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Abstract

:

Ammonium in landfill leachates is a major contributor to environmental degradation if not effectively treated. However, it could be converted to a valuable fertilizer when it is co-precipitated with phosphate and magnesium as struvite. Low-cost magnesium and phosphate sources are sought to offset the co-precipitation treatment costs, but most of the identified alternative magnesium sources have significant amounts of calcium, which may negatively impact the ammonium removal rates. In this study, the effects of calcium on ammonium removal from high-strength aged field landfill leachate as struvite were investigated. Laboratory-scale batch tests were conducted to assess the effects of the pH, Mg2+:NH4+:PO43−, and Ca2+:Mg2+ molar ratios on ammonium removal. Magnesium chloride salt was used as a model dissolved magnesium source, whereas different compounds derived from dolomite (CaMg(CO3)2) were used as model solid-phase magnesium sources. X-ray powder diffraction and activity ratio diagrams were used to delineate the ammonium removal mechanisms and struvite stability. The ammonium removal rate of the magnesium salt decreased from approximately 97% to 70%, upon increasing the Ca2+:Mg2+ molar ratio from 0 to 1.0, for the Mg2+:NH4+:PO43− molar ratio of 1.25:1:1.25 and pH = 9.5. For similar pH values, as well as the Mg2+:NH4+:PO43− and Ca2+:Mg2+ molar ratios, the ammonium removal rates by the dolomite-derived compounds reached up to 55%, which highlighted the limited availability of magnesium in solid phases, in addition to the negative impacts of calcium. The diffractometric analysis and thermodynamic calculations revealed the stable regions of struvite in the presence of competing solid phases. The new findings in this study could aid in the design of ammonium and phosphate removal and recovery systems by struvite precipitation.
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1. Introduction


About 40 percent of the produced solid waste is disposed of in landfills, with another 33 percent disposed of in open dumpsites [1]. The percolation of rainwater through the disposed solid waste generates leachates containing more than 200 potentially toxic compounds [2]. Similarly, the moisture embedded in the solid waste also results in the release of landfill leachates upon waste compaction. If not collected and treated, the leachates pose a severe environmental threat to the adjacent soil and water compartments. Of particular concern is dissolved ammonium, where the un-ionized form (free ammonia) exerts the most toxic effects on aquatic biota [3]. The free ammonia (FA) fraction increases at alkaline pH values such as those present at aged landfills, where ammonium concentration could reach up to 20,000 mg/L [4].



Ammonium is commonly removed from wastewater biologically, through nitrification–denitrification processes. However, the lack of sufficient electron donors in aged landfill leachates could render this process challenging. Moreover, the presence of a high ammonium concentration also exerts negative impacts on biological treatments. Ammonium concentrations below 200 mg/L can be beneficial, whereas greater concentrations may cause inhibitory effects [5]. Inhibitory effects were reported for ammonium concentrations as low as 1400 mg/L, with the free ammonia species exerting the most inhibitory effects on the methanogens [6,7,8,9,10,11].



The negative effects of a high ammonium concentration in wastewater on biological treatments can be mitigated by ammonium removal pretreatment. The most commonly used pretreatment methods include ammonia air stripping and ammonium co-precipitation as struvite [12,13,14,15,16]. Struvite is a mineral, with a molecular formula of NH4MgPO4·6H2O, that forms naturally in wastewater when magnesium, ammonium, and phosphate concentrations reach saturation level. It is also an effective slow-release fertilizer [17]. Ammonia air stripping technology suffers from the difficulty of operation and potential for ammonia release. It also requires large amounts of alkali and acids to facilitate the ammonia stripping and subsequent wastewater neutralization [18,19]. As for ammonium removal as struvite, most wastewaters contain low concentrations of magnesium and phosphate, relative to ammonium, thus requiring significant amounts of magnesium and phosphate reagents, which renders the treatment costly. To avoid the high costs of the chemical reagents, investigators searched for low-cost alternative sources of magnesium and phosphorous. Alternative phosphorous sources research focused mainly on bone wastes and waste byproducts [19,20,21]. On the other hand, many sources of low-cost magnesium were identified, such as wood ash, magnesium oxide production byproduct, magnesite, magnesia, dolomite, bittern, and seawater brine [22,23].



