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• Ni-OH and Ni-PO4 adhered on struvite
surface at 0.1–1 mg·L−1 of Ni.

• Ni primarily crystalized as Ni-struvite
(NiNH4PO4·6H2O) at 10–25mg·L−1 of Ni.

• Amorphous Ni-phosphate and hydroxide
co-precipitated at 25–100 mg·L−1 of Ni.

• >90% of Ni was incorporated into struvite
solids at 0.1–100 mg·L−1 of Ni.
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Struvite precipitation is a promising strategy for the simultaneous recovery of nitrogen and phosphorus from waste
streams. However, waste streams typically contain high amounts of metal contaminants, including Ni, which can be
easily sequestered by struvite, but the behavior of Ni during struvite precipitation remains unclear. Thus, this study
investigates the influence of Ni concentrations on struvite precipitation. The quantitative X-ray diffraction (QXRD) re-
sults revealed that the purity of struvite decreased from 96.6 to 41.1% with the Ni concentrations increased from
0.1–100 mg·L−1. At lower Ni concentrations of 0.1–1 mg·L−1, scanning electron microscopy (SEM) showed a rough-
ened surface of struvite crystal, and this was combined with X-ray absorption near edge structure (XANES) data that
indicated a stack of Ni-OH and Ni-PO4 on struvite surface. At Ni concentrations of 10–25 mg·L−1, Ni primarily
crystalized as Ni-struvite (NiNH4PO4·6H2O), as detected by QXRD. At higher Ni concentrations of 25–100 mg·L−1,
the co-precipitation of amorphous Ni phosphate(s) (e.g., Ni3(PO4)2) and Ni hydroxide (e.g., Ni(OH)2) was identified
by XANES. Specifically, the X-ray photoelectron spectroscopy (XPS) analysis detected the formation of amorphous
Mg hydroxide(s) and phosphate(s) at Ni of 25–100 mg·L−1. The overall results revealed that Ni formed Ni-OH and
Ni-PO4 on struvite surface at 0.1–1mg·L−1, whereas Ni precipitated as separated phases (e.g. Ni-struvite, Ni hydroxide
and phosphate) at 10–100 mg·L−1. The existence of Ni disturbed the crystal growth of struvite and promoted the for-
mation of Ni-struvite, amorphous products during struvite formation.
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1. Introduction

Phosphorous (P) is a critical element widely used for agriculture and
food production. However, the utilization efficiency of phosphorous is
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less than 20% (Li et al., 2019; Müller and Kuhla, 2021), and this leads to the
excessive discharge of phosphorous to local streams, causing serious water
pollution, eutrophication, and red tide (Kakade et al., 2021; Leip et al.,
2015). However, natural reserves of P have been estimated to be depleted
within the next 100 years (Cooper et al., 2011; Li et al., 2018a, 2018b; Yu
et al., 2021). To address the problems of phosphorus exhaustion and envi-
ronmental pollution, the recovery of phosphorus from waste streams by
struvite (MgNH4PO4 6H2O) precipitation has been recognized as a low-
cost and efficient strategy (Hao et al., 2013; Song et al., 2021;
Krishnamoorthy et al., 2021; Wang et al., 2021). However, hazardous
metals (e.g., Ni, Cu, Pb, Zn and etc.) that exist in P-rich waste streams
(e.g., swine wastewater, poultry slurry, and phosphating wastewater) typi-
cally simultaneously transform into struvite solids during precipitation
(Lou et al., 2015; Muhmood et al., 2018; Uysal et al., 2010; Peng et al.,
2016). Muhmood et al. (2018) found that 40%, 45%, 66%, 30%, and
20% of Zn, Cu, Pb, Cr, and Ni, respectively, can be removed using struvite
precipitation from poultry slurry. Uysal et al. (2010) reported that most of
the Ni, Zn, and Cr, 60.50% of the As, and 48.83% of the Hg could be re-
duced from the effluent from a sewage sludge anaerobic digester using
struvite precipitation. Hazardous metals incorporated into struvite solids
can decrease the purity of recovered precipitates and restrict its reutiliza-
tion as fertilizers (Taddeo et al., 2018). To mitigate metal incorporation
into struvite, the mechanisms of metal incorporation into struvite during
the precipitation process should be well studied.

