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Abstract: Low P-containing wastewaters (LPWs) exhibit huge P recovery potential, considering
their larger volume. P recovery via CaP crystallization using apatite as seed is documented as being
potentially well suited for LPWs. However, its responsible mechanisms remain a subject for debate.
Taking hydroxyapatite (HAP) as the seed of LPWs, this paper conducted HAP adsorption/dissolution
experiments, titration experiments, and P recovery experiments to distinguish the primary responsible
mechanism. Results showed that it was HAP dissolution, not P adsorption, that occurred when
the initial P concentration was no higher than 5 mg/L, ruling out adsorption mechanism of P
recovery from LPWs using HAP as the seed. Significant OH™ consumption and rapid P recovery
occurred simultaneously within the first 60 s in titration experiments, suggesting CaP crystallization
should be responsible for P recovery. Moreover, the continuous increase in P recovery efficiency
with seed dosages observed in P recovery experiments seemed to follow well the mechanism of
pre-nucleation ion clusters (PNCs) aggregation. During PNCs aggregation, P aggregates with Ca?*
quickly, generating CaP PNCs; then, CaP PNCs aggregate with seed particles, followed by CaP
PNCs fusion, and ultimately transform into fines attached to the seed surface. PNCs’ aggregation
mechanism was further supported by a comparison of seed SEM images before and after P recovery,
since denser and smaller rod-shaped fines were observed on the seed surface after P recovery. This
study suggests that PNCs’ aggregation is the dominant mechanism responsible for the recovery of P
from LPWs via CaP crystallization using HAP as the seed.

Keywords: low P-containing wastewater; P recovery; CaP crystallization; ion clusters; aggregation

1. Introduction

Phosphorus (P) is the key element responsible for eutrophication of water bodies [1],
resulting in a series of notable problems for different purposes of water use. However, P is
also a limited and nonrenewable mineral resource, of utmost importance for the develop-
ment of human society [2]. According to the last summary of the U.S. Geological Survey,
the worldwide phosphate rock reservoirs amount to 71 x 10° Tg, while the excavated phos-
phate rock amount equaled 223 Tg in 2020 [3]. As a result, many countries have welcomed
the suggestion of P recovery from wastewater and are trying to put it into practice [4].

Low P-containing wastewaters (LPWs) refer to those which have a P concentration no
higher than 30 mg/L [5]. Municipal wastewater and effluents from industrial fields, such
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as paper making [6], printing and dyeing [7], and pharmaceuticals [8], are typical LPWs.
LPWs exhibit huge P recovery potential due to their larger volume. However, their low
cost-efficiency for P recovery is also well known, because of the low P concentration [9-12].
For example, Xie et al. [10] reported poor P recovery via CaP crystallization when P
concentration was below 100 mg/L. P recovery from LPWs via adsorption processes
still faces challenges due to the low adsorption affinity and interference of co-existence
anions [9,13]. Electrodialysis is a promising technology in regard to recovering P from
LPWs [14-16]. However, its application is little discussed [12].

Apatite, including hydroxyapatite (HAP) and its precursor phases, are demonstrated
to favor P recovery from wastewater when used as seed particles [17-19]. Two mechanisms,
calcium phosphate (CaP) crystallization and P adsorption, are well documented to be
associated with this recovery process. On the one hand, apatite acts like a catalyst, lowering
the activation energy barrier for CaP crystallization [20]. Furthermore, compared to other
medias, such as magnetite minerals [21], steel slags [22], and calcite limestone [23], apatite
has been proved to possess the most excellent catalysis performance for LPWs [19,20,24].
For example, using cow bone as seed particles, of which the main content is HAP [24], a
P recovery efficiency of 60-90% from LPWs was reported. For secondary effluent from
sewage treatment plant, 90% of P recovery was achieved taking HAP as seed [25]. On
the other hand, apatite has proved to be a suitable P adsorbent for LPWs due to the great
chemical affinity between P and the media [25,26]. Boeykens et al. [26] suggested the
adsorption was predominantly produced by ionic exchange processes. Park et al. [27]
reported an exchange mechanism where phosphate hydrolysis products were adsorbed on
the surface of crawfish char, of which the main content was also HAP. Another mechanism,
the attraction between the O-H groups and phosphate ions, was documented to play a key
role during P adsorption [26].

