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ABSTRACT

Dissolution-precipitation processes on the surface of brushite (dicalcium phosphate dihydrate, DCPD) control the
migration and transformation of potentially harmful elements (PHEs). The incorporation of impurities could af-
fect the properties of DCPD and its interactions with PHEs. In this study, we synthesized Fe*>*-bearing DCPD via
coprecipitation and investigated the influence of Fe>* incorporation on the crystal structure, hydrolysis process,
and Cd removal performance. Fe-bearing DCPD had lattice expansion due to the coupled substitution of Fe*>* and
NHj for Ca?™. Therefore, the Cd removal performance of Fe-DCPD was enhanced, with a maximum Cd uptake
capacity of 431.6 mg/g, which is 1.77 times that of Fe-free DCPD (244.4 mg/g). Furthermore, Fe-DCPD also exhib-
ited a faster hydrolysis rate, which was up to 2.67 times that of Fe-free DCPD and accelerated Cd's transfer to the
stable host mineral, hydroxylapatite. Cd was first caught by the DCPD surface in a weakly crystalline form and
then incorporated into the hydroxylapatite structure during crystallization. Based on the X-ray photoelectron
spectroscopy and thermogravimetric analysis results, we concluded that the decrease in interstitial water due
to Fe incorporation was responsible for accelerating hydrolysis and enhancing Cd immobilization. In all, the in-
corporation of Fe>* into DCPD could promote its transformation and improve its Cd uptake capacity. Our results
suggest that Fe-DCPD could be a promising candidate for environmental remediation.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction
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Cd is one of the most dangerous potentially harmful elements
(PHEs) and poses a threat to human health. For example, it can cause
damage to kidneys, bones, and the neural system, and has significant
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carcinogenicity (Jarup and Akesson, 2009; Waalkes, 2000). Owing to its
extreme toxicity, the International Agency for Research on Cancer
(IARC) has classified Cd and Cd compounds as Class 1 human carcino-
gens (IARC, 1993), and the maximum acceptable Cd concentration in
drinking water is 3 pg/L, according to the World Health Organization
(WHO) (WHO, 2011). On the other hand, the binding capacity of Cd in
the soil is weaker than other PHEs, which makes it susceptible to mobi-
lization and migration (Tang et al., 2011). Adsorption, precipitation, and
isomorphic replacement at the mineral-water interface are effective
and inexpensive methods of lowering the chemical reactivity and mo-
bility of PHEs in soil and water (Alexandratos et al., 2007; Song et al.,
2020; Yukselen and Alpaslan, 2001). Among the numerous available ad-
sorbents/immobilizers, calcium phosphate minerals (CaPs) have
attracted widespread attention as they are non-toxic and inexpensive.
Hydroxylapatite (HA, Ksp = 107'%8) (Wang and Nancollas, 2008), the
most stable CaP under neutral to alkaline conditions, is considered to
be ideal storage for Cd remediation (Conca and Wright, 2006; Knox
et al., 2003).

Brushite, i.e., CaHPO4-2H,0 (dicalcium phosphate dihydrate, DCPD,
Ksp = 1075°9), is the most soluble crystalline precursor mineral of HA,
and has been used as a phosphate fertilizer for decades (Bouldin and
Sample, 1959; Mansour et al., 2016). Also, DCPD precipitates as a reaction
product during the agricultural application of other phosphorus fertil-
izers, such as monocalcium phosphate (MCP) (Chien et al., 2011) and
livestock manure (Kar et al., 2017). DCPD is thermodynamically unstable
under pH values greater than 6.5 and can transform into stable HA by hy-
drolysis (Rubini et al., 2019; Tas, 2016; Ucar et al., 2017). DCPD-
containing CaP is more active than HA in the immobilization of lead
(Pb), where it forms Pb-apatite at the external surface (Pham Minh
et al,, 2014). Moreover, DCPD immobilizes Cd more efficiently than HA
as it can provide more PO3 ™ during transformation (Zhai et al., 2018).

Ton impurities can be incorporated into the structure of DCPD, affect-
ing its physicochemical properties and microstructure (Liu et al., 2015;
Schumacher and Gelinsky, 2015). Such variations are expected to influ-
ence the surface reactivity of DCPD and its interactions with PHEs. For
example, the substitution of potassium in DCPD accelerates its transfor-
mation (Kumar et al., 1999), while magnesium incorporation prevents
its conversion by inhibiting the dissolution of DCPD (Lee and Kumta,
2010). Fe is one of the most abundant elements in the Earth's crust
(Chaturvedi and Dave, 2012; Colombo et al., 2014; Frey and Reed,
2012), and plays a crucial role in the geochemical cycle of various
PHEs (Cundy et al., 2008). Fe is also a relatively abundant element in
many cultivated soils, with average total concentrations of 20 to
40 g/kg (Colombo et al., 2014). As a redox-sensitive element, the most
abundant Fe oxidation states in natural environments are reduced fer-
rous Fe (Fe?*) and oxidized ferric Fe (Fe**+) (Crichton et al., 2001;
Melton et al., 2014). However, the effect of Fe incorporation on the
DCPD hydrolysis process and its PHEs immobilization capacity is poorly
understood.

