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Abstract
Purpose The effects of soil properties on biochar-induced soil phosphate sorption and availability are not well investigated. An
alkaline biochar-induced soil phosphate sorption, phosphorus (P) availability, and related mechanisms (including the effects of
calcium/magnesium (Ca/Mg) minerals in biochar and the liming effect) in different soils were studied in the laboratory.
Materials and methods Two soils (sandy soil and clay soil) with contrasting P-retention capacities were amended with four rates
of alkaline peanut biochar. Soil phosphate sorption–desorption indices were characterized by a multiple-point isotherm batch
experiment. Soil P availability was determined by sequential fractionation method.
Results and discussion The alkaline biochar addition increased the phosphate sorption of sandy soil but decreased the phosphate
sorption of the clay soil. The interaction between the biochar and external phosphate on the biochar surface was mainly controlled
by adsorption process, rather than precipitation. The liming effect of the biochar decreased the Langmuir phosphate sorption
maxima (Smax) of clay soil. However, the biochar increased Smax of clay soil when the liming effect was eliminated, because Ca/
Mg minerals in biochar can provide phosphate sorption sites. The dominant P fraction of the biochar was Ca-bounded P, and
therefore the biochar addition increased HCl-extractable P of both sandy and clay soils. Generally, the biochar addition increased
P availability of clay soil because it increased NaHCO3-extractable P content and decreased phosphate sorption. P mobility of
sandy soil was also increased by biochar addition, because water-extractable P and EPC0 were increased.
Conclusions Our results suggest that both the biochar (particularly the contents of Ca/Mg minerals within) and soil properties
(particularly the initial phosphate sorption capacity) determine phosphate sorption and availability following the biochar appli-
cation. The alkaline biochar application to sandy soils with low P buffering capacity should consider the amount of P input from
biochar and the corresponding environmental risk, although biochar addition can enhance phosphate sorption in these soils in the
short term.
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1 Introduction

Biochar is a stable, carbon-rich material, which is produced
through thermochemical reaction under conditions of limited
or no oxygen (Lehmann 2007a). Biochar has received a

considerable research attention because it is an easily accessi-
ble input for agriculture (Biederman and Harpole 2013) and a
promising amendment for achieving environmental objectives
such as soil and water remediation (Ahmad et al. 2014).

Biochar amendment can supply nutrients to plants in nutri-
ent-deficient, low-fertility, and degraded soils (Lehmann
2007b; Novak et al. 2009). A better understanding of the ef-
fects of biochar on soil nutrient availability and the related
mechanisms can advance biochar application to agricultural
soils. Biochar is commonly alkaline which contributes to its
liming effect and influences soil nutrients availability, al-
though biochars with lower pH also exist (e.g., neutral and
acidic biochars) (Ippolito et al. 2016; Qi et al. 2017; Zhang
et al. 2019). Previous studies have shown inconsistent results
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as to whether alkaline biochar application enhances phospho-
rus (P) fixation or availability (Atkinson et al. 2010; Yao et al.
2012; Morales et al. 2013; Bornø et al. 2018). Zhai et al.
(2015) have reported that the application of maize straw bio-
char increased the content of soil available P such as Olsen P.
In addition, Xu et al. (2014) showed that biochar application
increased pH in acid soil because of its high alkalinity and
consequently reduced P fixation by iron (Fe) and aluminum
(Al) minerals. However, other studies reported that alkaline
biochar application decreased P availability mostly in alkaline
soils, which was probably due to substantial release of cations
including calcium (Ca) and magnesium (Mg) cations from
biochar, which complex with P at alkaline conditions
(DeLuca et al. 2015).

P availability in soil depends heavily on the extent of
sorption and precipitation reactions. In acid soils, P is
mainly fixed by Fe and Al oxide and hydroxide minerals
via precipitation and ligand exchange reactions, whereas P
fixation in alkaline and calcareous soils mainly occurs
through the formation of Ca-phosphate compounds and
by sorption and precipitation with CaCO3 (Havlin et al.
2005). Biochar may directly or indirectly influence soil P
sorption. Zhang et al. (2016) reported that the enhance-
ment of P retention in biochar-amended soil can be attrib-
uted to P sorption by Ca minerals in biochar. In contrast,
other studies suggested that biochar addition decreased
phosphate sorption of acid soils due to increases of pH,
which can increase the net negative charge repulsing
phosphate ions from sorption to soil minerals (DeLuca
et al. 2015); and enhancing release of dissolved organic
carbon, which can compete for phosphate sorption sites in
soil (Schneider and Haderlein 2016; Liu et al. 2018).
Soinne et al. (2014) reported that a woody alkaline bio-
char had a very low phosphate affinity and the biochar
addition did not increase phosphate sorption in soil, but
the biochar addition can reduce particulate P loss by en-
hancing soil aggregate stability. Investigation of the direct
effect of Ca/Mg minerals in alkaline biochar and the in-
direct effect (e.g., changing positive or negative charge
density) of liming of alkaline biochar on phosphate sorp-
tion characteristics can advance our knowledge on phos-
phate sorption in response to the biochar application.

