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A B S T R A C T   

Phosphorus (P) recovery in source-separated decentralised wastewater treatment processes is an eco-efficient 
strategy in accordance with a circular economy perspective. Struvite (MgNH4PO4.6H2O) capture allows a 
reduction of P discharged to surface waters and generates a product known for its slow-release fertiliser prop
erties. However, the cost and availability of current commercial Mg2+ sources hinder the downstream transfer of 
struvite precipitation. Although some alternative sources are available, there is a lack of information on how they 
compare to conventional sources; it is also not known how the Mg:PO4 ratio affects process performance or 
fertiliser product suitability. Therefore, this research evaluated the performance of two alternative sources, 
seasalt and seawater bittern, at different Mg:PO4 ratios. The results indicate that seasalt may be a problematic 
option owing to its high levels of NaCl, regardless of the Mg:PO4 level, which could affect soil fertility. Bittern, 
meanwhile, showed a high yield at pH 8.5 and Mg:PO4 1.2:1, achieving 99% recovery of PO4 and increasing also 
the recovery yield from 60% (using conventional sources) to 82% at Mg:PO4 1:2. In addition, bittern showed 
larger X-type crystals than commercial sources. The precipitate is composed mainly of struvite and Newberyite 
(MgHPO4.3H2O), with traces of K+, and no presence of NaCl at Mg:PO4 1.2:1; while at Mg:PO4 1:2 it forms a 
mixture of struvite with presence of Ca and K phosphates. In conclusion, bittern is an effective raw material to 
improve the downstream transfer of struvite precipitation into urine-diverting toilets in wastewater treatment 
systems.   

1. Introduction 

Urine represents only 1% of municipal wastewaters, yet it is 
responsible for ~75% and ~45% of total nitrogen (N) and phosphorous 
(P) discharged into surface waters [1]. Therefore, upstream recovery of 
phosphates (hereby referred to as PO4) and nitrogen using source- 
separating devices, such as urine-diverting toilets (UDT), is a radical 
innovation towards new sanitation systems targeting nutrient recovery 
[2]. P conservation and recovery has been the subject of several policy 
papers in recent decades because of the non-renewable nature and 
geopolitical risks of mining facilities [3]. Moreover, nitrogen discharge 

by wastewater treatment plants is an increasing concern, partly because 
denitrification processes targeting N removal from water simply become 
a water-to-air trade-off contamination. Both N and P are well-known 
triggers of water eutrophication, a leading freshwater quality problem 
highlighted by recent Water Framework Directive assessments [4]. 

Struvite precipitation is considered an effective way to recover PO4 
and N from different matrixes, including urine [5]. Struvite precipitation 
in UDT source-separated urine allows the production of a multi-nutrient 
slow-release fertiliser [6] with decreased cross-contamination from 
faeces [2]. However, the attractiveness of this process is hindered by the 
need for an external Mg2+ source to achieve a 1:1 ratio of Mg2+:PO4

3−
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(hereby represented by Mg:PO4). Commercial magnesium reactants, 
mainly magnesium chloride (MgCl2.6H2O), magnesium sulphate 
(MgSO4.7H2O) and magnesium oxide (MgO) are much used, but with 
distinct problems. MgCl2.6H2O and MgSO4.7H2O are expensive. MgO is 
less expensive but presents a much lower solubility either requiring a 
longer contact time [5] or an additional solubilisation step [7]. 

