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Abstract

One of the most important worldwide challenges of current society is the alteration of the biogeochemical cycle of phosphorus (P). P is globally exported from terrestrial to aquatic ecosystems, causing the eutrophication of the receiving waters. In this context, magnetic microparticles (MPs) have been recently proposed for trapping P in natural eutrophicated ecosystems, as well as in treated wastewaters. The main advantage of using MPs is that both P and MPs can be recovered from the treated water. Thus, the working hypothesis of the present study is that P can be desorbed from P-loaded MPs and recovered P can be later used as a fertilizer. To test this hypothesis, the best working conditions for desorbing P from P-loaded MPs were identified; then, an experiment with different plant nutrient solutions (neutralized solutions containing recovered P and an unfertilized control) was carried out with three different plant species: Ocimum basilicum L., Cucumis sativus L. and Cucumis melo L. Finally, germination, height, root and shoot biomass and P concentration in root and shoot were compared among treatments. Our results show that the best conditions for P desorption from P-loaded MPs occurred when using 0.1 M NH4OH and using H3PO4 for neutralizing pH. The greenhouse fertirrigation pot experiment showed that the neutralized solution containing desorbed P from P-loaded MPs can be used as a liquid fertilizer, since its combination with macro and microelements significantly increased plant height, growth rate, shoot and root biomass and shoot and root P concentration. As a result, MPs can be proposed to be used for counteracting the widespread and coupled problems of the exhaustion of the P reserves and the eutrophication of aquatic ecosystems.
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1. Introduction

Since 2009, planetary boundaries are a concept involving Earth system processes which contain environmental boundaries (Rockström et al., 2009). Rockström et al. (2009) and Steffen et al. (2015) selected control variables for nine critical Earth system processes and assigned environmentally safe planetary boundaries to these variables (Conijn et al., 2018).

Currently, one of the planetary boundaries is the alteration of the biogeochemical cycle of phosphorus (P). It is accepted that transgressing one or more planetary boundaries may be highly damaging or even catastrophic, due to the risk of crossing thresholds that trigger non-linear, abrupt environmental change within continental- to planetary-scale systems. In this sense, the current value of anthropogenic P going into the oceans (millions of tonnes per year) is 8.5-9.5, while the boundary value is 11 (Rockström et al., 2009). Accordingly, greater effort is required to avoid crossing exceeding that value. A recent proposal to prevent a drastic deterioration, in a reference scenario of 2050, was focused on the reduction of both waste and P losses from agricultural land, among others (Conijn et al., 2018).

The biogeochemical cycle of P is being dramatically altered in two ways. On the one hand, modern human society depends on a large, continuous supply of mined P to sustain the global food demand (Schröder et al., 2011), which is responsible for the global exhaustion of P reserves (Gilbert, 2009; Cordell et al., 2011). Phosphorus has no substitute in food production and, in a world of 9 billion people by 2050, securing sufficient P will be critical for future food security (Cordell et al., 2011). Cordell et al. (2009) estimated that the peak in global P production could occur by 2033, after which demand would exceed supply. However, the current food production and consumption system is highly inefficient with respect to P use and, accordingly, some action for reverting this tendency can be still done. As Cordell et al. (2011) stated, there is no single solution for achieving a P-secure future. Among other solutions, further investments are required to increase P use efficiency and to recover and reuse P from all current waste streams throughout the food production and consumption system. However, this is not a simple concern, since P recycling could be an environmentally unsuitable solution in terms of energy consumption and greenhouse gas emissions (Golroudbary et al. 2019).
In addition, mobilized P is moved to the hydrosphere, causing the eutrophication of aquatic ecosystems, which nowadays is the primary worldwide water quality issue (OECD, 1982; Sas, 1989; Cooke et al., 2005; Hupfer and Hilt, 2008). Eutrophication promotes negative effects in both the ecological and economical dimensions (e.g., annual costs of approximately $2.2 billion in the USA alone; Dodds et al. 2009). As a result of eutrophication, the unbalanced ecosystem and changed chemical composition make the water body unsuitable for recreational and other uses, and the water becomes unacceptable for human consumption. 

