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MODIFIED METHOD FOR PREDICTING PHOSPHATE DESORPTION 

KINETICS AND DYNAMICS FROM SOILS AND ITS RELATION 

WITH PLANT GROWTH 

ABSTRACT 

 
 Phosphorus (P) limits plant growth particularly in very strongly acidic soils. P availability to 

plant is a functional concept rather than measurable quantity.  This research work was 

intended to synthesize nanocomposite material that can monitor soil P desorption kinetics and 

dynamics and relate to P uptake by maize (Zea mays L.). The binary oxide Fe-Al composite 

system, both in a crystalline and amorphous form was synthesized by sol-gel evaporation 

method and characterized by XRD, FTIR, SEM-EDX. In the preliminary study, leakage of the 

as-synthesized nanocomposite in hydrous form (HFAO and HAFAO) placed in dialysis 

membrane tube (DMT) in contact with de-ionized water was checked using qualitative and 

quantitative tests. Performance of the nanocomposites suspensions in contact with KH2PO4 

(10-100 ppm) aqueous solution and 1 g soil suspension was evaluated and data fitness to 

isothermal and kinetic  models was checked.The single system hydrated ferric oxide filled in 

dialysis membrane tubes (DMT-HFO) was used as a benchmark. The long -term (1-42 days) 

phosphate desorption kinetics and dynamics study of soil samples collected from six sites 

( Bako, Bishoftu, Gununo, Guto-gida, Hagre-selam and Mechara) were carried out by 

extracting P with DMT-HFAO and DMT-HFO while shaking 1 g of soil suspension for 

intervals of 1, 7, 14, 21, 28 and 42 days. The remaining P in soils was fractionated 

successively as subsequent P-fractions by using 0.5 M NaHCO3, 0.1M NaOH, 1M HCl, c/hot 

HCl and c/H2SO4+H2O2 for extraction different P pools. DMT-HFAO kinetics and dynamics 

data of soils equilibrated for a period from 1 to 42 days was evaluated against maize yield 

grown in glass housee for 56 days in RCD design. Two component first order model was 

employed to estimate the cumulative P desorbed and P desorption indices and how these 

parameters are related to maize yield.The XRD data revealed crystalline form with crystallite 

size of 21.4 nm. The FTIR functional group data showed sorption of phosphate on the 

synthesized Fe-Al binary oxide in crystalline as well as amorphous forms. SEM-EDX 

micrograph revealed heterogeneous nature of the nanosorbent.The qualitative test result 

showed no leakage of the as-synthesized nanocomposite in crystalline form. However, the 

quantitatve test showed amorphous oxide leaked out through DMT. For the aqueous system, 

the sorption capacity of the nanocrystalline binary suspension (DMT-HFAO) wasfound to be 

360% of DMT-HFO used as a benchmark where as the amorphous congener was also 

approximately 300% of DMT-HFO during equilibration of 24 h. For the phosphate in soil 

solution of the selected soil samples of Gununo and Bishoftu, the DMT-HFAO system on 

average sorbed roughly 500% P compared with a single system, hydrous ferric oxide (DMT-

HFO), in 168 h. All the three sorbent, DMT-HFAO, DMT-HAFAO and DMT-HFO fitted to 

both Freundlich and Langmuir models with better fit of Freundlich to the data than Langmuir. 

From Langmuir model the  maximum sorption capacity of DMT-HFAO was 15.9 mg/g while 

that of DMT-HFO was 4.2 mg/g. Using Freundlich model kF of DMT-HFAO = 3.6 and that of 

DMT-HFO=0.44. This clearly showed binary nanosorbent, DMT-HFAO has remarkable 

sorption capacity as compared to the reference DMT-HFO. For both DMT-HFAO and DMT-

HFO, the kinetic models fitted the data better in the order: First order (R2=0.983-0.998)> 



 
 

xvii 

 

pseudo first order (R2=0.954-0.998) > Elovich (R2=0.929-0.989) > pseudo second order 

(R2=0.286-0.874). The DMT-HAFAO data fitted fairly well (R2=0.772-0.999) to pseudo 

second order but not fairly well for other models. This could be due to leakage of the sorbent 

through dialysis membrane that limited its potential for phosphate sorption capacity in this 

study. For the desorption experiment 24-168 h carried out under soil suspension of Bishoftu 

and Gununo, the data fitted fairly well with first order kinetics for both sorbents (R2=0.946-

0.998), the sorption capacity of DMT-HFAO being greater than DMT-HFO. The soil data 

fitted intra-particle model fairly well for both sorbents (R2= 0.98-0.992) with intra-particle 

rate constants, kp, following the order: DMT-HFAO>DMT-HAFAO>DMT-HFO. In soil 

phosphate desorption study (1-42 days) by the modified method DMT-HFAO and DMT-HFO, 

the amount of Pi extracted by the modified system DMT-HFAO and DMT-HFO are 

significantly different (p0.05) at all levels and extraction time for all soils in this study.The 

amount of cumulative P extracted by DMT-HFAO was greater than the amount extracted by 

DMT-HFO during course of extraction of 1-42 days. This indicated the modified method has 

more sorption capacity from slow labile pools than the reference. The modified system DMT-

HFAO extracted 2.9-13.4% of P total while the reference DMT-HFO extracted 0.2-3.5%. The 

cumulative P-extracted in 42 days using this technique significantly correlated (p<0.01) to 

maize plant uptake (r=0.777**) and shoot dry matter yield (r=0.788**) for soils considered 

in this study. The correlation obtained using this modified technique was found to be better 

when compared with DMT-HFO, the correlation of which is significant (p<0.01) to P uptake 

(r=0.664**) and dry matter yield (r=0.512*). This indicated that DMT-HFAO is superior in 

mimicking plant mode of action as compared to a single oxide system used as benchmark to 

study long-term P desorption. With assumption that the rate constants of P release of slow 

labile pool P do not change over time and continuous cropping it can be predicted that this 

pool will be depleted in about 300-461 days for the soils in this study. This is a very important 

finding in recommendation of fertilizers application. However, this prediction is on the basis 

of glass house pot experiment and needs to be tested under field condition in the future work. 

Our findings provide some insights into the importance of this technique for long-term P 

desorption studies although further experiments are required at field and green house levels 

for a wide range of soils to verify the universality of this modified method.  

Keywords: P-sorption, Desorption, Sorption, Fractionation, Yield 

  



1 
 

 

 

1. GENERAL INTRODUCTION 

 

1.1. Background of the Study 

 

Phosphorus (P) is an essential element for all living organisms and no other element can 

replace its  role in many physiological and biochemical processes. It is a common element, 

ranking 11th in order of abundance in the earth’s crust (FAO, 2008a). However, phosphorus is 

commonly a limiting nutrient for plant growth in many soils around the world (McDowell and 

Stewart, 2003). It is well accepted that P-nutrition deficiency of crop plants is more of a soil 

problem and a higher dose of P are necessary for soils having high P -fixing capacities. 

Phosphorus is fixed into slightly soluble forms by sorption and precipitation with Fe and Al 

compounds and crystalline and /or amorphous colloids of silica-sesquioxide present in acid 

soils (Quintero, 1999; Gama-Rodrigues et al., 2014).  

 

Globally, phosphate deposits consist of reserves and resources. The essential need to increase 

the plant available P was demonstrated two centuries ago and P fertilizer use has increased in 

response to the need to feed an increasing population. The greater need today is to increase 

the use and the use efficiency of P fertilizers in developing countries, where many soils are 

deficient in P, because increasing food production is essential to feed their increasing 

population (Roberts and Johnston, 2015; Keyzer, 2010). 

 

The use and use efficiency of P fertilizer is important for three main reasons. First, phosphate 

rock, from which P fertilizers are manufactured, is a finite, nonrenewable resource and it must 

be used efficiently in order to maximize its life span: Depending on P reserves deposits 

(Keyzer, 2010), there are some estimates that at the current rate of use, the phosphate ores are 

expected to be depleted within 50 years (Kawasaki et al., 2010) or according to FAO (2008a) 

reserves and resources could last between 105 and 470 years. Secondly, there is a need to 

maintain and improve the P status of many soils for the growth of crops. Thirdly, the transfer 

of soil P (derived from fertilizers and organic manures) is a major cause of P-induced 

eutrophication in surface waters (Pierzynski, 2000). 
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Phosphorus in soils exists in various forms. From plant nutrition point of view, soil P can be 

considered in terms of ‘pools’ of varying accessibility to plants. Phosphate in the soil solution 

is completely accessible but it makes up only a minute fraction of the total soil P. The bulk of 

soil P greater than 90% of total P present as insoluble and fixed forms including primary 

phosphate minerals, organic P, insoluble phosphate of Ca, Fe, Al and P fixed by hydrous 

oxides and silicate minerals and may vary from virtually inaccessible to slightly accessible 

(Gama-Rodrigues et al., 2014). This fraction can be described as varying from labile to non-

labile. A portion of the insoluble phosphate is more accessible than the bulk of the reserves 

and is referred as labile P. In this labile fraction, solid phosphate is present as phosphate 

adsorbed on soil surfaces.  

 

The two main factors controlling the availability of soil phosphorus (P) to plant roots are the 

concentration of phosphate ions in the soil solution and the ability of the soil to replenish 

these ions when plants roots removes them. The labile phosphate is in rapid equilibrium with 

soil solution phosphate. Removal of phosphate from the soil solution by plant roots disturbs 

the equilibrium between the soil solution and the labile pools (Hazelton and Murphy, 2007). It 

is accepted that the plant acquires its P from the soil solution that has to be replenished over 

the growth period. The availability of P to plants therefore depends, among other things, on 

the rate at which it is released to replenish the soil solution (Raven and Hossner, 1994). Due 

to P build up in soils over a long period, a significant residual effect can be expected and this 

can lead to an underestimation of the available P overtime is not taken into account.  

 

This research was, therefore, designed to study soil phosphate release with time by using 

synthesized binary system, Fe-Al mixed oxide. The synthesized materials are characterized by 

x-ray diffraction (XRD), Fourier transform infra red (FTIR), Scanning electron microscope 

(SEM) techniques. Researches have indicated multi-component sorbents differ significantly in 

physic-chemical properties from those of their single-component constituents (Harvey and 

Ruhe, 2008). It is these differences in physico-chemical properties that are believed to be the 

primary reason for differences in sorption behavior between multi- and single-component 

solids. The surface properties of mixed metal oxides are given importance because they 
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mimic the natural systems like soils more closely than their individual component (Sujana and 

Anand, 2010). 

 

1.2. Rationale of the Study 

 

Plant availability of residual P in soils can be reliably estimated by successive cropping 

experiments carried out in field or greenhouse conditions, where P is taken up until P 

deficiency occurs or a response to added P is measured (Indiati, 2000). This approach, 

however, takes many years to realize, which makes it very expensive and time consuming. 

Therefore, instead of attempting to tap the residual P by continually cropping till the plant 

responds, more rapid soil test methods that can approximate this biological measure are 

required. According to these methods, a given soil is subjected to successive P desorptions 

using materials that can act as P sinks. By employing these methods, one can study the P 

release rate of a given soil and if possible for how long a given soil can supply P. This in turn 

will enable agronomist to know how long it will take for soil P to deplete to a concentration 

where manure or fertilizer P can again be applied (Tadesse et al., 2008b).  

 

In order to assess long-term P desorption kinetics, it is necessary to sufficiently suppress the 

backward resorption reaction.This can be done by introducing effective P sinks into the 

system. Van der Zee et al. (1987) proposed the use of Fe-oxide impregnated filter paper strips 

(Fe-oxide strips) as a promising method to study the P release kinetics of soils. Acting as a 

sink for P, the Fe-oxide strips have a sounder theoretical basis than the chemical extractants in 

estimating available soil P (Myers et al., 2005). However, this method was found to be not 

well applicable for long-term desorption studies as it may lead to errors due to adhesion of 

fine P-rich particles to the paper strips and due to the mechanical instability of the paper when 

used for long desorption studies (Freese et al., 1995; Lookman et al.; 1995). To circumvent 

this problem, use of dialysis membrane tube filled with hydrous ferric oxide (DMT-HFO) in 

place of resin/Fe-oxide paper strips for studying long-term P dynamics has been applied 

(Freese et al.,1995; de Jager and Claassens, 2005; Ochwoh et al. 2005; Taddesse et al., 

2008b). This method is similar to Fe-oxide impregnated filter paper strips but in this case the 

HFO is placed in a dialysis membrane tube instead of being impregnated in the filter paper. 
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This has the advantage of not allowing strong chemicals to come into contact with the soil. 

This system is mechanically stable and capable of maintaining low P activity in the solution 

for longer period of time and therefore, P release over long periods of time can be measured 

in a more natural environment than  routine soil tests (Freese et al., 1995; Lookman et al., 

1995).  

 

Taddesse et al. (2008b) used successive desorption experiment by DMT-HFO followed by 

sequential P extraction. According to these authors, DMT-HFO based kinetics was done both 

at greenhouse and field trials and found significant correlation between the extraction method 

and plant P uptake in greenhouse but not significant at field trials. One possible reason could 

be the use of only single component system. Although the intention of this research is not to 

correlate the binary oxyhydroxide filled in DMT with plant parameter at field level, it is still 

assumed that the correlation to be obtained could be better using the binary system at 

greenhouse level than the single system (Martínez et al., 2011; Zhang et al., 2012).  

 

Multi-component sorbents comprising of mixtures of metal oxides, clay, quartz and organic 

compounds are present in soils and aquatic environments and have been shown to be 

significant in determining the environmental distribution of various contaminants and 

nutrients. These sorbents form via dissolution, adsorption, co-precipitation or colloidal 

interactions and often exhibit different sorption behaviors compared to single-component 

sorbents (Wang et al., 2011). They exhibit these behaviors because of their sizes that extend 

into nano-scale or nano-particles (Mohamed and Ali, 2017). Nanoparticles or nano-scale 

particles (NSPs) are atomic or molecular aggregates with at least one dimension between 1 

and 100 nm (Ball, 2002; Tarafdar and Kopan, 2012). 

 

Recently, nanostructured materials have received significant attention because of their unique 

optical, electronic, magnetic and physico-chemical properties that diverge greatly from their 

bulk materials (Samira et al., 2013). Nano-structures have also gained special attention in the 

field of solute adsorption from solid phase due to small particle size, large surface area to 

volume ratio, high in situ reactivity and absence of diffusion resistance (Kawasaki et al., 
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2010). This in turn depends whether these materials are single or multi-component systems 

(Wang et al., 2011). 

 

The Fe oxides found in soils and sediments usually occur as nanocrystals (5–100 nm in 

diameter) with reactive surfaces capable of sorbing a wide range of both inorganic and 

organic species through mechanisms such as surface complexation/surface precipitation 

(Bigham et al., 2002). Due to their prominent absorption capacity for toxins and their 

environmentally friendly characteristics, a variety of engineered iron oxide nanoparticles have 

been fabricated and applied to in situ water/soil remediation processes.  

 

Large number of experiments have been carried out to synthesize nano-sized particles and 

applied in different disciplines of science and technology for more than a decade. Some of the 

methods for synthesis of nano-sized particles are coprecipitation, hydrothermal and sol-gel  

(Gulshan et al., 2009; Tarafdar and Tapan, 2012; Gulshan and Okada, 2013). 

 

Literatures indicated that hydrous ferric oxide placed in dialysis membrane tube (DMT-HFO) 

technique has been employed to study long-term phosphorus desorption in acid soils. De 

Jager and Claassens, (2005); Ochwoh et al., (2005) used this technique on incubated soils to 

simulate long-term fertilized soils. Later, Taddesse et al., (2008), used long-term fertilized 

soils to assess the potential of this technique to simulate plant mode of action both in a green 

house and field trials. Recently, a modified DMT-HFO technique was also employed to 

investigate phosphate desorption kinetics from calcareous soils (Heidari et al., 2017; 

Reyhanitabal et al., 2018). Despite these reports, the research done using this technique is far 

from mature; more work is, therefore, required across various soil types and crops to validate 

the universality of this method. In addition to this, the phosphate sink used in the DMT-HFO 

system is hydrated ferric oxide, which is a typical single oxide system. The present work is, 

therefore, focused on improving the phosphate sink using a binary oxide system, Fe-Al mixed 

oxides suspension filled in dialysis membrane tubes (DMT-HFAO), to better represent the P 

uptake by plants. In summary, this work is principally intended to develop a modified 

analytical tool capable of predicting phosphate sorption-desorption from aqueous-soil solution; 

and to investgate the performance of the proposed method in predicting plant available P.  
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1.3. Hypothesis  

 

In view of the above facts, it was hypothesized that  

 the Fe-Al binary mixed oxide nanosorbent could be better potential P sink. 

 the binary nanosorbent could sorb more P from soil or aqueous solution as compared 

to single component sorbent. 

 DMT-HFAO better simulates plant P uptake compared to DMT-HFO. 

 desorption indices of the modified method correlates better with maize plant shoot dry 

matter and/or P uptake.  

 P desorption by DMT-HFAO affects the various P pools in soil. 

 

The general objective of the study was to investigate long-term P desorption kinetics and 

dynamics of soils using the DMT-HFAO method and its relationship with maize yield. 

Accordingly, the specific objectives of this research were to: 

 synthesize and characterize Fe-Al binary mixed oxide sorbent both in amorphous 

and nano-crystalline forms for the sorption of phosphate from soil solution. 

 evaluate phosphate sorption capacity of mixed oxide-sorbent filled in DMT in 

contact with aqueous system, 

 investigate the phosphate desorption kinetics of soils using Fe-Al mixed oxide 

filled in DMT,  

 evaluate the effect of DMT-HFAO extraction on soil phosphorus pools and 

 assess how the information gained from P desorption kinetic data relates to plant 

growth at green house trials 

 

 

 

1.4. Description of the Soil Sampling Areas 

 

The soil samples were collected from six sites. The selection criteria of the soil sampling sites 

were based on acidity and variability in pH from very strongly acid soils to neutral. The 
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selection was primarily made on the basis of secondary data that was finally supported by 

laboratory analysis of pH after soil samples collection. This was considered due to the fact 

that P fixation is dominant in very strongly acid to strongly acid soils. Bishoftu site soil 

sample with relatively high pH was included to study sorption behavior of the sorbents at 

neutral soil pH and low exchangeable aluminum. 

 

 Bako, Guto-gida, Bishoftu and Mechara areas of Oromia National Regional State and 

Gununo and Hegere-selam areas found in Southern Nations, Nationalities and Peoples' 

Region (SNNPR), Ethiopia (Figure 1.1). Bako is found in East Wollega Zone, 260 km from 

Addis Ababa, West Ethiopia. It is located 9o 4' N- 9o12' N and 37o 1' E-37o5' E , at 1650 meter 

above sea level (masl). The area has a unimodal rainfall pattern totaling annually 1244 mm 

(Wakene and Heluf, 2003). The average air temperature is 20.6 °C. The soil type of the study 

area is Alfisols (Soil Survey Staff, 1999), reddish brown with pH from strongly acidic to 

slightly acidic. Guto-gida district is also located in East Wollega, Oromia Regional State, 

Ethiopia, at a distance of 320 km from Addis Ababa. Guto-gida has a latitude lying between 

9o4' N-9o6' N and longitude 36o14' E- 36o47' E at an altitude of 1650 masl. The average 

annual rainfall is about 1780 mm which is characterized by unimodal rainfall pattern with 

annual mean temperatures of 20.7°C. According to FAO (1990) classification, the soil class of 

the study area is Nitisol. The pH of these soils varies from strongly to moderately acid. 

 

Bishoftu town is located on the escarpment of the Great Rift Valley, 47 km south of Addis 

Ababa, in Oromia National Regional State. Topographically, the site is located in the tepid to 

cool sub-moist mid highland at an altitude of about 1920 masl with moderate weather 

condition.  Bishoftu lies between 8o42' N-9o1' N and 38o59' E-39o5' E. The position of the site 

on the escarpment of the Great Rift Valley influences the climate of the area. The average 

temperature is 20 °C and the annual mean rainfall is 850 mm. The rainfall pattern is bimodal. 

The soil types are Haplic Andosol, Vitric Andosol and Eutric Vertisol. The blackland clay 

soils are medium to slightly acidic with majority of them are slightly acidic whereas Andosols 

soils are neutral (Diriba et al., 2015).  

  

http://en.wikipedia.org/wiki/Southern_Nations,_Nationalities_and_Peoples%27_Region
http://en.wikipedia.org/wiki/Southern_Nations,_Nationalities_and_Peoples%27_Region
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Mechara area is district capital of Darolebu in Oromia Region, West Hararghe zone, situated 

at a distance of 430 km from Addis Ababa and located 8°6' N-8°58' N and 40°30' E- 41°18' E 

at an altitude of 1773 masl. It is characterized by an average annual temperature of 25.6°C 

and annual rainfall of 1294 mm while precipitation is bimodal and shows strong seasonal 

variation. The soils of the study area are Vertic Luvisoils, Eutric Cambisols (Asrat et al, 2008), 

while the dominant is Nitisols.  

 

Hagere-selam is a capital district of Hula in the Sidama Zone of the Southern Nations, 

Nationalities and Peoples' Region. It is located at latitude 5o48' N- 6o50' N and longitude  

38o24' E-38o39' E at an elevation of about 2759 masl. The average rainfall is 1300 mm and 

with annual temperature of 14 °C. The rainfall pattern is bimodal. The soils of Hagere-selam 

area are Typic Paleustults and Haplic (Alemayehu et al., 2017).  

 

Gununo is one of districts in Wolayita zone, Southern Nations, Nationalities and Peoples' 

Region, having an altitude of 2300 masl with low land and high land agroecology. It is 

located  6º53' N-6º59' N and 37º30' E-37º48' E. Its annual average temperature is 21.86 °C 

and the mean rainfall is 1200 mm. The rainfall pattern is bimodal. The types of soils in the 

area according to FAO classification are dominantly Eutric Nitisols or according to USDA 

classification Alfisols (Tesfaye, 2003; Fanuel et al., 2016). 

http://en.wikipedia.org/wiki/Sidama_Zone
http://en.wikipedia.org/wiki/Southern_Nations,_Nationalities_and_Peoples%27_Region
http://en.wikipedia.org/wiki/Southern_Nations,_Nationalities_and_Peoples%27_Region
http://en.wikipedia.org/wiki/Southern_Nations,_Nationalities_and_Peoples%27_Region
http://en.wikipedia.org/wiki/Southern_Nations,_Nationalities_and_Peoples%27_Region
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Figure 1.1. Geographical location of soil sampling sites. Oromia national reginal state (a) 

woredas in Oromia national state (b) SNNPR (c) and woredas in SNNPR (d). 
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2. Fe-Al BINARY NANOSORBENT FILLED DIALYSIS MEMBRANE 

TUBES: A MODIFIED METHOD FOR PREDICTING PHOSPHATE 

DESORPTION KINETICS FROM AQUEOUS SYSTEM AND SOILS 
 

ABSTRACT 

Most methods for available P determination attempt to quantify P solubility using different 

extractants, but few relate this to P supply rates that are relevant to plant uptake. For this 

purpose, calcined (CPS) and amorphous (APS) Fe-Al binary mixed oxides were synthesized 

by gel-evaporation method. The performances of the synthesized mxed oxides were evaluated 

in two systems; namely phosphate contaminated aqueous solution (sorption) and soil solution 

perse (desorption). The single system hydrated ferric oxide filled in dialysis membrane tubes 

(DMT-HFO) was used as a benchmark. For the aqueous system, the sorption capacity of the 

nanocrystalline binary suspension (DMT-HFAO) was found to be 360% where as the 

amorphous congener was approximately 300% times that of DMT-HFO during equilibration 

of 24 h. For the phosphate in soil solution, the DMT-HFAO system sorbed about 500% P 

compared with a single system, hydrous ferric oxide (DMT-HFO), in 168 h. For the 

desorption experiment carried out under soil solution, the data fitted fairly well with first 

order kinetics for both sorbents (R2=0.946-0.998), the sorption capacity of DMT-HFAO being 

greater than DMT-HFO. The soil data fitted intra-particle model fairly well for both sorbents 

(R2= 0.98-0.992) with intra-particle rate constants, kp, following the order: DMT-

HFAO>DMT-HAFAO>DMT-HFO. This indicated that the modified system, DMT-HFAO, 

has greater sorption capacity for phosphate desorption from soil making it amenable for 

long-term phosphate desorption studies. However, correlation of the P-uptake by this sink 

method with actual plant P uptake in various soils should be carried out to validate the 

universality of this method. 
 

Keywords: Phosphate sorption equilibrium, Long-term desorption, Dialysis membrane tubes, 

Isotherm and Kinetic models, Nanocomposites 
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2.1. Introduction 

Phosphorus (P) is a non-renewable resource, considered as one of the global environmental 

challenges in the decades to come (Cordell and Neset, 2014). Phosphorus is inefficiently used 

in agriculture the production of which is expected to peak by 2035 (Keyzer, 2010). Hence, a 

more efficient use of P in agriculture is compulsory not only to overcome the consequences of 

progressive depletion of P rock reserves on agricultural production but also to circumvent the 

challenge of advanced deterioration of water quality. However, efficient use of P fertilizer 

should rely on more precise prediction of available P to plants in soil (Menzies et al., 2005; 

Recena et al., 2017).  

 

Phosphate availability in soils is a functional concept rather than measurable quantity. 

Phosphate availability is in fact a function of chemical equilibrium-controlled solubility and 

rate limited processes and no simple direct measurements are available. Most methods used 

for available P determination attempt to quantify P solubility using different extractants, but 

few relate this to P supply rates that are relevant to plant uptake (Yang and Post, 2011).  

Plants obtain P from the soil solution plus P that enters the solution, through its roots or root 

symbionts during the period used to define availability (Tiessen and Moir, 2008). In the same 

manner, desorption can be studied by using materials that bind phosphate strongly, keeping 

the solution concentration low so that  desorption from the soil particles can continue (Freese 

et al.,1995). 

 

In order to assess long-term P desorption kinetics, it is necessary to sufficiently suppress the 

backward resorption reaction.This can be done by introducing effective P sinks into the 

system. Van der Zee et al. (1987) proposed the use of Fe-oxide impregnated filter paper strips 

(Fe-oxide strips) as a promising method to study the P release kinetics of soils. The Fe-oxide 

strips have a sounder theoretical basis than the chemical extractants in estimating available 

soil P (Myers et al, 2005). However, this method was found to be not well applicable for 

long-term desorption studies as it may lead to errors due to adhesion of fine P-rich particles 

onto the paper strips and due to the mechanical instability of the paper when employed for 

long desorption studies (Freese et al., 1995 ; Lookman et al 1995). Recently, the use of 



13 
 

 

 

dialysis membrane tube filled with hydrous ferric oxide (DMT-HFO) in place of resin/Fe-

oxide paper strips for studying long-term P dynamics has been proposed (de Jager and 

Classens, 2005; Heidari et al., 2016; Ochwoh et al. 2005; Reyhanitabal et al., 2018; Taddesse 

et al. , 2008). The bases of this method is similar to the Fe-oxide impregnated filter paper 

strips but in this case the HFO is placed in a dialysis membrane tube instead of being 

impregnated in the filter paper.  

 

The phosphate sink in the aforementioned cases was hydrated ferric oxide which is an 

example of typical single component system. However, considerable  number of reports has 

shown that excellent and efficient phosphorus adsorbents are all characterized by high iron, 

alumium, calcium and manganese contents (Buzuayehu et al, 2017; Lu et al., 2013; Tofik et 

al., 2016,).  Thus, substrates with high contents of these materials can be efficient phosphate 

sinks in immobilizing phosphate from soils and water bodies. The surface property studies of 

mixed metal oxides are given importance because they simulate the natural systems like soils 

more closely than their individual component (Sujana and Anand, 2010). Characterization 

studies of multi-component sorbents indicate that the physical and chemical properties of 

these solids differ significantly from those of their single-component constituents (Harvey and 

Ruhe, 2008). Accordingly, various ions such as Al(III), Cr(III), Cu(II), Mn (IV), Si(IV), 

Ti(IV), and Zr(IV) (de Sausa et al., 2012; Lai et al., 2016; Li et al., 2014; Lu et al., 2014; 

Namasivayam et al., 2005; Sarkar et al., 2010; Tofik et al., 2016; Wang et al., 2016; Zhang et 

al., 2009) had been introduced into iron oxide to form bimetallic oxide adsorbents for 

phosphate sorption. However, the sorption studies in many of the studies mentioned above 

were carried out via batch or column study by placing the sorbent in aqueous system 

containing the target analyte. This approach has a limitation of using the sorbent repeatedly as 

recovering the sorbent is difficult when sorbent is in direct contact with the matrix. 

Furthermore, it would be more complicated when one attempts to perform similar study in 

soil solution. To circumvent these shortcomings, placing the sorbent in membrane bags that 

are selective to the target analyte (phosphate in our case) is critically important. To the best of 

our knowledge, no work has been reported on phosphate sorption or desorption studies using 

Fe-Al mixed oxide sorbent filled in dialysis membrane tubes placed in aqueous or soil 

solution systems. 
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In view of the above facts, we hypothesized that the performance of single component Fe-

hyd(oxide) sorbent filled in dialysis membrane tubes hereafter termed as DMT-HFO can be 

improve by using the mixed Fe-Al hydr(oxide) sorbent filled in the same dialysis bags here 

after referred as (DMT-HFAO). The mixed oxide is presumed to simulate the natural 

condition better in aqueous and soil solution than the single component system. The specific 

objectives of this study were, therefore, to 1) prepare the mixed Fe-Al binary oxide both in 

amorphous and crystalline forms; 2) evaluate the phosphate sorption and desorption properties 

of the proposed method (DMT-HFAO) and 3) compare the performance of the modified 

system (DMT-HFAO) with the single system reference method (DMT-HFO). 

