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• Cu-NH3 and Cu-OH enriched on struvite
surface at low Cu initial levels of
0.1–10 mg/L.

• Zn-PO4 and Zn-OH formed on struvite
surface at low Zn initial levels of
0.1–10 mg/L.

• Cu-phosphate or Zn-hydroxide precipi-
tated with struvite at Cu or Zn of
50–100 mg/L.

• Competitive binding with PO4 between
Cu and Zn was found at co-existed
solutions.
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Struvite recovered fromwastewater can be used as a slow-release fertilizer. Nevertheless, hazardous metals eas-
ily precipitatedwith struvitewould increase the ecological risk for its agricultural use. In this study, the influence
of individual and coexistence of Cu and Zn on the precipitation of struvite was investigated. The loading of Cu
and/or Zn in precipitates increasedwith the increase of initial metal concentrations (0.1–100mg/L). Quantitative
X-ray diffraction (QXRD) analysis revealed that the increase of Cu and/or Zn level in reaction solution disturbed
crystal growth of struvite and promoted the formation of amorphous phase(s). Scanning electron microscopy
(SEM) revealed the pit formation on struvite crystal surfaces, combined with X-ray photoelectron spectroscopy
(XPS) data, the results indicated a surface interaction for the formation of Cu-OH and Cu-NH3 on struvite surface
at Cu of 0.1–10 mg/L. With the increase of Cu to 25–100 mg/L, the precipitation of amorphous Cu phosphate
(s) was confirmed by XPS and QXRD. At Zn of 0.1–10mg/L, the enrichment of Zn-PO4 and Zn-OH on struvite sur-
face was observed, whereas, the precipitation of amorphous Zn hydroxide(s) was confirmed at Zn of
25–100 mg/L. At Cu and Zn co-existed solution, the decrease of Cu-PO4 and increase of Zn-PO4 suggested the
competitive binding of PO4 between Cu and Zn. In addition, the formation of amorphous Mg hydroxide(s) and
phosphate(s) was detected regardless of the addition of Cu in solutions. The overall results revealed that the ex-
istence of Cu and Zn during struvite formation can greatly affect its content by formation of different metal-
containing products.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Phosphorus (P) is an essential non-substitutable macronutrient for
living organisms, and its natural reserves are estimated to be depleted
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within 100 years as a result of annual increasing consumption in food
production (Markou et al., 2014; Huang et al., 2019a; Li et al., 2016).
However, P is abundant in waste streams (e.g. 0.25 kg/ton of P in food
waste (Micolucci et al., 2016), 0.5 kg/ton of P in waste activated sludge
at 5% drymatter (Leite et al., 2016), and 1 kg/ton of P in chickenmanure
(Giuliano et al., 2013)). In addition to being a diminishing resource, its
excessive discharge to the environment throughwaste and wastewater
has resulted in serious water eutrophication problems (Zhang and
Chen, 2009). Thus, phosphorus recycling from waste streams as fertil-
izers (e.g. struvite (Shu et al., 2019), K-struvite (Huang et al., 2019b),
calcium phosphates (Peng et al., 2018b) and etc.), was widely studied
to assure the long-term phosphorus supply. Among them, struvite pre-
cipitation is considered to be a highly promising strategy, as it can be
used as a slow-release fertilizerwith advantages of high phosphorus up-
take, low leach rates and slowly release of nutrients (Degryse et al.,
2016; Everaert et al., 2017; Talboys et al., 2016).

However, hazardous metals (Cu, Zn and etc.) in P-rich waste efflu-
ents (e.g. swine wastewater, poultry slurry, phosphating wastewater
and etc.) were found simultaneously transformed into struvite solids
during precipitation, and restricted the usage of struvite as fertilizer
(Marti et al., 2010). Muhmood et al. (2018) reported that 45% and 40%
of Cu and Zn could be removed by precipitating struvite in poultry
slurry. In swine wastewater, 66.8% and 76.5% of Cu and Zn could be re-
moved by struvite crystallization (Suzuki et al., 2007). Furthermore, it
was reported that Cu and Zn content in struvite recovered from swine
wastewater reached as high as 800 and 5000 mg/kg, respectively
(Shen et al., 2015). And 77,900 mg/kg of Zn existed in the final product
during direct precipitation of struvite from phosphating wastewater
(Huang et al., 2017). When using the recovered product as fertilizer,
Cu and Zn accumulated in struvite would release into soil and pose en-
vironmental and health hazards. Thus, it is key to figure out interaction
pathways of metals during struvite precipitation, which is useful to find
possible ways to control/reduce heavy metal contents in struvite
precipitates.

