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A B S T R A C T

Iron (Fe) oxides are intimately coupled with phosphorus and closely associated with the bioavailability of po-
tential toxic elements (PTEs) in soil. Thus, Fe oxides may influence the stabilization of PTEs in contaminated
soils amended by phosphorus. To evaluate the effects of hematite (HMT) on the stabilization of PTEs, 1–5% (by
weight) of HMT was added into a contaminated red soil amended with hydroxyapatite (HAP) to simulate
naturally occurring Fe oxides. The stabilization efficiencies of soil copper (Cu) and cadmium (Cd) amended with
HAP in soils with low, moderate, and high content of HMT were assessed after a 60-day incubation. HAP treated
the soil with high rate HMT decreased the CaCl2-extractable and acid-soluble fractions of Cu and Cd than that of
HAP alone. In particular, CaCl2-extactable Cu and Cd in the soil with 5% HMT amended by HAP were 91–95%
and 41–68% lower than those amended with only HAP. High content of HMT in soil could decrease the con-
centration of labile phosphorus in the presence of HAP, but it did not increase the concentration of NaOH-
extractable inorganic phosphorus (the fraction bound to Fe oxides). The concentrations of free and crystalline Fe
oxides were significantly increased by adding high dosages of HMT with or without HAP. High content of HMT
in soil amended by HAP reduced metal phytotoxicity and uptake by wheat shoots than the soil containing HAP
without HMT. The results indicate that HMT can promote Cu and Cd stabilization while decrease labile phos-
phorus in red soil amended with HAP, suggesting that phosphorus-based amendments combined with Fe oxides
can be used to stabilize PTEs in contaminated red soils.

1. Introduction

Soil contaminated by potential toxic elements (PTEs) (e.g. cadmium
(Cd), copper (Cu), lead, mercury, arsenic, and chromium) have caused
public health concerns worldwide (Bandara et al., 2019; He et al.,
2019). Large amounts of PTEs are discharged into the soil environment
by anthropogenic activities including mining, metal smelting, agro-
chemical use, and power generation (He et al., 2019). This problem is
especially serious in developing countries such as China due to the in-
adequate enforcement of environmental protection laws in the past
(Zhao et al., 2015). PTEs can accumulate in the human body through
the food chain and then threaten public health (Bandara et al., 2019;
Rinklebe et al., 2019). Therefore, it is urgent to remove or stabilize
PTEs in contaminated soils.

It has been reported that the PTEs contents in 21% of agricultural
soil samples from five major grain production regions of China ex-
ceeded the National Environmental Quality Standard for Soils (GB
15618–1995) (Shang et al., 2018), with the main metal contaminants
being Cd, nickel, Cu, zinc, and mercury. The degree of soil con-
tamination was greater in southern China (where red soil is dominant)
than northern China. In particular, the standard-exceeding rates of Cd,
nickel, and Cu in soils from the southern areas were higher than those
in soils from the northern areas (Shang et al., 2018; MEP and MLS,
2014). Currently, there is an urgent need to develop an effective
method to deal with PTEs in red soils in southern China.

Chemical stabilization is widely used in farmlands contaminated
with PTEs because of its low cost and high efficiency for reducing the
migration and bioavailability (Lin et al., 2019; Xu et al., 2017a).
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Phosphorus-based materials are considered as promising chemical
amendments since they can strongly fix PTEs by forming metal–pho-
sphate precipitates (Mignardi et al., 2012). Hydroxyapatite (HAP) has
been extensively applied to stabilize PTEs in soils, sediments, surface
water, and ground water (Kazeminezhad et al., 2017; Mignardi et al.,
2012). HAP can also increase the content of soil phosphorus in farm-
lands with low phosphorus release kinetics, making HAP suitable for
application in red soils with low pH and low phosphorus availability
(Ao et al., 2014; Wang et al., 2015). Thus, HAP shows good potential for
stabilizing PTEs in red soils.

