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ABSTRACT

Recovering phosphate and ammonium as struvite from swine wastewater has gained
importance as a means of relieving water eutrophication and the scarcity of phosphorous
rock resources. Recently, it has been generally accepted that the quality of recovered prod-
ucts can facilitate the market development of nutrient recovery. In this work, the composi-
tions and heavy metals in the recovered products of struvite recovered from swine
wastewater were investigated by dosing industrial-grade (IG) MgO and Mg(OH), as the
low-cost magnesium sources. Results revealed that struvite (34.4-40.4% weight ratio) was
the dominant mineral in the precipitates, mixing up with amorphous calcium phosphate
(7.8-9.5%) and residual IG-MgO or IG-Mg(OH), (9.0-19.3%). The inactive components of
organic matter and refractory materials occupied significant parts of the precipitates, with
their levels of 14.1-20.6% and 18.9-24.4%, respectively. It was noticeable that Cu and Zn in
the collected solids were above the legal limits, suggesting that pretreatment methods were
necessary to remove heavy metals from swine wastewater before struvite recovery.
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1. Introduction

Swine wastewater is characterized by high phos-
phate and ammonium contents, which has been
regarded as an important source of nutrient recovery
[1]. For instance, the discharge amounts of nitrogen
and phosphorus from swine wastewater in China are
more than 14 and 3 million tons per year, respectively
[2], posing great potential for nutrient recovery.
Recovering phosphorus from swine wastewater by
struvite (MgNH,PO4-6H,0) crystallization has gained
importance as a means of relieving water eutrophica-

*Corresponding authors.

tion and the scarcity of phosphorus rock resources [3].
The recovered product is preferred as a good fertilizer
in agriculture for its slow release rate and much lower
impurity level than other phosphate fertilizers [3].
Recently, stakeholders on nutrient recovery,
including governments, researchers, and industrial
communities, have agreed that constructing mature
markets is important to sustain nutrient recovery, and
the quality of recovered products can facilitate market
development [4]. Although lots of works have been
devoted on struvite recovery and achieved beneficial
outcomes [5-7], most of the works focused on
phosphate recovery efficiency and new recovering
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methods. Actually, swine wastewater is characterized
by not only high concentrations of phosphate and
ammonium but also high contents of organic matter,
which may result in relatively high impurity in the
recovered products. Besides, swine wastewater also
contains various heavy metals, especially Cu and Zn,
posing high risks to the final products. The presence
of heavy metals in fertilizers is strictly regulated by
governments [8,9] and excessive amounts can result in
the recovered products banned for use in agriculture.
Despite the benefits of struvite recovery from swine
wastewater and the need to ensure a consistent
product, it is necessary to conduct studies focusing on
the quality evaluation of the recovered products,
especially in terms of the organic matter and heavy
metals.

Since PO}~ and NH] in swine wastewater are nor-
mally sufficient, an adequate amount of magnesium
salts is required for effective struvite recovery. At pre-
sent, there are four common industrial-grade (IG)
magnesium salts on the markets, i.e. MgSO,, MgCl,,
MgO, and Mg(OH),, which are suitable to be adopted
as steady-supply and extensive magnesium sources.
Although IG-MgSO, and IG-MgCl, are technically
feasible for the treatment of high-strength wastewater
[10,11], they are not adopted economically since they
are six to nine times more expensive than IG-MgO
and 1G-Mg(OH),. Previous literature has reported that
MgO and Mg(OH), can be successfully used in stru-
vite precipitation [12,13] and can substitute sodium
hydroxide to neutralize acids during the struvite
precipitation reaction [14]. It should be noted that
IG-MgO or IG-Mg(OH), contain a certain amount of
refractory materials, which may give rise to the con-
cern of recovered product purity and thereby reduce
the recovering efficiency. Although some studies
analyzed the compositions that might be formed in
struvite precipitation when dosing pure MgO as a raw
material, limited information is practical for the
application of IG-MgO and IG-Mg(OH), since these
studies only concerned the amount of struvite formed
[7,13].

