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Abstract

:

Results from different research suggest that metallic iron (Fe0) materials enhance anaerobic digestion (AD) systems to remove organics (chemical oxygen demand (COD)), phosphorus and nitrogen from polluted water. However, the available results are difficult to compare because they are derived from different experimental conditions. This research characterises the effects of Fe0 type and dosage in AD systems to simultaneously remove COD and nutrients (orthophosphate (PO43−), ammonium (NH4+), and nitrate (NO3−)). Lab-scale reactors containing domestic sewage (DS) were fed with various Fe0 dosages (0 to 30 g/L). Batch AD experiments were operated at 37 ± 0.5 °C for 76 days; the initial pH value was 7.5. Scrap iron (SI) and steel wool (SW) were used as Fe0 sources. Results show that: (i) SW performed better than SI on COD and PO43− removal (ii) optimum dosage for the organics and nutrients removal was 10 g/L SI (iii) (NO3− + NH4+) was the least removed pollutant (iv) maximum observed COD, PO43− and NO3− + NH4+ removal efficiencies were 88.0%, 98.0% and 40.0% for 10 g/L SI, 88.2%, 99.9%, 25.1% for 10 g/L SW, and 68.9%, 7.3% and 0.7% for the reference system. Fe0-supported AD significantly removed the organics and nutrients from DS.
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1. Introduction


Anaerobic wastewater treatment systems are commonly used in developing countries due to: simplicity, low construction, operation and maintenance costs, and facilitating recovery of resources from wastes. However, conventional systems achieve poor to moderate effluent quality and have a more extended start-up period [1,2]. The effluents from anaerobic reactors require polishing to further remove residual COD for compliance [3,4]. On the other hand, nitrogen (N) and phosphorus (P) are common contaminants found in significant concentrations in domestic sewage and may result in the eutrophication of surface water sources at a certain P to N ratio [5,6,7]. Different studies evaluated and suggested innovative approaches for improving the efficiency of anaerobic digestion. The approaches include pre-treatment co-digestion, digester design [8,9,10], and additives’ application of additives [11]. The additives include (i) ashes from waste incineration, (ii) the supplements of macro- (e.g., P, N, and sulphur (S)) and micro- (cobalt (Co), iron (Fe), molybdenum (Mo), nickel (Ni), selenium (Se), and tungsten (W)) nutrients (iii) compounds (e.g., bentonite, glauconite, phosphorite, and zeolites) capable of mitigating ammonia inhibition (iv) bioaugmentation and (v) compounds (e.g., Fe0 and FeIII) with high biomass immobilisation capacity [11].



Metallic iron (Fe0), as an efficient additive in Fe0-amended anaerobic digestion systems, have been reported to enhance the performance of anaerobic systems in removing organics and nutrients [12,13,14]. Fe0-amended anaerobic digestion systems have been linked with the following performances: (i) increasing the efficiency of hydrolysis and acidogenesis and the production of methane in the digestion of waste activated sludge [15]; (ii) increased the overall performance in the digestion of food wastes [16]; (iii) preventing excessive acidification in the digestion of food wastes [16,17]; (iv) enriching methane of biogas in the digestion of palm oil mill effluent [18] (v) enhancing the conversion of propionate to acetate [19]; and (vi) enhancing the COD removal and methane production in the treatment of swine wastewater [12]. On the other hand, Fe0 materials have been reported to play a role as a cofactor of different enzymatic activities, facilitating fermentation and providing a more favourable environment for anaerobic digestion due to their ability to decrease the oxidative-reductive potential of anaerobic digestion media [20]. Moreover, Fe0 materials accelerate the hydrolysis and fermentation stages [21]; enhance the production of more soluble organics during the hydrolysis process, regulate acidification in anaerobic digestion [22]; enhance the reduction in the accumulation of propionate, the unfavourable substrate in anaerobic digestion [19].



Furthermore, the potential of the Fe0 materials to remove nutrients from wastewater has been reported in different researches: (i) Fe0-supported autotrophic denitrification is a promising technology in the treatment of low carbon wastewater [13,23] (ii) the reactor fed with the steel wool and P. denitrificans denitrified 64% of the added NO3− to N2O, and reduced only 28% of it to ammonium [23] (iii) According to Tchobanoglous [6], phosphate removal can be realised through adsorption by hydrous ferric, phosphate incorporation into the structure of hydrous oxide, and formation of ferric phosphates that are removed as precipitates. For improving the performance of anaerobic wastewater treatment systems, Fe0 material has been acknowledged as one of the prominent additives due to its abundance, affordability, non-toxicity, and worldwide availability (e.g., steel wool) [14,24,25,26,27].



