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In application of the European Water Framework directive aiming to achieve a "good ecological status" for all waters, phosphorous removal from domestic wastewater can be of importance before discharging into natural receiving bodies, especially for small communities localized upstream of catchment areas or in zones sensitive to eutrophication. As rural communities in France often choose to treat their wastewater with extensive treatment systems such as constructed wetlands, because these natural processes are easy to operate, equivalent P-removal technologies have been asked for. Research has therefore focused on adsorption or precipitation mechanisms on specific reactive materials. In this context, recent studies undertaken by Irstea (French public research institute, formerly Cemagref) in collaboration with SINT and Epur Nature have shown the interest of natural rock phosphate (apatite) as an efficient and sustainable solution for phosphorous removal from wastewater. Epur Nature (Syntea group) has recently developed and patented a specific filter configuration filled with apatite pellets for high phosphorous removal efficiencies (P outflow concentrations < 2 mg P/L). The mechanisms and key factors for an optimal treatment (apatite quality, particle size, kinetics) are explained and synthetized in the paper. The results from lab scale columns and first results rom full scale wastewater treatment plants in operation since several years are also presented.

Finally the possible reuse of the apatite enriched with P from wastewater after 10 to 20 years of operation will be discussed.

Introduction

As an essential nutrient growth for biomass, the intensive use of phosphates (detergent, food, agricultural use,...) has resulted in an increased P concentration level in surface water and consequently has led to eutrophication problems. Nevertheless, despite a reduction of P per capita (2.2 g/people equivalent/d in France) and in application of the European Water Framework directive aiming to achieve a "good ecological status" for all waters, P removal for wastewater treatment plant is steel needed in sensitive areas.

Rural communities in France often choose to treat their wastewater with extensive treatment systems such as vertical flow constructed wetlands (to date more than 3,500 VFCW in France), because these natural systems offer reliable removal efficiencies for low maintenance [START_REF] Morvannou | Treatment performances of French constructed wetlands: results from a database collected over the last 30 years[END_REF]. However, they don't ensure reliable P removal as i) plant uptake (between 0.1 -0.4 g/m²/d) is negligible compared to the aerial P load applied [START_REF]Constructed wetlands for pollution control: Process, performance, design and operation[END_REF], ii) bacterial uptake (and storage) is not suitable because the bacteria die off and will release the P and iii) adsorption/precipitation onto media/organic matter is not effective on the long term because of its mineralization that occurs in VFCW.

Since two decades, researchers have tried to improve reliable P retention in constructed wetlands by i) including chemical P precipation [START_REF] Esser | Physical-chemical phosphorus removal in vertical flow reed bed treatment plants[END_REF][START_REF] Malecki-Brown | Alum application to improve water quality in a municipal wastewater treatment wetland[END_REF] which increases the complexity of the maintenance and ii) using specific materials that promote sorption and precipitation mechanisms [START_REF] Drizo | Physico-chemical screening of phosphate removing substrates for use in constructed wetland systems[END_REF][START_REF] Brix | How can phosphorus removal be sustained in subsurface flow constructed wetlands?[END_REF].

Among the various materials that have been tested (steel slag, calcareous materials, iron/aluminium hydroxides materials) natural rock phosphate containing apatites (Ca5(PO4)3OH,F,Cl) have shown the best results for this kind of application [START_REF] Molle | Apatite as an interesting seed to remove phosphorous from wastewater in constructed wetlands[END_REF][START_REF] Bellier | Phosphorus removal from wastewater by mineral apatite[END_REF][START_REF] Harouiya | Performances evaluation of phosphorus removal by apatite in constructed wetlands treating wastewaters: Column and pilot experiments[END_REF]. Recent research [START_REF] Molle | Apatite as an interesting seed to remove phosphorous from wastewater in constructed wetlands[END_REF] has shown that this material allows to reach high saturation level (> 14 mgP/g apatite) and low outlet P concentration (<1 mg P/L).

Nevertheless the P removal and the hydraulic efficiency in such filters filled with natural rock phosphate are correlated to the nature and the kind of apatite in term of mineral composition and particle size distribution, for an optimal operation paired with constructed wetlands.

This paper aims to review the main research done on the key parameters influencing the efficiency of P-removal with apatites, the design and implementation of a P removal filter and to present the actual development of this process in France.

At first, the next chapter aims to give a general overview of wastewater treatment with constructed wetlands as P retention filters development is mainly associated to them.