To tackle these two coupled problems (exhaustion of global P reserves and eutrophication), it is imperative to develop new technologies for capturing P from enriched P systems (e.g., wastewaters and eutrophicated ecosystems) and reusing it as a fertilizer. Similarly, de-Bashan and Bashan (2004) pointed out that the contemporary focal issue is not eliminating P per se but recycling it, as well as increasing its use efficiency. In fact, P recycling is converting an acute disposable problem into a raw material (fertilizer manufacture) that will benefit industry and society. At this point, it is important to consider that P removal from P enriched waters and its subsequent reuse would fit perfectly in the framework of the recent concept of bioeconomy. The European Commission defines bioeconomy as "the production of renewable biological resources and the conversion of these resources and waste streams into value-added products, such as food, feed, bio-based products and bioenergy. Its sectors and industries have strong innovation potential due to their use of a wide range of sciences, enabling and industrial technologies, along with local and tacit knowledge” (EC, 2012). 
In this context, it is clear that, in order to combat the above-mentioned and related issues, it is necessary to develop an interdisciplinary and multi-scale approach that combines a wide range of disciplines (e.g., limnology, hydrology, agronomy, soil science and biochemistry), based on both complexity and reductionism. Accordingly, Haygarth et al. (2005) proposed the use of the “phosphorus transfer continuum” concept as the one describing the four-tiered source-mobilization-delivery-impact structure in an interdisciplinary way to help break down disciplinary boundaries. These authors conclude that multi-scale approaches are urgently required to integrate different disciplines and provide a platform to develop mechanistic modeling frameworks, collect new data and identify critical research questions.
Although recent studies are focused on assessing P removal by using novel adsorbents from eutrophicated ecosystems (e.g., Phoslock®, aluminum) and wastewaters [e.g. zeolites (Ning et al., 2008) and struvite (de-Bashan and Bashan, 2004)], we are still far from recognizing the best P adsorbent. Thus, it is necessary to continue developing new techniques to achieve an environmentally acceptable level with affordable costs. Therefore, in this study, we propose the use of magnetic particles (MPs), as they have several outstanding advantages. Firstly, MPs adsorb P from aqueous effluents and, after that, P-loaded MPs can be recovered from the medium by applying a simple high gradient magnetic separation process (de Vicente et al., 2010; de Vicente et al., 2011; Merino-Martos et al., 2011). Our working hypothesis is that P can be desorbed from P-loaded MPs and recovered P can be later used as a fertilizer. To test this hypothesis, the best working conditions for desorbing P from P-loaded MPs were identified and secondly; then, a fertirrigation experiment using different plant nutrient solutions (unfertilized control and treatments enriched with recovered P, micro and macroelements) was carried out with three different plant species: Ocimum basilicum, Cucumis sativus and Cucumis melo. Finally, germination, height, shoot and root biomass and P concentration in shoots and roots were compared among treatments.
2. Material and methods 
2.1. Phosphorus-loaded magnetic particles
P-loaded MPs were obtained from a previous experiment (Funes et al., 2017; Álvarez-Manzaneda et al., 2019). Briefly, on July 2015, surface sediment and lake water were collected from Honda lake, which is a shallow (surface area=9 ha, Zmean=1.3 m, Zmax=3.2 m), hypertrophic, and brackish water (6000 μS cm-1) wetland at the coast of Almeria (Southeastern Spain) (de Vicente et al., 2003; de Vicente, 2004). Once in the laboratory, the collected lake water and sediment were distributed in 15 PVC microcosms (Ø=38cm; h=58 cm). Three different treatments were considered,  two of which had MPs added in order to obtain a final concentration of 1.4 g MPs L-1. After a contact time of 24 h (day 1), P-loaded MPs were recovered by fully immersing a magnetic rake in the microcosms down to the sediment surface. The MPs (97.5% Fe, 0.9% C, 0.5% O and 0.9% N) used as P adsorbents (HQ grade, BASF, Germany) in the microcosm experiment were micron-sized (800 nm) soft magnetic spherical particles with negligible coercive field and remanent magnetization (i.e., zero magnetization upon removal of the magnetic field). Further details on these particles have been reported by de Vicente et al. (2010) and Merino-Martos et al. (2011). 

