
Vol.:(0123456789)1 3

Journal of Soil Science and Plant Nutrition (2023) 23:1589–1598 
https://doi.org/10.1007/s42729-023-01199-2

ORIGINAL PAPER

Chemical Properties of Some Alkaline Sandy Soils and Their Effects 
on Phosphorus Dynamics with Bone Char Application as a Renewable 
Resource of Phosphate Fertilizer

Abu El‑Eyuoon Abu Zied Amin1 

Received: 28 April 2022 / Accepted: 28 February 2023 / Published online: 10 March 2023 
© The Author(s) 2023

Abstract
Several chemical properties of alkaline soils play an important role in dissolving phosphate minerals, which greatly affect 
the phosphorous availability to plants. The current study was carried out to assess bone char application on the availability 
and distribution of phosphorus in some alkaline sandy soils. This incubation experiment was performed by selecting some 
alkaline soils from different locations in Upper Egypt: Arab El-Awamer (Assiut Governorate), West El-Minia (El-Minia 
governorate), and New Valley Governorate. Bone char was applied at a dose of 4 g  kg−1 soil. The incubation periods lasted 
for 7, 16, 35, 65, and 84 days. Phosphorus availability in Arab El-Awamer soil increased significantly with applying bone 
char and was greatly influenced by soil chemical properties and incubation periods. Bone char addition caused a relative 
increase of available phosphorous in the sequence as follows: Arab El-Awamer soil ˃ New Valley soil ˃ West El-Minia soil. 
Available phosphorous showed a negative correlation with electrical conductivity, soluble calcium, and soluble sulfate. 
A significant increase of  NH4Cl-Pi,  NaHCO3-Pi, NaOH-Pi, HCl-Pi, and residual P fractions occurred in some soils with 
bone char application. Phosphorus fractions distribution in all soils followed: HCl-P ˃ residual P ˃  NaHCO3-P ˃ NaOH-P ˃ 
 NH4Cl-P. The correlation between phosphorus availability and phosphorus fractions was positive. Our results focus on the 
importance of using bone char as an amendment in P-poor alkaline soils for improving phosphorus availability. So, bone 
char is an effective technique for sustainable agriculture because it is a clean and renewable resource of phosphate fertilizers.
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1 Introduction

The Russia–Ukraine war led to an unprecedented rise in the 
prices of all fertilizers, especially phosphate fertilizers (The 
Fertilizer Institute 2022). Moreover, rising global fertilizer 
prices have exacerbated concerns about food security in 
Africa (Gitau 2022). So, it is necessary to find alternatives 
for these fertilizers. To face the steadily increasing global 
demand for food, finding renewable resources to substitute 
chemical phosphate fertilizer became an urgent need (Amin 
2023; Cordell et al. 2009). The essential source of chemical 
phosphate fertilizer is rock phosphate, which is non-renewa-
ble and will probably deplete in 50–100 years (Cordell et al. 

2009). Excessive application of chemical phosphate fertiliz-
ers, as a result of the increasing demand for food, increased 
pollution with toxic and radioactive elements in the soil and 
the environment, which is a cause of the deterioration of the 
ecosystem (Attallah et al. 2019; Khan et al. 2018).

Generally, natural resources must be managed sustainably 
while minimizing the use of non-renewable energy sources. 
These measures must be of economic, environmental, and 
social return (Sarkar et al. 2020). Recycling slaughterhouse 
waste, especially bone, and converting it into bone char, is 
one of the processes used to preserve soil fertility, particu-
larly phosphorus. Bone char is considered to be a clean and 
renewable alternative to chemical phosphate fertilizers as well 
as helps to protect society and the environment by disposing 
of waste in a safe manner (Amin 2020; Glæsner et al. 2019). 
Bone char was a highly efficient phosphate fertilizer from dried 
bones, possibly attributable to mineralogical changes during 
the pyrolysis process (Glæsner et al. 2019). Furthermore, bone 
char contains negligible amounts of toxic elements as well as 
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it is free of radionuclides and organic contaminants such as 
pharmaceuticals (Siebers and Leinweber 2013; Zimmer et al. 
2019). The bone contains calcium phosphate classified as bio-
genic crystalline apatite which can be differentiated from geo-
logical apatite—exists in rock phosphates—by its small crystal 
size, high carbonate substitution, substantial OH deficiency, 
vacancies in the lattice, and the resultant increased solubility. 
All these factors cause high solubility of the biological apatite 
(Boskey 2007; Wopenka and Pasteris 2005). Several studies 
observed that the amount of available phosphorus in soils with 
bone char application was higher than the phosphate rock 
(Warren et al. 2009; Vassilev et al. 2013). Phosphorus release 
from bone char into the soil is affected greatly by the chemical 
properties of the soil (Amin 2021; Warren et al. 2009).

