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• LG-MgO by-product is an efficient reagent
for struvite precipitation.

• The addition of LG-MgO released both
magnesium and hydroxide ions.

• The P:Mgmolar ratio controls the mineral
phases of the precipitate.

• P:Mg molar ratios of 1:1 and 1:2 favour
struvite precipitation.
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Struvite precipitation is a well-known technology to recover and upcycle phosphorus frommunicipal wastewater as a
slow-release fertiliser. However, the economic and environmental costs of struvite precipitation are constrained by
using technical-grade reagents as amagnesium source. This research evaluates the feasibility of using a low-grademag-
nesium oxide (LG-MgO) by-product from the calcination of magnesite as a magnesium source to precipitate struvite
from anaerobic digestion supernatants in wastewater treatment plants. Three distinct LG-MgOs were used in this re-
search to capture the inherent variability of this by-product. The MgO content of the LG-MgOs varied from 42 % to
56 %, which governed the reactivity of the by-product. Experimental results showed that dosing LG-MgO at P:Mg
molar ratio close to stoichiometry (i.e. 1:1 and 1:2) favoured struvite precipitation, whereas higher molar ratios (i.e.
1:4, 1:6 and 1:8) favoured calcium phosphate precipitation due to the higher calcium concentration and pH. At a P:
Mg molar ratio of 1:1 and 1:2, the percentage of phosphate precipitated was 53–72 % and 89–97 %, respectively, de-
pending on the LG-MgO reactivity. A final experiment was performed to examine the composition and morphology of
the precipitate obtained under the most favourable conditions, which showed that (i) struvite was the mineral phase
with the highest peaks intensity and (ii) struvite was present in two different shapes: hopper and polyhedral. Overall,
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this research has demonstrated that LG-MgO is an efficient source of magnesium for struvite precipitation, which fits
the circular economy principles by valorising an industrial by-product, reducing the pressure on natural resources, and
developing a more sustainable technology for phosphorus recovery.
1. Introduction

Phosphorus is an essential, irreplaceable, and limited resource for
human life. The European Union (EU) considers phosphorus one of the
most critical raw materials due to its high economic importance, volatile
price, and supply risk (Santos et al., 2021). EU countries are highly depen-
dent on phosphate rock imports from Morocco, the United States and
Kazakhstan (Kok et al., 2018). This dependency together with phosphorus
losses throughout its life cycle requires technologies and policies that en-
force phosphorus efficient management, recovery, and upcycling. The de-
velopment of technologies for phosphorus recovery and upcycling from
municipal wastewater is paramount since the largest phosphorus losses in
the EU are from municipal sewage at around 1.2 g P/person/day (Muys
et al., 2021; van Dijk et al., 2016).

Wastewater treatment plants (WWTPs) remove phosphorus fromwaste-
water before it is discharged to prevent water bodies' eutrophication. In
WWTP, phosphorus is typically removed by adding iron (e.g. FeSO4,
FeCl3) or aluminium (e.g. Al2(SO4)3, AlCl3) salts to the activated sludge to
precipitate insoluble phosphate salts (Kataki et al., 2016). These precipi-
tates cannot be recovered since they are disposed of with the thickened bi-
ological sludge (de-Bashan and Bashan, 2004). However, Muys et al.
(2021) estimated that phosphorus recovery in WWTPs through struvite
(MgNH4PO4·6H2O) precipitation could satisfy about 13 % of the P-
fertiliser demand in the EU.

Struvite is a valuable slow-release fertiliser with a reportedmarket price
ranging from 0 to 1000 €/t (Akyol et al., 2020; Muys et al., 2021). Struvite
precipitation is a mature and efficient technology for phosphorus recovery
inWWTPs. The precipitation reactor can be located in the anaerobic diges-
tion centrate sidestream that recirculates the anaerobic digestion
dewatering liquor back to the mainline water treatment process, due to
its relatively high phosphate and ammonium concentration, low organic
matter content, and small flow rate (<0.3 % of the WWTP inflow) (Martí
et al., 2010; Uysal et al., 2010). However, struvite precipitation in WWTP
requires the addition of a Mg2+ source since struvite precipitation occurs
with a Mg:N:P molar ratio of 1:1:1 when the concentrations of precursors
exceed the struvite solubility product constant (Kazadi Mbamba et al.,
2015; Siciliano et al., 2020).