In addition to the intrinsic characteristics of Fe0 materials [28,29], the experimental operational parameters such as pH, dissolved oxygen (DO), iron dosage, iron pretreatment, mixing conditions, volume of the reactor used, volume of the added solution, contact time and temperature also influence the performance of the Fe0 materials in pollutants removal [29,30,31,32]. One of the most important characteristics of wastewater that greatly affects the rate of pollutants removal by Fe0 materials is the pH [29,30,32]. Different optimum pH ranges have been reported for different contaminants removal by Fe0-supported biological wastewater treatment systems [29,30]. For instance, it was reported that: the highest removal of perchlorate was achieved at the pH of 7.0 and little if any reduction was observed at the pH of 6.0 or 9.0 [33,34]; the optimum pH of 7.6 to 8.4 was identified for the ammonium nitrogen (NH4+-N) and total nitrogen (TN) removal in the biological denitrification process based on Fe0–carbon micro-electrolysis denitrification [35]; in the bioremediation of copper-containing wastewater by sulphur reducing bacterial coupled with Fe0, the 99% total sulfate removal was achieved at pH 4.0 t0 7.0 [36].



Many types of research on the Fe0-supported anaerobic digestion focused on the mechanisms and improving stages of the anaerobic digestion pathway (hydrolysis, acidogenesis, acetogenesis, and methanogenesis) for different types of organic wastes [21,30,37]. Moreover, with different wastewaters, few researchers separately studied nitrate or phosphorus removal by Fe0. Similarly, in the review article by Xu [30], it was revealed that most of the studies on the integration of Fe0 in the anaerobic digestion of wastewater focused on one type of pollutant with a relatively high concentration. Additionally, the available results were derived from experiments performed under very different conditions and thus difficult to compare. No study has compared the significance of Fe0-supported anaerobic digestion system in the simultaneous removal of organics (COD) and nutrients (PO43− and NO3− + NH4+) from domestic sewage.



On the other hand, each Fe0 material has its intrinsic reactivity [28,38,39]. For this reason, different performances are expected in Fe0–supported effluent treatment systems using different Fe0 specimens for the treatment of the same effluent. However, the significances of the differences are also difficult to compare based on the available results because the available results were also derived from experiments performed under very different conditions. Therefore, different performances of the tested Fe0-supported anaerobic digestion systems in pollutants (PO43− and NO3− + NH4+) removal from domestic sewage were expected in this study due to the following; (i) different types of the Fe0 materials (SI and SW) tested and (ii) varied dosages of SI materials



This study compares Fe0 types and dosages on the simultaneous removal of organics (COD) and nutrients (PO43− and NO3− + NH4+) from domestic sewage. The experiment involved the anaerobic batch reactors operated at 37 ± 0.5 °C for 76 days. The samples collected from the tested Fe0-supported anaerobic batch reactors and the reference system (reactor without Fe0) were analysed for PO43− and NO3− + NH4+ to compare the systems’ significances in the pollutants removal. The basis for comparison in the significance of the difference in performances between the systems were; (i) the difference in pollutants removal performance between the reactors dosed with Fe0 materials (SI or SW) and the reference system, and (ii) between the reactor dosed with SI and that with SW materials. Selection of Fe0 materials dosages (1, 4, 10, 15, and 30 g Fe0/L) was based on experience. Fe0 material dosages ranging from 0 to 50 g/L have been successfully applied in various research with less than 30 g Fe0/L optimum dosages [12,18,40,41,42,43]. The research studies how significant the Fe0-supported anaerobic system is in removing organics and nutrients from particular organic wastes (domestic sewage) as the contribution to the move toward using anaerobic digester as a unit for organics and nutrients removal.




2. Materials and Methods


2.1. Material


2.1.1. Sludge and Wastewater


Sludge used as the inoculum was collected from the operating septic tank treating domestic wastewater from the students’ hostel at the Nelson Mandela African Institution of Science and Technology (NM-AIST). The sludge had a pH of 6.8, COD of 3.425 gCOD/L, tototal solids (TS) of 12.85 gTS/L, total volatile solids (TVS) of 7.71 gVS/L, volatile suspended solids (VSS) of 5.25 gVSS/L, total phosphorus (TP) of 165 mg P/L, and total kjeldahl nitrogen (TKN) of 885 mg/L.



The wastewater used in this study was collected below the scum layer at the inlet zone of the septic tank to avoid as much as possible the floating objects, oil, and grease. The wastewater had the following characteristics: pH of 7.5, COD of 408 mg COD/L, PO43− of 17.8 mg PO43−/L, NO3− of 19.8 mg NO3−/L, and NH4+ of 53.1 mg NH4+/L.




2.1.2. Fe0 Materials


The Fe0 materials used in this study were scrap iron and commercial steel wool with product code FGSK003. The materials were used in this experiment because they are readily available, cheap, and their reactivities based on the past experiments [28,44]. The scrap iron materials were generated from the lathing machine at Mbeya University of Science and Technology (MUST, Mbeya, Tanzania), while Steel wool (Africa) Limited (Nairobi, Kenya) manufactures the commercial steel wool product. Both materials were not protected from air oxidation. The steel wool materials used had an iron content of 99.25%, while the scrap iron materials had 98.68% (Table 1). The elemental composition of the Fe0 materials was determined using Bruker S1 TITAN 800 XRF spectrometer (Bruker, Billerica, MA, USA). The steel wool material was cut into equal pieces of about 25 mm, while scrap iron ranged between 4 mm and 20 mm (Figure 1).