Soil phosphate adsorption isotherms provide a useful
means for studying soil phosphate sorption–desorption dy-
namics (Graetz and Nair 2000; Huang et al. 2014). In this
study, we measured phosphate sorption–desorption isotherms
in two types of soils (i.e., sandy soil and clay soil) amended
with alkaline biochar at varying rates. Our objectives were (1)
to determine the effects of Ca/Mg minerals in biochar (direct
effect) and the liming effect (indirect effect) on soil phosphate
sorption–desorption characteristics and P availability, and (2)
to assess the effects of soil properties on biochar-induced
phosphate sorption and availability.

2 Materials and methods

2.1 Soil and biochar

Two types of soils (sandy soil and clay soil) with con-
trasting P sorption capacities were selected for this ex-
periment. The sandy soil, which had the lower P sorp-
tion capacity, was collected from Nanchang, China (28°
44′ 46.2″ N, 115° 55′ 19.2″ E). It is classified as an
Inceptisol (Soil Survey Staff 2010) formed on alluvium
of Gan River, and is mainly used for vegetable cultiva-
tion (Brassica chinensis L., Lactuca sativa Linn.). The
clay soil, which had the higher P sorption capacity, was
collected from Jinxian, China (28° 41′ 45.2″ N, 116°
12′ 29.7″ E). This soil is classified as an Ultisol devel-
oped from Quaternary red clay, and is mainly used for
tangerine (Citrus tangerina) cultivation. The sandy soil
can represent the soils with low P retention capacity but
under intensive fertilizer input. With continuous exces-
sive application of P fertilizer and/or manure for vege-
table farming, the sandy soil showed significant P en-
richment and higher soil organic carbon content
(Table 1). The clay soil can represent the low fertility
soils with high P retention capacity while receiving little
fertilizer application. The soil (~ 20 cm layer) was col-
lected using a spade, thoroughly mixed, air-dried, and
ground to pass a 2-mm sieve prior to use.

A commercial biochar was used for the experiment
(Sanli New Energy Plant, China). It was made from pea-
nut husk slowly pyrolyzed at 350–500 °C. The biochar
had pH of 9.16, organic carbon of 323.76 g kg−1, total
nitrogen of 10.52 g kg−1, total P of 6.11 g kg−1, total
potassium of 15.51 g kg−1, total Ca of 36.65 g kg−1, total
Mg of 6.95 g kg−1, total iron of 4.34 g kg−1, total alu-
minum of 3.79 g kg−1, and total silicon 17.90 g kg−1.
The biochar was crushed, homogenized, and passed
through a 2-mm sieve.

The biochar was mixed with 100-mg L−1 phosphate
solution (KH2PO4, 1:10, solid:liquid) and incubated at
25 °C for 14 days to determine whether new phosphate-
containing minerals can be formed after biochar and phos-
phate interaction. After incubation, the biochar was
washed with deionized water and oven-dried at 80 °C.
The incubated biochar and original biochar (i.e., without
incubation with phosphate solution) samples were then
ground in an agate mortar and pestle for X-ray diffraction
(XRD) analysis (D8 Advance, Bruker AXS, Germany)
and morphology analysis by field emission scanning elec-
tron microscopy (SEM, Hitachi, S-4800, Japan).
Meanwhile, surface element analysis was also conducted
simultaneously with the SEM at the same surface loca-
tions using energy dispersive X-ray spectroscopy (EDS,
Oxford Instruments Link ISIS).
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2.2 Phosphate adsorption–desorption isotherm
determination

The biochar was added to samples from each of the two soils
at rates of 0, 2, 4, and 8% (w/w), designed to test a broad range
of biochar addition rates on soil phosphate sorption–
desorption behavior. The soil mixtures were incubated at
25 °C for 14 days. A constant moisture content (70% water-
holding capacity) was maintained throughout the whole incu-
bation period. The experiment was replicated three times, and
thus twelve samples for each type of soil were obtained. At the
end of the incubation, soil and biochar mixtures were air-dried
and sieved through a 2-mm sieve before the batch experiment.

