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Abstract: Phosphorus (P) is a critical element for life, and wastewater treatment systems can be
strategic points for its recovery, thereby avoiding eutrophication pollution in nature. The aim of this
research was to investigate P recovery via struvite, namely in terms of the influence of operating
parameters, coexisting interfering ions, and seeding. This paper focuses on synthetic solutions,
although an assessment was performed on wastewater. The results of the assessment indicated that,
in the synthetic solution, the minimum concentration for struvite precipitation is about 30 mg P/L,
and that the Mg/P molar ratio of 1 promotes P removal efficiency with less contribution from other
minerals. In order to assess the results in terms of real-world scenarios, the influence of coexisting
ions (calcium and sodium) was investigated. Calcium was shown to have the greatest impact on the
process, as 80% was removed for an initial concentration of 200 mg Ca/L. Indeed, these experiments
generated an amorphous precipitate that did not contain struvite. The utilization of biomass ash
(size < 63 um) as seeding in crystallization increased the P removal efficiency compared to the
sample without seed and helped to control the pH. The precipitation experiments with wastewater
demonstrated good P removal efficiencies (over 90%) but indicated a reduction in the purity of the
final product (struvite was a minor crystalline phase identified in XRD—15%wt).

Keywords: phosphorus; wastewater; crystallization; struvite; crystallization seeding

1. Introduction

The presence of nutrients in wastewater, namely phosphorus (P), is a matter of concern
when released into the environment in excess (e.g., 10 ug P/L according to the United
States Environmental Protection Agency (US EPA)) due to the deleterious consequences
in natural ecosystems, mainly related to eutrophication [1]. Factors, such as changes in
diet, the constant increase in world population, and the expansion of biofuel production,
are key aspects that will significantly impact agriculture, putting pressure on P losses
in the value chain. Since P is an indispensable nutrient for plant growth, the element is
critical for maintaining agricultural production in optimized conditions. Several industries
use P to produce specific chemicals and, in particular, to produce fertilizer [2]. Indeed,
P belongs to the new 2023 Critical Raw Materials list for the European Union [3]; it is
therefore imperative to develop effective and low-cost techniques to promote its recovery
from different locations with relevant concentrations, including wastewater treatment
plants (WWTP), and to promote circular economy models.

Phosphorus recovery as magnesium ammonium phosphate hexahydrate (MAP,
MgNH4PO4-6H0), commonly known as struvite, is a well-known chemical precipita-
tion method for P recovery (and consequently nitrogen, N) used in several industrial
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applications. MAP is the most common and stable form of struvite and is character-
ized by a crystalline and orthorhombic prismatic structure [4]. The formation of struvite
(Equation (1)) occurs when the concentration of the compounds exceeds the solubility
product (Ksp) of this mineral:

Mg + NH] + H,POY ™™™ 4 6H,0 — MgNH,PO,-6H,O + nH " (1)
wheren=0,1 or 2.

Several studies have been carried out to determine the Ky, of struvite; however,
the values reported in the literature vary significantly, depending on the experimen-
tal conditions tested (namely, pH, ionic strength, temperature, etc. [5]. For example,
Bube [6] determined that Ky, = 101260 (using the minimum concentration of Mg2+, NH,™,
and PO~ possible to precipitate struvite), whereas Ohlinger et al. [7] indicated that
Kgp =1071326 (at 25 °C, pH 10.7).

The main benefit of recovering P via the chemical precipitation of struvite is the pro-
duction of a valuable product with high fertilizer value (containing both P and N) and low
environmental risk. Indeed, its capacity to act as a slow-release fertilizer enables the soil to
absorb nutrients at a slower rate while meeting plant demand and maintaining growing
yields. Consequently, this feature reduces excess nutrient run-off and environmental P
losses [8,9]. For the recovery of P from wastewater, it is important to consider that P can
be present in different chemical compounds with different reactivities, and the potential
interference of conditions in the wastewater must be taken into account [10,11]. Indeed,
struvite precipitation may remove about 80-90% of soluble reactive phosphorus (the to-
tal P fraction that is readily available for chemical reactions via coulombic attraction to
cations—e.g., orthophosphates) and 20-30% of nitrogen in the wastewater. Nevertheless,
this process faces at least two challenges: (i) a minimum removal efficiency of 60-70% and
a concentration of 50 mg P/L are recommended to promote an economic, environmen-
tal, and operationally viable process [12-14], and (ii) Mg concentration in wastewater is
typically low, requiring an external source. Moreover, several other parameters influence
the formation of struvite such as pH, Mg/P molar ratio, Mg source, ionic strength, and
temperature. Some of these variables can be controlled and optimized, while the most
critical aspect tends to be the presence of competitive ions. The wastewater is a complex
matrix with several other ions (e.g., Na*, Ca?*, and others) that may have an impact on the
nucleation and growth of struvite crystals in terms of morphology and size. These ions can
hinder the efficiency of P recovery and the purity of the product [4,5,15-17]. According to
the literature, calcium seems to be the most problematic element because of the possibility
of forming hydroxyapatite or calcium phosphates, thereby reducing struvite purity [18].