 

Recently, the synthesis, characterization and phosphate sorption behavior of the binary Fe-Al 

mixed oxide nanocomposite from aqueous solutions (Tofik et al., 2016) in direct contact with 

aqueous sample was reported. In the present work, the performances of the Fe-Al binary 

oxides systems both in amorphous and crystalline forms is reported for their applicability in 

studying phosphate sorption (aqueous system) and desorption (soil solution) properties in 

dialysis membrane tubes. Comparison is also made to single component hydrous ferric oxide 

(HFO) system employed for the same purpose.  

 

2. 2. Materials and Methods  

 

2.2.1. Soil sampling  

 

The soils sampling areas and selection criteria were described in section 1.4. Top soil samples 

(0-20 cm) were collected randomly using Food and Agriculture Organization (FAO) 

guidelines for soil sampling procedure (FAO, 2008b). From each site twenty topsoil samples 

were taken from which composite samples were made up. The soil samples of Gununo, Guto-

gida and Mechara were Nitisols, Bako soil sample was Alfisols, Bishoftu soil sample was 

Andisols and Hagere-selam sample was Paleustults.  
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The samples were air dried and ground to pass through a 2-mm sieve stored at room 

temperature and composite samples of each site were used for analysis. For the preliminary 

study Gununo and Bishoftu soils were purposely selected based on high and low P fixing 

capacities. 

 

2.2.2. Selected physical and chemical properties of the soils 

 

Determination of physical and chemical properties of soils were carried out before desorption 

procedure and tabulated in Table 2.1. The pH(H2O) was determined by dispersing 20 g dried 

soil in 50 mL deionized water and sirring for 10 minutes and measuring the pH of the soil 

suspension after 30 minutes (Okalebo et al., 2002). The pH(KCl) of the soil samples was 

determined in the soil suspension by dispersing 20 g of dried soil in 50 mL of 1M KCl (1:2.5) 

and shaking end-over-end at 20 rpm for 2 h (Freese et al., 1995). Available phosphorus was 

determined using Bray and Kurtz (Bray- 1P) method (0.03 M NH4F + 0.025 M HCl) (Bray 

and Kurts, 1945). Total soil P (PT) was determined on sub-samples of 0.3 g soil with the 

addition of 5 mL concentrated H2SO4 and heating to 360 0C on a digestion block with 

subsequent stepwise (0.5 ml) additions of H2O2 until the solution was clear (Thomas et al., 

1967). Exchangeable aluminum was determined by adding 10 mL of NaF to 12 g soil sample 

leached with 30 mL of 1N KCl (1:2.5) and titrating the released alkali with 0.02M standard 

solution of HCl. Dithionite citrate bicarbonate (DCB)-extractable crystalline Fe and Al (FeDCB 

and AlDCB) and acid oxalate in darkness (AOD) extractable FeAOD and AlAOD were determined 

as described by shang and Zelazny (2008). Organic C was determined by dichromate 

oxidation method using GENESUS-20 spectrophotometer as described in Motsara and Roy 

(2008). Particle size distribution of the soils was determined using hydrometer method after 

dispersion of the soil with sodium hexametaphosphate, Na6(PO3)6 (Sahlemedhin and Taye, 

2000). 

 

2.2.3. Synthesis of crystalline and amorphous Fe-Al binary mixed oxides powders 

 

Among different methods of nano-particles synthesis, sol gel evaporation method was chosen 

because it involves condensation of atoms in solution phase allowing them to grow in size 
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until they reach the nano size scale. The fabrication cost of this method is also much less 

(Tarafdar et al., 2012). Using a gel evaporation method (Gulshan et al., 2009),  a powder 

sample of Fe-Al (10% mol) mixed oxide (Fe1-xAlx)2O3 was synthesized from Fe(NO3)3·9H2O 

(Sigma-Aldrich, Germany) and Al(NO3)3·9H2O (Uni-chem chemical reagents, Analytical 

Reagent (AR) dissolved in ethylene glycol (Baker AR, USA) at molar ratio of 1:3 of total 

metal ion to ethylene glycol with addition of de-ionized water just enough to dissolve the 

starting materials. The solution was then refluxed in a 250 mL flask at 65 °C for 24 h to get 

hydrosol. The hydrosol was dried at 100 °C for 24 h to obtain xerogel. Finally, the xerogel 

was grounded and calcined at 300 °C for 2 h (crystalline phase). The calcined crystal sample 

here referred to as calcined powder sample (CPS). Another sample (for amorphous phase) 

was also prepared by the same procedure without calcinations and referred to as amorphous 

powder sample (APS).  

 

2.2.4. Physical characterization 

 

The structure of the as-synthesized powder (without any further treatment) was identified by 

XRD equipped with CuKα radiation (λ= 1.5405 Å) operated at 40 kV tube voltage and 40 mA 

tube current with a scanning rate of 4 min-1 at a step scan of 0.02. The crystallite size was 

determined from the XRD peaks using Scherrer formula (Persson et al., 1996; Zdujic et al., 

1992). The surface functional groups of the as-synthesized samples was determined using 

Fourier transform infrared (FTIR) spectrometer (Spectrum 65, PerkinElmer) in the range 

4000-400 cm-1 using KBr pelletizer. The morphology and particle size distribution of the 

solids were determined by scanning electron microscopy (SEM) using a Hitachi TM1000 with 

EDX detector. The specific surface area of both CPS and APS was determined by adjusting 

the volume of their suspension after adding 10 g NaCl and acidifying with 0.1M HCl to a pH 

= 3.5 that was titrated to a pH = 4 and then to pH = 9. The volume of 0.1M NaOH required to 

raise the pH to 9 was then determined by titration and specific surface area calculated using 

Sears’ formula: S (m2/g) = 32V-25 (Sears, 1956). This approach was preferred instead of BET 

method as the sorbents serving as P sinks in our study are used in suspension in the dialysis 

membrane tubes. 
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2.2.4.1. Preparation of the sorbents suspensions 

 

Suspensions of as-synthesized calcined samples (HFAO) and uncalcined amorphous powder 

samples (HAFAO) were prepared separately by adding 5 and 10 g powders respectively to 1L 

volumetric flask and filling it with de-ionized water to the mark. The masses of the calcined 

and uncalcined powders are different considering the mass loss due to removal of surface 

adsorbed water and residual organic material during calcination at 300 oC. Equivalent amount 

of hydrous ferric oxide (HFO) to be used as a benchmark was also prepared following the 

procedure described by Freese et.al (1995). The pH of the suspensions were adjusted to pH = 

5.6 for solution containing only de-ionized water and to the pH of soil for bottles containing 

soil solution. Twenty-centimeter-length DMT strips (Medicell International Ltd., London; 

dialysis tubing: Visiting, size 320/32 inches, approximate pore size 2.5-5.0 nm; membrane 

thickness 3 m) were boiled two times in deionized water for 5 minutes and thoroughly rinsed. 

Twenty milliliter of each suspension was added to dialysis tube and each treatment was 

triplicated. During the filling of the DMTs, each suspension was stirred vigorously to obtain 

homogeneous suspension to ensure equal quantities of HFAO, HAFAO and HFO for each 

DMT strip. 

 

2.2.4.2. Phosphate sorption and desorption study 

 

 This experiment consisted of three stages. The first stage was to undertake a preliminary 

study to investigate possible leakage of the phosphate binding materials into surrounding 

solution. The second stage was carried out to determine the phosphate sorption capacity of the 

sink materials used in the dialysis membrane tubes in phosphate contaminated aqueous 

systems. The last experiment was executed to employ the DMT-sorbent system into soil 

solution to study long-term (24-168 h) P desorption kinetics.  

 

A preliminary experiment was conducted by placing DMTs filled with HFAO, HAFAO and 

HFO in contact with 80 mL de-ionized water in 500 mL caped polyethylene bottles and 

shaking gently for a week. This was performed to investigate any leakage of the sink 
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materials (HFAO and HAFAO) through the dialysis membrane tubes when in contact with de-

ionized water. Any possible leakage of the sorbent materials in particular the iron component 

through the dialysis membrane tubes was checked qualitatively and quantitatively by taking 5 

ml of deionized water sample for analysis at the interval of 24 h for a week. For the 

qualitative test, NH4SCN and [(K4Fe(CN)6] were added to the acidified de-ionized water 

sample where as for the quantitative test, the presence of any amount of Fe was determined 

using AAS.  

 

In the second stage of this experiment, phosphate sorption characteristics of the as-

synthesized sorbents were investigated by placing an appropriate amount of the respective 

sinks filled in the dialysis membrane tubes in 80 mL of 10, 30, 50 and 100 ppm KH2PO4 

solution. In the third stage of the experiment, P desorption characteristics was studied by 

taking 1 g air dried soils from Bishoftu and Gununo in 80 mL 2 mM CaCl2 and 0.3 mM KCl 

solution taken in separate 500 mL caped plastic bottles. Two drops of chloroform were added 

to the soil suspension to prevent hydrolysis of the dialysis membrane (Freese et al., 1995). 

Both pure P solutions and soil suspensions were kept in contact with the dialysis membrane 

tube (DMT) filled with as-synthesized HFAO, HAFAO and the HFO used as a benchmark. 

The solutions and soil suspensions were shaken at 120 opm on rotary shaker for the intervals 

of 24, 48, 72, 96 and 168 h at 25 oC. At each interval of time, 1 mL samples of KH2PO4 

solution/2 mL soil suspensions was taken and 2 ml deionized water was added to keep volume 

of soil suspension constant. All experiments were carried out in triplicate. At the mentioned 

time intervals, the DMT-HFAO, DMT-HAFAO and DMT-HFO were changed for fresh one. 

Prior to changing the DMT-sorbent system, any soil material adhering to the DMT was 

rubbed off with a glass rod, to minimize loss of soil material from the soil suspension. The 

sorbents were then transferred to a separate clean polyethylene beakers. Hydrous ferric oxide 

(HFO) and HAFAO were dissolved by adding 1 mL conc.H2SO4 and HFAO by adding 7 mL. 

The blank was prepared by adding the indicated volume of conc.H2SO4 to 20 mL of each 

sorbent suspension. Finally, samples of the dissolved HFO, HAFAO and HFAO were 

analysed and adjusted to final volume and analyzed spectrophotometrically according to 

Murphy and Riley (1962) using GENESUS-20 SPECTROPHOTOMETER.  
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Sorption capacity of the sorbents at each interval of time was calculated as mg P determined 

spectrophotometerically per gram of the sorbent (Figure 2.5). Phosphate remaining in solution 

at time t was also determined spectrophotometerically as mg/L. The amount of P sorbed, 

concentration of phosphate remaining in solution and initial P concentrations were employed 

in the data analysis using isothermal and kinetics models. The most commonly used Langmuir 

(1918) and Freundlich (1906) models were employed in this study as depicted below.  

Langmuir adsorption model, 

𝐶𝑒

𝑞𝑒
=   

1

𝑄𝑜𝑏
+ 

𝐶𝑒

𝑄𝑜
                                         (1) 

where Ce is residual concentration in solution, qe  mg of adsorbate per gram of adsorbent , Qo 

is the maximum uptake corresponding to the site saturation and b is the ratio of adsorption 

and desorption rates. 

 Freundlich model,  

log qe= log kF + 
1

𝑛
log Ce                                (2) 

where qe is the amount of adsorbate per unit weight of the sorbent (mg/g), Ce is the 

equilibrium concentration of solute in solution (mg/L), kF is a measure of adsorption capacity 

and 1/n is the adsorption intensity, which has a lower value for more heterogeneous surfaces. 

The sorption data was also analyzed by using the following kinetics models in linear (a-d) and 

non-linear form (e). 

a. First order rate law,  

ln Ct = lnCo-kt                                           (3) 

 where ct the solution concentration at time t, C0 the concentration at the start of the 

experiment, t the reaction time, and k the first-order rate constant of the DMT.  

b. Pseudo-first order,  

ln (
𝑞𝑒−𝑞𝑡

𝑞𝑒
 ) = - k1t                                               (4) 

 where qe and qt are adsorption capacity (mg/g) at equilibrium and at any time t and k1 pseudo 

first order rate constant (h-1).                       

c. Pseudo second order, 
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𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
                                                             (5) 

where qt and qe have the same meaning as above and k2 (g/mg. h) rate constant for Pseudo-

second order.  

d. Modified Elovich model,  

Xs= as + blnt                                             (6) 

 Xs is the amount of sorbate at time t, as is the intercept which depends on the type of sorbent 

and independent of sorbate and b the slope which is the function of sorbent and sorbate and 

may be considered as the rate constant (Ruan and Gilkes, 1996). 

e. Intra-particle model     

 𝑞𝑡= Kpt 
0.5 + C                                                 (7)                        

 where qt is the adsorption capacity (milligrams of P per gram of the adsorbent at time t ) and 

Kp is the intra-particle diffusion rate constant and C is a constant gained from the intercept of 

plot of qt against t0.5 .  

 

2.2.5. Data analysis 

 

 The obtained data was statistically analyzed using Statistical Analysis System (SAS). 

Analysis of Variance (ANOVA) was done using the General Linear Model (GLM) procedure. 

The Tukey test was used to determine significant differences between mean values at  = 0.05. 

The Dubey Sherere equation, 𝐷 =
𝐾

𝑐𝑜𝑠
  was applied to calculate crystallite size (D) of the 

synthesized Fe-Al mixed oxides where K is the shape factor,  is the wavelength of incident 

beam,  is the broadening of the diffraction line measured in radians at full width of half 

maximum intensity (FWHM) and  is the Bragg’s angle and D is the diameter of the 

crystallite size.The specific surface area of the synthesized Fe-Al the nano-composite was 

calculated using Sear’s formula. Sorption of phosphate on both CPS and APS was inferred 

from FTIR spectrum displayed. 
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2.3. Results and Discussion 

 

2.3.1. Physicochemical properties of soils 

 

The soils have large differences in pH(H2O) (Gununo 4.30) and (Bishoftu 7.30), exchangeable 

aluminium and clay content (Table 2.1). High exchangeable Al and low pH of Gununo soil 

indicated the soil is highly weathered. The organic carbon was low for Bishoftu and moderate 

for Gununo soil. Bray I indicated a much higher labile P content in Bishoftu soil than Gununo 

soil. In light of these properties, it was concluded that Gununo Nitisols has high P fixing 

capacity while Bishoftu soil has low P fixing capacity. Allophanic soils usually possess pH 

(H2O) in the range of 5-7 and the content of complexing organic compound is low (Nurmili et 

al., 2017). In the range of 5.6-7, hydroxyl aluminum polymers predominate among acid soils 

components, exchangeable acidity is virtually absent in the case of Bishoftu soil ( Table 2.1) 

and hence low fixing capacity. But Gununo soil being lower in pH that solubilizes larger 

amount of Al (higher exchangeable Al shown in table 2.1)) and has higher P-fixing capacity. 

Larger clay content of Gununo soil as compared to Bishoftu also contributed to greater P-

fixation capacity of the soil than Bishoftu soil (Table 2.1). The net negative charge of 

Andosols have highly variable exchange properties: the charge is strongly dependent on pH. 

Above point of zero charge of allophanes the negative charge increases with pH. The Bishoftu 

soil with pH (H2O) =7.3 increased in cation exchange properties than retention of phosphate 

since it was not exposed to excessive leaching (Mesfin, 1998; FAO, 2006). This is due to low 

exchangeable Al cation that can balance the negative charge on the allophanes. 

 

2.3.2. Characterization of the synthesized sorbents 

 

2.3.2.1 XRD 

 

X-ray diffraction patterns of both the calcined and uncalcined Fe-Al binary oxide systems is 

shown in Figure 2.1 (a and b). The binary system exposed to a calcinations temperature of 

300 oC showed better crystallinity (Figure 2.1a) as compared to the uncalcined congener, 

which is amorphous (Figure 2.1b). 
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Table 2.1 Selected physical and chemical properties of Gununo and Bishoftu soils. 
 

 

  Soil samples sites 

 

Gununo 

 

Bishoftu 

Parameters 

   pH(H2O)       4.30  7.30 

pH (KCl) 3.52 

 

6.80 

Bray I  P (mg/kg) 3.00 

 

17.00 

Total P (mg/kg) 228.00 

 

468.00 

OC (%) 1.90 

 

1.40 

Exchangeable Al (cmol/kg) 7.00 

 

0.01 

 Fe AOD (%) 0.128 

 

0.13 

 AlAOD (%) 0.130 

 

0.11 

 Fe DCB (%) 0.52 

 

0.59 

 Al DCB (%) 0.02 

 

0.01 

% clay 28.00 

 

15.00 

% silt 16.00 

 

16.00 

% sand 56.00 

 

69.00 

Textural class 

sandy clay 

loam 

 

sandy loam 

 DCB: dithionite- citrate-bicarbonate- extractable; AOD: Acid oxalate in darkness-extractable. 

 

Accordingly, the peaks shown at 2 values of 18.4, 30.3, 35.7, 37.4, 43.4, 53.9, 57.5 and 63.1 

with respective miller indices of (111), (220), (311), (222), (400), (511), (440) and (533) 

correspond to the primitive cubic system of maghemite (γ-Fe2O3) (JCPDS no. 39-1346). Our 

finding corresponds with results from previous reports (Aliahmed and Moghaddam, 2013; 

Nazari et al., 2014; Tofik et al., 2016). No peak attributable to alumina is observed in CPS 

due to perhaps the amorphous nature of alumina under the calcinations temperature employed 

in our experiment (300 oC). The reason for the absence of peaks related to Al2O3 could be its 

low percentage (10%) in the composite and relatively lower calcination temperature employed. 

In fact, crystallized alumina such as γ-Al2O3 could be expected under thermal treatment at 800 

oC and α-Al2O3, under thermal treatment at 1000 oC (Tofik et al., 2016; Buzuayehu et al., 

2017; Nejat et al., 2018). 
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Figure 2.1. XRD pattern of (a) calcined and (b) uncalcined Fe-Al binary oxide powder 

samples. 

 

The average crystallite size of the crystalline Fe-Al binary oxide (CPS) is found to be 21.4 nm. 

Our result concurs with the report made by Tofik et al. (2016) the size of which was 20.94 nm 

for the sample of the same composition sintered at 300 oC. The specific surface area of the as-

prepared samples was estimated using Sear’s methods. Table 2.2 depicts volume of NaOH 

required to raise the pH of both calcined and uncalcined samples suspensions to pH =9. Using 

Sears’ formula the specific surface area of HFAO and HAFAO are estimated to be 119 m2/g 

and 212 m2/g respectively. The specific surface area of amorphous HAFAO is found to be 

greater than that of HFAO.  

 

Table 2.2. Specific surface area of HFAO and HAFAO. 

 

Sample 

Initial 

pH Final pH 

V (NaOH) required  

(mL) Specific surface area (m2/g) 

HFAO 4.0 9.0 4.4±0.72   116±23.84   

HAFAO 4.0 9.0 7.4±0.34   212±11.00   

*Standard error. 

 

The SEM micrographs of amorphous (APS) and crystalline (CPS) as-synthesized binary Fe-

Al mixed oxides are displayed in Figure 2.2. In both cases, no distinct morphology is 

observed. EDX analyses included in Fig. 2.2 confirmed the presence of both metals 
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considered in the relatively wider range: 98.0–100 % (Fe), 0–2% (Al) revealing the 

heterogeneous nature of the nanosorbent. 

 

2.3.2.2. FTIR  

 

The FTIR spectra of CPS before and after sorption of phosphate are shown in figure 2.3. The 

peaks observed in both cases are similar. The broad bands at 3422 and 3430 cm-1 correspond 

to the stretching mode of O-H group of adsorbed water molecule. The peak observed arround 

1636 cm-1 can be associated with bending mode of physically adsorbed water molecule. The 

peak shown at 2338 cm-1 can be assigned to carbonate due to CO2 adsorbed from air during 

preparation (Tofik et al., 2016). The peak at 1059 cm-1 observed on the CPS after sorption is 

 

 

 

Figure 2.2. SEM-EDX for amorphous (APS) and crystalline (CPS) Fe-Al binary composite. 
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a characteristics of supper imposed Fe-O-P and P=O stretching modes (Gagan et al., 2007; 

Masami, 1986) indicating sorption of phosphate on CPS. The peaks observed in the range 

from 550 to 640 cm-1 could be ascribed to M-O stretching frequencies. 

 

Figure 2.3. FTIR spectrum of CPS before and after phosphate sorption. 

 

The FTIR peaks of APS before and after sorption are indicated in figure 2.4. The major peaks 

seemed to be similar in both cases. The peaks around 3360-3382 cm-1 represent the ʋOH 

stretching vibration whereas the peaks observed in the range from 1655-1670 cm-1 could be 

attributed to δH-OH bending vibration of adsorbed water molecules. The peaks around 2925, 

2338, 1385 and 1052 cm-1 represent the C-H, C-O symmetric stretching vibrations, w(OC2H4) 

of the ethylene glycol used in the synthesis and ʋ3 asymmetric vibrations of adsorbed 

carbonate anions respectively. The peak shown at 1052 cm-1 indicates M-OH bending 

vibrations whereas peaks shown at 700 and 484 cm-1 could be ascribed to M-O stretching 

vibrations (Lu et al., 2015). The presence of additional peaks (1320 and 933 cm-1), peaks with 

enhanced intensity (2335 and 1385 cm-1) and peak shift (1068 and 797 cm-1) was noticed in 

the FTIR spectrum carried out after the virgin sorbent was exposed to phosphate sorption. The 

additional peaks exhibited could be due to asymmetric vibration of P-O (Lu et al., 2014) or P-
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OM modes of vibration (Seo et al., 2014) while the increased peak intensity could be 

attributed to overlap of P–O with those of the COO− and OH groups (Xie and Zaho, 2016). 

The shift in band position to either relatively lower or higher positions is commonly observed 

due to phosphate sorption (Ren et al., 2016; Li et al. 2014; Stella et al., 2018). Our findings 

indicate the sorption of P onto the as-synthesized phosphate binding materials. 

 

Figure 2.4. FTIR spectrum of APS before and after phosphate sorption. 

 

2.3.3. Assessment of possible leakage of sorbents through the dialysis membranes 

 

Both qualitative and quantitative tests were run to evaluate the potential leakage of the 

nanosorbents through the dialysis membrane tubes. Accordingly, the qualitative test for 

possible leakage of iron was found to be negative for both the sorbents employed viz., HFAO 

and HAFAO (Appendix III). However, the quantitative test by AAS indicated the presence of 

trace amount of Fe in the external solution only for the amorphous binary oxide system 

nanosorbent (HAFAO) due to leakage to the external solution after 24 h (Appendix IV). This 

may be attributed to its smaller size (Belousov et al., 1997). Assuming negligible leakage of 

the amorphous binary sorbent, all the three sorbents were employed for the subsequent 

sorption-desorption experiment. 
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2.3.4. Sorption capacities study 

 

Sorption capacities of the three sorbents equilibrated with 10 ppm KH2PO4 solution for 24 h 

are presented in table 2.3. The means of the sorption capacities are found to be significantly 

different (p<0.05) among the sorbents DMT-HFAO, DMT-HAFAO and DMT-HFO.  

 

Table 2.3. Phosphate sorption capacity by DMT-sorbent systems after 24 h equilibration time. 

 

DMT-Sorbent   mg P/g sorbent 
 

 

DMT-HFAO 

 

3.00a 
 

 

DMTHAFAO 

 

2.53b 
 

 

DMT-HFO   0.83c 
 

 

   LSD=0.296        CV=5.57   
 Means with different letters along the column are significantly different. 

 

It can be seen that the nano-sized HFAO extracted more phosphate than HAFAO and HFO for 

the 24 h equilibration period. The sorption capacity of the nanocrystalline binary suspension, 

DMT-HFAO was 360% of DMT-HFO where as the amorphous congener was also  

approximately 300% of  DMT-HFO. Among the binary oxide sorbents, the crystalline form 

showed better sorption capacity than the same sorbent in the amorphous form; the sorption 

capacity of the crystalline form being 120% of its amorphous congener. This difference is 

more pronounced for HFAO when cumulative P extracted is considered over intervals of 48, 

72, 96 and 168 h (Figure 2.6).  

 

The sorption capacities of the three sorbent systems at 10 ppm phosphate concentration are 

shown in figure 2.5. For the DMT-HAFAO sorbent system, the phosphate sorption capacity 

was almost constant for the intervals of 24, 48 and 72 h. This was due to leakage of HAFAO 

through dialysis membrane perhaps as the result of smaller size. The loss seems relatively 

high for the intervals of 24-72 h and equilibrium was reached after 96 h. 
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Figure 2.5. DMT-sorbent P sorption capacity from 10 ppm P solution. Vertical bars represent 

error.  

 

At the plateau, the initial concentration of 10 ppm (0.32 mmol P/L) dropped to 4.6x10-6 and 

1.5x10-5 mol P/L as the result of sorption by DMT-HFAO and DMT-HFO respectively. This 

indicated that for a unit mass of the sorbents, DMT-HFAO has more sorption capacity in 

lowering solution P than DMT-HFO. Freese et al. (1995) reported that HFO dropped 0.8 

mmol P/L to 2x10-6 mol/L in 68 h. In this study HFO also dropped 0.32 mmol P/L to 1.5x10-5 

mol/L after 72 h. The sorption efficiency of the HFO was higher than the single system 

prepared in our case. Despite this small difference, our sorbent is found to be efficient in 

adsorbing phosphate from aqueous system. Moreover, the binary system prepared under the 

same experimental condition showed better sorption efficiency than the single system.   

Figure 2.6 shows cumulative phosphate extraction of the three sorbents from phosphate 

concentration in the range from 10-100 ppm in the intervals of 24-168 h. Phosphate sorption 

capacity was significantly (p<0.05) influenced by sorbent type, initial phosphate 

concentration and extraction time. The cumulative P extracted with DMT-HFAO was 52.3 mg 

P /g sorbent while HAFAO and HFO extracted 12.5 and 11.3 mg P/g sorbent respectively. 

The remarkable sorption capacity of DMT-HFAO as compared to DMT-HAFAO and DMT-

HFO (Figure 2.6a-c) is evidenced in this work. The sorption of phosphate was fast at the 

initial stage for DMT-HFAO and DMT-HFO. The initially fast adsorption stage was due to 

ion-exchange with surface hydroxyl ions of the sorbents. The slow adsorption in the later 

stage represents a gradual uptake of phosphate as the result of diffusion in the internal matrix 

of the sorbents (Liu et al. 2012; Rudzinski et al., 1996). The nano-sized DMT-HFAO 
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extracted more phosphate than HFO in the equilibration time between 72 and 96 h (Liu et al., 

2012).  
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Figure 2.6: Cumulative P sorption capacity of DMT-sorbent (a-HFAO, b-HAFAO and c-HFO) 

at different initial concentrations of standard KH2PO4 solution in the intervals 24-168 

h.Vertical bars represent error. 

It sounds that as concentration of phosphate in solution in equilibrium with DMT-HFAO 

becomes low, DMT-HFAO extracts even more phosphate than HFO implying its potential to 

desorb phosphate from soil with low P concentration clearly demonstrating the enhanced 
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sorption capacity of the binary Fe-Al mixed oxide system compared to the single HFO 

counterpart used as a benchmark. Harvey and Rhue (2008) reported that Fe-Al hydr(oxide) 

were effective for P removal. According to Biswas et al. (2007) the sorption capacity of Fe-Al 

mixed oxide was much higher than either of pure oxide. They also reported that the specific 

surface area of mixed oxide was greater than that of the pure oxide. 

 

2.3.5. Sorption isotherm models  

 

The sorption characteristics of phosphate by DMT-sorbent were analyzed using isotherm 

models. All the three sorbent systems viz., DMT-HFAO, DMT-HAFAO and DMT-HFO 

fitted well to both Freundlich and Langmuir models with the former showing consistently 

better fit to the data (Table 2.4) evidencing the heterogeneity in the sorption process. The  n 

values between 1and 10 (Table 2.4) in the Freundlich model are indicators of favorable 

sorption. Tofik et al. (2016) reported higher n value for sorption of phosphate by direct 

contact of nano-sized Fe-Al mixed oxide with phosphate solution for 24 h equilibration time. 

The observed difference could be attributed to longer equilibration and diffusion controlled P 

sorption in this study. This allowed phosphate to diffuse into micro pores that are not 

energetically equal because of heterogeneity (Liu et al., 2012). The higher Freundlich 

adsorption constant kF for DMT-HFAO also indicated higher sorption capacity of the sorbent 

as compared to DMT-HAFAO and DMT-HFO (Table 2.4).  

 

Table 2.4. Langmuir and Freundlich constants for sorption of phosphate onto sorbent- DMT 

Isothermal models 

                                          Langmuir                                   Freundlich 

parameters 

Sorbent R2 Qo   

(mg/g) 

b R2 KF n 

DMT-HFAO 0.980-0.993 15.9 0.72 0.986-0.994 3.6 1.6 

DMT-HAF 0.886-0.980 7.9 0.79 0.975-0.994 1.6 1.7 

DMT-HFO 0.964-0.986 4.2 0.77 0.969-0.993 0.44 1.7 
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2.3.6. Kinetics models 

 

From equations 3-7 when ln
𝐶𝑡

𝐶𝑜
 , ln (

𝑞𝑒−𝑞𝑡

𝑞𝑒
 ) and  

𝑡

𝑞𝑡
 against time t ;  Xs against  ln t  and  qt  

against  t0.5 were plotted, the coefficient of determination, R2 revealed the following order: 

DMT-HFAO: First order pseudo first order > Elovich > Pseudo second order; DMT-

HAFAO: Pseudo first order (50, 100 ppm) > pseudo second order> Elovich> first order; 

DMT-HFO: Pseudo first order > first order>Elovich > pseudo second order (Table 2.5). The 

high applicability of first order and pseudo first order of present kinetic data to the modified 

method application in this study is in agreement with previous studies of sorption of 

phosphates on synthesized sorbents (Freese et al., 1995; Liu et al., 2012, Buzuayehu et al., 

2017). 