Struvite precipitation will be viable for downstream applications if 
alternative Mg2+ sources are affordable and display useful processual 
properties. Furthermore, downstream viability of struvite precipitation 
will also benefit if the fertiliser applicability of the crystals formed [6] is 
not compromised by the alternative Mg2+ source used. With the objec
tive to find suitable alternative Mg2+ sources, several options were 
tested and are present in the literature. One such possibility was 
magnesite (MgCO3) which achieved 92% PO4 recovery [8] but still has 
water solubility problems similar to those of MgO [5]. Another known 
alternative is seawater, which yields up to 99% recovery for urine with 
high PO4 concentrations (638 mg P L− 1) [9] and over 90% for urine with 
lower PO4 concentrations (194 mg P L− 1) [10]. However, in both cases, 
dilution with seawater was reported to affect the final product quality 
and possible applications [10]. Pinatha et al. [11] showed that sea salt 

(hereby referred to as seasalt) can recover 72–91% of the PO4 from 
urine. Despite the good results, better ones are envisaged because the pH 
range was too wide, skipping possible optimal values. In addition, a 
seasalt with a higher Mg content could be used. Bittern, a by-product of 
salt production in saltpans that is much less expensive than commercial 
salts [12], was also tested with promising results: 90% recovery was 
obtained with Mg:PO4 1.1:1 in stored urine [13], over 98% in hydro
lysed urine [14] and 99% in industrial wastewaters [12]. 

A straightforward conceptual design of struvite capture systems is 
required to reap the benefits of lower contamination granted by source- 
separated urine in UDT processes. The few studies that went beyond the 
PO4 recovery yield were focused on comparing the composition and 
crystal sizes among alternative Mg2+ choices, but none gave information 
about critical operating factors or impacts on product quality [14], or 
when the impact on product quality was addressed, it was studied on 
low-P concentrated solutions (100 mg P L− 1) instead of urine [15]. A 
direct comparison with information on both yield and crystal properties, 
between alternative and conventional Mg2+ sources for struvite pre
cipitation in urine, is needed to understand if any of the possible options 
is more suitable to be transferred downstream. Alternative sources like 
bittern, seasalt or seawater also add Ca2+, K+ and other ions alongside 
Mg2+ to the solution [16]. These added ions justify a reevaluation of the 
viability of struvite process at Mg:PO4 < 1:1, not only in how much 
recovery yield can be increased with the extra cations but also in how 
the size and composition of the reaction products are affected. If alter
native Mg2+ sources can increase P recovery yield at Mg:PO4 1:2 to 
much higher values compared to conventional Mg2+ sources, while 
having no known harmful ions or salts in the product composition, this 
may open an alternative path when 100% struvite purity is not a 
mandatory condition, such as a possible combination of Ca2+ sources 
used for pH correction [17] with alternative Mg2+ sources. 

In this study alternative magnesium sources were tested to replace 
commercial salts and promote downstream struvite precipitation as an 
option for PO4 recovery while forming a product suitable for agricultural 
fertilisation. With this goal in mind, two alternative Mg2+ options, sea
salt and seawater bittern (hereby referred to as bittern), were compared 
with conventional Mg2+ sources MgCl2.6H2O and MgSO4.7H2O. Seasalt, 
aside from halite (NaCl), has Mg2+ as one of its main constituents [18]. 
The second Mg2+ source selected was bittern (the remaining solution 
after NaCl precipitation in saltpans) which contains high amounts of 
ions such as Ca2+ and potassium (K+). The aim was to assess which al
ternatives were viable at Mg:PO4 1.2:1, a ratio considered as ideal [19]. 
Furthermore, the effect of the alternative sources studied at Mg:PO4 
ratio 1:2 was also considered. 

2. Materials and methods 

2.1. Chemicals 

Analytical-grade chemicals (KH2PO4, NH4Cl, MgCl2.6H2O and NaCl 
from Panreac; CaCl2 and KCl from Chem-lab; and Na2SO4 from Labkem) 
were used to prepare the synthetic hydrolysed urine solution with 
concentrations of PO4

3− and NH4
+ closer to the content of a urine so

lution after hydrolysis of urea to ammonium [19]. The pH corrections 
were made using 1 M NaOH solution (using analytical-grade NaOH 
pellets from Panreac). 

