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Dissolution and extractability of Minjingu phosphate rock fertilizer in some
acid soils of Rift Valley province as related to soil chemical properties

by
Kowenje C.B.O.

ABSTRACT

Phosphorus (P) is a critical nutrient needed to improve soil fertility for
sustainable crop production in large areas of developing countries. The use of
phosphate rocks (PRs) as directly applied fertilizers in tropical acid soils is considered
as a potentially cheaper alternative to the more expensive conventional water-soluble
P fertilizers. However, the major factor limiting the use of the PR materials is their
low solubility in soils. The dissolution of PRs in soils is affected by several factors
including soil chemical properties.

The dissolution and extractability of Minjingu PR (MPR) fertilizer from
Tanzania in relation to some selected soil chemical properties were investigated in a
laboratory incubation experiment. Six acid soils from Rift Valley Province of Kenya
were used. Four soils (two Nitisols and two Ferralsols) were moderately acidic (pH
5.1-5.5) and had P adsorption capacities ranging from 1220-2487 mgP/Kg soil, while
the other two soils (an Andosol and a Phaeozem) were slightly acidic (pH 6.3-6.8)
and had P adsorption capacities of 836-904 mgP/Kg soil.

The ‘treatments consisted of two P sources (MPR fertilizer, and a water-
soluble P fertilizer, Single Superphosphate (SSP)) and three rates of P addition (0
mgP/Kg soil, 200 mgP/Kg soil, and 500 mgP/Kg soil). The SSP fertilizer was
included to compare the effectiveness of MPR as a fertilizer in maintaining plant-
available P. The fertilizers were mixed separately with each soil at the different rates
of P addition, and the soil treatments were brought to field capacity with distilled
walér. The amounts of MPR fertilizer that had dissolved were determined by

measuring increases in 1 M BaClz-triethanolamine (TEA) extractable Ca (ACa) in

a



soils amended with MPR fertilizer compared to the control (Zero-P) treatments at
various periods of reaction up to 60 days. Plant-available P was determined in both
the PR-treated and SSP-treated soils by measuring increases in 0.5 M NaHCO; -
extractable P (Olsen P) over the control treatment after 15,30 and 60 days of reaction
time. Simple linear correlation was performed to investigate the relationships between
the selected soil chemical properties and the extent of PR dissolution.

The extent of MPR dissolution increased with the rates of application,
incubation time and varied among the soils. In the moderately acid soils, 2.8 % of the
total added P had dissolved after 4 days, and this increased to a mean value of 29.3 %
of the total added P after 60 days. In the slightly acid soils, 2.3 % of the total added P
had dissolved after 4 days, and after 60 days, 11.7 % of the total added P had
dissolved. The increase in the dissolution of the PR material with time indicated that
the dissolution reaction was continuing. The increase in the dissolution with the rate
of fertilizer application was attributed to the greater amount of fertilizer input per unit
weight of soil at the higher rate of application. The differences between the soils in
the amount of MPR dissolved were attributed to their differences in the chemical
properties.

Of the initial soil chemical properties selected, exchangeable.Ca ,(exch. Ca)
Olsen P, % C, and P-sorption capacity were significantly related to the extent of PR
dissolution time, with the most predictive property being P-sorption capacity. Soil pH
Vand CEC were not significantly correlated to the extent of PR dissolution. No single
soil chemical property significantly related to the PR dissolution at the early stages of
incubation. Also no single soil chemical property tested was significant in predicting
the initial rate of MPR dissolution.

The Olsen P values increased over the control treatment following P addition
with the SSP-treated soils showing higher values than the MPR-treated soils. This
was attributed to the differences in the solubilities of the P sources. The Olsen P
values for the SSP treatments consistently decreased with time duc to fixation
reactions by soil components. On the other hand, the Oisen P values for the MPR

treatments initially increased with time due to dissolution reactions, and then declined



subsequently because dissolution reactions had slowed ~own, and fixation reaction
had become the dominant reaction.

The Olsen P values for both the P sources differed among the soils. The
moderately acidic soils indicated relatively lower values compared to the values of the
slightly acidic soils. This was attributed to the differences in the P-sorption capacitics
of the soils. Highly significant negative correlation was obtained in the PR treatments
between the % P dissolved and the corresponding Olsen P values. This finding
suggested that high PR dissolution does not necessarily produce proportional

increases in Plant-available P in acid soils having high P fixation capacities.

Key words: Minjingu, Phosphate rock, dissolution, extractability,chemical

properties, incubation, correlation, Kenya, acid soils.
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CHAPTER 1

INTRODUCTION

Phosphorus (P) is an important element limiting crop production in many highly
weathered acid soils of temperate and tropical countries (Sanchez and Uehara, 1980). This is
because added P fertilizer 1s strongly fixed by soil components in non-available forms for plant
use. Consequently, P fertilizers are frequently added so as to correct P deficiency problems and
hence achieve quality crop yields.

Traditionally, P deficiency has been corrected by addition of highly soluble P fertilizers
(c.g. single superphosphate, SSP). However, the high cost of these conventional water -
soluble P fertilizers constrains their use by resource-poor farmers who are largely engaged in
non-intensive subsistence agriculture. Direct application of finely ground phosphate rock (PR)
may be an economically attractive alternative to the more expensive water-soluble P fertilizers
in acid soils (Sanchez, 1976; Khasawneh and Doll, 1978; Hammond ¢r af., 1986).

Despite intensive studies over the years, the use of PR as a low cost alternative P
fertilizer has not attracted much attention in many developing countries (e.g. Kenya). One
major problem limiting the use of PR fertilizers in agricultural systems is their low solubility in
soils (Khasawneh and Doll, 1978). However, under conditions which favour their dissolution,
PRs can be as eflective as conventional water-soluble P fertilizers (Khasawneh and Doll, 1978;
Hammond et al., 1986). Indecd, experimental reports indicate that PRs arc most eflective
when used on acid so}ls having typically low pH, low exch.Ca, and low P concentrations

(Khasawneh and Doll, 1978, Butegwa e al., 1996).



Kenya highland acid soils have low pH and are P deficient (FURP,1987). In addition,
these soils are situated in high agricultural potential areas such as”Riﬁ valley, Central and
Western provinces. In view of the frequent food shortages in this country, there is an urgent
need to improve the fertility of the Kenya highland acid soils using the cheapest available P
fertilizers (e.g PRs.).

Previous studies 6n the effectiveness of PRs as alternative P fertilizérs in Kenya have
been based on crop yield assessments (KARI, 1994). However, crop response experiments may
not adequately evaluate PRs as alternative fertilizers since increases in crop yields may not
necessarily aﬁse from increased dissolution of a PR matenial in soil (Ha:ﬁmond et al., 1986,
Chepkwony, 1991; Chien and Menon, 1995). In order to evaluate exhaustively the potential of
a PR material as an alternative source of supplying P to P-deficient soils, dissolution studies
need also to be carried out.

Several factors including soil chemical properties influence the dissolution of PR
fertilizers in soils (Le Mare, 1991; Chien and Menon, 1995). Information on the dissolution of
PR materials on Kenya highland acid soils as affected by soil properties is, however, not
available. Such information is essential in view of the growing interest in the utilization of PRs
as alternative P source in a number of other developing countries.

The main aim of this study was to establish the relationship between some pertinent
soil chemical properties and the rate and extent of dissolution of a reactive PR fertilizer from
Tanzania (Minjingu, MPR) in some selected acid soils of Rift Valley Province. The findings of

the study may provide important information in identifying soils where PR can best be used as

alternative P sources.
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The specific objectives of this study were to:

(a) Investigate the effects of rates of application and period of reaction on the extent of
dissolution of MPR fertilizer in acid soils.

(b) Investigate the effects of P-sources, rates of application afld period of reaction on
extractable P concentrations.

(c) Investigate the relationship between the rate and extent of MPR dissolution and son;e soil
chemical properties.

(d) Investigate the relationship between the extent of MPR dissolution and extractable P
concentrations.

(¢) Compare relative abilities of acid soils to react with MPR fertilizers.



CHAPTER 2

LITERATURE REVIEW.

21 Introduction

Phosphate rock fertilizers are the principal source of conventional P fertilizers. Their use
as an alternative source of P for crop production has been extensively studied and the literature
is riddled with conflicting results. PR fertilizers have been found to perform better or poorer
than the conventional P fertilizers. These conflicting reports may be caused by a variety of
factors such as differences in PR properties (e.g. particle size), soil properties (e.g. soil pH),
plant species, and environmental factors (c.g. rainfall). The influence of these factors on PR

dissoluticri and availability is reviewed in this chapter.

2.2 Chemical characteristics of phosphate rocks.

Flouroapatite (Cajo(P04)sF2) is the main dominant mineral component in many PR
materials. Flouroapatites occur mainly in sedimentary rocks in association with a variety of
other minerals such as silicates, carbonates, oxides ctc. (Khasawneh and Doll, 1978). The
chemical components of flouroapatites vary widely due to isomorphous substitution in the

apatite crystal lattice. Table 2.1 shows the chemical composition of some apatite PRs



Table 2.1 Location, type, and chemical composition of some phosphate rock materials.

e

Source type| Ca P E C Na Mg K Al Fe S
. %

N. Carolina| s [34.7 13 35 15 07 03 01 02 05 07

N.Flonda | s (347 14 37 1.1 05 02 02 04 05 13

[. Kotra m |38.7 18 36 02 08 61 B 02 03 06

Missourri [ [36.1 15 34 08 02 0.4 61 02 18 13
Gafsa * s |352 13 31 1.4 07 0.3
P Niger* s 35.0 15 25 03 01 1.1

Key;: s - sedimentary, |- Igneous, m - Mctamorphic.

source. Khasawneh and Doll (1978), * Sanyal and De Datta (1991) and Sauchelli (1965).

The generalised formula of substituted Carbonate Flouroapatite can be written as;

Ca104sNaMgs(P04)6(CO3)F2r0.4s -

where @ and b are functions of x, the extent of carbonate substitution (Khasawneh and Doll,

1978, Sanyal and De Datta, 1991).

As a result of this varying chemical composition of the apatites,' PR materials undergo a

wide range of diflering chemical behaviour in soils which determine their eftectiveness as direct

application fertilizer (Hammond et a/, 1986; Chien and Menon, 1995).

o



2.3 Measurement of PR dissolution in soil.

The rate and extent of PR dissolution in soil are two important factors that determine its
suitability as an alternative P fertilizer for direct application.

Unlike water-soluble fertilizers which dissolve rapidly upon contact with the soil, the
dissolution of a PR material takes place slowly and usually continues for a long time. The
congruent dissolution reaction of PR with soil is shown in equation 2.1 using flourapatite

(Khasawneh and Doll, 1978);
Can(POs)F2 + 12H" = 10Ca* + 6H-PO, + 2F e (221D

It can be noted that the dissolution process involves consumption of protons (H'), and
the release of Ca®’, H,PQy, and F ions from the apatite surface. The H' ions are furnished

_principally by the hydrolysis reactions of AI'™ in soil (equation 2.2) (Tisdale e/ al., 1985).
Al(H,0)s + Hy0 = AIHO)H;0)s™ + H oo, (2.2)

It can also be noted that the drving force controlling the rate and extent of PR
dissolution in soils involves the supply of H' ions and the removal of Ca®', H,P0,, and F ions
from the site of dissolution.

Measurement of the extent of dissolution of PR in soil is be<zt with difficulties. The

dissolution is frequently measured indirectly using chemical extraction solutions. These



solutions dissolve and remove specific forms of soil P from the solid phasce through
solubilization, complexation, or hydrolysis reaétions. Several extraction methods have been
used that measure increases in the concentrations of Ca or P (Khasawneh and Doll, 1978,
Hammond er al | 1986)

The Inorganic P-fractionation procedure of Chang and Jackson estimates dissolved P
from PR material by measuring the increases in Fe-P and Al-P fractions in a soil treated with PR
over non-PR treatment. Increases in Ca-P are considered to be associated with unreacted PR.
Extraction with a reagent containing dilute hydrochloric acid and ammonium flouride (Bray-1
. extractant) measures mainly increases in Al-P compounds. Mehlich 1 extraction method (0.05
N HCI + 0.025 N [1,S04), mainly removes Al-P fraction but also some Ca-P fractions. The
Olsen P method involves extraction of soil P with an alkaline extractant (0.5 M Nal1CO.) This
method hydrolyses Al-P and Fe-P that have formed, but reacts very little with unreacted PR.

