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Abstract

The mechanisms by which Ethylenediaminetetraacetic acid (EDTA) and Nitrilotriacetic acid (NTA)
control the precipitation of struvite-K from solution have been investigated at room temperature, pH
=9, two degrees of supersaturation, and mixing energy. The interest spans from the potassium and
phosphorus recovery from wastewater, the prevention of scale deposits in wastewater treatment

plants, to the inhibition of kidney stones formation and the modification of magnesium phosphate



cement reaction. Both molecules influenced the spontaneous precipitation by extending the induction
time, reducing the apparent rate of crystallization and the amount of reaction product. When adding
20 mM of EDTA at a low supersaturation degree, the precipitation was almost completely inhibited,
whereas, at high supersaturation, it dropped to 1.36 min* and 1.71 min* from 2.14 min* and 4.09
min’t, under high and low energy of mixing, respectively. Similar behaviour was observed for NTA.
The additives were found to influence the reaction path by exploiting their complexing ability in
solution, thus depressing the supersaturation degree in Mg?* ions with respect to struvite-K and by
molecular adsorption at the forming solid surfaces, hindering nucleation and crystal growth. The
adsorption processes were confirmed by the more negative zeta potential measured on the crystals

(from —14.5£1.0 mV to —17.0+1.6 mV and —20.84+3.0 mV for EDTA and NTA, respectively). Besides

an overall reduction in crystal size (up to 85%), owing to the increased affinity for the (101) and (101)
faces alteration of the crystal habit, with a reduced elongation of the precipitated crystals (aspect ratio

decreasing from 2.3 to 1.3 and 1.7 for EDTA and NTA, respectively), was produced.

1. Introduction
The interest in the controlled crystallization of struvite (MgNH4PO4-6H20) and of its isostructural
potassium form, struvite-K ((MgKPO4:6H20), is manifold. They both are known to form scale
deposits on pipe walls and in industrial equipment for wastewater treatment (Mohajit et al., 1989);
they may also precipitate in the urinary tract as components of the infectious urinary (kidney) stones
and cause damage to the renal tissue (Mclean et al., 1988). Moreover, their precipitation has been
envisaged as an economically and environmentally sustainable solution for the recovery of
phosphorus from wastewater, as well as from the residues of biomass incineration (Gao et al., 2018).
This is a way to reduce the exploitation of natural phosphate rock deposits, driven by the increasing
demand for phosphorus (Shaddel et al., 2020). The methods to favour or inhibit crystallization include

the intervention on thermodynamic parameters (e.g. degree of supersaturation, temperature, pH) and



the use of additives (Kofina et al., 2007; Prywer et al., 2015; Perwitasari et al., 2017; Polat and Sayan,
2020). In the latter case, chelating agents, exhibiting the ability to sequestrate metal ions, have been
found very effective in controlling struvite nucleation and crystal growth (Prywer and Olszynski,
2013; Sabbag et al., 2015; Xu et al., 2021; Viani et al., 2022b). Di-sodium EDTA
(C10H14N20gNa2-2H20), which is a salt of ethylenediamine tetraacetic acid (EDTA, C10H14N20gs), is
one of the most widely employed chelating agents. It possesses higher stability and solubility with
respect to neat EDTA, and keeping the metal ions in solution hinders their availability for further
reaction. Consequently, in crystallization experiments, an extension of the induction time is
commonly detected (Jones et al., 2007; Prywer and Olszynski, 2013). At the same time, selective
adsorption at the growing crystal surfaces may occur thanks to carboxyl functional groups in the
molecule, impacting the size and habit of the precipitated crystals. Similar behaviour was also
observed in the case of the addition of nitrilotriacetic acid (NTA, CsHeNOs), whose structure
comprises three carboxymethyl groups - (CH2COOH): linked to a central N atom (Jones et al., 2006).
The tri-sodium salt of NTA exhibits good solubility and affinity for solid mineral surfaces (Polettini
et al., 2006), and it is an effective chelating agent for metal ions in solution (Tomita et al., 1965).