2.2. Experimental Procedure


2.2.1. Fe0 Reactivity


A dissolution experiment was performed using 0.1 g of each material (SW or SI) in 50 mL of 2 mM 1, 10 Phenanthroline for 120 h at an undisturbed condition. The materials were weighed and submersed into plastic bottles containing 50 mL of 1,10 Phenanthroline. There were no pre-treatments carried out to the materials before testing. The experiments were performed in triplicates and protected from sunlight [28]. The results of total iron concentrations presented are the average values.




2.2.2. Contaminants Removal


The study involved testing of nine different reactors described in Table 2. The reactors were fabricated using a PVC pipe with a nominal diameter of 110 mm. Each reactor had a total capacity of 3500 mL. Except for the two reactors (System VIII and System IX) that were fed with 3000 mL distilled water and Fe0 materials, each of the other reactors (Systems I to VII) were fed with 3000 mL of domestic sewage, 300 mL of inoculum, and Fe0 materials. All reactors were operated parallel in a water bath at quiescent conditions, batch mode, and a mesophilic temperature of 37 ± 0.5 °C. The systems II to VI are anaerobic reactors dosed with various amounts (Table 2) of SI materials to compare the effects of varying SI materials dosages in pollutants removal. The comparison between SI and SW materials’ effect on pollutants removal was studied using systems IV and VII. Both systems (IV and VII) were fed with the same domestic sewage and dose but different types of Fe0 materials (Table 2). The systems IV, VII, VIII and IX, were used to study the behaviour of Fe0 materials (SI or SW) in domestic sewage. The distilled water medium was used for comparison purposes. Each of the systems (IV, VII, VIII and IX) was dosed with 10 g/L of Fe0 materials but the different medium (DS or DW) or type of Fe0 materials (SI or SW) (Table 2). The system I was used as control (no Fe0 materials added) for the systems (II to VII) treating domestic sewage (Table 2).



Samples from the reactors (Systems I to IX) were taken through sampling ports controlled by a ball valve every second to the third day of operation. In order to assess pollutants removal performance, the samples were analysed for chemical oxygen demand (COD), nitrate (NO3−), orthophosphate (PO43−), and ammonium (NH4+). Total Iron (Total-Fe) and pH were also for monitoring purposes. For systems VIII and IX, only the pH and Total-Fe were analysed to compare the medium’s impact on the materials’ dissolution and pH changes. The analysis of COD, NH4+, NO3−, PO43− and Total-Fe followed the APHA recommended standard methods for examining wastewater.





2.3. Analytical Methods


The iron concentrations were determined using a DR2800 spectrophotometer manufactured by HACH Company in Berlin, Germany, at a wavelength of 510 nm using a 5 cm cuvette. The testing procedures were adopted from Lufingo [28] and Hu [44]. The name of the method used and its limits of quantification for the analysed parameters were: Low Range (LR) reactor digestion and 3–150 mgCOD/L for COD, Nessler reagent and 0.02–2.5 mg NH4+-N/L for NH4+, High Range (HR) Cadmium reduction and 0.3–30 mgNO3− -N/L for NO3−, PhosVer 3 and 0.02–2.5 mgPO4−3/L for PO4−3, FerroVer and 0.002–3.00 mgFe/L for Total iron, and Nessler and 1–150 mgTKN/L for Total Kjeldahl Nitrogen. Excerpt for the pH measured using Orion Star A214 pH meter; other monitored parameters were analysed using DR 2800 spectrophotometer manufactured by HACH Company based in Berlin, Germany.




2.4. Statistical Analysis


The Microsoft Excel program was used in the statistical analysis of different data sets and plotting graphs. The statistical treatment of the results to determine the means, standard deviations, correlation coefficients, and significance were accomplished using Microsoft Excel 2019 software. The software was used to determine the statistical significance tests for some observations, n > 10, two-tailed student t-test, n–2 degrees of freedom, and the confidence interval, p = 0.01. The tests were performed to assess whether there was a significant difference in pollutants removal between (i) the systems with Fe0 materials and the reference (system without Fe0 materials) and (ii) the system with SI Fe0 materials and that with SW Fe0 materials. The Pearson correlation coefficient (R2) was determined to evaluate the strength and direction of a linear relationship between the observed total iron and residual pollutants (COD, PO43− and NO3− + NH4+) concentrations in the tested Fe0-supported anaerobic digestion systems. The adopted evaluation criteria were as follows: (i) the R2 values >0.8 or <−0.8 depicts high positive or high negative correlation (ii) R2 values from 0.6 to 0.8 or −0.6 to −0.8 depicts good positive or negative correlation (iii) R2 values from 0.4 to 0.6 or −0.4 to −0.6 depicts moderate positive or negative correlation (iv) R2 values from 0.2 to 0.4 or −0.2 to −0.4 depicts low positive or negative correlation, and (v) R2 values between 0.2 and −2 fall in the no significant correlation [45].



