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Abstract

:

Recovering and recycling phosphorus (P) from sewage sludge ash (SSA) for the purpose of P fertilizer production contributes to reducing the input of mined phosphate-minerals and closing of the P cycle. However, direct use of SSA as fertilizer is often a questionable strategy due to its low nutrient use efficiency. In addition, the environmental risk potential of utilizing SSA in agriculture is still unclear, in particular potential toxic element (PTE) contamination. In this study, a mixture of SSA and rock phosphate was used at lab-scale superphosphate (SP) production. P availability of the final product and PTE contamination (Cd, Cr, Cu, Zn, Pb, Ni) in soil and crop was investigated through maize (Zea mays L.) cultivation. Results showed that the application of SP that was produced by 25% SSA replacement did not affect the growth, P uptake, and PTE content in aboveground maize compared to the application of SP produced without SSA replacement. However, significant inputs of SP with SSA replacement may decrease the solid-soil solution partitioning of Cu, Ni and Pb in the long-term. Separation of municipal/industrial sludge and PTE removal technology are necessary to be implemented prior to the use of SSA as a secondary raw material in P-fertilizer production.
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1. Introduction


Phosphate rock is the primary raw material for producing mineral phosphate fertilizers. Based on its economic importance and supply risk due to its non-substitutable and limited reserves around the world, it is regarded as one of the critical raw materials by the European Commission [1]. Additionally, it is recently identified to have high environmental hazard potential (EHP) concerning its raw material and energy demand [2]. Intrinsic potential toxic elements (PTEs) in phosphate rock also contribute to its high EHP as one of the indicators. In particular, heavy metals like Cadmium (Cd) and Uranium (U) become more bioavailable after the acidification process in the production of superphosphate (SP) or triple superphosphate (TSP) using phosphate rock. An evaluation of the phosphorus (P) fertilizer market in Germany determined that P fertilizers derived from phosphate rock may show Cd concentrations beyond the legal limits [3]. As natural P resources are decreasing, and the remaining resources show reduced quality, alternative P sources are needed to avoid a supply risk and the bioaccumulation of PTEs in humans through the food chain that involves phosphate rock-derived fertilizers and feed-additives.



In Europe, about 35% of total P loss from the consumption sector ends up in communal sewage sludge [4]. Since 2009, Germany has the largest share of annual municipal sewage sludge production in the EU with around 1.8 million tons, of which 60% was incinerated for disposal purposes [5]. The median P concentration of German sewage sludge ash (SSA) was 8%, which offers a great potential for an alternative P source for fertilizers [6]. However, the crystalline form of P in SSA from typical fluidized bed mono-combustion (800–900 °C) is usually a whitlockite-like calcium phosphate (Ca3(PO4)2), which is not immediately plant-available [7]. Several processes have been developed to recover P from SSA, including acid leaching and various thermochemical methods [8,9]. An alternative way without a need for additional equipment is to substitute rock phosphate (RP) by SSA in the production of superphosphate (SP) [10]. The original production process of superphosphate is relatively simple, where finely grounded rock phosphate is acidulated with sulphuric or phosphoric acid [11]. It has raised the possibility of recycling P from SSA via existing equipment and technologies to produce P fertilizers.



A previous study found reduced growth of young maize plants when fertilized with SP that produced from a mixture contained more than 11% of SSA, which may be due to the low P availability of sulphuric acid-treated SSA [10]. To raise the share of SSA in SP while maintaining the maize biomass production, an increased amount of concentrated sulphuric acid (95%) related to the P concentration of SSA is required.



However, recycling P from waste streams in agricultural production could be hazardous to product quality and soil health due to the transfer of PTEs. Although SSA incinerated in Germany show considerably lower Cd and U concentrations than phosphate rock, there is an indication for higher lead (Pb) and mercury (Hg) concentrations [6]. Little is known about the accumulation of these PTEs in plants when fertilizing with SSA or SSA-based products. Therefore, the aim of this work was, firstly, to evaluate the P availability of SP produced from the mixture of SSA and RP and, secondly, to investigate PTE contamination in soil and plants. P use efficiency and PTE accumulation in plant and soil by the application of SP produced from SSA and RP were compared with SP produced from RP and with Struvite (MgNH4PO4 · 6H2O), a sludge-derived precipitated salt with a consistently high P availability [12]. We hypothesized that SP produced from SSA and RP will be as effective as traditional SP at increasing growth and nutrient uptake of maize without enhanced PTE contamination risk to plants and soil.




