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Abstract
The main aim of this study was to investigate how phosphorous (P) release would change after the addition of combined
sinfluence upon soil properties sugarcane residues – derived biochar (B) and P fertilizer in a calcareous clay loam soil after 7
and 120 days of incubation. Biochar was produced from sugarcane residues (S) at the temperature of 400 °C under limited
oxygen condition. A full-factorial experiment was performed in a completely randomized design to evaluate the effects of
amendment (without amendment, 1% S, and 1% B) and P (0 and 50 mg kg−1) on availability and P release characteristics over
incubation period (7 and 120 days). After incubation, the kinetics of P release in soils was determined by successive extraction
with Olsen solution in a period of 2 to 768 h at 25 ± 1 °C. Results showed that the difference between cumulative P release in soil
treated with S and B, at two incubation times, was not significant (P > 0.05). At both times, the cumulative P release increased by
5 up to 23% as influenced by amendments and P fertilizer. Difference between treatments at 7 and 120 days of incubation was not
significant (P > 0.05). The lowest and highest initial amount of P release was found in control soil (14.62 mg kg−1 h−1) and soil
treated with P + B (38.26 mg kg−1 h−1), respectively. The maximum and minimum rates of P release were in control soil (0.328
(mg kg−1)−1) and soil treated with P + B (0.203 (mg kg−1)−1), respectively. Also, the lowest and highest initial release rates were
observed in control soil (4.79) and soil treated with P + B (7.76), respectively. Biochar addition to soil treated with P increased
initial amount of P release and initial release rate of P. Therefore, addition of sugarcane residues –derived biochar to soil treated
with P fertilizer can increase P availability in similar calcareous soils.
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1 Introduction

Phosphorus has many roles in plants and living organisms
existing in an extremely low concentration in the soil solution
and its uptake by plant leads to reduction of phosphorous (P)
availability (Hosseinpur et al. 2012; Moghimi et al. 2018).
The chemical reactions of P with different soil components
cause a small portion of the chemical fertilizer P to remain
available (Jalali 2006; Hosseinpur et al. 2012). The synergistic
effect of the P fertilizes and organic fertilizers on the available
P was demonstrated (Delgado and Torrent 2000; Fathi
Gerdelidani and Mirseyed Hosseini 2018; Moghimi et al.
2018). Organic fertilizers introduce both available essential

nutrients and organic matter in soils leading to an increase in
soil fertility (Audette et al. 2016).

The accessibility of P from fertilizers in soils is influenced
by the rate of P release from soils because of equilibration of P
between the solid and solution phases (Toor and Bahl 1999).
The P ion concentration in the solution phase is determined by
reaction to solid phase such as adsorption, release, and
dissolution-precipitation (McDowell and Sharpley 2003).
Application of chemical fertilizers P in calcareous soils form
insoluble Ca2+-P compounds (Iyamuremye and Dick 1996;
Alvarez et al. 2004; Schneider and Haderlein 2016) which
have little availability and efficiency for plants (Fathi
Gerdelidani and Mirseyed Hosseini 2018). Therefore, the rate
of P release from calcareous soils can remarkably influence on
P fertility (Jalali and Ahmadi Mohammad Zinli 2011). The
change in soluble P concentration with time was significantly
related to the rate of P release from the P minerals to the soil
solution. Therefore, the kinetics investigations of P release
from soil is valuable in evaluating the accessibility of soil P
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(Shariatmadari et al. 2006). Phosphorus release characteristics
was investigated by many researchers (Toor and Bahl 1999;
McDowell and Sharpley 2003; Shariatmadari et al. 2006;
Nafiu 2009; Jalali and Ahmadi Mohammad Zinli 2011) and
in many studies, the effect of pyrolysis on feedstock and
feedstock-derived biochar was investigated (Wang et al.
2015; Liang et al. 2018) but limited information is still avail-
able on the effect of biochar on the kinetics of P release in
calcareous soils.

