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The use of organic materials has been increasing due to improving soil fertility by affecting
phosphorus (P) adsorption and desorption behavior of soils. However, previous studies
ignored the influences of increased P concentrations in equilibrium solutions caused by P
released from applied organic materials in bath P adsorption experiments. To eliminate
these influences, a modified Langmuir equation was applied to describe P adsorption
properties in dairy manure composts and biosolids-incubated soils. The adsorption and
desorption trends shifted around the initial P concentration of 70 mg/L. The fitted
parameter of correlation coefficients showed that the modified Langmuir model fitted
well for the adsorption data covering only the lower initial P concentrations (0–70mg P/L)
and covering the whole P concentrations applied in the present study (0–400mg/L). For
the fitted results covering the whole P concentrations, adding organic materials generally
decreased both the Γmax (maximum adsorption capacity for P) and the MABC (maximum
adsorption buffering capacity), except for the 20-g/kg biosolids incubation, indicating that
the number of adsorption sites for P decreased as the organic materials applied, and the
binding energy for the P adsorption to the soil also decreased to some extent with some
fluctuation as reflected by K values which represent adsorption strength. Higher DOC
content, lower molecular weight, and higher humic acid might result in the higher Γmax of
20-g/kg biosolids incubated soil. The linear equations are described well for P desorption.
The constant a value of slope in a linear equation reflects the P desorption capacity of soils
increased due to the application of organic materials, especially in high P concentrations
with a value of 0.45 for the control soil increased to 1.02 for 10-g/kg biosolids treated soil.
Thus, it would be important to control the P application amounts when the application of P
fertilizers to the soils with organic materials applied, as the effects of organic materials on P
adsorption and desorption characteristics were more efficient at high P concentrations.
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INTRODUCTION

Phosphorus (P) is the second most important macronutrient
for plant growth and nutrition as a nonrenewable resource.
Application of P fertilizers is vital for food production,
especially for enhancing agricultural production in soils
with low P availability, as all plants need an ample supply
of P. When phosphate fertilizers are applied to the soils, their
utilization efficiency for crops is only 10–25% and up to
75–90% of P would be accumulated in soils (Lu et al., 1995;
Wang et al., 2011). Excessive phosphate fertilizers are annually
applied to the soils and P input is often greater than its
demand, and it will thus result in contamination of aquatic
systems and underground water if P applied into soils is
leached into surface water and groundwater (Heredia and
Cirelli, 2007; Holman et al., 2010).

Adsorption and desorption of P in soils combined with
mineralization and immobilization form the dynamic soil P
cycling, and adsorption-desorption is an important internal
cycle for determining the environmental fate of P and for
understanding the soil fertility (Barros et al., 2005).
Adsorption and desorption processes depend on many factors
and soil conditions, such as soil types, soil texture and pH,
contents of Al, Fe, soil organic matter, and clay minerals
(Antelo et al., 2007; Weng et al., 2011; Wang and Liang, 2014;
Fink et al., 2016; Kurnain, 2016). Soil organic matter plays an
important role in P adsorption and desorption, as it could involve
the competition between organic matter and P for mineral
adsorption sites, removing adsorption sites by complexation of
surface metals and release of these metals into solution, repulsion
of phosphate anions by sorption of organic matter to positive
sites, and formation of cation bridge leading to increase in P
sorption sites (Hunt et al., 2007; Debicka et al., 2016).

The application of organic materials can change the content
and constitute of soil organic matter, and thus will affect the
adsorption and desorption characteristics of P in soil. Organic
materials applied to acid sandy soils would commonly decrease P
adsorption and increase P availability (Borggaard et al., 1990;
Nziguheba et al., 1998; Hafiz et al., 2016). The application of
manure in calcareous cinnamon soil also decreased the P
adsorption and buffering capacity (Zhang et al., 2008).
However, the exceptional results were also determined. Ma
and Xu (2010) found that the application of rice straw
decreased P adsorption to red soil and paddy soil, but there
was nearly no effect on latosol soil, although these three soils all
belong to the acid soils with low soil organic matter. Humic acids
incubated in black soil enhanced the maximum adsorption
capacity of P, soil available P, and P activation coefficient
(Yang et al., 2019).

Furthermore, when calculating P sorption from solution to
soils applied with organic materials, the release/desorbing of P
from the organic materials have not been accounted for in these
studies. Indeed, there is considerable evidence that increased P in
soil solutions arises from the applied organic materials (Guppy
et al., 2005). P equilibrium concentrations in batch adsorption
experiments would be greater than expected due to the release of
P, and finally, P adsorbed to soils would be underestimated.

Therefore, the incubation of organic materials in soils has
commonly been reported as reducing P sorption in soils.
Whether the reported decreases in P sorption (as measured by
the differences between P in the solutions before and after
adsorption) are related to competition with organic matter
(such as humic acid) decomposition products of organic
materials breakdown or the results of P release from organic
materials, need to be further determined.