Struvite crystallizes in an orthorhombic space group, Pmn21, with a =
0.6941 nm, b = 0.6137 nm, and c = 1.1199 nm (Prywer and Torzewska,
2009). The structure consists of a PO4

3− andNH4
+ tetrahedra and an octahe-

dral Mg[H2O]62+ held together by hydrogen bonds. Mg2+ has been re-
ported to be partially substituted by Cd2+ (Ravikumar et al., 2002), Zn2+

(Ravikumar et al., 2010; Chand and Agarwal, 1991) and Ni2+ (Haferburg
et al., 2008). In addition, PO4

3− has been observed to be substituted by ar-
senate (AsO4

3−) for the formation of NH4MgAsO4·6H2O (Lin et al., 2013)
during the struvite crystallization process. Furthermore, NH4

+ has been de-
scribed to be replaceable by K+, Rb+, and Cs+ (Banks et al., 1975; Mathew
and Schroeder, 1979). The substitute of Mg2+, NH4

+ or PO4
3− with impuri-

ties (i.e. Ni2+, Cd2+, K+, and etc.) can change the lattice of struvite due to
the difference of their ionic radius (Ravikumar et al., 2002, 2010). In addi-
tion to substitution, it has been reported that Cd2+, Cu2+, Zn2+, and Pb2+

can be adsorbed on the surface of struvite through coordination bonding
(Lu et al., 2021; Tang et al., 2019; Rouff et al., 2016). In addition, impurities
in metal-hydroxide(s) and/or phosphate(s) may co-precipitate into struvite
products during the struvite precipitation process due to the oversaturation
of these potential precipitates (Hao et al., 2008; Lu et al., 2020, 2021). For
example, Zn would precipitate to form Zn(OH)2 at a Zn concentration of
100 μM during the struvite recovery process (Rouff and Juarez, 2014).
Overall, the mechanisms of metal incorporation into struvite are very com-
plex and may proceed by substitution, adsorption, and/or precipitation
under ambient conditions.

Ni2+ is a common metal that is widely found in P-rich wastewaters
(such as landfill leachate, poultry wastewater, agro-industrial wastewaters,
and the effluents of sewage sludge anaerobic digesters) (Lou et al., 2015;
Muhmood et al., 2018; Taddeo et al., 2018). Ni level in different types of
P-rich wastewater (e.g. poultry slurry, electroplating wastewater and efflu-
ent of industrial wastewater) was reported to be from 0.13 to 59.5 mg·L−1

(Muhmood et al., 2018; Yu et al., 2017; Tang et al., 2019). Uysal et al.
(2010) reported that over 92.6% of Ni (Ni level: 0.27 mg·L−1) could be
removed from the effluent of a sewage sludge anaerobic digester
using struvite precipitation. In poultry slurry, 20% of Ni (Ni level:
0.129 mg·L−1) was removed from solution into struvite solids during the
precipitation process (Muhmood et al., 2018). Furthermore, approximately
25% of Ni was reduced in human urine using the struvite crystallization
process. When the recovered struvite was used as fertilizer, Ni may diffuse
from solids into the aquatic environment or accumulate in soils, resulting in
an adverse effect on human health and the environment (Xu et al., 2018;
Singh and Kaushik, 2021). Therefore, increasing research efforts are re-
quired to unravel the Ni reaction mechanisms during struvite precipitation.
2

Vol'khin et al. (2015) suggested that Ni2+ enters into K-struvite crystal and
alternates with Mg2+ to form Mg1−xNixKPO4·6H2O during sorption pro-
cess. Moreover, Tang et al. (2019) found that Ni2+ can form Ni(OH)2 on
the struvite surface by adding struvite crystals into Ni-containing solutions.
However, the reactionmechanisms of Ni2+ incorporatingwith struvite dur-
ing precipitation process remain unclear. The impact of Ni on the structural
properties of struvite and the mechanisms by which Ni interacts with
struvite during the recovery process require systematic study.

This study will elucidate the fundamental information concerning
the interactions of Ni with struvite during the precipitation processes.
The impact of Ni on the composition, morphology, and structure of
the obtained struvite precipitates will be analyzed using scanning elec-
tron microscopy (SEM), field emission transmission electron micros-
copy (FE-TEM), X-ray diffraction (XRD), X-ray absorption near edge
structure (XANES) spectroscopy, and X-ray photoelectron spectroscopy
(XPS). These data will provide new insights regarding struvite precipita-
tion under the influence of Ni from the structural and morphological
perspectives.