However, P adsorption and crystallization from LPWs using apatite are complex
mechanisms, and distinguishing between the two is not easy, considering that similar
chemical bonds could be involved and both are surface reactions [17]. Sevik et al. [28].
declared that adsorption occurred almost instantaneously and was rapidly followed by the
precipitation of HAP, while other researchers suggested an adsorption mechanism at low P
content and precipitation mechanism at high P content [29,30].

Moreover, even with crystallization being the key mechanism, two distinct crystal-
lization pathways, induced surface precipitation and ions cluster aggregation, may be
involved in this process. The former is known as heterogeneous precipitation, wherein
nucleation takes place on the seed particles surface [31], while the latter is accomplished
through the aggregation between pre-nucleation ion clusters (PNCs) and seed particles [32].
Recently, PNCs have been well documented, even in undersaturated solutions based on
in situ measurements, such as in situ small-angle X-ray scattering (SAXS), in situ X-ray
absorption spectroscopy (XAS), and in situ high-energy X-ray diffraction (HEXRD) [33-35].
Keeping this in mind, the PNCs’ aggregation mechanism seems to be more appropriate
because of the low supersaturation of LPWs with respect to CaP.

The overall objective of this study was therefore to illuminate the P recovery mecha-
nism from LPWs via CaP crystallization. The specific aims of this study were as follows:
(1) determine whether P adsorption by HAP occurs or not in LPWs; (2) evaluate the role of
Ca?" in P recovery from LPWs via CaP crystallization; (3) verify the potential impact of
pH, HAP dosage, and crystallization time on P recovery efficiency; (4) examine the exact P
recovery mechanism from LPWs via CaP crystallization. HAP, the most thermodynami-
cally stable phase of apatite, was selected as the model seed material for this research. The
outcome of this research was anticipated to have important impacts on the development of
a preferred alternative for P recovery from LPWs.
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2. Materials and Methods
2.1. Materials

Analytical grade reagents, purchased from Sinopharm Chemical Reagent Co., (Shanghai,
China) without further purification, have been used in all experiments. The test water used
in experiments was deionized water, which had a conductivity of 0.7 uS/cm. LPWs were
simulated by dissolving Na,HPO,4-7H;O in deionized water. CaCl, was used to provide
Ca?* source. pH adjustment was achieved with 0.5 M HCI and NaOH solutions, and ionic
strength was adjusted by the addition of NaCl.

Seed material, HAP, was purchased from Jinheng Chemical Reagent Co., (Xi’an, China),
of which the phases were composed mainly of HAP and its precursor phases (ACP and
OCP), with Ca/P molar ratio of 1.83.

2.2. P Adsorption Experiments

P adsorption experiments were carried out by batch method. Determined amounts
of HAP (0.1-5 g/L) were suspended in 0.1 M NaCl solution as background electrolyte
in 250 mL glass conical flasks precleaned with 1% HNOj and cleaned several times with
deionized water The initial P concentration range of the suspension was set at 0-40 mg/L.
This range of concentration was selected in order to assess either P adsorption or HAP disso-
lution predominated in LPWs without Ca?* addition. After that, the pH of the suspension
was adjusted to 9.0. The conical flasks were then shaken in an orbital incubator at 200 rpm
for 40 h at 298 K. During adsorption, 5 mL aliquots were collected at predetermined time
intervals using 0.45 pm membrane syringe filters and measured for P concentration.

In order to elucidate the adsorption process of P on HAP surface, pseudo-first-order,
pseudo-second-order, and intra-particle diffusion kinetic models were selected to fit the
kinetic data. Their linear forms are given as follows, according to Cheng et al. [13]:

In(ge — q¢) = Inqe — kqt (1)
t 1 t
=4 2
qa kgl @
gi= kpt'/24+C 3)

where g, and g; are the P adsorption capacities for HAP (mg/g) at equilibrium and at time
t, respectively; k; is the rate constant of pseudo-first-order kinetic model (1/min); k; is the
rate constant of pseudo-second-order kinetic model (g/(mg-min)); k, is the intra-particle
diffusion rate constant (mg/ (g-min_l/ 2)); and C is the intercept (mg-g).

Thermodynamic experiments were conducted at 283, 293, and 303 K, respectively.