MgCl2·6H2O andMg(OH)2 are the most commonmagnesium sources in
full-scale applications (Muys et al., 2021; Rahman et al., 2014).
MgCl2·6H2O and Mg(OH)2 are dosed at P:Mg ratio between 1.2 and 2.0
(Crutchik et al., 2017; Muys et al., 2021). The optimum pH range for
struvite precipitation is 8.0–9.5 (Battistoni et al., 2001; Doyle and
Parsons, 2002; Rahman et al., 2014). The use of MgCl2·6H2O or Mg(OH)2
typically requires the dosage of an alkali (typically NaOH) or energy for
CO2 stripping to increase and control the pH in the reactor (Muys et al.,
2021; Siciliano et al., 2020).

Reagent consumption is the main cost contributor to struvite precipita-
tion (Vinardell, 2021).MgCl2·6H2O has a cost of around 370 €/t (~3100 €/
tMg), Mg(OH)2 around 350 €/t (~840 €/tMg) and NaOH around 620 €/t
(Bouzas et al., 2019; Crutchik et al., 2017). Using technical-grade reagents
also results in significant environmental impacts, limiting the environmen-
tal benefits of struvite precipitation in WWTP (Amann et al., 2018;
Bradford-Hartke et al., 2015; Sena et al., 2021). Sena et al. (2021) advo-
cated the search for an alternative source of magnesium and pH control
to make the struvite precipitation process environmentally friendly and
economically viable.

Researched magnesium alternative sources include seawater and brine
(Bradford-Hartke et al., 2021), wood ash (Park et al., 2021), bittern (El
Diwani et al., 2007), and MgO by-products (Chimenos et al., 2003;
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Quintana et al., 2004; Romero-Güiza et al., 2015). MgO by-products from
the calcination of magnesite (a.k.a. low-grade MgO (LG-MgO)) are a poten-
tial source of magnesium for struvite precipitation since (i) it is much
cheaper than MgCl2·6H2O and Mg(OH)2 (LG-MgO price: ~100 €/t, ~220
€/tMg), (ii) hydration and dissolution of MgO releases hydroxyls ions
which increases pH, reducing the need of dosing NaOH or stripping CO2,
(iii) some technologies already use high-grade MgO as magnesium source
(e.g. Anphos, Phospaq), which eases the adoption of this by-product as an
alternative reagent, (iv) it has a relatively low heavy metals content, and
(v) it fits the circular economy principles by valorising and industrial by-
product, reducing the pressure on natural resources, and developing more
sustainable technology for phosphorous recovery.

Chimenos et al. (2003), Quintana et al. (2004, 2005, 2008) and
Romero-Güiza et al. (2015) successfully used LG-MgO to precipitate
struvite from different waste streams. Chimenos et al. (2003) observed
struvite precipitation onto the LG-MgO particles, a struvite coating layer
that could have limited MgO dissolution and efficiency. Quintana et al.
(2005, 2008) reported that smaller LG-MgO particles displayed higher
phosphate removal efficiencies than raw and milled LG-MgO particles,
likely due to a larger reactive area. Quintana et al. (2005, 2008) and
Romero-Güiza et al. (2015) reported that high-grade MgO particles yielded
better phosphorus removal efficiencies than LG-MgO, probably due to its
higher reactivity. However, Romero-Güiza et al. (2015) noted that the re-
agent efficiency to precipitate struvite was only partly dictated by the
MgOs reactivity. The reactivity of LG-MgO by-product depends on several
factors, mainly composition of the raw material, calcination temperature,
calcination time, and particle size (del Valle-Zermeño et al., 2016; del
Valle-Zermeño et al., 2015). Therefore, the utilisation of LG-MgO by-
products as a magnesium source for struvite precipitation requires under-
standing which are the mechanisms that govern the LG-MgO reagent effi-
ciency and how these relate to LG-MgO properties. This knowledge is
important to tune the precipitation process (e.g. contact time and dosing
strategy) based on LG-MgO properties.

The goal of this study was to evaluate the feasibility of using a LG-MgO
by-product as a magnesium source to precipitate struvite from WWTP an-
aerobic digestion supernatants. To reach this goal, three different LG-
MgO were characterised and used for struvite precipitation under different
P:Mg molar ratios. A final experimental trial was carried out to analyse the
composition and morphology of the precipitate obtained under the most
favourable conditions.