The objective of this study was therefore to investi-
gate the compositions and heavy metals in the prod-
ucts of struvite recovered from swine wastewater, and
IG-MgO and IG-Mg(OH), were applied as low-cost
and sufficient magnesium sources for struvite crystal-
lization. First, the compositions formed in the precipi-
tates were analyzed and the effects of Mg/P molar
ratio during both IG-MgO and IG-Mg(OH), additions
were evaluated. Second, the effects of mixing time on
the composition variation were examined. Finally, the
assessment on heavy metals in the precipitates was
conducted.
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2. Materials and methods
2.1. Swine wastewater and magnesium sources

Swine wastewater was obtained from an anaerobic
digester in an intensive pig farm operated by Yinxiang
Group (Xiamen City, China). The supernatant was col-
lected and screened by 0.5-mm mesh to remove large
solids. The property of the anaerobically digested
wastewater is presented in Table 1. The initial molar
ratio of PO,P:Mg>":NH,-N was 1.0:0.1:13.8, suggest-
ing that magnesium sources were necessary for
struvite precipitation.

IG-MgO and IG-Mg(OH), used as magnesium
sources were produced by Laizhou Zhonghao Magne-
sium Co. Ltd. (Shandong Province, China). The initial
prices of IG-MgO and IG-Mg(OH), were, respectively,
491 RMB/ton and 700 RMB/ton (1 US dollar equals to
6.23 RMB), much lower than the price of IG-MgCl,
6H,O (4,300 RMB/ton). The compositions in the
solids and other physical parameters are presented in
Table 2.

2.2. Experimental procedure

Batch experiments were performed in a program-
controlled jar test apparatus (ZR4-6, Zhongrun Water
Industry Technology Development Co. Ltd, China) at
the ambient temperature of 25°C. In each experiment,
400 mL of raw wastewater was firstly transferred into
a 500-mL beaker with agitation at 400 rpm, and then a
predetermined quantity of IG-MgO or IG-Mg(OH),
was dosed into the beaker for struvite precipitation.
The experiments concerning the influence of Mg/P on
struvite precipitation were conducted for 6 h, by add-
ing different amounts of IG-MgO or IG-Mg(OH), to
keep the Mg/P molar ratio at 1.4, 1.9, 2.4, 2.8, 3.3, and
3.8, respectively. The investigation into the mixing
time was carried out by fixing the Mg/P molar ratio

Table 1

Initial compositions of swine wastewater

Parameter Value

pH 7.87 +£0.20
Total solids (mg/L) 2,481.20 + 45.40
Suspended solids (mg/L) 1,757.10 + 38.22
COD (mg/L) 994.50 + 32.18
NH;-N(mg/L) 539.60 + 4.35
Mg”* (mg/L) 8.41 +0.17
Ca”* (mg/L) 12.85 + 0.03
PO~ -P (mg/L) 86.33 + 0.81
NO5-N (mg/L) 6.31 +0.11
SO; (mg/L) 142.42 + 2.89
CI' (mg/L) 82.43 +1.02
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Table 2

Property of IG-Mg and IG-Mg(OH),

Parameter IG-MgO IG-Mg(OH),
Mg-MgO (%) 77.6 52.2
Ca-CaO (%) 1.2 2.1
Al-ALL,O3 (%) 14 1.6
Fe-F8203 (%) 1.1 10
Si0; (%) 3.3 3.3
LOI* (%) 15.4 39.8
d]()()a('>e (um) 440 61]
d]o (um) 3 5

*LOI: Loss of ignition at 1,100°C.
**d,: accumulated fraction lower than particle size.

at 2.4, and the sampling time was set at 0.5, 0.75, 1,
15, 2, 3, 4, 6, 8, and 12 h, respectively. After the
experiments, samples were withdrawn through
0.45-uym pore size membranes. The supernatant was
used for chemical analysis and the precipitates were
collected to dry at 40°C for solid phase assay.

