known. 
Many factors influence P

sorption. It has heen found that pH (Mokwunye, 1975; Bar-Yosef
 

et al., 1988), temperature (Barrow, 1979; Sah and Mikkelsen,
 

1986a), the amount and type of clay (Muljadi et al., 1966; Bar-


Yosef et al., 1988), organic matter (Bloom, 1981), and the amount
 

of Fe and Al (Bromfield, 1965; Torrent, 1987; Jajtha and Bloomer,
 

1988; Russell et al., 1988) influence P-sorption. These P

sorption studies were conducted in aerobic soil. In contrast, P

sorption in anaerobic soils has not yet been extensively studied.
 

However, it has been reported that oxidation-reduction potential,
 

pH, and the amount of iron-oxides affected P-sorption under
 

reduced conditions (Khalid et al., 1977; Holdford and Patrick,
 

1981).
 

It has recently been reported that soil oxidation

reduction condition and pH influenced phosphorus sorption
 

characteristics of acid sulfate soils of Thailand (Krairapanond
 

et al., 1993). Factors controlling phosphorus sorption in acid
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sulfate soils has not yet been extensively investigated. P

sorption in soils is generally believed to be due largely to
 

various forms of active Fe and Al (Bromfield, 1965). Imai et
 

al. (1983) claimed that P was initially sorbed on the surface of
 

acid sulfate soils and formed chelating compounds with hydroxy

aluminum. Uwasawa ct al. (1988) also reported that added P was
 

sorbed as Al-P and Fe-P in acid sulfate soils of Thailand. A
 

marked decrease in P-sorption following the chemical removal of
 

Fe-oxides from soils and clay minerals was reported (Bromfield,
 

1965; Borggaard, 1983; Sah and Mikkelsen,1986b). Various
 

sorption equations have been used to describe P-sorption in
 

soils, but the classical Langmuir equation is most frequently
 

employed. Here, we report the effect of both oxidized and
 

reduced soil conditions on Fe, Al, Mn and P solubility and their
 

uptake by rice in acid sulfate soils from Thailand. The
 

identification of the soil conditions affecting nutrient
 

solubility and uptake by rice in the soils will be important in
 

determining the most effective method to prevent increasing P.

sorption based on agricultural practices and scientific
 

knowledge.
 

Materials and method
 

Twenty-five soil samples representing five acidity classes: I,
 

II, III, IV, and V were used in our studies. Each acidity class
 

consisted of different soil series: Bk,, Rs, Ma, Rsa. These soils
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were identified as Tropic Tropaquepts and Sulfic Tropaquepts
 

collected from Central Plain Thailand '. Range in soil organic
 

matter content and pH of airdried are shown in Table 4.1.
 

Redox potential (Eh) and pH measurement
 

Special platinum electrode tubes were used to measure changes in
 

redox potential in the soils. The tubes were constructed by
 

sealing 12.5 millimeter pieces of 18-gauge platinum wire on both
 

sides near the bottom of 40x138-millimeter Pyrex test tubes
 

similar to the ones used by Jugsujinda and Patrick, (1993).
 

Sixty grams ot air-dry soils were weighed, in duplicate, and
 

uniformly mixed with 0.1% ground rice straw as an energy scurce
 

for microbial activities before transferring into the electrode
 

tubes. The soils were flooded with an excess of high purity
 

deionized distilled water, and incubated at 30 °C. An overlying
 

layer of flood water depth of about 2 cm was maintained
 

throughout the incubation period. Eh and pH measurements were
 

made immediately after flooding followed by daily measurements
 

'or 30 days, and then weekly through 60 days. Eh measurements
 
were made with a Beckman Zeromatic pH meter using a platinum
 

electrode and a saturated calomel half-cell. pH measurements of
 

the top 1 cm soil layer were made with a Beckman Zeromatic pH
 

The soii samples were collected by Dr. Philip A. Moore, Jr.
 
in 1984 when the field had been flooded for 6 to 10 weeks. They
 
were air-dried ground with a stainless steel mortar & pestle and
 
sieved through a 20 mesh sieve.
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meter using a calibrated combination glass electrode.
 

At the end of 60 days period, water-soluble and NaOAc
 

extractable ions (0.1 N sodium acetate buffered to pH 4.0 because
 

acid sulfate soils pH is acidic in reaction) were determined by
 

the following procedures. Excess floodwater was decanted from the
 

redox tubes and then a core extending vertically through the soil
 

was removed from the electrode tube to insure that both the
 

oxidized and reduced soil zones were sampled. The samples were
 

immediately transferred to preweighed centrifuge bottles and
 

weighed to determine water and soil contents. The bottles were
 

immediately purged with N2 gas. Twenty-five ml of oxygen-free
 

deionized water was added to the wet soil samples with a
 

hypodermic syringe and the bottles were shaken for 30 minutes.
 

The soil solutions were centrifuged under N, atmosphere at 7000
 

rpm for 20 minutes. The supernatant were filtered through 0.45
 

micron membrane under an N2 atmosphere. The aliquot were
 

acidified to pH 2 by adding 12 N HCL and stored for analysis. One
 

hundred ml of oxygen free IN sodium acetate (pH 4.0) was added to
 

the residual moist soil from water-soluble fraction with the help
 

of a hypodermic syringe and the centrifuge bottles were purged
 

with N2. The mixture was shaken 'or 1 h on a mechanical shaker
 

and centrifuged at 7L00 rpm for 20 minutes. The supernatant were
 

filtered through 0.45 micron membrane filter as described
 

earlier. The extract was acidified to pH 2 and stored for
 

analysis of selected nutrients on ICAP.
 

In a parallel incubation two or three rice plants were grown
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in each of the flooded soils, and after 60 days incubation the
 

rice plants were harvested and the plant tissue analyzed for
 

total analyses.
 

P Fixation experiment
 

The objective of this experiment is to study phosphorus fixation
 

capacity of the soils. Five g of soils each of the 25 
soils and
 

10 mL of deionized water were preincubated under anaerobic
 

conditions in 50 mL Nalgene centrifuge bottle. This was
 

accomplished by sealing the bottle with serum cap and immediately
 

purged with oxygen-free N2 gas and keep under the laboratory
 

conaition for thre weeks. In one treatment 100 ppm P0 4-P on
 

soil basis was added, in another treatment no P was added. In
 

both treatments the soils were shaken on reciprocal shaker for 48
 

hours to obtain equilibrium. The soils was allowed to settle for
 

48 hours, and repurged with N, gas then centrifuged at 7 000 rpm
 

for 20 min. The clear supernatant was filtered through a 0.45
 

millipore filter, acidified with N HCl and stored in refrigerator
 

till analysis. P in the soil solution was analyzed by ICP. P in
 

solution was considered to be P released in the soils, and P
 

added less P released was P sorbed in the soils.
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Results 

Changes in soil Eh and pH
 

Average soil Eh decreased as time of flooding increased. There
 

was a sharp decrease during the first 10 days after flooding. The
 

decrease was gradual from 11 days until 30 days of flooding.
 