2. Materials and methods

2.1. Wastewater and magnesium by-products origin

The anaerobic digestion supernatant used in this research was collected
from a mesophilic anaerobic digester of a municipal WWTP in Navarra
(Spain). At theWWTP, the supernatant is obtained by centrifuging the efflu-
ent of the anaerobic digester (Fig. 1). After shipment, the supernatant was
stored in a fridge at 4 °C to minimise its degradation (maximum storage
time of 3 weeks). Before each experiment, the pH and concentrations of
phosphorus, magnesium, calcium, and ammoniacal nitrogen were mea-
sured to ensure that the properties of the supernatant remained constant.

The LG-MgO by-products used as a magnesium source for struvite pre-
cipitation were provided by Magnesitas Navarras, S.A. (Navarra, Spain).
Specifically, LG-MgO by-products were collected from the fabric filters ar-
ranged in the exhaust gas pollution control system that drags fine particles
of the rotatory kiln calcinating natural magnesite to produce commercial
MgO products. Three LG-MgO by-products were used in this study



Fig. 1. Process flow diagram of the municipal WWTP in Navarra (Spain).
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(named hereafter LG-MgO_A, LG-MgO_B, and LG-MgO_C) to assess the
impact of their inherent variability on struvite precipitation.

2.2. Analytical methods

pH and conductivity weremeasured using aMultiMeterMM41 (Crison)
equipped with a pH electrode (Crison, 50 52) and a conductivity electrode
(Crison, Pt 1000). Total alkalinity was measured following the Standard
Method 2320B with an automatic titrator instrument (Crison, pH-Burette
24) dosing 0.1 M HCl and a pH endpoint of 4.30. Cations (Ca2+, Mg2+)
and anion (PO4-P) were analysed using an 861 Advanced Compact IC
Metrohm ionic chromatographer equipped with Metrosep columns
(Metrosep C 4–150/4.0 and Metrosep A Supp 17–250/4.0, respectively)
and following the manufacturer's protocol. Total ammoniacal nitrogen
(TAN) was also analysed by ionic chromatography. Before ions analysis,
the samples were filtered through a 0.45 μm regenerated cellulose syringe
filter.

The composition of the solid samples was determined by X-ray fluores-
cence (XRF), X-ray diffraction (XRD), thermogravimetric analysis (TGA)
and scanning electron microscopy (SEM) combined with energy dispersive
X-ray spectroscopy (EDS). The major and minor elemental composition,
expressed as the most stable oxides at 1050 °C, was determined by XRF
using a Philips PW2400 X-ray sequential spectrophotometer. Crystalline
mineral phases were identified by XRD using a Bragg–Brentano Siemens
D-500 powder diffractometer device using CuKα radiation. The X'Pert
HighScore program was used to determine the mineral phases. SEMmicro-
graphs were obtainedwith a Quanta 200 FEI scanning electronmicroscope.
EDS analysis was used to obtain information about the microscale (around
1 μm3) elemental composition and chart compositional changes along the
sample surface. The weight loss percentage of the volatile compound of
each mineral phase was identified by TGA using a SDT Q600 Simultaneous
TGA-DSC (TA Instruments, US) under a N2 inert gas atmosphere. In the TGA
analysis, the temperature increased from 30 to 1400 °C at a heating rate of
10 °C/min. The particle size distribution was determined by a LS 13320
Beckman Coulter laser diffraction particle size analyser. The specific
3

surface area was determined with the BET single-point method using a
Micrometrics Tristar 3000 porosimeter. The LG-MgO reactivity was deter-
mined using the citric acid reactivity test, whichmeasures the time required
by 2.0 g of sample in 100 mL of 0.4 N citric acid solution to reach pH 8.6
(del Valle-Zermeño et al., 2016). The reactivity of MgOs can be classified
into four categories depending on the time need to reach pH 8.6, i.e. highly
reactive (<60 s), medium reactive (180–300 s), low reactive (>600 s) and
barely reactive (>900 s) (Strydom, 2005). The acid neutralisation capacity
(ANC) was carried out to determine the buffer capacity of the LG-MgOs.
Briefly, 3 g of LG-MgOwere added to 300mL of deionisedwater and stirred
for 1 hour. Then, nitric acid (5 M) was gradually added until the solution
reached pH 4 (del Valle-Zermeño et al., 2016).