Therefore, we prepared Fe3"-bearing DCPD by coprecipitation and
investigated the influence of Fe on its crystal structure, morphology,
and thermal stability. The hydrolysis kinetics of the synthesized DCPD
and its Cd removal capacity were subsequently investigated. To our
best knowledge, this is the first investigation into the effect of incorpo-
rated trivalent metal on the transformation of DCPD. The results of this
study will further our understanding of the transformation process of
impurity-bearing phosphate minerals in the natural environment and
aid in developing promising environmental remediation materials.

2. Methodology
2.1. DCPD synthesis
Fe-free and Fe-bearing DCPD were synthesized via coprecipitation

according to the following reaction: xFe*" + (1 — x)Ca®>" + HPOZ~ =
Ca(y—x)FexHPO, - 2H,0. In brief, a mixed solution containing 0.3 mol/L
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of Fe* and Ca®™ chloride salts (Solution A) with a molar ratio of
x/(1 — x) was prepared first (x = 0, 2%, 5%, and 10%). Then, 100 mL of so-
lution A was added to 100 mL of solution B, which contained 0.3 mol/L
(NH,4),HPO,, dropwise using a peristaltic pump (flow rate: 2 mL/min),
under continuous stirring (400 r/min) at room temperature (RT, ~25 °C)
for 1 h. After 48 h, the suspension was vacuum-filtrated, washed several
times using deionized water, and then freeze-dried for 24 h. All precipi-
tates were then stored in a drying environment for further characteriza-
tion and experiments and labeled as Fe0, Fe2, Fe5, and Fe10 according
to the Fe/(Fe + Ca) molar ratio used for synthesis.

2.2. DCPD hydrolysis kinetics

The DCPD hydrolysis was conducted in a 0.05-M Tris-HCl solution
with an initial pH of 8.2, which was adjusted using 0.01-M HCl. Approx-
imately 0.50 g of DCPD was loaded into a 200-mL corked flask, re-
suspended in 100 mL of Tris-HCl solution, and homogenized using an
RT magnetic stirrer. During hydrolysis, 5-ml of the suspension was sam-
pled and the solution pH was monitored at regular time intervals until it
remained stable. Samples were denoted as X-t, where X represents the
initial sample name, and t represents the hydrolysis time (min).

2.3. Immobilization of Cd

Owing to the remarkable inhibition of DCPD hydrolysis by Cd
(Fig. S1), the DCPD was transformed in a Cd-containing solution at
40 °C by mixing 100 mg of DPCD with 20 mL of a 0.05-M Tris-HCl solu-
tion containing Cd in a 50-mL centrifugal tube. The Cd concentration
ranged from 0.1 to 30 mM in different tubes, which were capped and
shaken using an overhead shaker in an incubator chamber for 14 d to
ensure complete DCPD hydrolysis. The suspension was then centrifuged
and filtered using a 22-um filter membrane. The supernatant was used
for chemical analysis, while the precipitates were freeze-dried and
stored for further characterization. Individual kinetics studies of Cd im-
mobilization were conducted during the hydrolysis of DCPD using a 5-
mM Cd solution under similar conditions. After sampling, the reaction
solution was immediately centrifuged and filtered through a 22-um fil-
ter membrane. The precipitates were denoted as X-y-t, where X repre-
sents the initial sample name, y represents the Cd concentration in the
initial solution (mM), and t represents the hydrolysis time (h).

24. Stability of Cd in DCPD and HA

Dissolution experiments were conducted to study the long-term sta-
bility of Cd using DCPD hydrolyzed in a 0.05-mM Cd solution after 12
and 24 h, i.e., DCPD-5-12 and DCPD-5-24. The Cd content of each sample
used for the dissolution experiments is provided in Table S1. Briefly, 0.10g
of the solid was transferred into a 15-mL polypropylene centrifuge tube
filled with 10mL of distilled water with pH values of 2.0, 7.0, and 10.0.
The tubes were capped and shaken using an overhead shaker (40rpm)
in an RT incubator chamber. After seven days, all of the samples were cen-
trifuged and filtered to conduct the filtrate's chemical analysis.