The majority of the identified alternative magnesium sources contain significant amounts of calcium, which may negatively impact struvite precipitation. Numerous studies reported on the negative impact of calcium on struvite precipitation; however, most of these studies were focused on phosphorous recovery and the effects of calcium originating from the wastewater [24,25,26,27]. The relatively low concentration of calcium in wastewater may have strong impact on the struvite crystal quality, but not necessarily the phosphate removal rates. Conversely, for studies focusing on ammonium removal from landfill leachates, where ammonium concentration could reach up to 20,000 mg/L, the calcium concentration originating from the alternative magnesium source could have significant effects on the ammonium removal rates. Nonetheless, the majority of these studies did not adequately report on the calcium effects originating from the alternative magnesium source [22,28,29]. Regarding the stoichiometric amounts of magnesium needed to precipitate struvite (where magnesium is originating from the alternative magnesium sources), the Ca2+:Mg2+ molar ratios in the reactors could reach up to 0.48, 0.1, 0.024, 0.098, 1.0, and 0.34 for wood ash, magnesium oxide production byproducts, magnesite, magnesia, dolomite, and bittern, respectively [23,30,31]. The corresponding potential calcium concentration in the reactors for the aforementioned Ca2+:Mg2+ ratio and ammonium concentration at 20,000 mg/L in the feed could reach 44,417mg/L.



One of the most promising alternative magnesium sources is bittern. Bittern is a brine residue that forms after the vaporization and crystallization of sodium chloride from sea water or lakes. The magnesium content in bittern is available in the dissolved phase (similar to the presence of magnesium in MgCl2 salt), which readily enables its reaction with phosphate and ammonium to form struvite. Shin et al. [32] reported comparable phosphorus removal rates from wastewater between bittern (97%) and magnesium chloride salt (99%), but lower ammonium removal rates were achieved by bittern (72%) than by magnesium chloride (83%). The reduced efficiency of bittern for removing ammonium is most likely due to the presence of calcium in the used bittern. The use of bittern to precipitate struvite could also introduce other ions, in addition to calcium, such as chloride, potassium, sodium, and sulfate. However, the use of bittern could be hampered by accessibility or transportation costs in some localities [33]. Conversely, all of the other alternative magnesium sources are present in solid phases. The presence of magnesium in solid phases limits its availability and reactivity to form struvite. However, studies reported on the beneficial use of solid-phase alternative magnesium sources because of their high alkalinity content which could help mitigate against pH drop upon struvite precipitation [22,28].



This study investigated the effects of calcium on ammonium removal from high strength aged field landfill leachate. Laboratory-scale batch tests were conducted to assess the effects of pH, Mg:NH4:PO4 stoichiometric ratios, and Ca2+:Mg2+ molar ratios on ammonium removal. Magnesium chloride salt was used as a model dissolved magnesium source, whereas different compounds derived from dolomite (CaMg(CO3)2) were used as model solid-phase magnesium sources. X-ray powder diffraction and activity ratio diagrams were used to delineate the removal mechanisms and assess the stability of struvite in the presence of competing solid phases.




2. Material and Methods


2.1. Materials


The leachate was collected from a municipal solid waste landfill in Tripoli, Lebanon (34°27′21.539″ N, 35°50′22.559″ E). The landfill is located along the Mediterranean coastline, and it cover an area of 60,000 m2. It started operations in 1980 and was planned to close in 2012; however, due to a lack of alternatives, it was still receiving an average of 450 tons/day, as of 2020 [34]. A large volume of the leachates was collected, mixed, and centrifuged at 13,000 rpm (19,685× g) for 30 min before characterization. The centrifuged samples were then stored in a fridge at 4 °C. The samples needed for the set experiments were allowed to reach room temperature for one hour before use. The dolomite was obtained from a local sand supplier in North Lebanon. It was first sieved using a sieve #40 to remove debris; then, it was manually grinded and sieved using sieve #200 and mechanical sieve shaker. It was then stored in plastic bags until used. Tri-sodium phosphate (Na3PO4·12H2O) was used as the phosphate source. Magnesium chloride (MgCl2) and calcium chloride (CaCl2) were used in batch experiments to assess the efficacy of the magnesium source and effects of calcium on struvite precipitation, respectively. Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were used to adjust pH. All chemicals used were of analytical grade, and they were obtained from Fisher Scientific (Hampton, NH, USA).




2.2. Struvite Precipitation Batch Tests


For the struvite batch precipitation tests, 50 mL of centrifuged leachate was added to a beaker containing a magnetic stirring rod, which was then placed on a LabTech LMS-1003 hot plate magnetic stirrer. The phosphate, magnesium, and calcium (when applicable) sources were then added to the leachates. The reactants were mixed for 30 min, while pH was controlled at a set value ±0.05 pH units, using HCl and NaOH, and monitored using a WPA CD 500 pH meter (Cambridge, UK). After mixing for a set reaction time, the mixture was allowed to settle for 15 min, then centrifuged at 13,000 rpm (19,685× g) for 30 min, before analysis. Similar studies reported mixing times less than or equal to 30 min [18,19,21,28,35,36]. Resulting precipitates were dried in a desiccator and stored for analysis. All experiments were performed in triplicate at a room temperature of 20 ± 2 °C. The supernatants were analyzed for NH3, PO43−, Mg2+, and Ca2+, whereas the precipitates were analyzed for solid phases using XRPD.