Constructed wetlands

Since the 1950s treatment wetlands for wastewater treatment have been developed and appear nowadays as a reliable, effective and feasible solution in the field of wastewater treatment [START_REF] Vymazal | Constructed wetlands for wastewater treatment: five decades of experience[END_REF]. Among the different constructed wetlands (CWs) systems treating domestic wastewater, a two stage vertical flow (VF) CW is the most common design developed in France since the 1980s [START_REF] Troesch | Constructed wetlands for the treatment of raw wastewater: the French experience[END_REF]. The originality of this 'French System' is that it accepts raw sewage directly onto the first stage and treats the primary sludge on the surface of the first stage beds. This greatly facilitates sludge management as compared to systems which need to deal with primary sludge.

The use of this system, developed by the CEMAGREF (now IRSTEA) in the early 1980's [START_REF] Liénard | Domestic wastewater treatment in tanks with emergent hydrophytes: latest results of a recent plant in France[END_REF], really took off when it was developed by SINT in the 1990's under the brand name Phragmifilter® (figure 1). Indeed, if we add to the easier sludge management the good performances obtained for SS, COD and nitrification [START_REF] Morvannou | Treatment performances of French constructed wetlands: results from a database collected over the last 30 years[END_REF] and the low operating costs, it is easy to understand the choice that small communities (less than 5 000 PE) in France have made and are still making. "French systems" have also been recently built in Switzerland, Germany, Belgium, Spain, Portugal, Italy and several other countries, but they have not yet achieved the "Number 1" position. This technology is the most popular system for treating waste water streams from rural communities in France.

An estimated 3000 CWs treating raw sewage exist today in France, for capacities of 20 to 6 000 population equivalent (pe.). Roughly a third of these plants (around 900) have been designed, or designed and built by SINT or Epur Nature or companies associated with them. 

Principle of functioning for P retention with apatite

The removal mechanisms consist in ion exchange by diffusion, adsorption, dissolution/precipitation or any combination of these mechanisms [START_REF] Molle | Phosphorus removal by the use of apatite in constructed wetlands: Design recommendations[END_REF].

The P removal mechanisms have been studied by Molle et al [START_REF] Molle | Apatite as an interesting seed to remove phosphorous from wastewater in constructed wetlands[END_REF] and have highlighted that 2 main different mechanisms govern the P retention according the apatite saturation degree; adsorption and precipitation. Adsorption is predominant at a low saturation degree while the long term P retention is governed by surface precipitation.

The deposit formed at the phosphate rock surface is hydroxylapatite (Ca10(PO4)6OH2), the more stable phase of calcium-phosphate precipitate (crystalized form). As a consequence the phosphate will be definitively bound onto the mineral surface as new apatite.

The figure 2 represents the mechanisms involved in the P removal with apatite. Kinetics of phosphate precipitation are under the dependence of several parameters such as the quality of the apatite or the physic-chemical characteristics of the waste water (P and Ca2+ concentrations, pH). Therefore one can precise that optimal conditions for Ca-P precipitation under the form of hydroxylapatite crystals are a water Ca/P molar ratio of 2. 

Which rock phosphate to choose?

Apatite quality and efficiency considerations

While Bellier et al [START_REF] Bellier | Phosphorus removal from wastewater by mineral apatite[END_REF] observed that igneous apatites seem to be less reactive than sedimentary ones, Molle et al [START_REF] Molle | Phosphorus removal by the use of apatite in constructed wetlands: Design recommendations[END_REF] pointed out that not only the mineral origin is of importance but also the apatite content in the material. Retention kinetics for several rock phosphates with different apatite contents have been carried out by Harouiya et al [START_REF] Harouiya | Performances evaluation of phosphorus removal by apatite in constructed wetlands treating wastewaters: Column and pilot experiments[END_REF] following a 1st order kinetic model (k-C*model [START_REF] Kadlec | Treatment Wetlands[END_REF]).

The results obtained by Molle et al [START_REF] Molle | Phosphorus removal by the use of apatite in constructed wetlands: Design recommendations[END_REF] are summarized in figure 3 pointing out the correlation of the sorption kinetics as a function of saturation levels for rich and poor apatite content into the material. It appears clearly that i) the initial kinetics are quite high due to adsorption processes then decrease exponentially with the saturation level until a constant plate where precipitation is the main retention mechanism and ii) the efficiency is 2 times higher with a rich quality (> 90% apatite content) than with a poor quality (40-60%).

Therefore, it is highly recommended to use material with high apatite content (> 90%) as the total volume and thus the total footprint of the filter will be reduced. High apatite content minerals also have low C* (background residual concentration) which authorize to achieve stringent outlet standard quality [START_REF] Molle | Phosphorus removal by the use of apatite in constructed wetlands: Design recommendations[END_REF].