There was no further decrease in soil. Eh thereafter and soil Eh
 

was stabilized at -100 mV until 60 days after flooding (Fig.4.1).
 

Soil pH on the other hand was increased very sharply during the
 

first 10 days of flooding, and was gradually increased from 11
 

days until 20 days of flooding, and then level off thereafter
 

till 60 days of flooding.
 

Solubility of Fe, Al, Mn and P in soils
 

Under flooded soil condition, the concentrations of NaOAC
 

extractable Fe, Al, Mn and P were presented in and
Fig. 4.2, 


water-soluble forms were presented in Fig. 4.3. The data showed
 

that flooded soil conditions resulted in a forty-fold increases
 

in the amount of NaOAc extractable Fe over the water soluble
 

form. Al, Mn, and P also showed the same trend.
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Dry matter weight
 

Dry matter weights of the rice plant tissue are shown in Fig.
 

4.6. The growth of the rice plant under flooded soil condition
 

varied according to soils. No significant correlation between the
 

dry matter weight and soil organic matter content, redox, pH
 

level, P release and P sorbed in these soils was observed.
 

Concentration and uptake of Fe, Al, Mn, and P
 

Under flooded soil condition, concentration of Fe, Al, Mn, and P
 

in the plants are shown in Fig.4.4 and the uptake of these
 

nutrients by rice are shown in Fig. 4.5. More Fe found its way
 

through the plant tissue than Al, Mn, and P under flooded soil
 

conditions. More P was taken up by rice flooded soil condition
 

than A!, and Mn. Aluminum was the least taken up by the plants.
 

The concentration and uptake of these nutrients are in the
 

following order: Fe > P > Mn > Al.
 

P fixation capacity
 

Large amount of P added was fixed in the soils under flooded
 

condition (Table 4.1). In our previous study (Krairapanond et al.
 

1993) found also that soil reduction led to a very large increase
 

in P sorption capacity of soils at higher P levels added (Table
 

4.1).
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Correlation coefficient among the chemical soil test of Fe, Al,
 

Mn, P with growth and soil pH-Eh, and among P released and P
 

sorbed with their concentration and uptake by rice.
 

There was a significant correlation between soil pH and soil Eh
 

with extractable Fe, Al, Mn, and P in the soils (Table 4.2). No
 

significant correlation was found between P released and P in the
 

plants nor between P absorbed and P in the plants (Table 4.3).
 

Conclusion
 

The findings in the present study suggested that the flooding
 

condition of acid sulfate soils of Thailand caused an increase in
 

soil pH and a decrease in soil Eh and release of extractable Fe,
 

Al, Mn, and P in the soils, flooding also increased P fixation.
 

Liming which is recommended in Thailand as an amelioration method
 

of acid sulfate soils should be considered in flooded soil
 

condition. Liming increased soil pH and as soil pH increased,
 

sorption of added P is also increased. Liming should be
 

considered only when soils need Ca or Mg for normal plant growth.
 

In this case soils need P, use of the fertilizer P sources such
 

as locally available rock phosphate to provide the plant nutrient
 

should be considered for successful rice culture in Thailand.
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Fig. 4.2. NaOAc extractable nutrients in 
soils under anaerobic conditions. 
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Fig. 4.6. Weight of rice plant tissue 
in 25 soils under flooded condition 
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Table 4 .l.Range in soil organic matter content, redox condition, pH
 
level, P released and P sorbed of the twenty five soils.
 

Soil Soil pH OM pH Eh P p
 
No Series airdried flooded Released Sorbed
 

airdried % flooded mV ppm ppm
 

1 Bk 4.1 3.4 6.2 -240 0.768 99.232

2 Bk 4.2 3.8 6.4 -210 0.776 99.224
 
3 Bk 4.2 3.2 6.5 -265 1.596 98.404
 
4 Bnp 3.9 4.5 5.5 -150 8.416 91.584
 
5 Sb 3.5 4.5 5.8 -140 14.636 85.364
 
6 Ma 4.2 3.0 6.2 -210 0.000 100.000
 
7 Ma 4.0 2.0 5.7 -120 1.260 98.740
 
8 Sn 3.8 3.3 4.0 -40 1.008 98.992
 
9 Rs 3.5 2.3 3.9 160 0.000 100.000
 
10 Rs 3.6 3.4 6.0 -200 2.480 97.520
 
11 Ay 4.0 1.6 4.5 40 0.388 99.612
 
12 Bk 4.6 3.2 6.3 -240 2.220 97.780
 
13 Rs 4.3 2.7 6.1 -300 0.996 99.004
 
14 Rs 3.8 3.9 4.3 0 0.332 99.668
 
15 Rs 3.9 3.5 4.1 0 0.684 99.316
 
16 Tb 4.0 2.1 4.8 -110 1.108 98.892
 
17 Sn 4.3 3.6 6.2 -200 0.868 99.132
 
18 Sn 4.1 2.3 4.1 50 0.000 100.000
 
19 Rsa 3.6 2.8 3.8 60 0.000 100.000
 
20 Rsa 3.8 2.0 6.1 -240 2.436 97.564
 
21 Rsa 3.7 2.6 4.2 -50 0.000 100.000
 
22 Rsa 3.3 3.0 3.3 10 0.520 99.480
 
23 Ok 3.8 3.6 4.4 -60 0.816 99.184
 
24 Ok 3.4 3.9 3.7 -50 0.440 99.560
 
25 Rs 3.5 5.0 3.8 -60 0.548 99.452
 

AVG 3.9 3.2 5.0 -103 1.692 98.308
 
STD 0.3 0.8 1.1 119 3.111 3.111
 

Bk=Bangkok, Bnp=Bang Nam Preo,Sr=Saraburi, Ma=Mahaphot,
 
Sn=Sena, Rs=Rangsit, Ay=Ayuthaya, Tb=Tanyabu
 
Rsa=Rangsit Very Acid, Ok=Ongkarak Sb=Saraburi
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'able 4.2. correlations of chemical tests for soil phosphorus, iron,
 

manganese, aluminum content, pH, redox potential with yield
 
of rice under flooded soil condition in the growth chamb-r.
 