The phosphate adsorption isotherms were determined ac-
cording to the method of Graetz and Nair (2000). One gram of
soil and biochar mixture sample was equilibrated in a 50-mL
centrifuge tube with 25 ml of 0.01 M CaCl2 solution contain-
ing phosphate (KH2PO4) concentrations of 0, 0.1, 1, 2.5, 5,
10, 25, 50, and 100 mg P L−1. Three drops of chloroformwere
added to each tube to inhibit microbial activity. The tubes
were then shaken at 25 ± 1 °C for 24 h on an end-over-end
shaker at a rate of 150 rpm, and the supernatants were filtered
through 0.45-μmmembrane filters. The phosphate in solution
was then measured following the method of Murphy and
Riley (1962).

The phosphate desorption experiment was performed on
soil residues immediately after the sorption experiment.
After removing the supernatant solution from the sorption
experiment, each soil was resuspended with 25 ml of
0.01 M phosphate-free CaCl2 solution and again shaken for
24 h at 25 °C. Thereafter, desorbed phosphate was measured
in filtrates as described in adsorption experiments after filter-
ing through 0.45-μm membrane filters.

A modified Langmuir equation was used to describe the
sorption curves for sorption experiments (Siemens et al.
2004):

S ¼ k � Smax � c
1þ k � c

−S0 ð1Þ

where S is the sorbed phosphate (mg kg−1), c is the phosphate
concentration in the equilibrium solution (mg L−1), Smax is the
maximum sorption capacity of soil phosphate (mg kg−1), k is a
constant related to the bonding strength (L mg−1), and S0 is a

fitting parameter for an estimation of initial soil sorbed phos-
phate (mg kg−1) (Siemens et al. 2004).

The equilibrium phosphate concentration (EPC0, mg L−1),
defined as the solution phosphate concentration supported by
a soil sample at which no net sorption or desorption occurs,
can be calculated by setting S = 0 in Eq. (1):

EPC0 ¼ S0
k � Smax−S0ð Þ ð2Þ

To study the liming effect on phosphate sorption due to
biochar addition, another set of soils was treated with NaOH
solution to obtain approximately the same pH value as biochar
addition treatments, and was incubated for 14 days as de-
scribed above. Only clay soil was chosen for this experiment
because biochar addition had a profound effect on pH of the
clay soil (increased from 4.48 to 6.19) and had limited effect
on that of sandy soil (increased from 7.24 to 7.75). This incu-
bation experiment was conducted in duplicate.

2.3 P fractionation

A modified Hedley sequential fractionation was employed to
examine the effect of biochar on soil P mobility and availabil-
ity (Liu et al. 2018; Xu et al. 2018). The peanut biochar and
biochar-amended soil were extracted at 25 ± 1 °C for 16 h
sequentially by deionized water, 0.5 M NaHCO3, 0.1 M
NaOH, and 1 M HCl. After each successive extraction, the
suspension was centrifuged and supernatants were filtered
through a 0.45-μm membrane filter. The NaHCO3 and
NaOH extracts were divided into two aliquots in order to
measure the total P and inorganic P. Organic P was calculated
as a difference between total P and inorganic P. Total P of
NaHCO3 and NaOH extracts were determined by persulfate
digestion. The P concentration in solution was determined
using the ascorbic acid molybdenum blue method (Murphy
and Riley 1962).

2.4 Statistical analyses

All analyses were performed in the statistical program R
(version 3.1.2, R Core Team 2014). The nonlinear fitting of
the Langmuir adsorption equation was conducted using the
nls function in R base packages. Differences in soil phosphate

Table 1 Basic properties of the studied soils

Soil Classification Texture pH (H2O) SOC Sand Silt Clay Olsen P Bray P Total P

-------------g kg−1----------- ------------mg kg−1-----------

Sandy soil Inceptisol Sandy loam 7.25 23.55 699 255 46 34.04 41.78 608

Clay soil Ultisol Clay loam 4.48 0.76 308 392 300 3.62 1.65 179

SOC soil organic carbon
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sorption–desorption parameters and P fractions among the
four biochar addition rates in each type of soil were analyzed
statistically using one-way analysis of variance (significance
p < 0.05). Data were checked for normality and homogeneity,
and were transformed using log10 when test assumptions were
not met. Multiple comparisons of means were performed by
Tukey’s honest significant difference test using the agricolae
package for R software (de Mendiburu 2014). The relation-
ship between soil P sorption parameters and water-extractable
P was investigated by linear regression analysis using the lm()
function in R base packages.