2.5. Characterization

2.5.1. Powder X-ray diffraction

Powder X-ray diffraction (XRD) was conducted to identify the min-
eral phases and transformation products of the synthesized samples.
The XRD patterns were obtained using a Bruker D8 Advance diffractom-
eter (Bruker AXS, Germany) with a Ni filter and Cu K« radiation (N =
0.154 nm) at 40 kV and 40 mA. All patterns were recorded between 3°
and 80° (26) at a scan rate of 3.0° (26) per minute. The unit cell param-
eters of the DCPD were calculated using Jade 6.5. Meanwhile,
temperature-dependent XRD studies were conducted to investigate
the thermal stability of DCPD using the same X-ray diffractometer
equipped with a heating stage from RT to 180 °C at a heating rate of
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5 °C/min. The temperature-dependent XRD patterns were collected at
RT, 100, 120, 140, 160, and 180 °C, with an interval of 10°/min between
10° and 70° (20). The products obtained at different temperatures were
denoted as X-T, where X represents the initial sample name, and T rep-
resents the temperature (°C). For example, Fe0_100 °C represents FeO
after heating at 100 °C.

2.5.2. Thermogravimetric analysis

A Netzsch STA 409PC instrument was used to conduct thermogravi-
metric analysis (TGA). Briefly, approximately 15 mg of DCPD was
heated from RT to 300 °C at a heating rate of 5 °C/min in a corundum
crucible under a pure N, atmosphere (60 mL/min). The differential ther-
mogravimetric (DTG) curves were then derived from the TG data.

2.5.3. Fourier-transform infrared spectroscopy

The Fourier-transform infrared (FTIR) spectral measurements were
obtained using a Brucker Vertex-70 following the KBr method
(0.90 mg of sample powders and 80.00 mg of KBr) at RT in the range
of 4000-400 cm ™! with a resolution of 4 cm ™! and scan number of 64.

2.5.4. X-ray photoelectron spectroscopy

The surface element information of selected samples was obtained
by X-ray photoelectron spectroscopy (XPS) using a Thermo Fisher K-
Alpha instrument equipped with an Al Ko source. The pass energies of
wide and narrow scanning were set to 100 and 30 eV, respectively,
and the binding energies of all peaks were calibrated using the C1s stan-
dard spectrum (284.8 eV). The depth of XPS analysis is approximately
6 nm (Viipsi et al., 2013). The elemental atomic ratio was analyzed
based on the integration of the XPS peaks using Thermo Scientific
Avantage software.

2.5.5. Morphology observation

A field emission scanning electron microscope (SEM; SU8010,
1.5 kV) and transmission electron microscope (TEM; FEI Talos F200s,
200 kV) were used to observe the morphology of the precipitates.
Meanwhile, the attached energy-dispersive X-ray spectroscope (EDS,
FEI Super-X EDS) was used to determine the samples' chemical
composition.

2.5.6. Chemical analysis and pH measurement

The Ca, Fe, P, and Cd concentrations in the filtrate solution were an-
alyzed using an inductively coupled plasma-optical emission spectrom-
eter (ICP-OES, VARIAN VISTA PRO), and the solution pH was measured
using a pre-calibrated pH meter (Sartorius, PB-10). ICP-OES analyzed
the selected solids' elemental content after digestion (20 mg solid in
1 mL of concentrated HNO3) and dilution.

2.6. Data processing

The amount of removed Cd (q, mg/g) and Cd removal efficiency (Ry,
%) by DCPD was calculated using Eqgs. (1) and (2), respectively.

q=(Co—Cr) xV/m (1)
Ry = G 100% (2)
Co

where Cy (mg/L) is the initial Cd concentration, C; (mg/L) is the residual
Cd concentration at time ¢, V (mL) is the volume of the solution, and m
(mg) is the quality of DCPD.

The Cd release fraction (F, %.) was calculated using Eq. (3).

F*Cvap

= o 1000% (3)
p

where C, (mg/L) is the released Cd concentration, V,, (mL) is the volume
of distilled water, Q, (mg/g) is the Cd content of each sample, and m
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(mg) is the mass of DCPD. The obtained data were processed using
Microsoft Excel. All reported errors for the solution analysis represent
the standard deviation of two replicate experiments.

3. Results and discussion
3.1. XRD, FTIR, and SEM characterization of DCPD

The XRD patterns of Fe-free (FeO) and Fe-bearing DCPD (Fe2, Fe5,
and Fe10) are shown in Fig. 1a. The patterns of all synthesized products
corresponded well to that of the standard DCPD, and did not contain any
peaks associated with iron oxides. Therefore, the ferric ions were suc-
cessfully incorporated into DCPD instead of precipitating as iron oxide
on its surface. The most intense diffraction of (020) at 11.7° for Fe-
DCPD shifted left from that of Fe0 as the Fe loading increased, indicating
the crystal lattice distortion and more significant interplanar spacings.
Furthermore, the chemical analysis showed that the Ca content de-
creased with increasing Fe content, indicating Fe substitution for Ca
(Table S2).