Biochar is a carbon-rich substance that is produced from
pyrolysis of feedstock in limited or no oxygen condition.
Because of biochar’s properties (increasing soil cation exchange
capacity (CEC), organic carbon, enzyme activities, and available
nutrients), there is an interest to apply biochar as soil amendment
for supplying essential nutrients such as P, in recent years (Amin
and Eissa 2017; Fathi Gerdelidani andMirseyed Hosseini 2018;
Liang et al. 2018; Hong and Lu 2018). Meanwhile, P may be
released from organic fertilizers more rapidly than it can be used
by crops (Liang et al. 2013; 2018). Liang et al. (2014) reported
that the cumulative amount of released P frommanure - derived
biochar reduced 76% in comparison with manure. In some stud-
ies, the release kinetics of P from different biochars was inves-
tigated (Wang et al. 2015 and Liang et al. 2018). Liang et al.
(2014) concluded that the slow but steady release of P from soils
treated with biochar caused to this amendment as a possible
slow released P amendment.

Detailed information of the biochar effect on the P cycle in
soils is still scanty (Hong and Lu 2018). Interaction mecha-
nism between biochar and P fertilizer should be better under-
stood to show biochar as a soil amendment, especially in cal-
careous soils (Lentz and Ippolito 2012; Jin et al. 2016). This
study aimed to investigate changes in kinetics characteristics
of P release after adding combined sugarcane residues –
derived biochar and P fertilizer. The hypotheses tested were
as follows: (1) biochar addition to the soil will modify rate and
cumulative amount of P release in 768 h and (2) the biochar
effect will differ during incubation period (7 and 120 days).

2 Materials and Methods

2.1 Soil Sampling and Analysis

A soil (0–30 cm) was selected from Typic Calcixerepts of the
Shahrekord University (50° 49′ E, 32° 21′ N) that is located in
the Chaharmahal-Va-Bakhtiari Province, Central Iran. The soil
sample was air-dried and ground to pass through a 2-mm sieve
for future studies. Electrical conductivity (EC), pH, organic
carbon (OC), cation exchange capacity (CEC), calcium car-
bonate equivalent (CCE), total N, available P (P Olsen), and
total P were determined adopting standard methods (Sparks
et al. 1996). Particle size distribution of soil was determined
by the hydrometer method (Gee and Bauder 1986).

2.2 Biochar Production

In this study, sugarcane residues were used to produce biochar
collected from a sugarcane farm in Khuzestan Province, Iran.
The sugarcane residues were air-dried at room condition, and
then them was cut into small pieces and pyrolized at the tem-
perature of 400 °C for 2 h under limited oxygen condition.
The sugarcane residues and their biochar were sieved (<
2 mm). Electrical conductivity and pH of sugarcane residues
and their biochar were measured in a 1 to 5 amendment to
deionized water. Total C, N, and CEC of amendments were
determined (Sparks et al. 1996). The yield of biochar was
calculated by dried matter of biochar to the dried matter of
sugarcane residues.

2.3 Experimental Design and Incubation Study

A completely randomized design with 3 × 2 full-factorial
treatment combination was performed in 3 replicates with
the following factors: (1) amendment (without amendment,
sugarcane residues (S), and B at 1% (w/w), equivalent to
25 Mg ha−1, based on the depth (0.2 m) and soil bulk density
(1250 kg m−3)) and (2) P fertilizer (0 and 50 mg kg−1 P as
Ca(H2PO4)2.H2O, equivalent to 125 kg ha−1, based on the
above depth and soil bulk density) over the incubation period
(7 and 120 days). All amounts of amendments and soil were
calculated based on dry weight. Three thousand grams of air-
dried soil (< 2 mm) was filled in each jar, mixed with the
amendments and P fertilizer. Deionized water was used to
adjust soil moisture content at 80% field capacity. The soils
were incubated for 120 days at 25 ± 1 °C. After 7 and 120 days
of incubation, soil samples were air-dried and used for other
analysis.

Available P (P Olsen) was measured by the 0.5MNaHCO3

(pH = 8.2) (Sparks et al. 1996) at 7 and 120 days of
incubation.