In order to gain information on the mechanisms by which EDTA and NTA control the spontaneous
precipitation of struvite-K from solution, in this work, the process has been studied at room
temperature and pH = 9, under different conditions of energy of mixing and concentrations of the
reactants and additives. The results are expected to provide basic data for optimising the above-
mentioned cycles of P and K recovery to limit the formation of scale deposits or the insurgence of
infectious urinary stones. Gaining control over the crystallization of struvite-K is also of interest in
the performance of magnesium phosphate cements since this phase is the main reaction product in
cement. These cements find application in bioengineering as materials for bone replacement, in civil
engineering as cements for fast repair of damaged structures and as a matrix for nuclear waste

encapsulation (Wilson and Nicholson, 1993). The additives are employed to modulate the release of



heat and the rate of reaction in order to extend the working time of the cement (Zarybnicka et al.,
2022; Viani et al., 2022a). The results indicated that the observed increase in induction time, the
decrease in the amount of precipitate, in the apparent crystallization rates, in the crystal size, and the
changes in crystal habit are the combined effect of the complexation of ions in solution by the chelants

and of their interaction with the surface of the growing crystals.

2. Experimental

2.1. Materials and methods
KH2PO4 (KDP) (assay 99.0%, Sigma Aldrich (Germany)) and MgCl2-6(H20) (assay 99.0%, Penta
(Czech Republic)) were employed for struvite-K precipitation. Two 25 mL solutions were produced,
dissolving each one of the reagents in boiled deionized water and correcting the pH to 9 by dropwise
addition of 9M solution of KOH and NaOH to the KDP and MgCl.-6(H20) solutions, respectively.
Di-sodium EDTA (assay 99.0%, Lach-Ner, s.r.o. (Czech Republic)) and tri-sodium NTA (assay
>098.0%, Sigma Aldrich (Germany)) were dissolved in the KDP solution before pH correction. The
precipitation was obtained by mixing the two solutions and was followed by continuous measurement
of pH at the constant nominal temperature of 22 °C adopting an automatic mixing and titration unit
907 Titrando (Metrohm, Swiss), equipped with a pH probe, a thermostatically-controlled water bath
and a magnetic stirrer. The experiments were conducted at two nominal stirring speeds, namely, 375
and 625 rpm. The pH meter was calibrated against 1ISO standard buffers. Two distinct sets of solutions
with K:P:Mg molar ratio 4:4:1 were employed for each stirring speed: a first one with 50 mM of K
and P, and 12.5 mM of Mg, and a second one with 100 mM of K and P, and 25 mM of Mg. The
experiments have been conducted at three concentrations of each of the additives for each set of
solutions and stirring speed. The experimental plan and the naming conventions adopted are reported
in Table 1.

Table 1. Concentrations of the starting solutions employed in the precipitation experiments.



The concentration of chemical / mM

Sample

Mg K P EDTA NTA
MKP_12.5 50 125 50 50 0 -
MKP_25 100 25 100 100 0 -

MKP_125 50 EDTA3 125 50 50 3 -
MKP_ 125 50 EDTA6 125 50 50 6 -
MKP_ 125 50 EDTA12 125 50 50 12 -

MKP_25 100 EDTA5 25 100 100 5 -
MKP_25 100 EDTA10 25 100 100 10 -
MKP_25 100 EDTA20 25 100 100 20 -
MKP_125 50 NTA3 125 50 50 - 3
MKP_125 50 NTA6 125 50 50 - 6
MKP 125 50 NTA12 125 50 50 - 12
MKP_25 100 NTA5 25 100 100 - 5
MKP_25 100 NTA10 25 100 100 - 10
MKP 25 100 NTA20 25 100 100 - 20

2.2.Materials characterization

After each experiment, the precipitate was separated from the supernatant by filtration and washing
using isopropyl alcohol, followed by drying overnight at 37 °C. The crystalline product was
controlled with the X-ray powder diffraction (XRPD) method adopting a Bragg-Brentano Bruker D8
Advance diffractometer (Bruker AXS, USA). Diffracted intensities from the powdered samples have
been collected on a silicon strip detector covering the angular range 5-70° 26 with a virtual step scan
of 0.0102° 28 counting 0.25 s/step. The sample was spun at 15 rpm to increase counting statistics and
minimize texture effects. Cu Ko wavelength was generated at 40 mA and 40 kV and selected with a
Ni filter. The crystal structure of struvite-K was confirmed by refinement of the XRPD profile with
the Rietveld method using the TOPAS 4.2 (Bruker AXS, USA) software.

