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ABSTRACT 

The data of 14 soils were used to compute the ion 

activity product(IAP), the ratio of the ion activity product 

and to the solubility product (Ksp) of the pure minerals 

(IAP/Ksp) and to estimate the solid activity coefficients 

(SAC) of the soil components. 

The value of IAP and SAC of A1P04 differs from soil 

to soil and increases with increasing P added to soil, in 

acid soils and for calcium phosphate in basic soils. 

Magnesium apparently did not cause P adsorption or 

precipitation in the soils studied. The SAC of aluminum 

phosphate ranged from 10 to 10000 in acid soils. 

The mole fraction of the total phosphate in the soil 

seemed to be a more satisfactory basis for calculating the 

concentration of the solid phase than was measurements of 

the available phosphate. 
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INTRODUCTION 

Phosphorus plays a crucial role in all life 

processes, and phosphorus also is an important element of 

soil. In the earth, the total amount of phosphate is 

19 15 
estimated to be 10 tons. The crust contains 10 tons, on 

average 0.12 percent (Van Wazer, 1958). Although there is no 

shortage of phosphate in rock in the world as a whole, there 

is a rather inequitable distribution of those resources. 

Some countries and regions are deficient in phosphate for 

plant growth. 

One of characteristics of phosphorus in soil is 

phosphate adsorption. When a soluble P compound is added to 

soil, phosphate is adsorbed on soil particle surfaces, or is 

precipitated by other cations in soil, or both. Adsorption 

means the process of removal of phosphate ions from a 

solution by a soil suspended in the solution. The process 

could be divided into two separate process. One is a physico 

- chemical process by which hydroxyl ions, which might 

belong to sesquioxides in soil, are exchanged against 

phosphate ions. Another is purely physical; phosphate ions 

are attached to the soil particle surfaces by physical 
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forces such as van der Waals forces (Eriksson, 1952). 

Many investigators have studied phosphate adsorption, 

including adsorption mechanism, effect factors, and 

mathematical models. Now, soil, chemists have found that 

there are two processes in phosphate adsorption. One is the 

rapid reaction, which is completed in a few hours , that is 

due to the native surface reactive amorphous aluminum 

hydroxides and iron oxides already present in soil, the 

other is the subsequent slow reaction that is due to the 

simular surface reactive components developed during the 

aging process (Hsu, 1964). Many mathematical models for 

describing phosphate sorption by soil have been proposed. 

The most common models are the Langmuir equation and 

Freundlich equation. 

The ion activity product is another concept to 

describe the relationship between the amount of phosphate 

adsorbed by soil and the concentration of phosphate in soil 

solution. The solubility of a phosphate compound may be 

described by the solubility product including the activity 

of cations (Hsu, 1964). Lindsay et al. (1959) used the ion 

product principle to describe phosphate concentration in 

soil solution. However, a soil is usually impure and it is a 

mixture of many substances. Wright and Peech (1960) pointed 

out the ion activity of variscite in most soils is not equal 
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to its Ksp, the solubility product of pure variscite. It 

usually is less than the Ksp. They proposed the mole 

fraction of the compound in the crystal determines its 

solubility, and suggested that the activity product in soil 

is the solubility product proportional to the mole fraction 

in the solid phase. The mole fraction in soil was defined by 

Bohn (1983). 

Bohn and Bohn, (1983, 1986) indicated that the 

chemical potential (activity) and aqueous solubilities of 

solid compounds depend on their concentration in the solid 

phase, and that approximate solid activity can be calculated 

from measurements of the ion activity product in the aqueous 

soil solution. They applied the solid activity coefficients 

to solid activities in soil. 

This paper measures the relationship between IAP (ion 

activity product) and Ksp, and measures the solid activity 

coefficient of phosphate adsorbed in soil. 
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REVIEW OF LITERATURE 

Phosphate adsorption usually is considered in two 

stages, the initial rapid adsorption and the subsequent slow 

reaction. 

The rapid adsorption has been discussed by Dean and 

Rubins (1947). Anion exchange causes much of the phosphate 

retention of acid soil. A soil has an anion exchange 

capacity; the phosphate can exchange anions such as 

hydroxyl, chloride and sulfate on the surface of mineral 

particles. However, this process is completed in a short 

time. 

The slow fixation was investigated by Black (1942) 

and Chen et al. (1973), who found that the phosphate anion 

may penetrate gradually into the mineral lattice with a 

resultant replacement of internal hydroxyl ions. Low and 

Black (1948) pointed out that the slow fixation may be due 

to a decomposition of clay by phosphate in the soil solution 

with a resultant precipitation of iron and aluminum 

phosphate. Van Riemsdijk and Lyklema, (1980 a, b) pointed 

out that at low P concentrations in soil , P adsorption is a 

slow process which occured only with single coordinated 



12 

surface hydroxyl or water group ( viewed as a ligand 

exchange ), and that at high P concentration, precipitation 

of a metal phosphate which formed a surface coating on the 

gibbsite surface takes place. Muljadi et al. (1966) 

indicated that the potential sites for P adsorption in low 

-4 -4 -3 
phosphate (10 M) and intermediate phosphate (10 to 10 

M) concentrations would be the edge faces of the oxides, 

kaolinite, and aluminum on the exchange sites of the 

kaolinite, and that in medium to high phosphate 

-3 -1 
concentration (10 to 10 M) phosphate would penetrate 

into some less crystalline region of the clay surface. 

The amount of phosphate adsorption is affected by 

time, temperature, pH, and concentration of phosphate in the 

soil solution. The rate of phosphate retention is rapid in 

the initial period from 0 to 0.5 hour and subsequently 

slows (Haseman et al. 1950). The same phenomena were 

observed by David, L. E. (1935) and Kurtz, T. et al. (1946). 

Hagin and Hadas (1962) indicated that a decrease of 

phosphate solubility with time is found at all levels of 

applied phosphate and in all soil mixtures, and that 

increasing amounts of calcium carbonate induces a gradual 

decrease in phosphate solubility. Ibrahim and Pratt (1982) 

pointed out that the phosphate adsorption increased with 

increasing incubation time, particularly at the higher rate 
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of P application, but there was only a small increase in 

quantities of phosphate sorbed with time for the soil that 

had high NaHCO^ - extractable P, and the adsorbed P would be 

at equilibrium at 42 days. The phosphate adsorbed did not 

increase as the time increased to 84 days. Chen et al. 

(1973) showed that the slow reaction is apparently first 

order in phosphate over the period from 1 - 60 days. 

However, Lindsay et al. (1959) found that reaction between 

added phosphate fertilizers and soil are not completed even 

after 18 months. 

Under sterile conditions phosphate retention increases 

only slightly as the temperature is increased from 25 to 35 

°C, however, if the temperature is increased up to 100 °C, 

the reaction proceeds much more rapidly (Alan Wild, 1949). 

Chen et al. (1973) found that the temperature influence is 

primarily on the slow following step and not on the rapid 

initial step. Muljadi et al. (1966) determined the phosphate 

sorption at pH 5 on kaolinite, gibbsite, and pseudoboehmite 

at 2 to 40 °C and found that the P adsorption increases with 

temperature. 

The phosphate compounds that exist in soil depend on 

the pH value. Perkins (1945) showed that the amount of 

phosphate sorbed by clay minerals increases much more with 

time at pH 3 - 4 than at pH 6 - 7. Haseman et al. (1950) 
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indicated that the adsorption rate decreases with 

increasing pH. Chen et al. (1973) reported that the rate of 

the slow step decreases with increasing pH, going 

essentially to zero at pH > 7. Karim (1955) observed that 

the adsorbed phosphate increases with a rise in pH from 4 to 

5.3, but as the pH goes above 5.3, this form steadily 

decreases. Lindsay and Moreno (1960) indicated that the 

phosphate solubility varies with pH, pf^PO^ = 10.7 - pH for 

variscite, and pH2PC>4 = -9.40 + (7/3)pH for hydroxyapt ite. 

They found that in acid soils, phosphate reacts with 

aluminum to form insoluble aluminum phosphate. Phosphate is 

fixed as calcium phosphate in basic soil. At neutral pH, 

both aluminum phosphate and calcium phosphate exist 

simultaneouly. That is the condition that maximum phosphate 

is available in the soil. Hemwall (1957) also suggested that 

variscite is formed by the reactions of clay mineral with 

phosphate in acid soil. Murrmann and Peech (1969) showed 

that the change of the concentration of phosphate in soil 

solution with changing pH is due to an aluminum oxide 

containing occluded P, or by the stable P - surface bond 

which changes with pH. 

Many soil scientists have studied the relationship 

between the phosphate adsorption and concentration of 

phosphate in soil, and many mathematical models have 
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proposed. Van Riemsdijk and Lyklema (1980 a, b) indicated 

that P adsorption increases with increasing the P 

concentration in soil. 

The most popular equations for describing P 

adsorption by soil are the Langmuir equation: 

y = a . b . x / ( l + b . x )  ( a )  

and the Freundlich equation: 

y = a.xb (b) 

where the symbols are explained on the next page. 