2.3. Titration Experiments

To monitor CaP crystallization in LPWs, a computer-controlled titration system,
907 Titrando (Metrohm, Switzerland) was used in constant pH titration mode. A 20 mL
aliquot of a CaCl, solution was added to 180 mL LPWs with 0.4 g HAP, resulting in Ca%*
concentration of 3, 30, and 60 mg/L, respectively, P concentration of 1 mg/L, and HAP
dosage of 2 g/L. The mixture was rapidly titrated to pH 9.0 with 0.5 M NaOH. Once
reaching the pH of the set point (designated as 0 s), CaP crystallization was immediately
triggered by a magnetic stirrer at 500 rpm. The extent of crystallization was monitored by
following the consumption of NaOH added to maintain constant pH. For each experiment,
the reaction was monitored for a total of 1 h at 2 s intervals. A temperature of 298 K was
maintained by an external water bath. pH was measured with a pH electrode (Metrohm
No. 6.0262.100), calibrated prior to each experiment.

To evaluate the P recovery efficiencies related to base consumption, four 5 mL aliquots
were withdrawn from each experiment using 0.45 pm membrane syringe filters and mea-
sured P concentration, at characteristic periods before, after, and around the rapid increase
in base consumption, corresponding to 0, 60, 1800, and 3600 s.
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For further insights into the P recovery mechanism, another titration experiment
was conducted in non-constant pH titration mode at seed dosage of 2 g/L and initial
pH of 9.0, with initial Ca?* and P concentration of 30 mg/L and 1 mg/L, respectively.
CaP crystallization was immediately triggered, as mentioned earlier. pH and electrical
conductivity were monitored for a total of 1200 s in 2 s intervals with pH electrode and
electrical conductivity electrode (Metrohm No. 6.0916.040), respectively.

2.4. P recovery Experiments

Jar test experiments were used to quantify P efficiency from LPWs via CaP crystalliza-
tion with different seed dosages and at different pH and reaction time. All experiments
were carried out in triplicate. A 200 mL aliquot of 1.5 mM CaCl, solution was added to
an equal volume of LPWs in Perspex vessel (500 mL), resulting in initial Ca>* and P con-
centrations of 30 mg/L and 1 mg/L, respectively. Determined amounts of HAP (0-10 g/L
for seed dosages tests and 5 g/L for reaction time tests, respectively) were introduced into
mixtures. pH value was adjusted to target value, and ionic strength I = 0.02 M. Temperature
was controlled at 298 & 0.5 K. CaP crystallization was immediately triggered by mechanical
stirring at 200 rpm. For seed dosages tests, reaction lasted for 30 min, and 5 mL aliquots
were withdrawn for measuring P concentration. For reaction time tests, CaP crystalliza-
tion was quenched at 1, 5, 10, 30, 60, and 90 min, respectively, and 5 mL aliquots were
withdrawn immediately.

2.5. Characterization and Analysis

P concentration was determined using the molybdenum blue spectrophotometric
method with a UV-Vis spectrophotometer (SPECTRA UV-11, MRC, Youke, Shanghai,
China) at 700 nm. P recovery efficiency was calculated according to the difference between
initial and residual P concentration. Scanning electron microscopy (SEM), energy dispersive
spectrometry (EDS), and X-ray diffraction (XRD) analyses were conducted for original seed
particles and P recovery products at seed dosage of 2 g/L and reaction time of 30 min,
to determine their physicochemical properties. For P recovery products, after P recovery
was completed 10 mL reaction mixture was withdrawn and filtered through a 0.22 pm
filter. The sample was then rinsed with a few drops of deionized water to remove the
remaining Na,HPO,/CaCl, solution, and then rapidly dried and stored in a desiccator.
For original seed particles, no pretreatment was demanded. The surface morphologies of
specimens were determined with SEM-EDS using a S-4800 scanning electron microscope
(Hitachi, Tokyo, Japan), with an accelerating voltage of 15.0 kV. The chemical morphologies
of specimens were characterized with a Smartlab-9 kw powder diffractometer (Rigaku,
Tokyo, Japan). The angles were scanned from 5° to 90° at a speed of 2° min~!.
3. Results and Discussion
3.1. Kinetics of P Adsorption in LPWs