2. Materials and Methods


2.1. Superphosphate Preparation and Analysis


The rock phosphate (RP) used in the preparation was predominantly fluor- and hydroxyapatite (Origin: Israel) with a P concentration of 11.8%. The sewage sludge ash (SSA) used for the replacement of RP was produced from the gasification process SÜLZLE KOPF Syngas® and had a P concentration of 8.9% [13]. Qualitative analysis of the mineral structure of the ash was determined through X-ray diffraction (XRD, Siemens D5000), where Ca3Mg3(PO4)2 comprised most of the crystalline P compounds [10]. Iron phosphate, hematite, and magnetite may also be present depending on the iron content in the sludge [13]. Two superphosphates (SPs) (SP-0 and SP-25) were produced on a laboratory scale by the method described by [10] with some modifications.



SP-0 was produced solely of RP. SP-25 was produced from a mixture containing 25% SSA and 75% RP. All the raw materials in the two SPs were finely ground using a rotating disc mill before the acid digestion with sulphuric acid (95%) (0.4 mL g−1 RP and 0.5 mL g−1 SSA). The resulting SPs were then dried at 105 °C and ground into fine particles (granule size < 0.5 mm ø).



Total P and PTE concentration (Cd, Cr, Cu, Ni, Pb, Zn) in the tested fertilizers were determined through aqua regia digestion [14] and measured by inductively coupled plasma-mass spectrometry (ICP-MS) (Cd, Cr, Cu, Ni, Pb, Zn) and inductively coupled plasma-optical emission spectrometry (ICP-OES) (P). Since the tested SSA was produced from sludge using an iron compound as a precipitating agent, and the main crystalline P compound of Struvite (STR) is MgNH4PO4 · 6H2O, determination of Fe and Mg concentrations in the fertilizers were also included and measured by ICP-OES.



Extraction of P in the fertilizers with water and neutral ammonium citrate (NAC) followed the method of [15]. P extraction with 2% citric acid followed the method of [16]. All extracted P were determined by ICP-OES. The extraction results were calculated as the ratio of extracted P concentration and total P concentration.




2.2. Greenhouse Experiment


Besides the two SPs, the treatments included a precipitated phosphate salt from sewage sludge Struvite (MgNH4PO4 · 6H2O) [17], RP, the SSA used in SP preparation and a zero P control (Control) (Table 1). In total, there were six fertilizer treatments with four replicates each.



The experiment was conducted in a greenhouse from 21 May to 31 July 2019. The average air temperature during the plant growth period was 30.6 °C at day and 20.2 °C at night. A low-P loamy clay soil (pHCaCl2 5.2, PCAL 10 mg kg−1) was mixed with 50% quartz sand to even further reduce its soil P level. The substrate was fertilized on dry matter basis with 120 mg P kg−1 using the different fertilizers (treatments), 120 mg N kg−1 as Ca(NO3)2 solution, and 150 mg K kg−1 as K2SO4 solution. All nutrients were mixed homogenously into the substrate.



5.5 kg of the prepared substrate was filled into a standard Mitscherlich-pot and brought to 65% of maximum water holding capacity. Three maize seeds (Zea mays var. Ricardinio) were placed 5 cm below the substrate surface and reduced to one plant per pot after emergence.



After ten weeks of growth (at silking stage), aboveground biomass was harvested and dried at 60 °C.




2.3. Plant P Content and P Use Efficiency


Plant dry matter was ground and digested according to the established wet-chemical extraction method [14]. Plant P concentration was determined using vanadate/molybdate as a coloring agent and measured by the spectrophotometer at 436 nm wavelength. Plant element concentrations were analyzed by ICP-OES (Fe, Mg) and ICP-MS (Cd, Cr, Cu, Ni, Pb, Zn) after aqua regia digestion. Plant P content was calculated as the product of plant P concentration and aboveground biomass dry weight.



The P use efficiency (%) of a fertilizer treatment was calculated as the difference of plant P content between the treatment and the No-P control divided by quantity of P applied with the fertilizer, which was 660 mg P per maize plant (Equation (1)):


   PUE     ( % )  =    Plant   P   content     (  treatment  )  −  Plant   P   content     (  control  )         mg   P   plant    − 1     × 100 %  



(1)








2.4. Soil Sampling and Analysis


Soil was sampled directly after fertilization (at sowing) and at harvest for the analysis of plant-available P and PTEs concentration. Samples were air-dried and passed through a 2 mm mesh sieve. Soil plant-available P was characterized by Calcium-Acetate-Lactate (CAL) extraction according to the established method [18]. Soil bioavailable Mg, Cu, and Zn was characterized through Calciumchlorid/DTPA (CAT) extraction [19]. The broadly applied EDTA extraction was used to characterize soil bioavailable Cd, Cr, Cu, Fe, Ni, Pb, Zn [20]. After the extraction, the determination of each element was performed by flame atomic absorption spectroscopy (F-AAS).