Phosphorus status in the soil is strongly affected by many 
important mechanisms which are dissolution, leaching, sorp-
tion, desorption, mineralization, immobilization, and precipita-
tion (Zhu et al. 2018). It is worth noting that the phosphorous 
availability in alkaline soil is highly influenced by several fac-
tors such as soil texture (Jalali and Jalali 2016; Pizzeghello et al. 
2011), calcium carbonate content (Leytem and Mikkelsen 2005), 
soil salinity (Bai et al. 2017), soil pH, soluble cations (sodium, 
calcium, and magnesium), soluble anions (chloride, nitrate, and 
sulfate), and total phosphorus (Li et al. 2019). One of the hypoth-
eses of this study was the significant effect of the chemical prop-
erties of the soils on the release of phosphorus from bone char. 
Most previous studies of bone char were performed in acid soils. 
However, the current study presents important insights into the 
application of bone char on the availability and distribution of 
phosphorus in three agricultural alkaline sandy soils.

2  Materials and Methods

2.1  Soil Collection and Analyses

Three alkaline agricultural soils in Upper Egypt which 
are widely differing in chemical properties were collected 
from the surface layer (0–20 cm) of Arab El-Awamer at 
Assiut Governorate, West El-Minia at El-Minia gGver-
norate, and New Valley Governorate. Soil samples were 
air-dried, ground to pass through a 2-mm sieve, and kept 
for incubation experiment. These soils are classified as 
Entisols: Typic Torripsamments (US Soil Taxonomy). 
The physicochemical properties of the soils under study 
are presented in Table  1. The bone char used in this 
experiment was produced at 650 °C for 2 h. Some chemi-
cal characteristics of the bone char are given in Table 2 
cited by Amin (2020). One hundred grams were taken 
from the soil under study and put in an airtight plastic jar 
(330 ml) as well as 0.4 g of bone char was added to each 
jar and mixed thoroughly with the soil. All treatments 
were moistened until field capacity by distilled water, 
arranged in a completely randomized design with three 
replicates, and incubated at 23 °C in the dark for periods 
of 7, 16, 35, 65, and 84 days. The jars are opened now 
and then to maintain the aerobic conditions and moisture 
content of the soil at field capacity by weighing the jars 
and adding distilled water equivalent to the loss of the 
water. At the end of each incubation period, soil samples 
were taken, air-dried, and crushed to be used for chemi-
cal analysis. This experiment and all soil analyses were 

Table 1  Some physical and 
chemical properties of the soils 
used in this experiment. All 
data were reported as means ± 
standard deviation (n = 3)

OM organic matter; CaCO3 calcium carbonate; EC electrical conductivity; Ca calcium; Mg magnesium; 
Na sodium; HCO3 bicarbonate; Cl chloride; SO4 sulfate; Olsen P available phosphorus

Property Unit Arab El-Awamer West El-Minia New Valley

Sand g  kg−1 soil 932.0±00 938.0±2.83 962.0±2.83
Silt g  kg−1 soil 32.0±00 28.0±5.66 12.0±0.00
Clay g  kg−1 soil 36.0±00 34.0±2.83 26.0±2.83
Texture Sand Sand Sand
OM g  kg−1 soil 6.92±0.07 2.14±0.62 1.51±0.44
CaCO3 g  kg−1 soil 326.67±1.45 123.56±1.45 46.39±2.18
pH 8.33±0.01 8.06±0.01 8.13±0.01
EC dS  m−1 0.22±0.03 12.73±0.04 1.11±0.02
Soluble Ca mmol  kg−1 soil 2.63±0.13 61.88±0.00 8.50±0.25
Soluble Mg mmol  kg−1 soil 0.11±0.00 17.98±0.30 1.00±0.25
Soluble Na mmol  kg−1 soil 1.38±0.01 213.10±0.82 7.27±0.20
Soluble  HCO3 mmol  kg−1 soil 5.91±0.08 3.15±0.00 2.68±0.16
Soluble Cl mmol  kg−1 soil 1.57±0.14 280.73±1.42 4.42±0.14
Soluble  SO4 mmol  kg−1 soil 0.14±0.02 49.44±1.49 10.83±0.8
Olsen P mg  kg−1 soil 4.48±0.13 4.96±0.16 4.24±0.02
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conducted in the Soil Chemistry Laboratory, Soils and 
Water Department, Faculty of Agriculture, Assiut Uni-
versity, Assiut, Egypt.