Measurement of changes in soil extractable Ca also attempts to measure a reaction
product of PR dissolution. Extraction of Ca with BaCly-triethanolamine ( 2.0 M BaCl-TEA ) at
pH 8.1 is then considered to give a suitable estimate of dissolved PR under laboratory
conditions where net immobilization / mineralization transformation ¢ P is minimal. [ lowever
the method tends to underestimate PR dissolution under field conditions since dissolved Ca and
P> would be lost through leaching and plant uptake. Dissolved Ca may also be extracted with
NH40Ac solution (pH 7.0).

Other methods havle been developed that do not use extracting solutions. These are the
anion exchange resin (Sibbesen, 1978) and the P{ paper (Menon ¢f al, 1989) method.
Extraction with anion exchange resins simulates conditions similar to those occurring in soil

solution from which plant roots absorb P. This method does not suffer from the problems

7



E;ssociatcd with other extraétion methods. The amount of P extracted depends on the chemical
form of the resin. Also the method is too slow for routine soil analysis. Saggar e al. (1990)
modified the traditional resin bag method to a simpler method which usces cation and anion
exchange resiﬁ strips instead of bags. The modified method does not involve the elution step.
The Pi paper method uses an iron hydroxide-impregnated paper strip as a sink for P during
extraction. Both methods are considered to be suitable for accurately measuring the plant-
available P irrespe(‘:tive of the P sources and can therefore be used for the measurements of
plant-available P in the PR treated soils (Menon er al.,1989; Butegwa ef al., 1996).

A new technique which uses dialysis mémbrane tubes (Freese ef al, 1995) has recently
been developed. The tubes are filled with hydrous ferric oxide (ferrihydride) acting as an
‘infinite’ P sink. This system is more mechanically stable than Pi method.

Two assumptions are made when using the above extraction methods. First, the
extractants should not promote any dissolution of PR material during extraction. Secondly, the
extractants should extract most of the P and Ca released during the dissolution. Nonetheless
most of these methods have limitations (Khasawneh and Doll, 1978; Hammond ef al, 1986;

_Butegwa er al, 1996). In an evaluation study of some of llac;sc methods , Bolan and Hedley
(1989) showed that most extractions tend to remove undissolved PR during the extraction
procedure. Both 0.5 M NaOH and 0.5 M BaCl,-TEA were found to be better extractants of PR
dissolution products than were 0.5 M NaHCOs and 1 M NH.OAc particularly when the soil P

formation is negligible.



2.4 Facters affecting PR dissolution in soil.

As stated in chapter 1, the major factor limiting the use of PRs as alternative P fertilizers
is their low solubility in soil. The factors regulating the dissolution of PR materials in soils are

discussed below.

2.4.1 Phosphate rock properties

2.4.1.1 Chemical renctrivity.

As mentioned in section 2.2, PR matenals vary widely in their mineralogical and
chemical compositions. Consequently, their dissolution behaviours in Soils vary.

Dissolution of a PR matenal is greatly affected by the degree of CO;* substitution for
PO, in the apatite structure (Figure 2.1). The solubility (reactivity) of a PR malgrial Increases as
the degree of i substitution in the apatite structure increases (Chien and Menon, 1995).
Substitution of CO0s* for P0," profoundly influences the crystal structure, and physical and
chemical stabilities of the apatites (Khasawneh and Doll, 1978). This is because the crystal sizes
of the particles decrease as the degree of C0;” substitution increases and this tends to increase
solubility (Khasawneh and Doll, 1978). Several workers (Anderson ¢f al., 1985; Leon ¢t ol
1986, Chepkwony., 1991; Watkinson, 1994; Chien and Menon, 1995) have observed that PRs
with higher CO;” substitution tend to perform better than PRs with lower CO;™ substitution.
This 1s illustrated in the figure 2.1 below. ‘

Conventionally, the probable extent of PR dissolution and its suitability as a P fertilizer

are predicted on the basts of solubility tests in chemical extractants (Khasawneh and Doll, 1978).
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i978). There are three commonly used chemical extractants for measuring the solubility of PRs.
These are neutral ammonium citrate, 2% citric acid, and 2% formic acid. i

The 2% citric acid and 2% formic acids are beset with protTems. The presence of
impurities (¢.g. CaCOs, Fe and Al oxides) affect PR solubility in these extractants and hence the
classification of reactive and unreactive PRs becomes uncertain For example, calcite (CaCOs),
dolomite (MgCO05,CaC0;), and gypsum (CaS0..2H,0) depress the dissolution of apaﬁtcs in
neutral ammonium citrate d.ue to the partial consumption of protons by accessory minerals.

Because of these problems, some workers have suggested that the first extract should be

discarded and the second should be used (Khasawneh and Doll, 1978, Hammond et al., 1986).
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Figure 2.1; Relationship between citrate solubility of apatite and its composition as indicated by

mole ratio of C0;:P0,. (Reproduced from Chien and Menon, 1995).

Mackay ez al. (1984), in a greenhouse study, compared the relative abilities of seven
methods to predict the agronomic effectiveness of five PRs. Of the conventional single-
extraction procedures evaluated, 2 % formic acid appeared to bﬂe the most useful. The others i.e.
2 % citric acid, neutral ammonium citrate. alkaline ammonium citrate at first extractions, were
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poor indicators of P availability. Nevertheless, the solubility tests are arbitrary and cannot be
reliably used to predict residual agronomic effectiveness of PR materials. They are only useful in
ranking PRs in order of their solubility in the laboratory. The behaviour of PR materials in the

real situation must, however, be studied in soil ( Le mare, 1991; Chien and Menon, 1995).

2.4.1.2 Particle Size

Grinding PRs favour their dissolution in soils by increasing the surface area of contact
between the soil solution and the PRs (Bolan ef al., 1999). Kanabo and Gilkes (1988b) reported
that grinding of PR to 250 mm increased the rate of PR dissolution. Grinding below 250 mm
did not produce any significant increase in the rate and extent of dissolution. The particle size
effect may also interact with the rate of application. The influence of fine gn"nding may diminish
as the rate of application increases and as the distribution of particles in soil is increased
(Khasawneh and Doll., 1978).

Experiments conducted using finely ground PRs suggest that no additional benefit can
be derived by grinding PRs below 150 #m (Sanyal and Datta., 1991; Hammond ef al., 1980)
Grinding PRs to very fine particles makes them dusty and very difficult to apply. Thus attempts
have been made to granulate PRs, but this also decreases the dissolution and increases the cost

of production (Khasawnch and Doll., 1978, Van der Berge, 1990).
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2.4.2. Soil properties

2.4.2.1 Soil pH

Several workers have shown that PRs dissolve more effectiv:ély in acidic soils than in
alkaline soils (Hanafi ez al., 1992; Sanyal et al., 1991, Le mare, 1991). PR dissolution increases
as the soil pH decreases (Figure 2.2). This is because excess H™ ions in acidic soils shift the
dissolution reaction shown in equation (2.1) to the right in accordance with Le Chatelier's
principle.

The agronomic effectiveness of phosphate rocks would therefore be expected to be
greater in acid soils than in alkaline soils. This generalisation is, however, not always applicable
since plant response to increased P availability may be limited by factors due to soil acidity (c.g
Al and Mn-toxicities). Al toxicity is known to be a major factor limiting plant growth in many
highly weathered .acid soils (Haynes, 1984 ).

Chepkwony (1991), in a glasshouse experiment, studied the response of whczﬁ to the
application of two reactive PR fertilizers using, one New Zealand acid soil. The plant response
was small. He attributed this to factors arising from soil acidity other than P deficiency. Kanabo
and Gilkes (1987b), also in a glasshouse experiment showed that dissolution éf a PR fertilizer is

highly favoured at low pH, but there was virtually no plant response to PR fertilizer application.
2.4.2.2 P and Ca Status.

Dissoluticn of PR material is higher in soils with low Ca and P concentrations than in
soils with high Ca and P concentrations (Khasawneh and Doll, 1978). Soils having low Ca and
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Figure 2.2. Influence of pH on dissolution of Gafsa PR in water with time; unbuffered pli (1),
pil buflered at 5.2(V), pH butlered at 4.5 (O); (a) P dissolved and (b) Ca
dissolved.(adapted from Robinson and Syers, 1990).

Table 2.2; Individual and combined influence of pH, P sink, and Ca sink on P dissolution from
Gafsa PR at 44 days. (Reproduced from Robinson &nd Syers, 1990)

pH Psinksize Casinksize P dissolution
(mg P) (mg Ca) (%P)
6.1 0 0 1.5
9.2 0 0 2.7
45 0 0 6.0
6.2 12 0 32
6.2 50 0 32
45 12 0 8.7
4.5 50 0 9.8
6.1 0 48 30.0
4.5 0 48 60.0
4.5 12 48 85.0
4.5 50 48 05.0
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Dissolution of PR material is higher in soils with low Ca and P concentrations than in
soils with high Ca and P concentrations (Khasawneh and Doll, 1978). Soils having low Ca and P
concentrations are characteristically the highly weathered infertile soils of humid tropics with
high P adsorption capacities and low cation exchange capacities (CEC.) (Mahimariraja et al,
1995; Chien and Menon, 1995).

The dissolution of PR materials has been found to increase as the P adsorption capacity
(P retention) of soil increases (Chien er al., 1980, Hudges and Gilkes., 1986, Mackay er al.,
1980). This is due to the removal of dissolved P from soil solution by soil and soil materials
through adsorption processes. Samid-Sparif (1992) reported that P retention is more correlated
to PR dissolution than ptl and soil exchangeable Ca. Increased dissolution may not, however,
Icad to increased availability of P to plants since dissolved P may be subsequently adsorbed and
made unavailable for plant use.

Morcl and FFardeau (1990) found that the amount of P absorbed by plant was high in
soils with low plant-available P, and low for soils with high plant-available P, indicating that an
input of P fertilizers can induce a decrease in the utilisation of available soil P. Kanabo and
Gilkes (]98?’1)) varicd the adsorption capacity of an Australian soil by adding gocthite, a strongly
P-adsorbing material. Dissolution of a PR material increased significantly with increasing
gocthite content in soil, but the amount of plant-available P decreased significantly. Glasshouse
studies indicated reduction in both yield and P content of the test plant by 19 and 34 %

1

respectively. ,

Harnis e/ al (1984), and watkinson (1994) also reported that high P retention has

negative influence on PR availability. De Datta et al. (1992) observed that high P retention only

aids in the initial dissolution reaction of a PR material but has a negative eflect on availability of
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dissolved P to plants. These findings suggest that PR materials may be effective in soils of
moderate to high P status.

Mackay and Syers (1986) reported a four-fold decrease in the extent ol dissolution of
PR as soil Ca concentration is increased. Mackay ef al. (198(;) studied the relationship between
Ca saturation percentage of cation exchange sites and PR dissolution. Results indicated that the
Ca saturation percentage had a larger effect on the extent of dissolution of PR matenials than
either pH or P sorption capacity. De Datta er al. (1992) also stated that the percentage
dissolution of PRs depends more on exch.Ca than P retention and pH. Robinson and Syers

(1990) concluded in a laboratory study that soil Ca sink plays a greater role in PR dissolution

than cither ptl or P sink (Table 2.2).
2.4.2.3 Soil organic matter status.

