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Abstract

:

Phosphorus is an essential nutrient for plants, which use it as a basic fertilizer component and is expected to increase significantly in the coming years due to higher food crops demand. Unfortunately, the available phosphorus natural reserves are not renewable, and estimates indicate their rapid decline in the future. Urban wastewater, due to its abundance and relatively high phosphorus content, is an excellent candidate for phosphorus recovery, while the element’s removal from urban effluents was introduced in the 1970′s to limit the undesired effects of eutrophication. In this study, the process of struvite (and related phosphorous compounds) crystallization was investigated for three different sludge types, and the results were compared. While most studies focus strictly on anaerobically digested sludge for high struvite precipitation efficiency, this study investigated the possibility of inducing precipitation on both aerobic (extended aeration) and anaerobic sludges produced by two wastewater treatment plants in northern Italy. Analysis of precipitates from sludge samples was compared, where the focus was on the aerobic sludge, and its potential for struvite recovery. The effect of different reaction parameters was studied under different operating conditions, and the use and effects of Ca(OH)2 addition as an inexpensive potential pH adjustment reagent was investigated.
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1. Introduction


Phosphorus (P) is an essential nutrient for plants. While its use as a basic fertilizer for industrialized crop production is expected to increase significantly in the coming years, its available natural reserves are not renewable, and are predicted to decline rapidly in the future [1,2,3]. The current consumption pattern is not sustainable in the long run, and recycling or recovery of phosphorus from waste streams has been proposed as a possible solution for extending phosphorus resources duration, while also helping to reduce eutrophication of natural waters, a P-related undesired effect [4,5,6].



Wastewater from municipal treatment plants (WWTPs), due to its abundance, and relatively high phosphorus content, is an excellent candidate for phosphorus recovery [7,8]. Several technologies have been proposed to recover or remove phosphorus from such waste streams, whilst removal was introduced in the 1970’s to limit the undesired effects of eutrophication. It is carried out by chemical or biological methods, and it does not originate a readily usable product (mostly ferric or aluminum phosphates, not suitable as fertilizer components). The most interesting technologies for P recovery make use of magnesium or calcium precipitation processes, where phosphorus can be recovered as struvite, amorphous calcium phosphate, brushite, octacalcium phosphate, hydroxyapatite, and apatite [9,10]. The latter two are also normally considered ineffective as fertilizers due to their low solubility. However, inoculation with phosphate solubilizing microorganisms [11] or precipitation techniques of Nano-sized apatite [12] appear to be promising strategies for the reuse of even low-solubility phosphates. Kizito et al., [13] also investigated a study on phosphate recovery using slow pyrolyzed biochar, which could be considered as a valuable product in environmental remediation.



However, struvite precipitation remains one of the main methods of phosphorus recovery from wastewater treatment. Struvite, or magnesium ammonium phosphate hexahydrate, (MgNH4PO4·6H2O) is a white mineral that frequently precipitates within sewage treatment systems, when concentrations of ammonium and phosphate are relatively high. In uncontrolled conditions, it is considered as a potential problem causing clogging in pumps, pipes, etc. Nevertheless, under controlled conditions, it can be recovered from different stages of the treatment process [14], and due to its low solubility and high nutrients content (both nitrogen and phosphorus), it can be further reused as a suitable, slow-release fertilizer in agriculture [15,16].



Struvite precipitation occurs according to the following reactions:


      Mg   2 +   +     NH  4 +  +     PO  4  3 −     + 6  H 2  O   →     MgNH  4    PO  4  · 6  H 2  O    



(1)






      Mg   2 +   +     NH  4 +  +     HPO  4  2 −     + 6  H 2  O   →     MgNH  4    PO  4  · 6  H 2  O +     H  +     



(2)






      Mg   2 +   +     NH  4 +  +     H  2    PO  4 −    + 6  H 2  O   →     MgNH  4    PO  4  · 6  H 2  O + 2  H +     



(3)







The reaction of HPO42− (Equation (2)) dominates in the pH range 7–11, in which struvite precipitation is likely to happen [17]. Different factors affect the process of struvite crystallization, such as pH, constituent ions (Mg2+, PO43− and NH4+) molar ratios, presence of other competitive ions such as Calcium (Ca2+), agitation rates, reaction retention time, etc.



The crystallization of struvite consists of three stages; Nucleation (crystal birth), crystal growth, and aggregation [18]. All these three mechanisms can be formulated as functions of the struvite supersaturation ratio, which is defined as the ratio of the ion activity product (IAP) of constituent ions in solution over its equilibrium solubility product or Ksp. Struvite saturation index (SI) (the logarithm of supersaturation ratio) [19], is an indicator of whether precipitation is likely to happen or not. If SI > 0, the solution is supersaturated, and precipitation may occur, if SI < 0, the solution is undersaturated, and there will be no precipitation. SI = 0 indicates an equilibrium condition.




     IAP =    {    Mg   2 +    }   {    NH  4 +   }   {    PO  4  3 −    }      



(4)






     SI =   log  (    IAP    K  sp      )      



(5)





The presence of other competitive ions strongly affects the struvite precipitation process. The main solid phases that can precipitate alongside struvite are calcium phosphate compounds, magnesium phosphate compounds, and carbonates. Newberyite (MgHPO4·3H2O) and bobierrite (Mg3(PO4)·8H2O) are the two main magnesium phosphate compounds that may precipitate. However, their chance of forming a precipitate is highly dependent on operating conditions. Newberyite needs a high Mg2+/P ratio and a relatively low (compared to struvite) pH (less than 6) to precipitate in significant amounts [20,21]. Bobierrite precipitation, on the other hand, is very slow, and may take days to form a precipitate [22].