2.3.6.1. First order model 

 

As shown in Table 2.5, the coefficient of determination (R2) indicated that the first order 

model was the most suitable in describing the kinetic data for DMT-HFAO and DMT-HFO 

and less suitable for the DMT-HAFAO system. The value of first order rate constant, k, for 

DMT-HAFAO was higher than the value of DMT-HFAO and DMT-HFO perhaps due to 

leakage of HAFAO through dialysis membrane and hence low diffusion resistance (Freese et 

al., 1995). The k value for our system, DMT-HFAO was higher (0.0460.01 h-1) than k value 

of the reference HFO–DMT (k =0.0280.011h-1), which could be attributed to variation in the 

sorption capacities of the sorbents. This is consonant with the parameter ‘b’ considered in 

Elovich kinetic model which revealed higher b value for DMT-HFAO than DMT-HFO (Table 

2.5).  

 

2.3.6.2. Pseudo first order model 

  

The sorption data also fitted very well to pseudo first order model for DMT-HFAO as 

evidenced by the higher coefficient of determination (Table 2.5). The rate constant for pseudo 

first order (k1) was higher for DMT-HAFAO and DMT-HFO when compared to DMT-HFAO. 

The relatively shorter equilibration time for DMT-HAFAO accounts for higher rate constant 
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of the sorbent. The driving force for pseudo first order is the unoccupied space on the sorbent 

(Tofik et al. 2016). The possible leakage noted in the case of HAFAO might have resulted to 

some of the active sorbent adhered on the external surface of the DMT creating a direct 

contact with the P from soil solution. This could be a possible reason why pseudo first order 

rate constant, k1 was the highest for DMT-HAFAO among the three sorbents. 

 

2.3.6.3. Pseudo second order 

 

As the coefficient of determination indicates (Table 2.5), the pseudo second order model was 

more suitable in describing the kinetic data for DMT-HAFAO and DMT-HFAO when 

compared to DMT-HFO system. The rate constant for pseudo second order (k2) was higher 

for the DMT-HAFAO and DMT-HFO than DMT-HFAO. The initial rate for pseudo second 

order, ho, increased with increasing initial concentration, while pseudo second order rate 

constant k2 decreased, which could be due to site saturation. The data fitted less to pseudo 

second order except for DMT-HAFAO in contact with 10 and 30 ppm phosphate solution for 

which coefficient of determination are R2=0.998 and 0.999 respectively. From the slope and 

intercept of the graphs (Figures 2.7a-b), sorption capacity at equilibrium, qe for 10 and 30 

ppm P solution was calculated and found to be 3 and 4.6 mg/g and the rate constants k2 =0.33 

and 0.31 g/mg.h respectively. The initial rates for the aforementioned concentrations are 

apparently high (2.9 and 6.7 mg/g.h) due to leaked HAFAO. This in turn indicated why DMT-

HAFAO data fitted best to pseudo second order than first order and Elovich kinetics models 

for 10 and 30 ppm phosphate solution (Table 2.5).  

 

To the contrary, both DMT-HFAO and DMT-HFO data fitted less to pseudo second order 

kinetics as no leakage of the sorbents detected and have no direct contact with external 

phosphate solution. Tofik et al. (2016) reported that the kinetic data fitted better to pseudo 

second order than pseudo first order by direct contact of nano-sized Al-Fe mixed oxide with 

initial concentration of 20 ppm phosphate solution. The same authors also found pseudo 

second order rate constant, k2 and equilibrium adsorption capacity, qe to be 0.36 g/mg.h and 

5.025 mg/g respectively. Their results are closer to our results for the amorphous sorbent, 

which are 0.31 g/mg.h and 4.6 mg/g for 30 ppm P solution. 
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Table 2.5. Kinetic parameters for DMT-HFAO, DMT-HAFAO and DMT-HFO 

 Kinetics Models 

                               First order  Pseudo first order  

Sorbent R2 k (h-1) R2 k1(h
-1) qe (mg/g) 

DMT-HFAO 0.983-0.998 0.0460.01 0.982-0.993 0.027-0.031 6.89-37.85 

DMT-HAFAO 0.951-0.977 0.0680.03 0.892-0.999 0.052-0.112 2.2-13 

DMT-HFO 0.987-0.994 0.0280.011 0.954-0.998 0.027-0.045 1.59-8.87 

±Standard deviation    

Pseudo second order                      Elovich 

Sorbent R2 k2       qe                 ho                  R2           b                 as 

  (g/mg.h)                   (mg/g)           (mg/g.h)  (mg/g.h)  (mg/g) 

DMT-HFAO      0.768-0.857    0.0091-0.002       7.1-40         0.57-3.2         0.932-0.989        1.62            9.7 

DMT-HAFAO    0.772-0.999      0.32-0.008          3-11.5        0.47-6.7 0.205-0.457           -   -   

DMT-HFO 0.286-0.874      0.01 1.94-9            0.81               0.929-0.984       0.91          7.2 

 

 

            Intra-particle diffusion model     

DMT-sorbent-ppm P 

 

R2 

  

Kp (mg/g.h0.5) 

 DMT-HFAO-10 

 

0.996 

  

0.115 

 DMT-HFAO-30 

 

0.973 

  

1.439 

 DMT-HFAO-50 

 

0.981 

  

1.614 

 DMT-HFAO-100 

 

0.964 

  

3.238 

 DMT-HFO-10 

 

0.986 

  

0.063 

 DMT-HFO-30 

 

0.971 

  

0.165 

 DMT-HFO-50 

 

0.960 

  

0.403 

 DMT-HFO-100 

 

0.995 

  

0.660 

 DMT-HAFAO-10 

 

0.534 

  

0.337 

 DMT-HAFAO-30 

 

0.533 

  

0.392 

 DMT-HAFAO-50 

 

0.987 

  

0.112 

 DMT-HAFAO-100   0.999     0.382   

 

 

The slight difference may be due to concentration difference and amorphous nature of the 

sorbent. Thus the potential of DMT-HAFAO to adsorb phosphate still sounds good in spite of 
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its leakage through dialysis membrane, making it a potential candidate in different mode of 

application provided that the leakage is managed. However, the result for the nano-sized Fe-

Al mixed oxide sorbent is not consistent (Tofik et al., 2016) with our results of the same 

sorbent. The reason for this inconsistency is due to the mode of application of the sorbents in 

the dialysis membrane tube, which in our case slows down the sorption process (Frossard et 

al., 2000). But the sorption process reported by these authors was through direct contact and 

resulted in different equilibration time and some parameters of both isothermal and kinetics 

models. 

 

2.3.6.4. Elovich and intra-particle diffusion models 

 

DMT-HFAO data fitted to the Elovich model was better compared to DMT-HFO while DMT-

HAFAO fitted poorly (Table 2.5). The model revealed higher as (9.7 mg/g) and b (1.62 

mg/g.h) values for DMT-HFAO than that of DMT-HFO. This indicated that chemisorption on 

the HFAO sorbent is more dominant than HFO. Ruan and Gilkes (1996) reported as values in 

the range 6.92-15.46 mg/g and b values varying from 0.74 to 2.05 mg/g.h for 0% and 30% 

alumina composited goethite treated at different temperatures for 20 and 40 ppm of phosphate 

solution.  

 

Data fitness to intra-particle diffusion model is summarized in Table 2.5 for the range of 

concentrations studied and the results obtained exhibits the following order: DMT–HFAO 

(R2= 0.964-0.996) > DMT-HFO (R2=0.960-0.995) > DMT-HAFAO (R2= 0.534-0.999).  The 

plot of qt versus t1/2 (Figure 2.8) for DMT-HFAO illustrates bilinear trends revealing the 

presence of two or more pathways in the sorption process (Buzuayehu et al., 2017; Zeeshan et 

al., 2018). The bilinear trend reveals two or more involved mechanisms. The first linear 

portion was a fast stage. This could be due to the relatively quick transfer of phosphate anions 

from bulk phase to particle the surface as the adsorption was conducted in a well-agitated 

system. This is followed by intra-particle diffusion in macro, meso and micro pores. The slope 

of the second portion represents the rate constant corresponding to intra-particle diffusion 

(Ren et al., 2012; Lalley et al. 2016). 
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Figure 2.7: Pseudo-second order kinetics (a) DMT-HAFAO-10 ppm P solution and (b) DMT-

HAFAO-30 ppm P solution. 

 

 

The intra-particle diffusion rate constant, kp was higher for DMT-HFAO than DMT-HFO and 

increased with increasing initial phosphate concentrations in both cases. Contrary to this trend, 

DMT-HAFAO showed no consistent increase due to leakage of HAFAO through membrane. 

The kinetic data also did not fit the intra-particle model for 10 and 30 ppm phosphate solution. 

The rate of phosphate transfer in the first linear portion was quicker for 50 and 100 ppm 

concentrations and resulted in lower intra-particle diffusion (Figure 2.6b). It is therefore 

justifiable to consider more work to investigate the potential of amorphous sorbent,  
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Fe-Al mixed oxide, by devising a mechanism to suppress the leakage since its sorption 

capacity for phosphate has been good (de Sousa et al., 2012). The higher rate constant 

indicated that intra-particle diffusion is more dominant in the case of DMT-HFAO. In fact, 

intra-particle diffusion model provides a more comprehensive view of sorption as a series of 

distinct steps (Arcy et al., 2011).  
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Figure 2.8. Sorption capacity of DMT-HFAO against t1/2 for the studied range of 

concentrations. 

 

2.3.7. Soil phosphate desorption study by DMT-sorbents 

 

Figure 2.9 illustrates phosphate desorbed by three sorbents from Bishoftu (low-P fixing 

capacity) and Gununo (high P fixing capacity) soils fitted with intra-particle diffusion model. 

The graph clearly shows two linear sections for DMT-HFAO and DMT-HFO which indicate 

different sorption processes. The first linear stage was a fast stage. Under such case soil 

phosphate release is rate determining step. The second linear portion was a moderate 

absorption process, where the rate of absorption was governed by the intra-particle diffusion 

in the pore structure. Some researches literatures (Ren et al.2012; Liu et al., 2012; Arcy et 

al.,2011) indicated a third section due to steric hindrance from adsorbed phosphates, but this 

is unlikely to happen in this study since at each interval of time the DMT-sorbent was 

replaced by new one. Phosphate sorption capacity of the three DMT-sorbent systems in soil 
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solution extract revealed that they have the potential to desorb phosphate from soils with high 

and low P fixing capacity.  
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 Figure 2.9. P Sorption capacity of DMT-sorbent- systems against t1/2 for Gununo and 

Bishoftu soils.  

 

For the Gununo soil DMT-HFAO and DMT-HFO data fitted the second linear portion very 

well with a coefficient of determination (R2= 0.980 and 0.986) respectively. For Bishoftu soil, 

the data also fitted the model very well (R2= 0.992) for both DMT-HFAO and DMT-HFO. 

However, DMT-HAFAO fitted the linear portion less due to leakage through the membrane 

(Figure 2.9). Freese et al. (1995) reported solution P decreases slowly for all soils in their 

study for t >100 h and no desorption plateau was reached after 500 h. In our study, the soil P 

desorption plateau stage was apparently different for the three DMT-sorbent systems. The 

DMT-HFAO being superior over DMT-HAFAO and DMT-HFO in P sorption capacity did 

not reach a plateau for both soils samples. The DMT-HAFAO and DMT-HFO systems 

approached desorption plateau for these soils (Figure 2.9).  
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 The coefficients of determination and rate constant values for the three DMT-sorbent-

systems based on intra-particle diffusion model are shown in table 2.6. For both Bishoftu and 

Gununo soils, the intra-particle diffusion rate constant, kp was higher for DMT-HFAO than 

DMT-HAFAO and DMT-HFO because of its higher sorption capacity. This indicated higher 

pore diffusion possibility when sorption is high and concurred with results of Biswas et al. 

(2007). For Bishoftu soil kp was higher for DMT-HAFAO than DMT-HFO in spite of the fact 

that it fitted the linear portion less (R2=0.806). This is supposed to be due to sorption of P by 

DMT-HAFAO from rapidly desorbable pool of the Bishoftu soil that releases more P in soil 

solution (Figure 2.9). In this case the effect of leaked HAFAO is less prominent as P in 

solution is relatively high for such soil with low P fixing capacity. However, DMT-HFAO-Bi 

has a higher kp and may be due to surface modification (Victor et al., 2015) and compared to 

DMT-HAFAO-Bi, it desorbed more P from rapid and slow pools.  

 

The fact that kp for DMT-HFAO-Gn was lower than DMT-HFAO-Bi (Table 2.6) reflects 

more P was sorbed in the intra-particle diffusion mode which can be from labile and slow 

labile P pool of Bishoftu soil. This is in agreement with the cumulative amounts of P desorbed 

from Gununo and Bishoftu soils. The relative amounts desorbed by DMT-HFAO were 52 and 

46% of the total P for Gununo and Bishoftu soils respectively (Figure 2.9). However, DMT-

HFO desorbed 10 and 11% and HAFAO 18 and 30% of P total from Gununo and Bishoftu 

soils respectively. This indicated that among the three sorbents, DMT-HFAO can be a 

potential candidate for desorbing more P from soils with both high and low P fixing capacity.  

 

From the positive intercepts indicated in figure 2.9, one could discern there was rapid 

desorption over shorter time period. Most of the intercepts in the literatures were also positive 

( Zhang et al., 2007; Ozer et al., 2007; Wu et al., 2005; Wu et al.,2001). If the rate 

determining step was only intra-particle diffusion the line would pass through the origin 

(Zhang et al., 2015). But this was not observed in this study indicating that the initial stage 

attributed to the boundary effect. Under such cases soil P release is the rate determining step. 

The larger intercept for DMT-HAFAO is an indication of a greater boundary effect due to 
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leakage of HAFAO (Wu et al., 2009). The second portion of DMT-HFAO for both soils tend 

to attain a plateau but not exactly and may be due to calcined Fe-Al (Zhang et al., 2015). 

 Table 2.6. Kinetic parameter,kp for DMT-sorbent-soil using intra-particle diffusion model. 

                                                 Intra-particle diffusion model 

Gununo   Bishoftu  

Sorbent R2 Kp (mg/g.h0.5) R2 Kp (mg/g.h0.5) 

DMT-HFAO 0.980 7.31 0.992 11.98 

DMT-HAFAO 0.781 1.45 0.806 3.89 

DMT-HFO 0.986 1.40 0.992 2.98 

     

 

Figure 2.10. illustrates the cumulative P desorbed from Bishoftu and Gununo soils fitted to 

two component first order model. The model assumes two different phosphate pools from 

soils distinguished by different release kinetics indicated by the change of the slope in the 

curve. The transition between labile and slow labile pools was probably a more gradual 

process with both phosphate pools participating from the start of the experiment. To obtain 

one kinetic equation that describes simultaneous phosphate release, the rate constants of the 

fast or labile (pool A) and the slow or less labile pools (pool B) were employed. The rate 

constants kA and kB of soil P desorption were obtained from the slope of the plot of lnP 

against time (Figure 2.11). For Gununo soil, the rate constant of P release rate from pool A 

was kA (HFAO) = 0.03146 h-1 and kA (HFO) =0.03125 h-1 where as the rate constants for the 

less labile pool B were estimated to be kB (HFAO) = 0.00606 h-1 and  kB (HFO)= 0.00588 h-1 

(Figure 2.11a-b). The rate constants of P release from pool A of Bishoftu soil was kA 

(HFAO)=0.01937 h-1 and kA(HFO) = 0.01917 h-1 and for pool B kB (HFAO) = 0.00537 h-1 

and kB (HFO)=0.00537 h-1 (Figure 2.11c-d). For both sorbents a more labile phosphate pool 

(pool A) characterized by higher phosphate release rate (kA>kB in each case) compared to the 

slow labile pool (pool B) was evidenced. The higher kA for Gununo soil is an indication of 

desorption of adsorbed phosphate directly in contact with soil solution (de Jager and 

Claassens, 2005; Lookman et al., 1995). The higher and positive intercept for Bishoftu soil 

indicated short sorption of available phosphate in this soil (Wu et al., 2009). This also 
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revealed that the higher amount of phosphate extracted with DMT-HFAO from both pools. 

This is an important finding that HFAO does not saturate for soils with high P status. 
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Figure 2.10. Bishoftu and Gununo soils data fitted to two component first order model. 

The sorption data lnP against time that was generated by DMT-HAFAO-Bishoftu (R2= 0.868) 

and DMT-HAFAO-Gununo (R2= 0.788) did not fit to first order kinetics model well (graph 

not shown). This again indicated that the effect of HAFAO leakage through membrane is 

more pronounced when P releasing ability of the soil is low in the case of the Gununo site soil. 

In fact the corresponding rate constants for pool A of these soils were 0.01917 h-1 and 

0.01604 h-1 for Bishoftu and Gununo soils respectively. The sorption trend shown by DMT-

HAFAO as observed in the case of the pure phosphate solution was similar to the trend 

observed in the case of soil extracts. As one could discern from figure 2.10, in the intervals of 

24-48 h, DMT-HAFAO-Gununo and DMT-HAFAO-Bishoftu extracted less P due to leakage 

of the sorbent material. The decreased amount of P in aqueous solution retarded it to satisfy 

sorption of P on HAFAO inside the membrane. This resulted in quantitative loss of P that 
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might have been detected if it had been adsorbed internally. Even for the intervals between 

72-96 h of extraction, the change in cumulative P sorption on DMT-HAFAO was gradual for 

both Bishoftu (pH(KCl) =6.8) and Gununo (pH(KCl) =3.52) soils. This disadvantage of the 

HAFAO as indicated in this study makes it unusable as a potential P scavenger inside 

membrane tube (2.5-5 nm) for P extraction. However, HAFAO could be a promising potential 

candidate when used in membranes with pore size < 2.5 nm provided that the entrance of 

phosphate ions via such small pores is not affected (Belousov et al., 1997; Wang et al., 2013). 

In all cases, the rate constant values for soils P desorption in this study were less than rate 

constant of phosphate transport, km through DMT (0.09 h-1) that was reported by Freese et al. 

(1995). This means, it is P desorption from soils that determine rate, not diffusion through 

membrane. The main difference in P sorption capacity is the ability of DMT-HFAO to extract 

more P than the other two sorbents even under very acidic soil condition. 

 

Phosphate sorption capacity of DMT-HFAO was higher than the corresponding DMT-HFO 

and DMT-HAFAO for both sites (Figure 2.10). The difference between the two sites may be 

attributed to the difference in clay, organic matter content and pH (Ochwoh et al., 2005; 

Sanchez et al., 1991). The highest phosphate sorption from Bishoftu soil by DMT-HFAO was 

due to low fixing capacity of the soil.  The amount of P extracted with DMT–HFAO, DMT-

HAFAO and DMT-HFO comprised 52, 18 and 10% of the total phosphate in 168 h from 

Gununo soil. For soil from Bishoftu site, DMT-HFAO extracted 46% of the total while DMT-

HAFAO and DMT-HFO extracted 31 and 11% respectively in 168 h. This indicated that 

DMT-HFAO has a remarkable higher capacity to desorbed P from soils with high P fixing 

capacity than DMT-HFO and DMT-HAFAO. Compared to impregnated filter paper 

extraction, Freese et al. (1995) achieved 110 % Pi extraction by single component system, 

HFO for a 500 h time period. But our binary system, DMT-HFAO on average extracted about 

500 % PHFO over 168 h periods and there would preferred to DMT-HFO for long-term 

phosphate desorption kinetics from soils. The DMT-HFAO system has also an advantage of 

shortening extraction time reasonably, provided that P desorption from soil by the system 

correlates with P uptake by a plant. This in turn will help to improve P fertilizer 

recommendation for crops which was the objective of this research. 
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Figure 2.11. The natural logarithm of phosphate release from Gununo and Bishoftu soils 

 

2.4. Conclusion 

 

The synthesized Fe-Al mixed oxide binary sorbent, when compared to  taking the advantages 

of individual oxide, has more sorption capacity than single component, HFO. The DMT-

HFAO, DMT-HAFAO and DMT-HFO sorption data was fitted to different isothermal and 

kinetics models. The maximum sorption capacity, Qo=15.9 mg/g indicated with the Langmuir 

model and higher of the Freundlich constant, kF = 3.6 value indicated that the sorption 

capacity of DMT-HFAO is greater than the other two sorbents in the concentration range 

studied. The modified binary system, DMT-HFAO extracted about 500 % P HFO in 168 h and 
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 hence preferred to DMT-HFO for phosphate desorption kinetics from soils. It has also an 

advantage of shortening extraction time reasonably, provided that P desorption from soil by 

the system can be correlated with P uptake by a plant.  

 

The leakage of HAFAO through the dialysis membrane prevented its potential for P sorption 

and invites further investigation for employing in dialysis membrane with smaller pore size or 

manipulating the size range to fit with the currently employed membrane bags.  

 

The phosphate sorption capacity of DMT-sorbent from the soils in this study was higher for 

DMT-HFAO than DMT-HAFAO and DMT-HFO. The rate determining step is phosphate 

desorption from soils since the rate constant of P release from soil was less than the rate 

constant of P transport through dialysis membrane. This study evidenced a better performance 

of the two component sorbent than the single counterpart. However, more work is required 

relating the desorption parameters of this system with plant parameters. Moreover, soilswith 

various pH should be included to check the universality of this system. 
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3. LONG-TERM PHOSPHATE DESORPTION STUDY FROM  SOILS USING 

DMT-HFAO AND ITS EFFECT ON PHOSPHORUS POOLS 
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3. LONG-TERM PHOSPHATE DESORPTION STUDY FROM SOILS 

USING DMT-HFAO AND ITS EFFECT ON PHOSPHORUS POOLS 
 

ABSTRACT 

 

Most of methods of plant available soil P determination are short term (<24 h). However, soil 

P desorption behavior is a gradual process. In addition to this few methods consider the effect 

of solution P extraction on the remaining phosphate pools. This study investigates the effect of 

modified method, DMT-HFAO solution P extraction on phosphate pools over extraction 

period of -42 days. For this purpose phosphate in 1 g of incubated soils was extracted with 

DMT-HFAO and DMT-HFO at the inyervals of 1, 7, 14, 21, 28 and 42 days followd by 

sequential extractions with NaHCO3, NaOH, d/HCl, c/hot HCl and H2SO4+ H2O2 of P-

fractions.The result revealed that in the long term soil phosphate desorption study (1-42 days) 

by DMT-HFAO, the rate of P desorption on day 1 was different for different soils in this study. 

It was initially high and then decreased drastically up to day 14 and decreased slowly upto 42 

days. This indicated continious P removal from soil solution even when it is very low. 

Solution P was replenished from more stable P pools as forced by the high sorption capacity 

of DMT-HFAO. The amount of Pi extracted with the modified system, DMT-HFAO and DMT-

HFO used as a benchmark were significantly different (p0.05) at all levels and extraction 

time for all soils in the current study. The cumulative P extracted with DMT-HFAO was 

greater than cumulative P extracted with DMT-HFO during the course of extraction period of 

1-42 days. This revealed that the modified system has more sorption capacity in desorbing P 

from more stable pools than the DMT-HFO used as a benchmark. The modified system DMT-

HFAO extracted 2.9-13.4% of total P while the DMT-HFO extracted only 0.2-3.5%. The 

amount of P extracted with DMT-HFAO subsequent extractants was in general lower than the 

amount extracted with the same extractant when DMT-HFO was used. 

 

Keywords: P desorption, Phosphate pools, P-fractions 
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3.1. Introduction 

 

Most methods for available P determination attempt to quantify P solubility using different 

extractants, but few relate this to P supply rates that are relevant to plant uptake. Available P 

is the amount of P in soils that can be extracted by plant roots and utilized by the plant for its 

growth and development. Availability of P for plant utilization is not only a function of its 

concentration in soil, but also the rate of its release from soil surface into soil solution (Abdu, 

2006). Available P includes soil solution P and P that enters the solution by desorption or 

dissolution of Pi associated with the soil solid phase or by mineralization of Po (Hedley et al., 

1982). The measurement of available P therefore needs to consider both the amount and rate 

of release of P from the solid phase. 

 

Phosphorus in soils exists in various forms. From a plant nutrition point of view, soil P can be 

considered in terms of ‘pools’ of varying accessibility to plants. (1) readily labile P pools, (2) 

moderately labile P pools and (3) sparingly soluble P pools (Tiessen et al., 1982) each 

includes both Pi and Po forms. Since any readily available pool of P is constantly replenished 

through dissolution or desorption of moderately available P and through the mineralization of 

organic P, plant-available P is strongly time-dependent. 

 

Due to the technical difficulties involved in isolating specific P compounds from soils, most 

of field studies on P transformation in soils must rely on alternative methods of measuring 

changes in soil P fractions. One technique is to sequentially separate soil P into various Pi and 

Po fractions. The sequential extraction procedure developed by Hedley et al. (1982) has been 

applied to determine the different forms of P in the soil. Characterizing the residual P by 

employing this method could help to identify which P pools were involved in replenishing the 

P uptake by plants but does not indicate the time frame by which the residual P could be 

available for plant use.  

 

The kinetics of P release can be approximated using successive extraction of soil by ion-sink 

methods (Lookman et al., 1995; Indiati, 2000; de Jager and Claassens, 2005; Taddesse et al., 

2008b). Characterizing the residual P by employing this method could help to estimate the 
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time frame by which these residual P could be available for plant use in a reasonable time but 

lacks the ability to indicate which P pools were involved in replenishing the labile P pool. 

These problems can be circumvented if the kinetics and dynamics of the methods are 

combined as employed by Tiessen and Moir (1993). Slight modification of this method has 

been applied (de Jager and Claassens, 2005; Ochwoh et.al, 2005 and Tadesse et.al, 2008) 

where the resin in the previous method was replaced by a single sorbent system, DMT-HFO. 

Recently, the use of a binary sorbent system filled in a dialysis membrane tube (DMT-HFAO) 

was investigated; a modified method employed to investigate the kinetics of phosphorus (P) 

release from soils with a potential to simulate the plant mode of action better. To the best of 

our knowledge, information regarding the effectiveness of this modified method on soils is 

scarce. There is also a paucity of information relating to such information with plant yield 

parameters. The objectives of this research was to assess the effect of continuous desorption 

by DMT-HFAO method on the changes in labile, slow labile and residual P. 

 

3. 2. Materials and Methods 

 

3.2.1. Soil sampling and analysis 

 

Soil samples were collected and prepared as described in section 2.2.1. The pH(H2O) was 

determined by dispersing 20 g dried soil in 50 mL deionized water and sirring for 10 minutes 

and measuring the pH of the soil suspension after 30 minutes (Okalebo et al., 2002).  The pH 

(KCl) of the soil samples was determined by dispersing 20 g of dried soil in 50 mL of 1M 

KCl. after end-over-end shaking at 20 revolutions per minute (rpm) for 2 hrs, (Freese et al., 

1995). Particle size distribution of the soils was determined using hydrometer method after 

dispersion of the soil with sodium hexametaphosphate, Na6(PO3)6 (Sahlemedhin and Taye, 

2000). 

 

Extractable Ca, Mg and K were extracted with neutral ammonium acetate solution (1M). 

Calcium and Mg were determined using AAS after the removal of ammonium acetate and 

OM. Potassium was determined with a flame photometer. If appreciable amounts of soluble 

Ca and Mg are present in soil samples it was determined by extracting it in a 1:2 soil-water 
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extract and deduced from extractable Ca and Mg in order to get exchangeable Ca and Mg. For 

all determinations, standard solutions of the respective compounds of ions were used to 

construct calibration curve and determine the amount of extractable Ca, Mg and K in the soil 

samples. 

 

Exchangeable acidity was determined by leaching the soil with 1N KCl (1:2.5) and titrating 

with standard solution of 0.02 M NaOH, there after exchangeable aluminum was determined 

by adding 10 mL of NaF and titrating the released alkali with 0.02M HCl. 

 

Dithionite citrate bicarbonate  extractable Fe, Al and Mn were determined by atomic 

absorption spectroscopy (AAS) after adding 0.5 g dithionite to the specified amount of dried 

soil, in 25 mL of citrate bicarbonate buffered solution and heating in water bath between 75-

80 oC while stiring intermittently for 15 minutes. Oxalate extractable amorphous Fe and Al 

(Feox and Alox) were determined by AAS in 0.2 M acidified ammonium oxalate adjusted to 

pH 3.0 with oxalic acid (Warren, 1994). EDTA soluble Fe was extracted with 1% EDTA from 

5 g soil and determined by AAS as described by Okalebo et al. (2002). 

 

Organic carbon (OC) was determined by dichromate oxidation method (FAO, 2008b) and 

available phosphorus by Bray and Kurtz (1945) method (0.03 M NH4F + 0.025 M HCl) 

spectrophotometrically. Total N was determined by Kjeldahl method (Jackson, 1967) and 

total P was estimated in 0.3 g soil sample with the addition of 5 mL concentrated H2SO4 and 

heating to 360 0C on a digestion block with subsequent stepwise (0.5 ml) additions of H2O2 

until the solution is clear (Thomas et al., 1967).  All analyses were done in triplicates and data 

tabulated in Table 3.1. 

 

3.2.2. Soil incubation and successive phosphate extraction  

 

A three kilogram composite soil sample of each site was taken and placed in plastic pots in 

three replicates. The composites were incubated in greenhouse at 20 4 T 0C for 90 days after 

treating with triple superphosphate (TSP) in the form of solution at the rate of 0 (T0), 50 (T1), 

100 (T2) and 200 (T3) kg/ha P2O5. The P fertilizer was dissolved to ensure even distribution 
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through the soil in the pots. The soils were wetted at field capacity. After 90 days of 

incubation, sub samples were taken from pots for P analysis. 