The Design-Expert pro version 13 software was used to optimise metallic iron (Fe0) materials dosages. The goal of optimisation in this study was to determine a dose (in mg/L) of Fe0 materials that optimally minimises the observed concentrations of the pollutants (COD, PO4−3 and NO3− + NH4+) in the Fe0-supported anaerobic digestion of domestic sewage. The software was used to generate desirability indices to rank the performance of the tested anaerobic digestion systems. The indices are generated from several responses, factors, and goals. For this research, the responses were the observed COD, PO4−3 and NO3− + NH4+ concentrations, the factors were time and Fe0 materials dosages, and the goal was to minimise the pollutants’ concentrations (COD, PO43− and NO3− + NH4+). The indices range from zero outsides of the limits to one at the goal [46,47].




2.5. Determination of Pollutants’ Removal Efficiency


The pollutants (COD, PO4−3 and NO3− + NH4+) removal efficiency achieved in each reactor was calculated using the formula presented in Equation (1).


η = 100 × (C0 – Ct)/C0



(1)




where η = pollutants removal efficiency (%), C0 = Initial pollutants concentration (mg/L), and Ct = pollutants concentration observed at any time (mg/L).





3. Results and Discussion


3.1. Fe0 Reactivity


Figure 2 presents the observed iron concentration results resulting from SW and SI materials dissolution by 2 mM 1, 10 Phenanthroline. The results indicate that the observed iron concentrations increase with time and continuously increase even after 120 h of experimental operation. However, a linear increase was observed within 24 h of experimental operation. Similar observations were reported elsewhere [28]. The results indicate that higher iron concentration (7.11 mg-Fe/L) was attained with SW materials than that (3.7 mg-Fe/L) with SI materials within 120 h of experiment operation. Based on the procedures for specifying the Fe0 materials’ reactivity as adopted from Lufingo, Ndé-Tchoupé [30], the following results were obtained: (i) the identified linear (R2 = 0.9786 for SI and R2 = 0.9612 for SW) timeframe was between 2nd to 10th hour (Figure 2) (ii) the rate of dissolution (Kphen) for SI and SW materials were 4.41 µg/h and 5.05 µg/h, respectively (iii), amount of FeCPs (mg/L) on Fe0 materials or the fraction thereof that is dissolved by 1, 10 Phenanthroline, b for SI and SW were 5.23 µg and 91.36 µg, respectively. Therefore, SW materials have a higher dissolution rate and are more reactive than SI materials. It is expected that SW will perform better than SI materials in the pollutants removal mechanisms that mainly depend on the reactivity of Fe0 materials. However, too reactive Fe0 materials (e.g., nano scaled Fe0) have been linked with impairment of microbial degradation of pollutants, while lower reactive Fe0 materials (e.g., micro-scaled Fe0) with longer-lasting in anaerobic digestion, and slower release of the H2 that support microbial respiration [48].



The two main reasons for the difference in reactivity among different Fe0 materials are the surface area and the elemental composition (an alloy of iron and other metals) of the materials [28,49,50]. In this study, different percentages of heavy metals have been observed in the tested Fe0 materials (Table 1). Although heavy metals have been reported to be inhibitory and toxic to some biochemical reactions in anaerobic digestions systems [51,52,53], application of Fe0 material reduces the concentrations of heavy metals in Fe0-supported anaerobic digestion systems [54,55].




3.2. Effect of Fe0 Materials Dosage on Pollutants Removal


3.2.1. COD


Figure 3a compares the COD removal efficiencies achieved due to the varied dosages of SI materials. The results show that the systems (II to VI) dosed with Fe0 materials reached the stead state faster between 35th–39th days, in contrast with the system I (reference system) that attained the stead state two weeks later on the 53rd day of operation. Apart from that, the lowest (68.9%) and highest (87.7%) COD removal efficiencies were observed in systems I and IV, respectively (Figure 4).



Statistically, there was a significant difference in COD removal between System I (M = 42.3%, SD = 28.1%) and System IV (M = 63.2%, SD = 32.0%), t (31) = −10.4, p < 0.01, two-tailed. On the other hand, based on the maximum pollutant’s removal efficiencies achieved (Figure 4) and the average observed COD concentrations (Table 3), the ranking of COD removal performance starting from the best to least performed system (among the systems dosed with SI materials) follows the following trend; IV > V > VI > III > II > I. The ranking shows the increased COD removal efficiency with the increased SI material dosages from 0 to 10 g/L and the decreasing COD removal efficiencies for the SI dosages above 10 mg/L (15 and 30 g/L).



