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Abstract
[bookmark: _GoBack]In tThis study, assessed the convenience of using magnetic particles (MPs) forto reduceing phosphorus (P) concentration in treated wastewaters is assessed. The working hypothesis is that MPs addition increases P removal in artificial wastewater treatment ponds. To get this purpose, wWater samples were collected at the inlet and outlet of a semi-natural pond receiving secondary municipal effluents that islastly discharged in a Ramsar site (Fuente de Piedra, Málaga, Spain). LaterThen, laboratory batch experiments were run tofor (i) assessing the effect of adding MPs on the chemical composition of treated wastewaters;, (ii) identifying the number of adsorption cycles (by reusing MPs) which are able to still trappingtrap a high percentage of P (> 50%) and (iii) selecting the optimum ratio between MPs mass and initial dissolved inorganic P (DIP) concentration. The results have evidencedshow the suitability of using MPs forto removeing P in treated wastewaters due to both their high equilibrium adsorption capacity (q) and P removal efficiency. FinallyLastly, and considering that its practical and economical relevance is essential from a practical point of view, we have identified, based on the advantages (P removal efficiency) and disadvantages (economic price), the optimum dose of MPs (0.16 g MPs mg-1 P) forto achieveing a high P removal efficiency (> 50%) was identified.
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1. 
Introduction
Wetlands are among the world´s most productive and valuable ecosystems (Mitsch and Gosselink, 2015). Despite covering only 1.5% of the Earth´s surface, wetlands provide a disproportionately high 40% of global ecosystem services worldwide, such as provisioning, regulating, habitat and cultural services (Zedler and Kercher, 2005). One likelyA possible explanation for supporting such high-value ecosystem services is their position in landscape as recipients, conduits, sources and sinks of biotic and abiotic resources (Keddy, 2000; Mitsch and Gosselink, 2015). Based on The Economics of Ecosystems and Biodiversity for water and wetlands (de Groot et al., 2012), which translate show the values of ecosystem services into dollars terms, wetlands have one of the highest values per hectare per year among the 10 biomes considered in that study, exceeding temperate and tropical forests and grasslands. Despite the existence of international, national and regional legislation for wetland protection, many wetlands continue to degrade through reduced water availability, eutrophication (increase in primary production) and impacts from weeds and pests (Clarkson et al., 2013).	Comment by Ana: Adrian, el revisor dice esto " Hard to follow the sentence" puedes echar un vistazo a esta frase??
In particular, Mediterranean wetlands, which represent unique repositories of biodiversity, holding exclusive communities of aquatic organisms (Gascón et al., 2009; Gilbert et al., 2014; García-Muñoz et al., 2016; Gilbert et al., 2017a) are currentlyactually undergoing a strong detrimental human disturbance (Berny et al., 2002; López-Flores et al., 2003; Vazquez-Roig et al., 2011). Their general features, such as shallowness and high catchment:; lake area ratio (Álvarez-Cobelas et al., 2005) makess them especially sensitive (as receiving ecosystems) to the activities generated conducted in their drainage basins (i.e., agriculture, cattle husbandry) (Ortega et al., 2006; García-Muñoz et al., 2010; Gilbert et al., 2017b). Accordingly, the structure and functioning of Mediterranean wetlands is are being strongly affected by cultural eutrophication (de Vicente et al., 2003; Conde-Álvarez et al., 2012; Poquet et al., 2014). Nutrients coming from the catchment and from internal recycling are largely transformed as a result of the intensive biogeochemical processes occurring in wetlands. In fact, wetlands are worldwide considered as "hotspot" sites for biogeochemical transformation worldwide (Richardson and Vaithiyanathan, 2009), as a consequence of their intrinsic characteristics (i.e., shallowness, high water level fluctuations and anoxic sediment). Based on the effective role of wetlands as natural water purifiers, constructed wetlands technology has been developed since the 1980s (Kadlec and Knight, 1996; Kadlec, 2009). By definition, constructedtreatment wetlands are constructed built ecosystems primarily designed primarily to enhance physical, chemical and biochemical processes with the goal of reducing specific contaminants to acceptable levels (Kadlec, 2009). Although the range of usage of thiswetland treatment technology is large and still expanding, the largest number and the longest history belong to the class that threats municipal and domestic wastewaters. Since phosphorus (P) is the main nutrient limiting primary production in inland waters and a large proportion of its inputs comes from domestic wastewater (Gakstatter et al., 1978; Egle et al., 2016), it is essential to increase the efficiency of treatment constructed wetlands tofor trapping P in order to face reduce the eutrophication of receiving aquatic ecosystems. More specifically, dissolved inorganic P (DIP) is the P form that leads to the eutrophication, since it is the only form of P that autotrophs can assimilate (Correll, 1998). Although it often represents a small fraction of the total P pool in aquatic systems, its bioavailability makes it essential for ecosystem functioning (Harrison et al., 2010). Additionally, in wastewaters, P is present as inorganic, organic, and man-made organic P (de Bashan & Bashan, 2004). DIP represents the main source of P and is commonly used in fertilizers, detergents, and insecticides (Le Corre et al., 2009). Morse et al. (1993) reported that the overdose of P in the water of European Union (EU) countries comes water essentially comesmainly from human sources in sewage and from livestock.
[bookmark: _Hlk50374074]Recent studies are actuallyhave been focused on assessing P removal from wastewaters by using novel adsorbents such as zeolites (Ning et al., 2008) and struvite (de-Bashan and Bashan, 2004),; butalthough we are still far for recognizingfurther research is still needed to identify the best P adsorbent. Additionallyccordingly, it is necessary to continue developing new techniques that allow us to recover the P from the aquatic ecosystems in order to face the lack of mineral P usedrequired to make fertilizers. Moreover, the possibility of recovering and reusing the adsorbent would allow to achievinge an environmentally acceptable level of P with affordable costs.
[bookmark: _Hlk50028708]As was mentioned above, part fromin addition to lake eutrophication, we are also currentlyactually facing another problem that is the exhaustion of P reserves for fertilizer production (Cordell et al., 2011). In fact, both problems are convincingly connected as P is anthropogenically mobilized from its land reserves to the aquatic environment. Therefore, two of the most important challenges in the field of natural resources are to combat the nextfollowing coupledrelated and worldwide increasing problems: (i) the global reduction of P reserves, essential for making P fertilizers (Gilbert, 2009), and (ii) the eutrophication, (i.e., nutrient enrichment), of aquatic ecosystems  (OECD, 1982; Sas, 1989; Cooke et al., 2005). 
[bookmark: _Hlk50028786][bookmark: _Hlk50027872][bookmark: _Hlk50028962]In tThis study, explores the use of magnetic particles (MPs) tofor removeing P in semi-natural wastewaters ponds and, therefore, combating reduce both eutrophication and the exhaustion of global P reserves is proposed. In this sense, previous studies have assessed the convenience of using MPs in inland eutrophicated ecosystems, as MPs adsorb P, and later then P loaded MPs can be efficiently removed from solutions by applying a magnetic separation gradient (de Vicente et al., 2010, 2011; Merino-Martos et al., 2011, 2015; Funes et al., 2016, 2017, 2018). More specifically, the adsorption of P onover MPs oin synthetic natural water was studied by de Vicente et al. (2011), who concluded that the adsorption mechanism is not purely electrostatic, since negatively charged Fe particles still do adsorb a very significant amount of P. Additionally, the existence of chemical interferences between P and other ions (e.g. Mg2+, Na+, SO42-) present in natural waters was assessed by de Vicente et al. (2011), Merino-Martos et al. (2015) and, more recently, by Funes et al. (2018). LaterThen, once P is adsorbed on MPs, P loaded MPs can be washed and reused in subsequent adsorption cycles (de Vicente et al., 2011) and the recovered and desorbed P is able tocan be used as a fertilizer (Álvarez-Manzaneda et al. in preparation). Although Despite the considerable difference in the chemical composition of between natural and wastewater drastically differ, the working hypothesis is that MPs addition increases P removal in wastewater treatment ponds. In this context, the general aim of the present study iwas to achieve determine the efficiency of MPs for to trapping P in secondary municipal effluents that are lastly eventually discharged in a Ramsar site (Fuente de Piedra, Málaga, Spain). The specific goals awere: (i) to assess the effect of adding MPs on the chemical composition (major cations, major anions and metal concentration) of treated wastewaters; (ii) to identify the number of adsorption cycles (by reusing MPs) which are ablerequired to still trapping a high percentage of P (> 50%) and (iii) to select the optimum ratio between MPs mass and initial DIP concentration. 	Comment by Adrián Serrano Linares: Falta el ejemplo de ion