2.2  Soil Chemical Analysis

The soil pH was measured in distilled water suspension (1:1) 
via a glass electrode. Electrical conductivity (EC) was meas-
ured in the soil extracts at 1:2.5 (soil-to-water ratio) using an 
electrical conductivity meter. Soluble Ca and Mg in the soil 
extracts were determined by titration using  Na2EDTA solution 
(disodium ethylene diamine tetra-acetic acid); soluble Na was 
measured by flame photometry method. Soluble bicarbonate 
 (HCO3)+carbonate  (CO3) was titrimetrically determined using 
HCl acid, soluble sulfate was estimated by the turbidimetry 
method using barium chloride (Baruah and Barthakur 1997), 
and soluble chloride was determined using silver nitrate solu-
tion (Jackson 1973). The available phosphorus (Olsen P) in soil 
samples was extracted by 0.5 M  NaHCO3 at pH 8.5 according 
to Olsen et al. (1954). This method is preferred in alkaline soils 
because the bicarbonate solution leads to a decrease in the activ-
ity of calcium ions in the solution by precipitation of the calcium 
carbonate, which in turn causes an increase in the concentra-
tion of phosphate ions as a result of the dissolution of calcium 
phosphate (Sarkar and Haldar 2005). Sequential fractionation 
of inorganic phosphorus in soil samples has followed the pro-
cedure described by Hedley et al. (1982) and modified by Chen 
et al. (2000), where 2.50 g of the soil was placed in a centrifuge 
tube of 100 mL for the sequential fractionation. Then, the soil 
sample in each tube was extracted with 50 ml of 1 M  NH4Cl 
which represents  NH4Cl-Pi. The remained soil from the previ-
ous step was extracted with 50 ml of 0.5 M  NaHCO3 at pH 8.5 
which represents  NaHCO3-Pi. Soil residue from the previous 
step was extracted by 0.1 M NaOH which represents NaOH-Pi. 
Soil remaining from the previous step was extracted by 1 M HCl 
which represents HCl-Pi; all four previous fractions were shaken 
for 16 h and then centrifuged for 7 min (4000 rpm). The soil 
residue from the last fraction was digested with concentrated 

 H2SO4,  HNO3, and  HClO4; this extract represents the resid-
ual P. Phosphorus in the extracts was measured by colori-
metric analysis using chlorostannous phosphomolybdic acid 
method in the sulfuric acid system (Jackson 1973).

2.3  Statistical Analysis

The data obtained from this experiment were analyzed using 
two-way ANOVA and conducted by the MSTAT-C program 
(version 2.10). The differences between the treatments were 
analyzed based on Tukey’s honestly significant difference 
test (Tukey’s HSD) using the MSTAT-C program. The sim-
ple linear correlation analyses were carried out using SPSS 
16.0.

3  Results

3.1  Properties of Soils Before Incubation

The studied soils are characterized by sandy texture, and the 
sand content in all soils is higher than 90 %. Chemical proper-
ties are widely varied in the soils under study (Table 1). These 
soils were identified as alkaline; their pH was 8.33, 8.06, and 
8.13 in Arab El-Awamer, West El-Minia, and New Valley, 
respectively (Table 1). The electrical conductivity (EC) values 
in the studied soils were 0.22 (Arab El-Awamer), 12.73 (West 
El-Minia), and 1.11 dS  m−1 (New Valley). All soils had a very 
low content of organic matter, which represents 5.33, 1.65, and 
1.16 g  kg−1 for Arab El-Awamer, West El-Minia, and New Val-
ley, respectively. Calcium carbonate content in soils was Arab 
El-Awamer (326.67 g  kg−1) ˃  West El-Minia (123.56 g  kg−1) ˃  
New Valley (46.39 g  kg−1). Soluble calcium concentration in 
the soil extracts was positively correlated with EC. The soluble 
calcium was ordered as follows: West El-Minia (61.88 mmol 
 kg−1) ˃  New Valley (8.50 mmol  kg−1) ˃  Arab El-Awamer (2.63 
mmol  kg−1). The results showed that the concentrations of 
soluble cations and anions in the studied soils were in the order 
West El-Minia ˃ New Valley ˃ Arab El-Awamer (Table 1).

3.2  Soil Chemical Properties After Incubation

Overall, these soils differed in pH values significantly. The 
soil pH values significantly decreased with incubation periods 
increases in West El-Minia and New Valley soils, while the soil 
pH in Arab El-Awamer decreased non-significantly (Table 3). 
The soil pH in West El-Minia reduced from 8.06 (before incu-
bation) to 7.97 (at day 84), and in New Valley, it declined from 
8.13 before incubation to 7.99 at the end of the 84-day incuba-
tion. There are highly significant differences in the electrical 
conductivity, soluble cations, and soluble anions between 
these soils. Compared to the initial soil before the incuba-
tion, the soluble calcium in West El-Minia and New Valley 

Table 2  Some chemical characteristics of the bone char (Amin, 
2020). All data were reported as means ± standard deviation (n = 3)

EC electrical conductivity; Ca calcium; P phosphorus; Olsen P avail-
able phosphorus

Soil property Unit Value ± SD

pH (1:10) 8.25 ± 0.01
EC (1:5) dS  m−1 3.12 ± 0.007
Soluble Ca (1:5) mg  kg−1 101.67 ± 3.51
Soluble P (1:5) mg  kg−1 4.72 ± 0.01
Olsen P mg  kg−1 1552.42 ± 33.8
Total P g  kg−1 140.78 ± 0.05
Total Ca g  kg−1 288.45 ± 2.66
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soil decreased with increasing incubation periods. While the 
soluble calcium in Arab El-Awamer soil at (7, 15, and 35 
days) decreased and increased at 65 and 84 days compared 
to the initial soil before the incubation (Table 3).