However, the Langmuir equation has been found to 

describe phosphate reaction only under the condition of low 

P concentration ( Cole et al. 1953; Olsen and Watanabe, 

1957; Weir and Soper, 1962; Syers et al. 1973). 

Holford et al. (1974) have applied the Langmuir 

equation as a two - phase equation. They assumed that their 

soils contained two kinds of P sorbing sites, and they 

proposed: 

y = a1.b1.x/(l + b^x) + a2.b2.x/(l + b2.x) (c) 

Gunary (1970) added a square root term in the 

Langmuir equation: 

y = l/(a + b/x + c/x0*5) (d) 

Fitter and Sutton (1975) modified the Freundlich 

equation by adding a constant c, which theoretically 

represented the phosphate that must be removed to reduce the 
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concentration to zero: 

y = a.x - c (e) 

Sibbesen (1981) thought that soil is complex with 

surfaces of mostly unknown heterogeneity, and that the P is 

not sorbed under such well - designated conditions as the 

above equations require, so he proposed two equations: 

y = a.b.x^" c/(l + b.x^ c) (f) 

and y = a.x'3*X C (g) 

They are extended Langmuir and Freundlich equations. 

In equations (a) to (g), x is the phosphate 

concentration in the solution, y is the amount of P sorbed 

per unit weight of soil, and a, b, c are constants whose 

values are to be estimated. 

Ratkowsky (1986) examined the above equations 

statistically and concluded that the Freundlich equation and 

the extension of it proposed by Sibbesen behave best, with 

Gunary's equation also having acceptable statistical 

properties, whereas the Langmuir equation and its extensions 

are less satisfactory. 

Van Riemsdijk and Van der Linden (1984) proposed a 

model to describe phosphate sorption that the P adsorption 

is formed a coating of metal - phosphate (precipitation) on 

the surfaces of the metal oxide particles. 

s = a.(ct)0 *5 - b.(ct) + r.(ct)1 * 5 (h) 
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where s is the amount o£ P precipitation as the coating (mol), 

a = 4.7T.d*.R.P/ b = 4.7T.d*.P^, and r = (4/3) .77"-d*.P"* 

* 
d = (M)/n, (M) is the amount of metal bound in the pure 

3 
metal - oxide per unit volume (mol/m ), n is the number of 

metal ions per phosphate ion in the newly formed metal 

phosphate compound, ct is the P concentration at time t, R 

is thickness of the metal - oxide, P = (d/d ^)^*^, " d " in 

the amount of P that is part of the (newly formed) surface 

3 
coating per unit volume of coating (mol/m ). 

Chien and Clayton (1980) applied the Elovich equation 

to P sorption in soil, and proposed a simple modified 

Elovich equation for sorption in soils: 

y = (1/a).ln(a/b) + (l/b)ln(t) (i) 

where y is the amount of phosphate sorbed, and a and b are 

constants. 

Another concept to describe phosphate adsorption is 

chemical potential (activity). It is a valuable tool for 

predicting the nature of its equilibrium reaction under 

varying conditions. 

The laws of thermodynamics are universal laws which 

everything and every reaction obeys (Stumm and Morgan, 

1981; and Bohn et al. 1985). 

The first law of thermodynamics is expressed as: 

E = q + w (j) 
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The change in the internal energy, E, is the sum of heat 

transferee! to the system, g, and the work done on the 

system, w. The law can decribe as neither matter or energy 

is created or destroyed in the universal. 

The second law of thermodynamics is expressed as: 

dSint > 0 (k) 

The internal entropy (S) change for a closed system is zero 

at equilibrium and positive for a spontaneous process. 

The thermodynamics term of widest use in soil 

chemistry is Gibbs free energy. This is the energy of a 

substance or a reaction that, at constant temperature and 

pressure, is available for subsequent use. The Gibbs free 

energy can be defined as: 

A G  = i H  -  T i S  ( 1 )  

where T is absolute temperature, H is enthalpy, the energy 

input to a reaction, G is Gibbs free energy. 

If the system loses energy, the sign of AG is 

negative, if system gains energy from the surroundings, the 

sign of A G is positive. Increasing entropy implies 

increasing randomness- or disorder of matter, decreasing 

entropy implies structural ordering. 

The chemical potential of component i is defined as: 

» i  =  , 4 G / a n i i  <«>  

where u^ is the chemical potential of component i, 

(AG/4n)„ „ is the partial molar Gibbs free energy, and n. 
"/•*•/ nj 1 
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is the mole number of component i. For a pure substance , 

equation (m) can be expressed as: 

ui = ( AG/4 n>P/T Cn) 

(4G/^n)D is the molar free energy. The molar free energy 
* r * 

of a substance is its chemical potential. Equilibrium 

thermodynamics can be employed approximately in soil 

chemistry. 

The chemical potential theories are described by 

Sparks (1984). The chemical potential of a substance can be 

expressed as 

u = u° + RTln(f/f°) (o) 

where u = chemical potential, u° = chemical potential in 

standard state, f = fugacity, f° = standard state fugacity, 

and R and T = universal gas constant and absolute 

temperature, respectively. Equation (o) applies to any 

substance, in any phase, in any kind of mixture at 

equilibrium. And, 

a = f/f° (p) 

a is defined to be the relative activity, or the 

thermodynamic activity of the substance. So, the equation 

(o) can be expressed: 

u = u° + RTln a (q) 

The activity then calculated from 

a = r.M (r ) 
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where M is concentration of elements in solution, and r is 

the activity coefficient, which can be calculated from the 

Debye - Huckel theory of electrolytes. 

Stumm and Morgan (1981) pointed out that the chemical 

potential in a real solution is 

ui = + RTln (riMi) (s) 

= u.° + RTln M. + RTln r. 
1 11 

The expression RTln r.^ can be seen as the partial molar free 

energy of the interaction that occurs in nonideal mixture. 

Phosphate concentration in solution is controlled by 

solubility product (Ksp). The Ksp is described by Larsen 

(1967). 

For the reaction A B. = aA + bB, 
a D 

Ksp is defined as 

Ksp = (A)a.(B)b/(A_Bb) (t) 

where (A), (B), and (A B, ) are activities of ions and salt 
' ' a D 

respectively. When A B. is a pure solid, then 
a D 

Ksp = (A)a(B)b (u) 

Bennett and Adams (1976) applied the Debye - Huckel 

equation and the ion - pair dissociation theories to 

calculate the Ksp for dicalcium phosphate dihydrate, and 

found that this principle can be used in soil solution. 

Clark and Peech (1955) used the chemical potential theories 

to determine the solubilities of calcium phosphate and 
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aluminum phosphate, and they indicated that the solubility 

product may be a function of the chemical potential of each 

individual compound. The same work was done by Lindsay 

(1979), who proposed the solubility product for a series of 

metal - phosphate compounds in soil. 

However, several investigators found no agreement 

between the concentration of phosphate in soil solution and 

the concentration predicted from solubility products. Bache 

(1963) suggested that at low pH (pH < 3.1), the phosphate 

concentration conformed to Ksp, but at high pH, the 

activities of the individual ion in solution were too high 

to maintain constant solubility products. Similar results 

were found by Chakravarti and Talibudeen, (1962); Hagin and 

Hadas, (1962). 

Wright and Peech (1960) found that the solubility 

products of aluminum phosphate in some soils are not equal 

to the Ksp for pure variscite, which may be higher or 

lower, and they proposed the mole fraction, x, to describe 

the chemical potential for solid - aqueous solution: 

IAP = x.Ksp (v) 

where IAP is the aqueous ion activity product, or solubility 

component, Ksp is the aqueous solubility of that component 

if it is pure. 

Bohn (1981) showed that the chemical potential of a 
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solid in soil may be a function of the solid's mole 

fraction and solid - phase activity coefficient. He pointed 

out that the mole fraction and solid activity coefficients 

rationalize much of solubility behavior of weakly - soluble 

soil components and should more accurately predict the 

composition of the equilibrium soil solution. 

Blanchar and Stearman (1984, 1985) used the regular 

solid - solution concept to predict P solubility as a 

function of P sorbed and to demonstrate the relationship 

between P sorption and P in solution as prediction from 

estimates of solid phase activity. 

Bohn and Bohn (1983, 1986) indicated that current 

predictions are based on the solubility of pure minerals, 

and that natural minerals are impure and exist as solid 

solution, or contain isomorphous substitutes. They proposed 

the solid activity coefficient to express the chemical 

potential for nonideal solid mixture: 

IAP = g.x.Ksp (w) 

where g is the solid activity coefficient for the components 

in the solid phase. 

They recommended using equation (w) to evaluate the 

adsorption in soil and described four reasons why equation 

(w) may be applied to soil - water reaction. One, soil 

2 -  -
minerals and surfaces are 0 and OH matrices with mostly 
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4 + 3+ 3+ 
Si , and A1 , and Pe in the interstices. Two, crystals 

should more easily accommodate small amounts of defects such 

as foreign ions compared to large amounts. Three, the 

chemical composition of soil surfaces is more homogeneous 

than the soil as a whole. Four, assuming homogeneity for 

trace metal throughout the soil ought to be better than for 

major elements. 
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MATERIALS AND METHODS 

Six soil samples were analyzed in this study (table 

1). All soils were passed through a 2 mm screen, and stored 

air dry. Twenty grams of soils A - P (oven dry weight) and 

200 ml 0.03 M KC1 solution were added to 500 ml plastic 

bottles. The experiments were triplicated. 