Once the P-loaded MPs were recovered from the microcosms, they were washed and sonicated (1 min) three times with distilled water. After each wash, the P-loaded MPs were recovered by applying a magnetic field gradient exerted by a permanent magnet (volume ¼ 25.6 cm3; NB032, Aiman GZ, Spain). Finally, after the last wash, the supernatant was removed and the P-loaded MPs were dried for 24 h at 60ºC.
2.2. Optimizing phosphorus desorption 
The dried P-loaded MPs were washed using three different basic solutions (NaOH, KOH and NH4OH) at four different concentrations (0.1, 0.5, 1 and 3 M). The methodological procedure consisted in shaking 1 g of dried P-loaded MPs with 50 ml of each solution in centrifuge tubes in a rotating shaker (at 20 rpm for 24 h). Then, the suspensions were centrifuged at 4000 rpm for 5 min (Hettich® ROTOFIX 32A centrifuge). After their centrifugation, the pellets were used for the subsequent wash while the pH of the supernatants was neutralized with two different acids: HCl and H3PO4. This extraction procedure was repeated up to four times, with each concentration of every basic solution, in order to ensure a complete P desorption. Finally, the chemical composition of all supernatants was determined by using ICP-MS (Al, B, Ca, Cu, Fe, K, Mg, Mn, Mo, Na, P, S and Zn), ion chromatography (F-, Cl-, and Br-) and an elemental analyzer (C, N and H).                                                                 
2.3. Preparation of the plant nutrient solutions
A total of three plant nutrient solutions (treatments) were considered (Table 1). All treatments (T1, T2 and T3) were prepared using desorbed P from P-loaded MPs (extracted with 0.1 M NH4OH and neutralizing with H3PO4). Considering both the concentration in the stock nutrient solution obtained by merging the four subsequent washes using 0.1 M NH4OH and neutralized with H3PO4 (Table 2) and nutrient concentrations reported in previous studies (Stradiot, 2002), the stock nutrient solution was firstly diluted up to 68 times with irrigation water (tap water) in T1, T2, and T3. Then, T2 and T3 were enriched with macroelements (T2) and both micro and macroelements (T3), while T1 only contained desorbed P from P-loaded MPs.

All reagents were of analytical grade and used without further purification. Macroelements were added by using the following reagents: NH3, KNO3, Ca(NO3)2, MgSO4•7H2O and H3PO4. Similarly, microelements were added by using the following reagents: Fe(NO3)3; Mn(NO3)2; Zn(NO3)2; CuSO4; MoO4Na2•2H2O and H3BO3.

2.4. Fertirrigation experiments
Three different plant species were used: Ocimum basilicum, Cucumis sativus and Cucumis melo. These species were selected based on their rapid growth and on their high economic value, both as aromatic medicinal herb (O. basilicum, Chiang et al., 2005; Politeo and Milos, 2007) and food (C. sativus and C. melo, Whitaker and Davis, 1962; McCreight et al., 1993; Lester, 1997; Huang et al., 2009). 

A total of 264 horticultural pots (9 x 9 x 9 cm), 88 for each species, were used. The seeds (three of each species per pot with the aim of ensuring the growth of one plant per pot), belonging to the same batch, were placed at 2 cm in depth in a nutrient-poor composite substrate of black peat (15%), yellow peat (70%), and perlite (15%). Upon emergence, the seedlings were thinned to one seedling (first individual) per pot to avoid possible interferences between them. Each plant species was exposed to three treatments (already mentioned). A control with no addition of any nutrient was also considered. All treatments were run in 22 replicates per plant species and the pots were placed in a completely randomized array but sorted into species. The experiment was set up in a screenhouse at the research station of IFAPA (Andalusian Institute of Agricultural Research and Training) in Granada, SE Spain. The experiment lasted for 31 days. Irrigation was automatically applied for 30 min four times per day. Since plant germination was daily recorded, when it was higher than 70% of the total of seedlings, fertilization with plant nutrient solutions was initiated. This procedure consisted in adding nutrient solutions (25 ml) by foliar and substrate application to each seedling twice per week. For the control, only irrigation water was used. After germination, plant height was recorded three days per week. Finally, at the end of the experiment, the seedlings were harvested to measure root and shoot biomass and quantify P concentration. The roots and shoots were washed with distilled water and dried at 70ºC for 48 h. Then, plant biomass was determined using a weighing scale (Precisa Gravimetrics AG 360 ES). Additionally, Total P concentration in roots and shoots was also quantified. For that purpose, ten replicates of each treatment of each species were combusted at 450ºC for 1 h and digested in 5 ml of HCl, following a slight modification of the method proposed by Flindt and Lillebo (2005). After the samples were digested, P concentration was spectrophotometrically measured (Murphy and Riley, 1962). 