2.5. Statistical Analysis


Statistical analysis was performed using the R environment for statistical computing and graphical presentation [21]. After verifying the homogeneity of variance, one-way analysis of variance (ANOVA) was conducted to test the effect of the fertilizer treatment. When a significant effect was found, multiple comparisons of treatments were performed using Tukey’s Honestly Significant Difference test.





3. Results


3.1. Phosphorus and PTE Content in Fertilizers


The P concentrations in both superphosphates (SP) were diluted by sulphuric acid. The 25% of rock phosphate (RP) replacement by sewage sludge ash (SSA) in SP-25 decreased its P concentration compared to SP-0 (no RP replacement). SP-25 had a similar Mg concentration as SP-0, but a larger Fe/P ratio (Table 1). The PTE mass concentrations in the tested P fertilizers were shown in Table 2. The maximum limits of PTE concentrations in inorganic fertilizers according to the European Union (EU) and German Fertilizer Ordinance were also listed [22,23]. RP contained the highest Cd concentration (2.0 mg kg−1) among the tested fertilizers. SSA had the highest concentration of Cr, Cu, Ni, Pb, and Zn among the tested fertilizers and was the only fertilizer that exceeded the maximum concentration of Cu, Pb, Zn (EU regulation), and Ni (German Fertilizer Ordinance). The 25% replacement of RP by SSA in SP-25 resulted in significantly higher Cu, Pb, and Zn concentrations than in SP-0. However, Cd and Cr concentrations in SP-25 were less than the one in SP-0. The precipitated salt Struvite had the lowest concentration of all the listed PTEs.



Calculated mean inputs of the PTEs per kg P from the tested fertilizers were shown in Table 3. The RP replacement by 25% SSA in SP-25 production considerably increased Ni, Cu, Pb, and Zn input per kg P compared to SP-0.



The tested fertilizers showed great variations in P extracted with water, 2% citric acid and neutral ammonium citrate (NAC) relative to total P (Figure 1). For SP-0 and SP-25, water extracted more than half of their total P and organic acids extracted more than 75%. Struvite-P was almost fully extractable in citric acid but only a little of it was water-extractable. P in RP and SSA were not extractable in water, while SSA had higher P fractions that were extractable in organic acids than RP.




3.2. Bioavailability of P and PTEs in Fertilized Soil


Soil plant-available P characterized by CAL extraction at sowing varied under different fertilizer treatments (Figure 2). At sowing, STR had the highest value (44.6 mg kg−1), followed by SP-25 (34 mg kg−1) and SP-0 (27.1 mg kg−1). At harvest, soil plant-available P in STR, SP-25, and SP-0 treatments remained in the P class B (low), indicating elevated soil plant-available P pools after plant removal. In contrast, P input from SSA and RP did not contribute to plant-available P in soil as characterized by CAL extraction in class A (very low) both at sowing and at harvest.



Soil CAT-extractable Cu and Zn concentrations of all treatments were below the detection limit (1 mg kg−1). Soil CAT-extractable Mg concentration was not significantly different between pairs of treatments, where STR had the highest concentration (172.4 mg kg−1) (Table 4).



Only EDTA-extractable Fe concentrations were detectable in the substrate samples (Table 4), where SSA had a significantly higher concentration (220 mg kg−1) than other treatments. The concentration of EDTA-extractable Fe in the SP-25 treatment was not statistically different from that in SP-0.




3.3. Maize Growth and Aboveground Biomass Nutrient (P, Mg, Fe) Content


The STR treatment obtained the highest maize aboveground biomass among other treatments (Figure 3). SP-0 and SP-25 had 20% less aboveground biomass and similar root biomass compared to STR. All treatments except SSA had a significantly higher aboveground biomass than No-P control treatment (CON).



The differences in aboveground biomass P concentrations were less pronounced than those in aboveground biomass P content (Table 5). STR had the highest P concentration of 1.1 mg kg−1, which was in the same range as SP-0, SP-25, and CON. In contrast, the aboveground biomass Mg and Fe concentrations indicated a dilution effect where the lowest nutrient concentration was found in the plant with the highest biomass (Table 6).



The aboveground biomass P content showed a similar trend to aboveground biomass (Table 5). The highest P content was found in the STR treatment, followed by SP-0 and SP-25, which generated 37% and 35% less P content, respectively, than STR. There was no significant difference among the P contents in the treatments RP, SSA, and CON. Shoot Mg and Fe contents followed the order of aboveground biomass, where STR had the most contents (Table 6). There was no significant difference between the shoot Mg and Fe contents in SP-0 and SP-25, which had considerably higher levels than in RP, SSA, and CON.