Another alternative to optimizing the process and increasing product quality is the
seeding phenomenon [19]. Several methods have been explored to enhance struvite pro-
duction and facilitate mineral precipitation. The seeding phenomenon with different types
of seeds has been investigated to achieve quicker crystal formation and improve P removal.
The formation of struvite can be described in two principal phases: nucleation and crystal
growth. The nucleation is the first phase to obtain struvite crystal and can be categorized
as primary or secondary nucleation depending on the type of solution used to induce
the crystal formation. The primary nucleation occurs when the solution used does not
contain crystalline solids. The secondary nucleation occurs in the presence of crystalline
solids of the same materials that it intends to crystallize. Considering that nucleation is
a spontaneous process that is crucial for the development of crystals, its optimization is
relevant. In this sense, the scientific community is now turning its attention to the seed-
ing phenomenon, which replaces the initial nucleation phase. This process involves the
addition of pre-formed crystals that provide multiple mature nuclei, decreasing the energy
required for nucleation [20].

Within this scope, and due to the relevance of recovering P from wastewaters, this work
aims to complement studies in the literature about the precipitation of struvite in terms of
(i) studying the kinetics of removing P in different operating conditions, such as initial P
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concentration and the presence of competitive ions; (ii) evaluate the seeding phenomena
and assess its viability for implementation in industrial processes; and (iii) characterize
the obtained product in different operating conditions. The results obtained with the
synthetic solutions is further expanded using wastewater samples, which is a system with
a much higher degree of complexity. The results provided by this work may be a good
starting point for creating awareness and giving visibility and credibility to the possibility
of implementing this technology in practice on a pilot-scale WWTP.

2. Materials and Methods
2.1. Samples Collection and Analytical Methods

The synthetic solutions were obtained by dissolving sources of P (KH,POy),
Mg (MgCl,-6H,0), and N (NH4ClI) in specific quantities, as indicated in Section 2.3.

Three wastewater samples were gathered from a Portuguese WWTP, with a treatment
capacity of about 40,000 m®/day, which includes activated sludge systems as secondary
treatment and anaerobic digestion for sewage sludge management.

One sample was collected before anaerobic digestion (sample WW1), whereas the other
two were collected at different times after the dewatering step by centrifugation (samples
WW2.1 and WW2.2). The selection of the collection point was based on previous work
according to the initial phosphorus concentration needed to precipitate struvite [13,21].
The biomass ash used as the seeding agent was obtained from a biomass thermoelectric
plant in the central region of Portugal. Table 1 summarizes the main characteristics of the
wastewater samples and biomass ash (with a particle size < 250 pm).

Table 1. Characterization of wastewater and biomass ash samples.

Wastewater Samples Solid Sample
Parameter WW1 Ww2.1 Ww2.2 Biomass ash (pd < 250 pum)
TS (%) 2.03 £ 0.04 0.41 +0.02 1.66 £+ 0.01 98.9 +0.10
(mg/L) (8/kg)
TKN 1128 + 18 1025 + 65 994 + 14 -
TP 496 + 53 325 +12 121 + 1.04 0.75 +0.17
sTP 410 +£ 15 205 £ 1.21 90.2 £+ 0.69 -
tRP 339 +2.48 144 £ 4.13 118 £ 8.32 -
sRP 129 + 6.12 77 £1.02 414+ 0.38 -
Mg 136 + 0.22 112 +0.80 101 + 0.92 19.0 £1.20
Ca 191 £ 0.56 204 +1.24 224 + 0.42 195 + 18
Na 91.7 £ 0.08 84.6 + 0.01 107 + 0.03 -
K 36.3 £ 1.58 29.7 £ 0.36 355+0.21 233 +2.83
Mg /P molar ratio * 1.34 1.85 3.13 -
Ca/P molar ratio * 1.14 2.05 4.22 -
EC (mS/cm) 9.01 8.58 9.08 125
pH 5.46 7.13 6.95 12.8

WW1—sample before anaerobic digestion; WW2.1 and WW2.2—samples after anaerobic digestion and dewatering
with centrifugation; pd—particle diameter; EC—electrical conductivity; TS—total solids; TP—total phosphorus;
sTP—soluble total phosphorus; tRP—total reactive phosphorus; sRP—soluble reactive phosphorus (orthophos-
phates); * Mg/P and Ca/P molar ratio were calculated regarding the sRP; potentially toxic metals in biomass ash
(mg/kg): Cr—19.8 + 4.0; Ni—26.7 £ 3.4; Cu—39.2 + 5.9; Zn—128.3 + 8.6, Pb—49.3 + 6.9.

The pH and electrical conductivity (EC) were measured in the liquid with a Consort
C1020 instrument. Total solids (TS) and P content determination followed EPA Methods
1684 and 365.3 (ascorbic acid method using a spectrophotometer at 650 nm), respectively.
Total P (TP) and soluble TP (sTP) were determined by colorimetry after digestion with
persulfate in the sample without, and with, filtration (0.45 pum filter), respectively. Total
reactive P (tRP) and soluble reactive P (sSRP—orthophosphates) were obtained directly by
colorimetry without, and with, filtration (0.45 pum filter), respectively. The K, Mg, Ca, and
Na concentrations were obtained through flame atomic absorption spectroscopy (Analytik
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Jena ContrAA 300, Jena, Germany). In the case of biomass ash, before P, Mg, and Ca
determination, acid digestion with aqua regia was required. Nitrogen concentration was
determined according to the Kjeldahl method.

2.2. Precipitation Experiments: Synthetic and Wastewater Solutions

Figure 1 illustrates the experimental setup: Step 1—wastewater preparation;
Step 2—precipitation process; and Step 3—analysis of the supernatant and the precip-
itate. Step 1 was applied only to the wastewater experiments. For the synthetic solutions,
only steps 2 and 3 were required.
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Figure 1. Experimental setup with real wastewater (steps 1-3) and synthetic solutions (steps 2 and 3).