The additional Mg2+ chemical source MgSO4.7H2O was from Pan
reac analytical grade. Commercial seasalt was from Nature Foods, and 
bittern was courtesy of Necton - Companhia Portuguesa de Culturas 
Marinhas, S.A. The chemical composition of both materials was identi
fied by atomic absorption spectrophotometry using a Solaar S series AA, 
the results of which are presented in Table 1. 

2.2. Crystallization process 

The optimal experimental conditions were determined in a previous 

Table 1 
Key mineral cations of bittern and seasalt used in this study.  

Component Bittern (g/L) Seasalt (g/Kg) 

Mg2+ 80.31 ± 0.26 3.79 ± 0.23 
Na+ 27.22 ± 0.41 157.30 ± 0.32 
K+ 24.98 ± 0.16 4.19 ± 0.25 
Ca2+ 0.06 ± 0.01 0.87 ± 0.11  

Fig. 1. Mean PO4 recovery yield with pH and Mg:PO4 ratio 1.2:1 for the 
different Mg2+ sources tested. 

Fig. 2. Mean values of PO4 recovery yield variation with pH for each Mg source 
tested at Mg:PO4 1:2. 
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study [19]. The Mg2+ sources, conventional and alternative, were added 
to 0.3 dm3 of synthetic hydrolysed urine solution to achieve the inten
ded Mg:PO4 ratios (1.2:1 or 1:2). The procedure included a pH adjust
ment to 8.5 or 9.0, followed by 30 min of reaction time and 30 min of 
settling. The crystals were then recovered by filtration, using quantita
tive paper with pore size 7–9 μm from Filter-Lab, and dried at 50 ±
0.1 ◦C (temperature value was chosen to accelerate drying while 
remaining below the initial degradation temperature defined by Sarkar 
et al. [20]) and stored for further analysis. The filtrate was analysed for 
phosphate using the vanadomolybdate method according to standard 
methods [21], using a Hitachi U-2000 Spectrophotometer. All experi
ments were performed with triplicates, and the analysis of variance 
(ANOVA) was performed using Minitab 19 to determine if the difference 
between recovery yield values obtained with each Mg2+ source was 
statistically significant. 

2.3. Characterisation by SEM, EDX and XRD 

Particle size, morphology and chemical analysis were assessed by 
scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) 
analysis. MgSO4.7H2O and MgCl2.6H2O analysis was performed with an 
Analytical SEM Hitachi S2400 with a Bruker light element EDS detector, 
and for bittern and seasalt, an EG-SEM JEOL 7001F with an Oxford light 
element EDX detector and electron backscatter diffraction detector was 
used. All samples were coated in a thin film of gold/palladium to in
crease conductivity. The images obtained using different apparatus were 
adjusted to always present the same scale. Measurements on the SEM 
images were made with ImageJ software, identifying the average length 
and width of the crystals so different crystal morphologies were taken 
into account. Material characterisation was complemented by X-ray 
powder diffraction (XRD). Diffractograms were obtained in a Pan'
Analytical PW3050/60×'Pert PRO (θ/2θ) equipped with an X'Celerator 
detector and with automatic data acquisition (X'Pert Data Collector 

[v.2.0] software) using a CuKα radiation as the incident beam, 40 kV-30 
mA. Measurements were made by continuous scanning from 7◦ to 40◦, 
with a step size of 0.017◦2θ and a time per step of 19.6 s. 

3. Results and discussion 

3.1. Effects of alternative Mg2+ sources on PO4 recovery yield 

3.1.1. Mg:PO ratio 1.2:1 
Fig. 1 shows the effect on the mean PO4 recovery yield values using 

MgCl2.6H2O, MgSO4.7H2O, bittern and seasalt at pH 8.5 and 9.0 with Mg: 
PO4 ratio of 1.2:1. 

