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Abstract

Increasing global food demand has led to an intensive use of synthetic fertilisers. In this
regard, the use of non-conventional streams such as swine wastewater (SW) and urban
sewage sludge liquid fraction (USS) for the production of bio-based fertilisers can increase
the sustainability of both the fertiliser industry and agriculture while reducing the reliance
on imported nutrients. In this work, USS and SW were assessed for the production of
struvite at different PO,3~:Mg?* ratios. Significant differences were found in terms of
struvite crystals’ shape and size among both feedstocks due to the different saturation
indexes, and it was concluded that PO,>~:Mg?* ratios of 1:2 for SW and 1:1 for USS
were the most suitable for obtaining big crystals suitable to be used for direct fertilisation.
In addition, it was observed that the crystallisation process is highly dependent on the
presence of interfering ions (mainly Ca) that can result in the formation of hydroxyapatite
instead of struvite. Finally, recovering struvite from SW and USS could potentially reduce
the European import of P by up to 6.5%.

Keywords: struvite; crystallisation; swine wastewater; urban sewage sludge; circular
fertiliser; circular economy

1. Introduction

The global population is projected to reach 10.3 billion people by 2080, according
to United Nations estimates, resulting in an intensification of agricultural production to
supply increasing food demand [1]. Although non-renewably sourced synthetic mineral
fertilisers (fossil energy for N, and rock deposits for P) have enabled access to sufficient
food for the world’s population, it is crucial to shift towards a circular approach for fertiliser
production to ensure future food security [2].

The circular economy approach is intended to optimise resource use while reducing
waste generation through the reuse, recycling, and valorisation of by-products [3]. In this
framework, recovering nutrients (mainly N and P) from waste streams can enhance overall
agriculture sector sustainability by closing anthropogenic nutrient cycles [4]. In addition,
this approach mitigates the environmental impact linked to fertilising products production
by reducing the use of non-renewable resources such as phosphate rock, which is currently
considered a critical raw material [5], avoiding the release of carbon dioxide and nitrous
oxide resulting of the production of nitrogen-based fertilisers [6], and shortening the value
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chain and transportation distances for both raw materials and manufactured fertilising
products [7]. Within this context, recovering struvite through the valorisation of wastes is
an alternative to commercial fertilisers, allowing the recovery of the previously mentioned
nutrients while closing the circularity approach in the valorisation of waste streams.

Several studies have identified animal manure and sewage sludge as the most promis-
ing waste streams for being valorised to obtain bio-based fertilisers (BBFs), representing
more than 90% of the nutrients contained in commonly generated wastes [8]. Swine
wastewater (SW), the liquid fraction of animal manure, contains large amounts of macronu-
trients in its composition. While N can be found as soluble NH4 ™, P as PO,4?~ is found in
the solid phase, which can be resolubilised by decreasing the pH down to 5, as reported
elsewhere [9]. With a high content of macronutrients, struvite crystallisation is potentially
favoured. However, SW usually contains Ca, which can interfere negatively with the
crystallisation process by inhibiting struvite formation.

Urban sewage sludge liquid fraction (USS) contains lower concentrations of both
N and P compared to SW. However, it could still be valorised as a resource for struvite
production, particularly as the increasing number of wastewater treatment facilities results
in the generation of high volumes of USS. Nutrients contained in USS and manure can be
recovered through membrane-based technologies or crystallisation, among others [10,11].

Most pressure-driven membrane processes aim to remove water, obtaining a
nutrient-rich stream, resulting in low-quality fertilising products that could contain pol-
lutants such as heavy metals or pathogens. By contrast, the crystallisation of struvite
(MgNH4PO,-6H,0), formed with equimolar concentration of its components (N, P, and
Mg), allows the simultaneous and selective recovery of N and P [12,13]. In addition, due
to the low solubility of struvite crystals, its use as slow-release fertiliser would lead to a
reduction of nutrient loss (mostly N) by volatilisation and leaching [14].

The purity and nutrient release rates from struvite crystals is directly related to the size
and morphology of the crystals. Larger and uniform crystals retain fewer pollutants during
crystallisation and dissolve more slowly, offering a longer nutrient release period [15], while
irregular crystals retain more pollutants and dissolve faster due to their higher specific area,
accelerating their interaction with soil moisture and microorganisms [16]. Therefore, in
order to offer a high-purity product and prolonged fertilising effect, it is preferable to use
larger and uniform crystals.

