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Abstract: The growing use of ammonium polyphosphate (APP) fertilizer requires an
understanding of its soil transformation for sustainable phosphorus (P) management
and environmental protection. This study investigated the adsorption characteristics
of APP1 (two P species) and APP2 (seven P species) in six soils, comparing them with
monoammonium phosphate (MAP). Results revealed that APP adsorption was greater
than MAP under low P soil and/or low P addition condition, but was lower under
high P soil and high P addition conditions. Generally, APP1 showed greater adsorption
than APP2, except in laterite soil rich in iron (Fe) and aluminum (Al) oxides. Polyphos-
phates in APP, especially pyrophosphate, mainly contributed to total P adsorption and
promoted the release of native orthophosphate in soil. Compared to MAP, APP’s chela-
tion altered soil pH and released Fe, Al, and organic carbon, impacting P adsorption.
Redundancy analysis indicated that Fe oxide and Olsen-P in acidic soils accounted for
54.5% of the variance in adsorption differences between APP and MAP, while pH and
organic matter in calcareous soils explained 49.7%. In conclusion, the adsorption dif-
ferences between APP and MAP depended on P concentration, APP’s P species distri-
bution, and soil properties, providing valuable insights for optimal P management in
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1. Introduction
Citation: Li, Y.; Huang, M.; Yuan, T.;
Xu, D.; Yan, Z.; Wang, X. Fertilizer
Amount and Soil Properties Govern
Differential Adsorption of the P applied to the soil is easily fixed via adsorption or precipitation [3-5]. Fortunately,

Phosphorous (P) fertilizer plays a vital role in agricultural production. However,
traditional orthophosphate (P;) fertilizers are very poorly utilized [1,2], mainly because

Polyphosphate and Orthophosphate.  water-soluble ammonium polyphosphate (APP, (NH4)n4+2PnOs3n+1, 0 < 20) is currently being
Agriculture 2025, 15, 585. https://
doi.org/10.3390/agriculture15060585

increasingly used as an alternative P fertilizer and has shown superiority in enhancing
crop yields, improving soil quality, and increasing P utilization efficiency compared to

Copyright: ©2025 by the authors. the traditional Py fertilizer such as monoammonium phosphate (MAP) [6-10]. It has been
Licensee MDP], Basel, Switzerland.
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assumed that polyphosphate (poly-P) is less susceptible to adsorption by soils, which

is a key factor in its ability to improve P use efficiency [11-13]. However, little direct
distributed under the terms and

iy . information is available on the adsorption of APP in soils. Understanding the adsorption
conditions of the Creative Commons

Attribution (CC BY) license behavior of APP in the soils is important for the efficient use of P fertilizer in agriculture
(https: / / creativecommons.org/ and for environmental protection.
licenses /by /4.0/).
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Some researchers have reported the adsorption characteristics of poly-P by minerals
or soil, mainly focusing on single pyrophosphate (P;) or tripolyphosphate (P3) [14-19].
Al-Kanani and Mackenzie [14] reported that P, adsorption by soil or goethite was lower
than that of P;. In contrast, others have shown that P, adsorption by soil or miner-
als exceeded that of P; [15-19], with this difference being more pronounced in low pH
soils [19]. It can be seen that the soil’s adsorption capacity for poly-P differs from that for
Py, likely influenced by soil properties. APP fertilizers, composed of Py, Py, P3, and/or
more condensed P, exhibit good water solubility and chelating capacity to medium and
trace metal elements [8,20,21], adding complexity to soil adsorption of APP compared to
single Py or Poly-P. In our previous studies, the adsorption behavior of APPs (APP1 and
APP2 with two and seven P species coexistence, respectively) on two typical minerals
(i.e., goethite and calcite) was investigated. It was found that the adsorption of APP was
greater than that of MAP on goethite [22]. However, on calcite, APP adsorption was greater
than MAP at low P concentrations but lower at high P concentrations [23]. Furthermore,
the coadsorption of various P species in APPs occurred on the goethite, notably P; and
P, [22], while P, in APP solutions with various P species coexistence mainly selectively
adsorbed and/or precipitated on calcite [23]. These findings indicate that mineral type
and P concentration affect APP adsorption by minerals. In acidic soils, Fe and Al oxides
and clay minerals are most influential, whereas in neutral and calcareous soils, CaCOs
and clay minerals predominate in controlling P sorption [24-27]. Meanwhile, poly-P can
improve soil pH [28-30] and solubilize organic compounds [14,31]. This suggest that
APP application may lead to different soil P adsorption processes compared to single P1
or poly-P, with variations likely dependent on soil properties. However, to the authors’
knowledge, no studies to date have focused on the adsorption behavior of APP fertiliz-
ers containing various coexisting P species in soils and how they differ from traditional
P fertilizer.

Therefore, the aim of this study was to explore the adsorption characteristics of two
typical APP fertilizers containing different numbers of P species (i.e., APP1 containing
two P species and APP2 containing seven P species) in six different soils in comparison
to MAP. The total P adsorption of APP by soil and the contribution rate of each P species
in APP to the total P adsorption were investigated. Furthermore, soil properties and the
pH, metal ions (Ca, Fe, and Al), and dissolved organic carbon (DOC) in the adsorption
equilibrium solution were investigated to determine the reasons for the different adsorption
characteristics of APP compared to MAP in soils. We hypothesized that the difference
between APP and MAP adsorption by soil depends on their concentrations, APP’s P species
distribution, and soil properties.