At pH 8.5, all P recoveries were high (>99.6%) regardless of the 
Mg2+ source used, but the only statistically significant differences in P 
recovery yield were the ones between bittern and MgCl2.6H2O (P-value 
= 0.013) and between seasalt and MgCl2.6H2O (P-value = 0.011). The 
higher standard deviation of MgSO47H2O results at this pH level made 
all remaining differences between P recovery yields non-statistically 
significant (P > 0.050). At pH 9.0, the difference between alternative 
and commercial Mg2+ sources was clearer. The difference between P 
recovery yields obtained with bittern and MgCl2.6H2O (P-value = 0.000) 
was statistically significant as was the difference between bittern and 
MgSO47H2O (P-value = 0.008). The differences in P recovery yield be
tween seasalt and MgCl2.6H2O (P-value = 0.000), as well as between 
seasalt and MgSO47H2O (P-value = 0.011) are also statistically signifi
cant. The main conclusions to take from Fig. 1 is the general tendency 
for alternative Mg2+ sources achieving a higher P recovery yield than 
commercial salts, but there is no statistically significant difference be
tween bittern and seasalt regardless of the pH level(P-value >0.050). 

Regarding the results for bittern, PO4 recovery was above the 90% 
value achieved by Etter et al. [13] using an Mg:PO4 value of 1.1:1. It was 
also slightly larger than the 96% P recovery obtained by Bradford- 
Hartke et al. [15] using an Mg:PO4 ratio of 1.3:1 in low P 

Fig. 3. Distribution of crystal dimensions (W – Width and L – Length), comparison between commercial salts, bittern and seasalt at Mg:PO4 1.2:1.  
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concentrations (100 mg P L− 1). Concerning seasalt, the results obtained 
in this study, 99% recovery at 1.2:1, are higher than those recorded by 
Pinatha et al. [11], who achieved a recovery yield of 91% at an Mg:PO4 
ratio of 1.25:1 using a seasalt with significant compositional differences 
(absence of both K+ and Na+ from the composition) from the one used in 
this paper. 

If there is no visible significant difference between the P recovery 
yields when using seasalt and bittern, Table 1 show an important detail in 
this discussion. There was a difference in Mg2+ content in each alter
native source. Whereas 1 kg of the seasalt contained 3.76 g of Mg2+, 1 L 
of bittern contained 80 g of Mg2+. The major impact of this different ionic 
concentration was how much of each source must be added to achieve a 
1.2:1 Mg:PO4 ratio. For 1 L of untreated hydrolysed urine, approxi
mately 150 g of seasalt was needed to achieve a 1.2:1 ratio, but bittern 
needed less than 10 mL to achieve the same 99.9% PO4 recovery yield. 
This means 1 kg of seasalt can be used to treat 6 L of urine at an Mg:PO4 
ratio of 1.2:1, whereas 1 L of bittern can treat 100 L of urine under the 
same conditions. Obviously, this is a highly significant difference for 
UDT design and feasibility. 

3.1.2. Mg:PO ratio 1:2 
Fig. 2 presents the mean values of recovery yields achieved with each 

Mg2+ source tested under suboptimal conditions, Mg:PO4 = 1:2. There 
was a significant difference (P-value <0.050) between the performance 
of commercial magnesium reactants and both bittern and seasalt, with 
commercial salts always granting less than 60% PO4 recovery regardless 

of pH. Therefore, changing to an alternative Mg source granted between 
15% and 22% greater PO4 recovery in comparison with either of the two 
commercial reactants. 

When an Mg:PO4 ratio of 1:2 was adopted, the recovery yield at pH 
9.0 was always slightly above that at pH 8.5. This fact is in agreement 
with studies supporting the idea that struvite crystallization follows the 
pathway given by reaction (1) and not reaction (2), as previously 
assumed [22]. The pH increase from 8.5 to 9.0 promoted the amount of 
PO4 existing in HPO4

2− form instead of as H2PO4
− . 