Five grams of A, D, F soil (oven dry weight) and 50 

ml 0.03 M KC1 solution, which contained ( 40, 80, 

120, 160, 200 mg P/kg soil), respectively, were added to 125 

ml plastic bottles. The experiments were duplicated. 

The bottles were placed in room temperature (23 + 2 

°C) and shaken 2 minutes once a day for 15 days. The pH was 

measured in soil solution by glass electrode method. The 

solution was filtered with Whatman NO.42 filter paper. The 

soil solution was prepared for phosphate, calcium, 

magnesium, and aluminum measurement. 

PHOSPHATE, CALCIUM, MAGNESIUM MEASUREMENT 

Phosphate in the extracts was determined by the 

Murphy and Riley (1962) ascorbic acid method, with the color 

measured by spectrophotometer at 880 nm. Ca and Mg were 

determined by atomic absorption spectrometry using an air -
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acetylene flame at wave lengths of 422.7 and 285.2 nm, 

respectively, and using SrCl2 solution, which was 5000 

ppm SrCl2 solution in 0.01 M HCIO^, to minimize the chemical 

interference. 

ALUMINUM MEASUREMENT 

Aluminum in the extracts was measured by the method of 

Barnhisel and Bertsch, 1982. 

Fifteen ml of soil solution were pipetted into 25 ml 

volumetric flask. One ml of 1 N HC1 and 0.5 ml of 0.5% 

ascorbic acid were added and heated 1 hour on a hot water 

bath at 80 to 90 °C. When the solution cooled, five ml of 

the aluminon - acetate buffer were added, made up to volume 

with distilled water, and mixed thoroughly. After 2 hours, 

the color intensity was measured with a spectrometer at 530 

nm. 

TOTAL PHOSPHATE MEASUREMENT 

Two g (oven dry weight) of finely ground soil (soil 

C, D, passed through a 0.5 mm screen) were mixed with 30 ml 

of 60% HC104 in a 250 ml volumetric flask, and the mixture 

was digested on a hot plate. Then distilled water was added 

to obtain a volume of 250 ml. 

One g (oven dry weight) of finely ground soil (soil 

A, B, E, F, and soil 1-8, passed through a 0.5 mm screen) 
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was mixed with 20 ml of concentrated HN03 to a 250 

volumetric flask, and heated to oxidize the sample. Then 30 

ml of 60% HCIO^ were added, and heated again. The total 

digest time was one hour. When the mixture cooled, distilled 

water was added to obtain a volume of 250 ml. The digested 

mixture was filtered with Whatman NO.42 filter paper. 

One ml of filtered solution was pipetted to a 25 ml 

volumetric flask. Phosphate was determined by the Murphy 

and Riley (1962) ascorbic acid method, with color measured 

by spectrophotometer at 880 nm. 
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TABLE 1. SOIL SAMPLES 

Soil Symbol Soil Sample Location 

Whatcom A A horizond -12 cm) Whatcom county, 
Washington 

Whatcom B A horizon(12 - 23 cm) Whatcom county, 
Washington 

Hagerman C CK1 - CK2(21 - 26 cm) Montrose, 
Colorado 

Hagerman D Btl -BtK2(6 - 21 cm) Montrose, 
Colorado 

Waukegan E A horizon Rosemount Ag 
State, 

Minnesota 

Webster F A horizon Waseca Ag State, 
Minnesota 

SOIL TAXONOMY: 

A, B: Medical over loamy, mixed, mesic Aquic Xerochrepts. 

C, D: Fine - loamy, mixed, mesic ustollic Haplargids. 

E: Fine - silty over sandy or sandy skeletal, mixed, 

mesic Typic Hapludolls. 

F: Fine - loamy, mixed, mesic Typic Haplaquolls. 
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DATA SET 

Two kinds of data will be examined in this paper. One 

is determined by the laboratory experiments by the author, 

which has described above. The other are the published data 

of R. W. Blanchar et al. (1984) on the A or Ap horizon 

samples of eight acid Missouri soils. The soils were low in 

available P except for the Mexico 31 soil, which had been 

fertilized with P since 1888. Mexico 33 had received no 

fertilizer P since 1888. 

In this laboratory two grams of soil and 20 ml of 

KH2PC>4 solutions (0, 25, 50, 75, 100, 200, 400, and 800 mg 

P/kg soil) in 0.001 M CaCl2 were allowed to incubate for 16 

days. 

The values of pH, Al, Ca were an average of 16 

measurements. The coefficients of variation of Al and Ca 

concentrations and pH are 19%, 2%, and 0.4%, respectively. 

The P concentrations were an average of 2 measurements with 

coefficient of variation from 10 to 16%. These data are 

shown in table 2 and table 3. 
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Table 2. THE pH, Al, Ca CONCENTRATIONS IN SOIL 

SUSPENSIONS EQUILIBRATED FOR 16 DAYS 

(Data from Blanchar et al. 1984) 

Symbol Soil pH Al Ca P* TP 
mg/kg 

1 Lebanon 4.49 0.27 26 5 165 

2 Roseland 6 .00 0.15 68 12 229 

3 Shelby 5.76 0.60 37 6 231 

4 Mexico 33 5.88 0.23 42 10 324 

5 Barco 6.02 0.60 44 22 284 

6 Mexico 31 5.63 0.06 47 55 603 

7 Bardley 6.12 0.09 40 6 183 

8 Menfro 5.15 0.52 29 6 298 

* P was determined by Bray 2 before adding 0.001 M CaC^ 
** TP was a total P that was measured by author. 

SOIL TAXONOMY: 

1. Fine, mixed, mesic, Typic Fragiudalfs. 
2. Loamy - skeletol, mixed, thermic Umbric Cystracherpts. 
3. Fine - loamy, mixed, mesic Typic Ariudolls. 
4. Fine, montmorillonitic, mesic Udollic Ochraqualfs. 
5. Fine loamy, mixed, thermic Mollic Hapludalfs. 
6. Fine montmorillonitic, mesic Udollic Ochraqualfs. 
7. Fine, mixed, mesic Typic Hapludalfs. 
8. Fine - silty, mixed, mesic Typic Hapludalfs. 
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Table 3. THE PHOSPHATE CONCENTRATION IN SOIL SOLUTION 

AFTER KH„PO. SOLUTION ADDITION . 
2 4 

(Data from Blanchar et al. 1984) 

P added (mg P/kg in solution) 

0.0 2.5 5.0 7.5 10 20 40 80 
Soil mg/kg (in solution) 

1 0.04 0.05 0.10 0.14 0.31 1.0 6.5 28 

2 0.07 0.06 0.14 0.29 0.51 2.1 9.0 30 

3 0.02 0.07 0.18 0.36 0.66 2.5 11.0 37 

4 0.03 0.06 0.18 0.39 0.72 3.2 12.0 35 

5 0.03 0.05 0.12 0.19 0.34 1.7 8.5 32 

6 0.10 0.19 0.42 0.63 0.88 3.4 11.0 35 

7 0.05 0.11 0.22 0.42 0.82 3.9 15.0 43 

8 0.06 0.08 0.33 0.73 1.35 5.5 17.0 44 
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COMPUTATION 

All samples were analyzed by atomic absorption 

spectrometry, and spectrophotometer, which follow Beer's law: 

c = A/(a.b) (1) 

where A is absorbance, a is the absorption coefficient, b is 

the length of the cell (path length), and c is the 

concentration of the absorbing species in the absorption 

cell. 

The ionic strength (I) of the solution is computed 

from equation (1). 

I = 1/22M.Z.2 (2) 

where is the molarity, and Z.^ is the charge of each ion 

i. The concentrations of aluminum, calcium, magnesium and 

phosphate are insignificant compared to concentraction of 

KC1, so the values of hT in equation (2) are the 

concentration of KC1. 

Activity coefficients r, are computed from the 

empirical Davies equation. 

log ri = -AZi
2[I1/2/(l + I1/2) - 0.31] (3) 

where A is constant ( = 0.511 for aqueous solutions at 25°C, 
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and is relatively insensitive to temperature ), Z. is the 

ion's charge, and I is the ionic strength from equation (2). 

The activities of (HjPO^ ), (Al^+), (Ca2+), and 

2 + 
(Mg ) were computed by expressing each species soluble 

ion's concentration, pH, and ionic strength, (Lindsay, 

1979). 

(h
2p° 4 - )  = te mea s u l ea 1 / t l o 2 ' 1 5 , H + )  * 1 / rH2P04-

+ 10"7*20/(rHpo42-).(H+) +10"19,55/(rpo43-).(H+)2 3 (4) 

Whe re (H2P04") is activity of H2P04", Pmeasured  is the total 

concentration of phosphate in solution, (H+) is activity of 

H+, and r is the ion activity coefficient estimated from 

equation (3). 