A scanning electron microscope Quanta 450 FEG (FEI, Czech Republic) was adopted for the
morphological analysis. The crystals were observed on carbon adhesive tape after gold coating with

a 10 nm gold film under low vacuum conditions (100 Pa) at 20 kV accelerating voltage. Quantitative
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information on crystal shape and size was obtained by means of image analysis of pictures collected
under a Keyence VHX-6000 optical microscope (Keyence, USA) adopting the freeware ImageJ
software tool. To this aim, the crystals were dispersed in isopropyl alcohol in proportion 0.01 wt.%,
sonicated for 15 min, mixed on a vortex mixer and then deposited on a glass plate. The images were
collected at a magnification of 200x.

A Litesizer 500 instrument (Anton Paar, Austria) was employed to measure the zeta potential (&) of
mineral particles on selected samples by dynamic light scattering. The experiments were conducted
at 25 °C by dispersing 0.1 wt.% of solid in water. Results have been reported as an average of 6
replicates.

Hyperquad HY'SS software (Alderighi et al., 1999) was adopted to simulate ion speciation in solution

and produce distribution diagrams.

3. Results and discussion
During struvite-K precipitation, the pH decreases quickly in the first minutes to approach a plateau
later on. Typical time-evolution curves are illustrated in Fig. 1. This trend has been described

considering the precipitation of struvite-K, according to the reaction in Eq. 1 (Viani et al., 2022Db):

Mg?* + K* + HaPO4" 2 + 6H20 — MgKPO4-6H20 + nH* (Eq. 1)

As shown in other crystallization experiments of the struvite family crystals (Bayuseno et al., 2020;
Viani et al., 2022b), the change in concentration of H' ions is related to the rate of formation of the
magnesium phosphate crystals, as detailed in the Supplementary Material. In fact, it is expected that
this process dominates in the range of pH observed during the experiment since EDTA should be in
the deprotonated form HL and NTA in the form HL™ (as illustrated by the distribution diagrams in

the Supplementary Material Fig. S1). Moreover, the stable phosphate form is HPO4%, which means



that in Eq. 1 n = 1. It follows that the apparent crystallisation rate can be obtained from the time-
evolution of pH, assuming a kinetic model. Several kinetic experiments on struvite and struvite-K
indicated that the first-order kinetic model, as expressed by Eq. 2, is adequate to describe the process

(Ohlinger et al., 2000; Quintana et al., 2005; Bayuseno et al., 2020; Viani et al., 2022b):
ac
T k(C— Ceq) (Eq. 2)

Where C is the virtual molar concentration of Mg?* ions in solution at any time t (min), Ceq is the
molar concentration at equilibrium. The rate constant (k) has been obtained through a nonlinear fit of

the pH vs time curves, as illustrated in Fig. 1.
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Figure 1. pH vs time curves for the samples at different EDTA content (left) at slow stirring speed.

The nonlinear fit of the first-order reaction model to the kinetic curve for the sample MKP_12.5 50

(right).

The results, reported in Table 2, indicate that the energy of mixing increases the rates under the same
conditions; a similar trend is observed for the degree of supersaturation (i.e. increase in the
concentration of the reactants). As previously observed in precipitation in the presence of citric acid,

the latter effect is enhanced at lower stirring speed (Viani et al., 2022b).



When the samples without additive are considered, the rates are in line with recent precipitation
experiments of struvite-K under analogous conditions (Viani et al., 2022b), whereas they are lower
with respect to other results of crystallization from synthetic urine at pH =9 (Zhang et al., 2018). This
difference may be explained by the different ionic strengths of the solution and the supersaturation
degree attained.

The introduction of the additives had a remarkable effect on the rates, namely, a progressive decrease
increasing their concentration. Moreover, the appearance of an induction time, indicated by the nearly
flat shape of the first part of the curves, points to a delayed onset of struvite-K crystallization (Fig. 1
left). This induction time is more evident when the supersaturation level and the energy of mixing are
lower and is extended in reason of the concentration of additive, as previously observed in
precipitation experiments of crystals of the struvite family (Ohlinger et al., 1999; Rahaman et al.,
2008). Carboxyl group-containing compounds have been reported to produce the same effect (Kofina
et al., 2007; Viani et al., 2022b). Notably, compared to NTA, EDTA is more effective since the
induction time is longer and the rates are, in general, lower. The inhibition of struvite-K precipitation
reaches its maximum for the samples MKP_12.5 50 EDTA12, for which the kinetic parameters
could not be determined, in agreement with the almost flat behaviour of the pH vs time curve
illustrated in Fig. 1.