A.NaOAc Extractable nutrient in soils P released
 
in soils 

Fe Al Mn P 

pH 0.730** -0.750** 0.510** 0.530** 0.090ns 
(flooded) 
Eh -0.660** 0.540** 0.380ns 0.500* 0.060ns 
(flooded) 
Growth 0.030ns 0.001ns 0.005ns 0.062ns 0.02ns 
(dry matter)
 

B. Water soluble nutrient in soils P sorbed
 

in soils

Fe Al Mn P
 

pH -0.180ns 0.339ns 0.256ns 0.418* 0.090ns
 
(flooded)
 
Eh O.109ns 0.414ns 0.148ns 0.331ns 0.060ns
 
(flooded)
 
Growth 0.054ns 0.006ns 0.011ns 0.070ns 0.020ns
 
(dry matter)
 

n=25
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Lble 4.3. Correlations of chemical tests for phosphorus, iron,
 
manganese, aluminum concentration and uptake by rice
 
and P released and P sorbed in flooded soils condition.
 

A. Concentration of nutrient in rice
 

Fe Al Mn P 

P Released 0.001ns 0.032ns 0.071ns 0.027ns 
in soils 
sorbed 0.001ns 0.032ns 0.071ns 0.027ns 
in soils 

B. Uptake of nutrient by rice
 

Fe Al Mn P
 

P Released 0.000ns 0.038ns 0.001 0.010ns
 
in soils
 
sorbed 0.000ns 0.038ns 0.001 0.010ns
 
in soils
 

i=25
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IMPACT, RELEVANCE AND TECHNOLOGY TRANSFER
 

As higher yield of rice are sought from land resources now
 

in production and as more marginal lands are put into cultivation
 

fertility and toxicity problems be :ome greater factors in
 

achieving and maintaining high yields of the crop. These problems
 

have been identified through the cooperative research. One of
 

the significant problems we found in our 
study in acid sulfate
 

soils of Thailand is P-sorption and the finding has been
 

described and published (see addendum to this report: Plant and
 

Soil 157:227-237, 1993). The published result is one of the
 

best ways to bring about the technology transfer and shorten this
 

time gap. The Thai Department of Agriculture has the
 

responsibility of improving utilization of plant nutrients, both
 

native and applied, in all land areas of the country, including
 

acid sulfate soils areas. Utilizing their locally available
 

sources in ongoing field conditions will make the results of this
 

study immediately applicable to Thai conditions. The Soil
 

Science Department of Kasetsart University carries on active
 

research, including both staff research an% graduate research.
 

The collaboration of the basic results carried out 
in the Wetland
 

Biogeochemistry institute 
(Formerly called Laboratory for Wetland
 

Soils and Sediments) with the two Thai research program benefited
 

both groups. 
Giving a Thai graduate student the opportunity to
 

complete her Ph.D. work in the U.S. laboratory and support for a
 

Thai scientist to conduct post-doctoral research in our
 



laboratory that has close connections with Thai institutions
 

enhanced the technology transfer between the two countries.
 

In addition to this research project, the Institute recently
 

completed a project that dealt with toxic soil chemical
 

conditions in acid sulfate soils that limit the growth of rice.
 

The program was very successful both in terms of the research
 

carried out and the exchange between American and Thai,
 

laboratories. Two Thai graduate students received Ph.D. degree
 

carrying out research projects that examined the redox chemistry
 

of acid sulfate soils with the objective of identifying the
 

significant toxic components in the soils that 
cause adverse
 

growing conditions. One American student spent one year in
 

Thailand doing field work of his Ph.D. thesis which he has also
 

completed. Four Thai scientist spent a total of over two years
 

in the Institute's laboratory learning new research techniques
 

that could be applied to Thai soils problems as well as carrying
 

out research on acid sulfate soils.
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PROJECT ACTIVITIES/OUTPUTS
 

The principal investigator spent several weeks each year in
 

Thailand during the active part of the project interacting with
 

staff members of the Kasetsart University's Department of Soils
 

and the Thai Department of Agriculture and Land Development. One
 

of main objective was to give a seminar pertaining to the
 

research program and to select candidates from the Thai
 

counterparts for further training in the U.S. 
laboratory.
 

Publications
 

A. Krairapanond, A. Jugsujinda and W.H. Patrick, Jr. 1993.
 

Phosphorus sorption characteristics in acid sulfate soils of
 

Thailand: Effect of uncontrolled and controlled soil redox
 

potential (Eh) and pH. Plant and Soil 157: 
227-2:7.
 

A. 	Jugsujinda, A. Krairapanond and W.H. Patrick, Jr. 1994. P

absorption and iron, aluminum, manganese, pH and oxidation

reduction in flooded acid soils. Submitted Biol and Fert.
 

Soils 00:000-000.
 

A. Jugsujinda and W.H. Patrick, Jr. 1994. 
Correlation of soil
 

phosphorus, pH, redox potential, iron, manganese, and
 

aluminum contents with yield of rice under flooded acid
 

sulfate soils. In Prep.
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PROJECT PRODUCTIVITY
 

The program was very successful both in terms of the
 

research carried out and the exchange between American and Thai
 

laboratories. One Thai student received the Ph.D. degree
 

carrying out part of this research project. This student
 

examined the P-sorption characteristics of acid sulftae soils of
 

Thailand with the objective of identifying the significant P

sorption characteristics in the soils that cause poor growing
 

conditions and lower rice yield. 
 The principal investigator made
 

several trips to Thailand and spent several weeks there to
 

interact with senior scientific staff of the Kasetsart
 

University's Department of Soils and the Thai Department of
 

Agriculture and Land Development. One of his main objectives was
 

to select candidates from the Thai counterparts for further
 

training in the U.S. laboratory. One American student spent one
 

year in Thailand doing field work for his Ph.D. thesis which he
 

has also completed. Several Thai scientists spent a total of
 

over several months in the Institute's laboratory learning new
 

research techniques that could applied to Thai soils problems as
 

well as carrying cut research on acid sulfate soils. As a result
 

of this program several publications have been published in Thai
 

and American journals.
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FUTURE WORK
 