2. Materials and Methods
2.1. Experimental Soils and P Sources

In order to obtain a systematic/comprehensive view of the adsorption characteristic
of APP and its effect factor in typical agricultural soils in China, six different soil types,
i.e., laterite soil, red soil, cinnamon soil, fluvo-aquic soil., acid, and calcareous purple soils,
were investigated. According to the US soil taxonomy, laterite, red, purple, cinnamon,
and fluvo-aquic soils are classified as Oxisol, Utisol, Entisols, Mollisols, and Inceptisols,
respectively. Some data on acidic and calcareous purple soils were extracted from Yuan
et al. [32]. The six studied soils were collected from different regions of China (Table 1),
and were prepared by removing roots and crop residues, air-drying, mixing, and sieving
through a 2 mm mesh. The MAP (analytical pure), APP1, and APP2 (>98% purity) were
sourced from Cologne Chemicals Co. (Chengdu, China), Chanhen Chemical Corporation
(Fuquan, Guizhou, China), and Sino-Linchem International Inc (Nanning, Guangxi, China),
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respectively. The physicochemical properties of the studied soils and the P species distribu-
tion (i.e., each P species percentage in the total P) of different P fertilizers are detailed in
Tables 1 and 2, respectively.

Table 1. Physicochemical properties of soils used in this study.

. . Acidic . .. Fluvo-Aquic Calcareous Cinnamon
Soil Types Red Soil Purple Soil Laterite Soil Soilq Purple Soil Soil
Sampling Site Hunan Sichuan Guangdong Henan Sichuan Hebei

pH 4.07 4.36 4.48 8.5 8.05 8.37

Total P (g kg 1) 2.26 0.51 0.41 0.86 0.85 0.54
Olsen-P (mg kg~ 1) 206.1 85.4 29 185 7.2 23
Organic matter (g kg~ ') 26.4 45 8.5 18.7 8.7 8.0
Total N (g kg™1) 1.78 0.48 0.69 0.89 0.86 0.41
Clay (<0.002 mm) (g kg™1) 237 37 57 157 197 77

CaCOs (gkg™1) - - - 45.2 39.1 29.7

Free oxides Fe (g kg™1) 6.46 1.95 23.89 2.08 4.63 1.64

Free oxides Al (g kg™') 16.03 4.22 28.29 1.38 2.54 1.13

Water soluble Ca (g kg 1) 0.03 0.03 0.06 0.12 0.18 0.05

Exchangeable Ca (g kg™') 0.22 0.68 0.41 5.86 9.15 6.13

- = not detected.

Table 2. P species distribution in different P sources.

Each P Species Percentage in the Total P (%)

P Sources pH
P1 Pz P3 P4 PS P6 P7
MAP 54 100.0
APP1 6.5 42.0 58.0
APP2 7.0 23.6 30.1 22.2 12.9 6.6 2.9 1.7

MAP = monoammonium phosphate; APP1 = ammonium polyphosphate with two P species coexistence; and
APP2 = ammonium polyphosphate with seven P species coexistence. The pH was measured at 300 mg L~! of total
P. Py = orthophosphate; P, = pyrophosphate; P3 = tripolyphosphate; P4 = tetraphosphate; P5 = pentaphosphate;
P¢ = hexaphosphate; and P; = heptaphosphate.

Soil pH was determined with a pH meter (PHS-3E, INESA, Shanghai, China) af-
ter extracting soils with distilled water at a 1:2.5 (soil:water) ratio. Olsen P was deter-
mined colorimetrically using the molybdenum blue method following extraction with
NaHCOj3 [33]. Soil organic matter (OM) was determined by the potassium dichromate
oxidation method [34]. Total nitrogen was determined by Kjeldahl digestion with sul-
furic acid [35]. The soil CaCO3 was measured by acid neutralization [36]. Soil Fe and
Al oxides were extracted using dithionite-citrate-bicarbonate (DCB) [37]. Exchangeable
and water-soluble Ca were extracted with deionized water and ammonium acetate, re-
spectively [38,39]. Fe, Al, and Ca concentrations in the corresponding extracts were deter-
mined by inductively coupled plasma atomic emission spectrometry (ICP-AES, 7000DV,
PerkinElmer, Waltham, MA, USA). The distribution of P species in MAP and APP fertilizers
was characterized by ion chromatography (IC) (IC5-600, Thermo scientific, Waltham, MA,
USA) [40].

2.2. P Adsorption Experiments

To determine P sorption isotherms according to Graetz and Nair [41], 1 g soil was
mixed with 25 mL of 0.01 M KCl solutions. These solutions, with P concentrations span-
ning 0 to 300 mg/L (0, 1, 5, 10, 20, 50, 100, 150, 200, 250, and 300), were amended with
two drops of toluene to prevent microbial interference, and shaken at 180 rpm for 24 h
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at 25 °C [42]. After the shock, centrifugation at 25,000 g for 8 min clarified the suspen-
sions, which were then filtered using a 0.45 pm filter. Each procedure was repeated
three times. The filtrates” P; concentrations were determined by colorimetry with a
continuous flowing analyzer (AA3, Seal, Norderstedt, Germany). The total P concen-
tration was determined by ICP-AES (7000DV, PerkinElmer, Waltham, MA, USA) after
concentrated HNO3-H,;SO4 autoclave digestion [43]. Meanwhile, based on the adsorp-
tion isotherm results, the adsorption equilibrium solutions at the initial concentrations
of 50, 100, and 300 mg P L~! were selected to measure the separation and quantifica-
tion of P species using IC (ICS-600, Thermo scientific, Waltham, MA, USA) [40]. The
concentration of DOC, concentrations of Ca, Fe, and Al, and pH in the solutions were
measured by elemental analyzer (Vario TOC, Elementar, Frankfurt, Germany), ICP-AES
(7000DV, PerkinElmer, Waltham, MA, USA), and pH meter (PHS-3E, INESA, Shanghai,
China), respectively.

2.3. Calculations
2.3.1. P Adsorption

Based on the variation between the initial and equilibrium solution P concentrations,
the amount of P adsorbed onto the soil was computed using Equation (1).

Q=(Co—C)xV+W 1)

where Q = the adsorption amount (mg kg’l); Cyp = the initial P concentration (mg LY
C; = the equilibrium P concentration (mg L~1); V = the volume of solution added to the
sample; and W = the dry weight of the soil (g).

