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Phosphorus retention in small- and medium-sized wastewater treatment plants is crucial to preventing the eutrophication of downstream catchments. One popular solution in combination with treatment wetlands is the use of reactive filters for phosphorus retention; however, identifying a suitable substrate is not an easy task in this process. Apatites have already proven to be an effective alternative for phosphorus retention, yet more in-depth research is needed. This article uses two natural apatite materials, NA1 and NA2, introduced in four fixed-bed laboratory columns to assess their phosphorus retention capacity. Various inflow conditions are set for the NA1 substrate to evaluate the impact of calcium and biomass development on performance. The substrates show high phosphorus retention (>16.8 g PO4-P/kg for NA1 and >17.5 g PO4-P/kg for NA2) as well as high kinetic rate coefficients (1.45 and 1.70 h−1 for NA1 and NA2, respectively), with performances above 80% for both substrates. The maximum phosphorus retention capacity is not attained at the end of the experiments, despite their long duration (230 days) and the short hydraulic residence times applied (∼2 h), thus suggesting a long-term removal capacity. The NA1 column fed with a calcium-deficient synthetic solution displays just slightly reduced kinetic rates, most likely due to calcite and dolomite dissolution from the media. The column fed with treated wastewater does not reveal any significant reduction in hydraulic conductivity due to biomass development. No loss of permeability due to chemical clogging was observed in the other columns. Scanning electron microscopy indicates that phosphorus retention occurs by the precipitation of amorphous calcium phosphate for both natural apatites, thereby clearly demonstrating the implementation of seeding mechanisms. Such a retention process is sustainable, which suggests it may proceed over even higher retention capacities.
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HIGHLIGHTS

• High phosphorus retention capacity
• No significant impact of phosphorus precipitation on hydraulic conductivity
• Precipitation of amorphous calcium phosphate
INTRODUCTION
Phosphorus removal in small wastewater treatment plants (WWTPs) is a technological issue yet to be resolved (Vohla et al., 2011). A large number of substrates for phosphorus retention have already been assessed using batch or laboratory-column experiments (Cui et al., 2008; Dai and Hu, 2017; Barca et al., 2021; Perez et al., 2021) or at the pilot scale, while full-scale applications have not been adequately developed or studied (Shilton et al., 2006). The use of filters with reactive substrates, such as natural apatites (Ca5(PO4)3(OH,F,Cl)), can be a suitable solution to retain phosphorus thanks to their low maintenance requirements and presumably long-term removal capacity (Molle et al., 2005; Molle et al., 2011). However, further in-depth research is required to determine both the resulting maximum phosphorus retention capacity (PRC) and the clogging risks associated with a small particle size distribution.
The apatite mineral has proven to be an efficient crystallization seed in promoting calcium phosphate (CaP) precipitation from wastewater (Nancollas and Mohan, 1970; Joko, 1984; Molle et al., 2005). However, the corresponding efficiency varies with apatite composition, the nature of the phosphate rock, and its origin (i.e., igneous vs. sedimentary) (Bellier et al., 2006; Harouiya et al., 2011a; Harouiya et al., 2011b; Molle et al., 2011). Seeded precipitation operates within the metastable zone between the solubility and super-solubility curves. The closer the seed crystals and precipitates in composition, the lower the supersaturation of the solution required to promote such precipitation (Jang and Kang, 2002). The precipitation of calcium phosphate phases involves complex equilibria. From a thermodynamic perspective, the most stable solid phase is hydroxyapatite (HAP) (Hermassi et al., 2015). However, HAP precipitation is not straightforward. According to the Ostwald step rule (Ostwald, 1897; Chung et al., 2008), this precipitation generally necessitates both the formation of a CaP precursor and a transition through other metastable solid phases, leading to the final crystalline HAP structure. The composition of the precursor is governed by precipitation kinetics. Most research studies carried out on HAP precipitation have identified the formation of amorphous calcium phosphate (ACP) as the phase precursor (Nancollas and Mohan, 1970; Meyer and Eanes, 1978; Mañas et al., 2012) in the transition up to HAP through crystallization of tricalcium phosphate (TCP, Ca/p = 1.5), calcium-deficient hydroxyapatite (CDHA, Ca/p = 1.5–1.6 (Dorozhkin, 2010), or octocalcium phosphate (OCP, Ca/p = 1.33) (Nancollas and Mohan, 1970; Meyer and Eanes, 1978; Castro et al., 2012).
Calcium availability is an important parameter in promoting CaP precipitation; it may be provided by the wastewater and/or supplied by an additional soluble phase (e.g., calcite). The dissolution of Ca-containing minerals increases calcium availability and the supersaturation of the solution with respect to CaP phases. The role of dissolved Ca on P retention has been pointed out in previous works on Ca-containing substrates, such as shell sand (Ádám et al., 2007), oil shale ash (Kõiv et al., 2010), and steel slag (Barca et al., 2014).