2.4 Kinetics of P Release

Successive extraction was performed to kinetics study of P
release in the studied soils. One gram of incubated soils (36
tubes) suspended in 20 ml Olsen solution (Toor and Bahl
1999) was equilibrated at 25 ± 1 °C for 2, 4, 8, 24, 48, 72,
96, 240, 336, 456, 600, and 768 h by shaking for 15 min
before incubation and before suspensions was centrifuged
(3000 rpm). The P in the extracts was measured by the color-
imetric method (Murphy and Riley 1962). Different kinetics
models (Table 1) were fitted on cumulative concentration of P
release. Coefficient of determination (R2) was calculated as
follows:

R2 ¼ 1� residual sum of squares=total of sum of squaresð Þ
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Moreover, standard error of the estimate (SEE) (estimate of
cumulative concentration of P release by the kinetics models)
was calculated as follows:

SEE ¼ ∑ P � P*
� �2

n� 2ð Þ

& ’0:5

where P and P* represent the determined and calculated con-
centration of P in soil at selected time t, respectively, and n is
the number of data points evaluated.

2.5 Statistical Analysis

Two-way repeated measures ANOVAwas performed to ana-
lyze the effect of amendments and P fertilizer on available P
and cumulative amount of P release over the incubation period
after treatments. Treatment means were separated at the 5%
significance level using Duncan’s multiple range tests.
Pearson correlation was performed between available P and
parameters of kinetics models. Statistical analysis of data was
performed by Statistica 8.

3 Results

3.1 Soil and Biochar Properties

Table 2 shows some properties of soil, biochar, and sugarcane
residues. The soil has low OC (0.45%) and calcareous soil
(CCE = 34%). Total and available P in the biochar increased
20 and 19%, respectively, compared with sugarcane residues.
The P concentration in biochar was higher than sugarcane
residues because the volume of residues was reduced 60 up
to 90% during pyrolysis process (Brown 2009). The pH of
sugarcane residues was equal to 6.5, while their biochar was
equal to 8.8. Biochar had an alkaline pH due to alkalis mate-
rials formed during pyrolysis process (Yuan et al. 2011). The
EC values of biochar and sugarcane residues were equal to
12.6 and 5.0 dS m−1, respectively. Therefore, EC of biochar
was 2.5 times higher than sugarcane residues.

3.2 P Availability

The results of ANOVA showed that the effect of amendment,
P fertilizer, and time on available P was significant (P < 0.01)
(data not shown). The results of Fig. 1 showed that available P
in soil treated with P increased significantly (P < 0.05) by the
biochar application. In contrast, available P in soil treated with
P did not change significantly (P > 0.05) after the application
of sugarcane residues. The difference between available P in
soils treated with B was not significant (P > 0.05) at 7 and
120 days of incubation.

Total P addition from 1% sugarcane residues and biochar
addition to the soils was equal to 5.75 ± 0.01 and 6.89 ±
0.02 mg kg−1, respectively. However, the results of Fig. 1
demonstrate that compared with the control soil, available P
increased in soil treated with biochar (11.1 ± 0.07 and 12.3 ±
0.04 mg kg−1 at 7 and 120 days of incubation, respectively).
Therefore, available P was augmented in biochar -amended
soil more than introduced P as biochar to soil.

Available P in soil treated with S increased 9.3 ± 0.06 and 3.1
± 0.04 mg kg−1 at 7 and 120 days of incubation. Therefore,
available P had a more moderate increase in sugarcane-
amended soils than addedP as sugarcane to the soil after 120 days
of incubation. Available P was remarkably lower (P < 0.05) in
untreated soils with P fertilizer than in treated soils with P fertil-
izer at all times (Fig. 1). Phosphorus extractedwithOlsenmethod
reduced (P < 0.05) during another incubation time, compared
with the 7-day period except soil treated with B.

3.3 Characteristics of P Release

Figure 2 shows the plot of successive extraction of P from the
amended soils. The amounts of P release differed among the
soils treated with amendments. Figure 2 demonstrates that

Table 1 Kinetic models used in this study

Kinetic equation Expression forma

First-order reaction ln (P0 − Pt) = a −K1 t

Parabolic diffusion Pt = a +R t0.5

Power function ln Pt = ln a + b lnt

Simplified Elovich Pt = a + 1/β lnt

aP0 the amount of P (mg kg−1 ) release at 768 h, Pt the amount of P
(mg kg−1 ) release at time t (h) and a and K0, K1, R, b, and 1/β are
constants

