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a b s t r a c t

In China, excessive phosphorus (P) application in protected vegetable fields has led to high legacy P
stores. Soil amendment with alum or dolomite is one of many best management practices (BMPs) used to
reduce P losses in calcareous soils. However, both the kinetics and mechanisms of P sorption and soil
available P in amended soils are understudied. Herein, both aspects were looked at under controlled
conditions. Firstly, a sorption study which coupled P concentrations with poorly-crystalline Al hydrox-
ides and dolomite was conducted. Results from this batch experiment showed that P sorption on poorly-
crystalline Al hydroxides was homogenous and occurred mainly via displacement of inner-sphere hy-
droxyl (AleOH) instead of the formation of AlPO4. However, the amount of sorbed P reached maximum
sorption of 73.1 mg g�1 and did not change with further increase in P concentration. It was observed that
P adsorbed onto the dolomite surface at low P concentrations, whereas hydroxyl replacement and un-
even cluster precipitation of Ca3(PO4)2 occurred at high P concentrations. A second 90 day incubation
experiment investigated changes to soil available P and sorption-desorption across variable rates of
amendments (0e50 g kg�1). Results showed that alum amendment at a rate of 50 g kg�1 decreased soil
CaCl2eP and Olsen-P concentrations by 91.9% and 57.8%, respectively. However, Olsen-P increased when
the dolomite rates were <20 g kg�1. Phosphorus sorption-desorption of the amended soil showed alum
had higher P sorption efficiency than dolomite at low addition rates (<10 g kg�1). However, soil amended
with high dolomite rates (>10 g kg�1) could sorb more P in comparison with alumwhen P concentrations
were increased. The P status of the amended soil was closely connected to the P sorption mechanisms on
mineral amendments, soil P concentrations and soil properties.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Global anthropogenic phosphorus (P) loads to freshwater have
been increasing and it is estimated that 50% of the total load orig-
inates from Asia (Mekonnen and Hoekstra, 2018). In China, it has
been shown that legacy P stores of 242 kg P ha�1 accumulated in
arable soils from 1980 to 2007 (Li et al., 2011) and P losses in dis-
solved as well as particulate form associated with such stores
increased by 10-fold in the same period (Powers et al., 2016). Soil
amendment of topsoil in protected vegetable fields (PVF) is seen as
one of many BMPs to safeguard against leaching and runoff losses
e by J€org Rinklebe.
from legacy P stores (Fan et al., 2019). Soil amendments, which have
been shown to be promising in the available literature, include low-
cost P sorbing materials (PSM) such as clay minerals (kaolinite,
montmorillonite, illite and zeolite, etc.) or other minerals (gypsum,
goethite, ferrihydrite, hematite, gibbsite, ochre, alum, ferric chlo-
ride, lime and dolomite etc.) (Brennan et al., 2011; Cie�slik and
Konieczka, 2017; Cusack et al., 2018; Fenton et al., 2011; G�erard,
2016; Gustafsson et al., 2012; Gypser et al., 2018; Li et al., 2018;
Miyittah et al., 2011).

Alum or alum-based water treatment residuals (WTRs) have
been proven to effectively reduce P losses from poultry litter and
high P alkaline soil (Anderson et al., 2018; Novak and Watts, 2005;
Zhao et al., 2018). A previous study of Huang et al. (2018) suggested
that alum reacts with P to form AleP complexes at a pH > 7 via the
first formation of Al hydroxides followed by adsorption of P. Simi-
larly, the recent study of Fan et al. (2019), which used P K-edge X-ray

mailto:qchen@cau.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2020.114175&domain=pdf
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2020.114175
https://doi.org/10.1016/j.envpol.2020.114175


B. Fan et al. / Environmental Pollution 261 (2020) 1141752
absorption spectroscopy (XANES) to distinguish P species in the P-
enriched alkaline calcareous soil with alum addition, also indicated
the formation of poorly-crystalline Al hydroxides. The mechanisms
of P sorption on the Al hydroxides depend on P concentrations, pH,
ionic strength, and the presence of competing or complexing ions
(Arai and Sparks, 2007; Essington, 2015; Wan et al., 2019). During
past decades, the investigation of sorption reactions at mineral/
water interfaces using approaches ranging from macroscopic to
molecular scale contributed to advancements in P pollution control
in the soil environment (Li et al., 2013a; Lookman et al., 1994; Wang
et al., 2019). Rajan et al. (1974) found that at the water-hydrous
alumina interface, P adsorption mainly occurred through the
displacement of aquo groups (AleH2O) at low P concentrations.
Hydroxy groups (AleOH) on the other hand became the predomi-
nant sites of sorption when the P concentration was increased. Also
it was speculated that hydroxyl bridges linking Al atoms
(AleOHeAl) would be broken at higher P concentration and that
conversion of AleOH to AleH2O was to be expected below the zero
point charge (Rajan et al., 1974). The study of Shang et al. (1992)
investigated the pH effect on the sorption of P on poorly-
crystalline Al hydroxides at pH 4.5e6.5. It was demonstrated that
an increase in pH decreases the quantity of aquo groups and thus
also decreases the amount of adsorbed P. Lookman et al. (1997) used
magic angle spinning (MAS) nuclear magnetic resonance (NMR),
which can distinguish surface adsorption and precipitation of P on
Al hydroxides based on chemical shifts, to investigate P sorption on
amorphous Al hydroxides obtained at pH 7. The reaction product is
amorphous octahedral aluminium phosphate. However, Li et al.
(2013a) used 31P solid-state NMR spectroscopy and found that the
formation of the bidentate binuclear inner-sphere surface com-
plexes on the air-dried g-AlOOH at pH 6 was the dominant mech-
anism. Additionally, a batch experiment of P sorption on amorphous
Al(OH)3 at pH 6 characterised by Fourier-transform infrared spectra
(FTIR) revealed that outer and inner-sphere P sorption occurred
while weakly bound outer-sphere complexes can readily desorb
(Gypser et al., 2018). Consequently, it can be expected that different
Al-adsorbents at different pH and P concentrations can substantially
impact P sorption (Wang et al., 2019). Therefore, P sorption mech-
anisms on water/Al hydroxides across pH and P concentration gra-
dients need further investigation. In addition, the variation in P
status after amendment should be investigated (Ippolito et al., 2003;
O’ Flynn et al., 2018; Zhao et al., 2018). However, the limit of many
spectroscopic approaches such as NMR and X-ray diffraction (XRD)
is that they are relatively insensitive. The use of comprehensive
spectroscopic techniques such as XRD, FTIR, NMR and scanning
electron microscopy (SEM) offers some new possibilities in terms of
remediating agricultural soils with high accumulations of P when
combined with traditional extraction techniques.

