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A B S T R A C T   

Phosphorus recovery through struvite precipitation has gained interest due to the potential use of struvite as a 
fertiliser, with fluidised bed reactors being a popular technology for carrying out the process. Struvite precipi
tation requires a magnesium source and an alkaline reagent. This research uses a low-grade magnesium oxide 
(LG-MgO) industrial by-product with a 56 wt% of MgO as magnesium source and an alkaline reagent to lower 
operating costs and value-add an industrial by-product. LG-MgO is poorly soluble in water, but its solubility 
increases significantly when dissolved in anaerobic digestion supernatants due to its circumneutral pH and high 
buffer capacity. Phosphorus precipitation was carried out in a laboratory-scale fluidised bed reactor where three 
operating variables (i.e. P:Mg molar ratio, feed inlet position, and recirculation flow rate) were studied to 
determine the LG-MgO impact on precipitate struvite content. Experimental results showed a high struvite 
content in all precipitates, close to the values reported for pure magnesium sources. The P:Mg molar ratio 
influenced precipitate composition. The percentage of struvite in the precipitate were 75–82 wt%, 85–88 wt%, 
and 75–76 wt% for the P:Mg ratio of 1:0.5, 1:1 and 1:3, respectively. The feed inlet position (side or bottom) also 
had an impact on precipitate struvite content when the P:Mg molar ratio was 1:3, but not for the other molar 
ratios. The recirculation flow rate did not have a significant impact on precipitate struvite content.   

1. Introduction 

Phosphorus is a limited resource and an essential nutrient for life [1]. 
Phosphorus rocks reserves are unevenly distributed worldwide since 
nearly 75 % of the global reserves are located in China, Morocco, the 
United States of America and Russia [1,2]. Every year, phosphorus 
consumption is increasing, and phosphorus reserves are being depleted 
to satisfy this demand [1]. Furthermore, the expenses associated with 
extraction, processing, and shipping are rising. Consequently, the Eu
ropean Commission (EC) has classified phosphorus as a critical raw 
material [3]. This designation acknowledges the critical role that 
phosphorus in our society and highlights the importance of strategic 
management and sustainable practices to ensure its availability and 
mitigate potential supply chain risks. Scarcity is not the only problem 

associated with phosphorus. Phosphorus and nitrogen discharges into 
aquatic ecosystems contribute to eutrophication [4]. Accordingly, the 
Council Directive 91/271/CEE on urban wastewater treatments requires 
the removal of phosphorus and nitrogen when discharges are directed 
towards environmentally sensitive areas [5]. One potential solution to 
address the rapid depletion of phosphorus is its recovery in wastewater 
treatment plants (WWTPs). The most common phosphorus removal 
processes in WWTPs are chemical precipitation using iron and 
aluminium salts, enhanced biological phosphorus removal and struvite 
precipitation [6]. Struvite precipitation could satisfy 15–20 % of the EU 
phosphorus demand while reducing its concentration in the WWTP 
discharge and obtaining a product with potential commercial value [7]. 

In recent years, controlled precipitation of phosphates as struvite has 
gained interest as a phosphorus recovery technology in WWTPs and its 
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potential use as slow-release fertiliser. Additionally, controlled precipi
tation can also mitigate unwanted precipitation issues within pipes and 
elbows in the WWTPs, further enhancing its applicability by reducing 
operation and maintenance costs [6,8]. Today, about 15,000 t⋅year− 1 of 
struvite are produced at WWTPs in Europe [9]. Struvite is a crystalline 
mineral composed of magnesium, ammonium and phosphate 
(MgNH4PO4⋅6H2O) in an equimolar ratio [8]. Struvite precipitation in 
wastewater requires the addition of magnesium sources (usually MgCl2, 
MgSO4, MgO, or Mg(OH)2) due to its relatively low concentration 
compared to ammonium and phosphate ions [10,11]. Adnan et al. [12] 
studied the effect of P:Mg molar ratios and reported unfavourable 
phosphorus recovery when P:Mg molar ratios were higher than unity as 
magnesium availability limited the process. Struvite precipitation is also 
strongly influenced by pH since struvite solubility decreases with 
increasing pH, thereby increasing the potential for precipitation [13]. 
The pH range of struvite precipitation is between 8.0 and 10.7 [14]. 
However, pH values above 9.0 can favour ammonia nitrogen stripping, i. 
e. loss of nitrogen in the form of ammonia gas [15]. Accordingly, the 
preferred working pH range for struvite precipitation is between 8.0 and 
9.0 [16]. This pH range is obtained by adding alkaline chemicals (e.g. 
NaOH) to the reactor or by stripping CO2 with air [8]. The costs asso
ciated with purchasing a magnesium source and an alkali reagent 
represent 75 % of the struvite precipitation operating cost [1]. 