P use efficiency (PUE) of STR was the highest (5.26%) among the treatments (Table 7). Similar PUEs were found between SP-0 and SP-25. RP and SSA had nearly no efficiency on plant P accumulation.




3.4. Aboveground Biomass PTE Content under Different Fertilizer Treatments


In aboveground biomass Cu, Zn, and Ni concentrations, significant differences were found among the treatments (Table 6). STR, SP-0, and SP-25 resulted in less Cu, Zn and Ni concentrations than CON in aboveground maize biomass, indicating a dilution effect due to the relatively larger biomass. SP-0 and SP-25 were in the same range for the selected PTE concentrations. The maximum concentrations of Cd and Pb in animal feed according to the EU directive [25] were also listed in Table 6. The concentrations of Cd and Pb were in compliance to the regulatory limits. Cu and Zn content in aboveground maize biomass for six treatments showed the same trend as aboveground biomass. Cd, Cr, Ni, and Pb accumulation in plants of all treatments were less than 0.01 mg plant−1.





4. Discussion


4.1. Limitation of SSA as a Secondary Raw Material in P Fertilizer Production


The concentrations of Cd, Ni, and Pb in the tested sewage sludge ash (SSA) were greater than the data provided by the SSA producer KOPF SynGas © (Table S1), indicating the inconsistency of the element mass fractions in tested SSA. The PTE concentrations in sewage sludge can show considerable fluctuations with time, especially for Pb and Cd, which are further concentrated in SSAs [9]. It is suggested that monthly or annual mean concentration of PTEs is more suitable than single sampling to evaluate the contamination risk.



According to the current EU Fertilizing Product Regulation and the German Fertilizer Ordinance, only SSA that was used to produce SP-25 exceeded the maximum concentration of Cu, Ni, Pb, and Zn (Table 2). As SSA might be categorized as ‘thermal oxidation materials or derivates’ of the component material in the coming updated EU Fertilizing Product Regulation, the direct use of SSA as a P fertilizer or as a secondary raw material to produce fertilizer may therefore be forbidden. The relatively high Cu, Ni, Pb, and Zn concentrations was also observed in some SSAs produced in Germany due to the input of industrial sludge [6]. For many of the existing mono-incineration plants, further treatment is required to reduce contaminant concentrations before the use of SSAs in fertilizer production.



The precipitating agents used during wastewater treatment may also affect the feasibility of using SSA to produce P fertilizers. Iron or aluminum compounds are often used in the third purification stage of wastewater treatment to remove P by forming water-insoluble compounds, which remains in the sludge and concentrated in SSA. The SSA used in the SP production was from sludge, which was produced using an iron compound as a precipitating agent. A previous study found that, regardless of the acid concentration during acidulation, iron-based SSA yielded less processable products than aluminum-rich SSA on plant scale concerning the physical properties of delivered product [26]. Since SP-25 was produced in a small amount on lab scale, it was easy for the delivered product to be further processed to fine particles. Furthermore, iron-based SSA required less amounts of acid than aluminum-rich SSA for complete extraction of P, which implied less resource consumption to achieve high P availability [27].



Concerning the fertilizer P concentration, the value for SP-25 (61 mg g−1) is barely higher than the required value (52 mg g−1) for straight solid inorganic macronutrient fertilizer in the EU Fertilizing product regulation [23]. The low P content of SP-25 can be attributed to the low P content of SSA (89 mg g−1) and higher sulphuric acid input per unit P for SSA than for RP during the SP production process. One possible solution is partially replacing RP with SSA in triple-superphosphate production where phosphoric acid is used instead of sulphuric acid to reduce the PTE to P ratio. However, the resulting product was found to be difficult to process due to coagulation problems during the acidification of SSA using phosphoric acid [26]. Another possible solution is the separation of industrial and municipal sludge in the incineration plant. In Germany, 52% of SSA was produced from the mixture of municipal and industrial sludge, and most of them were incinerated in large facilities [28]. Mass flow management for separating municipal and industrial sludge in those facilities will increase the P content and reduce heavy metals in their SSA, which enables a wide use of SSA in fertilizer production.