2. Material and methods
2.1. Site description
Fuente de Piedra (37° 6′ N, 4° 44′ W) is a vast hypersaline wetland of great extension (13.5 km2; NE-axis: 6.8 km; SE-axis: 2.5 km and a perimeter of 18 km (Linares and Rendón, 1998)). It became was the third Spanish wetland to be included in the Ramsar convention (in 1983) and it was declared as a regional Naturale reserve in 1984. Its catchment is locatedsituated in theclose to the water divide betweenof the Atlantic Ocean (Guadalquivir river) and the Mediterranean Sea (Guadalhorce river) near Antequera (Málaga, Spain) (Höbig et al., 2016); (Figure 1). 
[image: ]
Figure 1. Location of the sampling sites.

The present-day lake has an average water depth of 70.5 cm (Rodríguez-Rodríguez, 2002) and several small ponds around the margin. The main fluvial supply is located in the north, andwith minor streams in the east and west (Höbig et al., 2016). Due to its shallow water column, the site is an ideal habitat for migrating and non-migrating birds, supporting one of the most important breeding colonies of the greater flamingo (i.e.g., Phoenicopterus roseus; Rendón et al., 2014). Despite its protection, one of the major problems of this ecosystem is the discharge of treated wastewater from the nearby towns of Fuente de Piedra town and Humilladero town, even though it fulfills the standards for the treatment of urban wastewater (RD 509) (de -los -Ríos-Mérida et al., 2017). Since 1999, secondary municipal effluents of the town of Fuente de Piedra town go through several small semi-natural ponds: Laguneto (27,801 m2 and a maximum depth of 1.42 m), Laguna de los Juncares (9,222 m2 and a maximum depth of 0.39 m), and Los Juncares (19,828 m2 and a maximum depth of 0.20 m) (de-los-Ríos-Mérida et al., 2017). A recent study has quantified a notable reduction in nutrient (N and P) concentrations in the water along its flows through the semi-natural ponds system (de- los- Ríos-Mérida et al., 2017). 

2.2. Materials and reagents
[bookmark: _Hlk50032102]All the chemicals used in this study were analytical reagents of high purity. The MPs (HQ grade, BASF, Ludwigshafen am Rhein,  Germany) were micron-sized magnetic spherical particles (average value for particle diameter: 805±10 nm; de Vicente et al. 2010) with a negligible coercive field and remanent magnetization (i.e., zero magnetization upon removal of the magnetic field). According to the manufacturer, their composition is 97.5% Fe, 0.9% C, 0.5% O and 0.9% N. Further details on these particles have been reported by de Vicente et al. (2010) and Merino-Martos et al. (2011).