Soil organic matter is the most active component of soil. It consists of li\‘fing, organisms,
and their undccomposcd,‘partially decomposed and completely decomposed remains. Humus is
that dark-coloured fraction of soil organic matter containing decaying and partially resynthesized
plant and animal residues. It has been observed (Hammond ef al, 1986; Chien and Menon,
1995) that h‘igh organic matter in soils increase the dissolution of PRs. Chien and menon (1995)
reported differences in the effectiveness of a PR material on two soils having approximately the
same pH, exch.Ca, and P sorption capacity. The performance was found to be greater in the soil
with higher organic matter content (4.2 % C) than in soil with lower organic matter (1:8 % C).
Soil organic matter acts as a sink for Ca by chelating the dissolved Ca thereby enhancing PR

dissolution (Hammond ef al., 1986; Chien and Menon, 1995). This mechanism also may explain
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;;artly the beneficial effect of added compost and farmyard manures on P released from PR
materials (Figure 2.3). In addition, organic acids produced during decomposting of manure
supply protons and hence cnhanCC(ﬁssﬁhnjon of PR matenals, Increases in PR dissolution have
been reported (Ikerra ef al., 1994; Mahimairaja et al., 1995) in mixtures of PR and organic

manures.
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Figure 2.3. Changes in Bray 1 P with incubation time with Minjingu PR alone and in
combination with compost (Co) or Farmyard Manure (FYM) (Adapted from Ikerra er
al., 1994)
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2.4.2.4 Soil moisture

Soil moisture is thought to influence PR dissolution.  The availability of PR is gencrally
believed to be greater in moist soils than in dry soils. Moist soils are thought to facilitate
diffusion of dissolved Ca and P ions away from PR surfaces thereby resulting in enhanced PR
dissolution (Kanabo and Gilkes, 1988a). Kanabo and Gilkes (1988a) found that dissolution of
PR material increased as the soil water content increased. Differential plant 'rcsponscs to PR
applications in ficld experiments conducted in Australia and New Zealand have been attributed
to soil moisture differences (Bolland ef al., 1988., Bolan .et al., 1990; Gilkes gLnd Bollan, 1990).
The effectiveness of PR materials have been found to be greater in areas which are wet for much
of the growing scason than in those that are dry for much of the growing season.

Chepkwony (1991) subjected one New Zealand acid soil to various drying and .wetting
cycles before carrying out a glasshouse experiment. Air-drying (for up to 9 weeks) and
rewelting cycles did not affect dissolution of two PR materials. This finding conflicts with the
widely held view that dgfiﬂg of soil would reduce dissolution of PR materials. This is because
drying is thought to inhibit diffusion of dissolved P away from the fertilizer. Glasshouse results
by Chepkwony (1991) indicated greater yield and P uptake in soil treatments subjected to air-
drying and rewetting cycles than in soil treatments kept continuously moist. He altribultcd the
increased PR availability in air-dried and rewetted treatments to net mineralization of soil organic

P (i.e. Birch effect) rather than increased PR dissolution.
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2.4.3 Crop properties.

Plant species di;I‘cr considerably in their responses to PR fertilizers (Khasawneh and
Doll, 1978; Chien and Menon, 1995). In general, reactive PRs have been reported to be more
effective for legumes than they are for non-legumes (Bolland ef af.,~l986; Flach er al., I1987).
Differential responses among plants to PR may be caused by a vén'ety{ of factors including
differences in Ca and P requirements and life span (Table 2.3). Plants with high P and Ca
requirements would be expected to provide better sinks for P and Ca, and hence promote PR ”
dissolution,

In addition, plants such as legumes that can acidify their rhizospherc as a result of excess

absorption of cations over anions would also promote PR dissolution (Bekele e/ al., 1983).

Table 2.3. Responses of three crop species to variations in P sources and in type of N fertilizer
used in pot experiments (Adapted from Flach er al., 1987).

e T Vi

Yield of nutnents.

T —

Type of Dry matter (ma pot™Y) Final
- L - - N \_.ne:d_.1 soil
Nature of P fertilizer usad rop species fentilizer (g pot™) P Ca N pH (H.O)
Contrc! {no P applied) Maize NH, 22.7 34 135 642 53
Maize NO, 15.4 20 106 43 6.0
Pearl miilet NH, 409 7 281 Gid 52
Pearl millet NOy 33.0 20 348 1126 6.4
Finger millet MNH; 63.1 oy 613 c46 5] |
Finger miilet NO; 57.0 48 71 1151 6.4
Zimapan rock phosphate Maize MNH, 30.7 a3 153 778 53
Maize NO4 251 36 163 | 679 60
Pearl millet NH, 6l.6 61 3&8¢% 1110 Sl
Paarl milles N} 133 51 430 1212 62 |
Finger miile: My a7 4 85 ez 1141 5.0 f
Finger muilet NO, 63.1 61 i e 12585 6.2
Khouribga rock phosphate  Maize NH, 77.3 106 313 ©S0 .2
Maize NC, 26.4 38 155 675 63
Peari miilet NH, 722 137 371 Se0 5.3
Pearl milley NG, 553 51 362 1140 64 \
Finger miilet NH, 113.1 176 725 1092 5.3
Finger mille! NO, 2.7 86 925 1153 6.2 !
Tricle superpnosphate Maize ME 106.2 135 410 102A 5.1 \
| Maize NC, 107.2 103 407 . 1071 61 i
Paarl miilet R 8. 242 a9 CB7 52 |
| Paarl miiler NC, 8253 o0 475 1125 5.2 P
Fnger miler  NE, 1123 256 €32 100¢ £ ?
Fincer muile: NC- 1198 28p G54 123% 6.0 7




2.4.4 Management practices.
The performance of PR fertilizers is influenced by management practices. The most

important factors are methods of placement, time of application, and the liming of acid soils.

2.4.4.1 Mcthods of placement.

Studies indicate that optimum response to PR application is generally obtained when the
PR is broadcasted and incorporated in the soil (Hammond et af., 1986; Chien and Menon,
1995). Chien and Menon (1995) reported that the effectiveness of North Canolina PR relative
to Triple Superphosphate (TSP) was greatly influenced by the method of placement (Figure
2.4). The PR, when broadcasted and incorporated , was found to be as good as TSP in
increasing the rice yield , whereas it was less effective than TSP when deep placed. Banding of
PR has also been found to be less effective than incorporating the PR material in increa'sing the
rice yield ( Hammond ef al., 1986, Chien and Menon, 1995).

Broadcasting and incorporation of PR into the soil maximises the surface contact of PR

particles with the soil and minimises the interaction between PR particles (Chien and Menon,

995).
2.4.4.2 Liming effects.

Liming of soils is a common agricultural practice to raise soil pH and decrease Al and

Mn toxicities for optimal plant growth. However, the high pH values and the increased exch.Ca
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concentrations resulting from liming are detrimental to PR dissolution .(Chien and Mecnon,
1995). PR fertilizers should, therefore, be added to the soil several months before liming an acid

soil in order to promote dissolution (Chien and Menon, 1995).

First Cro 100
nonr 4 oelr
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Figure 2.4; Response of beans to Huila PR in Popayan, Colombia, as influenced by method of

application (adapted from Hammond et al., 1986).
2.4.4.3. Application time.

As noted previously, PR fertilizérs dissolve slowly in soil over a period of time. Hanafi et
al (1992) studied the dissolution of Christmas Island (CIPR) and Gafsa (GPR) PR materials and
found that the dissolution of the PR materials increased with time (Figure 2.5). Dissolution was
virtually complete within 50 days. Chepkwony (1991) also reported similar results for North
Carolina PR fertilizer. Jordan PR, a non-reactive PR material, was not aflected by period of

contact with soil. Chepkwony (1991) further noted that P availability declined with time of PR
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reaction with soil but this decline had no significant effect on plant yield and P uptake. Such

declines have been attributed to continued slow reaction of P with soil (Barrow, 1980).
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Figure 2.5; Changes in P(AP) in soils incubated with (a) Christmas Island PR (CIPR) and (b)
Galsa PR (GPR)in a close incubation experiment (adapted from Hanafi er al., 1992).
T he decrease in P availability has been found to be more for water-soluble f'eniliz'crs than
for PR because PR materals continue to dissolve with increasing time (Chien er al., 1980,
Chepkwony, 1991). Cobala - Rosand and Wild (1982) studied the effect of reaction time (up to
270 days) for a number‘of PRs using Brazilian acid soils. In one soil, plant response decreased
with reaction time while in two other soils the response was not affected by reaction time of PR
with soil. They attributed these results to differences in the extents of the slow reactions of the

fertilizers with these soil. Thus PR fertilizers should be applied as near as possible to the time of
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?:.4.4.4 Effects of inorganic additives.

Numerous studies have been conducted in which the effects of various additives applicd
with PR have been evaluated. These matenals are mainly neutral or acid forming fertilizer
substances.

The use of aciditying fertilizers, especially those that contain or yield NH, ions which
lower soil pH when nitrified, improve conditions for PR to dissociate and hence enhance the

‘lease of P from PR (Khasawneh and Doll, 1978; Le Mare, 1991). Khasawneh and Doll (1978)
and Le mare (1991) reported that the effectiveness of a mixture of PR' and urea-nitrate, 1s
slightly greater than using PR alone. This eftect was demonstrated by Cobala-Rosand and Wild
(1982). They grew grass in P deficient soil to compare the effect of NO; and NI in the
absence and presence of one of the most inert PR from Patos in Brazil. The greater acidity duc
to NHa" dissolved more P leading to greater PP uptake than P uptake from PR/ NOy mix‘turc.

Sulphuric acid (H,S0,) releasing compounds have also been effectively mixed with less
reactive PR to enhance the fertilizers’ effectiveness. The released H,S04 acidulates PR and this
leads to increased fertilizer effectiveness. These H,S0; releasing compounds may be in the form
of PR “fortified” with elemental S or pyrite (10 % S) ( Khasawneh and Doll, 1978; chien and
Menon, 1995; Mahimairaja ef al, 1995). Studies also show that partial acidulation or
compaction with Triple superphosphate (PR + TSP} or with SSP (PR + SSP) solutions, can

produce highly eflicient P fertilizers (Bolan er al., 1990; Le Mare, 1991; Butegwa ¢f al., 1990).



2.5 Fixation reactions of dissolved P by soeil and soil components.

The P released from PR dissolution may be rendered unavailable for plant uptake by
physico-chemical and biological fixation processes. These processes ate precipitation, adsorption
and microbial immobilisation. Leaching is not usually a major contributor of P losses (Sanchez ,

1976).
2.5.1 Precipitation reactions.

Insoluble complex P compounds of Al, Fe, and Ca may be formed in soils at high
solution P concentrations (>1.0 M) through precipitation reactions. The initial compounds are
metastable and poorly crystallised, but with time they tend to change to more stable less soluble
compounds (Sanyal and De Datta, 1991). Their behaviours and relative stabilitics may be
predicted from solubility isotherms constructed from solubility product constants of the:various
P compounds (Figure 2.6).

As Figure 2.6 indicates, variscite (AIE’OJ.ZH;ZO) and strengite (FeP0,2H,0) are the
probable P minerals in the acid soils, whereas in alkaline soils several Cé—P minerals {¢.g.
CallP0,.211,0; CaliP0y etec.) tend to form. The isothérms also suggest lhat, changes in pll
would greatly affect the stability (and hence availability) of the precipitated P compounds. As the
pH increases, variscite and strengite dissolve and release P into the soil solution. Conversely, Ca-

P minerals become unstable as the pH is lowered
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Figure 2.6. Solubility of calcium phosphates compared with strengite and variscite when Ca
(107°M) is fixed by calcite and CO,(g) at 0.0003 atm.(After Lindsay, 1979).
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'he surface characteristics of the precipitated P compounds alter with time. Their crystal
sizes increase leading to a decrease in their surface arca, and also a decrease in P availability held
by the precipitated P compounds (Brady, 1984). 1t is thus very unlikely that variscite and
flouroapatite, the ultimate reaction products of added P in acid soils and alkaline soils
rcsﬁcclivciy, can control the P concentration in soil solution. Indeed, studies show that the
dissolution rate of crystalline Al, Fe, and Ca-P compounds in soils are extremely slow (Sanyal
and De Datlta, i‘)‘)i).

It may be observed, therefore, that fixation of dissolved P from PR through precipitation

reactions may represent, at least in the long term, a substantial loss of available P for plant

uptake.



2.5.2 Adsorption reactions.

Adsorption is the major mechanism regulating the conccnlr.étion of soil solution P in
highly weathered P deficient soils (Sanchez, 1976). The process involves net accumulation of P
on active surface sites of the soil components. The interactions occurring between P and the -
active sites are electrostatic and chemical in nature (Bowden ef al., 1980).