The structure of struvite consists of PO4
3− (tetrahedral), NH4

+ (tet-
rahedral) and Mg(H2O)62+ (octahedral), holding together by hydro-
gen bonds (Tansel et al., 2018). Pervious study reported that the
substitution of Mg2+ by Zn2+ (Ravikumar et al., 2010； Chand and
Agarwal, 1991) and Cu2+ (Peng et al., 2016) resulted in the change
of struvite crystal morphology. Surface adsorption of Cu2+ and Zn2

+ by struvite was detected under aqueous condition (Peng et al.,
2018a; Rouff and Juarez, 2014). Rouff and Juarez (2014) reported
that Zn-octahedral monodentate formed on struvite surface at low
Zn concentration (1 μM), but Zn precipitated to form Zn(OH)2 at
higher Zn concentration (100 μM). Cu and Zn may be incorporated
into struvite by substitution, adsorption, and/or precipitation during
precipitation process. However, Cu and Zn, usually co-exist in
nutrient-containing wastewater, for instance, the concentrations of
Cu and Zn in swine wastewater were up to 13.5 mg/L and 94 mg/L,
respectively (do Amaral et al., 2014). The co-existence of Cu and Zn
would make the precipitation processes more complicated, and
then affecting the composition and morphology of nutrient in final
products.

Since the wastewaters used for P recovery by struvite usually con-
tain various concentrations of Cu and Zn, it is important to specify the
reaction mechanisms of metals during struvite precipitations. The cur-
rent study aims to determine the interaction pathways of Cu and/or
Zn with struvite during mineral formation. The impact of both concen-
trations and coexistence of Cu and Zn on composition, morphology
and structure of obtained struvite precipitates will be assessed by scan-
ning electron microscopic (SEM), Field Emission Transmission Electron
Microscopy (FE-TEM), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS). Results will provide a fundamental understanding
of hazardous metal effects on struvite formation in wastewaters, and
it is expected to be important for the future purification of struvite
products.
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2. Materials and methods

2.1. Precipitation experiment

Series of struvite precipitation experimentswere carried out in clean
glass beakers (1 L) stirred at 200 rpm with temperature controlled at
23 ± 0.5 °C. The chemicals used for precipitation experiment included
magnesium chloride hexahydrate (MgCl2·6H2O, 99.9%), ammonium
dihydrogen phosphate (NH4H2PO4, 99%), cupric chloride dihydrate
(CuCl2·2H2O, 99.9%) and zinc chloride (ZnCl2, 99.9%) purchased from
Aladdin (Shanghai, China), and calciumfluoride (CaF2, 99.99%) obtained
from Sigma-Aldrich (St. Louis, MO).

MgCl2 and NH4H2PO4 crystals were separately dissolved in deion-
ized water to prepare stock solutions with concentration of 3 M Mg2+,
NH4

+ and PO4
3−. Pure struvite crystal synthesis was firstly performed

by chemical precipitation from a synthetic waste solution, of which a
mixture of 3 mMMgCl2 and NH4H2PO4 prepared by adjusting stock so-
lutions. Secondly, the effects of Cu2+ and/or Zn2+ concentrations on
struvite precipitation were evaluated. In this experiment, crystals of
CuCl2·2H2O and ZnCl2 were separately dissolved in deionized water to
prepare stock solutions with Cu2+ or Zn2+ concentration of 5 g/L.
Stock solutions of CuCl2 and/or ZnCl2 was diluted into MgCl2 solution,
and thenmixedwith the solution of NH4H2PO4. Thefinal concentrations
of Cu and Zn in precipitation solutions were controlled to 0.1, 1, 10, 25,
50 and 100 mg/L.

pHmeter was calibrated with pH 7 and pH 10 buffers. After mixing,
pH of the solution was quickly adjusted and maintained at 9.0 ± 0.2
using 1 M HCl and 1 M NaOH solutions, as 9.0 was deemed to be the
approximate optimal pH for struvite formation (Yetilmezsoy and
Sapci-Zengin, 2009; Nelson et al., 2003). After each pH adjustment,
mixed solutions were agitated by magnetic stirrers for 30 min and
allowed to settle for 1 h to facilitate the growth of crystals. Then ob-
tained precipitates were collected by filtrating with a 0.45 μm mem-
brane, and washed with deionized water. Each sample was prepared
in triplicate, and obtained precipitates were dried for 2 days at room
temperature for the subsequent characterizations.