Worldwide attention was focused on factors controlling
 

methane production in flooded soils. 
Methane is an important
 

greenhouse gas and may account for 15 
to 20% of the current
 

increase in commitment to global warming and tropospheric
 

concentrations are increasing about 1% yrl . Flooded rice paddies
 

are a major source of CH4 and contribute 60 to 170 Tg to the
 

atmosphere per year that is approximately 25% of total global CH4
 

emissions. To keep up with population increases over the next 20
 

to 30 yr it is estimated that about 50 >: 106 ha of ldnd including
 

acid sulfate soils will have to be converted to flooded rice
 

production, which may increase CH4 emission by 20% 
in the next
 

decade. Flooded systems are conducive to the production of CH4
 

due to the presence of methanogenic bacteria that decompose
 

organic materials under anaerobic soil conditions. Methane
 

production in flooded rice soils is strongly influenced by soil
 

factors such as; redox potential, temperature, pH, organic
 

matter, soil type and addition of chemicals or fertilizers. For
 

a better understanding of why atmospheric methane is increasing
 

globally, improved estimate of rice field emissions and soil
 

factors governing emissions are needed to order to stabilize or
 

reduce future CH4 emissions from flooded rice fields. Such
 

information hopefully will lead to field management practices
 

that will reduce CH4 emissions while maintaining or increasing
 

the productivity of lowland acid sulfate soils growing to rice.
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Plant and Soil 157: 227-237, 1993
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Phosphorus sorption characteristics in acid sulfate soils of Thailand: 
Effect of uncontrolled and controlled soil redox potential (Eh) and pH 

A. KRAIRAPANOND. A. JUGSUIINDAI and W.H. PATRICK. Jr. 
Wetland BiogeochemistrY Insttute. Louisiana Stare Uni'ersttv, Baton Rouge. LA 70803-7511, USA: 
'Corresponding atithor 

Receied 1) March 1993 Accepted in revised form 5 July 1993 

Key itor!. : Oryza salia L., phosphorus dcficienc\, rice. sorption isotherm, sulfic tropaquepts 

Abstract 

Two laboratory experiments were conducted to study phosphorus sorptio chara.cteristics in acid sulfate 
soils (para- and actual-acid sullfate soils) of Thailand. In one experiment the soils were subjected to 
oxidized and reduced conditions, in another they were maintained under different controlled pH (4.0.
5.0, and 6.0) and Eh ( -61). -100. -300. -200. - 100. and 0 mV) conditions. In both experiments the 
soils were kept in stirred suspensions with a soil to 0.01 ! CaC1. solution ratio of 1:7 for 6 weeks. After 
the incubation period, the boil suspensions were equilibrated with KI--iPO, ranging from 0 to 
500 mg P kg-' soil. Sorption isotherms were described by the classical Langmuir equation. The results 
from the first experiment showed that more native insoluble P was released under reduced than 
oxidized conditions, with more being released from para-acid sulfate soil than from actual acid sulfate 
soils. Soil reduction also caused an increase in P-sorption. Less P-sorption occurred under both 
conditions in para-acid sulfate soil than in actual aid sulfate soils. In the second experiment, the 
P-sorption of both actual and para-acid sulfate soils was significantly affected by soil Eh. pH. and their 
interactions. The P-sorption increased significantlv with increasing pH and decreasing Eh. At pH 4.0. a 
considerable increase in P-sorption occurred as Eh decreased from -400 to -300 m"v'. whereas at pH 5.0 
and 6.0 an obvious chanze in P-sorption occurred when Eh decreased from -3 00 mV to -2001)mV The 
actual acid sulfate soil sorbed more P than did para-acid sulfate soil. Significant correlation betxecn 
P-sorption parameters and iron-oxides indicated the primary role of iron-oxides in P-sorption of acid 
sulfate soils of Thailand. Aluminum-oxides seemed to play a secondary role in P-sorption of these soils. 
Mangane;e also showed a significant effect on P-sorption. 

introduction for lowland rice production. Due to the acidic 
nature of the acid sulfate soils. rice production

Thailand is one of the major rice production on these soils in the Bangkok Plain is often 
countries in southeast A;ia. Acid sulfate soils severely limited (Kevie and Yenmanas. 1972). 
occur mainly in the Bangkok Plain in an area of The major limitations on rice growth in acid 
about 0.8 million hectares. of which 95% is used sulfate soils are high P-sorption capacity (At

tanandana. 1982) resulting in P deficiency and Fe 
and At toxicity (Jugsujinda et al.. 1978). Since 

Contribution from the Weiland Bioeeochemistrv Institute. I 
Louisiana State Universictv. Baton Rouze. LA 70II3.7511. P-sorption mechanisms in acid sulfate soils are 
USA. The research %as supported by USAID Grant No. greatly influenced bv the forms and amounts of 
DHR-5542-G-SS-0274)l. Fe and Al compounds. it is probably that soil Eh 
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and pH conditon, which control iron and
aluminum reactions. 
 govern the release and
sorption of P in the acid sulfate soils. hFileP.sorption of soil has been reported to eitherincrease (Ha.nes and Swtft. 1985: Trana et al.,

1986) or decrease (Lopez-Hernandez 
 and Burn-

ham, 1974: Smyth and Sanchez. 1980) pH
increase. Khalid et 

as 
al. (1977) reported that more 


P was sorbed under reduced condition than
under oxidized condition at hi..h level of added 
P. 

Rice is aro.n under a wide range of o\idizedand reduced soil conditions %,ith varied Eh and
pH levels. P-sorption characteristics under thedifferent Fh and p1 !c%,'el,, in acid sulfate ,oil ofThailand ha'.e not becn 

Th,e objectives of thNis research %crc to inycsti-
gate P-sotption chara:tcristics of the acid sulfatesoils of Thailand under unccotrollod or o\idize dand re(Iuced soil conditims., and under different
controlled Eh and pI lc'els of the soils. Rela-tionships bet%.cen P-sorption parameters and
Fe. Mn and Al in these soil conditions arc also
reported. 