This trend can be explained by considering the solution chemistry of the additives. The degree of
protonation of EDTA and NTA depends on solution pH, as illustrated in the speciation diagrams
reported in Supplementary Material Fig. S1. When other cations are present, this also changes because
of the formation of complexes with the molecules. As shown in Fig. 2 and Supplementary Material
Fig. S2, at pH 9, the Mg?" ion is complexed by EDTA in the form of LMg?%, where L is the fully
deprotonated form of the ligand and in the form of LMg™ when considering NTA. At the highest

concentration of additive for each one of the two sets of experiments, almost all the Mg?* is virtually



subtracted. This explains the almost flat behaviour of the corresponding pH vs time curves, which

impaired the calculation of the precipitation rates.

Table 2. Results of kinetic analysis of the precipitation reaction using the first-order model at slow

(375 rpm) and fast (625 rpm) stirring speed.

Sample Slow stirring  R? Fast stirring R?
k / min*t k/ min't

MKP_12.5 50 1.307+0.004 0.986 3.88+0.02 0.986
MKP_12.5 50 EDTA3  0.374%+0.001 0.994 2.10+0.01 0.988
MKP_12.5 50 EDTA6  0.365+0.001 0.980 1.57%x0.01 0.973
MKP_12.5 50 EDTA12 n.d. nd  nd n.d.
MKP_12.5 50 NTA3 1.056+0.003 0.984 2.90%+0.01 0.981
MKP_12.5 50 NTA6 0.955+0.003 0.984 1.46%0.01 0.983
MKP 125 50 NTA12 0538£0.002  0.949 0.564+0.003  0.929
MKP_25 100 2.145+0.003 0.998 4.09+0.01 0.996
MKP_25 100 EDTA5 1.983+0.003 0.998 3.56%0.01 0.980
MKP_25 100 EDTA10 1.541+0.004  0.997 2.91+0.02 0.956
MKP 25 100 EDTA20 1.360£0.010  0.892 1.71+0.01 0.978
MKP_25 100 NTA5 1.960+0.004 0.997 3.78%0.02 0.979
MKP_25 100 NTA10 1.408+0.001 0.957 3.63x0.01 0.988
MKP 25 100 NTA20  1.047+0.004  0.984 1.99+0.01 0.984

Along with complexation in solution, the ability to be adsorbed at solid matrices has been reported
for both molecules (Polettini et al., 2006; Hentrich et al., 2017). In Ca-carbonates, this mechanism
has been considered to impair crystal growth (Wada et al., 2001; Reddy and Hoch, 2001) and the
growth of nuclei of critical size (Westin and Rasmuson, 2005), with a direct impact on the rates and
on the induction times. Adsorption effects have been recognized to exert control on the morphological
changes observed in the product of precipitation experiments of sulphates, Ca-carbonates and Ca-
phosphates in the presence of NTA and EDTA (Gopi et al., 2015)(Jones et al., 2006). At pH = 9,

EDTA should be adsorbed in the form LH®, whereas NTA is largely in the form LHZ. However, since
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in the NTA molecule, the proton is expected to be in nitrogen, the three carboxylate groups are fully

deprotonated.
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Figure 2. Distribution diagrams of Mg?* and EDTA, and Mg?* and NTA species as a function of pH

at 12.5 mM of Mg?* ions and 12 mM of ligands, as indicated.

Therefore, upon adsorption of the negatively charged COO™ ion, the mineral surface assumes more
negative values of & (Kallay and Matijevic, 1985; Mudunkotuwa and Grassian, 2010). Because of its
robustness and ease of use, the dynamic light scattering method, based on simple theoretical models,
is routinely adopted for the measurement of &, although a number of factors may affect the results
(Delgado et al., 2007). Of relevance for the present case are the differences in the predominant crystal
shape between samples and the significant deviations from the spherical particle shape. For this
reason, the measurements have been limited to three samples obtained by precipitation at slow stirring
speed, namely, MKP_12.5 50, MKP_12.5 50 EDTA6 and MKP_12.5 50 NTAG6. The measured
values of £ were —14.5+1.0 mV, —17.0+£1.6 mV, —20.8+3.0 mV, respectively. The & for the struvite-K
precipitated without additives is in line with previously published ones (Polat and Eral, 2022; Viani
et al., 2022b). At this additive concentration, the effect on & of the additives seems rather small.
However, it is higher than what was recently reported for struvite-K synthesized in the presence of