3 Results

3.1 Soil and biochar P-retentive capacity evaluation

In general, clay soil had greater phosphate sorption capacity than
sandy soil (Fig. 1). Based on the Langmuir equation, the clay soil
had higher Smax (692 vs. 253 mg kg

−1), k (3.29 vs. 0.06 Lmg−1),
and S0 (34.84 vs. − 0.90 mg kg−1) values but lower EPC0 (0.015
vs.− 0.095mgL−1) comparedwith the sandy soil. In comparison
with the clay soil, the sandy soil also had higher Olsen P (34.04
vs. 3.62 mg kg−1) and Bray P (41.78 vs. 1.65 mg kg−1) concen-
trations (Table 1). Biochar had affinity to phosphate, as phos-
phate sorption by biochar tended to increase linearly with initial
phosphate concentrations, and a linear regression was able to
describe this sorption curve (S = 32.35 × c – 9.93, r2 = 0.99,
p < 0.0001). As a result, biochar had higher EPC0 value
(0.307 mg L−1) than the two soils. The pH of sandy soil was
7.25 and that of clay soil was 4.48. Both soils had lower pH
compared with the biochar (9.16).

The XRD analysis revealed that biochar contained quartz,
Ca/Mg phosphate, and Ca silicate minerals (Fig. 2). The orig-
inal biochar and phosphate-loaded biochar (i.e., incubated
with 100 mg L−1 phosphate solution) had similar XRD spec-
trum. In addition, SEM-EDS analysis showed that element
composition on biochar surface was not apparently changed
after incubation with phosphate-containing solution (Fig. 3).

3.2 Phosphate sorption behavior

Biochar addition consistently increased phosphate sorption of
sandy soil but appeared to decrease the phosphate sorption of
clay soil (Fig. 4). The Smax values increased from 253 to
373 mg kg−1 in sandy soil after biochar addition (0 to 8%
biochar addition, p = 0.028; Table 2). In addition, biochar ad-
dition tended to increase S0 (p = 0.16) and EPC0 (p = 0.048)
values of sandy soil. The highest values of S0 (10.61 mg kg−1)
and EPC0 (0.564 mg L−1) were found in the 8% biochar-
amended sandy soil, while the lowest were found in the sandy
soil without biochar addition (S0 = − 0.90 mg kg−1, EPC0 = −
0.095 mg L−1). In contrast, in clay soil, Smax values were
decreased by about 23–32% in biochar addition treatments
compared with the treatment without biochar addition (p =
0.024). There were no significant differences in k, S0, and
EPC0 among different biochar addition treatments in clay soil.

Biochar addition also increased soil pH, a critical factor
regulating phosphate sorption, of the two types of soils
(p < 0.001), and the increment in clay soil was the greatest
(Table 2). We further examined the liming effect of biochar
addition on phosphate sorption of clay soil by comparing Smax

values of NaOH-adjusted clay soil, biochar-addition treat-
ments, and original clay soil. The Smax of clay soil tended to
decrease as pH increased. Moreover, Smax of NaOH-adjusted
clay soil was lower than those for biochar-addition treatments
(i.e., 4 and 8% biochar addition, p < 0.0001), although these
treatments had approximately the same soil pH (Fig. 5).

3.3 Phosphate desorption behavior

Phosphate adsorbed by the two types of soils can be partially
desorbed, and both soils exhibited varying degrees of hysteresis
(Fig. 4). Phosphate desorbability was used to describe the
amount of phosphate desorbed from biochar-amended soils
(Fig. 6). In general, the desorbabilities of biochar-amended sandy
soils were higher than those of biochar-amended clay soils. In
sandy soil, biochar additions tended to decrease phosphate
desorbability when high concentrations of initial phosphate were
added, particularly at 50 mg L−1 of initial phosphate addition
(p= 0.014). In clay soil, the fraction of desorbed phosphate to
newly sorbed phosphate increased with the amount of phosphate
added in the sorption experiment, but no more than 5% of newly
sorbed phosphate by soil and biocharmixtures could be desorbed
after 24 h of desorption, even when 100 mg L−1 of phosphate