To overcome the high costs associated with magnesium sources and 
alkali reagents, this study explored a low-grade magnesium oxide (LG- 
MgO) industrial by-product from the calcination process of natural 
magnesite. LG-MgO is a low-cost by-product (~100 €/t) that can reduce 
operating costs while value-adding an industrial by-product. LG-MgO 
contains around 50–65 wt% of MgO as well as other magnesium and 
calcium minerals, mainly carbonates [17,18]. LG-MgO can serve a dual 
purpose as both a magnesium source and an alkali reagent for struvite 
precipitation, allowing for cost savings and improved sustainability and 
circularity [15,18–21]. Chimenos et al. [20] demonstrated the use of 
LG-MgO as a magnesium source for the recovery of phosphate as struvite 
from wastewater generated during the cochineal extraction process. 
Subsequently, Quintana et al. [18] and Aguilar-Pozo et al. [15] studied 
struvite precipitation from anaerobic digestion supernatants using 
LG-MgO in batch experiments. Quintana et al. [18] achieved a phos
phorus recovery of 90 % with a pH of 8.6 after 240 min, employing a P: 
Mg molar ratio of 1:2.5. Aguilar-Pozo et al. [15], who investigated three 
different LG-MgO, found that a P:Mg molar ratio of 1:1 and 1:2 favoured 
struvite precipitation over calcium precipitates. Aguilar-Pozo et al. [15] 
also reported that the percentage of phosphate precipitated varied 
depending on the LG-MgO reactivity, ranging from 53 % to 72 % and 
from 89 % to 97 % after 70 min for a P:Mg molar ratio of 1:1 and 1:2, 
respectively. 

Struvite precipitation technologies can be classified into two main 
categories: fluidised bed reactor (FBR) and continuous stirred tank 
reactor (CSTR) [22]. FBR is a widely implemented technology for stru
vite precipitation at WWTPs [16,23], with successful studies available at 
laboratory, pilot and full scale [4,12,24,25]. The most implemented FBR 
technologies at industrial scale are OSTARA, PHOSNIX, and MULTI
FORM™ [9,22,26]. OSTARA recovers up to 95 % of phosphorus using 
MgCl2 at a P:Mg molar ratio of 1:1 and NaOH. PHOSNIX recovers more 
than 90 % of the phosphorus using Mg(OH)2 at P:Mg molar ratio of 1:1 
and controlling the pH at 8.2–8.8 using air stripping and NaOH. 
MULTIFORM™ recovers about 90 % of the phosphorus using MgCl2 at P: 
Mg molar ratio 1:1 and NaOH. Adnan et al. [12], who studied struvite 
precipitation using two pilot-scale FBRs, reported phosphorus recovery 
rates above 90 % using MgCl2 as magnesium source and a pH of 7.3–8.6. 
Crutchik et al. [24], who used a commercial-grade MgO (80.5 wt% 
MgO) and two molar P:Mg ratios (i.e. 1:7 and 1:1.5) in a 125 L FBR, 
showed that struvite content of the precipitate depended on the size of 
the particles. Specifically, the struvite content was 64 wt% and 78 wt% 
in the largest precipitates and fine precipitates, respectively. Crutchik 
et al. [24] also observed that the efficiency of phosphorus recovery was 

directly dependent on phosphate concentration and pH value and stated 
that the optimal pH range for effective phosphorus precipitation was 
between 8.3 and 8.4. Ghosh et al. [27] showed that phosphorus recovery 
was higher at up-flow rate of 20 cm⋅min− 1 than at 40 or 60 cm⋅min− 1 

due to higher hydraulic retention time (HRT) and reaction time. 
Currently, there are no studies on the impact of the feed inlet position on 
process performance although it directly affects the contact between the 
feed and the magnesium source. 

The main goal of this research was to determine the impact of three 
operating variables on phosphorous recovery and precipitate struvite 
content when using a LG-MgO as a magnesium source and an alkaline 
reagent in a fluidised bed reactor. The operating variables under study 
were (i) P:Mg molar ratio, (ii) feed inlet position into the reactor, and 
(iii) recirculation flow rate. To the best of the authors’ knowledge, this 
study represents the first laboratory-scale investigation into the utili
zation of LG-MgO in a fluidised bed reactor for struvite precipitation. 
The study aims to generate fundamental knowledge of the process to 
support future utilisation of this by-product in industrial applications. 

2. Materials and methods 

2.1. Synthetic supernatant and by-product of magnesium oxides 

The synthetic supernatant was prepared using deionised water, 
dipotassium hydrogen phosphate (K2HPO4, PanReac AppliChem), and 
ammonium chloride (NH4Cl, 99.8 %, PanReac AppliChem). The con
centrations in the solution were 80 mg⋅L− 1 of PO4-P and 600 mg⋅L− 1 of 
NH4-N. The PO4

3- and NH4
+ ion concentrations were similar to the con

centrations reported for full-scale anaerobic digestion supernatants [5]. 
The initial pH of the synthetic solution was 7.3. Calcium was not added 
to the synthetic supernatant since the study wanted to study the per
centage of impurities in the precipitate when using LG-MgO as a mag
nesium source. Accordingly, the only calcium source in the reaction 
medium was the one present in the LG-MgO. 