2.5. Statistical analysis
All the statistical analyses were performed using Statistica 7.1 software (Stat Soft Inc., Tulsa, USA). Differences in P concentration among different basic solutions (treatments) and adsorption cycles (time) were tested using non-parametric variance analysis, since these data did not satisfy homoscedasticity assumptions (Levene test, p < 0.05). Therefore, a Kruskal-Wallis test was carried out to determine differences among treatments, and a Friedman ANOVA by ranks was performed to test significant differences among adsorption cycles. The same method was carried out to detect significant differences in plant height among different treatments and along the experiment (time) for each plant species, since these data did not satisfy homoscedasticity assumptions either (Levene test, p < 0.05). Subsequently, significant differences in growth rates among treatments and over time were tested through Repeated Measures ANOVA (RM-ANOVA), with Fisher's least significance difference (LSD) post-hoc test. In order to determine significant differences among treatments in shoot and root biomass and in the shoot:root biomass rate, the Kruskal-Wallis test was used, since, again, these data did not satisfy homoscedasticity assumptions (Levene test, p < 0.05). Finally, in order to test differences in Total P concentration in the shoot of O. basilicum among treatments, one-way ANOVA was performed with Fisher's least significance difference (LSD) post-hoc test. The Kruskal-Wallis test was carried out to test differences among treatments in Total P concentration for the rest of the species and for the root of O. basilicum, since the data did not satisfy homoscedasticity assumptions (Levene test, p < 0.05).
3. Results 

3.1. Optimizing phosphorus desorption
The first step was to identify the best working conditions for desorbing P from P- loaded MPs. Figure 1 shows P concentration for the different concentrations (0.1; 0.5; 1 and 3 M) of every basic solution (NaOH; KOH and NH4OH) during the four subsequent extractions (washes). As was expected, much higher P concentrations were recorded when using H3PO4 instead of HCl to neutralize the samples. In fact, P concentrations clearly increased with H3PO4 molarity. Despite this straightforward tendency, for the samples that were neutralized with HCl, the P concentrations clearly show that P was desorbed from P-loaded MPs, obtaining especially higher P concentrations when NH4OH (the average concentration for all basic concentrations for the first washes was 5.2 mg L-1) was used instead of NaOH (1.5 mg L-1) or KOH (1.7 mg L-1). Apart from P desorption, it is important to consider that Cl- concentrations were extremely high when HCl was used instead of H3PO4. As an illustration, for NH4OH, Cl- concentrations were higher than 1.900 mg L-1 for the first wash with HCl as a neutralizing solution, while it was lower than 5 mg L-1 for the first wash with H3PO4 (Table 3). In this sense, it is relevant to note that Phocaides (2007) considered that Cl- concentrations higher than 200 mg L-1 could cause lesions on the plants. Accordingly, based on both P and Cl- concentrations, we selected H3PO4 as the best neutralizing solution. 
The next step was to identify the best basic solution (NaOH, KOH of NH4OH) for desorbing P from P-loaded MPs. At this point, it is crucial to consider not only P concentration in the solutions but also Na+, K+ and N concentration, as they are necessary for plant growth, although they can be toxic beyond some threshold concentrations (Ayers and Westcot, 1985). Based on P concentrations, all tested basic solutions allowed extracting high P concentrations (Figure 1). Regarding Na+ concentrations, it is well-known that high concentrations could have negative effects on plants (Terrón, 1992; Phocaides, 2007). Actually, Ayers and Westcot (1985) considered that Na+ concentrations in the irrigation water should be in the range 0-40 meq L-1. As was expected, Na+ concentrations far beyond its threshold concentration were measured when using NaOH for P desorption, while much lower Na+ concentration were found in NH4OH extractants (Table 4). Then, in order to compare KOH and NH4OH, it is important to consider that nutritional requirements for plants used to be higher for N than for K+ (Stradiot, 2002; Casas, 2005). Furthermore, irrigation water may contain less than 2 mg K+ L-1 (Ayers and Westcot, 1985) and, when using KOH, remarkably higher K+ concentrations were found in solution (Table 4), suggesting that KOH should not be used for P desorption from P-loaded MPs. Therefore, it seems clear that the best basic solution is NH4OH. As Figure 1 shows, it is also worth noting that, when comparing P concentrations among different NH4OH concentrations, there exists a clear increasing tendency with basic solution concentration. This result would lead to select 3 M NH4OH. However, the P concentrations measured in supernatants of all NH4OH molarities were still notably higher than P concentrations used in previous studies (Stradiot, 2002; Casas, 2005). Accordingly, and considering that using a high NH4OH concentration is not cost effective in the long term, the best working condition for desorbing P is using 0.1 M NH4OH neutralized with H3PO4.

