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A B S T R A C T   

Monitoring phosphorus fertilization is crucial for controlling the concentration of biologically 
available soil P. Over the years, several methodologies have been used, including successive 
cropping in a greenhouse or field, as well as extractions employing P sink procedures. The latter 
procedures are ideal laboratory experiments to show the soil’s ability to supply P and to explore 
the P-residual release kinetics. Following these methodologies, long-term P desorption studies 
have been developed using dialysis membrane tubes filled with nanomaterial solutions. In this 
study, a magnetic nanocomposite (Fe3O4/Al2O3/MnO2) was synthesized and characterized uti-
lizing cutting-edge instruments such as XRD, FTIR, FAAS, BET, SEM, and EDX. The resulting 
material had a crystalline size and surface area of 22.75 nm and 203.69 m2/g, respectively, and 
was employed for long-term P-desorption and kinetics experiments while filled in dialysis 
membrane tubes. The P-desorption experiment was conducted on four separate acidic soil sam-
ples that were cultured for 122 days with four different P concentrations. The findings demon-
strated a direct relationship between P-desorbed and P-treatment, as well as with desorption time. 
The minimum desorption was obtained from the control of Boji Dirmaji soil P0 (1.16–9.36) and 
the highest desorption from Nedjo soil with P3 (5.23–30.35 mg/kg) treatment over 1–28 days. 
The rate of P release from soil to solution or diffusion through the membrane was determined by 
pseudo-first-order kinetics with a rate constant (0.021–0.028 hr− 1). This method has the potential 
to measure fixed-P availability by mimicking it as a plant would, with high P-desorption effi-
ciency and quick P-release capacity.   

1. Introduction 

Food is one of the most basic essentials for mankind to sustain life, and it is essential for all forms of life on this planet. For the vast 
majority of the world’s population, food security is directly dependent on agriculture, which is in turn dependent on the many agro- 
supplements, including phosphate fertilizer, required to boost food productivity. The amount of phosphorus assimilated by plants from 
a field during the application of phosphorus-containing fertilizers is varied and is believed to be in the range of 3–33% of the applied 
phosphate fertilizer [1,2]. This is due to the high possibility of P being fixed into insoluble precipitates and sorbed in acidic soils as a 
result of reactivity with compounds containing Fe and Al, as well as with other colloid forms in the soil [3]. As a result of this fixation, 
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phosphorus (P) in soil may become unavailable to plants, resulting in decreased crop output [4]. In this instance, phosphate fertil-
ization monitoring is critical for managing the concentration of biologically accessible soil-P. Various approaches for estimating the 
presence of P-residual in soils for plants have been employed over the years. Experiments involving successive cropping in a green-
house or field were used among these methods by monitoring P assimilation until deficiency occurs or by assessing the reaction of P 
provided to the soil [5]. However, this procedure is time-consuming and costly. 

In response to these problems, soil extractions using P sink procedures, like anion exchange resins [6] and iron oxide-impregnated 
paper strips [5] have been developed for the estimation of fixed P. In contrast to the common soil-P testing approaches, those P sink 
procedures could be assumed to be non-destructive since there is no reaction between them and the soil and possess a nominal in-
fluence on the various physicochemical properties of the soil which have an impact on the P-releasing tendency. Additionally, the use 
of those P sink procedures controls the solution P not to increase to levels that can prohibit additional P release. As a result of this, it 
will be possible to undertake a series of extractions from a given soil. Hence, successive extraction of P from soils using these pro-
cedures becomes a suitable laboratory test to depict the capability in supplying P by the soil and to explore the P-residual release 
kinetics. Following these approaches, methods involving dialysis membrane tubes which are filled with solutions hydrous ferric oxide 
(DMT-HFO) have been developed [7–10]. 

These methods are more convenient than the P sink methods because the dialysis membrane tubes possess crucial properties like 
mechanical stability and can maintain low P activity for a longer period of time in the solution and simplify the estimation for the 
release of P over long periods of time in a more natural setting than the common soil tests [7,9,11–14]. Thus, integrating the dialysis 
membrane method with nanomaterials attracted a great intention towards the advancement of these methods for long-term P 
desorption study. In our recent study, we used dialysis membrane tubes that are filled with an aqueous solution of hydrous Fe–Al–Zr 
oxide composite for a phosphate desorption study [11]. 

To the best of our knowledge, there is no report on the use of Fe3O4/Al2O3/MnO2 nanocomposite filled in a dialysis membrane tube 
to simulate and study the rate of P-desorption by plants from acidic soil. In view of the above points, in this particular report, we 
propose the use of the above-mentioned ternary nanocomposite filled in a dialysis membrane tube to study long-term P desorption and 
evaluate the time frame by which the fixed P in soil could be available for the plant. Therefore, in this study, a new method employing 
dialysis membrane tubes filled with magnetic ternary mixed oxide nanocomposite (Fe3O4/Al2O3/MnO2) was developed to study the 
tendency of long-term P desorption from acidic soils which is of paramount advantage for fertilizer recommendation for a given 
agricultural activity. The P-releasing rate from soil to solution or diffusion through the membrane was studied. The as-synthesized 
nanocomposite was characterized using different analytical methods and instruments. Similarly, the various physico-chemical pa-
rameters affecting the P-desorption process were also investigated. 

2. Materials and methods 

2.1. Description of the study area 

Acidic soil samples used in the various experimental undertakings of the present study were obtained from selected areas of West 
Wollega Zone, Oromia Region, Ethiopia located at about 477–575 km west of Addis Ababa, the capital city, with a geographical 
location of 09o 51′ 28’’ - 09o 25′ 33″ N latitude and 35o36’ 28’’ - 35o 02′ 13″ E longitude with an elevation between 1845 and 1930 m. 
The area has an altitude (1300–1800 masl), annual rainfall (1000–2400 mmyr-1), and temperature (12.5–29 ◦C) [15]. The soil samples 
were collected from four districts, Boji Dirmaji (BD), Kiltu Kara (KK), Mene Sibu (MS), and Nedjo (NE) which are acidic in nature [16]. 
The soil was randomly collected from farmers’ crop fields. 

2.2. Soil sample collection 

Stainless steel augur was used to collect surface soil samples (0–20 cm depth), required for the various experiments, randomly from 
each sampling site based on USDA methods [17]. The collected samples were carefully mixed to get a composite sample and a total of 
four composite soil samples were collected and packed in plastic bags, labeled, and transported to the department’s research laboratory 
for the intended analysis. Then the soil samples were air dried at room temperature for 7 days, ground, to pass through a 2 mm mesh 
size sieve for physicochemical parameter analyses. For the desorption study, 5 kg of the collected soil samples were prepared in a 
plastic pot and spiked with known concentrations of P in the form of KH2PO4 and incubated in a greenhouse for about three months 
and twenty-two days at field capacity [14]. 