20 mM of citric acid (Viani et al., 2022b). In any case, the more negative values are in agreement
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with the adsorption of both additives on the crystal faces. The difference between
MKP_12.5 50 NTA6 and MKP_125 50 EDTA6 is within the standard deviation of the
measurements. There is a correlation between the zeta potential values and the particle size values,
with smaller particles having a larger surface area and therefore more negative zeta potential values
(Simunkova et al., 2009).

When the absolute values of & are considered, it must be noted that they indicate relatively unstable
suspensions with a tendency to agglomeration. In fact, the threshold for agglomeration is considered
—15mV, but a stable suspension of particles must possess & lower than —30 mV (Delgado et al., 2007).
The Rietveld refinements of XRPD patterns indicated a good agreement with the structure model of
struvite-K, as exemplified in Fig S3, reported as Supplementary Material.

The morphology of the precipitated crystals, as viewed under SEM, is illustrated in Fig. 2-4. In
agreement with the results of kinetic analysis, the crystals which formed at high stirring speed are, on
average, bigger. The individuals precipitated in the absence of additives were frequently dendritic or
exhibited the characteristic X-shaped twinning (Fig. 3e). These morphologies were commonly
observed at high growth rates in crystals of the struvite family (Abbona and Boistelle, 1979; Wang et
al., 1993; Viani et al., 2022b). On the contrary, the needle-like crystals, which were obtained during
the precipitation of struvite-K for nutrient recovery (Gao et al., 2018; Zhang et al., 2018), were not
reproduced in our case. The reason likely resides in the more extreme conditions attained during those
batch experiments. At higher precipitation rates, cyclic twinning was also frequently observed (Fig.
4). According to the typical struvite-K crystal habit, sketched in Fig. 5, the (001) faces were, in this

case, more expressed.
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Figure 2. SEM micrographs at the same magnification of struvite-K precipitated at increasing
amounts of EDTA at two stirring speeds. MKP_12.5 50, a, e; MKP_12.5 50 EDTAS, b, f;
MKP_12.5 50 EDTAG®, ¢, g; MKP_12.5 50 EDTA 12, d, h. Slow stirring speed: a-d, fast stirring

speed: e-h.

Figure 3. SEM micrographs at the same magnification of struvite-K precipitated at increasing

amounts of EDTA at two stirring speeds. MKP_25 100, a, e; MKP_25 100 EDTAS, b, f;
MKP_25 100 EDTAIO, c, g; MKP_25 100 EDTAZ20, d, h. Slow stirring speed: a-d, fast stirring

speed: e-h.
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Figure 3. SEM micrographs at the same magnification of struvite-K precipitated at increasing
amounts of NTA at two stirring speeds. MKP_12.5 50, a, e; MKP_12.5 50 NTA3, b, f;
MKP_12.5 50 NTAG6, ¢, g; MKP_12.5 50 NTA12, d, h. Slow stirring speed: a-d, fast stirring speed:

e-h.

Figure 4. SEM micrographs at the same magnification of struvite-K precipitated at increasing

amounts of NTA at two stirring speeds. MKP_25 100, a, e; MKP_25 100 NTA5, b, f;
MKP_25 100 _NTA10, ¢, g; MKP_25_100_NTAZ20, d, h. Slow stirring speed: a-d, fast stirring speed:

e-h.
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Figure 5. Schematic representation of the common crystal habit of struvite-K crystals with some of

the faces indexed.

The increase in the amount of both additives induced a progressive decrease in crystal size. Moreover,
some morphological changes were detected. These effects were enhanced at lower supersaturation
levels (Fig. 1 and 3), where the nucleation was also more effectively inhibited. An overall reduction

in crystal elongation, with individuals larger along the a-axis and shorter along the b-axis, was

obtained. The reduced length along the (001) with a more expressed (101) and (101) faces frequently
led to the coffin-lid morphology illustrated in Fig. 2g.