2.3. Experimental set-up
On May 2018, water samples were collected atfrom the Laguneto pond inlet (station A) and at the outlet (station B) of Laguneto pond were collected (Figure 1). Once in the laboratory, an initial characterization of the water samples was carried out. Firstly, pH and conductivity were measured with a pH meter (pH 196, WTW, Xylem Analytics Germany Sales GmbH & Co., Weilheim,  Germany) and a conductivity meter (InoLab Con Level 1, WTW, Xylem Analytics Germany Sales GmbH & Co., Weilheim, GermanyGermany), respectively. LaterThen, the water samples were filtered through glass microfiber filters (Whatmann GF/F, Maidstone, UK; 0.7 mm) and dissolved inorganic P (DIP (Murphy and Riley, 1962)) and total dissolved Fe (Tot-Fedis; Gibbs, 1979) concentrations were spectrophotometrically quantified (BiochromLibra S50, Biochrom Ltd., Cambridge, UK).
For the experimental set up, a standard suspension (50 g L-1) of MPs was prepared with 5 g of magnetic adsorbent were mixed with distilled water in a polypropylene container (100 mL). To ensure the homogeneity of the sample, the suspension was sonicated for 5 min prior to its use in the adsorption experiments.
[bookmark: _Hlk50032849]For the batch adsorption experiments, five different treatments (with four replicates) were considered: X/2,; X,; 2X,; 3X and 5X, where X was the estimated MPs concentration as a function of both the initial DIP concentration in the sample and the maximum P adsorption capacity of the MPs (18.83 mg P g-1 MPs; de Vicente et al., 2010). AccordinglyThus, the followingnext MPs concentrations were addedobtained: 0.08;, 0.16,; 0.32,; 0.48 and 0.8 g L-1 for sample A, and 0.045,; 0.09,; 0.18;, 0.27 and 0.45 g L-1 for sample B. Briefly, the adsorption experiment consisted oin adding the different adsorbent concentrations to 50 mL of treated wastewater. The Ssamples were then agitated for 24 h in a horizontal shaker (150 rpm). After this time, the supernatant was separated from the adsorbents by using a variable gap magnet for 5 min (PASCO scientific; EM-8641). FinallyLastly, the supernatant was filtered for DIP analysis. The equilibrium adsorption capacity (q, mg g-1) was calculated as follows:	Comment by Adrián Serrano Linares: Es importante indicar qué volumen de las diferentes concentraciones se añadió a los 50 mL de agua residual tratada. 	Comment by Ada Álvarez-Manzaneda: YO ESTO NO LO VEO CLARO, PUEDE SER UNA LOCURA… QUIZÁS CAMBIAR “DIFFERENT ADSORBENT CONCENTRATIONS” POR “DIFFERENT ADSORBENT MASS”??


                                                                    (1)
where C0 is the initial DIP concentration (mg L-1),; Ce is the equilibrium DIP concentration (mg L-1),; Ma is the mass of the adsorbent (g) and V is the total volume of the suspension (L).
[bookmark: _Hlk50033413]NextThen, a new adsorption experiment was performed to identify the number of possible adsorption cycles forrequired to achieveing a high P removal efficiency by MPs. To get this purposeend, once the 1st adsorption experiment (1st adsorption cycle) was carried out, following the methodology described above, the MPs were separated from the supernatant and later washed twice (each time for 24 h) with 0.1M NH3. RThe resulting particles were then reused for a 2nd adsorption experiment (2nd adsorption cycle) following the above mentioned adsorption procedure. The same scheme (adsorption and desorption) was again repeated to finally get obtain a total of four adsorption cycles. The P removal efficiency (%) was calculated according to the following equation:

(2)
Where Cf is the final DIP concentration (mg L-1) for each adsorption cycle.
For samples A and B, DIP and Tot-Fedis concentrations were quantified in all adsorption cycles. Additionally, for sample A, major cations [calcium (Ca2+), magnesium (Mg2+), sodium (Na+) and potassium (K+)] and major anions [chlorides (Cl-), bromide (Br-), fluoride (F-), sulphates (SO42-) and silica (Si)] were measured in the supernatants from the 1st and 4rd adsorption cycles. MThe major cations and Si were measured in filtered lake waters (Millipore 0.22 mm filters) by Iion Cchromatography (IC; 940 Professional IC Vario, Metrohm) and the rest of the anions were analyzed by inductively coupled plasma-mass spectroscopy (ICP-MS; Perkin Elmer NexION300D). Although Al3+, Cr2+, Cu2+, Mn2+, Ni2+, Zn2+, NO3- and NO2- were also measured, their concentrations were lower than the detection limits (< 0.01 mg L-1) and, accordinglythus, the results for these are not shown.

2.4. Data analysis
Differences in water chemical parameters between sample A and sample B were tested by using Student’s tT-test (for pH) or Mann–Whitney U- test (for conductivity and DIP), according to the satisfaction of the normality assumption (Shapiro-Wilk test). EThe effect of MPs addition on pH and conductivity (for all adsorption cycles) and on the concentration of the major cations and anions concentrations, during the 1st and 4th adsorption cycles, were also tested by using Repeated Measures ANOVA (RM-ANOVA) with Fisher's least significance difference (LSD) post-hoc test. Differences in Tot-Fedis concentrations and equilibrium adsorption capacity (q) for the different MPs concentrations (treatments) and adsorption cycles (time) were tested by using non-parametric analysis of variance, assince our data did not satisfyied homoscedasticity assumptions (Levene test, p < 0.05). For this reasonTherefore, a Kruskal-Wallis test was carried out to test determine the differences among treatments and a Friedman ANOVA by ranks was performed to test analyse the significant differences among between adsorption cycles. For To testing if there existdetermine the existence of significant differences in these response variables (Tot-Fedis and q), a paired sample t-test analysis between adsorption cycles was performed after the normality was checked by the Shapiro-Wilk test. Statistica 7.1 software (StatSoft Inc., Tulsa, USA) was used for the statistical analyseis.

3. Results and Discussion
3.1. Efficiency of the semi-natural pond for the treatment of wastewater
Table 1 shows changes in physico-chemical parameters at the inlet (station A) and at the outlet (station B) of the semi-natural Laguneto pond. In general, an improvement was observed in water quality along its passes flow through the Laguneto pond, has been observed. More in detailspecifically, pH did not significantly change between station A and B (t-test; p > 0.05), evidencing showing a slight decrease (1.32%). Although the pH values were in the range of those measured by de- los- Ríos-Mérida et al. (2017) in the same study site, the tendency was the opposite asof that observed by these authors, found a general increase in pH from station A to station B. As it was expected, a significant reduction in conductivity values hwas been detected noticed along the water passes flow through the Laguneto pond (Mann-Whitney U test; p < 0.001). Similarly, a notable reduction in conductivity values was also measured by de- los- Ríos-Mérida et al. (2017), reporting an even higher reduction (21%) in this parameter. 


Table 1. Changes in some of the selected chemical features of water at the inlet (station A) and at the outlet (station B) of the semi-natural pond (Laguneto). 
	