3.3  Phosphorus Availability

Bone char applications to the soils resulted in a significantly 
positive availability of phosphorus affected by the soil type 
and incubation periods in Arab El-Awamer soil. The applica-
tion of bone char increased the phosphorus availability in all 
soils (Table 4). However, the increase in available phospho-
rus for West El-Minia and New Valley was non-significant 
compared with the initial soil before the start of the incuba-
tion experiment. The application of bone char to Arab El-
Awamer soil increased the available phosphorus from 4.47 
for unamended soil to 6.96 (representing 55.6 % increase), 
8.11 (representing 81.5 % increase), 7.37 (representing 64.8 
% increase), 7.54 (representing 68.8 % increase), and 7.57 
mg  kg−1 soil (representing 69.4 % increase) after 7, 16, 
35, 65, and 85 days of incubation, respectively. The results 
revealed that the highest concentration of phosphorus avail-
ability was observed during the 16 days of the incubation. In 
West El-Minia soil, the application of bone char increased 
the available phosphorus from 4.96 for unamended soil to 

5.54 (representing an 11.7 % increase), 4.99 (representing 
a 0.6 % increase), 5.24 (representing a 7.5 % increase), and 
5.27 mg  kg−1 soil (representing 6.3 % increase) after 16, 35, 
65, and 85 days of incubation, respectively. No significant 
difference in phosphorus availability was observed after the 
7 days of incubation in the soil treated by bone char. In the 
New Valley soil, bone char increased the concentrations of 
phosphorus availability from 4.24 for unamended soil to 
4.96 (representing a 17.0 % increase), 4.71 (representing 
an 11.0 % increase), 4.41 (representing a 4.1 % increase), 
4.61 (representing 8.7 % increase), and 4.73 mg  kg−1 soil 
(representing 11.6 % increase) after 7, 16, 35, 65, and 85 
days of incubation, respectively. The highest concentration 
of phosphorus availability in New Valley soil was observed 
at the 7 days of the incubation. The percentage of increase 
in available phosphorous after adding bone char compared 
to before incubation was as follows: Arab El-Awamer soil 
˃New Valley soil ˃West El-Minia soil (Table 4).

3.4  Inorganic Phosphorus Fractions

The concentrations of  NH4Cl-Pi fraction varied significantly 
in all soil types. The application of bone char resulted in sig-
nificant increases in  NH4Cl-Pi fraction in Arab El-Awamer 
and New Valley soils compared to the initial soil before 

Table 3  Effects of soil type and incubation periods on some soil chemical properties under bone char applications. All data were reported as 
means ± standard deviation (n = 3)

B before incubation; EC electrical conductivity; Ca calcium; Cl chloride; SO4 sulfate. Different letters within the same column indicate that the 
mean significantly differs according to Tukey’s honestly significant difference test (Tukey’s HSD) at P < 0.01

Soil type Incubation 
periods (day)

Soil chemical properties

pH EC (dS  m−1) Soluble Ca 
(mmol  kg−1 
soil)

Soluble Cl (mmol  kg−1 soil) Soluble  SO4 
(mmol  kg−1 
soil)

Arab El-Awamer soil B 8.33±0.01 a 0.22±0.03 d 2.63±0.13 d 1.57±0.14 d 0.14±0.02 c
7 8.33±0.02 a 0.24±0.01 d 2.13±0.13 d 1.90±0.16 d 0.13±0.02 c
16 8.33±0.01 a 0.26±0.01 d 2.13±0.13 d 1.90±0.16 d 0.09±0.01 c
35 8.35±0.02 a 0.30±0.01 d 2.42±0.14 d 2.00±0.29 d 0.08±0.01 c
65 8.31±0.02 a 0.35±0.00 d 2.92±0.14 d 1.85±0.14 d 0.02±0.01 c
84 8.30±0.01 a 0.38±0.02 d 3.13±0.38 d 1.95±0.08 d 0.07±0.01 c

West El-Minia soil B 8.06±0.01 cd 12.73±0.04 a 61.88±0.00 a 280.73±1.42 ab 49.44±1.49 a
7 7.99±0.01 e 12.74±0.04 a 61.46±0.36 a 279.30±2.85 ab 52.28±0.73 a
16 7.99±0.01 e 12.39±0.11 b 61.04±0.36 a 267.90±4.94 c 50.54±1.24 a
35 7.98±0.02 e 12.56±0.23 ab 60.83±0.72 a 282.15±2.85 a 50.41±1.82 a
65 7.98±0.01 e 12.69±0.07 a 61.05±0.72 a 275.03±1.42 b 48.44±0.68 a
84 7.97±0.01 e 12.62±0.16 ab 61.04±0.36 a 276.45±2.85 ab 52.10±3.42 a