It is widely accepted that P adsorption and precipitation are
closely related to Fe/Al and Ca/Mg (Arai and Sparks, 2007). The low-
cost Ca/Mg material dolomite shows potential as a soil amendment
in PVF as it is cheap and also available to farmers in China (Li et al.,
2018; Yuan et al., 2015). One of the advantages of Ca/Mgmaterials is
that they prevent P losses whilst maintaining plant available P since
Ca/Mg minerals are relatively inefficient at stabilising P over short
period when compared to Fe/Al minerals (G�erard, 2016; Rydin,
2000; Zak et al., 2004). However, P sorbed on the Ca/Mg minerals
can be turned to stable Ca/MgeP such as apatite after a long time
(Helfenstein et al., 2018). A kinetic study of the P sorption on
dolomite, characterised by XRD spectra, indicated that P removal
was mainly controlled by precipitation at P concentrations of
0e50 mg kg�1 (Eslamian et al., 2018). Wan et al. (2016) used the
FTIR, XRD, SEM, and NMR approaches to demonstrate that crys-
talline hydroxylapatite precipitates could be formed on the smooth
cleavage of calcite at pH 8.5 after interacting with P. This study
indicated the interaction of P with calcite involved dissolution of
calcite and re-precipitation of previously dissolved Ca2þ. Fan et al.
(2019) found a significant increase of soil exchangeable Mg2þ af-
ter dolomite was added to the calcareous soil. In addition, Mg in
dolomite could compete with Ca to form Mg3(PO4)2 Li et al. (2018).
Cao and Harris (2007) also reported Mg inhibited the formation of
stable CaeP when Ca was substituted by Mg. In addition, when
dolomite is added to soil, the associated increase of soil pH could
affect soil available P, which in turn affects P sorption-desorption
dynamics. Murrmann and Peech (1969) reported P in the calcar-
eous soils could be released at higher pH (>7.5) due to the occu-
pation of the Ca2þ byeOH. However, it is also noted that P solubility
can decrease again at very high pH (>8e9) due to CaeP mineral
precipitation, such as octacalcium phosphate (OCP) and HAP
(Eslamian et al., 2018). A more thorough understanding of how P
sorption occurs on dolomite and dolomite amended soil will enable
a balance to be struck between agronomic (target yields achieved)
and environmental (minimise leached losses of P) goals (Hosni and
Srasra, 2010; Yuan et al., 2015).

The objectives of the present series of experiments were a) to
use a combination of techniques to examine the kinetics and
mechanisms of P sorption on poorly-crystalline Al hydroxides and
dolomite minerals and b) to expand P sorption characteristics on
minerals to soils amended with alum and dolomite in an attempt to
elucidate variation in soil available P and P sorption-desorption.

2. Materials and methods

2.1. Mineral amendments

The mineral amendments used in the present study were
commercial-grade alum (�99.8% KAl(SO4)2 in dry basis) with pH
2.83 (w/v 1: 2.5) and dolomite (containing 22.4% Ca and 13.4% Mg)
with pH 9.88 (w/v 1: 2.5). The specific surface area (SBEF) of the
sieved alum and dolomite were 0.46 and 2.83 m2 g�1, respectively,
which were determined using a Quantachrome instrument at 77 K
with nitrogen adsorptive medium. Before incorporation into the
homogenised soil, the amendments were dried and sieved through
nylon mesh with 100 mesh number.

2.2. Macroscopic P sorption

To examine P sorption mechanisms on Al hydroxides, a poorly-
crystalline Al hydroxide was obtained following the method of
Sujana et al. (2009), whereby 1 mol L�1 KOH was added to
0.1 mol L�1 KAl(SO4)2 $12 H2O at pH 7.2. The developed precipitate
was washed 2 times with hot water at 60 �C and centrifuged for
15 min at 4000 rpm. The washed precipitate was dried at 60 �C and
ground into a powder. The XRD analysis showed that the precipi-
tate was poorly-crystalline (Supporting Information, Fig. S1).
Dolomite was sourced from the Cheng De mineral processing plant
(Hebei province, China). The formation of dolomite in this district
was influenced by serpentine. CaCO3 andMg(OH)2 were detected in
dolomite by XRD analysis (Supporting Information, Fig. S2).

All P sorption tests were conducted in triplicate using 0.1 g of
poorly-crystalline Al hydroxides or 0.5 g dolomite in 40 ml P so-
lution with varying concentrations of phosphate. Specifically this
was 10, 50, 100, 200, 400 and 500 mg P L�1 for poorly-crystalline Al
hydroxides and 10, 20, 40, 60, 80, 100, 160, 240, 320, 400 and
500mg P L�1 for dolomite. The pH of the suspensionwas controlled
at pH 6.5 for poorly-crystalline Al hydroxides and at pH 8 for
dolomite using 0.05 M HCl and NaOH. Each test was placed in an
end over end shaker for 24 h, centrifuged at 3500 rpm and the
supernatant was filtered (0.45 mm) and analysed for P concentra-
tion. The remaining solid matter was dried at 60 �C.
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2.3. Microscopic characterisation of P sorption