2. Materials and methods

2.1. Materials and precipitation experiments

Ammonium dihydrogen phosphate (NH4H2PO4, 99%), magnesium
chloride hexahydrate (MgCl2·6H2O, 99.9%), and nickel chloride hexahy-
drate (NiCl2·6H2O, 99.9%) were purchased from Aladdin (Shanghai,
China). Calcium fluoride (CaF2, 99.99%) was purchased from Sigma-
Aldrich (St. Louis, MO).MgCl2·6H2O, NH4H2PO4 and NiCl2·6H2Owere sep-
arately dissolved in deionized water to prepare stock solutions with final
concentrations of 3 M (Mg2+, NH4

+, and PO4
3−) and 5 g·L−1 (Ni2+). Firstly,

pure struvite crystal synthesis was performed by chemical precipitation
from a synthetic waste solution, of which a mixture of 3 mM MgCl2 and
NH4H2PO4 prepared by adjusting stock solutions. Secondly, the effects of
Ni2+ concentrations on struvite precipitation were evaluated. Stock solu-
tion of NiCl2 was diluted into NH4H2PO4 solution, and then mixed with
the solution of MgCl2. The final concentrations of Ni in precipitation solu-
tions were controlled to 0.1, 1, 10, 25, 50 and 100 mg·L−1.

After mixing, 2 M NaOH solution was used to adjust solution pH at
9.0 ± 0.2, as 9.0 was reported as an optimal pH for struvite formation
(Warmadewanthi et al., 2021; Muhmood et al., 2021). Before pHmeasure-
ment, pH meter was calibrated with pH 7 and 10 buffers. Then, the mixed
solutions were stirred at 200 rpm using magnetic stirrers for 30 min and
allowed to settle for 30 min to facilitate the growth of crystals. All of the
precipitation experiments were performed in triplicate. The formed precip-
itates were collected by filtration through a 0.45-μmmembrane. Then, the
precipitates werewashedwith deionizedwater, followed by drying at room
temperature for 2 days for the subsequent characterizations. After precipi-
tation, the contents of Ni in the remaining solutions was measured by in-
ductively coupled plasma mass spectrometry (ICP-MS) using a Thermo
Fisher Scientific iCAP RQ instrument in the satisfactory calibration range
of 0.01–0.5mg·L−1 (R2> 0.999). Ni in the dissolved precipitates was deter-
mined using inductively coupled plasma optical emission spectroscopy
(ICP-OES) using a Perkin-Elmer Optima DV2100 instrument in the satisfac-
tory calibration range (0.5–10 mg·L−1; R2 > 0.999) and with the detection
limit of less than 0.01 mg·L−1.

2.2. Morphology characterization

Themorphologies of the dried solids were observed usingfield emission
scanning electron microscopy (FE-SEM) and transmission electron micros-
copy (TEM). SEM analysis was performed using a Hitachi SU8220 SEM sys-
tem with an accelerating voltage of 20.0 kV, beam intensity of 10 μA, and
magnification ranging from 400× to 3000×. TEM analysis was performed
using a Talos F200S TEM system. Both the SEM system and the TEM system
were equippedwith a backscattered-electron detector for the energy disper-
sive spectroscopy (EDS) analysis.
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2.3. Structural analysis

The structural information of the solids was characterized using powder
X-ray diffraction (XRD) and X-ray absorption near edge structure (XANES)
analysis. As amorphous phase(s) may form in the precipitates, 20wt% CaF2
(Magallanes-Perdomo et al., 2009; Rendtorff et al., 2010; De La Torre et al.,
2001) was mixed with obtained precipitates as an internal standard to
quantify the crystalline and amorphous phase(s). XRD scans of themixtures
were recorded using a Bruker D8 Advance X-ray powder diffractometer
equipped with Cu Ka radiation and a LynxEye detector over a 2θ scan
range of 10°–110° in 0.02° steps and a scan speed of 0.3 s per step. Quanti-
tative analysis of the phase compositions was performed using Rietveld re-
finement method by fitting XRD patterns with TOPAS (version 4.0)
crystallographic program, where pseudo-Voigt function was selected as
the profile fitting function. Fig. S1 in Supporting Information (SI) presented
the Rietveld refinement plots for the obtained precipitates. The derived re-
liability values for the refinement quality of this analytic scheme are pro-
vided in SI Table S1.