2.3. Analytical methods

Wastewater analyses were performed according to
standard methods [15]. Metal concentrations were ana-
lyzed by inductively coupled plasma mass spectrome-
try (7500 Cx ICP-MS, Agilent, USA). As to the
precipitated solids, they were firstly examined with
X-ray diffraction (X’Pert PROMPD, Holland) for crys-
talline analysis, and the diffractograms were analyzed
by Crystallographica Search-Match version 2.1.0.2
(Oxford Cryosystems Ltd, UK). Afterwards, the sam-
ples were dissolved by 0.5% HNO;, following 0.45-um
membrane filtration. The supernatants were collected
for POs-P, NHs-N, Mg, and Ca determination, while
the residual solids were collected and dried at 105°C
for dry weight assay, and ignited at 600°C for refractory
material determination. Organic matter in the solids
was determined by dry weight minus refractory mate-
rials. To analyze heavy metals in the precipitates, solid
samples were firstly digested at 120°C using H,O, and
HNO; [16] and then the supernatants were subjected to
0.45-um membrane filtration for ICP-MS assay.

3. Results and discussion
3.1. Effect of Mg/P molar ratio

Fig. 1 shows the relationship between PO; -P
removal efficiencies and Mg/P molar ratios in the
experiments. A similar phosphate precipitation rate
was observed when IG-MgO and IG-Mg(OH), were
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Fig. 1. Phosphorus removal efficiencies and pH variation
at different Mg/P molar ratios under respective IG-MgO
and IG-Mg(OH), additions.

used. When adding IG-MgO or IG-Mg(OH),, a Mg/P
molar ratio of 1.4, 1.9, or 2.4 was corresponding to a
recovery P efficiency of 70, 85, or 90%, respectively. A
relatively stable PO; -P removal of 95% was observed
when Mg/P was above 2.8. The function between the
Mg/P ratio and pH values was also depicted. It could
be seen that pH values greater than 8 could be easily
achieved. Otherwise, pH less than 9.0 was observed
throughout the experimental runs. Considering the
equilibrium solubility of Mg(OH), at 107" [14], the
results indicated that excess Mg ions generated from
struvite precipitation and thereafter inhibited the
dissolution of MgO or Mg(OH),.

The collected solid samples were subjected to
X-ray diffraction to assay the minerals in the precipi-
tates, and the diffractograms were analyzed by Crys-
tallographica Search-Match version 2.1.0.2 (Oxford
Cryosystems Ltd, UK). As presented in Fig. 2, struvite
(standard card: PDF#15-0762) was identified as the
main crystalline phase, as well as periclase (MgO)
(standard card: PDF#01-087-0651). Quartz (SiO,) (stan-
dard card: PDF#01-087-2096) was also identified as
minor phase present in the solids. The existence of
MgO suggested that the initial IG-MgO or IG-Mg
(OH), was not totally dissolved, and the residual
IG-MgO or IG-Mg(OH), settled down and mixed with
other precipitated components.

Table 3 presented the solid yields and contents of
different compositions under different Mg/P molar
ratios. Increasing Mg/P molar ratio resulted in the
increase in the solid yield. Under similar Mg/P levels,
a higher solid yield of 2.474-2.979 g/L during IG-Mg
(OH), addition was observed, while 2.420-2.840 g/L
solids were produced during IG-MgO addition. In
order to clarify the compositions formed and their
corresponding concentrations in the collected precipi-
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Fig. 2. X-ray diffractogram of the precipitates obtained
under respective IG-MgO and IG-Mg(OH), additions.

tates, mass balance analysis under various Mg/P
molar ratios were carried out. The precipitated sam-
ples were firstly dissolved by 0.5% nitric acid and the
mmol/L of ions in the solids and their corresponding
molar ratios were calculated by the solution concentra-
tions of Mg, N, P, and Ca, respectively. Besides miner-
als, other components, including organic matter and
refractory materials, were determined by gravimetric
analyses.

It should be noted that the precipitates contained
high proportions of organic matter and refractory
materials with their values of 14.1-20.6% and 18.9-
24.4%, respectively, which consequently resulted in
dramatic reductions in P and N contents in the pre-
cipitants. These inactive components were derived
from magnesium sources and wastewater, including
suspended solids (Table 1), SiO,, and LOI (Table 2),
and they failed to dissolve and thus gave rise to
impurities in the final precipitates. Through calcula-
tions, the available nutrient contents (N + P,Os) in the
precipitates were approximately 17.2%, lower than the
legal requirement of compound fertilizer (25.0%) [9].
From the results, pretreatment methods, such as
flocculation or parameter optimization, are suggested
to remove high suspended solids from wastewater
before struvite recovery.