Materials and methods 


Experiment I. P-sorption ti acid sulfate soils

under oxidi:ed and reduced conditions 


The surface layer (M1-Scmi of the acid sulfate
soils used in this study' ,ere collected from
Bangkok Plain of Thailand. Soils 

the 
were air-dried.

sieved (<2 mm. and thoroughly mixed prior tochemical analysis. In this study one para-acid 

Table 1. Selected physical and chemical properties 

-thori,h. [heCins -dftL-:Ltni:ric,s-,m u'i',td O I 

of the actual and para-acid 'ulfatcSoil properties 

Great Soil Group 
Acidity class 

pH ( :l1 ateri 
Organic matter 1%
Available P' 

Exchangeable Al (cmol kg ''Y 
Exchangeable icidiv(cmol kCEC (cmol kg"' i 

"Walkely-Black Allison. 1965).
0Modified Bray 

Bangkok (Bk) 

T.pic Tropaquept 
Non-acid 

.9 


.3
t) 2 

1.2 
4, 


HI:soil-extracrant = 1:111. 
1M KCI. 

JBaCl,-Trelthanolamine IPeech. l't15).
'Ammonium saturation-distilation (Chapman. I-;1). 

sulfate soil (Typic Tropaquepts) Bangkok I Bk)(pH 4.9)1 and three actual acid sulfate soils
(Sulhc Tropaquepts Typic Sultacluepts). .,aha-
Phot (Ma) (pH45 Rangsit (Rs (pH ,.3). andRan,,sit very acid Rsal (pH 3.9) were used.
These soils represent sites whcre ricc is produced
an the Bangkok Plain. General morphology andchemical characteristics of the soils %werede
scribed bh Ke,.\z and Yenmanas lo7' ) SeleCted 
soil phical and chcennal properti. re pre
 
sented in Table 1,

Suspensions of 2510 , soil in i75) mL).01 .11 CaCI .ere incubated in lahorator,, mi
crocosn, under oxidited and reluced condi:ion,,
for tour '.. (co ,, At 25 V repli,:!ri, .. 

_-. \01id'-otlh flask
%%ith rubber sioppcr lv,phatin u i electrode.,,
salt bride andi a eoibination gls, electrode were pe t.tent I in e d,,,r thr,mh the rubber 
stopper to) measure Lh and pH. The s ilsoi4tion 
was kept in su, Penrioi Kb.a riagncri,: stirrer and a stirring bar. N. and 0. gases bubbled continu
ouslv through the soil suspensions through the 
gas inlet and gas outlet at a dowv rate of flow to 
promote reduced and oxidized conditions, respectively. The redox potential and pH of the 
sVstem were monitored. Prior to the incubation.
the soils were amendedrice straw wth 0.2% finely groundwvhich provided an energy source topromote microbial activit. At the end of the 
incubation period, the soil suspensionswere tien transferred ()5mLto 251 mL polvcarbonate
centrifug,e bottles and P in concentrarions ran.,
in2 from ii ro 5,,m.,. P k,, - soil as KHPO. 'a,
then auded to the soil suspensions. For thereduced condition treatment, the centrifuge hot-
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ties were flushed with 0,-free N, prior to adding 
the soil suspensions to maintain a redaced at-
mosphere during the equilibrium. After 24 hours 
equilibration on a reciprocating shaker, the soil 
suspensions was centrifugated (20 min at 
7000 rpm) and filtered through a 0.45 m mer-
brane filter, under an O.-free N. atmosphere to 
maintain a reduced condition (Gambrell et al.. 
1975). A shaking time of 24 h was chosen 
because this period was considered adequate [or 
the fast reaction as ,elI as the initiation of the 
slow reactions to take place during P retention in 
the soils (Nlchadi and Ta. lor. 1988). The filtrate 
was analyzed for P. soluble Fe and Al usin2 an 
[CP ( lnduCti'.elv Coupled Argon Plasma .-Aomic 
Emision Spectromter). The P that disappeared 

from sOlutiol %asconbidered as sorbed P. 

The re-,idual soil samples were shaken with 
sodidmn citrat.-dithionite solution (20%. l00 niL) 
on a reciprocating shaken for ISh.Atcer ccn-
trifugation and filtration, the filtrate was ana-
Ivzed for citratc-dithionite extractable Fe and Al 
with [CP. 

Sorption data for the soils were fitted to the 
classical Langmuir (Olsen and Vatanabe. 1957). 

The Langmuir equation is written: 

X= kx,,C (I - kC) ) 

where x is the amount of sorbed P per unit of 
soil. C is the final solution P concentration. k is a 
coefficient .vhich reflects the relative rates of 
sorption and desorption at equilibrium and is 
thus an affinitv term. and x., is the maximum 
monolayer sorption capacit'.. The two constants 
(k and x,,) .vere determined by fitting the ex-
perimental data to linearized form (Lineweaver-
Burk form) as given below (Persoff and Thomas. 
1988): 

1/x= 1..x.,- ( l kx,)(I C) 

Experiment 2. P-sorption in actid sid.!ate soils 
tinder controlled Eli and pH 

In the previous experiment Eh and pH of the 
oxidized and reduced soil condition., were not 
controlled. In this experiment, to know more 
precisely the P-sorption characteristics at each 
Eh and pH combination, the soil Eh %%vas con-
trolled at six different levels I -601. -4)10. -30l). 
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+200. 11)1. and 0 mV. respectively) each at 
three levels of the soil pH (4.) 5.t, and n.0. 
respectivel ).The experimental design was 03 
factorial in randomized complete block design 
with two replications. 

Previous soil samples. one para-acid sulate 
soil. Bangkok ( Bk). and one actual acid sulfate 
soil. %Iaha-Phot (la). %ere used. The soil 
suspensions as mentioned in the first experiment 
were incubated in laboratory microcosms at the 
above Eh and pH combinations u.,ing a modi
rication of the redox control s'stem de'.eloped h% 
Patrick et al. (1973 for i)%kat 25 :C 

At the end of the incubation period, the soil 
suspensions 15ml,) 'Aere treated %ith different 
P concintrtioi,, rcttd at filtre'd :hC sanic 
mc thud as, ncntioned ini the ifirst e\pcriniit. 
Another 50 nmL ot soil su,,lptn.ion ais shaken 
with I0H niL of IN\ NHI-.-\c, p 11 -. on a 

reciprocatimg forfor sUspnion%,iehiklr 1.I. The 
centrifuged (20 rin at 7l1 rpr or SNl)i ,).and 

filtered through a ).45-.ini membr:ne tilter. The 
filtrate %.'asanal.zed for exchangeable Fe. AI. 
and Mn using the ICP.Amain. another 5i)mL of 
soil suspension %,asshaken with sodium citrate
dithionite solution (20%. 100mL) on a recip
rocating shaker for 18 h. The suspension was also 
centrifuged and filtered. The filtrate was ana
lyzed for free oxides of Fe. AL. and %Inwith ICP. 