2.3. Analytical Methods


A Hach DR3900 spectrophotometer was used for all spectrophotometry analyses procedures, and a Hach DRB200 digester block was used for the analytical procedures requiring digestion. Ammonia nitrogen NH3-N was measured using the Hach salicylate method 10031. Chemical oxygen demand (COD) was measured using the Hach method 8000 with high-range digestion vials. Biochemical oxygen demand (BOD) was conducted as per Standard Method 5210B. Total organic carbon (TOC) was measured using Hach method 10128. Phosphate was measured using Hach orthophosphate method 8048; Mg2+ and Ca2+ and other heavy metals were measured using a PerkinElmer PinnAAcle 900H atomic absorption spectrophotometer. Chloride and sodium ions were quantified by ion chromatography, using an 882 Compact IC Plus (Metrohm, Herisau, Switzerland) equipped with a chemical suppressor module and conductivity detector. Chloride ions were detected after separation using a Metrosep A supp 5 column (250 × 4 mm), with an eluent consisting of 3.5 mmol·L−1 sodium carbonate and 1 mmol·L−1 sodium hydrogen carbonate, as well as an eluent flow rate of 0.7 mL·min−1 and suppressor regenerant of 0.1 mol. L−1 sulfuric acid. Sodium ions were detected after separation using a Metrosep C4 column (150 × 4.0 mm), with an eluent consisting of 4 µmol·L−1 nitric acid (69%) at a flow rate of 0.9 mL·min−1. Injection volumes of 20 µL were used for all measurements. Calcinations were performed in a Nabertherm GmbH burnout furnace L3/12. Centrifugation was performed in a TermoScientific fixed-bucket centrifuge.



Check standards were performed routinely, as well as matrix spikes, in order to check the accuracy of the instruments and analytical procedures and ensure that there were no interferences affecting the results. Three control experiments were conducted to check whether any of the ammonium removal was not due to struvite precipitation. The first experiment was conducted without adding any reagents to the leachate. In the second experiment, only dolomite was added to the leachate; in the third experiment, only Na3PO4·12H2O was added. All control experiments were conducted at a reaction time of 30 min, using a pH value of 9.5 and Mg2+:NH4+:PO43− molar ratio of 1.25:1:1.25. No ammonium removal was observed in all control experiments.




2.4. X-ray Powdered Diffraction


The solid phases were analyzed using a Bruker D8 Advance X-Ray diffractometer. Diffractometry was conducted at 40 kV and 40 mA using a Cu tube. Data were collected in the 2θ range of 5° to 65° using 3080 steps, with 0.2 s between each step. Qualitative analysis of the obtained patterns was performed in reference to the International Center of Diffraction Data (ICDD) database, using the DIFFRAC.EVA software Version 4.2.1.




2.5. Activity Ratio Diagram Modeling


Activity ratio diagrams were constructed to identify the solid phases controlling the solubility of the major ions responsible for the removal of ammonium from the leachate [37,38,39]. The chemical database of the geochemical speciation model, Visual Minteq, was used to plot the activity ratios of pertinent solid phases as a function of various ions [40]. The Truesdell–Jones equation was used to calculate the activity coefficients for all species, except for phosphate, due to the lack of pertinent thermodynamic data [41]. The Davies equation was used to calculate the activity coefficient of phosphate.





3. Results and Discussion


3.1. Leachate Characterization


The characterization results of the untreated landfill leachate are presented in Table 1.



The measured BOD5/COD ratio and pH of the leachate were approximately 0.093 and 8.26, respectively, indicating that the landfill is classified as mature and in the methanogenic phase [2,42,43]. The landfill leachate had an average ammonium concentration of about 4583 mg/L, which is greater than the typical range of values of ammonium in landfill leachates of 500–2000 mg/L NH3-N [2]. The free ammonia (FA) fraction in the leachates at a pH of 8.26 was calculated at approximately 6.7% or 290 mg/L, at a temperature of 20 °C [44]. This value is much greater than the concentrations of free ammonia reported to cause inhibition in biological treatments. For example, Liu et al. [5] reported a free ammonia inhibition of 40% on denitrifiers at a FA concentration of 16 mg NH3/L and 80% inhibition on methanogens at a FA concentration of 40 mg NH3-N/L. The characterization results also showed the presence of low concentrations of calcium and magnesium at approximately 58.8 and 32 mg/L, respectively, as compared to values reported in the literature. The concentration of phosphate at 57.6 mg/L was relatively greater that of the average value of 6 mg/L reported in landfill leachates. The concentrations of cadmium and lead at <0.005 and 0.127 mg/L, respectively, were close to the average reported values at 0.005 and 0.09 mg/L, respectively. However, the concentrations of copper and chromium at 0.536 and 1.77 mg/L, respectively, were relatively greater than the average values cited in the literature at 0.065 and 0.28 mg/L, respectively [2]. The relatively low concentrations of the heavy metals in the leachate could be due to the alkaline pH of the leachate, as metal cations have lower solubility at high pH. As for arsenic, it is expected to be present in an anionic form, where its low concentration could indicate a trace level presence or strong arsenic sorptive affinity of the solid waste constituents. The presence of chromium and copper at concentrations relatively greater than the average values reported at landfills could indicate the potential sources of contamination and lack of apparent sequesters.