After addition of phosphorus-based materials to soil, they react with
PTEs such as Cu, Cd, and lead along with other metals (e.g. iron, cal-
cium, and aluminum) (Neidhardt et al., 2018; Wu et al., 2018). Red
soils are rich in Fe oxides including hematite (HMT), goethite, mag-
netite, and ferrihydrite. In most cases, red soils in southern China
contain 2%–17% free Fe oxides (Yu et al., 2016). Fe oxides can strongly
adsorb PTEs and decrease their bioavailability in soil (Liu et al., 2014;
Wang et al., 2019). In addition, Fe oxides have a large adsorption ca-
pacity for phosphorus and thus influence its transport, transformation,
bioavailability, and geochemical cycling (Fink et al., 2016; Frossard
et al., 1995). Therefore, abundant Fe oxides in red soils are expected to
compete with metal ions for phosphate released from HAP, thereby
decreasing the metal stabilization efficiency of HAP. However, it re-
mains unclear if the interactions between HAP-derived phosphorus and
HMT could alter metal stabilization relative to systems containing HAP
in the absence of HMT. Answering this question will support the ap-
plication of phosphorus-based amendments in the stabilization of PTEs
for contaminated red soils with various HMT contents.

The aim of this study was to assess the effects of naturally occurring
HMT on the stabilization of Cu and Cd in contaminated red soil
amended by HAP. The specific objectives were to (і) investigate the
changes in soil pH and the contents of CaCl2-extractable Cu and Cd; (іі)
determine the chemical transformation of Cu, Cd, phosphorus, and Fe
oxides; and (ііi) measure the phytotoxicity of Cu and Cd to wheat shoots
after a 60-day incubation period in the co-presence of HAP and HMT.

2. Materials and methods

2.1. Experimental materials

Surface paddy soil (0–17 cm) was sampled near a Cu smelter (28°19'
N, 117°12' E) in Guixi, Jiangxi Province, southeastern China. After air-
drying, the soil was ground and sieved through a 2-mm sieve. Soil total
Cu, total Cd, total phosphorus, Olsen phosphorus and pH were 752 mg/
kg, 1.04 mg/kg, 445 mg/kg, 51.1 mg/kg and 4.57, respectively. The
cation exchange capacity and soil organic carbon were 89.8 mmol/kg
and 23.7 g/kg, respectively.

HAP (purity> 96.3%, pH = 7.72) and HMT (α-Fe2O3, purity>
99.5%, pH = 9.51) were purchased from Emperor Nano Material Co.
Ltd. (Nanjing, China). The XRD patterns of HAP and HMT are shown in
the Supplementary Material (Fig. S1).

2.2. Experiment design

A soil incubation experiment was carried out in 1000-mL polyvinyl
chloride beakers over a 60-day period. Each beaker contained 500 g of
soil manually mixed with HMT and/or HAP. The HAP was added to soil
at a 2:1 M ratio of phosphorus to metal (Cu or Cd) (Cao et al., 2009).
Previous studies showed the contents of Fe oxides in red soil ranged
from 2% to 17% (Yu et al., 2016), and they may influence the bioa-
vailability of PTEs (Almaroai et al., 2014; Wang et al., 2019; Yin et al.,
2016). Therefore, 1% (low rate), 3% (moderate rate), and 5% (high
rate) HMT (by weight) was added to the contaminated soil to simulate
naturally occurring red soil with different contents of Fe oxides. The
experiment included eight treatments: untreated soil (CK), 1% HMT
(5 g) plus soil (H1), 3% HMT (15 g) plus soil (H3), 5% HMT (25 g) plus

soil (H5), 0.5% HAP (2.5 g) plus soil (HAP), 0.5% HAP (2.5 g) plus 1%
HMT (5 g) and soil (HH1), 0.5% HAP (2.5 g) plus 3% HMT (15 g) and
soil (HH3), 0.5% HAP (2.5 g) plus 5% HMT (25 g) and soil (HH5). All
treatments were conducted in triplicate and incubated at 20–25 °C.

During the 60-day incubation, soil moisture was maintained at 60%
of water-holding capacity (WHC) in all beakers by regularly adding
deionized water. Soil samples (30 g) were collected at 7, 30, and 60
days for measurements of soil pH and CaCl2-extractable metal contents.
The chemical fractions of Cu, Cd, phosphorus, and Fe oxides were
analyzed using soil samples collected at 60 days.

2.3. Soil chemical analysis

The main physicochemical characteristics (pH, cation exchange
capacity, soil organic carbon, total Cu, Cd, and phosphorus) of the soil
were measured based on the method of Cui et al. (2017). Readily
available Cu and Cd contents were analyzed after extracting soil (5 g)
with 0.01 mol/L CaCl2 solution (25 mL). For quality assurance, all tests
were performed in triplicate, and blanks along with certified soil
(GBW07408, National Research Center for Certified Reference Mater-
aials, China) and plant (GBW10010, National Research Center for
Certified Reference Materials, China) reference materials were ana-
lyzed, and the accuracy ranging from 93% to 107%.