Table 2 Chemical properties of soil and sugarcane residue–derived
biochar

Properties Soil Sugarcane
residue

Biochar

pH 8.0 ± 0.03 6.5 ± 0.05 8.8 ± 0.07

EC (dS m−1) 0.183 ± 0.010 5.0 ± 0.11 12.6 ± 0.42

P extracted by Olsen
(mg kg−1)

20.0 ± 0.31 22.6 ± 1.45 26.8 ± 1.89

Total P (mg kg−1) 339 ± 21 575 ± 27 689 ± 25

CEC (cmol+ kg
−1) 15.8 ± 3 43.1 ± 3 40.2 ± 6

OC (g kg−1) 4.5 ± 0.1 410 ± 11 458 ± 8

N (%) 0.04 ± 0.002 0.44 ± 0.04 0.46 ± 0.02

C/N 11.2 93.2 99.5

Yield (%) – – 65 ± 1

Data are mean ± standard errors

EC electrical conductivity, CEC cation exchange capacity, OC organic
carbon
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Fig. 1 Effect of biochar addition on
available P (mg kg−1) in the soils.
Values are mean ± standard errors.
Different letters show significant
difference (P < 0.05) between means of
treatments by Duncan’s multiple range
test . B biochar, S sugarcane, P
phospho rous . I n i t i a l ( t = 0 ) i s
concentration of Olsen-P in soil + intrin-
s i c Olsen-P in amendment s or
50 mg kg−1 P (Table 2)

Fig. 2 Cumulative amount of P release with time in soils treated with P (50 mg kg−1) and sugarcane residues (S) and biochar (B) at 7 (a, b) and 120 days
(c, d) after incubation
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release of P from all soils was rapid at initial few hours and
then continued slowly until the apparent equilibrium was
attained. Result showed that cumulative amount of P release
ranged from 122 ± 3 to 150 ± 3 mg kg−1. The highest concen-
tration of P release was found in soil treated with P + B
(Fig. 3). At both times, the cumulative concentration of P
release increased by 5 to 23% as modified by the application
of amendments and P fertilizer. The difference between cumu-
lative P release in soils treated with S and B was not signifi-
cant (P > 0.05) at two incubation times. In comparison with
7 days of incubation, concentration of P release from soil
treated with P decreased 7% at 120 days of incubation. The
difference between P release in treated soil with B and S was
not significant (P > 0.05). Results showed that the cumulative
amount of P released in soil treated with P and amendments
was higher than other soils (soils treated with S and B).

Different kinetics mathematical models (Table 1) were test-
ed for modeling release of P from the soils into Olsen solution.
Among them, power function (averaged R2 = 0.989–0.992,
SEE = 4.06–4.63 mg kg−1) and parabolic diffusion equation
(R2 = 0.969–0.990, SEE = 3.52–6.14 mg kg−1) can describe P
release characteristics at both incubation times (Table 3).

Table 4 shows the coefficients of parabolic diffusion and pow-
er function equations. The parabolic diffusion model may be
applied to describing diffusion-controlled phenomena (Sparks
1989). The Ba^ and BR^ coefficients in parabolic diffusion are
initial concentration of P and diffusion rate constant, respectively
(Toor and Bahl 1999). The minimum and maximum amounts of
Ba^ coefficient in parabolic diffusion equation were observed in
control soil (20.33 mg kg−1) and soil treated with P + B
(51.73 mg kg−1), respectively. This coefficient in soils treated
with B and S was lower than those in other treatments. The
BR^ coefficients in control soil (4.13 mg kg−1 h−1/2) and soil
treated with P + B (3.82 mg kg−1 h−1/2) were higher than those

in other soils. The BR^ in soil treated with P + B
(3.82 mg kg−1 h−1/2) was higher than that in soil treated with P
+ S (3.78 mg kg−1 h−1/2) and soil treated with P
(3.73 mg kg−1 h−1/2).