The improved performance of anaerobic digestion of wastewater by Fe0 materials addition has been reported in different studies. For instance, it was reported that Fe0 materials facilitate fermentation, provide a more favourable environment for anaerobic digestion, accelerate hydrolysis and fermentation stages, cause proliferation of microbes [12,19,20]. On the other hand, the decrease in pollutants removal efficiency noted at higher dosages (15 and 30 g/L) of Fe0 materials (Figure 3a and Figure 4) may be due to negative impacts by higher SI dosages, as reported elsewhere [12,41]. Antwi [41] reported the following findings when studied the impact of Fe0 dosing on biomethanation and distribution of microbial community in Fe0-supported AD: (i) the microbial community population was optimally enhanced at 10 g/L dosage of Fe0 and (ii) depopulation of the microbes was significant at higher dose (20 g/L) of Fe0 materials. According to Wu [12], higher Fe0 dosages negatively impact the microbial activities in anaerobic digestion through encapsulation and damage of the cells’ structures. However, among the tested dosages (3, 7, 15, 25, and 50 g/L) of Fe0 powder in swine wastewater treatment, the negative effects were observed in Fe0 dosage of 50 g/L [12]. While in this research, the effects were observed in 15 and 30 g/L dosages. According to Konadu-Amoah [56], the addition of Fe0 materials into the polluted water lead to a generation of iron corrosion products (FeCPs) that mediate contaminants removal. However, excessive precipitating FeCPs (Equation (3)) due to higher Fe0 materials doses may enmesh, adsorb and or inactivate some microorganisms responsible for the digestion of the pollutants [56,57,58]. Although the increased Fe0 materials mass loading is required for producing enough H2 for the microbial respiration (Equation (2)) [13,20,48] but too large doses should be avoided for contra-productivity, as shown here (Figure 3a and Table 3) and elsewhere [12,18]. Therefore, the case-to-case optimisation studies for Fe0 materials dosage must be carried out because the effects of the materials in the anaerobic digestion of wastes may significantly vary with the nature of the treated wastes and or type and dosage of Fe0 materials.


Fe0 + 2H2O→H2 + Fe2+ + 2OH−



(2)






Fe3+ + Fe2+ + nH2O→FeII, FeIII and mixed oxyhydroxides



(3)








3.2.2. PO43−


Figure 3b compares the PO43− removal efficiencies achieved due to the varied dosages of SI materials. The impact of the varied dosages of SI materials on the removal of orthophosphate achieved in the reactors was evaluated based on the removal efficiencies. Ranking of the reactors’ performances based on the maximum PO43− removal efficiencies (Figure 4) and the average observed PO43− concentrations (Table 3) starting from the best to least performed system (among the systems dosed with SI materials) follows the following trend; IV > V > VI > III > II > I. The lowest (7.3%) and highest (98.3%) PO43− removal efficiencies were observed in 0 g/L and 10 g/L reactors, respectively (Figure 4). Statistically, there was a significant difference in PO43− removal between System I (M = 7.9%, SD = 16.6%) and System IV (M = 74.5%, SD = 35.2%), t (31) = −20.1, p < 0.01, two-tailed.



The trend of the observed removal of orthophosphate in the reactors is presented in Figure 3b. The increasing trend of orthophosphates concentration in the reactors in the initial eight days of the start-up period may be mainly linked to the partitioning of the soluble phosphorus between the solid (from the seed sludge and domestic sewage) and liquid phases influenced by pH and temperature changes. Drop in pH and rise in temperature contribute to the dissolution of the bound phosphorus. During this period: (i) within 22 min, the temperatures of the reactors’ contents were raised from 24 °C to a constant operational temperature of 37 ± 0.5 °C in a water bath (ii) the pH dropped in all reactors (Figure 3d) (iii) the highest increase in PO43 concentration from 17.8 to 26.1 mg/L (Figure 3b) and the highest drop in pH from 7.5 to 7.1 was observed in the System I (Figure 3d) and (iv) the observed PO43− concentration in the System I is negatively related to pH with a correlation coefficient, R2 = −0.99. Previous studies also linked rising concentration of soluble phosphates in anaerobic digestion with the hydrolysis of the bound phosphorus and dissolution of the same in low pH values [59,60]. The decrease in PO43− concentration observed from the second week of operation (Figure 3b) for the reference reactor is possibly due to microbial removal through cell synthesis [6] and precipitation by cations (Ca2+ and Mg2+, Al3+ and Fe2+) that usually present in wastewaters or adsorption by suspended solids [59,61,62]. Although this study did not monitor all the cations, the maximum total iron concentration of 1.09 mg/L was observed in the reactor without Fe0 materials.



Results presented in Figure 4 show that the lowest (7.3%) and highest (98.3%) PO43− removals were achieved in the reference reactor (System I) and System IV, respectively. The results imply that Fe0 materials increased the overall performance of the anaerobic system in PO43− removal by more than 90%. Low PO43− removal is known in conventional anaerobic wastewater treatment. For instance, the overall phosphorus removal of less than 10% has been reported in full-scale anaerobic digestion plants [63]. The higher PO43− removal achieved in reactors dosed with SI materials (Figure 4) is conceivably due to enhanced precipitation and adsorption of phosphorus by the Fe0 materials corrosion products. The removal of phosphate by metallic iron can be realised through adsorption by hydrous ferric, phosphate incorporation into the structure of hydrous oxide, and formation of ferric phosphates as generally described by Equation (4) [6,32,64].


   1    . 6 Fe    3 +      + H   2    PO  4 −   + 3     . 8 OH   −     →   pK = 67   . 2         Fe    1  . 6     H 2    PO  4     ( OH )    3  . 8    ↓   



(4)







On the other hand, it was expected for the higher Fe0 dosages (i.e., 15 and 30 g Fe0/L) to perform better in PO43− removal because of proportional increases of active sites with the increase of Fe0 dosages (linear relationship) [29]. However, due to the complexity of the Fe0-mediated biological pollutants removal systems, nonlinear relationships have also been reported [30]. For instance, in the fluidized Fe0 bed reactor for nitrate removal, the nitrates concentrations remained constant for the Fe0 dosages greater than 10 g [40]. The relatively lower performance of higher dosages of Fe0 materials in this study is perhaps due to the following: (i) less bioaccumulation of phosphorus due to fewer microbes in the systems with higher Fe0 dosages (Section 3.2.1) (ii) the rapid precipitation of the FeCPs may quickly form a layer that blocks the mass transfer of pollutant (PO43−) between Fe0 materials at the bottom of the reactor and the pollutants in the solution (domestic sewage) (Section 3.2.1). The inactivation by FeCPs is expected to be more severe in this study because the reactors were operated in batch mode without mixing [29,30].