2.4. Chemical fractionation analysis

The chemical fractions of Cu and Cd in soil, including acid-soluble
(exchangeable and carbonate-bound), reducible (Fe–Mn oxide-bound),
oxidizable (organic-bound), and residual metals, were determined
using the European Community Bureau of Reference (BCR) sequential
extraction procedure (Memoli et al., 2018a). The chemical fractions of
soil phosphorus, including: (1) PDW, extracted with deionized water; (2)
PiNaHCO3 and PoNaHCO3, extracted with NaHCO3; (3) PiNaOH and PoNaOH,
extracted with NaOH; (4) PHCl, extracted with HCl; and (5) Pres, residual
P, were analyzed according to Tiessen and Moir (1993). The detailed
sequential extraction procedures were given in the Supplementary
Material (Text S1 and S2). Free Fe oxides (Fef,), amorphous Fe oxides
(Fea) and crystalline Fe oxides (Fec) in soil were analyzed using the
method described by Jaworska et al. (2016).

2.5. Phytotoxicological assays, antioxidant enzyme activity, and metal
uptake analyses

The phytotoxicity tests were performed based on the method of
Memoli et al. (2018b). The detailed determination procedures were
described in Text S3. The wheat root length and inhibition rate were
estimated according to the method of Memoli et al. (2018b).

The superoxide dismutase (SOD) activity in fresh shoots of wheat
seedlings was assayed using nitroblue tetrazolium chloride (Beauchamp
and Fridovich, 1971). The peroxidase (POD) and catalase (CAT) activ-
ities were measured through spectrophotometrical method by mon-
itoring the oxidation of guaiacol by H2O2 (Zhang et al., 2007) and the
hydrolysis of H2O2 (Qiu et al., 2008), respectively. The detailed ana-
lytical procedures are provided in the Supplementary Material (Text
S4). Moreover, the shoots of wheat seedlings were digested with nitric
acid and perchloric acid. The concentrations of Cu and Cd in the ex-
tracts were measured using an A3 atomic absorption spectrophotometer
(Persee General Instrument, Beijing, China) equipped with a graphite
furnace.

2.6. Statistical analysis

Statistical analyses were conducted using SPSS 19.0 (IBM SPSS,
Somers, USA). Experimental data were presented as mean values ±
standard deviation (n = 3). Means among different treatments were
subjected to one-way analysis of variance followed by Duncan's test
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(P < 0.05). Pearson's correlation coefficients were used to assess the
relationships between different variables.

3. Results

3.1. Changes in soil pH and CaCl2-extactable metal contents

All soil samples were acidic with pH values ranging from 4.75 to
6.01 (Fig. 1A). The pH of the control soil was the lowest (4.75–4.84)
among all treatments. As the dosage of HMT increased from 1% to 5%

in the absence of HAP, the soil pH changed from 5.01 to 5.02 to
5.11–5.17. The pH values of the soils treated with only HAP were
0.62–0.65 units higher than the pH of the control soil. The highest soil
pH was found in treatment HH5, for which the pH was 0.53–0.57 times
higher than those of the soils treated with only HAP. For all treatments,
soil pH did not change significantly over the 60 days of incubation.

As expected, the highest contents of CaCl2-extactable Cu
(176–200 mg/kg) and Cd (256–274 μg/kg) were found in the control
soil (Fig. 1B and C). CaCl2-extactable Cu and Cd were decreased with
the increasing HMT dosage, and they were 50–52% and 12–21% lower

Fig. 1. Changes in pH (A) and the contents of CaCl2-extractable Cu (B) and Cd (C) in contaminated red soil amended with HAP with or without HMT over a 60-day
incubation period. Different letters indicate significant differences among treatments. Statistical results of soil pH, CaCl2-extractable Cu and Cd are showed in Table
S1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Chemical fractions of Cu (A) and Cd (B) in contaminated red soil amended with HAP with or without HMT based on BCR sequential extraction. Different
letters indicate significant differences among treatments. Statistical results of chemical fractions of Cu and Cd are showed in Table S1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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in HH than the control soil, respectively. Moreover, treatment with HAP
alone also decreased CaCl2-extactable metal content compared to the
control, and the metal content decreasing in the following order:
CK > H1 > H3 > H5 > HAP > HH1 > HH3 > HH5. As the
dosage of HMT increased in the absence of HAP, the CaCl2-extactable
Cu and Cd content decreased significantly except for CaCl2-extactable
Cd at 60th day. For example, the CaCl2-extactable Cu and Cd contents
in treatment HH5 were 93% and 63% lower, than those of the samples
treated with HAP alone at 30th day, respectively.