2.3.2. Adsorption Isotherm Equations

Langmuir and Freundlich isotherms [27,44,45] were used to determine P sorption
parameters, as follows:

Langmuir Isotherm
C/S =1/(KL X Smax) + C/Smax )

where C = the P concentration in solution after a 24 h equilibration; S = the amount of P
sorbed by the solid phase (mg P kg!); Smax = the P sorption maximum (mg P kg~!); and
K = a constant related to binding energy of P (L mg~! P).

The P buffer capacity (PBC) of soil was estimated from the product of Ki, and Smax.
Additionally, the degree of P saturation (DPS) was calculated from Olsen-P and Smax as
Equation (3).

DPS = (Olsen-P) /(Olsen-P + Spmax) x 100 3)

Freundlich Isotherm
logS = log Ky 4 nlog C 4)

where C = the P concentration in solution after a 24 h equilibration; S = the amount of P
sorbed by the solid phase (mg P kg~!); Kg = the Freundlich sorption coefficient (L kg~!);
and n = a constant related to sorption intensity.

2.3.3. Statistical Analysis

All data were analyzed using Microsoft Excel 2013 and all figures were created using
Origin 2021. Analysis of variance (ANOVA) was used to determine the significance of
the treatment based on a randomized complete block design, with calculations performed
in SPSS 18.0 software. Multiple treatment group means were compared using the Least
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Significant Difference (LSD) test, with p < 0.05 considered significantly different. PAST
software (Version 4.03) was used to perform Pearson correlation analyses. Relationships be-
tween soil properties and variations in adsorption parameters (APP vs. MAP) were further
explored using redundancy analysis (RDA). Adonis analysis was utilized to identify key
predictors affecting differences in adsorption parameters (APP vs. MAP); significant soil
factors (p < 0.05) were then retained for RDA. The RDA model was tested using ANOVA to
identify parameters that significantly explained variance in adsorption parameter differ-
ences (APP vs. MAP). The vegan package in R (version 4.1.1) was employed for both RDA
and Adonis analyses. Each result displayed in the figures and tables represents the average
of three replications.

3. Results
3.1. Sorption Characteristics of Total P

The six soils examined exhibited distinct properties (Table 1). The laterite, red, and
acidic purple soils were characterized as acidic, whereas the cinnamon, calcareous purple,
and fluvo-aquic soils were identified as calcareous. As the initial P concentration increased
from 1 to 300 mg L~!, the P adsorption by the soils initially exhibited a significant increase,
followed by a slight increase or plateau (Figure 1). MAP adsorption by soils gradually
increased with increasing P concentration, except for the fluvo-aquic soil, where MAP
adsorption initially increased, peaked at 435 mg kg~! at initial total P concentration of
150 mg L1, and then decreased (Figure 1b). In red, acidic purple, and fluvo-aquic soils,
APP1 adsorption initially increased, reaching maximum levels at initial P concentrations
of 200 mg L' or 250 mg L, and then decreased (Figure la—c). For laterite and cinna-
mon soils, APP1 adsorption increased and then plateaued with rising P concentrations
(Figure 1e,f), whereas in calcareous purple soil, it continuously increased (Figure 1d).

APP2 adsorption increased in the range of 1 to 100 or 150 mg L1, and then decreased
overall in the range of 100 or 150 to 300 mg L~ in red, acidic purple, fluvo-aquic, and cin-
namon soils (Figure la—c,f). In contrast, APP2 adsorption consistently rose with increasing
P concentration in laterite and calcareous purple soils (Figure 1d,e). Compared to MAPD, the
red, acidic purple, and fluvo-aquic soils exhibited higher adsorption for APP at lower con-
centrations (i.e., below 100 or 150 mg Lfl), but lower adsorption at higher concentrations
(i-e., 200-300 mg L) (Figure la—c). However, in laterite, calcareous purple, and cinnamon
soils, APP adsorption was consistently higher than MAP adsorption (Figure 1d—f).

Langmuir and Freundlich equations accurately described the P sorption isotherms
when solution P concentrations ranged from 1-100 mg L~! f, except for the sorption of
APPs in calcareous purple soil using the Langmuir equation (Table 3). Langmuir modeling
revealed that the Smax of soils for APPs was 1.1-10.9 times higher than that for MAP, while
the DPS for APPs was 0.1-0.9 times lower than that for MAP. However, the K;, of soils for
APPs was generally lower than that for MAP under most conditions. Consequently, the
PBC of soils for APPs was significantly higher than that for MAP, expect in laterite soil.
Meanwhile, the Freundlich Ky and n of soils were significantly higher for APPs than for
MAP under most conditions. Compared to APP1, the Smax of soil for APP2 was higher in
laterite and calcareous purple soils, but lower in the other four soils. However, the K}, of
soil for APP2 was lower in laterite and calcareous purple soils, but higher in the remaining
soils. Furthermore, the Ky for APP2 exceeded that for APP1, while the n was generally
lower for APP2 than for APP1, with the exception of laterite soil.
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Figure 1. Adsorption isotherms of total P from different P sources across various soils: (a) red soil,
(b) fluvo-aquic soil, (c) acidic purple soil, (d) calcareous purple soil, (e) laterite soil, and (f) cinnamon
soil. MAP, monoammonium phosphate; APP1, ammonium polyphosphate with two P species
coexistence; and APP2, ammonium polyphosphate with seven P species coexistence.
Table 3. Langmuir and Freundlich P adsorption parameters across different soils and P sources (P
additions ranged from 1 to 100 mg L~1). Means followed by the same letter are not significantly
different (LSD, p < 0.05) for a given parameter in each soil.
p Langmuir Equation Freundlich Equation
Soils Sources Smax KL R DPS PBC Kr R R
(mgkg=1) (Lmg1) (%) (Lkg ) (Lkg™)
MAP 874Db 0.057a  0.897 19.09a 49.49 c 6046a  0.613b 0965
Red soil APP1 1466 a 0.045b  0.898 12.36Db 66.11 a 64.80a 0.749a 0.909
APP2 965 b 0.060a 0983 17.61a 58.17b 526la 0.718a 0.907
Acidic purple MAP 336 ¢ 0.070a  0.855 20.31a 23.38b 4774c  0394b 0982
Acid soil o APP1 551a 0.079a 0.883 1345b  4303a  6270b  049%a 0.860
APP2 474b 0.103a 0920 1527b 48.74 a 8540a 0363b 0935
MAP 2016 ¢ 0.151a 0993 0.14a 305.09a 31554b 0.419c 0.823
Laterite soil APP1 2533 b 0.111b 0977 0.11b 27848a  308.70b 0485b 0.757
APP2 3973 a 0.077¢ 0925 0.07c 30491a 37623a 0547a 0.779
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Table 3. Cont.
P Langmuir Equation Freundlich Equation
Soils Sources Smax Kp R? DPS PBC K R R
(mgkg=1) (Lmg~1) (%) (Lkg Y (Lkg™)