Initially, the experiments with synthetic solutions were based on mixtures of P (KH,POy),
Mg (MgCl,-6H,0), and N (NH4Cl) in equal molar ratios. The precipitation experiments
were carried out with 500 mL of solution under magnetic agitation (100 rpm), maintaining
the pH at 9 (NaOH, 1 M) and the temperature (20 & 1 °C, room temperature) constant.
Samples were collected at pre-determined times, filtered with a 0.45 pm pore filter, and the
supernatant was analyzed to determine P content. The removal efficiency of P, Rg¢p (%),
was obtained by Equation (2), considering the soluble reactive phosphorus, as follows:
Rgep(%) = (1 - ((::tp> -100 2)

0P
where C,p and Cpp are the concentrations (mg P/L) at time t and the initial
instant, respectively.
The reaction kinetics was modeled assuming a first-order kinetic model, according to

Equation (3), as follows:

dC

E = _k(Ct,P - Ceq,P) (3)

where k (1/min) is the kinetic constant, C;p (mg P/L) is the concentration of P at time t, and
Ceq,p (mg P/L) is the concentration of P at equilibrium time. By integrating Equation (3),
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with the initial condition, C;p (t = 0) = Cyp, Equation (4) can be obtained after linearization,
which was the equation used to determine the kinetic constant (k), as follows:

In (Ct,p — Ceq,p) = —kt+ IH(CO,p — Ceq,p) 4)

Moreover, the principal operating parameters were studied to evaluate their impact
on P removal efficiency and struvite production. In particular, the influence of the initial P
concentration (for a fixed Mg/P of 1) was considered using solutions with 20, 30, 50, 80,
and 100 mg P/L. Samples were collected at different times from 0 to 120 min to determine
the equilibrium time. The influence of Mg/P was determined for 0.5, 1, and 2 by fixing the
initial P concentration at 100 mg P/L and a reaction time of 60 min (fixed after equilibrium
tests). The impact of temperature was evaluated considering the range with relevance to
real WWTP. In particular, 20 °C (room temperature), 30 °C, and 40 °C were tested for a
fixed Mg/P of 1 and a concentration of 100 mg P/L.

The impact of coexisting ions on P removal efficiency (initial conditions: 100 mg P/L,
Mg/P 1) was studied for two main ions present in wastewater, Ca?* and Na®*, which are
potential interferences. The estimated range of concentrations found in wastewater for
these two ions is 10-150 mg/L for Ca?* and 40-400 mg/L for Na* [22]. Thus, the Ca?t
influence was tested for 50, 100, and 200 mg/L using CaCl,, whereas the Na* impact
was evaluated at concentrations of 100, 250, 500, and 10,700 mg/L using pure NaCl. The
highest Na concentration was used to simulate the concentrations present in the seawater;
a common low-cost source of Mg studied in the literature, as a substitute for commercial
Mg sources (e.g., MgCl,-6H,0, MgSO4-7H,0) [23,24].

The seeding effect on crystallization was studied using struvite (previously prepared)
and biomass ash particles. In these tests, the initial conditions were 100 mg P/L and
Mg /P 1. Struvite crystals were produced in synthetic solutions with 100 mg P/L and an
Mg/P 1. For struvite seeds, the sizes tested were 38—-63 um and 63-250 pm, whereas for
biomass ash, the sample was sieved for sizes < 63 pm and 63-250 um. The load of the seed
was 0.5 g/L [25-29].

To carry out the tests with wastewater, the samples collected were centrifugated for
10 min, and then filtrated to remove gross suspended solids (Figure 1—step 1). The filtered
wastewaters were used to produce struvite at a pH of 9 (adjusted with NaOH), using a
Mg/P 1, and at room temperature (20 + 1 °C).

2.3. Precipitation Characterization

The precipitate morphology and elements distribution were obtained by scanning
electron microscopy coupled with energy dispersive X-ray spectrometry (SEM-EDS, SU-70
SEM Hitachi (Tokyo, Japan), and Quantax 400 Bruker EDS (Billerica, MA, USA)). X-ray
diffraction (XRD, PANalytical XPert PRO diffractometer, with CuK« radiation; Malvern
Panalytical, Malvern, UK) and Panalytical HighScore Plus 4.7 (PDF-4) software were used
to determine the crystalline phases of the materials.

2.4. Chemical Equilibrium Simulations and Statistical Analysis

Visual MINTEQ chemical equilibrium software (version 4.05) was used to calculate
the saturation indices (SI) and mass distribution between dissolved species and solid
phases. This tool helped in results interpretation for the comparison of real and theoretical
scenarios. The results express the ionic activity, and if the product of activities is greater
than K, (between 107126 and 101326 [11]), then SI > 0, the solution is supersaturated and
precipitation will occur.

A one-way ANOVA was used to evaluate statistical differences between the param-
eters analyzed using Astatsa online software (https://astatsa.com/). If significant dif-
ferences were found (p < 0.05) pairwise comparisons were carried out to identify the
statistically significant differences using the post hoc Tukey HSD test (p < 0.05).
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3. Results and Discussion
3.1. Influence of the Main Operating Conditions

As aforementioned, the struvite precipitation depends on several operating variables,
but pH, initial concentration of P, Mg/P molar ratio, and temperature were considered the
main ones.