Theoretically, eight-coordinated Fe>* possesses a crystal radius of
0.92 A, which is much lower than that of Ca>™ with the same coordina-
tion (1.26 A) (Shannon, 1976). Therefore, partial one-to-one replace-
ment would result in smaller lattice parameters (Kim et al., 2003).
However, the lattice's chemical expansion along the b- and c-axes was
observed for the Fe-DCPD (Table S3). As it was necessary to maintain
the charge balance, we proposed two possible explanations for such
variations. (1) The substitution of Fe>* generated some lattice vacan-
cies, resulting in a change in the chemical composition and structural
distortion (Eq. (4)). (2) The coupled substitution of Fe** and monova-
lent ions, i.e., NHZ, for two Ca?™ sites (Eq. (5)) (Gupta et al., 2010; Shi
et al, 2016). The crystal radius of nitrogen is 1.32 A in NH{ (Shannon,
1976), which contributed to the expansion of the lattice structure.

2Fe*t 4 Oe3Ca** (4)
Fe** 4+ NHj <2Ca** (5)

Fig. 1b shows the FTIR spectra of FeO and Fe-DCPD. The bands at
3544, 3478,3266, and 3160 cm ™! were assigned to the O0—H stretching
of water, and 1653 cm ™' indicated the occurrence of residual free water.
Meanwhile, P—O stretching (v3) was observed at 1124, 1056, and
983 cm™!, while P-O(H) stretching was observed at 874 cm™', and
H,0 liberation was recorded at 792 cm™ . Finally, O-P-O(H) bending
was observed at 660, 577, and 526 cm~!. These IR band positions
were generally consistent with previous studies (Bamzai et al., 2012;
Mandel and Tas, 2010; Tas and Bhaduri, 2004). A new peak was ob-
served at 1402 cm™! for Fe5 and Fe10, and its intensity increased with
the iron content of DCPD. This peak belonged to the N—H deformation
vibration peak for NH3 (Gautier et al., 2010) and supported the coupled
substitution of Fe>* and NHF for Ca>* (Eq. (5)).

Fig. 1c shows the SEM photomicrographs of the Fe0 and Fe-DCPD
crystals. FeO exhibited a plate-like appearance with sharp edges and
preferred to grow along the (010) crystalline plane, similar to previous
studies (Sekar et al., 2009; Temizel et al., 2011). With the incorporation
of Fe>*, Fe-DCPD maintained the plate-like morphology, although more
defects, sharp edges, and small crystals present. Additionally, the Fe-
DCPD preferred to link with one another to form petal-like aggregates.

3.2. Thermal stability of DCPD

The XRD patterns in Fig. S2 show the mineral phase transformation
of DCPD during heating. DCPD decomposed in the temperature range
of 100 to 160 °C. As the temperature increased, the peak intensity at
11.7° (26) assigned to the (020) plane of DCPD gradually declined.
Meanwhile, a new reflection appeared at 26.7° (26), indicating the gen-
eration of anhydrous monetite (CaHPO4, dicalcium phosphate
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Fig. 1. XRD patterns (a), FTIR spectra (b), and SEM images (c) of DCPD (DCPD reference was obtained from the ICDD database with code number 01-072-0713).

anhydrous/DCPA). Upon heat treatment, all DCPD was converted into
DCPA, which agreed with previous results (Dosen and Giese, 2011;
Schofield et al., 2004). Fig. S3a presents the XRD patterns of DCPD
after heating at 160 °C. Trace DCPD was present in Fe0_160 °C and
Fe2_160 °C, as indicated by the characteristic peak at 11.7° (26). How-
ever, this peak was absent in Fe5_160 °C and Fe10_160 °C, suggesting
that the decomposition of Fe5 and Fe10 was completed before 160 °C.
This phenomenon demonstrates that the incorporation of Fe** resulted
in a lower Fe-DCPD collapse temperature than the Fe-free phase.

The TG curves of FeO and Fe-DCPD are shown in Fig. S3b, and illus-
trate that the thermal decomposition of DCPD into DCPA consisted of
two water loss stages. The first stage of DCPD decomposition occurred
at 130-140 °C, and the second decomposition stage occurred at
180-200 °C. Meanwhile, the DTG curves (Fig. S3c) of FeO and Fe-DCPD
exhibited a leftward shift with increasing Fe content, suggesting that
iron incorporation led to a deterioration in the thermal stability of
DCPD, which agrees well with the XRD data. The total weight loss of
FeO during heat treatment was 21.88%, which was close to the theoret-
ical value according to Eq. 6. Notably, the weight loss during the thermal
decomposition of Fe-DCPD was 21.55%, 20.65%, and 20.73%, respec-
tively, which were slightly lower than FeO (Fig. S3b).