Fig. 1 Phosphate (P) sorption isotherm of sandy soil, clay soil, and bio-
char. Data points are the arithmetic mean of triplicate determinations (n =
3). The P sorption curves of sandy soil and clay soil were well fitted by the
Langmuir equation, whereas P sorption by biochar was better fitted by a
linear regression
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was added. In contrast to sandy soil, phosphate desorbability of
clay soil was increased by biochar addition when 50 mg L−1 of
initial phosphate was added (p= 0.007).

3.4 P fractions

The contents of different P fractions of biochar-amended
soil were determined to examine the effect of biochar on
soil P mobility and availability. The dominant P fraction
of b iochar was HCl-ext rac table P (mean value
4.87 g kg−1, 82% of total P), which is mainly Ca-

bounded P. As a result, biochar addition increased HCl-
extractable P contents of both sandy and clay soils
(p < 0.001, Fig. 7). In fact, the increment of HCl-
extractable P was the greatest among all the P fractions,
which were 74–309% for sandy soil and 133–1559% for
clay soil compared with each soil without biochar addi-
tion. In general, biochar addition had no significant effect
on organic P fraction (e.g., NaHCO3- and NaOH-
extractable organic P) for both sandy and clay soils.
However, biochar addition increased NaHCO3- and
NaOH-extractable inorganic P of clay soil. P fraction

Fig. 3 SEM image (left) and cor-
responding EDS spectra (right) of
biochar before and after incuba-
tion with 100 mg L−1 P solution
(1:10, solid:liquid)

Fig. 2 X-ray diffraction of
biochar before and after
incubation with 100 mg L−1 P
solution (1:10, solid:liquid)
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extracted in water, which is most labile, was increased by
biochar addition in sandy soil (p = 0.003, Fig. 7), and was
linearly correlated with S0 (r = 0.38, p = 0.03) and EPC0

(r = 0.36, p = 0.04) calculated from the Langmuir equation
(Fig. 8). For clay soil, however, the water-extractable P
content was very low, ranging between 1.46 and
2.55 mg kg−1, and biochar addition had no significant
effect on water-extractable P.

4 Discussion

Our results showed contrasting effects of biochar addition on
phosphate sorption for sandy soil (neutral, low P-retentive)
and clay soil (acid, high P-retentive). Biochar addition in-
creased the Smax value of sandy soil (Table 2), suggesting that
biochar can provide more sorption sites for phosphate after its
application in sandy soil. The XRD showed that the biochar in

Fig. 4 Phosphate (P) sorption and
desorption for (a, b) sandy soil
and (c, d) clay soil. Data points
are the arithmetic mean of tripli-
cate determinations (n = 3)

Table 2 Phosphate sorption parameters calculated from the Langmuir
equation and pH for the sandy and clay soils, which were amended with
different rates of biochar (means with different letters within a column for

each soil type are significantly different at p < 0.05, standard error is given
in parentheses)

Soil Biochar pH (H2O) Smax mg kg−1 k L mg−1 S0 mg kg−1 EPC0 mg L−1

Sandy soil 0 7.24 (0.04)c 252.7 (7.2)b 0.06 (0.014)a − 0.90 (2.20)a − 0.095 (0.169)b

2% 7.09 (0.02)c 263.2 (2.5)ab 0.08 (0.034)a 6.51 (6.21)a 0.242 (0.216)ab

4% 7.41 (0.01)b 301.2 (27.6)ab 0.05 (0.005)a 4.43 (0.95)a 0.300 (0.060)ab

8% 7.75 (0.04)a 372.5 (20.6)a 0.05 (0.003)a 10.61 (2.67)a 0.564 (0.105)a

p < F < 0.001 0.028 0.54 0.16 0.048

Clay soil 0 4.48 (0.05)c 692.0 (19.9)a 3.29 (0.467)a 34.84 (9.70)a 0.015 (0.003)a