Table 2 shows the chemical composition of the merged solution containing the four subsequent washes using 0.1 M NH4OH neutralized with H3PO4. Among all elements, it is worth highlighting that the P concentration (1168 mg L-1) was much higher than that used in similar fertilization experiments (Stradiot, 2002; Casas, 2005) and, accordingly, the final nutrient solution used for the fertirrigation experiment was diluted to optimize the solution and to avoid adding more P than that required by the plants.
3.2. Temporal patterns in germination 
On day 11, 70% of all seeds germinated and, therefore, fertilization started (Figure 2). However, marked differences in the germination pattern were found among the three plant species. The first species to germinate was O. basilicum, although it later showed a slower tendency and, at the end of the experiment, the highest percentage of germination was unexpectedly shown by the control (80%). The germination of the other two species, C. sativus and C. melo, started later (from day 4) and it generally increased until the end of the experiment. Additionally, germination in the different treatments showed considerable differences among plant species. In O. basilicum, contrarily to what was expected, germination in the control was higher than in the other treatments throughout the entire experiment. In fact, on day 18, germination ranged from 54.27% (T3) to 81.76% (control). On the other hand, for C. sativus and C. melo, the percentage of germination in all treatments was higher than in the control, evidencing the key role of nutrients for the germination of these two species. As an illustration, on day 18 and for C. sativus, the average value for germination was 54.22% in the control, while it ranged from 72.57 (T1) to 99.94% (T3) in the treatments. For C. melo, the average value on day 18 was 77.08% (control), while much higher values were reported for all treatments (>95%). One likely explanation for the differences in the germination pattern among plant species may be the low quality of the O. basilicum seeds compared to those of the other two species, since germination mainly depends on the homogeneity of seed lots, genetic purity, longevity and quality, among others characteristics (San Martín, 2002). 
3.3. Temporal changes in plant height and growth rate 
For all plant species, there were significant differences in plant height over time (p<0.0005), expectedly reaching maximum values on day 31 (Figure 3). Regarding the differences among treatments, at the end of the experiment, height was greater in the treatments than in the control for all plant species. 
Next, we assessed the single effect of adding recovered P (control vs T1), macroelements (T1 vs T2), and microelements (T2 vs T3) on plant height. Firstly, the addition of recovered P significantly increased plant height in O. basilicum and C. melo but not in C. sativus at the end of the experiment (day 28). Regarding the effect of adding macroelements, on day 28, no significant effects were found in plant height in any of the analyzed species, except for C. sativus, were significantly higher values were obtained in the presence of macroelements (T2). A minor role in plant height was played by microelements, since no significant differences were found between T2 and T3 for any of the study species.
Regarding plant growth rate, significant differences (p<0.005) were obtained over time (from day 24 onwards), except for the control of O. basilicum and C. sativus, where no significant differences were found (Figure 4). In particular, maximum values were measured on days 24 and 28, depending on the plant species. In general, a similar tendency was observed for the three species showing higher values, from day 21 onwards, in T3 (recovered P + micro + macroelements) compared to the others treatments. At the end of the experiment, significant differences (p<0.0005) among all treatments were found in all species. More specifically, the growth rate ranged from 0.066 (control) to 1.88 cm day-1 (T3) in O. basilicum, from 0.18 (control) to 0.52 cm day-1 (T2) in C. sativus and from 0.73 (control) to 2.22 cm day-1 (T1) in C. melo. 
3.4. Dependence of shoot and root biomass on nutrient addition
Comparing shoot and root biomass, much higher values for shoot than for root biomass were recorded for all treatments and plant species (Figure 5). Regarding the effect of nutrient addition, a clear positive and significant effect of the combined addition of P, macro and microelements on both shoot and root biomass was observed, since much lower values were found in the control than in T3. However, the analysis of the effect of P, macroelements and microelements separate addition generated striking results. When P alone was added, no significant effects on neither shoot nor root biomass were observed in any of the study species. Similar results were found when macroelements or microelements (except for root biomass in C. sativus) were added to the plants without P, evidencing a minor role of these single compounds for plant biomass.
As shoot biomass was notably higher than root biomass, the shoot:root biomass ratio (S:R) was always higher than 1 (Figure 6). Generally, no significant differences were detected between control and treatments nor among treatments. 
3.5. Phosphorus concentration in shoots and roots
As in the case of shoot and root biomass, there exists a positive and significant effect of the mixed addition of P, macro and microelements on P concentration in both shoots and roots (Figure 7). In fact, significantly lower values of P concentration were found in the control than in T3. Thus, we analyzed the single effect of each addition (P, macro and microelements) on P concentration in shoot and root material. While P addition caused a significant increase in P concentration in shoot tissue (except for C. melo), no significant effect was found in root P concentration in any of the study species. Furthermore, a secondary role of micro and macronutrients in P concentration was noticed, as no significant differences were generally found between T1 and T2 (macroelements effect) or between T2 and T3 (microelements effect). 
4. Discussion