2.3. Experimental set-up

2.3.1. Dissolution capacity of LG-MgO in deionised water
The dissolution capacity of the three LG-MgO in deionised water aimed

to evaluate the solubility of the LG-MgOparticles without interference from
other ions. Experiments were carried out in a jar test device (Velp
Scientifica® JT6) with a beaker containing 0.5 L of deionised water,
under continuous mixing (200 rpm) and at room temperature (ca. 20 °C).
Five different LG-MgOconcentrationswere tested for each LG-MgO sample.
The tested LG-MgO concentrations were those that led to a P:Mg molar
ratio of 1:1, 1:2, 1:4, 1:6 and 1:8 when considering the supernatant phos-
phate concentration of 132 mg P/L. The LG-MgOs magnesium concentra-
tion was calculated from the composition of each by-product. During the
experiments, pH, anions and cations were measured at 0, 30, 60, 120,
and 180 min. All experiments were carried out by duplicate.

2.3.2. Effect of increasing the pH of the supernatant
This experimental trial was carried out to assess if increasing the super-

natant pH from 7.9 to 8.5, 9.0 or 9.5 (4M NaOH) was sufficient to partially
or completely precipitate the phosphate present in the supernatant. Once
the targeted pH was reached, pH and anions and cations were measured
at 0, 5, 10, 20, and 40min. These experiments were carried out in a beaker



Table 1
Properties and mineral composition of the three LG-MgOs.

Units LG-MgO_A LG-MgO_B LG-MgO_C

Mineral composition
Al2O3 % 0.29 0.38 0.36
CaCO3 % 11.59 10.37 11.58
CaMg(CO3)2 % 8.55 5.67 6.29
Ca(OH)2 % 2.24 1.00 0.00
CaSO4 % 1.71 3.20 2.87
Fe2O3 % 2.31 2.16 2.20
MgCO3 % 12.04 21.71 25.99
MgO % 56.04 47.80 42.46
Mg(OH)2 % 3.75 2.89 3.52
MgSO4 % – 3.11 1.94
SiO2 % 1.49 2.13 2.14

Properties
Reactivity s 150 680 1608
Specific surface area m2/g 14.64 12.80 11.90
Mean diameter μm 12.20 22.70 25.90
Porosity – 0.57 0.54 0.55
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containing 0.5 L of the anaerobic digestion supernatant at room tempera-
ture (ca. 20 °C) in a jar test device under continuous mixing (200 rpm).
All pH conditions were carried out by duplicate.

2.3.3. Struvite precipitation with LG-MgO at different P:Mg molar ratio
Struvite precipitation experiments were carried out at five different P:

Mg molar ratios (i.e. 1:1, 1:2, 1:4, 1:6, and 1:8) for each of the three LG-
MgO. These experiments aimed to find the most suitable P:Mg molar
ratio as well as to assess the response of each LG-MgO under similar exper-
imental conditions. It is worth noting that the pHof the supernatantwas not
adjusted, thus, pH changes were related to the basicity provided by the LG-
Fig. 2. Dissolution of (left) LG-MgO_A, (center) LG-MgO_B, and (right) LG-MgO_C in dei
pH. P:Mg molar ratio of (■) 1:1, ( ) 1:2, ( ) 1:4, ( ) 1:6, ( ) 1:8. Error bars show the s
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MgO and those caused by precipitation of struvite and/or other minerals.
During the experiments, pH, anions, and cations were measured at 0, 5,
10, 20, 40, and 70 min. The experiments were carried out in a beaker con-
taining 0.5 L of anaerobic digestion supernatant at room temperature (ca.
20 °C) in a jar test device under continuous mixing (200 rpm). All condi-
tions were carried out by duplicate.

2.3.4. Analysis of the precipitate composition
A final experiment was carried out to analyse the composition of the

precipitate obtained using the most favourable struvite precipitation condi-
tions from Section 2.3.3 (i.e. LG-MgO_A, P:Mg molar ratio of 1:2 and with-
out pH adjustment). The experiment was carried out in an 8 L glass reactor
equipped with an anchor agitator. Specifically, 7 L of anaerobic digestion
supernatant at room temperature (ca. 20 °C) reacted with 3.64 g LG-
MgO_A for 70 min under continuous mixing (250 rpm). The pH, anions
and cations were measured at the beginning and the end of the experiment.
After 70 min, the mixing was stopped to facilitate the sedimentation of the
particles from the supernatant. The filtered particles were dried at 30 °C (to
prevent loss of struvite hydration water) in a temperature controlled-
incubator for 48 h. The dry particles were characterised by XRD and
SEM-EDS.