Mg2+ +NH4
+ +HPO4

2− + 6H2O ↔ MgNH4PO4.6H2O+H+ (1)  

Mg2+ +NH4
+ +PO4

3− + 6H2O ↔ MgNH4PO4.6H2O (2) 

When commercial Mg2+ salts are used, and Mg:PO4 is below 1:1, 
once the amount of Mg2+ available to interact with PO4

3− or HPO4
2− is 

depleted the reactions to form new magnesium-based PO4 components 
stop [22]. At this point any further recovery of PO4 is obtained with its 
reaction with Ca2+ already present in the urine. This explains why the P 
recovery yield for commercial salts reached a maximum value of 59.1%. 
These data confirm Mg2+ as the limiting reagent for struvite precipita
tion under these conditions [22]. However, when bittern or seasalt is 
used, this effect can be partially mitigated because external additional 
cations such as Ca2+ and K+ can continue to react with PO4 ions, which 
then explains the increase in yield over 80%; the compositional analysis 
presented ahead in this paper was performed to answer these doubts 
over this possible effect. These results confirm Mg:PO4 < 1:1 as unviable 

Fig. 4. SEM images of crystals obtained with different Mg2+ sources at 1.2:1 Mg:PO4 and pH 8.5.  
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for commercial reactants [23]. However, for alternative Mg2+ sources, 
this result was not so clear, the final answer being dependent on the 
quality of the particles obtained at this Mg:PO4 ratio for this source. 

3.2. Crystal composition and morphology 

3.2.1. Mg:PO4 ratio 1.2:1 
Fig. 3 shows the crystal area distribution obtained using commercial 

salts, bittern and seasalt at Mg:PO4 1.2:1. 
The first tendency observable in Fig. 3 is how pH 8.5 forms crystals 

with higher length and width than at pH 9.0, agreeing with the known 
tendency for crystals to become thinner as pH increases [24]. Focusing 
on crystal dimensions at pH 8.5, where larger crystals were formed, 
there was a distinction between the length and width of the crystals 
obtained using commercial and alternative Mg2+ sources. The two 
commercial sources MgCl2.6H2O (Width 10.4 ± 2.4 μm; length 55.4 ±
15.2 μm) and MgSO4.7H2O (width 14.3 ± 3.7 μm; length 53.5 ± 19.1 
μm) produced, in general, smaller and thinner crystals compared to 
bittern (width 21.8 ± 7.6 μm; length 60.2 ± 15.4 μm) and seasalt (width 
18.4 ± 9.1 μm; length 53.3 ± 18.8 μm). Between the two alternative 
Mg2+ sources, bittern not only produces crystals with higher average 
width and length than those obtained with seasalt, it also tends to have a 
lower number of crystals with smaller dimensions than those obtained 
with seasalt. 

Despite the lack of data in the literature, the results were in line with 
literature reports regarding the interrelation among pH, Saturation 
Index (SI) and crystal size. Liu et al. [14] showed that bittern produced 
larger crystals when used in matrixes with lower SI than when higher SI 
matrixes were used; here, the effect was replicated but at two different 
pH values, with larger crystals forming at pH 8.5 than at pH 9.0. The 
increase in pH led to a higher SI, promoting crystal formation over 
crystal growth [25]. This increase in nucleation generated more crystals 
at the cost of their size in terms of width and length. The specific dif
ference as to why alternative sources generate larger crystals may be 
explained using Fig. 4. 

For the commercial salts, the crystals were more elongated but 
thinner with the occasional formation of Y-shaped crystals. Between 
commercial salts, the crystals obtained with MgSO4.7H2O showed a 
more laminar aspect than those obtained with MgCl2.6H2O, which had a 
smoother appearance. 