The kinetics were assessed by Molle et al [START_REF] Molle | Apatite as an interesting seed to remove phosphorous from wastewater in constructed wetlands[END_REF] until a P sorption of 14 mgP/gapatite , but are still unknown for higher values i.e. on the long term. Finally, as apatite contains some trace elements, the apatite mineral also has to be chosen taking them into account as some sorption/desorption can occur. Nevertheless the experiments performed at full scale with wastewater have shown only minor release of trace elements with positive impact (sorption) on Cu, Zn and Hg [START_REF] Molle | Déphosphatation des eaux uses par filtres plantés garnis de phosphorites : Recommandations pour le développement de la filière, 48 p[END_REF]. A specific attention should also be paid on the Uranium content even if the experiments haven't pointed out any contamination of the outflow.

Hydraulic consideration

In order to reach an optimal contact time between wastewater and apatite, the rock phosphate filter should be water saturated thus leading to an increased Hydraulic Residence Time (HRT) as it is implemented on horizontal subsurface flow constructed wetlands.

As previously recommended, the best efficiency will be obtained when using rock phosphate with rich apatite content. But the materials from natural rock phosphate mines with an apatite content higher than 90% are fine sands (0-2 mm), not implementing suitable enough hydraulic conductivity to ensure a secured flow rate sufficient flow of wastewater through such filters (limited by Darcy's law). Rock phosphates with lower apatite content is available with coarser material but will require much higher volumes for equivalent efficiency.

Therefore, in order to adapt this "fine" material to the hydraulic constraints, a new high quality pelletized apatite with a controlled particle size distribution (3-6 mm) has been developed and manufactured in a similar way as fertilizers pellets.

Hydraulic flow configuration for saturated filter can either be horizontal (commonly used for constructed wetlands) or vertical with a downstream or upstream flow. This last configuration as presented in figure 4 (and patented by Epur Nature for P removal with apatite) offers a better hydraulic security and efficiency than horizontal flow filters, because of its higher hydraulic cross section and less dead volume.

However, if denitrification is needed it could be interesting to implement the P removal filter into the denitrifying horizontal constructed wetland. 

Design

The combination of the P removal filter with constructed wetlands can be a global natural and reliable wastewater treatment system. In such a system, the P filter should be positioned as a secondary or tertiary treatment in order to avoid the accumulation of biomass and organic matter on the filter media, and consequently a decrease in P retention rate. It is therefore strictly recommended to feed such filters with a well pretreated wastewater with a COD content lower than 150 mg/L [START_REF] Molle | Phosphorus removal by the use of apatite in constructed wetlands: Design recommendations[END_REF].

The dimensioning of the filter is done according a 1st order kinetics k-C* model, where the k and C* parameters have to be determined for each material to be implemented.

Outlet collecting gutter

Distribution pipes

Distribution floor

Gravel transition layer

This model has been widely used, in particular to fit the kinetic of P removal by struvite formation [START_REF] Nelson | Struvite precipitation in anaerobic swine lagoon liquid: effect of pH and Mg:P ratio and determination of rate constants[END_REF]. By assuming a first order reaction for P retention and an ideal plug flow reactor, the P concentration (C) at time t can be obtained by the following equation:

C = (C0 -C*)exp (-kt) + C* equation (1)
Where C0 is the inlet concentration of phosphorous, k the kinetic constant rate, t the hydraulic residence time and C* the residual P concentration.

Once the apatite parameters (k and C*) are assessed through lab scale experiments, the bed volume could be calculated from the needed residence time to achieve the targeted outlet concentrations.

For a long term P removal, the stabilized kinetics observed in the precipitation phase should be used. A security factor for full scale application needs also to be applied. Indicative figures from Molle et al [START_REF] Molle | Phosphorus removal by the use of apatite in constructed wetlands: Design recommendations[END_REF], are given in the table below. Based on these figures and assuming 150 L.pe.d-1 and an inlet concentration of 15 mg P/L, a 7 hours retention time is necessary to achieve 2 mgP/L whereas more than 30 h are necessary with low apatite content mineral (figure 5). 

Operation

Maintenance of such a filter is very limited over all the lifetime of this system. Nevertheless, precipitation of hydroxylapatite onto the mineral surface will induce chemical clogging of the filtration media. As a consequence filter will inevitably clog with time. If at a 14 mg P/g of mineral saturation rate [START_REF] Molle | Apatite as an interesting seed to remove phosphorous from wastewater in constructed wetlands[END_REF] no permeability decrease was observed, present experience has not been long enough to predict the lifetime of the system before clogging. It will depend on the volume used per p.e. (load applied) and the quality of the apatite used (retention rate).