(Al3+) = [total All/REM. (5) 

where 

REM = l/rA13+ + 10"5*02/(rA1(OH)2+).(H+) 

• 10-9-30/(rA1(OH)2t).(HV • 10-14-"/(rA1(OH)3).(H+)3 

t 10-23-33/(rA1(OH)4-).(H+)4, 

3+ 
and [total A1J is concentration of A1 in solution. 

(Ca2+) = r[Ca2+]  ( 6 )  

2 +  2  +  
where [Ca ] is concentration of Ca in solution, and r is 

estimated from equation (3) in which Zi is 2. 

(Mg2+) = r[Mg2+] (7) 
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2 +  2  +  
where [Mg ] is concentration of Mg in solution, and r is 

estimated from equation (3) in which Zi is 2. 

The solid that sorbs or precipitates phosphate in acid 

soils is considered to be variscite primarily. The 

solubility of variscite can be expressed as 

A1P04.2H20 + 2H+ = Al3+ + H2P04" + 2H20 

So 

(A1P04) = (Al3+).(H2P04")/(H+)2 (8) 

where (A1P04) is the ion activity product of A1P04, (Al3+) 

is estimated from equation (5), and (H2P04 ) is estimated 

from equation (4). 

The dissolution of phosphate and calcium in soil is 

considered as: 

Ca5(P04)30H + 7H+ = 5Ca2+ + 3H2PC>4~ + H20 

So 

(CaP04) = (Ca2+)5.(H2P04~)3/(H+)7 (9) 

where (CaPC>4) represents the ion activity product of 

2 + 
calcium phosphate in soil and (Ca ) is estimated from 

equation (6). 

The dissolution of phosphate and magnesium in soil is 

considered as: 

Mg3(P04)2 + 4H+ = 3Mg2+ + 2H2P04" 

So 
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(MgP04) = (Mg2+)3.(H2P04")2/(H+)4 (10) 

where (MgPO^) represents the ion activity product of 

2 + 
magnesium phosphate in soil and (Mg ) is estimated from 

equation (7). 

The solid activity coefficient is (Bohn and Bohn 

19 86) : 

g = IAP/x.K (11) 
sp 

where IAP is the ion activity product calculated from 

equation (8) for A1P04; equation (9) for Ca5(PO^)3.OH; and 

equation (10) for Mg3(P04)2» Kgp is solubility product. The 

values of log K = -2.5 for A1P0..2Ho0, log K = 14.46 for 
^ sp 4 2 ' ^ sp 

Ca5(P04)30H/ log Kgp = 24.51 for Mg3(P04)2. x is mole 

fraction of the soil, where 

x = ( total phosphate - soluble phosphate)/30, (12) 

units of total P and soluble P is mole/kg soil, and 30 that 

refers to 30 moles of oxides/Kg as calculated by Bohn 

(1983). 
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RESULTS 

The pH, Al, Ca, Mg, total P and soluble P data in 

soils A to F are given in table 4. The pH, Al, Ca, Mg 

contents of soil B, C, and E are the average of 3 

measurements; and the Ca, and Mg contents in soil A, D, and 

F are the result of 13 measurements since the values of Ca, 

and Mg contents changed very little when phosphate was added 

to the soil suspension. The Al, pH, and soluble P 

concentrations, on the other hand, changed greatly with 

addition of phosphate. The coefficients of variation of Ca 

and Mg are 1.5 to 6.2%, and 2.3 to 4%, respectively. 

The changes in the P concentrations with the addition 

of P into the soil solution are shown in Table 5. The 

phosphate concentrations in soil solution are the average of 

two measurements. 

From table 4 and 5, it can be seen that soil A 

contains the most total P (2040 ppia); however, the soluble P 

was highest in soil F (1.3 ppm). The concentration of 

phosphate in the soil solution after adding from 0 to 200 

ppm P to soil was 53 times as high as the P concentration 

when no P was added to soil F. The P concentration in soil A 
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increased only 7 times more than when no P was added to 

soil. The P concentration in soil solution increased more in 

soil F than in soil A when the same amount of P was added to 

soil. This implies that the capacity of P adsorption in 

soil F was less than that in soil A. i 

On the other hand, the data may indicate that the 

adsorbed P is closely related to the A1 concentration in the 

soils. The P adsorption by the soils increased with an 

increase in the percent neutralization of the exchangeable 

Al, and the capacity of P adsorbed by soil decreased as the 

hydroxyl - Al was removed from the soil (Coleman et al. 

1960) . 

The concentration of soluble P and total P in the 

lower soil layers is usually less such as samples B, C, and 

D. Comparing soil A and D, the concentration of initial 

soluble P in soil A is 13 times as high as that in soil D, 

but the concentration of soluble P in soil D is 14 times as 

high as that in soil A after adding 200 ppm soluble P to 

both soils. It might be that the solubilities of aluminum 

phosphate was low relative to calcium phosphate (McLean, 

1976). 
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TABLE 4. THE pH, Al, Ca, Mg AND TOTAL AND SOLUBLE P 

CONCENTRATIONS. OF SOIL A - F 

O
 

II 
H

- 
||
 

!-
• 

II II 

PH total P soluble P A1 Ca Mg 
(mg/kg) 

A 5.51 2040 0.13 0.51 700 48 

B 5.27 880 0.02 0.25 910 200 

C 8.29 135 0.08 0.19 2800 570 

D 8.53 225 0.02 0.11 1300 1100 

E 6.21 570 0.27 0.03 1200 400 

F 5.88 540 1.30 0.05 1400 340 
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TABLE 5. pH, SOLUBLE P, A1 CONTENT IN SOIL 

AFTER KH2P04 EQUILIBRATED 

Soil pH SOLUBLE P Al3+ 

(mg/kg) 

A -
* 

0 5.51 0.13 0.51 

A - 40 5.50 0.13 0.73 

A - 80 5.51 0.25 0.79 

A - 120 5.51 0.36 0.67 

A - 160 5.51 0.50 0.77 

A - 200 5.51 1.00 0.80 

D - 0 8.53 0.02 0.11 

D - 40 8.28 0.36 0.02 

D - 80 8.27 2.14 0.11 

D - 120 8.22 3.57 0.11 

D - 160 8.17 6.25 0.04 

D - 200 8.10 13.6 0.02 

F - 0 5.88 1.30 0.05 

F - 40 5.71 7.14 0.02 

F - 80 5.68 20.2 0.14 

F - 120 5.68 37.5 0.14 

F - 160 5.70 47.3 0.20 

F - 200 5.67 68.8 0.25 

*0, 40, 80, 120, 160, 200 are amounts of P added 
to soil 
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TABLE 6. EFFECT OF VARISCITE IN VARYING SOLID - SOLUTION 

RATIO ON pK OF VARISCITE* 

pK = pAl3+ + pH2P04~ + 2pOH~ 

(Data from Kittrick et al. 1955) 

var iscite Al P 2pOH pk2  

in 50 ml conc. conc. PA13 + PH2P04" 

9 x 105M x 104M ±0.2 +0.2 

O
 

H
 

O
 0.89 1.3 5.15 3.89 19 .4 28.4 

0.50 7.4 5.5 4.26 3.28 20.6 28.1 

1.00 14.4 10.0 3.95 3.03 21.0 28.0 

5.00 25.0 32.0 3.79 2.54 21.4 27.7 

* variscite added to distilled water 
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Prom table 5, the concentrations o£ aluminum and 

phosphate in solution increased, but the pH decreased as the 

amount o£ P added to soil increased. The data suggest 

that the quantity of aluminum phosphate in soil increases 

with increasing amount o£ P added to soil, and that 

variscite (AlPO^^f^O) may be the final product when P is 

added to an acid soil. These results are supported by the 

work o£ Kittrick and Jackson (1955), who showed that an 

increase in solid phase variscite greatly increases the 

concentration of A1 and P in solution, but decreases the 

solution pH (shown in table 6). 

The data of the ion activity product (IAP) of 

aluminum phosphate in Blanchar et al's (1984) soils are in 

table 7. The data of the IAP of aluminum phosphate in soil A 

- F are shown in table 8. The data of the IAP of calcium 

phosphate in soil A - F are given in table 9. The data of 

the IAP of magnesium phosphate in soil A - F are shown in 

table 10. 

The range of pIAP of aluminum phosphate in Blanchar 

et al's soils 1 - 8 without added P in 0.001 M CaCl2 

solution is 2.39 to 3.61. The range of pIAP of aluminum 

phosphate in soils A, B, E, F ( no added P in 0.03 M KC1 

solution) is 3.19 to 4.45. The larger pIAP in soil A, B, E, 

and F may be due to the ionic strength being larger in soil 
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A - F (I = 0.03 M) than that in soil 1 - 8 (I = 0.003 M). 

The values of pIAP in soil 8 is less than the pKsp, but in 

the other 11 soils is larger than pKsp. This indicates that 

IAP of most of the natural soils is less than the Ksp and 

implies that the concentrations of phosphate and aluminum 

are low in soil solution. However, pIAP of aluminium 

phosphate in samples C, D (high pH) is 7.77 and 9.26, 

respectively. 