3.2. Ammonium Removal Using Magnesium Chloride Salt


Batch test experiments were conducted to remove ammonium by struvite precipitation using magnesium and phosphate salt. These experiments were conducted to determine the optimal Mg2+:NH4+:PO43− molar ratio and pH for ammonium removal from the leachate, as well as to use the test results as a benchmark for the experiments using alternative magnesium sources. All tested conditions are shown in Table 2, and the resulting concentrations of Mg2+, NH4+, PO43−, and Ca2+ are shown in Table S1.



3.2.1. Effects of Malar Ratios


The effects of the molar ratios of phosphate and magnesium to ammonium on the removal rates of ammonium were investigated for molar ratios ranging between 1 and 1.25 (Table 2). Equimolar ratios of Mg2+:NH4+:PO43− are needed to form struvite, but the presence of other constituents in the leachates can reduce the precipitation efficiency, which results in a need for higher magnesium and phosphate molar ratios. The experiments were conducted using a pH value of 9.5.



The results of Exp.1, with Mg2+:NH4+:PO43− molar ratios of 1:1:1, indicated an ammonium removal rate of approximately 81%, with phosphate and magnesium removal rates of 82% and 99.9%, respectively (Figure 1a). It appears that magnesium dosage was limiting, considering that it was nearly fully exhausted. It also appears that using Mg2+ and PO43− at equal molar ratios to ammonium might not be optimal for the removal of ammonium. The incomplete ammonium removal and high residual phosphate concentration in the supernatant indicate the potential for improvement in ammonium removal by increasing the magnesium dosage. The need for molar ratios of magnesium and phosphate to ammonium that are greater than 1.0 is attributed to the formation of insoluble and, possibly, amorphous magnesium and phosphate compounds, other than struvite, such as Mg3(PO4)2 and Ca3(PO4)2 [19,45,46,47,48]. For example, Huang et al. [49] showed that, as the ratio of Ca(OH)2 to NaOH (used to adjust pH) increased in the range of 0:1–1:1, ammonium removal efficiency decreased from 85% to 75%. Increasing magnesium dosage alone (1.25:1:1) resulted in an increase in ammonium removal rate to approximately 92%, with phosphate and magnesium removal rates at approximately 99.7% and 96%, respectively. On the other hand, increasing the phosphate dosage (PO43−:NH4+) alone to 1.25:1 (Exp.3) resulted in an ammonium removal efficiency of approximately 83%. The corresponding removal rates of magnesium and phosphate were approximately 99.9% and 73%, respectively. This indicates that the excess amounts of added phosphate remained in the solution. When both magnesium and phosphate dosages were increased to 1.25:1, with respect to ammonium (Exp.4: 1.25:1:1.25), the ammonium removal rate increased to approximately 97%, with magnesium and phosphate removals of 99.9% and 90%, respectively. Finally, considering the concern regarding the presence of significant amounts of residual phosphate in the treated leachates, it may be prefereabe to select the treatment condition with a Mg2+:NH4+:PO43− molar ratio of 1.25:1:1 for application in the field [50]. Even though this condition did not achieve the greatest ammonium removal rate (92%), it did achieve the greatest phosphate removal rate of about 99.7%. The residual ammonium concentration in the treated leachate may be less of a concern than the amount of residual phosphate.




3.2.2. Effects of pH


The effects of pH on ammonium removal were investigated using pH values of 8.5, 9.5, and 10.5, as well as Mg2+:NH4+:PO43− molar ratios of 1.25:1:1.25 (Figure 1b). The results at a pH of 9.5 showed ammonium removal efficiency of approximately 97%. When pH was increased to 10.5, ammonium removal efficiency decreased to approximately 86%, whereas, when pH decreased to 8.5, ammonium removal remained roughly the same at about 98%. As pH increases (mainly above 9.5–10.0), ammonium solubility, with respect to struvite, increases, which could result in an increase in ammonium concentration in the solution [18,51]. In addition, high pH values could promote magnesium hydration, resulting in the formation of brucite Mg(OH)2, which could scavenge magnesium [52]. This may explain the drop in ammonium removal efficiency at a pH of 10.5. Similarly, lower pH values increase ammonium solubility, with respect to ammonium. However, the increase in ammonium solubility upon pH change from 9.5 to 8.5 was not significant. Actually, the ammonium removal rate remained essentially the same. Other studies reported optimal ammonium removal by struvite precipitation in the pH range of 8.5–10 [48,53,54].