Calcium phosphate compounds, at least in some forms, and carbonates, also have a high possibility to co-precipitate with struvite. Among different calcium phosphate compounds, brushite (CaHPO4·2H2O), octacalcium phosphate (OCP, Ca8(HPO4)2(PO4)4·5H2O)) and amorphous calcium phosphate (ACP, Ca3(PO4)2·xH2O) are likely to precipitate first [19,23]. These can be further transformed to the more stable forms of hydroxyapatite (HAP, Ca5(PO4)3OH), monetite (DCP, CaHPO4), and tricalcium phosphate (TCP, Ca3(PO4)2). While the transformation to DCP is relatively fast, HAP and TCP demonstrate very slow kinetics, and could be well out of the typical temporal scale of WWTPs operating conditions [21,22]. Calcite (CaCO3) is the thermodynamically stable form of calcium carbonates, which has the greatest precipitation potential in alkaline environments. However, its precipitation is highly affected by the presence of Mg2+, phosphate, and dissolved organics [21]. Magnesite (MgCO3) is the stable form of magnesium carbonate compounds in a pH range less than 10.7; therefore, its reaction ought to be considered [21]. In addition, calcium hydroxide (Ca(OH)2) and brucite (magnesium hydroxide, Mg(OH)2) can precipitate at high (>9.5) pH [21]. Table 1 summarizes the possible reactions of P minerals precipitation in the process of struvite precipitation.



In this study, the process of struvite (and related P compounds) crystallization was investigated for three different sludge types, and results were compared. While most studies focus strictly on anaerobically digested sludge for high struvite precipitation efficiency, this study investigated the possibility of inducing precipitation on both aerobic (extended aeration) and anaerobic sludges produced by the wastewater treatment plants (WWTPs) of Nosedo (Milan, Italy) and Pavia (Italy), respectively. First, analysis of precipitates from different sludge samples and synthetic struvite was compared. Then, as the second part of the study, we focused mainly on the aerobic sludge, and on its potential for struvite recovery. The effect of different reaction parameters was studied under different operating conditions, and the use of Ca(OH)2 as an inexpensive pH adjustment reagent was also investigated.




2. Materials and Methods


2.1. Synthetic Struvite


Synthetic Struvite was initially produced as a comparative precipitate in the laboratory using phosphoric acid (H3PO4), ammonia (NH3), and magnesium chloride (MgCl2) with 1:1:1 molar ratio, in an alkaline environment. The precipitated struvite was then dried at room temperature for analysis in subsequent steps (Figure 1).




2.2. Sludge Characteristics


In this study, sludge samples were taken from the Nosedo WWTP near Milan, and from the municipal WWTP in Pavia (both in Italy). The samples were drawn from the (extended) oxidation tanks and the denitrification units at Nosedo, and from the dewatering phase following anaerobic digestion in Pavia. Table 2 summarizes the characteristics of the samples used in this study.



The average concentration of total phosphorus entering the Nosedo WWTP was 3.2 mg/L, with observed minimum and maximum of 1.0 and 6.2 mg/L, respectively. Generally, this concentration is not sufficiently high for achieving significant struvite precipitation. However, during the anaerobic denitrification stage of the activated sludge process, temporary release of phosphorus occurs, which is then followed by its “luxury uptake” in the aerobic zone. This increases the phosphorus content of the sludge to as high as 3–7% (dry basis) [32,33], with a high concentration of 37 mg/L in the extended oxidation tank and could make it potentially suitable for struvite precipitation.




2.3. Equipment and Analytical Tools


Experiments were conducted in 1-L Imhoff cone-shaped beckers (Figure 2) fitted with a tip-valve to extract the precipitate. Initially, pH was adjusted using a fish-tank aeration pump injecting air in the vessels with a tube, while later a NaOH solution was used as pH adjustment reagent. MgCl2 and NH4Cl were added to the vessels as sources of magnesium and ammonium, respectively. UV-Vis colorimetric (HP 8452A Diode Array Spectrophotometer, Hewlett Packard Corporation, Palo Alto, CA, USA) method using antimony-phospho-molybdate complex (EPA 365.3) [34] was applied for P concentration measurements. P concentration vs. absorbance levels curve was calibrated using standard phosphate solutions, and absorbance levels of the samples were measured at 712 nm according to standard.



Analyses of the final precipitates, and identification of different components, was performed with Fourier Transform Infrared Spectroscopy (FTIR) (Perkin Elmer 1600 series, Waltham, MA, USA) as the main method. Thermal gravimetric analysis (TGA) (Mettler Toledo TGA 1 STARe System, Columbus, OH, USA) combined with Quadrupolar Mass Spectroscopy (MS) and X-ray Diffraction (XRD) (Bruker D5005, Billerica, MA, USA) were also used to confirm the presence of different minerals in precipitates. Evaporated materials from TGA were fed to the MS to detect different components. Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) was used for quantitative measurements of Ca2+, Mg2+, and P in the final precipitates, and Elemental Analysis was applied for determining N, H, and C contents.



The final part of the experiments included the study of the effect of using Ca(OH)2 as pH-adjustment reagent, and the results were compared with previous runs.




2.4. Chemical Equilibrium Modeling for SI Calculation


A chemical equilibrium model was used to calculate the Saturation Index (SI) values of different solid phases, and therefore, to evaluate the possibility of their precipitation in the specific experimental operating conditions. For this aim, the PHREEQC model (USGS) [35] was applied based on sample characteristics and initial conditions as the input values, and the optimization of PHREEQC’s database for accounting of precipitation processes specified in Table 1 were performed as specified in [14].




2.5. Extended-Aeration Sludge Experimental Setup


Precipitation experiments were conducted at three pH levels (8.5, 9.0, 9.5), adjusted with NaOH solution, at different Mg2+, NH4+, and P molar ratios, according to Table 3.



An additional test was also performed for comparison on the extended-aeration sludge without any Mg and NH4 additives, using only NaOH for pH adjustment. Two additional sets of experiments were also implemented to evaluate the possibility of using Ca(OH)2 for pH adjustment as a more cost-effective option. In these additional runs, Mg2+:NH4+:P ratios of 5:5:1 and 3:3:1 were used.