To compare the results. P-sorption data for all 
samples %ere fitted to the classical Lanemuir 
equation as described in the first experiment. 

The buffer capacity tB . a mixed quantitv
intensity parameter. was cilculated from k.. 
(Holdford. - The ,tandard P requiremcnt 
(SPR). P-sorption at a concentration ot 
0.2 m kg- P in final solution, was also calcu
lated following the suggestion of Beckwith 

(1965). The analysis of variance (ANO--). 
Duncan Multiple Range Test (DMRT). and 
Pe.:rsons correlation coefficients were processed 

using the Procedures available with Statistical 
Analysis S'stem iSAS Institute Inc.. laS ). 

Results 

Release or native insoluble P 

Under reduced soil conditions ( Eh - 19( to 
-- 145 mVI more native insoluble P was released 
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from soils than under oxidized soil conditions 
(Eh + 695 to -815 mV) (Table 2). The concen-
trations of Fe and Al in solution as well as the 
citrate-dithionite extractable Fe and Al were 
higher under the reduced conditions than that 
under the oxidized conditions. 

Among the actual acid sulfate soils. Ma and 
Rs released more P and Rsa. 'while Rsa had a 
higher Bray 1I P concentration than Rs and Ma. 
The results showed that Rsa had higher amounts 
of citrate-dithionite extractable Fe and Al than 
Rs and Ma. respectiely (Table 2). Correlation 
matrices computed bctween the amount of na:.
tive insoluble P released into solution and some 
chemical soil properie s indicatied that the con
centration ot natiC P rcLIcacJ under oidi/d 
conditin,, was ne.:itticlI, correlated %O:hbath 
soluble. Al and citrate-dithimnite e\trtccahle Al 
and Fe (r - 0.9)'", -0.q-. and - WSW, 
respectivel., Likewise. under reduced condi-
tions. na ti,.e P released was also necati,.cly 
correlated .ith both soluble Al and Fe and 
citrate-dithionite extract' -. Al and Fe (r = 
-0.97?'. -0.7S-'. -0.90". and --0.87". re-
spectively, 

Under controlled redox potential and pH
conditions, the release of native P measured 
from soluble P concentrations when no P was 
added in para-acid sulfate. Bangkok (Bk) soil 
and in actual acid sulfate. Maha-Phot (Ma) soil, 
the concentration of soluble P increased wkith 
decreasing soil redox potential and pH (data not 
shown). Redox potential had greater effect on 
soluble P than did soil pH. The concentrations of 
soluble Fe also increased as Eh and pH de-
creased. Level of soluble Fe sharply increased as 
Eh decreased from "400 to -30) mV at pH 4 0. 
from +300 to -200mV at pH5.0, and from 
+300 to -200 mVat pH6.0. respectively. illus-
trating the reduction of Fe in ferric forms (Fe -) 
to ferrous forms (Fe'-). which is more soluble. 

Sorption characteristics or added P 

The experimental P sorption isotherms con-
structed for the para-acid sulfate soil (Bk) and 
one of the actual acid sulfate soils (Ma) iFi,. 1)
indicated that the amount of P sorbed differed 
for soils with different acidity classes. Further
more. the sorption behavior was induenced by 
soil oxidation-reduction status. Similar patterns 

were also observed in other actual acid sulfate 
soils (Rs and Rsa) (Fi". 2). The amounts of P 
sorbed by the para-acid sulfate soil was less than 
those bv th,. actual acid sulfate soils under both 
oxidized and reduced conditions. 

Sorption of added P was predicted by usin, 
Langmuir P-sorption isotherm since it showed 
the best rit with actual P sorption from the first 
experiment (data not s how n . The effect of Eh 
and pH on sorption of added P are o served in 
term of their eftects on Lan.mnuir equation 
parametcrs. 

Standard P require'newt (SPR) 

.Aial.,>i, of '.arianc. of P-,orptiun data iil Bltne
kok soil (para-acid sulfate) and in Ilt'.;-Phot 
soil (actual acid sulfate) (data not shown) indi
cated that S'R %%as siiniiantl\ affected b. 
Eli. pH. and interaction betvwcen Eh 1nd p1-I in 
both actual a1d para-acid sulfate soil,,,..-\ si:-nti
cant interaction indicated that the effect of Eh 
changed as the level of pil chanced. 

At every pH level. SPR sliehtlv increased or 
did not chance as Eh decreased from -600 to 
-;-400 mV in both actual and para-acid sulfate 
soils (Figs. 3 and 4). At pH-4.0. SPR considera
blv increased with decreasing Eh from -400 to 
-300 mV. whereas at pli 5.0 and 6.0. it gradually 
increased. As Eh continued to decrease from 300 
to 0 mV. SPR at pH -1.0 continued to graduallv 
increase. At pH 5.0 and o.0. the patterns of SPR 
'vere likely the same. As Eh declined from -301) 
to -200 mV. tandird P requirement -tcepl. 
increased. particular', in the actual .icid ,ultatc 
soil. Below the Eh of -201)0 mV. SPR continued 
to increase. particularly in the actual acid sulfate 
soil (Fig. 4). 

The comparison between treatment neans 
using Duncan's Multiple Range Test DIRT) 
indicated that SPR increased sicnificantlv as pH 
increased ISPR at pH 6()1 > 5.0"> 4.11. respective-
Iv). SPR also increased sin_,ificantl,. with de
creasin2 Eh from - rI) 1mV. An into increase 
SPR as Eh decreased 'rom -00) to -- 111)mV was 
not si.znificant. 

