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ABSTRACT 
 
Phosphorus is the second most important crop nutrient after Nitrogen. It is an essential 
macronutrient that plays important role in all crop biochemical processes such as photosynthesis, 
respiration, energy storage, transfer, cell division, cell enlargement and nitrogen fixation. It is also 
important in seed germination, seedling establishment, root, shoot, flower and seed development. 
Despite its importance in crop nutrition, availability of the nutrient in soils for plant uptake is limited 
by several soil factors. The factors include: soil pH levels, clay mineralogy, organic matter, free iron 
and aluminium, calcium carbonate, soil temperatures and availability of other nutrients among other 
factors. Availability of phosphorus for plant uptake can be managed by adoption of practices such 
as liming acidic soils, application of organic amendments in both alkaline and acidic soils, tillage 
practices and regulation of time and method of P fertilizer application. 
 

 
Keywords: Phosphorus; macronutrient; crop nutrition; acid soils; alkaline soils. 
 

1. INTRODUCTION 
 
Phosphorus is a chemical element with the 
symbol P and atomic number 15. It exist in 
approximately 23 isotopes [1] ranging from 25P 
to 47P [2] and has several allotropes ranging 

from white, red, violet to black [3,4]. The various 
allotropes exhibit striking different properties. 
White and red forms are the most common forms 
but white is the most important form because it is 
the least stable, most reactive, most volatile, 
toxic, least dense, soft, waxy solid containing 
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tetrahedron P4 molecules in which each atom 
are attached to the other three atoms by a single 
bond [5] The white form also exists in alfa and 
beta crystalline forms. Alfa form is stable and 
common at room temperature but it transforms to 
beta forms at temperatures exceeding -78°C [6]. 
Presence of light and heat however gradually 
transforms the white P to red P and because it is 
highly reactive, P is never found as a free 
element on earth. 
 
The phosphorus content of rocks within 
continental crust is typically assumed to be 
between 500-1400 ugP/g, depending on parent 
rock [7,8]. Of the Igneous rocks, basalts are 
usually at the upper end with apatite containing 
higher concentrations while granites and most 
sedimentary rocks are at the lower end [9]. 
Typical total P contents in soils range from 150ug 
-700ugP/g [10] with soils from very old land 
masses such as Africa and Australia often 
containing low total P content compared to some 
other parts of the world. The reduction in the 
concentration of P occurs as rocks weather, 
probably because apatite dissolves and the P is 
lost, before the formation of Al and Fe oxide 
minerals which would adsorb the P.  
 

1.1 Role and Importance of Phosphorus 
in Plants 

 
Next to nitrogen, phosphorus (P) is the second 
most important macronutrient as an essential 
plant nutrient [11]. It is a key nutrient for higher 
and sustained agricultural productivity [12] and 
which limits plant growth in many soils. 
Phosphorus forms an important component of 
the organic compound adenosine triphosphate 
(ATP), which is the energy currency that drives 
all biochemical processes in plants [13]. It is also 
an intergral component of nucleic acids, 
coenzymes, nucleotides, phosphoproteins, 
phospholipids and sugar phosphates as well as 
intermediates of signal transduction events [14, 
15,16]. It is also involved in an array of 
processes in plants such as photosynthesis, 
respiration, nitrogen fixation, flowering, fruiting, 
and maturation [13,15,17] Plant dry matter may 
contain up to 0.5% phosphorus [13]. 
 
Despite the important role played by soil P in 
plants, however, phosphorus deficiency in soil is 
the most common nutritional stress in many 
regions of the world, affecting 42% of the 
cultivated land in the world [18]. The P deficiency 
is caused either by low P content in the soils 
parent materials or by transformations of P 

added to soils to forms not available to plants. 
The P deficiency results in poor plant root 
formation, slow development, poor seed set and 
fruit formation hence, low and poor crop yields 
[13,19]. 
 
1.2 Forms of Phosphorus in Soils 
 
Soil P exists in various chemical forms including 
inorganic P (Pi) and organic P (Po). These P 
forms differ in their behaviour, fate in soils [20,21] 
and availability to plants [13].  
 
1.2.1 Organic phosphorus in soils 
 
The amounts of organically held phosphorus (Po) 
vary greatly among soils. It occurs from traces in 
aridisols to several hundred mg kg-1 in histosols. 
It is estimated to range from 7 to 1056 P mg kg

-1  

of soil or 20-80% of P in soils worldwide [22,23]. 
Decomposing plant and animal products, along 
with the soil microflora and fauna, provide a 
significant store and source of Po in agricultural 
systems [24]. It is generally assumed that soil Po 
is derived directly or after biochemical 
transformations of organic matter both among 
soils and within the soil profile [25,26] Added P 
from phosphate fertilizers can also be converted 
to organic forms (immobilized) [13,27,28] 
especially where there is no enough P in the soil, 
whereby microorganism convert the Pi to Po to 
incorporate it into their living cells. 
  
Soil Po exists mainly in stabilized forms as 
inositol phosphates and phosphonates, and 
active forms as orthophosphate monoesters, and 
organic polyphosphates [15,29,30]. The Po can 
be released when roots or phosphate secretions 
undergo decomposition and mineralization [31, 
32,33] mediated by soil microorganisms. As 
proposed by [34] mineralization can be divided 
into two processes: a) biochemical mineralization 
in which inorganic phosphorus (Pi) is released 
from organic compounds through phosphatase 
exoenzymes, regulated by P demand; and b) 
biological mineralization, which is the release of 
Pi from organic materials during carbon oxidation 
by soil organisms, regulated by energy demand. 
These processes are highly influenced by the soil 
moisture status, soil temperature regime, surface 
soil physical and chemical properties [21]. 
 
1.2.2 Inorganic phosphorus in soils 
 

Inorganic phosphorus (Pi) occurs mainly as 
H2PO4

-
 and HPO4

2-
 adsorbed onto the surfaces 

of oxides and hydroxides of Fe or Al, organic 
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matter or bound to Ca [34]. The adsorption of P 
in soils depends on soil pH and clay minerals 
[35]. However, most Pi occurs in the clay fraction 
as salts of orthophosphoric acid. Phosphorus 
forms insoluble compounds with iron and 
aluminium at low pH, more soluble compounds 
with calcium and magnesium at pH values near 
neutrality, and insoluble compounds with calcium 
at higher pH values [13,36,37]. There is a wide 
range of solubility of these various phosphate 
compounds and their availability to crops is 
optimal within the soil pH range of about 6.0 to 
6.5 for most agricultural soils. The Pi compounds 
are grouped as calcium or magnesium-bound 
and iron and aluminium-bound [13].  
 
1.2.2.1 Calcium and magnesium phosphates  
 

Calcium or magnesium phosphate compounds 
are not found in soils at low soil pH but are 
stable, insoluble and dominant in neutral or 
alkaline soils [13,37] They occur in soils in 
several forms and the most important forms       
are:  
 

a) Ca (H2PO4)2.H2O, monocalcium 
phosphate, which is the water-soluble 
component of superphosphate that is 
transformed to less soluble products.  

b) CaHPO4.2H2O and CaHPO4, dicalcium 
phosphate, both hydrated and the 
unhydrated forms that are slightly soluble 
in water.  

c) Ca8H2 (PO4)6.5H2O, octacalcium 
phosphate.  

d) Ca3 (PO4)2, tricalcium phosphate.  
e) Ca10 (PO4)6. (OH)2 (hydroxyapatite) and 

Ca10 (PO4)6F (fluorapatite), and  
f) MgNH4P04. 6H20 (struvite) which is 

alkaline and water-soluble [36,38,39].   
  

Dicalcium phosphate (CaHPO4. 2H2O), 
octacalcium phosphate (Ca8H2 (PO4)6. 5H2O) 
and hydroxyapatite (Ca10 (PO4)6. (OH)2) are the 
principal crystalline phosphates which have been 
identified in soils [36]. The native phosphorus in 
soils originated largely from disintegration and 
transformation of rocks containing the mineral 
apatite, Ca10 (PO4)6(F.Cl.OH)2. Apatite has also 
been reported as a common soil mineral by 
Hagin and Tucker [40]. However, the apatite in 
its primary form does not supply phosphate to 
plants, because of its low solubility and rate of 
solubilization [13]. On the contrary, 
hydroxyapatite (Ca10 (PO4)6. (OH)2) has been 
reported to be a stable form of Pi over a wide 
range of soil pH values [36], hence its ability to 
supply phosphate to plants.  

The phosphorus found in calcareous soils does 
not correspond to any one mineral species [40]. 
It may be controlled by octacalcium phosphate in 
some soils or by hydroxyapatite in other soils 
[40,41]. The hydroxyapatite in soil invariably 
contains some carbonate ions while the 
presence of octacalcium phosphate has been 
reported in soils limed or fertilized with 
phosphates [41]. Baifan and Yichu [42] classified 
Pi in calcareous soils as follows: calcium 
phosphate in the form of dicalcium phosphate, 
octacalcium phosphate and apatite types. On the 
contrary, [43,44] suggested the fractionation of 
inorganic phosphorus in calcareous soils as a 
series of calcium phosphates with complex 
physico-chemical reactions and varying 
availability to plants for growth.  
 
The availability of P from various inorganic 
compounds was further compiled by Tisdale et 
al. [36]. It was revealed that struvite 
(MgNH4PO4.6H2O) had the highest P availability 
as compared to mono or dicalcium phosphates. 
In soils containing large quantities of magnesium, 
a number of insoluble magnesium phosphate 
compounds such as dimagnesium phosphate 
trihydrate (MgHPO4.3H2O), trimagnesium 
phosphate (Mg3 (PO4)2 and/or struvite 
(MgNH4PO4.6H2O) may form (36,41]. However, 
these magnesium phosphates are more soluble 
than dicalcium phosphate and octacalcium 
phosphate, hence results in greater availability of 
P for plant uptake. 
 

1.2.2.2 Iron and aluminium phosphates 
  
A number of aluminum and iron phosphate 
minerals occur in soils [36]. The most common 
aluminum phosphates in soils are wavellite 
[Al3(PO4)(OH)3.5H2O] and variscite (AlPO4.2H2O) 
[13,38,45]. Although variscite is dominant in 
slightly acidic soils, it dissolves incongruently at 
high pH values, leading to formation of a more 
basic solid phase of aluminum hydroxy 
phosphate [46]. The aluminium hydroxyl 
phosphates so formed controls phosphorus 
concentration in solution in acid soil by forming a 
surface complex on variscite. However, in pure 
systems, where the pH of the equilibrium solution 
is less than 3.1, the solubility product of variscite 
controls the phosphorus concentration in solution 
[47].  
 