The range of log (IAP) of calcium phosphate in the 

basic soils, for example samples C and D, is 21.82, and 

19.31, Table 9. The values are larger than log Ksp. But the 

log (IAP) of calcium phosphate in acid soil; e.g., soil A, 

B, E, F, ranges from 0.29 to 10.99. This value is much lower 

than log Ksp (14.46) of pure calcium phosphate. 

The range of log (IAP) of magnesium phosphate in acid 

soil is from -3.69 to 3.25, and that in basic soils is 8.41 

and 8.50. Compared with log Ksp (24.46), these values are 

too small. Magnesium phosphate appears to be too soluble to 

control phosphate in soil. 

The present data show that the IAP of the A1 and Ca 

phosphates increases with increasing amounts of P added to 

soil. When added soluble P increases to 50 ppm for soil 4 

and soil 6, 75 ppm for soil 2, 100 ppm for soil 1, and 160 

ppm for soil A, the IAP of aluminium phosphate is 
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approximately equal to Ksp. Bohn (1983) indicated that if an 

IAP in soil solution is close to Ksp, it may be due to: a) a 

high concentration of the component in the soil; b) 

immiscibility with other soil solids; c) favorable kinetics, 

including redox reaction. 

The IAP/Ksp ratios of aluminium phosphate of 

Blanchar et al's (1984) data are shown in Tables 11, and 12 

and Figs. 1, 2, and 3. The IAP/Ksp ratios of calcium 

phosphate are in Table 13. The IAP/Ksp ratios of magnesium 

phosphate are in Table 14. 

The range of log (IAP/Ksp) of aluminum phosphate is 

from -1.96 to 0.08 in the acid soils, and -5.56 to -6.74 

in the basic soils. The values of IAP/Ksp increase with 

increasing P content in all soils. Soils 1-8 can be 

divided into two groups (Fig. 1 and 2). In one group the 

IAP/Ksp increases more slowly due to the low initial 

aluminum concentration (Fig. 1). The other has a steep slope 

group due to the high initial aluminum concentration in the 

soil solution (Fig. 2). However, the opposite results are 

shown in fig. 3. The higher A1 concentration of soil A 

results in a gentle slope, and the lower A1 concentration of 

soil F results in a steep curve. 
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TABLE. 7. THE IAP OF ALUMINUM PHOSPHATE IN SOIL 

SUSPENSIONS AFTER ADDING P TO SOIL 

(DATA FROM BLANCHAR ET AL. 19 84) 

Added P (mg P/kg in soils) 

0 25 50 75 100 200 

Soil -log (IAP) 

1 3.36 3.26 2.96 2.81 2.47 1.96 

2 3.16 3.22 2.85 2.54 2.29 1.68 

3 2.95 2.40 1.99 1.69 1.43 0.85 

4 3.26 2.96 2.48 2.14 1.88 1.23 

5 2.94 2.71 2.33 2.13 1.88 1.18 

6 3.19 2.91 2.56 2.39 2.24 1.66 

7 3.61 3.27 2.97 2.69 2.40 1.72 

8 2.39 2.26 1.65 1.30 1.04 0.43 

* The soils were incubated in 0.001 M CaC^solution 
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TABLE 8. THE IAP OP ALUMINUM PHOSPHATE IN SOIL A - F 

Added P (mg P/kg in soil) 

0 40 80 120 160 200 

Soil -log (IAP) 

B 4.36 

C 7.77 

E 4.45 

A 3.19 3.04 2.72 2.64 2.43 2.11 

D 9.26 8.02 6.51 6.17 6.21 6.01 

F 3.32 2.92 1.61 1.35 1.10 0.83 

* Soils were incubated in 0.03 M KC1 solution 
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TABLE 9. THE IAP OF CALCIUM PHOSPHATE IN SOIL A - F 

AFTER ADDING P TO SOIL* 

Added P (mg/kg in soil) 

0 40 80 120 160 200 

Soil log (IAP) 

B 0.29 

C 21.82 

E 10.80 

A 3.98 3.81 4.90 5.19 5.80 6.70 

D 19.31 22.18 24.73 25.19 25.46 26.17 

F 10.99 11.97 13.12 13.93 14.37 14.65 

* Soils were incubated in 0.03 M KC1 solution. 
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TABLE 10. THE IAP OF MAGNESIUM PHOSPHATE IN SOIL A - F 

AFTER ADDING P TO SOIL* 

Added P (mg/kg in soil) 

0 40 80 120 160 200 

Soil log (IAP) 

B -3.69 

C 8.41 

E 3.25 

A -2.85 -2.80 -2.26 -1.98 -1.66 -0.99 

D 8.50 10.54 12.12 12.46 12.70 13.32 

F 3.13 3.92 4.65 5.22 5.53 5.73 

* Soils were incubated in 0.03 M KC1 solution. 
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TABLE 11. THE IAP/Ksp OF ALUMINUM PHOSPHATE IN SOIL 1-8 

AFTER ADDING P TO SOIL 

(DATA FROM BLANCHAR ET AL. 1984) 

Added P (mg/kg in soils) 

0 25 50 75 100 200 

Soil log (IAP/Ksp) 

1 -0.85 -0.76 -0.46 -0.31 0 0.53 

2 -0.66 -0.72 -0.36 -0.04 0.20 0.82 

3 -0.44 0.08 0.51 0.81 1.04 1.64 

4 -0.77 -0.46 0 0.34 0.62 1.26 

5 -0.43 -0.21 0.15 0.36 0.61 1.30 

6 -0.68 -0.41 -0.07 0.11 0.26 0.84 

7 -1.11 -0.77 -0.47 -0.19 0.08 0.77 

8 0.08 0.23 0.85 1.18 1.46 2.04 
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TABLE 12. THE IAP/Ksp OF ALUMINUM PHOSPHATE IN SOIL A - F 

AS ADDING P TO SOIL 

Added P ( mg/kg in soil ) 

0 40 80 120 160 200 

Soil -- log (IAP/Ksp) --

B -0.85 

C -5.27 
• 

E -1.94 

A -0.70 -0.54 -0.22 -0.14 0.04 0.38 

D -6.74 -5.52 -4.01 -3.68 -3.70 -3.51 

F -0.82 -0.42 0.88 1.15 1.40 1.67 
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TABLE 13. THE lAP/Ksp OF CALCIUM PHOSPHATE IN SOIL A - F 

AFTER ADDING P TO SOIL 

Added P ( mg/kg in soil ) 

0 40 80 120 160 200 

Soil log (IAP/Ksp) 

B -14.17 

C 7.43 

E -3.66 

A -10.48 -10.66 -9.57 -9.28 -8.66 -7.74 

D 4.85 7.72 10.26 10.72 10.99 11.71 

F -3.47 -2.48 -1.34 -0.54 -0.09 0.18 
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TABLE 14. THE IAP/Ksp OF MAGNESIUM PHOSPHATE IN SOIL A - F 

AFTER ADDING P TO SOIL 

Added P ( mg/kg in soil ) 

0 40 80 120 160 200 

Soil log (IAP/Ksp) 

B -28.20 

C -16.10 

E -21.26 

A -27.36 -27.31 -26.77 -26.49 -26.17 -25.51 

D -16.00 -13.96 -12.39 -12.05 -11.80 -11.19 

F -21.38 -20.59 -19.85 -19.29 -19.00 -18.77 
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Table 15 and Figs. 4 and 5 show the solid activity 

c o efficients (SAC) of aluminum phosphate in soils 1-8 that 

used available P to calculate from Equation (11). Table 16 

and Fig. 6 show the SAC of aluminum phosphate in soils A 

F. Table 17 and Fig.7 and 8 show the SAC of aluminum 

phosphate in soil 1-8 that used total P to calculate. 

The range of log (SAC) of aluminum phosphate is 3.55 

to 5.35 in soils 1-8 that used available P to calculate, 

however, the range of aluminum phosphate is 2.5 to 3.61 in 

soil 1-8 that used total P to calculate, and 1.17 to 2.42 

in soils A - F with no P added to soil. The log (SAC) of 

aluminum phosphate in basic soils C and D is -1.73 and 

3.44, respectively. 

Comparing table 15 and 17 of soils 1 - 8 , the SAC in 

table 15 is 10 to 100 times higher than that in table 17 

The difference of SAC between table 15 and 17 could be due 

to the value of the solid phase P used to calculate SAC. The 

mole fraction in table 15 is available P which is much 

lower than the total P used for table 17. The mole fraction 

in table 17 is 10 to 100 times higher than the amount of 

available P in table 15. The lower the value of the mole 

fraction in Equation (11), the higher the SAC. If the value 

of the SAC of aluminum phosphate in table 15 is divided by 

10 to 100 to calculate the mole fraction, the range of the 
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values of SAC of aluminum phosphate in table 15 may be the 

same as in the table 17. 

From Figs. 4 and 5 , the values of SAC decreased when 

small quantities of P was added to the soil, but increased 

when more P was added to soils 1 - 5, 7 and 8. When 200 ppm 

P was added to soil 1, 100 ppm to soil 2 and 7, 75 ppm to 

soil 8, but only 50 ppm to soil 3, 4 and 5, the values of 

SAC were approximately equal to the values of SAC of the 

soils with no P added. However, A and F (Fig. 6), and soil 1 

- 8 except soil 2 (Fig. 7 and 8) the values of SAC increased 

with increasing P in the soil, and the SAC of soil F 

increased more rapidly than that of soil 6 and A. 