CaHPO4-2H,0—CaHPO, + 2H,0 (6)

3.3. DCPD hydrolysis

DCPD transforms into octacalcium phosphate (OCP) or HA in aque-
ous solutions via hydrolysis based on different conditions (Madsen,
2008; Shih et al., 2004). Fig. 2a shows the XRD patterns of FeO and Fe-
DCPD after hydrolysis in the Tris-HCI solution for 8 h. The characteristic
diffraction peak of DCPD (26 = 11.7°) completely disappeared, and only

the distinct diffraction peaks of HA were observed. These results indi-
cated that the incorporation of Fe>* did not change the DCPD hydrolysis
products. The reaction equation for the hydrolysis of DCPD to HA in so-
lution is provided in Eq. 7. The solution pH declined with the depletion
of OH~, which could be used as a marker for conversion (Madsen, 2008;
Stulajterova and Medvecky, 2008; Ucar et al., 2017). As shown in Fig. 2b,
the evolution of the solution pH during hydrolysis contained three
stages. During Stage I, the pH declined slowly as the DCPD's surface dis-
solved. During Stage I, the pH declined rapidly when the system was
supersaturated with HA, which nucleated on the crystal's surface. Dur-
ing Stage III, the pH slowly reached equilibrium. Theoretically, DCPD
co-existed with HA in Stage II, while DCPD was present on Stage I and
HA was only present at Stage III. Therefore, the hydrolysis of Fe0 to HA
was completed within 360 min at RT. Comparably, the hydrolysis com-
pletion times for Fe2, Fe5, and Fe10 were 330, 320, and 240 min, respec-
tively. These results suggest that the incorporated Fe*™ accelerated the
hydrolysis of DCPD.

10CaHPO,4-2H,0 + 80H ™ —Cayo(PO4)(OH), + 4HPOZ~ + 26H,0  (7)

3.4. Immobilization of Cd

3.4.1. Cd removal capacity

Fig. 3 shows the Cd uptake amounts and removal efficiency curves of
the DCPD in solutions with different initial Cd concentrations. At initial
Cd concentrations of 0.1-10 mM, the Cd uptake amounts exhibited a
linear, positive relationship with the initial Cd concentrations, and the
Cd removal efficiencies exceeded 95%. Subsequently, as the initial Cd
concentration increased, the Cd uptake increased slowly and eventually
reached equilibrium at an initial concentration of 30 mM. The maxi-
mum Cd uptake amounts of Fe2, Fe5, and Fe10 were 284.0, 353.1, and
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Fig. 2. XRD patterns of DCPD after hydrolysis for 8 h (a; DCPD and HA references were obtained from the ICDD database with code numbers 01-072-0713 and 01-089-6437) and evolution

of the solution pH during the hydrolysis of DCPD (b).

431.6 mg/g, respectively, which were significantly higher than that of
FeO (244.4 mg/g). That is, the Cd uptake by Fe-DCPD was 1.16-1.77
times that of FeO, with Cd concentrations ranging from 20 to 30 mM.
Fe-bearing DCPD exhibited an equal or higher removal capacity to
other materials (Table 1), suggesting that it could be a promising mate-
rial for the effective removal and immobilization of Cd.

3.4.2. Cd removal kinetics

A detailed kinetic study was conducted to further examine the re-
moval of aqueous Cd by DCPD during conversion. As shown in Fig. 4a,
the hydrolysis of DCPD in the Cd solution followed a similar pH evolu-
tion trend to that of the Cd-free solution. The hydrolysis of DCPD was re-
markably inhibited in the Cd-containing solution, i.e., Stage Il completed
at 16, 10, 6, and 6 h for Fe0, Fe2, Fe5, and Fe10, respectively. The times
required to reach equilibrium were 10.67, 6.67, 4.00, and 4.00 times
that in the Cd-free solution (1.5 h, Fig. S1). It has been demonstrated
that Cd strongly inhibits the nucleation of HA (Madsen et al., 2004),

500
1 o O
4004
=) 1 i
E') T
= 3004
5 ®
o]
: =
o 200 e
x
S
S
3100 o
0+ ee
T T T i T % T = T 5 T
0 5 10 15 20 25 30
Initial Cd concentration (mM)
® Fe0

Fe2

therefore, resulting in the extended conversion time of DCPD to HA in
Cd-containing solutions.