In order to investigate the variation in structure, functional
groups, surface morphology and sorption types of poorly-
crystalline Al hydroxides and dolomite before and after P sorp-
tion, XRD, attenuated total reflectance Fourier-transform infrared
spectra (ATR-FTIR) between the wavenumbers of 500e4000 cm�1,
SEM images and solid-state 27Al and 31P NMR were acquired. The
variation of the mineral structure was determined with a D/max-
2500/PC (Rigaku, Japan) X-ray diffractometer. The changes of the
functional groups were identified using a V70 (Bruker, Germany)
Fourier transform infrared. The surface morphology was evaluated
using a SU8010 (Hitachi, Japan) SEM equipped with an energy
dispersive X-ray spectrometer (EDS). Solid-state 27Al and 31P NMR
single-pulse MAS (SP/MAS) NMR spectra were collected on a
600 MHz JNM-ECZ600R spectrometer (JEOL, Japan). The 27Al and
31P SP/MAS NMR spectra were collected at operating frequencies of
156 MHz and 242.8 MHz respectively, with samples contained in
3.2 mm (tube diameter) ZrO2 rotors at a spining rate of 12 KHz. The
relaxation delay was 5s for 27Al and 31P. The 31P chemical shifts of
the P adsorbed on poorly-crystalline Al hydroxides were reported
relative to a standard AlPO4 sample purchased from Sigma-Aldrich.
2.4. P transformation in the incubated soil amended with alum and
dolomite

The intensively cultivated soil was selected from one of the
Fig. 1. Effect of initial P concentration on P sorption on (a) poorly-crystalline Al hydroxides
varying concentrations of P at 10, 50, 100, 200, 400 and 500 mg L�1 and 0.5 g dolomite in 40
400 and 500 mg L�1 were conducted. Data are the means of three replicates.
typical PVF located in Fangshan district (39.38�N, 116.10�E), Beijing,
China, with a typical continental monsoon climate. Annual mean
temperature is 11.6 �C and precipitation is 603mm. The site has a 5-
year rotation of tomato and leafy vegetables and received high
application rates of chicken manure (150 m3 ha�1 yr�1) and urea
(750 kg ha�1 yr�1). Soil samples were collected in April 2017. The
topsoil was extracted from 0 to 20 cm depth. After extraction, the
soil was air-dried and coarse rocks and plant residue were removed
before it was sieved to 2mm and homogenised. The soil is classified
as Calcaric Cambisol (US taxonomy) or Brown soil (Chinese taxon-
omy) (Brady andWeil, 2019). It has a silty loam texture (sand 27.1%,
silt 57.8%, clay 15.3%) with a pH of 7.56, 226 mg kg�1 Olsen-P,
11.4 g kg�1 organic carbon (OC), 414 mg kg�1 Mehlich3-P and
1.36 g kg�1 total P. For the criteria of soil Olsen-P, the proposed
optimum available soil P level for vegetable fields is 60e90mg kg�1

(Liang et al., 2013).
For each 0.7-L cylindrical incubation container (80 mm

diameter � 88 mm height, n ¼ 39) dried and sieved alum or
dolomite were mixed with 300 g of the soil (bulk density of
1.32 g kg�1). The following treatments with three replicates of each
were assembled: 0 (soil only), 0.5, 1, 5, 10, 20, and 50 g kg�1.
Deionised water was added to each container to achieve ~70% field
water holding capacity. The containers were covered with parafilm
and perforated for air circulation and were then placed in a dark
temperature-controlled (25 �C) incubation chamber. Soil treat-
ments were removed from the containers after a 90 d incubation
period, air dried and sieved again through 2 mm for analysis. Soil
and (b and c) dolomite. 0.1 g poorly-crystalline Al hydroxides in 40 ml solution with
ml P solution with varying concentrations of P at 10, 20, 40, 60, 80, 100, 160, 240, 320,
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pH was measured in distilled water with soil/solution ratio of 1:2.5
using pH meter (MP522 version 3, SANXIN, China). Soil CaCl2eP
and Olsen-P were determined using 0.01 M CaCl2 (soil/solution
ratio of 1:5) and 0.5 M NaHCO3 (soil/solution ratio of 1:20),
respectively (Olsen, 1954; Schofield, 1955). Phosphorus concen-
trations in extracts were measured by colorimetric analysis
(Murphy and Riley, 1962). In order to examine sequential P frac-
tionation, soil samples from all treatments were subjected to the
method initially proposed by Jiang and Gu (1989) and later modi-
fied by Adhami et al. (2006) and Audette et al. (2016). In the
modified method, the P fraction was extracted as follows: 1.25 g of
soil was weighed into a 50 ml polyethylene centrifuge tube. As the
first extractant, 25 ml NaHCO3 at pH 7.5 were added to the
centrifuge tube. After shaking for 1 h, centrifugation was used at
4000 rpm for 8 min and the supernatant was then removed and
filtered. This extraction procedure was repeated sequentially with
seven types of extractants (0.25 M NaHCO3, 0.5 M CH3COONH4, 1 M
MgCl2, 0.5 M NH4F, 0.1 M NaOH-0.5 M Na2CO3, 0.3 M
Fig. 2. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra in the 50
poorly-crystalline Al hydroxides (red line) and (b) dolomite (red line), low P sorbed dolom
hydroxides is the mixture of all the dried isotherm samples after P sorption. Low P sorbed do
and 100e500 mg L�1 P solution was sorbed. (For interpretation of the references to color i
Na3C6H5O7eNa2S2O4-0.5 M NaOH and 0.5 M H2SO4) using the
required shaking/standing time (Audette et al., 2016). It was noted
that the extractionwith 1 MMgCl2 in the third step of the modified
method did not extract P forms but instead recovered P that was re-
adsorbed to the unattached substrates (Audette et al., 2016).
Therefore, the six P fractions were extracted as follows: Ca2eP,
Ca8eP, AleP, FeeP, Occluded-P and Ca10eP.
2.5. P sorption-desorption in the soil amended with alum and
dolomite