This study aims to assess the recovery of N and P through struvite crystallisation
using USS and SW as feedstocks. The use of both feedstocks will be compared in terms of
process kinetics and obtained product characteristics, crystal size, and morphology.

2. Materials and Methods
2.1. Reagents and Equipment

pH adjustments were performed using sulphuric acid 98% and sodium hydroxide
17 M; isopropanol (99.8%) was used for struvite cleaning and isolation; and MgCl,-6H,O
was used as magnesium source for crystallisation. All reagents were supplied by Scharlab
(Barcelona, Spain).

To remove solids from samples, a DIGICEN 21 R (Ortoalresa, Madrid, Spain) centrifuge
was used; struvite crystal visualisation was performed using an AXIOPLAN (Carl Zeiss,
Oberkochen, Germany) microscope and a JSM-6010LV scanning electron microscope (SEM)
(JEOL TOUCHSCORPE, Tokyo, Japan).

For struvite characterisation, a Fourier-transform infrared spectroscope (FTIR)
IRAffinity-1S (SHIMADZU, Barcelona, Spain) and a X'Pert (Malvern Panalytical, Almelo,
The Netherlands) X-ray diffraction (XRD) system were used. In addition, thermogravi-
metric analysis using a TGA Q500 (TA Instruments, Barcelona, Spain) and differential
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scanning calorimetry (DSC) using a Q20 (TA Instruments, New Castle, DE, USA) were also
carried out.

The chemical composition of the liquid fraction was measured through the following
colourimetric methods using a spectrophotometer R3900 (HACH, Barcelona, Spain): chem-
ical oxygen demand (COD) based on the potassium dichromate method [17]; phosphorus
in the form of phosphate (P-PO,3~) based on the phosphomolybdenum blue method [18];
nitrogen in the form of ammonium (N-NH4") based on the indophenol blue method [19];
and magnesium in the form of magnesium(II) ions (Mg?*) based on the phthalein purple
method [20].

The theoretical calculations of mineral precipitation were carried out using the Visual
MINTEQ version 3.1 software (KTH Royal Institute of Technology, Stockholm, Sweden).

2.2. Feedstocks Characterisation

SW samples were obtained from a solid-liquid separator with a mesh of 280 um from
a farm in Muntanyola (Spain) and afterwards acidified with sulphuric acid to pH 5 to
resolubilise phosphate salts as reported elsewhere [9]. USS was collected from a wastewater
treatment plant located in Terrassa (Spain). Both samples were centrifuged at 5100 RPM
and 5 °C for 30 min for the removal of solids; 80% of the initial volume was recovered as
the centrifuged fraction and characterised, obtaining the values presented in Table 1.

Table 1. SW and USS initial characterisation.

Parameter Unit SW USS
pH - 7.02 £ 0.40 7.20 £ 0.37
NH4* mg L1 3496.03 + 10.60 483.00 + 1.41
PO,3~ mg L1 844.23 + 16.27 87.05 4 0.25
Mg?* mg L1 719.43 4 3.48 37.750 + 0.32
Ca% mg L1 251.80 + 15.11 79.63 £ 1.59
Solids content gkg! 20.60 +1.73 13.29 + 0.65

2.3. Struvite Crystallisation

For struvite crystallisation, 3 different molar ratios of PO43_:Mg2+ (1:1, 1:2, and 1:3)
were assessed based on the theoretical stoichiometry of struvite and preliminary work. The
centrifuged supernatant’s pH was adjusted to 9 £ 0.5 using sodium hydroxide according
to the optimal conditions reported by Zin et al. [21], to switch phosphate equilibria towards
HPO,2". Proper amounts of MgCl,-6H,O were added to reach the 13043_:Mg2+ molar
ratios, and the mixture was stirred and allowed to settle for 24 h.

As ammonium was naturally present in excess in the liquid fraction of both the SW
and the USS, only the phosphate to magnesium molar ratio was adjusted in this study. After
stirring, the samples were allowed to settle. The supernatant was collected and filtered
with 0.45 pm PVDF filters to be analysed.