The evolution of the aqueous Cd, Ca, and P concentrations during
DCPD hydrolysis is shown in Fig. 4b-d. After 1 h of interaction, the Cd
concentrations decreased from 562 to 61.97 (Fe0), 16.80 (Fe2), 11.66
(Fe5), and 9.86 mg/L (Fe10), with corresponding Cd removal efficien-
cies of 89.0%, 97.0%, 97.9%, and 98.2%, respectively. As mentioned previ-
ously, the mineral phase has not been changed at this time; the drastic
decreases in the Cd concentration were attributed to adsorption or pre-
cipitation by DCPD. Meanwhile, Ca was released into the solution, with
the concentration reaching 97.18 mg/L. The molar ratios of adsorbed Cd
to released Ca ranged from 5.15 to 6.15, suggesting the partial exchange
between Ca and Cd on the surface of the DCPD. Thereafter, the evolution
of aqueous Ca followed the same trend as the solution pH.

The trends of aqueous P were opposite to the directions of the pH
and Ca. Specifically, the concentration of aqueous P increased slowly
at Stage I for 4 to 14 h, increased rapidly within the next 1 to 2 h
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Fig. 3. Cd uptake amount (a) and removal efficiency (b) of DCPD at different initial Cd concentrations.
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Table 1
Comparison of Cd-uptake capabilities by different materials.
Material Experimental Maximum uptake Initial Temperature Solid-liquid Reference
method capacity (mg/g) pH (°C) ratio (g/L)
Natural HA Adsorption 17.8 5.0 RT 2.0 (Fernane et al.,
2008)
Synthetic HA Adsorption 259 5.0 RT 2.0 (Fernane et al.,
2008)
Synthetic nano-HA Adsorption 88.5 7.0 25.0 10.0 (Elkady et al., 2011)
Ca-deficient HA Adsorption 23.0 5.0-6.0 RT 0.8 (Zhu et al., 2010)
Fe30,4/PANI/MnO, hybrids Adsorption 154.0 6.0 RT 1.0 (Zhang et al., 2017)
Nanostructured TiO, Adsorption 396.0 5.0-6.0 RT / (Zha et al., 2014)
Amorphous MoS3 nanosheets Adsorption 383.1 6.0 RT 0.25 (Fuet al., 2019)
Bone-biochar composites Adsorption 163.4 5.0 25.0 10.0 (Xiao et al., 2020)
Magnetic graphene oxide Adsorption 128.2 5.0 25.0 1.0 (Bao et al., 2020)
Biochar-supported hydrated manganese Adsorption 156.0 5.0 25.0 0.2 (Wan et al., 2018)
oxide
HA converted from calcite Conversion 369.2 >9.0 70.0 2.0 (Wang et al.,, 2019)
HA converted from Fe-free DCPD Conversion 244.4 8.0 40.0 5.0 This study
Fe-HA converted from Fe-bearing DCPD Conversion 284.0-431.6 8.0 40.0 5.0 This study

(Stage I1), and then remained stable in Stage III. The XRD results demon-
strated that most of the DCPD was converted into HA at the end of Stage
II (Fig. S4). Therefore, the formation of HA could be tracked by the rapid
decreases in the solution pH and Ca concentration. Meanwhile, the re-
markable increase in the P concentration also indicated HA formation.
These data demonstrated that most of the aqueous Cd was first caught
by DCPD and then immobilized by the newly formed HA with the
other residual Cd in the solution. Furthermore, the solution's Fe concen-
tration was always below the instrument's detection limit, suggesting
that the HA immobilized almost all of the Fe in the DCPD.

3.5. Evolution of morphology

Fig. S5a provides the SEM images of Fe0 after immersion in the Cd-
free Tris-HCI solution for 2 h. According to the solution pH, the domi-
nant phase of the solid was DCPD. Some of the DCPD retained its
plate-like morphology (Area A), while other crystals were converted,
with nanoplate phases growing on the surface (Area B). These new pre-
cipitates were composed of nanosheets in a mesh-like structure, which
were significantly different to the typical hexagonal columnar morphol-
ogy of HA (Rakovan, 2002) and close to that of Ca-deficient hydroxyap-
atite (CDHA, Ca/P = 1.5) (Camiré et al., 2005). As confirmed previously,

CDHA could be the conversion product of DCPD in an aqueous solution
(Tas and Bhaduri, 2004). The morphology of the Fe10 transformation
products was the same as that of Fe0 (Fig. S5b).