2.4. Calculations

The mineral composition of the three LG-MgO by-products was esti-
mated by combining the XRF, XRD and TGA results. Briefly, the mineral
phases of the solid were identified by XRD and quantified by TGA, except
for the oxides. The TGA diffractogram provides the weight loss percentage
of the volatile compound of each mineral phase through its decomposition
temperature range. The percentage of the mineral phases in the solid was
calculated by combining the percentage of weight loss and its decomposi-
tion reaction (e.g. MgCO3(s) ➔ MgO(s) + CO2(g) at 450–625 °C). Finally,
onised water. (top) Mg2+ concentration, (middle) Ca2+ concentration and (bottom)
tandard deviation among replicates.
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the percentage of oxide in the sample was calculated as the difference be-
tween the total oxide percentage obtained by XRF and the oxide percentage
calculated from the non-oxide mineral phases identified by XRD and TGA.

3. Results and discussion

3.1. Characterisation of the LG-MgO by-products

Table 1 shows the properties and mineral composition of the three LG-
MgO by-products. Periclase (MgO) was the main mineral phase in the LG-
MgOs followed by magnesite (MgCO3) and calcite (CaCO3). LG-MgO_A
had the highest content of MgO (56 %) followed by LG-MgO_B (48 %)
and LG-MgO_C (42 %). The presence of MgCO3, CaCO3, and CaMg(CO3)2
in the LG-MgOs is related to unreacted material due to the short residence
time of the particles in the rotatory kiln during the calcination of natural
magnesite. The presence of sulphates is attributed to the reaction of basic
compounds with sulphur dioxide (SO2) from fossil fuel flue gases. All the
LG-MgOs contained small amounts of Al2O3, Fe2O3, Mg(OH)2, MgSO4

and SiO2, among others. The different composition of the LG-MgO could
be due to the initial composition of the raw material, contact time and cal-
cination temperature (del Valle-Zermeño et al., 2015).

LG-MgO_A showed the highest citric acid reactivity (150 s) followed by
LG-MgO_B (680 s) and LG-MgO_C (1608 s). According to Strydom (2005),
LG-MgO_A classifies as medium reactive, LG-MgO_B as low reactive and
LG-MgO_C as barely reactive. The higher reactivity of the LG-MgO_A can
be attributed to its higher percentage of MgO, Mg(OH)2 and Ca(OH)2
(Romero-Güiza et al., 2015) as well as its higher specific surface area. The
mean diameter of the LG-MgO_A particles was 12 μm, about half the diam-
eter of LG-MgO_B (23 μm) and LG-MgO_C (26 μm). A smaller particle size
(higher specific surface area) implies that more particle surface was in con-
tact with the calcination temperature in the rotatory kiln, which could ex-
plain the higher content of MgO in LG-MgO_A. The porosity of the three
LG-MgOswas similar with values ranging between 0.54 and 0.57 (Table 1).

3.2. Characterisation of the mesophilic anaerobic digestion supernatant

The phosphate, TAN and magnesium concentrations in the anaerobic
digestion supernatant were 132 mg P/L, 1356 mg N/L and 36 mg Mg2+/
L, respectively. The phosphate concentration was higher than 50 mg P/L,
which has been reported as the threshold concentration for the economic
viability of struvite precipitation (Desmidt et al., 2013). The P:Mg molar
ratio in the supernatant was 1:0.35, which is lower than the minimum re-
quired 1:1 stoichiometric ratio. Therefore, a magnesium source is needed
to favour struvite precipitation. The supernatant had an excess of TAN,
which shifts the reaction towards the formation of struvite based on Le
Chatelier's principle (Eq. (1)). The calcium concentration of the supernatant
was 160 mg Ca2+/L. It has been reported that high calcium concentrations
interfere with struvite precipitation since calcium can precipitate with
phosphate, decreasing its availability. In addition, calcium ions interfere
with the shape, size, induction time and purity of the struvite (Bayuseno
and Schmahl, 2020; Liu andWang, 2019; Pastor et al., 2008). The superna-
tant had a pH of 7.98, a total alkalinity of 4465mg CaCO3/L, and a conduc-
tivity of 10.52 mS/cm.