According to the literature, the concentration (and speciation) of Mg2+, NH,4*, and
PO,3~ is controlled by pH. Based on speciation curves in pure water, the optimum pH
range for promoting struvite formation is between 8 and 11, as the concentrations of NH,*
and PO43~ are the highest possible [17]. In addition, the pH also affects the formation
of other precipitates relevant to the system under analysis, such as MgHPOy-3H,O [17].
According to the literature and the experiments conducted in the present study (Figure S1,
Supplementary Materials), the highest removal efficiency (near 80%) was observed at a pH
of 9. Therefore, this pH value was set to carry out the following tests [30,31].

The P concentration in wastewater can vary within a wide range of values and,
along with the Mg/P molar ratio, is a variable that influences the P removal efficiency by
struvite precipitation. Thus, it is important to investigate the minimum initial P and Mg
concentrations required to promote an efficient process (removal efficiency > 60% [12]).
These assays were carried out with synthetic solutions, and according to Figure 2, negligible
P recoveries were observed for concentrations below 30 mg P/L. Indeed, only 4% of P was
recovered from a solution with an initial concentration of 20 mg P/L. Additionally, in the
Visual MINTEQ prediction at the same pH and temperature conditions, the Saturation
Index (SI) of struvite was negative (—0.190) for 20 mg P/L, showing no potential formation
of this mineral. However, for 30 mg P/L the SI was already positive (0.249). Moreover,
through Visual MINTEQ simulations, various minerals in the analyzed system may be
formed, but only those with the highest potential for precipitation are summarized in
Table 2. In fact, some minerals are likely to precipitate in specific conditions since they are
associated with SI > 0, whereas those that remain dissolved in solution have a negative SI.
Thus, there was a decrease in SI for all species (Mg3(PO4)2, MgHPO,4-3H,0, and struvite)
as the initial concentration of P decreased. Thus, this fact supports the results that RP
decreased as the initial concentration of P in the solution also decreased.

Table 2. Prediction of Visual MINTEQ for minerals formed and respective saturation index for
different P initial concentrations.

Saturation Index of Minerals

(mgf’ifm Mg3(POy), MgHPO,-3H,0 Struvite
100 2.053 0.009 1.480
80 1.739 —0.118 1.260
50 1.043 —0.396 0.784
30 0.247 —0.714 0.249
20 —8.159 —0.419 —0.190
10 —9.294 ~1.625 —0.968

Cp,p—initial phosphorus concentration.

Figure 3 shows the results for different Mg /P molar ratios, where the removal effi-
ciency is superior for the highest value, as expected. For Mg/P 2, the amount of Mg is
stoichiometrically higher than required to form struvite, promoting the P recovery by other
complexes. For example, Mg3(POy); has an inferior solubility product constant (10252 [32])
compared to struvite (with the most reported values between 107126 and 10~1326 [17]),
showing the potential to co-precipitate and form impurities in the final product (struvite).
Indeed, other authors report the negative impact of higher Mg /P molar ratios in struvite

purity [30].
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Figure 2. Influence of phosphorus initial concentration (at Mg/P molar ratio 1) on removal efficiency
for synthetic solutions [pH 9,20 = 1 °C].
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Figure 3. Influence of Mg/P molar ratio (100 mg P/L initial concentration) on removal efficiency for
synthetic solutions [pH 9,20 £ 1 °C].

As shown in Figure 3, the time for recovery of the same amount of P is reduced for
higher Mg/P molar ratios. After 60 min of reaction, it was possible to remove about 70 and
80% of the P present in the solution for Mg/P 1 and 2, respectively. Even though a wide
range of values was analyzed in this study, wastewater composition can be quite variable;
thus, the Mg/P can also vary significantly. These results led to the conclusion that, with an
Mg /P above 1, the process is potentially viable (removal efficiency > 60%). Considering the
importance of obtaining the purest struvite product possible (better fertilizer behavior and
market selling cost), a compromise between the removal efficiency and the purity of the
material should be made. Thus, considering the predictions of Visual MINTEQ in Table 3,
Mg/P 1 provided a better response for both parameters.

When considering the real application scenario of struvite recovery after anaerobic
digestion in the WWTP, which normally operates between 30 and 40 °C, it is important to
verify whether temperature influences the formation of struvite. Figure 4 and Table 4 show
that the removal efficiencies and final concentrations of P at 60 min of reaction were similar
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at all three temperatures. At 40 °C, the kinetic constant is superior (0.336 min '), indicating
that the reaction occurs more rapidly, but the final Rg¢p and Ceq p are statistically equal to
the other temperatures. Therefore, it can be concluded that implementing the phosphorus
recovery method using struvite after anaerobic digestion is favorable, as the temperature
does not inhibit its removal.

Table 3. Prediction of Visual MINTEQ for potential minerals formed and respective saturation index
for different initial Mg /P molar ratios.

Saturation Index of Minerals

Mg/P Molar Ratio
Mg3(POy), MgHPO,4-3H,0 Struvite
0.5 1.423 —0.124 1.453
1 2.053 0.009 1.480
2 3.151 0.513 1.974
120
i [ 20 °C (reference)
@ 30°C
100‘§ A 40°C
il ——— kinetic model: 20 °C
80 N ———- Kkinetic model: 30 °C
— ] ———- Kkinetic model: 40 °C
- ]
[a |
o 60
é 1
O 1\
] o
40 i ® \A—:—A— —————————
i B e T e e
] ——-e
20
o i A

10 20 30 40 50 60 70
t (min)

o

Figure 4. Experimental data and prediction of the reaction kinetic model at different temperatures
[pH 9, Mg/P molar ratio 1, 100 mg P/L].