For avoiding underestimating the effects of P release from
organic materials applied into soils on P adsorption, the soil
organic matter removal combated with batch adsorption
experiments were applied to investigate the influence of
organic matter on P adsorption and desorption. Hiradate
and Uchida (2004) found that removing organic matter
from the Andisol soil increased the P adsorbed amount,
indicating that soils organic matter occupied sites that
could adsorb P, and soil organic matter could inhibit P
adsorption through competitive adsorption. But Debicka
et al. (2016) found that the adsorption capacity for P in
most of the topsoils that were tested decreased, and the
desorption of P increased when organic matter was
removed, indicating that soils organic matter was
potentially P binding soil constituents and could adsorb P.
These contradictory results may have been caused by the P
adsorption capacity of soil depending on the type of organic
matter present and the soil type. In addition, P adsorption
experiments on matrix minerals (such as goethite, ferrihydrite,
gibbsite, and kaolin) covered with organic matter (such as
humic acid) were carried out to determine the effect of organic
matter on P adsorption (Antelo et al., 2007; Hunt et al., 2007;
Kurnain, 2016; Yan et al., 2016), and inhibition of P sorption to
matrix minerals was commonly observed. Also, correlation
analyses and path analyses were applied to find out the
influences of organic matter on the adsorption and
availability of P in soils (Kang et al., 2009; Yadav et al.,
2017). But in these studies, the soil organic matter was not
manipulated or controlled. To both control the soil organic
matter (increasing soil organic matter only without changing
the other soil components) and avoid the underestimating the
effects of P release from organic materials applied to soils,
Yang et al. (2019) applied humic acid-containing negligible P
as the exogenous organic materials to identify the mechanism
through which organic matter affects the adsorption of P in
black soil, and found that P adsorption and availability were
enhanced by increasing soil organic matter. Although humic
acid was one of the most important decomposition products of
organic materials breakdown applied to soils, it could not
represent the organic materials applied to soils. So, the effects
of organic materials applied to soils on the adsorption and
availability of P in soils need to be further investigated by
considering both the release of P from organic materials and
the actual conditions of organic materials applied to soils.

Of all the obvious studies, the Langmuir equation has been
used to describe P sorption reactions to soils. To account for
the contributions of P releasing from organic materials-
incubated soils, various Langmuir equation modifications
have been developed (Villapando and Graetz, 2001; Brock
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et al., 2007; Zhang et al., 2010; Wang et al., 2014; Wang et al.,
2016). The Langmuir equation is typically expressed as
follows:

ΓT � ΓmaxKC

1 + KC

where ΓT (mg/kg) is the total amount of P adsorbed by the soil,
which includes P that was already adsorbed to the soil before
adsorption experiments (Γ0) and P adsorbed/desorbed from/into
the equilibrating solution (Γs), C (mg/L) is the P concentration in
the equilibrium solution, Γmax (mg/kg) is P adsorptionmaximum,
and K (L/mg) represents P adsorption strength. When there is net
P desorption into the equilibrating solutions, Γ0 represents the P
that could be desorbed if the solution P concentration is
maintained at or near zero (Barrow, 2008). For low-P soils,
the amount of desorption/releasing is too small to be
measured by standard techniques, and Γ0 is often ignored
(Barrow, 2008; Zhang et al., 2010). But for P-enriched soils, Γ0
should be included in the Langmuir equation to describe P
adsorption data because the amount of P releasing/desorbing
should not be ignored. Based on comparisons of estimated
adsorption parameters or goodness of fit for different
Langmuir equation modifications, Wang et al. found that the
estimate of Γ0 by fitting a linear equation to P adsorption data at
low-P equilibrium concentration might be preferred (Wang et al.,
2014). The Γ0 estimated in this way could cover the effect of P
releasing from P-enriched soil and the effect of P releasing has
been adjusted. The final fitting result is the result, that is, expected
and P adsorbed to soil would not be underestimated or
overestimated. So, in the present, a modified Langmuir
equation was chosen and used to study the effects of organic
materials applied in soils on the adsorption and availability of P in
a Mollisol soil of northeast China (Wang et al., 2014; Wang et al.,
2016). Dairy manure composts (MC) and biosolids (Bios) were
chosen as the organic materials applied to the soil.

Furthermore, the previous research covers a different
range of P concentrations applied to sorption experiments,
and generally, it can be divided into two groups according to
the upper initial P concentration limit, i.e., 10–60 mg P/L
(McDowell and Condron, 2001; Guppy et al., 2005; Heredia
and Cirelli, 2007; Wang et al., 2014; Debicka et al., 2016;
Wang et al., 2016; Yang et al., 2019) with the Γmax of hundreds
of in order of magnitude and 170–500 mg P/L (Bhatti et al.,
1998; Hiradate and Uchida, 2004; Brock et al., 2007; Xue et al.,
2014) with the Γmax of thousands of in order of magnitude.
These also would affect the results of P sorption. To compare
with the above results at a similar range of P concentrations,
this study applied more P concentrations (up to 25 different
concentrations of P) within a range of 0–400 mg P/L, with a
smaller interval at lower initial P concentrations and with a
larger interval at higher initial P concentrations. Then, the
modified Langmuir equation has respectively been used to
investigate P sorption behavior in the organic materials-
amended soils at low P concentrations and high P
concentrations.

MATERIALS AND METHODS

Soil Samples Collection and Organic
Materials Preparation
A typical black soil (BS, a mollisol) was collected from an
agricultural experimental base of Jilin University in
Changchun City (latitude 43°56.603′-43°57.274′ N,
125°14.231′-125°14.914′ E). Surface soil samples (0–20 cm)
were collected and then were air-dried, ground, homogenized,
and sieved to pass through a < 2-mm sieve after removing stones
and residual roots. Pre-decomposed dairy manure composts
(MC) and biosolids (Bios) were chosen as exogenous organic
materials. Organic materials were air-dried, ground to pass a < 2-
mm sieve, and stored in a brown wide-mouth bottle prior to
applying to the soils.