Langmuir ' aXItt UM orPttoncapoact. I.,, I 

Like SPR. Lanemuir maximum -orption capacity 
%x,,)was ,;i,_nificantl affected 1y Eh. pH. and 
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their interactions in both actual and para-acid 

sulfate soils (data not shown). The effects of Eh 
and pH on x,,, of both oils (Figs. 5 and 0) 
showed the similar trend with those on SPR. The 
obvious change in x,,, at pH 4.0 occurred '. hen 

Eh decreased from -4010 to -'()0 mV. >ut at 
pH 5.0 and 6.0 this phenomenon occurred %%hen 
Eh declined from -300 to -20( rnV. But the 
pattern of x,,, of the actual acid sulfate soil was 
not different from that of the para-acid sulfate 
soil at the same Eh and pH Levels. 
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indicated that an increased in pH
increased the xx 	 also inii

cantlv increased with decreasing Eh except 'when 

Eh declined from -600) to -40)0 rnv' 

Langmitr sorption constant (k) and biuffering 
capacity (BI) 
The Langmuir sorption constant (k). related to 

the energy bonding of sorption of P to soil 
and buffering capacity (Bi) were si

interactionnificantlv affected by Eh. p-I. and 
between Eh and pH a-, ell (data not sho wn). 
Both parameters of chactual acid sulfate Soil 
were hiher than those of the para-acid sulfate 
soil at the sJme) le,.cl of Eh and pH (Fies 5 and
6). 'Phc , .. o icOn [)LI1r1aIIh't-, V" lli.'tt 

increased with incrcaiing p~l in both soils, and 
significantly inreaed , Oih decreasi n Eh In the 

actual acid su-te soil. For the para-acid sulfate 
soil, there w.as no sieti i .ian increase it k as Eh 
declined fro0 - to - 'anI1i)m \. arid froi - 301) 

to 0 iV. Howe.er. there w\as a sieniticant differ
ence in k \,hen Eh decreased from -400 to 
+300 nV. Phosphorus was more loosely bounded 
to well oxidized soil than reduced soil. 

The buffen capacity I BI) at Eh -600 and 
-400 mV were not sinificantlv different, but 
they increased significantly as Eh decreased from 
-r-400 to - 30) mV. from -300 to -200 iV. and 
from -. iOll to 0 m'. respectively. Nonetheless. 
there was no sianiricant increase in BI with 
decreasing Eh from -200 to - IO mV. 

Relatti sltM !'t~ P- orbe',tvia ,/ot Fe'..Al 

Tae relationships between P-sorbed and soil Fe 
and Al. in our study, we observed that the 
amount of citrate-dithionite extractable Fe and 
Al under reduced conditions w.ere considerably 

than under oxidized conditions iTable 2). 
matrices indicated that P sorbed ,a. 

positively correlated with citrate-dithionite Fe 
and AI extractable under both oxidized and 
reduced conditions (r = 0 8 z'. ).0' . O.S'. 
and ).92"" respectively ). 

Pearson's correlation coefticients indicated siC
nificant correlations between P-sorption parame
ters and all forms of Fe in both acid sulfate soils 



234 Krairapanondet at. 

Table 3. Pearson's correlation coefficients bet'tcn P-wirpinun parumeters and various torms J,olunle ,. etractcd by I% NlH,OAc I pH 4 o)). a. and 
sodium citrate-dithion .)lutlion. ) ot Fe. Al. and Mn 

P-sorption Fe Al ',In 

parameter. 
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(Table 3). Of all forms, free iron o\ide ,(citrate- sulfate soils. In tie present cxper:nicnts. the 
dithionite extraictahle) %%as the niost correlated effect of oxidized and reduced soil cmiditioM,, 
with P-sorption parameters. Similar relhtion,,hips and the effect of Eh and plI on P-sorptitin 
were a obscrv.ed ,aith in in )ctulal acid sulfate characteristics iiI acid sultate soils of Thailand,5 
soil but n,)t in pari-acid stllfatC soil. This may were investigated in the labr;ator, More natiC 
have been due to the hy. er concentrations ot insoluble P .'as released under reduced rhan 
those fractions in para than actual ac:d sulfate oxidized conditions. so.l reduction also caused -n 
soils. Significant correlation between P sorption increase in P-sorption of added P. The para-acid
parameters and citrate-dithionite extractable Al sulfate soil ( Bk) released more P than actual acid 
were observed in both soils. Nevertheless. P- sulfate soils (Ma. Rs, and Rsa) under both oxid
sorption parameters were more closely corre- ized and reduced conditions. This can be attribu
lated with citratc-dithionite extractable Fe than ted to a higher quantity of Bray II P in para-acid
Al suggesting the dominant role of iron oxides in sulfate soil than in the actual acid sulfate soils. 
P-sorption characteristics of acid sulfate soils Results suggest that Al (trivalent aluminum ion. 
even though the soils contained considerable amorphous and cr.stalline forms) and Fe Ifer
amount of aluminum oxide (data not sho,n), rous and ferric ions. amorphous and crvstalline 

govern the release of native insoluble P in acid 
sulfate soils under both oxidized and reduccd

Discussion conditions. It should 'e pOr te out at .itr, 
dithionite extraction dissolves Fe and Al from

Rice grown in acid sulfate soils in Thailand is both amorphous materials, weathering products.
limited by high P-sorption in the soils (Attanan- and some crvstalline primary oxides McKeaguei 
dana. 1982) resulting in P deficiencv and Fe and and Day. 19h6). Even though the reduced soil 
Al toxicity (Ougsujinda et al.. 1973). Liming as conditions caused an increase in the release of 
an amelioration method has been practiced in native insoluble P into solution. reduction also 
acid soils of Thailand for flooded rice culture. led to a very larg.7e increase in P sorption capacit\
Liming increases sol pH. while flooding in- of soils at the hizher P levels. Khialid et il. 
creases soil o)H and decreases soil Eh. The ([977) reported simi!ar results. v hilc Holdford 
suitability of liming flooded acid sulfate soils is and Patrick (1979) demonstrated :hat ieduced 
questionable. It is probably that soil oxidation- soil corditions can lead to a decrease in P 
reduction or redox potential (Eh) and pH con- sorption in soil at pH 5.. but an icrease ot P 
ditions. wkhich control Fe and Al reactions, sorption in soil at pH 6.5. 
govern the release and sorption of P in the acid Phosphorus sorption n acid sulfate soils in 
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Thailand is attributed to Fe and Al in both SPR in para-acid ,ulfate soil. This was attributed 
amorphous and crvstallir.c forms. Soil reduced to more iron ad aluminiUm present in the actual 
conditions associated with chancs of pFI have acid sulfate soil than in para-acid sulfate soil. 
strong effecti on P-sorption isotherms. A de- The criical Eh valuc for transformation of ferric 
crease in redox potential led to an increase in to ferrous is about -300 mV( Gotoh and Patrick. 
amorphous and possible poorl, crvstalline Fe 1974). Reduced Fe in acid sulfate soil increased 
compounds,. which have high active P-sorbine as the Eh dccr-ased (.\tanandana et al.. 1985: 
surfaces. As the pH increased upon reduction. Charoenchamratcheep et al.. 1987: Satawa
the increased acttv of the amorphous hdrox,- thananont at:l.. 1991 ). More )ver. at pH 4 most 
aluminum species resulted in increased P-sorp- of aluminum ions stay in the ,oil solution. %lore 
tion. ferrous and aluminum ions in the soil solution 