When considering wastewater treatment applications, another key aspect related to filter efficiency is the particle size distribution of the substrate. A fine particle size distribution exposes more surface area for the reactions to take place, hence improving both the kinetic rate and performance of the system. On the other hand, small particles increase the risk of a premature chemical or biological clogging of fixed-bed reactors. Such bioclogging can be partially overcome if the reactive filter is used as a tertiary treatment in small WWTPs in order to avoid excessive biomass development, as proposed in this article.
In various small WWTPs across France, apatite filters have already been installed for phosphorus retention. The material, however, is presented in a granulated form, which has failed to provide long-lasting results; moreover, it displays high pH values for several months following system start-up (Delgado-González et al., 2021; Delgado-Gonzalez et al., 2021). These results support the idea that natural apatite may still be a more appropriate solution; however, a better understanding of the processes taking place and the limitations of such a system is required before considering any technological upscaling. In this work, two distinct natural apatite materials available in the market are assessed to determine their capacity to retain (ortho)phosphates. The study examines and compares their phosphorus retention capacity, performance, and kinetics by using simplified models suitable for design purposes. Either of the two materials has been selected to evaluate their performance under alternative environmental conditions, namely, a calcium-deficient influent and a treated wastewater influent. The loss in hydraulic efficiency due to chemical and/or biological clogging is also investigated. The aim of this work is to provide a better understanding of both the phosphorus retention processes taking place in natural apatites and the impact of such retention on system sustainability in terms of hydraulics and retention performance.
MATERIALS AND METHODS
Characterization of apatite materials
Two natural apatite materials are used in this study, hereafter referred to as natural apatites 1 and 2, or NA1 and NA2. A physical, chemical, and mineralogical characterization of both raw apatite products was carried out. Representative samples of both substrates were selected using the coning and quartering method (NF EN 932-2).
Elemental analyses of Ca, P, Si, Al, Fe, K, Mg, and Na were conducted by means of alkaline fusion (LiBO2), followed by acid digestion (HNO3), and subsequent analyses of the solutions by inductively coupled plasma optic emission spectrometry (ICP-OES) (iCap6500, Thermo Scientific). The fluorine concentration was analyzed using an ion selective electrode (ISE). Lastly, total sulfur and total carbon were assessed with an infrared analyzer (HORIBA EMIA 320-V2) after heating the samples by induction to approximately 1,450°C.
The mineralogical characterization step was performed on dry ground (80 < µm) raw samples using X-ray diffraction (XRD), with a CuKα radiation (λ = 1.54060 Å) on a 2θ diffractometer (Bruker D8-Advance) in the 5°–70° range. The mineralogical phases were identified using Match! three software (Crystal Impact) by comparing the recorded patterns with the data provided by the Crystallography Open Database, and quantified using the Rietveld refinement performed by FullProf software (Rodriguez-Carvajal, 1993). In a Rietveld refinement, individual scale factors (related to the concentration of each phase) and profile, background, and lattice parameters are varied to fit the calculated diffraction (area of the peaks) to the observed data (Misture and Pomeroy, 2021).
The crystallographic microstructure and chemical composition of the apatite materials were also analyzed using imaging techniques. The apatite particles were first embedded in an epoxy resin to obtain cylindrical resin blocks (4 cm in diameter), which were then abraded and polished in ethanol using successively finer silicon carbide powders. Next, an ethanol-based diamond slurry was introduced to produce a smooth polished finish suitable for recording electron backscatter diffraction patterns. The polished sections were carbon coated and examined using Scanning Electron Microscopy (SEM JEOL JSM-7100) equipped with an Electron Backscattered Diffraction pattern detector (EBSD AZtec HKL) and an Energy Dispersive X-ray Spectroscopy analyzer (EDXS Oxford Instruments) for microanalysis (R. Castaing Microcharacterization Centre, France). This technique was also applied after the experiment to examine the chemical composition of the precipitates formed.
The particle size distribution was determined by the standard dry sieving method (NF EN ISO 17892-4 January 2018). The porosity of the media was evaluated using the standard soil science procedure based on estimations of both bulk density and particle density (Klute, 1986). Particle density was determined according to the pycnometer method (NF EN ISO 11508 May 2014) (n = 3), while bulk density was measured from the volume occupied by a known mass of material (n = 3).
The specific surface area (SSA) could then be determined by considering the particle size distribution of the material under the assumption of spherical particles (McCabe et al., 2005):
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where [image: image] denotes the total porosity of the material, ρs (kg/m3) the particle density, n the total number of sieves used, di (m) the diameter of the ith sieve, mi (kg) the recovered mass between the ith and ith+1 sieves, and M (kg) the total sample mass.