 

The phosphate in 1 gram of the incubated soil sample in 80 mL of 2 mM CaCl2 and 0.3 mM 

KCl background solution was extracted using the binary system DMT-HFAO or the  DMT-

HFO used as a benchmark at the different intervals of 1, 7, 14, 21, 28 and 42 days. This was 

followed by subsequent P fractionating extractants at each interval in the order: (i) 0.5 M 

NaHCO3 at pH=8.5 which extracts weakly adsorbed Pi (Hedley et al., 1982; Tiessen and Moir, 

1993) and easily hydrolyzable organic Po (labile Pi and Po). (ii) 0.1 M NaOH which extracts 

Al and Fe oxihydroxide and clay minerals bound Pi and Po associated with organic 

compounds (slow labile Pi and Po). (iii) 1 M HCl extracts Ca bound Pi (represents slow labile) 

(iv). Hot concentrated HCl extracts Pi and Po from more stable pool (occluded Pi and Po). (v) 

Concentrated H2SO4+H2O2 recalcitrant Pi and Po.  

 

Two drops of chloroform was added to inhibit microbial activity on DMT. In subsequent P 

extraction procedure the soil suspension was gently shaken for 16 h. The extracted P was 

determined spectrophotometrically as described by Murphy and Riely (1962). The 

determination of Pi was carried out as soon as possible to reduce the chance of P hydrolysis 

resulting in underestimation of soil Po. Inorganic P in NaHCO3 and NaOH was determined 

after precipitation of organic matter (OM) by acid and in the case of d/HCl, c/hot HCl and 

H2SO4 it was determined directly. The total P was determined after digestion by (NH4)2S2O4 

and Po was calculated as the difference between total P and Pi. The flow chart for sequential P 

extraction is shown in Figure 3.1. 
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                          1 g soil 

 Extraction with  

                                    DMT-HFAO or HFO 

                   Determine Pi    

 

 

                          Extraction with NaHCO3                                     

                                                                                                                 NaHCO3- extractable Pt                  Digest  

 Precipitation of OM  

                                                                                                                                 Determine Pt 

                                                                                  Determine Pi 

                        Extraction with NaOH                NaOH-extractable Pt                               Digest 

                                                                             Precipitation of OM             Determine Pt 

                                                                                Determine Pi 

                        Extraction with d/HCl                     Determine Pi                                                                                      

   

                        Extraction with c/HCl                        c/HCl-extractable Pt                 Digest 

                                                                                    Determine Pi                  Determine Pt 

                    Soil residue (Extraction with H2SO4+H2O2)                     Digest, Determine Pt 

  Figure 3.1. Flow chart of sequential P extraction. 

 

 

3.2.3. Data analysis 

 

The obtained data was statistically analyzed using SAS and ANOVA was done using GLM 

procedure. The Tukey test was used to determine significant differences between mean values 

at  = 0.05 significance level. 
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3.3. Results and Discussion 

 

3.3.1. Soil physicochemical properties 

 

The physical and chemical properties of the soils in this study are shown in table 3.1. The 

soils range in pH(H2O) from 4.3-7.3 and are very strongly acid to neutral (Tekalign, 1991). 

The pH(KCl) was less than pH(H2O) and varied from 3.5-6.8. This indicated high acidity and 

high degree of weathering of the most of the soils (Ochwoh et al., 2005). Exchangeable Al 

increased while ammonium acetate extractable Ca and Mg decreased with decreasing pH. 

Bako soil is sandy clay (36%) while Bishoftu (15%) and Hegere selam (17% clay) are sandy 

loam soils. Gununo and Guto-gida soils are sandy clay loams (28 and 30 % clay respectively). 

Among them Mechara soil is with highest clay content (46%). Organic carbon is low to 

medium and total N high to very high (Tekalign, 1991). Bray I P is low for the soils in this 

study except Bishoftu soil where it is medium. Bray I P in general decreased with decreasing 

pH, the highest being for Bishoftu and the lowest for Gununo soils. The soils in this study are, 

therefore, from low to high P fixing capacity as can be judged from their textural class and 

related properties of the soils.  

 

3.3.2 Soils phosphate desorption rate 

 

 The DMT-HFAO soil P desorption rates of the six sites soils in this study are shown in figure 

3.2. The amount of P desorbed during first day varied from 7-12.3 mg/kg the highest being for 

Bishoftu and the lowest for Gununo soil. As a result the initial P desorption rate were different 

for different soils (Figure 3.2). These rates decreased rapidly in the first 7 days following 

moderate decreasing trend till 14 days and slightly decreasing beyond day 14. The desorption 

data can, therefore, be explained using two P pools: a fast and a slow desorbing pools. The P 

pool with fast releasing kinetics contains primarily P bound to the reactive surfaces which are 

in direct contact with aqueous phase. 
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Table 3.1. Physical and chemical properties of the soils.  

 

  Soil samples sites       

 

Bako Bishoftu Gununo Guto gida 

Hegere 

selam Mechara 

Parameters 

      pH(H2O) 4.6 7.3 4.3 4.5 4.9 5.3 

pH (KCl) 3.7 6.8 3.5 3.8 4.5 4.8 

* Extractable Ca 

(cmol/kg) 2.6 13.4 1.2 1.3 5.4 5.9 

*Extractable 

Mg(cmol/kg) 2 6.8 0.5 0.7 3.3 4.5 

*Extractable K 

(cmol/kg) 0.4 0.8 0.2 0.3 0.5 0.7 

Exchangeable Ca 

(cmol/kg) 1.9 7.5 0.8 0.9 3.8 4.3 

Exchangeable Mg 

(cmol/kg) 0.5 6.4 0.3 0.4 0.6 0.6 

Exchangeable 

acidity (cmol/kg) 17.0 0.1 13.0 7.0 0.3 0.2 

Exchangeable Al 

(cmol/kg) 2.0 0.01 7.0 4.0 0.1 0.03 

AOD extractable Fe 

(%) 0.14 0.13 0.13 0.15 0.56 0.94 

AOD extractable Al 

(%) 0.05 0.11 0.13 0.001 0.15 0.7 

 Fe EDTA(cmol/kg) 0.3 0.31 0.35 0.5 0.37 0.3 

DCB extractable Fe 

(%) 0.52 0.6 0.52 0.54 1.2 1.9 

DCB extractable Al 

(%) 0.026 0.01 0.02 0.02 0.01 0.08 

DCB extractable Mn 

(%) 0.056 0.06 0.21 0.09 0.3 0.12 

OC (%) 2.0 1.4 1.9 2.3 2.6 1.8 

Total N (%) 0.32 0.16 0.19 0.27 0.34 0.34 

Total P (mg/Kg) 360 468 228 338 969 385 

Available P (mg/kg) 3.4 17 3 3.6 5.2 5.8 

% clay 36 15 28 30 17 46 

% silt 8 16 16 17 19 12 

% sand 56 69 56 53 64 42 

Textural class 

sandy 

clay 

sandy 

loam 

sandy clay 

loam 

sandy 

clay loam 

sandy 

loam 

clay 

 

*=NH4Ac = ammonium acetate 
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The slow P release from the second pool is either a result from slow dissolution kinetics or 

from slow diffusion from interior sites inside sequioxide aggregates (Lookman et al., 1995). 

In the first seven days the rate dropped was fast for sandy loam soils: Bishoftu (15% clay) and 

Hagere selam (17% clay) and relatively slow for sandy clay loam soil of Gununo (28%) and 

clay soil of Mechara (46%). Generally as clay contents increased P desorption rate decreased 

which could be due to slow diffusion through inter clay layers. 
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Figure 3.2. DMT-HFAO phosphate desorption rate from six sites soils. 

 

 

3.3 .3. Cumulative phosphate desorption 

 

The cumulative Pi extracted with the modified system DMT-HFAO and the DMT-HFO used 

as a benchmark are significantly different (p0.05) at all levels and extraction time for all 

soils in this study (Table 3.2). However, the change of DMT-HFO inorganic, Pi was not 

significant between P levels on extraction of day 1 for most of the soils (Table 3.2). Taddesse 

et al. (2008b) in their study of Avalon soil of South Africa using DMT-HFO, reported 
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nonsignificant difference among all P levels on day 1 and between the control P0 and P1 

throughout extraction period of 1-56 days. However, DMT-HFAO did not show this trend due 

to its better sorption capacity than DMT-HFO. 

 

The amounts of Pi extracted from soil samples of Bako with DMT-HFAO and DMT-HFO 

were significantly different (p<0.05) among P levels and over extraction time of 1-42 days. 

DMT-HFAO extracted cumulative P was highest (16.09- 105.64 mg P/kg) for BaT2 incubated 

at the rate of 100 kg/ha P2O5 and lowest for the control (3.41-62.15 mg P/kg) over extraction 

time of 1-42 days (Table 3.2). The  DMT-HFO used as a benchmark extracted 1.51-18.8 mg 

from BaT2 and 0.28-7.82 mg P/kg from the control (Table 3.2) in the same time. This showed 

that DMT-HFAO desorbed more P from the soil as compared to  DMT-HFO. The modified 

system, DMT-HFAO is thus preferable to DMT-HFO when soil P status is high. This 

concurred with de Jager and Claassens (2005) who reported the effect of high P status of the 

soil as the biggest drawback of DMT-HFO.  

 

The cumulative P extrated from BaT3 incubated at the rate of 200 kg/ha was lower (12.46-

66.42 mg/kg) than BaT1 and BaT2 that were incubated at the rate of 50 and 100 kg/ha as P2O5 

respectively. This could be due to immobilization or precipitation of phosphate during 

incubation of the soils. Since the soils were not limed, the following hydrolysis of TSP 

resulted in decreasing pH: 

 Ca(H2PO4)2.H2O + H2O ⇌  CaHPO4.2H2O + H+(aq) + H2PO4
-(aq) 

MCP                                           DCP 

This effect was different among P levels and much more pronounced for P levels with high P 

rate. It was commonly observed that in this experiment the pH was different for different P 

levels. Basta et.al (1995) reported reduction in P solution for the highest P rate suggesting 

precipitation was occurred. They also proposed that exchangeable Al decreased with in a 

linear fashion with increasing P rate. This in turn resulted in decreasing P that would have 

remained in the solution at higher applied P. However, part of this acid could be neutralized 

by the hydroxyl released during the adsorption of the phosphate ions by soil particles. 
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The cumulative P sorbed by DMT-HFO was also higher for BaT2 (1.51-18.8 mg/kg) than 

BaT3 (0.50-11.22 mg/kg) over 1-42 days extraction time (Table 3.2). However, it was less 

than the cumulative P extracted with the modified system (16.09- 105.64 mg P/kg) in the 

same time. This is due to the fact that the modified system is a binary system and extracted 

more P than the single sorbent DMT-HFO. For both sorbents, DMT-HFAO and DMT-HFO, 

low amount of cumulative P was extracted from the control (BaT0).  

 

The cumulative P sorbed by DMT-HFAO and DMT-HFO averaged over all extraction time 

was 7.5-11.7% and 1-2% of the total P respectively. Ochwoh et al. (2005) reported percent of 

P extracted with DMT-HFO varying from 1.3% with no P added to 3.00% for the sample 

incubated with 200 mg/kg P as KH2PO4 for 240 days. The slight difference could be 

attributed to the difference in texture and pH of the soils. The fact that more P was desorbed 

from the soil by DMT-HFAO than DMT-HFO was due to greater sorption capacity of the 

former. This indicated DMT-HFAO desorbed more P from soil, not only in the fast P 

releasing pool but also in the slow P releasing pools. 

 

The pool in which fast release takes place is readily labile P pool and the latter slow P 

releasing pool is moderately labile pool. The fast P releasing pool is attributed to P released 

from Fe and Al oxide surface (Taddesse et al., 2008a; Lookman et al., 1995). The slow P 

releasing pool releases P that is adsorbed on internal surface. 

 

The amount of Pi extracted from Bishoftu soil with DMT-HFAO was significantly different 

(p<0.05) by P levels and extraction time of 1-42 days. For this soil DMT-HFAO extracted Pi 

was higher for BiT3 (14.18-103.3 mg/kg) and lower for the control (6.2-78.2 mg/kg). As 

compared to DMT-HFO, the modified system extracted 9.7% -11.3% of the total P when 

averaged over all extraction time while DMT-HFO extracted 2.7-3.5% of the total P. 

However, the amount of temporal Pi extracted with DMT-HFO among P levels was not 

significantly different for day 1 and 7 (Table 3.2). This could be due to high P status of 

Bishoftu (pH=6.7) soil that saturated DMT-HFO. This indicated lack of universality of the 

DMT-HFO system while DMT-HFAO was still compatible in desorbing P from soils with 
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high P status. De Jager and Claassens (2005) mentioned this limitation of DMT-HFO and this 

study also revealed the same trend of DMT-HFO used as a benchmark.  

 

The cumulative P extracted with DMT-HFAO was higher in BiT3 and lower in control (Table 

3.2). DMT-HFO also showed the same trend being highest for BiT3 and lowest for the control. 

The fact that maximum cumulative P was obtained from BiT3 unlike other soils in this study 

except that of Hagere-selam soil can be attributed to low clay content (15%) and higher pH of 

Bishoftu soil (Table 3.1). This prevented sorption of the added P by the soil at higher rate of 

application and hence maximum extraction by both sorbents was obtained from the treatment 

BiT3. 

 

For Gununo soil the cumulative P sorbed by DMT-HFAO was high for GnT1 (8.45-74.41 

mg/kg) and low for the control (1.86-57.91mg/kg). Over all P levels and extraction time, the 

modified system DMT-HFAO extracted more P from the soil than DMT-HFO (Table 3.2). 

Averaged over all extraction time, the binary system, DMT-HFAO extracted 8.8-13.4% of the 

total P while DMT-HFO extracted 2.3-3.3 %. Similar research (Ochwoh et al., 2005) using 

DMT-HFO indicated 1-3% of the total P extracted. The observed difference is due to 

relatively high amorphous Al that can dissolve (de Jager and Claassens, 2005) at lower pH of 

Gununo soil (pH (H2O) = 4.3). For Guto-gida soil the cumulative P extracted was also for 

GgT1 (10.04-66.3 mg/kg) and lower for control (2.87-60.84 mg/kg). However, the modified 

system DMT-HFAO desorbed more P (6.7-8.7%) of the total P from Guto-gida soil as 

compared to DMT-HFO which extracted 1.7-2.2% of the total P.  

 

The amounts of Pi extracted from soil samples of Hagere-selam soil with both DMT-HFAO 

and DMT-HFO were significantly different (p<0.05) between P levels and extraction time of 

1-42 days. For this soil the cumulative P desorbed by DMT-HFAO was higher (19.8-81.52 

mg P/kg) for HST3 treatment and lower (2.5-48.35 mg P/kg) in the control while DMT-HFO 

desorbed 2.56-4.58 mg/kg and 0.27 -2.83 mg/kg respectively (Table 3.2). 
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Table 3.2. Cumulative P extracted with DMT-HFAO and DMT-HFO. 

                                                              DMT-HFAO (Modified Method) extracted P (mg/kg)                                                         DMT-HFO (reference) extracted P (mg/kg) 

   

Time (days) 

 

                                                      Time (days) 

Site Treatment 1 7 14 21 28 42 

 

1 7 14 21 28 42 

Bako BaT0 3.41p 7.99o 20.9l 38.12i 43.21h 62.15e 

 

0.28n 1.1mn 3.38kl 4.04jkl 5.5ij 7.82gh 

 

BaT1 9.77o 26.18k 38.52i 52.27f 61.3e 80.8c 

 

1.07mn 3.51kl 7.75gh 9.25fg 11.02de 14.17bc 

 

BaT2 16.09m 29.79j 46.31g 62.4e 89.25b 105.64a 

 

1.51mn 4.53jk 9.7ef 12.5cd 15.64b 18.8a 

 

BaT3 12.46n 19.67l 31.59j 42.4h 51.5f 66.42d   0.5n 2.62lm 5.56ij 6.33hi 8.88fg 11.22de 

 

Cv=3.21 LSD(0.05)=1.65 

      

Cv=15.05 LSD(0.05)=1.27 

    Bishoftu BiT0 6.2s 21.3o 37.43l 49.29ij 61.01g 78.17d 

 

1.53l 5.19kl 9.52i 15.67h 18.85g 28.5d 

 

BiT1 10.8r 27.5n 44.43k 53.57h 65.6f 83.28c 

 

1.82l 5.45jk 15.45h 22.68f 24.17ef 32.9bc 

 

BiT2         18.18p 31.4m 47.85j 65.89f 70.49e 88.62b 

 

1.91l 6.45jk 15.23h 18.53g 27.61d 34.8ab 

 

BiT3        14.18q 35.56l 51.6hi 70.14e 85.44c 103.3a   1.94l 7.94ij 18.87g 26.45de 31.53c 36.7a 

 

Cv=3.7 LSD=2.28  

      

Cv=8.9 LSD=1.85 

    Gununo GnT0 1.86q 11.73n 24.34k 33.71i 41g 57.91d 

 

0.38t 2.24r 4.81o 7.34m 10.5h 13.5d 

 

GnT1 8.45o 20.43l 36.49h 45.92f 58.08d 74.41a 

 

1.69s 4.68o 8.01k 10.16i 12.5f 16.7b 

 

GnT2 12.5n 16.92m 28.82j 41.6g 50.58e 62.2c 

 

1.79s 4.11p 7.67l 10.89g 14.6c 15.2a 

 

GnT3 5.2p 23.43k 33.04i 37.42h 45.28f 66.31b   1.64s 3.46q 6.79n 9.9j 12.8e 14.6a 

 

Cv=4.6 LSD=1.96 

 

Cv=1.63 LSD=0.16 

    G.Gida GgT0 2.87p 8no 20.2kl 28.89i 39.67g 60.24b 

 

0.42q 3.28o 5.93l 8.45j 11.62fg 14.64c 

 

GgT1 10.04mn 22.56jk 33.01h 43.35f 50.77e 66.3a 

 

1.95p 5.77l 9.14i 11.28gh 13.64e 17.86a 

 

GgT2 6.87o 12.5m 28.4i 38.16g 48.19d 54.2d 

 

1.79p 5.19m 8.79ij 12.01f 15.75b 14.28cd 

 

GgT3 11.15m 18.5l 24.24j 33.33h 43.34f 58.44bc   1.55p 4.55n 7.9k 11.07h 14.1d 15.72b 

 

Cv=5.83 LSD=2.25 

 

Cv=2.89 LSD=0.32 

    H.selam HsT0 2.5p 14.57n 27.91k 34.69i 37.86h 48.35f 

 

0.27n 0.78m 1.58l 2.4jk 2.66ij 2.83hi 

 

HsT1 8.5o 19.06m 31.72j 39.35h 47.02f 57.16d 

 

0.81m 1.5l 2.11k 2.84hi 3.19fg 4.05e 

 

HsT2 13.8n 22.26l 41.7g 48.08f 55.76d 67.25b 

 

1.71l 2.18k 2.59ij 3.47f 4.81b 5.82a 

 

HsT3 19.8m 31.77j 53.05e 63.51c 67.6b 81.52a   2.56ij 3.03gh 3.45f 4.15de 4.37cd 4.58bc 

 
Cv=3.11 LSD=1.47 

      

                    Cv=6.63       LSD=0.23 

    Mechara MeT0 3.24u 18.33q 35.65m 41.85k 48.96hi 58.7f 

 

0.32q 2.58p 7.99m 10.75l 15.74ij 18.38f 

 

MeT1 13.38r 20.92p 50.37h 66.47d 72.37c 82.55a 

 

0.95q 5.92n 17.17g 19.53e 23.51c 34.65a 

 

MeT2 7.21t 23.35o 38.11l 48.07i 63.25e 77.38b 

 

0.42q 3.52o 13.24k 15.6ij 17.57fg 21.44d 

 

MeT3 10.77s 28.13n 45.83j 54.07g 57.41f 73.46c   0.68q 4.15o 15.27j 16.3hi 16.77gh 28.08b 

 

Cv=3.21 LSD=1.64 

      

Cv=3.91 LSD=0.61 

    For each method mean values in rows with different letters are significantly different (=0.05)
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Using anion exchange resin membrane, Alemayehu et al. (2017) extracted 3.3 mg P/kg from 

Hagere-selam soil in 16 h, which is comaparable to our result of DMT-HFO. The percent P 

extracted with DMT-HFAO ranged from 2.9-4.8 % of the total P. However, DMT-HFO 

extracted 0.2-0.3% of the total P from this soil. This indicated DMT-HFAO showed 

remarkable P sorption capacity as compared to its counter DMT-HFO. The amount of Pi 

extracted with DMT-HFO was small due to its limited sorption capacity from Hagere-selam 

soil. This soil was relatively high in organic matter (Table 3.1) which could be responsible for 

limited sorption capacity preventing adsorption of P on the surface of the soil (Reyhanitabar 

et al., 2018). The fact that extracted cumulative P was high for HST3 as compared to other 

sites soil could be due to low clay content (17%) and relatively higher pH just as in the case of 

Bishoftu soil. 

 

For Mechara soil Pi extracted with DMT-HFAO and DMT-HFO were also significantly 

(p<0.05) different among P levels and over extraction time of 1-42 days. For this soil the 

highest cumulative Pi extracted with DMT-HFAO was in MeT1 (13.38-82.55 mg/kg) and 

lowest in the control (3.24-58.7 mg/kg). Similarly, for DMT-HFO the highest cumulative P 

extracted was for MeT1 (0.95-34.63 mg/kg) and lowest for control (0.32-18.38 mg/kg). 

However, for DMT-HFO, there was no significant difference between P extracted among P 

levels on day 1 that could be due relatively high P status of this soil (Table 3.1). DMT-HFAO 

sorbed again more P from this site soil than DMT-HFO indicating its superiority to DMT-

HFO in P sorption. DMT-HFAO extracted 8.4-10.8% of the total P while DMT-HFO 

extracted 2-2.9%. Our result of DMT-HFO concurred with Ochwoh et al. (2005) who 

reported 1-3% of DMT-HFO contribution to the total P for South African soil of similar 

textural class as to Mechara soil (46% clay). The slight difference at lower limit could be due 

to difference in incubation period of the soils. The fact that more P was desorbed from the 

treatment with lower P application rate could be associated with high clay content (46%) that 

might have sorbed P when applied at higher rate.  
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3.3.4 Effect of DMT-HFAO and DMT-HFO on soil phosphate pools  

 

 The amounts of P extracted with different extractants from labile, slow labile and stable pool 

over extraction time of 1-42 days and among P levels are shown in table 3.3. The amounts of 

P extracted, following DMT-HFAO successive P-extractants were in general lower than the 

amounts extracted with the same extractant when DMT-HFO was used. This was due to more 

P extracted with DMT-HFAO than DMT-HFO (Table 3.2). Therefore, subsequent P 

extractants to DMT-HFAO extracted lesser amount of P than the same subsequent extractant 

to DMT-HFO.  

  

The irregularities observed in the case of Gununo and Hagere-selam soils are attributed to 

microbial cell lyses (Reddy et al., 1998). The microbial cell lyses could be the result of 

chloroform that was added to soil suspension to inhibit microbial activity on dialysis 

membrane tube (Freese et al., 1995). Depending on ionic strength of Pi and Po in the soil 

suspension the process of microbial cell lyses can increase solution P. Since DMT-HFAO 

keeps solution P low microbial cell lyses of some killed microorganism might have released 

Po into soil suspension (Salema et al., 1982; Kieft et al., 1987). The released phosphorus is 

mainly organic and appears to be at least partly derived from microbial.The increase is more 

pronounced in the case of soil with high p-fixing capacity (Haynes and Swift, 1985). This can 

result in irregularities observed in the case of soils such as Gununo soil. 

 

The amount of chloroform added in drops was not actually chloroform fumigation and did not 

kill all microbes and the remaining can immobilize Pi into Po. According to Rowell (1994) 

some microorganisms could survive after incubation of 24 h and immobilize Pi to Po. Koki et 

al. (1997) reported chloroform fumigation rarely result in total death of microbial population. 

These authors also indicated that there have been few reports on what proportion of soil 

microorganisms are killed by chloroform fumigation and viable bacterial population existed 

after 5 days. 

 

Drying and rewetting of soils can also contribute to microbial cell lyses. Drying kills a large 

part of the microbial populations, but on rewetting, populations multiply very rapidly and 
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have available C and N in dead microbial cells (Michael et al., 2015, Rowell, 1994).To this 

effect Hagere-selam soil with relatively high OC could be subject to microbial cell lyses and 

more P was extracted from DMT-HFAO subsequent P-fractions than DMT-HFO. 

 

The amounts of P extracted with DMT-HFAO and DMT-HFO subsequent different 

extractants at intervals of 1, 7, 14, 21, 28 and 42 days over P-levels is shown in table 3.4. In 

general, Pi extracted with NaHCO3 (0.5 M, pH = 8.5), NaOH (0.1 M), d/HCl (1M) and c/hot 

HCl decreased for all soils in this study over extraction time of 1-42 days. NaOH and c/hot 

HCl extracted Po increased during this extraction time while NaHCO3 extracted Po decreased 

upto day 14 and increased at the latter extraction time. This could be due to mineralization 

and immobilization (Spohn and Kuzyakov, 2013; Taddesse et al. 2008b).  

 

The percent contribution of the DMT-HFAO and HFO and corresponding subsequent P 

fractions to the total P of the soils is shown in Figure 3.3. DMT-HFAO contribution of P to 

the total P was high (Figure 3.3a) as compared to DMT-HFO (Figure 3.3b). Accordingly, the 

labile pools NaHCO3-Pi, slow labile NaOH-Pi and d/HCl-Pi extracted Pi were less than P 

extracted with the same extractants after DMT-HFO was used (Figure 3.3a-b). This indicated 

DMT-HFAO lowers Pi in solution and the indicated pools replenished the solution P. It is, 

therefore, a good indicator of plant available P (solution Pi and NaHCO3-Pi) in soils and also 

P that can be furnished by the slow labile pools (NaOH-Pi and d/HCl-Pi) over time. For DMT-

HFAO sequential extractants NaHCO3-Po and NaOH-Po, the higher Po of the labile pool and 

slow labile pool could be due to microbial cell lyses (Reddy et al., 1998; Koki et al., 1996; 

Turner and Haygarth, 2003; Turner et al., 2003). 
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Table 3.3. Phosphate extracted with subsequent P-fractions of DMT-HFAO and DMT-HFO 

                                      For each pair of sorbents in each P-level means with different letters are significantly different. 

 

    

P-fractions (mg/kg) 

  Site Treatment Sorbent NaHCO3-Pi NaOH-Pi d/HCl-Pi c/HCl-Pi NaHCO3-Po NaOH-Po c/HCl-Po H2SO4-P 

Bako BaT0 DMT-HFO 17.44x 54.8g 10.85c 15.68e 20r 10.58w 28.93e 197.43a 

  

DMT-HFAO 13.3y 22.9h 7.9d 10.87f 36.67s 10.81w 29.6e 198.32a 

 

BaT1 DMT-HFO 25.89a 61.76i 13.73e 17.11g 37.38t 21.82x 32.32r 235.64b 

  

DMT-HFAO 21.5b 43.26j 11.01f 15.1h 44.69u 20.18y 29.9s 219.56c 

 

BaT2 DMT-HFO 38.01c 62.45k 15.05x 17.97i 58.9a 27.93a 44.12p 237.54d 

  

DMT-HFAO 30.4d 50.8l 11.7y 18.1i 54.88b 26.35b 46.6q 198.88e 

 

BaT3 DMT-HFO 20.15e 57.72m 12.34h 16.73j 27.07x 20.33c 30.93a 316.51f 

  

DMT-HFAO 17.9f 28.3n 8.9i 12.13k 42.29y 14.96d 23.1b 308.78g 

Bishoftu BiT0 DMT-HFO 32.8a 18.11e 42.42y 19.45x 31.39r 30.47c 25.57i 257.13p 

  

DMT-HFAO 31.1b 16.73f 37.08z 18.36x 30.5s 29.62d 24.51j 218.21q 

 

BiT1 DMT-HFO 43.37c 23.5g 53.44e 21.94y 60.95a 35.48x 26.61k 261.75r 

  

DMT-HFAO 38.5d 18.14h 47.56f 21.1y 59.55b 13.42y 22.17l 236.68s 

 

BiT2 DMT-HFO 48.53x 27.66i 60.94c 23.82a 60.41x 22.58e 23.08u 344.75g 

  

DMT-HFAO 42.7y 21.37j 55.1d 22.79a 43.37y 20.54f 23.79v 322.2h 

 

BiT3 DMT-HFO 66.3w 32.72k 75.14r 27.42b 47.61c 46.45g 28.16x 241.45i 

  

DMT-HFAO 53.17u 27.17l 69.09s 26.5b 58.37d 51.29h 25.65y 214.71j 

Gununo GnT0 DMT-HFO 9.67e 12.8a 6.6p 14.63u 25.15c 11.72i 40.82q 99.84c 

  

DMT-HFAO 15.04f 12.26a 6.29p 17.48v 24.1c 36.61j 15.88r 75.03f 

 
GnT1 DMT-HFO 14.6g 16.69b 12.17q 19.98w 30.94d 17.51k 52.08s 128.46e 

  

DMT-HFAO 19.85h 15.9c 10.14r 28.83x 31.74d 21.98l 21.24t 112.45d 

 
GnT2 DMT-HFO 11.5i 13.91d 9.38s 16.08y 25.15e 13.87m 55.08v 197.06g 

  

DMT-HFAO 17.64j 13.8d 9.2s 21.51z 32.8f 29.72n 23.24u 164.39h 

 
GnT3 DMT-HFO 12.83l 14.79n 8.95t 16.52a 25.88g 14.65o 59.32a 234.87i 

  

DMT-HFAO 18.48m 14.76n 9.24v 23.3b 37.36h 27.62p 18.54b 212.66j 
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Table 3.3. Phosphate extracted with subsequent P-fractions of DMT-HFAO and DMT-HFO (continued).  