	Station A
	Station B
	Reduction (%)

	pH
	7.98 ± 0.06
	7.88 ± 0.26
	1.2

	Conductivity (mS cm-1)
	5.89 ± 0.04
	5.55 ± 0.03
	5.8

	DIP (mg L-1)
	1.86 ± 0.04
	0.75 ± 0.01
	59.7



As was expected, if when comparinge the DIP concentrations at the inlet and at the outlet of Laguneto, a significant (Mann-Whitney U -test; p < 0.05) reduction (59.5%) is detected. These results are in agreement with previous studies evidencing the efficiency of constructed wetlands for nutrients removal (Rao et al., 2013; Lu et al., 2015; Guo et al., 2016). Moreover, it has been demonstrated that the presence of aquatic vegetation in ponds drastically enhances the P removal rate (Breen, 1990; Busnardo et al., 1992; Quan et al., 2016). ForIn the case of Laguneto, de -los- Ríos-Mérida et al. (2017) described up to six different helophytic species, one of them wasincluding Phragmites australis , thatwhich has been recently proved to have the maximum DIP removal efficiency in a mesocosm experiment (Afrous et al., 2013). All in allTherefore, the obtained results confirm that there exists a marked improvement in treated wastewater quality along its goes flow through the semi-natural Laguneto pond, which supportsing the convenience of constructed wetlands forto achieving an enhancement inimprove the water quality of the final effluent.

3.2. Effects of magnetic particles addition on wastewater physico-chemical and chemical composition 
The effects on pH and conductivity of adding different MPs concentration at different adsorption cycles are shown in Figure 2. 

(a)
(b)
(c)
(d)



Figure 2. Changes in pH and conductivity  values among treatments and among adsorption cycles in the two sampling stationsstation A (figures a and c) and station B (figures b and d). Vertical bars represent standard deviation.

For station A (Fig. 2a), and similarly to previous studies carried out with the same MPs (Funes et al., 2017), no significant effect of MPs addition was observed on pH, while a significant increase with increasing adsorption cycles was found (MR ANOVA; p < 0.005). As an illustrationexample, for 0.8 g MPs L-1, pH changed from 7.79 (1st adsorption cycle) to 8.37 (4th adsorption cycle). For sample B (Fig. 2b), the pH change was significantly and positively related to the increasing adsorption cycles (MR ANOVA; p < 0.005), butalthough it was also significantly related to MPs concentration (MR ANOVA; p < 0.05). In relation toRegarding the conductivity values, a significant difference when adding MPs was only observed for sample A (Fig. 2c), with a general decrease in conductivity values with MPs increase. For both water samples, conductivity experienced showed a significant increase with subsequent adsorption cycles.
Next, and based on the fact that wastewaters always contain lots of coexisting ions which that could potentially compete with DIP for adsorption sites, we aim on achieving ifdetermined whether MPs addition causes changes in major cation and anions concentrations (Figure 3; Table 2). Additionally, the equilibrium adsorption capacities and removal efficiency for major cations and anions have beenwere also estimated for station A (Table 1 in Supplementary material). 
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Figure 3. Mean concentrations of major cations and anions recorded in the 1st and 4th adsorption cycles for station A. 
Vertical bars represent standard deviation.

Significant differences among treatments (MPs concentration) have beenwere found for Ca2+, K+, Cl-, F-, SO42- and Si (Table 2). Among thesem, it is especially remarkableimportant to highlight the sharp reduction in Ca2+ (22%) and Si (55%) concentrations  when adding the highest MPs concentration in the 1st adsorption cycle (Fig. 3a and i). In relation toRegarding Ca2+, Stachowicz et al. (2008) studied the interaction between Ca2+ and DIP on goethite. Specifically, they found that DIP adsorption existedoccurred, as well as Ca2+ adsorption in athe pH range of 3-11, in despite of the fact that Ca2+ had a much lower affinity for goethite than DIP. This result wais explained by the electrostatic interactions, as the negative charges of the adsorbed P ions on goethite stimulated the binding of the positively charged Ca2+ ion. However, contrary in contrast to these observations, Merino-Martos et al. (2015), using single-ion solutions and the same adsorbents (MPs), did not found any Ca2+ removal by MPs in the presence of P, while a notable Ca2+ removal was observed when DIP was not present. For Si, the results are consistent with previous findings stating that Si and DIP haved the same specific adsorption behavior, and competition for adsorption sites should thus occur (Sigg and Stumm, 1981; Hartikainen et al., 1996; Cornell and Schwertmann, 2004). Briefly, Si concentrations have also been notable reduced when adding DIP adsorbents such as MPs (Merino-Martos et al., 2015),; Al(OH)3 (de Vicente et al., 2008; Egemose et al., 2011) or goethite (Sigg and Stumm, 1981). Similarly, Hartikainen et al. (1996), analyzing sediment samples from Lake Vesijärvi (southern Finland), found that P oxyanions competed directly with Si compounds for sorption sites, butalthough their results indicated that Si retention on the oxide surface was less effective than that of P. The obtained results are consistent with these statements as Si concentrations were drastically reduced in the 1st adsorption cycle.

Table 2. Results of the repeated-measures ANOVA for major cations and anions in sample A. df= degrees of freedom; ns (no significant differences); * (p < 0.05); ** (p < 0.005); *** (p < 0.0005).