Column experiment setup
Long-term tests were conducted in four fixed-bed laboratory columns. The columns were filled to a height of 20 cm and with a 63.6 cm2 cross-section of apatite filtering material. Total three of the four columns (NA1_Ref, NA1_Ca, and NA1_Bio) contained the NA1 apatite product for investigation of various aspects related to P retention, e.g., calcium content and biomass development. The fourth column, labelled NA2_Ref, contained NA2 for comparison with the NA1 substrate.
The experiments were carried out in hydraulically saturated systems within a vertical down-flow regime (See Supplementary Figure S1). All columns display equidistant internal sampling points to allow for solution sampling at various retention times. Two gravel transition layers (2–6 mm siliceous gravel, Sibelco) were placed at the filter inlet and outlet to prevent the loss of apatite materials. The columns were also wrapped in a black opaque plastic sheet to avoid algae development.
Feeding and analysis protocol
Except for column NA1_Bio, the pilot columns were all fed with a synthetic solution prepared from tap water and KH2PO4 (Sigma-Aldrich) so as to achieve a phosphorus inlet concentration of around 15 mg PO4-P/L. Such a concentration is within the range of typical phosphorus inlet concentrations of rural communities (2,000 p. e.) in France (Mercoiret, 2010). It would also allow a fast saturation of the filtering media in order to assess their maximum retention capacity within the experimental time. The conductivity was also adjusted by adding an NaCl solution (common salt) to approximate common values found in real wastewater (≈1,000 μS/cm). The aim of the experiment in column NA1_Ca was to analyze the effectiveness and kinetic rate of P retention at low calcium concentrations. Therefore, the inlet solution was diluted with distilled water to halve the tap water calcium concentration to approximately 35 mg Ca/L. The feeding solution of the NA1_Bio column was the outlet effluent of a biological secondary treatment. To prevent premature biological clogging, the flow rate of column NA1_Bio was set at about 5 L/day, limiting the organic load on the filter. In consequence, phosphate concentration was adjusted by adding KH2PO4 to achieve concentrations of around 20 mg PO4-P/L in order to keep comparable P loads to the other columns. The flow rates of the remaining columns (NA1_Ref, NA1_Ca, and NA2_Ref) were set at roughly 10 L/day. Table 1 summarizes the feeding characteristics of the columns as well as the experiment durations.
TABLE 1 | Inlet solution characteristics of the laboratory column experiments and test duration. Mean value ± standard deviation (95%).
[image: Table 1]The samples were collected once a week at both the inlet and outlet of the systems. To assess the evolution of P concentration inside the column, samples were also extracted at the various sampling points along the column at selected times of the experiment, particularly during the precipitation phase [i.e., high phosphorus retention capacity (PRC)]. Calcium, phosphate, carbonates, and other ion concentrations were analyzed in 0.45-µm filtered samples by means of ionic chromatography (NF EN ISO 14911 and EN ISO 10304-1). Measurements of the chemical oxygen demand (COD) and total suspended solids (TSS) were also conducted for certain NA1_Bio samples according to Standards NF T 90-101 and NF EN 872, respectively. The analytical results of biochemical oxygen demand (BOD5) (NF EN 1899-1) were derived from the wastewater treatment plant monitoring data. The conductivity and pH were also measured for each sample. Lastly, the flow rate was checked every 2 days and adjusted when necessary.
Reaction rate models
The evolution of phosphorus concentration along the column was fitted to two distinct reaction rate models: the k-C∗ model, and the N-k-C∗ model (Kadlec and Wallace, 2009).
The k-C∗ model is a simplified kinetic model that assumes first-order kinetics for P retention, an ideal plug flow reactor, and a background concentration. The evolution of P concentration (C) with hydraulic retention times (HRTs), as represented by t(h), can be obtained by the following expression:
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where C0 is the inlet concentration of phosphorus (mg/L), kv is the volumetric kinetic rate constant (h−1), and C∗ is the P equilibrium concentration (mg/L). The k-C∗ model is traditionally used to describe pollutant retention in porous systems, such as treatment wetlands (Merriman et al., 2017), and more specifically, in the case of phosphorus retention by apatite filters (Harouiya et al., 2011a; Harouiya et al., 2011b; Molle et al., 2011). Even though the plug flow may not be strictly accurate in describing the hydrodynamics of such systems, it still provides a reasonable estimation of treatment performance when taking background concentrations into consideration (Merriman et al., 2017).
The N-k-C∗ model combines the k-C∗ model with the hydrodynamics of a tank-in-series (TIS) model. The number of tanks-in-series (N) introduced into Eq. 3 must be determined by tracer tests:
[image: image]
The parameters of both models, kv and C∗, are to be determined by kinetic studies.