4.2. P Availability of Produced Superphosphates


The soil–sand substrate itself can be categorized as very low in plant-available P according to the German fertilization recommendation (Class A, <10 mg PCAL kg−1) [24]. After fertilizer application at sowing, less than half of the total P input through the fertilizers was able to be extracted from the substrate (Figure 2). Although the P input in this study was extremely high (equivalent to 312 kg P ha−1), only STR and SP-25 built up soil plant-available P concentrations to an optimal level (Class C: 15–30 mg PCAL kg−1 soil) where a field soil does not need additional input from fertilization apart from the amount of P removed by the harvested crop. This increase of the CAL-extractable P fraction of the substrates after SP-0 and SP-25 application compared to the application of RP and SSA is consistent with the assumption that concentrated sulphuric acid enhances the P-availability of RP and SSA. The same range of CAL-extractable P in substrates applied with SP-0 and SP-25 and their extractable P fractions in water and organic acids indicated that two SPs had a similar pattern of P dissolution in the substrate after fertilizer application and after plant uptake.



P use efficiency of the treatments corresponded to the soil CAL-extractable P results. SSA and RP had almost no P use efficiency for plants, as expected from other studies [29,30]. The crystalline P-compounds in the tested SSA are mainly Ca3Mg3(PO4)2 [10], which are not immediately available for plant uptake. Acidulation of SSA with concentrated sulphuric acid may lead to the formation of plant-available mono-calcium phosphate, which shows some similarity to the acidulation of RP. Both SP-0 and SP-25 significantly increased maize biomass yield and P content compared to CON by the same order of magnitude. Hence, the 25% replacement of RP by SSA in SP-25 did not have an adverse impact on its plant-availability. In a previous study using the same SSA, only 11% SSA replacement in SP production achieved the maize biomass and P content to the same level as traditional SP, whereas increased SSA replacement significantly impaired the growth of maize [10]. The higher amount of acid relative to P in SSA (5.6 mL g−1 P) during our SP-25 preparation may have improved the P availability in our SP-25 compared to that SP, where 1.6 mL sulphuric acid was applied per g P of SSA. However, this increased input of sulphuric acid diluted the P content in the resulting product to 6.1%. Therefore, unless an increased P content in SSA is obtained, its application in SP production should be limited to a fraction that enables the required P concentration according to EU regulations to be reached.




4.3. PTE Content in Aboveground Biomass


The growing condition for maize in the greenhouse experiment can be considered as an extreme case for PTE accumulation due to the high fertilization dose (equivalent to 312 kg P ha−1) and the intensive rooting in the pot, especially for Cd, which is relatively mobile in soil compared to the other PTEs. Aboveground maize Cd concentration of the SP-25 treatment was below the detection limit, although its Cd input was the highest among all the treatments (19.3 mg kg−1 P). It is possible that most of the assimilated Cd in maize was concentrated in the root and not translocated to the shoot and grain, which is one of the plant defense mechanisms to prevent injuries induced by heavy metals [31,32]. Furthermore, the low pH of the substrate (pHCaCl2 5.6) may suppress Cd uptake by plants due to competition with other metallic cations and hydrogen ions, even though it favors the mobility of Cd in soil [33,34]. Zn in soil could also affect Cd’s mobility and its uptake by the plant by inhibiting the uptake of Cd by competing with the same membrane transporter [35,36]. In this study, Zn input per unit of P from SP-25 application was 10 times higher than from SP-0 (Table 3). However, EDTA- and CAT-extractable Zn in the substrate fertilized with SP-25 indicated low Zn bioavailability. Relatively low Zn bioavailability to plants and bio-accessibility to humans in ingested soil were also reported in SSA and in the leachate of SSA using 0.5 M sulphuric acid [37,38]. It is possible that, during the gasification of sewage sludge, ZnO was the dominant Zn species under the combustion temperature of 870 °C after desulfurization, which is not immediately available for plants [39]. This assumption needs to be further proved by X-ray diffraction analysis. Nevertheless, our plant and soil extraction results indicated that the excessive input of Zn from SP-25 to soil is unlikely to influence plant Cd uptake.



Pb accumulation in aboveground maize by the application of SP-25 was within the same level as SP-0. The relatively extensive input of Pb from SP-25 (477 mg kg−1 P) compared to SP-0 (157 mg kg−1 P) did not result in greater Pb accumulation in maize shoot, probably due to Pb’s low mobility in soil [34]. Only in severely Pb-contaminated soil Pb was found to be more highly concentrated in maize roots than in other plant parts, where 10–15% of Pb concentration in soil was transported to maize roots [40]. In the greenhouse experiment, the Pb input was much lower than the background value in a heavily contaminated soil. Thus, the Pb accumulation in maize root was of little importance in this study, and it is assumed that most of the Pb from SP-25 was retained in the soil.