2.4. Struvite Cleaning Protocol

A cleaning protocol was implemented for cleaning and isolating struvite crystals from
the sediment and reducing the presence of impurities coming from the feedstock to perform
a more precise characterisation. In this protocol, the solid is first rinsed with deionised
water several times. The mixture of crystals and deionised water is stirred for 15 min,
ensuring a thorough wash, to remove any remaining impurities. The deionised water is
then removed with a Pasteur pipette, leaving only the washed crystals. Afterwards, the
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crystals are additionally cleaned with a further purification step using a 4:1 volumetric
ratio of isopropanol to crystals.

After isopropanol addition, the mixture is shaken to foster the solubilisation of poten-
tial impurities and allowed to settle prior to the separation of crystals from isopropanol.
Finally, the crystals are further rinsed with deionised water to remove any residual solvent.

2.5. Struvite Analysis Techniques

Once precipitated and cleaned following the protocol presented in Section 2.4, the
resulting solid was characterised to assess struvite’s physical and chemical properties. The
morphology of the crystals was examined by optical microscopy at x10, x20, and x40 mag-
nifications, and by SEM, operated at an accelerating voltage of 5 kV, after coating the sam-
ples with a thin gold layer. FTIR spectra were recorded over the range of 600-3600 cm 1,
with a resolution of 4 cm~!. XRD analysis was performed with A = 1.5419 A radiation, op-
erating at 45 kV and 40 mA, with diffraction patterns collected over a 20 range of 5-50° and
a step size of 0.0263°. Thermal characterisation was conducted by TGA under a nitrogen
atmosphere, from ambient temperature to 800 °C, at a heating rate of 10 °C min~!, with
a slower heating rate of 5 °C min~! at 90 °C; and DSC under a nitrogen atmosphere was
carried out from 50 °C to 300 °C, at a heating rate of 10 °C min—1.

2.6. Process Monitoring

The formation of struvite crystals is dependent on the supersaturation of the solution.

The saturation index (SI) indicates the solution’s potential to precipitate according to the

product solubility and its components’ ionic activity. For positive SI values, the solution

is supersaturated, favouring crystallisation. It can be expressed as stated by Ye et al. [22]
(Equations (1)—(3)):

SI = Log;,(SSR) (1)

SSR = IAP /Ky, )

14P = {Mg** H{NH{ }{PO} } = 1y Ty Tpor- [Mg* | INHF] [POT] 3)

where SSR is the supersaturation ratio, Ksp is the struvite solubility product (10-13.26 at
25 °C), and IAP is the ionic activity product of all the elements needed to produce struvite.
Struvite crystallisation kinetics can be modelled using first-order kinetics as shown in
Equation (4) [23]:

—In[(C—Ceq)/(Co—Ceq)] =kt (4)

where C represents the concentration of the sample at time t, C, is the equilibrium con-
centration, C, is the initial concentration, and k is the rate constant for the first-order
reaction.

Finally, the percentage of recovered nutrients was also used as a circularity indicator.
This points out the recovery of nutrients, which allows their use as a fertiliser in soils,
reducing the human environmental footprint and increasing the circularity of the process.
The recovery ratio of each nutrient separately was calculated following the equation
adapted from Papangelou & Mathijs [24] and Preisner et al. [25] (Equation (5)):

Minitial — M
Lee = (1 . ( initial ﬁnal))loo (5)
Minitial

where the recovery of NPK is represented by I in %, M4 is the initial mass of the
nutrients on the slurry (g), and mg, is the final mass of the treated slurry (g).
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3. Results and Discussion
3.1. Crystallisation Process Assessment

For both feedstocks, SI values were calculated for all assessed PO,3~:Mg?* molar ratios
(Table 2) and it can be observed that the values obtained for SW were significantly higher
than those reported for USS. It is important to notice that, although only the phosphate
to magnesium molar ratio was adjusted in this study, ammonium was naturally present
in excess in the liquid fraction of both the SW and the USS. As such, ammonium was not
considered a limiting factor in the precipitation process, and the stoichiometric conditions
required for struvite crystallisation were met without the need for additional ammonium
dosing or control.

Table 2. Calculated SI for all assessed conditions.