3. Results


3.1. Synthetic Struvite


The synthetic struvite obtained in the laboratory was subjected to FTIR, TGA, and MS analyses. In the FTIR spectrum prior to TGA, the associated bands of PO43−, H-N-H bonds, and water molecules at 1000–1100, 1400–1600, and 2200–3800 cm−1, respectively [36,37] can all be identified (Figure 3a). The TGA curve and its derivative, DTGA, (Figure 3b) show a weight loss around 150 °C, related to the loss of ammonia and water molecules based on reaction shown in Equation (6) [38]:


      MgNH  4    PO  4  · 6  H 2  O    →  −   NH  3  ,     H  2  O       MgHPO  4     →  −  H 2  O     0.5   Mg  2   P 2   O 7     



(6)







This is also confirmed by the MS result, showing high intensity values for peaks at 17 and 18 m/z (mass-to-charge ratio), associated to NH3+·H2O and H2O, respectively (Figure 3c).



FTIR was performed prior and after TGA analysis. The latter results (Figure 3a) show the absence of water and H-N-H bonds associated peaks, and the presence of P2O74− formed based on the second step of the above reaction in the latter test.



The theoretical weight loss of the struvite decomposition reaction was 54.64%, while an experimental value of 53.94% was determined, which could be considered quite accurate.



Figure 4 shows the XRD outcome of synthetic struvite. The black line represents the synthetic struvite sample, while red dots indicate struvite peaks based on JCPSD 071-2089 [39]. The behavior of synthetic lab-made struvite is sufficiently comparable to the reference one, since major struvite peaks are visible in XRD.




3.2. Analysis of Precipitates


3.2.1. Anaerobic Digestion Sludge


Magnesium was added in stoichiometric amount to the sludge samples following AD taken at the Pavia WWTP. Ammonium addition was not necessary, since AD sludge already contained high ammonium concentrations. Samples were adjusted to pH = 9 using aeration, as described in Section 2.3. Final precipitates were analyzed using FTIR, TGA, and MS.



Associated peaks of water molecules, PO43−, and H-N-H bonds are clearly visible in the FTIR of the final precipitates obtained from anaerobic digestion sludge (Figure 5a). This suggests the presence of struvite in the precipitates. Furthermore, bands related to carbonate groups (CO32−) at around 1440 and 1650 cm−1 [40] can also be seen in the graph (Figure 5a). In this case, TGA results (Figure 5b) show two big weight losses at around 150 and 800 °C. While the first one is related to the loss of H2O and NH3 (based on Equation (6)), the second is a typical carbon dioxide weight loss based on the reaction [41]:


      CaCO  3     →  −   CO  2      CaO    



(7)







This result has also been confirmed by MS (Figure 5c), as it can be seen by three intensity peaks: the first two (NH3+·H2O) are similar to those for synthetic struvite (Figure 3c), related to the presence of H2O and NH3 (peaks at 17 and 18 m/z, respectively), the third one is referring to CO2, with a mass-to-charge ratio of 44 m/z. The calculated weight loss values show that struvite and calcite comprised 45% and 47% of final precipitates, respectively.



FTIR following TGA shows the absence of struvite and carbonate associated peaks, and the presence of a P2O74− peak at 900–1200 cm−1 [42]. A small, sharp peak can also be observed at around 3600–3700 cm−1, associated to the OH− group [37], and which can be related to the presence of hydroxyapatite in the precipitate. This can explain the nature of the remaining 8% (other than struvite and calcite) of the final precipitates, suggesting that it is related to the presence of ACP, transformed to hydroxyapatite at high temperature [40].



Anaerobic sludge precipitation has been studied for a long time, generally showing great potential for phosphorus recovery (80–85% at pH = 9). Significant amounts of struvite could precipitate, since it has relatively low calcium content (initial Ca2+:Mg2+ ratio of 1.07), and a very high amount of ammonium. Therefore, it has great potential for fertilizer production; however, in the case examined, the precipitation of calcite was significant at higher pH levels.




3.2.2. Denitrification Sludge


Magnesium and ammonium were added in stoichiometric amounts to the sludge samples from the Nosedo denitrification section. Samples were adjusted to pH = 9 using aeration, as described in Section 2.3. Final precipitates were analyzed using FTIR, TGA, and MS methods. The analyses of precipitates from the Nosedo denitrification sludge sample are summarized in Figure 6. The first notable presence is a HPO42− associated peak at around 900 cm−1 [43] in the pre-TGA sample (Figure 6a), which suggests precipitation of monetite (DCP) or brushite (DCPD). The weight loss at around 150 °C visible in both the TGA (Figure 6b) and MS (Figure 6c) graphs suggests the same phenomenon observed with synthetic struvite, related to loss of water molecules based on the reaction in Equation (8):


    2   CaHPO  4     →  −  H 2  O       Ca  2   P 2   O 7     



(8)







Post-TGA FTIR analysis confirms this result by showing peaks of P2O74− at around 900–1200 cm−1 (Figure 6a). The associated carbonate peak (CO32−) at around 1400 cm−1 in the same graph was related to formation of calcite through the same reaction in Equation (7). Three significant weight losses are visible in the TGA graph, in addition to the water loss: one is at around 450–500 °C, and the other at 900–1000 °C (Figure 6b). The MS graph (Figure 6c) shows that the second is related to the evolution of CO2, and thus can be an additional confirmation of the presence of HPO42− based on:


    2   HPO  4  2 −   +     CO  3  2 −     →     CO  2  +  H 2  O + 2   PO  4  3 −      



(9)







The water loss, on the other hand, could be due the reaction of hydroxyapatite with CaO:


      Ca   10      (    PO  4   )   6     (  OH  )    2     + 2 CaO   →   3   Ca  4  O    (    PO  4   )   2  +     H  2  O    



(10)







The post-TGA FTIR graph indicates a strong evolution of water reaction according to Equation (10), by showing peaks of OH− around 3400–3500 cm−1 (Figure 6a).