Treatment
Time
Treatment*Time

df1
df2
F
p value
df1
df2
F
p value
df1
df2
F
p value
Ca2+
5
12
13.53
***
1
12
974.21
***
5
12
34.37
***
Mg2+
5
12
0.6
ns
1
12
19.5
**
5
12
2.2
ns
Na+
5
12
1
ns
1
12
0.2
ns
5
12
1.7
ns
K+
5
12
29.10
***
1
12
508.62
***
5
12
2.37
ns
Cl-
5
12
4.4
*
1
12
95.9
***
5
12
10.3
**
Br-
5
12
2.8
ns
1
12
33.6
***
5
12
2.8
ns
F-
5
12
38.8
***
1
12
46.6
***
5
12
6.1
**
SO42-
5
12
3.1
*
1
12
4.8
*
5
12
5.4
*
Si
5
12
30.63
***
1
12
86.70
***
5
12
6.45
**











Regarding to the Tot-Fedis concentrations, notable differences were found between sample A and B (please see Table 2 in Supplementary material). In station A, much higher values were measured (even in the control sample) and the addition of MPs caused a significant increase in Tot-Fedis during the 1st adsorption cycle. It is striking thatSurprisingly, for the other adsorption cycles, in general, no effect of MPs addition was found. In station B, the Tot-Fedis concentrations were quite alikevery similar among treatments and adsorption cycles, reaching the highest value, as expected, when adding the highest MPs concentration (0.45 g L-1). It is worth noting that the results obtained for station A are the opposite tof those found by previous studies using the same adsorbents, where no changes in Tot-Fedis concentrations were detected, even in anoxic conditions (Funes et al., 2017). In fact, these authors found that, after adding much higher MPs concentrations (1.4 g L-1) than those used in the present study (0.8 g L-1), Tot-Fedis concentrations were always lower than the detection limit of the analytical method. In any case, and as Funes et al. (2017) suggested, there is no evidence of negative effects of increasing Fe concentrations on the maximum achievable ecological quality for fish, macrophyte and diatom communities, although it has been reported a decrease of macroinvertebrate populations in contact with high total Fe concentrations has been reported (WFD-UKTAG, 2011). In fact, some thresholds have been proposed to guarantee the good state of these communities, such as 1 mg L-1 total Fe (USEPA, 1976), that which is actually in the range of the highestr values measured in the present study. 

3.3. Changes in the equilibrium adsorption capacity along subsequent adsorption cycles
In general, significant differences among between treatments were found in the equilibrium adsorption capacity (q) for all adsorption cycles, although these differences were weaker smaller along the subsequent adsorption cycles (Figure 4 and Table 3 in Supplementary material). 


(a)
(b)
(c)
(d)

[image: fig]
Figure 4. Equilibrium adsorption capacities (q) and phosphorus removal efficiency (Pr; %) for each MPs concentration in the two sampling stationsstation A (figures a and b) and station B (figures c and d). Vertical bars represent standard deviation.

In fact, as was expected, the equilibrium adsorption capacity (q) it strongly decreased withhen increasing MPs concentrations increased. Regarding theo changes in q values along the different adsorption cycles, there exists was a significant reduction for the lowest MPs concentration in both sampling sites (Table 4 in Supplementary material; Fig. 4a and 4c). However, no significant patter was found for the subsequent adsorption cycles, predominantly, there is no a significant pattern.	Comment by Adrián Serrano Linares: equilibrium adsorption capacity?
Hay que indicarlo. En un párrafo nuevo no se puede utilizar “it” para referirse a un concepto mencionado en un párrafo anterior. 
[bookmark: _Hlk50375752][bookmark: _Hlk50375680][bookmark: _Hlk50375801]Concerning changes in P removal efficiency along the different adsorption cycles, as was expected, maximum values were reported for the 1st adsorption cycle for all treatments and for both water samples. More in detailspecifically, the average value for P removal efficiency decreased from 93% (sample A; Fig. 4b) and 95% (sample B; Fig. 4d) during the 1st adsorption cycles to 35% (sample A) and 44% (sample B) during the 4th adsorption cycle. In general, our results showevidence that, in both water samples, (i.e., station A and B), significant differences in P removal efficiency were recorded as a function of MPs concentration, except for the first adsorption cycle, (Table 3 in Supplementary material), and as a function of the adsorption cycle (Table 4 in Supplementary material). Even moreFurthermore, it is relevant to notice that, for MPs concentrations ≥0.48 g L-1 for sample A and ≥0.27 g L-1 for sample B, which lastly correspond to a ratio of 0.16 g MPs mg-1 P, MPs can be reused up to 4 times and they still exhibit a P removal efficiency higher than 50%.
When comparing our results with those reported in the literature, it is striking that q values found in the present study are in the range of previous studies carried out with the same MPs but using synthetic solutions (18.83 mg P g-1; de Vicente et al., 2010) instead of wastewaters, which thuserefore confirms the suitability of using MPs for trapping P even in wastewaters. Considering other magnetic particles, contrasting results have been reported. While several authors have found much lower adsorption capacities and P removal efficiencies for magnetite than those measured in the present study (Xiao et al., 2017; Augusto et al., 2019), other authors have shown high P removal efficiency (> 90%) when using zirconium ferrite and magnetic Fe oxide nanoparticles (7-10 nm) in treated wastewaters (Ishiwata et al., 2010; Lakshmanan et al., 2014).
Next, wWe compared our results with those of other P adsorbents frequently used for lake restoration. Recently, Kasprzyk et al. (2018) found a much lower adsorption capacity when using Phoslock© (a lanthanum-modified bentonite) for removing P from wastewaters. These authors also found that q values were, as expected, higher in synthetic wastewaters (4.31 mg P g-1) than in real effluents from wastewater treatment plants (2.09 mg P g-1). In relation toRegarding P removal efficiency, a variety of lanthanum-based adsorbents have shown efficiencies higher than 95% in experiments with wastewaters (Zhang and Tian, 2015; Zuo et al., 2016). For aluminum based adsorbents, a much higher q value has been found for Al2(SO4)3 (23 mg P g-1 (Urano and Tachikawa, 1992)) than for  activated Al2O3 (7-10 mg P g-1 (Brattebø and Ødegaard, 1986)) in synthetic wastewaters. Despite ofthe fact that other authors have obtained P removal efficiencies even higher than ours (Jiang and Ashekuzaman, 2013), it is essential to point out that these adsorbents have exhibited marked changes in their efficiencies as a function of pH (Brattebø and Ødegaard, 1986; Zhang et al., 2012; Jiang and Ashekuzaman, 2013; Li et al., 2014). Similarly, it is worth to remarkhighlighting that other new promising adsorbents such as zeolites have also shown a high P adsorption capacity in wastewaters (Kalló et al., 2001; Ning et al., 2008), although the maximum adsorption capacity was measured at a short pH range (4-6; Ning et al., 2008). 