When Fe10 was transformed in the 5-mM Cd solution for 2 h, the
bulk material retained its original plate morphology (Fig. 5a). Notably,
new nanoparticles formed irregular nanowires on the surface. The ele-
mental mapping results showed that the nanowires enriched in the dis-
tribution of Cd were inversely related to the distribution of Ca (Fig. 5d
and e). The selected area electron diffraction (SAED) results indicated
that these new nanoparticles were weakly crystalline (Fig. 5f).
Madsen et al. (2004) reported that Cd could inhibit the HA nucleation
process by forming Cd-bearing amorphous calcium phosphate. There-
fore, it is likely that the weakly crystalline Cd-rich nanowires in our ex-
periment hindered the transformation of DCPD by inhibiting the
nucleation of HA. After completing the conversion, mesh-like nano-
sheets similar to those in the Cd-free solution were observed (Fig. 5b).
The high-resolution transmission electron microscopy (HRTEM) and
fast Fourier-transform (FFT) diffraction pattern (Fig. 5h) show the d-
spacing (0.281 nm) of the lattice planes related to the (211) reflection
of HA, further confirming the crystalline structure following transfor-
mation. EDS analysis (Fig. 5i) confirmed that Cd and Fe were incorpo-
rated in the transformed apatite.
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Fig. 4. Evolution of the aqueous pH (a) and Cd (b), Ca (c), and P (d) concentrations during the hydrolysis of DCPD in the Tris-HCI solution containing 5 mM of Cd.
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Fig. 5. SEM images of Fe10-5-2 (a) and Fe10-5-8 (b). TEM image (c), correlated TEM-EDS elemental mapping (d, e), and SAED (f) of Fe10-5-2. TEM image (g), HRTEM and FFT image (h),

and EDS spectrum (i) of Fe10-5-8.

3.6. Release of Cd

Fig. 6 shows the release of Cd during the dissolution of DCPD and its
hydrolysis products. After dissolution for seven days in the solution with
an initial pH of 3.0, Fe0-5-12 released 1.63%. Cd, while Fe0-5-24 re-
leased 0.14%. Cd, with a remarkable decline of 91.4%. The amount of
Cd released from all Fe-DCPD samples was below 0.11%,, regardless of
the solution pH and hydrolysis time. As stated above, the mineral
phase of Fe0-5-12 was DCPD, while Fe0-5-24 and all Fe-DCPD samples
used in the dissolution experiments were HA. Our data demonstrated
that Cd immobilized by HA was less soluble than Cd adsorbed by
DCPD, as expected. Furthermore, the amount of Cd released by all sam-
ples was negatively correlated with the initial solution pH. At the same
initial pH, the amount of Cd released from HA was negatively related to
the solid Fe content (Fig. 6b).

3.7. DCPD transformation and Cd removal mechanisms
Generally, DCPD-HA transformation begins as the surface

dissolution of DCPD, followed by the nucleation and growth of HA
(Stulajterovd and Medvecky, 2008). The dissolution of DCPD

provides Ca?* and PO3~, which are necessary for HA nucleation.
When Cd is present, its migration and distribution are associated
with the transformation of DCPD-HA. To further elucidate the Cd
removal mechanism, the surface and bulk elemental composition of
the transformation products of Fe10 were determined by XPS and
complete dissolution, respectively. Fig. 7a shows the evolution of
the surface and bulk Cd/Ca molar ratio of the solid phase during the
transformation of DCPD to HA. After 1 h of interaction, the Cd/Ca
molar ratio on the surface was 1.04, which was 4.95 times the bulk
Cd/Ca molar ratio (0.21). Combining these findings with the SEM
and TEM results, the removal of Cd in the early stage was attributed
to the precipitation of weakly crystalline Cd-rich nanowires on the
surface of DCPD. The Cd/Ca molar ratio on the surface of the sample
began to decrease significantly from the third to the sixth hour and
gradually approached the bulk Cd/Ca molar ratio, suggesting that
the Cd in the solid phase was converted from surface enrichment to
homogeneous distribution. The mineral phase evolution (Fig. S4)
and change in the aqueous P concentration (Fig. 7b) indicated that
HA nucleated and grew during this period (3-6 h).

Viipsi et al. (2013) investigated crystalline HA interaction with C
and founded that Cd was enriched on the surface as a solid-solution

d2+
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Fig. 6. Release of Cd during the dissolution of DCPD and its hydrolysis products (a, DCPD-5-12; b, DCPD-5-24).

(surface Cd is 10 times the bulk phase), which is inconsistent with our
results. However, Zhai et al. (2018) observed nanoscale amorphous par-
ticles/clusters aggregated at the surface of DCPD with subsequent con-
version to HA, agreed with our findings. Therefore, we proposed a
pathway with two processes to illustrate Cd's removal mechanism by
DCPD (Fig. 7c¢). First, Cd was immobilized on DCPD surface as weakly
crystalline precipitation without affecting its mineral phase. Then, sur-
face enriched Cd was uniformly incorporated into the HA structure as
a solid-solution during its crystallization.