Tests on the denitrification sludge suggested that this was not suitable for significant struvite precipitation. Although phosphorus removal was high (nearly 80% at pH = 9), it was mostly in the form of calcium phosphate compounds, such as monetite, brushite, and hydoxiapatie, which are not very efficient to be used as fertilizers.




3.2.3. Extended Aeration Sludge


The same procedure of analysis was applied to the aerobic sludge (Figure 7). This time the analysis did not provide satisfactory and easily comprehensible results on final precipitates. Based on the FTIR results (Figure 7a), the associated peaks of the phosphate group and water molecules are present at around 1000–1100 and 3500 cm−1. However, the peaks in the range of 1200–2000 cm−1 cannot directly identify the presence of struvite in the final precipitates. The peaks at around 1400–1500 cm−1 could be related to H-N-H bonds of struvite, but also to the carbonate groups. The peak at 1650 cm−1 could be assigned to the H-bonds of amorphous phases. It seems that the peaks at this range are formed based on a convolution of individual peaks of different groups. TGA analysis (Figure 7b) results show a weight loss at around 150°C that could be related to water, and possibly, ammonia. In addition, there were two other weight losses at around 650 and 800 degrees of °C, which could be related to carbonate. MS results (Figure 7c) confirm this by indicating the presence of carbon dioxide based on the graph with a mass-to-charge ratio of 44 m/z.



Consequently, it seems that higher levels of Mg2+ and NH4+ would be needed in the case of aerobic sludge, to achieve significant struvite precipitation directly detectable by analysis of precipitates. Phosphorus removal was around 80–85% at pH = 9, in this case, and the final precipitates were most probably a mix of struvite, ACP, and calcite. Further tests in the following sections investigate the possibility of using aerobic sludge for obtaining a precipitate that is suitable to be used as a fertilizer.





3.3. Effect of Different Reaction Parameters on Oxidation Sludge


3.3.1. Chemical Equilibrium Modeling


Results of PHREEQC modeling for extended aeration sludge samples showed positive SI values for four solid phases; Struvite, ACP, Calcite, and Monetite (DCP). This suggested that these solid phases had the possibility of precipitation in the operating conditions of the system, and ought to be taken into consideration for a likely composition of final precipitates. However, in almost all experiments, no signs of HPO42− in the precipitates were identified, based on obtained FTIR spectra, compared to the typical associated peaks of HPO42− (Figure 8) [40]. This suggested that struvite, ACP and calcite were the only three major solid phases precipitating in the process, and monetite (DCP) was not present in the final product despite the positive SI value.




3.3.2. FTIR Analysis Results


Between all the associated peaks of struvite constituents in an FTIR spectrum, those assigned to H-N-H bonds are the most important, as they can directly confirm the presence of struvite in final precipitates. This is because there is no other major solid phase containing the ammonium ion in the system, while phosphate peaks could be related to ACP as well. Therefore, at this point we focused on a very specific range of the FTIR spectrum between 1200 to 2000 cm−1 (Figure 9, red rectangle) to compare the results of different experiments.



Table 4 shows the FTIR spectra of precipitates from different runs of experiments at different pH levels and molar ratios. The phosphorus removal percentage for each test is also reported in the table. The only experiments resulting in direct evidence of struvite presence based on FTIR analysis between 1200 and 2000 cm−1 were those at pH 8.5 and 9.0, and ionic molar ratios of Mg2+:NH4+:P equal to 5:5:1. These experiments produced spectra quite similar to those of the synthetic struvite obtained initially. The highest P removal percentages were related to the experiments carried out at pH = 9.5; however, at this level of pH, there is no evidence of struvite precipitation based on FTIR analysis, which could suggest the possibility of obtaining a mix of struvite, ACP, and calcite precipitates. It can also be concluded that to obtain significant amounts of struvite in the final precipitates, identifiable directly from FTIR analysis spectra, addition of both Mg2+ and NH4+ sources was necessary. The results of the experiments with addition of only Mg2+ or only NH4+ did not suggest the presence of struvite.



FTIR results and P removal percentages for those sludge samples without additions of Mg2+ and NH4+ are summarized in Table 5. There is no direct evidence of struvite precipitation for any of the experiments, suggesting that the initial ionic molar ratios in the wastewater sludge are not sufficient for significant struvite precipitation. While at pH = 8.5 and 9, it can be concluded that final precipitates are a mix of struvite, ACP, and calcite, at pH = 9.5. FTIR analysis suggests that the major fraction of the precipitates could be calcite, due to the increased peaks of carbonate groups. Nonetheless, P removal percentage is increasing with the increase of pH, and P removal could reach up to 94%, even without the addition of Mg2+ and NH4+ sources to the sludge, although the final precipitates composition is not favorable in terms of struvite production.




3.3.3. XRD Results


Figure 10 shows the result of XRD analysis on final precipitates for four samples. The horizontal axis represents (2× theta), where theta is the angle between the incident beam and crystal plane. Red dots represent the peaks of synthetic struvite. The black line represents the results of the test with molar ratio 5:5:1 at pH = 8.5, where there was evidence of struvite precipitation. The line matches quite well the peaks of struvite shown by XRD, which is a further confirmation of struvite precipitation in this test. The red line is related to the test with molar ratio 3:3:1 at pH 8.5. The only obviously detectable detail in this line is the broad peak at around x = 30 (see circle in Figure 10), associated to the amorphous P forms (ACP) [44]. Representing peaks of struvite are not observable.