2% 4.96 (0.00)b 535.0 (2.2)b 2.19 (1.189)a 8.99 (22.50)a − 0.003 (0.022)a

4% 6.18 (0.04)a 472.3 (14.1)c 1.87 (0.647)a 6.16 (7.79)a 0.004 (0.008)a

8% 6.19 (0.05)a 519.7 (9.3)bc 4.38 (2.049)a 46.15 (31.02)a 0.020 (0.008)a

p < F < 0.001 0.024 0.26 0.20 0.41

Smax, Langmuir phosphate sorption maxima; k, sorption constant related to bonding strength; S0, initial sorbed phosphate; EPC0, equilibrium phosphate
concentration
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our study contained Ca/Mgminerals (e.g., Ca silicates, Ca/Mg
phosphates), and these minerals can contribute to phosphate
sorption (Fig. 2). In contrast, biochar addition tended to de-
crease the Smax value of clay soil. Similarly, some previous
studies also reported that the addition of biochar derived from
lignocellulosic feedstock (e.g., corn stover, rice husk, wood
residue) could reduce phosphate sorption in acid soil, but

could increase P retention in neutral or alkaline soils in the
short term (Chintala et al. 2014; Eduah et al. 2019). The de-
crease of Smax for biochar-amended clay soil was probably
due to the liming effect of biochar, as the pH value of clay
soil increased from 4.48 to 6.19 after biochar addition. As the
soil pH increases, the positive charges on the Fe/Al oxide and
hydroxide minerals surfaces also decrease although both pos-
itive and negative sites exist, resulting in decreases of phos-
phate sorption (Smyth and Sanchez 1980).

NaOH-addition experiment suggested that biochar addition
may also contribute to phosphate sorption for clay soil, be-
cause Smax of biochar-amended clay soil (i.e., 4 and 8% bio-
char addition) was higher than that of clay soil with approxi-
mately the same pH value as biochar addition treatments (Fig.
5). In this context, the alkaline biochar addition increased
phosphate sorption of both sandy and clay soils irrespective
of the liming effect. The increased phosphate sorption (as
indicated by Smax) due to biochar addition was mainly because
Ca/Mg minerals in biochar can provide considerable phos-
phate sorption sites (Hollister et al. 2013). In general, phos-
phate adsorbs on the surface of Ca/Mg minerals under low
phosphate concentration whereas phosphate can precipitate
on the Ca/Mg minerals surface under high phosphate concen-
tration (Zhou and Li 2001). When the biochar was incubated
with 100 mg L−1 of phosphate solution, we hypothesized that
some crystalline Ca/Mg-phosphate minerals may be formed.
However, we did not observe any new crystalline Ca/Mg-
phosphate minerals (i.e., stable P forms) formed on the surface

Fig. 6 Effect of initial phosphate
(P) concentration (25, 50, and
100 mg P L−1) on P desorption in
(a) sandy and (b) clay soils
amended with different rates of
biochar (0, 2, 4, and 8%). Values
are means ± 1 standard error.
Different letters for each initial P
concentration indicate significant
differences among different bio-
char addition rates. NS, not
significant

Fig. 5 Comparison of the Langmuir phosphate sorption maxima (Smax)
for clay soil amended with biochar or NaOH, which had approximately
the same pH. Both biochar and NaOH decreased Smax of the clay soil
(blank clay soil had Smax of 692 mg kg−1 as indicated by the solid black
line in the figure), but the decrement from biochar addition was smaller.
Values are means ± 1 standard error. Different letters indicate significant
difference at p < 0.05
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of biochar after interaction with phosphate (Figs. 2, 3). Thus,
phosphate adsorption controlled the interaction between bio-
char and phosphate, rather than precipitation, in the phosphate
concentration range (i.e., 0–100 mg L−1) of our experiment.
Some studies, contradictorily, reported that biochar derived
from spruce and pine chips (Soinne et al. 2014, Ca content
of 4.8 g kg−1) and wheat straw (Xu et al. 2014, Ca content of
10.2 g kg−1) had limited phosphate sorption capacity. The
contrast results are partly because these biochar had lower
contents of Ca and Mg than the biochar used in our study
(Ca content of 36.7 g kg−1).We did not investigate the specific
effect of biochar from which Ca/Mg minerals had been

removed on soil phosphate sorption. Previous studies have
suggested that removing Ca/Mg minerals as well as other
metals from biochar by using acid or water extraction could
drastically reduce the phosphate sorption of biochar (Hollister
et al. 2013; Takaya et al. 2016). They showed that the metal-
removed biochar had little or no sorption of phosphate, be-
cause of a limited anion-exchange capacity (Hollister et al.
2013; Takaya et al. 2016).