3.3. Ammonium Removal Using Dolomite-Derived Compounds


Dolomite was pre-treated thermally to increase its activity as an alternative magnesium source. The thermal treatment of dolomite under a CO2 atmosphere and 750 °C resulted in the formation of magnesium oxide (MgO) and calcite (CaCO3). On the other hand, the thermal treatment under atmospheric conditions and a temperature of 950 °C resulted in the formation of MgO and lime (CaO) (Supplementary Material) [22,55,56]. In addition to the activation of the magnesium content, the thermal treatment of dolomite under the two different atmospheres also resulted in the formation of two different calcium sources, i.e., calcite and lime. Raw, CO2-calcined, and air-calcined dolomite were used to investigate the removal of ammonium from the landfill leachates. The Mg2+:NH4+:PO43− molar ratios and pH were set at 1.25:1:1.25 and 9.5, respectively. These conditions were selected to enable a performance comparison with the test results, using magnesium chloride salt under optimized ammonium removal conditions.



The batch test experiment using raw dolomite resulted in an ammonium removal rate of approximately 17% (Figure 2). When CO2-calcined dolomite was used, the ammonium removal rate increased to approximately 37%, whereas, when air-calcined dolomite was used, the ammonium removal rate increased to approximately 55%. The removal rate of magnesium for all three conditions was approximately 100%. Conversely, the removal rates of phosphate were approximately 14%, 71%, and 58% for the raw dolomite, CO2-calcined dolomite, and air-calcined dolomite, respectively.



It appears that magnesium was not readily available, as evidenced by the high concentration of dissolved phosphate and ammonium in the supernatant. It also appears that calcium was not readily available, as evidenced by the high concentration of phosphate in the supernatant. Greater ammonium removal rates were achieved by the air-calcined dolomite than by the CO2-calcined dolomite. Conversely, greater phosphate removal rates were achieved by the CO2-calcined dolomite than by the air-calcined dolomite. This could indicate that calcium was more available or active in the CO2-calcined dolomite (as CaCO3) than the air-calcined dolomite (as CaO), assuming that the residual phosphate was mostly removed by calcium. For field application, the air-calcined dolomite seems preferable, considering the higher ammonium removal rates and lower phosphate removal rates. Greater magnesium concentrations could be used to simultaneously increase the ammonium and phosphate removal rates. Alternatively, the supernatant could be reused in new precipitation experiments via the addition of new activated dolomite, in order to remove the residual ammonium and phosphate as struvite.




3.4. Effects of Calcium


In order to investigate the role of calcium in the decrease of ammonium removal rates by the dolomite-derived compounds, experiments were conducted to precipitate struvite from the landfill leachates using magnesium and phosphate salts in the presence of calcium salt. The results are shown in Figure 3. The addition of calcium, in the form of calcium salt, resulted in a decrease in the efficiency of ammonium removal. The ammonium removal rates were approximately 97%, 97%, 95%, 93%, and 70% for the calcium-to-magnesium molar ratios of 0, 0.1, 0.2, 0.5, and 1.0, respectively. Minimal effects were observed for calcium-to-magnesium ratios up to 0.5 at tested conditions. However, a significant reduction in the ammonium removal rate at 70% was observed when the calcium-to-magnesium molar ratio increased to 1.0. Greater ammonium removal rates were achieved by the magnesium salt, as compared to the corresponding removal rates by activated dolomite, for a similar Ca2+:Mg2+ molar ratio of one (70% versus 55%). This may indicate that dissolved alternative magnesium sources can outperform the solid-phase alternative magnesium sources for ammonium removal from wastewater, realizing that calcium was likely more available as salt than calcite or lime. The reduced efficiency of the solid-phase alternative magnesium sources could be due to the unavailability of magnesium during the co-precipitation reaction. The reduced efficiency of the solid-phase alternative magnesium sources may outweigh its added benefit, mitigating against the drop in pH upon struvite precipitation.



The formation of calcium phosphate solid phases is thermodynamically favorable under the experimental conditions, where calcium is expected to react with the added phosphates and potentially hinder the formation of struvite. However, the removal of significant amounts of ammonium indicated the formation of struvite, because struvite is the only route for ammonium removal in our system. Studies have reported that hydroxyapatite is thermodynamically stable at equilibrium, and it could uptake added phosphates as per its stoichiometry; however, that was not the case in this study, as evidenced by the high concentration of phosphate in the supernatant [26,27]. The order of the formation of the mineral phases, duration of the co-precipitation reactions experiments, and concentration of competing ions may have an impact on the resulting solid phases [25,57,58].