The adsorption of P by soil is affected by several factors including the nature and
amounts of soil components, pH, other ions, and saturation of sorption sites. Typical soil
components'in acid soils include hydrous oxides of Fe and Al, aluminosilicate clays and organic
matter (Sanchez, 1976). The active adsorption sites in hydrous oxide surfaces are hydroxyl
(OH) and water (11,0) groups, exposed hydroxyl groups at the edges of clay mincrals, and
carboxyl and phenolic groups in organic matter. |

Hydrous oxides of Fe and Al, the dominant components in highly weathered acid soils
(Sanchez, 1976) adsorb greater amounts of P than clay minerals. Kaolinitic clays (1:1) adsorb
greater amounts of P than 2:1 clays (e.g. illites) probably because of Fe and Al oxides which are
associated with Kaolinitic clays. Amorphous aluminosilicate clays are much more effective at
adsorbing P than crystalline compounds because of their exposed surface area. Organic matter in
i soils can indirectly influence PP adsorption through the formation of complexes with Al and I'¢
associated with organic matter (Sanyal and De Datta, 1991). Positive correlation between soil
organic matter contents and P adsorption has been obsérved by various wo;kers (Le Mare and
Leon, 1989, Owusu-Bennoah and Acquaye, 1980). Reduction of P adsorption by high organic

matlter has also been reported (Sanyal and De Datta, 1991) and is thought to be caused by
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anionic competition between the negatively charged organic compounds and P for adsorption
sites.

The effect of pH. on P adsorption by soil and soil components is full of conflicting
literature. The adsorption capacity of soils has been reported to increase, decrease, or remain
unaflected as the pHl is raised (Haynes, 1982).

Changes induced by pH on the surface charges of variably-charged (pH-dependent) soils
lead to changes in P adsorption by the components. As the pH is increased i.e. OH ions added,
the active groups on oxide surfaces become deprotonated leading to a net surface negative
charge (Figure 2.7).

+ 0 ' -

OH, OH, OH
\ / + o \ / + Bt \ /
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Figure 2.7. A simple model of pH-dependent surface charges on an amphoteric metal  oxide

(adapted from Bowden ef al ,1980) -

These chenges result in a reduction in P adsorption due to an increase in clectrostatic
repulsion between P ions and the negatively charged adsorbing surface. Conversely, a decrease
in pH 1.e increase in H' ions cause protonation of OH™ and H,0 groups of the soil components
leading to a net surtace positive charge. Consequently, P adsorption increases. Kaoliniéic clays
and orgar:c matter also behave similarly.

Lixchangeable cations may also influence the amount of P that may be adsorbed. When

Alis present on the exchange sites of clay minerals, P adsorption is frequently increased as the
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;;H increases (Haynels, 1982). This is due to the hydrolysis of Al to hydroxy-Al p()t]]]alcxcs
having large surface areaé (Haynes, 1982). The hydroxy-Al complexes may form independently
or coat the surfaces of clay minerals.

Both the cations and the anions in the soil also influence the adsorption of P. Clations
tend to enhance P adsorption, the effect being greater for divalent caiions.than for monovalent
cations. Thus cations commonly present in soils 1.e. Mg, Na, K, and Ca have been found to
increase P adsorption in the order Na < K < Mg < Ca (Sanyal and De Datta, 1990). Anions may
compete with P for adsorption sites leading to a reduction in P adsorption. Inorganic anions
adsorb onto oxide surface in the order POy > As0s” > Si0;" > Si0g% > Mo0,> > S0,7 > Se0,” -~
ClI', NOs” (Ryden ef al,1987).

The cationic and anionic eftects occur through their actions on clcciroslatic potentials of
the adsorbing surfaces. When the surface is positively charged such as at low pH, anions tend to
accumulate on the positively charged adsorbing surface. This tends to make the potential in the
planc of adsorption less positive and consequently P adsorption decreases. At high pli, the
surface becomes more negatively charged leading to accumulation of cations on the neg_;{atively
charged surfaces. Hence the potential is made less negative leading to an increase in P
adsorption (Bowden ef al., 1980).

The amount of P adsorbed by the soils also depends on the number of available sites for
P adsorption. Soils that have had heavy applications of P fertilizers tend to adsorb less P since
previous applications saturate adsorption sites (Smyth and Sanchez, 1980).

Thus the effect of adsorption reactions on availability of dissolved P from PR materials

depends on the net effect of the interacting factors governing adsorption processes.
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2.5.3. lmmobilisation by soil micro-organisms.

Soil microbial biomass constitutes about 2 to 3 % of the total orgaﬁic carbon in soll
(Stevenson, 1986) Despite its small size, soil microbial biomass plays an important role in the
mineralization énd immobilisation reactions of organic and inorganic P in soils (Stevenson,
1986).

The rapid decomposition of soil organic matter when soil conditions (e.g. moisture, pH,
and temperature) favourably stimulate microbial activities may cau.;;c a temporary tying up of
inorganic P in the organic tissues (Brady, 1984). Mclaughlin e al., (1981) demonstrated that
microbial biomass assimilated a significant proportion of added P fertilizer equal to plant uptake.
Immobilisation of inorga{lic P to organic forms by micro organisms can occur rapidly within
hours of addition of P fertilizer (McLaughlin et al., 1981).

Thus in P deficient soils, addition of P fertilizers has been found to result in a l)uild-‘up of
organic P due to microbial immobilisation (Brady, 1984). Conversely?_ long term cultivation of
grassland soils has been reported to result in a decline of biomass P and a corresponding decline

in total organic P (Stevenson, 1986) possibly due to enhanced mineralization of organic P.



CHAPTER 3

MATERIALS AND METHODS

The matenials, experimental procedures ,and analytical methods used in this study are

described below.

3.1 Materials -

3.1.1 Phosphate {P) Scurces.

Gz PR mazterial (Minjingu phosphate rock, MPR) from Tanzania and a water-soluble P
feruliser (Bingle superpliosphate, SSP) were used. These P sources were ground to pass
through a 100 pm sieve. The Ca, P, CaCO; contents and solubility indices of the fertiliser

materials v-ere determined according to the methods described in section 3.3.1

Six soils from Rift valley province of Kenya (Figure. 3.1) were used. The soils were the
Lanet sand 7 clay loam, Egerton clay loam, Sotik clay loam, Timboroa clay, Kernicho sandy clay,
and Kapte' at stony clay soils. Ten kg of soil samples were collected from 0-25 cm depth at

. - " - . " 0 5
ach site. The samplzs were air-dried in an oven at 20°C, ground to pass through a 2 mm sieve

D

and kept in nolythere bags uniil use.
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The Lanet sandy clay loam occurs in the expansive lacustrine plains of Nakuru district.
The soil is developed from volcanic ash and is moderately calcarcous (Kenya Soil Survey ,
1974). The soil has moderate to high fertility. Top soils are dark greyishi brown in colour. The
soil samples were collected from Full Gospel Church compound (36°09°38’E and 00°16759™'S),
[Lanct, located along Nak'uru Dondon road.

The Njoro clay loam occurs at the eastern edge of the Mau escarpment. The soil is
developed from recent volcanic eruptions (Kenya Soil Survey , 1974). The soil is well drained,
and has moderate to high fertility. Top soils are reddish brown to dark in colour. Soil samples
were collected from Egeﬁon university Taton farm (35°55°42”’E and 00°21°58”’S).

The Sotik clay loam is found in the sub-humid lower highland region west of Mau
escarpment in Kericho district. The soil is developed from intermediate igneous rock-andesites
and is moderately fertile (Kenya Soil Survey, 1974). Soil samples were collected Ial a site
(35°00’15”°E and 00°02°51°°S), 6 Km North West of Sotik township.

The Kericho sandy clay occurs in the humid lower highland region west of Mau ranges. The
soil 1s developed from intermediate igneous rock-andesites (Kenya Soil Survcy.f, 1974), the soil 1s
well-drained, and is moderate to high in fertility. The t.op soils are deep, dark reddish brown in
colour. The samples were collected near Brooke Bond Company Field Station offices,
35°01°10”E and 00°01°36”’S.

The Timboroa clay is found in the sub-humid climate of the upper highlands of Uasin
Gishu district. This soil is developed on basic igneous rocks (basalts). The Timboroa clay is well

drained. Top soils are extremely deep and dark reddish brown in colour. Soil samples were



;‘oHcctcd at a location, 35°02°07’E and 00"00’21”N,'ca. 3 Km North East of Timboroa
Television booster station along Nakuru Eldoret road.

The Kaptagat stony clay occurs in the Uasin Gishu plateau of Uasin Gishu district. The
fertility status of the soil is variable but is mainly low. The soil is developed from intermediate
igneous rocks (phonolites etc.) and is well drained with light to heavy texture. Top soils are
dark reddish in colour. The Kaptagat soil was taken at a location 35°01°37E and
00°00°24°N, 23 Km f;ast of Eldoret town along the Eldoret-Kaptagat road.

More description of the soils are given in the Table 3.1.

Table 3.1. Soil descriptions and sampling sites.

Soil FAO/UNESCO(1988)  Altitude(m) Mean annual
Classification above sca level  Rainfall(mm) Temp("C)
Njoro Mollic 2250-2300 980-1012 15-18
Andosol
Lanct Phaeozem 1600-1800 950-1100 18-21
Sotik Nito-rhodic 1820-1900 1200-1300 15-18
Ferralsol
Timboroa Euric 2300-2700 1050-1171 13-15
Nitisol
Kaptagat Rhodic 2400-2500 1090-1211 15-17
Ferralsol
Kericho Ando-humic 2000-2100 1800-2000 15-18

Nitisol

Source of altitude, rainfall, and temperature. Farm Management Handbook of Kenya,(1982)



3.2 Experimental procedures.

Seven hundred (700) grams of air-dried soil sample (< 2 mm) for cach soil were used for
laboratory incubation experiment. Five treatments consisting of two types P fertilisers (MPR and
SSP) and three rates of P application, P-0 (0 mg P Kg™' soil), P-1 (200 mg P Kg' soil), and P-2
(500 mg P Kg"' soil) for each soil in factorial combinations in duplicate were usedl in this
experiment.

The amount of P added, P-1 and P-2, were determined from P-adsorption isotherms
(section 3.3.2.). Each soil was subjected to the above treatments. The resultant treated soils
were brought to a constant moisture content of 70 % of field capacity and incubated under
laboratory conditions (temp. 18.6 2.7 °C) for up to 60 days.

Sub-samples were taken from each treatment after 4 days (d), 7d, 15d? 30d, and 60d and
the amount of fertiliser dissolved was subsequently determined using BaCl,-TEA extractable Ca
method. Changes in soil pH (H,0) and NaHCO:-extractable P (Olsen P) were similarly
determined afler 15 d, 30 d and 60 d of incubation while exch.Ca was determined at the end of

incubation period (60 d).
3.3 Analytical methods.

Full details of the methods given below are described in Stewart (1989), unless

otherwise stated. Determinations were made in duplicate .
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3.3.1 Some of the chemical properties of the P sources.

Some of the chemical properties of the P sources (Table 3.2) were determined as

tollows.

Table 3.2: Some chemical properties of the P sources.

Total (%) . - P - extracted by; .
P Ca CaCO:s: water 2% citric 2% formic
acid acid
. P-source , et 5 e e . (woftotalP)
MPR 16.0 34.1 6.89 0.5 13.2 0.5
SSB 19.1 234 2.02 98 13.0 24 .4

-~

Total P in fertiliser materials was determined by digesting 2.5 g of fertiliser sampllcs with
5 ml of concentrated HNO: and 20 ml of concentrated HCl.l. (NZFMRA, 1983). The
concentration of P in the extracts was determined using UV-spectrophotometer aller colour
development using ascorbic acid procedure.

The solubility of MPR matenal in chemical extractants was determined in water, 2%
formic acid (w/v), and 2% citric acid (w/v) in a sample to extractant ratio of 1:100 (NZFMRA,
1983). The mixture was shaken for 30 minutes in an end-over-end shaker at ca. 70 r.p.m. before
filtering using whatman no. 2 filter paper. The P concentrations were determined as described

above.
Determination of total CaCO; content in the P sources was done by boiling for 30
minutes a mixture of fertiizer matenial and 2 M HCI in a 1:10 sample to solution ra}io (w/v)

“The amount of CaCO; in the P sources was determined by back - titrating excess acid with



standard 2 M NaOH using phenolphthalein as the indicator and the percentage of CaCQs in the P
source was calculated from the results.
Total Ca in the tertilizer materials was determined in the extracts of total P using Z-6100

zcaman polarised atomic absorption spectrophotometer ( AAS).