2.3. Materials and chemicals 

2.3.1. Materials 
The instruments used in this study were; pH meter (MP 220 JENWAY, Japan) used for determination of pH, X-ray diffractometer 

(XRD) (BRUKER D8 Advanced XRD, Japan), which was used for the determination of size and phase of the as-synthesized powder 
sample, Fourier transform infrared spectroscopy (FTIR) (spectrum 65 FTIR PerkinElmer) used for functional group identification of the 
as-synthesized adsorbent, Uv–Visible spectrophotometry (Uv professional, Galanakamp, UK) used to analyze the concentrations of P, 
BET (JW-04, Beijing), SEM (HITACHI S-4160, UK), EDX (VEGA\\-TESCAN, base director, German), Deionizer (B114, Oxford, UK), and 
Orbital shaker (S01 Stuart, UK), Flame atomic absorption spectrophotometer ((Model 210/211 VGP, UK) and Micro Kjeldahl distil-
lation unit and Kjaldahl digestion stand (for total nitrogen determination), Analytical balance (Denver Instrument XE 50A), 
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Conductivity meter (model CO155), Centrifuge (Centurion scientific, UK), Refrigerator and Hydrometer, which used for texture 
determination. 

2.3.2. Chemicals and reagents 
The various chemicals and reagents used in the different experimental undertakings of the present study were of analytical grade 

and used as received. Some of the chemicals and reagents used were; Aluminum nitrate nonahydrate (Al(NO3)3.9H2O) (95%–98% 
Merck Germany), Ferrous chloride tetrahydrate (FeCl2.4H2O), Ferric chloride hexahydrate (FeCl3.6H2O) (LOBAL chemie, India) and 
Manganese (IV) oxide (MnO2) (BDH Chemicals Ltd, England), which were used for the synthesis of the sorbent. Potassium dihydrogen 
phosphate (KH2PO4) (99–101% High-tech healthcare, India), Potassium chloride (KCl, 99.0% loba, India), Ammonium fluoride (NH4F, 
99.5%, Switzerland), Hydrogen peroxide (H2O2, 30% Central Drug House LTD, New Delhi, India), Sulfuric acid (H2SO4, 98%, labo-
ratory reagent, loba, India), Nitric acid (HNO3) (69% LR, Breck land Scientific Supplies, U. K), Potassium antimony tartarate 
(KSbC4H4O7 (98.5% BDH Chemicals Ltd, England) to know the total, available and P desorbed by the adsorbent, Calcium chloride 
(CaCl2) (High-tech Healthcare, India). Ammonium molybdate tetra hydrate ((NH4)6Mo7O24.4H2O) (81–83 % Riedel DeHaen AG), 
Ascorbic acid, (C6H8O6) (99% Blux laboratory reagents) were used for the determination of phosphate colorimetrically. Hydrochloric 
acid (HCl), 36–37%, and Sodium hydroxide (NaOH), 97.5% from BDH Chemicals Ltd, England) were used for adjusting pH during the 
nanocomposite synthesis. 

2.4. Experimental procedures 

2.4.1. Standard solution preparation 
A stock standard solution of P (1000 mg/L) was prepared by dissolving 4.39 g of KH2PO4 in 1 L of deionized water. The inter-

mediate standard solution (10 mg/L) was prepared by suitable dilution of the stock solution and the working standard solutions were 
obtained by serial dilution of the intermediate standard solution and used for P analysis. 

2.4.2. Synthesis of the nanomaterials 

2.4.2.1. Synthesis of Fe3O4. Synthesis of magnetic Fe3O4 nanoparticles was done by co-precipitation of ferric and ferrous salts under 
N2 gas [18]. The mole ratio of Fe+2/Fe+3 (0.5) was used to prepare homogeneous magnetic nanoparticles with uniform size [19]. In the 
first step stoichiometrically calculated (8.63 and 3.17 g) of FeCl3 .6H2O and FeCl2 .4H2O, respectively, were accurately measured and 
dissolved into 100 mL of 0.3 M HCl [20]. The resulting solution was then added dropwise from the separatory funnel into 120 mL of 3 
M NaOH solution for 2 h, with vigorous stirring at 80 ◦C under N2 atmosphere. At this time, the pH of the mixture was kept at 12.0 by 
using 0.1, 0.01 and 0.001 M NaOH or HCl solutions. The suspension was left undisturbed for 4 h and the settled phase was separated 
and washed with deionized water several times. This action was repeated until the time when the addition of AgNO3 solution to the 
filtrate show no formation of white precipitate. Finally, a suspension of Fe3O4 (ferrofluid) was obtained [21,22]. 

2.4.2.2. Synthesis of Fe3O4/Al2O3/MnO2 nanocomposite. The Fe3O4/Al2O3/MnO2 ternary nanocomposite was prepared by the co- 
precipitation method [18]. As a synthesis protocol, three different compositions of Fe3O4/Al2O3/MnO2 with Fe:Al:Mn percent ra-
tios (%) (90, 5, 5), (80, 15, 5) and (70, 15, 15) or molar ratios of 18:1:1, 16:3:1 and 14:3:3, respectively, were prepared. This was done 
by adding 100 mL of Al(NO3)3.9H2O and MnO2, which were obtained by dissolving stoichiometric amounts (2.25 and 0.09 g) of each, 
respectively, in 100 mL of deionized water separately, into the obtained Fe3O4 suspension and ultrasonicated for 10 min before use. 
Next to this, the pH of the mixture was adjusted to 8.0 using 0.1, 0.01 and 0.001 M NaOH or HCl. This step was followed by 
magnetically stirring the mixture under N2 for 1.5 h at 70 ◦C. Finally, the black magnetic fluid was made to settle by holding a per-
manent magnet under the beaker. The product obtained as such was then washed with deionized water repeatedly to remove im-
purities such as Cl− , NO3

− and excess OH− ions and finally dried at 60 ◦C for 24 h to get the desired products [22]. 

2.4.3. Characterization of as-synthesized nanocomposite 
X-ray diffraction (XRD) patterns were recorded by a diffractometer at 0.02◦/sec scan rate using Cu-kα1 radiation (1.5406 A0, 45 kV, 

40 mA) and used to determine sizes of the primary crystallite (Ds) of the nanocomposite It is also used to identify the phase of the as- 
synthesized nanocomposite. Similarly, Fourier transform-infrared (FTIR) spectra was recorded over the range of 400–4000 cm− 1 using 
a Spectrometer for functional group identification of the as-synthesized nanocomposite. Scanning Electron Microscopy (SEM) and 
Energy Dispersive X-ray Analysis (EDX), were used to determine the morphology and compositional distribution of the nanocomposite, 
respectively in which the nanocomposite was coated on conductive carbon tape attached on aluminum stub. The percentages of iron as 
iron oxide and manganese as manganese oxide in all the as-synthesized powders were investigated using a flame atomic absorption 
spectrometer (FAAS). On the other hand, Brunauer Emmett-Teller (BET) was used to determine the surface area of the prepared 
nanocomposite. 