Site Treatment Sorbent NaHCO3-Pi NaOH-Pi d/HCl-Pi c/HCl-Pi NaHCO3-Po NaOH-Po c/HCl-Po H2SO4-P 
Guto-

gida GgT0 DMT-HFO 34.37a 38.72i 17.48q 30.02y 27.64h 29.15x 17.15e 177.07n 

  

DMT-HFAO 27.64b 18.47j 6.68r 26.73z 25.05i 28.41x 13.02f 161.57o 

 

GgT1 DMT-HFO 41.19c 44.86k 18.1s 34.23a 37.46j 42.47y 20.58g 207.45p 

  

DMT-HFAO 31.73d 24.83l 11.32t 32.23b 32.65k 36.69z 15.86h 206.99p 

 

GgT2 DMT-HFO 25.91e 34.93m 16.56v 23.74d 13.91l 18.38a 11.82j 317.03a 

  

DMT-HFAO 22.39f 14.3n 7.06u 20.49e 13.85m 22.1b 7.97k 249.35b 

 

GgT3 DMT-HFO 31.71g 36.74o 16.95w 27.85f 22.74n 24.66c 14.21l 345.48c 

  

DMT-HFAO 26.26h 21.56p 9.12x 24.84g 19.3o 25.48d 10.51m 301.64d 

           H.selam HsT0 DMT-HFO 8.23a 21.57x 7.45r 63.37l 12.25u 40.77d 53.87m 809.62p 

  

DMT-HFAO 13.45b 21.72x 5.62s 41.76m 20.28v 10.03e 51.76l 774.16q 

 

HsT1 DMT-HFO 14.56c 31.28a 10.09p 82.57n 23.05x 49.97f 75.63o 809.64r 

  

DMT-HFAO 26.01d 36.29b 8.56q 67.2o 25.81y 31.99g 69.5n 768.95s 

 

HsT2 DMT-HFO 15.87x 33.87c 11.05u 87.23p 25.07a 54.88h 79.68o 815.49x 

  

DMT-HFAO 28.7y 29.65d 10.06v 74.9q 29.92b 46.93i 80.66p 792.8y 

 

HsT3 DMT-HFO 20.1z 38.1e 13.63w 99.38r 33.75c 59.26j 94.72s 894.53t 

  

DMT-HFAO 34.44w 35.91f 12.11x 97.03s 32.78c 56.78k 90.26t 797.12v 

           Mechara MeT0 DMT-HFO 23.29a 5.9i 8.35o 30.33v 30.41d 25.11l 34.3z 280.09j 

  

DMT-HFAO 5.39b 15.8j 6.83p 38.76bw 22.81e 28.69m 15.68a 214.28i 

 
MeT1 DMT-HFO 28.82c 29.82k 15.83q 56.57x 41.57f 47.9n 59.43b 269.22l 

  

DMT-HFAO 25.57d 22.47l 11.7r 45.31y 28.04g 55.26o 23.62c 208.08k 

 
MeT2 DMT-HFO 24.27e 19.07m 13.58s 44.65a 34.35h 40.17v 50.48e 313.9n 

  

DMT-HFAO 17.96f 19.87m 9.67t 43.24a 25.03i 42.62w 27.53f 261.57m 

 
MeT3 DMT-HFO 25.76g 20.97n 14.73v 47.58b 32.17j 42.38x 76.63g 340.5o 

  

DMT-HFAO 19.12h 20.33n 10.12u 43.21c 29.68k 51.29y 33.74h 281.67p 
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The maximum amount of H2SO4-P extractable P for both DMT-HFAO and DMT-HFO was 

the same since it is recalcitrant pool. However, the effect of DMT-HFAO on this pool was 

more pronounced than DMT-HFO since relatively lower amount of P extracted with DMT-

HFAO subsequent H2SO4-P fraction. Using DMT-HFO, Taddesse et al. (2008b) also 

indicated very little contribution of H2SO4-P fraction to the labile pool. The general trends 

observed in change of P pools for all soils was also observed for P-fractions of each site soils 

but with few irregularities under specific conditions. 

 

  

Figure 3.3 Percentage contributions of P-fractions to the total P of the soils. DMT-HFAO 

subsequent P-fractions (a) and DMT-HFO subsequent P-fractions (b). Max=maximum and 

Min=minimum. 

 

3.3.5.1. Bako soil P-fractions  

 

For Bako soil the amount of NaHCO3-Pi fraction extracted after extraction of Pi with DMT-

HFAO and DMT-HFO for each P level are significantly different (Table 3.3). Sodium 

bicarbonate extracted P varied on average from 13.3-30.4 mg P/kg for DMT-HFAO and 17.4-

38.01 mg/kg for DMT-HFO over extraction time of 1-42 days (Table 3.4). Similarly, 

following extraction with DMT-HFAO, NaOH extracted Pi varied from 22.99-50.79 mg/kg, 

d/HCl-Pi 7.92-11.78 mg/kg and c/hot HCl-Pi 10.87-18.1 mg/kg averaged over 1-42 days 
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extraction time. Similar to the sorbents, on average the highest P extraction of the most P 

fractions was for BaT2 (100 kg P2O5ha-1). In general, the amount of Pi extracted with NaHCO3, 

NaOH, d/HCl and c/hot HCl decreased with increasing extraction time despite of some 

irregularities for both sorbents. The amount of Po extracted with NaOH and c/hot HCl 

increased which could be due to immobilization. However, the amount of Po extracted with 

NaHCO3 decreased up to 14 days and then increased in the latter time of extraction.  

 

DMT-HFAO sequential P extraction with NaHCO3-Pi contributed 3.6-6% P to the total. Du 

Preez and Claassens (1999) reported a contribution of 4.3 to 8.8% of this fraction (NaHCO3-

Pi+resin) to the total (resin roughly equated to HFO). The slight difference was due to the 

binary system employed in this study. However, the difference became narrow as the 

contribution was 3.9 to 7.4% when DMT-HFO was used.  

 

The contribution of DMT-HFAO subsequent P-fraction, NaOH-Pi to the total P of Bako soil 

varied from 5.7-10% and that of DMT-HFO subsequent P-fraction from 11.4-15%. This 

contribution was greater than 5% reported by Taddesse et al. (2008) for soils with long-term 

fertilization history. However, it was less than 25% reported by Ochwoh et al. (2005) for soils 

incubated between 1-240 days. This could be attributed to the time difference in depletion and 

incubation period of the soils in their study and this current study. In addition the higher 

sorption capacity of DMT-HFAO could also affect the pool by depleting more P. This 

decreased its contribution to the total as compared to the amount reported by Ochwoh et al. 

(2005) for DMT-HFO.  

 

Subsequent fraction, d/HCl-Pi of DMT-HFAO contributed 1.8-2.4% P to the total while 

DMT-HFO subsequent, d/HCl-Pi contributed 2.4-3% P. Taddesse et al. (2008) reported less 

than 1% contribution of this pool for soils with long-term incubation which could be due to 

low amount of Ca in their study. DMT-HFAO subsequent fraction, c/hot HCl-Pi contributed 

2.4-3.7% of the total P while DMT-HFO subsequent c/hot HCl-Pi contributed 3.3-4.4%. In 

both cases this pool contributed less amount of Pi to the total as compared to the report by 

Taddesse et al. (2008) and Ochwoh et al. (2005). This could be due to its contribution to the 

other pools acting as a buffer.  
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The contribution from DMT-HFAO sequential extractions with NaHCO3-Po, NaOH-Po and 

c/hot HCl-Po were 8.5-11% P, 3-5.3%, and 4.6-9% respectively. The DMT-HFO sequemtial 

extractions with NaHCO3-Po, NaOH-Po and c/hot HCl-Po contributed 5.3-11.5%, 2.9-5.4% 

and 6-8.6% to the total P respectively. Ochwoh et al. (2005) reported lower contribution of 

NaHCO3-Po (2.19-4.16% P total) and c/hot HCl-Po (4.17-6.3%). The higher contribution of 

these pools in this study was possibly due to replenishment from c/hot HCl-Pi pool and 

immobilization of P. 

 

The contribution of subsequent H2SO4-P fraction was from 40-62.5% of the P total while 

DMT-HFO subsequent P fraction contributed from 46.4-62.3%. This fraction was the largest 

P fraction of all fractions for the control and the P treated soil. The slightly lower contribution 

of DMT-HFAO subsequent H2SO4 P fraction to the total was possibly due to the effect of 

DMT-HFAO even on recalcitrant pool; it keeps solution P very low. Ochwoh et al., (2005) 

reported 20-25% contribution of DMT-HFO subsequent P fraction for the soils of South 

African soils incubated for 240 days. The observed difference between their report and this 

study can be attributed to pH difference which was higher in their study. Du Preez and 

Claassens (1999) reported 54.3-59.4% contribution of H2SO4-P fraction to the total after using 

resin-Pi extraction for unlimed Clovelly soil of South African. Their report is relatively closer 

to our report as the pH of the soil in their study (pH(H2O) =4.9) relatively closer to the pH of 

Bako soil (Table 3.1).  

 

3.3.5.2. Bishoftu soil P-fractions 

 

For Bishoftu soil the amounts of P extracted with NaHCO3, NaOH, d/HCl, c/hot HCl and 

H2SO4 were also lower when DMT-HFAO was used than DMT-HFO and significantly 

different except for c/hot HCl-Pi (Table 3.3). This exception was due to high Ca associated P 

of this soil which was influenced by DMT-HFAO extraction. For DMT-HFO the remaining Pi 

due to high P saturation at higher pH of Bishoftu (Table 3.1) possibly immobilized to Po.   

 

The amounts of P extracted decreased during extraction time of 1-42 days for Pi extracted 

with NaHCO3, NaOH, d/HCl and c/HCl, while Po extracted with NaOH and c/hot HCl 
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increased in general (Table 3.4). Averaged over all extraction time, the DMT-HFAO 

sequential P extractions with NaHCO3, NaOH, d/HCl and c/hot HCl varied 31.09-53.17, 

16.73-27.17, 37.08-69.09 and 18.36-26.50 mg P/kg respectively. The highest amount of Pi 

(37.08-69.09 mg P/kg) extracted with d/HCl (1M) was due to high Ca content of Bishoftu soil 

(Table 3.1). For DMT-HFO sequential Pi extractions with NaHCO3, NaOH, d/HCl and c/HCl 

varied 32.80-66.3, 18.11-32.72, 42.42-75.14 and 19.45-27.42 mg/kg respectively. 

 

The minimum amount of P extracted with NaHCO3-Pi (15.34-62.54 mg P/kg) was from 

control and the maximum from BiT3 treatment (24.65-92.93 mg P/kg) when DMT-HFAO was 

used. Compared to all soils, Bishoftu soil NaHCO3 extracted Pi was the highest amount 

extracted on day 1 indicating highly labile P pool of this soil (Table 3.4). In a similar manner, 

DMT-HFAO also extracted the highest amount (88.34 mg/kg P) averaged over all P levels of 

this soil as compared to the other soils (Table 3.2). This makes DMT-HFAO compatible to 

soil with high P status.  

 

The DMT- HFAO and DMT-HFO subsequent fraction, NaHCO3-Pi contributed 6.9-9.1% and 

7-11.3% P to the total respectively. The lower contribution of DMT-HFAO subsequent 

fraction NaHCO3-Pi to the total indicated that DMT-HFAO has more sorption capacity for 

solution P and influenced the labile pool so that it replenished solution P. In fact DMT-HFAO 

and DMT-HFO contributed 9.7-11.3% and 2.77-3.51 % of the total P respectively when 

averaged over all extraction time (Table 3.2).  

 

The DMT-HFAO subsequent fractions NaOH-Pi, d/HCl-Pi and c/hot HCl-Pi contributed 3.5-

4.6%, 8.3-11.8% and 3.8-4.5% P respectively to the total P. The DMT-HFO sequential Pi  

extractions with NaOH-Pi, d/HCl-Pi and c/HCl-Pi contributed 3.9-5.6%, 9-12.8% and 3.8-4.7% 

of the total P respectively (Table 3.4). 

 

The DMT-HFAO sequential Po extractions with NaHCO3-Po, NaOH-Po and c/hot HCl-Po 

varied from 30.5-59.55, 13.42-51.29 and 22.17-25.65 mg P/kg respectively (Table 3.4).These 

pools contributed 6.8-11.8%, 2.7-8.8% and 3.9-5.5% of the total P respectively. The DMT-

HFO sequential Po extractions with NaHCO3-Po, NaOH-Po and c/hot HCl-Po varied 31.39-
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60.95 mg P/kg, 22.58-46.45 mg/kg and 23.08-28.14 mg P/kg respectively (Table 3.4). These 

DMT-HFO subsequent P-fractions contributed 6.7-11.2%, 3.6-7.9% and 3.8-5.5% of P total 

respectively. Ochwoh et al. (2005) reported DMT-HFO sequential extractions with NaHCO3-

Po, NaOH-Po and c/hot HCl-Po contributed 2.48-4.77%, 4-6% and 4.5-6.9% to the total 

respectively. Our results of DMT-HFO subsequent fraction NaOH-Po (3.6-7.9%) and c/hot 

HCl-Po (3.8-5.5%) were closer to the reported values. However, our result of DMT-HFO 

subsequent NaHCO3 extractable Po pool contribution was higher (6.7-11.2%) than reported 

values by these authors. One possible reason for this difference could be the contribution of 

NaOH-Pi extractable P to this pool resulting in immobilization of P. Presumably the lower 

contribution of DMT-HFO subsequent NaOH extractable Pi (3.9-5.6%) to the total P was, 

therefore, due to its contribution to NaHCO3-Po. This concurred with du Preez and Claassens 

(1999) report that NaOH-Pi fraction was responsible for the replenishment of the labile P pool 

in an Avalon soil. It is likely that DMT-HFAO subsequent NaOH extractable Pi pool was also 

contributing to NaHCO3-Po which was also higher in the soil of this study (6.8-11.8%). Du 

Preez and Claassens (1999) reported 12.9-17% contribution of NaOH-Pi to the total P in an 

Avalon type soil. The current study indicated that the contribution of both DMT-HFAO and 

DMT-HFO subsequent NaOH-Pi fraction were 3.5-4.6% and 3.9-5.6% -respectively. These 

results were less than reported by du Preez and Claassens (1999). This could be due to lower 

pH of the soil in their studies (pH=5.1)  

 

The DMT-HFAO subsequent H2SO4-P fraction varied from 214.2-322.2 mg P/kg when 

averaged over extraction time. The corresponding percentage contribution was from 36.6-53.2% 

of P total. The DMT-HFO contributed 41.2-54.9% P to the total. Du Preez and Claassens 

(1999) reported 44.1-48.8% for an Avalon type soil of South Africa. This was comparable 

with the result of this study for DMT-HFO subsequent H2SO4-P fraction. The amount of 

DMT-HFO subsequent H2SO4-P fraction was higher and significantly different from the 

amount of DMT-HFAO subsequent H2SO4-P fraction possibly due to significant effect of 

DMT-HFAO on this pool of Bishoftu soil (Table 3.3). 
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3.3.5.3. Gununo soil P-fractions 

 

For Gununo soil the amount of P extracted with DMT-HFAO subsequent extractants was 

lower than DMT-HFO subsequent extractants for NaOH-Pi, d/HCl-Pi, c/hot HCl-Po and 

H2SO4-P. The reason that higher amount was extracted with NaHCO3-Pi and Po, NaOH-Po, 

and c/HCl-Pi could be due to microbial cell lyses in soils with low available P. High P fixing 

capacity, drying and rewetting effect might have resulted in microbial cell lyses (Turner et al., 

2003) of this soil.This was possibly enhanced by DMT-HFAO, since it keeps P in solution 

very low. According to Turner and Haygarth (2003) both Pi and Po increases when P in 

solution is low. 

 

The highest amount of P extracted with DMT-HFAO (8.45-74.41 mg P/kg) from this soils 

was for GnT1 (50 kg /ha P2O5). Averaged over extraction period of 1-42 days, the highest 

amount of P extracted with the extractants of most of P-fractions following both sorbents was 

also from GNT1. 

 

DMT-HFAO followed by sequential Pi extractions with NaHCO3, NaOH, d/HCl and c/hot 

HCl on average ranged from 15.04-19.85, 12.26-15.9, and 6.29-10.14 and 17.48-28.83 mg 

P/kg respectively (Table 3.4). For DMT-HFO followed by sequential  Pi extractions with the 

same extractants ranged from 9.67-14.6, 12.8-16.69, 6.6-12.17 and 14.63-19.98 mg P/kg 

respectively.  

 

The contribution of DMT-HFAO followed by extractions with NaHCO3-Pi, NaOH-Pi, d/HCl-

Pi and c/hot HCl-Pi was 4.6-6.5%, 3.7-5.2%, 2.3-3.3% and 5.8-9.5 % of the total P 

respectively while those of DMT-HFO contributed 3.2-4.8%, 3.7-5.6%, 2.2-4% and 4.2-6.6% 

respectively (Table 3.4).  

 

The contribution of DMT-HFO subsequent NaOH-Pi and d/HCl-Pi fractions was greater than 

that of DMT-HFAO indicating that the ability of DMT-HFO to influence these P-fractions 

was less than that of DMT-HFAO for GnT1(Table 3.3). However, the contribution of DMT-
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HFAO followed by sequential fractions with NaHCO3-Pi and c/hot HCl-Pi was greater than 

DMT-HFO followed by sequential Pi fractions with the same extractants. 
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Table 3.4. Phosphate extracted with DMT-HFAO and DMT-HFO subsequent extractants over period of 1-42 days. 

P-fraction P (mg/kg) Treatment 

DMT-HFAO subsequent P-fractions DMT-HFO (reference) subsequent P-fractions 

Time (days) Time (days) 

1 7 14 21 28 42 1 7 14 21 28 42 

NaHCO3-Pi  BaT0 30.35d 14.8k 12.36klm 10.4lmn 8.45no 3.52p 36.6de 18.5ijk 15.6kl 12.04m 10.6m 11.3m 

 

BaT1 41.39b 28.17de 16.9i 16.48ij 15.34ij 10.9l 46.6b 31.1g 27h 19.01ij 18.04ijk 13.6lm 

 

BaT2 54.87a 29.5de 26.84efg 25.04fg 24.8gh 21.68h 58.2a 40.04c 37.6cde 34.6ef 32.6fg 25.04h 

 

BaT3 33.7c 30.4d 13.5jkl 12.76klm 10.11mno 7.04o 39.6cd 20.2ij 21.04i 18ijk 17.6jk 4.5n 

  

Cv=9.61; LSD=1.77 

    

Cv=8.04 LSD=1.81 

    NaOH-Pi BaT0 42.11ef 38.14gh 30.72i 10.56l 9.65lm 6.8m 75.2cd 69.7e 69.6e 43.5i 41.9i 28.9k 

 

BaT1 67.37b 57.87c 55.59c 35.21h 24.17j 19.36k 86.5a 79.2bc 71.8de 54.6gh 41.8i 36.7j 

 

BaT2 74.91a 65.19b 56.08c 44.53e 39.36fg 24.65j 81.3b 75.6cd 56.2g 55.7g 53.2gh 52.7gh 

 

BaT3 49.88d 40.51fg 24.65j 18.3k 17.3k 19.32k 79.8bc 71.4de 61.9f 49.8h 53.4gh 30k 

  

Cv=8.25; LSD=2.66 

    

Cv=5.07 LSD=2.66 

    d/HCl=Pi BaT0 17.31c 11.49ef 6.9hi 5.6ij 3.45k 2.79k 25.2b 20.4c 6.9fgh 3.4i 5.8ghi 3.4i 

 

BaT1 27.62a 20.78b 8.62g 3.45k 2.8k 2.79k 29.7a 27.3ab 11.2e 5.6ghi 5.2ghi 3.4i 

 

BaT2 20.78b 20.11b 8.34gh 13.44d 5.18j 2.8k 27.7ab 25.2b 15.4d 9.2ef 7.6fg 5.2ghi 

 

BaT3 13.6d 12.24de 11.12ef 10.35f 3.45k 2.8k 17.2cd 15.2d 17.2cd 15.2d 5.2ghi 4.2hi 

  

Cv=10.1 LSD=0.887 

    

Cv=15.2 LSD=1.76 

    c/hot HCl-Pi BaT0 14.8ef 14.49ef 12.49g 11.02h 7.54i 4.86j 30a 21.3bc 15.3e 11.3f 10.4fg 5.8hi 

 

BaT1 22.98b 17.41c 15.82de 12.49g 10.94h 10.94h 30.3a 24.4b 21.3bc 17.7de 5.9hi 3.1i 

 

BaT2 44.34a 16.48cd 13.93f 13.49fg 13.49fg 9.8h 32.7a 18.3cde 17.8de 16.2de 11.5f 11.3f 

 

BaT3 24.02b 13.49fg 13.48fg 10.26h 6.02j 5.49j 22.8b 19.3cd 18.9cd 15.3e 16.7de 7.4gh 

  

Cv=5.79 LSD=0.73 

    

Cv=11.97 LSD=1.79 

    NaHCO3-Po BaT0 83.77a 34.6i 13.81m 27.7kl 29.02jkl 31.12j 34.2f 32.8fg 8.4l 12.8k 14.5jk 17.3j 

 

BaT1 55.5d 51.4e 37.7hi 38.47h 40.16h 44.89g 44.4de 42.3e 22.8i 29.9gh 41.3e 43.6de 

 

BaT2 82a 71.6b 28.53jkl 39.55h 45.33fg 62.28c 90.4a 73.5b 32.7fg 45.8d 42.7de 68.2c 

 

BaT3 58.67d 48.29ef 30.8jk 27.4l 43.54g 45.06fg 30.8gh 30.3gh 13.5k 29.7gh 28.4h 29.7gh 

  

Cv=4.77 LSD=1.89 

    

Cv=5.5 LSD=1.75 

    Means in column with different letters are significantly different. 
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Table 3.4. Phosphate extracted with DMT-HFAO and DMT-HFO subsequent extractants over period of 1-42 days 

 (Continued). 

P-fraction P (mg/kg) Treatment 

DMT-HFAO subsequent P-fractions DMT-HFO (reference) subsequent P-fractions 

Time (days) Time (days) 

1 7 14 21 28 42 1 7 14 21 28 42 

NaOH-Po  BaT0 7.87q 9.21p 10.17o 10.12o 11.7n 15.79l 3.05l 7.8k 8.1k 13.2hi 14.1ghi 17.25fg 

 BaT1 11.47n 16.85jk 19.17h 21.66g 23.4f 28.57c 8.1k 15.1gh 23.3de 25.1cde 26.7c 32.6b 

 

BaT2 18.23i 22.3e 24.3e 27.49d 30.5b 35.3a 9.8jk 22.9e 27.2c 26.5cd 40.8a 40.4a 

 

BaT3 10.3o 11.9n 14.5m 17.23j 16.36kl 19.5h 9.7jk 11.6ij 13.3hi 18.9f 25.3cde 43.2a 

  

Cv= 2.76 LSD=0.44 

    

Cv=9.87 LSD=1.77 

    c/hot HCl-Po BaT0 27.1ij 28.5hij 28.39hij 30.04ghi 30.08ghi 33.92ef 22.7j 26.5i 30.5h 30.4h 31.4gh 32.1gh 

 

BaT1 26.43j 27.33hij 29hij 28.04hij 32.99fg 35.84def 5.9l 5.9l 43.2de 42.2e 46.4cd 50.3b 

 

BaT2 38.7d 37.2de 42.04c 45.4b 46.2b 70.28a 31.3gh 32.3gh 34.3g 40.6ef 50.5b 75.7a 

 

BaT3 11.7l 12.52l 22.72k 13.28l 30.44gh 47.83b 15.9k 18.4k 25.3ij 38f 38.7f 49.3bc 

  

Cv=6.12 LSD=1.76 

    

Cv=6 LSD=1.81 

    c/H2SO4-P  BaT0 131.56m 198.53k 222.87fgh 217.35ghij 219.27ghi 200.37k 133.45k 161.91j 202.13i 229.5gh 224.5gh 233.09fg 

 

BaT1 190.62k 205.16ijk 228.5fg 238.94ef 236.48ef 217.67ghij 201.12i 223.43gh 225.53gh 249.87ef 257.17de 256.75de 

 

BaT2 150.74l 206.86hijk 249.76e 223.18fgh 201.54jk 161.23l 180.12j 221.56gh 282.14c 271cd 256.9de 213.51hi 

 

BaT3 280.14d 304.95c 330.45ab 339.58a 315.11bc 282.42d 285.63c 312.54b 332.49a 319.96ab 317.75ab 330.69ab 

  

Cv= 4.45 LSD=9.13 

    

Cv= 4.72 LSD=10.3 

    NaHCO3-Pi BiT0 62.53d 47.94h 22.08op 20.6pq 18.08r 15.34s 64.24d 49.65fg 23.79l 22.31lm 19.79mn 17.05n 

 

BiT1 60.57e 43.9j 39.55k 34.39lm 33.07m 19.5qr 65.44d 48.77g 44.42h 39.26ij 37.94j 24.37l 

 

BiT2 81.36b 50.05fg 46.22i 36l 23.25no 19.3qr 87.19b 55.88e 52.05f 41.83hi 29.08k 25.13l 

 

BiT3 92.91a 64.9c 51.24f 49.45gh 35.87l 24.65n 106.07a 78.06c 64.4d 62.61d 49.03fg 37.81j 

  

Cv=2.42 LSD=0.89 

    

Cv=4.02 LSD=1.7 

    NaOH-Pi  BiT0 37.94b 24.4fg 21.04hi 7.56lm 6.67lm 2.76no 39.32c 25.78gh 22.42ij 8.94mn 8.05n 4.14o 

 

BiT1 33.9c 23.8gh 22.4gh 14.6j 8.76kl 5.36mn 39.26c 29.16f 27.76fg 19.96j 14.12l 10.72m 

 

BiT2 38.26b 30.1d 22.86gh 19.25i 15.47j 2.3o 44.55b 36.39d 29.15f 25.54gh 21.76ij 8.59mn 

 

BiT3 52.63a 29.41de 27.04ef 23.94gh 18.44i 11.55k 58.18a 34.96de 32.59e 29.49f 23.99hi 17.1k 

  

Cv=9.56 LSD=1.77 

   

Cv=6.19 LSD=1.4 

    Means in column with different letters are significantly different. 
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Table 3.4. Phosphate extracted with DMT-HFAO and DMT-HFO subsequent extractants over period of 1-42 days 

 (Continued). 

P-fraction P (mg/kg) Treatment 

DMT-HFAO subsequent P-fractions DMT-HFO (reference) subsequent P-fractions 

Time (days) Time (days) 

1 7 14 21 28 42 1 7 14 21 28 42 

d/HCl-Pi BiT0 96.68c 45.87jk 44.45k 20.75o 8.98q 5.75r 102.02c 51.21jk 49.79k 26.09o 14.32q 11.09r 

 

BiT1 85.15e 70.98g 56.9h 36.01l 24.86n 11.49p 91.02e 76.85g 62.77h 41.88l 30.73n 17.36p 

 

BiT2 111.85a 77.56f 72.36g 34.9l 27.62m 6.34r 117.68a 83.39f 78.19g 40.73l 33.45m 12.17qr 

 

BiT3 103.45b 96.68c 93.49d 48.34i 47.23ij 25.4n 109.49b 102.72c 99.53d 54.38i 53.27ij 31.44mn 

  

Cv=2.13 LSD=0.99 

    

Cv= 2.5 LSD=1.27 

    c/hot HCl-Pi BiT0 30.26c 26.76d 20.13ghi 13.86k 13.49k 5.67m 31.35c 27.85de 21.22ghi 14.95kl 14.58kl 6.76no 

 

BiT1 49.26a 20.48fgh 18.4hij 16.4j 11.95kl 10.32l 50.06a 21.28ghi 19.2ij 17.2jk 12.75lm 11.12m 

 

 BiT2 50.26a 28.23cd 22.47ef 21.9fg 11.08l 2.83n 51.28a 29.25cd 23.49fg 22.92fgh 12.1lm 3.85o 

 

BiT3 45.36b 45.09b 24.37e 19.4hi 17.98ij 6.78m 46.28b 46.01b 25.29ef 20.32hi 18.9ij 7.7n 

  

Cv=6.23 LDS=1.23 

    

Cv=7.99 LSD=1.64 

    NaHCO3-Po BiT0 64.13f 50.13g 11.5n 12.5n 20.89l 23.86k 65.02f 51.02h 12.39n 13.39n 21.78m 24.75l 

 

BiT1 98.25b 82.56d 26.76j 49.09g 30.4i 70.25e 99.65b 83.96c 28.16k 50.49h 31.8j 71.65e 

 

BiT2 140.59a 64.76f 15.24m 32.78h 3.14o 3.72o 157.63a 81.8d 32.28j 49.82h 20.18m 20.76m 

 

BiT3 93.01c 82.38d 24.68k 31.87hi 49.43g 68.84e 82.25d 71.62e 13.92n 21.11m 38.67i 58.08g 

  

Cv=2.8 LSD=1.19 

    

Cv=2.01 LSD=0.89 

    NaOH-Po BiT0 17.6k 25.75h 29.74g 14.22l 37.22f 53.17d 18.45l 26.6k 15.07m 30.59j 38.07h 54.02d 

 

BiT1 4.14o 8.06n 10.58m 8.41n 22.94ij 26.42h 26.2k 30.12j 32.64i 30.47j 48.48e 45f 

 

BiT2 3.74o 5.2o 7.71n 28.38g 37.16f 41.02e 7.24p 5.78p 9.75o 30.42j 39.2h 43.06g 

 

BiT3 17.68k 21.3j 23.25i 63.61c 82.99b 98.92a 12.84n 16.46m 18.41l 58.77c 78.15b 94.08a 

  

Cv= 3.6 LSD=0.92 

    

Cv=2.74 LSD=0.82 

    Means in column with different letters are significantly different. 
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Table 3.4. Phosphate extracted with DMT-HFAO and DMT-HFO subsequent extractants over period of 1-42 days 

 (Continued). 