The soil of 3.0 kg was amended with 5, 10, and 20 g OM
(organic matter)/kg soil from each of the organic material sources
to increase the organic matter content and incubated for 30 days
at 60% of the maximum field moisture capacity with adding
deionized water (Hafiz et al., 2016; Yang et al., 2019). The soil
without organic materials was also incubated for 30 days under
the same condition and considered as the control. Three
replicates have been applied for each treatment. Then the soils
were air-dried, sieved to pass through a < 2-mm sieve, and stored
in a brown bottle prior to use for adsorption and desorption
experiments. Properties of soils and organic materials before and
after incubation are listed in Table 1.

Solid samples were mixed with deionized water at the ratio of
1:1, shaken for 20 min, and then stood for 10 min to determine
the pH and EC (Accumet AB 200, Fisher Scientific). The total
organic carbon (TOC) of solids was measured by a Vario TOC
cube (Elementar, German). The total P (TP) and available P
contents were determined by an AutoAnalyzer 3 (Bran Luebbe
Gmbh Company, German) after performing sulfuric
acid—perchloric acid digestion and sodium bicarbonate
extraction.

After incubation for 30 days, the release of P from soils by
using 0.01 mol/L KCl at pH 7.0 was carried out (Guppy et al.,
2005). Each soil sample (2.5 g) was placed into a 50-ml centrifuge
tube and then was equilibrated with 25 ml of KCl (0.01 mol/L) at
pH 7.0 for 24 h. After reaching equilibrium, the mixed
suspensions were centrifuged at 4,000 r/min for 30 min
followed by being filtered through 0.45-µM filters (Millipore,
Billerica, MA, United States). P in supernatants was determined
by an AutoAnalyzer 3 (Bran Luebbe Gmbh Company, German)
and the release amounts of P were obtained (Table 1).
Meanwhile, dissolved organic carbon (DOC) contents were
also measured by a Vario TOC cube (Elementar, German),
and the structural characteristics of DOC were determined by
UV-Visible absorption spectroscopy (Kalbitz et al., 2000; Xie
et al., 2018). UV/Vis spectra were recorded with a UV-2550
spectrophotometer (Shimadzu, Japan) in the wavelength range
200 ± 500 nm using 1 cm cuvettes. All spectra were normalized by
the measured DOC contents and standardized at a concentration
of 10 mg C/L by dilution.
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Adsorption and Desorption Experiments
Batch adsorption and desorption experiments were
performed in this study. Each soil sample (1.0 g) was
equilibrated with 10 ml of KCl (0.01 mol/L) at pH 7.0
supplied with P at different concentrations (0–400 mg/L)
using KH2PO4. The mixed suspensions were added with
three drops of chloroform to avoid microbial growth and
horizontally shaken for 24 h, and then centrifuged at 4,000 r/
min for 30 min followed by being filtered through 0.45-µM
filters (Millipore, Billerica, MA, United States). P in the initial
or equilibrium solutions were measured by an AutoAnalyzer
3 (Bran Luebbe Gmbh Company, German).

The solid samples were washed with deionized water for
30 min, centrifuged at 4,000 r/min for 30 min and the
supernatants were discarded. Then the solid samples were
shaken and re-equilibrated with 10 ml of KCl (0.01 mol/L) for
24 h. The suspensions were centrifuged at 4,000 r/min for
30 min followed by being filtered through 0.45-µM filters, and
P in supernatants were determined by an AutoAnalyzer 3
(Bran Luebbe Gmbh Company, German) and the amounts of
desorbed P were obtained.

Data Analysis
A modified Langmuir model was used to analyze adsorption
data in this study (Wang et al., 2014; Wang et al., 2016), and a
sorption curve could be described as follows:

Γ � Γmax × K × C

1 +K × C
− Γ0 (1)

where C (mg/L) is the equilibrium P concentration of the
solution, Γ (mg/kg) is the amount of P sorbed/desorbed from/
into the solution during shaking, Γ0 (mg/kg) is the initial sorbed P
that was already sorbed to the soil before analysis, Γmax (mg/kg) is
the maximum amount of P, K (L/mg) is a constant related to the
binding strength of P at the adsorption sites, and K × Γmax is the
maximum adsorption buffering capacity (MABC, L/kg). The
releasing experiment results indicated that P desorption
reactions indeed occurred in the present study, especially for
the soils incubated with more organic materials (Table 1).

If Γ = 0, C can be designated as Ce, which indicates the solution
P concentration after shaking at zero netted sorption, and the
following equation is obtained:

Γ0 � Γmax × K × Ce

1 +K × Ce
(2)

Combining Eq. 1, 2, the Langmuir equation could be modified
as follows:

Γ � Γmax × K × C

1 + K × C
− Γmax × K × Ce

1 + K × Ce
(3)

At low solution P concentrations, the relationship between Γ
and C could be assumed to be linear (Wang et al., 2014; Wang
et al., 2016):

Γ � K1C − Γ0 (4)
where K1 (L/kg) is the partition coefficient. Accordingly, from Eq.
4, Ce can be calculated by the following equation:

Ce � Γ0

K1
(5)

In our study, the relatively lower initial P solutions (i.e., 0, 1, 3,
5 mg P/L) were used to determine the fitted values of the
parameters of Eq. 4.