4.4. PTE Accumulation in Soil


The accumulation of PTE in the soil is determined by the inputs and outputs via different sources. The anthropogenic input through atmospheric deposition and intensive fertilization in arable land could pose a risk to human health during the bioaccumulation along the food chain. The PTE to P ratio of a fertilizer is considered the main driving factor for contaminant flows in soil [41,42]. Results showed that SP-25 contributed the highest Cd input per unit P due to its relatively low P concentration (61 mg g−1). In the greenhouse experiment, the input of Cd, Cu, Ni, Pb, and Zn from SP-25 was larger than from SP-0. However, PTE solubility and bioavailability rather than the total input in the soil are the key factors in evaluating the potential risk. All of the analyzed PTEs (Cd, Cr, Cu, Pb, Ni, Zn) extracted by the CAT and EDTA method showed concentrations below the detection limit, indicating their low bioavailability in the soil.



The output of soil PTEs includes crop removal, surface runoff, and leaching. Results showed that only a small proportion of PTE output was derived from crop removal. Most of the PTE inputs were retained in soil inactively. Those remaining PTEs could be leached out or lost as runoff from the surface, which potentially may cause contaminations of water bodies. Leaching of PTEs from soil largely depends on its solid-soil solution partitioning, which is often related to soil properties like pH, soil organic matter and clay content, and total element concentration [43]. The low bioavailability of PTEs could result in a gradual accumulation in soil by repeated application of SP-25. It may further change the solid-soil solution partitioning due to enlarged soil total element concentration in the long term. This may be of concern especially for Cu, Ni and Pb, which had much higher inputs with SP-25 application compared to SP-0, but less for Zn. High P application in Zn-deficient soil could induce plant Zn deficiency in association with restricted root Zn uptake and arbuscular mycorrhizal colonization [44,45]. The Zn input from SP-25 may alleviate plant Zn deficiency by gradually increasing the soil solution Zn concentration.



Cd concentration in SP-25 and SP-0 were significantly different from each other, but their input difference was small (1.2 mg kg−1 P). In addition, the mean concentration of Cd in SP-25 (8.6 mg kg−1 P2O5) was much smaller than the concentration in three SPs sold in Germany (105 mg kg−1 P2O5) [3]. Ref. [42] also estimated less Cd input via SSA than via phosphate rock (RP) and triple superphosphate (TSP) after 200 years of fertilization (11 kg P ha−1 year −1) by a mass balance approach. The replacement of SSA in SP production may reduce the Cd contamination risk posed to the soil.





5. Conclusions


Results showed the agronomic potential of using sewage sludge ash (SSA) in superphosphate (SP) production. The application of SP-25 that was produced with a 25% replacement of rock phosphate (RP) by SSA led to a satisfactory aboveground biomass yield and nutrient content while keeping the PTE contamination in maize plants below the EU limit for animal feed. Nonetheless, the Pb, Cu, and Zn concentrations in tested SSA exceeded the maximum limit set by the EU fertilizing Products Regulation, which restricts its use as a secondary raw material in P fertilizer production.



The relatively high inputs of Cu, Ni and Pb by the application of SP-25 may decrease solid-soil solution partitioning and result in accumulation in soil and water bodies. Separation of municipal/industrial sludge may facilitate minimizing the PTE concentration in SSAs. Efficient removal of excessive Pb, Cu, and Zn in tested SSA might be achieved by advanced technology, such as thermochemical process with chlorides or Na/K additives at a temperature over 950 °C [9,46]. Separation of volatile heavy metals like Zn, Pb, Cd, and Hg via gas phase at a high bed temperature during the incineration of sewage sludge or post-treatment of SSA could increase the value and reduce the risk associated with SSA-based fertilizer [9]. In general, the use of SSA in P fertilizer production is promising to achieve a high P recovery from sewage sludge without compromising crop yield. However, long-term studies under field conditions are required to evaluate the P use efficiency and contamination risk of the application of SP-25 to soil and crops.
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Figure 1. Phosphorus (P) extracted (% of total P) with water, 2% citric acid and neutral ammonium citrate (NAC). For fertilizer abbreviations, see Table 1. 
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Figure 2. Mean Calcium-Acetate-Lactate extractable phosphorus (CAL-P) (mg kg−1) at sowing and at harvest. Class A–C are soil plant-available P classifications for fertilization recommendation in Germany (Class A: strong need for fertilizing to Class C; Class B: need for fertilizing to Class C; Class C: only fertilize the P removal by harvest) [24]. The same letters indicate no significant differences between the treatment (n = 4, Tukey’s HSD test (α = 0.05)). SEM = standard error of the mean. For fertilizer abbreviations, see Table 1. 