These effects have been confirmed quantitatively by analysing crystals with the aid of the tools for
image analysis (Fig. S4). Table 3 summarizes relevant results of particle size distribution and shape
of precipitates obtained at slow stirring speed, the group of samples less affected by the agglomeration
effects mentioned above. Although these effects, along with the presence of twinning, may have
biased the results to some extent, a progressive decrease in Dsg (that is, the medium value of the
particle size distribution or the diameter at 50% in the cumulative distribution) is apparent in both
sets of samples. This trend towards a decrease in crystal size can also be appreciated in the particle

size distribution plots, reported in Supplementary Material Fig. S5. In addition, the reduced
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elongation observed under SEM is compatible with the progressive decrease in the median value of
the aspect ratio (defined in the software as the ratio between the major and minor axis of the particle’s

fitted ellipse).

Table 3. Results of image analysis on samples precipitated under slow stirring speed.

Sample Amount/ Dso/ Aspect ratio
g Hm
MKP_12.5 50 0.055  17.6 1.6

MKP_12.5_50_EDTA3 0.018 16.1 1.3
MKP_12.5_50_EDTA6  0.007 12.4 14

MKP_12.5 50 EDTA12 n.d. n.d. n.d.
MKP_125 50 NTA3 0048 164 15
MKP_125 50 NTA6 0043 54 13
MKP 125 50 NTA12 0024 56 15
MKP_25_100 0158 267 23
MKP_25 100 EDTA5 0125 202 23
MKP 25 100 EDTA10 0.098 4.4 13
MKP 25 100 EDTA20 0.027 4.4 13

MKP_25 100 NTA5 0150 251 23
MKP_25 100 NTA10 0131 199 20
MKP_25 100 NTA20 0.089 128 1.7

The formation of complexes in solution reduced the apparent supersaturation with respect to the
complexed ions, extending the induction time, as recently documented during the precipitation of
struvite-K (Viani et al., 2022b). The sequestration of Mg?* ions explained the progressive decrease in
the amount of precipitated struvite-K when the amount of additive was increased (Table 3). The
extreme case is the sample MKP_12.5 50 EDTA12 synthesized at a slow stirring speed, for which
the amount of precipitate was too low to be quantified.

Both EDTA and NTA host one adsorption site per molecule, therefore, at their higher concentration,

the additives can virtually sequestrate almost all the Mg?* ions in solution (see Fig. 2). However, the
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results indicate that EDTA is a more effective reaction modifier than NTA, this is in agreement with
comparative reports showing higher complexation ability for EDTA, owing to the higher stability of
its hexadentate Mg chelates respect to the tetradentate complexes of NTA (Sabbag et al., 2015)(Neto
etal., 2014).

However, it might be argued that also surface interaction effects contributed to inhibiting the amount
of precipitate, similar to what was observed during the synthesis of carbonates and phosphates when
adding carboxylate-containing moieties (Tobler et al., 2015; Chatzipanagis et al., 2016). Moreover,
surface adsorption may result in delayed nucleation by hindering the integration of ions to form stable
nuclei, as proposed for sulphates in the presence of EDTA and NTA (Jones et al., 2007)(Jones et al.,
2006). In addition, in these cases, as well as during precipitation experiments of Ca-carbonates
(Reddy and Hoch, 2001), Ca-phosphates (Tenhuisen and Brown, 1994; Bohner et al., 1996; L6pez-
Macipe et al., 1998; Fukuda et al., 2017) and struvite (Kofina et al., 2007; Prywer et al., 2015;
Perwitasari et al., 2017; Polat and Sayan, 2020), adsorption at the surface of the growing crystals was
also active, and induced alteration of the crystal shape. As reported in Table 3 and illustrated in Fig.
2-4, the extent of size and shape modifications is enhanced by the increase in the amount of additives,

confirming the onset of adsorption processes. The prevalent reduced elongation with the more

expressed (101) and (101) faces suggested them as a candidate for the adsorption of the additives, in
analogy with previous results of struvite crystallization in the presence of phosphocitrate (Wierzbicki
et al., 1997). In fact, preferential molecule adsorption at a specific crystal face causes that face to be
more expressed. The selective adsorption was found to agree with the molecular modelling
simulations and the indication that these planes exhibit a high density of Mg ions, resulting in a higher
residual positive charge, providing an ideal local environment for the adsorption of the negatively
charged molecules of the additives. The bidentate bridging or bidentate chelating were found to be
by far the most favourable modes of adsorption for both moieties (Jones et al., 2007)(Jones et al.,