The chemical reaction of struvite formation is depicted in Eq. (1), where
n can be 0, 1 or 2 depending on the pH of the solution (Ariyanto, 2014).
Table 2
Mg2+ and Ca2+ dissolution yield in deionised water (gram of ions released LG-MgO ad

1:1 1:2

g Mg2+/g LG-MgO_A 0.126 ± 0.007 0.069 ± 0.006
g Mg2+/g LG-MgO_B 0.109 ± 0.003 0.064 ± 0.002
g Mg2+/g LG-MgO_C 0.109 ± 0.003 0.064 ± 0.002
g Ca2+/g LG-MgO_A 0.084 ± 0.017 0.054 ± 0.004
g Ca2+/g LG-MgO_B 0.065 ± 0.005 0.040 ± 0.001
g Ca2+/g LG-MgO_C 0.065 ± 0.005 0.040 ± 0.001
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Given that the pH values in the supernatant and the precipitation experi-
ments were between 8.0 and 9.2, the phosphate species in equilibrium
were mainly H2PO4

− and HPO4
2−.

Mg2þ þ NH4
þ þ HnPO4

n−3 þ 6H2O↔MgNH4PO4 � 6H2Oþ nHþ ð1Þ

3.3. LG-MgOs dissolution in deionised water

Fig. 2 illustrates the Mg2+ and Ca2+ released and the change in pH
when the three LG-MgO by-products were dissolved in deionised water at
five different doses. Table 2 shows the Mg2+ and Ca2+ dissolution yield,
i.e., grams of element released per gram of LG-MgO added.

ThefinalMg2+ concentrationwas very similar for the three LG-MgOs at
38 mg Mg2+/L regardless of the P:Mg molar ratio, except for the 1:1 molar
ratio, which had a final concentration of 32 mg Mg2+/L. The release of
Mg2+ occurred mainly during the first 30 min and slowed down once the
solution pH reached 10.7. The rapid pH increase can be explained by the
hydroxylation of MgO into Mg(OH)2, and the subsequent release of
Mg2+, and OH− into the solution. According to the MgO hydration mech-
anism proposed by Stolzenburg et al. (2015), the release of Mg2+ and OH−

stops once their concentrations reach the supersaturation, where Mg(OH)2
precipitates and covers the particle preventing further MgO hydroxylation.
Considering the solubility product constant of Mg(OH)2 (Ksp= 3.4·10−11),
the pH of Mg(OH)2 dissolution at equilibrium is around 10.5 (Amaral et al.,
2007). Table 2 shows that the Mg2+ released per gram of LG-MgO into the
solution was inversely proportional to the amount of LG-MgO added. These
results illustrate that the dissolution of Mg2+ from LG-MgO in deionised
water is limited by chemical equilibrium, i.e., magnesium was released
until the activity product between Mg2+ and OH− reached the Ksp. Thus,
adding more LG-MgO did not result in higher Mg2+ concentrations.

Unlike Mg2+, the final Ca2+ concentration increased as the P:Mgmolar
ratio increased from1:1 to 1:8 (Fig. 2). The release of Ca2+ occurredmainly
during the first 60 min followed by a slight drop in concentration. The final
drop in Ca2+ concentration could be explained by the formation of Ca(OH)
2 on the LG-MgO surface due to a localised level of supersaturation at the
particles boundary layer (Stolzenburg et al., 2015). The increase in Ca2+

concentration was inversely proportional to the amount of LG-MgO added
(Table 2).

3.4. Effect of increasing the pH of the supernatant

Fig. 3 shows a small drop in phosphate concentrations when the su-
pernatant pH was increased from 7.98 to 8.5, 9.0 and 9.5. Specifically,
the phosphate concentration decreased from 125 mg P/L to 114, 113,
and 108 mg P/L, respectively. Calcium also showed a minor drop in con-
centration, while the magnesium concentrations had slight fluctuation
during the experiment (Fig. 3). At pH 9.0 and 9.5, the TAN concentra-
tion decreased from 1328 to 1260 mg N/L, probably due to ammonia
stripping. TAN stripping at pH 8.5 was minimal, with a final TAN con-
centration of 1313 mg N/L.

The slight reduction in phosphate concentration was related to the pre-
cipitation of calcium phosphate salts, which is favoured at pH 8–10 (Ye
et al., 2017). However, these results indicate that (i) simply increasing the
pH would not lead to significant changes in phosphate concentration and
ded). Results are expressed as average ± standard deviation.