LG-MgO used as a magnesium source was supplied by the company 
Magnesitas Navarras, S.A. (Navarra, Spain). LG-MgO was obtained in 
the cyclones and fabric filters from the natural magnesite calcination 
process. In the rotary kiln, the fine particles were dragged by flue gases 
to cyclones throughout the combustion process. These particles had a 
shorter residence time in the kiln, and therefore, part of the magnesite 
did not complete the calcination process. The LG-MgO used in this study 
was the one that showed higher phosphorous recovery yields in our 
previous publication, namely LG-MgO_A [15]. The LG-MgO has a mean 
diameter (d50) of 12 µm and a medium reactivity, according to the citric 
acid reactivity test [15,28]. Its composition was estimated by combining 
the X-ray fluorescence (XRF), X-ray diffraction (XRD) and thermogra
vimetric analysis (TGA) techniques as described in Aguilar-Pozo et al. 
[15]. LG-MgO composition was 56.0 wt% MgO, 12.0 wt% MgCO3, 
11.6 wt% CaCO3, 8.55 wt% CaMg(CO3)2, 3.75 wt% Mg(OH)2, 2.24 wt% 
Ca(OH)2, and small amounts of Al2O3, Fe2O3, MgSO4, and SiO2. 
Aguilar-Pozo et al. [15] conducted a comprehensive characterisation of 
the LG-MgO used in this study, providing detailed information about its 
chemical and physical properties. 

2.2. Analytical methods 

To monitor the struvite precipitation in the FBR, discrete aliquots of 
the liquid phase were periodically sampled over the course of the ex
periments. The aliquots were immediately filtered through a 0.45 µm 
regenerated cellulose syringe filter. Each sample was analysed by 
duplicate. pH was measured with a micro pH electrode PHEL-GB3–001 
connected to a MultiMeter MM41 (Crison). Anion (PO4-P) and cation 
(Mg2+, Ca2+, NH4-N) were measured using an ionic chromatographer 
861 Advanced Compact IC Metrohm equipped with Metrosep columns 
(Metrosep C 2–150/4.0 and Metrosep A Supp 17–250/4.0, respectively). 

The precipitated solids were dried at 35 ◦C for subsequent 
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characterisation. TGA was conducted using an SDT Q600 Simultaneous 
TGA204 DSC (TA Instruments) under an inert N2 gas atmosphere. The 
analysis involved a heating rate of 10 ◦C⋅min− 1, and a temperature range 
from 30 to 1200 ◦C. TGA analysis facilitated the determination of weight 
loss percentage and quantification of each mineral phase contained in 
the precipitated solid. XRF using a Philips PW2400 sequential 
wavelength-dispersive X-ray fluorescence spectrophotometer was used 
for elemental analysis of solid phases after calcination at 1050 ◦C. XRD 
using a Bragg-Brentano PANalytical X′Pert PRO MPD alpha1 powder 
diffractometer with CuKα1 radiation (λ = 1.5406 Å) was used to identify 
the crystalline mineral phases of the precipitated solid. Fourier- 
transform infrared spectroscopy by attenuated total reflection (FT-IR 
ATR) was conducted to compare the molecular geometry of the 
precipitated solid at different temperatures using a Spectrum Two™ 
Perkin Elmer spectrometer (range of 4000–400 cm− 1, resolution of 
4 cm− 1). Scanning electron microscopy (SEM) using a Quanta 200 FEI 
scanning electron microscope combined with X-ray energy dispersive 
spectroscopy (EDS) was used to show the morphology of the precipitate 
and the elemental composition of targeted spots. Particle size distribu
tion (PSD) was determined using a LS 13 320 Beckman Coulter laser 
diffraction particle 207 size analyser. 

The composition of the precipitates was obtained by (i) identification 
of the phases by XRD, (ii) quantification of thermal decomposition 
products by TGA, (iii) identification of the decomposition reactions and 
(iv) quantification of the total oxides in the calcined precipitate by XRF, 
where the percentage of oxides in the precipitate is the difference be
tween the percentage of total oxide and the percentage of oxide in each 
phase upon decomposition. 

2.3. Experimental set-up 

The struvite precipitation experiments were carried out in a 
laboratory-scale FBR. The glass reactor was designed with two sections 
of increasing diameter (i) the reaction section has a height of 48.2 cm 
and an internal diameter of 11.0 cm, and (ii) the clarifier section has a 

height of 13.0 cm and an internal diameter of 17.0 cm. The FBR has 
three sampling points (named 1, 2 and 3), and two nozzles (side and 
bottom) with an internal diameter of 2.0 cm (Fig. 1). The difference in 
diameter between the two sections changes the up-flow velocity, i.e. in 
the section with a larger diameter the up-flow velocity decreases, 
resulting in less particles loss in the effluent. The working volume was 
4.89 L and the HRT was fixed at 2.5 hours. Two peristaltic pumps were 
used, one to feed the reactor and another to control the recirculation 
flow rate. 

A total of 12 experiments were carried out to assess the impact of 
four different configurations (Fig. 1) and three different P:Mg molar 
ratios on phosphorus recovery and precipitate struvite content. Specif
ically, the study variables were (i) three P:Mg molar ratios (i.e. 1:0.5, 
1:1, and 1:3), with magnesium concentrations calculated from LG-MgO 
composition, (ii) two feed positions (side and bottom), and (iii) two 
recirculation flow rates (216 and 907 mL⋅min− 1). The 216 mL⋅min− 1 

was the minimum flow rate to fluidise the LG-MgO particles, while the 
907 mL⋅min− 1 recirculation flow rate was the maximum flow rate pro
vided by the peristaltic pump. 