The power function equation can be applied to describing
diffusion process (Havlin et al. 1985). The two constants in the
power function can be considered initial indicators of the amount
of P release (a) and the rate of P release (b) (McDowell and
Sharpley 2003). In power function equation, the lowest and
highest initial concentration of P release (Ba^ coefficient) were
observed in control soil (14.62mg kg−1 h−1) and soil treated with
P +B (38.26mg kg−1 h−1). The a coefficient in soil treatedwith P
+ S was equal to 35.07 mg kg−1 h−1. This coefficient in soil
treated with B (27.06 mg kg−1 h−1) was close to soil treated with

Fig. 3 Average P release in soils treated with
P (50 mg kg−1), sugarcane (S) and biochar (B)
at 7 and 120 days after incubation. Values
followed by the same letter are not significant-
ly different at 5% level, according to Duncan’s
multiple range

Table 3 Coefficient of determination (R2) and standard error of the
estimate (SEE) of kinetic models used to describe P release at 7 and
120 days after incubation

Equation R2 SEE (mg kg−1)

Range Mean Range Range

7 days

First-order 0.744–0.832 0.785 14.52–19.49 16.29

Parabolic diffusion 0.973–0.987 0.980 4.05–5.91 4.92

Simplified Elovich 0.857–0.911 0.887 9.93–13.38 11.72

Power function 0.975–0.990 0.989 4.34–5.27 4.06

120 days

First-order 0.748–0.814 0.783 15.23–18.70 16.47

Parabolic diffusion 0.969–0.990 0.981 3.52–6.14 4.78

Simplified Elovich 0.873–0.909 0.892 10.51–12.92 11.61

Power function 0.970–0.989 0.992 4.54–5.11 4.63

All coefficients of determination (R2 ) are significant at the 0.05 level

Range and mean values refer to all treatments for each model
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S (27.21 mg kg−1 h−1). The rate of P release (Bb^ coefficient)
ranged from 0.203 (mg kg−1)−1 (soil treated with P + B) up to
0.328 (mg kg−1)−1 (control soil). This coefficient in soil treated
with P + S was equal to 0.211 (mg kg−1)−1. The rate of P release
in soil treated with S and soil treated with B was equal to 0.235
and 0.236 (mg kg−1)−1, respectively.

The Ba × b^ coefficient is used as initial release rate estimation
(Allen et al. 1995;Motaghian andHosseinpur 2013). The highest
value of Ba× b^was observed in soil treatedwith P +B, P + S, P,
B, and S, respectively. The initial release rate in soil treated with
P + B was 62% higher than control soil. Also, the initial release
rate in soil treated with P + B was 11% higher than soil treated
with P. In control soil, the initial release rate was reduced after
120 days of incubation (4.79) compared with 7 days of incuba-
tion (4.60). This parameter in soil treated with P was reduced by
10% after 120 days of incubation. In soil treatedwith P + S, Ba×
b^ was equal to 7.41 and 7.06 at 7 and 120 days of incubation.
Also, Ba × b^ in soil treated with P + B was 7.06 at both incu-
bation times.

The Ba^ coefficient is as an indicator of initial P release
concentration in power function and parabolic diffusion equa-
tions. In this study, correlation between the Ba^ coefficient in
power function and parabolic diffusion equations was signif-
icant (r = 0.98, p < 0.01). Therefore, by raising its value in
soil, concentration of P release rises.

3.4 Relation Between the Characteristics of P Release
with Available P

Table 5 shows the correlations between the parameters of kinetics
models and available P. It shows that significant correlation was

observed between Ba^ coefficient in power function (0.932,
P < 0.01) and parabolic diffusion (0.922,P < 0.01) with available
P. The b coefficient in power function equation significantly
correlated with Olsen-P (− 0.856, P < 0.01), while correlation
between the BR^ coefficient in parabolic diffusion equation and
Olsen-P was not significant (− 0.396, P > 0.05). Significant cor-
relation was found between concentration of P release and P
extracted adopting Olsen method (0.921, P< 0.01).