Consistent with other studies (e.g., Huang et al. 2014;
Eduah et al. 2019), we found that phosphate desorption in-
creased with the concentration of initial added P. However,
more than 95% (biochar-amended clay soil) and 75%

Fig. 7 The contents of P fractions
of (a) biochar-amended sandy
soil, (b) biochar-amended clay
soil, and (c) peanut biochar.
Values are means ± 1 standard
error. Different letters indicate
significant differences among
different biochar addition rates.
NS, not significant
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(biochar-amended sandy soil) of the newly adsorbed phos-
phate remained in the adsorbed phase after 24 h of desorption,
even when 100-mg L−1 phosphate was added (the highest
concentration of initial phosphate). This indicates a short-
term (i.e., 24 h) irreversible sorption of phosphate by
biochar-amended soils, especially for biochar-amended clay
soil. In our study, biochar addition tended to increase phos-
phate desorbability of clay soil while decreasing that of sandy
soil when a higher concentration of phosphate was added
(e.g., 50 mg L−1). Phosphate desorption has been suggested
to be controlled by bonding energy between phosphate and
soil minerals (Havlin et al. 2005). In general, the sorbed phos-
phate is held with five times more bonding energy in acid soil
than in neutral or calcareous soils (Havlin et al. 2005). Thus, it
is expected that biochar addition to the acid clay soil at a
certain rate will result in increased phosphate desorption, as
Ca/Mg input through biochar addition can weaken the bond-
ing energy of acid soil to phosphate.

P mobility and availability were also controlled by both soil
and biochar properties. The alkaline biochar addition in-
creased the P mobility of low P-retentive sandy soil because
it increased water-extractable P content, although the biochar
tended to increase the soil phosphate sorption capacity. If
biochar contains labile P, its application would directly in-
crease the soil labile P content (Wang et al. 2015; Zhai et al.
2015). In our study, increases in P availability of sandy soil
was also evidenced by the fact that sandy soil S0, an estimate
of initial sorbed phosphate calculated from Langmuir equa-
tion, was linearly increased by biochar addition (Table 2). In
addition, the EPC0 of sandy soil was also increased by biochar
addition, and this may further result in higher P mobility (Dari
et al. 2016). For the highly P-retentive clay soil, biochar addi-
tion generally increased P availability because it increased
NaHCO3-extractable P and decreased phosphate sorption.
Overall, the biochar effect on soil phosphate sorption and
mobility tended to be increased by a lower P buffering capac-
ity of soil (e.g., the sandy soil in our study) and by higher

biochar application rates. Application of biochar with consid-
erable P content (e.g., biochar produced from manure or bio-
solids) to neutral sandy soil with a low P buffering capacity
should be undertaken with care, as this may result in a high
leaching potential of P, inducing eutrophication in groundwa-
ter, which is similar to amendment with manure or commer-
cial fertilizer (Pizzeghello et al. 2016; Yan et al. 2015).
Additional studies investigating phosphate sorption character-
istics from soils amended with biochar at the field scale will be
helpful. Some studies conducted field trials with biochar ap-
plication but they did not pay much attention to the changes of
phosphate sorption in response to biochar application (e.g.,
Cao et al. 2020; Gao et al. 2016; Jin et al. 2019).

5 Conclusions

Our results demonstrate that both the alkaline biochar and soil
properties determine phosphate sorption following the biochar
application. The decreases in Smax in acid clay soil were main-
ly due to the biochar liming effect, but biochar contributed to
phosphate sorption of the clay soil when the liming effect was
eliminated. Abundant Ca/Mg minerals in the biochar can pro-
vide phosphate sorption sites and thus increase Smax.

Since the dominant P fraction of the alkaline biochar was
Ca/Mg-bounded P, the biochar addition increased HCl-
extractable P of both sandy and clay soils. The biochar addi-
tion increased P availability of clay soil because it increased
NaHCO3-extractable P content. In addition, the biochar addi-
tion increased P mobility of sandy soil because water-
extractable P and EPC0 were increased by biochar, which
suggests the biochar application in low P-retentive soil may
have environmental concern. The alkaline biochar-induced
phosphate sorption via Ca/Mg minerals was relatively weak
because no new stable Ca/Mg-P minerals were formed. Thus,
application of P-containing biochar to low P buffering soils
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should be careful. Further studies of P sorption and mobility in
response to biochar addition at field scale are necessary.
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