P-fraction P (mg/kg) Treatment 

DMT-HFAO subsequent P-fractions DMT-HFO (reference) subsequent P-fractions 

Time (days) Time (days) 

1 7 14 21 28 42 1 7 14 21 28 42 

c/hot HCl-Po BiT0 2.85m 10.24l 12.46k 10.24l 12.57k 98.7a 3.91m 11.3kl 11.3kl 13.52jk 13.63jk 99.76a 

 

BiT1 12.85k 13.71jk 13.71jk 14.99hij 15.32ghij 62.45b 17.29fghi 18.15fgh 19.43f 18.15fgh 19.76f 66.89b 

 

BiT2 10.7l 15.78ghi 19.4f 24.65e 16.67gh 55.57c 9.98l 15.06ij 18.68fg 15.95hij 23.93e 54.85d 

 

BiT3 2.85m 13.65jk 14.13ijk 16.97g 50.36d 55.98c 5.33m 16.13hi 16.61ghi 19.45f 52.84d 58.46c 

 

 Cv=4.4 LSD=0.95 

    

Cv=5.87 LSD=1.34 

    c/H2SO4-P BiT0 146.56l 192.35j 247.12h 294.8d 265.46fg 162.95k 148.5k 223.71ij 305.8de 323.63c 319.45cd 221.68ij 

 

BiT1 148.1l 213.12i 271.3efg 278.12e 294.02d 215.41i 151.23k 229.45hi 294.3e 305.94de 325.67c 264.5f 

 

BiT2 151.04kl 301.2d 351.62c 342.6c 400.12a 386.64b 154.68k 316.15cd 370.4b 382.19b 421.09a 423.98a 

 

BiT3 161.97k 197.65j 273.75ef 261.12g 198.6j 195.14j 162.43k 210.8j 296.7e 293.47e 240.76gh 244.54g 

 

 Cv=2.94 LSD=6.47 

    

Cv=3.12 LSD=7.6 

    

 

 

            NaHCO3-Pi GnT0 32.1c 22.01e 20ef 8.14j 4.45k 3.52k 20.7d 13.5f 9.7gh 7.5h 4.4i 2.2i 

 

GnT1 38.3b 33.11c 19.14f 12.36hi 10.56ij 5.64k 28.8b 28.2b 20.6d 3.5i 3.2i 3.3i 

 

GnT2 38.63b 28.16d 14.8gh 12.36hi 8.38j 3.52k 28.8b 16.5e 13.7f 3.5i 3.3i 3.2i 

 

GnT3 55.46a 16.48g 14.8 10.56ij 8.51j 5.05k 33a 24c 10.3g 3.5i 3.1i 3.1i 

 

 Cv=8.45 LSD=1.33 

    

Cv=12.34 LSD=1.33 

    NaOH-Pi GnT0 20.83d 20.46de 11.06j 10.56j 5.52m 5.15m 17.7c 13.8ef 13.8ef 11.5ij 10.4lm 9.6m 

 

GnT1 31.83b 22.46c 17.61gh 8.28k 8.3k 6.91l 38.1a 14.1e 13.8ef 12.26hi 11.2jkl 10.7jkl 

 

GnT2 33.54a 15.62i 11.04j 10.56j 8.3k 3.74n 17.3c 17.26c 13.2fg 13.8ef 11.3jk 10.6kl 

 

GnT3 19.36ef 18.71fg 17.61gh 17.26h 10.12j 5.52m 19.5b 17.26c 15.6d 12.6gh 12.5gh 11.3jk 

 

 Cv=5.63 LSD=0.71 

    

Cv=5.5 LSD=0.71 

    d/HCl-Pi    GnT0 13.85c 8.48e 5.75gh 3.45j 3.44j 2.79j 10.8f 8.8g 7.8h 5.2i 3.8jkl 3.2l 

 

GnT1 16.85a 15.69b 10.62d 6.45fg 6.44fg 4.79i 20.8a 20.8a 17.3c 5.2i 4.7ij 4.2jk 

 

GnT2 16.8a 13.85c 8.62e 6.9f 5.56hi 3.45j 18.3b 14.8d 10.3f 4.4ij 4.3ijk 4.2jk 

 

GnT3 17.31a 14.37c 8.56e 8.34e 3.4j 3.45j 17.3c 13.85d 12.85e 3.4kl 3.2l 3.1l 

 

 Cv=5.74 LSD=0.44 

   

Cv=6.47 LSD=0.53 

    Means in column with different letters are significantly different. 
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Table 3.4. Phosphate extracted with DMT-HFAO and DMT-HFO subsequent extractants over period of 1-42 days 

 (Continued). 

P-fraction P (mg/kg) Treatment 

DMT-HFAO subsequent P-fractions DMT-HFO (reference) subsequent P-fractions 

Time (days) Time (days) 

1 7 14 21 28 42 1 7 14 21 28 42 

c/hot HCl-Pi GnT0 38.4c 22.71e 20.89ef 11.08jk 8.99k 2.83l 25.8bc 24.9bcd 15.9f 10.4g 5.5ij 5.3ij 

 GnT1 41.59b 38.4c 27.86d 22.48e 22.17e 20.5ef 28.3a 27.2ab 26.9ab 25.4bcd 6.2hi 5.9i 

 GnT2 56.82a 19.4fg 17.41gh 13.49ij 11.38jk 10.6k 24.4cd 19.4e 18.9e 15.8f 9.4g 8.6gh 

 GnT3 55.86a 22.17e 18.93fg 15.4hi 13.49ij 13.93i 28.48a 23.9cd 23.3d 17.3ef 3.12j 3.05j 

  Cv=6.58 LSD=1.33 

   

Cv=8.92 LSD= 1.33 

    NaHCO3-Po GnT0 50.5e 34.88f 4.99l 8.68k 16.9i 28.63g 42.8c 34.1e 14.8k 17.3ijk 20ghi 21.8g 

 GnT1 78.39a 53.7d 6.82kl 13.88j 13.56j 24.08h 61.3a 36.7de 15.2jk 17.5hijk 20.9g 34.04e 

 GnT2 69.13b 48.85e 7.41kl 14.13ij 28.6g 28.67g 39.6d 29.9f 17.8hij 20.3gh 21.9g 21.4g 

 GnT3 60.46c 58.51c 8.68k 27.84g 34.76f 33.9f 50b 33.9e 17.4hijk 10.6l 14.6k 28.8f 

  Cv=5.71 LSD=1.6 

    

Cv=6.7 TLSD= 1.6 

    NaOH-Po GnT0 5.74t 28.25k 30.4j 31.83i 46.89d 76.56a 1.19q 7.2n 12.2k 12.5k 14.5i 22.7c 

 GnT1 10.11s 11.08r 13.6q 26.55l 34.07h 36.5g 2.87p 10.7l 15.1hi 20.4d 23.8b 32.2a 

 GnT2 2.23u 21.4o 23.78n 34.01h 47.97c 48.96b 6.7n 8.8m 13.6j 13.5j 16.4g 24.2b 

 GnT3 5.74t 14.7p 24.75m 30.47j 44.08f 45.99e 3.7o 12.3k 15.7h 18.4e 17.3f 20.48d 

  Cv= 1.3 LSD=0.35 

    

Cv=2.77 LSD=0.35 

   c/hot HCl-Po GnT0 2.95n 3.95mn 5.7l 13.5j 25.65 43.51a 25.6m 36.4k 38.9j 41.4i 47.6g 55f 

 GnT1 3.88mn 5.04lm 12.4j 28.6f 34.99d 42.55a 35.1kl 40.4ij 45.2h 58.4e 56.4f 77b 

 GnT2 4.96lm 5.77l 19.23i 34.69d 36.5c 38.28b 44.1h 44.5h 44.9h 59.6e 67.4d 70c 

 GnT3 7.28k 8.63k 12.5j 23.98 26.2g 32.64e 26.3m 35.3kl 34.5l 85.6a 87a 87.2a 

  Cv= 4.66 LSD=0.82 

    

Cv=1.93 LSD=0.89 

   c/H2SO4-P GnT0 60.53k 74.13j 103.76h 104.21h 72.41jk 35.12l 82.12l 84.98kl 108.89ij 113.16i 112.57i 97.34jk 

 GnT1 73.65jk 103.07h 156.11f 138.33g 115.53h 87.99i 87.78kl 120.67i 140.05h 148.11h 162.65g 111.47i 

 GnT2 114.6h 178.91de 210.68c 181.56de 150.97fg 149.65fg 170.28g 195.72f 211.09de 209.23de 202.46ef 193.59f 

 GnT3 170.51e 221.04bc 256.45a 225.85b 210.85c 191.29d 216.93d 233.06bc 258.86a 235.44b 243.07b 221.88cd 

  Cv=5.67 LSD=7.1 

    

Cv=4.85 LSD=7.1 

    Means in column with different letters are significantly different 
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Table 3.4. Phosphate extracted with DMT-HFAO and DMT-HFO subsequent extractants over period of 1-42 days 

 (Continued). 

P-fraction P (mg/kg) Treatment 

DMT-HFAO subsequent P-fractions DMT-HFO subsequent P-fractions 

Time (days) Time (days 

1 7 14 21 28 42 1 7 14 21 28 42 

NaHCO3-Pi   GgT0 58.5a 45b 27.11ef 14.5ij 12.24jk 8.52k 59.7b 48.5cd 33.37fgh 29.21i 25.25j 10.2o 

 

GgT1 57.63a 38c 32.6d 27.11ef 24.48fg 10.56jk 62.5a 50.7c 50.7c 35.8ef 32.9gh 14.56n 

 

GgT2 30.35de 29.42de 27.21ef 19.33hi 17.5hi 10.56jk 36.42e 31.46hi 29.61i 24.4jk 20.9lm 12.66no 

 

GgT3 45.05b 33.11cd 20.6gh 20.6gh 20.6gh 17.61hi 47.05d 35.11efg 34.4efg 31.4hi 22.7kl 19.61m 

  

Cv=11.1  LSD=2.66 

    

Cv=4.5 LSD=1.33 

    NaOH-Pi GgT0 31.83de 28.65f 16.12g 11.53hi 11.65hi 11.04hi 51.33d 48.45e 36.68f 32.8gh 32.06ghi 31.04hi 

 

GgT1 40.38b 39.65b 33.05cd 13.35h 12.23hi 10.35i 60.68b 59.15bc 51.57d 33.85g 32.73gh 31.15hi 

 

GgT2 29.27ef 18.1g 16.32g 9.83ij 7.51jkl 4.95l 58.27c 46.8e 30.43i 25.65k 28.41j 20.03m 

 

GgT3 54.85a 34.44c 15.95g 9.92ij 7.62jk 6.55kl 69.47a 48.36e 31.6hi 25.67k 22.32l 23.05l 

  

Cv=7.88 LSD=1.38 

    

Cv=3.09 LSD=1.06 

    d/HCl-Pi GgT0 11.3d 10.78e 6.9k 4.37o 3.91p 2.79q 21.3c 19.9de 19.78de 14.91hij 14.37ijk 14.59ij 

 

GgT1 22.6a 12.24c 10.36f 8.34i 7.49j 6.9k 26.3a 21.24c 17.36f 15.34hi 14.49ij 13.9jkl 

 

GgT2 9.67g 8.11i 7.7j 6.97k 5.78m 4.18op 24.7b 18.97e 16.67fg 15.11hij 12.78l 11.18m 

 

GgT3 12.7b 10.8e 10.67ef 9.11h 6.24l 5.18n 20.7cd 18.8e 18.67e 16.11gh 14.24ijk 13.18kl 

  

Cv=2.69 LSD=0.204 

   

Cv=4.34 LSD=0.66 

    c/hot HCl-Pi GgT0 74.26b 42.32d 18.65i 14.99k 7.29o 2.89p 77.56b 45.62d 18.2jk 21.95i 10.59n 6.19o 

 

GgT1 78.92a 38.98e 30.8f 26.42g 9.36mn 8.89no 80.92a 32.8f 40.98e 28.42g 11.36n 10.89n 

 

GgT2 58.02c 17ij 15.46jk 13.8kl 10.83m 7.86no 61.02c 20.3ij 18.76jk 17.1kl 14.13m 11.16n 

 

GgT3 58.02c 22.63h 21.47h 18.8i 15.32jk 12.82l 61.52c 25.53h 24.47h 21.75i 18.12jkl 15.72lm 

  

Cv=4.52 LSD=1.05 

    

Cv=5.18 LSD=1.33 

   NaHCO3-Po GgT0 29.2e 22.53g 22.37k 24.37g 24.97g 26.9f 34.1d 27.67ef 21.3g 27.31f 29.8e 25.63f 

 

GgT1 42.79a 38.5c 19.4i 28.1ef 29.41e 37.69c 44.6a 41.28b 35.9cd 27.81ef 36.9c 38.29c 

 

GgT2 28.97e 11.8l 10.91l 8.88m 10.56l 12l 21.7g 13.8i 11.91ijk 13.6ij 11.96ijk 10.48k 

 

GgT3 34.07d 40.6b 1.19o 6.83n 15.37k 17.76j 41.9b 37.8c 7.94l 11.19jk 17.76h 19.86gh 

  

Cv=4.3 LSD=0.87 

    

Cv=5.9 LSD=1.3 

    Means in column with different letters are significantly different. 
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Table 3.4. Phosphate extracted with DMT-HFAO and DMT-HFO subsequent extractants over period of 1-42 days 

 (Continued). 

P-fraction P (mg/kg) Treatment 

DMT-HFAO subsequent P-fractions DMT-HFO subsequent P-fractions 

Time (days) Time (days) 

1 7 14 21 28 42 1 7 14 21 28 42 

NaOH-Po GgT0 20.77l 25.51j 25.91j 30.61h 33.36fg 34.28f 35.89ef 26.41l 33.86fgh 31.51hij 26.01l 21.2m 

 

GgT1 21.24l 23.52k 28.62i 35.61e 47.89b 63.25a 68.25a 34.22efg 53.49b 40.21d 29.02k 29.64jk 

 

GgT2 5.81p 14.51m 21.04l 25.96j 25.8j 39.5d 30.87ijk 20.17mn 18.61n 22.47m 11.27p 6.91q 

 

GgT3 7.9o 12.22n 15.42m 32.34g 42.5c 42.51c 36.5e 32.54ghi 42.71c 12.42p 15.62o 8.2q 

  

Cv=2.66 LSD=0.66 

    

Cv=5.16 LSD=1.31 

                  c/hot HCl- PoGgT0 19.4e 23.2c 21.77d 5.6l 4.2mn 3.95mn 7.75o 8o 9.4mn 25.2d 25.57d 27c 

 

GgT1 7.26k 31.46a 26.56b 11.34h 10.09i 8.48j 12.18jk 12.96j 14.89hi 16.04gh 31.26b 36.16a 

 

GgT2 7.3k 12.72g 12.84g 3.6n 6.73k 4.62m 7.2o 8.32no 10.43lm 12jk 16.42g 16.54fg 

 

GgT3 8.8j 16.8f 13.06g 10.5hi 8.33j 5.55l 9.25mn 11.5kl 12.03jk 14.2i 17.76f 20.5e 

  

Cv=4.39 LSD=0.46 

    

Cv=4.7 LSD=0.66 

                  c/H2SO4-P  GgT0 89.52m 129.25l 175.49k 198.75j 195.34j 181.09k 90.14n 149.53m 197.81kl 190.13l 205.36k 229.43j 

 

GgT1 95.61m 132.48l 243.19h 262.41e 264.09e 244.18h 97.46n 197.12kl 183.46l 247.13h 255.67gh 263.84g 

 

GgT2 210.12i 261.32ef 248.13gh 265.12e 257.96ef 253.46fg 232.21ij 308.28f 327.35de 329.69de 338.91cd 365.75b 

 

GgT3 240.56h 282.96d 347.52a 326.9b 310.06c 301.82c 244.34hi 316.89ef 351.06bc 384.52a 385.52a 390.56a 

  

Cv=2.29 LSD=4.68 

    

Cv=3.44 LSD=8 

    Means in column with different letters are significantly different. 
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Table 3.4. Phosphate extracted with DMT-HFAO and DMT-HFO subsequent extractants over period of 1-42 days 

 (Continued). 

P-fraction P (mg/kg) Treatment 

DMT-HFAO subsequent P-fractions DMT-HFO subsequent P-fractions 

Time (days) Time (days) 

       1                  7                 14               21             28              42        1                    7                14            21            28              42 

NaHCO3-Pi HsT0 24.83h 24.72h 10.4k 8.45k 8.8k 3.52l 14.08d 10.6e 7.13fg 7.04fg 7.03fg 3.5h 

 

HsT1 37.9c 33.8d 29.42fg 27.59g 14.12j 13.26j 17.6c 17.6c 14.04d 14.04d 14.04d 10.04ef 

 

HsT2 44.9b 34.9d 30.9ef 24.08h 22.92h 14.52j 28a 21.6b 17.6c 10.6e 10.4e 7.04fg 

 

HsT3 59.4a 46.6b 33.2de 25.15h 24.09h 18.21i 29.5a 24.4b 22.6b 21.7b 16.6cd 5.8gh 

  

Cv=5.77 LSD=1.3 

    

Cv=13.48 LSD=1.76 

    NaOH-Pi HsT0 31.94h 30.83h 22.28jk 19.83k 15.26l 10.17mn 31.1h 27.6i 24.6i 21.1j 17.6kl 7.4m 

 

HsT1 50.17c 44.81d 35.56fg 32.29h 28.08i 26.83i 42.7cd 34.1gh 33.1gh 35.7fg 27.6i 14.5l 

 

HsT2 55.77b 40.25e 37.59f 23.04j 11.08m 10.21mn 50.9b 44.9c 38.7ef 31.7h 19.4jk 17.6kl 

 

HsT3 62.46a 57.87b 40.35e 34.89g 11.44m 8.43n 59.2a 44.8c 40.6de 32.4gh 25.9i 25.7i 

  

Cv=5.1 LSD=1.39 

    

Cv=6.47 LSD=1.79 

    d/HCl-Pi HsT0 7.9ijk 6.6l 5.56m 5.62m 4.85m 3.18n 17.3e 13.8g 3.4j 3.4j 3.4j 3.42j 

 

HsT1 11.35d 9.8e 8.34hij 7.37kl 7.31kl 7.18kl 27.7b 13.8g 5.2i 5.2i 5.2i 3.44j 

 

HsT2 15.26c 11.8d 9.56ef 8.62ghi 7.7jk 7.45k 29.6a 19.6d 5.1i 5.2i 3.4j 3.4j 

 

HsT3 24.26a 18.48b 9.34efg 8.87fgh 8.26hij 3.45n 22.9c 19.8d 15.6f 9.5h 9.5h 4.5ij 

  

Cv=5.28 LSD=0.42 

  

 

 

Cv=9.19 LSD=0.86 

    c/hot HCl-Pi HsT0 88.96f 59.14l 30.98p 26.65q 24.44q 20.41r 118.7c 104.7f 59.2l 52.3m 41.8n 3.5o 

 

HsT1 93.01e 84.6gh 73.91j 60.97kl 50.27n 40.46o 125.2b 114.7d 83h 76.1i 51.7m 44.7n 

 

HsT2 114.24c 93.49e 78.45i 59.82l 54.26m 49.13n 126.8b 125.3b 81.7h 71.5j 64.3k 53.8m 

 

HsT3 124.11a 118.91b 106.43d 86.28fg 82.51h 63.93k 205.4a 109.6e 87.6g 71.2j 69.9j 52.6m 

  

Cv=2.85 LSD=1.77 

    

Cv=2.45 LSD=1.81 

    NaHCO3-Po HsT0 28.87c 21.01fg 13.37k 17.24ij 18.27hi 22.92ef 28.6f 13.8k 3.4o 3.4o 6.9n 17.4ij 

 

HsT1 30.22c 24.09de 20.09gh 26.28d 20.92fg 33.26b 41.72c 34e 10.4lm 17.4ij 14.4jk 20.4hi 

 

HsT2 35.22b 32.99b 15.87j 26d 28.6c 40.85a 38.6cd 28.6f 10.3lm 20.9h 24.2g 27.8f 

 

HsT3 42.97a 40.89a 18.83ghi 28.68c 30.66c 34.67b 58.6a 45.5b 12.5kl 8.2mn 38.2d 39.5cd 

  

Cv=5 LSD=1.2 

    

Cv=8.2 LSD=1.7 

    Means in column with different letters are significantly different. 
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Table 3.4. Phosphate extracted with DMT-HFAO and DMT-HFO subsequent extractants over period of 1-42 days 

 (Continued). 

P-fraction P (mg/kg) Treatment 

DMT-HFAO subsequent P-fractions DMT-HFO subsequent P-fractions 

Time (days) Time (days) 

1 7 14 21 28 42 1 7 14 21 28 42 

NaOH-Po  HsT0 6.22l 7.76l 8.67kl 9.44kl 11.59k 16.5j 20.1j 37.3i 38.9hi 41gh 50.9e 56.4d 

 

HsT1 24.35i 27.95h 29.42h 33.38g 36.32g 40.52f 37.2i 38.9hi 39.6ghi 59.9c 52.9e 71.3a 

 

HsT2 34.68g 39.95f 45.86e 42.72ef 55.39c 62.98b 23.1j 42.1g 50.7e 66b 73.3a 74.1a 

 

HsT3 45.68e 50.95d 53.39cd 55.37c 62.6b 72.69a 45.2f 58.3cd 58.6cd 58.9cd 66.5b 68.1b 

 

 Cv=5.5 LSD=1.77 
    

Cv=3.57 LSD=1.62 
    

c/hot HCl-Po  HsT0 31.2l 42.81k 45k 50.3j 61.08i 80.16f 42.1n 48.6m 47.6m 56.8l 62.1jk 66h 

 

HsT1 62.9i 63.63i 67.51h 68.74h 70h 84.24e 50.5m 70.9g 72.3g 83.9f 85.1f 91.1d 

 

HsT2 68.7h 73.4g 75.67g 79.92f 88.8d 97.49b 58.9kl 43.8n 65.4hi 64.6hij 110.7c 134.7b 

 

HsT3 68.92h 80.25f 88.34d 93.77c 96.21bc 114.1a 62.5ij 70.8g 89.6e 94.2d 109.3c 141.9a 

 

 Cv=2.7 LSD=1.75 
    

Cv=2.59 LSD=1.75 
    

 c/ H2SO4-P     HsT0 745.74l 758.82jk 801.11def 794.22fg 784.08h 760.97j 748.56m 763.11kl 833.65fg 831.21fg 825.52gh 855.64d 

 

HsT1 751.86kl 760.65jk 772.06i 771.06i 793.83fg 764.22ij 755.61lm 773.48k 839.4ef 805.16ij 844.73def 839.44ef 

 

HsT2 756.23jk 787.42gh 799.19ef 821.33ab 809.06cd 783.59h 770.12k 799.35j 854.69d 851.94de 814.76hi 802.07ij 

 

 HsT3 760.35jk 763.55ij 805.66cde 813.78bc 826.65a 812.71bc 772.63k 882.13c 926.71b 956.63a 915.88b 913.22b 

 

 Cv=0.69 LSD=4.83 
    

Cv=0..999 LSD=7.38 
    

NaHCO3-Pi     MeT0 10.6k 6.4l 5.08lm 4.35lmn 3.24mn 2.66n 39.4cd 30.6g 26.1h 25.2hi 11.52mn 6.9op 

 

MeT1 34.8b 31.3c 27.71d 25.08e 22.48fg 12.04jk 44.2b 39.4cd 37de 22.5hi 16.8l 13.05m 

 

MeT2 39.6a 20.9gh 16.53i 14.08j 10.6k 6.06l 41.2bc 35.9e 21.7jk 24.7hij 17.8l 4.3P 

 

MeT3 27.7d 23.5ef 19.76h 18.87h 16.6k 11.54k 50a 32.6fg 19.3kl 35.4ef 9.8no 7.45op 

 

 Cv=7.3 LSD=1.11 R2=0.99 st.er=0.72 
 

LSD=0.84 Cv=7.52 LSD=1.7 
    

NaOH-Pi  MeTo 29.94d 23.15e 14.52hi 11.3lm 9.81mn 6.08o 8.7j 8.6j 8.2J 3.8K 3.03k 3.1k 

 

MeT1 36.17b 30.72cd 20.28f 18.76f 16.26g 12.65jkl 86.1a 25.3c 20.03de 21de 14.3fgh 12.2hi 

 

MeT2 36.94b 31.83c 15.28gh 14.06hij 12.36kl 8.73n 34.9b 20.1de 17.03efg 17.2efg 16.4fg 8.8ij 

 

MeT3 40.2a 30.83cd 14.52hi 13.3ijk 12.72jkl 10.42m 37.4b 35b 17.3ef 14fgh 13.8gh 8.3j 

 

 Cv=4.79 LSD=0.83 R2=0.994 st.er=0.54 

 

LSD=0.63 Cv=11.08 LSD=1.86 

    

 

 

            Means in column with different letters are significantly different. 
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Table 3.4. Phosphate extracted with DMT-HFAO and DMT-HFO subsequent extractants over period of 1-42 days 

 (Continued). 

P-fraction P (mg/kg) Treatment 

DMT-HFAO subsequent P-fractions DMT-HFO subsequent P-fractions 

Time (days) Time (days) 

1 7 14 21 28 42 1 7 14 21 28 42 

d/HCl-Pi  MeT0 9.35gh 8.66hi 7.34ij 6.24jkl 5.95kl 3.45n 16.63e 11g 9.3h 6.9i 2.8k 3.45k 

 

MeT1 16.44ab 13.83c 12.12e 11.62ef 9.31gh 6.91jk 22.2bc 22.5b 20.8cd 20.7cd 5.6ij 3.2k 

 

MeT2 15.9b 12.46de 10.56fg 9.62gh 5.31lm 4.18mn 25a 18e 17.3e 10.4gh 5.6ij 5.2j 

 

MeT3 17.26a 13.48cd 10.34fg 9.93gh 6.31jkl 3.45n 24.7a 20d 14.3f 14.2f 10gh 5.2j 

  

Cv=8.56 LSD=0.73 

    

Cv=7.6 LSD=0.89 

    c/hot HCl-Pi  MeT0 64.9b 52.63d 36.48hi 28.03lm 25.9mn 24.62n 65.9d 48f 18.6l 22.7k 19.8kl 7m 

 

MeT1 74.45a 55.32d 40.96fg 30.48kl 38.9gh 31.75k 80.3bc 77.9c 59.4e 35.8hi 43.5g 42.5g 

 

MeT2 45.36e 58.83c 42.96ef 40.71fg 38.78ghi 32.78jk 83.8b 64.2d 29.7j 38.3h 33.9i 18l 

 

MeT3 66.57b 59.94c 43.94ef 35.57ij 29.83kl 23.41n 101.3a 56.7e 45.9fg 34.8hi 19.8kl 27j 

  

Cv=4.67 LSD=1.76 

    

Cv=5.18 LSD=2.06 

    NaHCO3-Po MeT0 28.48e 25.52f 21.49hij 24.9fg 19.74j 16.71k 88.2a 10.5n 9.4no 27.9j 24.5kl 22l 

 

MeT1 36.81b 34.68bc 19.35j 23.38fgh 24.11fg 29.91de 77.4b 72.8c 6.5o 17.4m 26.2jk 49.1e 

 

MeT2 39.95a 29.83de 12.94l 20.61ij 22.5ghi 24.34fg 53.2d 39.5g 9.5no 27.9j 32.6h 43.4f 

 

MeT3 42.02a 31.54d 25.45f 34.17c 24.38fg 20.5ij 71.3c 31.4hi 7.9no 10.4n 28.3ij 43.7f 

  

Cv=5.57 LSD=1.3 

    

Cv=5.89 LSD=1.81 

    NaOH-Po MeT0 17.86p 20.21op 22.45no 24.36n 35.27k 52gh 5.2p 13.3no 22.2m 26.2kl 35.2hi 48.6f 

 

MeT1 34.64k 45.66i 50.42h 55.77ef 58.79de 86.29a 11.5o 29.6j 45.8fg 59.7d 68.3c 72.5b 

 

MeT2 18.95p 27.75m 36.34k 41.66j 53.8fg 77.24b 11.5o 15n 24.6lm 48.8f 54.6e 86.5a 

 

MeT3 20.99op 31.3l 44.16ij 60.26d 64.32c 86.69a 28.3jk 34i 38h 42.6g 44.8g 66.6c 

  

Cv=4.48 LSD=1.76 

    

Cv=5.04 LSD=1.74 

    Means in column with different letters are significantly different. 
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Table 3.4. Phosphate extracted with DMT-HFAO and DMT-HFO subsequent extractants over period of 1-42 days 

 (Continued). 