Therefore in theory, if the P retention mechanisms will not deteriorate with time and saturation level, the chemical clogging of the filter will require a cleaning every 10 to 15 years (due to an estimated filter pore volume decrease of 20% at a saturation rate of approximately 50 mg P/g of mineral) and assuming an apatite volume of 200 L/capita. The cleaning will mainly consists in a mechanical sieving and washing of the filter materials aiming to recover the initial permeability. After this operation, once the initial porosity of the filter is recovered, the system will be able to start again.

As a consequence of this maintenance necessity, it is not recommended to plant this filter. Finally the "extracted" P removed from the filter could be reused as raw material by fertilizer industries or directly on acid soils for fertilizing in accordance with legislation and potential contamination through trace element. In any case, since P is an essential, yet limited resource, apatite filter for phosphorous retention will contribute to P recovery from wastewater.

Present development

The first full scale VFCW wastewater treatment plant equipped with an apatite filter has been in operation for 10 years ago and is still working with high P removal (< 2mg P/l) but it is significantly underloaded. Since the process has been validated by the French public research institute IRSTEA and further optimized by Epur Nature, the number of realization has increased the last 5 years to reach approximately 20 plants equipped with apatite filters, ranging from 150 to 4,500 p.e.. The removal efficiencies observed on these plants are still high (P < 1 mgP/L) as the apatite filters are still in the adsorption phase with high retention rates. A market study performed recently by Epur Nature established that such a process is economically competitive against physico-chemical precipitation for waste water treatment plants smaller than 2,500 p.e considering the investment and operation costs and a depreciation period of 10 years. Regarding the investment cost alone, the apatite filter is economically attractive only for capacities smaller than 800 pe. compared to physico-chemical precipitation. Nevertheless, as the market of CW concerns mainly municipalities until a capacity of 5,000 pe., the potential business development of apatite P removal filters could be more considerable with a lower pellets production cost as it represents the major costs of the system.

Conclusion

While research with rock phosphates for P removal have started more than 10 years ago and has demonstrated its efficiency, the development is still young in France and abroad.

The understanding of P retention mechanisms allows for an optimal design of the filter in order to maintain an outlet concentration of P below 2 mg/L for at least 10 years with 200 L per capita of pelletized granules with a high content of apatite. The first full scale plants in operation demonstrate the efficiency of this treatment but experience on the long term operation is still lacking, essentially about the evolution of the retention rate with time and of chemical clogging.

This new generation of P removal filter has a huge economical potential in comparison with classical P treatment processes (physic-chemical precipitation) for treatment plant capacities below 2,000 pe. as they need less maintenance and can lead to sustainable P recovery.
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 3 Fig. 3. Evolution of the k constant as a function of saturation levels for rich and poor apatite content into the material. Based on column experiments. (Molle et al, 2011) Moreover if the results obtained on columns fed with synthetic water enriched in P show a stabilization of the precipitation kinetics, other factors may negatively affect them in full scale operation: • Biomass development onto the mineral surface which diminishes the accessible surface for P sorption • Lesser hydraulic efficiency of the filter (dead zone volume, preferential pathways) which can directly affect P retention.Finally, as apatite contains some trace elements, the apatite mineral also has to be chosen taking them into account as some sorption/desorption can occur. Nevertheless the experiments performed at full scale with wastewater have shown only minor release of trace elements with positive impact (sorption) on Cu, Zn and Hg[START_REF] Molle | Déphosphatation des eaux uses par filtres plantés garnis de phosphorites : Recommandations pour le développement de la filière, 48 p[END_REF]. A specific attention should also be paid on the Uranium content even if the experiments haven't pointed out any contamination of the outflow.
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 4 Fig. 4. Pelletized apatite (left) and apatite filter configuration (right) with (1) Feeding, (2) distribution, (3) percolation/treatment and (4) evacuation shaft
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 5 Fig. 5. Effect of apatite quality on the outlet P concentration for kinetics observed in precipitation phase
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 6 Fig. 6. Apatite filters implementation : Villenouvelle plant (France), 1,000 pe. capacity (left) and Aumont plant (France), 500 pe. capacity (right).

Table 1 .

 1 Comparison of retention rates and residual concentration for high and low apatite content minerals[START_REF] Molle | Déphosphatation des eaux uses par filtres plantés garnis de phosphorites : Recommandations pour le développement de la filière, 48 p[END_REF] 

	Apatite quality	Step of experiment	k (h -1 )	C* (mg P/L)
	Low apatite content (40 -60%)	Adsorption Precipitation	0.29 0.08	0.1 > 0.8
	High apatite content (>90%)	Adsorption Precipitation	1 0.3	0.1 0.1