1:4 1:6 1:8

0.034 ± 0.001 0.023 ± 0.001 0.017 ± 0.001
0.033 ± 0.002 0.020 ± 0.001 0.015 ± 0.001
0.033 ± 0.002 0.020 ± 0.001 0.014 ± 0.001
0.042 ± 0.003 0.028 ± 0.004 0.024 ± 0.002
0.031 ± 0.001 0.022 ± 0.001 0.016 ± 0.001
0.031 ± 0.001 0.022 ± 0.001 0.016 ± 0.001



Fig. 3. Experimental results from increasing the anaerobic digestion supernatant pH to (●) 8.5, ( ) 9.0 and ( ) 9.5. Error bars show the standard deviation among replicates.
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(ii) the supernatant did not have the composition required to precipitate all
the phosphate. Accordingly, the addition of a magnesium source is needed
to reach the supersaturated state required to favour struvite precipitation
(Marti et al., 2008).

3.5. Struvite precipitation with LG-MgO at different P:Mg molar ratio

Dosing LG-MgOs decreased the phosphate concentration of the superna-
tant (Fig. 4). The rate of phosphate precipitation depended on the P:Mg
molar ratio and, to a lesser extent, the LG-MgO sample (i.e. LG-MgO_A,
LG-MgO_B, LG-MgO_C). In general, the higher the LG-MgO reactivity, the
higher the Mg2+ dissolution and pH. The experiments carried out with a
P:Mg molar ratio of 1:8 and 1:6 showed a similar capacity to precipitate
phosphate since both decreased the phosphate concentration from 130 to
<20 mg P/L in 5 min regardless of the LG-MgO sample (Fig. 4). The exper-
iments carried out with a P:Mg molar ratio of 1:4 were slightly slower, but
they were able to reach phosphate concentrations <20 mg/L in 10 min
(Fig. 4). The difference in LG-MgOs reactivity was more evident when the
P:Mg molar ratio decreased. At a P:Mg molar ratio of 1:2, LG-MgO_A was
able to reach phosphate concentration <20 mg P/L in 20 min, while LG-
MgO_B and LG-MgO_C reached that concentration after 70 min (Fig. 4).
The calcium concentration was similar for the three LG-MgO samples at
about 150 mg Ca2+/L.

The experiments carried out using a P:Mg molar ratio of 1:2 and 1:1
reached a maximum pH of 8.5, limiting ammonium stripping. Fig. 4
shows an equimolar decrease in the phosphate and TAN concentrations
over time, following the stoichiometry of the struvite reaction (Eq. (1)).
This equimolar consumption indicated that struvite was themain precipita-
tion product under these experimental conditions (see Table SI in the sup-
plementary material). The phosphate precipitation efficiency ranged
between 89 and 97% and between 53 and 72% for the experiments carried
out at a P:Mgmolar ratio of 1:2 and 1:1, respectively. It is worth noting that
the change in Mg2+ concentration cannot be used to calculate the moles of
Mg2+ precipitated since it comprises two phenomena: (i) Mg2+ ions re-
leased from LG-MgOs, and (ii) Mg2+ precipitated. However, the negative
net change inMg2+ concentration indicated that there was more precipita-
tion than release.
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The experiments carried out at a P:Mg molar ratio of 1:8, 1:6 and 1:4
showed a different trend, i.e. a net decrease in Ca2+ concentration over
time (particularly in the first 10 min) (Fig. 4). These results showed that
the Ca2+ from the supernatant and released from the LG-MgOparticles pre-
cipitated with phosphate. These results indicated that a high LG-MgO dos-
ing would favour the precipitation of calcium phosphate instead of struvite
precipitation due to the higher Ca2+ concentration and pH. In these exper-
iments, there was a net increase in Mg2+ concentration, indicating that
more Mg2+ was released from the LG-MgO particles than precipitated as
struvite. The final Mg2+ concentration increased as the LG-MgO reactivity
increased. These results align with those reported byHao et al. (2008), who
observed that the struvite content of the precipitate decreased as the solu-
tion pH increased. Specifically, at pH 7.5 the struvite content was 96 %
and at pH 10.5 it was 16 %, while no struvite was detected at pH values
above 10.5. Finally, it is worth mentioning that the dissolution of LG-
MgO in the supernatant was much higher than in deionised water (see
Section 3.3). This behaviour could be attributed to the buffering capacity
of the supernatant, which limited the pH increase and favoured LG-MgO
dissolution.