3.3.2 Some of the initial soil chemical properties.
Some of the key soil chemical properties which were thought to influence PR dissolution
were determined using air-dried samples ( <2 mm ) and the methods described below.

!

Soil pH was determined in water and 1in 0.01 M CaCl; at soil/solution ratio of 1:2.5 and
1:2 (w/v) respectively. The mixture was agitated for about 10 r‘ninulcs and left to stand
overnight. The pll was then determined by pH meter fitted with glass-calomel reference
electrode

Soil organic carbon was determined according to the walkley and Black dichromate
oxidation method. The amount of organic matter in each soil was obtained by multiplying soil
organic carbon value by 1.724 (Black, 1965).

Cation exchange ;apacity (C.E.C) was determined by leaching air-dried soil samples (<2
mim) with 1 M NH;OAc (pH 7) at a soil to solution ratio of 1:50. The concentrations of Ca and

Mg in the leachate were determined by AAS. Atfter washing with 95% ethyl alcohol, the column

was further leached with 1 M NaCl solution. The concentrations of NH, ' 1ons removed



1:1'0m the exchange sites were determined by steam distillation and the CEC was calculated from
this value.

Exch.Ca was determined by shaking 5g of air-dried soil (<2 mm) samples in 100 ml of |
M NH,OAC¢ solution (pH 7.0) for 30 min using an end-over-end shaker 'ai ca. 70 rm.p. After
filtration, exch.Ca concentrations were determined as described above.

P> adsorption capacity was determined by mixing 3.0 g of air-dried soil (<2 mm) with 30
ml of 0.01 CaCl, containing known quantities of P in shaking bottles. A drop of 0.1 % HgCl,
was added to each mixture and the bottles were shaken for two 30 minutes periods, dail.y for six
days. On the seventh day, the solutions were centrifuged at 5000 r.p.m and then filtered. P
concentrations were determined as previously described. The amount of P adsorbed was
calculated from the difference between the P added and the P remaining in the supernatant
solution.

Olsen P was determined by extracting 2.0 g of air-dried soil (<2 mm) with 40 ml of 0.5
M NaHCO: at pH 8.5 (Okalebo er al, 1993). The solution was shaken for about 30 minutes in
an end-over-end shaker. The extracts were ccntrifugcdl and then filtered through whatman no.
42 filter paper. 10 ml aliquots of filtrate were acidified with 5 ml of 0.8 M boric acid  before
colour development. The concentration of P (Olsen P) in the extracts was determined as
described above .

Bray-1 P was determined by shaking 2 g of air-dried soil sample (<2 mm) with 20 ml of
Bray-1 cxtractant (IO.O3 M NH4F + 0.025 N HCI) for 1 minute. The P concentration in the

extracts was determined as described previously.
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3.3.3 PR dissolution measurement.

The amount of Ca released during the incubation period was extracted from ajr-dried
sub-sampled PR-treated soil samples with 1.0 M BaCL-TEA (pH 8.1) at a soil to so!uti(lm ratio
of 1:10. The mixture was shaken for 1 hour (Kanabo and Gilkes, 1988a) on an end-over-end
shaker. After centrifuging at 3,000 r.p.m. for 5 minutes, the samples were filtered and the
concentration of Ca was determined by AAS as described above. By assuming that PR
dissolves congruently, percent (%) dissolution was estimated using increases in extractable
BaClL,-TEA (pH 8.1) Ca concentrations in the PR treated soils over that in the control

treatments as:

. | ~ -1
Ca fertilirer (nlg ca L\g ) = (’a control (rng Ca l\g _)_

Total Ca in added PR (mg Ca kg")

PR dissolution(%o) =

3.4 Statistical analysis of data.

The Agstats version 2, Wye College (1987) analytical programme was used for the
ahalysis of variance. The statistical significance of a treatment effect was tested using a
calculated Least Significant Difference (LSD) values at p < 0.05.Simple lincar regression

analysis was also carried out.

o)
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CHAPTER 4

RESULTS
4.1 Some initial chemical properties of the soils

Table 4.1 below shows some initial chemical properties of the soils used.

Table 4.1 Some initial soil chemical properties.

Soil
Chemical
property Njoro Lanet  Sotik Timboroa Kericho Kaptagat
Soil pH(H,0) 6.4 6.8 53 5.1 5:5 5.1
Soil pH (CaCly) | 5.7 5.1 438 4.4 4.7 45
Organic C(%) 2.5 2.6 2.3 3.0 35 32
CEC (me/100g) . | 27.3 280 174 16.6 213 15.6
| Exch.Ca(me/100g) i3.4 12 78 54 34 2.0
Feo (%) 0.5 0.6 1.3 1.7 1.5 29
Aln(%) 1.3 0.9 1.7 1.2 2.0 1.9
Olsen P (ug/g™) | 305 14.7 6.1 6.7 52 10.8
Bray-1P (ug/g’) | 7.2 4.6 3.6 1.9 3.1 42

* Source: Fertilizer Use Recommendation Project (FURP, 1987).

a

he soil pH values in water ranged from 5.1 to 6.8. The values of four soils i.e Kaptagat,

Kericho, Timboroa, and Sotik were below 5.5, while the values of the other two soils were



above 0.4. lhe pH values in U.UL M Lall; WEre 10Wer 1nan e Prisvdiues il walkl 1ui an e
soils.

The exch.Ca values were high for the Njoro soil‘, medium for the Lanet, the Sotik, and
the Timboroa soil and low for the Kericho and Kaptagat soils. This trend generally reflected the
order observed fur C.E.C values (Table 4.1). The soils generally contained moderate organic C
contents ranging from 2.3 % for the Sotik soil to 3.5 % for the Kericho soil.

The P adsorption capacities of the soils were higher for the moderately acidic soils
(Kericho, Kaptagat, Timboroa and Sotik) than for the slightl;a acidic soils (Njoro and Lanct), a
trend also reflected by the order of Feoy and Al values (Table 4.1 )reported by FURP (1987).
Olsen P values were medium for the Njoro and the Lanet soils and low for the other soils, a
trend also reflected by the P adsorptiun capacities. The Bray 1 values were medium for the
Njoro soil, and low for all the other soils.

Table 4.2 shows the amounts of P adsorbed and equilibrium P concentrations at various
concentrations of added P. P adsorption isotherms were obtained by plotting P remaining in the
solution against the amount of P adsorbed by the soil (Figure 4.1a-c) =,

The results in Table 4.1 and Figure 4. 1a-c indicated that the soils studied varied widely
in their abilitics to adsorb P (0 - 120 ppm). Four soils (Kericho, Kaptagat, Timboroa, and Sotik)
distinctly showed relatively high P adsorption capacities while the other two :;oils (Njoro and
Lanet) indicated low capécitics to adsorb P.

Several equations including the Langmuir equation have been used to describe P
adsorption by soils and soil components (Bowden ef al, 1980). The Langmuir equation was

originally developed to describe the adsorption of gases at solid surfaces. It is based on the



theoretical consideration of energy of adsorption and adsorption capacity. Due to its simplicity,

the Langmuir equation has found wide application as an empirical equation.

Table 4.2 The amounts of P adsorbed, x ,(11gP/g soil) and equilibrium P concentrations c,
(ngP/ml) at difterent concentrations of added P.

| Amount of added P (ugPml™)
Soil -
} 10 20 40 80 120

Pt
@]
be
2
b
@]
P4
]
P
-

o8]
2
i

Njoro |95 05 182 1.8 7.6 56.0 240 750 450

_L.-J
o

Lanet 97 04 186 14 3 7.0 580 220 BL2 318

0.7 75.0 50 1070 13.0

9%}

Sotik 98 02 19.6 04 39,
Timboroa 9.6 0.4 19.5 05 395 0.5 770 30 1090 110
Kaptagat 9.8 02 197 03 393 0.7 782 08 1140 60

Kericho 39.9 0.1 19.8 02 397 0.3 9.5 ¢35 1190 10

The langmuir equation is usually given as:
X = ——— AL

where x is the amount of P adsorbed per unit weight of soil (ngP/g soil) at an equilibrium P
solution concentration of (pigP/ml), and b and k are constants representing maximum amounts of
P that can be adsorbed (P adsorption capacity in pgP/g soil) and binding energy (ml / pg)

energy respectively ( Bowden er al., 1980).
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The equation can also be written in linear form as:

The adsorption data were fitted in the linear form of the equation (Figure 4.2a-f) to obtain the |

and the k constants (Table 4.3)

Table 4.3 The correlation coeflicients (r) between the amount of adsorbed and equilibrium P
concentration and the calculated Langmuir b and k values.

Soil Correlation P adsorption Binding

type coefficient(r) maximum, b energy, k |
‘ (ugP/g soil) (ml/pgP,x10°°)
Njoro 0.98" 836 1.2

Lanet 0.97™ 904 1.4

Timboroa 0.96™ 1220 3.1

Sotik 0. 95" 1421 4.6
Kaplagat 0.98™* 1538 .

Kericho 0.99™* 2487 11,1

*** significance at (p< 0.01).
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Although the Langmuir b and k parameters should be treated as empirical constants,
they reflect real features of adsorption isotherms, and can therefore be loosely identified with P
adsorption capacity and the strength of P adsorption respectively.

The b and k values diftered widely between tl;e soils. These values decreased in the
order Kericho > Kaptagat > Sotik > Timboroa >Lanet > Njoro (Table 4.3).

The relationships between P sorption parameter, b, and Olsen P, CEC, and Alx and
Feox values are illustrated in the figure 4.3 below.

Positive correlation coeflicients (r) between P adsorption capacity constant, b, and Aloy
Feoy and % C werle obtained. The values for Feox were much higher than those of Aloy. In
contrast, negative corrélation coeflicients between b and Olsen P, pH and CEC values were
obtained (Figure 4.3).

4.2 Effects of P sources, rates of application and periods of reaction on soil pH, exch.Ca

and BaCl.-TEA extractable Ca.

The soil pH values in water of SSP and MPR treatments at various periods of reaction
of the P tertilizers with the soils are shown in Table 4.4.

Addition of MPR fertilizer slightly increased the pH values of the soils. The increases
were more marked for the Kericho, the Kaptagat, the Timboroa, and the Sotik soils than they
were for the Njoro and the Lanet soils (Table 4.4). On the other hand, SSP addition tended to
decreasce the soil pl values. The pH values changed little with time in the presence or absence of

added fertilizer.
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Table 4.4, Soi ptl values of SSP and MPR treatments at various periods of reaction with

Pl |

(N.B " 1: LSD values are for Soi

Soil Time P source
{weeks) None SeP MPR
Mjoro 2 638 6.36 6.43
4 6.40 6.25 6.46
8 6.40 6.35 6.51
mean 6.40 6.35 6.47
Lanet 2 6.79 6.73 6.85
4 6.81 6.76 6.83
8 6.86 6.80 6.96
mean 6.82 6.76 . 6.88
Sotik 2 5.36 535 545
4 530 528 538
8 5.34 532 5.48
mean 3.33 5 32 541
['mboroz ) 527 523 547
4 520 5.16 5.39
3 528 5.93 5.56
mean 5.25 521 5.47
[Kaptagat 2 5.20 .21 5.46
4 528 5,42 5.39
g 5.20 5.18 528
mean 523 5.20 5.38
¥ercho 2 5.30 5.30 5.48
"4 532 5.28 553
' b 531 529 5.55
mean 531 .20 552
LSD{p<0.05) 0.025.

o

X Rate X Time interactions)



Results for the effects of P sources and rates of application on exch.Ca values arc
shown in the table below.

Table 4.5 Exch.Ca values (meq/100g) of soils after addition of two rates of SSP and
MPR fertilizers.