2.5. Physicochemical properties of soil samples 

The soil samples were air-dried, ground and allowed to pass through a 2 mm mesh-size sieve and homogenized and the selected soil 
physicochemical were performed. The pH in water and KCl of the soil samples were measured by dispersing 1:2.5 soil to water ratio 
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[9]. The electrical conductivity was determined using 1:5 ratios of soil-to-water [23]. The soil texture was evaluated by the hydrometer 
method [24] and soil texture class was determined based on the USDA [25]. Bulk density was determined gravimetrically after oven 
drying the soil sample for 24 h at 105 ◦C [26]. Soil organic carbon was analyzed by oxidation with 1 N of K2Cr2O7 [13,27]. Soil organic 
matter was obtained multiplying organic carbon by 1.724 [27,28]. Exchangeable acidity was determined by saturating (10 g) of the 
soil samples with 100 mL of 1 M standard potassium chloride solution [13]. Total nitrogen was determined by the Kjeldahl method 
using a micro Kjeldahl distillation unit and Kjeldahl digestion stand [14]. 

Cation exchange capacity (CEC) was measured using 1 M NH4OAc and the available phosphorus in the soil sample was determined 
based on the Bray II method [29]. Total soil P (TP) was determined on sub-samples of 0.5 g soil with the addition of 5 mL concentrated 
H2SO4 and heating to 360 ◦C on a digestion block with subsequent stepwise (0.5 mL) additions of H2O2 until the solution becomes clear 
[9]. The phosphate bounded Fe and Mn in the soil samples were investigated by dithionite–citrate and acid ammonium oxalate 
methods [30]. 

2.6. Incubation study 

In the present study, greenhouse was used for incubation experiments. Four treatments of P as KH2PO4 with concentrations of 
0 (P0), 50 (P1), 100 (P2) and 150 (P3) mg/kg were added to soil samples of 5 kg separately and incubated at 25 ◦C for 112 days. Then 
the incubated soil was used to study long term desorption of P and kinetic studies using DMT-HFAMO [14]. 

2.7. Long-term desorption study 

The long-term P-desorption experiment in this particular study was performed using dialysis membrane tubes (Visking, size 320/32 

inches, with a pore size of 2.5–5.0 nm, membrane thickness 3 μm, MWCO 12000 kDa) [9,10,12,13] filled with the nanocomposite 
prepared in this study. In this particular experiment, we followed the following procedure; the aforementioned tube was cut into 0.15 
m strips and 20 mL of 0.1 g of the HFAMO nanocomposite was added to each strip with vigorous shaking. Following this, the 
HFAMO-filled DMT strips were immersed separately in 250 mL polyethylene bottles which contained 1 g of the soil sample, 80 mL of 2 
mM CaCl2 and 0.3 mM KCl solution. The P-desorption experiments were performed in three replication and the polyethylene bottles 
were horizontally shaken for 28 days on an end-over-end shaker at 120 oscillations per minute (opm) at room temperature (25 ◦C) 
[11]. 

During this experiment, each DMT-HFAMO was replaced in an interval of seven days (1, 7, 14, 21 and 28) with new DMT-HFAMO 
by removing any attached soil particle on the dialysis membrane tube carefully with a glass rod. Then the suspension was dissolved 
using 1 mL of concentrated H2SO4 and the concentration of P in the solution was determined colorimetrically using the molybdate blue 
method that makes use of ascorbic acid as a reducing agent [11]. Each reagent was mixed and prepared by taking 50 mL of ammonium 
molybdate solution, 5 mL of potassium antimony tartrate solution and 0.553 g of ascorbic acid in 100 mL volumetric flasks. Then, 2 mL 
of the mixed reagent was mixed with 2 mL of the sample filtrate in a 25 mL conical flask and left for 30–40 min till a blue color develop. 
The intensity of the blue color correlates to the concentration of phosphate. Finally, a Uv–Visible spectrophotometer was used to 
analyze the concentration of P in the soil samples at a wavelength of 882 nm. All determinations were conducted in triplicate, and the 
results are reported as mean ± standard deviation. 

Fig. 1. XRD pattern of as-synthesized ternary mixed oxide nanocomposites.  
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2.8. Data analysis 

In the present study, a one-way analysis of variance (ANOVA) using SAS version 9.0 was employed to test significant differences 
among treatments and a correlation analysis was conducted to test the relationship between cumulative desorbed P (CD28P) and the 
corresponding selected soil physicochemical parameter by SPSS. The FTIR spectra were plotted using Origin 70 and MS excel was used 
to draw calibration curve. The Match 2 software was used to determine the size and phase identification. 

3. Results and discussion 

3.1. Characterization of as-synthesized adsorbent 

The X-ray diffraction pattern shows very weak intensities on a broad background suggesting a slightly amorphous nature of the 
synthesized nanocomposite (Fig. 1). The average crystallite size was also determined from Scherer equation as shown in Table 1. 

The peaks observed on the three nanocomposites appeared to be almost similar. The presence of peaks at 2θ values of (30.70, 35.80, 
43.51, 54.04, 57.37, 62.90 and 74.76)o [JCPDS: 96-900-5815] for NC1, (30.49, 35.84, 43.62, 57.48, 63.31 and 74.86)o [JCPDS: 96- 
900-5842] for NC2 and (30.80, 35.70, 43.31, 57.06, 62.90 and 74.53)o[JCPDS: 96-900-2023] for NC3 could be assigned to a face- 
centered cubic spinel structure of pure magnetite (Fe3O4) [31]. However, no specific peaks were observed that can be attributed to 
alumina (Al2O3) and manganese (MnO2) implying that both might exist in amorphous forms at the temperature of synthesis and due to 
the low percentage of MnO2 [32]. In fact, crystallized alumina such as α-Al2O3 and β-Al2O3 might present under thermal treatment at 
800 ◦C and 1000 ◦C, respectively [33]. In other cases, our findings indicated that the particle sizes of the nanocomposites increased 
with a decrease in the percentage of alumina in the samples and similar trends were reported [34]. However, increasing alumina oxide 
could delay the crystallization of iron oxides and shrink the size of the crystallites. The concomitant increase in manganese oxide could 
have a counter effect which might have led to increasing crystal size as reported in the literature [35] and this is due to the formation of 
core-shell structured nanoparticles or composite (magnetite as core and manganese oxide as a shell) [36]. Besides, the presence of a 
large amount of manganese dioxide powder delays the uniformity of the nanocomposite [37]. Generally, the XRD result confirmed the 
synthesis of the ternary nanocomposite in a good crystalline range of 10–50 nm (Table 1) [38]. 

The three nanocomposites synthesized in the present study were investigated for their specific surface areas using both single-point 
and multi-point BET analytical methods. Based on the results obtained, the comparative specific surface areas were found in the order 
of NC2 (80:15:5) > NC3 (70:15:15) > NC1 (90:5:5) (Table 1). The nanocomposite with the smallest size was found to show the highest 
surface area in line with the reports in the literature [33,39]. This implies that the adsorbent material exhibits more active sites for the 
adsorption process. This is mainly because adsorption is a surface phenomenon and the surface area is directly proportional to the 
adsorptive performance of the adsorbent material. Hence, NC2 with the ratio of (80% Fe, 15% Al and 5% Mn), resulted in relatively the 
highest specific surface area and was selected for further analysis and used for the desorption study. Nanomaterials exhibiting high 
specific surface area, high surface activity, and high surface energy, appear to show higher capacity in the preparation of 
high-performance adsorbents and materials [40,41]. 