SW USS
Molar ratio Feed 1:1 1:2 1:3 Feed 1:1 1:2 1:3
SI 9.83 9.83 10.87 11.04 6.89 7.01 7.20 7.32

After struvite crystallisation, the resulting supernatants were analysed in triplicate to
assess the phosphorus recovery ratio. The results obtained from these analyses are shown
in Table 3.

Table 3. Chemical composition of the supernatant obtained from struvite crystallisation in the
different treated streams.

Parameter
Molar Ratio ¥ 3 2+
N-NH P-PO M
PO43—:Mg? mg L*41 mg L4*1 mg%ﬁl P Re:overy
(mol L-1) (mol L-1) (mol L-1) &
Feed 3496.03 + 10.60 844.23 + 1627 719.43 + 3.48 ]
e (0.25 +7.57 x 107%) (2721072 £ 525 x 107%)  (2.96:1072 4+ 1.43 x 107%)
2869.02 + 16.61 22.06 + 0.53 350.67 + 8.10
z Supernatant 1:1 (0.20 £ 1.17 x 1073) (7121074 £1.70 x 1075)  (1.44-102 £3.33 x 1074 97:50 +2.40
wn
2744.62 + 8.25 19.99 + 0.08 562.41 + 9.28
Supernatant 1:2 (0.19 £ 5.88 x 104 (64510~ £2.51 x 1076)  (2.31-1072 + 3.82 x 1074 97.74 040
2777.05 + 19.21 30.76 + 0.39 1049.94 + 16.62
Supernatant 1:3 (0.19 £ 1.37 x 1073) 9.93-107% £1.24 x 1075)  (4.32-1072 £ 6.84 x 1074 96.52 127
Feed 483.00 & 1.41 87.05 + 0.25 37.750 & 0.32 ]
(3451072 £1.01 x 107%) (2.81-1073 +£7.99 x 107%)  (1.31-1072 + 1.31 x 107%)
_ 419.25 +1.24 9.65 £ 0.07 19.76 + 0.39
o Supernatant -1 5 99102 1+ 883 x 10-5)  (6.36-10~% + 2.06 x 10-5)  (8.13-10~ + 1.60 x 10-5) 88.91 £0.73
=)
386.25 +1.24 5.05 = 0.02 33.57 + 0.04
Supernatant 12576102 £ 883 x 10°%) (163104 + 6.85 x 107) (13810 3 £ 1.60 x 10-6) 94.20 £ 040
Supernatant 13 374.00 + 2.48 2.88 + 0.03 63.56 + 0.06 96.69 4 1.04

(2.67-1072 £ 1.77 x 107%)

(9.28-1075 +7.99 x 1077)

(2.62:1073 4+ 2.33 x 107°)

The content of macronutrients (N and P) in the SW feed is tightly related to the pigs’
diet and can vary between farm types and seasons. In the case of this study, samples
show an initial concentration of around 3500 mg L~! and 840 mg L, for N-NH4* and
P-PO,43", respectively. In contrast, USS has variations between facilities but tends to have a
stable composition over time outside heavy touristic nodes. The content of the macronutri-
ents found in the USS was considerably smaller, with concentrations of 483 mg L~! and
87 mg L1, for N-NH,* and P-PO,3~, respectively. Regarding the magnesium content, its
presence in the feeds was 719 mg L' and 38 mg L~! for SW and USS, respectively.
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After precipitation, the supernatants from the SW had similar remnants of phosphorus
in the three cases (1:1, 1:2, and 1:3). However, there was a noticeable change in the
ammonium content, with supernatants with PO,43~:Mg?* ratios above equimolar showing
a greater reduction in ammonium presence. Magnesium concentration is related to that of
phosphate, which is the limiting reagent in the precipitation reaction. Thus, the remaining
magnesium concentration was greater at higher PO,*>~:Mg?* ratios.

In the case of the USS supernatants, there was a similar tendency to the SW. The
remaining phosphorus was also similar in the three cases. The ammonium decreased at
higher PO43~:Mg?* ratios, with a reduction more pronounced than for the SW, and the
magnesium increased following the same trend as before.