Fluvoracuic MAP 301 ¢ 0053a 0850 588a  1562c  3448b 0431c 0983

soﬂq APP1 1189 a 0025¢ 0.881 156b  29.00b  3401b  0.752a 0.980

APP2 841 b 0042b 0732 216b  3512a  5994a 0542b 0975

MAP 494 ¢ 0070a 0829 144a  3427c  7948c  0344c 0943
Cal

Calcsiri‘fous pirﬁfgﬁ APP1 2423b 0.038b 0660 030b  9233a  11147b 0683a 0985

APP2 3271a 0026c 0228 022¢c  8510b  13489a 0617b 0912

MAP 215¢ 0052a 0913 107a  1091b  2825b  0406b 0.983

Cinnamon soil  APP1 2343 a 0010b 0854 010c  2331a  2986b 0826a 0997

APP2 484D 0063a 0955 048b  29.92a  59.44a 0444b 0959

MAP = monoammonium phosphate; APP1 = ammonium polyphosphate with two P species coexistence; and
APP2 = ammonium polyphosphate with seven P species coexistence. Smax = the P sorption maximum; Ky, = a
constant related to binding energy of P; DPS = the degree of P saturation; and PBC = the P buffer capacity. Kg = the
Freundlich sorption coefficient and n = a constant related to sorption intensity.

3.2. Sorption of Different P Species in APP

The adsorption isotherms of poly-P in APPs in different soils were similar to their
total P adsorption isotherms, except for red soil (Figures S1 and S2). In red soil, the
adsorption of poly-P in APPs consistently increased (Figures S1 and S2), while the total
P adsorption showed an initial rise followed by a decline with higher P concentrations
(Figure 1). Overall, the contribution of poly-P in APPs to total P adsorption was significantly
higher than that of P;. In the case of P; in APP1, adsorption increased and then decreased
with rising P concentrations across all six soils, with negative adsorption observed in
red, acidic purple, and fluvo-aquic soils (Figure S1). For APP2, P; adsorption decreased
and then stabilized as P concentration increased, with negative adsorption again noted
in red, acidic purple, and fluvo-aquic soils. In laterite, calcareous purple, and cinnamon
soils, P1 adsorption in APP2 initially increased and then decreased as P concentration rose
(Figure S2).

The IC results indicated that the P; concentration in the adsorption equilibrium
solution increased by 16.1% and 25% in red soil, by 9.3% and 0.7% in acid purple soil, and
by 6.3% and 1.6% in fluvo-aquic soil, respectively, compared to the initial P; concentrations
in APP1 solution of 100 and 300 mg L~! (Figure 2a—c). The contribution rate of P, in APP1
to P adsorption was 100% or nearly 100% at initial APP concentrations of 50, 100, and
300 mg L~ ! in the red, acid purple, and fluvo-aquic soils (Figure 2a—c). The contribution
rate of P, in APP1 to P adsorption was 55.3-73.9% in laterite soil and 76.5-86.1% in
calcareous purple soil, and this contribution rate increased with rising P concentrations
(Figure 2d,e). In cinnamon soil, the contribution of P to total P adsorption exceeded 80.0%
(Figure 2f).

The contribution rates of different P species in APP2 to total P sorption is shown in
Figure 3. In red and acidic purple soils, the contribution hierarchy was P, > P3 > P4 > poly-
Ps (n > 4), with respective contribution ranges of 50.7-62.7%, 22.3-35.0%, 7.8-13.5%, and
2.4-6.4% for red soil (Figure 3a), and 46.1-53.3%, 16.1-32.9%, 9.0-17.2%, and 0.5-11.2% for
acidic purple soil (Figure 3c). In fluvo-aquic (Figure 3b) and cinnamon soils (Figure 3f),
P, contributed 54.4-63.8% and 59.7-73.1% to total P sorption, respectively, followed
by P3 or P4, with poly-Ps (n > 4) contributing 2.4-6.4% and 0.5-11.2%, respectively.
For laterite soil, the contribution rates of Py, P, P3, P4, and poly-Ps (n > 4) were
16.0-34.7%, 27.4-36.6%, 24.7-28.5%, 9.0-14.2%, and 4.3-5.9%, respectively (Figure 3e).
In calcareous purple soil, the contribution rates of P, Py, P3, P4, and poly-Ps (n > 4)
were 10.9-16.3%, 36.1-45.5%, 22.6-29.6%, 12.9-14.4%, and 5.8-6.0%, respectively, and
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the contribution of P, increased while that of P; decreased with rising P concentrations

(Figure 3d).
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Figure 2. P species changes in APP1 solutions before and after adsorption by soils: (a) red soil,
(b) fluvo-aquic soil, (c) acidic purple soil, (d) calcareous purple soil, (e) laterite soil, and (f) cinnamon
soil. Py, orthophosphate; P,, pyrophosphate.
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Figure 3. P species changes in APP2 solutions before and after adsorption by soils: (a) red soil,
(b) fluvo-aquic soil, (c) acidic purple soil, (d) calcareous purple soil, (e) laterite soil, and (f) cinnamon soil.
Py, orthophosphate; Py, pyrophosphate; P3, tripolyphosphate; Py, tetraphosphate; P5, pentaphosphate;
Pg, hexaphosphate; and Py, heptaphosphate.