The procedure for all experiments was as follows: (i) the total 
amount of LG-MgO needed for the experiment was added into the 
recirculation tube in powder, where the amount added was proportional 
to the total amount of phosphorus during the entire experiment and the 
targeted P:Mg molar ratio, (ii) reactor filling with the synthetic super
natant, (iii) start-up of the recirculation pump, which added the LG-MgO 
into fluidised zone of the reactor, (iv) start-up of the feed pump (t = 0), 
(v) withdrawing 4 mL aliquots at 0, 30, 60, 120, 180, 240, and 
300 minutes at the 3 sampling points (bottom, middle, top), (vi) after 
300 min the pumps were stopped, (vii) the reactor was emptied and the 
precipitated solid was collected from the bottom of the reactor. The 
precipitate was dried at 35 ◦C (> 24 h) and subsequently characterised 
as described in Section 2.2. Table 1 shows the initial conditions of each 
experiment. 

Fig. 1. Configurations used for phosphorus precipitation, each tested at three P:Mg molar ratios (1:0.5, 1:1, and 1:3): (a) side feed position and recirculation flow rate 
of 216 mL⋅min− 1, (b) side feed position and recirculation flow rate of 907 mL⋅min− 1, (c) bottom feed position and recirculation flow rate of 216 mL⋅min− 1, and (d) 
bottom feed position and recirculation flow rate of 907 mL⋅min− 1. The three sampling points are (1) bottom, (2) middle and (3) top. 
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2.4. Calculations and statistical analysis 

The composition of the precipitates obtained in each experiment was 
estimated through the utilization of various analytical techniques (i.e. 
XRD, TGA, XRF, and FT-IR) as described in Aguilar-Pozo et al. [15]. 
Briefly, X-ray diffraction (XRD) results facilitated the identification of 
the mineral phases present in the precipitates. TGA results allowed the 
quantification of the percentage of each mineral phase by observing the 
weight losses attributed to thermal decomposition. The composition was 
complemented with XRF results, which provides the elemental compo
sition of the sample expressed as its most stable oxide. 

Statistical tests were performed to determine whether (i) P:Mg molar 
ratio (ii) feed position and/or (iii) recirculation flow rate had a signifi
cant impact on precipitate struvite content. An analysis of variance 
(ANOVA) was done using R software (v4.0.3). The confidence level used 
for the statistical test was 95 % (α = 0.05). Four ANOVA tests were 

carried out, three to evaluate the effects of feed position and recircula
tion flow rate (independent variables) on precipitate struvite content 
(dependent variable) for each P:Mg molar ratio (1:0.5, 1:1, and 1:3), and 
a fourth to evaluate the effect of the P:Mg molar ratio on precipitate 
struvite content. 

3. Results and discussion 

3.1. Phosphorus precipitation 

The experiments carried out with a P:Mg molar ratio of 1:0.5 and 1:1 
showed similar magnesium and phosphorus concentrations and pH 
values in the three sampling points (Fig. A1 and A2 in the supplementary 
material). The experiments using a P:Mg molar ratio of 1:3 showed a 
distinct concentration pattern, with the 1st (bottom) and 2nd (middle) 
sampling points showing similar values and the 3rd sampling point (top) 
showing lower values (Fig. A3 in the supplementary material). This 
divergence could be attributed to two factors: (i) a longer reaction time 
and path between the 1st and 2nd sampling points before reaching the 
top section of the reactor, leading to prolonged contact between Mg2+, 
NH4

+, and PO4
3- to form struvite and therefore decreasing their concen

trations, and (ii) a lower number of LG-MgO particles in the top section 
of the reactor due to the decreased axial velocity that lowers the release 
of Mg2+ and hydroxide (OH-) ions from the LG-MgO particles. It is worth 
noting that for all molar ratios the sedimentation of LG-MgO particles 
and associated OH- dissolution at the bottom of the reactors resulted in 
slightly higher pH values at the 1st sampling point, particularly when 
the feeding was from the side. 

Fig. 2 shows the phosphorus and magnesium concentrations and pH 
of the FBR effluent (3rd sampling point) of the 12 experiments. The 
experiments carried out with a P:Mg molar ratio of 1:0.5 and 1:1 showed 
a consistent and progressive loss of phosphorus through the effluent, 

Table 1 
Initial conditions of the 12 experiments.  