3.3.4. ICP-AES and Elemental Analysis Results


The results of the ICP-AES and elemental analysis are reported in terms of Mg2+, Ca2+, P, Nitrogen (N), and Carbon (C) molar contents. Figure 11 shows molar ratios (Figure 11a) and contents (Figure 11b) of the elements in the final precipitates for 5 selected experiments: the first three are those with the 5:5:1, 5:1:1, and 1:5:1 molar ratios at pH = 8.5, the fourth represents the one with 3:3:1 molar ratio (same pH), and the fifth one is for the 5:1:1 ratio at pH = 9. Comparing the first three, it can be seen that as we shift ratios from 5:5:1 to 1:5:1, there is a substantial decrease in Mg2+ content, which suggests a reduction in struvite precipitation, while there is little difference between tests with ratios 5:5:1 and 5:1:1. Since N content is very small for test 5:1:1, it can be concluded that the Mg2+ content in this precipitate is probably related to Mg2+ impurities (in the form of bobierrite or Newberyite), and is not due to significant struvite precipitation. This can be also confirmed by the fact that Mg2+:P ratios were very similar between the two experiments. Furthermore, as we moved to the 1:5:1 ratio test, a noticeable increase was visible for the Ca2+:P ratio, related to the calcite precipitation, also confirmed by the FTIR results. In conclusion, adding only NH4+ to the system was not very effective to induce struvite precipitation, as the major parts of the precipitates were ACP (high, similar Ca2+ and P molar content) and calcite (slightly higher Ca2+ with respect to P, and higher C molar content).



The comparison of experiments with 5:5:1 and 3:3:1 ionic rations at pH = 8.5 indicated that relatively high molar ratios are required for Mg2+ and NH4+, since there is little Mg, and nearly zero N content, substantially lower Mg2+:Ca2+, and higher Ca2+:P ratios in the test characterized by molar ratios 3:3:1. The second and fifth experiments, characterized by equal molar ratios of 5:1:1 and different pH levels of 8.5 and 9 were not very different. Obviously, as pH increased, there was lower Mg2+ content, thus lower struvite precipitation. Still, there were high P and Ca2+ contents in both situations, and higher C at pH = 9, which was due to greater calcite precipitation in this experiment.



ICP-AES results for experiments without any additives, and only NaOH dosage as pH adjustment (Figure 12), indicated that although the Mg2+ content increases from pH = 8.5 to pH = 9.5, it is still dramatically lower than P and Ca2+, and there is very little N component in all the precipitates. This suggests that struvite precipitation is almost non-existent in these conditions. Ca2+:P ratio increases with pH increase, and in all cases is higher than 1. This is due to calcite precipitation, also confirmed by FTIR results.



Le Corre et al. [45] suggested that to obtain effective struvite precipitation, the Ca2+:Mg2+ ratio must be below 1. In this system, struvite precipitation was observed in experiments with Mg2+:NH4+:P molar ratio equal to 5:5:1 at pH = 8.5 and 9.0, with Ca2+:Mg2+ ratio of 0.39. In the cases where only ammonium was added to the solution, this ratio was 1.95. Although, struvite precipitation was lower in these runs, it was still observed. This can explain the idea that struvite could be precipitated with sufficient amounts of ammonium even with higher Ca2+:Mg2+ ratios [46], as was the case in the mentioned experiments.





3.4. Using Ca(OH)2 as pH Adjustment Reagent


Table 6 shows the results of the experiments in which Ca(OH)2 was used as pH adjustment reagent: This is in fact less expensive than NaOH, and the possibility of routinely using it would not only make the process cheaper but would also be beneficial for struvite precipitation. As can be seen from Table 6, P removal percentages are notably higher in these tests, compared to the previous ones. At pH = 9.5, up to 99% P removal, could be reached, which is remarkable. This is because more Ca2+ in the system promotes calcium phosphate compounds precipitation; however, FTIR results indicate that there is no direct evidence of the presence of struvite in the precipitates. In fact, at pH = 9.5, there is substantial growth of carbonate groups peak intensity at around 1400–1500 cm−1, suggesting that the addition of Ca(OH)2 will lead to a mixture of struvite, ACP, and calcite precipitation (small amounts of struvite and calcite, and large amounts of ACP) at lower pH, and mostly calcite-rich precipitates at higher pH.



XRD analysis results confirm this, as can be seen in Figure 13. The green line is related to the final precipitates of the test with 5:5:1 molar ratios using Ca(OH)2 for pH adjustment to 8.5. Additionally, the only clearly visible pattern is the broad peak at around x = 30 degrees (circle in the Figure), related to the amorphous P form (ACP). The peaks associated to struvite are not present in the XRD, as it can be determined by comparing the former to the black line (5:5:1 at pH = 8.5 with NaOH), and the red struvite-related points where they are clearly visible.



An analysis of the composition of these precipitates using ICP-AES and elemental analysis proves the results obtained above. Figure 14 shows Mg2+, Ca2+, P, N, and C content for three of the experiments: the ones at Mg:NH4:P molar ratio 5:5:1 at pH = 8.5, the one at 5:5:1 molar ratio at pH = 9, and the one at 3:3:1 molar ratio and pH = 8.5. It can be concluded that the major fractions of the precipitates, in all these cases, are ACP and calcite, due to high P and Ca2+ content and a small amount of Mg2+. The amount of N was also very low or nearly zero in these tests. The second test showed higher Ca2+ content than P, this suggested that at higher pH levels there was a higher possibility of calcite precipitation. Mg2+:P and Mg2+:Ca2+ ratios were considerably low for all experiments comparing with the Ca2+:P ratio, due to lower precipitation of struvite in these runs.



It can be concluded that using Ca(OH)2 as a pH-control reagent is not favorable for struvite precipitation, since in none of the experiments significant struvite was obtained in the final precipitates. However, maintaining the pH level at 8.5 will result in a precipitate consisting of a small amount of struvite and a high ACP content. This could be considered as a positive, alternative solution, as ACP could still be used in the fertilizer industry due to their acceptable phosphate content, despite having lower solubility compared to pure struvite [47]. As the pH increases to 9 and beyond, calcite precipitation is highly affecting the impurity of the precipitates and their recycling potential.