According to Celen et al. [17] and Pastor et al. [18],
the possible minerals precipitated in struvite recovery
from swine wastewater are struvite, amorphous cal-
cium phosphate (ACP, Caz(POy4),-xH;0), and brucite
(Mg(OH),), which were also confirmed by our previ-
ous works [2]. As to brucite, it forms under highly
alkaline conditions at pH above 10, indicating that the
precipitated magnesium compounds in the present
study were struvite and residual IG-Mg(OH), or
IG-MgO. Hence, the yields of struvite and ACP were
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calculated by the molar masses of N and Ca in the
solids and their contents in precipitated minerals were
determined by the molar ratio of Mg:N:P:Ca, as per
methods described by [2]. As shown in Table 3, the
precipitant molar ratios of N:P:Ca were kept approxi-
mately at 1:1.3:0.5 in all runs, matching to relatively
stable struvite and ACP percentages of 34.4-40.4% and
7.8-9.5%, respectively. A stable increase in Mg molar
ratios from 1.5 to 2.4 implied that excessive Mg con-
tents were contributed by residual IG-MgO or 1G-Mg
(OH),.

Based on the above statement and experimental
results originated from the composition analyses, stru-
vite was the dominant mineral in the precipitates,
mixing up with ACP and residual IG-MgO or 1G-Mg
(OH),. The inactive components of organic matter and
refractory materials occupied significant parts of the
precipitates. In order to recover more than 90% phos-
phate from wastewater, the amount of Mg greater
than Mg/P = 2.4 should be supplied by IG-MgO or
IG-Mg(OH),. As shown in Fig. 1 and Table 3, IG-MgO
displayed a behavior similar to that of IG-Mg(OH), in
the struvite recovery process. Nevertheless, relatively
high IG-Mg(OH), residue and refractory materials
were detected in the precipitates, compared to those
provided by IG-MgO. This was due to low Mg con-
tents and much more refractory components (Table 2);
more IG-Mg(OH), addition was necessary to ensure
similar Mg/P levels, and therefore resulted in the
increase in residual IG-Mg(OH), and refractory
materials in the collected solids.

3.2. Effect of mixing time

The effects of mixing time on composition varia-
tion in the collected solids were examined. Fig. 3
shows that dosing IG-MgO to remove 90% phosphate
took 6h, compared to 45 min during IG-Mg(OH),
addition. pH profiles revealed that IG-MgO had a buf-
fer capacity so slower than that of IG-Mg(OH), that it
could not quickly enhance solution pH values for
sufficient struvite precipitation. This was because the
presence of MgO in struvite precipitation played a
dual function, that is, hydrolyzing in solution to form
Mg(OH), and neutralizing H* to release Mg”* as
magnesium source for struvite precipitation [19]. Due
to the formation of struvite on the surface of IG-MgO
particle instead of bulk solution [14,19], the dissolution
of MgO was inhibited and thereby it displayed a slow
reaction rate. For adding IG-Mg(OH), runs, further
increases in P removal efficiency was restricted in one
hour, following a steady state till the end of the
experiments. These results suggested that compared to
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IG-Mg(OH), additions.

IG-Mg(OH),, IG-MgO displayed a more slower capa-
bility for struvite recovery from wastewater.