Nº Feed inlet 
position 

Molar Ratio 
(P:Mg) 

Recirculation flow rate 
(mL⋅min− 1) 

Feed flow rate 
(mL⋅min− 1) 

1 Side 1:0.5 216 32.6 
2 Side 1:0.5 907 32.6 
3 Bottom 1:0.5 216 32.6 
4 Bottom 1:0.5 907 32.6 
5 Side 1:1 216 32.6 
6 Side 1:1 907 32.6 
7 Bottom 1:1 216 32.6 
8 Bottom 1:1 907 32.6 
9 Side 1:3 216 32.6 
10 Side 1:3 907 32.6 
11 Bottom 1:3 216 32.6 
12 Bottom 1:3 907 32.6  

Fig. 2. Phosphorus and magnesium concentrations and pH of the FBR effluent (3rd sampling point). Experiments number: 1 ( ), 2 ( ), 3 ( ), 4 ( ), 5 ( ), 6 ( ), 7 
( ), 8 ( ), 9 ( ), 10 ( ), 11 ( ), and 12 ( ). 
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with the highest losses occurring at the end of the experiments. The 
phosphorus concentration in the effluent increased at the end of ex
periments due to the decrease in Mg2+ concentration and pH in the 
medium (Fig. 2), disfavouring the oversaturation conditions required for 
struvite precipitation. The experiments carried out at a P:Mg molar ratio 
of 1:0.5 reached effluent phosphorus concentration below 20 mg⋅L− 1 for 
about 90 min (between minute 30 and 120), then the concentration 
increased up to 26 mg⋅L− 1. In the experiments with a P:Mg molar ratio of 
1:1, the phosphorus concentration remained constant between minute 
30 and 180 at about 11 mg PO4-P⋅L− 1, then the concentration increased 
up to 18 mg⋅L− 1. The experiments with a P:Mg molar ratio of 1:3 showed 
the highest reduction in phosphorus after 180 min, reaching concen
trations of 3–4 mg PO4-P⋅L− 1 due to the excess of magnesium and the 
higher pH values (8.8–9.3). 

The Mg2+ concentration in the effluent increased at the beginning of 
the experiments as the LG-MgO particles dissolved, then decreased due 
to (i) losses through the effluent, (ii) dilution of the reaction medium by 
the feed, and (iii) struvite precipitation (Fig. 2). In the P:Mg molar ratio 
1:0.5 experiments, the Mg2+ concentration increased up to 56 mg⋅L− 1 

during the first 30 minutes. Subsequently, the Mg2+ concentration 
decreased but did not reach 0 mg⋅L− 1, even though the amount of LG- 
MgO added was half the amount required for complete phosphorus 
precipitation as struvite (Fig. 2). These results suggest that a P:Mg molar 
ratio of 1:0.5 did not provide favourable conditions for struvite precip
itation. The loss of magnesium through the effluent during the experi
ments can be attributed to several factors. Firstly, the incomplete 
precipitation of phosphorus with magnesium and ammonium. Secondly, 
the retention time of magnesium in the reactor (HRT = 2.5 hours) and 
the continuous dilution of magnesium by the feed. Lastly, the dissolution 
rate of LG-MgO itself decreased over time due to the lower concentration 
of MgO and lower reactivity of MgCO3 and CaMg(CO3)2 in the LG-MgO. 
In the P:Mg molar ratio 1:1 experiments, Mg2+ concentrations reached 
82 mg⋅L− 1 after the first 60 minutes. Then, the Mg2+ concentration 
decreased, stabilising at values close to 30 mg⋅L− 1 (Fig. 2). The experi
ments with a P:Mg molar ratio of 1:3 resulted in the highest Mg2+

concentrations in the effluent. Significant losses of magnesium were 
observed between the 60 and 120 minute interval, when the effluent 
had Mg2+ concentrations of 375–390 mg⋅L− 1. Despite a gradual 
decrease in Mg2+ concentration, significant losses of magnesium were 
observed until the end of the experiment. Adding the entire amount of 
LG-MgO at the beginning of the experiment resulted in the fast disso
lution of LG-MgO particles, reducing the LG-MgO surface area and the 
number of LG-MgO particles. As a result, more magnesium was released 
than was required for struvite precipitation. 

Experiments with the same molar ratio but different configurations 
showed similar results regardless of the feed inlet position (side or 
bottom) and recirculation flow rate (216 or 907 mL⋅min− 1). Experiment 
11 (bottom feed position and a low recirculation flow rate) had a lower 
Mg2+ concentration in the effluent compared to the other experiments 
carried out with a P:Mg molar ratio of 1:3 (experiments 9, 10, and 12). In 
experiment 11, the feed came into direct contact with the LG-MgO 
particles due to the predominance of fluidisation in the bottom section 
of the reactor at low recirculation rates. Under these specific conditions, 
the reaction parameters are primarily controlled by the solubility 
equilibrium of Mg(OH)2 [29]. 

pH plays an important role in struvite precipitation as it limits the 
availability of ammonium ions required for struvite formation, affects 
the acid-base equilibrium for the protonation of different phosphate 
species, and controls the liberation of magnesium from the LG-MgO. 
Struvite reaction can use different phosphate species (Eq. (1)), where 
n can be 0, 1, or 2 [30,31]. In these experiments, the predominant 
phosphate species in the supernatant were H2PO4

- and HPO4
2- as the 

initial pH was 7.2–7.5. However, pH increased and shifted the equilib
rium of the two protonated phosphate species (H2PO4

- and HPO4
2-) to

wards the formation of PO4
3- and the precipitation of struvite. Thus, 

maintaining an appropriate pH value is essential for facilitating the 

struvite precipitation process and efficient phosphorus removal.  