3.2.3. NO3− + NH4+


Figure 3c compares the effects of the varied dosages of SI materials on removing NO3− + NH4+. The results show a general increasing trend of NO3− + NH4+ concentration in all the reactors for the first two weeks of operation followed by a continuous decrease for the next six weeks, and back to the increasing trend for the rest three weeks of operation. Ranking of NO3− + NH4+ removal performance (among the systems dosed with SI materials) starting from the best to least performed system follows the following trend; IV > V > VI > III > II > I (Figure 4 and Table 3). The lowest (0.7%) and highest (39.9%) NO3− + NH4+ removal efficiencies were observed in System I and System IV, respectively (Figure 4). Statistically, there was a significant difference in NO3− + NH4+ removal between System I (M = −22.2%, SD = 11.9%) and System IV (M = 14.9%, SD = 15.7%), t (31) = −5.2, p < 0.01, two-tailed.



According to Till [23], the abiotic reactors fed with steel wool converted the entire added nitrate to ammonium (Equation (5)) while the biotic reactor fed with the same materials caused more denitrification (Equation (6)) than the generation of ammonium. The results imply that the Fe0 materials in the reactors without microbes convert nitrogen to ammonium, while with the presence of microbes, the materials cause more denitrification than the production of ammonium. Therefore, based on these findings, the increase in NO3− + NH4+ concentration observed during the initial stages of the reactors’ operation was due to relatively fewer denitrifying bacteria and, therefore, a more significant portion of the nitrogen converted to ammonium.



On the other hand, the observed decreasing of NO3− + NH4+ concentration in the reactors may be associated with the build-up of denitrifying bacteria population that denitrified most of the available nitrogen. The relatively high performance of Fe0 materials dosed reactors compared to the reference reactor can be linked to the proliferation of microbial community due to enhanced hydrogen respiration by the Fe0 materials [13,20]. According to Deng [13], Fe0 materials enriches autotrophic denitrifiers.


4Fe0 + NO3−+ 7H2O→4Fe2+ + NH4+ + 10OH−



(5)






2NO3− + 5H2→N2 + 4H2O + 2OH−



(6)







The decrease in NO3− + NH4+ removal efficiency noted at higher dosages (15 and 30 g/L) of Fe0 materials (Figure 3c and Figure 4) may be due to inactivation and depopulation of the nitrifiers caused by higher Fe0 dosages as elaborated in Section 3.2.2. Specifically, the inactivation and death of the denitrifiers have been reported by Schädler [65]. The report describes that FeCPs adsorbs and form a layer to the cells’ surfaces of microbes that interfere with substrate and nutrients diffusion to the cell, consequently leading to the stagnation and, eventually, the death of the microbes.



The decline in NO3− + NH4+ removal from around 45th day of operation (Figure 3c) is conceivably a result of higher death rate of cells than production due to substrate deficit [5,6]. Therefore, the increase in nitrogen concentration in the system is presumably due to release by the decomposed dead cells. It is also perceived that the nitrate from the decomposition of the dead microbes is converted more to ammonium by Fe0 than denitrified because of the negligible number of microbes as described elsewhere [23].





3.3. Effects of Types of Fe0 Materials on Pollutants Removal


Figure 5a compares the impact of different types of Fe0 materials on COD removal. Generally, the figure indicates that compared to the reactor without Fe0 materials, both SI and SW materials improved the performance of the reactors to remove COD. However, statistically, there was no distinguishable difference in the observed COD removal between System IV (M = 63.2%, SD = 32.0%) and System VII (M = 63.5%, SD = 31.9%), t (31) = −1.2, p > 0.01, two-tailed. Therefore, based on the statistical analysis, similar results are expected when either SI or SW materials are applied in Fe0-supported anaerobic digestion of domestic sewage for COD removal.



Results in Figure 5b describes the comparison of the impact of SI and SW materials on PO43− removal. The results indicate that the PO43− removal in all observations were lower in the reference (System I) than in System IV or VII. Therefore, compared to the reference, both SI and SW materials improved the performance of the reactors in removing PO43−. However, statistically, there was a significant difference in PO43− removal between System IV (M = 74.5%, SD = 35.2%) and System VII (M = 87.1%, SD = 27.1%), t (31) = −3.5, p < 0.01, two-tailed. The statistics show that SW materials will perform better than SI materials in Fe0-supported anaerobic digestion of domestic sewage for PO43− removal. Since the PO43− removal is mainly due to enhanced precipitation and adsorption of phosphorus by the Fe0 materials corrosion products. The results were expected because the tested SW materials have a higher dissolution rate than scrap iron materials (Section 3.1). The higher reactivity of SW compared to SI materials results in more generation FeCPs that scavenge and remove more PO43− (Section 3.2.2). It was expected that the remarkable raising of pH observed in system VII from around 45th day of the reactors operation (Figure 5d) could significantly affect the removal of PO43− because at higher pH values passivation of Fe0 materials by FeCPs is high [66]. However, the expected pH raising effects could not be evident probably because the Fe0 materials performance was already affected by passivation caused by aging as reported elsewhere [67].