The dynamics of P concentration for experiments with various initial P concentration
and HAP dosage are shown in Figure 1. Figure 1a indicates that it was definitely HAP
dissolution, not P adsorption that occurred when initial P concentration was no higher
than 5 mg/L. For the initial P concentration of 25 mg/L, no significant changes in P
concentration were detected, suggesting an equilibrium between HAP dissolution and P
adsorption/crystallization, in this case. HAP dissolution was further confirmed, as shown
in Figure 1b, considering the high initial HAP dosage and the higher equilibrium with P
concentration. The fitting results of the kinetic models are depicted in Tables S1-S3. The
pseudo-second-order kinetic model fitted best with the experimental dates, except for the
initial P concentration of 25 mg/L. The calculated g, values agreed very well with the
experimental ones. The invalid description for the initial P concentration of 25 mg/L clearly
suggested other simultaneous processes, which may be P adsorption or CaP crystallization.
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Figure 1. Phosphorus adsorption/dissolution kinetics under different initial P concentrations with
HAP dosage of 100 mg/L (a) and different HAP dosage with initial P concentrations of 5 mg/L (b).
The obtained values for Langmuir and Freundlich isotherm constants and correlation
coefficients were listed in Table S4. The results showed that the correlation coefficient (R?) of
the Freundlich isotherm was higher than that of the Langmuir isotherm, demonstrating that
HAP dissolution could be described better using the former. The negative value for AH?
(—3.93 k] /mol) indicated HAP dissolution was an exothermic process (Table S5). The nega-
tive values of AS? (—11.3]/(mol K)) indicated an regular increase in the randomness during
HAP dissolution, which can be interrupted by the hydration process of dissolved ions. To
our knowledge, this paper is the first report on the dissolution of apatite in P-containing
wastewater. For P recovery from LPWs using apatite as the seed, the adsorption mechanism
can be ruled out.
3.2. Role of Ca?* Introduction
For constant pH titration experiments at each initial Ca?* concentration, significant
OH™ consumption was detected within the first 60 s (Figure 2a), suggesting an obvious
and rapid deprotonation process, i.e., CaP crystallization occurred in LPWs. Rapid CaP
crystallization was further confirmed by the results shown in Figure 2b, as over 70% of the P
was recovered within 60 s. The excellent P recovery also confirmed that no HAP dissolution
occurred in LPWs, indicating the prominent suppressing effect of Ca®* on HAP dissolution.
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Figure 2. Effects of initial Ca®* concentrations on alkali consumptions (a) and phosphorus recovery
efficiencies (b) for constant pH titration experiments with initial P concentration of 1 mg/L, HAP
dosage of 2 g/L, and constant pH of 9.0.
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To our surprise, up to 70% P was recovered within the first 60 s at 3 mg/L Ca?*,
while the corresponding OH™ consumption was only 0.04 mL. The calculated crystallization
rates based on OH" consumptions showed the minimum crystallization rate at 3 mg/L
Ca?* (Figure S1), not matching its good P recovery effect. Apatite was reported to include
acidic and alkaline forms. The latter form is HAP and the former are several precursor
phases of HAP [36]. A more acidic apatite phase was detected at lower Ca/P molar
ration [36], indicating smaller OH" consumption during its formation. Therefore, we
postulated different apatite phases occurred presently. The most acidic phase might form
at 3 mg/L Ca®*, exhibiting the smallest OH" consumption. It is also worth pointing
out that continuous OH™ consumptions were observed after the first sharp consumption.
Carino et al. [37]. reported the same phenomenon in their research on the formation
and transformation of CaP phases. They attributed the continuous OH" consumption to
phase transformation from acidic apatite to HAP. During apatite phases transformation, P
concentration of bulk liquid should be almost constant, as such a process is realized via
reorganization of lattice ions and/or apatite clusters [38], which explains the constant P
recovery efficiency after the first 60 s (Figure 2b).

While for the non-constant pH titration experiment, an obvious decrease in pH and
electrical conductivity was observed during the first 80 s and 20 s, respectively (Figures
52 and S3). The simultaneous decrease in a short time undoubtedly denoted the CaP
crystallization. Interestingly, the change in pH seemed to lag behind that in electrical
conductivity, which may be caused by the good buffer capacity of HPO,2~ /PO,>~.