2006).
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The control exerted on the precipitation reaction by adsorption at the surface of the forming solids
may occur very early since homogeneous nucleation is assumed to be preceded by the formation of
pre-nucleation clusters (Navrotsky, 2004), and additives have already been proposed to be effectively
adsorbed at this reaction stage (Westin and Rasmuson, 2005). The decrease in the amount of struvite-
K and the size of crystals are the results of the interplay between these two processes. It may be
argued that also the decrease in the R? values of the fit to the first-order kinetics equation (Table 2),
increasing the amount of additives, is related to their intervention. In analogy with similar
precipitation experiments of struvite and struvite-K in the presence of carboxyl groups (Perwitasari
et al., 2017; Bayuseno et al., 2020)(Viani et al., 2022b), this highlights the progressive inadequacy of
the single-step first-order reaction model, indicating that more advanced approaches, which are
outside of the scope of the present study, are required to describe the system.

Also, the interpretation of the kinetic results in terms of a thermodynamic driving force for nucleation
and growth is, at best, only semi-quantitative since parameters like the interfacial energy are values
averaged over all the surfaces and crystal faces which form during the process (Westin and Rasmuson,
2005). They are calculated according to models assuming surfaces are smooth and in equilibrium,
and these conditions are violated just because of the adsorption of the additives, which impair the
integration of ions on the surface, increasing its roughness. Moreover, agglomeration, which has been
observed to some extent in the precipitates with both moieties, may play a role in forming particles
of detectable size, calling for adopting more complex models. Likewise, a rigorous description of the
mechanisms by which additives influence nucleation and the stability of pre-nucleation clusters is not

available (Westin and Rasmuson, 2005; Chatzipanagis et al., 2016).

4. Conclusions
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In this work, results of precipitation experiments of struvite-K from solution at two degrees of
supersaturation, two values of energy of mixing, 22°C and pH 9, in the presence of EDTA and NTA,
have been reported.

- Both additives were found to reduce the apparent rates of precipitation, which dropped from
1.307 to 0.538 min™ and from 3.88 to 0.564 min at slow and fast stirring speed, respectively,
adding 12 mM of NTA at low supersaturation, from 2.145 to 1.047 min’* and from 4.09 to
1.99 min, adding 20 mM of NTA at high supersaturation. EDTA had a higher impact on the
rates at low supersaturation, so the rates were virtually 0 min™. At high supersaturation, the
values were 1.360 min and 1.71 min™ for slow and fast stirring speeds, respectively.

- In all the samples, including the control, the rates decreased, decreasing the mixing energy
(i.e. stirring speed) and degree of supersaturation.

- The induction time was always increased by the presence of the additives, to a higher extent
when the amount of the additives increased and when the energy of mixing and
supersaturation degree decreased.

- The amount of precipitated struvite-K was found to decrease, increasing the content of
additives. In the case of synthesis under a lower supersaturation degree, with the highest
content in EDTA (20 mM), the precipitation was virtually totally inhibited, whereas for NTA,
under the same conditions, the reduction ranged between 44 and 83 % at low and high
supersaturation degree, respectively.

- The introduction of both EDTA and NTA led to a progressive reduction in crystal size and,
concomitantly, to a reduction in the maximum length of the crystals along the (001) direction.
This was quantified by determining the median aspect ratio, which decreased from 2.3 to 1.3
and 1.7, at high supersaturation and slow stirring speed, for EDTA and NTA, respectively.

- The mechanisms controlling the precipitation reaction and the changes in crystal size and

crystal habit were identified in the combination of sequestration of Mg?* ions in solution,
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owing to the chelating ability of the additives and their adsorption at the newly formed
surfaces.

- The latter mechanism is likely to occur at the early stages of the reaction, inhibiting the
integration of lattice ions on the forming nuclei or even the pre-nucleation clusters, inhibiting

their growth, as well as during crystal growth.

- The prevalence of the shapes with (101) and (101) faces more expressed and (001) less
expressed indicated the former as preferential surfaces for adsorption.

- Confirmation of the onset of surface adsorption effects on struvite-K was provided by the
more negative values of & (from —14.5+1.0 mV to —17.0£1.6 mV and —20.8+3.0 mV, for the

control sample, the sample precipitated in the presence of EDTA and NTA, respectively).
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