Although variscite (AlPO4.2H2O) and strengite 
(FePO4.2H2O) are the least soluble compounds 
at low soil pH (36,38], strengite is the most 
common iron phosphate in soils. According to 
[47], strengite coexists with hydrated iron oxide 
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(Fe2O3.2H2O) at pH 3.8 to 6.7 in the tropics and 
in the pH range of 3.8 to 4.2 in temperate soils. 
Strengite also crystallizes rapidly when iron 
phosphate is formed. Less crystalline aluminium 
phosphate has greater surface area which is 
favorable for release of phosphorus into the soil 
solution. Therefore, under very acid conditions 
minerals of the variscite and strengite groups are 
precipitated from their soluble forms [13] 
according to the reactions shown in equations (i 
and ii). 
 
AlPO4.2H2O ↔ HPO4

-2 + Al3+ + OH- + H2O        (i) 
 
Fe2PO4.2H2O ↔ HPO4

-2 + Fe3+ + OH- + H2O    (ii) 
 
1.2.2.3 Soil solution P 
 
Soil solution P refers to the phosphorus fractions 
or phosphate ionic species dissolved in the soil 
solution and it is always in equilibrium with the 
labile P [48]. Phosphorus concentrations in the 
soil solutions are low, normally ranging from 
0.001 to about 1 mg P L

-1
, with an average of 

about 0.05 mg P L-1 [49]. The phosphorus taken 
up by plant roots and mycorrhizal hyphae are 
mainly the H2PO4-, HPO4

2- or PO4
3- , depending 

on the pH of the soil [50,51]. The                         
dominant inorganic P species in the soil solution 
below pH 7.2 is the H2PO4- while HPO4

2-                       
and PO4

3-
 are dominant at pH values between 

7.2 and 12.1, and 10.0 and 14.0, respectively 
[51].   
 
1.3 Phosphorus Dynamics in Soils 
  
Primary P minerals like apatites, strengite and 
variscite are very stable and the release of P in 
soil solution from these minerals by weathering in 
acid soils is generally low [37]. In contrast, 
secondary P minerals including calcium (Ca), 
iron (Fe), and aluminium (Al) phosphates vary in 
their dissolution rates, depending on the size of 
the mineral particles and soil pH [45,52,53]. With 
increasing soil pH, solubility of Fe and Al 
phosphates increases but solubility of calcium 
phosphates decreases until pH values above 8 
where it starts to increase [54]. The parent 
material of soil P is primarily calcium phosphates, 
mostly the fluorapatite [Ca5 (PO4)3F], with 
chloride (Cl), hydroxyl (OH

-
), or carbonate             

(CO3
2-) sometimes replacing the F. This 

Ca5(PO4)3(OH,F,Cl) is the raw material used in 
the manufacture of P fertilizers [54]. Weathering 
processes cause bases, silicates and  
carbonates to be lost from the soil, concentrates 

the Fe and Al and releases P into the soil 
solution [52]. 
  
The released P can be availed to the soil solution 
as soluble inorganic P and/or reverted back to 
organic P through immobilization by living 
organisms in the soil. The soluble P can also be 
sorbed onto surfaces of secondary minerals and 
become part of the soil P pool referred to as 
labile P [29] Additionally, the labile P can be 
desorbed, returned to the soil solution or 
transformed into more thermodynamically stable 
forms of P referred to as non-labile P [55,56].  
 
1.3.1 Phosphate retention by soils 
 
The types of reactions that are responsible for P 
retention by soils differ from soil to soil and are 
closely related to soil pH [13]). In acid soils, 
these reactions involve mainly Al, Fe and Mn 
oxides, or their ionic forms or hydrous oxides 
[13,57]. The aforementioned soil components 
retain P through ligand exchange, adsorption and 
precipitation reactions as shown in equations (iii) 
and (iv) [57,58]. In alkaline and calcareous soils, 
the reaction involves precipitation of calcium 
phosphate minerals (Equation v) or adsorption 
onto iron impurities on surfaces of carbonates 
and secondary clay minerals [13,58,59].  
 

Al
3+

 + H2PO4
-
 (Soluble) +2H2O ↔2H

+
 + Al 

(OH)2 H2PO4 (Insoluble)                             (iii) 
 
Oxide-M-OH2] x+ + + H2PO4

-
 Oxide-M-O-

PO3H](1-X)- + H2O                                     (iv) 
 
where M = Al or Fe . 
 

Ca(H2PO4).H2O+2H2O→2(CaHPO4.2H2O)+ 
CO2↑ →Ca3(PO4)2 + CO2↑ +5H2O             (v) 

 
Where: Monocalcium phosphate is soluble and 
tricalcium phosphate is insoluble. 
 
1.3.1.1 Phosphate adsorption by soils 
 
In acid soils, adsorption of P occurs principally 
via the formation of an inner-sphere complex 
between orthophosphate anions (such as 
H2PO4

2-
) and a metal cation or metal 

oxyhydroxide (such as Fe and Al) [60,61,62]. The 
orthophosphate ion then undergoes ion 
exchange with OH- or H2O groups on the soil 
particle surface, with a coordinate covalent bond 
formed between the P atom and the metal cation 
[60,61]. 
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The afore mentioned reactions or 
transformations lead to decreased point of zero 
charge (PZC). According to Reddy et al. [63] 
once all surface sites are occupied by P 
adsorption, the P begins to diffuse into the 
particle via absorption. The adsorption processes 
are temperature dependent, pH controlled and 
process rates decrease with time [62,64]. The Al 
and Fe oxides occur as amorphous Al and Fe in 
flooded soils and/or as crystalline terrestrial soils 
[65,66]. However, the amorphous oxides of Al 
and Fe often exhibit greater reactive surface 
areas than crystalline forms for P sorption 
[59,67]. This makes oxalate extractable Fe and 
Al tests useful in extraction of poorly crystalline 
oxyhydroxides of Fe and Al rather than the 
crystalline forms which are not associated with P 
sorption [68]. 
 
1.3.1.2 Precipitation 
 
Precipitation processes involve the removal of P 
from solution through the reaction of the P with Al 
(Equation vi), Fe and Ca cations to form new 
solid precipitates [13,60] 
 

Al3+ + PO4 
3- = AlPO4                                 (vi)  

 
Reactions with calcite surfaces involve initial 
adsorption of small amounts of P, which can be 
followed by precipitation of Ca-bound P [69]. 
Cations such as Na, K, and Mg can also affect P 
adsorption, as they can displace Ca, from the 
exchange complex thereby freeing up Ca to sorb 
P [69]. Precipitation of P as insoluble Ca-bound 
P (Equation vii) is the dominant transformation 
reaction in wetland soils and sediments at pH 
values greater than 7 [70,71].  
  

Ca2+ + HPO4 
2- = CaPO4                           (vii) 

 

1.4 Phosphate Adsorption Isotherms  
 
A phosphate adsorption isotherm is a graphical 
presentation for describing the adsorption of P 
by, or desorption of P from the soil solid phase 
as a function of the P equilibrium concentration in 
the soil solution at constant temperature and 
pressure [39,71,72]. According to [73,74] an 
isotherm from a plot of phosphate retained 
against different equilibrium P concentrations can 
be divided into three regions. The regions 
correspond to three distinct stages in soil - 
phosphate interactions. The first region 
corresponds to low phosphate addition, resulting 
in practically complete adsorption or a negligible 
fraction of the added phosphate remaining in the 

equilibrium solution; the adsorption isotherm 
rises steeply and remains close to the Y-axis. 
The second region is a strongly curved portion of 
the isotherm which is convex to the Y-axis and 
adsorption varies logarithmically with the 
equilibrium phosphate concentration. The third 
portion occurs at medium to high phosphate 
concentrations (precipitation), where, the 
adsorption varies linearly with the amounts of P 
in the equilibrium solution. At higher level of this 
region, the slope of the line is small and, for most 
soils, the isotherms tend to be more or less 
parallel to the X-axis.  
  
The adsorption reaction between phosphate and 
soils has been described mathematically using 
several adsorption equation models. They 
include: Langmuir equation [75,76], Freundlich 
equation [75,76], Temkin equation [38,79] and 
Elovich equation [73,80,81]. Among these 
equations, the Langmuir and Freundlich 
equations are the most commonly used to 
describe the relationship between equilibrium P 
and P sorbed by tropical soils [38,79]. Sorption 
parameters derived from these equations can 
predict the maximum P sorption capacity (Kmax) 
and the P adsorption energy and are, therefore, 
useful in the evaluation of soil fertility and other P 
management parameters [80] in relation to P. 
 
1.4.1 The Langmuir equation 
 
The Langmuir equation was developed by 
Langmuir in 1916 on the assumption that gas-
molecules are sorbed onto solid surfaces as a 
monolayer, with a constant and specific energy 
of adsorption. It was first used by Olsen and 
Watanabe [71] to describe phosphate adsorption 
in soils. In its linear form, the Langmuir equation 
can be written as shown in equation (viii below):  
 

C/X = 1/ Kb + C/b                                     (viii) 
 
where, C = equilibrium concentration of 
phosphate in solution (μg P/ml), X= mass of 
phosphate adsorbed (μg)/ mass of soil (g) K= 
adsorption maximum (μg P g-1 soil), b is a 
constant related to the binding energy of the soil. 
A plot of C/X against C should give a straight 
line, from which the adsorption maximum, K, the 
inverse of the slope and the constant b, can be 
calculated. The equation follows three principles, 
namely (i) the energy of adsorption is constant, 
hence uniform sites of adsorption and lack of 
interaction between adsorbed molecules for the 
gases but for soil ions; (ii) adsorption is on 
localized sites, which implies no translational 
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motion of adsorbed ions in the plane of the 
surfaces, and (iii) the maximum adsorption 
possible corresponds to a complete mono ionic 
layer [84]. 
 