Earth’s resources and integrity are under increasing pressure from a continually expanding population (Rockström et al., 2009). Additionally, climate change will likely affect the patterns and efficiency of nutrient use in agricultural systems and subsequent fluxes of these nutrients to the environment (Forber et al., 2018). These changes must therefore be considered in terms of the future impact of food production systems on our environment, food security, and the resilience of food systems to climate change. Among all nutrients, P is critical for food production, and agriculture consumes vast quantities of P mined and purified from phosphate rock (quadrupled since the mid-1900s), but these P inputs are inefficiently used in the food chain and have resulted in a dramatic impairment of freshwater and marine ecosystems (Elser and Bennett, 2011). Accordingly, and although significant efforts are being made to manage eutrophication impacts, the environmental benefits of these efforts may become increasingly difficult to predict or control under a changing climate (e.g., buffer strip function; Ockenden et al., 2017). Furthermore, it is also expected that P export and eutrophication will likely increase under a changing climate (Forber et al., 2018). As was recently stated by Townsend et al. (2012), pursuing a more efficient use of P and nitrogen has clear environmental, socioeconomic, and national security benefits and it would also help to reduce some of the risks of a warming climate. Therefore, the ongoing climate change is expected to increase the global alteration of the biogeochemical cycle of P, which further increases the urge of implementing new approaches for combating both the exhaustion of P reserves and the eutrophication of inland aquatic ecosystems.
In this upsetting scenario, results from the present study are promising, as a neutralized solution containing recovered P from a eutrophicated aquatic ecosystem, using MPs, proved to be a functional liquid fertilizer. This conclusion is based on the fact that adding desorbed P from P-loaded MPs combined with macro and microelements significantly increased, in three different plant species (Ocimum basilicum, Cucumis sativus and Cucumis melo), plant height, growth rate, shoot and root biomass and shoot and root P concentration compared to the controls. Therefore, MPs may be proposed to be used for counteracting the widespread and coupled problems related to the deterioration of the biogeochemical cycle of P. 
Apart from MPs, many other adsorbents have been proposed to be used for P removal in lake management (e.g., Robb et al., 2003; Cooke et al., 2005; Dittrich et al., 2011; Gibbs et al., 2011) and wastewater treatment (e.g., Urano and Tachikawa, 1992; Park et al., 2010; Kang et al., 2013). The first critical point for selecting P adsorbents is their reusability. One of the most frequently used methods for regenerating P from Fe and Al oxides is based on using basic solutions, such as NaOH (e.g., Urano and Tachikawa, 1992; Kang et al., 2013). Park et al. (2010), when using a synthetic layered double hydroxide modified with chloride ions for adsorbing P in wastewaters, found that it exhibited a sufficient chemical stability against adsorption/desorption repetitions and maximum P adsorption capacity was almost constant (40 mg P g-1 adsorbent) along the four desorption-adsorption cycles. More recently, Pan et al. (2020) have assessed the convenience of using an easily-recoverable amine-functionalized biosorbent based on biogas residue for both nitrate and P removal in natural eutrophic ecosystems. These authors found that this adsorbent exhibited >82% adsorption capacity even after 8 continuous adsorption/desorption cycles. Similarly, Rott et al. (2018) observed that PO43- and several phosphonates were efficiently adsorbed on tailored magnetically separable ZnFeZr-based microsorbents through 30 adsorption/desorption cycles at lab-scale, achieving >90% total efficiency under optimal conditions. 