Table 4. Kinetic reaction constant and P recovery values for different temperatures.

T (°C) k (1/min) * R p (%) Ceqp (mg P/L)
20 0.079 69.9 £ 1.8 310+ 1.9
30 0.156 705+ 0.3 311+£23
40 0.336 62.9 + 0.1 38.6 £ 0.1

k—Xkinetic constant; Rg;p—phosphorus removal efficiency after 60 min; Ceq p—phosphorus equilibrium concen-
tration after 60 min; * Figure S2—Supplementary Materials.

Based on the previous results, the ideal conditions to carry out the following tests
were chosen: an initial concentration of 100 mg P/L, Mg/P 1, and a temperature of
20 °C. The XRD analysis showed that the solid precipitated in these conditions has a
principal crystalline phase of struvite (92%wt), and a second phase of MgHPO,4-3H,O
(8%wt) (Figure S3, Supplementary Materials).

3.2. Influence of Coexisting lons

The effects of the two ions commonly present in wastewater (calcium and sodium)
were studied, as shown in Figures 5 and 6. Calcium has a significant influence on the
initiation of the P removal reaction. Indeed, the P removal efficiencies, Rg; p, for the different
Ca concentrations tested, in the first 5 min of the reaction, were statistically different from
that of the blank solution (0 mg Ca/L) (Figure 5b, bars marked with different letters).
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The kinetic constant increased from 0.0791 min~! to 0.1074 and 0.1699 min—! (Figure S4,
Supplementary Materials) for 0, 50, and 100 mg Ca/L, respectively, indicating that the
removal of P was faster as the Ca concentration increased. However, after 60 min of reaction,
the final removal efficiencies were similar for 0, 50, and 100 mg Ca/L, with values of 69, 73,
and 77%, respectively. Nonetheless, in the case of adding 200 mg Ca/L, not only was the
reaction the fastest (kinetic constant of 0.7355 min~!; Figure S4—Supplementary Materials),
but the Rg¢p was also greater than 80% in the first 5 min. In this case, the removal efficiency
at 60 min increased by more than 20% compared to the blank (0 mg Ca/L).

] [ ] 0 mg Call (ref) == == kinetic model J [ 5min
L 2 50 mg CalL ———- kinetic model B [ 30min b
b 4 o db
100 3 A 100 mg Ca/L ~ ———- Kkinetic model 1 B 60 min 2
1 v 200 mg CalL — — —~- kinetic model 80 - 5:3;3
M ] 2 aby
1 ; B
HHIY E
80 ¥\ i
= W 1
B 4! \‘\ @ 60 < K ! B3
a i ‘A\ \ \ 2 gl 3 B
11 \ ~ 5 3
2 60 7 \\ o ] e
E 1l aN B
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SR N b| &
1 g b ososs]
40 N~ 5 B3
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1 7 —— : = =
v T RS 20 - &
20 14 5
k 5555 5555
S S S v
[%e%0!] o203 XY
1 RS (o203 RS
g (o303 R g
] & B s
0 - : ; . . ; 0 R < R
0 10 20 30 40 50 60 70 0 50 100
t (min) Ca (mg/L)
(a) (b)

Figure 5. (a) Experimental data and prediction of the reaction kinetic model for different calcium
concentrations; and (b) influence of calcium concentrations on removal efficiency [different letters
mean statistically different results for p < 0.05; statistical analysis was performed for each reaction
time: 0, 30 and 60 min; pH 9; 100 mg P/L, 20 £+ 1 °C, Mg/P molar ratio 1].

120 — 100
[ J 0 mg Na/L (ref) = =——kinetic model p 1 5min
@ 100mgNaL ——— kinetic model ! [ 30 min
100 A 250mgNall ——— kineticmodel i B8 60 min
® 500 mgNa/L ~—— — kinetic model 80 - b
1 ) 10,700 mg Na/L ———  kinetic model a a
] . 3 a
80 - ] e = o
- ]
g g %7 :
o R % b . o5 555
o 60 a ]
E | .
- ] o ] 5 &
o 1 40 ok |
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] ad AR
] 20 ~ B o)
20 7
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0 ; . ; ; , : 0 : ,
0 10 20 30 4 50 60 70 0 100 250 500 10700
t (min) Na (mg/L)
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Figure 6. (a) Experimental data and prediction of the reaction kinetic model for different sodium
concentrations; and (b) influence of sodium concentrations on removal efficiency [different letters
mean statistically different results for p < 0.05; statistical analysis was performed for each reaction
time separately; pH 9; 100 mg P/L, 20 £ 1 °C; Mg/P molar ratio 1].

According to the Visual MINTEQ predictions (Table 5), as the concentration of Ca in-
creased from 0 to 200 mg/L, the SI of struvite decreased, while the SI of hydroxyapatite and
the other minerals increased. Other researchers, who reported that a higher concentration
of Ca in the system enhances the formation of hydroxyapatite, corroborate the results of
the present study. Struvite and hydroxyapatite are likely to form when the Mg/Ca molar