3.2. Transformation of soil Cu and Cd fractions

The sequential extraction results (Fig. 2A) shows that Cu (58%) and
Cd (46%) in the control soil primarily occurred in the acid-soluble
fraction. Compared to the control soil, soil with high content of HMT
decreased the acid-soluble fractions of both metals in a dosage-depen-
dent manner. For example, acid-soluble fractions of Cu and Cd in HH
were 17% and 19% lower than the control soil, respectively. Treatment
with HAP in soil with or without HMT also decreased the acid-soluble
fractions compared to the control; the acid-soluble fractions of Cu and
Cd in treatment HH5 (15% and 24%, respectively) were lower than in
the sample treated with HAP alone.

Compared to the control, soil with 1–5% HMT did not change the
reducible fractions of Cu and Cd. However, treatment with HAP in soil
with or without HMT increased the reducible fraction of Cu but not Cd
compared to the control. No significant differences were observed in the
oxidizable fraction of Cu among the treatments. In contrast, treatment
with HAP in soil with or without HMT increased the oxidizable fraction
of Cd compared to the control. Moreover, the residual fractions of Cu
and Cd were both increased in soil with high dosage of HMT, which
were 53% and 42% higher in H5 than the control soil, respectively.
Similarly, the residual fractions of Cu and Cd were respectively 38%
and 23% higher in treatment HH5 compared to the sample treated with
only HAP.

3.3. Transformation of soil phosphorus and Fe oxide fractions

Generally, soil with high content of HMT did not significantly
change the distribution of soil phosphorus fractions compared to the
control (Table 1). However, treatment with HAP in soil with or without
HMT increased the fractions of PDW, PiNaHCO3, PiNaOH, PHCl, and Pres,
whereas it decreased the fraction of PoNaOH relative to the control. For
example, the fractions of PDW, PiNaHCO3, PiNaOH, PHCl, and Pres in
treatment with HAP alone were 2.95-, 0.97-, 0.98-, 7.66-, and 1.00-fold
higher than those of the control, respectively. However, no significant
differences in phosphorus fractions were observed among treatments
HAP, HH1, HH3, and HH5, with the following exceptions: treatment
HH5 resulted in 11% and 51% reductions in the fractions of PiNaHCO3
and PoNaHCO3, respectively, and a 21% increase in the PoNaOH fraction
relative to treatment with only HAP.

High content of HMT in soil did not decrease labile phosphorus
compared to the control. However, treatment with HAP alone increased
labile phosphorus compared to the control, while HAP treated soil with
5% HMT significantly decreased labile phosphorus compared to the
HAP treatment (Table 1). For example, the fractions of labile and stable
phosphorus in treatment HH5 were 18% lower and 6.8% higher, re-
spectively, compared to those in the sample treated with HAP alone.
The increase of total phosphorus in treatment of HAP alone was
935 mg/kg compared to the control, but only 18% of it was transformed
into the labile fraction, and 74% was transformed into the stable frac-
tion.

The contents of Fef (3.69–3.76 mg/kg) and Fec (1.99–2.02 mg/kg)
in the control soil and the samples treated with HAP were the lowest
across all treatments (Fig. 3). The Fef and Fec contents in soil with 1–5%
HMT increased significantly by 1.73–6.69-and 3.18–12.3-fold com-
pared to the control, respectively. HAP treated soils with 1–5% HMT Ta
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also increased the Fef and Fec contents compared to the HAP alone, and
the extent of the increase depended on the HMT dosage. No significant
differences in Fea content were found among HAP treated soils with or
without HMT.