The potential interferences in the formation of struvite crystals due to the presence
of calcium, in the form of hydroxyapatite (Cas(PO,)3OH), were assessed for both SW
and USS through Visual MINTEQ software modelling. The software yielded theoretical
hydroxyapatite precipitation rates of 13.34 £ 0.67% for SW and 42.63 £ 0.21% for the USS,
reducing the phosphorus availability to produce struvite. The different behaviour between
both feedstocks can be explained by the higher initial concentration of Ca?* compared to
Mg?* in the case of USS, which increases the chances of the PO43~ interacting with the Ca®*
for its precipitation in the form of hydroxyapatite. This explanation is reinforced by the
decrease in ammonia concentrations at greater PO43~:Mg?* ratios, particularly for the USS
case, as the increased concentration of magnesium versus calcium favours the precipitation
of struvite.

3.2. Struvite Crystals Characterisation

Cleaned struvite crystals were visually characterised under the optical microscope,
revealing that struvite crystals obtained from SW were more numerous and exhibited a
multilayer cross-shaped morphology, while those from USS displayed a rod-like shape
(Figure 1). This distinction appears to be influenced by differences in the saturation indices
of each source, with SW having greater saturation indices (9.83 to 11.04) than those of the
USS (6.89 to 7.32). Higher saturation indices favour nucleation, and consequently, more
crystals are in the media and over existing crystal planes, creating an overlapping layer.
In contrast, lower saturation indices allow slower and more controlled crystal growth,
resulting in larger, elongated single crystals [26].

These morphologies directly affect their dissolution rates since larger single crystals
dissolve at a lower rate in soil due to their lower specific area, while multilayer crystals
have a higher specific area, resulting in faster dissolution rates. The increased exposure
of edges and sharp angles to soil moisture and microorganisms accelerates the release of
nutrients. The images obtained using optical microscopy allow for the determination of
optimal PO,3~:Mg?* ratios for struvite crystallisation from the studied streams. Looking
for big macrocrystalline structures that allow direct use of the struvite, the optimal ratio for
crystallisation under this condition from SW is 1:2, whereas for USS, it is 1:1.
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Urban sewage sludge

2

Ratio 1

3

Ratio 1

[s

Figure 1. Optical microscope view of struvite crystals from SW and USS for the studied PO,>~:Mg?*
ratios.

A more detailed observation of the crystals was conducted using SEM, based on
the crystals obtained with the optimal ratios (Figure 2). The obtained images provide a
better understanding of the morphology of these crystals. The surfaces of the SW-derived
crystals exhibited irregular shapes based on the overlapping of multiple smaller crystalline
structures on top of each other (affecting the dissolution rate as was explained previously),
which leads to surface impurities trapped within the crystalline structure. In contrast, the
USS-derived crystals displayed a uniform crystalline structure with a smoother surface,
suggesting higher crystal purity, as there was no retention of impurities within the crystal
structure. The higher purity of these crystals makes them more suitable as potential
secondary raw materials for the fertiliser industry.
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Urban sewage sludge
&y

SElI 5kV  WD14mmSS20 SEI 5kV
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Figure 2. SEM view of struvite crystals from SW and USS for the studied optimal ratios.

A comparative XRD analysis between the synthesised struvite and a reference pattern
from the RRUFF database [27] is shown in Figure 3.

Figure 3. XDR diffractogram from struvite obtained in this study from SW (yellow) and USS (green),
and a reference struvite (red) obtained from the RRUFF database [27].
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The struvite from SW and USS showed peaks at identical positions to the reference,
confirming the successful formation of struvite. The variation in peak intensities observed
between the reference struvite and the struvite precipitated in this study can be attributed to
differences in crystal morphology (cross-shaped struvite crystals in the case of SW whereas
and rod-shaped ones in the case of USS) that affects their orientation when deposited on
the sample holder for XRD analysis [28].

In addition to the expected struvite peaks, both the SW and USS samples showed an
intense peak at approximately 20 ~ 11.6°, which is not present in the reference. This peak
was identified as brushite (CaHHPOy-2H,0), a calcium phosphate phase commonly formed
in streams with Ca presence [29].

For a deeper characterisation of the struvite, the IR spectra were compared with
a synthetic struvite from the literature, identifying the main peaks (Figure 4) [30]. The
peak around 884 cm ™! is associated with oscillation modes of ammonium. The peaks
between 1000 cm~! and 1100 cm ™! correspond to the antisymmetric vibration modes of
the phosphate group. The peaks at 1434 cm !, 1541 cm ™!, and 1651 cm ™! are associated
with the stretching and bending vibrations of the ammonium group (NHy*).