Water 2024, 16, 1675

10 of 17

ratio is 2. In contrast, when the Mg/Ca molar ratio is 0.5, only hydroxyapatite is expected
to form [18]. Indeed, XRD analysis of the precipitates formed at 100 revealed that the solid
formed contained struvite as the only crystalline phase (Figure S5, Supplementary Materi-
als). On the other hand, the precipitate formed at 200 mg Ca/L was amorphous, suggesting
the possibility of the formation of non-crystalline calcium phosphates. Similar results were
found in a study developed by Campos et al. (2023), where the XRD patterns of solids
obtained in the presence of calcium reveal low-intensity peaks of struvite and the possible
formation of amorphous calcium phosphate as a coprecipitated material [33]. Another
study detected two phosphorus crystalline phases in synthetic solutions containing Mg, P,
N, and Ca: struvite and hydroxyapatite [34]. These authors concluded that the intensity
of struvite peaks decreased as the Mg/Ca molar ratio decreases. The sample precipitated
in a solution with a Ca content twice as high as Mg proved to be quite amorphous, with
only hydroxyapatite being identified in the sample, indicating complete inhibition of stru-
vite precipitation [34]. New alternatives should be explored in further work to avoid the
“contamination” of the sample with calcium, and the literature suggests an increase in the
Mg /Ca molar ratio or selective calcium removal [35,36].

Table 5. Predictions of Visual MINTEQ for potential minerals formed and respective saturation index
for different calcium and sodium concentrations [pH 9, 100 mg P/L, 20 &= 1 °C, Mg/P molar ratio 1].

Saturation Index

Co,ca (mg/L) Co,Na (mg/L)
Mineral 0 50 100 200 100 250 500 10,700
Mgs(POy), 2.053 2.261 2.193 2.088 —0.334
MgHPO,-3H,0 0.009 0.41 0.206 0.154 —0.994
Struvite 1.480 1.289 1.204 1.046 1.700 1.660 1.602 0.416
Caz(POy)» 5.804 6.634 7.361
CaHPO, 0.443 0.686 0.872
Hydroxyapatite 16.932 18.351 19.618
Mg3(POy), 1.289 1.204 1.046

Co,ca—initial calcium concentration; Cp n,—initial sodium concentration.

Regarding the presence of Na in the solutions, Figure 6a,b demonstrates that, from
100 to 500 mg Na/L, the impact on the P removal efficiency was not statistically relevant
(p <0.05). The same is not true for the concentration of 10,700 mg Na/L, where a significant
inhibition of the P removal was observed (Rg¢p < 20%). Therefore, it is concluded that
replacing the Mg source with seawater is not viable, since Na in high concentrations makes
P removal difficult. In the literature, there are some studies where seawater is suggested as
a source of Mg [24,37,38]. However, other authors stated that seawater tends to form several
complexes due to the presence of large quantities of Na* and Ca?* ions, thus reducing
struvite purity compared to tests with MgCl, [39]. At a concentration of 10,700 mg Na/L,
Table 5 shows that there was a significant reduction in the SI of struvite and Mg3(POy),,
which supports the lower P removal efficiencies.

The literature corroborates these results, indicating that Na* concentrations above
1150 mg/L increase the induction time for crystal formation. Despite the increase in
supersaturation of the solution, the induction time may rise due to the accumulation of
positive charges of Na* around molecules with negative charges, such as struvite, hindering
the nucleation process [40]. In addition, Kabdasli et al. (2018) explained that this increase
in Na* charges on the surface of the nuclei forms a barrier that slows down the transport of
Mg?* and NH4* to them [41].

3.3. Influence of Seeding

Two types of seeds were tested to evaluate the influence of this phenomenon, struvite
(inducing secondary nucleation) and biomass ash (primary nucleation). Figure 7 and
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Table 6 highlight the results obtained. The present results refer to the first 10 min because it
is in the initial reaction period that the seeds can act to accelerate the process.

120 120
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Figure 7. Decrease in P concentration in the first 10 min of reaction using different seeds sizes: (a) struvite;
and (b) biomass ash [pH 9, 100 mg P/L, 20 &+ 1 °C, Mg/P molar ratio 1, load of seed = 0.5 g/L].

Table 6. Kinetic reaction constants and P recovery values (t = 10 min) for different seed types.

Seed Type Seed Size (um) k (1/min) * Rggp (%) C (mg P/L)
No seed - 0.413 58.2 +0.32 42.3 £0.33
Struvite 38-63 0.385 53.3 +1.22 47.1+£0.51

63-250 0.403 64.8 £ 4.11 37.6 £1.96
Biomass ash <63 0.416 69.8 £ 5.67 30.5£5.81
63-250 0.410 63.6 = 0.56 39.2 +0.62

k—xkinetic constant; Rg¢ p—phosphorus removal efficiency after 10 min; C—phosphorus concentration at 10 min
reaction time; * Figure S6—Supplementary Materials.

As can be seen in Figure 7 and Table 6, the kinetic constants are similar for all the
experiments without and with seeds of different types and sizes. The P removal efficiencies
after 10 min were statistically equal between the experiments without and with seeds
of struvite (p < 0.05). Although seeding is expected to boost nucleation efficacy and
reduce induction time by increasing reaction surface area [25], other studies also found no
evident differences when seeding with struvite compared to the identical reaction without
seeding [27]. The reason for this could be that the reaction reaches equilibrium quickly,
and the newly created crystal nuclei have a larger surface area than the seeds introduced
into the system [27]. Regardless, the use of struvite seeds presents an advantage in that
the surface for nucleation is the same as that which will be formed, resulting in a uniform
product. In addition, the use of struvite minimizes the contamination of the system with
other impurities.