To examine the P sorption capacity of the amended soils, P
sorption isotherms were constructed using the method of Pautler
and Sims (2000). For this purpose, 2 g of soil at the end of 90 d
incubation in duplicate were weighed in 50-ml centrifuge tubes.
These soil samples were combined with eight 30 ml solutions (0, 1,
5,10, 15, 20, 25, 50 mg P L�1) made up from a KH2PO4 stock solution
(500 mg P L�1) with 0.01 M CaCl2 as the background solution. Two
0-4000 cm�1 region of (a) poorly-crystalline Al hydroxides (black line) and P sorbed
ite (black line) and high P sorbed dolomite (blue line). P sorbed poorly-crystalline Al
lomite and high P sorbed dolomite is the mixture of dried isotherm samples after 10e80
n this figure legend, the reader is referred to the Web version of this article.)
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drops of toluene were added to restrict microbial activity. The
suspensions were shaken (25 �C for 24 h), centrifuged and filtered
(Whatman No. 42) and the concentration of P in the solution was
measured by colorimetric analysis (Murphy and Riley, 1962). The P
adsorbed to the soil was calculated as the difference between initial
P concentration and final P concentration measured at equilibrium.
Afterwards, a P desorption experiment was performed. Each 50 ml
tube was filled with 30 mL of 0.01 mol L�1 CaCl2 solution. The tubes
were shaken for 24 h. After shaking, the suspensions were centri-
fuged at 4000 rpm for 8 min and then filtered through a Whatman
filter No. 42 paper. The final P concentration of the supernatant was
measured using the colorimetric method (Murphy and Riley, 1962).
The amount of P desorbed was determined by subtracting the re-
sidual P in tubes from the measured P after the P desorption
experiment.
2.6. Statistical analysis

The Jade (5.0) software equipped with the PDF 2004 database
was used to analyse the XRD spectra. All statistical data were
analysed using Microsoft Excel 2016 and figures were made by
Origin 8.0. Analysis of variance (ANOVA) was used to determine the
statistical significance of the treatment effects based on rando-
mised complete block design. Multiple comparisons of mean values
of CaCl2eP, Olsen-P, pH, P contents in soil P fraction were per-
formed using the Fisher’s least significant difference (LSD, P < 0.05)
among different treatments. IBM SPSS 19.0 software was used for
all statistical tests.
Fig. 3. Solid-state (a) 27Al NMR of poorly-crystalline Al hydroxides (black line) and P
sorbed poorly-crystalline Al (red line), and (b) 31P NMR of the P sorbed poorly-
crystalline Al (red line) and AlPO4 (blue Line). The Al chemical shift at
dAl ¼ 43.72 ppm assigned to the impurity of K2SO4 in poorly-crystalline Al hydroxides.
P sorbed poorly-crystalline Al hydroxides is the mixture of all the dried isotherm
samples after P sorption. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
3. Results

3.1. P sorption on poorly-crystalline Al hydroxides

Sorption isotherms are presented in Fig. 1a as the plot of initial P
concentration vs. P sorbed on poorly-crystalline Al hydroxides. The
amounts of P sorbed at equilibrium increased from 4.0 to
73.1 mg g�1 with an increase of initial P concentration ranging from
10 to 500 mg L�1 (Fig. 1a). It showed that >99% of P was sorbed
when the initial P concentration was <100 mg L�1. However, the
amount of sorbed P nearly saturated when the initial P concen-
tration increased up to 200 mg L�1, while the equilibrium P con-
centration maintained approximately 180mg L�1 when the initial P
concentration increased from 200 mg L�1 to 500 mg L�1 (Fig. 1a).
After P was sorbed on the poorly-crystalline Al hydroxides, the
SEM-EDS images showed that P was sorbed evenly (Supplementary
Information, Fig. S3c). Results of the ATR-FTIR showed that the
intensities of the PeO stretching band at 1085 cm�1 (Krumina et al.,
2016) increased while the eOH stretching vibrations bands at 982
and 3396 cm�1 decreased (Fig. 2a). The band of the eOH stretching
vibrations at around 3400 cm�1 can be assigned to out-sphereeOH
groups (Egorova and Lamberov, 2015) while 982 cm�1 was
described as inner-sphere deformation vibrations of OH-groups
(Ruan et al., 2001) or bending vibrations of weakly interacting
hydroxyl groups (Kolesova and Ryskin, 1959). In addition, the
deformation vibration of the H2O group at 1640 cm�1, which can be
assigned to the bending mode of molecular H2O-groups associated
with Al (AleH2O) (Myronyuk et al., 2016), increased after P sorption
(Fig. 2a). However, the XRD spectrum did not detect the formation
of AlPO4. This was confirmed by the 27Al NMR spectra which
detected a negligible differential of 27Al chemical shift (dAl) (Fig. 3a)
for the poorly-crystalline Al hydroxides before and after P sorption.
In addition, the 31P NMR showed that the 31P chemical shift (dp) of
the AlPO4 at dp ¼ �49.59 was not detected on P sorbed poorly-
crystalline Al hydroxides (Fig. 3b).
3.2. P sorption on dolomite

The amounts of P sorbed on dolomite increased from 0.37 to
0.97 mg g�1 with the initial P concentration ranging from 10 to
80 mg L�1 (Fig. 1b). However, the sorbed P increased significantly
from 3.1 to 25.3 mg g�1 when the initial P concentrations were
increased from 100 to 500 mg L�1 (Fig. 1c). Examination of the
graphical isotherm data strongly suggested a multiple steps or
mechanisms sorption process on the dolomite as proven by the
noticeable change of the P sorbed amounts (Fig. 1bec). Hence, the
dried isotherm samples were mixed with the initial P concentra-
tions ranging from 0 to 80 mg L�1 and from 100 to 500 mg L�1,
which were labelled low P sorbed dolomite and high P sorbed
dolomite respectively.