Data in Tables 17 and 18 show the SAC of calcium 

phosphate in soils A - F and 1-8, respectively. The values 

of SAC of calcium phosphate in all acid soils are very 

small (the range of log SAC is from -0.23 to -11.14). 

Although values of SAC of calcium phosphate increased with 

increasing P content of soil, the values are much less than 

Ksp. 

The values of SAC of magnesium phosphate were very 

low in both the acid and basic soils (Table 20). The range 

of log SAC of magnesium phosphate is -13.05 to -25.66. 
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TABLE 15. THE SOLID ACTIVITY COEFFICIENTS OF ALUMINUM 

PHOSPHATE IN SOILS 1-8 

( USING AVAILABLE P TO CALCULATE ) 

( DATA FROM BLANCHAR ET AL. 1984 ) 

Added P (mg/kg in soils) 

0 25 50 75 100 200 

Soil PH Soil PH b Aw 

1 4.49 4.45 3.74 3.78 3.76 3.99 4.22 

2 6.00 4.26 3.68 3.83 4.00 4.15 4.51 

3 5.76 4.76 4.58 4.74 4.89 5.04 5.36 

4 5.88 4.22 3.98 4.22 4.42 4.58 4.99 

5 6.02 4.20 4.09 4.28 4.30 4.51 4.97 

6 5.63 3.55 3.67 3.86 3.99 4.06 4.47 

7 6.12 4.11 3.72 3.77 3.89 4.08 4.52 

8 5.15 5.35 4.73 5.10 5.30 5.47 5.86 
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TABLE 1G. THE SOLID ACTIVITY COEFFICIENTS OF ALUMINUM 

PHOSPHATE IN SOILS A - F 

( USING TOTAL P TO CALCULATTE ) 

Added P (mg/kg in soils) 

0 40 80 120 160 200 

Soil pH log SAC 

B 5.27 1.17 

C 8.29 -1.73 

E 6.21 1.27 

A 5.51 1.97 2.11 2.42 2.50 2.70 3.01 

D 8.53 -3.44 -2.24 -0.77 -0.45 -0.52 -0.34 

F 5.88 2.42 2.79 4.08 4.33 4.56 4.82 
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TABLE 17. THE SOLID ACTIVITY COEFFICIENTS OF ALUMINUM 

PHOSPHATE IN SOILS 1-8 

( USING TOTAL P TO CALCULATE ) 

( DATA FROM BLANCHAR ET AL. 1984 ) 

Added P (mg/kg in soils) 

0 25 50 75 100 200 

Soil P» Soil P» uAw 

1 4.49 2.89 2.93 3.18 3.28 3.58 3.96 

2 6.00 2.95 2.84 3.17 3.45 3.66 4.13 

3 5.76 3.16 3.66 4.03 4.29 4.53 5.01 

4 5.88 2.70 2.97 3.42 3.73 3.97 4.55 

5 6.02 3.08 3.26 3.61 3.78 4.01 4.62 

6 5.63 2.50 2.76 3.09 3.25 3.38 3.93 

7 6.12 2.59 2.88 3.13 3.37 3.63 4.21 

8 5.15 3.61 3.70 4.28 4.60 4.85 5.40 
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TABLE 18. THE SOLID ACTIVITY COEFFICIENTS OF CALCIUM 

PHOSPHATE IN SOILS 1-8 

( DATA FROM BLANCHAR ET AL., 1984) 

Added P (mg/kg in soils) 

0 25 50 75 100 200 

Soil pH - — log SAC 

1 4.49 -21.0 -21.5 -20.9 -20.6 -19.7 -18.4 

2 6.00 -8.1 -8.8 -7.9 -7.1 -6.5 -4.9 

3 5.76 -12.4 -11.5 -10.5 -9.8 -9.1 -7.6 

4 5.88 -11.0 -10.6 -9.4 -8.6 -7.9 -6.2 

5 6.02 -10.3 -10.0 -9.0 -8.6 -7.9 -6.0 

6 5.63 -11.6 -11.0 -10.1 -9.6 -9.4 -7.7 

7 6.12 -8.6 -8.3 -7.6 -7.0 -1.2 -4.5 

8 5.15 -15.7 -16.1 -14.5 -13.6 -12.9 -11.4 
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TABLE 19. THE SOLID ACTIVITY COEFFICIENTS OF CALCIUM 

PHOSPHATE IN SOILS A - F 

Added P (mg/kg in soils) 

0 40 80 120 160 200 

Soil pH log SAC 

B 5.27 -11.14 

C 8.29 10.90 

E 6.21 -0.45 

A 5.51 -7.82 -8.00 -6.92 -6.64 -6.03 -5.14 

D 8.53 8.17 11.01 13.52 13.95 14.18 14.88 

F 5.88 -0.23 0.73 1.85 2.64 3.06 3.33 
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TABLE 20. THE SOLID ACTIVITY COEFFICIENTS OF MAGNESIUM 

PHOSPHATE IN SOILS A - F 

Added P (mg/kg in soils) 

0 40 80 120 160 200 

Soil pH log SAC 

B 5.27 -25.17 

C 8.29 -12.56 

E 6.21 -18.05 

A 5.51 -24.70 -24.66 -24.13 -23.86 -23.54 -22.88 

D 8.53 -12.69 -10.69 -9.14 -8.83 -8.62 -8.02 

F 5.88 -18.14 -17.37 -16.67 -16.12 -15.83 -15.63 



62 

TABLE 21. THE REGRESSION OF SAC OP ALUMINUM PHOSPHATE 

IN SOILS 

SOILS SLOPE ( a ) 

A 5.04 

P 12.5 

1 5.67 

2  6 . 8 6  

3 8.75 

4 9.26 

5 7.74 

6 6.92 

7 8.02 

8 9.34 

INTERCEPT (b) R SQUARE 

1.95 0.98 

2.58 0.90 

2.88 0.96 

2.86 0.95 

3.46 0.90 

2.86 0.95 

3.15 0.98 

2.63 0.96 

2.70 0.97 

3.71 0.92 
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DISCUSSION 

As shown in Tables 7 and 8, the IAP of aluminum 

phosphate in soil is less than the Ksp. Several reasons may 

account for this. The low IAP may be caused by the existence 

of the ferrian variscite in which iron has extensively 

substituted for aluminum (Wright and Peech, 1960). There may 

be many trace cations that adsorbed phosphate or combined 

with phosphate to form more refractory compounds to lower 

the concentration of P in soil solution. Bohn (1981) 

indicated that ion activity products (IAP) in soil solution 

are usually less than the solubility products (Ksp) of 

those substances. Bohn and Bohn (1986) offered several 

reasons to explain why IAP is less than Ksp in soils : 

first, chemisorption; second, the excess free energy 

associated with large surface areas ( the larger the surface 

area, the larger the IAP); third, soil solution 

concentrations are the steady state resultants of the rates 

of mineral dissolution vs. precipitation; fourth, the lower 

solubility is due to the component's presence as an impure 

mineral. 

Tables 7, 8, and 9 show that the IAP of aluminum 
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phosphate and calcium phosphate varies from soil to soil. 

The calculations of aluminum phosphate and calcium phosphate 

are based on equations (8) and (9), respectively. From 

equation (8) and (9), IAP is affected by the activity of 

aluminum or calcium, phosphate and pH which vary in the 

different soils. Aluminum and calcium contents in soil are 

affected by weathering and climate. In humid tropical 

regions, weathering is rapid and alkali and alkaline earth 

cations are leached from the soil. The aluminum content in 

tropical region soils is higher than that in temperate and 

cold region soils. Calcium contents, on the other hand, are 

higher in semi-arid or arid region soils than that in humid 

tropical region soils. Aluminum and calcium contents are 

different in soils that derived from different parent 

material. Soluble P is affected by vegetation, animal and 

human activity and by return from organic decay by microbial 

activity in soil. Soluble phosphate is also related to soil 

pH. In solution if pH < 2, soluble phosphate exists as 

H3P04, if pH > 13, soluble phosphate exists as PO^3 . The 

-  2 -
H2P04 and HPO^ ions are predominant in acid and basic 

soil solutions since the pH range of most soils is from 4.0 

to 9.5. The concentration of aluminum and phosphate differs 

from soil to soil. Consequently the IAP in soils varies and 

is usually not equal to Ksp of the pure mineral. The 
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results are similar to other studies. Blanchar and Scriveer 

(1972) showed that aluminum phosphate ion products are pH 

dependent. Wright and Peech (1960) reported the pAl + 2pOH 

+ pI^PO^ value for variscite in 34 soils range from 30.3 to 

30.9. 

The data show that the IAP increases with increasing 

P added to soil. Current prediction of phosphate adsorption 

is based on the solubility of pure minerals ( Ksp is 

constant). However, a soil solution system has many 

properties which differs from pure mineral systems. For 

example, in a pure NaCl solution system, when NaCl solution 

is saturated ( some solid NaCl precipitate present ), adding 

more NaCl solid to solution does not change the Na+ and CI 

concentrations. The solubility products are constant at 

constant temperature and pH. But this is not true for 

phosphate adsorption by soils. When a small amount of P is 

added to a soil, P is adsorbed or precipitated by aluminum. 