XANES data were collected at the beamline 4W1B of the Beijing Syn-
chrotron Radiation Facility (BSRF) on the Ni K-edge (8883 eV) using a Si
(111) monochromator. Data were collected in fluorescence mode using a
Lytle detector equipped with soller slits and a Ge filter. Spectra were ana-
lyzed in the Athena program using a principal component analysis (PCA)
(Ressler et al., 2000) using the SIXPACK code (Webb, 2006). Finally, XPS
measurements were performed with a spectrometer (Thermo Fisher Scien-
tific ESCALAB250Xi,) using monochromatic Al-Kα X-ray (hɣ=1486.6 eV)
as the excitation source. The samples were in situ reduced in the reaction
chamber, evacuated, and transferred for analysis under vacuum. All of the
spectra were recorded using an aperture slot of 300 × 700 μm. The accu-
rate binding energies (±0.1 eV) were determined with respect to the posi-
tion of the adventitious C 1s peak at 284.8 eV.

3. Results and discussion

3.1. Quantitative analysis of Ni incorporation into struvite

After precipitation, the Ni concentrations remaining in the solution
were measured and are illustrated in Fig. 1(a). The concentration of Ni re-
maining in the solution increased from 0.01 to 0.21 mg·L−1 with the initial
Ni concentration increasing from 0.1 to 25 mg·L−1 and then becoming sta-
ble at~0.2mg·L−1, evenwithNi concentration increase of 50–100mg·L−1.
The removal ratio of Ni was calculated by Eq. (1):

Removal ratio of Ni %ð Þ

¼ 1 −
Concentration of Ni in solution mg � L−1� �

Initial concentration of Ni mg � L−1� �
 !

� 100% (1)
Fig. 1. (a) Concentrations of Ni remaining in sol
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The results suggested that up to 90% of the Ni could be removed from
the solution into solids at the initial Ni concentration range of
0.1–25 mg·L−1. Moreover, the removal ratio of Ni increased to 99.6% at
higher Ni concentrations of 50–100 mg·L−1. Additionally, with the ele-
vated initial concentration of Ni, the loading of Ni in the struvite solids in-
creased from 0.03% to 30% (Fig. 1(b)), and this decreased the purities of
the recovered precipitates. Ni may incorporate into struvite by different
forms, such as, Ni-struvite (NiNH4PO4·6H2O) (Haferburg et al., 2008), Ni
hydroxide(s) and/or phosphate(s) (Zhao et al., 2016; Li et al., 2018a,
2018b). To identify the formed Ni products, the XRD method was used to
analyze the contents of the crystalline and amorphous phase(s) in the
struvite solids.

The XRD patterns of the struvite products showed that struvite was the
dominant crystalline phase in the solids at all Ni concentrations (Fig. 2(a)).
But a significant decrease in the intensity of the struvite reflections was ob-
served with the increase of Ni concentrations from 0.1–100 mg·L−1. The
dramatic decrease of peak intensity suggested that Ni addition in solutions
not only limits the growth of struvite crystal but also facilitates the forma-
tion of amorphous phase(s) during precipitation process. Furthermore,
the peaks of the diffraction patterns shifted to a lower 2θ angle (Fig. 2
(b)), which may suggest the growth of NiNH4PO4·6H2O with the addition
of Ni into the solution. The formation of NiNH4PO4·6H2O can be demon-
strated by the peak shift at 2θ of ~33.36° that was attributed to the stron-
gest peak (0 2 2) diffraction plane of NiNH4PO4·6H2O (Fig. 2(b)). As the
peaks in the XRD patterns are influenced by atomic scattering, a peak
shift to a lower 2θ angle may indicate that the distance of the 0 2 2 diffrac-
tion plane of struvite was reduced by the substitution of Mg by Ni, as the
atomic size of Ni is smaller than that of Mg.