3.4. Identifying the optimum dose of magnetic particles: an economic approach
From a practical point of view, it is essential to identify the optimum dose of MPs to be added to treated wastewaters, which will lastly eventually depend on the initial DIP concentration (g MPs mg-1 P). To identify thisit, both advantages (P removal efficiency, %) and disadvantages (economic price, € L-1) of using MPs have been considered as a function of MPs dose (Figure 5). For both stations, in the left figuresfigure 5 (a and c), the initial cost hwas been estimated considering onlyjust the real price of MPs. On the other hand, the final cost hwas been estimated by dividing the initial cost by the number of adsorption cycles that can be conducteddone with a P removal efficiency higher than 50%.
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Figure 5. Cost (€ L-1) and benefits (Pr; %) of MPs application in station A (figures a and b) and station B (figures c and d)the two sampling stations. Horizontal lines indicate a P removal efficiency of 50% while vertical lines denote the optimum ratio (0.16 g MPs mg-1 P).Horizontal lines benefits figures indicate a P removal efficiency corresponding to 50%.

[bookmark: _Hlk50031036]In this approach, we have considered that MPs can be reused as many times as they can cause a reduction of the initial DIP concentration higher than 50%. This statement is based on the fact that a reduction inof 50% of the initial DIP concentrations will conduct causeto a proportional reduction in lake water P concentration which that will notably improve the water quality. More in detailspecifically, according to data from Batanero et al. (2017) and based on OCDE (1982) classification, regarding the trophic state, of Fuente de Piedra is hypertrophic and, therefore, a 50% reduction in 50% of inlet DIP concentration may cause a change from hypertrophy to eutrophy. Based on this consideration, the optimum ratio hwas been graphically identified, from fFigure 5 (b and d) and for both water samples (A and B), as 0.16 g MPs mg-1 P.  This optimum ratio hwas been selected as the one that achieves athe maximum benefit (P removal efficiency higher than 50%) and athe lowest economic cost, as MPs can be reused up to 4 times. 
As was expected, given the chemical composition of wastewaters, this ratio (0.16 g MPs mg-1 P) is much higher (3 times) than the maximum P adsorption capacity estimated for the same adsorbent by previous studies (18.83 mg P g-1 MPs; de Vicente et al., 2010). However, this optimum ratio (0.16 g MPs mg-1 P) is in the range of that proposed for using Phoslock® in natural waters (100 kg product kg-1 P). 
[bookmark: _Hlk536619685]Finally, and despite of the inherent limitations of comparing our results with those obtained with other P sorbents that have been only used in eutrophicated waters but not in wastewaters, we compared the final cost of adding four different adsorbents (MPs, Phoslock®, AlCl6 and an Fe oxide, CFH-12®) for trapping DIP in the Laguneto pond. Even Furthermore, there exists another limitation for such comparisons, as it has beenwe only considered the product price, but notdisregarding the logistic cost of a real whole-lake application. For such comparison, firstly, we have quantified the total mass of P-DIP present in lake water considering mean DIP concentration and morphometric features (de-los-Ríos-Mérida et al., 2017). NextThen, the final cost hwas been estimated based on the reported maximum P adsorption capacity of all P adsorbents, except for MPs, where the optimum ratio identified in this study hwas been used (0.16 g MPs mg-1 P). Additionally, the price of each product was obtained from Funes (2016). The results have shown the highest cost when using AlCl6 (7,419 €), while the lowest cost hwas been found for CFH-12® (3963 €). Similar and intermediate costs (6,601 €) have beenwere estimated when adding Phoslock® and MPs (reused four times). Again, it is important to reflect the difficulties in making such comparisons, as real P adsorption capacities in wastewaters are likely to be much lower than maximum P adsorption capacities estimated in laboratory conditions with artificial solutions. 
All in allThus, this study represents an outstanding starting point for further research focused on using MPs in a real scenario with treated wastewaters. Under flow conditions, the recovery of P loaded MPs could be based on the use of subsequent magnetic rakes, which will allow to recovering magnetic material, but also toas well as obtain a betterimproving water quality downstream.

4. Conclusions
Firstly, it is worth noting that, when treated wastewaters passflow along the Laguneto semi-natural pond, there is a notable improvement in water quality. Therefore, this semi-natural pond results poses a reliable countermeasure to reduce the impact of wastewater effluents in the Fuente de Piedra Ramsar site. Secondly, the high equilibrium adsorption capacity (q) and the high P removal efficiency of MPs evidenced the suitability of using MPs for removing P in treated wastewaters. Even mMoreover, it is relevant to note that the optimum ratio was 0.16 g MPs mg-1 P, which was identified based on both advantages (P removal efficiency) and disadvantages (economic price). Our results confirm the convenience of using MPs for removing P from treated wastewaters, as they can be recovered from the aqueous solutions and later be reused up to 4 times, which lastly ultimately reduces the economic cost. 
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5.8878405775518526E-2	8.164965809277086E-3	5.2915026221291912E-2	3.7416573867739326E-2	3.201562118716407E-2	3.2659863237109073E-2	5.8878405775518526E-2	8.164965809277086E-3	5.2915026221291912E-2	3.7416573867739326E-2	3.201562118716407E-2	3.2659863237109073E-2	0	0.08	0.16	0.32	0.48	0.8	7.98	7.88	7.84	7.84	7.8175000000000008	7.7899999999999991	0.10045728777279749	2.9860788111947881E-2	1.4142135623731487E-2	5.2915026221291524E-2	3.6855573979159902E-2	5.4772255750516745E-2	0.10045728777279749	2.9860788111947881E-2	1.4142135623731487E-2	5.2915026221291524E-2	3.6855573979159902E-2	5.4772255750516745E-2	0	0.08	0.16	0.32	0.48	0.8	7.9474999999999998	7.9924999999999997	8.0299999999999994	7.9599999999999991	7.9274999999999993	7.9	0.12793227374930327	0.264748308146939	9.6953597148326617E-2	2.6299556396765782E-2	3.7749172176353651E-2	3.1622776601683965E-2	0.12793227374930327	0.264748308146939	9.6953597148326617E-2	2.6299556396765782E-2	3.7749172176353651E-2	3.1622776601683965E-2	0	0.08	0.16	0.32	0.48	0.8	7.9850000000000003	7.5925000000000002	7.6099999999999994	7.6725000000000012	7.7575000000000003	7.8400000000000007	0.13793114224133735	4.4347115652166695E-2	3.3040379335997648E-2	5.7735026918961348E-3	1.2909944487358467E-2	1.5000000000000667E-2	0.13793114224133735	4.4347115652166695E-2	3.3040379335997648E-2	5.7735026918961348E-3	1.2909944487358467E-2	1.5000000000000667E-2	0	0.08	0.16	0.32	0.48	0.8	8.2025000000000006	8.3149999999999995	8.3475000000000001	8.3649999999999984	8.3650000000000002	8.3675000000000015	MPs (g L-1)