3.8. Microstructure of Fe-DCPD and enhanced Cd immobilization

During the transformation of DCPD to HA, the dissolution of DCPD
plays a vital role in the transformation rate and surface reaction proper-
ties (Navarro da Rocha et al.,, 2018). Therefore, the change of DCPD
structure by Fe incorporation could affect the dissolution properties of
DCPD, which in turn affects the DCPD-HA transformation rate and the
Cd removal efficiency. To verify this hypothesis, we conducted an XPS
survey of Fe0 and Fe-bearing DCPD. Fig. S7 shows that Fe's substitution
did not greatly change the main elemental species and groups of the
outer surface layers of DCPD. The O1s peak of DCPD was dissymmetric
due to the lattice oxygen (P-0; 531.25 eV) and hydroxyl group (O-H;
532.94 eV) in the DCPD (Chusuei et al., 1999). As the Fe content in-
creased, the proportion of peaks at approximately 532.94 eV declined,
indicating a reduction in interstitial water in the DCPD structure. The
O—H fraction was 30.48% in FeO, which declined to 27.21%, 27.26%,
and 26.45% in Fe2, Fe5, and Fe10, respectively. These results agree
with the above TG results, i.e., the interstitial water of Fe-DCPD was
lower than that for Fe-free DCPD (Fig. S3b).

As discussed previously, the substitution of trivalent Fe* for diva-
lent Ca® ™" causes charge imbalance, resulting in lattice distortion and af-
fecting the stereochemical environment of oxygen atoms linked to Ca
ions. Subsequently, it caused the reduction of the interstitial water in
the DCPD structure. DCPD has a layered structure held together by
water molecules via hydrogen bonds (Dosen and Giese, 2011). The de-
hydration or hydrolysis of DCPD typically begins with breaking inter-
layer hydrogen bonds (Dosen and Giese, 2011; Schofield et al., 2004;
Shamrai et al., 2015). The lower amount of interlayer water in Fe-

DCPD indicates fewer hydrogen bonds than there were in Fe-free
DCPD. Therefore, the former dehydrates or hydrolyzes more quickly
than the latter. Fig. 8 clearly shows that the Fe content of DCPD was neg-
atively related to the interlayer water and its transformation time, and
positively related to the Cd removal efficiency.

3.9. Implication

DCPD is the initial precipitate produced after applying various phos-
phate fertilizers, and could also be directly used as a phosphate fertilizer
(Shen et al., 2011). It can spontaneously transform into a more stable
calcium phosphate mineral, such as HA (Stulajterova and Medvecky,
2008), under neutral to alkaline conditions, and this transformation
process could control the migration behavior of PHEs and influence
their fate (Zhai et al., 2018). Our data demonstrate that DCPD could
first remove Cd as a weakly crystalline material, and will then be
immobilized by the subsequently formed HA. Meanwhile, the transfor-
mation of DCPD to HA significantly reduced the risk of secondary release
due to mineral dissolution. Therefore, Fe-bearing DCPD could be applied
in PHEs removal/remediation as it has a superior Cd uptake capacity to
Fe-free DCPD. Furthermore, Fe-bearing DCPD has a faster hydrolysis
rate, allowing the transfer of Cd to HA, which is more stable, as soon
as possible.

4. Conclusions

The structure of Fe-bearing DCPD is similar to that of Fe-free DCPD,
with small lattice expansion due to the coupled substitution of Fe>*
and NHZ for Ca®™. The maximum Cd uptake capacity of Fe-bearing
DCPD was 431.6 mg/g, which was much higher than that of Fe-free
DCPD (244.4 mg/g) and other HAP-based adsorbents. Cd was first
caught by the surface of the DCPD in a weakly crystalline form and
then incorporated into the structure of HA during crystallization. The
dissolution experiments demonstrated that the transformation of
DCPD to HA significantly reduced the risk of secondary Cd dissolution.
Furthermore, the hydrolysis ability of Fe-bearing DCPD was enhanced;
thus, it could transform into HA within a short time. Our results suggest
that Fe-DCPD is a potential candidate for environmental remediation.
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Appendix A. Supplementary data

Evolution of the solution pH during the hydrolysis of Fe-free DCPD at
different temperatures and Cd concentrations (Fig. S1); XRD pattern of
DCPD after heating at varying temperatures (Fig. S2); Thermal XRD pat-
terns, TG, and DTG curves of DCPD (Fig. S3); XRD pattern of DCPD after
hydrolysis at different times (Fig. S4); SEM images of DCPD after hydro-
lysis (Fig. S5); SEM images of Fe0-5-2 and Fe0-5-24. TEM image and cor-
related TEM-EDS elemental mapping of Fe0-5-2. TEM image, HRTEM
and FFT image, and EDS spectrum of Fe0-5-24.(Fig. S6); and XPS spectra
for O1s, Fe2p, Ca2p, and P2p of DCPD (Fig. S7). Cd content of the samples
for dissolution experiment (Table S1); Chemical composition of DCPD
(Table S2); Unit cell parameters of DCPD (Table S3). Supplementary
data to this article can be found online at doi: https://doi.org/10.1016/
j.scitotenv.2021.146266.
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