The ATR-FTIR spectrum of dolomite showed a sharp absorbance
band at 1422 and 875 cm�1 due to CeO stretching vibrations of
CO3

2� (Fig. 2b) (Gunasekaran et al., 2006). For the low P sorbed
dolomite, a negligible increase absorbance band at 1080 cm�1 was
found when compared with the dolomite sample. However, the
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relative intensity of the new absorbance bands at 1060 and
993 cm�1 which was assigned to the MgeP phases (Zhou et al.,
2011) and CeOeP vibrations (Ganesan and Epple, 2008) were
detected in the high P sorbed dolomite. Also, the eOH stretching
vibration was found at around 3466 cm�1 (Fig. 2b). The Ca3(PO4)2
was detected in the high P sorbed dolomite (Supplementary In-
formation, Fig. S2) and the SEM-EDS images also showed uneven
clusters of P precipitation around the CaCO3 (Supplementary In-
formation, Fig. S4 c-d, and Figs. S5ced). The 31P NMR spectra of P
sorption on dolomite showed a31 P chemical shift (dP) at
dP ¼ 3.24 ppm for low P sorbed dolomite and at dP ¼ 5.61 ppm for
high P sorbed dolomite. The dP¼ 5.61 ppm resembled the spectra of
calcium phosphate previously reported by Hinedi et al. (1992).
3.3. Change in soil available P with alum and dolomite addition

Soil CaCl2eP and Olsen-P significantly decreased with
increasing rates of alum. It was found that alum addition rate from
0.5 to 50 g kg�1 of soil dry weight, reduced soil CaCl2eP by
3.9e91.9% and soil Olsen-P by 9.2 and 57.8% relative to the control
treatment after the 90 d incubation (Fig. 5). The results of the soil P
fractionation suggested that P desorbed from Ca minerals and
adsorbed to Al hydroxides (Table 1). Adding 0.5e50.0 g kg�1 of
alum caused a soil Ca2eP reduction between 3.3 and 80.5 mg kg�1

and soil Ca8eP reduction between 15.6 and 306.8 mg kg�1. A cor-
responding increment of AleP between 14.9 and 394 mg kg�1 was
found in the soil amended with different rates of alum. However,
there were no significant differences among alum treatments and
the control treatment with respect to the FeeP, occluded P (OeP)
and Ca10eP.

Compared with the untreated soil after 90 d incubation, mixing
dolomite in the range of 0.5, 1, 5, 10, 20 and 50 g kg�1 of soil dry
weight, reduced soil CaCl2eP by 2.6, 5.2, 39.7, 53.6, 65.8 and 70.5%,
respectively (Fig. 5). Although higher rates such as 50 g kg�1 were
more capable of reducing soil CaCl2eP, there was no significant
reduction noted between the rate of 20 and 50 g kg�1. However, in
addition to a dolomite amendment rate of 50 g kg�1 reduced soil
Olsen-P by 3.1%, dolomite rates of 0.5, 1, 5, 10 and 20 g kg�1

significantly increased the soil Olsen-P values by 6.8, 9.4, 14.4, 19.0,
19.2%, respectively (Fig. 5). Also, compared with the control
Table 1
Contents of different fractions of inorganic P (Pi) and organic P in the calcareous soils by

Treatment Ca2ePa Ca8eP AleP

(mg kg�1)

Added amount of alum (g kg�1)
0 (Control) 116.9Ab 346.8A 98.1F
0.5 117.8A 331.2AB 113.0E
1 113.6A 315.2B 115.7E
5 95.4B 265.5C 200.6D
10 79.2C 198.5D 273.2C
20 58.8D 110.0E 405.9B
50 36.4E 40.0F 492.1A
Added amount of dolomite (g kg�1)
0 (Control) 116.9e 346.8a 98.1ab
0.5 119.5de 364.5a 113.9a
1 124.7d 351.9a 106.7ab
5 134.7c 318.6b 93.1b
10 141.2b 310.6b 103.5ab
20 141.9b 295.0b 113.0ab
50 149.7a 257.5c 116.2a

a Ca2eP, Ca8eP, AleP, FeeP, occlude-P (OeP) and Ca10eP was fractioned withmodified
0.5 M NH4F, 0.1 M NaOH-0.5 M Na2CO3, 0.3 M Na3C6H5O7eNa2S2O4 (1 g)-0.5 M NaOH a

b Capital letter means the differences among the control and alum treatments, the sma
the means of three replicates. Different letters in different treatments are significant at

c Organic P was determined by the ignition method.
treatment, the dolomite rates between 0.5 and 50 g kg�1 resulted in
an increase in Ca2eP contents between 2.2% and 28.0% and a
reduction of Ca8eP contents between 8.1% and 25.8%.
3.4. P sorption-desorption isotherms of the amended soil

The P sorption isotherms for all soil treatments were presented
in Table 2. When the initial P concentrations were increased from
0 to 50 mg L�1, the amounts of sorbed P in the control treatment
changed from�36 to 143mg kg�1. The P sorbed amounts increased
in all soil treatments amended with 0.5e50 g kg�1 of alum
(Table 2). Soil treatments with 5, 10 20 and 50 g kg�1 of dolomite
added showed P sorbed amounts of �21 to 232 mg kg�1, -11 to
522mg kg�1, -6 to 597mg kg�1 and -3 to 706mg kg�1, respectively.
Low dolomite addition rates (0.5 and 1 g kg�1) on the other hand
caused a reduction of the P sorbed amounts (Table 2).

The P desorbed amounts increased from 16.2 to 68.8 mg kg�1 in
the control treatment with the P sorbed amounts varying from�36
to 143 mg kg�1 (Table 2). The P desorbed amounts in soil treat-
ments were closely linked to the alum or dolomite rates (Table 2).
Generally, P release (P desorbed percentage of P sorbed) decreased
when the alum rates and P concentrations used in the sorption
experiments were increased (Table 2). For the soil treatments
amended with dolomite, it was noted that the P release increased
when the dolomite rates were raised from 0.5 to 1 mg kg �1, whilst
a rapid decline of P release was found when the dolomite rates
were raised from 5 to 50 g kg�1.
4. Discussion

4.1. Mechanism of P sorption on poorly-crystalline Al hydroxides

In the present study the poorly-crystalline Al hydroxides at pH
6.5 had higher P sorption amounts (Fig. 1a) than many other re-
ported Al-sorbents; such as g-alumina (11.2 mg g�1), boehmite
(7.87 mg g�1) (Li et al., 2013a) and amorphous Al(OH)3 produced at
pH 6 (23.9 mg g�1) (Gypser et al., 2018). Notably, the amount of
sorbed P on this poorly-crystalline Al hydroxides was less than that
on the amorphous Al(OH)3 obtained at pH 4 in the study of Wang
et al. (2019), where P sorption maxima reached up to 143 mg g�1.
adding different rates of alum and dolomite after 90 d incubation.