The Langmuir equation was derived based on 
theoretical grounds and it contains parameters 
which have physico-chemical significance [71,81] 
representing the extensive (adsorption capacity) 
and intensive (affinity) properties of the 
adsorbent for the adsorbate [82]. However, 
deviations from the expected linearity 
(curvilinearity) have been reported at high 
phosphate additions [71]. This problem was 
resolved by assuming that the type of adsorption 
occurred at low equilibrium concentration where 
a mono ionic layer can be expected [71,83]. 
However, the development of a multi-surface 
Langmuir-type equation by [81,83] under higher 
equilibrium concentrations has somewhat 
overcome these deviations [85,86] used the two-
term Langmuir relationship to obtain improved fit 
and understanding of the P –adsorption and soil-
phosphate interaction. This has been considered 
appropriate for phosphate adsorption studies 
since P is retained in soils by surfaces with 
different affinities for phosphate. According to 
[81], the two-surface Langmuir equation gives 
meaningful estimates of phosphate adsorption 
capacity compared to the simple Langmuir 
equation. However, the only parameters 
considered in all the models are the equilibrium 
concentration "C" and the retained phosphate 
"X", either in the original form or in the modified 
form by taking into account the phosphate 
already adsorbed, as suggested by 
[71,87,88,89]. The multi-surface Langmuir 
equation model has the form shown in equation 
(ix): 
 

X= [K1b1P/ (1+b1P)] + [K2b2P/ (1+b2P)] + 
…. [KnbnP/ (1+bnP)]                                 (ix) 
 

where, X= mass of phosphate adsorbed (μg)/ 
mass of soil (g) K= adsorption maximum (μg P g-
1 soil), b is a constant related to the binding 
energy of the soil, P is the equilibrium gas 
pressure. 
 

1.4.2 The Freundlich equation 
 

Freundlich equation was the first model to be 
used in describing phosphate retention in soil 
[90,91]. Barrow [92] advocated that the 
adsorption data from dilute solution could be 
fitted to the Freundlich equation of the form 
(equation x):  
 

x/m = aCb                                                   (x) 

It was later modified to (equation xi): x/m = KfC 
(1/n)                                                                  (xi) 
 

Where, x/m is the amount of P adsorbed / sorbed 
(mg kg-1 soil), C is the concentration of P in soil 
solution at equilibrium (EPC) (mg L

-1
), Kf is the 

proportionality constant (mg kg
-1

), that is extent 
of sorption = antilog (Y-intercept). The constant 
Kf is also interpreted as the amount of sorbed P 
that would sustain a unit P concentration in 
equilibrium solution [79]. The 1/n is the slope of 
the curve when log(x/m) vs. logC is plotted; while 
“a” and “b” are constants which represent the 
intercept (P sorption maximum) and slope 
(bonding energy) of sorption isotherms, 
respectively [79]. The equation is normally used 
in its logarithmic form (equation xii):  
 

Log X = 1/n Log C + Log a                        (xii) 
 
hence, a plot of log X against log C should give a 
straight line.   
 
The equation was originally empirical, without 
any theoretical physico-chemical foundation and 
no significance could be attached to the 
adsorption coefficients [71,82,93]. This implied 
that the energy of adsorption decreased 
exponentially as the fraction of covered surface 
is increased (amount of adsorption) and because 
of this it has not been possible to compare 
quantitatively adsorption data for soils obtained 
from plots of the Freundlich equation because 
the equations were assumed to be empirical and 
treatments assumed to be theoretical [93]. 
However, some workers suggested that the 
intercept and slope of a linear Freundlich plot 
could be used to compare phosphate adsorption 
in soils, but it has a limitation in that it does not 
predict the maximum adsorption capacity [82,94]. 
Despite its limitations, the equation gives better 
fit to phosphate adsorption isotherms in most 
soils than the most widely used Langmuir 
equation and the more complex two-surface 
Langmuir equation [88,95]. 
 

1.4.3 The Temkin adsorption equation  
 

The derivation of the Temkin isotherm assumes 
that the reduction of the heat of sorption is linear 
rather than logarithmic, as implied in the 
Freundlich equation [96].  
 

According to Anghiononi et al. [97] the Temkin 
equation has generally been applied in the form 
(equation xiii): 
 

 X/m = a + B lnC                                       (xiii) 
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where X/m = mass of adsorbed P (μg g-1 soil), C 
= the equilibrium P concentration (µg ml

-1
), B- P-

buffering capacity (µg g-1 soil) and “a” = Temkin 
constant. A plot of X/m against ln C gives a 
straight line if the adsorption process fits the 
model. The values of “a” and B are obtained from 
the intercept (a) and the slope (B), respectively. 
 

1.5 Factors Affecting P Sorption by Soils  
 
Phosphorus sorption by soils is influenced by soil 
pH, ionic species in the soil solution, clay 
mineralogy, organic matter content, free iron and 
aluminium, soil calcium carbonate, temperature 
and time of equilibration (contact) among other 
factors [13,98,99,48,100]. 
  
1.5.1 Soil pH  
 
Soil pH has a profound effect on the amount and 
manner in which soluble phosphates become 
adsorbed. Phosphorus adsorption occurs at very 
low and very high soil pH. The dominant P ion 
species present in acid soils are H2PO4

-
 and 

PO4
3- in alkaline soils [51,101]. Adsorption of 

phosphorus by iron and aluminium oxides also 
declines with increasing pH [13,48,100] due to 
reduced solubility of Fe and Al ions. At lower pH, 
adsorption results from the reaction with iron and 
aluminium (reaction equation xiv) and their 
hydrous oxides while above pH 7.0, ions of 
calcium, and magnesium and their carbonates 
cause P precipitation (reaction equation xv) 
[13,48,102]. Gibbsite (Al (OH)3) adsorbs high 
amount of phosphate between pH 4 and 5 while 
adsorption by goethite (an-FeOOH) decreases 
steadily between pH 3  and 12 [173] This is 
because Al

3+
 is more dominant and soluble 

between pH 4 and 5 while Fe
3+

 is dominant and 
soluble at pH levels below 3. Therefore, 
maximum P availability is attainable in most soils 
at the pH range 6.0 to 6.5 [36].  
 
Al3+ + H2PO4

- + 2H2O ↔ 2H+ + Al (OH) 2H2PO4     (xiv) 

          (Soluble)                               (Insoluble) 
 
Ca (H2PO4)2 [Soluble] + 2Ca

2+
 ↔ Ca3 (PO4)2 

[Insoluble] + 4H+                                                                        (xv) 
 
1.5.2 Ionic strength and composition of the 

soil solution  
 

Both organic and inorganic anions in the soil 
solution compete with phosphate for adsorption 
sites to varying extents. This results in either 
adsorption of added phosphate or desorption of 
retained phosphate in conformity to the anion 

exchange mechanisms. Weakly held inorganic 
anions such as nitrate and chloride are of little 
significance, whereas specifically adsorbed 
anions like hydroxyl, sulphate and molybdate are 
competitive. The strength of bonding of the 
anions with the adsorption surface determines 
the competitive ability of that anion. For example, 
sulphate, even though considered to be a 
specifically adsorbed anion, is unable to desorb 
much phosphate [103] because of the affinity for 
colloidal surfaces. Additionally, divalent cations 
enhance P sorption more than monovalent 
cations [104]. For example, clays saturated with 
Ca

2+
 retain greater amounts of P than those 

saturated with monovalent cations like Na+  
[105]. 
 
1.5.3 Organic matter  
 
There are two principal mechanisms by which 
organic matter may affect the adsorption and 
hence availability of phosphorus in soils: (a) 
negatively charged organic matter adsorbs or 
complexes cations such as Al and Fe in acid 
soils and Ca in calcareous soils [13,106] and 
hence reduces their activities in solution and their 
role in P sorption and/or  precipitation or (b) 
presence of organic acids such as humic acid, 
fulvic acid and citric acid on the surface of 
(hydr)oxides could inhibit phosphate adsorption 
through site competition, electrostatic effects, 
and steric hindrance [107].  
 
According to [36,108], the existing correlation 
between phosphate and organic matter. This 
increase is attributed to the ability of humic 
molecules to adhere to sorbing surfaces and 
masking of fixation sites hence preventing them 
from interacting with phosphate ions in solution 
[13]. Organic acids produced by plant roots and 
microbial decay can also serve as organic anions 
which compete with P for positively charged 
sites. Other organic compounds can also entrap 
reactive Al and Fe in stable organic complexes 
called chelates hence their unavailability for 
reaction with phosphorus [13]. 
 
1.5.4 Clay mineralogy   
 

Numerous studies show that aluminosilicate clay 
minerals play an important role in P sorption by 
soils [77,109]. Generally, clay minerals 
possessing high anion exchange capacity have a 
high affinity for phosphate ions. The clay content 
of a soil also has great impact on phosphate 
adsorption. Soils containing large quantities of 
clay would adsorb more phosphate than those 
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with less clay content. Generally, the layer 
silicate clay minerals of the 1:1-type minerals 
(kaolinites) are made up of one tetrahedral 
(silica) sheet and one octahedral (alumina) 
sheet, while 2:1 type minerals (montmorillonite) 
are characterised by an octahedral sheet 
sandwiched between two tetrahedral sheets [13]. 
The 1.1 clays with low SiO2/R2O3 (sesquioxide) 
ratios have therefore higher phosphate 
adsorption capacity than 2.1 clays 
(montmorillonite) with high SiO2/R2O3 
(sesquioxide) ratios [13,36]. The high amount of 
P fixed by 1:1 clays is probably due to the higher 
amounts of hydrated oxides of iron and 
aluminium associated with kaolinitic clays [36]. 
Kaolinite has large number of exposed hydroxyl 
groups in the gibbsite layer that can be 
exchanged for P [36,110]. In addition, kaolinite 
develops pH dependent charges on its edges 
which can enter into adsorption reactions with P 
[110].  
 
1.5.5 Free iron and aluminium 
  
Oxides and hydroxides of Al and Fe play a 
significant role on P availability and sorption 
properties. According to [109,111] oxides of Fe 
and Al positively correlate with P adsorption 
maxima. The high value of P adsorption maxima 
in cases of soil containing high contents of 
oxides of Fe and Al might be due to formation of 
their respective metal phosphates [13,62]. The 
sorption of inorganic phosphate of soils with pH 
less than 7.0 is closely related to the amount of 
reactive Fe and Al compounds [112]. It has also 
been reported that about 1 cmol Al kg

-1
soil, when 

completely hydrolyzed, can sorb up to 102 mg P 
L

-1
 from the soil solution [114]. The amorphous 

hydrous metal oxides of Fe and Al have, 
however, been reported to sorb relatively greater 
amounts of P than their crystalline counterparts 
[113]. This is because the amorphous hydrous 
metal oxides have more exposed sites for 
reaction as compared to the crystalline metal 
oxides.  
 