3.5. XRD Results


XRPD analysis was used to identify the solid phases that formed during the co-precipitation reactions and delineate the removal mechanisms of ammonium from the leachates. The XRPD patterns for the precipitates of the experiments using magnesium chloride salt are shown in Figure 4a. The results indicated the presence of struvite with characteristic peaks at 15.787°, 20.839°, and 30.573° (PDF 04-010-2533). Struvite is the major sequester of ammonium in the presence of magnesium and phosphate, and it is expected to be the only mechanism responsible for the removal of ammonium from the leachate. The XRPD patterns also indicated the presence of halite (NaCl), with characteristic peaks at 31.692°, 45.449°, and 56.477° (PDF 00-005-0628). Sodium is present due to the addition of sodium phosphate as the phosphate source, whereas chloride is present due to the presence of chloride in the leachates, as well as the added hydrochloric acid and calcium chloride. The absence of any crystalline calcium solid phases in the XRPD pattern, pertaining to the experiment with the added calcium chloride, is noteworthy (Figure 3a). The added calcium could be encapsulated in amorphous solid phases, as indicated by the amorphous hump in the corresponding XRPD pattern [27].



The XRPD analyses of the precipitates for the thermally-treated dolomite experiments clearly indicated the presence of struvite, with characteristic peaks at 15.787°, 20.839°, and 30.573° (PDF 04-010-2533) (Figure 4b). This indicates that ammonium was removed from the leachate by sequestration in struvite. The precipitates of the CO2 calcination experiment showed characteristic peaks of calcite and periclase at 23.07°, 29.454°, 48.578° (PDF 00-024-0027), and 42.855°, 62.215° (PDF 01-071-1176), respectively, which indicates that these phases did not dissolve or hydrate completely. For the experiment with raw dolomite, XRPD analysis detected major peaks of dolomite at 30.938°, 41.127°, and 56.477° (PDF 00-036-0426), which indicated that dolomite was not significantly destabilized (XRPD patterns of raw and calcined dolomite are shown in Figure S1). No struvite peaks were identified for the raw dolomite experiments, which could be due to the presence of struvite at concentrations below the detection limit of the XRPD.



Finally, no calcium phosphate or magnesium phosphate solid phases were identified in the XRPD analyses for all experimental conditions. This could be due to the instability of these phases, their presence at concentrations below the detection limits of the XRPD, or their presence as amorphous solid phases.




3.6. Activity Ratio Diagrams


Activity ratio diagrams were constructed to further delineate the ammonium removal mechanisms and investigate the stability of the solid phases controlling the solubility of ammonium and phosphate. The probable solid phases controlling the solubility of ammonium, magnesium, phosphate, and calcium are listed in Table 3. The activity ratio diagrams could qualitatively indicate the behavior of the system, especially in the presence of competing ions that could interfere with the formation of struvite and, thus, removal of ammonium. The activity of the phosphate is of particular concern, because the magnesium phosphate and calcium phosphate phases could compete with struvite for its sequestration. The thermodynamic data of the solid phases were obtained from Visual Minteq [40].



The activity ratios of the solid phases controlling phosphate solubility are plotted versus magnesium concentration, as shown in Figure 5a. The ammonium and calcium concentrations used in the construction of the diagram were the average values obtained in this study. The plots show that the solubility of phosphate at equilibrium and in the presence of calcium is controlled by hydroxyapatite (highest activity ratio line), independent of the concentration of magnesium. However, hydroxyapatite was not identified in the XRPD analysis, and its formation could be kinetically delayed. In the absence of hydroxyapatite, phosphate solubility is controlled by other calcium phosphate phases, except for magnesium concentrations greater than approximately10−2 M, where phosphate solubility is controlled by struvite. If the concentration of calcium is increased by about two orders of magnitude (0.2 M), as it was at the start of the experiment for the Ca2+:Mg2+ ratio of 1.0, additional calcium phosphate phases activity ratio lines move above the struvite one and appear to control the solubility of the phosphate (Figure S2). The order of the activity ratio lines do not change appreciably when the ammonium concentration is concurrently increased to 0.2 M.