2.2. ICP-OES analysis

To determine the content of hazardous Cu and Zn in solid samples, a
certain amount of dried products was dissolved with a few volumes of
HCl solution (pH< 1). After clear solutionswere obtained, the solutions
were diluted to 100 mL with ultrapure water and adjusted to a suitable
pH. Then Cu and Zn concentrations in solutions were measured by in-
ductively coupled plasma optical emission spectroscopy (ICP-OES)
using a Perkin-Elmer Optima DV2100 instrument. The concentrations
of hazardous Cu and Zn remaining in the solution were also measured
by ICP-OES.

2.3. Microscopy analysis

The dried solids were first coated with gold to mitigate the elec-
tron charging effect before scanning electron microscopic (SEM)
characterization. All SEM analyses were performed on a Hitachi
SU8220 SEM system equipped with a secondary-electron detector
to obtain morphological information. The SEM images were collected
at an accelerating voltage of 20.0 kV with beam intensity of 10 μA
with a working distance of 2 to 4.1 mm. The elemental compositions
of precipitations were analyzed on a Talos F200S TEM system
equipped with a secondary-electron detector to obtain morphologi-
cal information (<1 μm).

2.4. X-ray diffraction analysis

The dried precipitations were ground by mortar and pestle into fine
powders (less than 70 μm) for XRD analysis. The powder XRD patterns
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were recorded on a Bruker D8 Advance X-ray powder diffractometer
equipped with Cu Ka radiation and a LynxEye detector. The system
was calibrated for the line position by Standard Reference Material
660a (lanthanum hexaboride, LaB6), obtained from the United States
National Institute of Standard and Technology. The diffractometer was
operated at 40 kV and 40 mA, and the 2θ scan range was from 10° to
80°, with a step size of 0.02° and a scan speed of 0.3 s per step. Qualita-
tive phase identificationwas performed using Eva XRD Pattern Process-
ing software (Bruker) bymatching the powder XRDpatternswith those
retrieved from the standard powder diffraction database of the Interna-
tional Centre for Diffraction Data (ICDD PDF-2 Release).

2.5. Rietveld refinement analysis

As amorphous phase may form in the precipitates, 20% CaF2
(Magallanes-Perdomo et al., 2009; Rendtorff et al., 2010; Torre et al.,
2001) was added to each mixture as an internal standard to quantify
the amorphous phase. The weighed samples (2 g total) were carefully
transferred to a mortar, to which ~6 mL polyvinyl alcohol solution
(0.5%) and a single drop of 1-octanol were added. Each mixture was
ground for 12minwith a set of agate elements, and the resulted slurries
in themortar were directly dried by a drying oven (Hillier, 2000) main-
tained at 40 ± 0.5 °C for 2 days. The dried powder was load into XRD
powder holderswith a smooth surface and relatively constant bulk den-
sity for XRD examination.

XRD scans for the mixtures were collected from 2θ angle of 10° to
120°, with a step width of 0.02° and a sampling time of 0.3 s per step.
A quantitative refinement method using 20% CaF2 as the internal stan-
dard (Magallanes-Perdomo et al., 2009; Rendtorff et al., 2010; Torre
et al., 2001) was used to quantify the phase content in the samples.
Quantitative analysis of the phase compositions was processed with
the software TOPAS (version 4.0) crystallographic program, where
pseudo-Voigt function was selected as the profile fitting function.
Figs. S1–S3 in the Supplementary Information (SI) present the Rietveld
refinement plots of the recovered struvite products. And the corre-
sponding reliability values, indicating the good refinement quality
achieved using this analytical scheme, are provided in SI Tables S1–S3.