The infrared spectroscopic study of the selected Fe–Al–Mn nanocomposite was undertaken and the results obtained are presented in 
Fig. 2. In the spectrum, it can be clearly observed that the major absorption peaks are located at 3414, 1628, 1384, 587 and 443.6 
cm− 1. Accordingly, the absorption peak at 3414 cm− 1 represents O–H stretching vibration of the adsorbed water molecules [34,42]. 
The absorption peak at 1628 corresponds to the bending vibrations of the H–O–H group and may be assigned to the presence of 
physisorbed water on the surface of oxides [43] and the peak at 1384 cm− 1 corresponds to the Al–O stretching [44]. The peaks at 587 
cm− 1 and 443.6 cm− 1 can be attributed to the symmetrical stretching vibrations of the mixed metal oxides M − O and M-M-O [45] or 
Fe–O (Fe3O4) bond presence in the nanocomposite and an example of some interactions among Fe(III), Al(III) and Mn(IV) though 
oxygen or hydroxide bridge [46]. 

Elemental composition of the selected nanocomposite (NC2 (80:15:5)) was analyzed with flame atomic absorption spectrometer 
(FAAS) by using air-acetylene gas as an oxidant for Fe and Mn. The results corresponding to the percentages of iron and manganese 
oxides are obtained at wavelengths of 248.3 and 279.5 nm, respectively. The results indicated (Table 2) that the percentage com-
positions of the two metals (Fe and Mn) in the selected nanocomposite (NC2) were found to be nearly similar to the theoretical 
composition of the metals. However, the actual values are lower than the theoretical values. This difference in the percentage com-
positions could be related to insufficient dissolution, vaporization and lack of atomization [22,35]. Aluminum was not determined due 
to lack of nitrous oxide gas (oxidant). 

The SEM-EDX analysis revealed the morphology and also elemental composition of the nanocomposite. From the SEM image of the 
nanocomposites of various ratios, all the samples exhibited irregular particles of various sizes with no distinct morphology (Fig. 3 A – 
C). EDX analysis of the micrographs showed the presence of all three metals (Al, Fe, and Mn) and the weight of each metal in the 

Table 1 
Surface area (m2/g) and particle sizes (nm) of the nanocomposite with different compositions.  

Sample Code % Composition of Fe–Al–Mn 2θ (degree) β (rad) Cosθ Ds (nm) Surface area (m2/g) 

NC1 90:5:5 35.80 0.00550 0.9516 26.51 114.38 ± 0.69 
NC2 80:15:5 35.84 0.00641 0.9513 22.75 203.69 ± 1.34 
NC3 70:15:15 35.70 0.00579 0.9519 23.93 193.95 ± 1.29  
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Fig. 2. FTIR spectrum of the selected nanocomposite.  

Table 2 
Actual and theoretical yield of the selected nanocomposite.  

Elements Theoretical yield (%) Actual yield (%) 

Fe 80 78.82 
Al 15 NDa 

Mn 5 4.20  

a ND = Not determined. 

Fig. 3. SEM-EDX of Fe–Al–Mn ternary mixed oxide nanocomposites (A = NC1, B––NC2, C––NC3).  
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nanocomposites was confirmed in different ranges. A relatively wider range of composition was registered (Table 3) for each element 
revealing the heterogeneity of the composites [32]. The observed slight variation of the Fe–Al–Mn metals percent weight ratio dis-
tribution might be due to the dispersion technique employed in the co-precipitation method [47]. 

3.2. Physicochemical properties of the soil samples 

The physicochemical properties of the soil samples are presented in Table 4. Based on the results obtained, the soil pH, both pH in 
H2O and pH in KCl of the soils were analyzed and found to be within 4.35–5.06 and 3.54–3.79, respectively. Even though the pH 
variation is not so large, there was a significant difference between each soil sample (α = 0.05). According to acidity classification, soil 
collected from Boji Dirmaji (pH = 4.35) can be categorized as very strongly acidic and soil collected from Nedjo (pH = 5.06) could be 
categorized as strongly acidic [16]. According to related reports [48], decreasing of the soil pH in western and southern Ethiopia was 
due to intensive rainfalls that can leach soluble nutrients such as calcium and magnesium and with subsequent replacement by Al3+

and H+ ions. A pH value of less than 5.5 is considered to cause problems for most microbial activities and hence results in a direct 
influence on the availability of nutrients for plants. 

The relative percentages of soil texture of the studied district soil samples were found as Sand (58, 66, 66 and 71), Silt (15, 7, 12 and 
8) and Clay (27, 27, 21 and 22) for Boji Dirmaji (BD), Kiltu Kara (KK), Mene Sibu (MS) and Nedjo (NE) sampling locations, respectively, 
and the soils textural class is sandy clay loam for all soils [25]. Crops could grow well in such soil areas and it has a potentially 
well-balanced capacity to retain water, form a stable structure and provide adequate aeration [49]. The Bulk density value was 
significantly different for each soil sample (α = 0.05); however, numerically the highest mean (1.33 g/cm3) value of bulk density was 
recorded for KK and the lowest average value (1.14 g/cm3) for the BD soil. Generally, all the soil samples had low bulk density except 
KK which has a moderate value (Table 4). A bulk density value of about 1.33 g/cm3 was generally considered optimum for plant 
growth [50]. 

All district soil samples have electrical conductivity (EC) values ranging from 0.019 to 0.080 dS/m and lie within the lower limit of 
saline soil [23]. The organic carbon (OC) was also found to be higher in NE and lower in MS. all the studied soils fall in the low range 
despite the various amount extracted from the soils. According to reports, OC is the main source of available P, but in most soil of 
Ethiopia, the availability of P declines by the impacts of fixation, abundant crop harvest and erosion [51]. The significance difference 
analysis showed a significant difference (α = 0.05) among the studied soils for both EC and OC. In addition, the organic matter (OM) of 
MS soil was found to be very low while the others have low and ordered as MS < KK < BD < NE. Organic matter usually has a sig-
nificant effect on soil physicochemical properties, plant nutrition, soil fertility, and biological activity in a given soil. Even though a 
significant difference was observed among the soil samples (α = 0.05), the OM of the soil is deficient for plant growth and this may also 
come from loss of OC. 

Furthermore, total nitrogen (TN) compositions of the soil samples were also found to be in the ranges of 0.03–0.22%. Among 
studied soil samples, total nitrogen was very low for NE (0.03%) and medium in other soils. There was a significant difference (α =
0.05) among the soils. Additionally, cation exchange capacity (CEC) was rated as moderate for both BD and KK (24.37 and 19.33 meq/ 
100 g), respectively, and higher for MS and NE with a significant difference among each soil (α = 0.05). 