Using biomass ash, seeds smaller than 63 pm had the maximum removal effectiveness
(almost 70%). This enhancement could be attributed to the fact that the surface area of
the seeds is similar to the surface of the new struvite nuclei generated, promoting the
development of this mineral on the surface of the seeds and allowing very small nuclei
to form on these surfaces without being lost [1]. Another crucial factor verified with the
biomass ash seeds was an increase in the initial pH of the solution from 4.6 to 7.2. Despite
these tests being developed in synthetic solutions, this increase in pH allows for a reduction
in the use of a pH control solution (e.g., NaOH), reducing the costs in real-scale processes.
Other studies in the literature use alternative sources for seeding such as biochar. A study
from the literature carried out experiments with two types of biochar, obtaining a 43%
increase in crystal size when compared to the process without seeding. These authors also
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reported that the crystal formed with biochar seeding had an internal crystalline structure
similar to the struvite produced without seeding. However, there was also an increase in
heavy metals concentrations, which is a disadvantage to this product for applications in
the soil. In addition, the study showed that there is no beneficial effect in increasing the
amount of seed from 0.75 to 1 g/L [26]. A study conducted by other authors also disclosed
an increase in P removal efficiency from 88 to 97% (biochar seed) and 95% (struvite seed)
compared to the process without seeding [42]. Thus, these alternative seeding sources
could be an asset to enhance the process.

The precipitate obtained in the presence of biomass ash seeds (size < 63 pm) was
investigated by XRD to determine the level of impurities in the final product. The principal
crystalline phase determined was struvite (about 68%wt), while P was also removed
as (MgzCa3zPOy)s. The XRD also found quartz (11%wt) and calcium carbonate (18%wt)
phases, which was expected given that biomass ash contains silica, carbonates, and calcium
(Figure S7, Supplementary Materials).

Figure 8 presents SEM images with the precipitate obtained without, and with, biomass
seeds (size < 63 pm). There are some differences between the samples due to the presence
of compounds with silica, calcium, and carbonates, as is shown in Figure 8b,d. However, in
both images, the presence of struvite (crystals with more elongated form) can be observed.

Figure 8. SEM images of precipitated solid: (a) solid without seed—pH 9, 100 mg P/L,
20 £+ 1 °C, Mg/P molar ratio 1, with magnification 500; (b) solid with biomass ash seeds (<63 pum)
with magnification 500 x; (c) solid without seed—pH 9, 100 mg P/L, 20 + 1 °C, Mg/P molar ratio 1,
with magnification 2000 x; (d) solid with biomass ash seeds (<63 pum) with magnification 2000 x.
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Out of the 22 crystals that were examined, and are shown Figure 8a, the length
found was between 9.5 and 48.4 pm, while four had larger diameters, from 39 to 48.4 pm.
Regarding the crystals obtained with biomass ash seeds, the size range was between 6.6
and 40 pm.

A complementary mapping analysis was conducted. Figure S8 (Supplementary Materials)
shows that, across the elongated shape of the struvite crystal in both precipitate samples,
other elements were identified. Mg, N, and P are primarily grouped in the crystal area
(more intense color), confirming that it corresponds to struvite. The Ca appeared when
biomass ash was used for seeding, although it was dispersed over the whole sampling
area. This suggests that the Ca mineral surrounding the struvite crystal may be related to
calcium carbonate and/or (MgzCazPOy)s.

3.4. Precipitation with Wastewater

As highlighted in the results shown in Table 7, the P removal efficiencies surpassed
the expected and predicted values in the analyses of the synthetic solutions. Further-
more, the recoveries obtained were not significantly influenced by the point in WWTP
at which the samples were collected. Removal efficiencies of 95% [22] and 93.2% [15]
were also found in the literature for Mg/P molar ratios of 1 and 2.5 in wastewater ma-
trices. According to the XRD analyses of sample 52.2, struvite represented only 15%wt
of the solid, while hazenite (KNaMg,(POy),-14H,0) was about 23%wt. In this case, the
main crystalline phase detected was halite (NaCl), representing about 62% of the solid
(Figure S9, Supplementary Materials). This result may be due to the high concentration
of sodium and chloride present in the sample, as the WWTP is located near the sea. In
these cases, the precipitate of struvite should be previously washed to avoid contamination
before its application in soil.

Table 7. P removal values and equilibrium concentrations for the different wastewater samples after
60 min of reaction.

Sample Co,p (mg P/L) Rgtp (%) Ceq,p (mg P/L)
WW1 129 94.5 +£0.18 710 £0.24

WW2.1 77 91.6 £ 0.19 6.48 £ 0.15

WWw2.2 41 89.9 &+ 0.36 4.14 £ 0.15

Cpp—initial phosphorus concentration in terms of soluble reactive phosphorus (orthophosphate);
Rg¢p—phosphorus removal efficiency after 60 min; Ceq p—phosphorus equilibrium concentration at 60 min.

The results in the present study showed that P removal was mainly due to the forma-
tion of two minerals, hazenite, and struvite (in lower mass percentage). In the literature,
several studies report two compounds derived from struvite, struvite-Na (NaMgPO,-7H,0)
and struvite-K (KMgPOy-6H,0). The formation of these compounds tends to occur when
sodium and potassium are in excess in the matrix; in both cases, the ions Na* or K* substi-
tute the NHy* [43,44]. Furthermore, the solubility product of struvite is between 1012 and
101326 [9], that of struvite-K is 1071062 [45] and that of struvite-Na is 10~ 11¢ [46]. Another
study addressing hazenite formation stated that this mineral is similar to struvite. The
study demonstrated that P composition in hazenite is about 11.2%, while that in struvite
is 12.6% [47]. Therefore, hazenite may have fertilization interest, and like struvite, the
compound may have low solubility in water, acting as a slow-release fertilizer.