Assessment of model parameters
To estimate the model parameters, several kinetic studies were performed at different PRC levels over the course of the experiment. A kinetic study analyses the evolution of P concentration within the columns at different hydraulic retention times (HRTs). To cover the entire concentration range (from 15 mg PO4-P/L to equilibrium), the kinetic assessment was carried out by progressively reducing the inlet P concentration to simulate a longer HRTs; more specifically, the outlet concentration of the first week was set as the inlet concentration of the following week and so on. Such a methodology requires 1 to 4 or 5 weeks of measurements until the variation in concentration between consecutive sampling points is ≤0.1 mg PO4-P/L or the outlet concentration is equal to zero.
Both models were adjusted to the data resulting from these kinetic studies using a generalized reduced gradient (GRG) nonlinear least squares method, while the kv parameter is better defined at high inlet concentrations, and C∗ requires approximating low P outlet concentrations (equilibrium). When no kinetic study had been conducted, C∗ was set at the value defined in a previous kinetic study, and kv was then determined based on inlet/outlet concentrations. The additional uncertainty of such a calculation is considered reasonable since C∗ evolves slowly between two kinetic experiments.
Tracer tests
Dirac tracer tests were conducted to estimate the N parameter of the TIS hydraulic model, which describes the number of completely stirred tank reactors (CSTR) of equal volume in series. The retention distribution curve (E(t) vs. t) of a TIS hydraulic model is defined by the gamma distribution curve shown in thefollowing equation:
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where E(t) denotes the retention time distribution function, t (h) is time, and texp (h) is the experimental hydraulic retention times (HRTs), which is also the mean retention time of the distribution curve (Eq. 5), and Г(N) (h−1) is the gamma function.
A GGUN-FL30 fluorometer was used to analyze the evolution over time of the concentration of fluorescein tracer at the outlet of the NA1 substrate columns. The tracer test characteristics for each filter are described in Table 2.
TABLE 2 | Tracer test characteristics: mass of tracer used, volume of tracer solution sent to the filter, and tracer test duration.
[image: Table 2]The experimental data from the tracer test is then used to determine E(t) using the following expression:
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where Q (m3/h) is the flow rate, and C (g/m3 or mg/L) is the tracer concentration at the system outlet. The model is employed to fit the data by a simultaneous determination of texp and N (involving the SOLVER (Excel™) tool that minimizes the sum of squared errors). For values of N = 1, the system behaves as an ideal CSTR. For N values greater than or equal to 50 (Levenspiel, 2012), the retention distribution curve produces the Gaussian distribution of a plug flow reactor.
Study of hydraulic conductivity
A constant head permeability test was carried out at the beginning and end of the experiments to assess changes in the saturated hydraulic conductivity (ks) of the system (see Supplementary Figures S2, S3). Darcy’s equation (Eq. 7) was applied to determine ks (m/s), where Δh denotes the head loss (m), A the section area of the column (m2), L the distance between piezometers (m), and Q the flow rate (m3/s).
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RESULTS AND DISCUSSION
Characterization of apatite materials
Results from XRD analysis based on Rietveld refinement are listed in Table 3. The total amount of apatite phase in NA1 and NA2 samples is 51.8 and 70.7% (wt) as carbonated fluorapatite (C-FAP (PDF 01-073-9696)), respectively. The XRD diagrams (refer to Supplementary Figures S4, S5) of both materials show characteristic peaks at (002), (102), (210), (211), (300), (202), (222), (213), and (004) of single-phase hexagonal apatite with the space group P63/m (Predoi et al., 2021). Other phases present in both apatites NA1 and NA2 are dolomite (04-008-8066), calcite (04-001-7249), and quartz (01-089-1961).
TABLE 3 | Mineralogical composition by percentage weight of apatite substrates NA1 and NA2, as determined by XRD and calculated by Rietveld refinement.
[image: Table 3]Natural apatite rock suppliers inform about the quality of the material in terms of elemental composition (Table 4). Since the most abundant phosphate rock is apatite, it can be assumed that apatite content is proportional to P content. The calculation of the P content from the Rietveld estimation of apatite content (considering crystalline and amorphous phases) was 8.2% (wt) for NA1 and 11.2% (wt) for NA2. This is similar to what was obtained according to the analytical method (ICP-OES), which equals 11.0 and 13.8% (wt) for NA1 and NA2, respectively.
TABLE 4 | Elemental composition by percentage weight based on ICP-MS and ICP-OES analyses of apatite substrates NA1 and NA2.
[image: Table 4]Table 5 presents the physical characteristics of the apatite substrates used in this study. Material NA2 shows a smaller particle size distribution than NA1, thus resulting in a slightly greater SSA for NA2 according to Method 1.
TABLE 5 | Grain size, porosity, particle density, and SSA for natural apatites, NA1 and NA2.