3.3. pH, Metal Ions and DOC in Equilibrium Solutions
3.3.1. pH

The pH of the equilibrium solutions without P were 3.77, 4.68, 4.59, 7.43, 7.15, and 7.30
for red, acid purple, laterite, fluvo-aquic, calcareous purple, and cinnamon soils, respectively
(Table S1). In comparison to these baseline levels (Table S1), the pH of MAP adsorption
equilibrium solutions slightly increased in red and laterite soils, and decreased in the
other four soils (Figure 4). For APP1 and APP2 adsorption equilibrium solutions, the pH
significantly rose by 0.8 to 2.9 units in acid soils, with greater increases corresponding to
higher P concentrations (Figure 4a,c,e). In calcareous soils, APP1 decreased the equilibrium
solution pH, whereas APP2 had minimal impact (Figure 4b,d,f). Compared to MAP, the pH
of APP1 and APP2 adsorption equilibrium solutions in acid soils significantly increased by
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0.7 to 2.4 units, with greater increases at higher P concentrations (Figure 4a,c,e). In calcareous
soils, the pH of APP1 adsorption equilibrium solutions decreased at initial P concentrations
of 50 and 100 mg L™}, but increased by 0.3 to 0.5 units at 300 mg L~! (Figure 4b,d,f). For
APP2, pH levels increased by 0.1 to 1.0 units in calcareous soils, except at a P concentration
of 100 mg L 1lin fluvo-aquic soil (Figure 4b,d,f). Compared to APP1, APP2 resulted in a
significant pH increase of 0.1 to 0.5 units (Figure 4). Overall, using APP as the P source
yielded equilibrium solution pH levels closer to 7.0 compared to MAP, particularly for APP2.

[ MAP (a) I MAP (b)
I APPI 0] D3APPL
81 mAprp2 [CJAPP2
a
b 84 b a a
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Figure 4. pH of adsorption equilibrium solutions of different soils: (a) red soil, (b) fluvo-aquic
soil, (c) acidic purple soil, (d) calcareous purple soil, (e) laterite soil, and (f) cinnamon soil. MAP,
monoammonium phosphate; APP1, ammonium polyphosphate with two P species coexistence; and
APP2, ammonium polyphosphate with seven P species coexistence. The means with same letter
indicate no significant differences according to LSD (p < 0.05) by each parameter under the same
initial P concentration.

3.3.2. Metal Ions

Compared to equilibrium solutions without P (Table S1), the Ca concentration in the
MAP adsorption equilibrium solutions of acid soils (excluding the acid purple soil solution
with initial P concentration of 300 mg L~!) decreased by 0.3-30.3%, while it increased by
7.7-127.8% in calcareous soils (Table 4). In APP1 and APP2 adsorption equilibrium solu-
tions, the Ca concentration generally decreased by 6.1-86.3% and 15.9-87.1%, respectively.
Exceptions were noted for APP2 adsorption equilibrium solutions with a P concentration
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of 300 mg L~! in acidic purple, cinnamon, and fluvo-aquic soils, where Ca concentrations
increased by 29.5%, 54.7%, and 40.7%, respectively (Table 4). The concentrations of Fe and
Al in the MAP adsorption equilibrium solutions showed minimal change across all six
soils, while those in the APP adsorption equilibrium solutions increased relative to the no
P solution, particularly at high P concentrations and for APP2.

Compared to MAP, APP significantly reduced the Ca concentration by 11.6-84.8% in
equilibrium solutions, except in acidic purple soil equilibrium solution with an initial P con-
centration of 300 mg L~1. However, APP increased Fe and Al concentrations in equilibrium
solutions, with more pronounced increases at higher P concentrations. Compared to APP1,
APP2 reduced Ca concentration by 9.5-17.3% and 19.9-28.1% in the equilibrium solutions
of red and laterite soils at initial P concentrations of 50 and 100 mg L™}, respectively, while
it increased Ca concentration by 1.9-195.8% under other conditions, particularly at initial P
concentration of 300 mg L~!. APP2 also significantly increased Fe and Al concentrations
under most conditions (Table 4).

Table 4. Concentrations of Ca, Fe, and Al (mg L~!) in the adsorption equilibrium solutions of differ-

ent soils.
P Ca Fe Al
Soils
Sources 50 100 300 50 100 300 50 100 300
MAP 5.7a 55a 5.1a 0.03 ¢ 0.04 ¢ 0.06 ¢ 1.19 ¢ 1.37 ¢ 1.70 ¢
Red soil APP1 3.8b 21b 15¢ 0.21b 496b 19.66b 2.05b 10.84b 52.71b
APP2 34c 1.7 ¢ 19b 1.46 a 885a 244la 6.76a 2540a 59.13a
1. MAP 13.8a 14.6 a 15.6 b 0.01b 0.02b 0.04 ¢ 041b 0.50 b 0.61 ¢
. . Acidic purple

Acid soil APP1 9.0b 10.0c 13.8 ¢ 198 a 290 a 7.19b 792a 11.17a 20.99b

soil

Laterite soil

APP2 9.0b 12.3b 19.0a 255a 389a 11.08a 947a 1238a 2556a
MAP 93a 85a 69a 0.01b 0.02b 0.06 c 0.01b 0.05b 012 ¢
APP1 6.7b 1.8b l4c 0.0l1ab 1.68ab 423b 0.00b 3.66ab 19.75b
APP2 54c 1.3b 39b 0.03a 339a 1220a 0.03a 6.18a 23.13a