3.3. Effect of Seed Dosage, Crystallization Time, and pH on P Recovery

P recovery efficiencies at various seed dosages, precipitation time and pH are shown
in Figure 3a,b. Compared to the absence of seed, pronounced P recovery was achieved at
sufficient seeds dosage (Figure 3a), in line with previous studies [22,24,39]. No significant
difference was observed between dosage of 5 g/L and 10 g/L (p > 0.05), suggesting
5 g/L being sufficient. For high P-containing wastewaters, larger seed dosage provides
more active crystalline sites facilitating surface-induced crystallization (SIC) and thus
higher P recovery efficiency [40]. For LPWs, the more active crystalline sites may result in
their competition for limited P, decreasing P concentration within seeds” hydration shells,
wherein CaP crystallizes, consequently suppressing CaP crystallization [41]. Considering
the continuous increasing P recovery efficiency (Figure 3a), it is reasonable to conclude that
SIC is not the main underlying mechanism for CaP crystallization. In fact, SIC is usually
considered as the subsequent process of surface P adsorption during P recovery [1,42]. It
was the dissolution of HAP, not the adsorption of P, that came into prominence for LPWs,
further confirming the negligible role of SIC. On the contrary, the continuous increase in
P recovery efficiency with seed dosages seemed to follow PNCs aggregation mechanism
well, where P recovery is achieved via the aggregation between PNCs and seeds. Higher
seed dosage improves the aggregation scale, leading to higher P recovery efficiency. Similar
operations have been reported by Dai et al. [41], wherein the aggregation improvement
was achieved by air agitation.

A P recovery efficiency of over 70% was achieved within the first 1 min (Figure 3b),
suggesting rapid P recovery once the seeds were introduced. By further prolonging reaction
time to 30 min, P recovery efficiency increased to 85%; after that, no significant improvement
was observed (p > 0.05). The rapid P recovery confirmed again that SIC played a negligible
role in P recovery. It is not hard to imagine that the rates of both P adsorption and CaP
crystallization on seed particle surfaces, if existing, were severely reduced by the low initial
P concentration of LPWs. However, the aggregation between PNCs and seed particles can
be anticipated to be accomplished within 1 min, providing there are sufficient seed dosages
and mechanical stirring strength.
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Figure 3. Effects of HAP dosages (a), reaction time (b) and pH (c) on phosphorus recovery efficiencies
from LPWs via CaP crystallization. For HAP dosage tests, reaction time was 30 min; for reaction
time tests, HAP dosage was 5 g/L. Initial Ca?* and P concentrations were 30 mg/L and 1 mg/L,
respectively, and initial pH was 9.0 in each test.

Within a pH of 7-9, P recovery efficiency increased with the enhancement of pH,
though not significantly (p > 0.05), indicating the key role of CaP crystallization in P
recovery once again since high pH facilitates CaP crystallization.

3.4. Characteristics of Seed Particles and P Recovery Products

The morphologies of P recovery products at a seed dosage of 2 g/L and a reaction
time of 30 min, together with the original seeds, were examined by SEM. Figure S4a,b
illustrate that the original seeds are particles with a regular spherical shape and rough
surfaces, of which the particle size ranges from tens of micrometers to about one hundred
micrometers. The rough surface is composed of a layer of rod-shaped fines with sizes
of approximately dozens of nanometers (Figure S4b). Almost no changes in seed size
distribution were observed after P recovery (Figure S4c), which could be well interpreted
by the fact that the initial P concentration was only 1 mg/L. In addition, the rod-shaped
fines on the seed surface became denser and smaller compared to those of the original seeds
(Figure S4d). It was postulated that the formation of such smaller fines was the result of
CaP crystallization rather than the dissolution of fines shown in Figure 54b, considering the
aforementioned suppressive effects of Ca®* on HAP dissolution. Such postulation could
be further supported by the EDS (Figure S4e,f) and XRD (Figure S4g) spectrum of original
seed and P recovery products. The EDS spectrum indicated C, O, P, and Ca as the main
constituent elements of both samples, while the XRD spectrum of both samples exhibited
typical peaks of HAP and its precursors such as ACP and OCP at 24.92°, 26.99°, and 32.78°.

The accumulation of a large amount of dense and small fines on the seed surface
prompted us to associate P removal with the aggregation of CaP PNCs, the so-called
Posner’s clusters with sizes between 0.7 and 1.0 nm in the solution [43]. Several documents
have reported the aggregation of CaP PNCs [43—45]. However, the particle size of fines
shown in Figure 54d is about two orders of magnitude larger than that of CaP PNCs,
indicating they should not be PNCs themselves. We hypothesized the fines might be the
preliminary or secondary aggregating products of CaP PNCs, before which CaP PNCs
accumulated on the seed surfaces via aggregation with seeds.