FeeP OeP Ca10eP Organic Pc

38.2A 143.5A 366.4BC 214.8A
36.7A 151.9A 370.4BC 186.0A
35.8A 153.8A 353.0C 217.8A
40.2A 170.5A 372.7B 187.1A
38.3A 145.4A 365.2BC 210.3A
36.4A 142.6A 378.2BC 198.3A
41.1A 162.1A 392.4A 189.6A

38.2a 143.5a 366.4a 214.8a
37.5a 145.4a 357.3a 203.5a
39.7a 151.0a 357.0a 210.3a
40.1a 147.3a 349.9a 196.3a
35.6a 164.0a 368.4a 213.5a
35.8a 123.1a 370.4a 233.8a
39.4a 134.9a 364.4a 210.9a

Jiang and Gumethod and were extracted with 25 ml 0.25 M NaHCO3, 0.5 M NH4AOc,
nd 0.5 M H2SO4 respectively.
ll letter means the differences among the control and dolomite treatments. Data are
P < 0.05.



B. Fan et al. / Environmental Pollution 261 (2020) 114175 7
Previous studies of Wang et al. (2019) and Shang et al. (1992) re-
ported that the decline of the pH increased the P sorbed amounts as
the formation of the AlPO4. However, the 27Al NMR spectra showed
a negligible differential of 27Al chemical shift (dAl) for the poorly-
crystalline Al hydroxides before and after P sorption (Fig. 3a).
Also, 31P NMR showed the 31P chemical shift (dp) of the AlPO4 at
dp ¼ �49.59 was not detected on P sorbed poorly-crystalline Al
hydroxides (Fig. 3b). This study confirmed that AlPO4 precipitation
did not occur at pH 6.5, which was consistent with the results of Li
et al. (2013a) and Wang et al. (2019). Makris et al. (2004) also
deduced from SEM-EDS elemental maps that homogenous P dis-
tribution at the surface of Al-WTRs represented sorption, whereas
no evidence was found for precipitation, in accordance with the
XRD (Supplementary Information, Fig. S1) and SEM-EDS results
found in this study (Supplementary Information, Fig. S3).

Therefore, the PeO stretching band at 1085 cm�1, the decrease
of the vibration bands at 982 and 3400 cm�1 in the ATR-FTIR
spectra (Fig. 2a) indicated the P sorption on poorly-crystalline Al
hydroxides through displacement of outer and inner-sphere AleOH
groups. The study of Li et al. (2013b) reported the 31P NMR chemical
Table 2
Phosphorus sorbed, desorbed amounts (mg kg�1) and P release (%) (the desorbed P pe
dolomite after 90 d incubation.

Treatment P concentrationsa (mg L�1)

0 1 5

Added amount of alum (g kg�1)
0 (Control) P sorbed �36.4b �20.1 �0.3

P desorbedc 16.2 22.2 28.6
P release **d ** **

0.5 P sorbed �36.6 �22.0 3.8
P desorbed 20.8 22.8 28.4
P release ** ** **

1 P sorbed �28.6 �16.2 10.7
P desorbed 23.4 17.9 31.6
P release ** ** **

5 P sorbed �19.9 �6.8 28.9
P desorbed 12.3 11.2 18.1
P release ** ** 62.8%

10 P sorbed �10.9 2.3 48.0
P desorbed 8.8 9.3 15.6
P release ** ** 32.5%

20 P sorbed �4.7 9.0 61.4
P desorbed 4.0 4.2 8.0
P release ** 47.1% 13.1%

50 P sorbed �1.9 12.5 70.7
P desorbed 0.3 1.9 1.2
P release ** 14.9% 1.7%

Added amount of dolomite (g kg�1)
0.5 P sorbed �32.8 �22.4 3.9

P desorbed 19.8 20.0 27.7
P release ** ** **

1 P sorbed �31.5 �21.7 7.7
P desorbed 20.1 22.4 30.0
P release ** ** **

5 P sorbed �20.9 �11.4 28.4
P desorbed 19.3 19.2 27.5
P release ** ** 96.7%

10 P sorbed �11.3 1.0 49.7
P desorbed 14.2 15.2 19.0
P release ** ** 38.3%

20 P sorbed �6.0 7.1 61.9
P desorbed 7.8 7.6 12.0
P release ** ** 19.4%

50 P sorbed �3.2 11.3 69.1
P desorbed 2.9 2.9 3.6
P release ** 25.7% 5.2%

a P concentrations: the initial P concentrations used in the P sorption experiment.
b Data are the means of two replicates.
c P desorption experiment was conducted with a 30 ml 0.01 M CaCl2 solution after th
d Data were not shown since soil P desorbed in the P sorption experiment.
shifts of outer-sphere and inner-sphere precipitation were -10-
0 ppm and 0e10 ppm. Since the 31P chemical shift of the P sorbed
poorly-crystalline Al hydroxides was at dp¼ -9.75 ppm in this study
(Fig. 3b), it was identified that the increase of PeO stretching vi-
bration was mainly assigned to P exchanged with inner-sphere
eOH groups and corresponding bidentate complexes formed (Li
et al., 2013a). Gypser et al. (2018) reported strongly bound inner-
sphere complexed P is difficult to release. It was noted that based
on the theory of Rajan et al. (1974), the displacement of AleH2O
groups was prior to the surfaceeOH groups which led to a decrease
in the vibration of the AleH2O groups. The opposite result was
observed here. It was speculated here that P displaced AleH2O
groups first, but that new AleH2O groups would also form later.
These results were in line with Rajan et al. (1974), who speculated
that a higher P concentration might split AleOHeAl groups and
form H2O molecules.
4.2. Mechanism of P sorption on dolomite

The study of Hinedi et al. (1992) showed P sorption amounts on
rcentage of sorbed P) in the calcareous soils by adding different rates of alum and