Soil " None MPR sSSP

P-0 P-1 P-2 P-1 pP-2

#_Njonr*(:_u— 14.(; 15.0 15.9 15.6 16.2
Lanet 93 9.6 10.1 9.7 5.9

Sotik 92 98 107 . 97 99
Timboroa 3.3 3.8 49 3.8 42
Kaptagat 5.6 59 44 58 6.3
Kericho 44 47 54 45 . 54
LSD (p<0.05) 0.3

(N.B The LSD values are for Soil X P source X Rate interactions)
The exch.Ca values of all the soils were clevated over the control treatment (P-0) valucs
following addition of P fertilizers. It is also apparent that exch.Ca concentrations in all soils

increased with the rate of P fertilizer application. The increases were greater for MPR

treatments than for SSP treatments at each rate of application.
Table 4.6 shows BaCL-TEA extractable Ca values of MPR treatments at various
periods of reaction with the soils. Similarly, the results for the changes in BaCl,-TEA

extractable Ca (ACa) at the various periods of reaction with the soils are shown'in Table 4.7.

The corresponding % P dissolved values of the PR fertilizer are illustrated in Figure 4.4.
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Table 4.6 BaCL-TEA extractable Ca (ppm) of MPR treatments at various periods of reaction
with the solils.,

Soil . B Time (days)
rate 4 7 15 30 60
Njoro P-0 4597 4559 468.8 4798 4583
P-1 4633 478.4 4848 496.6 4752
p-2 4716 506.3 521.4 5369 5222
mean 464.9 480.2 491.7 5043 4854
Lanet P-0 4092 413.4 4188 401.3 4023

P-1 4227 435.9 456.0 456.3 470.2
P-2 452.5 584.8 610.4 615.8 624.8
mean 420.5 477.7 496.9 491.2 4897

Sotik P-0 4369 415.5 372.1 3898 463 .6'
P-1 4478 4713 436.7 461.1 5383
P-2 524.8 6342 653.0 5644  735.1
mean 469.7 476.0 480.9 501.5 579.8
Timboroa P-0 225.6 2149 177.6 183.9 171.2
P-1 9201 248.4 240.1 2525 2484
P-2 257.1 2662  359.6 386.5 382.8
mean 236.6 2432 261.8 274 .4 367 4
Kaptagat P-0 $28 90.2 103.2 873 81.6
P-1 87.8 156.2 197.8 186.1 188.8
p-2 1048 2582 343.1 4015 4519
mean 912 167.9 114.8 2244 2403
Kericho P-0 4002 402.1 3881 3782 4152
P-1 4052 438.1 5448 5597 6132
p-2 4383 562.5 838.6 8812 9374
mean 414.5 467.7 590.5 606.1 6552
LSD (p<0.05) 794

(N.B LSD values are for Time X Soil X Rate interactions)
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Table 4.7. Changes in BaCl,-TEA extractable Ca (ppm) values of MPR treatments at various
periods of reaction.

Soil P Time (Days)
rate 4 i 15 30 60
Njoro P-1 3.6 12.3 15.9 16.7 17.2
p-2 11.9 . 50.4 52.5 56.8 64.3
mean 1.8 313 342 36.7 40.7
Lanet P-1 12.9 21.8 42.5 553 68.2 -
p-2 429 171.5 1919 214.4 2229
mean 329 96.7 117.2 134.9 150.1
Sotik P-1 11.6 55.8 64.4 72.1 73.4
p-2 88.9 246.6 262.6 263.1 270.1
mean 50.3 151.2 163.5 1679 171.8
Timboroa  P-1 22 343 63.7 678 '+ 772
P-2 32,2 52.6 182.2 203.7 211.2
mean 17.2 43 4 123.1 1356 144.2
Kaptagat P-1 4.7 66.1 94.4 087 106.4
P-2. 21.4 209.0 240.0 314.1 370.9
mean 131 137.8 117.8 206.4 238.1
Kericho P-1 43 36.9 156.2 181.0 198.6
P-2 31.5 160.8 4502 502.8 522.1
mean 21.4 98.9 233.2 3419 3604
LSD (p<0.05) 0.64

(N.B LSD values are for Soil X Rate X Time interactions)
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Table 4.8 Percent P dissolved of MPR fentilizer at vanous periods of reaction with the soils

soil b Time (days)
rete 4 o 15% 30 &0
l‘:l‘i‘} o) P=-1 0.8 3.4 Al 7 .49 4.0
=2 L1 4.7 4.9 Sy 6.0
mean 1.0 4.1 823 4.6 5:0
& o P=1 3.0 5.3 8.9 12.9 12.9
p=2 TG 16.0 1.7 .8 20.1 Z0.8
mean 3.5 10.5 13.9 16.5 18.4
Sok ik P-1 Do W L300 15.0 16.31 1
P-2 8.3 23.0 24.5 24.6 75
mean 5.5 1810 19.8 20,1 27
I'imboroa P-1 0.5 4.9 14 .9 15.8 1% .0
2-2 3.0 8.0 17.0 19,2 19.7
mean 1.8 6.5 15.9 17.5 152
Kaptagat P-1 1.1 15.4 220 23 24w
p-2 2.0 16.5 22.4 29:.. 3 4.5
mean 1.6 17 5 2207 26,2 297
Kericho P-1 1.3 8.6 364 42.72 4.3
p=-2 3.5 15.0 42.0 46.9 ni .7
mean Z2.3 11.8 39.%2 44.0 7.9
LSD (0.05) 35.2
(N.B LSD values are for Soil X Time X Rate interactions)
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Figure 4.4 Percent P dissolved of MPR treatments as affected by rates of application (-1 and P-2)
and periods of reaction of the fentilizer with soil (a) Kericho, Kaptagat, and Timboroa., (b)
Njoro, Lanet, and Sotik..



[t 1s evident that for all the soils, the concentrations of BaCl,-TEA extractable Ca were
clearly greater in the MPR treatments than in the control (Zero-P) treatments. The
concentrations also incregsed with the rates of application, periods of reaction, and varied
between the soils. For all the soils, the dissolution rates were more rapid initially, but this tended
to decrease with time.

The results Lurther indicated that in the moderately acidic soils between 0.5 % to 8.3 %
of total added P had dissolved after the MPR fertilizer had been in contact with the soils for 4d
(‘Table 4 8) However, after 60 d of reaction of the fertilizer with the soils, the amount dissolved
icreased to between 17.1 % to 48.7 % of the total added P. For the slightly acidic soils (Njoro
and Lanet), between 0.8 % to 4.0 % of the total added P had dissolved after 4d of PR reaction
with the soils (Table 4.8). After 60 days of PR reaction with the soils, the amount dissolved
increased to between 4.0 % to 20.8 % of the total added P.

Addition of P fertilizers significantly increased the extractable P coﬂccntralions over the
control (P-0) treatments  for all the soils (Table 4.9). The increases were greater for the SSP
treatments than for the MPR treatments. It can also be observed that for both fertilizers, the
extractable P concentrations increased with the rate of application in all the soils. Also for both
fertilizer materials, the amount of added P extracted differed among the soils. The l‘ﬁghcst
amount was noted in the Njoro soil and the lowest amount was observed for the Kericho soil.

The variation of mean Olsen P values of SSP and MPR treatments with reaction time
arc illustrated in Figure 4.5. Clearly, the two fertilizers displayed different patterns of reactions
for the first 15d of the fertilizer reactions with the soils. The Olsen P values for the SSP

treatments declined significantly with time. In contrast, the Olsen P values for the MPR



4.3 Effect of P sources, rates of application and periods of reaction on Olsen P
concentrations.

Table 4.9 Olsen P values of SSP, and MPR treatments at various periods of reaction with the

solls.
Soill Time None 3Sp MPR
(days) pP-0 P-1 pP-2 P-1 P-2
Nijoro 15 32.8 53.8 96.3 35.86 L
30 352 H2.0 94.9 A3 .2 66.3
60 33.3 48.3 86.8 39.0 47.2
mean I3: 8 51.4 90.6 35,23 54.9
Lanet 1.5 168 49 .4 87.8 BB8 319
30 15.6 46,1 68.6 30.5 18.5
60 142 40.1 62.2 21 .5 3.0
MOan I 45,2 72.9 25.3 39,4
Sotik 15 6.9 26.1 50.4 16.8 30.9
30 7.6 20.7 39.6 19.3 40.1
60 5.8 17.6 Z5.10 18.0 30.86
mean 6.8 21 .5 38..3 18.0 33.9
Timboroa ;5 9.8 18.4 32.4 13.2 29.4
30 5.0 16.7 28.9 15.86 47 .4
60 8.9 12.5 29.3 14.1 35. 1
mean 7.9 15.5 30,2 143 40,5
Kaplagal 1.3 9.8 35. .3 54.1 23 ;7 6l .2
30 Ve 20,1 38.3 28.3 59.6
60 T..7 28.2 36.1 29.0 347
mearl B.3 305 42 .8 - 27,0 535
Kericho 15 5o 15,3 35.:9 9.7 16.7
30 6.3 14.0 33.2 11.6 21..0
60 T and 2.9 1Y 11 .3 174
mean 6,2 14,72 27.0 10.6 18.2
LSD (p<0.05! 21.4

(N.B LSD values are for Soil X Rate X P source X Time interactions)
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Figure 4.5 Mean Olsen P values of SSP and MPR treatments after 15, 30, and 60 days of
incubation.

treatments reached their peak at 30 d, and declined thereafter (Figure. 4.5). The amount of

native P (Zero added P treatment) changed little with time. :
4.4 Relationship between percent P dissolved of MPR and some initial soil chemical

properties.

The correlation coefficients (r) between the determined initial soil chemical properties
(Table 4.1) with the corresponding values of % P dissolved for MPR treatments at various
periods of reaction are shrown in Table 4.10 below.

It can be noted that pH (H;0), pH (CaCly), Exch.Ca, CEC, and Olsen P were all
negatively correlated to % P dissolved of MPR fertilizer. Exch.Ca and Olsen P showed

significant relationship with % P dissolved after 15d of MPR fertilizer reaction with the soils. In

1



contrast, % C, bFeoy, Alox, b, and k were all positively correlated to % P dissolved. Similarly,
significant relationship were observed tor % C, Alox, b, and k after 15d of -MPR fertilizer
rcaction with the soils (Table 4.10).

Table 4.10 Simple correlation coeflicients (r) between some soil chemical properties and %P
dissolved of MPR treatments.

Soil Chemical Time (days)

property. ‘ 4 7 15 30 60

pH (H;0) 0.15 ~0.22 -0.49 ~0.48 -0.50
pH (CaCl,) ~0.14 -0.41 -0.61 ~0.60 ~0.61
%C ~0.51 0.07 0.74* 0.78% 0.80
Exch.Ca -0.01 ~0.21 ~0.76* -0.77* -0.81%*
e ~0,12 ~0.58 ~0.43 -0.39 =041
Olsen P -0.47 -0.60 =0 T —{) , FB* =0 1 2%
Fe,. .2 0.56 0.48 0.56  0.58
Bl 0.01 0.35 0.74% 0.73* 0.72*
b ~0.10 0.33 0.96%%%  0.96% k% 0,95k *
K .18 0.50 0.90%*  0.90%*  (,90%*

Significance levels p<0.01(***), p<0.05(**),and p<0.1(*).
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4.5 Relationship between initial rate of PR dissolution and some initial soil chemical

properties.

As mentioned in chapter Two, the effectiveness of a PR material as a fertilizer depends
on the extent and rate of its dissolution in soils.

A number of equations have been developed and used t.o study the kinetics of PR
dissolution in soils (Khasawneh and Doll, 1978; Chien e al., 1980, Sanyal and De Datta, 1991).

An attempt was made in this Study to estimate the rate constants of MPR dissolution in
soils using a modified Elpvich equation (Sanyal and De Datta, 1991). The modified equation can
bé written as:

g= H et VB Inbcosmmpmmnmmsmosn ey som pmus: s o ooy (4.3)
where ¢ is %PR dissolved in time t of reaction with soil and a and & are dissolution constants.
These constants have been shown to be unique for a particular soil (Sanyal and De Datta, 1991).
[[it is assumed that as q —» 0, dg/Ct —> «. Then a may be taken to represent the initial rate of
PR fertilizer reaction with the soils and can be obtained from a linear graph ;)f q versus Int.
These values are shown i\n Table 4.11, while Table 4.12 shows the relationship between a and

some initial single soil chemical properties.

Table 4.11 “Initial rates (o) of MPR dissolution in soils as calculated from Elovich equation.