Seasalt led to a mixture of elongated crystal structures and the for
mation of agglomerates, explaining why it appears to generate larger 
and thicker crystals than the commercial salts. The crystals formed in 
this study show a morphology that is different from the trapezoidal form 
obtained by Pinatha et al. [11]. The composition of these agglomerates, 
through XRD and EDX analysis, is needed because there is no report of 
such agglomerates in other studies using seasalt as the Mg2+ source. 
Furthermore, these agglomerates seem to be the reason for the higher 

Fig. 5. XRD diffractograms of precipitates obtained using seasalt and bittern at 1.2:1 Mg:PO4. Legend: S – Struvite(MgNH4PO4.6H2O) [30], N – Newberyite 
(MgHPO4.3H2O) [30], H – Halite(NaCl) [32], PH – Phosphorroesslerite (MgHPO4.7H2O) [33], K – (Mg2KH(PO4)2.15H2O) [33]. 
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range of crystal dimensions shown in Fig. 3 when using seasalt. 
The use of bittern leads to X-shaped crystals that are generally thicker 

and larger than when using commercial sources, contrasting with the 
trapezoidal crystals obtained by Bradford-Hartke et al. [15] using a so
lution with lower concentration of P and without the other main ions 
present in urine that change the solution's ionic strength and thus the SI 
of the solution. The presence of high concentrations of ammonium [26] 
and/or high SI (as was expected from the addition of a complex source 
such as bittern) are commonly reported as promoting the occurrence of 
X-shaped crystals, transiting to rod/needle-like ones as the SI decreases 

[27] and becoming even thinner and smaller as pH increases [28]. Those 
X-shaped crystals are also known to have poorer pack tightening than 
the particles obtained with MgCl2.6H2O [26], explaining the size dif
ferences. The origin of X-shaped crystals is well accepted, but there is 
still no agreement about what causes the 2D or 3D growth of crystals 
that generates this X shape. Hypotheses such as the collision of inde
pendent crystals or oriented aggregation of smaller particles in specific 
parts of the forming struvite crystal have been suggested, but the reason 
why this happens is yet to be clarified [29]. 

At Mg:PO4 ratio of 1.2:1, the XRD and EDX results for both com
mercial magnesium salts replicated what was found elsewhere for 
MgCl2.6H2O as a mixture of struvite and its storage degradation form, 
newberyite [19]. Newberyite is a common mineral found with struvite. 
It is usually considered a degradation product of struvite under humid 
conditions [30]. Despite the use of a temperature lower than the insta
bility range pointed out by Sarkar et al. [20] in this study, the value 
chosen might have favoured the production of newberyite as well. The 
newberyite concentration also increases with decreasing ammonium 
levels, [30] which can occur when NH4

+ is removed with struvite for
mation, and some NH3 is evolved owing to the basic pH [31]. Figs. 5 and 
6 present, respectively, the XRD diffractograms and EDX results ob
tained for seasalt and bittern at a 1.2:1 Mg:PO4 ratio. 

Struvite was detected for both bittern and seasalt not only with the 
presence of Mg, O and P peaks in EDX data but also as confirmed by the 
specific struvite peaks in the diffractograms. The major fraction of PO4 
recovered was as struvite formed at both pH levels. Newberyite peaks 
were more evident when bittern was used. 

With seasalt though, at pH 9.0, some peaks appear around 14 and 16◦

which are usually found in phosphorroesslerite, explaining the presence 
of K in EDX. This phase is usually highly unstable and easily transforms 
into newberyite during storage by dehydration [34]. Because of this, it is 
not easily captured by EDX. The presence of phosphorroesslerite may 
mean either that newberyite would be forming if more storage time was 
given or that its formation preceded the formation of K-struvite 
(MgKPO4.6H2O), which tends to form at a higher pH [33], justifying 
why the diffractogram at pH 9.0 had this mineral and the one at pH 8.5 
did not. There was Ca2+ detected in EDX, but in the absence of an 
identifiable phase in XRD, the only assumption is the incorporation of 
Ca2+ in the struvite/newberyite crystals lattice. When Ca2+ is present in 
the reaction media, it is known to be present alongside struvite crystals. 
According to Hao et al. [35], it seems to be easier to detect it at pH 
higher than 8.5, thus explaining its presence at pH 9.0 and not at pH 8.5. 