According to the Visual MINTEQ predictions, the mineral with the highest proba-
bility of precipitating in wastewater conditions was hydroxyapatite, with an SI of 16.970,
compared to that of 1.408 for struvite, mainly due to the calcium concentration in the
matrix. However, no calcium mineral was detected in the XRD analyses, which indicates
that calcium probably precipitated in the amorphous phases. Regarding struvite-K, and
struvite-Na, or the combination of both (hazenite), there were also no predictions for their
formation. These differences between the real and synthetic solutions result from the fact
that the former effluent contains many elements and organic matter that determine the
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complex equilibrium between the phases that precipitate and the substances that remain in
the solution.

SEM analysis was carried out for the precipitate from the WW2.2 sample. Figure 9a,c
shows the images obtained for the synthetic solution, while Figure 9b,d shows the images
for the real sample. Differences are easily detected, as the images in Figure 9a,c depict
well-defined struvite crystals, whereas Figure 9b,c shows not only struvite crystals (cor-
responding to more elongated structures) but also other clusters of particles nearby the
crystals, making their identification difficult. Some of the clusters next to the struvite are
probably halite, as it is the compound that represents most of the solid precipitate sample.

el
&~

SU-70 15.0kV 16.3mm x2.00k SE(M) 20.0um J 8U-70 15.0kV 16.4mm x2.00k SE(M)

Figure 9. SEM images of precipitated solid: (a) synthetic solution—pH 9, 100 mg P/L, 20 £1 °C,
Mg/P 1, with magnification 500x; (b) WW2.2. wastewater sample with magnification 500x;
(c) synthetic solution—pH 9, 100 mg P/L, 20 £+ 1 °C, Mg/P 1, with magnification 2000x; and
(d) 52.2. wastewater sample with magnification 2000 x.

4. Conclusions

This work focused on the main variables that influence phosphorus removal from
liquid matrices as struvite for future application in a wastewater treatment scenario. The
first assessment revealed that the minimal P concentration required to promote struvite
precipitation was 30 mg P/L. However, removal efficiencies were, approximately, 50%
in this case (not economically viable). The studies with an Mg/P 2 demonstrated higher
removal efficiencies than those with an Mg/P 1, ranging from 70% to more than 80%.
However, given the economic costs of additional Mg sources, this ratio will not be favorable
and may result in more impurities in the final product. An alternative is exploring the use of
different magnesium sources, namely byproducts with low commercial value. Nevertheless,
this ratio may be valid if the wastewater already contains these P and Mg concentrations.
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According to the analysis of coexisting ions, results indicate that calcium has a significant
influence on P removal as pure struvite. The removal efficiency of P was about 86% for
calcium concentrations of 200 mg P/L, compared to around 70% when no calcium was
present. Indeed, the XRD analysis revealed that the resulting precipitate was amorphous.
Thus, calcium will have a notorious impact on struvite purity, and in future work, this issue
must be explored.

The seeding experiments showed that struvite seeds did not boost nucleation efficiency.
On the contrary, seeds with biomass ash (size < 63 pm) improved the removal efficiency
compared to the sample without the seed. It is relevant to note that the wastewater showed
a very high buffering capacity, requiring a large amount of base (NaOH) to control the
pH at 9 over the experiments. Therefore, the use of biomass ash as a seed agent may be
favorable to this process. As previously mentioned, the biomass ash helped in the increase
of the initial pH of the solution, and thus reduced the required NaOH to adjust the pH
(lower operating process costs). Although the recoveries of P in the real context seemed
relatively high, the use of biomass ash may be helpful regarding pH control, and this
should be explored in further work. To conclude, some experiments with wastewater were
carried out, demonstrating that, despite the good P removal efficiencies (above 90%), the
XRD analyses identified struvite as a minority phase (15%wt).

One of the relevant conclusions provided by this work is that the future of the wastew-
ater treatment sector is to explore ways to recover useful compounds during the treatment
steps, transforming WWTP into “resource factories”. Thus, this study is a starting point for
developing a strategy capable of providing an alternative source of fertilizers (struvite), es-
pecially in Portugal, where no similar technology is implemented in wastewater treatment
systems. However, further work needs to be developed to give credibility to the possibility
of implementing this technology in practice, such as: (i) carrying out more extensive tests
in wastewater from different collection points, and possibly, at different WWTPs, to assess
the variability of the process and (ii) optimizing the process performance in wastewater,
mainly focusing on improving P recovery and struvite purity.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/w16121675/s1, Figure S1. Influence of pH on P removal
efficiency [100 mg P/L, Mg/P molar ratio 1, 20 & 1 °C; different letter means statistically different
results (p < 0.05)]. Figure S2. Linearization of the kinetic reaction data for different temperatures;
Figure S3. XRD spectrum for the precipitate formed in these conditions: initial concentration of
100 mg P/L, Mg/P molar ratio 1, and a temperature of 20 °C; Figure S4. Linearization of the kinetic
reaction for different concentrations of (a) calcium and (b) sodium; Figure S5. XRD spectrum for
the precipitate formed with 100 mg Ca/L; Figure S6. Linearization of the kinetic reaction data for
different seeds size of (a) struvite and (b) biomass ash; Figure S7. XRD spectrum for the precipitate
formed in the presence of biomass ash seeds (size < 63 um); Figure S8. Mapping of different elements
in the obtained precipitate (a) without seeds and (b) with seeds of biomass ash (<63 pm); Figure S9.
XRD spectrum for the precipitate formed with wastewater.
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