2.6. X-ray photoelectron spectroscopy analysis

The X-ray photoelectron spectroscopy (XPS) were measured with a
spectrometer (ESCALAB250Xi, Thermo Fisher Scientific K-Alpha) using
monochromatic Al-Kα X-ray source (hɣ= 1486.6 eV) as the excitation
source. The samples were in situ reduced in the reaction chamber, evac-
uated and transferred for analysis under vacuum. All spectra were re-
corded by using an aperture slot of 300 × 700 μm. Accurate binding
energies (±0.1 eV) were determined with respect to the position of
the adventitious C 1s peak at 284.8 eV.
Fig. 1. (a) Percentage of Cu or Zn remaining in solution, a
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3. Results and discussion

3.1. Cu and Zn incorporation into struvite

To examine the effect of metal concentrations on its interactionwith
struvite, different initial concentrations (0.1, 1, 10, 25, 50 and 100mg/L)
of Cu or Zn were individually added in the solution. After precipitation,
Cu and Zn remaining concentrations in the solutionweremeasured, and
the percentage of Cuor Zn remaining in solutionwas obtained by Eq. (1)
as follows:

%of Cu=Zn remaining in solution ¼ Cu or Zn in solution mg=Lð Þ
Total Cu or Zn mg=Lð Þ � 100%

ð1Þ

Results from precipitation experiments indicate that the percentage
of Cu or Zn remaining in solution decreased with the elevated initial
concentrations (0.1, 1, 10, 25, 50 and 100 mg/L) in solution (Fig. 1a).
At higher concentrations of 50–100 mg/L, most of Cu and Zn were re-
moved from solution, which means the added metals were almost
transformed from solution to precipitates. The relationship of Fig. 1
(a) and (b) was provided in S9 of SI. Consistent with the trend in solu-
tion, the concentration of Cu or Zn associated with the solid increased
with the elevated initial metal concentrations (Fig. 1b). Thus, Cu or Zn
may be primarily removed by precipitation of metal-phosphate and/or
metal-hydroxide phases (Supporting Information (SI) Table S4). The
formation of additional phases and the phase content in the precipitated
solids were thus determined by XRD and Rietveld refinement method.

XRD patterns confirmed that struvite is the only crystalline phase in
all Cu or Zn samples (Figs. S4 and S5). The addition of Cu or Zn during
precipitations led to a significant decrease of the intensity for struvite
reflections. It may indicate the potential formation of amorphous Cu
and Zn impurities, which reduced the struvite contents in solids. Thus,
Rietveld refinements were used to determine the contents of struvite
and amorphous phase(s) in solids by fitting XRD patterns (Figs. S1–3).
The contents of struvite and amorphous phase(s) in precipitates recov-
ered from solutionswith 0.1 to 100mg/L Cu or Znwere plotted in Fig. 2.
The results suggested that the concentrations of Cu or Zn adding during
precipitation greatly affect purities of struvite products. As shown in
Fig. 2(a), the struvite content in solids (from 98.85 to 95.9%) slightly
changed within lower Cu concentrations (0.1–10 mg/L). However, the
content of struvite in the precipitated solids decreased significantly
(from 92.4 to 47.3%) with the increase of Cu level from 25 to
100 mg/L. This result suggested a strong incorporation of Cu into
struvite solids at higher Cu concentrations (25–100 mg/L), which
caused the substantial formation of amorphous Cu-phase(s). Mean-
while, when Zn concentrations increased from 10 to 100 mg/L in solu-
tions, struvite content reduced greatly from 89.6 to 13.4% (Fig. 2(b)).
Quantitative XRD results revealed that the precipitation of struvite
nd (b) the concentration of Cu or Zn in precipitates.



Fig. 2. Effect of (a) Cu and (b) Zn concentrations (0.1–100 mg/L) on weight fractions of struvite and amorphous phase(s) in precipitates.