4. Discussion


4.1. Effect of pH


Phosphorus removal by phosphate precipitation showed satisfactory results. This process was able to remove phosphorus from the liquid phase of an aerobic sludge by up to 94% at pH = 9.5, when using NaOH as pH adjustment reagent. However, at this level of pH, the process was highly affected by precipitation of solid phases other than struvite, and in one case at pH = 9.5, there was direct evidence of struvite precipitation. At pH = 9.0, up to 85.8% of P removal was observed using NaOH for pH adjustment, which is still a notable result. At pH = 8.5 and 9.0, experiments with 5:5:1 Mg:NH4:P molar ratio showed direct evidence of struvite precipitation. This showed that optimal pH value for struvite precipitation was likely in the range of 8.5–9.0, and that for pH > 9.0, the possibility of struvite precipitation, compared to the other salts, was significantly diminished. Although struvite precipitation was observed optimally, even at higher pH values in different studies [48,49,50,51], the optimal pH range was dependent on wastewater characteristics and other operating conditions [52,53]. While struvite precipitation is limited at higher pH values, phosphorus removal is always increasing with an increase of pH, and in all cases its concentration decreases rapidly after the reaction begins [54]. pH tends to diminish following the crystallization process due to the release of H+ in the solution, based on the crystallization reactions (Equations (2) and (3)) [45,52].




4.2. Effect of Ca:Mg and N:P Molar Ratios


Comparing these results to those for the anaerobic digestion sludge, showing instead presence of struvite in the final precipitates at stoichiometric molar ratios, it can be concluded that using aerobic sludge for phosphorus recovery in the form of struvite is not as effective as using anaerobic sludge, which has been the target of most previous studies. This is probably due to the considerably higher initial ammonium content of anaerobic sludge, and to its lower Ca:Mg ratio compared to the former (i.e., 1.1 compared to 2.5). The 2.5 Ca:Mg ratio in the aerobic sludge sample makes struvite precipitation very difficult to occur, since final precipitates will mainly contain calcium phosphate compounds [55]. P removal at pH = 8.5 increased from 49.7% to 65.1% by increasing the Mg:NH4:P molar ratios from 3:3:1 to 5:5:1. Higher Mg2+ content meant a lower Ca:Mg ratio. Any increase in the Ca:Mg ratio will lead to lower magnesium precipitation and higher calcium precipitation [54], and it leads to reaction of Ca2+ with phosphate and carbonate in the solution [45]. Higher N:P ratios also promote struvite precipitation instead of calcium phosphate [48]. A high NH4+ concentration increases the solution buffer capacity, thus improving struvite precipitation, since this happens at lower pH levels than that of calcium phosphate [48,56,57,58].




4.3. Using Ca(OH)2 for pH Adjustment


The need for dosing NaOH as pH buffer is one of the main obstacles that may render the struvite precipitation process not economically sustainable in full-scale applications. Instead, the use of the more economical Ca(OH)2 could be considered an alternative to implement P recovery with significantly lower cost, at the expense of obtaining a fertilizer product of lower efficiency. Switching to Ca(OH)2 as a more economic pH buffer proved not to be very efficient in terms of improving pure struvite precipitation. However, it led to the recovery of alternative precipitates, rich in ACP. Results showed great potential for ACP precipitation using Ca(OH)2:P, where recovery reached 99% at pH = 9.5, which, considering an initial Ca:P ratio of 1.95, was a result fully consistent with previous literature [59,60]. At pH below 9, recovery of 89.5% was achieved. If pH increased to more than 9, precipitation of calcite as an impurity significantly affected the quality of final precipitates. ACP is considered a fertilizer, with characteristics depending on specific wastewater conditions, and applicability depending on site of application soil properties. Muster et al. [61] suggested that at initial Ca:P ratio < 0.8, the ACP’s precipitation process retention time would significantly increase. Considering the initial Ca:P ratio in this study (=1.95), the ACP’s precipitation retention time would be very efficient, and phosphorus concentration reduces rapidly after the onset of this reaction. Based on ICP and elemental analysis results, the Ca:P ratio in the final precipitates was very close to 1, even at higher Mg:NH4:P (5:5:1) molar ratios. Interestingly enough, when this ratio was reduced to 3:3:1, the Ca:P ratio in the final precipitates was almost 1, and the amount of carbonate in the final precipitates was not strongly influenced. Therefore, this could mean that even at lower Mg and NH4 addition to the system, an ACP-rich precipitate could be obtained at pH = 8.5 using Ca(OH)2.




4.4. Use of Final Precipitates as Fertilizers


Struvite precipitation was highly affected by the presence of Ca2+ as a competitive ion, and particularly by the competition of calcium phosphate compounds (mainly ACP) and calcite precipitation. It was observed that, to achieve significant struvite precipitation in tests with aerobic sludge, high amounts of Mg2+ and NH4+ addition would be needed, which unfortunately would make the process economically inefficient. In addition, the cost of adding NaOH, needed for pH adjustment was also relatively high [62]. Moreover, the cost of struvite precipitation is also dependent on the initial phosphate concentration in wastewater and increases considerably with concentration below 200–300 mg/L [46,63]. In most of the reported experiments, the final precipitates obtained were a mixture of struvite, ACP, and calcite, with the highest content for ACP. It was also determined through ICP and Elemental Analysis that precipitating aerobic sludge would lead to an ACP-rich precipitate. Although studies showed that calcium phosphate minerals could be utilized as fertilizers as well, these turned out not to be as efficient as pure struvite [64], as their P-available content in soils was lower than the latter but was still acceptable [65]. Calcium phosphate compounds are also difficult to settle [60,66]. ACP, in time, will be transformed to more stable forms, such as hydroxyapatite (HAP). Owing to its low solubility and high P content, HAP could still be considered a fertilizer [65], although not widely used for this purpose. In terms of effects on soil, the Ca2+:Mg2+ ratio in final precipitates could impact its structure. Lower ratios imply higher struvite content in precipitates, and this would generally be considered a more favorable condition, depending on the specific soil characteristics of the application site. However, for some soils, a higher ratio would be considered more suitable, as it would improve their drainage properties [61]. Generally, the production cost of calcium phosphate fertilizers is lower than struvite fertilizers [8], since less added chemicals are needed. Therefore, an ACP-rich precipitate would significantly reduce the cost of fertilizer production, since ACP could still precipitate in significant amounts at very low values of Mg and NH4 molar ratios. However, the use of ACP-rich precipitate as fertilizer would depend on specific regulations on fertilizer quality by local authorities. Heavy metal impurities in calcium phosphate fertilizers are generally higher than in struvite fertilizers [67], where they are usually below the limits for heavy metal content [52]. Nevertheless, this is a situation that ought to be verified on a case-by–case basis. Furthermore, in municipal WWTPs, P recovery by precipitation showed great potential of reducing the amounts of final excess sludge to be further treated, estimated at 8 to 31% [15,68]. However, due to the very limited studies available on phosphate precipitation from aerobic sludges, it is hard to compare their potential reduction to that achievable with anaerobic digestion dewatered sludge.