P-fraction P (mg/kg) Treatment 

DMT-HFAO subsequent P-fractions DMT-HFO subsequent P-fractions 

Time (days) Time (days) 

1 7 14 21 28 42 1 7 14 21 28 42 

c/HCl-hot Po  MeT0 4.28n 8.13l 13.78j 12.74jk 23.6h 31.57e 8.1q 18.5o 26.9l 25.6lm 59.6h 67.1g 

 

MeT1 5.22mn 11.15k 24.25h 25.6gh 25.2gh 50.29c 20no 22.5mn 48.4i 60.1h 62.4h 143.2b 

 

MeT2 6.14lmn 14.15j 25.34gh 26.85fg 29.01f 63.71b 11.6p 18o 35.8k 40.6j 70.7f 126.2c 

 

MeT3 7.5lm 18.65i 28.39f 33.12e 38.24d 76.57a 10.9pq 27l 48i 81.3e 116.9d 175.7a 

 
 Cv=6.12 LSD=1.37 

    
Cv=3.71 LSD=1.82 

    
c/H2SO4-P  MeT0 215.32jk 220.05ij 226.13hi 229.31h 209.74kl 185.12n 218.14o 306.15ghi 318.25fg 297.02ijk 272.9l 268.06l 

 

MeT1 220.57ij 228.1hi 225.63hi 212.91jk 203.46lm 157.83o 225.17no 271.06l 310.59gh 308.34ghi 304.14hij 196.03p 

 

MeT2 280.46de 270.16f 292.09bc 275.43ef 255.32g 195.97m 290.75k 337.62e 383.12b 329.11ef 305.33hi 237.44n 

 

MeT3 301.23a 296.23ab 304.21a 276.16ef 284.68cd 227.49hi 291.87jk 373.55bc 407.21a 365.61cd 353.68d 251.09m 

 

 Cv= 2.12 LSD=4.54 

    

Cv=2.6 LSD=6.96 

    Means in column with different letters are significantly different. 

 

 

. 
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This can be attributed to sorption capacity of DMT-HFAO resulting in microbial cell lyses to 

the labile NaHCO3-Pi and stable c/hot HCl-Pi pools. The microbial cell lyses might be due to 

possibly drying and rewetting or chloroform added to prevent the dialysis membrane 

hydrolysis. As a result of this some authors do not recommend adding of chloroform (Reddy 

et al., 1998). Most bacterial phosphorus is organic phosphorus in the form of nucleic acids 

and phospholipids (Webley and Jones, 1971). Brookes et al. (1982) reported the large 

increase in inorganic phosphorus that occur following chloroform fumigation are due to 

enzymatic hydrolysis during 24 h incubation rather than the release of microbial inorganic 

phosphorus.  

 

The DMT-HFAO  sequential extractions  with NaHCO3-Po, NaOH-Po and C/HCl-Po varied 

from 24.1-37.36 , 21.98-36.61 and 15.88-23.24 mg P/kg respectively while those of DMT-

HFO sequential extractions of Po ranged from 25.13-30.94 , 11.72-17.51 and 40.82-59.32 mg 

P/kg respectively (Table 3.4).  

 

The corresponding contribution of DMT-HFAO subsequent P fractions to the total P was 9.4-

10.5%, 6.9-14.3% and 4.6-7% respectively. DMT-HFO subsequent extractants contributed 

6.5-11%, 3.7-5.8% and 14.9-17.9% respectively. This indicated the contribution of DMT-

HFAO subsequent NaHCO3-Po and NaOH-Po fractions was on average greater than that of 

DMT-HFO subsequent P fractions. This could be due to immobilization of NaHCO3-Pi by 

chloroform resistant microorganism (Koki et al., 1996). Du Preez and Claassens (1999) in 

their study of a Clovelly soil of South African reported lower contribution of NaCO3-Po (1.8-

3%) and higher contribution of NaOH-Po (6.5-8.6%) as compared to our result of DMT-HFO 

subsequent P fractions. One possible reason for this difference could be the difference in 

incubation time which was three months for the soils of this study and long-term fertilizer 

trials in their report. Their study might have allowed transformation of P from labile pool to 

less labile pool.  

 

The amount of H2SO4-P extracted after DMT-HFAO and other successive extractions varied 

from 75.03-212.06 mg P/kg and the contribution of this pool to the total P was 32.5-53.6%. 

DMT-HFO subsequent H2SO4-P contributed 42.4-59.2%. The contribution of DMT-HFO 
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subsequent H2SO4-P fraction was greater than DMT-HFAO due to the pronounced effect of 

the latter in keeping P in solution very low even under very acidic situation of Gununo soil. In 

fact there was significant difference in the amount of P extracted with DMT-HFAO and 

DMT-HFO (Table 3.2). 

 

3.3.5.4. Guto-gida soil P-fractions 

 

 Guto-gida soil showed similar trend and the amount of P extraction was lower for extractants 

preceded by DMT-HFAO than DMT-HFO. In general, the amounts of Pi and Po extracted 

with NaHCO3, NaOH, d/HCl, c/hot HCl and H2SO4 were significantly different when DMT-

HFAO and DMT-HFO were used prior to these extractants (Table 3.3). 

 

 The amount of P extracted with most extractants following both sorbents was high from 

GgT1. This is consistent with highest amount of P extracted with the sorbents from GgT1 (50 

kg/ha P2O5). The cumulative DMT-HFAO extracted Pi from GgT1 P-level was 10.04-66.3 

mg/kg and that of DMT-HFO was 1.95-17.86 mg/kg (Table 3.2). For this P level, DMT-

HFAO followed by sequential extractions with NaHCO3-Pi, NaOH-Pi, d/HCl-Pi and c/hot 

HCl-Pi respectively varied from 57.63-10.56 , 40.38-10.35 , 22.6-6.9  and 78.92-8.89 mg P/kg 

averaged over extraction period of 1-42 days (Table 3.4).  

 

The DMT-HFAO followed by sequential extractions with NaHCO3, NaOH, d/HCl and c/hot 

HCl averaged over all extraction time varied 22.39-31.73, 14.33-24.83, 6.68-11.32  and 

20.49-32.23 mg P/kg  respectively. The smaller value of d/HCl-Pi could be due to less Ca 

content of the soil at the lower pH (Table 3.1). 

 

The DMT-HFO sequential Pi extractions with NaHCO3, NaOH, d/HCl and c/hot HCl 

averaged over all extraction time varied from 25.91-41.19, 34.93-44.86, 16.57-18.1and 23.74-

34.23 mg P/kg respectively. Similar to DMT-HFAO subsequent d/HCl, small amount of 

d/HCl-Pi was also extracted with DMT-HFO subsequent d/HCl-Pi. However, the amount of 

DMT-HFO subsequent d/HCl extractable Pi 16.57-18.1 mg P/kg was greater than (6.68-11.32 

mg P/kg) that of DMT-HFAO subsequent d/HCl Pi extractable pool. This can be attributed to 
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the greater sorption capacity of DMT-HFAO that leaves less amount of P in the slow labile 

d/HCl-Pi pool.  

 

Averaged over extraction time the contribution of DMT-HFAO followed by sequential Pi 

extractions with NaHCO3, NaOH, d/HCl and c/hot HCl to the total P was 5.6-8.3%, 3.7-5.8%, 

1.8-2.6% and 5.3-7.9%, respectively. DMT-HFO subsequent NaHCO3, NaOH, d/HCl and 

c/hot HCl-Pi extractable P-fractions contributed 5.5-9%, 6.9-10.2%, 3.2- 4.6% and 5-7.9% 

respectively (Table 3.4). According to du Preez and Claassens (1999) report the immediately 

plant available Pi (resin+ NaHCO3-Pi) contributed 1.3-4.6% P to the total. In the current study, 

DMT-HFO+NaHCO3-Pi contributed 7.2-11.2 % P. Relatively higher value in this study is due 

to lower incubation period (90 days), longer extraction time and  using DMT-HFO instead of 

resin. Taddesse et al. (2008b) reported much lower contribution of NaHCO3-Pi averaged over 

extraction time and P levels (0.45-0.85%) to the total P due to continuous cropping and long 

incubation time of about 25 years on average. The DMT-HFAO + NaHCO3-Pi contributed 

12.3-17% P to the total, which is higher than previous literature reports (du Preez and 

Claassens, 1999; Ochwoh et al., 2005 and Taddesse et al., 2008b).  

 

Using DMT-HFO Taddesse et al. (2008) reported < 5% contribution of NaOH-Pi for South 

African soil with long-term fertilization history. For the similar soil from field trial du Preez 

and Claassens (1999) reported 12.8-15.8% NaOH-Pi contribution to the total. In the current 

study the DMT-HFO subsequent NaOH-Pi extracted Pi 6.9-10.2% P was greater than that of 

Taddesse et al. (2008) but less than that of du Preez and Claassens (1999). This difference 

occurred due to incubation period and clay content which is 28% in this study and 5.8 and 

13.7% in the case of the aforementioned authors respectively. DMT-HFAO subsequent 

NaOH-Pi contribution (3.7-5.8%) was lower than DMT-HFO subsequent NaOH-Pi (6.9-

10.2%) in this study and that reported by du Preez and Claassens (1999). This could be due to 

higher sorption capacity of DMT-HFAO resulting in lower NaOH extractable Pi pool. 

 

The DMT-HFAO subsequent d/HCl-Pi contribution to the total P was less than that of DMT-

HFO subsequent d/HCl-Pi while c/hot HCl-Pi almost the same in both cases indicating it was 

buffered from c/hot HCl-Po.  
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The contribution of DMT-HFAO sequential extractions with NaHCO3-Po, NaOH-Po and 

c/HCl-Po to the total P was 3.6-7.6%, 5.4-8.5% and 2-3.9% P while that of DMT-HFO  

contributed 2.9-8.2%, 3.9-9.3% and 2.5-4.5% respectively. Ochwoh et al. (2005) in the 

successive extraction using DMT-HFO reported the contribution of NaHCO3-Po, NaOH-Po 

and c/hot HCl-Po to the total P varying from 2.19-4.26%, 5-7% and 4.17-6.23% respectively 

for high P fixing soil. In the long-term field trials, du Preez and Claassens (1999) found the 

contribution of NaHCO3-Po and NaOH-Po pools ranging from 5.2-8.7% and 3.1-9% 

respectively. In the current study, NaHCO3-Po and NaOH-Po was roughly higher than that of 

Ochwoh et al. (2005) and lower than that of du Preez and Claassens (1999). This could be due 

to clay content (42%) in the study by Ochwoh et al. (2005), 30% in the present study and 13.7% 

in the study by du Preez and Claassens (1999).   

 

The DMT-HFAO subsequent H2SO4-P fraction ranges from 161.57-301.64 mg P/kg. This 

corresponds to 48.1-64.2% P contribution to the total P. The DMT-HFO subsequent H2SO4-P 

contributed 46.7-67.2 %. The amount of P extracted with H2SO4 was higher when DMT-HFO 

was used prior to successive P fractions than DMT-HFAO. This indicated that even under 

very strongly acidic soil, DMT-HFAO has greater sorption capacity. The higher percentage 

contribution, however, indicated higher P fixing capacity of Guto-gida soil. The higher upper 

limit of 67.2% contribution could be attributed to the transformation of P to H2SO4-P pool 

during incubation. 

 

3.3.5.5 Hagere-selam soil P-fractions 

 

For this site soil the highest amount of P extracted for all P-fractions on average was from 

HST3 (Table 3.4). The DMT-HFAO also extracted highest amount of Pi from HST3 varying 

from19.8-81.52 mg/kg while DMT-HFO extracted 2.56-4.58 mg P/kg during extraction 

period of 1-42 days (Table 3.2). 

 

Averaged over all extraction time, the DMT-HFAO sequential Pi extractions with NaHCO3-Pi, 

NaOH-Pi, d/HCl-Pi and c/hot HCl-Pi varied from 13.45-34.44, 21.72-36.29, 5.62-12.11 and 
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41.76-97.03 mg P/kg respectively (Table 3.4). In the case of DMT-HFO the variation was 

8.23-20.1, 21.57-38.1, 7.45-13.63 and 63.37-99.38 mg P/kg respectively. The corresponding 

contributions of DMT-HFAO successive P-fractions were 1.4-2.8%, 2.2-3.4%, 0.6-1% and 

4.3-8% P and that of DMT-HFO were 0.8-1.6%, 2.1-3%, 0.7-1.1% and 6.2-7.9 % P, 

respectively.  

 

Both sorbents have almost similar impact at the lower rate of P applied. However, DMT-HFO 

subsequent fraction, c/hot HCl-Pi extracted higher amount of P (63.37-99.38 mg P/kg) when 

averaged over all extraction time. This indicated DMT-HFAO subsequent c/hot HCl-Pi 

decreased due to its buffering effect to more labile pools that were being depleted by the 

effect of DMT-HFAO sorption capacity. On the other hand, one could discern that DMT-HFO 

becomes saturated as P status of the soil increased.  

 

Ochwoh et al. (2005) reported low contribution of NaHCO3-Pi and d/HCl-Pi to the total but 

high contribution of NaOH-Pi (>25%) and c/hot HCl-Pi (>20%). This large difference could 

be due to pH (5.67) and textural difference of the soils which was sandy clay (51% clay) in 

their study and pH (4.9) and sandy loam (17% clay) textural class in the present study. Acid 

ammonium oxalate in dark (AOD) extractable Al, DCB and AOD extractable Fe and 

ammonium acetate extractable Ca and Mg content are relatively high in soils of this study. 

Presumably, NaHCO3-Pi, NaOH-Pi, d/HCl and c/hot HCl-Pi extractable P would be high. 

However, the result indicated low contribution of these pools to the total. This can be 

attributed to high content of P in the recalcitrant pool H2SO4 varying from 68.3-81.2% for 

DMT-HFAO and 72.9-81.2 for DMT-HFO case. 

 

Alemayehu et al. (2017) in their study of limed soil of Hagereselam area reported 68.45% 

H2SO4-P and 21.97% NaOH-Pi contribution to the total P of the soil. Our result for H2SO4-P 

was higher than reported by these authors. However, NaOH-Pi contribution of (2.1-3%) was 

very much less than their report (21.97%). This is anticipated since the soil in the current 

study was not limed and hence NaOH-Pi mobilized to stable or recalcitrant pool. A difference 

of 12.75% H2SO4-P contribution to  the total that was observed between our result and that of 

Alemayehu et al. (2017) could be due to mobilized P. Immobilization was also most likely 
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took place as C: Pt(O) ratio was > 300. Leinweber et al. (1997) reported even higher (85%) 

residual P in inceptisol grassland soils. This concurred with our result since Hagereselam soil 

contains moderately high organic carbon that slowly decompose and recalcitrant humic 

substance might have associated with it (Hedley et al., 1982; Tiessen and Moir, 1993). Du 

Preez and Claassens (1999) also reported 44.1-48.6% and 51.9-59.4% H2SO4-P in an Avalon 

and Clovelly soils of South Africa respectively. These authors indicated the decrease in 

H2SO4-P in the Avalon soil with sufficient lime added to the soils in their study to maintain 

pH (H2O) >6.5. Hagereselam soil contributed larger proportion of H2SO4-P to the total as 

compared to the Avalon soil to which it is roughly closer in pH and clay content. It can also 

be hypothesized that NaOH-Pi was responsible to replenish labile pools since NaHCO3-Pi 

contribution in our study was (0.8-1.6%) greater than literature report (0.43% P) by 

Alemayehu et al. (2017).  

 

Averaged over all extraction time the DMT-HFAO subsequent fractions NaHCO3-Po, NaOH-

Po and c/hot HCl-Po showed variation among P levels from 20.28-32.78, 10.03-56.78 and 

51.76-90.26 mg P/kg respectively. Similarly, DMT-HFO successive extractions with 

NaHCO3, NaOH and c/hot HCl   Po varied from 12.25-33.75, 40.77-59.27 and 53.87-94.72 

mg P/kg respectively (Table 3.4). Accordingly, these fractions contributed 2.1-2.7%, 1-4.7% 

and 5.4-7.5% to the total P for DMT-HFAO and 1.2-2.7%, 4-4.9% and 5.3-7.5% P for DMT-

HFO subsequent extractants respectively. These results were higher than reported by 

Alemayehu et al. (2017) for soils of Hagereselam area. In the current study, the 

transformation of P to these P-fractions during incubation of the unlimed soil might have 

resulted in relatively higher contribution of the fractions to the total P. Another possible 

reason for the increment was the application of P other than the native P in our study. Ochwoh 

et al. (2005) reported slightly higher contribution of NaHCO3-Po (2.19-4.16%), NaOH-Po (5-

7%) and slightly lower c/hot HCl-Po (4.17-6.23%) in successive extraction using DMT-HFO 

for soils treated with different rate of applied P. 
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3.3.5.6 Mechara soil P-fractions 

 

For this site soil the highest amount of P extracted with both DMT-HFAO and HFO was from 

the treatment MeT1 (Table 3.2). In the same manner, the highest amount of P was extracted 

from MeT1 by most of the subsequent extractants (Table 3.4). The contribution of DMT-

HFAO subsequent extractants NaHCO3-Pi, NaOH-Pi, d/HCl and c/hot HCl-Pi to the total P 

was 1.4-5.4%, 4.1-4.8%, 1.8-2.5% and 8.1-10.2% respectively. For DMT-HFO these 

successive extractants contributed 4.2-5.2%, 1.3-5.2%, 1.9-2.8% and 6.8-10% respectively. 

Du Preez and Claassens (1999) in their study of Clovelly soil (48.6% clay; pH=4.9) found the 

contribution of NaHCO3-Pi, NaOH-Pi and d/HCl-Pi to be 1-1.1%, 15.1-19.4% and 0.2-0.3% 

respectively. The result of the current study was greater than their reported values except for 

NaOH-Pi fraction. This indicated the slow labile NaOH-Pi replenished the labile pool (DMT-

sorebent+ NaHCO3-P). The fact that NaOH-Pi was high in the report of du Preez and 

Claassens (1999) could also be due to higher DCB extractable Fe and Al as compared to the 

soils in the current study. As DMT-HFAO subsequent H2SO4-P contribution was from 44.2-

56.2% and that of DMT-HFO 47.6-62.6%, it is unlikely that these fractions mobilized to 

H2SO4-P pool. Du Preez and Claassens (1999) reported 54.3-59.4% for unlimed Clovelly soils 

(pH(H2O)=4.9; clay 48.6%). 

 

The DMT-HFAO subsequent P-fractions: NaHCO3-Po, NaOH-Po and c/hot HCl-Po 

contributed 5.1-6%, 7.5-11.8% and 4.1-6.3% P to the total respectively. The corresponding 

contribution of DMT-HFO subsequent P fractions was 5.2-7.3%, 5.6-8.4% and 7.7-12.5% 

respectively. The lower contribution of the former can be attributed to the influence of DMT-

HFAO on the subsequent organic pools. In both cases the result of NaHCO3-Po -fraction was 

greater than that of Ochwoh et al. (2005) for soil of high P fixing capacity. This could be 

related to the decrease of the NaOH-Pi in replenishing this labile pool that in turn reflected 

higher DMT-HFAO contribution (8.4-10.8%) and DMT-HFO (2.1-3%) than reported by these 

authors (1.3-3%). However, in the current study, DMT-HFO subsequent NaOH-Po 

contribution to the total P (5.6-8.4%) and that of Ochwoh et al.(2005) were comparable (5.53-

7.09%). Du Preez and Claassens (1999) reported 1.8-3% NaHCO3-Po and 6.5-8.6% NaOH-Po 

contribution to the total P in the Clovelly soil of South Africa. Our finding was higher than 
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their report due to replenishment from slow labile pool and immobilization of NaOH-Pi to 

NaOH-Po(C:Pot>300). 

 

DMT-HFAO subsequent c/hot HCl-Po extracted P contribution (4.1-6.3%) to the total was 

comparable to the reported value 4.17-6.23% (Ochwoh et al., 2005). The fact that DMT-HFO 

subsequent c/HCl-Po showed relatively higher contribution could be due to DMT-HFO 

saturation at relatively high P status of the soil than DMT-HFAO. 

 

3.4. Conclusion 

 

The rate of phosphate desorption by DMT-HFAO from different soils was different and its 

sorption capacity was greater than DMT-HFO. It influenced different phosphate pools by 

keeping phosphate in solution very low. The rate decreased rapidly in the first 14 days and 

decreased slowly after 14 days.  

 

The amount of Pi extracted with the modified system, DMT-HFAO was significantly different 

and higher than the amount extracted with the reference, DMT-HFO at all levels and 

extraction time for all soils in this study. However, the amount of phosphate extracted from 

different P pools by most of the subsequent extractants of DMT-HFAO was lower than DMT-

HFO subsequent extractants due to pronounced influence of the former than the latter. The 

modified method DMT-HFAO demonstrated more effect on labile, slow labile and 

recalcitrant P pools by keeping P in solution very low than the reference DMT-HFO. 
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4. KINETICS OF PHOSPHORUS DESORPTION FROM SOILS USING 

DMT-HFAO AND ITS RELATIONSHIP WITH MAIZE (Zea mays L.) 

YIELD 

ABSTRACT 

 

Routine soil P tests are conducted to determine soil P but do not consider the continuous 

desorption of soil P in the soil that contribute to availability of the nutrient in the soil during 

a period of plant growth. This research was done to investigate the kinetics of phosphorus (P) 

release from soils by employing a novel technique-hydrous ferric aluminum binary oxide in 

dialysis membrane tubes (HFAO-DMT).  For this purpose, HFAO-DMT was used in six sites 

soils equilibrated for a period from 1 to 42 days. Two component first order model was 

employed to estimate the cumulative P desorbed and P desorption indices and how these 

parameters were related to maize yield. Accordingly, the cumulative P-extracted in 42 days 

using this technique significantly correlated (p<0.01) with P uptake by maize (r=0.777**) 

and shoot dry matter yield (r=0.788**) for soils considered in this study. The correlation 

obtained using this modified technique was found to be better when compared with the 

reference single system (DMT-HFO) method, the correlation of which was significant 

(p<0.01) to P uptake (r=0.664**) and dry matter yield (r=0.512*). The cumulative P-

extracted for the same period strongly and significantly correlated to P uptake (r=0.983*-

0.999**) and shoot dry matter yield (r=0.965*-0.996**) for all soils in this study. However, 

the DMT-HFO extracted P showed significant and strong correlation to P uptake (r=0.953*-

0.994*) and shoot dry matter yield (r= 0.956*-0.999**) only for some of the studied soils. 

This indicated that DMT-HFAO is superior in simulating P uptake plant as compared to a 

single oxide system. Assuming the rate constants of slow labile pools do not change over time 

this modified system predicts the P in this pool to be depleted within about 300-461 days for 

the soils in this study. Our findings provide the importance of this technique for long-term P 

desorption study although more experiments are required at field and green house levels for a 

wide range of soils to check the universality of this modified method.  

 

Keywords: Phosphate, Desorption, First order, Dialysis membrane tubes 
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4.1. Introduction 

 

P is an important plant macronutrient, making up about 0.2% of a plant’s dry weight (Araujo 

et al., 2003). Although the total amount of P in the soil may be high, it is often present in 

unavailable forms. Therefore, few unfertilized soils release P fast enough to support the high 

growth rates of crop plant species (Holford, 1997). 

 

Soil testing to determine P availability to crops is a well established process. However, 

routine soil P tests are short-term (hours); yet it is known that P is continuously desorbed over 

long periods of time (days). This means the non-labile P existing in equilibrium with labile P 

contributes to P in the soil solution (Freese et al., 1995; de Jager and Claassens, 2005; Santner 

et al. 2015). Thus, kinetic information is required to properly characterize the P supplying 

capacity of soils. Much progress has been made in the past to develop long term soil P 

extraction methods (Amer et al., 1955; Freese et al., 1995; Lookman et al., 1995 and Zhang et 

al., 1998b). However, few attempts have been made to relate the kinetic data generated to 

plant P uptake both in glass house and at field level (Taddesse et al., 2008a). 

 

A number of sequential P fractionation schemes (Hedley et al., 1982; Tiessen and Moir, 1993) 

based on chemical extractants have been proposed to measure the different soil ’P forms’ or 

‘P fractions’. Because these operationally defined forms exhibit disparate solubility in 

extracting solutions, one can assume disparate rates of P desorption to the soil solution i.e., P 

desorption kinetics are likely to be related to the different P forms. In this work, we tried to 

identify which P pools relate to P desorption indices of the technique we employed. 

 

In order to assess long-term P desorption kinetics, it is necessary to suppress the backward 

resorption reaction. This can be done by introducing effective P sinks into the system. The use 

of Fe-oxide impregnated filter paper strips (Fe-oxide strips) as a promising method to study 

the P release kinetics of soils was proposed by Van der Zee et al. (1987). However, this 

method was found to be not well applicable for long-term desorption studies (Freese et al., 

1995 and Lookman et al., 1995). To circumvent this problem, Freese et al. (1995) used a 

hydrated ferric oxide filled dialysis membrane tubes (DMT) as a phosphate sink. This method 
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is similar to Fe-oxide impregnated filter paper strips but in this case, the HFO is placed in a 

dialysis membrane tube instead of impregnation on the filter paper. The small pore size of the 

dialysis membrane ensures that only dissolved ions can pass through the membrane and sorb 

onto the Fe-oxide, while particles are retained on the outer side of the membrane (Santner et 

al., 2015). The DMT-HFO system is mechanically stable and capable of maintaining low P 

activity in solution for longer periods of time. P release over long periods of time can 

therefore be measured in a more natural environment than the routine soil tests (Freese et al., 

1995; Lookman et al., 1995). The diffusive gradient thin film (DGT) technique has also been 

used mainly for estimation of plant available P and determination of phosphate desorption 

kinetics from soils (Zhang et al, 1998a; Santner et al., 2015).  

 

The DMT-HFO technique has been employed to study long-term phosphorus desorption in 

acid soils. De Jager and Claassens, (2005) and Ochwoh et al., (2005) used this technique on 

incubated soils to simulate long-term fertilizer soils. Later, Taddesse et al., (2008b), used 

long-term fertilized soils to assess the potential of this technique to mimic plant mode of 

action both in green house and field levels. Their findings demonstrated significant 

correlations between desorption indices and plant yields in green house trials. However, 

correlation between yield paramaters and desorption indices at field level was not significant. 

One possible explanation for the poor correlation with the field trial data could be the 

relatively lower amount of P desorbed by DMT-HFO compared to the actual plant uptake. A 

number of factors influence the P uptake by DMT-HFO such as soil type, pH, ionic strength, 

temperature and the nature of the sorbent that acts as a P sink (Taddesse, 2008).  

 

The present work attempted to improve the nature of the sorbent that serves as a P sink by 

employing a system that comprises more than one component. Naturally occurring oxides in 

soil are co-precipitated mixtures of multi-component systems. Such systems with variable 

composition make a difference in influencing sorption characteristics. For example, Harvey 

and Rhue (2008) reported that differences in Al/Fe content was found to influence the 

structural development and anion exchange capacity (AEC) of the oxides and hydroxides and 

subsequently their phosphate sorption characteristics. Mixed metal oxides demonstrate 

surface properties that simulate the natural systems more closely than their individual 
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components as they exhibit physico-chemical properties considerably different from those of 

their single counterparts. In this work, we employed the binary oxide system (DMT-HFAO) 

to assess its applicability to phosphate desorption from soil and relate the relevant desorption 

indices to plant yield parameters at a green house level. 

 

Basically, phosphate desorption kinetics of soil as determined by DMT-HFO can be 

schematically represented as: 

                                                                            kR     kT 

                                                                   SPPsolPHFO                                                      (1) 

where SP is solid phase P, Psol is P in solution, PHFO is P adsorbed by HFO, kR is the rate 

constant of P release (de Jager and Claassens, 2005) and kT is the rate constant of P transport 

through the membrane (0.09+ 0.01h-1; Freese et al. 1995). The desorption kinetics is 

described as two-component first order model by assuming two pools: the pools with fast 

release kinetics, pool A (SPA) and the pool with the slow release kinetics, pool B (SPB). 

Taking this assumption into account, the mass balance equation for the total exchangeable 

solid-phase soil P (SPtotal) at time t = 0 is:- 

                                                                         SPtotal = SPA0+SPB0                                     (2) 

Where SPA0 is initial amount of P in pool A and SPB0 is initial amount of P in pool B. The 

mass balance equation at time t will therefore be  

                                                                 SPt= SPA(t)+SPB(t)                                                     (3) 

Assuming the decrease in SPA and SPB follow first order kinetics, the integrated rate laws for 

the decrease of SPA and SPB will be  

                                                     SPA(t)= SPA0e
-kAt and SPB(t)= SPB0e

-kBt                            (4) 

Where kA and kB are conditional first-order order rate constants (day-1) for P desorption from 

pools A and B respectively. The total solid phase soil P (SPtotal (t)) remaining at time t will be 

given by SP total (t)= SPA0e
-kAt + SPB0e

-kBt                                                                       (5) 

The total amount of P released at time t is expressed as: 
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PR(t)= SPA0-SPA(t)+SPB0-SPB(t) = SPA0 - SPA0e
-kAt + SPB0 - SPB0e

-kBt                               (6) 

                  = SPA0(1- e-kAt) + SPB0(1-e-kBt) 

It was assumed that the rate constant of P release from the soil is equal to the rate constant of 

P adsorption, which can be obtained by plotting natural logarithm of P adsorbed by DMT-

HFO against time. The rate constants, kA and kB, can be determined from the slopes by 

splitting the respective P pools into pool A and B, taking into account the pattern of P release 

over time. The above assumption for the binary sorbent employed was adopted in our work. 

Although long-term P desorption can be described in terms of two discrete P pools (viz. ‘fast’ 

and ‘slowly’ ) desorbable P (Lookman et al., 1995), one should bear in mind that most soils 

appear to exhibit a continuum of desorbable P forms. Thus, it is reasonable to postulate that 

not only kA and kB but also the sum of kA and kB is a relevant index worth considering in 

relation to plant yield parameters. Accordingly ,the objectives of this work were (1) to relate 

soil phosphate desorption data to maize yield parameters (2) to investigate which P pools 

contributed to the P requirements of maize.  