10 15 20 25 50

20.5 53.3 69.2 82.6 143.2
38.0 45.4 50.9 56.2 68.8
185.0% 85.2% 73.5% 68.0% 48.0%
28.4 58.3 89.7 90.2 165.8
34.0 45.3 49.1 52.9 73.9
119.6% 77.7% 54.8% 58.7% 44.6%
27.6 70.8 88.6 115.0 193.9
32.9 41.9 44.9 54.4 71.8
119.2% 59.1% 50.7% 47.3% 37.0%
66.9 108.0 135.5 169.3 259.8
25.8 36.0 43.8 49.2 81.3
38.5% 33.4% 32.3% 29.1% 31.3%
96.7 139.1 172.4 200.5 307.1
22.4 27.5 37.8 40.3 62.1
23.1% 19.8% 21.9% 20.1% 20.2%
124.2 181.6 232.4 275.1 450.1
14.0 21.3 25.3 35.0 49.8
11.2% 11.7% 10.9% 12.7% 11.1%
142.3 213.5 281.7 349.1 640.5
5.4 5.4 10.7 16.1 29.9
3.8% 2.5% 3.8% 4.6% 4.7%

32.6 48.8 84.3 77.1 111.8
36.7 40.9 45.7 48.8 62.5
112.8% 83.8% 54.2% 63.3% 55.9%
31.6 53.3 67.8 76.8 105.7
39.3 43.9 49.2 53.9 70.2
124.4% 82.5% 72.5% 70.2% 66.4%
65.4 100.0 157.9 154.7 232.6
38.7 47.2 55.5 61.2 97.9
59.3% 47.2% 35.1% 39.5% 42.1%
101.5 156.9 222.7 252.3 522.5
27.9 38.2 48.8 55.8 83.3
27.5% 24.3% 21.9% 22.1% 15.9%
127.0 192.6 262.5 313.8 597.5
17.6 23.1 29.3 34.2 46.2
13.9% 12.0% 11.2% 10.9% 7.7%
143.4 215.8 291.1 359.1 706.8
5.2 6.0 7.3 8.4 6.8
3.6% 2.8% 2.5% 2.3% 1.0%

e P sorption experiment.
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calcium carbonate increased with an increase in the added P
amounts. However, different results were found for P sorption on
dolomite (Fig. 1bec). Although the XRD and ATR-FTIR spectra did
not show differences between the low P sorbed dolomite and
dolomite, the SEM-EDS analysis (Supplementary Information,
Fig. S5a) and 31P NMR (Fig. 4) of the low P sorbed dolomite sample
indicated that P was sorbed on the dolomite surface. Particularly, it
was found that more P was sorbed on Mg than Ca in the low P
sorbed dolomite (Supplementary Information, Fig. S5b). However,
when the P concentration exceeded 100 mg L�1, ATR-FTIR results of
the high P sorbed dolomite demonstrated the simultaneous
occurrence of P exchange with eOH, defined by the change of the
eOH stretching vibration functional groups at 3466 cm�1 (Leng
et al., 2015), P precipitation evidenced by the bands located at
993 cm�1 (Li et al., 2017) and the formation of MgeP phases
confirmed by the new absorbance band at 1060 cm�1 (Fig. 2b). The
study of Xu et al. (2014) indicated that there is a formation of MgeP
phases at 1060 cm�1 when Mg was present, thus providing more
eOH functional groups on the surface of calcite, which was in line
with the results reported in this study. Wan et al. (2016) investi-
gated phosphate sorption on calcite at pH 8.5 and reported the
formation of hydroxylapatite (HAP), which was confirmed by a
gradual disappearance of CeO stretching vibrations at 1422 and
875 cm�1 as well as the characteristic bands of hydroxylapatite at
approximately 961, 1026 and 1126 cm�1 due to the PeO stretching
vibrations (�Sl�osarczyk et al., 2005). However, the ATR-FTIR spectra
of the high P sorbed dolomite sample in this study did not show the
bands of hydroxylapatite, but showed that the absorbance band of
CeO stretching vibrations was consistent with the spectrum of
dolomite. Cao and Harris (2007) demonstrated that Mg inhibited
the precipitation of HAP due to the substitution of Mg2þ ions for the
Ca2þ ions in the HAP structure, whereas it promoted the formation
of amorphous calcium phosphate (ACP). A similar result was found
in the present study, i.e. XRD spectrum (Supplementary Informa-
tion, Fig. S2), 31P NMR (Fig. 4) and the SEM-EDS images showed P
was precipitated as Ca3(PO4)2 around CaCO3 in the high P sorbed
dolomite (Supplementary Information, Fig. S5d). Furthermore,
SEM-EDS results illustrated that the precipitated P was uneven and
cumulated at a certain point along with clusters (Supplementary
Fig. 4. Solid-state 31P NMR of the low P sorbed dolomite (black line) and high P sorbed
dolomite (red line). Low P sorbed dolomite and high P sorbed dolomite is the mixture
of dried isotherm samples after 0e80 and 100e500 mg L�1 P solution was sorbed. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
Information, Figs. S4ced), which was in line with the results of
Bertrand et al. (2001) andWan et al. (2016) which showed P-cluster
on the smooth cleavage surface of calcite.

4.3. Variation of soil available P

In the natural environment where Al hydroxides or dolomite are
present, the fate, transport and bioavailability of P is most likely to
be controlled by P stabilisation mechanisms of conditions that are
similar to the water/absorbents interface in this study. Results of
the incubation soil amended with alum suggested that alum
addition caused a decline in soil pH (Table S1), which dissolved the
readily soluble CaeP compounds. This was consistent with the
significant increase in soil exchangeable Ca2þ (Supplementary In-
formation, Table S1). As the soil pH ranged from 7.2 to 6.8 following
0.5e50 g kg�1 of alum addition (Supplementary Information,
Table S1), the alum was easily transformed to poorly-crystalline Al
hydroxides within the pH range. The production of the Al hydrox-
ides mineral in the present study also indicated the transformation
of poorly-crystalline Al hydroxides at pH 7.2 (Supplementary In-
formation, Fig. S1). Based on the theory of P sorption on poorly-
crystalline Al hydroxides as discussed above, the P bonding on
poorly-crystalline Al hydroxides through replacing of inner-sphere
hydroxylwas strong (Fan et al., 2019; Gypser et al., 2018). Therefore,
both the soil Ca2eP and Ca8eP contents decreased while the AleP
content in the soil P fractionation increased with alum addition
(Table 1). Since the Ca2eP in the high legacy P calcareous soil is the
dominant P pool of soil Olsen-P (Fan et al., 2019), a significant
decline of Olsen-P was found when alum was added (Fig. 5).
However, in the present study soil Olsen-P was still higher than
90 mg kg�1 even with 50 g kg�1 of alum addition (Fig. 5), which
meant plant available P was still abundant while the P loss risk
decreased dramatically with alum addition.