Fig. 3. SEM images of precipitates with 0.1–100 mg/L of Cu (a–f) and Zn (g–l) showed morphology of struvite change with the increase of metal concentrations.
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was strongly reduced when the Cu or Zn concentration in solution was
higher than 10 mg/L. The results revealed that addition Cu or Zn dis-
turbed the crystal growth of struvite and promoted the formation of
amorphous phase(s). Based on saturation index calculation (Table S2),
the increase of amorphous phase(s) may be indicative of the oversatu-
ration of Cu- or Zn-phosphate(s), Cu- or Zn-hydroxide(s) and/or precip-
itation of Mg-phosphate(s) (Djedidi et al., 2009; Haas et al., 2019; Jing
et al., 2019; Hao et al., 2008).

3.2. Effect of Cu and Zn on struvite morphology

SEM analysis showed that the un-treated struvite was in the form of
smooth and elongated crystals with ~15–20 μm of width and
~50–200 μm of length (Fig. S6). The additions of Cu or Zn were not sig-
nificantly affected the overall shape of struvite crystals. However, pits
and creaks were appeared on struvite crystal surfaces when Cu or Zn
concentrations were from 0.1 to 25 mg/L (Fig. 3(a–d) and (g–j)). The
change of microstructure is indicative of surface interaction of Cu and
Znwith struvite,which in turn perturbs struvite growth at these specific
locations pits and creaks appeared, as impurities were reported to in-
hibit struvite growth (Muhmood et al., 2018; Muryanto and Bayuseno,
Fig. 4. TEM elemental mapping images of precipitates wi
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2014). The appearance of pits and creaks has been previously observed
for Cr3+ (Rouff, 2012), Cu2+ and Zn2+ adsorbed on struvite crystals
(Muryanto and Bayuseno, 2014), which was induced by the adsorption
and/or formation of metal-enriched layer on minimal surface (Rouff,
2012;Muryanto and Bayuseno, 2014). The predominance of this feature
was detected at low concentrations (0.1–25mg/L) of Cu or Zn in precip-
itation solutions.

When Cu or Zn concentrations increased to 50 mg/L, the surface of
struvite crystals become flocculent (Fig. 3(e) and (k)), indicating the po-
tential precipitation of discrete metal phases accumulated on struvite
surface. At 100 mg/L (Fig. 3(f) and (l)), the fragment of struvite crystals
was observed, which may be caused by the significant consumption of
PO4 by Cu or Zn to inhibit the growth of struvite. The overall SEM results
suggested that, metal adsorption and/or surface enrichment was domi-
nated at lower concentrations (0.1–25mg/L) of Cu and Zn, whereas, the
precipitation of Cu and Zn-containing phase(s) occurred at higher con-
centrations (50–100 mg/L).

To observe the distribution of Cu or Zn in obtained struvite solids,
TEM mapping of each element (i.e. Mg, P, O, N and metals) were per-
formed (Fig. 4). The results showed that the element of Mg, P, O and N
in struvite crystal is uniformly distributed in the composite. Consistent
th 1–100 mg/L of Cu (a–c) and Zn 1–100 mg/L (d–f).
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with ICP results, TEM also reflected the incorporation of Cu and Zn in
struvite solids increased with the increase of their initial levels. At
lower metal concentrations (1–10 mg/L for Cu and 1 mg/L for Zn), the
dispersion of Cu and Zn on struvite surface was observed. And this phe-
nomenon may be induced by the formation of metal-enriched surface
layer, as reflected by SEM. At higher metal concentrations (100 mg/L
for Cu and 10–100 mg/L for Zn), Cu and Zn enriched on the edge of
struvite crystals, which may suggest the co-precipitation of amorphous
Cu and Zn-containing phase(s) on the edge of struvite crystals.

To specify themetallic state of Cu and Zn in struvite, XPS analysis was
performed on the precipitated struvite with and without the addition of
metals. The full-range scale spectrum (Figs. S7 (a) and S8 (a)) demon-
strated the continue increase of Cu 2p3/2 and Zn 2p3/2 state with the el-
evated concentrations. For chemical state of P 2p at ~133.6 eV (Figs. S7
(b) and S8 (b)), attributed to PO4

3− (Alibakhshi et al., 2017), no obvious
changewas detected, indicating negligible effects on the P 2p by the addi-
tion of Cu andZn. ForO1s spectrum(Figs. S7 (c) andS8 (c)), Cu-OandZn-
O peakswere detected at Cu and Zn levels of 10–100mg/L. Such observa-
tions indicated the interaction of O and metals (Cu and Zn) in struvite
solids at higher metal concentrations.