Figure 2. Mean Calcium-Acetate-Lactate extractable phosphorus (CAL-P) (mg kg−1) at sowing and at harvest. Class A–C are soil plant-available P classifications for fertilization recommendation in Germany (Class A: strong need for fertilizing to Class C; Class B: need for fertilizing to Class C; Class C: only fertilize the P removal by harvest) [24]. The same letters indicate no significant differences between the treatment (n = 4, Tukey’s HSD test (α = 0.05)). SEM = standard error of the mean. For fertilizer abbreviations, see Table 1.



[image: Agronomy 11 01506 g002]







[image: Agronomy 11 01506 g003 550] 





Figure 3. Mean values of maize biomass (g plant−1) after 10 weeks of growth. The same letters indicate no significant differences between the treatment (n = 4, Tukey´s HSD test (α = 0.05)). Error bars indicate standard error of the mean. For fertilizer abbreviations, see Table 1. 
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Table 1. Fertilizer treatments and their abbreviations, production processes, and mean concentrations of phosphorus (P), nitrogen (N), magnesium (Mg), and iron to P ratios.
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Treatment

	
Abbreviation

	
Process

	
P

	
N

	
Mg

	
Fe/P




	
mg g−1

	
Molar Ratio






	
Sewage sludge ash

	
SSA

	
Gasification

	
89

	
<1

	
10

	
0.53




	
Rock phosphate

	
RP

	
Mining

	
118

	
<1

	
40

	
0.07




	
SP solely from RP

	
SP-0

	
RP digested with 95% H2SO4

	
73

	
<1

	
10

	
0.12




	
SP from 75% RP + 25% SSA

	
SP-25

	
75% RP and 25% SSA digested with 95% H2SO4

	
61

	
<1

	
9

	
0.34




	
Struvite

	
STR

	
Enforced P dissolution

	
120

	
52

	
100

	
0.04




	
No P fertilizer addition

	
CON

	
-

	
-

	
-

	
-

	
-
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Table 2. Total concentrations of cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn) in dry matter (mg kg−1) (unless otherwise noted) of the tested fertilizers and designated maximum concentrations of above-mentioned element in fertilizers according to the EU regulation and German Fertilizer Ordinance [22,23]. The same letters indicate no significant differences between a pair of fertilizers (Tukey’s HSD test (α = 0.05)). Analysis of Variance: ** = p ≤ 0.01, *** = p ≤ 0.001. For fertilizer abbreviations, see Table 1.
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Fertilizer

	
Cd

	
Cr

	
Cu

	
Ni

	
Pb

	
Zn




	
(mg kg−1 P2O5)

	
(mg kg−1)

	
(mg kg−1)






	
SSA

	
3 d

	
0.6 d

	
123 a

	
641 a

	
98.8 a

	
129 a

	
3189 a




	
RP

	
7.4 c

	
2.0 a

	
45.4 c

	
11.6 c

	
25.5 b

	
20.0 c

	
97.3 c




	
SP-0

	
7.8 b

	
1.3 b

	
75.9 b

	
9.2 c

	
20.7 b

	
11.4 d

	
75.9 cd




	
SP-25

	
8.6 a

	
1.2 c

	
53.7 c

	
104 b

	
31.5 b

	
29.1 b

	
642 b




	
STR

	
<0.06 1

	
<0.06 1

	
8.4 d

	
1.4 c

	
5.0 b

	
<0.06 1

	
10.7 d




	
Analysis of Variance

	
***

	
***

	
***

	
***

	
**

	
***

	
***




	
Maximum concentrations




	
EU regulation

	
60.0 2

	
3.0 3

	

	
600

	
100

	
120

	
1500




	
German Fertilizer Ordinance

	
50.0 2

	
1.5 3

	

	
-

	
80

	
150

	
-








1 below the detection limit; 2 if P2O5 is > 5%; 3 if P2O5 is < 5%.
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Table 3. Calculated mean input of the elements cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), and zinc (Zn) per kg phosphorus (P) (mg kg−1 P). For fertilizer abbreviations, see Table 1.
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Fertilizer

	
Cd

	
Cr

	
Cu

	
Ni

	
Pb

	
Zn




	
(mg kg−1 P)






	
SSA

	
7.2

	
1380

	
7207

	
1110

	
1450

	
35,832




	
RP

	
16.6

	
382

	
97

	
214

	
168

	
818




	
SP-0

	
18.1

	
1040

	
126

	
284

	
157

	
1039




	
SP-25

	
19.3

	
881

	
1700

	
516

	
477

	
10,527




	
STR

	
-

	
70

	
11

	
42

	
-

	
89
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Table 4. Mean values of CAT-extractable magnesium (Mg) and EDTA-extractable Iron (Fe) (mg kg−1) after fertilizer application. The same letters indicate no significant differences between the treatment (n = 4, Tukey´s HSD test (α = 0.05)). Analysis of Variance: *** = p ≤ 0.001, ns = not significant (p > 0.05). For fertilizer abbreviations see Table 1.
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Treatment