Calcareous
soil

Fluvo-aquic
soil

Calcareous
purple soil

Cinnamon
soil

MAP 485 a 56.2 a 63.1a 0.00b 0.01c¢ 0.01c¢ 0.00b 0.00 b 0.00 ¢
APP1 19.1c¢ 154 ¢ 13.8 ¢ 0.18b 0.45b 1.64b 040ab 123a 245b
APP2 21.2b 229b 39.0b 0.39 a 0.73 a 4.00 a 0.68 a 1.48 a 5.96 a
MAP 95.4 a 102.6a 1150a 0.0la 0.01b 0.01b 0.00b 0.00b 0.00b
APP1 65.5b 49.0b 18.2 ¢ 0.01 a 0.04a 042ab 0.05a 0.35a 3.21a
APP2 66.7 b 48.6b 43.6b 0.01 a 0.04 a 0.79 a 0.05a 0.33 a 3.67 a
MAP 49.6 a 58.2a 69.7 a 0.00b 0.00 ¢ 0.00 ¢ 0.00 ¢ 0.00 ¢ 0.00 ¢
APP1 15.8 ¢ 12.3 ¢ 16.0 ¢ 0.11a 0.37b 1.27b 0.57 a 1.44b 2.87b
APP2 21.7b 243b 474b 0.10a 0.79 a 251 a 0.33b 224 a 434 a

MAP = monoammonium phosphate; APP1 = ammonium polyphosphate with two P species coexistence; and
APP2 = ammonium polyphosphate with seven P species coexistence. The values of 50, 100, and 300 represent the
initial P concentrations (mg P L™!) of the solutions prior to soil adsorption. At the same initial P concentration,
means followed by the same letter are not significantly different (LSD, p < 0.05) for each parameter in each soil.

3.3.3. DOC

Compared to the solution without P (Table S1), the DOC concentration in the MAP ad-
sorption equilibrium solutions increased by 35.1-706.2%, with the exception of the fluvo-aquic
soil solution when the initial P concentration was 100 mg L. In contrast, DOC concentrations
in APP1 and APP2 adsorption equilibrium solutions increased significantly by 89.3-1152.2%
and 188.8-1375.7%, respectively. Compared to MAP, APP1 and APP2 substantially increased
DOC concentration in the equilibrium solutions by 6.2—478.2% and 9.4-563.6%, respectively,
except for the APP1 solution when the initial P concentration was 100 mg L~ in laterite
soil. Furthermore, compared to APP1, APP2 significantly increased DOC concentrations by
5.3-130.8% in the equilibrium solutions, except for the APP2 adsorption equilibrium solution
when the initial P concentration was 50 mg L~! in acidic and calcareous purple soils, and an
initial P concentration of 300 mg L~! in cinnamon soil (Figure 5).
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Figure 5. Concentrations of dissolved organic carbon (DOC) in the adsorption equilibrium solutions
of different soils: (a) red soil, (b) fluvo-aquic soil, (c) acidic purple soil, (d) calcareous purple
soil, (e) laterite soil, and (f) cinnamon soil. MAP, monoammonium phosphate; APP1, ammonium
polyphosphate with two P species coexistence; and APP2, ammonium polyphosphate with seven P
species coexistence. At the same initial P concentration, means followed by the same letter are not
significantly different (LSD, p < 0.05) for each parameter assessed.

3.4. Relationship Between Soil Properties with Soil P Sorption-Desorption

To examine the effect of soil properties on P adsorption of APP compared to MAP,
we calculated the difference in each adsorption parameter for each soil (i.e., A P adsorp-
tion parameter = [P adsorption parameterpp] — [P adsorption parameteryap]). Pearson
correlation analysis showed that each soil property significantly correlated with at least
one A P adsorption parameter (p < 0.05, 0.01, or 0.001, Figure 6). In acid soils, Olsen-P,
free oxides Fe and Al (Feox and Aloy), and water-soluble Ca (WS-Ca) showed significant
correlations with most A P adsorption parameters, while, in calcareous soils, pH, Feoy,
Alox, WS-Ca, and exchangeable Ca (Ex-Ca) were significantly correlated with most A P
adsorption parameters. Meanwhile, the Adonis test indicated that Olsen-P, Fex, Alox, and
WS-Ca significantly influenced the composition of A P adsorption parameters (p < 0.05, 0.01
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or 0.001) in acid soils, whereas pH, OM, Fex, Alox, WS-Ca, and Ex-Ca significantly affected
the composition of A P adsorption parameters (p < 0.05 or 0.01) in calcareous soils (Table S2).
Furthermore, RDA showed that (Figure 7 and Table S3) in acid soil, Fe,x and Olsen-P were
the main factors explaining 32.8% (ANOVA, p < 0.001) and 21.8% (ANOVA, p < 0.001) of
the variances, while in calcareous soil, pH and OM were the main factor explaining 37.9%
(ANOVA, p < 0.001) and 11.8% (ANOVA, p < 0.05), respectively.

Soil P adsorption parameters
KL DPS

Soil type  Soil properties

PBC Kr n

0.509*

-0.528*
-0.488*
-0.519*
-0.521*
-0.525%*

Smax

[0.551%  -0.488*

Olsen-P -0.516* 0.490*
Organic matter
Total N

Clay

Free oxides Fe
Free oxides Al
Water soluble Ca
Exchangeable Ca
pH

Total P

Olsen-P

0.508*
0.501*

Acid soil 0.478%

Pearson's R

-0.609**

-0.729%*** 0.488*

-0.628%* [ 0.892%%% |

-0.613**

Organic matter
Total N

Clay

CaCOs3

Free oxides Fe
Free oxides Al
Water soluble Ca
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-0.635%*