 

4.2. Materials and Methods 

 

4.2.1 Plant Experiment 

 

After 90 days incubation of the soils (section 3.2.2) five maize seeds of the improved BH 661 

variety were planted per pot. Fifty mg N/kg soil as urea before planting and another 50 mg 

N/Kg after planting were added to the soils respectively. The soils were also supplied with 

150 mg K2O /kg soil as murate of potash (potassium chloride), to reduce possible growth 

limitation due to deficiency of the nutrient (potassium). Both fertilizers were in the form of 

solids. A week after emergence, the five seedlings in each pot was thinned to three. The plants 

were grown for 56 days and shoot dry matter was determined after drying the fresh shoot 

sample at 68oC for 48 h in an oven. The dried shot samples were ground to pass through a 

stainless steel mill. The content of phosphorus was determined from 0.3 g ground shoot with 

addition of 4 mL concentrated H2SO4 and heating it at  360oC on digestion block with 

subsequent stepwise addition of H2O2 until the solution was clear after which P was 
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determined spectrophotometrically according to Murphy and Riley (1962). Data for both 

shoot dry matter yield and tissue P content of the maize plant are shown in table 4.2. 

 

4.2.2. Assessment of Kinetic and Dynamic Data in Relation with Maize Plant P-uptake 

and Shoot Dry Matter Yield. 

 

The kinetic and dynamic data (Manuscript II) were assessed for their correlation to maize 

plant yield parameters grown for 56 days and tabulated in tables 4.2 and 4.3. 

 

4.3 Results and Discussion 

 

4.3.1. Phosphate desorption from soils  

 

The two components first order kinetic model for DMT-HFAO and DMT-HFO and 

cumulative P data fit in to the curve is shown in figure 4.1.  The curve was obtained with the 

assumption that most of the phosphate released up to day 14 came predominantly from the 

pools with fast release kinetics, pool SPA. The amount of P desorbed during this time was 

taken as SPA0 and the amount of SPB0 was obtained by solving equation 6 because it is the 

only unknown left in the equation. The model predicts the total P released at a given time. The 

trends in the curve of the model and data points were almost similar except that there was a 

positive deviation at the start of the extraction (Figure 4.1a). This could be attributed to 

possibly faster removal of solution P as it was rapidly extracted with DMT-HFAO.  

 

The comparison of the actual data with the model was made using goodness-of-fit 

(Schulthessand Dey, 1996) which is defined as:  

 2= 1-
Σ(𝑦𝑖−ypredicted)2

Σ(𝑦𝑖−ymean)2  where yi is the y axis value of the ith datum point and ypredicted is the 

predicted y axis value based on the x axis value of the ith datum point xi. By convention the 

best goodness of fit is based on minimizing the vertical predicted error of the predicted values. 

Accordingly, 2 assumes that a “vertical squared minimum is better.”  
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Figure 4.1. First order two components model and data fit of cumulative P extracted with 

DMT- HFAO (a) and DMT-HFO (b). 

  

From the graph the Bishoftu, Hagere-selam, Mechara and Guto-gida soils cumulative P values 

are with better goodness-of-fit of the model to DMT-HFAO cumulative P desorption data 

whereas for Bako and Gununo soils the model also fitted the data fairly well (Figure 4.2a). 

However, the DMT-HFO curve model (Figure 4.2b) did not fit the data for Bishoftu and 

Mechra soils. The fact that goodness-of-fit of Hagere-selam soil (2 =0.932) is less than that 

of Bako, Gununo and Guto-gida though it seems a good fitting (Figure 4.2b) could be 

attributed to better linear fit of the data with predicted value. This indicated inadequacy of two 

components first order model to explain the three soils viz. Bishoftu, Mechara and Hagere 

selam soils in the case of DMT-HFO. This could be due to high P status of these soils and 

limited sorption capacity of DMT-HFO. For these soils the rate indices (kA and kB) obtained 

based on two components first order model for DMT-HFO may erroneously tell P desorption 

kinetics and less likely indicate the actual P release. 

 

The curve in figure 4.1a shows an inflection point at 14 days where the fast P desorption 

breaks and the slow starts to dominate. This indicated the prevailing contribution of the labile 

pool in the early extraction period. The inflection is more pronounced for Bishoftu, Mechara 

and Hagere-selam soils (Figure 4.1a). This may be attributed to high P status, low content of 

exchangeable Al, and the presence of more AOD extractable amorphous aluminium and iron 

phosphate, which has a higher solubility than DCB extractable crystalline aluminium and iron 



97 
 

 
 

phosphate (Manuscript II, Table 3.1). This would evidently make more contribution of pool 

SPA to the total P release and the curve tends to attain a plateau. This indicated that as DMT-

HFAO sorbed the available P rapidly, the slow labile pool was replenishing more P in the first 

course of desorption and slowed in the second course of desorption as compared to the 

remaining three sites soils. Note that the curve for Mechara soil crossed that of Bako and 

Hagere-slam that of Gununo soil (Figure 4.1b). This finding is line with high P uptake and dry 

matter yield of maize plant grown for 56 days on Bishoftu, Mechara and Hagere-sleam soil in 

greenhouse (Table 4.1).  

 

 

The fact that P was released slowly overtime from Bako, Gununo and Guto-gida might have 

retarded the growth of maize plant for these soils during 56 days of growing period. However, 

as one could discern from the curve, the tendency of Bako, Gununo and Guto-gida soils to 

reach P desorption plateau is less and the model predicts the growth of maize plant would be 

improved if the growth time extended beyond 56 days. The extraction of P by DMT-HFAO 

was very similar to P uptake by maize plant. As shown by the graph (Figure 4.1a) the 

cumulative P extracted with DMT-HFAO for the duration of 42 days varied from 59.9 to 88.3 

mg/kg P. Just like maize plant P extraction, the highest cumulative P on average was extracted 

from Bishoftu soil (88.3 mg/kg) and the lowest was from Guto-gida soil (59.9 mg/kg). From 

the curves, it can also be proposed that no desorption maxima was attained in the 42-day 

equilibration period. This indicated DMT-HFAO mimics plant P uptake and hence helpful to 

predict P desorption kinetics from soils. 

 

4.3.2. Plant growth 

 

 Maize plant shoot dry matter and P uptake data are shown in table 4.1. The highest shoot dry 

matter yield (14.6 g pot-1) and P uptake (39.3 mg P pot-1) was obtained for Bishoftu soil and 

the lowest dry matter (2.3 g pot-1) and P uptake (6.2 mg P pot-1) for Guto-gida soil. On 

average, the highest P uptake (30.8 mg pot-1) was found for maize plants grown on Bishoftu 

soil followed by those grown on Mechara soil (18.5 mg pot-1) and Hagere selam soil (15.3 mg 

pot-1). 
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Table 4.1. Shoot dry matter (SDM) yield and P uptake of maize plant grown in greenhouse for 

56 days. 

Site P-levels SDM P uptake 

  g pot-1 mg pot-1 

Bako BaT0 *6.8x 12.4a 

 BaT50 7.2y 14.5b 

 BaT100 7.5z 16.6c 

 BaT200 6.9x 13.5d 

 95% confidence limits 7.10.184 14.21.039 

Bishoftu BiT0 8.1x 25.3a 

 BiT50 8.9xy 27.7ac 

 BiT100 10.8y 30.9c 

 BiT200 14.6z 39.3d 

 95% confidence limits 10.61.720     30.83.641 

Gununo Gn0 4.8x 5.6a 

 Gn50 6.2y 16.1b 

 Gn100 5.3xy 9.4c 

 Gn200 5.6xy 11.7d 

 95% confidence limits 5.50.146 10.72.564 

Guto gida GgT0 3.5a 4.8x 

 GgT50 5.3b 6.2y 

 GgT100 2.3c 2.9z 

 GgT200 3.5a 4.1x 

 95% confidence limits 3.70.724 4.50.814 

Heger selam Hs0 4.8q 9.4a 

 Hs50 6.9x 14.1b 

 Hs100 8.6y 16.6c 

 Hs200 10.8z 21.1d 

 95% confidence limits 7.81.450 15.32.845 

Mechara MeT0 5.6a 16.2x 

 MeT50 9.9b 21.2y 

 MeT100 8.3c 18.6z 

 MeT200 7.3ac 18z 

 95% confidence limits 7.81.043 18.51.200 

* The numerical values are means of three replications.  

 

 

In these soils, both labile and less labile pools were evidently contributing to P release 

appreciably and P uptake was relatively higher as evidenced from the desorption pattern 

described in figure 4.1.  

 

The highest P application was reflected by the highest P uptake and dry matter yield of maize 

plants grown on Bishoftu and Hegere selam soils. This could be due to low clay content and 

relatively higher pH (Manuscript II, Table 3.1) of the soils from these two sites in which P 



99 
 

 
 

fixation was likely to be low. The anomaly of the highest P application resulting in lower P 

uptake and dry matter yield observed in the case of Bako, Gununo, Guto gida and Mechara 

could be explained by the effect of decreasing soil pH during incubation of the unlimed soils, 

high exchangeable Al and clay content of the soils resulting in higher sorption or precipitation 

of P (Manuscript II, Table 3.1). Concurrent with this suggestion, Basta et al. (1995) reported 

that exchangeable Al decreased in a linear fashion with increase in P rate. These authors also 

proposed that reduction in P solution for the highest P rate occurred due to precipitation. It 

can therefore, be proposed that applying P at higher rates may not be effective in increasing 

plant yield but can rather adversely affect it. On the basis of observed yield of Bako, Gununo, 

Guto-gida and Mechara, it can be recommended that applying P at rates higher than 100, 50, 

50 and 50 kg P2O5/ha respectively can adversely affect the yield in these acidic soils if not 

limed. However, for Mechara soil, high clay, Fe and Al contents may be responsible for P 

sorption or precipitation (Manuscript II, Table 3.1).  

 

4.3.3. Correlation between plant yield and DMT-HFAO/DMT-HFO extracted P  

 

 Pearson’s correlation coefficients between the maize yield and cumulative P sorbed by DMT-

sorbent, P-fractions and desorption rate constants among the studied soils are shown in table 

4.2. Dialysis membrane tube filled with HFAO (DMT-HFAO) showed highly significant 

(p<0.01) correlation(r=0.788**) to shoot dry matter (SDM) and P uptake (r=0.777**). 

Dialysis membrane tube filled with HFO (DMT-HFO) used as a benchmark showed 

significant correlation to shoot SDM (r=0.512*) and P uptake (r=0.664**). Among the P 

fractions, NaHCO3-Pi, NaHCO3-Po and d/HCl and rate indices, kA, kB and kA+kB are the ones 

evidencing highly significant correlations with maize plant yield parameters. There was no 

significant correlation between yield parameters and NaOH extracted Pi which might be due 

to the fact that it is less plant available P.  

 

Unlike the modified technique, DMT-HFO which was used as a benchmark showed 

significant but less strong correlations between yield parameters and the d/HCl-Pi, indicating 

the involvement of the less labile inorganic P fraction in replenishing the soil solution P in the 

later case. The more  stronger and highly significant correlation that plant parameters showed 
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with the modified technique, DMT-HFAO and NaHCO3-Pi and d/HCl-Pi indicated the 

replenishment of the solution P due to high sorption capacity of the modified system. This 

finding and rate indices have demonstrated the suitability of the modified technique in 

approximating the actual mode of plant P uptake given the relatively higher correlation 

exhibited by the modified method as compared to the reference method. Corroborating these 

results, de Jager and Claassens (2005) and Taddesse et al. (2008a) employed two component 

first order model and reported fast and slow P pools in their study of South African soil using 

DMT-HFO. The kinetic data we obtained approximately fits the first order two component 

model revealing rate constants of the two pools. The two rate constants are significantly 

different (p<0.05) with mean values kA=0.00460.00018h-1 (SE) and kB=0.00080.0000258 

h-1. These values concur with the values from literature reports on the rate constants 

(Lookman et al. 1995 and Taddesse et al., 2008a). It can, therefore, be suggested that DMT-

HFAO influenced the pool and correlated much more to maize plant P-uptake and dry matter 

yield. 

 

The correlations between cumulative P extracted over 42 days by DMT-HFAO and DMT-

HFO techniques with shoot dry matter yield and P-uptake by maize plant is shown in table 4.3. 

Highly significant and strong correlations were observed between DMT-HFAO, dry matter 

yield and P-uptake for all soils in this study. This indicates that the modified system simulates 

the plant P uptake from the soils very well. On the other hand, the reference DMT-HFO 

showed significant correlations with yield parameters only for soils of Bako, Gununo and 

Guto-Gida sites (Table 4.3). Moreover, no significant correlation was observed for the soils of 

the remaining three sites extracted by DMT-HFO, evidencing the superior performance of the 

modified technique over DMT-HFO method. Dialysis membrane filled with HFAO showed 

better correlation to SDM than P uptake in Hagere-selam and Bako soils. The better 

correlation for the dry matter yield could be ascribed to significant amounts of organic carbon 

content of the soil (2.6 and 2.0%) and total N (0.34 and 0.32%) respectively (Manuscript II, 

Table 3.1). This might have increased the dry matter yield compared to P uptake. The 

phosphate extracted with DMT-HFO showed no significant correlation to both shoot dry 

matter (r= 0.546) and P-uptake (r=0.510) for this soil. This could be attributed to relatively 

high P status of the soil and low clay content of the soil (Manuscript II, Table 3.1). 
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Table 4.2. Pearson’s correlation coefficients between yield parameters, cumulative P desorbed, P-fractions and rate indices among 

soils (n=24). 
 HFAO NaHCO3-

Pi 

NaOH-

Pi 

d/HCl-Pi c/HCl-Pi NaHCO3-

Po 

NaOH-Po c/HCl-

Po 

H2SO4-

P 

kA kB kA+kB 

SDM 0.788** 0.666** 0.338ns 0.721** 0.288ns 0.642** 0.469* 0.37ns 0.17ns 0.769** 0.671** 0.657** 

P uptake 0.777** 0.653** 0.173ns 0.844** 0.122ns 0.658** 0.288ns 0.19ns 0.04ns 0.8027** 0.808** 0.809** 

 HFO            

SDM 0.512* 0.537* 0.065ns 0.659* 0.267ns 0.639* 0.519* 0.28ns 0.178ns 0.643** 0.657* 0.553* 

P uptake 0.664** 0.600* 0.09ns 0.791** 0.088ns 0.696** 0.38ns 0.12ns 0.05ns 0.704** 0.756** 0.721* 

              

* Significant at 0.05 probability level 

       ** Significant at 0.01 probability level 

         ns=not significant correlation 
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In the case of Bako soil, DMT-HFAO provided significant correlations between P uptake and 

the rate indices representing both the labile kA(r=0.99**) and the total pools kA+kB (r=0.981*). 

In contrast, DMT-HFO showed a significant correlation to P uptake only with the gross rate 

constants kA+kB (r=0.982*). This indicates the reliability of kinetic data obtained by using 

DMT-HFAO than DMT-HFO. For Bishoftu soil, DMT-HFAO showed highly significant and 

strong correlation with both shoot dry matter yield (r=0.996**) and P-uptake (r=0.999**). 

There was also a significant correlation of P-uptake with fast P releasing step, kA (r=0.993*) 

and gross rate of P release (r=0.986*). It can, therefore, be assumed that most of the P taken 

up by the maize plant and the sorbents/sinks from Bishoftu site soil was from labile pool for 

growing period of 56 days and shaking time of 42 days. This agrees with the results of de 

Jager and Claassens (2005) who reported the labile pool designated as SPA was more or less 

depleted within 56 days of extraction by DMT-HFO.  

 

For Gununo soil, both yield parameters strongly correlated with desorption indices kA, kB and 

sum of the rate constants kA+kB, indicating ability of the soil to mimic the maize plant P-

uptake (Table 4.3). In the case of DMT-HFO method the yield parameters also showed a 

significant correlation with desorption indices representing the fast (kA) and the total pools 

(kA+kB). However, it showed relatively lesser strength to fast P releasing pool and no distinct 

rate observed for slow P release as compared to the modified technique. This clearly indicates 

the limitation of the reference method, employing a single oxide system as a phosphate sink, 

to desorb P from the less labile pool. Previous studies (Freeze et al., 1995; Ochwoh et al., 

2005; Taddesse et al., 2008a) indicated experiments, which were conducted in the pH range 

of 4.8-6.8, where DMT-HFO works more or less plausibly in terms of simulating the plant 

mode of actions. However, few were conducted for very strong acid and sandy clay soils (de 

Jager and Claassens, 2005) with no sign of correlation to plant yield parameters. In the case of 

Guto-gida soil, both DMT-HFAO and DMT-HFO showed significant correlation with yield 

parameters. The yield parameters showed a highly significant correlation to all rate indices 

obtained by DMT-HFAO. In contrast to this, DMT-HFO used as a benchmark provided a 

significant correlation of yield parameters only with rate indices of the labile pool (Table 4.3).  
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Table 4.3. Correlation between cumulative P extracted with the modified method DMT-

HFAO and the reference DMT-HFO, yield parameters and rate indices (n=4). 

 
Site DMT-HFAO (Modified Method) DMT-HFO (Reference) 

Sorbent SDM yield (g/plant) P-uptake (mg/plant) Sorbent SDM yield (g/plant P-uptake (mg/plant) 

Bako HFAO 0.99** 0.986* HFO 0.984* 0.994** 

 kA 0.998** 0.99** kA 0.899 0.817 

 kB 0.947 0.951* kB 0.843 0.877 

 kA+kB 0.981* 0.981* kA+kB 0.937 0.982* 

Bishoftu HFAO 0.996** 0.999** HFO 0.871 0.88 

 kA 0.99** 0.993** kA 0.823 0.855 

 kB 0.976* 0.969* kB 0.974* 0.959* 

 kA+kB 0.987* 0.986* kA+kB 0.976* 0.985* 

Gununo HFAO 0.994** 0.993** HFO 0.956* 0.953* 

 kA 0.991** 0.992** kA 0.987* 0.987* 

 kB 0.976* 0.977* kB - - 

 kA+kB 0.987* 0.988* kA+kB 0.987* 0.987* 

Guto-Gida HFAO 0.988* 0.996** HFO 0.999** 0.967* 

 kA 0.983* 0.996** kA 0.986* 0.957* 

 kB 0.968* 0.967* kB 0.723 0.671 

 kA+kB 0.977* 0.999** kA+kB 0.945 0.909 

H.selam HFAO 0.995** 0.990** HFO 0.546 0.51 

 kA 0.988* 0.991** kA - - 

 kB 0.985* 0.994** kB 0.80 0.81 

 kA+kB 0.992* 0.995** kA+kB 0.779 0.797 

Mechara HFAO 0.965* 0.983* HFO 0.871 0.924 

 kA 0.988* 0.960* kA 0.974* 0.99** 

 kB 0.786 0.855 kB 0.745 0.830 

 kA+kB 0.999** 0.990** kA+kB 0.889 0.944 

* significant at 0.05 probability level 

       ** significant at 0.01 probability level 

- No distinctive rate difference obtained.  

 

For soils collected from Hagereselam, both yield parameters showed a highly significant 

correlation with DMT-HFAO extracted P. The DMT-HFAO provided a highly significant 

correlation (r=0.991**) of P uptake with rate index of labile pool (kA). This indicates that  

DMT-HFAO has more sorption capacity for P from such soil with relatively high in organic 

carbon (Manuscript II, Table 3.1). The fast P release from labile pool could be due to 

significant amount of DCB and AOD extractable Fe and Al in the soil. This is consonant with 
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de Jager and Claassens (2005) who reported greater contribution of fast P releasing pool to the 

total amount of released in the soil probably due to higher degree of P saturation and/or the 

presence more amorphous ferric and aluminium P minerals. Both P uptake and SDM showed 

significant correlation to rate indices kA, kB and kA+kB obtained by DMT-HFAO indicating its 

sorption capacity to desorb P from labile and slow labile pools. The strong and significant 

correlation of dry matter yield with labile P releasing pool (r=0.988*) and gross rate of P 

release (r=0.992*) indicated DMT-HFAO simulates more P-uptake by the maize plant for this 

soil than DMT-HFO for which no noticeable change was observed in labile pool. This is also 

evidenced by the highly and strongly significant correlations of P uptake with the rate indices 

obtained by DMT-HFAO (Table 4.3). However, sorption capacity of single component, 

DMT-HFO was less than that of the binary component, DMT-HFAO and no significant 

correlation that yield parameters showed with DMT-HFO extracted P and the corresponding 

rate indices (Table 4.3). 

 

 In the case of Mechara soil, both yield parameters correlated well with desorption indices for 

the labile P pool (kA) for both DMT-HFAO and DMT-HFO methods. Considering high Fe 

and Al content of this soil, one could discern the extracting ability of DMT-HFAO to extract 

P from Fe and Al oxides surfaces. Due to its sorption capacity, the binary system, DMT-

HFAO coped up with such fast P releasing rate and showed strong significant correlations 

with both maize plant P-uptake (r= 0.983*) and dry matter yield (r=0.965*). This indicates 

that DMT-HFAO mimics maize plant P uptake better than DMT-HFO. On average, DMT-

HFAO showed a better significant correlation with P-uptake than shoot dry matter yield. This 

is an important finding since P-uptake over 56 days maize plant goes parallel with cumulative 

P extracted over 42 days extraction. But for DMT-HFO, a better significant correlation was 

obtained between DMT-HFO and shoot dry matter yield than P-uptake in general. In contrast 

to this result, Taddesse et al. (2008b) reported better correlation between DMT-HFO and P-

uptake of maize plant than DMT-HFO and dry matter yield. This could be due to differences 

in soil texture, which are clay, sandy clay loam and clay loam in our case unlike the sandy 

textural class in their study. 
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4.3.5. Predicting time for phosphate depletion from slow labile pool 

 

The cumulative P extracted with both DMT-HFAO and DMT-HFO is shown in figure 4.1 as 

data points. From the curve, no desorption maxima was reached in the extraction time of 1-42 

days. For both DMT-HFAO and DMT-HFO sorption continued after 42 days (Figure 4.1a-b) 

but with the higher sorption capacity of DMT-HFAO. The rate was initially faster for two 

weeks and then slowed down indicating two distinct pools of soil P, one with rapid kinetics 

and the other with slower P desorption from soil (de Jager and Claassens, 2005). The rate 

constants of labile and slow labile pools of the soils were obtained from the slope of natural 

logarithm of P against time.  



Table 4.4. DMT-HFAO rate constants, half-life and predicted days for depletion of slow 

labile pool of six sites soil. 

Site 
Rate constants    (day-1) Half-life (days) 

Predicted days for depletion 

of  phosphate 

kA kB Pool A Pool B pool B 

Bako 0.099±0.008 0.022±0.0004 7 31 314 

Bishoftu 0.104±0.007 0.018±0.0008 6.7 38.5 384 

Gununo 0.127±0.014 0.023±0.0010 5.4 30.1 300 

Guto-gida 0.099±0.009 0.023±0.0021 7 30.1 300 

Hagere-selam 0.111±0.013 0.015±0.0005 6.2 46.2 461 

Mechara 0.131±0.012 0.015±0.0021 5.3 46.2 461 

 Standard error 

 

The average P release rate constants from labile, slow labile pools of the soils, estimated half-

life and time for depletion of slow labile pools are shown in table 4.4. The critical assumption 

made here is that the rate constants do not change over time. Contineous cropping was also 

assumed although this not happened in real cases of P depletion from soils. Accordingly, soil 

P depletion from slow labile pool can stay longer than predicted here. The fact that the slow 

labile pool was considered here is because its contribution to the total P release in the 

beginning was little but increased gradually overtime and was not depleted in 42 days. Using 

DMT-HFAO data, depletion of phosphate from slow labile, pool B of Hagere-selam and 

Mechara soils would be longer time followed by Bishoftu soil (Table 4.4). High DCB 

extractable Fe and low pH could be responsible for longer depletion time (384-461 days) due 
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to mineral phosphate and phosphate diffused into occluded sorption site in these soils. 

Because of low solubility of the minerals strengite in acid soils (McDowell and Sharpley, 

2003; de Jager and Claassens, 2005) it will take a longer time to replenish phosphate removed 

from solution. The time required for the depletion of pool B for the remaining three soils 

parallels the DCB extractable Fe exhibited by these soils (Manuscript II, Table 3.1). 

 

4.4. Conclusion 

 

The results of this study have demonstrated that DMT-HFAO had strong and highly 

significant correlations with maize plant P uptake and shoot dry matter yield for all soils 

studied. The DMT-HFAO  simulated maize plant to take up P from strongly acidic to neutral 

soils in this study much more than DMT-HFO which showed a significant correlation only for 

three sites soils. DMT-HFAO can, therefore, help as a tool for predicting soil P desorption 

rate from very acid to neutral pH range of soils over long periods of time. The correlation was 

on average better between DMT-HFAO and P-uptake than shoot dry matter yield. This is an 

important finding since P-uptake over 56 days maize plant goes in parallel with cumulative P 

extracted with DMT-HFAO over a 42- day extraction. This shortened the reported extraction 

time of 56 days by 14 days while still steady state was not achieved. In general, a better 

correlation of P uptake with gross P release (kA +kB) was obtained when DMT-HFAO was 

used instead of DMT-HFO. This indicated that the modified system copes well with labile and 

slow labile pools and can be assumed to monitor continuum P release of soils. On the basis of 

this finding, it can be suggested that the modified technique DMT-HFAO could be employed 

for a long-term P desorption study. However, further research is required considering 

differentially P treated soils at field level and for soils of wider pH to validate the universality 

of this technique. 
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5. GENERAL SUMMARY AND CONCLUSION  

 

Phosphorus fixation of soils limits availability of phosphorus for plant P uptake.  Availability 

of phosphorus is a function of time than a measured value at a particular point. This research 

was designed to study soils phosphorus desorption kinetics, changes in phosphorus pools and 

relate both kinetic and dynamic data to maize yield parameters. For this purpose 

nanocomposite material that serves as P-sink was synthesized both in crystalline and 

amorphous forms. The aqueous forms of as synthesized sorbents (HFAO and HAFAO) in 

DMT were characterized by different techniques and evaluated using different models. 

Eventually, DMT-HFAO was selected to study soils phosphorus desorption kinetics.  

 

The modified method (DMT-HFAO) extracted more P in the long-term P desorption of the 

six areas soils compared with the reference DMT-HFO. Long-term extraction of P (1-42 days) 

using DMT-HFAO also influenced the labile and slow labile pools of phosphorus via solution 

P.  

 

The kinetic indices obtained from kinetic data of DMT-HFAO significantly correlated to 

maize plant yield parameters. The phosphorus pools that contribute plant available P also 

correlated to maize plant yield parameters as well. The modified method, DMT-HFAO 

extracted Pi and rate indices showed better correlation with maize plant P uptake than DMT-

HFO and conventional extractants. Therefore, the modified method, DMT-HFAO can serve 

as a good analytical tool to study P desorption kinetics and set time frame for P depletion 

overtime. 

 

The P extraction pattern in the DMT-HFAO and maize plant P uptake are similar and helps in 

recommendation of P application rate and estimation for depletion of phosphate from a given 

pool. However, P extraction under laboratory condition is quite different from pot experiment. 

As plants roots under field condition can explore more soil area than curtailed roots in pot 

experiment, laboratory P extraction under shaking, is more relevant to field condition than pot 

experiment. Therefore, we recommend the modified method evaluation under field condition 
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for future work.  Large number of soil samples should also be studied by the modified method 

for its universality. 
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6. FUTRE RESEARCH DIRECTION 

 

The potential of DMT-HAFAO for sorption of P in spite of its leakage through DMT should 

not be undermined and be searched in other mode of application. In this regard, it seems 

plausible to study its sorption behavior by size-controlled synthesis of this sorbent to fit the 

pore size of the DMT (2.5-5 nm) employed or one could possibly use a dialysis membrane 

bags with size that fits the size of the as-synthesized amorphous binanry oxide nanosorbent. 

Either way is a potential area for further study of DMT-HAFAO in the future.  

 

The drawback of the binary system we developed is the difficulty in dissolving the HFAO 

using concentrated H2SO4 because of crystalline nature of the nano-sized structure.  This 

property of the synthesized powder is more problematic especially when the calcined powder 

stayed for long period of time. This demands further optimization for more effective solvent(s) 

and suggests a need for additional work in the future. 

 

In the current study, correlation of P extracted with the modified method to maize plant yield 

parameters was made under consideration that maize plant growth can tolerate acid soils 

conditions. The relation of P extracted with the developed method to different yield 

parameters for various crops and soils under green house and field conditions warrants further 

research to validate the universality of the developed method.  
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8. APPENDICES 

 

Appendix I: XRD raw data of CPS (Elements Fe and Al). 

 



124 
 

 
 

Appendix II: XRD raw data of APS (Elements Fe and Al) 
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Appendix II (Continued). 
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Appendix III: Plates showing qualitative test for CPS (HFAO) and APS (HAFAO). 

  

 After 24 hrs                                                              After 48 hrs 

                

After 72 hrs                                                                                After 96 hrs 
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Appendix III (continued). 

 

After a week                                                                                                  Control 

This indicated negative test (no leakage of both sorbents). 

Appendix IV: Qunatitative test data for CPS and APS leakage through DMT.  

                              (Control =dionized H2O+H2SO4) 

                           Absorbance                     mg/L 

Time (h) Control CPS (HFAO) APS (HAFAO)  CPS (HFAO) APS (HAFAO) 

12 0.000 0.001 0.003  0.023 0.078 

16 0.000 0.000 0.005  0.000 0.130 

20 0.000 0.000 0.008  0.000 0.208 

24 0.000 -0.006 0.01  0.000 0.260 

 

 
 

 

 

 

 