1.5.6 Soil calcium carbonate  
 
Availability of P in soil solution in calcareous soils 
is dictated by both adsorption and precipitation 
mechanisms [114]. According to Cole and Olsen 
[115], solubility of P in calcite suspensions is 
controlled by a dicalcium phosphate solid phase. 
The initial attachment involves chemisorption of 
P onto dicalcium phosphate [116] followed by 
octacalcium phosphates which are of low energy 
[117]. The initial process is relatively rapid, 

followed by approximately a two - hour induction 
period, then precipitation [118]. Phosphorus 
sorption on all carbonates is, however, dictated 
by surface characteristics, especially surface 
area and zeta potential [115]. According to 
Woodruff and Kamprath [119] the possible 
reactions leading to P fixation in calcareous soils 
are: (a) Precipitation of relatively insoluble 
calcium phosphate such as octacalcium 
phosphate, hydroxyl apatite and carbonate 
apatite, favoured by high calcium activity and 
high pH. (b) Fixation of P by clays saturated with 
calcium. 
 
1.5.7 Effect of temperature 
 
Temperature affects the equilibrium between 
phosphate solution and adsorbed P and the rate 
of transfer from adsorbed, to firmly adsorbed 
phosphate [120]. High temperatures slightly 
increase the molar solubility of compounds such 
as apatite, hydroxyapatite, octacalcium 
phosphate, variscite and strengite. It may also 
stimulate biological activity which enables 
phosphate to be released from organic residues 
[95,122]. This can be attributed to increased 
mobility and rate of chemical reactions. 
 
1.5.8 Effect of time  
 
Phosphorus adsorption by soils and many soil 
components follows an initial fast reaction 
followed by a much slow reaction [62]. The 
adsorption reaction involving exchange of 
phosphate for anions and ligands on the surfaces 
of iron and aluminum oxides are extremely rapid 
[36,62]. The slower continuing adsorption 
reactions involve either a diffusive penetration or 
chemisorption of surface - adsorbed phosphorus 
into micropores or aggregates of soil particles 
[123] or precipitation of a phosphorus 
compounds for which the solubility product has 
been exceeded [124]. The slow reaction also 
involves a shift in the forms of phosphorus held 
at the surface from more loosely bound to more 
tightly bound forms, which may take months or 
years. 
 

1.6 Fate of P in Acid Soils 
 
In acidic soils, P can be adsorbed dominantly by 
Al/Fe oxides and hydroxides, such as gibbsite, 
hematite and goethite [125]. Phosphorus is first 
adsorbed on the surface of clay minerals and Fe 
or Al oxides by forming various complexes. The 
non - protonated and protonated bidentate 
surface complexes may coexist at pH 4 to 9, 
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while the protonated bidentate inner sphere 
complex is predominant under acidic soil 
conditions [126,127]. Clay minerals and Fe / Al 
oxides have large specific surface areas, which 
provide large numbers of adsorption sites. The 
adsorption of soil P can be enhanced with 
increasing ionic strength of the soil solution. 
Phosphorus may also be occluded in nanopores 
that frequently occur in Fe/Al oxides and thereby 
become unavailable to plants [127].  
 
As a result of adsorption, precipitation and / or 
conversion to organic forms, only 10-30% of the 
phosphate mineral fertilizer applied to soils can 
be recovered by the crop grown after fertilization 
[27,28]. The remaining P stays in the soil and 
may be used by crops in the subsequent years 
depending on the dynamic equilibrium between 
the adsorbed P level and P in the soil solution. 
Because of the low P solubility and desorption, 
only a small proportion of phosphate ions exists 
in the soil solution for plant uptake even under 
optimum fertilization. This makes P recovery 
from P fertilizer to be lower compared to other 
nutrient containing fertilizers [27].  
 

1.7 Strategies and Approaches to Manage 
Acid Soils 

 
Crop production in acid soils with Al toxicity and 
low soil available P can be improved by use of 
lime, fertilizers with a liming effect, organic 
materials, crop germplasms tolerant to Al toxicity 
and /or low soil available P, and modified tillage 
practices [128,129,130,131].  
 
1.7.1 Liming 
 

Liming modifies the physical, chemical and 
biological characteristics of soil through its direct 
effect on amelioration of soil acidity [132,133]. It 
also plays an indirect role of mobilization of plant 
nutrients, immobilization of toxic heavy metals 
and improvement of soil structure [134]. Physical 
amelioration of lime occurs through flocculation 
of colloid particles which leads to changes in 
surface potential and charge densities [135]. 
 

The chemical amelioration of lime entails 
reduction of chemical problems associated with 
soil acidity [135]. Use of agricultural lime 
containing Ca and /or Mg compounds such as 
CaCO3 and CaCO3.MgCO3 respectively to acid 
soils increase Ca

2+
 and /or Mg

2+
 ions in the soil 

solution. It also increases the soil pH, thereby 
reducing the activities / concentrations of Al3+ 
and Fe

3+
, H

+
, Mn

4+
 and Fe

3+
 ions in the soil 

solution. Aluminium in soils is bound in the form 
of Al-hydroxy compounds like AlOH2

+
 and 

Al(OH)2
+, which tend to polymerise to species 

such as Al6(OH)153+ [136]. As the pH increases, 
the surface becomes increasingly negative 
hence increasing electrostatic repulsion and 
decreasing electrostatic potential [137], thus 
reducing P sorption and increasing the 
concentration of HPO4

2-
 in the soil solution [133, 

148,149] leading to increased available P for 
plant uptake [130,132].  
 
In addition to neutralization of soil acidity, lime 
enhances root development, water and nutrient 
uptake, which are necessary for improved crop 
yields [133,139,140]. Studies conducted 
worldwide have shown that liming improves crop 
yields in acid soils. For example, [141] evaluated 
the potentials of some cement byproducts as 
liming materials for acid soils in Cameroon and 
found that they increased maize yields by 67.2%. 
Similarly, [142] observed that liming acid soils 
and the subsequent residual effects of lime 
significantly increased maize and beans yields. 
However, [143] reported that the efficiency of 
lime depends on soil type and level of acidity, 
hence the need to critically study the lime - soil 
components interactions. 
 
Several studies have shown that lime reduces Al 
toxicity, increases soil pH, Ca, Mg, uptake of N 
and P, thus improving crop productivity in 
Kenyan acid soils [130,132,145,146]. Nekesa et 
al. [147] reported increased soil pH and available 
P in western Kenya acid soils by agricultural lime 
containing 21% calcium oxide (CaO). In a four - 
year experiment, [130] reported increased soil 
pH, maize grain yield, P use efficiency and 
reduction in exchangeable Al

3+
 in acid soils of the 

highlands of Kenyan Rift Valley. Higher rates of 
lime (4 and 6 tonnes ha

-1
) increased and 

maintained higher soil pH, available P and grain 
yield compared to lower rates (2 tonnes ha

-1
). 

[148] also reported maize grain yield increase of 
0.77 to 6.18 tonnes ha-1 per tonne of applied 
lime.  
 
1.7.2 Application of organic soil amendments 
 
Use of organic amendments such as manure has 
been proposed as a good alternative to liming to 
reduce Al toxicity in acid soils [106,149]. The 
Organic materials (OMs) interact with P in soils in 
a variety of ways that potentially influences P 
sorption and release reactions. Direct and 
indirect mechanisms have been proposed for the 
increase of soil available P as a result of the 
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addition of OM [150]. It is hypothesized that 
organic acids produced during decomposition of 
crop residues prevent precipitation of phosphates 
by iron (Fe) and aluminium (Al) oxides out of the 
soil solution [151] and, as a result, P 
concentration in the equilibrium solution 
increases. Competition for P-sorption sites 
between P and the released organic acids as 
well as complexation of Fe and Al oxides/ 
hydroxides by organic acids have been 
suggested as the key factors controlling the 
reduction of soil P sorption capacity and 
increasing P availability [106,152]. Ch’ng et al. 
[149] further indicated that some organic 
amendments have affinity for Al and Fe which 
enables long term chelation of Al and Fe, instead 
of P, hence availing P for plant use.  
 

Many researchers have documented the effects 
of organic matter (OM) on soil acidity, Al toxicity 
and increase in soil available P in acid soils. In 
western Kenya, Opala et al. [145] demonstrated 
that Tithonia diversifolia (tithonia) green manure 
was effective in increasing maize yield due to its 
ability to reduce exchangeable Al in soils without 
necessarily increasing the soil pH. This was 
attributed to the ability of tithonia manure to form 
complexes with Al. However, in the same study, 
farmyard manure (FYM) increased the soil pH 
but it was less effective in decreasing the 
exchangeable Al

3+
 as compared to tithonia. It 

was, therefore, concluded that the ability of an 
organic material to reduce Al toxicity was related 
to its ability to complex the Al through organic 
acids produced during its decomposition. The 
tithonia green manure was, therefore, more 
effective because of its ability to release large 
quantities of organic acids like oxalic and tartaric 
acids, as compared to the well decomposed FYM 
which had lost most of the organic acids. [153] in 
Tanzania also reported large quantities of 
organic acids in soils treated with tithonia as 
compared to soils treated with FYM. Similary, on 
testing the effects of a range of organic materials 
of diverse composition commonly found on 
smallholder farms on maize dry matter 
production on two acid soils in Kericho, Kenya, 
[154] reported that manures of high quality 
increased maize dry matter yields above the 
control and were generally superior to lime 
applied alone or in combination with TSP. This 
confirmed earlier observations by Opala et al. 
[155] that some organic materials such as 
tithonia could substitute lime as an amendment 
for soil acidity.  
 

Apart from decreasing Al and Fe ions, soil 
organic matter can increase plant P uptake by 

decreasing bulk density and increasing porosity, 
thereby improving root growth and prorification 
hence exploration and effective nutrient uptake 
[156]. Organic P pool increases with increasing 
organic matter. Organic P compounds such as 
inositol phosphates, nucleic acids, and 
phospholipids present in organic matter can be 
decomposed, resulting in P mineralization, 
thereby increasing P availability and acting as a 
P source for subsequent crops.  
 
There are, however, some challenges in the use 
of OM to manage acid soils and replenish soil 
fertility. Plant P availability does not always 
increase following incorporation of plant residues 
[157]. This is because the magnitude of the effect 
of plant residues on soil P availability depends on 
the organic residues’ quality, especially the C: P 
ratio [158], as well as on the soil characteristics 
[159]. Due to their low P contents, large amounts 
of organic residues have to be applied, thus 
increasing labour costs [160,161]. Additionally, 
the cost incurred by use of nutrient - rich organic 
materials like tithonia, Calliandra, or maize stover 
cannot be offset by the subsequent crop yield 
increases [145,146,160,162]. 
 