4 Discussion

Results showed that biochar derived from sugarcane residues
was more effective than sugarcane residues in enhancing
available P in soils treated with P fertilizer. In agreement with
obtained results, Zolfi-Bavariani et al. (2016) reported that
available P in calcareous soil treated with poultry manure

Table 4 Parameters of models
used to describe kinetics of P
release in the soils

Soil Parabolic diffusion Power function

a R a b a × b
mg kg−1 mg kg−1 h−1/2 mg kg−1 h−1 (mg kg−1)−1

7 days

Control 20.33 4.13 14.62 0.328 4.79

P 43.70 3.73 31.67 0.221 7.01

S 37.75 3.59 27.06 0.235 6.36

S + P 47.92 3.78 35.07 0.211 7.41

B 38.03 3.64 27.21 0.236 6.42

B + P 51.73 3.82 38.26 0.203 7.76

120 days

Control 19.21 4.09 13.73 0.335 4.60

P 36.63 3.64 26.12 0.241 6.29

S 36.70 3.74 26.15 0.244 6.38

S + P 43.58 3.81 31.40 0.225 7.06

B 36.06 3.75 25.55 0.247 6.31

B + P 51.86 3.81 38.41 0.202 7.76

B biochar, S sugarcane, P phosphorous

Table 5 Correlation between P release characteristics and Olsen-P (n =
12)

Models Olsen-P

Parabolic diffusion a 0.922**

R − 0.396 ns

Power function a 0.932**

b − 0.856**
a × b 0.916**

P release 0.921**

**Significant at the 0.01 level

ns not significant
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(33.4 mg kg−1) was lower than the soil treated with its alkaline
biochar (87.2 mg kg−1) at 1 to 150 days of incubation. More
than 80% of the P added to calcareous soils becomes unavail-
able because of adsorption and precipitation and converted to
the organic P (Holford 1997). Wang et al. (2015) reported that
Ca2+ and Mg2+ released from soil treated with poultry litter
was higher than the soil treated with its biochar (produced at
400 °C) in 30 days of sequential extraction. Also, Khadem and
Raiesi (2019) reported that microbial population in calcareous
soils treated with maize residue was higher than the soils treat-
ed with its biochar. Therefore, biochar increases available P
compared with sugarcane residues mainly by (a) reducing
Ca2+ andMg2+ release through immobilization of these metals
during pyrolysis (Wang et al. 2015); (b) higher concentration
of P compared with sugarcane residues (Table 2); and (c)
increasing microbial population in soil treated with feedstock
than soil treated with biochar (Khadem and Raiesi 2019),
hence immobilization of P in soil treated with feedstock.

Phosphorous extracted by Olsen in soils treated with S and
B increased after 7 days of incubation (Fig. 1). Singh Mavi
et al. (2018) observed available P increased with increasing
rate of rice residue – derived biochar application. This may be
attributed to higher CO2 release from the decay of B and S
(Smith et al. 2010; Ippolito et al. 2016; Yan et al. 2018),
phosphatase activity (Jin et al. 2016), release of dissolved
organic matter (Schneider and Haderlein 2016), and change
in mineral P fractions in soils (Fathi Gerdelidani andMirseyed
Hosseini 2018; Yan et al. 2018). Olsen-P in soil treated with B
did not change after 120 days of incubation compared with
7 days of incubation. However, Olsen-P in soil treated with S
declined after 120 days of incubation compared with 7 days of
incubation (Fig. 1). This may be pertinent to higher amounts
of Ca2+ and Mg2+ release in S than B treatments (Wang et al.
2015) and increasing microbial population (Luo et al. 2017;
Nie et al. 2018; Khadem and Raiesi 2019; Karimi et al. 2019).

Organic materials and their decomposition products could
reduce P fixation in the soils (Velásquez et al. 2016; Yan et al.
2018). Moreover, many P compounds maintained after the py-
rolysis of feedstock. They were not volatilized during the pyrol-
ysis process (Uchimiya and Hiradate 2014). Fathi Gerdelidani
and Mirseyed Hosseini (2018) reported that in the application of
bagasse biochar in a loamy calcareous soil, P concentration ex-
tracted byOlsenmethod augmented significantly (P < 0.01) after
120 days of incubation. They stated that the available P could rise
when more CO2 is released via organic matter decay and cation
complexion under the influence of P fixation in calcareous soils.
Many studies have shown that higher P availability can be attrib-
uted to the application and decomposition of organic fertilizers
forming complexes and changing P fractions (Jin et al. 2016;
Schneider and Haderlein 2016; Fathi Gerdelidani and Mirseyed
Hosseini 2018; Yan et al. 2018). Conversely, Liang et al. (2014)
observed that concentration of P released from an acidic soil
(pH = 6.85) decreased when the manure was converted to