[image: Table 5]The micrographs and SEM-EDXS analyses on the raw substrates reveal some interesting aspects regarding the morphology and composition of both products. The NA1 material often shows a gangue substrate coating the apatite particles (Figure 1A). This coating is mainly composed of clays such as montmorillonite ((Na, Ca)0.33(Al, Mg)2(Si4O10) (OH)2·nH2O), which usually contains Fe as a common cation substitute (Anthony et al., 1995). In apatite NA2, the occurrence and amount of gangue observed are lower, thus leading to a “cleaner” apatite product (Figure 1C). This may explain the slight differences in terms of Al and Fe composition, and SSA with respect to NA1. The Ca/P molar ratio of apatite particles is typical of carbonated apatites, i.e., 1.78 ± 0.8 for NA1 and 1.80 ± 0.7 for NA2. Figures 1B–D provide close-up micrographs of the apatite particles, revealing an equivalent porous texture for both the types, NA1 and NA2, which supports the notion that the major differences between the materials lie in the gangue content.
[image: Figure 1]FIGURE 1 | SEM micrographs of polished cross-sections of the raw material products in the backscattered mode. (A) and (B) NA1 apatite particles partially embedded in a gangue of a different nature (darker grey); (B) a close-up of the micrograph (A), revealing the porous texture of apatite rounded particles. (C), (D) NA2 apatite particles presenting a much lower clay gangue concentration; (D) close-up of NA2 particles revealing an equivalent porous texture as for NA1 particles.
Phosphorus retention performance
Figure 2 presents the performance of the system expressed as the amount of P retained per amount of P entering the filter (data presented as inlet and outlet concentrations can be found in Supplementary Figure S6). A 100% performance is represented by the y = x line. Figure 2A indicates that NA1 and NA2 have a similar evolution in their retention capacity until attaining 8 g PO4-P/kg of material. At this stage, the performance of NA1 starts to decrease and shows slight differences with NA2. As for the latter, separation from the 100% line begins at 10 g PO4-P/kg. After 230 days of the experiment, columns NA1 and NA2 have accumulated 16.8 and 17.5 g PO4-P/kg of material with a removal performance still reaching 80 and 83%, respectively, for a hydraulic retention times of 1.8 h. The experimental time was not long enough to attain the maximum PRC of these materials, yet it is still enough to reach promising values from an operational point of view.
[image: Figure 2]FIGURE 2 | Evolution of phosphorus retention performance for (A) NA1_Ref and NA2_Ref columns, and (B) NA1_Ref, NA1_Ca, and NA1_Bio columns. These plots show the maximum PRC attained during the experiments and compare the performance recorded vs. the 100% performance line.
Figure 2B displays the results of the experiments using NA1 for various operating conditions (lack of Ca, biofilm growth). For the NA1-Bio column, performance remained close to 99% at the end of the experiment, following the same trend as NA1_Ref. Thus, up to a PRC value equal to 8.6 g PO4-P/kg NA1, the experiment shows that the effects of biofilm development remain limited. It may also result from biological assimilation, although, since the organic load is low (3.2 g BOD5/m2/d), such assimilation may not be significant.
Instead, the lack of calcium affects P retention performance to a more significant extent; it starts to reduce at 3.0 g PO4-P/kg NA1 and lies below 80% from a PRC of around 9.6 g PO4-P/kg NA1. The drop in calcium concentration does affect the supersaturation of the solution with respect to the CaP solid phases, hence reducing both the reaction rate and performance of the process.
Tracer tests
The N parameter was determined from fluorescein tracer tests conducted using the gamma distribution expression in Eq. 4; this led to an N value of 5.5, 13.0, and 19.0 for the NA1_Ref column, the NA1_Ca column, and the NA1-bio column, respectively. Since the hydrodynamics of the NA1_Ref column are furthest from the plug flow regime, so it will be selected in the following to assess the application limits of the k-C∗ model to laboratory columns.
A full description of these tracer test results can be found in the Supplementary Material section.
Assessment of reaction kinetics
The evolution of the kinetic rate constant with the phosphorus retention capacity starts at high values that gradually decrease until a pseudo-stabilization has been achieved (Molle et al., 2011). This behavior would account for an initial stage, during which adsorption and rapid precipitation of calcium phosphates occurs; then, the kinetic rate gradually decreases and retention is mainly associated with the crystal growth of calcium phosphates.
In Figure 3, the kinetic rate coefficient is evaluated using the k-C∗ model to compare both substrates, NA1 and NA2, revealing a longer initial stage for NA2 than for NA1. The mean kv value of NA2_Ref over this period is 4.34 h−1, lasting up to 9 g PO4-P/kg. For NA1_Ref, the first high kinetic coefficient stage reaches about 6.5 g PO4-P/kg, with a mean value of 4.26 h−1. Despite the longer initial stage for NA2_Ref with respect to NA1_Ref, the kv values during the pseudo-stabilization stage appear to attain a similar range for both the columns. The average kv values over the pseudo-stabilization stage are 1.45 and 1.70 h−1 for NA1_Ref and NA2_Ref, respectively.