1.7.3 Tillage 
 
Tillage practices can significantly influence the 
productivity and sustainability of modern farming 
systems. [163,164] argued that tillage practices 
could alter nutrient dynamics via three 
processes: (a) mixing nutrients through the soil 
matrix and altering their availability to crop (b) 
changing the soil physical environment and, (c) 
affecting soil biological activity. No till or 
minimum tillage systems allow the accumulation 
of organic materials on the surface, which supply 
energy, carbon skeletons and electrons for 
growth and development of microorganisms 
[128] hence increase in biomass and eventually 
microbial P. Accumulated Po in the undisturbed 
rhizosphere may also result in high microbial 
activity; hence build-up of more stable Po 
fractions [165]. Additionally, minimal soil 
disturbance may promote increased populations 
of microorganisms and plant roots, thereby 
increasing synthesis and exudation of 
phosphatase enzymes and leading to enhanced 
transformation of Po into plant - available Pi 
[166]. 
 
The effect of tillage practices on soil P dynamics 
within the soil profile has been explained 
differently by different authors. Rosolem et al. 
[166] attributed accumulation of P in the surface 
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soil under zero-tillage to lack of physical 
disturbance that mixes fertilizer P thoroughly 
within the plough layer. On the other hand, 
Bolland and Brennan [168] argued that tillage 
practices which mix the topsoil increase 
availability through mixing the previously applied 
P, and thus improving the effectiveness of P 
fertilizer for subsequent crops. There are, 
therefore, no consistent reports on the effect of 
tillage on the availability of soil P. 
 
Although incorporation of lime into soil 
ameliorates soil acidity, the lime applied in the 
surface soil layer has little impact on subsurface 
acidity. This is because vertical mobility of lime is 
limited to only about 13 mm per year on fine - 
textured soils, hence taking several years to 
reach a considerable depth [169]. Since soils 
with subsurface acidity require liming down to 30 
cm depth or deeper, thus, deep tillage to 
incorporate lime in the subsurface layers of acid 
soils may be appropriate in the alleviation of the 
subsurface acidity problem which, so far, has 
received little attention. 
 
1.7.4 Time and method of application of P-

fertilizers 
 
Efficient plant use of phosphorus from P - 
fertilizers is important from an economic view 
point and the conservation of the world’s 
phosphate resources. Phosphorus recovery from 
P fertilizer by crops can be improved through 
proper method of P fertilizer placement. In soils 
that have high P fixing capacities, band 
application enhances P recovery as compared to 
broadcasting [170]. Banding below the level of 
seed placement at the time of planting has the 
added advantage of placing the fertilizer in 
immediate contact with the emerging radical and 
seminal roots during seedling establishment 
[171]. This concentrates the P fertilizer in a small 
soil volume and saturates the P binding sites, 
lowering the buffering capacity of the soil, 
thereby increasing concentration of phosphate 
ions in the soil solution and furthering diffusion 
toward the root. Rudd and Barrow [172] reported 
that the combination of drilling in bands and 
application at sowing gives the best yield 
responses from single super phosphate (SSP) 
[Ca (H2PO4)2]. 
 
Although the timing application of P fertilizer may 
not influence P uptake and efficiency as much as 
it does with nitrogen fertilizer, the longer the 
phosphorus is in contact with soil, the greater the 
fixation that occurs. For annual crops, P 

application at planting time is important but top 
dressing is not usually effective. Unlike annual 
crops, top - dress application of P to perennial 
crops is very important. This is because annual 
crops will complete their life cycle without full 
utilization of the top - dressed P, unlike the 
perennial ones. 
 

2. CONCLUSION 
 

Phosphorus is an essential macro nutrient in the 
life of all living organisms. It plays vital direct role 
in metabolic activities such as energy generation, 
photosynthesis, and respiration, formation of 
nucleotides, germination and seed formation in 
plants among other functions. Despite its 
importance, availability for plant uptake by plants 
or living organisms within the soil is limited. The 
un availability of soil P for uptake is attributable 
to poor agronomic practices which leads to 
inherent nutrient mining without adequate 
replenishment, soil acidification, salinization 
among other practices. Presence of oxides and 
hydroxides of iron and Aluminium in acid soils 
adsorb P making it unavailable for uptake. 
Carbonates and bi carbonates of calcium on the 
other hand adsorb P in alkaline conditions 
rendering it unavailable. Phosphorus is also 
sorbed by some highly weathered and leached 
clay minerals hence becoming unavailable for 
uptake. This means that Phosphorus is only 
available for uptake at a defined narrow pH 
range. Management of soil P entails application 
of P rich fertilizers, organic matter that buffers 
soil pH change and also regulates soil physical, 
chemical and biological properties, liming, tillage 
practices as well as modification of other 
agronomic practices such as planting time and 
fertilizer application methods. 
 

COMPETING INTERESTS 
 

Author has declared that no competing interests 
exist. 
 

REFERENCES 
 

1. Georges A, Filip KG, Meng M, Jia HW, 
Sarah N. The evaluation of nuclear 
properties. Chinese Physics. 2017;41(3): 
1–138,  

2. Neufcourt L, Cao Y, Nazarewicz W, Olsen 
E, Viens F. Neutron drip line in the Ca 
region from Bayesian model averaging. 
Physical Review Letters. 2019;122:1-6 

3. Parkes GD. Mellor's Modern Inorganic 
Chemistry. Longman's Publishers. 1967; 
915. 



 
 
 
 

Muindi; IJPSS, 31(2): 1-18, 2019; Article no.IJPSS.52325 
 
 

 
12 

 

4. Brown S, Runquist. Refinement of the 
crystal structure of black phosphorus. Acta 
Crystallogr.1965;19(4):684.  

5. Simon A, Borrmann H, Horakh J. On the 
polymorphism of white phosphorus. Cem 
Berich.1997;130(9):1235-1240 

6. Thérèse M, Pouchot A, Durif A. Topics in 
Phosphate Chemistry. World Scientific. 
1996;3.  

7. Taylor SR, McClennan SM. The 
continental crust: Its composition and 
evolution. Blackwell Scientific, Oxford; 
1985. 

8. Okin GS, Mahowald NM, Chadwick OA, 
Artaxo P. Impact of desert dust on the 
biogeochemistry of phosphorus in 
terrestrial ecosystems. Global Biogeochem 
Cy. 2004;18:2001–2009. 

9. Porder S, Ramachandran S. The 
phosphorus concentration of common 
rocks — A potential driver of ecosystem P 
status. Plant soil. 2013;367(1-2):41-55.  

10. Wild A. Plant nutrients in soil: phosphate. 
In A. Wild (ed.). Russell's soil conditions 
and plant growth. John Wiley and Sons 
IIlc., New York; 1988. 

11. Srinivasan R, Yandigeri MS, Kashyap S, 
Alagawadi AR. Effect of salt on survival 
and P-solubilization potential of phosphate 
solubilizing microorganisms from salt 
affected soils. Saudi J. Biol. Sci. 2012;19: 
427–434 

12. Scervino JM, Papinutti VL, Godoy MS, 
Rodriguez JM, Monica ID, Recchi M, et al. 
Medium pH, carbon and nitrogen 
concentrations modulate the phosphate 
solubilization efficiency of Penicillium 
purpurogenum through organic acid 
production. J Appl Microb. 2011;110:1215- 
1223.  

13. Brady CN, Weil RR. The Nature and 
Properties of Soils, 14th Ed; Pearson 
Prentice Hall, New Jersey. 2008;975. 

14. Khan QU, Khan MJ, Rehman S, Ullah S. 
Comparison of different models for 
phosphate adsorption in saly inherent soil 
series of Dera Ismail Khan. Soil and 
Environment. 2010;29(1):11-14. 

15. Plaxton W, Lambers H. Phosphorus 
metabolism in plants. Annual Plant 
Reviews. 2015;48:1-480. 

16. Razaq M, Zhang P, Shen Hl, Salahuddin. 
Influence of nitrogen and phosphorus on 
the growth and root morphology of Acer 
mono. PLoS One. 2017;12:1–13. 

17. Xiang DB, Yong TW, Yang WY, Gong 
YWZ, Cui L, Lei T. Effect of phosphorus 

and potassium nutrition on growth and 
yield of soybean in relay strip intercropping 
system. Scientific Research and Essays. 
2012;7(3):342-351. 

18. Liu JZ, Li ZS, Li JY. Utilization of plant 
potentialities to enhance the bioefficiency 
of phosphorus in soil. Eco-agriculture 
Research.1994;2:16-23. 

19. Khan MS, Ahmad E, Zaidi A, Oves M. 
Functional aspect of phosphate-solubilizing 
bacteria: Importance in crop production. In: 
Bacteria in Agrobiology: Crop Productivity. 
Springer, Berlin. 2013;237-263.  

20. Hansen JC, Cade-Menun BJ, Strawn DG. 
Phosphorus speciation in manure-
amended alkaline soils. J Env Qual. 2004; 
33:1521-1527.  

21. Turner BL, Richardson AE, Mullney EJ. 
Inositol phosphates: Linking Agriculture 
and the Environment. CAB International, 
Wallingford. 2007;304. 

22. Campbell LB, Racz GJ. Organic and 
inorganic P content, movement and 
mineralization of P in soil beneath a 
feedlot. Can J Soil Sci.1975;55:457-466.  

23. Richardson AE. Soil microorganisms and 
phosphorus availability. Soil Biota. 1994;8: 
50-62.  

24. Stutter ML, Shand CA, George TS, 
Blackwell MSA, Bol R, MacKay RL, 
Richardson AE, Condron LM. Recovering 
phosphorus from soil - A root solution? 
Environ Sc Techn. 2012;46:1977-1978.   

25. Cunha GM, Gama-rodrigues AC, Costa 
GS, Velloso ACX. Organic phosphorus in 
soils under montane forests, pastures and 
eucalyptus in the North Fluminense. J Soil 
Sc. 2007;31:667-671. 

26. Zaia FC, Gama-rodrigues AC, Gama-
rodrigues EF. Phosphorus forms in soils 
under forest legumes, secondary forest 
and pastures in North Fluminense. J Soil 
Sc. 2008;32:1191-1197. 

27. Holford ICR. Soil phosphorus: Its 
measurements and its uptake by plants. 
Australian J Soil Res.1997;35:227-239.  

28. Syers JK, Johnston AE, Curtin D. 
Efficiency of soil and fertilizer phosphorus: 
reconciling changing concepts of soil 
phosphorus behaviour with agronomic 
information. FAO Fertilizer and Plant 
Nutrition Bulletin, FAO, Rome. 2008;               
108. 