Exchangeable acidity (EA) is another key parameter related to the acidity of soil, which is the sum total of reactive hydrogen ions 
and exchangeable aluminum. In the present study, the result indicated that the soils have a highly acidic nature having >2 meq/100 g 
except for NE (1.691 meq/100 g). The high soil EA in the BD soil might be in connection with the occurrence of lower soil pH [13]. 
Extractable aluminum is highly consistent with pH of the soil and when extractable aluminum is > 2 meq/100 g, sensitive plants will 
be affected. The content of the H+ in the soil is pronounced at pH values below 4 while excess content of Al3+ was observed at pH below 
5.5 (Table 4). 

The available P (Pav) of the study area was in general found to be low. In addition, differences in available P content in soil are also 
related with the high soil weathering or soil disturbance, and the degree of P fixation by Fe, Al and Ca [15,52]. Low Pav status could also 
be as a result of low pH and high exchangeable acidity [48]. The total P (PT) concentration showed a similar trend like the available P 
concentration and ranged from 330 to 550 mg/kg. The total P concentration of Ethiopian soil reported by similar studies ranged from 
553 to 976 mg/kg [15]. 

In examining phosphate bounded Fe and Mn, the percentages of Fe and Mn extracted by dithionite citrate bicarbonate and acid 
ammonium oxalate methods, the amount of Feox, Mnox, Fed and Mnd extracted were found to be significant (α = 0.05) among the 
studied soil samples. Even though the dithionite citrate bicarbonate extracted elements are higher, the ammonium oxalate extractable 
Fe and Mn are also high evidencing the involvement of poorly crystalline and amorphous forms of Fe and Al in the soil. These structural 
forms have an extensive surface area to sorb P. The percentage of Fe extracted by the dithionite citrate bicarbonate method was higher 
than the percentage of Fe extracted by the acid ammonium oxalate method and this agrees with similar studies [13,53]. 

Table 3 
EDX results of aluminum, iron and manganese elements in the nanocomposite.  

Elements Weight range (%) Weight average (%) 

Fe 84.8–98.5 95.1 ± 4.05 
Al 0.6–11.3 3.4 ± 3.38 
Mn 0.8–2.6 1.6 ± 0.56  
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3.3. Long-term desorption study 

Long-term P desorption was carried out using the DMT-HFAMO on four acidic soils namely Boji Dirmaji (BD), Kiltu Kara (KK), Mene 
Sibu (MS) and Nedjo (NE). All soil samples received P doses of 0, 50, 100 and 150 mg/kg and were equilibrated for three months and 
twenty-two days at field capacity. The amount of desorbed P by DMT-HFAMO was significantly affected (α = 0.05) by both the P 
treatments and extraction time (Tables 5 and 6). Among all treatments, the amount of DMT-HFAMO extractable P significantly 

Table 4 
Selected physicochemical characteristics of the acidic soil samples studied (n = 3).  

Parameters Soil Samples LSD (5%) 

BD KK MS NE 

pH (1:2.5) H2O 4.35 ± 0.024d 4.62 ± 0.003c 4.80 ± 0.003b 5.06 ± 0.011a 0.03  
KCl 3.54 ± 0.010d 3.61 ± 0.006c 3.70 ± 0.001b 3.79 ± 0.006a 0.01 

EC (dS/m)  0.019 ± 0.101d 0.08 ± 0.050a 0.022 ± 0.401c 0.033 ± 0.134b 0.001 
Ex A. meq/100g 4.16 ± 0.006a 3.48 ± 0.028b 2.73 ± 0.002c 1.69 ± 0.009d 0.03 
Ex Al. 3.37 ± 0.030a 2.61 ± 0.005b 2.62 ± 0.005b 1.18 ± 0.002c 0.03 
Ex H+. 0.79 ± 0.029b 0.87 ± 0.002a 0.11 ± 0.031d 0.51 ± 0.008c 0.04 
%OC  0.95 ± 0.006b 0.69 ± 0.014c 0.51 ± 0.009d 1.05 ± 0.011a 0.02 
%OM 1.64 ± 0.011b 1.18 ± 0.025c 0.88 ± 0.015d 1.80 ± 0.019a 0.03 
%TN 0.18 ± 0.003c 0.22 ± 0.003a 0.21 ± 0.004b 0.03 ± 0.001d 0.01 
CEC meq/100g 24.37 ± 0.651c 19.33 ± 0.640d 32.40 ± 0.800a 26.43 ± 1.040b 1.51 
Pav mg/kg 3.53 ± 0.017d 10.11 ± 0.047a 5.62 ± 0.056c 9.95 ± 0.062b 0.09 
PT 330 ± 0.151d 390 ± 0.468c 411 ± 0.695b 550 ± 0.549a 0.94 
Feox g/kg 0.27 ± 0.530a 0.27 ± 0.010a 0.12 ± 0.150c 0.15 ± 1.000b 1.07 
Mnox 0.069 ± 0.020c 0.06 ± 0.001d 0.07 ± 0.060b 0.10 ± 0.050a 0.84 
Fed 0.83 ± 0.050b 1.02 ± 0.040a 0.30 ± 0.020d 0.80 ± 0.050c 0.08 
Mnd 0.10 ± 0.080b 0.08 ± 0.040c 0.43 ± 0.080a 0.03 ± 0.050d 0.12 
Bd g/cm3 1.14 ± 0.003d 1.33 ± 0.001a 1.16 ± 0.003c 1.26 ± 0.006b 0.01 
Soil Texture % sand 58 66 66 71  

% silt 15 7 12 8  
% clay 27 27 22 21  
class Sandy clay loam Sandy clay loam Sandy clay loam Sandy clay loam  

Mean values in the rows with different letters a, b, c and d are significantly different (α = 0.05). 
BD = Boji Dirmaji Soil, KK = Kiltu Kara Soil, MS = Mene Sibu Soil, NE = Nedjo Soil, Pav = Available P, Bd = Bulky density, CEC = Cation exchange 
capacity, EC = Electrical conductivity, Ex.A = Exchangeable acidity, Ex.Al = Exchangeable alumni, Ex.H+ = Exchangeable hydrogen, OC = Organic 
carbon, OM = Organic matter, TN = Total nitrogen, PT = Total phosphorus, Fed = Iron extracted by dithionite, Mnd = Manganese extracted by 
dithionite, Feox = Iron extracted by oxalate, Mnox = Manganese extracted by oxalate, CV = Coefficient of var-iation (%), LSD = Least significance 
difference (5%), n = Number of replication. 

Table 5 
Desorption of phosphorus from soil and effect of extraction time for soil samples with different treatment (n = 3).  