P desorption data were described by linear modelD = a ×Γ + b,
where D (mg/kg) is the amount of P desorbed from the soil after
the adsorption experiment, Γ (mg/kg) is the amount of P
adsorbed to the soil in the former P adsorption, slope a is the
constant related to desorbing capacity.

RESULTS AND DISCUSSION

Soil Properties
The soil used in the present study is mollisol, a typical black soil
with a TOC of 24.28 g/kg. The characteristics of organic materials
used in this study were different from each other with a higher pH
for MC and the lower pH for Bios (Table 1). On the contrary, the
higher EC was found in Bios and the lower EC was present inMC.

TABLE 1 | Selected properties of soils and organic materials used in the study (n = 3).

Treatments pH EC (µS/cm) TOC (g/kg) TP (g/kg) Available
P (mg/kg)

PAC% P releasing
(mg/kg)

DOC (g/kg)

Black soil (BS) 6.06 ± 0.03 96.57 ± 2.15 24.28 ± 0.44 0.48 ± 0.08 42.35 ± 0.63 8.82 1.32 ± 0.08 0.69 ± 0.08
Dairy manure compost (MC) 7.82 ± 0.05 58.55 ± 1.76 176.86 ± 6.91 0.86 ± 0.12 464.66 ± 3.34 54.03 -- --
Biosolids (Bios) 6.07 ± 0.04 580.60 ± 5.85 188.92 ± 2.07 5.27 ± 0.34 462.27 ± 4.12 8.77 -- --
BS with 5-g/kg OM from MC 6.76 ± 0.08 195.15 ± 3.18 28.33 ± 2.59 0.47 ± 0.03 48.92 ± 0.48 10.41 8.45 ± 0.12 1.25 ± 0.09
BS with 10-g/kg OM from MC 6.66 ± 0.09 186.00 ± 3.25 33.79 ± 0.87 0.49 ± 0.05 52.64 ± 0.42 10.74 10.18 ± 0.41 1.33 ± 0.10
BS with 20-g/kg OM from MC 6.08 ± 0.07 228.30 ± 1.27 43.49 ± 7.80 0.52 ± 0.04 66.67 ± 0.63 12.82 13.16 ± 0.13 1.61 ± 0.08
BS with 5-g/kg OM from Bios 6.21 ± 0.05 317.40 ± 25.73 28.70 ± 4.79 0.87 ± 0.07 77.33 ± 0.66 8.89 3.77 ± 0.04 1.24 ± 0.07
BS with 10-g/kg OM from Bios 5.99 ± 0.07 1,267.50 ± 26.16 34.37 ± 1.19 1.01 ± 0.07 133.16 ± 0.78 13.18 10.51 ± 0.08 1.36 ± 0.11
BS with 20-g/kg OM from Bios 6.09 ± 0.07 1,690.95 ± 74.24 43.34 ± 1.40 1.49 ± 0.08 188.90 ± 0.97 12.68 26.95 ± 0.18 1.77 ± 0.09

TOC, total organic carbon; TP, total phosphorus; PAC, P activation coefficient obtained by the ratio of available P to total; DOC, dissolved organic carbon.
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The organic matter contents of these two organic materials were
similar to each other as described by TOC. Although the total P
content of Bios was significantly higher than that of MC, the
available P content of MC was close to that of Bios.

After adding the organic materials, the EC, TOC, TP, and
available P of soil were all increased to some degree. The total P
contents of the soils provided little information about the
transformation of P in the soil and the availability of P to
crops. The total P contents of the soils varied significantly
with different organic materials being added, especially with
the addition of bios and it increased the total P contents in
the soils by 0.8–2.1 times. Also, available P contents were
obviously increased due to the addition of Bios. The influences
of MC on total P and available P in the soils were lower. The
available P to total P ratio is called the P activation coefficient
(PAC), which represents the degree of difficulty with which
transformations between total P and available P. A higher
coefficient indicates more P will be available to promote crops
growth (Wu et al., 2017). The PAC increased after both MC and
Bios were added to the soil.

Like the available P, organic materials applied in soils also
enhanced the releasing/desorbing of P from the incubated soils
(Table 1). The more organic materials added, the higher P
released from the soils, and the highest P release was found
from the soil incubated with 20-g/kg organic matter of Bios and
almost 20 times more than that released from the control soil. So,
it is important to account for the effects of P releasing/desorbing
on the P adsorption experiments, and the modified Langmuir
model rather than the original Langmuir model should be used in
the present study.