[image: Figure 3]FIGURE 3 | Evolution of the kinetic rate constant (according to the k-C* model) with the filter bed’s PRC values for columns NA1_Ref and NA2_Ref.
In Figure 4, both models k-C∗ and N-k-C∗ are compared in the case of the NA1_Ref column. A significant difference in kv parameters can be observed between the models at low PRC values (C∗ lying close to zero). The N-k-C∗ model presents a mean kv of 9.03 h−1 compared to 4.26 h−1 for the k-C∗ model. This difference appears to be overcome in the pseudo-stabilization stage, where similar mean kv values are obtained (1.64 h−1 for the N-k-C∗ model and 1.45 h−1 for k-C∗). From both Figure 4 and Table 6, it can be noted that the k-C∗ model leads to a more conservative evolution of model parameters than the N-k-C∗ model.
[image: Figure 4]FIGURE 4 | Evolution of the kinetic rate constant according to the N-k-C* and k-C* models with the filter bed’s PRC values for column NA1_Ref.
TABLE 6 | Evolution of the retained Ca/P molar ratio in solution with increasing hydraulic retention times (phosphorus inlet concentration of around 15 mg PO4-P/L). The retained Ca/P ratio is calculated as the calcium concentration difference between two sampling points divided by the phosphorus concentration difference between these same two points. The bold values indicate calcium phosphate retention.
[image: Table 6]Regarding C∗, the materials allow for outlet concentrations below 1 mg PO4-P/L up to PRC values of approximately 11 and 15 g PO4-P/kg of material for NA1_Ref and NA2_Ref, respectively. At higher PRC values, C∗ could not be properly estimated, and values above 2 mg PO4-P/L may be expected. Nevertheless, considering the short retention times applied in the columns (around 2 h) to accelerate P saturation, lower C∗ values on full-scale systems with higher hydraulic retention times may indeed be expected. In turn, higher retention times may lead to different retention mechanisms (formation of different CaP phases and/or different rate-limiting steps). Thus, this specific critical aspect would need to be detailed in the future in order to better define the design and guarantee low outlet P concentrations.
Figure 5 presents the evolution of the kinetic coefficient for NA1 according to the set of various environmental conditions (Ca concentration and biomass growth). For the NA1_Ca column, the lower inlet calcium concentrations lead to a more gradual reduction in the kinetic rate coefficient as of the beginning of the experiment (low PRC values). In contrast, the NA1_Ref column remains relatively stable at high values up to around 6.5 g PO4-P/kg NA1. As a result, the pseudo-stable stage of NA1_Ca is attained at a lower PRC than NA1_Ref (at approx. 6 g PO4-P/kg NA1 vs. 8 g PO4-P/kg NA1 for the NA1_Ref column), even though kv appears to stabilize at similar values.
[image: Figure 5]FIGURE 5 | Evolution of the kinetic rate constant (according to the k-C* model) with the filter bed’s PRC value for columns NA1_Ref, NA1_Ca, and NA1_Bio.
Inlet calcium concentrations of the NA1_Ca column were high enough to allow for HAP precipitation (Ca/P = 1.67). However, a reduced calcium concentration affects the supersaturation of the solution, which in turn reduces the kinetic rate of the reaction. The mean inlet Ca/P molar ratios were 3.5 ± 0.7 for NA1 and 2.0 ± 0.2 for NA1_Ca, as shown in Table 1. Nevertheless, the actual Ca/P ratio affecting precipitation can increase inside the column due to the dissolution of calcareous material from the gangue. Such dissolution-reprecipitation of calcium as calcium phosphates could have smoothed the impact of a calcium-deficient solution on the kinetic rates, especially during the initial stage when most Ca-containing phases dissolve. The effects of a calcium-deficient solution in precipitation during the stabilization phase could not be evaluated.
In the case of the column using treated wastewater, NA1_Bio, the evolution of kv with PRC appears to be lower than under NA1_Ref conditions, showing a contrast at close to zero outlet concentrations for the NA1_Bio column over the entire PRC range of the experiment (see Supplementary Figure S6). To limit the organic load (from values up to 130–140 g DCO/m2/d), the flow rate of this column was reduced to 5 L/day instead of 10 L/day, thus increasing the retention time. When determining kinetic rate coefficients based on inlet/outlet concentrations, the HRTs affects the calculation of kv. It is impossible to know whether the column retains phosphorus on the first column layers, which would result in high kinetic rate coefficients, or whether P concentration gradually decreases with HRTs (lower kv values). Two kinetic measurements were performed by internal sampling on the NA1_Bio column, revealing kinetic rate coefficients within the same range as the NA1_Ref column (black dots in Figure 5). These results, in addition to kv values similar to NA1_Ref in the stabilization region, suggest that the effect of wastewater and biomass development is limited in the PRC range and under the operational conditions considered herein.