Soil Samples P Treatments (mg/kg) Cumulative desorbed P (mg/kg) per days 

1 7 14 21 28 Average P (mg/kg) 

BD 0 z1.16 ± 0.01c y3.01 ± 0.09d x5.43 ± 0.18 d w7.62 ± 0.09d v9.36 ± 0.16d 5.316 
50 z3.65 ± 0.11b y8.31 ± 0.14c x13.16 ± 0.03c w18.13 ± 0.24c v22.77 ± 0.34c 13.29 
100 z3.71 ± 0.06b y8.98 ± 0.44b x14.32 ± 0.79b w19.43 ± 0.92b v24.50 ± 0.78b 14.19 
150 z4.70 ± 0.08a y10.41 ± 0.9a x16.09 ± 0.39a w21.24 ± 0.31a v26.86 ± 0.79a 15.86 

LSD (5%)  0.14 0.45 0.86 0.95 1.10  
KK 0 z1.01 ± 0.0d y3.27 ± 0.10c x5.75 ± 0.09d w7.99 ± 0.10d v9.57 ± 0.09d 5.52 

50 z4.30 ± 0.09c y9.74 ± 0.41b x14.99 ± 0.26c w20.06 ± 0.03c v24.36 ± 0.22c 14.69 
100 z4.57 ± 0.12b y10.12 ± 0.12b x15.84 ± 0.37b w21.18 ± 0.77b v25.84 ± 1.11b 15.51 
150 z4.90 ± 0.17a y10.73 ± 0.07a x17.05 ± 0.48a w23.47 ± 0.49a v28.13 ± 0.55a 16.86 

LSD (5%)  0.22 0.41 0.63 0.86 1.19  
MS 0 z1.32 ± 0.02d y4.07 ± 0.09d x6.23 ± 0.10d w8.74 ± 0.09d v10.80 ± 0.16d 6.23 

50 z4.15 ± 0.09c y9.56 ± 0.11c x14.52 ± 0.32c w20.02 ± 0.44c v25.36 ± 0.55c 14.72 
100 z4.62 ± 0.22b y10.55 ± 0.36b x16.08 ± 0.36b w21.67 ± 0.08b v27.45 ± 0.54b 16.07 
150 z5.19 ± 0.25a y11.93 ± 0.49a x18.35 ± 0.71a w24.06 ± 0.44a v30.10 ± 0.27a 17.93 

LSD (5%)  0.32 0.59 0.81 0.59 0.78  
NE 0 z1.43 ± 0.7d y4.02 ± 0.0d x6.39 ± 0.09d w9.01 ± 0.14d v11.29 ± 0.16d 6.43 

50 z4.12 ± 0.17c y9.78 ± 0.31c x14.89 ± 0.39c w20.14 ± 0.89c v24.55 ± 0.85c 14.70 
100 z4.71 ± 0.14b y10.59 ± 0.14b x16.99 ± 0.53b w22.40 ± 0.67b v27.65 ± 0.46b 16.47 
150 z5.23 ± 0.22a y11.91 ± 0.16a x18.52 ± 0.36a w24.32 ± 0.24a v30.35 ± 0.51a 18.07 

LSD (5%)  0. 33 0.40 0.75 1.13 1.08  

BD = Boji Dirmaji Soil, KK = Kiltu Kara Soil, MS = Mene Sibu Soil, NE = Nedjo Soil. Mean. 
values in rows with different letters z, y, x, w and v are significantly different (α = 0.05), while mean values in the columns with different letters a, b, c and d are 
significantly different (α = 0.05), Least significance difference (5%), n = number of replicate measurements. 
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increased as extraction time and treatment of phosphate increased (Table 5). The cumulative P desorbed was more or less comparable 
among the studied soil samples; NE (1.43–30.35 mg/kg), MS (1.32–30.10 mg/kg) KK (1.01–28.13) and BD (1.16–26.86 mg/kg) at all 
stages of extraction time (1–28 days). These results agreed with earlier reports [1,9,14]. When the cumulative desorbed P is compared 
with the total P (Table 4), it is very low. This may be due to the presence of high extractable Fe and Al in the studied soil that can reduce 
the desorption process as a result of the formation of phosphate complex in acidic soil and incubation. Additionally, the amount of 
desorbed P from the untreated soil during the 28 days of extraction was much higher than Bray II P (Pav) for soil samples collected from 
BD and MS whereas comparable amount with Bray-II P (Pav) for soil samples from NE and KK (Tables 5 and 6). This signifies that the 
method can extract residual P as time increases just like plants could take residual P during their growing season. 

As can be seen from Table 6, when soil samples with similar treatments were compared, almost comparable amount of P was 
desorbed with the corresponding desorption time and no statistically significant difference was observed in most cases (α = 0.05). In 
addition, the cumulative desorbed amount of P that was extracted using DMT-HFAMO within 28 days was found to be very low when 
compared to the total P, but it was larger when compared with the available P. This indicates that the physicochemical characteristics 
of the soil samples are nearly similar which influenced desorption of P in the same manner [11]. Small amounts of significant dif-
ference in some of the soil samples with the same treatments (α = 0.05) (Table 6) might be due to differences in the nature of the soil 
[13,14,54]. 

As Fig. 4 (a – d) illustrates no desorption plateau was observed during the extraction time and this indicates desorption can continue 
for a longer period than 28 days or 672 h [9,54,55]. The data fitness test indicated that the values well fitted to the linear regression 
equations and the R2 values indicate meaningful correlations among treatments and the desorbed P. Generally, the degree of 
desorption of P for a given treatments had an order of P0 < P1 < P2 < P3 for all soil samples within 28 days of desorption time and it 
was in agreement with the result of related work [14]. The equilibrium not achieved indicate that desorption was continuous beyond 
28 days [9]. 

3.4. Phosphorous desorption kinetics 

The desorption kinetics of P in the soil sample was investigated by making use of the DMT-HFAMO as the sorbent and it is 
mathematically represented by Equation (1). 

SP →KR Psol →KT PHFAMO (1) 

Where Psol is P in the solution, SP is the solid phase P, kT is the rate constant of P transport through the membrane, PHFAMO is P 
adsorbed by HFAMO, and kR is the rate constant of P released from soil. 

The existence of two pools is presumed and pool A (SPA) is the pool with the fast-release kinetics and pool B (SPB) is the pool with 
the slow-release kinetics. By considering this assumption, the total exchangeable solid phase soil P (SPtotal) at time t = 0 can be 
described using the mass balance equation presented in Equation (2).  

SPtotal (0) = SPA0 + SPB0                                                                                                                                                            (2) 

Table 6 
The comparison of phosphorus desorption between soil samples with the same treatments (n = 3).  