Also dissolved organic carbon (DOC) released from the
incubated soils increased with the application of the organic
materials (Table 1). UV/Vis spectra of DOC extracted from
the soils incubated with 20-g/kg OM from Bios show a higher
absorbance over a wide range of wavelengths, with little change
for 5- and 10 –g/kg OM incubated soils (Figure 1). A similar
result was also obtained for the soils incubated with MC, but the
absorbance change in the soil added with 20-g/kg OM from MC
was smaller than that for the Bios added to the soil. MC and Bios
application could increase UV spectra absorbance of DOM at

254, 260, and 280 nm, indicating that the fragrance,
hydrophobicity, and molecular weight of DOM might increase
to some extent (Xie et al., 2018) and the highest change was found
in the 20-g/kg Bios-incubation soil. The UV spectra ratio of
A250/A365 decreased for MC incubated soils as compared to
control soil; it further proved that MC addition increased the
molecular weight of organic matter in the soil. The ratio of A250/
A365 also decreased for the soils incubated with 5- and 10 -g/kg
OM from Bios (from 1.43 to 1.27 and 1.40), but increased to 1.48
for the soil incubated with 20-g/kg OM from Bios indicating that
20-g/kg Bios incubation decreased the molecular weight of soil
organic matter. The ratio of A300/A400 were all below 3.5, which
indicated that the soils with or without OM incubation were rich
in humic acid, but humic acid in Bios was higher than that in MC
(Xie et al., 2018).

Phosphorus Adsorption Characteristics
In the current study, we applied up to 25 initial P concentrations
of adsorption experiments to cover both the lower and higher P
concentrations. The more P added, the more P adsorbed to the
soils. Supporting the general adsorption characteristics, the P
adsorption increased rapidly as the initial P concentrations
increased at lower P concentrations with the equilibrium P
concentration increased to 40 mg/L, and then increased slowly
to a lesser extent of higher P concentrations. When the
equilibrium P concentration was lower than 40 mg/L,
especially lower than 20 mg/L, the P adsorption amounts of
the soils with MC and Bios were similar to the control soil
which was also incubated under the same incubation
condition but without organic materials added (Figure 2). The
P adsorption by soils is regarded as being a multi-stage kinetic
process (Wang and Liang, 2014), the present study results
indicated that P adsorbed by soils went through an initial fast
adsorption stage and then a slower adsorption stage. Previous
studies have observed H-curve type isotherms (Azeez and Van
Averbeke, 2011; Yu et al., 2013) or S-curve type isotherms (Hafiz
et al., 2016) in P adsorption on soils incubated with organic
materials. No matter H-curve type isotherms or S-curve type
isotherms, the P adsorption trends both shifted at some specific P
concentration. Yu et al. (2013) found that P adsorbed to soil

FIGURE 1 | UV spectra of dissolved organic matter extracted from incubated soils (absorbance was standardized to 10 mg C/L).
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parent materials with poultry manure compost and organic
fertilizer application showed an H-shaped increasing trend,
with P adsorption reaching a plateau when the initial P
concentration was about 40–100 mg/L, but increased further
beyond 100 mg/L. P adsorption to the dairy, poultry, and goat
manure-incubated soils conformed to the S-curvature, with the
lower P adsorption at low equilibrium concentration and become
easier as the equilibrium concentration was rising to 50–100 mg/
L (Hafiz et al., 2016). A careful observation of the adsorption
isotherms in the present study indicated that the isotherms have
more in common with the H-curve type isotherms, with P
adsorption reaching a plateau when the equilibrium P
concentration was 50–120 mg/L, and then increased further
beyond 120 mg/L. High affinity with P for soils caused a high
initial slope of the isotherms and likely appeared as the H-shaped
isotherms. On the contrary, the low initial slopes of the isotherm
curves were caused by the low affinity with P for soils and
appeared as S-shaped curves (Hafiz et al., 2016). P adsorption
isotherms forms depended on adsorption mechanisms and the P
adsorption process could be divided into chemical and physical
adsorption processes. When the initial P concentrations were
relatively low, the chemical process could dominate the
adsorption processes and would be completed rapidly, and
ligand exchange and ion exchange were likely to be the

dominant mechanisms contributing to the high adsorption
rates (Lai and Lam, 2009). Correspondingly, the chemical
adsorption process would slow down rapidly at high P
concentrations due to the quickly being saturated of the
available adsorption sites, and the P adsorption changed to the
physicochemical and physical adsorption processes and
presented slower rates (Lai and Lam, 2009; Wang and Liang,
2014).

Many models have been developed to describe adsorption
isotherms and the Langmuir equation is one of the most used
models to quantitatively fit P adsorption isotherms (Hussain
et al., 2003; Lair et al., 2009; Rossi et al., 2012; Yang et al.,
2019). The modified Langmuir model which is suitable for the
P-enriched soils was applied to fit the adsorption data into this
study (Wang et al., 2014; Wang et al., 2016). The adsorption
data covering only the lower initial P concentrations (i.e., 0-
70 mg P/L, Figures 2B,D) and the data covering the whole P
concentrations applied in the present study (i.e., 0-400 mg/L,
Figures 2A,C) were respectively fitted by the modified
Langmuir model. Simulated Langmuir curves for the soils
with or without organic materials incubation are illustrated
in Figure 2 and the resulting fitted parameters are presented in
Table 2. Results revealed that the modified Langmuir equation
properly described the P adsorption properties of the soils, and

FIGURE 2 | Langmuir isotherms of P adsorbed onto soils incubated with different contents of organic matter derived from (A) (B) manure compost and (C) (D)
biosolids.
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the relationships indicated by the correlation coefficients were
statistically significant.