Concerning pH variations, the effluent of all columns exhibits a pH of around 8.0 (+/− 0.1) (see Supplementary Table S1) without any dynamic response over the duration of the experiment. We can therefore assume that this parameter could not explain the differences in the retention kinetics of the different columns.
SEM observation of calcium phosphate precipitates
At the end of the experiments, solid samples were extracted close to both the top (inlet) and bottom (outlet) of columns NA1_Ref and NA2_Ref. The samples were observed and analyzed by means of SEM-EDXS to identify the precipitates formed. The micrographs reveal the presence of a deposit formed on the surface of both the substrates for those samples taken close to the system inlet (the line scans of EDXS analyses are available in the Supplementary Material section).
In NA1 (Figure 6A), the outlying layer is constituted of a structured precipitate with a Ca/P molar ratio of approximately 1.5, which is characteristic of amorphous calcium phosphate (ACP) and tricalcium phosphate (TCP). However, this precipitate is more likely to be ACP since the Kikuchi lines characteristic of crystalized phases could not be observed in the backscattered SEM images. The ACP layer formed at the surface of apatite particles was directly exposed to the solution and onto the clay gangue. In the presence of the clay gangue, phosphorus was first retained inside the clay; (ortho)phosphates diffuse into the clay, where the oxides and hydroxides of aluminum and iron, as well as small embedded particles of apatite, would likely act as specific sorption sites, thus leading to further precipitation of (ortho)phosphates as ACP (Ca/P = 1.5).
[image: Figure 6]FIGURE 6 | Typical SEM micrographs in the backscattered mode for samples extracted from column NA1_Ref close to the system inlet. The various solid phases and layers are identified by different levels of grey. (A) The layers above the carbonated fluorapatite (Ca/P = 1.75), where phosphorus is retained: one corresponding to the clay part, where ACP is formed (Ca/P = 1.5), while the layer above corresponds to a structured ACP precipitate (Ca/P = 1.54). (B) The apatite particles in light grey surrounded by the gangue in darker grey and the structured ACP precipitate on the right side. In contact with and adjacent to these precipitate layers, the gangue exhibits a lighter level of grey than on the left side, illustrating the diffusion of phosphorus from the bulk solution into the gangue being limited to about 100 microns. This micrograph demonstrates that apatite particles embedded in the gangue do not participate in phosphate retention.
A comprehensive micrograph of this phenomenon is shown in Figure 6B. The particles in light grey represent the apatite; surrounding them, a darker grey edge signals the presence of the clay gangue. The layers of the structured precipitate can be seen on the right side of the image at a grey level close to that of the FAP particles. Below the structured ACP layers, the clay gangue appears in light grey yet turns to a darker grey level toward the left side of the image, thus illustrating the diffusive phenomenon into the clay, which extends to roughly 100 µm in some parts of the clay gangue. It can also be observed that the particles on the left, wrapped in the clay gangue, are not in contact with the solution and therefore no precipitate is formed, i.e., precipitation onto the apatite particles is limited by the presence of the clay gangue.
In the NA2 samples, only the structured layer could be identified, also corresponding to ACP precipitates (Figure 7). Since the clay concentration in the NA2 substrate is much less significant, the precipitate is directly formed onto the apatite particle surfaces. Therefore, the presence of the gangue in the NA1 substrate may be the reason behind lower performance and kinetic rates than in NA2.
[image: Figure 7]FIGURE 7 | Typical SEM micrographs in the backscattered mode for the samples taken from column NA2, revealing a precipitate formed directly onto the surface of the carbonated fluorapatite with a Ca/P ratio of 1.53, corresponding to ACP. The various solid phases and layers are identified in the image by the different levels of grey. Neither the NA1_Ref nor the NA2_Ref samples extracted from the bottom of the columns and analyzed by SEM-EDXS showed the formation of precipitates.
The mean thickness of the structured ACP layer in samples close to the inlet for both substrates equals approximately 30 µm.
To analyze the evolution of phosphorus retention with the HRTs, let’s note the evolution of the Ca/P solution molar ratio retained between two consecutive sampling points in the column (Table 6), as calculated in thefollowing equation:
[image: image]
where [Ca2+]i and [PO4-P]i represent the calcium and phosphorus molar concentrations at the ith sampling point, and [Ca2+]i+1, and [PO4-P]i+1 are the calcium and phosphorus molar concentrations at the subsequent (ith+1) sampling point.