Typical XPS spectrums of Cu 2p3/2 and Zn 2p3/2 peaks existed in the
samples were analyzed and showed in Fig. 6. At Cu of 1–10 mg/L, the Cu
2p3/2 spectrum was divided into three peaks located at about 932.3,
934.6 and 936.9 eV (Fig. 6(a)), which can be assigned to Cu-NH3, Cu-OH
and Cu-HPO4, respectively (Arslanoglu, 2019; Peng et al., 2017). When
Cu concentrations increased from 25 to 100 mg/L, the peak of Cu-HPO4

disappeared, while a new Cu-PO4 bond located at ~935.4 eV were de-
tected (McIntyre et al., 1981). To further illustrate the Cu-containing
groups, the area ratios of Cu chemical bonds as the function of concentra-
tions were shown in Fig. 6(c). At lower Cu concentrations (1–10 mg/L),
most of Cuwas bondingwith NH3 as a versatile ligand capable of forming
Cu(NH3)42+ complex (Peng et al., 2017). The area ratio of Cu-OH increased
with the increase of Cu concentrations, and reached theirmaximumvalue
(40.4%)whenCu levelwas around25mg/L. In addition, the appearance of
Cu(OH)2 on the surface of struvite was pervious reported (Arslanoglu,
2019; Tang et al., 2019). When Cu concentrations increased to 50 and
100mg/L, the area ratios of both Cu-OH and Cu-NH3 decreased, whereas,
the area ratio of Cu-PO4 increased significantly. The significant increase of
Cu-PO4 suggested that the continue consumption of PO4

3− by Cu2+,which
caused the fragment of struvite crystals, as observed by SEM(Fig. 3(f)). As
no Cu-containing crystalline phase was detected by XRD, the present of
Cu-HPO4, Cu-PO4, Cu-OH and Cu-NH3 may indicate the formation of
Fig. 5. XPS spectrums of (a) Cu 2p3/2 peaks for pure struvite and 0.1–100 mg/L of Cu solids, (
different Cu and (d) Zn bindings.
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amorphous phase(s) (e.g. CuHPO4, Cu3(PO4)2, Cu3(PO4)2·3H2O and Cu
(OH)2) (Jing et al., 2019; Jiang et al., 2015; Haas et al., 2019; Djedidi
et al., 2009) and Cu(NH3)42+ complex (e.g. Cu(NH3)4(OH)2) (Peng et al.,
2017) in struvite solids.

For Zn-containing products, threemain peaks of Zn 2p3/2 locating at
~1024 eV, 1022.6 and 1021.6 eV were determined, which were
corresponded to chemical bonds of Zn-H2O, Zn-PO4 and Zn-OH, respec-
tively (Liu et al., 2016; Xiao et al., 2018). At lower Zn concentrations
(0.1–10 mg/L), Zn mainly bonded with H2O, OH and PO4 for the signif-
icant formation of Zn-H2O, Zn-PO4 and Zn-OH in the products.With the
increase of Zn concentrations from 10 to 100 mg/L, the increase of Zn-
OH (28.8–70.2%), and decrease of Zn-PO4 (61.7–24.6%) and Zn-H2O
(9.5–5.2%) were detected. Overall, Zn was mainly combined with
PO4 to form Zn-PO4 at low concentrations (0.1–10 mg/L), and pre-
ferred to bond with OH to produce Zn-OH at higher concentrations
(25–100 mg/L). As no crystalline Zn-containing phase was detected by
XRD, the appearance of Zn-H2O, Zn-PO4 and Zn-OHmay suggest the for-
mation of amorphous Zn-bearing hydroxide and phosphate phases. The
saturation calculation listed in SI of Table S4 indicated the potential pre-
cipitation of amorphous Zn(OH)2 and Zn3(PO4)2 in the products (Xu
et al., 2016). As shown in Figs. S7 (d) and S8 (d), the continuing increase
of Mg-OH and Mg-PO4 was observed. As Mg-containing phase(s) were
not detected by XRD, the increase of Mg-OH and Mg-PO4 suggested the
growth of amorphous Mg hydroxide and phosphate in final products.
Thus, the purity of struvite was influenced by not only the significant in-
corporation of Cu and Zn into solids but also the formation of amorphous
Mg-phosphate(s) and hydroxide(s) (Hao et al., 2008).