The maximum adsorption capacity for P (Γmax) reflects the
number of P adsorption sites per unit weight of the soil and is
generally used to evaluate the adsorption capacity of soil for P
(Hiradate and Uchida. 2004; Yan et al., 2016; Fink et al., 2016;
Yang et al., 2019). Γmax obtained from the fitted curves covering
only the lower initial P concentrations between 0–70 mg P/L were
similar to each other for different organic materials-incubated
soils at different levels, and all higher than that of the control soil
with the increased rate of 14.6–29.9%, and the highest value was
obtained in the soil with 20-g/kg bios incubation. Γmax changed
slightly with MC added rates increased, but with Bios added rates
increased, Γmax also increased significantly (Table 2). However,
when we used the modified Langmuir model to fit the whole
initial P concentrations, the higher Γmax values have been
obtained, whether for the soils incubated with organic
materials or not. Γmax for the control soil was 1,326.53 mg/kg
and organic materials application clearly influenced the Γmax. The
Γmax decreased as the spiked MC increased, indicating that the P
storage capacity of the soil decreased as the MC incubation
amounts increased. The Γmax also reduced along with the Bios
addition when the Bios application was at lower rates of 5 g/kg
and 10 g/kg, but when the application rate was up to 20 g/kg, the
Γmax instead increased. Hafiz et al. (2016) found that the Γmax

values of a silt loam agricultural soil also decreased after
incubation with dairy, goat, and poultry manures for 1 month.
Yu et al. (2013) found that poultry manure incubation reduced
the Γmax of the soils derived from basalt, granite, and river alluvial
deposits, no matter whether incubated for 30 days or 60 days; but
organic fertilizer incubation increased the Γmax of the soils
derived from granite and river alluvial deposits, although it
also reduced the Γmax of the soils derived from basalt. The
reduction in the Γmax due to the addition of MC and Bios in
lower rates in the current study might be due to the affinity of
organic ligands for sorption sites. Most ligands are capable of
displacing phosphate ions in site-specific organic ligands such as
oxalate, malate, citrate, tartrate, malonate, humic acid, and fulvic
acid (Violante and Gianfreda, 1993; Bhatti et al., 1998; Guppy

et al., 2005). Sharma et al. (2006) found that the possible blockade
of P-fixing sites in the soil by soluble humic substances present in
manure might reduce the adsorption capacity of the soil. The
reduction in P adsorption capacity and consequently increase in P
availability to plants or increase in P loss to water has commonly
ascribed to competition between the decomposition products of
organic matter and P for soil sorption sites, and the evidence for
competition inhibition of P sorption by dissolved organic carbon
compounds, derived from the breakdown of organic matter,
includes the competition between P and low molecular weight
organic acids, humic and fulvic acids, and organic matter
leachates in soils with a high P sorption capacity (Guppy
et al., 2005; Bayon et al., 2006; Zamuner et al., 2008). If the
organic ligands decomposed from the incubated organic
materials were previously adsorbed, the surface charge of the
solids would be altered, and then might cause P to be
electrostatically repelled and decrease P adsorption (Antelo
et al., 2007). Meanwhile, Guppy et al. (2005) reported that
decreases in P sorption as measured by P in the soil solution
might also be the result of P release from the organic materials
that were not considered when calculating the reduction in P
sorption. In the present study, when calculating the P adsorption
amounts, the P release from organic materials was accounted for
by using the modified Langmuir model and MC incubation still
reduced the P adsorption capacity of the soil. So, it could be
assumed that the competition mechanism played a leading role in
P adsorption processes in the current MC applied soils. The pH
value changes in the incubated soils might also reflect the shifts in
P adsorption capacity. Zhao et al. (2006) found that pH 6.0 was a
turning point and increasing the organic matter content increased
the P adsorption by soil at pH > 6.0, but decreased the amount of
P adsorbed by soil at pH < 6.0. However, Guppy et al. (2005)
considered that the magnitude of the inhibition of P sorption by
the decomposition products of organic materials leachate is
negligible at rates equivalent to those of organic materials
applied field. Organic materials might also increase the P
adsorption capacity through metal-chelate linkages provided
by these organic compounds. The suddenly significant increase
in the Γmax of the soil with 20 g/kg of Bios incubation resulted in

TABLE 2 | Parameters of the modified Langmuir model for P adsorbed in soils.

Treatments Γmax (mg/kg) K (L/mg) MABC (L/kg) r

Coverage of Sorption data (0–400 mg/L) BS 1,326.53 ± 61.91 0.016 ± 0.0018 21.22 0.9864**
BS with 5-g/kg OM from CM 1,058.84 ± 93.16 0.013 ± 0.0027 13.76 0.9541**
BS with 10-g/kg OM from CM 893.24 ± 55.13 0.021 ± 0.0038 18.76 0.9637**
BS with 20-g/kg OM from CM 857.94 ± 69.91 0.016 ± 0.0035 13.73 0.9494**
BS with 5-g/kg OM from Bios 795.49 ± 41.00 0.023 ± 0.0037 18.30 0.9717**
BS with 10-g/kg OM from Bios 711.89 ± 26.25 0.028 ± 0.0034 19.93 0.9858**
BS with 20-g/kg OM from Bios 1,376.25 ± 90.99 0.0086 ± 0.0011 11.84 0.9904**