3.4. Growth inhibition, antioxidant enzyme activities, and metal uptake in
wheat

The inhibition rates of wheat roots in H5, HH3, and HH5 were 4.9%,

10%, and 6.0% lower than the control, respectively (Fig. 4A). Soil with
1–5% HMT and/or HAP all decreased CAT, POD, and SOD activities in
wheat shoots compared to the control (Fig. 4A and B), and the extent of
decrease depended on the HMT dosage. For example, CAT activity
decreased from 221 to 132 U/g FW (fresh weight) as the HMT dosage
ranged from 1% to 5% in the presence of HAP.

The highest contents of Cu (119 mg/kg) and Cd (384 μg/kg) in
wheat shoots were found in the control (Fig. 4C). High content of HMT
in soil promoted the reduction of Cu and Cd in wheat shoots, for ex-
ample, the Cu contents in wheat shoots in treatments H1 and H5 were
23% and 42% lower compared to the control, respectively. Meanwhile,
the Cu and Cd contents in treatment HAP alone were 52% and 49%
lower than in treatment H5, respectively. No significant differences in
the Cu and Cd contents in wheat shoots were observed among treat-
ments HH1, HH3, and HH5.

4. Discussion

4.1. Effect of bioavailable of Cu and Cd

The high efficiencies of HAP on the stabilization of Cu and Cd were
well demonstrated in this study. HAP increased soil pH and decreased
bioavailable Cu and Cd, in agreement with findings of Mignardi et al.
(2012) and Wei et al. (2016). The increase of soil pH with the appli-
cation of HAP may be due to the dissolution of HAP neutralized protons
(H+) (Sun et al., 2018). The stabilization of Cu and Cd by HAP were
possibly via ion exchange, coprecipitation, surface complexation, and
precipitation (Fig. 5) (Kazeminezhad et al., 2017; Sun et al., 2018).

Moreover, high dosage of HMT in soil also promoted the reduction
of bioavailable Cu and Cd, but the decrease extent was less than that of
HAP alone. It may be due to the maximum adsorption capacities of Cu
and Cd are 200 and 43.5 mg/g for HAP, and 143 and 14.7 mg/g for
HMT, respectively (our unpublished data). Thus, HAP alone was more

Fig. 3. Fractions of Fe oxides in contaminated red soil with amended with HAP
with or without HMT. Fef, free Fe oxides; Fea, amorphous Fe oxides; and Fec,
crystalline Fe oxides. Means (n = 3) and standard deviations with different
letters above the column indicate significant differences at P < 0.05. Statistical
results of Fe oxides fractions are showed in Table S2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 4. Inhibition rates of wheat roots and catalase (CAT) activity (A), peroxidase (POD) and superoxide dismutase (SOD) activities (B), and metal uptake in wheat
shoots (C) in contaminated red soil amended with HMT and/or HAP. Means (n= 3) and standard deviations followed by different letters are significantly different at
P < 0.05. Statistical results of inhibition rates, CAT, POD,ptake in wheat shoots are showed in Table S2. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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effective at decreasing the bioavailability of Cu and Cd compared to
HMT. The mechanisms of HMT on the stabilization of Cu and Cd may be
due to the generation of Fe–OH groups on its surface (Eq. (1)) during
incubation and then adsorb metals through inner-sphere complexation
(Eqs. (2) and (3)) (Lee et al., 2012; Li et al., 2019; Zhang et al., 2014,
2016). Similar to HAP, high content of HMT in soil slightly increased
soil pH and the increase extent depended on the dosage of HMT. It may
result from the high pH of HMT itself (i.e., 9.51 at a 1:2.5 HMT-to-water
ratio) and the acidic pH (4.57) of red soil, which could promote the
dissolution of HMT. Furthermore, Fe-reductive dissolution could con-
sume H+ and thus increase soil pH (Oppong-Anane et al., 2018; Yu
et al., 2016), in agreement with findings of Friesl et al. (2006) and Li
et al. (2012). Although the reductive dissolution of Fe oxides can reduce
the number of sorption sites and result in the release of metals on the
surfaces of Fe oxides, Fe reduction can increase soil pH and thus in-
crease metal adsorption (Yuan et al., 2019). Therefore, the readily
available (CaCl2-extractable) Cu and Cd contents in red soil generally
decreased with increasing HMT dosage. However, previous studies in-
dicated that magnetite and HMT reduced soil pH due to the hydrolysis
of Fe ions and surface complexation of Fe–OH groups with other metal
ions (Yuan et al., 2019; Zhou et al., 2012). This discrepancy might be
explained by higher acidity of the soil used in this study compared to
the red soils used in previous studies; the higher acidity of the soil used
herein might have resulted in a higher Fe oxide dissolution rate.