Soil 
Samples 

P Treatments (mg/kg) Cumulative desorbed P (mg/kg) per Days 

1 7 14 21 28 

BD 0 z1.16 ± 0.01c y3.01 ± 0.09c x5.43 ± 0.18c w7.62 ± 0.09d v9.36 ± 0.16c 

KK 0 z1.01 ± 0.0d y3.27 ± 0.10b x5.75 ± 0.09b w7.99 ± 0.10c v9.57 ± 0.09b 

MS 0 z1.32 ± 0.02b y4.07 ± 0.09a x6.23 ± 0.10a w8.74 ± 0.09b v10.80 ± 0.16b 

NE 0 z1.43 ± 0.7a y4.02 ± 0.0a x6.39 ± 0.09a w9.01 ± 0.14a v11.29 ± 0.16a 

LSD (5%)  0.09 0.15 0.23 0.21 0.28 
BD 50 z3.65 ± 0.11b y8.31 ± 0.14b x13.16 ± 0.03b w18.13 ± 0.24b v22.77 ± 0.34b 

KK 50 z4.30 ± 0.09a y9.74 ± 0.41a x14.99 ± 0.26a w20.06 ± 0.03a v24.36 ± 0.22a 

MS 50 z4.15 ± 0.09a y9.56 ± 0.11a x14.52 ± 0.32a w20.02 ± 0.44a v25.36 ± 0.55a 

NE 50 z4.12 ± 0.17a y9.78 ± 0.31a x14.89 ± 0.39a w20.14 ± 0.89a v24.55 ± 0.85a 

LSD (5%)  0.23 0.51 0.54 0.96 1.03 
BD 100 z3.71 ± 0.06b y8.98 ± 0.44b x14.32 ± 0.79c w19.43 ± 0.92b v24.50 ± 0.78b 

KK 100 z4.57 ± 0.12a y10.12 ± 0.12a x15.84 ± 0.37b w21.18 ± 0.77a v25.84 ± 1.11b 

MS 100 z4.62 ± 0.22a y10.55 ± 0.36a x16.08 ± 0.36ab w21.67 ± 0.08a v27.45 ± 0.54a 

NE 100 z4.71 ± 0.14a y10.59 ± 0.14a x16.99 ± 0.53a w22.40 ± 0.67a v27.65 ± 0.46a 

LSD (5%)  0.28 0.56 1.03 1.30 1.45 
BD 150 z4.70 ± 0.08b y10.41 ± 0.9b x16.09 ± 0.39c w21.24 ± 0.31c v26.86 ± 0.79c 

KK 150 z4.90 ± 0.17ab y10.73 ± 0.07b x17.05 ± 0.48b w23.47 ± 0.49b v28.13 ± 0.55b 

MS 150 z5.19 ± 0.25a y11.93 ± 0.49a x18.35 ± 0.71a w24.06 ± 0.44ab v30.10 ± 0.27a 

NE 150 z5.23 ± 0.22a y11.91 ± 0.16a x18.52 ± 0.36a w24.32 ± 0.24a v30.35 ± 0.51a 

LSD (5%)  0.36 0.50 0.94 0.72 1.06 

BD = Boji Dirmaji Soil, KK = Kiltu Kara Soil, MS = Mene Sibu Soil, n = Number of replications. Mean values in rows with different letters z, y, x, w and v are 
significantly different (α = 0.05). Mean values in columns with different letters a, b, c and d are significantly different (α = 0.05). 
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Where SPA0 and SPB0 are the initial amounts of P in pool A and pool B, respectively. The mass balance equation at time t is then 
given by Equation (3).  

SPtotal (t) = SPA(t) + SPB(t)                                                                                                                                                          (3) 

By taking the assumption that the decrease in SPA and SPB follow first-order kinetics, the integrated rate laws for the observed 
decrease can be given by Equation (4).  

SPA(t) = SPA0e–kAt and SPB(t) = SPB0e–kBt                                                                                                                                     (4) 

Where kA and kB are the conditional first-order rate constants (day− 1) for P desorption from pool A and pool B, respectively. 
On the other hand, the total solid phase soil P (SPtotal (t)) remaining at time t is given by Equation (5).  

SPtotal (t) = SPA0 e–kAt + SPB0 e–kBt                                                                                                                                              (5) 

Similarly, the total quantity of P released at time t (PR(t)) is described by Equation (6).  

PR(t) = SPA0 - SPA (t) + SPB0 - SPB (t)                                                                                                                                                 

= SPA0 - SPA0 e–kAt + SPB0 - SPB0 e –kBt, by rearranging this equation:                                                                                                    

= SPA0 (1- e–kAt) + SPB0 (1- e–kBt)                                                                                                                                              (6) 

During the desorption process, it was taken into account that the rate constant of P release from the soil (KR) was equal to the rate 
constant for P transport through the membrane (KT) or the rate constant for the adsorption of P on the DMT-HFAMO, (kA) which was 
obtained from the plot of the natural logarithm (ln) of the P desorbed by the DMT- HFAMO against time by taking the slope as kA. Based 
on this, the phosphorus desorption kinetics of the soil samples were found to follow the first-order model which is described in 
equation (1), where kd which was obtained to be in the range of 0.021–0.028 hr− 1 is the rate constant of P desorption and it was 
comparable with literature reports [1,12] but greater than related similar reports [13,56]. 

As can be seen from Fig. 5, the rates of P-desorption from the soil samples which received different phosphorus treatments had no 
significant variation after 7 days of extraction time. This implies that the desorption proceeds in the same condition since the pore size 
of the membrane is similar to allow the passage of phosphate ions in a similar way except for the different P treatment. Desorption rates 

Fig. 4. Influence of added P on consecutive DMT-HFAMO extractable P over 28 days (a) Boji Dirmaji (b) Kiltu Kara (c) Mene Sibu (d) Nedjo Soil.  
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of the first pool (SPA) declined quickly in the first 14 days and become almost similar after 21 days which is in agreement with a similar 
study [54]. This indicates that the rate is fast and a reasonable amount of the applied P could be extracted over the first 14 days with 
DMT-HFAMO as the extraction is from the fast P-releasing pool. However, after the 14th day, the rate becomes low since the desorption 
could be from the fixed P and our finding agrees with the results of a similar study [14]. 

For the longer DMT-HFAMO extraction period (28th day), the desorption rate was less than 1.2 mg kg− 1day− 1 for all soil samples 
and it decreased for the different P applications (Fig. 5 a – d). The highest phosphate release was noted on the first extraction day with 
P3 (150 mg/kg) treatments for all soil samples. The results are in agreement with similar studies in the literature [57] that reported the 
kinetics of P release from soil can be described as an initial rapid rate followed by a slower rate. Thus, the kinetics study of soil is very 
important in that it can estimate the time frame by which the labile and fixed P could be available for plants in which other approaches 
can’t pertain and the distribution of applied P fertilizer between labile and less labile forms can be determined. The SPA/SPB distri-
bution ratio can also be used to assign soils under cultivation according to plant available P or potential P mobility [54]. 

3.5. Correlation of soil parameters with cumulative desorbed P 

The relationship between the contents of physicochemical properties in the soil with cumulative desorbed phosphorus (CD28P) was 
analyzed by Pearson’s correlation coefficient for each soil with different treatments (Table 7). The correlation coefficient values near 
+1 or − 1 imply a good relationship between the two parameters and a correlation around zero implies no relationship between them at 
a significant level of 0.05 or 0.01 (Table 7). 

A correlation value of r > 0.7 implies the parameters are strongly correlated, whereas r values between 0.5 and 0.7 indicate a 
moderate correlation between two different parameters [58]. When cumulative desorbed P correlated with contents of selected soil 
properties, low P-release was observed compared to total phosphorus, but higher as compared to available P (Table 4). It may be 
attributed due to the high content of Fe and Mn which fix P and low pH [13]. For example the negative significant relationship between 
soil pH (r = - 0.98) and similar manner for Mnd (r = − 1.00**) can reduce P desorption. This could be due to change of soluble 
phosphorus to insoluble magnesium and calcium phosphate results in reducing P availability in relation to the increase in soil pH [59, 
60]. Bulk density of analyzed soil samples were inversely correlated (r = - 0.88) with cumulative desorbed P (CD28BP1) and is in 
agreement with related report [50]. 