Coverage of Sorption data (0–70 mg/L) BS 355.32 ± 18.67 0.25 ± 0.037 88.83 0.9913**
BS with 5-g/kg OM from CM 431.92 ± 25.56 0.14 ± 0.027 60.47 0.9856**
BS with 10-g/kg OM from CM 429.17 ± 14.16 0.16 ± 0.017 68.67 0.9948**
BS with 20-g/kg OM from CM 440.41 ± 25.93 0.11 ± 0.018 48.44 0.9891**
BS with 5-g/kg OM from Bios 407.37 ± 34.71 0.13 ± 0.037 52.96 0.9700**
BS with 10-g/kg OM from Bios 431.01 ± 49.82 0.097 ± 0.031 41.81 0.9630**
BS with 20-g/kg OM from Bios 461.47 ± 38.40 0.065 ± 0.019 29.99 0.9721**

Γmax, the maximum adsorption amount of P; K, the binding strength of P at the adsorption sites; MABC, the maximum adsorption buffering capacity obtained by K × Γmax.
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part from the above reason. Besides, Bios was commonly
characterized by containing more humic acid-like and fulvic
acid-like compounds (Torrecillas et al., 2013; Campuzano and
González-Martínez, 2016). Humic acid and fulvic acid do not
simply compete with P for sorption sites in soils, but in many
instances, act as P adsorbing surfaces also (Appelt et al., 1975;
Perrott, 1978). In the present study, the DOM content and
structure of the soil incubated with 20 g/kg of Bios were
different from the other incubated soils, with higher DOC
content, lower molecular weight, and higher humic acid
(Figure 1), and this might result in higher Γmax. In some
allophonic soils, reactions to metals with humic acid and
fulvic acid greatly increase P sorption and are critical to P
cycling processes (Borie and Zunino, 1983). In highly
weathered soils, sorption of P to humic acid and fulvic acid
might help alleviate problems associated with high P fixation
through the slow mineralization of these complexes (Pushparajah
et al., 1998). Yang et al. (2019) reported that the addition of humic
acid to increase the soil organic matter content could efficiently
increase the P adsorption capacity Γmax. This is possibly another
reason to explain the increase of Γmax for the soil incubated with
20 g/kg of Bios.

The P adsorption energy (K) is another one of the most
important parameters describing the P adsorption affinity with
soils and related to binding energy to sorption sites. The higher
value of K means a stronger trend of P adsorption, and the
degree of spontaneous reaction is stronger, with weaker P
supplying intensity (Wang and Liang, 2014; Hafiz et al.,
2016). K obtained from the fitted curves of the lower initial P
concentrations of 0–70 mg P/L were all significantly higher than
those obtained from the fitted curves of the whole initial P
concentrations. At lower initial P concentrations, organic
materials incubation reduced K values as compared with
control soil. But the K values changed significantly, and
different shifting trends were found for the soils with
different organic materials applied at whole initial P
concentrations. With the OM incubation rates increasing,
MC treatment first decreased K and then increased K, but
Bios applied first enhanced K and finally reduced K, as
compared with the control soil. These two organic materials
had one thing in common was that incubation at the rate of 10-
g/kg all increased K up to the highest. Without considering
control soil, the K values approximately followed parabolic
trends, which were consistent with the results previously
reported by Xia and Wang (2009), first increasing, and then
decreasing when the OM contents of the lime concretion black
soil and the calcareous yellow fluvo-aquic soil increased. Hafiz
et al. (2016) reported that manure treatments decreased K for
dairy and goat manure incubated soil and increased for poultry
manure incubated soil. K decreased by the lower MC incubation
indicating that organic matter decomposed from MC competed
with P for adsorption sites and decreased the amount of P
adsorbed from the soil solution. When the soil was applied with
higher OM, higher K values were obtained and this might be due
to the high reactivity of the organic matter with phosphate
anions (Yang et al., 2019). Then K decreased with OM further
increasing might be possible as a result of P adsorption with

little energy, such as cation bridges provided by organic
materials (Kreller et al., 2003).

MABC is an integrated parameter of the Langmuir model Γmax

and K. This is a useful index if evaluating the P supply and
immobilization capacity and rates by soils (Holford and Patrick,
1979 ; Hafiz et al., 2016). The higher MABC means a higher P
adsorption amount caused by changed unit equilibrium
concentration when equilibrium liquid concentration tends to
be very low (close to zero) (Wang and Liang, 2014). Organic
materials treatments reduced the MABC of the soils for P. The
similar results were also obtained by Hafiz et al. (2016), and this
suggested that smaller P application rates would be better for
maintaining a desired P concentration in the soil solution.
Without considering control soil, the changing trend of MABC
values was similar to that of K values and also likely followed
parabolic trends, just like the results on the lime concretion black
soil and the calcareous yellow fluvoaquic soil previously obtained
by Xia and Wang (2009).

The Γmax and MABC values of the black soil obtained at the
whole initial P concentrations decreased with the application of
the organic materials, except the Γmax of the soil incubated with
20-g/kg OM from Bios, indicating that the number of adsorption

FIGURE 3 | P desorption from soils incubated with different contents of
organic matter derived from (A) manure compost and (B) biosolids.
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sites for P decreased as the organic materials applied, and the
binding energy for the P adsorption to the soil also decreased to
some extent with some fluctuation as reflected by K values.