According to the Gay-Lussac-Ostwald (GLO) step rule, if several solid phases can potentially form with a given ion, the first solid phase to form is the one for which the activity ratio is nearest above the initial concentration. The remaining potential solid phases will form in the order of increasing activity ratio, with the rate of formation of the solid phases decreasing with increasing activity ratios. However, any solid phase can be maintained indefinitely [39]. Consequently, and as per the GLO step rule, the first phosphate solid phases that are expected to form at a magnesium concentration less than approximately 10−2 M are magnesium phosphates, Mg3(PO4)2, and MgHPO4·3H2O. However, phosphate solubility is ultimately controlled by calcium phosphate phases, with a struvite activity ratio line located between the magnesium phosphate and calcium phosphate activity ratio lines. If calcium concentration is exhausted or unavailable, then phosphate solubility is first controlled by magnesium phosphate solid phases and then by struvite. The Mg3(PO4)2 and MgHPO4·3H2O solid phases were not identified in the XRPD analysis, but that does not necessarily mean that they did not form. It is speculated that these phases are transient ones, and they could have formed (even as amorphous ones); however, as the magnesium and phosphate concentrations decreased, due to the formation of the aforementioned magnesium phosphate phases, the equilibrium shifted towards the formation of struvite and dissolution of the magnesium phosphate phases. The significant removal of calcium could be due to the formation of amorphous calcium phosphate phases [27].



The experimental data in this study were plotted at or below the activity ratio lines corresponding to Mg3(PO4)2 and MgHPO4·3H2O. It appears that the presence of the data points at and below the Mg3(PO4)2 and MgHPO4·3H2O activity ratio lines did not preclude the formation of struvite. The experimental data of other struvite co-precipitation studies (where calcium and magnesium concentrations were available) were also plotted within the same data cluster [19,35,59]. Liu and Wang [26] reported that struvite nucleate ahead of magnesium phosphate phases and would later transform to magnesium phosphate under excessive magnesium concentration. The later transformation of struvite to magnesium phosphate does not appear to have occurred in this study, as evidenced by the identification of struvite using XRPD analysis and significant removal rates of ammonium. However, this does not contradict the GLO rule, as any formed solid phase can be maintained indefinitely.



The concentration of ammonium was fixed during the construction of the diagram in Figure 5a as the average of the values obtained in this study. Other assumptions about ammonium concentration could be made; for example, a decrease in the concentration of ammonium by one order of magnitude will result in a downward shift in the struvite activity ratio line of one order of magnitude, placing the activity ratio line of struvite closer to that of magnesium phosphate. On the other hand, an increase in the concentration of ammonium by one order of magnitude will result in an upward shift of the struvite activity ratio line of one order of magnitude. The downward shift will move equilibrium toward the formation of struvite close to and ahead of Mg3(PO4)2, whereas the upward shift will have no effects on the order of formation between that of the struvite and magnesium phosphate solid phases.



The plot of the activity ratio for the solid phases controlling the phosphate concentration versus the concentration of calcium are shown in Figure 5b. At equilibrium, the concentration of phosphate is expected to be controlled by struvite at calcium concentration less than approximately 10−5 M and hydroxyapatite at calcium concentrations greater than approximately 10−5 M. Assuming that the formation of hydroxyapatite could be kinetically delayed for the duration of the experiment, the practical range of calcium concentration that struvite controls phosphate solubility could be extended to less than approximately 10−3.3 M. At calcium concentrations greater than 10−3.3 M, the solubility of phosphate is first controlled by struvite and later controlled by calcium phosphate phases. If struvite nucleates first, then it has the potential to remain stable indefinitely, as per the GLO rule, which could explain its presence in the precipitates. Increasing the concentration of magnesium by about two orders of magnitude (0.2 M), as it was at the start of the experiment, will result in an upward shift of the struvite activity ratio line by two orders of magnitude, thus practically extending the range of calcium concentration, where phosphate concentration will be mainly controlled by struvite (Figure S3).





4. Conclusions


The experimental data showed that increasing the molar ratio of magnesium to ammonium and phosphate during the co-precipitation treatment resulted in a relatively lower ammonium removal rate and lower residual phosphate concentration in the treated leachate. This treatment option appears to be preferable to the one with a higher ammonium removal rate and higher residual phosphate concentration in the treated leachate, due to concerns regarding phosphorus discharge. The thermal treatment of dolomite significantly increased its capacity to remove ammonium from landfill leachates. However, greater ammonium removal rates were achieved by magnesium salt, as compared to the corresponding removal rates of dolomite-derived compounds for a similar Ca2+:Mg2+ molar ratio. This may indicate that dissolved alternative magnesium sources can outperform solid-phase alternative magnesium sources for ammonium removal from wastewater. The reduced efficiency of the solid-phase alternative magnesium sources could be due to the unavailability of magnesium during the co-precipitation reaction. Future studies could focus on the assessment of the produced precipitate as a fertilizer or soil amendment, including the impact of calcium presence. The new insights into the stability of struvite and other phosphate sequestering solid phases could be used advantageously to design better ammonium and phosphate removal and recovery systems via struvite precipitation.
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Figure 1. Ammonium, phosphate and magnesium removal rates vs. (Mg2+:NH4+:PO43−) molar ratios at pH = 9.5 (a) and vs. pH at molar ratios of 1.25:1:1.25 (b). The error bars represent ± one standard deviation for three replicate experiments. 
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Figure 2. Ammonium, phosphate, magnesium, and calcium removal rates for the different treatment conditions using dolomite (Mg2+:NH4+:PO43− = 1.25:1:1.25; pH = 9.5). The error bars represent ± one standard deviation for three replicate experiments. 