biochar due to crystalline P formation [(Ca,Mg)3(PO4)2]. They
reported that the cumulative amount of P released frommanure--
derived biochar was reduced 76% comparedwithmanure. In this
research, P water-soluble concentration in manure (762mg kg−1)
decreased in biochar (39mg kg−1). Despite that, total P in biochar
increased by 193% (8.6 g kg−1 and 25.2 g kg−1 in manure and
biochar, respectively).

The ability of different kinetic models to explain P release has
been reported in many studies (Agbenin and Tiessen 1995;
McDowell and Sharpley 2003; Shariatmadari et al. 2006; Nafiu
2009; Jalali and Ahmadi Mohammad Zinli, 2011; Liang et al.
2014). Jalali and Ahmadi Mohammad Zinli (2011) reported that
parabolic diffusion (R2 = 0.972–0.992) and power function (R2 =
0.958–0.981) equations can explainmechanismof P release from
different calcareous soils in Iran.

The amount of Ba^ coefficient rapidly released P pools aug-
mented with concentration of P in soil; this is shown by lower
Bb^ coefficient (the rate of P release) and higher Ba^ coefficient
(the initial pool P release) (Lookman et al. 1995). The results of
Table 4 shows that Ba^ and Bb^ coefficients in soil treated with P
+ B were the lowest and the highest. In this study, concentration
of P in B was higher than S (Table 2). Therefore, the amount and
rate of P release in soil treated with B were higher than soil
treated with S. In addition, biochar enhances P release and avail-
ability mainly by (a) changing Ca2+, Fe3+, and Al3+ activities
through increasing CEC of soils (Joseph and Lehmann 2009);
(b) using biochar as a source of soluble P that can increase P in
soil solutions (Parvage et al., 2013); (c) improving phosphatase
activities, which plays a crucial role in transforming organic P
into inorganic P in soils (Jin et al. 2016; Khadem and Raiesi
2019); (d) releasing dissolved organic matter, which competes
with P for sorption sites (Schneider and Haderlein 2016); and (e)
changing mineral P fractions in soils (Fathi Gerdelidani and
Mirseyed Hosseini 2018; Hong and Lu 2018).

The best supporting evidence for any kinetic models to
describe the rate of nutrient release is presented to investigate
the relation between parameters of kinetics models and avail-
able nutrient (Motaghian and Hosseinpur 2013). Therefore,
Ba^ coefficient in power function and parabolic diffusion
equations, a × b coefficient in power function, and concentra-
tion of P release after 768 h may be applied as indictors of the
P supplying power in amended calcareous soils with biochar.

Biochar improves phosphatase activities (Jin et al. 2016;
Khadem and Raiesi 2019) and microbial population (Luo
et al. 2017; Nie et al. 2018; Khadem and Raiesi 2019).
Therefore, microorganisms immobilize soluble P and reduce
availability of P during incubation. Moreover, dissolved or-
ganic carbon (amino acids, proteins, organic acids, and so on)
can reduce precipitation rate of Ca-phosphate in calcareous
soils (Alvarez et al. 2004; Ahmad et al. 2018). Also, amend-
ments can change mineral fractions of P and increase soluble
P in calcareous soils (Yan et al. 2018). Meanwhile, increases
in microbial population and immobilization of P, but activity
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of soil microbes, have positive roles in releasing dissolved
organic carbon and changing mineral fractions of P in calcar-
eous soils (Ahmad et al. 2018).

5 Conclusion

Maximum amount of P was released in the soils treated with P
+ B. At both incubation times, the concentration of P release
from soil treated with P fertilizer increased as affected by
amendments application, but biochar increased the availability
of P more than its sugarcane residues. Also, biochar increased
the availability of P more than sugarcane residues. The differ-
ence between cumulative amount of P release in soil treated
with S and B was not significant at two incubation times. The
results showed that adding sugarcane-derived biochar to sim-
ilar calcareous soils treated with P can increase availability of
P over time.
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