Similarly, positive and highly significant correlations (r = 0.93), (r = 0.96) between cumulative desorbed P (CD28P) with PT and 
Pav, respectively, for CD28BP0 and CD28NP0 were observed. In addition, negative significant correlation between CD28P and Mnd (r 
= - 1.00*), between CD28P and Feox (r = - 0.99) and between CD28P and Mnox (r = - 0.94) for KK soil indicate the strong correlation 
between these soil parameters and desorbed P (Table 7). This implies that as the Pav, pH and PT increase in the soils, the amount of 
desorbed soil P increase. Moreover, as the extractable composition of Fe and Mn increases in the soils, the amount of desorbed soil P 
decreases. In short the physicochemical properties of the soil were strongly associated with cumulative desorbed P (CD28P). 

Fig. 5. Desorption rates for the different P treatments over 28 days (a) Boji Dirmaji (b) Kiltu Kara (c) Mene Sibu (d) Nedjo Soil.  

H. Hinsene et al.                                                                                                                                                                                                       



Heliyon10(2024)e27235

12

Table 7 
Correlation between soil properties and cumulative desorbed P with different treatments.  
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BD CD28BP0 − 0.52 0.04 0.84 0.40 0.41 0.62 0.91 0.37 − 0.15 − 0.54 0.58 − 0.72 − 0.45 − 0.89 − 0.99 − 0.96 0.93  
CD28BP1 − 0.15 − 0.67 − 0.31 − 0.89 − 0.90 0.02 − 0.97 − 0.88 − 0.52 0.95 0.08 0.11 − 0.23 0.98 0.85 0.92 − 0.48  
CD28BP2 − 0.90 − 0.99 0.61 − 0.88 − 0.87 0.83 − 0.34 − 0.90 − 0.99a 0.79 0.86 − 0.76 − 0.93 0.38 0.06 0.20 0.50  
CD28BP3 0.42 − 0.15 − 0.78 − 0.50 − 0.51 − 0.53 − 0.95 − 0.47 0.04 0.62 − 0.48 0.64 0.35 0.93 0.99a 0.98 − 0.88 

KK CD28KP0 − 0.45 − 0.77 − 0.77 − 0.61 − 0.60 − 0.23 − 0.98 0.17 − 0.99 − 0.93 − 0.64 − 0.93 − 0.34 − 0.94 0.07 − 0.77 − 0.22  
CD28KP1 − 0.91 − 1.00** − 1.00** − 0.97 − 0.97 − 0.79 − 0.64 − 0.49 − 0.87 − 0.95 − 0.01 − 0.95 − 0.86 − 0.51 0.68 − 1.00** 0.45  
CD28KP2 0.79 0.97 0.97 0.90 0.89 0.64 0.80 0.28 0.96 1.00 0.24 1.00 0.72 0.69 − 0.50 0.97 − 0.23  
CD28KP3 − 0.98 − 0.82 − 0.82 − 0.92 − 0.93 − 1.00a − 0.07 − 0.91 − 0.42 − 0.59 0.57 − 0.59 − 0.99 0.09 0.98 − 0.82 0.89 

MS CD28MP0 − 0.99 0.87 − 0.39 − 0.89 − 0.87 − 0.97 − 0.51 − 1.00 − 0.29 0.99 − 0.51 0.96 0.64 − 0.07 0.98 − 0.61 − 0.68  
CD28 MP1 0.96 − 0.94 0.53 0.80 0.79 0.91 0.64 0.99a 0.13 − 1.00a 0.64 − 0.99 − 0.51 − 0.09 − 0.93 0.73 0.56  
CD28 MP2 − 0.24 0.77 − 1.00a 0.11 0.13 − 0.12 − 0.99 − 0.46 0.79 0.49 − 0.99 0.60 − 0.48 0.90 0.17 − 0.96 0.43  
CD28 MP3 − 0.38 − 0.25 0.80 − 0.67 − 0.69 − 0.49 0.70 − 0.15 − 0.99a 0.11 0.70 − 0.01 0.90 − 0.98 0.44 0.62 − 0.88 

NE CD28NP0 0.23 0.97 − 0.29 − 0.65 − 0.66 0.96 − 1.00** − 0.29 0.91 − 0.23 − 0.84 − 0.04 − 0.96 0.68 0.01 0.53 0.67  
CD28 NP1 − 0.74 0.67 − 0.98 − 0.98 − 0.98 0.21 − 0.47 − 0.98 0.80 0.74 0.07 0.85 − 0.21 0.97 − 0.87 0.99a 0.34  
CD28 NP2 − 0.99 0.14 − 0.93 − 0.69 − 0.68 − 0.38 0.11 − 0.93 0.32 0.99 0.62 0.99a 0.38 0.66 − 1.00 0.79 − 0.81  
CD28 NP3 − 0.69 0.73 − 0.96 − 0.99 − 0.99 0.29 − 0.54 − 0.96 0.85 0.69 − 0.01 0.81 − 0.29 0.99 − 0.83 1.00a 0.27  

a Correlation is significant at the 0.05 level (2-tailed) and ** = Correlation is significant at the 0.01 level (2-tailed), Corre = Correlation and CD28P = Cumulative desorbed P for each treatments (P0 (0 mg/kg), P1 
(50 mg/kg), P2 (100 mg/kg) and P3 (150 mg/kg)). 
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4. Conclusion 

The knowledge regarding the soil P fixing capacity of soil is very important for effective fertilizer application. In view of this, 
magnetic Fe3O4/Al2O3/MnO2 mixed oxide ternary nanocomposite was successfully synthesized by co-precipitation method and used 
for phosphate desorption study. The as-synthesized nanocomposite was characterized by different analytical methods and the one with 
a crystalline size of 22.75 nm and surface area of 203.69 ± 1.34 m2/g was selected and used to conduct the desorption study by filing it 
in dialysis membrane tubes. As observed from the results, the selected ternary nanocomposite was found to exhibit high sorption 
capacity and faster desorption rate as compared to a single system as well as other ternary mixed oxide nanocomposites in which we 
have previously synthesized for the same purpose on similar soil. The highest cumulative desorption was obtained from P3 treatment 
for all soil samples BD (4.70–26.86), KK (4.90–28.13), MS (5.19–30.10) and NE(5.23–30.35 mg/kg) over 1–28 days treatment time 
and lower at P0 treatment for all soil samples. Therefore, the Fe3O4/Al2O3/MnO2 mixed oxide ternary nanocomposite-filled dialysis 
membrane tube can be taken as a promising analytical method for measuring fixed-P availability by simulating it as a plant does with 
high P-desorption efficiency and rapid P-release capacity from acidic soil which is vital advantage for fertilizer recommendation for 
agricultural activity. 
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