Mg2+ + NH4
+ + HnPO4

n− 3 + 6 H2O ↔ MgNH4PO4⋅6H2O + n H+ (1) 

Fig. 2 shows the pH values of each experiment. The experiments 
carried out with a P:Mg molar ratio of 1:0.5 and 1:1 showed similar pH 
values between 7.8 and 8.5, starting from a pH value of about 7.4. 
However, when the P:Mg molar ratio was 1:3, pH values above 9.0 were 
reached, followed by a gradual decrease to 8.5–8.7. Generally, the side 
feed position and low recirculation rate configuration (experiments 1, 5 
and 9) showed a lower reduction in phosphorus concentrations, this 
could imply slightly lower struvite precipitation than the other config
urations with the same P:Mg molar ratio. 

3.2. Composition of the precipitates 

Fig. 3 shows the XRD diffractograms of the solid fraction collected 
from the 12 experiments, categorised into three groups based on the P: 
Mg molar ratio of the experiment. All of the precipitates had several 
mineral phases, including struvite (MgNH4PO4⋅6H2O), periclase (MgO), 
magnesite (MgCO3), dolomite (CaMg(CO3)2), calcite (CaCO3), and silica 
(SiO2). The highest intensity peaks were attributed to struvite, indi
cating that struvite was the predominant phase in all precipitates. The 
presence of other mineral phases such as MgO, MgCO3, CaCO3, CaMg 
(CO3)2, and SiO2 can be attributed to the unreacted phases initially 
present in the LG-MgO used as a magnesium source. These less reactive 
mineral phases were not fully consumed or dissolved during the pre
cipitation process and remained in the final solid precipitates. It should 
be considered that LG-MgO is sparingly soluble in deionised water as 
MgO [32]. However, LG-MgO is more soluble in anaerobic digestion 

Fig. 3. X-ray diffractograms of the 12 precipitates. P:Mg molar ratio of 1:0.5 
[top, experiments: 1 ( ), 2 ( ), 3 ( ), 4 ( )], 1:1 [middle, experiments: 5 ( ), 
6 ( ), 7 ( ), 8 ( )], and 1:3 [bottom, experiments: 9 ( ), 10 ( ), 11 ( ), 
12 ( )]. 
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supernatants due to its high buffer capacity [15,32]. The solubility of 
LG-MgO has not been studied, but studies on MgO indicate an enhanced 
solubility in the presence of protons [32–34], as is the case of anaerobic 
digestion supernatants [4,32]. 

The TGA curves of the precipitates show the mass loss steps as a 
function of temperature. The 12 precipitates displayed similar mass loss 
steps (Fig. B1 in the supplementary material). As an example, Fig. 4 
shows the TGA curve of the precipitate obtained in experiment 1. 

The steps observed in the TGA curves correspond to the thermal 
decomposition of the phases MgNH4PO4⋅6H2O, Mg(OH)2, MgCO3, CaMg 
(CO3)2 and CaCO3. The thermal decomposition reactions of Mg(OH)2, 
MgCO3, CaMg(CO3)2 and CaCO3 are known (Eqs. 2–5).  

Mg(OH)2(s) → MgO(s) + H2O(g)                                                      (2)  

MgCO3(s) → MgO(s) + CO2(g)                                                         (3)  

CaMg(CO3)2(s) → MgO(s) + CaO(s) + 2 CO2(g)                                (4)  

CaCO3(s) → CaO(s) + CO2(g)                                                          (5) 

Bhuiyan et al. [35] and Chen et al. [36] studied the thermal 
decomposition reactions of struvite and reported the following equa
tions (Eqs. 6–9)).  

MgNH4PO4⋅6H2O(s) → MgNH4PO4⋅H2O(s) + 5 H2O(g)                       (6)  

MgNH4PO4⋅6H2O(s) → MgHPO4⋅3H2O(s) + 3 H2O(g) + NH3(g)           (7)  

MgNH4PO4⋅6H2O(s) → MgHPO4(s) + 6 H2O(g) + NH3(g)                   (8)  

2 MgHPO4(s) → MgP2O7(s) + H2O(g)                                               (9) 

The determination of the struvite decomposition reaction was car
ried out using FT-IR. Fig. 5 presents the FT-IR spectra of the precipitate 
and the products of its decomposition at three different temperatures (i. 
e. 100, 450, and 750 ◦C). The spectrum at room temperature showed 
NH4

+, H2O, HPO4
2-, and PO4

3- bands, which appear at the frequency ranges 
of 1149–1493, 1494–1710, 904–1138, and 798–904 cm− 1, respectively 
[36,37]. Even at 100 ◦C, the NH4

+, H2O, HPO4
2-, and PO4

3- bands were still 
present in the spectra, indicating that struvite at 100 ◦C does not 
completely decompose. The presence of NH4

+ and H2O bands indicated 
that the loss of the two compounds was gradual. The spectra at 450 and 
750 ◦C showed a shift in the 1494–1710, 904–1138 cm− 1 bands and a 
new formation of the P-O-P stretching vibrations at 699–816 cm− 1, 
corresponding to the P2O7 [36]. These results indicated that the struvite 
decomposition reaction took place as described in Eq. (10). Importantly, 
the percentage of P2O7 obtained by XRF (Table A1 in the supplementary 
material) and the value calculated through the TGA results were similar, 

indicating that Eq. (10) accurately describes struvite thermal 
decomposition.  