Note that the retained Ca/P molar ratio shows a general tendency to evolve from higher to lower values along both the NA1_Ref and NA2_Ref columns with increasing HRTs. This finding may be related to a decreasing supersaturation of the solution with HRTs as calcium phosphates are being retained. Such supersaturation reduction results in less calcium phosphate precipitation. In addition, it seems that a front of calcium phosphate retention travels from the surface of the column to lower depths as the PRC increases (values shown in bold in Table 6). Such a trend suggests that the kinetic rate of calcium phosphate retention is decreasing in the first sections where PRC is higher, thus allowing for more calcium and (ortho)phosphate ions to reach the lower sections of the column with enough supersaturation to precipitate.
At high PRCs, as shown in the NA2_Ref column (Table 6), the first two sections of the column remain active with relatively high retained Ca/P ratios. However, as of the third section (from 8 cm deep to the bottom), results indicate higher Ca/P molar ratios than those of the previous section or even a negative Ca/P accounting for a level of dissolution. Even though the phosphorus concentration along the column always decreases with HRTs, the calcium concentration varies along the column, sometimes retaining and sometimes releasing the ions (Supplementary Figure S9). Such behavior also pertains to calcite and dolomite equilibria, revealing unsaturated conditions at certain column depths and at different PRC. Indeed, the evolution of Ca, Mg, and bicarbonate concentrations with HRTs shows the occurrence of dissolution and reprecipitation processes inside the bed (Supplementary Figure S7). Lastly, the absence of precipitates in the bottom samples analyzed by SEM-EDXS may be explained by the formation of small amounts of amorphous calcium phosphates that re-dissolve under unstable solution conditions (supersaturation-unsaturation).
Hydraulic performance
The use of natural apatite with a fine particle size distribution may induce premature clogging. To measure the loss of hydraulic performance, permeability tests were conducted in the columns both before and after the experiments. Table 7 reveals no significant variations in hydraulic conductivity since the values before and after the experiment remain of the same order of magnitude. Indeed, the decrease in hydraulic conductivity over the time of the experiment is less than the level of experimental uncertainty. The variation in permeability between the various column sections (Table 8) is not significant either. It can be concluded that the accumulated deposit (thickness of precipitates ∼30 µm) or the biomass development (NA1_Bio), in considering the PRC achieved for each column, did not cause any significant loss of hydraulic conductivity.
TABLE 7 | Saturated of the filtering bed, as determined by the constant head permeability test before and after the experiment, for all the columns of the study.
[image: Table 7]TABLE 8 | Evolution of the saturated inside the filter at various depths. Measurements are recorded at the piezometers; consequently, conductivity is measured for the column section between the piezometers at the end of the experiments.
[image: Table 8]CONCLUSION
The natural apatites, NA1 and NA2, have demonstrated great potential for phosphorus retention from wastewater. The retention capacities attained at the end of the experimental time were 16.8 and 17.5 g PO4-P/kg for the NA1_Ref and NA2_Ref columns, respectively. However, the maximum phosphorus retention capacity was not achieved in either case. High kinetic rate coefficients were observed for the columns during both the initial and pseudo-stabilization stages. As for the latter, the values derived were 1.45 and 1.70 h−1 for NA1_Ref and NA2_Ref, respectively, when they were evaluated using the k-C∗ model (yielding more conservative results). The kinetic rate was slightly affected by calcium-deficient solutions during the initial stage, most likely due to calcium dissolution from the substrate. The impact of low calcium inlet concentrations during precipitate growth could not be assessed. Regarding the column fed by real treated wastewater effluent, NA1_Bio, the phosphorus retention performance was ≥99% for the entire PRC study range. Kinetic rate coefficients determined by internal samplings lie in the same range as those for NA1_Ref, and the evolution of kv appears to stabilize at similar values as well. Hence, biomass development, with low organic load, seems to exert little impact on P retention for the PRC range considered. The C∗ parameter increases over time but remains below 1 mg PO4-P/L up to 11 and 15 g PO4-P/kg for NA1 and NA2, respectively. However, defining the evolution of C∗ with increasing PRCs and longer HRTs would be necessary to better specify design and guarantee outlet concentrations.
Significant progress has been made in the understanding of phosphorus retention mechanisms on apatite substrates thanks to SEM images. The micrographs showed the formation of a precipitate in the samples taken close to the column inlet. The presence of a clay gangue in the NA1 substrate also allowed for some CaP retention within the clay layer. Then, a structured layer of amorphous calcium phosphate was able to grow onto the clay gangue and the apatite particle surfaces. For the NA2 substrate, with a very small amount of clay gangue, phosphorus retention could be achieved by the precipitation of amorphous calcium phosphate directly onto the apatite surface. Lastly, neither chemical nor biological clogging was observed in light of the PRC values attained. Moreover, the loss of hydraulic conductivity was insignificant in all columns.
The results presented here do account for the great potential of natural apatites for full-scale applications, in showing strong PRC with limited biological or chemical clogging risks over the short-to-medium term. Scaled-up experiments with real wastewater are required to verify the design.
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