A concerning feature of the diffractograms and EDX results for seasalt 
is the high abundance of Na and Cl, identified as halite by XRD. This fact 
proves that the increased size of seasalt crystals in this study were un
doubtedly affected by co-precipitation of halite over the struvite crys
tals. The presence of NaCl in the precipitation product with seasalt may 
be problematic. Some plants can tolerate high levels of NaCl, but salinity 
is usually a problem for soil fertility [36]. NaCl also affects the uptake of 
other macronutrients such as K+ and Ca2+ [37]. For this reason, unless a 
crystal washing step is added to remove part of the halite formed, seasalt 
is not an appropriate Mg2+ source to recover PO4 if struvite is intended 
for use as a soil fertiliser. 

When bittern was used, both halite and phosphorroesslerite seemed 
absent at either pH level. The diffractogram also showed a peak at ~38◦

that is typical of the mineral Mg2KH(PO4)2.15H2O, supported by the 
presence of K in EDX results. This mineral was mentioned by Lahalle 
et al. [33] as being the immediate precursor of K-struvite at intermediate 
pH levels. Its appearance at pH 8.5 and not at pH 9.0 is in agreement 
with this idea: K-struvite is easier to precipitate at higher pH levels [38], 
decreasing the concentration of Mg2KH(PO4)2.15H2O, and the presence 
of K-struvite is hard to confirm because its peaks are masked by regular 
struvite ones. The presence of Ca2+ at pH 9.0 follows the same tendency 
found for seasalt. 

Fig. 6. EDX Results for seasalt and bittern at 1.2:1 Mg:PO4.  
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3.2.2. Mg:PO4 ratio 1:2 
The distribution of crystals' dimensions (width and length) at Mg: 

PO4 1:2 conditions is presented in Fig. 7. It shows that as pH increases 
from 8.5 to 9.0, the crystals have a tendency to reduce in width and 
length, following what was already visible at Mg:PO4 ratio 1.2:1. The 
best source when using a Mg:PO4 ratio of 1:2 was clearly bittern at pH 8.5 
(width of 17.8 ± 4.3 and length of 39.8 ± 9.0) when compared to seasalt 
(width of 17.6 ± 9.6 and length of 47.1 ± 10.3) but mostly with 
MgCl2.6H2O (width of 14.0 ± 4.9 and length of 36.1 ± 8.8) and 
MgSO4.7H2O (width of 10.5 ± 4.1 and length of 28.4 ± 8.2). 

Knowing how higher SI affects crystal sizes, smaller crystals might 
have been expected for this source based on the complexity of bittern 
composition. However, along with SI, another factor gains relevance. 
For both commercial reactants, once the Mg2+ ions are depleted, the 
evolution of the reaction is severely affected, and with it the growth of 
the crystals is strongly compromised. The larger crystals obtained with 
bittern must be related to the higher quantity of cations available to react 
with PO4 after the Mg2+ ions are depleted; as such, crystal growth could 
continue for longer, and it may compensate the nucleation promoted by 
higher SI [39]. 

When Mg:PO4 was set at 1:2, MgSO4.7H2O showed the poorest P 
recovery yield and formed the smallest crystals from the four Mg2+

sources tested, proving this Mg2+ source to be the least viable at 1:2 Mg: 
PO4. Therefore, it was not considered for further analysis. 

Fig. 8 presents the EDX results for MgCl2.6H2O, seasalt and bittern at 
pH 8.5 (the level with larger crystals). At Mg:PO4 1:2, the EDX results 

show the existence of a main phase composed of Mg, O and P regardless 
of crystal morphology with the co-existence of K and Ca ions in the 
matrix for MgCl2.6H2O, seasalt and bittern. 