pH

Station A
1st	4.0311288741492715E-2	0.11618950038622262	4.1231056256176443E-2	3.1091263510295817E-2	2.2173557826083445E-2	4.0311288741492715E-2	0.11618950038622262	4.1231056256176443E-2	3.1091263510295817E-2	2.2173557826083445E-2	3.3040379335998363E-2	0	0.08	0.16	0.32	0.48	0.8	5.8874999999999993	5.7949999999999999	5.8350000000000009	5.8650000000000002	5.8524999999999991	5.7575000000000003	2nd	3.5118845842842729E-2	8.164965809277086E-3	1.5000000000000025E-2	2.3804761428476283E-2	6.3442887702247361E-2	4.0824829046386304E-2	3.5118845842842729E-2	8.164965809277086E-3	1.5000000000000025E-2	2.3804761428476283E-2	6.3442887702247361E-2	4.0824829046386304E-2	0	0.08	0.16	0.32	0.48	0.8	5.915	5.88	5.9625000000000004	5.9150000000000009	5.5374999999999996	5.64	3rd	6.8495741960114848E-2	4.1932485418030317E-2	8.5391256382996647E-2	5.6789083458002633E-2	8.5440037453175174E-2	3.0956959368344528E-2	6.8495741960114848E-2	4.1932485418030317E-2	8.5391256382996647E-2	5.6789083458002633E-2	8.5440037453175174E-2	3.0956959368344528E-2	0	0.08	0.16	0.32	0.48	0.8	5.5024999999999995	5.5574999999999992	5.5625	5.5824999999999996	5.585	5.6274999999999995	4th	0.12449899597988708	9.1058589197651835E-2	1.2909944487358126E-2	3.0000000000000197E-2	4.2426406871193062E-2	4.0824829046386228E-2	0.12449899597988708	9.1058589197651835E-2	1.2909944487358126E-2	3.0000000000000197E-2	4.2426406871193062E-2	4.0824829046386228E-2	0	0.08	0.16	0.32	0.48	0.8	5.875	5.8774999999999995	5.9649999999999999	5.9150000000000009	5.8599999999999994	5.9600000000000009	MPs (g L-1)

Conductivity (mS cm-1)

Station B
0.25514701644346138	4.0311288741492729E-2	6.1644140029690188E-2	0.10404326023342433	3.6514837167011267E-2	9.9456858318904828E-2	0.25514701644346138	4.0311288741492729E-2	6.1644140029690188E-2	0.10404326023342433	3.6514837167011267E-2	9.9456858318904828E-2	0	4.4999999999999998E-2	0.09	0.18	0.27	0.45	7.875	8.1675000000000004	8.0500000000000007	8.0675000000000008	8.1300000000000008	7.9175000000000004	2.1602468994692817E-2	9.5393920141694635E-2	9.5742710775631769E-3	3.0000000000000197E-2	2.6457513110645734E-2	4.9999999999998934E-3	2.1602468994692817E-2	9.5393920141694635E-2	9.5742710775631769E-3	3.0000000000000197E-2	2.6457513110645734E-2	4.9999999999998934E-3	0	4.4999999999999998E-2	0.09	0.18	0.27	0.45	7.8900000000000006	7.8550000000000004	8.0124999999999993	7.9550000000000001	7.9649999999999999	8.057500000000001	4.5092497528229226E-2	2.217355782608341E-2	5.3774219349672248E-2	4.349329450233301E-2	2.6299556396765275E-2	5.7735026918961348E-3	4.5092497528229226E-2	2.217355782608341E-2	5.3774219349672248E-2	4.349329450233301E-2	2.6299556396765275E-2	5.7735026918961348E-3	0	4.4999999999999998E-2	0.09	0.18	0.27	0.45	7.8349999999999991	7.9174999999999995	7.9325000000000001	8.0075000000000003	8.0024999999999995	8.0549999999999997	0.12961481396815747	2.8722813232690457E-2	8.164965809277086E-3	3.5118845842841716E-2	4.0824829046386013E-2	1.7078251276599572E-2	0.12961481396815747	2.8722813232690457E-2	8.164965809277086E-3	3.5118845842841716E-2	4.0824829046386013E-2	1.7078251276599572E-2	0	4.4999999999999998E-2	0.09	0.18	0.27	0.45	8.379999999999999	8.2774999999999999	8.16	8.245000000000001	8.1700000000000017	8.1374999999999993	MPs (g L-1)