New Valley soil B 8.13±0.01 b 1.11±0.02 c 8.50±0.25 b 4.42±0.14 d 10.83±0.48 b
7 8.16±0.02 b 1.06±0.04 c 7.58±0.29 bc 4.85±0.29 d 11.50±0.40 b
16 8.16±0.02 b 1.09±0.03 c 7.88±0.12 bc 4.94±0.16 d 13.03±0.31 b
35 8.11±0.02 bc 1.03±0.02 c 6.83±0.14 c 4.66±0.16 d 11.63±0.89 b
65 8.02±0.01 de 1.12±0.05 c 7.63±0.13 bc 5.04±0.16 d 13.21±0.00 b
84 7.99±0.02 e 1.10±0.03 c 7.75±0.25 bc 5.04±0.16 d 12.30±0.23 b
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the incubation (unamended soil). The bone char applica-
tion caused significant decreases in  NH4Cl-Pi fraction in 
West El-Minia soil compared to the initial soil before the 
incubation (unamended soil). In Arab El-Awamer soil, the 
bone char addition improved  NH4Cl-Pi fraction from 6.10 
mg  kg−1 soil at initial soil before the incubation to 6.120, 
6.70, and 6.91 mg  kg−1 soil at 35, 65, and 84 days of incu-
bation time, respectively. The amended New Valley soil 
with bone char enhanced  NH4Cl-Pi fraction concentration 
from 3.530 mg  kg−1 soil for initial soil before the incuba-
tion (unamended soil) to 4.75, 4.92, 4.81, 4.34, and 4.77 
mg  kg−1 soil at 7, 16, 35, 65, and 84 days of incubation 
time, respectively. Bone char additions to West El-Minia 
soil caused an increase in the  NH4Cl-Pi fraction from 4.59 
mg  kg−1 soil (unamended soil) to 4.10, 4.08, 3.90, 3.89, and 
4.03 mg  kg−1 soil at 7, 16, 35, 65, and 84 days of incubation 
time, respectively (Table 4).

The content of the  NaHCO3-Pi fraction differed signifi-
cantly in all soils under study. The  NaHCO3-Pi fraction was 
significantly affected by the bone char applications in all 
studied soils compared to the initial soil before the incuba-
tion (unamended soil). In Arab El-Awamer soil, the appli-
cation of bone char increased  NaHCO3-Pi fraction from 
15.25 mg  kg−1 soil in the initial soil before the incubation 
to 28.35, 31.42, 28.26, 28.25, and 27.17 mg  kg−1 soil at 7, 
16, 35, 65, and 84 days of incubation time, respectively. 

The results indicated that the highest concentration of 
 NaHCO3-Pi fraction was observed at 16 days of incubation 
and then tended to reduce with the incubation period. In 
West El-Minia soil, the amended soil with bone char leads 
to increasing  NaHCO3-Pi fraction from 11.55 mg  kg−1 soil 
at initial soil before the incubation to 25.51, 23.91, 24.91, 
25.54, and 24.91 mg  kg−1 soil at 7, 16, 35, 65, and 84 days 
of incubation time, respectively. The effect of incubation 
periods on  NaHCO3-Pi fraction was non-significant. In 
New Valley soil, bone char addition increased  NaHCO3-Pi 
fraction from 9.12 mg  kg−1 soil for the soil without bone 
char to 26.27, 26.41, 26.69, 27.89, and 25.89 mg  kg−1 soil 
at 7, 16, 35, 65, and 84 days of incubation time, respec-
tively. The effect of incubation periods on  NaHCO3-Pi frac-
tion was non-significant (Table 4).

The application of bone char to Arab El-Awamer soil 
caused significant increases in the concentration of NaOH-
Pi fraction. Applying bone char to Arab El-Awamer soil 
increased NaOH-Pi fraction from 9.13 mg  kg−1 soil (una-
mended soil) to 9.77, 9.26, 12.10, 9.34, and 9.84 mg  kg−1 
soil at 7, 16, 35, 65, and 84 days of incubation time, respec-
tively. The highest content of NaOH-Pi fraction was found 
at day 35; after that, it tended to decline with incubation 
time. Adding bone char to West El-Minia and New Valley 
soils had no significant effect on the content of the NaOH-
Pi fraction (Table 4).

Table 4  Effects of soil type and incubation periods on available (Olsen P) and fractions of phosphorus under bone char applications. All data 
were reported as means ± standard deviation (n = 3)

B before incubation; Pi inorganic phosphorus. Different letters within the same column indicate that the mean significantly differs according to 
Tukey’s honestly significant difference test (Tukey’s HSD) at P < 0.01

Soil type Incubation 
periods (day)

Olsen P (mg  kg−1) Phosphorus fractions (mg  kg−1)

NH4Cl-Pi NaHCO3-Pi NaOH-Pi HCl-Pi Residual P

Arab
El-Awamer soil

B 4.47±0.13 d 6.10±0.23 b 15.25±0.00 f 9.13±0.26 bcd 237.36±9.36 d 33.74±0.55 b
7 6.96±0.44 b 5.91±0.13 b 28.35±0.26 b 9.77±0.12 b 752.32±16.07 a 73.16±9.57 a
16 8.11±0.29 a 6.06±0.12 b 31.41±0.59 a 9.26±0.12 bcd 745.26±36.07 a 75.16±5.03 a
35 7.37±0.40 ab 6.12±0.02 b 28.26±0.79 b 12.10±0.74 a 753.95±17.71 a 61.08±13.70 a
65 7.54±0.31 ab 6.70±0.24 a 28.25±0.68 b 9.34±0.37 bc 760.52±24.33 a 62.23±12.59 a
84 7.57±0.23 ab 6.91±0.20 a 27.16±0.51 bcd 9.84±0.34 b 754.46±40.26 a 68.21±2.80 a