3.3. Synergistic effects of Cu and Zn on struvite formation

As Cu and Zn usually co-exist in nutrient-containing wastewater,
this co-existence would make the precipitation process more compli-
cated, and affect the composition of nutrient in final products. Thus,
the influence of co-existed Cu and Zn on the precipitation of struvite
was investigated. Concentrations of Cu and Zn in solution were mea-
sured by ICP-OES. The percentage of Cu and Zn remaining in solution
was obtained by Eq. (2) as follows:

%of Cu and Zn remaining in solution ¼ Cu or Zn in solution mg=Lð Þ
Total Cu or Zn mg=Lð Þ � 100%

ð2Þ
b) Zn 2p3/2 peaks for pure struvite and 0.1–100 mg/L of Zn solids, and (c) area ratios of



Fig. 6. (a) Percentage of Cu and Zn remaining in solution, and (b) percentage of Zn and Cu in solids at Zn concentrations of 0.1–100 and Cu of 50 mg/L.
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In Cu and Zn co-existed solutions (Cu: 50 mg/L and Zn:
0.1–100 mg/L), the percentage of Zn remaining in solution decreased
with the elevated initial concentrations, whereas, % of Cu remaining in
the solution was relatively stable (Fig. 6 (a)). When the Cu concentra-
tionwas 50mg/L Cuwith 0.1–1mg/L Zn, about 30% of Znwas remained
in solution, but most of Cu transformed into precipitates. The results
suggested that struvite may preliminary incorporated with Cu when
Zn level was around 0.1–1 mg/L. However, at higher Zn concentrations
(50–100) mg/L, most of Cu and Zn were transformed from solution to
struvite solids. The content of Zn in the solid product increases with
the elevation of Zn initial concentrations (Fig. 6 (b)). Meanwhile, the
content of Cu in solids slightly reduced, which can be attributed to the
competition between Cu and Zn. QXRD results (Fig. 7) revealed a dra-
matic decrease of struvite content along with the substantial increase
of amorphous phase(s), when the initial concentration of Zn increased
from 0 to 100 mg/L. It indicated the significant effects of Cu and Zn on
the formation of struvite. To specify the reactionmechanism, the chem-
ical compositions and states of the precipitated phases in struvite solids
were further detected by XPS.

Fig. 8(a) and (b) illustrated the fitted Cu 2p3/2 and Zn 2p3/2 spec-
trums of precipitated products with different Zn/Cu ratios. Fig. 8
(c) and (d) indicated three stages of Cu and Zn incorporation into
struvite with the increased Zn concentrations. In the first stage, area ra-
tios of Cu-PO4 increased significantly and reached the maximum value
of 50% at low Zn concentrations of 0.1–10 mg/L. And the significant for-
mation of Zn-OHwas observed at Zn of 0.1–10mg/L (Fig. 8 (d)). Zn was
found to mainly bond with PO4 in precipitates without Cu addition
(Fig. 5 (d)). However, when Cu and Zn co-existed in the solution, PO4
Fig. 7. The effects of Zn concentrations (0.1–100mg/L) onweight fractions of struvite and
amorphous phase(s) in precipitates when Cu level was controlled to be 0 and 50 mg/L.

7

mainly bonded to Cu to form Cu-PO4, and Zn-OH was detected as the
dominant Zn-containing phase. Furthermore, the strong signal of Cu-
PO4 peaks is indicative of substantial formation of amorphous Cu-
phosphate phase(s) (Jing et al., 2019), as reflected by Fig. 7. Secondly,
the area ratios of Cu-OH and Cu-NH3 increased gradually, followed by
the significant decrease of Cu-PO4 at Zn of 10 to 25 mg/L (Fig. 8 (c)).
For Zn, the area ratios of Zn-OH and Zn-PO4 were quite stable in Cu
and Zn co-existed samples (Fig. 8 (d)). Finally, the area ratios of Cu-
PO4 and Cu-OH decreased, followed by the significant increase of Zn-
OH and Zn-PO4. Such observationmay indicate the competitive binding
of PO4 and OH between Cu and Zn. As a result, the area ratios of Cu-NH3

increased substantially at Zn of 50 to 100 mg/L (Fig. 8 (c)). For Zn, the
area ratios of Zn-OH and Zn-PO4 in precipitates (Fig. 8 (d)) with and
without Cu addition solids were similar. The appearance of Zn-PO4

and Zn-OH may suggest the formation of amorphous Zn-hydroxide
and phosphate phases in precipitates (Xu et al., 2016).