The diffractograms for all three Mg2+ sources at pH 8.5 are presented 
in Fig. 9. The precipitates were a mixture of struvite and newberyite 
(MgHPO4.3H2O), regardless of the Mg2+ source used. Apart from new
beryite and struvite, the diffractograms showed some irregularities at 
the baseline and some peaks of lesser phases. This pattern fit ammonium 
phosphate hydrates with structure varying among NH4CaPO4.H2O 
(Powder Diffraction File no. 20–202), NH4CaP3O9.3H2O (Powder 
Diffraction File no. 29–109) and an ammonium potassium phosphate 
with no known specific formula (Powder Diffraction File no. 1–925), 
matching the presence of Ca and K in the sample, referred to as 'NH4K| 
Ca'in the diffractogram. Powder diffraction files were taken from Gates- 
Rector and Blanton [40]. Seasalt once again presented high amounts of 
Na and Cl elements present in EDX, confirmed as NaCl through XRD 
analysis. 

In bittern, EDX and XRD indicate that Ca and K phosphates are likely 
present not as single-formed minerals but as phases developing together 
with the main struvite phase. This is probably the reason why these 
crystals grow more than the ones obtained with commercial magnesium 
reactants. Also, despite a small amount of Na being in the EDX, unless 
hidden by the most abundant phases, there is no obvious structure of 
halite (NaCl). The fact that Na is present in such a low concentration and 
other macronutrients (K, Ca, Mg, PO4 and NH4) are present in higher 
concentrations makes crystals produced with bittern at Mg:PO4 1:2 

Fig. 7. Distribution of crystal areas for each of the sources at Mg:PO4 1:2, where W – width and L – length.  
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suitable for application in fertiliser. The higher quantities of both Ca2+

and K+ in EDX data of bittern compared to MgCl2.6H2O and seasalt gives 
one possible explanation to why bittern at 1:2 Mg:PO4 ratio can increase 
P recovery yield to higher values than when using commercial Mg2+

sources. 

4. Conclusions 

Two alternative magnesium sources, bittern and seasalt, were tested 
against two conventional sources, MgCl2.6H2O and MgSO4.7H2O, in the 
framework of a UDT approach in wastewater treatment systems. 

The study showed that bittern can be a low-cost alternative Mg 
source, leading to a high P recovery efficiency at both Mg:PO4 ratio of 
1.2:1 and Mg:PO4 ratio of 1:2. Furthermore, bittern leads to larger 

crystals than commercial Mg sources, with a positive effect on product 
recovery efficiency. The obtained crystals include both struvite and 
newberyite and no sodium, a major advantage when compared with 
seasalt use because of soil salinisation. 

Crystallization at pH 8.5 leads to a product with less newberyite and 
with a fair amount of K (Mg2KH(PO4)2.15H2O), which can contribute to 
a higher-value fertiliser value owing to the presence of another macro
nutrient. At Mg:PO4 ratio of 1:2, a similar composition is obtained, but 
as K+ and Ca2+ phosphates instead of Mg2KH(PO4)2.15H2O, maintain
ing the multi-nutrient characteristics of the crystals. 

In conclusion, bittern is a strong option as an Mg source for precipi
tation of UDT-source separated urine, increasing the downstream 
transferability of the process while generating struvite crystals with 
fertiliser applicability. In addition, struvite recovery using low-cost 

Fig. 8. EDX results for MgCl2.6H2O, bittern and seasalt at 1:2 Mg:PO4.  
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magnesium sources will mitigate future runoff thanks to the slow-release 
properties of this natural fertiliser product, thus mitigating water 
contamination pressures. Besides, its performance at Mg:PO4 1:2 opens 
an explorable path to a simultaneous use of alternative Mg2+ sources as a 
main reactant and Ca2+ sources as a pH correction reactant, in systems 
where pure struvite is not an à priori requirement. 
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