≡ − + → ≡ −
+ +Fe OH H Fe OH2 (1)

≡ − + → ≡ − +
+ + + +Fe OH Cd Fe OCd H22

2 (2)

+ ≡ − → ≡ − +
+ + +Cd OH Fe OH Fe OCd OH H( ) ( ) 22

0 (3)

According to Bogusz and Oleszczuk (2018) and Wen et al. (2016),
the acid-soluble fraction of metals has the highest toxicity to biota, the
reducible and oxidizable fractions are potentially bioavailable to plants,
and the residual fraction is considered stable. The results of the current
study indicated that soil with high content of HMT could effectively
decrease the bioavailability of Cu and Cd in red soil by transforming the
metals from the acid-soluble fraction to the residual fraction. Moreover,
the acid-soluble fractions of both Cu (P = −0.637) and Cd
(P = −0.836) had a significant negative correlation with soil pH
(Table 2). Likewise, Loganathan et al. (2012) and Yuan et al. (2019)
found that increasing soil pH could promote the stabilization of PTEs in

acidic soils because the majority of metals have low solubility in neutral
and alkaline conditions. Metals in the reducible fraction are bound to
hydrous and amorphous Fe–Mn oxides (Wen et al., 2016). Herein, high
dosage of HMT in soil did not substantially increase the reducible
fractions of Cu and Cd bound to Fe oxides. This may be because the
inner-sphere complexes of the metals are relatively stable (Li et al.,
2019), and 0.1 mol/L hydroxylamine hydrochloride could not disrupt
the metal–Fe complexation.

In theory, HMT may also compete with metal ions for phosphate
and promote the dissolution of HAP, thereby affecting the co-pre-
cipitation and formation of metal–phosphate precipitates (Mignardi
et al., 2012; Xu et al., 2017b). Calcium ions may also substitute for
metals and decrease the inner-sphere complexation of HMT (Eq. (2)) (Li
et al., 2019). Thus, the interaction between HAP and HMT thus may
reduce their own adsorption capacities for Cu and Cd. Moreover, the net
decrease of ΔCaCl2-extractable Cu/CdHH5-CK was less than the sum of
ΔCaCl2-extractable Cu/CdH5-CK plus ΔCaCl2-extractable Cu/CdHAP-CK.
This result also clearly suggests that the stabilization of Cu and Cd by
HAP was influenced in the presence of HMT. Nevertheless, the negative
effects of HAP–HMT interaction on the stabilization efficiency of metals
by HAP were lower than the positive effects induced by HMT adsorp-
tion for metals. Therefore, HAP treated soil with high content of HMT
were more effective to decrease bioavailable Cu and Cd compared to
HAP alone.

4.2. Effects of phosphorus and Fe oxide fractions, and phytotoxicity

Our study showed that phosphorus in the red soil mainly occurs in
the residual fraction, suggesting the low activity of phosphorus in red
soil. NaOH-extractable phosphorus includes inorganic and organic
phosphorus associated with Fe, aluminum, and clay minerals on the soil
surface (Hedley et al., 1982; Negassa and Leinweber, 2009). Herein,
high content of HMT in soil did not increase PiNaOH in the red soil,
suggesting that vivianite was not formed in the soil during incubation.
This result may be attributed to inner-sphere ligand exchange, in which
phosphate was adsorbed on the HMT surface to form monodentate bi-
nuclear and monodentate mononuclear complexes (Wang et al., 2019;
Xu et al., 2017b). The phosphorus extracted by HCl is considered to be
Ca–P minerals (stable phosphorus) (Negassa and Leinweber, 2009).
Thus, HAP treated soils with or without HAP increased HCl–P in the red

Fig. 5. Adsorption mechanism of PTEs by hydroxyapatite (HAP) in contaminated red soil. M indicates metal ions. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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soil.
Five phosphorus fractions (PDW, PiNaHCO3, PiNaOH, PHCl, and Pres)

were significantly negatively correlated with available Cu and Cd in the
red soil (Table 2). This indicates the high potential of phosphorus-
containing amendments for the stabilization of PTEs in contaminated
red soil. It should be noted that treatment with HAP substantially in-
creased labile phosphorus (PDW, PiNaHCO3, and PoNaHCO3) compared to
the control. Particularly, the high contents of PDW may be leached from
the soil, causing eutrophication in the agricultural ecosystem. More-
over, the dosages of HAP (1–5% by weight) used in previous studies
(Sun et al., 2018; Wei et al., 2016) were higher than the dosage used in
this study (0.5% by weight), potentially leading to a higher risk of
eutrophication. Fortunately, the fraction of labile phosphorus in HH5
was 18% lower compared to that in HAP alone. Hence, the dosages of
phosphorus-based amendments must be strictly limited, and HAP
amended soil with high content of HMT is beneficial to the reduction of
eutrophication risk.