Soil Njoro  Lanet Sotik Timboroa Kericho Kaptagat

Reaction
rate « (gP/day) 1.9 38 11.1 2.8 5.6 49




Table 4.12: Simple correlation coeflicient(r) values between the rates of MPR dissolution and
various soil chemical properties.

Soil chem. '
property - | pH(H0) %C CEC ExchCa Fe. Al. OlsenP b

F -0.40 025 -043 -020 023 050 -057 020

Table 4.11 shows that the initial rate of reaction of MPR followed the order of N_;OI'O <
Timboroa < Lanet < Kaptagat < Kericho < Sotik.

The correlation coeflicients between iniﬁal soil chemical propertics and the initial rates
of MPR dissolution showed similar trends to those of % P dissolved witﬁ soil chemical
properties noted in Table 4.10. No single soil chemical plroperty was found to be significant in

predict'mg the initial rate of MPR dissolution (Table 4.12).

4.6 Relationship between % P dissolved of MPR, Olsen P values and P sorption

capacity.

The relationship between % P dissolved of MPR, Olsen P and P adsorption capécitics
of the soils is illustrated in figure 4.6. Negative and highly significant correlation coefficient (r =
-0.95) was obtained between % P aissolved of MPR material and the extractable P
~ concentrations (Olsen P). It is also evident that the extent of dissolution increases, while that of

P extractability decreases, as the P sorption capacity of the soils increascs.



- 2500
A \
40 + ~'. 5
- "+, F(% Pdissolved : Olsen P ) =-0.95 P
e ‘
a5 // ~ 2000
A F 2 ‘
Ty #
g P
. Fe
& 5 A /.' |
= ) re )
5] “a e L >
;25 ,‘/. 115(2(]_-§
= /// 3 3 ‘--*--(a)
=) 3 o 1 ‘
= A% L 5 —e—
Fr i // a
-1 | e
2 /,-’ A 710005
1S t // : :
2 A |
-~ |
10
®'r (% P dissolved : P adsorption capacity ) = 0.98 s
' |
5; |
i .
- |
0 + ; ~+ - 4 0
5 10 15 20 25 0 S 0

% P dissolved.

Figure 4,6 The relationship between (a) % P dissolved of MPR and Olsen P values, (b) %
dissolved of MPR and P sorption capacity. -
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CHAPTERS

DISCUSSION

5.1 Initial soil properties.

The soils studied can generally be divided into four groups: andosol (Njoro), ferralsols
(Sotik and Kaptagat), nitisols (Kericho and Timboroa), and phacbzcms (Lanet)
(FAO/UNESCO, 1988).

The measured soil pH values in water and CaCl, solutions are typical Ifor tropical soils
(Sanchez, 1976). The lower pH values in CaCl, than in H;0 suggest that the soils studied
possessed vartably charged components (Uchara and Gillman, -1981).

The moderately acidic soils such as the Kericho, Sotik, Timboroa, and the Kaptagat
showed higher Feoy and Aloy values than the shightly acid soils (Njoro and Lanet). This 1s
probably due to the weathering and leaching of soil minerals in high rainfall arcas which lead to
the enrichment o!‘soilsl with hydrated oxides of Fe and Al (Sanchez, 1976). Such processes tend
to lower pH, and CEC ‘valucs (Table 4.1). Similar observations have been made by other
workers (Uchara and Gillman, 1981).

The organic C contents for all the soils were in the medium range. This may be dL’JC to
plant residues arising from the intensive agricultural activities and the favourable climatic
conditions of the studied regions (Table 4.1). In soils where organic matter plays significant role
m cation cxchange reactions, close correlation between % C contents and CEC would be

expected {Sanchez, 1976). In this study, however, the lower correlation coeflicients between %
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(", and CEC of the soils ( =-0.35) suggested that organic matter may not be a significant
component of cation exchange reactions of the soils studied.

The CEC values are in agreement with the results of other workers (Okalebo er al.,
1991:). The moderate to high levels of Exch.Ca values suggest that minimal leaching losses off
Lxch.Ca in the soils studied occured. This may be due to the medium organic C contents of the
soils. ixch.Ca may complex with organic matter thereby preventing excessive leaching losses.
In general the exch.Ca values paralleled the CEC values. Thus soils with low CEC values
venerally indicated low Exch.Ca values (Table 4.1).

Results [rom the P adsorption isotherms (Table 4.2 and Figure 4. 1a-¢) indicated that the
soils studied had P adsorption capacities in the order Kericho > Kaptagat > Timboroa > Sotik -~
Lanet > Njoro. This trend was generally reflected, as expected, by the trend of Feox and Alox
values (Table 4.1). Positive correlation between P adsorption capacity (b) with Feoxand Alox as
observed in this study (Figure 4.3a-f), 1s well estab}ished.(Sanchez, 1976, Sat;yal and De Datta,
1991; Lyamuremye ¢f al, 1996). As expected, the native Olsen P values were low for the
moderately acidic soils an;l high for the slightly acidic soils in line with the order of the P

adsorption capacities of the soils (Table 4.1, Figure 4.1a-c).

h

2 EiTect of rate of application and period of reaction on dissolution of Minjingu PR.

When PRs dissolve in soils, Ca and P ions are released (See equation 2.1, Chapter Two).
Thus increases in concentrations of Ca and P in PR-treated soils over the control are indicators

~

of PR dissnlution. In this study, the extractable Ca (Tables 4.5 and 4_6‘) and P (Table
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4.9) concentrations increased in all the PR-treated soils over the control lrcalmcntsj. This
suggests that the dissolution of MPR fertilizer must have occurred in all the soils studied.

Changes in plI may also occur during dissolution due to the consumption of 11’ ions by
substituted CO:” in the crystal lattice of a PR matenal, and free carbonates which are associated
with a PR material (Khasawneh and Doll, 1978; Chien and Menon, 1995). Precipitation of Al
by P released from dissolving PR, and P retention in soil colloids occurring through ligand OH"
exchange have also been advanced as possible causes of pH increases during PR dissolution
(Ikerra ef al.,1994; Chien and Menon, 1995). Thus thc.slight increases oi‘{ilc soil pHl values
(Table 4.4) i the MPR treated soils over the control treatments are also indicative of
dissolution of the PR material. The higher pH changes (0.11-0.22) observed in the muc{lcralcly
acidic soiis (Kericho, Kaptagat, Sotik, and Timboroa) compared to the pll changes (0.000-
0.007) in the weakly acidic soils (Njoro and Lanet) suggest that MPR dissolved better in the
moderately acidic so‘ils than in the weakly acidic soils. These observations are consistent with
the obscrvations rcpm:lcd by other workers (Utomo, 1995, Chien and Mcn‘on, [R5,
Chepkwony, 1991).

Although the pH values tended to decrease following SSP addition, they were Vilt'lLIZl”_\/
similar statistically to the pl values in the control treatments (Table 3.4). It would be expected
that addition of SSP fertilizer to soils would lower the pH values due to the resultant acidic
solution arising when the SSP fertilizer dissolves in soils (Tisdale ef al, 1985). 1t-is possible that -
the studied soils buffered the pH changes by releasing OH™ ions thereby counteracting the
lowering of pl.

Inall the soils, the amounts of MPR dissolved were greater at the higher rate ol P

apphication (P-2) than at the lower rate (P-1) (Table 4.7) in agreement with the results of other
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\;vurl\'cz's (Hammond ef al., 1986). As expected, greater amounts of Ca (and P) would be
released into the soils per unit weight of PR material at the higher rate of P application.
Robinson and Syers (1991) found out that the Ca sink (i.e CEC of soils) is an important factor
controlling PR dissolution. It would be expected that, higher rates of application would result in
the saturation of cation exchange sites with the Ca ions thereby preventing further dissolution.
Results obtained in this study suggest that such a stage had not been reached even at the

.mplﬁig_:_ltion rate of 300 ugP/g dry soil used in the study.

The increases in.the amounts of MPR dissolved with time suggest that the reaction of
the PR fertilizer with the soils was continuing. This continuing nature of the reactions tended to
decrease with time as the equilibrium conditions were approached (Figure.4.4), when the Ca
and the P sinks were becoming saturated with these ions. Similar findings have been reported by
several workers working on other PR dissolution studies in incubated ‘soils (Robinson and
Syers, 1990; Chepkwony, 1991; Hanafi er a/, 1992; Samid-Sjarif, 1992).

The differences between the soils studied in the amounts of MPR disso]vz:d ('I';sblcs - Aol
4.8) were expected. This ‘was attibuted to the differences in the chemical properties of the soils
such as pH, Ca and P status, CEC and P sorption capacity (Table 4.1). These soil chemical
properties are known to influence PR dissolution (Le Mare, 1991, Chiep and Menon, 1995)
thereby resuiting in different extents of PR dissolution in soils.

The relationship between the extents of MPR dissolution and some of the sclected
chemical properties of the soils studied are discussed in section 5.4.

The mtial rapid dissolution stage and the subsequent slow dissolution in the dise}olulion
kinetics of MPR fertilizer (Figure 4.4) arc the charactenistic features of PR dissolution in

incuvated soils (Hanafi er al, 1992; Robinson and Syers, 1991). It should be noted from
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L;(lLlElliOI] 2.1 (Chapter Two) that for continuous dissolution of a PR material in soil, there must
be a constant supply of H' ions, and limitless Ca and P sinks. This phenomenon can only occur
under field conditions where the Ca and P ions arc removed from dissokvling PR environment
through plant uptake or leaching processes. For incubated experiments, however, the sources of
H ' ions and sinks for Ca and P may be limiting. Hence PR dissolution frequently approaches an
cquilibrium state after an initial rapid stage. The initial rapid dissolution stage of the PR matcrial
can be attributed to the dissolution of CaC0O; mineral which is present as an accessory mirlmral n
the MPR fertilizer (Table 3.1), dissolution of a more soluble fraction of a PR matenal, or the
favourable soil factors e.g. pH, Ca and P sinks (Hanafi ef @/, 1992; Robinson and Syers, 1991).
The slow dissolution rate occurring much later can be attributed to the dissolution of a less

soluble PR fraction, or inhibition of further dissolution caused by increased pH, or saturation of

Ca and P sinks (Sanyal and De Datta, 1991; Robinson and Syers, 1991).

un

3 Effects of P source, rate of application, and period of reaction on P extractability.

Dissolution of P fertilizer in soils is a necessary prerequisite before P becomes Plant-
- available.

Soil tests for plant-available P frequently use extracting solutions which dissolve and
remove specific forms of soil P from solid phase. NaHCO; extractant preferentially extract Al-P
and Fe-P reaction products that are formed after P fertilizer dissolves in soil, and little of the
unreacted PR matenal (Khasawenh and Doll, 1978; Sanyal and De Datta, 1991). It is rcaf;‘onablc
therefore to suggest that the measured increases in NaHCO;—extractéiale P concentrations in the

=
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z;ddcd P treatments (P-1 and P-2) over the control (P-0) (Table 4.9) originate {rom the plant-
available P pool.

The differences between the P sources in the amounts of extractable P at both rates of
the added fertilizer are attributable to the diftferences in the dissolution behaviours between
water-soluble I and PR fertilizers. SSP is a readily water-soluble fertilizer and hence givcs; rse to
higher amounts of extractable P C()l]CCHU'iiti(mS: In contrast, MPR fertilizer dissolves slowly over
time 1n soils resulting in lower amounts of extractable P concentrations (Table 4.9) (Hammond
ef al, 1986, Sanyal and De Datta, 1991).

The higher amounts of extractable P concentrations observed for the higher rates of P
addition (P-2) compared to the lower rates (P-1) for the MPR treatments (and also for the SSP
treatmentsy are in agreement with the corresponding dissolution data observed for the MPR
material.

For both P sources, the amounts of extractable P concentrations diflered among the
soils. The generally lower amounts of extractable P concentrations in the moderately acidic soils
(Kericho, Kaptagat, Timboroa, and Sotik) compared to the extractable P conccntratidns in the
shightly acidic soils (Njoro and Laan (Table 4.9) are in line with their order of P adsorption
capacities (Table 4.2, Figure 4.1a-c). Soils having relatively high P adsorption capacities such as
the Kericho, Timboroa, Sotik and Kaptagat soils tend to maintain lower levels of extractable P
concentrations compared to the soils with relatively low P adsorption capacities (Sanchez, 1976,
Smyth and Sanchez, 1982; Sanyal and De Datta, 1991). This finding suggests that, although
soils having high P adsorption capacities may favour increased dissoiution of a PR materials, the

dissolved P may not be readily available for plants. Similar conclusions have been drawn by



a-nhcr workers (Harris ¢t af, 1984; Watkinson, 1990). The relationship between PR dissolution,
P adsorption capacities and P extractability is discussed in section 5.5.