-0.526*
-0.534%*
-0.534%

-0.485%*

Figure 6. Correlation between soil properties and AP adsorption parameters (APP versus MAP).
Smayx, the P sorption maximum; Kp, a constant related to binding energy of P; DPS, the degree of
P saturation; PBC, the P buffer capacity; Kg, the Freundlich sorption coefficient; and n, a constant
related to sorption intensity. Only the significant correlation coefficients are showed. *, **, and
** represent p < 0.05, 0.01 and 0.001, respectively.
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Figure 7. Redundancy analysis (RDA) showing the relationships between soil properties and A P
adsorption parameters (APP versus MAP): (a) acidic soil and (b) calcareous soil. Smax, the P sorption
maximum; Ky, a constant related to binding energy of P; DPS, the degree of P saturation; PBC, the P
buffer capacity; Kg, the Freundlich sorption coefficient; n, a constant related to sorption intensity;

Feox, free oxides Fe; and OM, organic matter.
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4. Discussion
4.1. Trend of APP Adsorption by Soil with Increasing Concentration

The adsorption of MAP by soils gradually increased with P concentration increase, ex-
cept in fluvo-aquic soil, where MAP adsorption first increased and then slightly decreased
(Figure 1b). This decrease in MAP adsorption by fluvo-aquic soil, a type of calcareous soil,
at high P concentrations could be attributed to some CaCOj dissolution due to pH decrease
(Figure 4b), which can be partly proved by the obvious increase in Ca concentration in the
equilibrium solution (Table 4). CaCOs is a key factor to control P adsorption in calcareous
soils. However, this phenomenon was not observed in the other two calcareous soils (i.e.,
calcareous purple and cinnamon soils), which can be attributed to lower pH and CaCOs3
concentration compared to fluvo-aquic soil. The adsorption of APP by soils with high
Olsen-P (i.e., red, acidic purple, and fluvo-aquic soils) obviously increased first and then
decreased with P concentration increase (Figure 1a—c). APP can chelate medium and trace
elements, and the chelating ability can be enhanced at high APP concentrations [46,47].
As APP concentration increased, Fe and Al concentrations in the adsorption equilibrium
solution significantly increased (Table 4), indicating an increased chelating ability of APP,
which contributed to decreased APP adsorption by soil at high APP concentrations. Mean-
while, the concentration of APP2 at which P adsorption by soil began to decrease was lower
than that of APP1 due to its stronger chelating ability. However, the adsorption of APP by
soils with low Olsen-P (i.e., laterite, cinnamon, and calcareous purple soils) did not obvious
decrease at high APP concentrations (Figure 1d—f), which can be attributed to the high
P fixation ability of these soils, which limited the chelation even at high concentrations.
However, the adsorption of APP by soils with low Olsen-P (i.e., laterite, cinnamon, and cal-
careous purple soils) did not obviously decrease at high APP concentrations (Figure 1d—f).
Soils with low Olsen-P have a low degree of P saturation and can provide more mineral
adsorption sites, contributing to a high capacity for P fixation. Consequently, this limited
the chelation effect, even at high concentrations. Thus, the chelating ability of APP affects
its sorption by soil, but the magnitude of this effect depends on the soil’s available P content,
i.e., the soil’s P fixation capacity.

4.2. Contribution of Different P Species in the APP to Total P Adsorption

McBeath et al. [29] and Blanchar and Hossner [18] reported that soil or minerals had
stronger adsorption for P, or P3 compared to P;. Our previous studies demonstrated that
calcite predominantly adsorbed and/or precipitated with P, in APP solutions where vari-
ous P species coexist [23], but the coadsorption of different P species occurred, particularly
P, and Py, on goethite [22]. Similarly, in the present study, the contribution of poly-Ps
(especially for P;) in APP to total P adsorption by soil was significantly higher than that of
Py, accounting for 76.5-100%, with the exception of laterite soil with high Fe and Al oxides,
which showed a lower contribution rate of 55.3-87.9% (Figures 2 and 3; Figures S1 and S2).

The selective adsorption and/or precipitation of P, by calcite or goethite in the APP
solution was attributed to P,’s lower steric hindrance compared to poly-P, (n > 3) [22,23].
Additionally, APP can promote calcite dissolution due to its chelation ability, allowing the
dissolved Ca to precipitate with P. The lower K, for Ca;P,Oy4 relative to CaHPOy results
in the preferential precipitation of P, in APP [23]. Meanwhile, Mnkeni and Mackenzie [31]
found that P, can solubilize OM, facilitating greater P, sorption by exposing additional
mineral surfaces. This was supported by the observed increase in DOC concentration in
APP adsorption equilibrium solutions compared to MAP adsorption solutions (Figure 5),
suggesting that P, promoted the solubilization of soil OM, which, in turn, enhanced its
adsorption by soils. Negative P; adsorption was noted in soils with high Olsen-P (i.e., red,
acidic purple, and fluvo-aquic soils), indicating that APP can facilitate the release of native
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P; from soil [48]. Specifically, the adsorption of red soil for poly-Ps in APP under high P
concentration conditions did not significantly decrease, but its substantial decrease in the
adsorption of total P in APP was related to the significant promotion of P; release by red
soil. Thus, APP with various P species can maintain P; supply via promoting its release
from the soil rather than reducing its adsorption. McLaughlin et al. [48] also discovered
that APP with a high degree of polymerization could compete with P; for P adsorption
sites in soil through adsorption and complexation reactions, simultaneously releasing fixed
P in the soil. Furtherly, molecular dynamic (MD) simulations conducted by Ji et al. [22]
revealed that, at high P, concentrations, P, could displace pre-adsorbed P; from goethite
surfaces. Meanwhile, Yuan et al. [32,41] reported that the desorption rate of P; in adsorbed
APP was higher than that of poly-Ps. Therefore, poly-Ps (especially for Py) in APP are the
main contributors to total P adsorption. This process depends on factors such as molecular
conformation, solubility product (Ksp), the ability to solubilize OM, and competition among
different P species.