The study showed that there is a great potential in using aerobic sludge for recovering phosphorus in the form of struvite or calcium phosphate. Since aerobic sludge contains generally less P than its AD counterpart, the former has long remained outside the focus of attention as far as phosphorus recovery through precipitation processes is concerned. Nonetheless, this study showed that obtaining a precipitate that is rich in calcium phosphate (ACP) with small quantities of struvite from aerobic sludge liquor is highly feasible. Struvite precipitation, despite sporting many advantages, such as fertilizer recovery, and reducing nutrients pollution by simultaneous N and P removal, is usually not an economically sustainable full-scale approach, even for anaerobic sludges, as the current market price of recovered struvite is still relatively low compared to other P-containing fertilizers [69]. As illustrated before, process economics are even worse in the case of aerobic sludge struvite precipitation, due to the significant requirements of Mg and NH4 addition. Obtaining a calcium phosphate-rich product as final precipitate could be considered as a way to move forward in future studies and practice on phosphorus recovery. For many WWTPs, such as Nosedo, lacking AD sludge processing, this study highlights alternative possibilities to implement economically feasible phosphate recovery. Optimization of biological treatment processes in such WWTPs (i.e., full implementation of Bio-P processes) could lead to optimum anaerobic phosphorus release that would enhance the efficiency of phosphate precipitation from liquid sludge.





5. Conclusions


P precipitation processes were investigated in this study on different sludge samples from extended aeration, denitrification volume, and post-AD processes obtained from two WWTPs in Italy. The study, based on the characterization of the obtained precipitates, showed great potential of struvite precipitation from anaerobic sludge, while denitrification sludge did not result in any struvite precipitation due to low P concentration. Extended aeration sludge, as the focus of this study, was investigated in more detail. Results showed that P removal/recovery efficiency increases with increasing pH, and that up to 94% P recovery using NaOH for pH buffer could be achieved at pH = 9.5 (99% when using Ca(OH)2). Nevertheless, precipitates obtained at high pH values were highly affected by the presence of ACP and calcite, mixed with struvite, decreasing their commercial value. To achieve significant struvite precipitation, considerable addition of both Mg2+ and NH4+ to the system would be necessary, decreasing the potential for economic sustainability of the process. However, at pH < 9, ACP-rich precipitates were obtained, which could be a suitable alternative to pure struvite compounds for fertilizer uses. The use of Ca(OH)2 as an economic pH-adjustment reagent showed not to be favorable to struvite precipitation. However, it yielded ACP-rich precipitates at pH = 8.5. Owing to its high phosphate content, ACP could still be used in the fertilizer industry as an alternative to pure struvite. Therefore, it could be concluded that using Ca(OH)2 as a significantly more economic pH-adjusting reagent (with pH strictly kept < 9) could be considered as an alternative means for P recovery in the fertilizer industry, instead of struvite.
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Figure 1. Synthetic lab-produced Struvite. 
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Figure 2. Experimental setup of the struvite precipitation process. 
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Figure 3. Fourier Transform Infrared Spectroscopy (FTIR) (a), Thermal gravimetric analysis (TGA) (b), and Quadrupolar Mass Spectroscopy (MS) (c) analyses of synthetic struvite. 
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Figure 4. X-ray Diffraction (XRD) analysis pattern of synthetic struvite. 
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Figure 5. FTIR (a), TGA (b), and MS (c) of precipitates from AD sludge sample. 
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Figure 6. FTIR (a), TGA (b), and MS (c) analyses of precipitates from denitrification sludge sample. 
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Figure 7. FTIR (a), TGA (b), and MS (c) analyses of precipitates from aerobic sludge sample. 
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Figure 8. FTIR of Na2HPO4. 
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Figure 9. FTIR total spectral range, and details of spectrum used for the analysis (1200–2000 cm−1). 
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Figure 10. XRD pattern for the experiment with 5:5:1 of molar ratio at pH = 8.5 (black), with 3:3:1 of molar ratio at pH = 8.5 (red), compared to synthetic struvite (red dots), inside circle: broad peak associated to the amorphous phase. 
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Figure 11. Results of ICP-AES and Elemental Analysis, (a) Molar ratios, (b) Molar contents. 
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Figure 12. Results of ICP-AES and Elemental Analysis for the experiments without any additives, with only NaOH for pH adjustment, (a) Molar ratios, (b) Molar contents. 
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Figure 13. XRD pattern for experiments with 5:5:1 molar ratio at pH = 8.5 using Ca(OH)2 (green), comparing to the one using NaOH (black) and synthetic struvite (red dots), inside circle shows the broad peak associated to P amorphous phase. 
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Figure 14. Results of ICP-AES and Elemental Analysis for the experiments with Ca(OH)2 for pH adjustment, (a) Molar ratios, (b) Molar contents. 
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Table 1. Possible solid phases precipitating in the P recovery process.
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	Solid Phase
	Reaction
	Condition
	pKsp (25 °C)
	Reference