Absorbance

600 1100 1600 2100 2600 3100 3600
Wavelenght (cm™)

Figure 4. IR spectrum obtained from struvite analysis obtained in this study for SW (yellow) and USS
(green), and a reference struvite (red) obtained from the RRUFF database [27].

Looking at the results of the SW-derived struvite spectrum, most peaks are present.
However, some of them are not as pronounced as the compared spectrum, particularly
the peak at 884 cm~!: though present, it is significantly smaller than the reference struvite
spectrum. Furthermore, some peaks are more pronounced than the reference, particularly
around 1541 cm~! and the broad peak around 2900 cm ™!, where sharp peaks are found in
the SW spectrum.

Regarding the USS-derived struvite spectrum, it follows a similar trend when com-
pared to the reference struvite, though contrary to what happened with the SW, the peak at
884 cm ! is well defined, while the broad peak at 2900 cm ™! can barely be seen.

When comparing all the spectra, it can be noticed that, although the three of
them do not have matching peaks around 1100 cm ™!, all are within the range reported
for phosphate.

Regarding TGA (Figure 5a), a test for both struvite obtained was carried out up to
800 °C with an isotherm at 90 °C for 10 min, to obtain a representative characterisation
of the products. Similar thermograms were obtained for struvite crystals obtained from
both matrices when compared to those obtained in previous studies, such as [31], where
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struvite was obtained with Ca ions as interference in struvite crystallisation. In this case, as
previous studies reported, the water and ammonium loss for both struvite is over 40% [32].

100 - - 800
(@) 1 z
0 : F 700
5 F 600
s %7 F 500 3
= g B
£ 70 E 400 &
(] ] L =
= ] F 300 2
60 1 ; S
] F 200 ~—
=0 E 100
1 N
0 20 40 60 80 100
Time (min)
b) ]
()-o.séﬁ
] —\
1 ] N
§-1.5§
E L,
P ]
= 25
3 ]
= 4
35
n
B —
50 100 150 200 250 300

Temperature (°C)

Figure 5. (a) TGA spectrum obtained from struvite analysis obtained in this study for SW (yellow)
and USS (green), and temperature gradient (red). (b) DSC spectrum for SW (yellow) and USS (green).

The DSC thermogram (Figure 5b) of the obtained struvite shows thermal behaviour
similar to pure struvite, confirming the absence of impurities. A sharp endothermic peak at
approximately 165-170 °C is observed for both samples, SW and USS, which is characteristic
of the dehydration of crystalline struvite and corresponds to the release of its six molecules
of water.

3.3. Crystallisation Kinetics

The crystallisation kinetics were assessed with the optimal ratios for both SW and USS
(Figure 6). The time needed to achieve up to 98% phosphate reduction in SW was 450 min,
resulting in a kinetic constant of 0.008 min—! (R? = 0.993). Meanwhile, for the case of USS,
it needed 60 min to reduce phosphate content by up to 89%, reporting a kinetic constant of
0.110 min—! (R? = 0.983).
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Figure 6. Struvite formation kinetics for SW (yellow) and USS (green) with the optimal ratios
determined previously.

As mentioned above, the efficiency of phosphate reduction in struvite crystallisation
systems is influenced by the SI. As the concentration decreases, the system’s SI also de-
creases, reducing the rate of nucleation and increasing the size of the crystals. However,
kinetics are strongly influenced by the solids content. The higher solids concentration in
SW (20.60 g kg 1) reduced the overall crystallisation velocity, inhibiting it even during the
faster nucleation step. In contrast, the reduced content of these solids (13.29 g kg~ !) in USS
allowed a sharper decrease in phosphorus content at the beginning, which reduced as the
phosphorous was depleted.

The morphological characteristics of the struvite obtained under the optimal molar ra-
tio have already been discussed. These crystals were analysed using optical microscopy and
SEM, confirming the typical cross and rod shapes of struvite from SW and USS, respectively.
No significant morphological changes were observed during the kinetic experiments.

3.4. Substitution Potential of Synthetic Fertilisers

According to Eurostat and the Fertilizers Europe annual report, EU27 countries im-
ported 5.1 million tonnes of nitrogen and 1.0 million tonnes of phosphorus in 2022 [33],
underscoring Europe’s reliance on external inputs of nutrients. The recovery of nutrients
from SW and USS can relieve this dependency on external trades, which is of relevance
due to the current geopolitical situation.