Thus, the quantitative XRD (QXRD) analysis with internal standard
was used to determine the contents of NiNH4PO4·6H2O, struvite, and
the amorphous phase(s) in the solids. The results demonstrated an in-
crease in NiNH4PO4·6H2O to 18.7 wt% at Ni concentration of
10 mg·L−1, followed by a gradual decrease to 1.8 wt% when the Ni con-
centration increased to 100 mg·L−1 (Fig. 3). The QXRD results also sug-
gested a positive correlation of the struvite contents with the addition of
Ni (Fig. 3). An obvious decrease in the struvite content in the final prod-
ucts (from 100 to 39.5 wt%) and a strong formation of the amorphous
phases(s) (increased from 0 to 60.5 wt%) were observed when the Ni
initial concentration increased from 0.1 to 50 mg·L−1. The results
indicated that the addition of Ni into the solution strongly prevented
the formation of struvite crystal. The saturation calculation presented
in SI of Table S2 suggested the oversaturation of Ni(OH)2, Ni3(PO4)2,
Mg(OH)2, Mg3(PO4)2, MgHPO4 and etc., but they were not observed
in the XRD patterns. Thus, the significant increase of amorphous
phases(s) (Fig. 3) is indicative of the potential precipitation of amor-
phous Ni-containing phases (e.g., Ni(OH)2, Ni3(PO4)2 and etc.) and/or
Mg-containing phases (e.g., Mg3(PO4)2, Mg(OH)2 and etc.).
ution, and (b) the content of Ni in the solids.



Fig. 2. (a) XRD patterns of the recovered struvite products. (b) XRD patterns of the struvite products at Ni concentrations of 0.1–100 mg·L−1 for 2θ = 33.0°–33.8°.
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3.2. Microscopic analysis of Ni incorporation into struvite

The significant loading of Ni in the precipitates may change the crystal
morphology of struvite. Thus, themorphologies of the precipitates at differ-
ent Ni initial concentrations were analyzed using SEM and are illustrated in
Fig. 4. The distribution of Ni on the surface of struvite was further revealed
using SEM-EDS and TEM-mapping. Compared with pure struvite (Fig. S2),
the shape of the struvite crystals was not significantly affected by the Ni
Fig. 3.Weight fractions of the struvite and amorphous phase(s) in the solid products
at Ni concentrations of 0.1–100 mg·L−1.

4

addition. However, a roughened surface was detected at lower Ni initial
concentrations (0.1–25 mg·L−1) (Fig. 4(a–d)). This result suggested a sur-
face interaction of Ni with struvite. The appearance of the roughened sur-
face may have been induced by the adsorption and/or formation of the
Ni-enriched surface layer on the mineral surface, which had been previ-
ously observed in Cr (III) adsorption on the surface of struvite crystals
(Rouff, 2012). Broken struvite crystals observed in Fig. 4(e) and
(f) suggested that high concentrations (50–100 mg·L−1) of Ni inhibit the
growth of struvite crystal. The potential precipitation of the discrete
metal phases around struvite crystal shown in Fig. 4(e) and (f) suggested
the potential precipitation of are amorphous phases(s) (e.g. Ni(OH)2, Ni3
(PO4)2, Mg(OH)2, Mg3(PO4)2, and etc.).

To observe the distribution of Ni on the surface of the obtained solids,
the TEM images were analyzed (Fig. S3), and the X-ray mapping of each el-
ement (i.e., Mg, P, O, N, and metals) is shown in Fig. 5. The results of the X-
ray mapping showed that the Mg, P, O, and N elements were uniformly dis-
tributed in the obtained products. Furthermore, the content of Ni in the
struvite solids increased with an increase in the initial Ni concentration.
At lower concentrations (0.1–10 mg·L−1), the Ni dispersed uniquely on
the surface of the struvite crystal (Fig. 5(a) and (b)), and this may have
been caused by surface adhesion and Ni-struvite precipitation. At
100 mg·L−1, the formation of the Ni-enriched compound(s) around and
on the struvite surfaces was observed (Figs. 5(c) and S3(c)), and this indi-
cated the strong co-precipitation of metal minerals during the struvite pre-
cipitation process. The results suggested that Ni adsorption/precipitation
was the primary incorporation mechanisms at lower Ni initial concentra-
tions (0.1 mg·L−1), and the co-precipitation of discrete Ni phases (e.g. Ni-
struvite, Ni(OH)2 and Ni3(PO4)2) with struvite was the primary incorpora-
tion mechanism that occurred at higher concentrations (10–100 mg·L−1).