29. Condron LM, Turner BL, Cade-Menun B. 
Chemistry and dynamics of organic 
phosphorus. In: Phosphorus: Agriculture 
and the environment. (Edited by Sims JT, 



 
 
 
 

Muindi; IJPSS, 31(2): 1-18, 2019; Article no.IJPSS.52325 
 
 

 
13 

 

Sharpley AN) American Society of 
Agronomy, Madison. 2005;87-121. 

30. Nash DM, Haygarth PM, Turner BL, 
Condron LM, McDowell RW, Richardson 
AE, Watkins M, Heaven MW. Using 
organic phosphorus to sustain pasture 
productivity: A perspective. Geoderma. 
2014;221-222:11-19.  

31. George TS, Turner BL, Gregory PJ, Cade-
Menum BJ, Richardson AE. Depletion of 
organic phosphorus from oxisols in relation 
to phosphatase activities in the 
rhizosphere. Europ J Soil Sc. 2006;57:47-
57.  

32. Rita JCO, Rodrigues ACG, Rodrigues 
EFG, Zaia FC, Nunes DAD. Mineralization 
of organic phosphorus in soil size fractions 
under different vegetation covers in the 
north of Rio de Janeiro. Brasileiira Science 
Magazine. 2013;37(5):1207-1215. 

33. McGill WB, Cole CV. Comparative aspects 
of cycling of organic C, N, S and P through 
soil organic matter. Geoderma. 1981;26: 
267-286. 

34. Olibone D, Rosolem CA. Phosphate 
fertilization and phosphorus forms in an 
Oxisol under no-till. Scientia Agricola. 
2010;67:465-471. 

35. Duputel M, Devau N, Brossard M, Jaillard 
B, Hinsinger P, Gérard F. Citrate 
adsorption can decrease soluble 
phosphate concentration in soils: Results 
of theoretical modeling. Appl Geochem. 
2013;35:120-131. 

36. Tisdale SL, Nelson WL, Beaton JD. Soil 
and fertilizer phosphorus. In: Soil Fertility 
and Fertilizers. Macmillan Publishing 
Company, New York. 1985;189-248. 

37. Shen J, Yuan L, Zhang J, Li H, Bai Z, 
Chen X, Zhang W, Zhang F. Phosphorus 
dynamics: From soil to plant. Plant Physio. 
2011;156(3):997-1005. 

38. Kruse J, Abraham M, Amelung W, Baum 
C, Bol R, Kuhn O, Lewandowski H, 
Niederberger J, Oelmann Y, Ruger C, 
Santner J, Siebers M, Siebers N, Spohn M, 
Vestergren J, Vogts A, Leinweber P. 
Innovative methods in soil phosphorus 
research: A review. J Plant Nutrit Soil Sci. 
2015;178(1):43-88. 

39. Shipp ILF, Matelski RP. A microscopic 
determination of apatite and a study of 
phosphorus in some Nebraska soil profiles. 
Soil Sci Soc Amer Proc. 1960;24:450- 452.  

40. Hagin J, Tucker B. Fertilization of dryland 
and irrigated soils. Advanced Series in 
Agricultural Sciences. Springer Science 

and Business Media, Newyork. 2012;12 
190.   

41. Webber MD, Mattingly GEG. Inorganic soil 
phosphorus. In: Changes in monocalcium 
phosphate potentials on cropping. J Soil 
Sci. 1970;21:111-120. 

42. Baifan J, Yichu G. A suggested 
fractionation scheme of inorganic 
phosphorus in calcareous soils. Fert Res. 
1989;20:159-165.  

43. Syers JD, Evans TD, Williams H. 
Phosphate sorption parameters of 
representative soils from Rio Grande do 
Sul, Brazil. Soil Sci. 1972;112:267-275.   

44. Hooker ML, Peterson GA, Sander DH, 
Daigger LA. Phosphate fractions in 
calcareous soils as altered by time and 
amounts of added phosphate. Soil Sci Soc 
Amer J. 1980;44:269-277. 

45. Oelkers EH, Valsami-Jones E. Phosphate 
mineral reactivity and global sustainability. 
Elements. 2008;4(2):83-87.  

46. Taylor AW, Gurley EL. Solubility of 
variscite. Soil Sci. 1964;98:9-13.  

47. Chakravarti SN, Talibudeen O. Phosphate 
equilibria in acid soils. J Soil Sci. 1962;13 
(2):231-240. 

48. Fageria NK. The use of nutrients in crop 
plants. CRC Press. New York. 2008;             
448. 

49. Wood CW. Agricultural phosphorus and 
water quality: An overview. In: Soil testing 
for phosphorus - Environmental uses and 
implications. University of Wisconsin, 
Madison. 1998;5-12. 

50. Mengel K, Kirkby EA, Kosegarten H, Appel 
T. Iron, In: Principles of Plant Nutrition. 
Kluwer Academic Publishers, Dordrecht, 
The Netherlands. 2001;553-571.  

51. Shinjiro S. Phosphorus sorption and 
desorption in a Brazilian Ultisol: Effects of 
pH and organic anions on phosphorus 
bioavailability. University of Florida. 2003; 
1-11.  

52. Pierzynski GM, McDowell RW, Sims JT. 
Chemistry, cycling and potential movement 
of inorganic phosphorus in soils. In: 
Phosphorus: Agriculture and the 
Environment. Amer Soc Agron, Madison. 
2005;53-86.  

53. Hinsinger P. Bioavailability of soil inorganic 
P in the rhizosphere as affected by root-
induced chemical changes: A review. Plant 
and Soil. 2001;237:173-195. 

54. Black CA. Soil fertility evaluation and 
control. Lewis Publishers, Boca Raton, 
Florida, USA.1993;155-452.  



 
 
 
 

Muindi; IJPSS, 31(2): 1-18, 2019; Article no.IJPSS.52325 
 
 

 
14 

 

55. Novais RF, Smyth TJ. Phosphorus in soil 
and plant conditions in tropics. Vicosa, 
Brazil. 1999;1-37. 

56. Rheinheimer DS, Anghinoni I. Distribution 
of inorganic phosphorus in soil 
management systems. Brazil Agric Res. 
2001;36:151-160.  

57. Schefe CR, Patti AF, Clune TS, Jackson 
WR. Soil amendments modify phosphate 
sorption in an acid soil: The importance of 
P source. Austr J Soil Res. 2007;45(4): 
246-254.  

58. Sample EC, Soper RJ, Racz GJ. 
Reactions of phosphate fertilizers in soils. 
In: The role of phosphorus in agriculture. 
ASA and SSSA, Madison. 1980;263-310.  

59. Devau N, Le Cadre E, Hinsinger P, Gerard 
F. A mechanistic model for understanding 
root-induced chemical changes controlling 
phosphorus availability. Annals of Botany. 
2010;105:1183-1197.   

60. Rhue RD, Harris RG. Phosphorus sorption 
/desorption reactions in soils and 
sediments. In: Phosphorus 
biogeochemistry in subtropical 
ecosystems. (Edited by Reddy, K.R., 
O’Connor GA, Schleske CL.). Lewis 
Publishers, Boca Raton. 1999;187-206. 

61. Sims JT, Pierzynski GM. Chemistry of 
phosphorus in soils. In: Chemical 
processes in soils. (Edited by Dick, W. A., 
Tabatabai MA, Sparks DL). Soil Sci Soc  
Amer, Wisconsin. 2005;151-192. 

62. Wang X, Liu F, Tan W, Li W, Feng X, 
Sparks DL. Characteristics of phosphate 
adsorption onto ferrihydrite: Comparison 
with well-christalline Fe (Hydr) oxides. Soil 
Sci. 2013;178(1):1-11. 

63. Reddy KR, Kadlec RH, Flaig E, Gale PM.  
Phosphorus retention in streams and 
wetlands: A review. Environ Sci Techn. 
1999;29:83-146.  

64. Barrow NJ. Modeling the effects of pH on 
phosphate sorption by soils. 1984; J Soil 
Sci 35: 283-297. 

65. Sah RN, Mikkelsen DS, Hafez AA. 
Phosphorus behaviour in flooded drained 
soils: Iron transformation and phosphorus 
sorption. Soil Sci Soc Amer J. 1989;53: 
1723-1729. 

66. Freese D, van der Zee SEATM, van 
Riemsdijk WH. Comparison of different 
models for phosphate sorption as a 
function of the iron and aluminium oxides 
of soils. J Soil Sci. 1992;43:729-738. 

67. McKeague JA, Day JH. Dithionite and 
oxalate extractable Fe and Al as aids in 

differentiating various classes of soils. 
Canad J Soil Sci. 1966;46:13-22. 

68. Rayment GE, Lyons DJ. Soil chemical 
methods-Australasia. CSIRO Publishers, 
Collingwood. 2011;482. 

69. Cole C.V, Olsen SR, Scott CO. The nature 
of phosphate sorption by calcium 
carbonate. Soil Sci Soc Amer Proc. 
1953;17:352-356. 

70. Roborage WP, Corey RB. Adsorption of 
phosphate by hydroxyaluminium species 
on a cation exchange resin. Soil Sci Soc 
Amer Journ. 1976;43:481-487. 

71. Olsen SR, Watanabe FS. A method to 
determine a phosphorus adsorption 
maximum of soils as measured by the 
Langmuir isotherm. 1957; Soil Sci Soc 
Amer Proc. 1957;21:144-149. 

72. Ahmed F, Afsar MZ, Islam MS, Kashem 
MA. Phosphate sorption potential of some 
acid soils of Bangladesh as tested by 
Freundlich and Tempkin equation. Intern J 
Advanc Res Biol Sci. 2015;2(1):                     
16-23. 

73. Bache BW. Aluminium and iron phosphate 
studies relating to soils II. Reactions 
between phosphate and hydrous oxides. J 
Soil Sci. 1964;15:111-116. 

74. Olsen SR, Khasawneh FE. Use and 
limitations physical-chemical criteria for 
assessing the status of phosphorus in 
soils. In: The role of phosphorus in 
agriculture. Soil Sci Soc Amer Madison. 
1980;361-410. 

75. Bolster CH, Hornberger GM. On the use of 
linearized Langmuir equations. Soil Sci 
Soc Amer J. 2007;71(6):1796-1806. 

76. Jiao Y, Hendershot WH, Whalen JK. 
Modeling phosphate adsorption by 
agricultural and natural soils. Soil Sci Soc 
Amer J. 2008;72:1078-1084. 

77. Fox RL, Kamprath EG. Phosphate sorption 
isotherms for evaluating the phosphate 
requirements of soils. Soil Sci Soc of Amer 
Proc. 1970;34:902-907.   

78. Dimirkou A, Ioannou A. Kinetics of 
phosphate sorption by goethite-and 
bentonite-goethite (b-g) system. Comm 
Soil Sci Plant Analy. 1998;29:2119-2134. 