3.6. Characterisation of the precipitate

Fig. 5 shows the XRD pattern and the identified mineral phases of the
precipitate obtained in the experiment carried out in a 7 L reactor using
LG-MgO_A, a P:Mg molar ratio of 1:2 ratio and no pH adjustment.
Struvite was the mineral phase with the highest peak intensity followed
by magnesite, magnesium oxide, dolomite, hydroxyapatite, and calcium
carbonate. Struvite and hydroxyapatite were the new-formed mineral
phases in the solid fraction since the other phases were already present
in the LG-MgO (Table 1). These phases did not dissolve in the solution
due to (i) its low Ksp value, (ii) a short contact time and/or (iii) coating
of the LG-MgO particles by precipitation of new-formed mineral phases
on the surface of the particles. The supernatant pH reached 8.46 and the
decrease of TAN (from 1321 to 1263 mg N/L) and phosphate (from
133 to 3 mg P/L) concentration in the experiment was practically equi-
molar, reaffirming that these operational conditions favour struvite
precipitation.



LG-MgO_A LG-MgO_B LG-MgO_C

Fig. 4. Precipitation and dissolution of (left) LG-MgO_A, (centre) LG-MgO_B, and (right) LG-MgO_C in the anaerobic digestion supernatant. P:Mg molar ratio of (■) 1:1, ( )
1:2, ( ) 1:4, ( ) 1:6, ( ) 1:8. Error bars show the standard deviation among replicates.
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The SEMmicrograph in Fig. 6 shows the morphology of the precipitate,
where five main shapes could be distinguished: (1) hopper, (2) polyhedral,
(3) partly-dissolved LG-MgO particle, (4) agglomeration of polyhedral on
7

LG-MgO particles, and (5) agglomeration of polyhedral. Fig. 6 also shows
the elemental composition of five spots (red crosses) analysed by EDS.
The hopper (spot 1) and polyhedral (spot 2) are struvite crystals, which



Fig. 5. Results from XRD analysis of the precipitate obtained using LG-MgO_A and a P:Mg molar ratio of 1:2 ratio.
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formation has been related to differences in oversaturation and pH
(Elduayen-Echave et al., 2020; Shaddel, 2019). Specifically, hopper parti-
cles have been reported to form at high pH and highly oversaturated solu-
tions, while polyhedral particles formation are favoured at lower alkaline
pH and less oversaturated solutions (Elduayen-Echave et al., 2020). In
this experiment, the pH increased from 7.96 to 8.46 and the Mg2+ concen-
tration from 34 to 78 mg/L. Therefore, the initial conditions (lower pH and
Mg2+ concentrations) could have favoured the formation of polyhedral
struvite crystals, while the final conditions could have favoured the forma-
tion of hopper struvite crystals formation (higher pH and Mg2+ concentra-
tions).

The main mineral phase identified in the diffractogram was struvite
(hopper and polyhedral particles), indicating that most of the MgO dis-
solves are available for struvite precipitation. In addition, two types of ag-
glomeration were also observed, polyhedral agglomeration on LG-MgO
particle surface (spot 4), and polyhedral agglomeration (spot 5). The ag-
glomeration of particles is favoured at high pHs and Mg2+ concentrations
since the zeta-potential decreases favouring particles agglomeration
(Fromberg et al., 2020). The irregular shapes observed in the micrograph
(spots 3 and 4) were identified as LG-MgO particles, although phosphorus
was present on their surface. These results suggest the presence of other
mineral phases in spot 3 and spot 4 such as hydroxyapatite, newberyite
and bobierrite. Newberyite and bobierrite were not detected in the XRD
analysis of the precipitate (Fig. 5), which could be due to their low content
(<2 %).

4. Conclusions

LG-MgO by-products from the calcination of magnesite represent an ef-
fective source of magnesium to precipitate struvite from WWTP anaerobic
digestion supernatants regardless of their composition. The amount of
MgO in the LG-MgOs varied from42% to 56%,where higherMgOpercent-
ages led to higher reactivities. Experimental results showed that dosing LG-
MgO at P:Mg molar ratio close to stoichiometry (i.e. 1:1 and 1:2) favoured
struvite precipitation, whereas higher P:Mg molar ratios (i.e. 1:4, 1:6 and
1:8) favoured calcium phosphate precipitation due to the higher calcium
concentration and pH. At a P:Mg molar ratio of 1:1 and 1:2, the percent-
age of phosphate precipitated was 53–72 % and 89–97 %, respectively,
depending on the LG-MgO sample reactivity. The precipitate obtained
from an experiment carried out at a P:Mg molar ratio of 1:2 and no pH
8

control showed that (i) struvite was the main mineral phase and (ii)
struvite was present in two different shapes: hopper and polyhedral.
The latter indicates that two distinct reaction mechanisms take place
during the precipitation process.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.164084.
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