Fig. 4. SEM images of the recovered struvite products at the 0.1–100mg·L−1 Ni initial concentrations. The pictures show that the crystals of struvite changedwith an increase
in the metal concentrations.
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3.3. Incorporation mechanisms

The Ni K-edge XANES spectra of the precipitated struvite solids and
their first-derivatives, along with those for a range of representative Ni(II)
reference compounds, are shown in Fig. 6. Four compounds were consid-
ered as possible reference species, including Ni(OH)2 (solid), Ni3(PO4)2
(solid), Ni foil (solid), and NiO (solid). As shown in Fig. 6(a), the XANES
spectra of Ni(OH)2 and NiO exhibited the white lines centered at around
8348.4 and 8348.5 eV, respectively (Lee et al., 2020; Pattengale et al.,
2020). In addition, XANES spectrum of Ni3(PO4)2 was detected shown a
strong white line centered at ~8347.9 eV. The edge energy of Ni-
containing samples were not shifted significantly from that of Ni(OH)2,
Ni3(PO4)2 and NiO, indicating that the dominant oxidation state of Ni in
all samples was with the oxidation state of +2 (Lassalle-Kaiser et al.,
2017). As shown in Fig. 6(b), the first derivatives of the Ni containing
struvite samples exhibited one peak near the adsorption edge region, and
this was comparable with the Ni (II) reference compounds, such as, amor-
phous Ni3(PO4)2 and Ni(OH)2, but was obviously different from the Ni
foil and NiO.
5

Ni can exist in struvite samples by forming both crystalline (i.e. Ni-
struvite) and amorphous phases (e.g. Ni(OH)2, Ni3(PO4)2 and etc.). In
above section, QXRD analysis determined the content of crystallized Ni
phases in precipitates (Fig. 3). To identify the possible amorphous Ni spe-
cies (i.e., Ni foil, NiO, Ni(OH)2, andNi3(PO4)2) present in the struvite solids,
PCA/TT were performed on Ni K-edge XANES spectra (Wu et al., 2015;
Xiong et al., 2012; Li et al., 2018a, 2018b). PCA/TT analysis (Fig. S4) sug-
gested that Ni foil and NiO were not suitable for the linear combination
fitting (LCF) analysis, whereas amorphous Ni(OH)2 and Ni3(PO4)2 were
considered for the following LCF analysis (Fig. S5). In other words, amor-
phous Ni(OH)2 and Ni3(PO4)2 components may exist in Ni-containing
struvite samples. Thus, to quantify the amorphous Ni species composition
in the struvite solids, the LCF analysis in the Athena program was applied
to the XANES data (Fig. S5). The results of the LCF analysis for Ni distribu-
tion (%) in amorphous Ni(OH)2 and Ni3(PO4)2 were summarized in
Table 1. With the increase of Ni from 1 to 100mg·L−1, the fraction of amor-
phous Ni3(PO4)2 decreased from 99.79 to 81.7%, and the fraction of amor-
phous Ni(OH)2 increased from 0.21 to 24.2% for total amorphous Ni
phases.



Fig. 5. TEM elemental mapping images of the struvite products at the Ni initial concentrations of 0.1–100 mg·L−1.
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To understand the metallic state of each of the elements of Ni, Mg, P,
and O, the typical XPS spectra of the Ni 2p3/2 peak and the Mg 2p peak
were observed, as shown in Fig. 7, and the XPS scan for the full-range
scale spectra of P 2p and O 1s of the struvite samples is shown in Fig. S6.
The growth of the Ni signal (Fig. S6(a)) suggested the continuous incorpo-
ration of Ni into the struvite with an increase in the Ni initial concentration.
Fig. S6(b) shows no obvious change in the P 2p state located at ~133.6 eV
(PO4

3−), indicating negligible effects of the Ni addition on the PO4
3− state

(Alibakhshi et al., 2017). Fig. S6(c) shows that the O 1s spectrum is
Fig. 6. Ni K-edge XANES spectra of the Ni references and struvite samples: (a) normali
figure.
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primarily divided into two peaks (i.e., O-H and PO4-O) (Naumkin et al.,
2012; Scudeller et al., 2017) at Ni concentration < 10 mg·L−1. The peak
of Ni-O was detected at Ni concentration of 25–100 mg·L−1, indicating
the formation of Ni-O-rich layer on the struvite surface.