Figure 2. Ammonium, phosphate, magnesium, and calcium removal rates for the different treatment conditions using dolomite (Mg2+:NH4+:PO43− = 1.25:1:1.25; pH = 9.5). The error bars represent ± one standard deviation for three replicate experiments.
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Figure 3. Ammonium, phosphate, magnesium, and calcium removal rates for the calcium salt source effects experiments (Mg2+:NH4+:PO43− = 1.25:1:1.25, pH = 9.5). The error bars represent ± one standard deviation for three replicate experiments. 
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Figure 4. XRPD of the precipitates for the (Mg2+:NH4+:PO43− = 1.25:1:1.25; pH = 9.5) experiments using MgCl2, Na3PO4.12H2O, and CaCl2 as magnesium, phosphate, and calcium sources, respectively (a). And the experiments using dolomite under different pretreatment conditions (b). d = dolomite; c = calcite; pe = periclase; l = lime; po = portlandite; st = struvite; ha = halite. 
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Figure 5. Activity ratio diagrams for: (a) PO43− solid phases vs. Mg2+. pH = 9.5, NH4+ = 0.0527 M, Ca2+ = 0.001 M; (b) PO43− solid phases vs. Ca2+. pH = 9.5, NH4+ = 0.0527 M, Mg2+ = 0.0026 M. 
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Table 1. Characterization of the untreated leachate.
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	Parameter
	Value (mg/L)





	pH
	8.26



	BOD5
	1130



	COD
	12,050



	TOC
	3400



	Cl−
	2676.4



	NO3−
	2.5



	PO43−
	57.6



	SO42−
	47.7



	Ca2+
	58.78



	K+
	2483



	Mg2+
	31.82



	Na+
	2000



	NH4+
	4584



	Al
	3.38



	As
	0.062



	Cd
	<0.005



	Cr
	1.77



	Cu
	0.536



	Hg
	0.007



	Pb
	0.127



	Zn
	0.430
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Table 2. Experimental conditions tested.
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	Experiment No.
	Mg2+:NH4+:PO43−

Molar Ratios
	Mg2+ Source
	Ca2+:Mg2+

Molar Ratio
	Ca2+ Source
	pH





	1
	1:1:1
	MgCl2
	0
	-
	9.5



	2
	1.25:1:1
	MgCl2
	0
	-
	9.5



	3
	1:1:1.25
	MgCl2
	0
	-
	9.5



	4
	1.25:1:1.25
	MgCl2
	0
	-
	9.5



	5
	1.25:1:1.25
	MgCl2
	0
	-
	8.5



	6
	1.25:1:1.25
	MgCl2
	0
	-
	10.5



	7
	1.25:1:1.25
	MgCl2
	0.1
	CaCl2
	9.5



	8
	1.25:1:1.25
	MgCl2
	0.2
	CaCl2
	9.5



	9
	1.25:1:1.25
	MgCl2
	0.5
	CaCl2
	9.5



	10
	1.25:1:1.25
	MgCl2
	1.0
	CaCl2
	9.5



	11
	1.25:1:1.25
	CaMg(CO3)2
	1.0
	CaMg(CO3)2
	9.5



	12
	1.25:1:1.25
	MgO
	1.0
	CaCO3
	9.5



	13
	1.25:1:1.25
	MgO
	1.0
	CaO
	9.5
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Table 3. Precipitation reactions used in the construction of the activity ratio solubility diagrams.
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	Solid Phase
	
	
	Log k





	Struvite
	=
	Mg2+ + NH4+ +PO43−
	−13.26



	Ca3(PO4)2am1
	=
	3Ca2+ +2PO43−
	−25.5



	Ca3(PO4)2am2
	=
	3Ca2+ +2PO43−
	−28.25



	Ca3(PO4)2(beta)
	=
	3Ca2+ +2PO43−
	−28.92



	Ca4H(PO4)3·3H2O
	=
	4Ca2+ +H+ +3PO43− +3H2O
	−47.95



	CaHPO4
	=
	Ca2+ +H+ +PO43−
	−19.275



	Hydroxyapatite + H+
	=
	5Ca2+ + 3PO43− + H2O
	−44.333



	Mg3(PO4)2
	=
	3Mg2+ + 2PO43−
	−23.28



	MgHPO4.3H2O
	=
	Mg2+ +PO43− + H+ +3H2O
	−18.175
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