Overall, mechanisms of Cu and Zn incorporation into struvite were
demonstrated in Fig. 9. The mechanisms for metal interactions can be
classified as three main pathways, adsorption (pathway I), individual
precipitation of Cu/Zn in solutions (pathway II), and synergistic effect
of Cu and Zn (pathway III). Pathway Ι demonstrates the adsorption of
Cu and Zn at lower concentrations of 0.1 to 10 mg/L. In pathway I, Cu-
OH and Cu-NH3 or Zn-PO4 and Zn-OH formed and enriched on struvite
crystal surface, which prohibited struvite crystal growth at these spe-
cific locations for the formation of pits and creaks on struvite surface.
Pathway ΙI mainly reveals the precipitation of amorphous Cu phosphate
(s) (e.g. CuHPO4, Cu(H2PO4)2, Cu3(PO4)2,) or amorphous Zn hydroxide
(e.g. Zn(OH)2) at higher Cu or Zn concentrations (25–100mg/L). In addi-
tion, the formation of amorphousMghydroxide(s) and(s) phosphatewas
observed as other impurities in precipitates. Pathway ΙII suggests the syn-
ergistic effects of Cu and Znon struvite formation.WhenCu concentration
was 50 mg/L with 0.1–10 mg/L of Zn, PO4 mainly bonded to Cu to form
Cu-PO4, and Zn-OH was detected as the dominant Zn-containing phase.
The strong XPS signal of Cu-PO4 is indicative of substantial formation of
amorphous Cu-phosphate phase(s). When the Zn level increased to
25–100 mg/L, the decrease of Cu-PO4 and increase of Zn-PO4 indicated
the competitive binding of PO4 group between Cu and Zn, and the signif-
icant formation of Cu-NH3 were detected. The present of Zn-PO4 sug-
gested the formation of amorphous Zn-phosphate(s) in precipitates.

4. Conclusions

Cu and Zn can incorporate with struvite by near surface enrichment
and precipitation of metal-bearing amorphous phases contingent on
metal concentrations. Cu initially bonded with OH and NH3 absorbed
on struvite surface at 0.1–1 mg/L, and precipitated as amorphous Cu-
phosphate at 10–100mg/L. Zn firstly formed Zn-PO4 on struvite surface
at 1–10 mg/L, and bonded with OH at 25–100 mg/L. At Cu and Zn co-
existed solution, the precipitation of amorphous Cu-PO4 and absorption



Fig. 8. XPS spectrums of (a) Cu 2p3/2 peaks and (b) Zn 2p3/2 peaks of precipitated products with different Zn/Cu ratios; area ratios of different Cu (c) and Zn (d) bindings in the
corresponded products.
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of Zn-OH on struvite surface were detected at Zn of 0.1–10mg/L and Cu
of 50 mg/L. The decrease of Cu-PO4 and increase of Zn-PO4 suggested
the competitive binding with PO4 between Cu and Zn. The significant
formation of Cu-NH3 and precipitation of amorphous Zn-PO4 were ob-
served at higher Zn concentrations of 50–100 mg/L and Cu of 50 mg/L.
In addition, the formation of amorphous Mg hydroxide and phosphate
was detected at both Cu added or non-added precipitates. The presence
of heavymetals in struvitewould limit its application in agriculture. This
study elucidated the interaction of Cu and Zn with struvite during P
recovery from wastes. It should be useful for the future procedural de-
sign of struvite recovery. Some pre-treatments were expected to be
Fig. 9. The absorption (pathway I), precipitation (pathway II) and synergistic effect (p

8

employed to eliminate the heavymetalsfirstly before struvite precipita-
tions. The identification ofmetal forms in this studywill be useful for the
future purification of metal-containing struvite.
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