	
CAT-Extraction

	
EDTA-Extraction




	
Mg

	
Fe




	
(mg kg−1)






	
CON

	
139.3

	
137 bc




	
SSA

	
145.6

	
220 a




	
RP

	
160.5

	
139 bc




	
SP-0

	
143.3

	
161 bc




	
SP-25

	
153.3

	
166 b




	
STR

	
172.4

	
136 c




	
Analysis of Variance

	
ns

	
***
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Table 5. Mean values of maize aboveground biomass P concentration (mg kg−1) and P content (mg P plant−1) after 10 weeks of growth. The same letters indicate no significant differences between the treatments (n = 4, Tukey´s HSD test (α = 0.05)). For fertilizer abbreviations, see Table 1.
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	P Concentration (mg kg−1)
	P Content (mg P plant−1)





	CON
	0.94 ab
	5.87 c



	SSA
	0.82 b
	10.17 c



	RP
	0.78 b
	13.06 c



	SP-0
	0.98 ab
	41.87 b



	SP-25
	0.99 ab
	42.44 b



	STR
	1.1 a
	57.31 a
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Table 6. Mean concentration (mg kg−1) and contents (mg plant−1) of magnesium (Mg), iron (Fe), cupper (Cu), zinc (Zn), cadmium (Cd), chromium (Cr), nickel (Ni) and lead (Pb) in maize aboveground biomass. The same letters indicate no significant differences between the treatment (n = 4, Tukey´s HSD test (α = 0.05)). Analysis of Variance (ANOVA): *** = p ≤ 0.001, ns = not significant (p > 0.05). For fertilizer abbreviations, see Table 1.
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Treatment

	
Mg

	
Fe

	
Cu

	
Zn

	
Cd

	
Cr

	
Ni

	
Pb




	
Concentration (mg kg−1)






	
CON

	
2674 a

	
53.61 a

	
3.84 a

	
14.44 a

	
0.10

	
0.22

	
0.50 a

	
0.32




	
SSA

	
2055 b

	
45.09 b

	
3.14 b

	
11.83 ab

	
0.08

	
0.17

	
0.30 b

	
0.23




	
RP

	
1999 bc

	
44.97 b

	
2.67 bc

	
10.55 bc

	
0.07

	
0.28

	
0.24 b

	
0.14




	
SP-0

	
1712 bc

	
26.44 c

	
2.06 d

	
6.87 cd

	
<0.05

	
0.11

	
0.18 b

	
0.34




	
SP-25

	
1681 c

	
27.06 c

	
2.08 d

	
9.36 bcd

	
<0.05

	
0.17

	
0.25 b

	
0.22




	
STR

	
1987 bc

	
27.79 c

	
2.24 cd

	
7.17 cd

	
<0.05

	
0.28

	
0.19 b

	
0.16




	
Directive 2002/32/EC

	
-

	
-

	
-

	
-

	
0.44

	
-

	
-

	
26.4




	
ANOVA

	
***

	
***

	
***

	
***

	
ns

	
ns

	
***

	
ns




	

	
Content (mg plant−1)




	
CON

	
16.78 d

	
0.34 d

	
0.02 d

	
0.09 b

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
SSA

	
26.10 cd

	
0.57 c

	
0.04 cd

	
0.15 b

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
RP

	
33.53 c

	
0.75 c

	
0.04 c

	
0.18 b

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
SP-0

	
73.27 b

	
1.13 b

	
0.08 b

	
0.29 a

	
<0.01

	
<0.01

	
0.01

	
0.01




	
SP-25

	
71.90 b

	
1.16 b

	
0.08 b

	
0.40 a

	
<0.01

	
<0.01

	
0.01

	
0.01




	
STR

	
102.73 a

	
1.44 a

	
0.11 a

	
0.37 a

	
<0.01

	
0.01

	
0.01

	
0.01




	
ANOVA

	
***

	
***

	
***

	
***

	
-

	
-

	
-

	
-
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Table 7. P use efficiency (PUE) means ± standard deviation of different fertilizer treatments. For fertilizer abbreviations see Table 1.
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	RP
	SSA
	SP-0
	SP-25
	STR





	PUE (%)
	0.63 ± 0.11
	0.38 ± 0.16
	3.57 ± 0.50
	3.47 ± 0.73
	5.26 ± 0.84
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