For example, when a 25 ppm P solution was added to soils 1 -

8, almost 100% of the P was adsorbed by the soils. The 

concentration of P in soil solution increased very little. 

This character may be similar to a pure mineral system. At 

this point, the system is considered a saturated solution 

system. But as more P was added, less and less adsorption 

took place. When 100 ppm P was added to soils 1-8, 86.5 to 
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97% P was adsorbed. When 400 ppm P was added, 57.5 to 83.8% 

P was adsorbed. When even 800 ppm P was added, 45 to 65% P 

was still adsorbed by the soil. P adsorption seems never to 

stop as more P is added. So the system is not considered a 

saturated solution system. It seems to be an unsaturated 

solution system; the IAP increases with increasing P added 

to soil, and it seems to be impossible to get a maximum 

value of IAP approaching Ksp or to reach a constant IAP. 

Calculation of IAP for phosphate in soil assumes that the 

soil solution is in partial equilibrium at different levels 

of P content in soil solution. 

Soils are complex systems. A1 exists as soluble A1 

in soil solution, as exchangeable Al, or as a solid A1 

compound in clay particles. In soil solutions, or in low 

ionic strength, or extracting solution (e.g., 0.03 M KC1 

solution), the replacing power of K+ is insufficient to 

replace Al from the exchange sites, so the Al concentration 

in soil solution is usually low. As more P is added to the 

soil, aluminum cations are released from exchange site to 

the soil solution. Therefore, the P does not lower the Al 

concentration as much as that in pure system. The Al may 

even increase ( Table 5 ). The high Al concentration may be 

due to suspension of colloidal aluminum phosphate containing 

significiant quantities of a soluble Al - P complex (Taylor 



7 2  

2 + 
and Gurney, 1962). These A1 - P complexes may be AlF^PO^ , 

A1 (f^PO^)2 + / or AKI^PO^)^- Larsen (1967) suggested that the 

proportion of phosphate complex would be high both in acid 

soils (due to the high stability of A1 - P complex) and in 

calcareous soils (due to Ca - P complexes). The activities 

of A1 and P increase with increasing P added to soil. That 

also may be a reason why the IAP of aluminum phosphate in 

soil is not constant. 

The IAP/Ksp ratio is a valuable index to measure the 

change of the chemical potential of aluminum phosphate in 

the solid solution. Bohn and Bohn, (1986) pointed out that 

in soil solutions, an IAP/Ksp ratio between 0.1 and 10 has 

been considered confirmation that the Ksp of a mineral 

governs the soil solution concentration of that ion, 

and that an IAP/Ksp ratio greater than 10 or less than 0.1 

is considered to indicate supersaturation or 

undersaturation, respectively. The factors affecting the 

IAP/Ksp ratio are the same as those affecting IAP that were 

discussed previously. 

The activities of aluminum and aluminum phosphate 

increase with decreasing pH (Lindsay, 1979). The IAP/Ksp 

depends on pH. Adsorption or precipitation of aluminum 

phosphate increases with decreasing pH. Comparing soils 3 

and 5, the concentrations of A1 of both soils are the same 
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and the concentration of P in soil solution is larger in 

soil 5 than that in soil 3 ( Table 2 ), so the lAP/Ksp ratio 

(Table 11 ) is larger in soil 5 than that in soil 3 

initially. However, when P was added to the soils the 

IAP/Ksp ratio increased more rapidly in soil 3 than that in 

soil 5. The difference is due to the pH. The pH of soil 3 is 

lower than that of soil 5. 

Beside the effect of pH, at low initial P 

concentration, the concentration of aluminum in soil is an 

important factor that inflences the IAP/Ksp ratio. For 

example, the concentration of aluminum is high in soil 

solution in soils 3, 5 and 8, the values of IAP/Ksp are high 

( no P added), and IAP/Ksp increased rapidly as P was added 

to the soils ( Fig. 2 ). However, in the low aluminum 

concentration of soils 1, 2, 4, 6 and 7, the IAP/Ksp was 

low, and it increased slowly as P was added to the soils ( 

Fig. 1 ). 

On the other hand, the initial concentration of P in 

the soil is also very important. In soils, that have had 

relatively high concentrations of soluble P, the capacity of 

porous solids to adsorb P may be saturated, while those in 

soils of low P concentrations would likely be unsaturated 

(Ibrahim and Pratt, 1982). The initial P concentration is 

low in the soil solution of soil A (0.013 ppm in solution), 
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although the A1 is quite high. The initial IAP/Ksp is low 

and its rate of increase is low. The initial P concentration 

is high in soil solution of soil F although the A1 

concentration is quite low. The initial IAP/Ksp ratio is 

very low, the P concentration increased rapidly as P was 

added to the soil, and the rate of IAP/Ksp increase is high. 

The IAP/Ksp is inflenced by the activity of P, the 

activity of Al, and pH. The IAP/Ksp relates to the capacity 

of P adsorption. The data suggest that a less rapid 

increasing rate of IAP/Ksp implies a larger P adsorption 

capacity. 

In order to predict soil adsorption or precipitation, 

Bohn and Bohn, (1983, 1986) introduced the solid activity 

coefficient (SAC). They defined the solid activity 

coefficient as a transfer activity coefficient, which is an 

index of the chemical potential of a substance as it 

transfers from an aqueous phase to solid phase. 

The value of SAC is determined by three indices, Ksp, 

IAP, and the concentration in the solid phase (mole fraction 

in equation 11). Ksp is a constant, and independent of pH 

and concentration of cations and anions. As discussed above, 

IAP depends on pH, cations and phosphate concentration, 

and it varies from soil to soil. The concentration term is a 

very important factor for determining SAC. 
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Until now, an accurate way to determine the solid 

concentration has not been developed. This thesis examines 

two ways to determine the solid concentration. One is 

available P that is very easy to determine; the other is the 

total P. Usually, available P is very low in soils , several 

to several tens ppm, Table 2 . When a small amount of P is 

added to soil, the mole fraction on the bases of available P 

increased rapidly. For example, the mole fraction was 6 

times as high as that for which no P was added for soil 1, 5 

times for soil 7 and 8, as 25 ppm P added to those soils. 

The increasing rate of IAP did not catch up with the mole 

fraction, so the SAC for those soils decreased rapidly. When 

more P was added, the concentration of P in soil solution 

was quite high, the IAP increased more rapidly than the mole 

fraction, so SAC increased. 

Total P in soil usually is several hundreds to 

several thousands ppm in topsoils. So it does not change 

much when P is added. The total P is a stable index for a 

soil for a long period of time. SAC increases with 

increasing P added. The tendency of SAC to change with added 

P determined by total P or very high available P agrees with 

that of the IAP/Ksp ratio for, for example, soils A, F, and 

soil 6 ( in Fig. 5 and Fig. 1 ). With soils of low 

available P, the tendency of SAC to change with added P does 
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not agree with the trend of IAP/Ksp when adding small 

amounts of P to the soil (soil 1, 2, 7, and 8 in Fig. 1 

and Fig. 4, Fig. 2 and 4). Therefore, the data can conclude 

that the total P appear to be a better index for calculating 

SAC than available P. 

Total P in soil is the sum of inorganic P and organic 

P content. Inorganic P is derived from mineral P and organic 

P decay, and P fertilizer added to the soil by humans. 

Organic P is determined by the amount of vegetation and the 

influence of man and animal activity on the soil. Total P 

varies from soil to soil. But for a soil, it may be assumed 

as an approximate constant for a period of time. 

The values of SAC of aluminum phosphate and calcium 

phosphate vary from soil to soil ( Tables 15 to 19 ). The 

value of SAC of aluminum phosphate is very small in some 

soils, e.g., SAC = 14 ( log SAC = 1.17 ) for soil B. If the 

value of SAC is about 10, the ion or component apparently 

should be: a) present in trace quantities; b) similar to its 

native concentration; and c) similar in change and ion size 

to major soil components (Bohn, 1983). The value of SAC of 

aluminum phosphate is high in soil 8 (SAC = 4074, log SAC = 

3.61). It depends on the IAP and mole fraction which vary 

in different soils. The range of SAC of aluminum phosphate 

in acid soils may be from 10 to 10000. In some soils that are 
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low in soluble P, the value of SAC may be near 10, and in 

soils having high soluble P, the value of SAC may exceed 

than 100. 

The low SAC implies that the capacity of phosphate 

adsorption is large in that soil but that is true only for 

the stable phase. The low value of SAC of calcium phosphate 

in acid soil (log SAC = -7.82 in soil A) indicates that 

calcium phosphate is too soluble in acid soils. The ion 

mixing of aluminum phosphate in surface soils is variable in 

soils, and the different rate and proportion of phosphate 

penetrate into soil lattices also vaiy. 