pH

Station B
2.8867513459481391E-2	7.1414284285428495E-2	0.14885675440951068	0.12311918344975079	0.15427248620541512	0.21886068628239272	2.8867513459481391E-2	7.1414284285428495E-2	0.14885675440951068	0.12311918344975079	0.15427248620541512	0.21886068628239272	0	4.4999999999999998E-2	0.09	0.18	0.27	0.45	5.5449999999999999	5.5549999999999997	5.5225	5.4425000000000008	5.36	5.0649999999999995	6.0553007081949668E-2	4.8304589153964871E-2	7.831560082980471E-2	0.21515498289992391	4.9916597106239975E-2	7.4105780251385617E-2	6.0553007081949668E-2	4.8304589153964871E-2	7.831560082980471E-2	0.21515498289992391	4.9916597106239975E-2	7.4105780251385617E-2	0	4.4999999999999998E-2	0.09	0.18	0.27	0.45	5.5200000000000005	5.57	5.58	5.4675000000000011	5.5825000000000005	5.5075000000000003	9.3229108472980105E-2	9.4999999999999932E-2	7.4999999999999734E-2	0.10750968948580067	8.5391256382996744E-2	0.1135414755350074	9.3229108472980105E-2	9.4999999999999932E-2	7.4999999999999734E-2	0.10750968948580067	8.5391256382996744E-2	0.1135414755350074	0	4.4999999999999998E-2	0.09	0.18	0.27	0.45	5.7375000000000007	5.5525000000000002	5.5374999999999996	5.5075000000000003	5.7875000000000005	5.9075000000000006	6.2915286960589359E-2	5.4160256030906559E-2	7.0710678118654752E-2	9.1469484893415109E-2	2.9999999999999805E-2	2.217355782608341E-2	6.2915286960589359E-2	5.4160256030906559E-2	7.0710678118654752E-2	9.1469484893415109E-2	2.9999999999999805E-2	2.217355782608341E-2	0	4.4999999999999998E-2	0.09	0.18	0.27	0.45	5.7125000000000004	5.82	5.7399999999999993	5.7350000000000003	5.7450000000000001	5.6825000000000001	MPs (g L-1)

Conductivity (mS cm-1)

Station A 

Initial cost	2.6419730254554102E-2	5.2839460509108205E-2	0.10567892101821641	0.15851838152732461	0.26419730254554102	5.1999999999999995E-4	1.0399999999999999E-4	2.0799999999999998E-3	3.1199999999999999E-3	5.1999999999999998E-3	Final cost	2.6419730254554102E-2	5.2839460509108205E-2	0.10567892101821641	0.15851838152732461	0.26419730254554102	5.1999999999999995E-4	5.1999999999999997E-5	1.0399999999999999E-3	7.7999999999999999E-4	1.2999999999999999E-3	
€ L-1




Station A

1st	2.1516849590061935	7.4509104860811002	8.7419407369300384	1.5126606138583594	5.7123527696293595	2.1516849590061935	7.4509104860811002	8.7419407369300384	1.5126606138583594	5.7123527696293595	2.6419730254554102E-2	5.2839460509108205E-2	0.10567892101821641	0.15851838152732461	0.26419730254554102	92.518233805051551	92.955174819391971	89.787352465423879	95.558445294710751	87.056471125796207	2nd	4.8090522774942821	7.8401129003036054	14.983505058580006	10.284363241621813	3.5627336034286903	4.8090522774942821	7.8401129003036054	14.983505058580006	10.284363241621813	3.5627336034286903	2.6419730254554102E-2	5.2839460509108205E-2	0.10567892101821641	0.15851838152732461	0.26419730254554102	33.248996228989256	59.573638965434135	61.981782975159042	85.035873964541125	85.007598301021858	3rd	1.5322249297089479	5.5026794343150458	11.345258175352869	6.502341165736099	3.6924998721412252	1.5322249297089479	5.5026794343150458	11.345258175352869	6.502341165736099	3.6924998721412252	2.6419730254554102E-2	5.2839460509108205E-2	0.10567892101821641	0.15851838152732461	0.26419730254554102	21.082844308816117	33.055938395523718	40.277804670045768	77.600144759879669	74.733118148640855	4th	1.5375083174191078	1.8799143810472889	3.0187674951446817	5.8536477362234116	6.0678034074957141	1.5375083174191078	1.8799143810472889	3.0187674951446817	5.8536477362234116	6.0678034074957141	2.6419730254554102E-2	5.2839460509108205E-2	0.10567892101821641	0.15851838152732461	0.26419730254554102	20.206257798978775	26.702799020337814	37.436214951278842	54.760324874902949	61.915935495530306	
Pr (%)




Station B 

Initial cost	2.6419730254554102E-2	5.2839460509108205E-2	0.10567892101821641	0.15851838152732461	0.26419730254554102	2.9249999999999995E-4	5.8499999999999991E-4	1.1699999999999998E-3	1.755E-3	2.9250000000000001E-3	Final cost	2.6419730254554102E-2	5.2839460509108205E-2	0.10567892101821641	0.15851838152732461	0.26419730254554102	2.9249999999999995E-4	2.9249999999999995E-4	5.8499999999999991E-4	4.3875000000000001E-4	7.3125000000000002E-4	g MPs mg-1 P


€ L-1



Station B

1st	0.75171783587074781	0.65564030076694635	2.1980517454727937	1.2003971206070994	2.4007942412136933	0.75171783587074781	0.65564030076694635	2.1980517454727937	1.2003971206070994	2.4007942412136933	2.6419730254554102E-2	5.2839460509108205E-2	0.10567892101821641	0.15851838152732461	0.26419730254554102	97.162525072713663	96.361892641383648	93.232147682548245	95.852399275991843	92.504300017702803	2nd	8.2267217538969444	6.7637547742869693	8.2616568640292964	8.9276311826594359	0.45594749318353972	8.2267217538969444	6.7637547742869693	8.2616568640292964	8.9276311826594359	0.45594749318353972	2.6419730254554102E-2	5.2839460509108205E-2	0.10567892101821641	0.15851838152732461	0.26419730254554102	46.767904607097378	67.293208755738988	53.69852678715818	94.975920216148666	98.427696087704447	3rd	4.4643428933754654	7.6532004129407563	5.2155171165273062	2.5345057502854234	2.2305653455353318	4.4643428933754654	7.6532004129407563	5.2155171165273062	2.5345057502854234	2.2305653455353318	2.6419730254554102E-2	5.2839460509108205E-2	0.10567892101821641	0.15851838152732461	0.26419730254554102	32.372245393079346	45.687719339704941	47.839782684254509	95.443423865691187	96.046001602165092	4th	5	2.0710161208322906	5.9777632106422303	1.942549407551037	1.7248936769460199	5	2.0710161208322906	5.9777632106422303	1.942549407551037	1.7248936769460199	2.6419730254554102E-2	5.2839460509108205E-2	0.10567892101821641	0.15851838152732461	0.26419730254554102	0	65.827256237922995	39.548444407458774	61.563416436510273	55.444181909796598	g MPs mg-1 P


Pr (%)
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