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Abstract

Introduction Phosphorus is an essential nutrient for plant growth, but its bioavailability is low in
calcareous soils due to precipitation with calcium. Cow bone char (containing hydroxyapatite) can
act as a slow-release phosphorus source. The particle size of bone char significantly influences
phosphorus release Kinetics; reducing the particle size to the nano-scale increases the specific
surface area and accelerates phosphorus release. Despite studies on macro-sized bone char, limited
information is available regarding the effect of nano-sized bone char on the chemical forms of
phosphorus and its release kinetics in calcareous soil. Therefore, this study was conducted to
compare the effects of macro- and nano-sized cow bone char on phosphorus availability in a
calcareous soil.

Materials and Methods This experiment was conducted as a completely randomized design with
three replicates to evaluate the effects of cow bone char and nano cow bone char at rates of 200 and
400 mg P kg™ soil compared to a control treatment. To prepare bone char, raw cow bones were
cleaned several times and then dried at 110°C for 24 hours. The obtained bone char was ground to
nano-scale using a mechanical ball mill. The treatments were incubated for two months at 25 +
2°C, and soil moisture was maintained at 70% of field capacity (FC); then the samples were air-
dried. Mineral phosphorus fractions were measured using the Jiang and Guo method. Phosphorus
release Kinetics were determined by adding 20 mL of 0.5 M NaHCO; to 1 g of each treatment,
shaking for 1 to 72 hours (seven time points), and then centrifuging. Phosphorus concentration in
the extracts was determined using a colorimetric method. Subsequently, the data obtained from the
phosphorus release kinetics experiment were fitted to pseudo-first-order, pseudo-second-order, and
Elovich equations. Analysis of variance (ANOVA) was performed using SPSS 26 software to
evaluate the effects of different phosphorus fertilizer levels on various P forms and release kinetics.
Mean comparisons were conducted using Duncan's test at a significance level of p < 0.05.
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Results and Discussion Based on the results, reducing the size of bone char to the nano-scale
caused a significant effect on the amount of available-P and inorganic forms of phosphorus (Ca,-P,
Cag-P, Ca,o-P, Fe-P, and Al-P) compared to the control. The application of nano bone char,
especially at the rate of 400 mg kg*, increased the amount of available phosphorus, dicalcium
phosphate, and octacalcium phosphate compared to other treatments. The treatment of nano cow
bone char at 400 mg kg™ increased the amounts of available phosphorus (Available-P), dicalcium
phosphate (Ca,-P), and octacalcium phosphate (Cag-P) by 8.4, 3.3, and 3.8 times, respectively,
compared to the control treatment. The pseudo-second-order kinetic model provided the best fit to
the kinetic release data due to its high coefficient of determination (R?) and low standard error
(SE). The maximum release capacity (qe) of phosphorus increased with the use of nano bone char at
400 mg kg™. Therefore, it can be concluded that nano bone char at 400 mg kg™ resulted in the
highest phosphorus release in the soil.

Conclusion The results of this research showed the effect of bone char particle size on the release
and distribution of phosphorus in different forms. In general, the study findings indicated that nano
bone char demonstrated improvement compared to macro-sized bone char treatments. Nano bone
char applied at a rate of 400 mg kg was the best treatment for reducing insoluble forms of
phosphorus to soluble forms, due to its higher specific surface area and reactivity. Thus, nano bone
char can be considered a promising and environmentally friendly strategy for sustainable
agriculture.
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Table 1. Physicochemical properties of the studied cow bone char and Nano-bone char.

Bon char pH EC BET C 0 P Ca CaP

@sm?)  (m*g?) %
cow bone char (BC) 9.19 1.14 41.06 28.13  26.76 15.3 2752 179
Nano-cow bone char (NBC)  8.81 2.71 99.42 3402 3357 1122 1932 172

Figure 1. FE-SEM images of cow bone char (right) and nano-cow bone char (left)
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Figure 2. The Fourier-transform infrared (FTIR) spectra of cow bone char and Nano-cow bone char.
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Table 2. Analysis of variance of the effect of treatments on Available P and inorganic P fractions in

the soil
Source of df Mean square
variation P-Olsen Ca,-P Cag-P Al-P Fe-P Cajo-P
Treatment 4 1288** 2801 2418™ 29.33" 8.82™ 12176™
Error 10 2.5 1.23 3.45 0.58 0.26 3.34
CV (%) 1.87 1.51 1.18 4,15 4,02 3.78

** s significant at the 1% probability level.
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Figure 3. Effect of different bone char treatments on available phosphorus concentration.
Control: control; BC: Cow bone char; NBP: nano-Cow bone char.
Means with the same letter are not significantly different according to Duncan’s multiple range test at the 5%
probability level
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Figure 4. Effect of different bone char treatments on dicalcium phosphate concentration.
Control: control; BC: Cow bone char; NBC: nano-Cow bone char.
Means with the same letter are not significantly different according to Duncan’s multiple range test at the 5%
probability
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Table 3. Comparison of the mean effects of treatments on Aluminum phosphate, Iron phosphate and
Apatite concentration in the soil

Treatment Cag-P Al-P Fe-P Caio-P
(mg kg

Control 45.2d 13.8¢c 10.6¢ 301.6e

BP-200 115.4c 17.7b 11.8b 375.1c

BP-400 155.4b 21.7a 15.2a 505.1a

NBP-200 126.9bc 17.2b 11.9b 346.2d

NBP-400 170.9a 20.7a 12.7b 466.2b

Means with the same letter within each column are not significantly different according to Duncan’s multiple range test
at the 5% probability level.

Table 4. Pearson correlation matrix between different phosphorus fractions and available phosphorus (Olsen-

P) (n=15)
Variable Cao-P Cag-P Cay-P Al-P Fe-P Olsen-P
Calo-P 1
Cas-P 0.863™ 1
Ca,-P 0.765™ 0.979™ 1
Al-P 0.956™ 0.927 0.851™ 1
Fe-P 0.884™ 0.712™ 0.585" 0.792™ 1
Olsen-P 0.400 0.712™ 0.834™ 0.481 0.151 1

*and ** is significant at the5 and 1% probability level.
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Figure 5. Distribution of mineral phosphorus forms as determined by sequential extraction in different
treatments.
BC: cow bone char; NBC: nano-cow bone char
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Figure 6. P release Kinetics of soil in cow bone char and nano-bone char treatments.
BC: cow bone char; NBC: nano-cow bone char.
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Table 5. Kinetic model parameters of phosphorus release from soil treated with cow bone char and
nano-bone char

Pseudo-first-order model Pseudo-second-order model Elovich
e a
Treatments (o 2 (mg 2 (mg B (mg 2
(m? K1 R SE kgD Kz R SE kgL kg?)? R SE
kg™) h?)
Control 6.92 0.065 0.95 0.12 6.92 0.021 0.96 0.10 2.19 0.67 092 0.20

BC-200 15.03 0.094 0.94 0.26 15.11 0.01 097 o021 5.56 0.29 0.90 0.42
BC-400 1849 0.11 093 0.29 18.62 0.008 096 0.24 6.90 0.23 0.88 0.48
NBC-200 36.92 0.09 0.92 0.85 36.77 0.006 095 0.70 1821 0126 085 0.85
NBC-400 5356 0.087 0.91 1.10 52.79 0.004 0.94 0.90 26.38 0.088 082 1.10

BC: cow bone char; NBC: nano-cow bone char.
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