However, once P is removed from aqueous solutions, more preferably by subsequent adsorption/desorption cycles to optimize cost efficiency, the second key step is P recovery and its subsequent reuse as a fertilizer. Currently, most studies are focused on evaluating the fertilizer potential of P recovered from wastewaters (e.g., de-Bashan and Bashan, 2004; Cucarella et al., 2007; Frišták et al., 2017; Litaor et al., 2019). In Europe, the number of technologies for P recovery from wastewater which are operating at either full or demonstration scale has increased from 2 in 1998 (Morse et al., 1998) to 22 in 2014 (Hukari et al., 2016). Among P subproducts from wastewaters, struvite is the one that has currently attracted the most attention (e.g., de-Bashan and Bashan, 2004). Although the production of struvite at full scale is essentially limited due to the costs associated with chemical addition, Quintana et al. (2004, 2006, 2008) developed a new, economically advantageous method for recovering struvite using a low-grade MgO-containing byproduct of the magnesite industry as a Mg source. Later, in greenhouse pot experiments, González-Ponce et al. (2009) found that struvite (obtained using the abovementioned method) was significantly more effective at increasing lettuce yield and P uptake than the commercially supplied single superphosphate. However, struvite has a complex and highly variable crystallization process (Tansel et al., 2018) and is commonly characterized by relatively low solubility (Litaor et al., 2019). Accordingly, struvite is therefore chiefly applied as a “slow-release” fertilizer (Hermassi et al., 2018). 
Contrarily to P recovered from wastewaters, the fertilizer potential of P recovered from eutrophicated aquatic ecosystems was never tested before. However, properly managed, P in eutrophicated aquatic ecosystems may become a resource rather than a pollutant. In fact, P recovered from eutrophicated ecosystems is likely to contain much lower contents of toxic compounds (e.g., metals) and pathogens than P recovered from wastewaters. Moreover, a recent study focused on determining whether recycling P from wastewaters, manure and solid wastes is an environmentally sustainable option revealed that about 70% of total greenhouse gas emissions from P recycling is caused by wastewater processing (Golroudbary et al., 2019). In this study, the authors also quantified that the P obtained from recycled wastewater constitutes only 2% of the whole amount recovered in the recycling processes. In this context, recovering P from eutrophicated aquatic ecosystems is especially worthwhile considering that up to 2,700 Tg P is contained in surface waters (Jahnke et al., 2000). There are currently several alternative ways to inactivate P from eutrophicated aquatic ecosystems (e.g. Hansen et al., 2003; Cooke et al., 2005; Ross et al., 2008; Reitzel et al., 2013; Spears et al., 2013; Yin et al., 2019); however, the only method that allows recovering inactivated P from aqueous solution is the one based on the use of magnetic adsorbents (e.g. de Vicente et al., 2010; de Vicente et al., 2011; Merino-Martos et al., 2011; Funes et al., 2016). Previous studies have confirmed the suitability of using MPs for recovering P as they exhibit, among other advantages, a high maximum P adsorption capacity and they are not toxic for aquatic biota (e.g., de Vicente et al., 2010; Álvarez-Manzaneda et al., 2017). Furthermore, the present study reveals an additional advantage of using MPs, as the neutralized solution containing recovered P may be used as a fertilizer, which may help to reestablish the already broken biogeochemical cycle of P.
Next, we discuss in more detail some of the most striking results of the fertirrigation experiments. Firstly, regarding the effect of P addition on plant height, some specific differences among the study species were found. While the addition of recovered P significantly increased the plant height of O. basilicum and C. melo at the end of the experiment (day 28), C. sativus did not show such increase. The absence of any significant effect of the single addition of recovered P on the plant height of C. sativus may be explained by the higher P requirements of this species compared to the others. In fact, experiments with C. sativus reported in the literature normally used higher P concentrations than those used in the present study (Table 5). 