	Struvite
	Mg2+ + NH4+ + PO43− + 6H2O ↔ MgNH4PO4·6H2O
	7 < pH < 11
	13.26
	[24]



	Newberyite
	Mg2+ + HPO42− +3H2O ↔ MgHPO4·3H2O
	High Mg2+/P, pH < 6
	5.8
	[21]



	Bobierrite
	3Mg2+ + 2PO43− + 8H2O ↔ Mg3(PO4)2·8H2O
	Days to precipitate
	25.2
	[21]



	Hydroxyapatite (HAP)
	10Ca2+ + 6PO43− +2OH− ↔ Ca10(PO4)6(OH)2
	Slow formation from ACP, DCPD
	58.62
	[25,26]



	Tricalcium phosphate (TCP)
	3Ca2+ + 2PO43− ↔ Ca3(PO4)2
	Slow formation from ACP, DCPD
	32.63
	[21]



	Octacalcium phosphate (OCP)
	8Ca2+ + 2HPO42− + 4PO43− ↔ Ca8(HPO4)2(PO4)4
	Hydrolysis of DCPD at pH = 5–6
	36.48
	[27]



	Monetite (DCP)
	Ca2+ + HPO42− ↔ CaHPO4
	Fast formation from ACP, DCPD
	6.81
	[28]



	Brushite (DCPD)
	Ca2+ + HPO42− + 2H2O ↔ CaHPO4·2H2O
	pH < 7
	6.6
	[29]



	Amorphous calcium phosphate (ACP)
	3Ca2+ + 2PO43− + xH2O ↔ Ca3(PO4)2·xH2O
	pH > 6
	25.46
	[21]



	Calcite
	Ca2+ + CO32− ↔ CaCO3
	Stable at 25 °C and atmospheric P
	8.42–8.22–8.48
	[21,29,30,31]



	Magnesite
	Mg2+ + CO32− ↔ MgCO3
	Stable at pH < 10.7
	7.46–8.2
	[29,31]



	Brucite
	Mg2+ + 2OH− ↔ Mg(OH)2
	pH > 9.5
	11.16
	[29,30]



	Ca(OH)2
	Ca2+ + 2OH− ↔ Ca(OH)2
	pH > 9.5
	5.2
	[21,30]
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Table 2. Sludge samples characteristics.
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Constituent Ions

	
Extended Oxidation

	
After Anaerobic Digestion

	
Denitrification Pond




	
(mg/L)

	
(mg/L)

	
(mg/L)






	
Ca2+

	
101

	
30.9

	
66.4




	
Mg2+

	
26.4

	
17.0

	
24.2




	
P

	
37

	
8.1 ± 1.5

	
1.66 ± 0.3




	
NH4+

	
32.6

	
1510 ± 340

	
1.70 ± 0.38
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Table 3. Different molar ratios for Mg2+:NH4+:P used in the study.
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Mg2+:NH4+:P






	
3:3:1

	
3:1:1

	
1:3:1




	
5:5:1

	
5:1:1

	
1:5:1
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Table 4. FTIR result curves and P removal percentage results for tests with ionic molar ratios indicated at different pH.
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Mg:NH4:P




	

	
5:5:1–3:3:1

	
5:1:1–3:1:1

	
1:5:1–1:3:1




	
pH

	
P rem.%

	
FTIR 1200–2000 cm−1

	
P rem.%

	
FTIR 1200–2000 cm−1

	
P rem.%

	
FTIR 1200–2000 cm−1






	
8.5

	
65.1

	
 [image: Resources 07 00071 i001]

	
53.4

	
 [image: Resources 07 00071 i002]

	
51.2

	
 [image: Resources 07 00071 i003]




	
49.7

	
 [image: Resources 07 00071 i004]

	
52.3

	
 [image: Resources 07 00071 i005]

	
41.2

	
 [image: Resources 07 00071 i006]




	
9.0

	
85.8

	
 [image: Resources 07 00071 i007]

	
81.0

	
 [image: Resources 07 00071 i008]

	
76.2
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78.5

	
 [image: Resources 07 00071 i010]

	
79.7

	
 [image: Resources 07 00071 i011]

	
76.9

	
 [image: Resources 07 00071 i012]




	
9.5

	
93.2

	
 [image: Resources 07 00071 i013]

	
94.6

	
 [image: Resources 07 00071 i014]

	
90.2
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91.8
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91.1
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86.3
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Note: Text color in second row corresponds to line colors in the graphs.
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Table 5. FTIR and P removal percentage results for experiments without any additives using only NaOH for pH adjustment.
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Mg:NH4:P




	
Without Additives




	
pH

	
P Removal %

	
FTIR 1200–2000 cm−1






	
8.5

	
54.4
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9.0

	
76.7
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9.5

	
94.5
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Table 6. FTIR and P removal percentage results for the experiments with Ca(OH)2 for pH adjustment.
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Using Ca(OH)2




	
Mg:NH4:P




	

	
5:5:1

	
3:3:1




	
pH

	
P Removal %

	
FTIR 1200–2000 cm−1

	
P Removal %

	
FTIR 1200–2000 cm−1






	
8.5

	
68.1

	
 [image: Resources 07 00071 i022]

	
71.7

	
 [image: Resources 07 00071 i023]




	
9.0

	
89.5

	
 [image: Resources 07 00071 i024]

	
88.4

	
 [image: Resources 07 00071 i025]




	
9.5

	
99.2

	
 [image: Resources 07 00071 i026]

	
99.6

	
 [image: Resources 07 00071 i027]








Note: Text color in the table corresponds to line colors in the graphs.
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