The typical XPS spectra of the Ni 2p3/2 peak were higher with an in-
crease in the Ni initial concentration (Fig. S6(a)). The Ni 2p3/2 spectrum
was divided into three peaks located at ~853.34, ~856.1, and
~857.7 eV, and these can be assigned to Ni-H2O, Ni-OH, and Ni-PO4, re-
spectively (Jiang et al., 2017; Liu et al., 2015). When the initial
zed absorption spectra; and (b) the first derivative of the XANES spectra in the left



Table 1
Summary of the Ni distribution (%) in amorphous Ni(OH)2 and Ni3(PO4)2 using the
LCF analysis of the Ni K-edge XANES for precipitates.

Sample Fractions (%) R-factor

Amor. Ni(OH)2 Amor. Ni3(PO4)2

Ni 1 mg·L−1 0.21 99.79 0.00677
Ni 10 mg·L−1 19.3 81.70 0.00410
Ni 50 mg·L−1 22.5 77.50 0.00141
Ni 100 mg·L−1 24.2 75.80 0.00158
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concentration of Ni increased from 1 to 100 mg·L−1, the area ratio of Ni-
PO4 decreased from 90.9% to 49.1%, whereas the area ratio of Ni-OH in-
creased from 9.2% to 42.9%. These results were consistent with the
XANES fitting analysis results. The area ratio of Ni-H2O was stable at
~5%–8% for all Ni concentrations. As NiNH4PO4·6H2O was the only Ni-
containing crystalline phase detected by XRD, the presence of Ni-H2O con-
firmed the formation of NiNH4PO4·6H2O. In addition, the presence of Ni-
OH and Ni-PO4 may indicate the formation of Ni-containing amorphous
phase(s) (e.g., Ni(OH)2, Ni3(PO4)2) in the struvite solids. For the Mg 2p
spectrum, a decrease in the Mg-H2O peak suggested a reduction of struvite
in the products with an increase inNi concentration. The appearance ofMg-
OH and Mg-PO4 was observed at Ni concentrations of 25–100 mg·L−1. As
Mg hydroxide and phosphate phase(s) were not detected by XRD, the re-
sults suggested the formation of amorphous Mg hydroxide and Mg phos-
phate at a high Ni concentration of 25–100 mg·L−1.

Themechanisms of Ni incorporation into struvite during precipitation are
shown in Fig. 8(a). It can be mainly classified into three main pathways,
adhesion (pathway I), the precipitation of Ni-struvite (pathway II), and the
co-precipitation of Ni-compound(s) (pathway III). Pathways I and II
Fig. 7. XPS scan for (a) Ni 2p3/2 and (b) the Mg 2p functional groups

7

occurred at lower Ni concentrations (0.1–10 mg·L−1). Fig. 8(b) -
demonstrates the adhesion of Ni for Ni-OH and Ni-PO4 formation,
and this prevented struvite growth at specific locations for a pit
appearance on the struvite surface. In Pathway ΙI, Ni precipitated as
Ni-struvite on the struvite surface. Pathway III revealed the co-
precipitation of amorphous Ni phosphate (e.g., Ni3(PO4)2) and
amorphous Ni hydroxide (e.g., Ni(OH)2) at higher Ni concentrations
(25–100 mg·L−1).

4. Conclusions

The different initial concentrations of Ni presented during struvite
precipitations can lead to different Ni-containing forms in struvite pre-
cipitates. As the potential release of Ni from such struvite, it will limit
the application of struvite in agriculture. Thus, it is critical to reduce
metal contents in the struvite products before it is used as fertilizes.
Based on the current results, for struvite recovered at 0.1–1 mg·L−1 of
Ni, Ni deposited on the struvite surface primarily as Ni-OH and Ni-
PO4. The surface bound between Ni and OH or PO4 could be removed
by acidic and/or alkaline washing, as surface bonding is electrostatic
adherence. At 10–25 mg·L−1, Ni primarily precipitated as Ni-struvite
mineral by alternating with Mg in the struvite crystal. Separating Ni
from struvite would be difficult, because of the entry of Ni into struvite
crystal. At higher concentrations (25–100 mg·L−1), Ni co-precipitated
as separated phase(s) (e.g. Ni hydroxide and phosphate). However, the
separation of Ni-phosphate from struvite solids may be difficult, due
to its strong resistance to acid and alkali. Thus, for wastewaters with
Ni concentrations > 1 mg/L, pre-treatments are expected to be
employed to eliminate heavy metals in solution prior to struvite
precipitation.
of precipitated solids with Ni concentrations of 0.1–100 mg·L−1.
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