For the soil treatments amendedwith dolomite, the reduction of
soil CaCl2ePwas due to surface adsorption as the P concentration in
the 0.01 M CaCl2 extraction of this calcareous soil was ~2 mg L�1.
However, the variation of the Olsen-P was associated with the dual
effect of P sorption and the change of the soil pH. Dolomite rates at
0.5e20 g kg�1 caused an increase in soil pH ranging from 7.14 to
7.75 (Supplementary Information, Table S1). Consequently, the
Ca2þ was competed by the OH� (Supplementary Information,
Table S1), which caused the CaeP release (Li et al., 2018). The results
of the soil P fractionation showed an increase in soil Ca2eP (Table 1)
also supported the increase of the soil Olsen-P. However, the
released CaeP could be re-adsorbed onto the dolomite surface, but
it was difficult to form stable CaeP such as hydroxylapatite on the
surface of dolomite. This assertionwas supported by the significant
decrease of the soil CaCl2eP contents and the negligible increase of
Ca10eP contents (Table 1), which denoted the stable CaeP after
dolomite addition. Freeman and Rowell (1981) reported the
bonding capacity of newly sorbed P on the calcite surface was likely
weaker than the phosphate clusters, thus facilitating newly sorbed
P to be readily extracted by the Olsen-P extractant. Nevertheless,
the formation of the insoluble CaeP compounds could be found
when the soil pH increased continuously (Devau et al., 2011). In this
study, soil pH rose up to 8.1 with 50 g kg�1 of dolomite added
(Supplementary Information, Table S1). Therefore, dolomite rates of
50 g kg�1 decreased soil Olsen P.

4.4. Variation of P sorption-desorption

In China, many farmers focus on economic crops such as vege-
tables believe that high P fertiliser application results in higher crop
yields (Zhou et al., 2019). Consequently, heavy manure application
such as 10Mg ha�1 year �1 in the PVF is quite common although the



Fig. 5. Variation of CaCl2eP and Olsen-P in the calcareous soil by adding 0e50 g kg�1

of alum or dolomite after 90 d incubation. Capital letter means the differences among
the control and alum treatments, the small letter means the differences among the
control and dolomite treatments. Data are the means of three replicates. Different
letters in different treatments are significant at P < 0.05.
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soil legacy P has been at very high level (Chen et al., 2019).
Therefore, P sorption-desorption of the amended soil needs to be
investigated as it impacts the appropriate application rate of soil
amendments and P fertiliser (Wendling et al., 2013).

All the alum rates suggested an increase in the P sorbed
amounts comparedwith control treatment (Table 2). Based on the P
sorption on poorly-crystalline Al hydroxides, the formation of
inner-sphere P complexes was the main mechanism to sorb P as
discussed above. It was reported that P bonding capacity on poorly-
crystalline Al hydroxides through bridging bidentate to form inner-
sphere complexes was weaker than P precipitation (G�erard, 2016;
Li et al., 2018). However, the P release showed that the use of higher
rates of alum and higher P concentrations resulted in less P release,
which suggested easier inner-sphere P sorption formation
(Table 2). Hence, alum application rates were determined according
to the degree of soil P accumulation to achieve a balance of the
environmental and agricultural targets, in line with the recom-
mendation of Zhao et al. (2018).

Dolomite amended soil treatments showed a decline of P sorbed
amounts compared with the control treatment when the dolomite
rates were�1 g kg�1 (Table 2). This was because the increase in soil
pH (Supplementary Information, Table S1) resulted in the compe-
tition between eOH and P, which caused P release. However, once
the dolomite rates exceed 10 g kg�1, the P desorbed amounts
decreased substantially (Table 2). This was identified through the P
precipitation on the surface of dolomite based on P sorption
mechanisms on dolomite mineral (Supplementary Information,
Figs. S5ced). Although in the present study Mg inhibited the for-
mation of HAP and such results were backed up by the results of
Salimi et al. (1985), other studies, e.g. Cao and Harris (2007) and Xu
et al. (2014) have shown that Mg can also promote the formation of
ACP. This can occur under high alkaline conditions due to an in-
crease in the formation of CO3-Mg-PO4 bands at the carbonate sites.
Therefore, weaker P adsorption on the dolomite amended soil with
less P precipitation contributes to ameliorate P loss and increases P
reutilisation. Dolomite addition on the calcareous soil was recom-
mended at rates between 1 and 10 g kg�1 to avoid causing pre-
cipitous increase in P precipitation.

5. Conclusions

This work investigated the mechanism of P sorption on poorly-
crystalline Al hydroxides and dolomite and their implication for P
stabilisation in high legacy P calcareous soil. Phosphorus sorption
on poorly-crystalline Al hydroxides was homogenous and the
displacement of inner-sphere AleOH groups was confirmed. Hence,
the soil available P decreasedwhile the P sorbed amounts increased
in the soil amended with alum. For the dolomite, P adsorption on
dolomite surface occurred at low P concentrations, but uneven P
precipitated was found as a Ca3(PO4)2 cluster at high P concentra-
tions. However, Mg in dolomite inhibited the formation of HAP.
When dolomite was added to calcareous soil, CaCl2eP reduced due
to the P adsorption while the Olsen-P increased when the dolomite
rates were <20 g kg�1. The P sorption-desorption experiments
further confirmed lower P released on dolomite at higher dolomite
rates and P concentration.
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