The difference shown by the effect of reaction time on the amounts of extractable P
concentrations of the P sources (Figure 4.5) can, again, be attributed to the differing solubilitics
of the P sources in the soils and the subsequent fixation reactions of dissolved P by soil
components, |

For the readily water-soluble SSP fertilizer, virtually all the P would be released
immediately once the fertilizer is in contact with the soil (Sanyal and De Datta, 1991)
Conscquently dissolved P would be exposed for fixation reactions for a longer period of time.
This would result in a larger decrease in the amount of extractable P concentrations, as
observed in this study (Figure, 4.5).

For the water-insoluble MPR fertilizer, both dissolution reactions of the PR materal
and fixation reactions of dissolved P occur concurremly.l The observed mitial .n'se in the amounts
of extractable P concentrations (Figure 4.5) suggest that dissolution of the PR material
dominated fixation reactions of dissolved P. As time progressed, the dissolution of the PR
material approached equilibrium condition and thus the fixation reactions became the dominant
reaction. Dissolved P therefore began to decline (Figure 4.5).

The above ‘ﬁnding suggests that prolonged reaction of a PR material with soil before
sowing a crop may rcslult in a decline of dissolved P leading to decreased availabilit.y. This may
be particularly the case in soils having high P adsorption capacities such as the Kericho, Sotik,

Timboroa, and the Kaptagat soils (Figure 4.1a-c, Table 4.3)
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5.4 Relationship between PR dissolution and some initial soil chemical properties.

The obscrved negative correlation coeflicients between the rates and extents of MPR
dissolution with soil pti, Exch.Ca, and Olsen P values (Table 4.10, 4.12) ur;: in agreement with
the chemical principles of PR dissolution in soils (see equation 2.1. Chapter Two). These
findings suggest that dissolution of PR materials would be greater in acid soils with relatively
low pll, exch.Ca, and Olsen P values than in acid soils with relatively high pH, exch.Ca and
Olsen P values. A similar suggestion has been made by other workers cited by Khasawneh and
Doll (1978), Bolan ¢# al. (1990), and Chien and Menon (1995).

The lack of a significant correlation coefficient between % P dissolved with soil pH
(Table 4.10) indicated that soil pH might have not been an important soil property influencing
the dissolution of MPR material in the soils studied. This finding concurs with tha.xt of Mackay ¢f
al. (1986) who, in studying a range of contrasting temperate New Zealand acid soils, found that
soil pH had a small influence on PR dissolution. Similar results have also been reported by De-
Datta ef al. (1990) in a study of PR dissolution in tropical Asian acid soils.

Several workers cited by Khasawneh and Doll (1978) have, however, regarded soil
acidity as an important variable influencing the dissolution of PR materials in soils. These
workers have, however, inferred the increases in PR dissolution from increases in crop yields
and P uptake studies. However, incorrect conclusion may be drawn from such studies due to
. the indirect influence c;f plant species on PR availebility (Hammond er al.,, 1986; Chien and
Menon, 1995) and the eﬂ;ect of pH on other P-soil interactions (Haynes, 1982, Chepkwony,

1991).
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The high signiticant correlation coetlicients between % P dissolved of MPR. fertilizer
with exch.Ca and Olsen P values (Table 4.10) indicated the relative importance of the Ca and P
status of soils in influencing the dissolution of PR material. Mackay er al. (1986) also reported
that exch.Ca had a significant effect on dissolution of PR materials in New Zealand acid soils.
De Datta et al. (1990) found that dissolution of PRs depended strongy on exch.Ca content of
the soils.

For continuous dissolution of a PR material in soil, however, continuous supply of H’
lons and removal of dissolved Ca and P ions from dissolving PR environment are essential In
the absence of plant uptake and leaching, dissolved P and Ca ions would be removed through a
number of fixation processes including cation and anion adsorption reactions (Khasawneh and
Doll, 1978). The sink for I is predominantly the P sorption complex which is largely determined
by the amount‘ of Fe and Al hydrous oxides (Sanchez, 1976). The soil sink for Ca is provided by
its CEC enabling the Ca which is dissociated from the apatite surface to become part of the soil
exchange complex (KXhasawneh and Doll, 1978).

Thus the observed positive and highly significant correlation coefficients between % P
dissolved of MPR with P sorption parameter,b, values (Table 4.10) are expected. This finding is
in agreement with a number of other studies which have shown that PR dissolution increases
with increasing P sorption capacity of the soils (Mackay e al.,1986; Symth and ‘Sanchez, 1982,
Kanabo and Gilkes, 1987; Samid-Sjarif, 1992). The positiu*e correlation coeflicients between %
P diésolvcd of MPR with Feox and Alox are not surprising since P sorption capacity parameter,
b, 1s itsell correlated with Feox and Al (Figure 4 3a-b). Hydrous Fe and Al oxides are known

to play an important role in P fixation in acid soils. Sanchez (1976) attributed the greater
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c.!issululion of PRs mn soils containing large amounts of Fe, to the more cllective removal of
dissolved P by e minerals in high Fe soils

The lack of significant correlation coeflicient between % P dissolved and CEC (Table
4.10) suggests that the Ca sink (CEC) was not effective in reducing the build-up of Ca
concentration ;round the dissolving PR matenal. This result can be explained by the fact that
most of the soils studied generally had low CEC. Such soils provide poorer sinks for dissolved
Ca than soils with relatively high CEC (Khasawneh and Doll, 1978). |

The significant positive correlation coeflicients observed between % P dissolved and %
(" indicated that orga;ﬁc matter was an important soil charactenstic influencing PR dissolution
This finding is consistcnt:wilh the results of Tkerra ef al. (1994) who reported that ap;iiicalion of
compost and farmyard manure enhanced the discolution of MPR fertilizer in a Tanzanian
Ultisol. Organic matter may act as a sink for dissolved Ca through its Chelating eftect and hence
enhance PR dissolution (Hammond et al., 1986). P

The lack of significant correlation coeflicients between % P dissélvcd with any single
soil chemical property at the early part of the incubation experiment (4d) is consistent with the
low extent of MPR dissolution at that time (Table 4.8). The finding that P sorption capacity
save the highest correlation coetficient (r = 0.96) with % P dissolved of MPR compared to the

other soil chemical properties tested in this study indicated the importance of P sorption

capacity in the prediction of PR dissolution in acid soils.



5.5 Relationship between percent dissolution, P extractability and P sorption capacity.

As mentioned above, the dissolution of a P source 1s normally a necessary pre-requisite
~for the added P to be plant available (Sanyal and De Datta, 1991).

If the extractable P in the soils 1s assumed to be principally derived from the P fcﬁilizcr,
then the P concentrations in the soil sohlltion (in the absence of plant uptake and leaching losses)
1s controlled by dissolution and fixation reactions. The dissolution reactions tend to increase the
P concentration in soil, while fixation process tends to decrease P concentration in 'soil. Both
processes occur concurrently. Thus in incubated experiments, the measured extractable P
concentrations in soil solution are the net effect of the two counteracting processes.

The highly significant negative correlation coeflicient (r = ~ 0.958) between % P dissolved
of MPR and the extractable P concentrations (Figure 4.6) indicated that the increased PR
dissolution does not necessarily produce proportional increases in extractable P concentrations,
particularly in acid soils h‘aving higher P fixation. For example, the high P-fixing soils ¢.g. the
Kericho soil which favoured high PR dissolution, yielded the lowest extractable P concentration.
On the other hand, the low P-fixing soils e.g. Njoro which favoured low PR dissolution, yielded
highest extractable P concentrations (Tables 4.3, 4.8, 4.9, Figure 4.6).

It is apparent that‘hig,h P fixing soils may stimulate the initial dissolution of a PR material
but have a negative eflect on the subsequent availability of the dissolved P. Similar results and
conclusion have been reported by other workers (Harnis ef of., 1987, Kanabo and Gilkes, 19806;

1

Butegwa ¢f al ., 19906)



CHAPTER 6

SUMMARY AND CONCLUSIONS

The dissolution reaction of a PR material in an acid soil (equation 2, Chapter Two)
sugoests, in general, that PR dissolution is greater in more acidic soils (low pll low
exch Ca and PY than in less acid soils (high ptl, high exch.Ca and P).

The results obtained in this study showed, indeed, that the extent off MPR
dissolution was greater in the moderately acidic soils (Kericho, Sotik, Kaptagat, and
Timboroa) than in the slightly acidic soils (Njoro and Lanet). This finding was attributed to
the differences in the chemical p%operties of the soils.”

The extent of MPR dissolution increased with the rate of P applic.atliun, This result
was attributed to the greater fertilizer input per unit weight of soil at the higher rate of
application compm'abic to the lower rate of application.

Also the results showed that the extent of MPR dissolution increased with the
period of the fertilizer reaction with the soils. This finding was attributed to the slow and
continuing dissolution reaction typical of PR materials in soils. |

Of the initial soil Chemical properties selected, Olsen P, % C, and P adsorption
capacity were significantly related to the extent of MPR dissolution; the most predictive
property being P adsorption capacity of the soil. Soil pH was not significantly related to the
extent of MPR dissolution. This finding further indicated that exch.Ca, organic matter
content (% C), P concentrations and P adsorption capacity were the key chemical

propertics influencing the dissolution of MPR fertilizer in the six soils studied. However,
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I:urlhcr rescarch needs to be done using a wider number of acid soils having contrasting
chemical properties to verify this {inding.

No single soil chemical property significantly related to the extent of ‘MI’R
dissolution at the carly stages of incubation, probably because low amount of fertilizer had
dissolved. As in the above conclusion, further work needs to be done on a wider number of
acid soils to verify this ﬂ:nding.

The extractable P concentrations were higher in the SSP-treatments than in the
MPR-treatments. This was attributed to the differences in solubilities of the P soufrces
Also the extractable P concentrations differed among the soils. 'l'lu? moderately acidic soils
(Kericho, Sotik, Timboroa. and Kaptagat) viclded lower extractable Pl than the values n
the shightly acidic soils. This was attributed to the differences in the P adsorption capacitices
ol the soils. This finding suggested that the effectivenes of the MPR fertilizer may be
comparable in the two groups ot the soils. This is a possible area for future rescarch.

The extractable P concentrations increased with the rate of application for both
fertilizers. This was attributed to the greater amount of P added per unit weight of soil at
the higher rate of application compared to that of the lower rate of application.

The extractable P concentrations for SSP-treatments consistently decreased with
time due to fixation reactions by the soil components. The decrease were more marked in
the mouerately acidic soils (high P-adsorbing) than in the slightly acidic soils (:luw P-
adsorbing). On the other hand, the extractable P concentrations for the MPR-treatments
itialy increased with time due to the slow continuing dissolution reaction and then
dechined subsequently. 1t was suggested that the digsoiution reactions slowed down with

time as fixation reaction became the dominant reaction. This finding suggests that the



L;ﬂl:c[i\/c:ncss of MPR material as fertilizer may decrease with time particularly in high P-
adsorbing soils such as Kericho, Kaptagat, Sotik, and Timboroa.

Highly signiﬁéant negative correlation was obtained in the MPR-treatments
between the extent of dissolution and extractable P concentrations. This finding showed
that, although the high P adsorbing soils (Kcﬁcho, Timboroa, Sotik, and Kaptagat)
promoted the dissolution of MPR fertilizer, the dissolved P was subsequently fixed by the
soil. It is concluded that an increase in PR dissolution does not necessarily result in high
plant-available P wvalues in high P-adsorbing soils. The major i‘a;lor limiting  the
effectiveness of a PR fertilizer in such soils is ﬁxatiop reactions. An evaluation study iﬁ real
ﬂgld situation of the effectiveness of MPR material as a fertilizer in ‘high P-adsorbing

tropical soils needs to be carried out in future.
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