2 MgNH4PO4⋅6H2O(s) → Mg2P2O7(s) + 13 H2O(g) + 2 NH3(g)          (10) 

Table 2 presents the percentage of each phase according to the TGA 
results and using the following reactions (Eqs. 2–5 and 10). The thermal 
decomposition of struvite involving both ammonia and crystallization 
water began at about 60 ◦C and was completed at above 300 ºC. Struvite 
commonly has an orthorhombic crystalline geometry made by an octa
hedral (Mg(6H2O)2+) and two tetrahedral (NH4

+ and PO4
3-) groups where 

H2O molecules have six short hydrogen bonds, i.e. six stable bonds that 
help maintain crystal structure [14,38]. The decomposition temperature 
ranges for Mg(OH)2 (300–450 ◦C), MgCO3 (450–600 ◦C), CaMg(CO3)2 
(600–725 ◦C) and CaCO3 (725–1200 ◦C) are consistent with the values 
reported by Giro-Paloma et al. [17]. 

Table 3 shows the mineral composition of the 12 precipitates. As 
indicated by the XRD diffractograms (Fig. 3) and the mass loss in the 
TGA curves (Table 2), struvite was the main phase in all precipitates. 
The precipitates from the experiments carried out with a P:Mg molar 
ratio of 1:1 (experiment 5, 6, 7 and 8) had the highest struvite content, 
with a percentage of 85.3–88.2 wt%. This was followed by the molar 
ratios of 1:0.5 and 1:3, which resulted in a struvite content of 
75.1–82.4 wt% and 74.7–76.4 wt%, respectively. The struvite content 
reported in the precipitates using Mg(OH)2 and MgCl2 is 78.0 and 
80.0–93.5 wt%, respectively [4,12,24]. These percentages are not far 
from the values obtained using an industrial LG-MgO by-product. These 
results demonstrate that LG-MgO holds potential as both a magnesium 
source and an alkali reagent for struvite precipitation, offering potential 
cost savings, as its cost is ~100 €⋅t− 1 [15] compares favourably with 
MgCl2 and NaOH, which are priced at 370 and 620 €⋅t− 1 [39], 

Fig. 4. TGA diffractogram of the precipitate obtained in experiment 1. Mass 
loss steps versus temperature (green line) and derivative of weight versus 
temperature (blue line). 

Fig. 5. FT-IR spectra of the precipitated solid at 20 ◦C and the products of its 
decomposition at temperatures of 100, 450 and 750 ◦C. 

Table 2 
The decomposition temperature range and weight percentage loss of the main 
mineral phases present in the 12 precipitates.  

Mineral phase 
(wt%) 

MgNH4PO4⋅6 
(H2O) 

Mg 
(OH)2 

MgCO3 CaMg 
(CO3)2 

CaCO3 

Temperature 
(◦C) 

60–300 300–450 450–600 600–725 725–1200 

1 40.95 1.19 2.59 1.61 0.42 
2 46.22 1.56 2.33 1.43 0.83 
3 42.53 1.36 2.63 1.55 0.79 
4 45.09 1.12 2.56 1.26 0.43 
5 46.61 1.38 2.03 1.13 1.00 
6 47.17 1.13 2.05 0.99 0.57 
7 49.70 1.34 1.75 0.81 0.80 
8 47.43 0.99 1.75 0.74 0.18 
9 42.39 1.34 3.24 1.79 0.84 
10 40.87 1.59 3.82 2.24 0.98 
11 41.66 1.28 3.63 1.93 0.56 
12 42.77 2.09 3.73 2.00 1.13  
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respectively. The precipitates from the experiments carried out with a P: 
Mg molar ratio of 1:3 had the highest percentage of unreacted mineral 
phases (i.e. MgCO3, CaCO3, CaMg(CO3)2, Fe2O3 and SiO2). As a result, 
the struvite content of the precipitates decreased. These results align 
with other studies on struvite precipitation that have stated that an 
excess concentration of magnesium does not positively influence stru
vite crystallization [40,41]. This is because elevated magnesium con
centration and pH can promote magnesium phosphates or/and 
magnesium carbonates co-precipitation alongside struvite [24]. Finally, 
it should be noted that the percentage of MgO and Mg(OH)2 in the 12 
precipitates were lower than 6.5 and 6.4 wt%, respectively. The Mg2+

dissolution from MgO and Mg(OH)2 is quite similar when there are 
protons in the medium [42]. The low percentage of MgO in the pre
cipitates shows the high dissolution of MgO from the LG-MgO particles 
during the experiments. 