West
El-Minia soil

B 4.96±0.16 cd 4.59±0.04 cd 11.55±0.24 g 8.09±0.09 cd 58.53±1.53 f 12.15±2.97 c
7 4.88±0.16 cd 4.10±0.05 e 25.51±0.86 cde 7.79±0.07 d 584.78±10.11 c 39.62±1.99 b
16 5.54±0.37 c 4.08±0.07 e 23.91±0.59 e 8.75±0.78 bcd 583.37±13.04 c 37.59±3.34 b
35 4.99±0.32 cd 3.90±0.04 ef 24.91±0.84 de 8.10±0.62 cd 584.78±10.11 c 38.41±3.47 b
65 5.24±0.31 cd 3.89±0.07 ef 25.54±0.97 cde 8.07±0.36 cd 582.30±14.10 c 37.84±3.97 b
84 5.27±0.12 cd 4.03±0.14 e 24.91±0.92 de 8.06±0.37cd 580.17±16.21 c 37.07±4.32 b

New Valley soil B 4.24±0.02 d 3.53±0.17 f 9.12±0.17 g 9.17±0.02 bcd 163.15±21.84 e 30.95±1.59 bc
7 4.96±0.16 cd 4.75±0.04 cd 26.27±0.49 bcde 9.30±0.68 bc 660.21±7.17 b 77.42±4.23 a
16 4.71±0.23 cd 4.92±0.16 c 26.41±0.89 bcde 8.75±0.44 bcd 666.66±23.58 b 72.77±3.68 a
35 4.41±0.28 d 4.81±0.09 cd 26.69±1.45 bcd 8.66±0.28 bcd 662.61±8.28 b 75.06±10.24 a
65 4.61±0.30 cd 4.34±0.20 de 27.89±0.62 bc 10.03±0.35 b 668.46±15.98 b 69.68±5.00 a
84 4.73±0.52 cd 4.77±0.10 cd 25.89±0.94  bcde 9.54±0.34 bc 663.68±18.42 b 72.39±6.62 a
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The three soils differ significantly in the HCl-Pi fraction. 
The application of bone char in all types of soils led to a 
highly significant increase in HCl-Pi fraction compared to 
the initial soil before the incubation (unamended soil). The 
content of the HCl-Pi fraction was higher in Arab El-Awamer 
soil than in New Valley and West El-Minia soils. Incubation 
periods did not significantly affect the HCl-Pi fraction in 
all soils. Application of bone char to Arab El-Awamer soil 
increased HCl-Pi fraction from 237.4 mg  kg−1 soil for the 
initial soil before the incubation (unamended soil) to 752.3, 
745.3, 754.0, 760.5, and 754.5 mg  kg−1 soil at 7, 16, 35, 65, 
and 84 days of incubation time, respectively. The HCl-Pi frac-
tion in West El-Minia soil increased with applying bone char 
from 58.53 mg  kg−1 soil for unamended soil before incubation 
to 584.8, 583.4, 584.8, 582.3, and 580.2 mg  kg−1 soil at 7, 
16, 35, 65, and 84 days of incubation time, respectively. The 
addition of bone char to the New Valley soil increased HCl-Pi 
fraction concentration from 163.1 mg  kg−1 soil (unamended 
soil) to 660.2, 666.7, 662.6, 668.5, and 663.7 mg  kg−1 soil at 
7, 16, 35, 65, and 84 days of incubation time, respectively. The 
soils under study were characterized by the majority of P that 
mainly exists as the HCl-Pi fraction (Table 4).

The residual P varied greatly between all soil types. Bone 
char additions to soils under study increased significantly the 
residual P compared to unamended soil. The concentrations of 
residual P in Arab El-Awamer soil increased from 33.74 mg 
 kg−1 soil at the initial soil before the incubation (unamended 
soil) to 73.16, 75.16, 61.08, 62.23, and 68.21 mg  kg−1 soil at 
7, 16, 35, 65, and 84 days of incubation time, respectively. The 
concentrations of residual P in West El-Minia soil increased 
with bone char applications from 12.15 mg  kg−1 soil (ini-
tial soil before the incubation or unamended soil) to 39.62, 
37.59, 38.41, 37.84, and 37.07 mg  kg−1 soil at 7, 16, 35, 65, 
and 84 days of incubation time, respectively. The addition of 
bone char to the New Valley soil increased residual P concen-
trations from 30.95 mg  kg−1 soil (unamended soil) to 77.42, 

72.77, 75.06, 69.68, and 72.39 mg  kg−1 soil at 7, 16, 35, 65, 
and 84 days of incubation time, respectively (Table 4). The 
relative distribution of phosphorus fractions followed the order 
of HCl-P ˃ residual P ˃  NaHCO3-P ˃ NaOH-P ˃  NH4Cl-P.