In this study, the substitution potential of recovered struvite for synthetic fertilisers is
calculated considering the feedstocks characteristics as representative of overall SW and
USS. All assumptions and obtained results are shown in Table 4.

According to the results obtained in this study, more than 60,000 tonnes of P can be
recovered from SW and up to 17,000 tonnes of P can be recovered from USS, representing a
potential to substitute up to 6.5% phosphorus imports. The recovery of nitrogen reached
up to 1.7% of European imports, but it is worth noting that in this study, only the nitrogen
recovered by struvite crystallisation is considered, while the main technology used for
nitrogen recovery from waste streams is stripping—scrubbing.
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Table 4. Assumptions and results regarding the substitution potential of recovered struvite. Annual
production data obtained from [34,35].

Parameter SW USS

Annual wastewater production (Mt y’l) 216.0 870.0
Struvite recovery efficiency (%) 86.0 57.0
Recovered P (kt y’l) 64.5 16.8
Recovered N (kt y 1) 23.1 6.0

From an agronomic perspective, struvite presents several advantages compared to
conventional fertilisers (e.g., triple superphosphate). Its low water solubility (0.02-0.03 g
L~ at 25 °C) results in a slow and controlled release of nutrients, particularly phosphorus
and ammonium, which can reduce nutrient losses through leaching and runoff.

This property makes struvite especially suitable for crops with steady nutrient de-
mands over time and in soils prone to phosphorus fixation, especially cereals. Moreover,
studies have shown that struvite can be as effective as traditional fertilisers such as monoam-
monium phosphate or urea in terms of crop yield, while offering improved nutrient use
efficiency and reduced environmental impact [36]. In addition, it is suitable for organic
agriculture, and its recovery from SW waste and USS streams aligns with circular economy
principles, contributing to more sustainable agricultural practices.

4. Conclusions

This study explored struvite crystallisation from SW and USS at varying phosphate—
magnesium ratios (1:1, 1:2, and 1:3). Results showed optimal performance with ratios of
1:2 for SW and 1:1 for USS, based on crystal sizes for direct crystal use. At these ratios,
phosphate recovery in SW was 97.74%, while in USS it was 88.91%, with varying struvite
recovery efficiency (86% for SW and 57% for USS).

Crystallisation kinetic analyses were performed for the optimal ratios, revealing
that crystallisation is inhibited in the presence of suspended solids, resulting in a slower
crystallisation rate by using SW as feedstock, although it has a significantly higher initial
concentration of all struvite components.

Struvite crystals were characterised using optical microscopy, SEM, FTIR, XRD, TGA,
and DSC. After assessing the physicochemical properties of the obtained crystals, it could
be confirmed that they were high-purity struvite crystals, although the initial concentration
of ammonium, phosphate, and magnesium—and therefore the SI—play a fundamental role
in the crystal structure and size.

Additionally, the effect of calcium as a competing ion was studied based on software
simulation, proving that higher content ratios of calcium compared to phosphorous led
to preferential crystallisation in the form of hydroxyapatite instead of struvite. Further
research is needed to improve the struvite crystallisation ratio by using streams with high
content on calcium, thus increasing the struvite recovery efficiency and its potential to
substitute for imported nutrients.

Finally, the recovery of nutrients from SW and USS as struvite could reduce European
nutrient imports by up to 6.5% for phosphorus and up to 1.7% for nitrogen. In this regard,
it is essential to explore synergies between mineral fertilisers and microbial biostimulants
to enhance phosphorus bioavailability by promoting hydroxyapatite solubility, thereby
improving the import substitution potential.

Future research should explore the use of alternative magnesium sources, such as
industrial by-products (desalination brines or steel slags from steel manufacturing indus-
tries, among others), to improve the cost-effectiveness and environmental sustainability of
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the process. Assessing the availability and potential impurities of these sources would be
key to ensuring consistent high-quality struvite production. In addition, further studies
focusing on the scale-up of the process and its integration into existing farms or wastewater
treatment plants would be valuable to evaluate its technical and economic feasibility in
relevant environments.
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