Since the solids precipitated were mainly struvite,
ACP, residual IG-MgO/IG-Mg(OH),, organic matter,
and refractory materials, the variations of their con-
tents in the experiments were examined, as shown in
Figs. 4 and 5. It was observed that the presence of
IG-MgO and IG-Mg(OH), gave rise to the formation
of struvite and ACP, and the aggregation of organic
matter. All the components except struvite increased
quickly to a significant extent (within 30 min), and
stayed steady till the end of the experiments. As to
struvite, dosing MgO into the wastewater resulted in
a quick increase to 30% in less than 30 min, following
a steady increase to 43.5% till the end of the experi-
ment (Fig. 4). The sluggish behavior of struvite forma-
tion, similar to the profiles of P removal efficiency and
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Fig. 4. Compositions in the collected precipitates under
IG-MgO addition.
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Fig. 5. Compositions in the collected precipitates under
IG-Mg(OH), addition.

pH variation (Fig. 3), was due to struvite precipitating
on MgO particles and thereby inhibiting MgO dissolu-
tion [19,20]. In contrast, struvite contents in dosing
IG-Mg(OH), runs rose quickly to 37.3% in 30 min
(Fig. 5) and kept unchanged till the end of the experi-
ments. These results revealed that mixing time had
insignificant impacts on struvite formation in the
course of IG-Mg(OH), addition, while sufficient
mixing time was required when using IG-MgO as
magnesium source.

3.3. Heavy metals

Heavy metals are a concern in struvite recovery
and are thus seen as a potential hazard. Heavy metal
contents in wastewater and the precipitated products
during the experiments are displayed in Table 4, with
a comparison to those levels required by the Chinese
discharge standards. In all the observations, high
levels of Fe in wastewater and magnesium sources
were detected. Since the presence of Fe was able to
form insoluble phosphate compounds [14,21], this
could be the main reason for the presence of solids
containing relatively high levels of Fe with the concen-
tration of approximately 7.0 mg/g. Cu and Zn in the
precipitates were significantly high on the basis of the
present ruling standard, with their concentrations of
approximately 800 pug/g and 5,000 pg/g, respectively.
Other heavy metals in the collected precipitates were
regularly controlled, with their contents lower or sub-
stantially lower than the ruling standards of chemical
fertilizer in China.

Zinc oxide (ZnO) and copper sulfate (CuSO,) are
commonly used as growth promoters in intensive
swine farming [22]. However, the high rate of their
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excretion through feces and urine has led to interest in
the potential of organic minerals and gives rise to envi-
ronmental problems and public concerns [23]. Previous
research has confirmed that struvite crystals retrieved
from swine wastewater contained very low levels of
heavy metals that were far below the legal limits
[24-26]. Nevertheless, in this study, the contents of Cu
and Zn were significantly high in the collected solids.
Considering the absence of Cu and Zn in IG-MgO and
IG-Mg(OH), but its presence in sufficient quantities in
swine wastewater (Table 4), it was conclusive that the
presence of Cu and Zn in the collected solids origi-
nated from swine wastewater. It has been reported that
the major fraction of Cu and Zn in wastewater is easily
complex to organic colloids and can be removed as
sludge by precipitation [27], which may be coupled
with struvite precipitation in wastewater. These results
indicated that Cu and Zn contamination in recovered
products is of concern if wastewater contained high
concentrations of organic compounds. Therefore, there
is a need to develop pretreatment methods, such as
coagulation and flotation, to remove organic com-
pounds before struvite recovery. Such pretreatment
methods could not only remove organic compounds,
Cu and Zn effectively, but also enhance struvite con-
tents in the final products.

4. Conclusions

In this study, struvite recovery from swine
wastewater was investigated by dosing IG-MgO and
IG-Mg(OH), as the low-cost magnesium sources, and
the compositions and heavy metals in the recovered
products were analyzed. Experimental results revealed
that struvite was the dominant mineral in the precipi-
tates, mixing up with ACP and residual IG-MgO or
IG-Mg(OH),. The inactive components of organic mat-
ter and refractory materials occupied a significant por-
tion of the precipitates, with their levels of 14.1-20.6%
and 18.9-24.4%, respectively. Mixing time had insignifi-
cant effects on struvite formation during IG-Mg(OH),
addition, while sufficient mixing time was required
when using IG-MgO as the magnesium source. Cu and
Zn contamination in the recovered products is of con-
cern if swine wastewater contained high concentrations
of organic compounds. Pretreatment methods to
remove organic compounds from wastewater were
suggested so as to avoid Cu and Zn contamination and
enhance struvite contents in the final products.
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