3.5  Correlations Between Olsen P and Phosphorus 
Fractions with Soil Properties

The correlation coefficients between Olsen P and phosphorus 
fractions with soil properties are outlined in Table 5. Olsen P 
was positively correlated with soil pH (r=0.663**). Olsen P 
was negatively correlated with EC (r=−0.288*), soluble Ca 
(r=−0.306*), and soluble sulfate (r=−0.413*). The concen-
trations of Olsen P in all soils under study were positively 
correlated with  NH4Cl-Pi fraction (r=0.738**),  NaHCO3-Pi 
fraction (r=0.520**), NaOH-Pi fraction (r=0.456**), HCl-Pi 
fraction (r=0.547**), and residual P (r=0.339*).

4  Discussion

Alkaline soils are characterized by a pH greater than 7, and 
they are greatly predominated by alkali  (Na+ and  K+) and 
alkaline-earth cations  (Ca2+ and  Mg2+) in high concentrations 
(Brady 1984; Tan 2011). Often, alkaline soils prevail in semi-
arid and arid regions, as they represent more than 25% of the 
world’s land. These soils usually have well drainage and poros-
ity as well as contain high concentrations of calcium carbonate 
(López-Bucio et al. 2000). Dissolved calcium is present in the 
soil solution in alkaline soils in high concentrations, which 
reduces the phosphorous solubility due to the formation of 
insoluble calcium phosphate compounds (López-Bucio et al. 
2000; Robinson and Syers 1991). The physical and chemi-
cal properties of soils are directly affected by the mineralogy 
and texture of soils. The concentration of calcium in the soils 
depends on the pH, CEC, soil type, and mineral composition 

Table 5  The bivariate correlation test between soil chemical properties with available phosphorus (Olsen P) and phosphorus fractions

EC electrical conductivity; Ca calcium; Cl chloride; SO4 sulfate; Pi inorganic phosphorus; Res.-P residual phosphorus
**Correlation is significant at P ≤ 0.01; *correlation is significant at P ≤ 0.05

pH EC Soluble Ca Soluble Cl Soluble  SO4 Olsen P NH4Cl-Pi NaHCO3-Pi NaOH-Pi HCl-Pi

EC −0.738** 1
Soluble Ca −0.750** 1.000** 1
Soluble Cl −0.707** 0.999** 0.997** 1
Soluble  SO4 −0.834** 0.984** 0.987** 0.974** 1
Olsen P 0.663** −0.288* −0.306* −0.254 −0.413** 1
NH4Cl-Pi 0.881** −0.638** −0.653** −0.605** −0.740** 0.738** 1
NaHCO3-Pi 0.155 −0.201 −0.213 −0.193 −0.210 0.520** 0.350** 1
NaOH-Pi 0.597** −0.661** −0.666** −0.650** −.688** 0.456** 0.545** 0.267 1
HCl-Pi 0.217 −0.306* −.317* −0.301* −0.312* 0.547** 0.391** 0.963** 0.361** 1
Res.-P 0.388** −0.699** −.702** −0.705** −0.658** 0.339* 0.455** 0.729** 0.474** 0.773**
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of the soil (Flis 2019; Haby et al. 1990). Phosphorus avail-
ability in the soil is highly affected by many factors which 
are soil mineralogy, soluble and exchangeable calcium, and 
not just soil pH (Cho 1991; Penn and Camberato 2019). 
The concentration of available phosphorus in many differ-
ent soils amended with bone char was high compared to the 
rock phosphate (Warren et al. 2009; Vassilev et al. 2013). 
Many researchers found that bone char application to the 
soil enhanced the phosphorus released with incubation time, 
and then a state of equilibrium occurs between calcium and 
phosphorus in the soil solution, which leads to a decrease in 
the phosphorous release as well as the formation of insolu-
ble calcium phosphate compounds (Amin 2021, 2023; Mor-
shedizad et al. 2018). Releasing phosphorus from bone char 
in some soils highly relies on the ionic composition of the 
soil solution, organic matter content, and mineralogical com-
position of the soils (Biswas et al. 2021). Soluble calcium in 
soil solution is one of the most important factors that affect 
phosphorus availability in soils. Increasing the concentra-
tions of soluble calcium and phosphorous in the soil solu-
tion leads to the formation of insoluble calcium phosphate 
compounds, which depend mainly on calcium sources in 
the soil such as soluble and exchangeable calcium as well 
as calcium-bearing minerals (Cho 1991; Penn and Cam-
berato 2019). Furthermore, increased calcium activity and 
pH encourage the formation of insoluble calcium phosphate 
compounds (Pizzeghello et al. 2014). At the same pH, the 
formation of insoluble calcium phosphate is affected greatly 
by the calcium/phosphate molar ratios (Mekmene et al. 
2009). Therefore, the dissolving of phosphorus from bone 
char in several soils is highly influenced by the concentra-
tions of  H+,  Ca2+, and  H2PO4

− in the soil solution (Warren 
et al. 2009). Recently, using slow-release phosphate fertiliz-
ers is one of the mechanisms to enhance phosphorous avail-
ability for plants which is more favorable than using soluble 
phosphate fertilizers in alkaline soils because of increasing 
phosphorus in soil solution resulting in forming insoluble 
calcium phosphate (Hopkins and Ellsworth 2005). Conse-
quently, bone char can be used as a slow-release fertilizer.