Comparison of the impact of SI and SW materials on the removal of nutrients as NO3− + NH4+ is presented in Figure 5c. The results show that the minimum observed NO3− + NH4+ removal in all observations were relatively lower in the reference (System I) than in System IV or VII. Accordingly, compared to the reference, both SI and SW materials improved the performance of the reactors in removing NO3− + NH4+. However, statistically, there was no distinguishable difference in the observed NO3− + NH4+ removal between 10 g/L SI reactor (M = 14.9%, SD = 15.7%) and 10 g/L SW reactor (M = 12.1%, SD = 9.8%), t (31) = 1.6, p > 0.01, two-tailed. Although Fe0 significantly improved the removal of NO3− + NH4+ as compared to the system without Fe0 (Section 3.2.3), NO3− + NH4+ was the least removed pollutant (among COD, NO3− + NH4+ and PO43−) regardless the type of Fe0 materials used (Figure 5a–c). The less removal of the pollutant is conceivable because some nitrate present in the system is converted to ammonium instead of denitrification (Section 3.2.3). Within four (4) days of reactors’ operation, the observed NH4+ and NO3− removals were; −4.1% and 4.0% for the system I, −17.1% and 33.3% for system IV, and −18.6% and 58.1% for system VII. During this period of reactors’ operation, it was clear that there was a relatively higher; (i) nitrate removal in the reactors dosed with Fe0 materials compared with the reference system (system I) (ii) NH4+ accumulation rate in the reactors dosed with Fe0 materials compared with the reference system (iii) NO3− removal in the reactor dosed with SW materials (system VII) compared to that with SI materials (system IV) (iv) NH4+ accumulation rate in the reactor dosed with SW materials compared to that with SI materials. The relatively higher NO3− removal and NH4+ accumulation rates in the Fe0 materials dosed reactors (systems IV and VII) compared to the reference (System I) may be linked to the conversion of some NO3− to NH4+ instead of denitrification (Section 3.2.3). The relatively higher NO3− removal and NH4+ accumulation rates in System VII compared to System IV may be linked to the higher reactivity of SW materials in System VII (Section 3.1). The relatively higher removal efficiency decline rate of NO3− + NH4+ as from 45th day for 10 g/L SW (Figure 5c) may be attributed to the higher death rate of microbes resulting from substrate deficit and abrupt rise in pH. The suitable pH range for anaerobic wastewater treatment is 6.5 to 7.8, and above the pH of 8.5, ammonia toxicity to the methanogens begins [64]. Therefore, it is perceived that the decomposing biomass of the dead microorganisms release the nitrogen.



Statistical analysis shows negative relationships between the observed pollutants (COD, NO3− + NH4+, and PO4−3) and total iron concentrations in Systems IV and VII. The correlation coefficients between the observed pollutants and total iron concentrations for System IV were; R2 = −0.93 for COD, R2 = −0.90 for PO43−, and R2 = −0.21 for NO3− + NH4+ while for System VII were; R2 = −0.78 for COD, R2 = −0.86 for PO43−, and R2 = −0.45 for NO3− + NH4+. The results imply that the higher the dissolution of Fe0 materials, the higher is the removal of pollutants (COD, NO3− + NH4+, and PO43−). Regarding that, it was expected that the tested SW materials with a higher dissolution rate than scrap iron materials (Section 3.2) to perform significantly better in the removal of all analysed pollutants (COD, NO3− + NH4+, and PO43−), but it was not particularly for COD and NO3− + NH4+. The reason may be because the removal of COD and NO3− + NH4+ is highly dependent on microbial digestion, in contrast with the PO43− removal, which mainly depends on the enhanced precipitation and adsorption by the Fe0 corrosion products. However, the correlation coefficient R2 = −0.21 for NO3− + NH4+ implies that there is low negative correlation between the observed NO3− + NH4+ and total iron concentrations (Section 2.4). Therefore, NO3− + NH4+ removal is not strongly dependent on the increase of the total iron concentration in the system. The reason may be because excessive iron concentrations may abiotically convert NO3− to NH4+ instead of the desired denitrification (Section 3.2.3).