The analysis of variance (ANOVA) showed that the experiments 

carried out with a P:Mg molar ratio of 1:0.5 and 1:1, the feed position (P 
= 0.856, P = 0.488) and the recirculation flow rate (P = 0.069, P =
0.825) had no significant impact on the percentage of struvite in the 
precipitate. In the experiments carried out with a P:Mg molar ratio of 
1:3, the percentage of struvite in the precipitate was significantly 
affected by the feed position (P = 0.037), but not by the recirculation 
flow rate (P = 0.570). These results are consistent with Tarragó et al. 
[43] who concluded that phosphorus recovery was not significantly 
affected by the up-flow velocity. ANOVA results also revealed that the 
percentage of struvite in the precipitate was significantly influenced by 
the P:Mg molar ratios (P = 0.0006). Overall, ANOVA results provided 
the following insights: (i) the recirculation flow rate did not significantly 
affect the struvite content, suggesting that low recirculation flow rates 
able to maintain solids suspended could be employed to reduce oper
ating costs, (ii) the feed position had an impact on precipitate struvite 
content, particularly when the P:Mg molar ratio was 1:3, and (iii) the P: 

Table 3 
Mineral composition (wt%) and mean diameter of the 12 precipitates.  

Experiment 1 2 3 4 5 6 7 8 9 10 11 12 

MgNH4PO4⋅6(H2O) 75.1 82.4 76.0 81.9 85.3 86.3 88.2 86.3 74.7 74.7 76.2 76.4 
MgO 5.8 1.9 6.5 2.8 0.8 0.4 0.0 1.2 5.2 2.3 4.2 0.8 
Mg(OH)2 3.7 4.5 3.4 2.9 4.0 3.1 3.3 2.4 3.5 4.9 3.5 6.4 
MgCO3 5.0 4.5 5.0 4.9 3.9 3.9 2.9 3.4 6.2 7.3 7.0 7.5 
CaMg(CO3)2 3.4 3.0 3.3 2.6 2.4 2.1 1.7 1.6 3.8 4.7 4.0 4.2 
CaCO3 1.0 1.9 1.8 1.0 2.3 1.3 1.8 0.4 1.9 2.2 1.3 2.6 
Ca(OH)2 0.2 0.6 1.0 0.7 0.5 0.5 0.6 0.8 0.9 0.2 0.6 0.4 
SiO2 1.1 0.7 0.8 0.7 0.6 0.6 0.5 0.6 1.1 1.0 1.0 1.0 
Fe2O3 0.9 0.8 0.9 0.8 0.7 0.7 0.6 0.6 1.3 1.2 1.2 1.1 
H2O 3.2 0.3 1.9 1.6 0.3 1.3 0.8 2.1 1.9 1.6 1.4 0.4 
Mean diameter (µm) 37.5 37.2 26.9 51.1 47.6 32.6 33.0 16.8 14.4 14.4 17.1 16.0  

Fig. 6. SEM micrographs and spots (arrows) analysed by EDS of the precipitates obtained in experiments 3 and 6. Blue frame: struvite crystal geometries and orange 
frame other mineral phases. 
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Mg molar ratio itself influenced the precipitate struvite content, with the 
1:1 ratio demonstrating the highest struvite percentage. 

At the end of the experiment (300 min), it was evident that large 
struvite particles had not been formed (Table 3). Table 3 shows that the 
smallest particles were obtained when operating with the highest P:Mg 
molar ratio (1:3). It can be hypothesised that as the amount of LG-MgO 
increased, the degree of oversaturation increased, which favoured the 
nucleation stage [30]. This nucleation stage promoted the formation of 
nuclei or crystal seeds but had no effect on their subsequent growth. 

The 12 precipitates had similar morphologies. Fig. 6 shows the 
different morphologies found in the precipitates and the elemental 
composition of 8 spots. The struvite geometries depicted in Fig. 6 exhibit 
the following characteristics: (i) agglomerations of polyhedral shapes, 
(ii) crystal growth occurring in different directions, and (iii) elongated- 
prismatic morphology. The formation of polyhedral struvite crystals was 
reported to be favoured under conditions of lower oversaturation and 
lower alkaline pH values [44]. SEM micrographs also showed that the 
majority of the MgO particles present in LG-MgO were dissolved but that 
certain mineral phases existing in the LG-MgO remained unreacted and 
were present in the precipitates (e.g. SiO2 and CaMg(CO3)2). 

4. Conclusions 

Experimental results showed that LG-MgO can be used as a magne
sium source and an alkali reagent for struvite precipitation, offering 
potential cost savings compared to MgCl2 and NaOH. The configuration 
that resulted in the highest phosphorus recovery and struvite content 
was a P:Mg molar ratio of 1:1, bottom feed into position and high 
recirculation flow rates. The precipitates obtained from the struvite 
precipitation in a lab-scale fluidised bed reactor had (i) struvite as the 
main mineral phase (75–88 wt%) and (ii) low percentages of impurities 
from LG-MgO. The percentage of struvite in the precipitate was mainly 
affected by the P:Mg molar ratio. The P:Mg molar ratio of 1:1 showed the 
highest struvite percentages (85–88 wt%) followed by the molar ratios 
of 1:0.5 (75–82 wt%) and 1:3 (75–76 wt%). The composition of the 
precipitate was also influenced by the feed position (side or bottom) for 
the experiments carried out at a P:Mg molar ratio of 1:3. The recircu
lation flow rate did not significantly affect the struvite percentage of the 
precipitates. Using a LG-MgO with 44 wt% of other mineral phases did 
not result in a struvite-poor precipitate. 
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