Another unexpected result was that no significant differences between control and treatments or among treatments were detected in shoot:root biomass ratio (S:R), being always much higher than 1. Thus, our results do not support the hypothesis of balanced growth, which indicates that plants growing under nutrient or light limitations assign more biomass to roots than to shoots, in order to increase their nutrient uptake capacity (Müller et al., 2000; Shipley and Meziane, 2002). The lack of any effect of nutrient addition on S:R biomass ratio can be explained by the absence of a strong nutrient limitation, even though it was used a nutrient-poor substrate. Our results are also opposite to those found by Ciereszko et al. (2002) and Ericsson (1995), who observed a decrease in S:R ratio in C. sativus and in Betula pendula growing in a P-limited medium. 
5. Conclusions                                                                  

Considering that P demand will potentially peak above P supply before 2040 (Cordell and White, 2013) and that the over-enrichment of aquatic ecosystems is one of the main issues of water management, it is imperative to prioritize efforts to find alternative P fertilizers that support optimal crop yield and economic vitality in agriculture (Litaor et al, 2019). In this context, this study highlights that neutralized solutions containing P recovered from eutrophicated aquatic ecosystems, using MPs, can be used as a cost-effective and efficient liquid fertilizer. This conclusion is based on the fact that adding a neutralized solution containing desorbed P from P-loaded MPs combined with macro and microelements significantly increased, in three different plant species (Ocimum basilicum, Cucumis sativus and Cucumis melo), plant height, growth rate, shoot and root biomass and shoot and root P concentration compared to controls. Therefore, MPs can be proposed to be used for counteracting the widespread and coupled problems of the exhaustion of the P reserves and the eutrophication of aquatic ecosystems. 
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Figure 1. P concentration measured in the supernatants at the four different subsequent extractions (1st, 2nd, 3rd and 4th) using four concentrations (0.1; 0.5; 1 and 3 M) of three basic solutions: NaOH, KOH and NH4OH, neutralized with HCl (left) and H3PO4 (right). Please note the different vertical scale used for figures at the right and left sides.

Figure 2. Temporal changes in germination (%) patterns recorded along the experiment. The dotted vertical line shows the time when fertirrigation started.
Figure 3. Temporal changes in plant height along the experiment. The dotted vertical line shows the time when fertirrigation started.
Figure 4. Temporal changes in growth rates along the experiment. The dotted vertical line shows the time when fertirrigation started.
Figure 5. Shoot (left) and root (right) biomass at the end of the experiment. Significant differences (p < 0.05) between treatments are indicated by letters.

Figure 6. Shoot and root biomass (S:R) ratio at the end of the experiment. Significant differences (p < 0.05) between treatments are indicated by letters.

Figure 7. Final Total P concentrations measured in shoots (left) and roots (right). Please note that different vertical scales are used.