The changes in the fractions of Fe oxides controlled by oxidation
and reduction conditions have pronounced effects on transformation of
PTEs fractions in soil (Yu et al., 2016). Fe oxides in this study were
mainly present in the free and crystalline forms, and Fef and Fec in-
creased in red soil with HMT ranged from 1% to 5% under a WHC of
60%. Moreover, the application of HAP had little effect on the trans-
formation of Fe oxides under the same content of HMT (e.g., treatment
H1 vs. HH1). Although Fe oxides are considered to be the most active
minerals in soil (Chen et al., 2013), no significant differences in the
transformation of Fe oxides were observed in this study. This indicates
that short term incubation did not promote the transformation of Fe
oxides in HMT-containing red soil in the presence of HAP.

The release of antioxidant enzymes can protect plants from damage
by metal contaminants. For example, SOD can convert O·2− to H2O2

and O2, whereas CAT and POD protect cells from oxidant stress by
catalyzing H2O2 hydrolysis (de Araújo et al., 2017). Similar to the
trends in the bioavailability of soil Cu and Cd, HAP treated soils with or
without HMT were most effective to decrease SOD, POD, and CAT ac-
tivities in wheat shoots. This indicates that the phytotoxicity of Cu and
Cd was reduced in HAP amended red soil with high content of HMT. In
most cases, the antioxidant enzyme activities and metal uptake in
wheat shoots were significantly positively correlated with the contents
of CaCl2-extractable and acid-soluble fractions of Cu and Cd (Table 2).
All the results indicate that the phytotoxicity of Cu and Cd in red soil
decreased with decreasing bioavailability of these metals, and high
content of HMT promoted the decrease in metal phytotoxicity in the
presence of HAP.

In short, the results of this study show that HMT altered the stabi-
lization efficiency of Cu and Cd by HAP, whereas a combination of HMT
and HAP was more effective than HAP alone to stabilize PTEs, decrease
labile phosphorus, and reduce metal phytotoxicity in red soil. Similarly,
Liu and Zhao (2007) used a iron phosphate nanoparticles (Fe3(PO4)2) to
stabilize Pb and found about 50% reduction of soluble phosphate in
Fe3(PO4)2 treated soil than that in Na3PO4. In addition, Fe oxides and
iron powder are very cheap and readily available (Mariussen et al.,
2018; Min et al., 2017; Yuan and Liu, 2013). Therefore, Fe oxides in red
soil are beneficial to the stabilization of Cu and Cd by phosphorus-based
amendments, and we suggest that the combination of phosphate-based
amendments and Fe oxides could be used to stabilize PTEs in con-
taminated red soils. However, this study neglected the fact that the
predominant Fe oxides in most red paddy soils are goethite, HMT, le-
pidocrocite, maghemite, and ferrihydrite (Li et al., 2006). While HMT
(crystalline Fe oxide) was used as a representative Fe oxide in this
study, its properties are considerably different those of ferrihydrite
(amorphous Fe oxide) (Zhu et al., 2019). Therefore, it is necessary to
further study the effects of Fe oxides on PTEs stabilization while con-
sidering the composition of Fe oxides in natural soil.

5. Conclusions

After 60 days of incubation, HAP amended soils with high content of
HMT exhibited lower CaCl2-extractable and acid-soluble fractions of Cu
and Cd compared to the control soil under a WHC of 60%. Generally,
increasing the dosage of HMT decreased soil Cu and Cd bioavailability
in the presence of HAP. HAP amended soils with high content of HMT
decreased soil labile phosphorous while decreasing metal phytotoxicity
to wheat seedlings. The results suggest that the combination of phos-
phate-based amendments and Fe oxides could be used to stabilize PTEs
in contaminated red soils.
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