4.3. Influence of Soil Properties on APP Adsorption

Soil minerals are key players in P sorption. Generally, in acidic soils, Fe and Al oxides
and clay minerals are most influential, whereas in neutral and calcareous soils, CaCOs
and clay minerals predominate in controlling P sorption [24,25]. Our previous studies
indicated that goethite had a higher adsorption capacity for APP than for MAP [22], and
the adsorption capacity of calcite for APP was greater at low P concentrations but smaller
at high P concentrations compared to MAP [23]. In the present study, the studied six soils
showed higher adsorption for APP at low concentrations compared to MAP (Figure 1 and
Table 3), a trend consistent with mineral studies [22,23]. However, regardless of acidic
or calcareous soils, those with high Olsen-P showed lower adsorption for APP1 and/or
APP2, while soils with low Olsen-P showed higher adsorption for APPs relative to MAP
at high P concentrations (Figure 1). Ji et al. [23] reported that at high P concentrations,
calcite displayed stronger fixation for MAP due to Cas(PO,);OH precipitate formation,
while weaker fixation for APP due to increased calcite dissolution and Ca release, and
Ca-poly-Ps complexes formation. But, in the present studied calcareous soils with high
calcite content, APP significantly increased the pH of adsorption equilibrium solution at
high P concentrations (i.e., initial P concentration of 300 mg L.~!, Figure 4b,d,f) together
with high water-soluble Ca concentrations in the soil itself (Table 1), which could favor the
precipitation between APP and Ca?* and reduce the chelation of APP for Ca?*. Meanwhile,
the Kgp (10~%9%) of CaHPOy is larger than that of CayP,O7 (10718). Consequently, the
calcareous soils with low Olsen-P showed higher fixation for APPs relative to MAP at high
P concentrations, as evidenced by the significant decrease in Ca content in the adsorption
equilibrium solutions (Table 4). Under most conditions, soil adsorption for APP1 was
greater than for APP2 (Figures 1-3), which can be attributed to the weaker chelating ability
for APP1 relative to APP2 [20]. However, the laterite soil exhibited significantly greater
adsorption for APP2 than for APP1, which can be attributed to the high concentrations of
free Fe and Al oxides (i.e., 23.9 g Fe kg ! and 28.3 g Al kg~ !; Table 1). Ji et al. [22] reported
that more Fe** dissolved from goethite, due to the stronger chelation of poly-Ps in APP2,
acting as a bridge, contributing to stronger APP2 adsorption on goethite compared to APP1.
In the present study, Fe content in APP2 adsorption equilibrium solutions was 2.0-2.9 times
higher than that in APP1 solutions (Table 4).

It is evident that P fixation in soils is more complex compared to pure single mineral
systems. Further investigation into the adsorption of APP by multimineral systems is
warranted. Additionally, P adsorption can also be influenced by factors such as soil Olsen-P,
pH, OM, and ions. The present study showed that Fe,x and Olsen-P were the main factors,
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explaining 32.8% (ANOVA, p < 0.001) and 21.8% (ANOVA, p < 0.001) of the variance in
the compositions of A P adsorption parameters (p < 0.05) in acid soil, while pH and OM
explained 37.9% (ANOVA, p < 0.001) and 11.8% (ANOVA, p < 0.05) of the variance in
calcareous soil (Figure 7 and Table S3). Meanwhile, a significant difference in pH, Fe, and
DOC of adsorption equilibrium solutions between APP and MAP solutions was observed
(Figure 4, Table 4 and Figure 5). Thus, the difference between APP and MAP adsorption by
soil depended on their concentrations and soil properties.

5. Conclusions

This study investigated APP adsorption by different soils, highlighting the influence
of P concentration, soil properties, and APP’s P species distribution. APP adsorption was
greater than MAP under low P soil and/or low P addition conditions. However, under high
P soil and high P addition conditions, APP adsorption decreased relative to MAP when the
chelating ability of APP for medium and trace elements strengthened to a certain extent.
APP1 adsorption generally exceeded APP2 due to its weaker chelating ability, except in
laterite soils with high Fe/Al oxides, where APP2 adsorption was greater. The poly-Ps in
APP, especially Py, were the primary contributors to P adsorption and enhanced soil native
P; release. APP affected soil P adsorption by altering pH, Ca, Fe, Al, and organic matter.
Redundancy analysis indicated that the differences in adsorption parameters between APP
and MAP were mainly explained by Fe oxide and Olsen-P in the acid soils, as well as pH
and organic matter in the calcareous soils. Overall, compared to MAP, APP can improve P
availability in the soil by reducing adsorption and/or promoting the release of soil native
P; release. Effective APP application requires considering P amount, species distribution,
and soil properties.

Further studies are needed to examine the effect of multimineral interactions in soil
on P adsorption and the hydrolysis characteristics of APP in soil to better understand the
fate and availability of APP in natural environments.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/agriculture15060585/s1, Figure S1: Contribution of different
forms of phosphorus in APP1 to phosphorus adsorption in different soils: (a) red soil, (b) fluvo-aquic
soil, (c) acidic purple soil, (d) calcareous purple soil, (e) laterite soil, and (f) cinnamon soil. Ortho-P;
Orthophosphate; Poly-P, Polyphosphate; Figure S2: Con-tribution of different forms of phosphorus in
APP2 to phosphorus adsorption in different soils: (a) red soil, (b) fluvo-aquic soil, (c) acidic purple soil,
(d) calcareous purple soil, (e) laterite soil, and (f) cinnamon soil. Ortho-P; Orthophosphate; Poly-P,
Polyphosphate; Table S1: pH value and Ca, Fe, Al, dissolved organic carbon (DOC) concentrations
(mg L~1) in the adsorption equilibrium solutions without phosphorus addition; Table S2: Adonis
test on the effects of soil properties on the compo-sitions of A P adsorption parameters (APP versus
MAP). Only the significant correlation coeffi-cients are showed. *, ** and *** represent p < 0.05, 0.01
and 0.001, respectively; Table S3: Proportion of variance explained (percentage of total variation) by
environmental variables determined by RDA for the soil properties plus A P adsorption parameters.
* and *** represent p < 0.05 and 0.001, respectively.
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