The fractions of phosphorus in soils are classified into 
four categories: labile P includes  NH4Cl-P and  NaHCO3-Pi; 
moderately labile P contains NaOH-Pi; moderately stable 
P is HCl-Pi; and stable P or non-labile is residual P (Amin 
2018a; Zhang et al. 2004). The type and amount of phos-
phate fertilizers added to the soils greatly influence the 
phosphorous forms (Condron and Goh 1989; Pizzeghello 
et al. 2011). The concentrations of phosphorus fractions 
in some soils are highly controlled by moisture content, 
salinity, particle size distribution, exchangeable cations, 
and nutrient status in soils (Bai et al. 2020). The  NH4Cl-P 
fraction is expressed as a soluble phosphorous and loosely 
bound into the exchange sites; this phosphorous is con-
sidered available for plant uptake (Manojlovic et al. 2007; 

Sharpley and Smith 1984; Zhang and Kovar 2000). The 
high concentrations of soluble phosphorus in soil solution 
at high soil pH values might be attributed to the soluble 
complexes (ion pairs or complex ions) such as  CaHPO2° or 
 CaPO4. But mostly, the soluble complexes of phosphorus in 
soil solution quickly transformed into orthophosphate ions 
(Pierzynski et al. 2005). The inorganic phosphorous frac-
tion  (NaHCO3-Pi) is adsorbed on the soil surfaces, labile, 
and available for plants (Cross and Schlesinger 1995; Tian 
et al. 2019). The  NaHCO3-Pi fraction was positively cor-
related with added P (Condron and Goh 1989; He et al. 
2006). NaOH-Pi represents the inorganic phosphorous frac-
tion associated strongly with chemisorption into surfaces of 
Al and Fe oxides (Costa et al. 2016; Cross and Schlesinger 
1995). Some studies found that the addition of phosphate 
fertilizers did not significantly affect the inorganic phos-
phorus extracted by NaOH (NaOH-Pi) (Amin and Mihoub 
2021; He et al. 2006). The HCl-Pi represents inorganic P 
associated with Ca, which exists in apatite or octacalcium 
phosphate (Costa et al. 2016; Cross and Schlesinger 1995). 
The highest concentrations of P fractions are the insoluble 
P associated with calcium under bone char applications 
in soils (Amin and Mihoub 2021; Zimmer et al. 2018). 
The phosphorus availability for plants is closely related to 
the concentrations of various P fractions in soils especially 
the concentration of soluble phosphorus in the soil solu-
tion (Zhang et al. 2021). The available phosphorus was 
positively correlated with the HCl-P fraction (Kolahchi 
and Jalali 2012). Phosphorus availability is significantly 
related to inorganic phosphorus fractions except for the 
residual P (Perrott et al. 1989). High pH and calcium activ-
ity lead to an increase in the formation of insoluble calcium 
phosphate (Pizzeghello et al. 2014). Generally, numerous 
studies found that the higher pH and calcium content in 
the soils can interpret the higher concentration of HCl-P 
which expresses P associated with calcium (Amin 2018b; 
Weyers et al. 2016). The residual P fraction includes the 
forms of phosphorous that are chemically stable and recal-
citrant (Costa et al. 2016; Cross and Schlesinger 1995). The 
application of phosphate fertilizer to calcareous sandy loam 
soil led to a significant increase in the residual P fraction 
compared to unfertilized soil (Ahmad et al. 2018). How-
ever, Amin and Mihoub (2021) found that the application 
of bone char to calcareous sandy soil resulted in a signifi-
cant increase in the content of residual P fraction compared 
to unamended soil.

5  Conclusions

This study provides a future vision that is very promising 
for the use of bone char as a clean, cheap, and renewable 
alternative to phosphate chemical fertilizers, to face the 
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increase in the prices of phosphate fertilizers resulting from 
the repercussions of the Russian–Ukrainian crisis. Therefore, 
the chemical properties of alkaline sandy soils are consid-
ered important factors that control the bone char effect on 
the availability and distribution of phosphorus. The amount 
of phosphorous dissolved from bone char increased in soil 
with low calcium content and electrical conductivity. Overall 
results show that the soluble calcium was a significant factor 
in P availability with incubation periods. Most phosphorus 
fractions increased with applying bone char. It can be con-
cluded that the bone char amendment affected the availability 
and distribution of phosphorus in alkaline agricultural sandy 
soils. Nowadays, the use of bone char can be increased due 
to its availability and lower cost compared to chemical phos-
phate fertilizers.
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