Phosphorus Desorption Characteristics
P desorption from soils is considered the reverse process of the
adsorption process. It is more important than adsorption for reusing
immobilized P in soils and possibly inducing the environmental
problems caused by the release of P from soils (Wang and Liang,
2014). The amounts of P desorbed from the soils were less than the
amounts of P adsorbed previously, indicating that the P adsorbed in
soils was not fully reversible, although P that adsorbed to the soils
could desorb to some extent and re-release to the soil solution
(Figure 3). P desorption amounts from the soils tended to increase
with increasing P adsorption amounts, and the desorption rates also
approximately tended to increase and the obvious turning point
appeared at the adsorption amounts of 350–450mg/kg. When the
adsorption amounts were lower than 400mg/kg, the desorption
rates were relatively low, and then increased higher. Considering the
shift of P desorption rates, the desorption data before and after the
turning points were described separately by the linear equation as
shown in Figure 3, and the parameters for the linear equation were
listed in Table 3.

The constant a of slope in the linear equation reflects the P
desorption capacity from soils, and the higher a value, the stronger the
P desorption ability. For the control soil, the a value is 0.22 when the
adsorption amounts were low (corresponding to the low P
concentration in the solution in the previous adsorption
experiment), and increased to 0.45 with the P adsorption amounts
increasing. P desorbed from the soils incubated with organicmaterials
also presented similar trends with lower a values (0.23—0.39) in low P
concentrations and higher a values (0.49–1.02) in high P
concentrations. This indicated that P adsorption sites in soils were
abundant when the P concentrations were relatively low and that the
P-soil chemical adsorption binding capacity was high, resulting in a
high degree of adsorption and a low degree of desorption. With the P
concentrations of the solution increasing, the adsorption sites in soils
gradually became saturated andfinally decreased the P-soil adsorption
binding capacity. The physical adsorption mechanism might be
responsible for this adsorption stage and thus P bound by physical
adsorption could readily be desorbed and re-released (Wang and
Liang, 2014; Yang et al., 2019). So, it is important to control the
amounts of P applied to soil, as a less level of P application will supply
a less P concentration in the soil solution andmore P will be absorbed

by soils, and thus P fertilizer will not play its due role for plants; a
higher P application will increase the amounts of P desorbed, then P
concentration of the soil solution will increase and P fertilizer
utilization will be improved. However, from the perspective of
environmental risk, higher P concentration in the soil solution
caused by higher P application to the soil will enhance the risk of
P releasing and losing from soil to the surrounding environment, such
as surface waters or underground waters.

The a values of the soils with organic materials incubation were
generally greater than that of the control soil both in the low P
concentrations and in the high P concentrations. In low P
concentrations, a value increased with the Bios incubation rate
increasing, and in high P concentrations, a value increased with
MC added rate increasing. Also, it could be found that organic
materials incubation promoted the desorption turning point ahead.
The results suggested that incubation of organicmaterials can enhance
the P desorption of the chemical adsorption phase in low P
concentration to a lesser extent, and significantly promote the P
desorption of the slow physical adsorption phase in high P
concentration. This process could affect the activity and
bioavailability of soil P, and then increase the amounts of
bioavailable P; also, the risk of P loss may increase, especially in
high P concentrations.

CONCLUSION

The effects of dairy manure compost and biosolids on adsorption and
desorption of P were studied in a typical black soil (a mollisol) from
Northeast China by using the batch equilibrium experiments. After
being incubated by organic materials, P releasing/desorbing amounts
of the soil significantly increased and should be accounted for when
estimating P adsorption amounts. The modified Langmuir equation
which has been proved to effectively account for the released P effect
for P-enriched soil was chosen to fit P adsorption and the fitted results
proved this modified model sufficiently to describe P adsorption.
Except for the 20-g/kg biosolids incubation, adding organic materials
generally decreased both the maximum adsorption capacity for P and
the maximum adsorption buffering capacity at the whole P
concentrations, indicating that the number of adsorption sites for
P decreased as the organic materials were applied, and the binding
energy for the P adsorption to the soil also decreased to some extent
with some fluctuation as reflected by K values. The higher adsorption
of 20-g/kg biosolids incubated soil might be due to the higher DOC

TABLE 3 | Parameters of the linear model for P desorbed from soils with and without organic matter incubation.

The first segment The second segment

Linear equation r Linear equation r

BS D = −16.87 + 0.22 ×Γ 0.9657** D = −147.48 + 0.45 ×Γ 0.9907**
BS with 5-g/kg CM D = −9.42 + 0.24 ×Γ 0.9650** D = −93.01 + 0.56 × Γ 0.9930**
BS with 10-g/kg CM D = −9.53 + 0.23 ×Γ 0.9564** D = −165.65 + 0.69 × Γ 0.9894**
BS with 20-g/kg CM D = −11.42 + 0.23 ×Γ 0.9202** D = −133.69 + 0.71 × Γ 0.9834**
BS with 5-g/kg Bios D = −19.50 + 0.34 × Γ 0.9782** D = −192.34 + 0.78 × Γ 0.9567**
BS with 10-g/kg Bios D = −20.39 + 0.36 × Γ 0.9704** D = −296.39 + 1.02 × Γ 0.9497**
BS with 20-g/kg Bios D = −14.96 + 0.39 × Γ 0.9845** D = −49.07 + 0.49 × Γ 0.9895**
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content, lower molecular weight, and higher humic acid of 20-g/kg
biosolids spiked soil. The linear equations described well for P
desorption and organic materials incubation enhanced P desorbed
from the soils. The constant a value of slope in a linear equation
reflects the P desorption capacity from soils increased due to the
application of organic materials, especially in high P concentrations
with a value of 0.45 for the control soil increased to 1.02 for 10-g/kg
biosolids treated soil.
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