79. Hussain A, Ghafoor A, Anwar-Ul-Haq M, 
Muhammad N. Application of the Langmuir 
and adsorption phenomenon in saline-
sodic soils. Intern J Agric & Biol. 2003;3: 
349-356.  

80. Henry PC, Smith MFA. Single point 
sorption test for the routine determination 
of the phosphorus requirement of low to 



 
 
 
 

Muindi; IJPSS, 31(2): 1-18, 2019; Article no.IJPSS.52325 
 
 

 
15 

 

moderate P-fixing soils. South Afri J Plant 
and Soil. 2003;20:132-140. 

81. Holford ICR, Wedderburn NWM, Mattingly 
GEG. A Langmuir two surface equation as 
a model for phosphate adsorption by soils. 
J Soil Sci. 1974;25:242-255. 

82. Holford ICR. The comparative significance 
and utility of the Freundlich and Langmuir 
parameters for characterizing sorption and 
plant availability of phosphate in soils. 
Austr J Soil Res. 1982;20:233-242.  

83. Rennie DA, McKercher RB. Adsorption of 
phosphorus by four Saskatchewan soils. 
Canad J Soil Sci. 1959;39:64-75. 

84. Goldber SR. Equation and models 
describing adsorption processes in soils. 
In: Chemical Processes in Soils. (Edited by 
Tabatabai MA and Sparks DL.). Soil Sci 
Soc Amer. 2005;489–517. 

85. Rajan SSS, Fox RL. Phosphate adsorption 
by soils: II. Reactions in tropical acid soils. 
Soil Sci Soc Amer Proc. 1975;39(5):846-
851. 

86. Ryden JC, Syers JK. Rationalization of 
ionic strength and cation effects on 
phosphate sorption by soils. J Soil Sci. 
1975;26:395-406.  

87. Bache BW, Williams EG. A phosphate 
sorption index for soils. J Soil Sci. 1971;22: 
289-301.  

88. Fitter AH, Sutton CD. The use of the 
Freundlich isotherm for soil phosphate 
sorption data. 1975; J Soil Sci. 1975;26: 
241-246.  

89. Mendoza RE, Canduci A, Aprile C. 
Phosphate release from fertilized soils and 
its effect on the changes of phosphate 
concentrations in soil solution. Fertilizer 
Research. 1990;23:165-172. 

90. Russel EJ, Prescott JA. The reaction 
between dilute acid and the phosphorus 
compound of the soil. The Journal Agric 
Sc. 1916;8:65-110. 

91. Siebers N, Leinweber P. Bone char: a 
clean and renewable phosphorus fertilizer 
with cadmium immobilization capacity. J 
Environ Qual. 2012;42:1-7. 

92. Barrow NJ. The description of phosphate 
adsorption curves. J Soil Sci. 1978;29:447-
462. 

93. Arshad M, Rahmatullah MA, Yousaf M. 
Soil properties related to phosphorus 
sorption as described by modified 
Freundlich equation in some soils. Intern J 
Agric & Biol. 2000;2:290-292.  

94. Kuo S, Lotse EG. Kinetics of phosphate 
adsorption and desorption by hematite and 
gibbsite. Soil Science. 1974;116:400-406. 

95. Niang AI, Amadalo BA, de Wolf J, 
Gathumbi DM. Specials screening for short 
term planted fallows in the highlands of 
Western Kenya. Agroforestry Systems. 
2002;56:145-154. 

96. Aharoni C, Ungarish M. Kinetics of 
activated chemisorptions. Part 2. 
Theoratical models. J Chem Soc Faraday 
Transactions. 1977;73:456-464. 

97. Anghiononi I, Baligar VC, Wright RJ. 
Phosphate sorption isotherm 
characteristics and availability parameters 
of Appalachian acidic soils. Commun Soil 
Sci and Plant Analy. 1996;27:2033-2048.  

98. Wandruszka R. Phosphorus retention in 
calcareous soils and the effect of organic 
matter on its mobility. Geochemistry 
Transactions. 2006;7(6):1-8. 

99. Ahmed MF, Kennedy IR, Choudary ATMA, 
Kecskes ML, Deaker R. Phosphorus 
adsorption in some Australian soils and 
influence of bacteria on the desorption of 
phosphorus. Commun Soil Sci & Plant 
Analy. 2008;39:1269-1294. 

100. Muindi EM, Mrema JP, Semu E, Mtakwa 
PW, Gachene CK, Njogu MK. Lime-
Aluminium-Phosphorus interactions in the 
Kenya Highlands. Amer Journal Exper 
Agric. 2015;9(4):1-10. 

101. Reddy KR, DeLaune. Biogeochemistry of 
wetlands: Science and applications. CRC 
Press. 2008;800. 

102. Ioannou A, Dimirkou A, Doula M. 
Phosphate sorption by calcium-bentonite 
as described by commonly used 
isotherms. Commun Soil Sci & Plant Analy. 
1994;25:2299-2312.  

103. Zhang GY, Zhang XN, Yu TR. Adsorption 
of sulphate and fluoride by variable charge 
soils. J Soil Sci. 1987;38:29-38. 

104. Lauchli A Bieleski RL. Inorganic plant 
nutrition. Springer Science and Business 
Media, NewYork. 2012;450.  

105. Moshi AO, Wild A, Greenland DG. Effects 
of organic matter on the charge and 
phosphate absorption characteristics of 
Kikuyu red clay from Kenya. Geoderma. 
1974;11:275-285. 

106. Haynes RJ, Mokolobate MS. Amelioration 
of Al toxicity and P deficiency in acid soils 
by addition of organic residues: A critical 
review of the phenomenon and the 
mechanisms involved. Nutr Cycl 
Agroecosy. 2001;59(1):47-63. 



 
 
 
 

Muindi; IJPSS, 31(2): 1-18, 2019; Article no.IJPSS.52325 
 
 

 
16 

 

107. Borggaard OK, Raben-Lange B, Gimsing 
AL, Strobel BW. Influence of humic 
substances on phosphate adsorption by 
aluminium and iron oxides. Geoderma. 
2005;127:270-279. 

108. Fink JR, Inda AV, Bayer C, Torrent J, 
Barron V. Mineralogy and phosphorus 
adsorption in soils of south and central-
west Brazil under conventional and no-
tillage systems. Acta Scientiarum 
Agronomy. 2014;36(3):379-387.  

109. Hadgu F, Gebrekidan H, Kibret K, Yitaferu 
B. Study of phosphorus adsorption and its 
relationship with soil properties, analyzed 
with Langmuir and Freundlich models. 
Agric For Fish. 2014;3(1):40-51. 

110. Haynes RJ. Soil acidification induced by 
leguminous crops. Grass and Forage 
Research. 1983;38:1-11. 

111. Mnthambala F, Maida JHA, Lowole MW, 
Kabambe VH. Phosphorus sorption and 
external phosphorus requirements of 
ultisols and oxisols in Malawi. J Soil Sc 
Env Mang. 2015;6(3):35-41. 

112. Syers JK, Browman GW, Corey RB. 
Phosphate sorption by soils evaluated by 
the Langmuir adsorption equation. Soil Sci 
Soc Am Proc. 1977;37:358-363. 

113. McLaughlin JR, Ryden JC, Syers JK. 
Sorption of inorganic phosphate by iron 
and aluminum-containing components. J 
Soil Sci. 1981;32:365-377.  

114. Tisdale SL, Nelson WL, Beaton JD. 
Elements required in plant nutrition. In: Soil 
Fertility and Fertilizers. 4th Ed. Maxwell 
McMillan Publishing, Singapore. 1990;52-
92.  

115. Cole CV, Olsen SR. Phosphorus solubility 
in calcareous soils: II. Effects of 
exchangeable phosphorus and soil texture 
on phosphorus solubility. Soil Science 
Society of America Proceedings. 1959;23: 
116-118. 

116. Avnimelech Y. Calcium-carbonate-
phosphate surface complex in calcareous 
systems. Nature. 1980;288:255-257. 

117. Holford ICR, Mattingly GEG. Phosphate 
sorption by Jurassic oolitic limestones. 
Geoderma. 1975;13:257-264.  

118. Amer F, Mamoud AA, Sabet V. Zeta 
potential and surface area of calcium 
carbonate as related to phosphate 
sorption. Soil Sci Society Amer J. 1985;49: 
1137-1142. 

119. Woodruff JR, Kamprath EJ. Phosphorus 
adsorption maximum as measured by the 
Langmuir isotherm and its relationship to 

phosphorus availability. Soil Sci Soc Amer 
Proc. 1965;29:148-151. 

120. Barrow NJ. The description of desorption 
of phosphate from soil. J Soil Sci. 2006;30 
(2):259-270.  

121. Ahmed MF, Kennedy IR, Choudary ATMA, 
Kecskes ML, Deaker R. Phosphorus 
adsorption in some Australian soils and 
influence of bacteria on the desorption of 
phosphorus. Commun Soil Sci & Plant 
Analy. 2008;39:1269-1294. 

122. White RE, Taylor AW. Reactions of soluble 
phosphate with acid soils: The 
interpretation of adsorption-desorption 
isotherms. J Soil Sci. 1977;28:314-328.   

123. Nilsson N, Lovgren L, Sjoberg S. 
Phosphate complexation at the surface of 
goethite. Chemical Speciation and 
Bioavailability. 1992;4:121-130. 

124. Veith JA, Sposito G. Reactions of 
alumuiono silicates, aluminium hydrous 
oxides, and aluminium oxide with o-
phosphate: The formation of X-ray 
amorphous analogs of variscite and 
montebrasite. Soil Sci Soc Amer. J. 1977; 
41:870-876.  

125. Parfitt RL. Phosphate reactions with 
natural allophone, ferrihydrite and goethite. 
J Soil Sci. 1989;40:359-369. 

126. Luengo C, Brigante M, Antelo J, Avena M. 
Kinetics of phosphate adsorption on 
goethite: Comparing batch adsorption and 
ATR-IR measurements. J Coll Interf Sci. 
2006;300:511-518. 

127. Arai Y, Sparks DL. Phosphate reaction 
dynamics in soils and soil minerals: A 
multiscale approach. Advances in 
Agronomy. 2007;94:135-179  

128. Pavinato PS, Merlin A, Rosolem CA. 
Phosphorus fractions in Brazilian Cerrado 
soils as affected by tillage. Soil and Till 
Res. 2009;105:149-155.   