Major contributions to the incrca.cd coriccn- caused more P sorbcd bv formation ;t ferrous 
tration ot olublc P ..ith dccreasin, Eli and pHl and aluminum phosphate compounds (NIcK
are the red uction and di.,solution of ferric phos- ca'aue and Day. 19on). SPR of the act ualI acid 
phate hwh releas>es Fe:- and phosphate ions sulfate soil iMaha-Phot. la) ranging from52 to 
(Patrick (t al . 1973). the release of P occluded 13-me kg soil wa, clasiticd as lo. I
in prcvious ins)luble ferric h~drous oxMd., 100 mg ke - soil) to medium ( 100-.,ii 11. , -k 
(Chan , w Jacko,. lki.), ind .i .tttr diS,,,- soil) l'c.l. %%hcreas,that of para-acid su'lt s, il 
lution at lu% pH of ferrous phosph:eI as cll Is 'Bangk,. Bk) rangim, from 34 to 51 hi,m,kg

ferric phospha te (Patrick ct al.. 1973) was cias,,i tled is low lc,eel or the sc pro:oC,l
 
Satawathm:iimont (lO,,;,) report similar pittcri., by Juo and Fox (1,77).
 
of increasin, soluble P and Fe in acid sulfate The adsorption of phosphorFu, h% soils from
 
soils of T"hailand. The concentrations of s;oluble dilute solution %%is,calculated fion thc Lanernuir 
Mn increased Slightly with decrecasing Eli and maximum sorption capacity (x.,) and can be 
pH. Although Mn - in soils is redox dependent related to various soil properties In-ludine in
(Lindsa,,. 1979). the concurrent increase in the formation on the nature of reactions betveen 
concentration of soluble Mn may not contribute soil and fertilizer phosphorus. The reaction of 
to the increase in the amount of soluble P due to fertilizer phosphorus in soils dtperids upon the 
the solubility of manganese phosphates nature amount of adsorbing surtace asand well 
(MnHPO, and Mnr(POJ)) which are likely as pH and redox potential IEhl). The obvious 
stable under the condition of this experiment, change in x.,, at pH 4.0 and Eh between -400 to 
There was no clear pattern between the concen- -300 mV in both actual and para-acid sulfate 
tration of soluble Al and soil Eh. however. the soils is like!y attributed to more ferrous and 
concentration of soluble Al increased with de- aluminum ions in the soil solution causing more 
creasing soil pH. The increase in the amount of P beinL ;orbed as lcrrous and aluminum pho',
soluble Al likely does not contribute to the phate. At PH 5.o and ,.i0 ferrous and AutniMum 
increase in the amount of soluble P as a result of ions still exited at the lcker Eh values ot -( i1 
the low soluoility of aluminium phosphate in to --200nV. Although the pattern of v,, of the 
soils. actual and the para-acid sulfate soils was not 

The standard P requirement (SPR) is P-sorp- different at the same Eh and pH levels the 
tion at a concentration of 0.2mg kg-' P in final magnitude of x,,, in the actual acid sulfate soil 
solution for normal growth of most plants (Beck- greater because actual acid sulfate soil hadwas 
with. 1965). The sienificant increase of SPR for higher contents of water soluble and NaOAc 
both actual and para-acid sulfate soil can be extractable Fe and Al than the para-acid sulfate 
attributed to marked release of iron and alu- soils at the same Eh and pH levels. theof 
minium into solution at those Eh ranges (below actual acid sulfate soil ranzin. trom 5(08 to 
+300 mV at pH 4: arid below -200 mV at pH 5 o99 me k-, :. and of the para-acid sulfate soil 
and 6. The greater increase of SPR in actual acid from 458 to nl1S mgk -' soil. respectively. v. as 
sulfate soil indicated that more P sorbed than somewhat lower than that reported by Imai et al. 
release as compared with a less steep slope of (1183). This is attributed to the differences in 

t
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soil conditions, soil series, and equations used to 
determine the x,,,. lmai et al. ([983) used air
dried acid sulfate soils, and two lavers Langmuir 
equation to determine the x,,,. 

The x,,, isthe maximum value of P sorption 
capacity wkhile the SPR is the minimum value of 
P requirement of the soil. So P fertilizer applica-
tion rates should be derived usin, these two 
values. From an economic consideration P fertil-
izer could be adJed more :han the SPR .:Ilue but 
should not exceed the x,,value. Therefore. the 
maximum amount of P fertilizer to be added 
should he ca-,'lated from x,, in order to achieve 
the best fertilizer cfficienc 

The hndin,2, of this study uegestcd th:it the 
reduced soil conditions not only caused an 
crease in the release of nati, e insoluble P to 
solution. reduction also led to a ,er, farIre 
increase in sorption of atP capacity soiIls the 
higher P levels. The para-acid sulfate soil re-
leases more P than the actual acid sulfate soils. 
and amon2 the acid sulfate soils. Ma and Rs 
released more P than Rsa. The results further 
suggested that soil Al and Fe govern the release 
of native insoluble P in acid sulfate soils of 
Thailand. The actual ad sulfate soils sorbed 
more added P than did the para-acid sulfate soil. 
and the standard P retfor normal plantrequirement 
growth in the actual acid sulfate soil was higher 
than the para-acid sulfate soil. The findings also 
suggested that as the soil ol-I increased and soil 
Eh decreased P-sorption increased. Limin,. the 
acid sulfat - which is recommended in T hai
land should be considered especially in reducing 
soil condition. Liming has been recommended in 
Thailand as an amelioration method of acid 
sulfate soils. Liming increases soil pH and as the 
soil pH isincreased, sorption of added P isalso
increased. Without liming use of suitable P 
sources such as locally available rock phosphate 
sources to provide the plant nutrient should be 
considered for successful rice culture. in Thai-
land. These sources are lower in price than 

acidulated phosphates and can represent a means 
of reducing fertilizers cost. Greenhouse (TVA) 
and field data (Thailand) showed that a close 
relationship was found to exist between first-crop 
yield response to applied P (as triple superphos-
phate) and citrate solubility in a series of phos-
phate rocks (Engelstad et al.. 197-4). 
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