The value of SAC is greatly affected by the enthalpy 

of mixing; the entropy of mixing relates to the 

concentration term x in equation (w). The adsorption 

equilibria for mixtures were considerably affected by 

surface heterogeneity (Myers and Prausnitz, 1965). Ion 

adsorption from solution is in competition with other ions 

of different charge, hydration, polarizability etc. on the 

surface and also with water molecules (Bohn and Bohn, 1986). 

Therefore, it is very hard to find a constant SAC value of 

aluminum phosphate or calcium phosphate applicable to all 

soils. 

The values of SAC of aluminum phosphate in basic 

soils (table 16, soil C and D), the value of calcium 



78 

phosphate in acid soils (table 18 and 19, soil 1 - 8, A, B, 

E and F) and the value of magnesium phosphate (table 20) are 

all very low. This implies that aluminum phosphate in basic 

soils, calcium phosphate in acid soils, and magnesium 

phosphate in all soils are too soluble to cause P adsorption 

or precipitation. The data indicate that phosphate 

adsorption or precipitation is caused dominantly by aluminum 

in acid soil, and by calcium in basic soil. The results 

agree with other research mentioned in the REVIEW OP 

LITERATURE section. Lindsay et al. (1959) suggested that 

variscite is the final reaction product and governed the 

phosphate concentration in acid soil. They pointed out that 

hydroxyapatite cannot exist as a stable phase with variscite 

and gibbsite in soil below pH 6.0. Calcium phosphate is too 

soluble to persist in acid soils (Clark and Peech, 1955). 

Ibrahim and Pratt, (1982) concluded that soluble calcium is 

responsible for the slow reaction to crystallize calcium 

phosphate in basic soils. 

The data show that the value of SAC increases with 

increasing P added to soil (Fig 6-8, table 16 and 17). As 

discussed above, the value of IAP/Ksp rises with added P, 

and the increase of mole fraction is small when a small 

amount of P is added to a soil. The rate of increase of 

IAP/Ksp is larger than that of the mole fraction, so SAC 
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increased with more P added to soil. Prom Pig. 6, soil F, 

the slope of the soil is small from 4 to 8 ppm added P, then 

increases abruptly from 4 to 8 ppm, after 8 ppm the slope 

is small again. The slope of soil F is larger than that of 

soil A. The data suggest that the capacity of P adsorption 

in soil A is larger than that in soil F. 

The regression of aluminum phosphate is described in 

table 21. The data show that log SAC is linear function of P 

that was added to soils. The SAC may be expressed by the 

equation: log SAC = a x P + b, where a, b are slope and 

intercept, P is amount of P that was added to soils in 

mg/kgsoil. In the soils containing low initial soluble P, 

the slope is so small that SAC is approximately constant 

when small amounts of P are added. 

To calculate the SAC, step by step described in the 

COMPUTATION section, is complicated and takes a long time. 

The following shows a simpler method to calculate SAC for 

phosphate adsorption in soils. 

First, an assumption may be made for the soil 

solution: the ion strength of soil solution is 0.03, e.g., 

0.03 M KC1 solution or 0.01 M CaCl2 solution added to soil 

sample and ratio of solution and soil sample is 10. Then, 

The activity coefficients r are, from equation (3), 

r = 0.8495 (for H2P04~ or Al(OH)2
+), 

r = 0.5208 (for HP04
2~ or Al(OH)2+), 
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r = 0.2304 (for PC>4
3" or Al3+) (13) 

(A) SAC of phosphate adsorption by aluminum 

Substituting equation (13) into equation (4) and 

rearranging yields: 

(H2P04") = [sp1/1.1772 (14) 

(1) If [Al3+] of soil is unknown, assume equilibrium 

with Al(OH)3 

log(Al3+) = 8.04 - 3pH (15) 

as expressed by Lindsay (1979). 

Substituting equation (14)-and (15) into equation 

(8), then into equation (11), and rearranging: 

log (3AC) = 10.946- pH + log a (16) 

where, a is the ratio of the concentration of soluble P to 

total P in soil. 

(2) If [Al3+] of soil is measured, then calculate as 

follow: 

Substituting the activity coefficients r from 

equation (13) into equation (5), and rearranging: 

(Al3+) = [Al3+]/[100,6375 + 10(PH_4-9492) 

+ 1Q(2pH-9.0167) + 10(3pH-14.99)j (1?) 

Substituting equation (14) and (17) into equation (8), and 

rearranging: 

IAP = [A13+][SP]/[10(0-7083-2PH) t 10-<PH-4.8784) 

+ 1(j ( 2pH-8 .9 459) + 1Q ( 3pK-14 . 9192 ) , (18) 
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3 + 
where [A1 ] and [sp] are the concentrations of aluminum and 

phosphate in soil solution, and their units are moles/L. 

Substituting equation (18) into equation (11), and 

rearranging: 

log (SAC) = log [Al3+] + log (a) - log[10(3 *1623_2pH} 

+ 1Q~ ( pH+2 . 4244 ) + 1(J-6.4914 + 1Q (pH-12 . 4652 ) , (ig) 

3 + 
where [A1 ] is the concentration of soluble A1 in soil in 

unit of mg/kg, and " a " is the ratio of the concentration 

of soluble P to total P in soil. 

If pH > 5.7 in soil, equation (19) can be approximately 

expressed as: 

1 +  - 6  4 9 1 4  
log (SAC) = log [A1 ] + log (a) - log[10 0'H:3±* 

+  1 0  ̂  . 4 6 5 2 ) ]  j 2 0 J  

Sometimes, the value of SAC obtained from equation 

(16) is less than the value of SAC from equations (19) and 

3 + 
(20). That is due to the lower (A1 ) activity estimated by 

equation (15). 

(B) SAC of phosphate sorption by calcium. 

Substituting equation (13) into equation (4), and 

rearranging: 

( H 2 P 0 4 " )  = [sp ] / [ 1 0 5 , 5 6 1 8  +  1 0 ( P H ~ 1 - 4 2 6 1 ) j  ( 2 1 )  

where [sp] is soluble P in soil (mg/kg). 

Substituting equation (13) to equation (6), and 

rearranging: 
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(Ca2+) = 1.299 x 10"6 x [Ca2+] (22) 

2 + 
where [Ca ] is soluble calcium in soil (mg/kg). 

Substituting equation (21) and (22) into equation 

(9), then calculating SAC from equation (11). where in 

equation (11), 

x.Ksp = 3.104 x 10® x (TP - sp) 

and where TP and sp are total and soluble P in 

soil,respectively, in units of mg/kg. 

Therefore, equations (16), (19) or (20) estimate the 

solid activity coefficient of phosphate adsorption by 

aluminum, according to different conditions. Although a 

direct way cannot be found to calculate the value of SAC of 

phosphate adsorption by calcium, the method (B) is simpler 

than that described in the COMPUTATION section. 
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SUMMARY AND CONCLUSION 

The solid activity coefficients of phosphate 

adsorption were calculated by the data of six acid and basic 

soils which were measured and by the data of eight soils in 

the literature. The measurements were from soils incubated 

in 0.03 M KC1 solution for 15 days, and from three soils 

with added K^PO^ (40, 80, 120, 160 and 200 ppm P) and 

incubated for 15 days. 

Until now, the prediction of the ion activity 

products (IAP) is based on the solubility product of pure 

minerals(Ksp). However, soil is a complex system. Its 

composition is impure and consists of many components. A 

soil suspension is inhomogeneous. The IAP is usually less 

than Ksp. The IAP of aluminum phosphate is related to pH and 

the activities of Al and P. The lower the pH, the higher the 

IAP, and the higher the activity of Al and P, the higher the 

IAP. The activities of Al and P vary from soil to soil. 

They are related to the pH, parent mineral, weathering, 

vegetation and climate. Therefore, the IAP varies from soil 

to soil. 

The value of SAC is affected by IAP and mole 

fraction. The IAP and mole fraction vary in different soils 
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and at different levels of P content in soil. The value of 

SAC cannot be obtained as a constant for all soils and for 

all conditions of a soil. The SAC is reached in soils at a 

partial equilibrium, when soil suspensions stand a long 

period of time. Equilibrium is a state or condition that 

remains unchanged as long as energy and matter were neither 

gained nor lost from the system (Bohn, et al. 1985). So the 

values of SAC varies from soil to soil, and varies with 

different levels that P is added to soils. 

The results from the present study indicate that the 

range of SAC of aluminum phosphate is from 10 to 10000. A 

value too small suggests that the compound is too soluble to 

exist as a solid, for example, at pH > 7, solid aluminum 

phosphate cannot exist in soil. Larger values of SAC 

suggest that the capacity of P adsorption is nearly 

saturated, e.g., the P concentration increases rapidly in 

soil solution when the P is added to soil. 

The value of SAC may be assumed constant when a small 

amount of P is added to the soil of low initial P 

concentration. The value of SAC of aluminum phosphate can be 

calculated from equation (1G), (19) and (20) directly, 

according to different conditions. The value of calcium 

phosphate can be calculated as described in the DISCUSSION 

section (B). 
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The solid activity coefficients are based on the 

thermodynamic theories, and utilize pH, ionic strength, 

activity of reactants, and other indices to calculate the 

coefficient. It may be a better way to describe the 

phosphate adsorption in soil. 
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