129. Opala PA. Comparative effects of lime and 
organic materials on selected soil chemical 
properties and nutrient uptake by maize in 
acid soils. Arch Appl Sci Res. 2011;3(1): 
96-107 

130. Kisinyo PO Constraints of soil acidity and 
nutrient depletion on maize (Zea mays L.) 
production in Kenya. PhD thesis, Moi 
University, Kenya. 2011;3-95.   

131. Ouma E, Ligeyo D, Matonyei T, Agalo J, 
Were B, Too E, et al. Enhancing                
maize grain yield in acid soils of western 
Kenya using aluminium tolerant 
germplasm. J Agric Sci Techn. 2013;3:           
33-46. 



 
 
 
 

Muindi; IJPSS, 31(2): 1-18, 2019; Article no.IJPSS.52325 
 
 

 
17 

 

132. Kanyanjua SM, Ireri L, Wambua S, 
Nandwa SM. Acid soils in Kenya: 
Constraints and remedial options. KARI 
Technical Note. 2002;11:24.  

133. The C, Calba H, Zonkeng C, Ngonkeu 
ELM, Adetimirin VO. Response of maize 
grain yield to changes in acid soil 
characteristics after soil amendment. Plant 
Soil. 2006;284:45-57. 

134. Haynes RJ, Naidu R. Influence of lime, 
fertilizer and manure applications on soil 
organic matter content and soil physical 
conditions: A Review. Nutrient Cycling in 
Agroecosystems. 1998;51:123-137. 

135. Bolan NS, Adriano DC, Curtin D. Soil 
acidification and liming interactions with 
nutrient and heavy metal transformation 
and bioavailability. Adv Agron. 2003;78: 
215-272. 

136. Hsu PH, Rich CI. Aluminium fixation in a 
synthetic cation exchanger. Soil Sci Soc 
Amer Proc. 1960;24:21-25.  

137. Haynes RJ. Effects of liming on phosphate 
availability in acid soils. Plant and Soil. 
1982;68(3):289-308. 

138. Kamprath EJ. Crop responses to lime on 
soils in the tropics. In: Soil Acidity and 
Liming. (Editor Adams, F.), Amer Soc 
Agron, Madison. 1984;349-368. 

139. Muindi EM, Mrema JP, Semu E, Mtakwa 
PW, Gachene CK, Njogu MK. Effects of 
Lime-Aluminium-Phosphorus interactions 
on maize growth in acid soils. Amer J. 
Agric & For. 2015;3(6):244-252.  

140. Van Straaten P. Agro geology: the use of 
rocks for crops. Enviroquest ltd, 
Cambridge, Ontario. 2007;440.  

141. Raij B, Quggio JA. Plant - Soil Interactions 
at Low pH. (Edited by Miniz AC, et al.) 
Brasill Soil Sci Soc, Campinas. 1997;205-
214. 

142. Ngane EB, Tening AS, Ehabe EE, 
Tchuenteu F. Potentials of some cement 
by- products for liming of an acid soil in the 
humid zone of South- Western Cameroon. 
Agric Biol J Northern Amer. 2012;3(8):326-
331. 

143. Kabambe VH, Chilimba ADC, Ngwira A, 
Mbawe M, Kambauwa G, Mapfumo P. 
Using innovation platforms to scale out soil 
acidity-ameliorating technologies in Dedza 
district in central Malawi. Afric J Biotechn. 
2011;11(3):561-569. 

144. Kisinyo PO, Othieno CO, Gudu SO, 
Okalebo JR, Opala PA., Maghanga JK, et 
al. Phosphorus sorption and lime 
requirements of maize growing acid soils 

of Kenya. Sust Agric Res. 2013;2(2):116-
123.  

145. Opala PA, Okalebo EJR, Othieno ECO, 
Kisinyo EP. Effect of organic and inorganic 
phosphorus sources on maize yields in an 
acid soil in western Kenya. Nutrient 
Cycling in Agroecosystems. 2010a;86:317-
329. 

146. Opala PA, Othieno CO, Okalebo JR, 
Kisinyo P. Effects of combining                
organic materials with inorganic 
phosphorus sources on maize yield and 
financial benefits in western Kenya. 
Experimental Agriculture. 2010b;46:             
23-34 

147. Nekesa P, Maritim HK, Okalebo JR, 
Woomer PL. Economic analysis of maize-
bean production using a soil fertility 
replenishment product (PREP-PAC) in 
Western Kenya. Afric Crop Sci J. 1999;7 
(4):423-432. 

148. Gudu SO, Okalebo JR, Othieno CO, Obura 
PA, Ligeyo DO, Schulze D, Johnson C. 
Response of five maize genotypes to 
nitrogen, phosphorous and lime on acid 
soils of western Kenya. African Crop 
Science Conference Proceedings. 2005;7: 
1109-1115.  

149. Ch’ng HY, Ahmed OH, Majid NM. 
Improving phosphorus availability in an 
acid soil using organic amendments 
produced from agroindustrial wastes. The 
Sci World J. 2014;1-6.  

150. Guppy CN, Menzies NW, Moody PW, 
Blamey FPC. Competitive sorption 
reactions between phosphorus and organic 
matter in soil: A review. Austr J Soil Res. 
2005;43:189-202.  

151. LeMare PH, Pereira J, Goedert WJ. Effects 
of green manure on isotopically 
exchangeable phosphate in dark-red 
latosol in Brazil. J Soil Sci. 1987;38:199-
209. 

152. Tang Y, Zhang H, Schroder JL, Payton 
ME, Zhou D. Animal manure reduces 
aluminium toxicity in acid soil. Sci Soc 
Amer J. 2007;71:1699-1707. 

153. Ikerra ST, Semu E, Mrema JP. Combining 
Tithonia diversifolia and Minjingu 
phosphate rock for improvement of P 
availability and maize grain yields on a 
chromic acrisol in Morogoro, Tanzania. 
2006; Nutrient Cycling in Agroecosystems 
76:249-260. 

154. Opala PA, Nyambati RO, Kisinyo PO. 
Response of maize to organic and 
inorganic sources of nutrients in acid soils 



 
 
 
 

Muindi; IJPSS, 31(2): 1-18, 2019; Article no.IJPSS.52325 
 
 

 
18 

 

of Kericho County, Kenya. Amer J exper 
Agric. 2014;4(6):713-723. 

155. Opala PA, Okalebo JR, Othieno CO. 
Comparison of effects of phosphorus 
sources on soil acidity, available 
phosphorus and maize yields at two sites 
in western Kenya. Arch Agron Soil Sci. 
2013;59(3):327-339. 

156. Nelson NO. Janke RR. Phosphorus 
sources and management in organic 
production systems. Horticultural 
Technology. 2007;17(4):442-454. 

157. Somado EA, Kuehne RF, Sahrawat KL, 
Becker M. Application of low phosphorus-
containing legume residues reduces 
extractable phosphorus in a tropical Ultisol. 
J Plant Nutrit Soil Sci. 2007;170: 205-209. 

158. Zaharah AR, Bah AR. Effect of green 
manures on P solubilization and uptake 
from phosphate rocks. Nutrient Cycling in 
Agroecosystems. 1997;48:247-255. 

159. Nwoke OC, Vanlauwe B, Diels J, Sanginga 
N, Osonubi O. Impact of residue 
characteristics on phosphorus availability 
in West African moist savanna soils. Biol 
Fert Soils. 2004;39:422-428. 

160. Jama B, Swinkels RA, Buresh RJ. 
Agronomic and economic evaluation of 
organic and inorganic sources of 
phosphorus in Western Kenya. 1997; 
Agron J 89:597-604.  

161. Kisinyo PO, Othieno CO, Okalebo JR, 
Opala PA, Osiyo RJ, Kipsat M, Serem A, 
Maghanga JK. Combined use of organic 
and inorganic fertilizers to replenish 
nitrogen and phosphorus in smallholder 
farmers in tropical Africa. In: Proceedings 
of the 23rd Soil Science Society of East 
Africa. Masaka, Uganda. 2006;17-21. 

162. Nyambati RO, Opala PA. The effect of 
Minjingu phosphate rock and triple 
superphosphate on soil phosphorus 
fractions and maize yield in Western 
Kenya. Soil Science. 2014;8-15. 

163. Robson AD, Taylor AC. The effect of tillage 
on chemical fertility of soil. In: Tillage: New 

directions in agriculture. (Edited by Cornish 
PS, Pratley JE). Inkata Press, Melbourne. 
1997;284-307.  

164. Li H, Gao H, Wu H, Li W, Wang X, He J. 
Effects of 15 years of conservation tillage 
on soil structure and productivity of wheat 
cultivation in northern China. Austr J Soil 
Res. 2007;45:344-350.  

165. Kamh M, Horst WJ, Amer F, Mostafa H, 
Maier P. Mobilization of soil and fertilizer 
phosphate by cover crops. Plant and Soil. 
1999;211:19-27.  

166. Rosolem CA, Merlin A, Bull JCL. Soil 
phosphorus dynamics as affected by 
Congo grass and P fertilizer. Scientia 
Agricola. 2014;71(4):309-315. 

167. Selles F, Kochhann RA, Denardin JE, 
Zentner RP, Faganello A. Distribution of 
phosphorus fractions in a Brazilian oxisol 
under different tillage systems. Soil and 
Tillage Research. 1997;44:23-34.  

168. Bolland MDA, Brennan RF. Phosphorus, 
copper and zinc requirements of no-till 
wheat crops and methods of collecting soil 
samples for soil testing. Australian J 
Experim Agric. 2006;46:1051-1059.  

169. Wortmann C, Mamo M, Shapiro C. 
Management strategies to reduce the rate 
of soil acidification. University of Nebraska, 
Lincoln. 2003;1503. 

170. Balemi T, Negisho K. Manangement of soil 
phosphorus and plant adaptation 
mechanisms to phosphorus stress for 
sustainable crop production: A Review. J 
Soil Sci & Plant Nutr. 2012;12(3):547-562.  

171. Cook RJ, Veseth RJ. Wheat                    
health management. The American 
Phytopathological Society, USA. 1991;152. 

172. Rudd CL, Barrow NJ. The effectiveness of 
several methods of applying 
superphosphate on yield response by 
wheat. Austr J Exper Agric & An Husb. 
1973;1(3):430-433. 

173. Huang CP. Adsorption of phosphate at 
hydrous surfaces. J Coll & Interface Sci. 
1975;53:175-186.  

_________________________________________________________________________________ 
© 2019 Muindi; This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

 
 

 

 

Peer-review history: 
The peer review history for this paper can be accessed here: 

http://www.sdiarticle4.com/review-history/52325 