At present, the XRD spectra of seeds before and after P recovery both exhibited typical
peaks of calcite (Figure S4g). In addition, C molar content was elevated from 0.68% to
7.24% after P recovery (Figure Sde,f), indicating the simultaneous crystallization of calcite
with CaP. Carbonate has been reported to be one of the main coexisting impurities in
P-containing wastewater [46]. During P recovery, carbonate competes with P for free
Ca?*, inhibiting CaP nucleation and consequently reducing P recovery efficiency [47].
Atmospheric CO; can be captured directly by basic solution [48], interpreting the present
calcite crystallization, despite the carbonate absence in the original LPWs. Nonetheless, it
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is necessary to stem the co-crystallization of calcite, which may severely reduce the purity
and quality of P recovery products.

3.5. P Recovery Mechanism from LPWs via CaP Using Apatite

According to the obtained results, the underlying mechanism for P recovery from
LPWs via CaP crystallization using apatite as the seed is shown in Figure 4. Upon the
introduction of adequate Ca?* into LPWs containing apatite, P begins to aggregate with Ca?*
quickly, generating CaP PNCs, while the surplus excessive Ca®* exhibit their continuous
inhibitory effects on apatite dissolution. P recovery from LPWs starts with the aggregation
between CaP PNCs and seed particles, leading to CaP PNCs densification on the seed
surfaces. In a next step, the further densification of CaP PNCs results in their fusion, i.e., the
formation of preliminary aggregating products. At this moment, the irregular solid-liquid
interface occurs. Ultimately, preliminary aggregating products transform into fines via
secondary aggregating, exhibiting rod-shaped morphology with sizes of approximately
dozens of nanometers (Figure 54d).
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Figure 4. Possible mechanism for P recovery from LPWs via CaP crystallization using apatite as seed.

A comparable description of CaP crystallization via PNCs aggregation has been
documented by Dey et al. [49], where the densification of PNCs takes place on the surface
of the organic template and the driving force of the densification is reported to be the
attractiveness of the organic templates to PNCs. At present, the PNCs densification occurred
at the seed surface and was suggested to be driven mainly by aggregation between PNCs
and seed particles. Because of the continuous mechanical stirring in LPWs, PNCs and seed
particles collide with each other with high frequency, leading to significant aggregation
between them.

In addition to this, the attractiveness of active Ca and P sites at the seed surface may
also play a partial role for the densification of PNCs. Indeed, HAP is commonly used as a
seed material for P recovery from wastewater via CaP crystallization [19,20,24]. In this case,
HAP particles possess similar lattice structure as CaP crystalline products, therefore they
exhibit higher molecular recognition ability and consequently, more excellent attractiveness
to crystalline products, compared to other seed materials such as calcite and sand.

The formation of PNCs has been widely reported in unsaturated solutions such as
LPWs [45,50]. In addition, PNCs aggregation mechanism reasonably explains our exper-
imental results. Unfortunately, we did not directly observe PNCs and their aggregation
processes. Further research based on cryo TEM observation should be conducted to accu-
rately reveal the P recovery mechanism from LPWs via CaP crystallization using apatite as
the seed.
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4. Conclusions

This study demonstrated that, when using HAP as seed, PNCs aggregation with seed
particles is responsible for P recovery from LPWs via CaP crystallization. HAP adsorp-
tion/dissolution kinetic experiments, titration experiments, and P recovery experiments
demonstrated the following key findings:

e It was HAP dissolution, rather than P adsorption, that occurred when the initial
P concentration of LPWs was no higher than 25 mg/L, ruling out the adsorption
mechanism for P recovery from LPWs via CaP crystallization using HAP as the seed.

e The dissolution of HAP in LWPs with an initial P concentration no higher than
25 mg/L, an exothermic and entropy reduction driven process, followed the pseudo-
second-order kinetic model well. Introducing Ca?* suppressed the dissolution of HAP
effectively, and CaP crystallization occurred.

e Itis PNCs’ aggregation, not surface-induced crystallization, that plays the key role in
P recovery from LPWs via CaP crystallization using HAP as the seed.

e During PNCs aggregation, P aggregates with Ca®* quickly, generating CaP PNCs;
then, CaP PNCs aggregate with seed particles, followed by CaP PNCs fusion, and they
ultimately transform into rod-shaped fines attached to the seed surface.
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kinetic parameters of pseudo-first-order dynamics model; Table S2: Dissolution kinetic parameters
of pseudo-second-order dynamics model; Table S3: Dissolution kinetic parameters of intra-particle
diffusion model; Table S4: Parameters of dissolution isotherms at different temperatures; Table S5:
Thermodynamic parameters of HAP dissolution at different temperatures.
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