The SW materials raised the pH of domestic sewage above recommended range for anaerobic digestion. The suitable pH range for anaerobic wastewater treatment is 6.5 to 7.8, and above the pH of 8.5, ammonia toxicity to the methanogens begins [61,64]. However, the following ranges in pH changes were observed: 7.5 to 6.7 in System I, 7.5 to 7.7 in System IV and 7.5 to 8.8 in System VII (Figure 5d). Therefore, the results suggest that: (i) Fe0 materials have the potential to raise the pH of domestic sewage, and (ii) SW materials have a higher chance than SI to cause the problem of high pH in Fe0-supported anaerobic digestion of domestic sewage. Different research in different types of wastewaters also have reported different pH rise ranges caused by the addition of Fe0 materials. For instance, in Fe0 aided anaerobic treatment of pome oil mill effluent, the pH range between 7–9 was observed [16]. The potential of Fe0 materials to raise the pH in anaerobic digestion can be linked to hydroxyl ions released during anaerobic oxidation of the materials (Equation (2)). Similarly, according to [21], steel wool Fe0 materials with a small specific area did not significantly raise the pH in the anaerobic digestion of synthetic wastewater, while the Fe0 powder with a relatively larger specific area raised the pH of the wastewater to above 10. The case possibly is the reason in this study that the SW materials caused a relatively higher rise in the pH of domestic sewage than SI materials. The rising of pH observed in system VII from around 45th day of the reactors operation (Figure 5d) was perhaps due to depletion of volatile fatty acids that served as a pH buffer [43]. The pH effect was significant in system VII, perhaps because of the higher reactivity of SW compared to SI materials leading to more generation of hydroxyl ions (Equation (2)).




3.4. Optimisation of Fe0 Materials Dosage


The optimum dosage of the studied materials was analysed to minimise the concentration of pollutants (COD, NO3− + NH4+ and PO43−) in the treated effluents. The summary of optimisation constraints is presented in Table 4. Furthermore, Table 5 summarises the optimum solutions of the objective function based on the highest desirability index for each of the tested dosages of Fe0 materials.



The performance ranking of systems based on simultaneous removal of pollutants (COD, NO3− + NH4+ and PO4−3) are presented in terms of desirability indices in Table 5. The ranking followed the following trend; IV > VII > V > VI > III > II > I. The optimum system (System IV) scored the highest desirability index of 0.985. The remained COD, NO3− + NH4+ and PO4−3 concentrations in the optimum reactor were 57.9 mg COD/L, 43.8 mg NO3− + NH4+/L, and 0.5 mg PO43−/L, respectively, attained within 60 days of operation (Table 5).




3.5. Behaviour of Fe0 Materials in Domestic Sewage


Figure 6a,b presents the comparison of the potentials of different Fe0 materials (SI and SW) to raise pH of the different mediums (domestic sewage and distilled water).



A relatively higher maximum pH values (9.4) was observed in System IX compared to that (8.8) in System VIII (Figure 6a). On the other hand, a relatively higher maximum pH value (8.8) was observed in System VII compared to that (7.5) in System IV (Figure 6b). Apart from that, the observed pH of distilled water in System IX raised to a maximum value (9.4) within six days of operation (Figure 6a), while that of domestic sewage in System VII was raised to the maximum value (8.8) within sixty days of operation (Figure 6b). Therefore, the results suggest that: (i) SW has a higher potential in raising the pH of both water and domestic sewage than SI materials and (ii) Fe0 materials raise the pH of distilled water faster than domestic sewage. Anaerobic digestion of wastewater goes through the acidogenesis stage marked with the generation of volatile fatty acids, particularly butyrate, propionate, and valerate [6]. Therefore, a portion of OH− released during anaerobic oxidation of Fe0 materials (Equation (2)) is neutralised; hence the system’s pH is regulated.



Results on the impact of SI and SW materials on the observed total iron concentration in the reactors fed with the same domestic sewage or distilled water are presented in Figure 6c,d. The results indicate that the maximum total iron concentrations in Systems IV, VII, VIII, and IX were 6.19 mg/L, 7.05 mg/L, 7.70 mg/L, and 10.80 mg/L, respectively. The results imply that the dissolution of SW material is higher than that of SI materials in both domestic sewage and distilled water. The observed total iron concentration dropped sharply from maximum to the lower minimum in distilled water (Figure 6c) compared to in domestic sewage (Figure 6d). The phenomenon occurs because the passivation rate of metallic iron materials reduces in the presence of organic carbon [13]. The organic carbon content in distilled water is certainly negligible compared to domestic sewage. The higher decreasing rate of the total iron concentration observed in system VII compared to system IV from around the 45th day of the reactors’ operation (Figure 6d) was perhaps due to the higher passivation rate of SW materials caused by the rise in pH (Figure 5d) in system VII compared to IV. The passivation rate of Fe0 by FeCPs is higher in alkaline condition [68].




3.6. Significance of the Results


This study shows that under the stated experimental conditions (0 ≤ [Fe0] (g/L) ≤ 10, for scrap iron), “cathodic H2” [23] from Fe0 oxidation by water (Equation (2)) is highly effective in improving the performance of anaerobic digestion systems for the removal of organics from domestic sewage. Since the proof of concept in 1998 by Till [23] using nitrate as probe substance, an impressive body of research has been devoted to extend the application of Fe0-supported anaerobic digestion to wastewater treatment [22,69,70,71,72,73] and biogas production [22,74,75,76]. However, related investigations were mostly designed and performed on a pragmatic case-to-case basis [31,77]. In particular, it has not been properly considered that each Fe0 material reacts differently in a given Fe0/water system (Section 3.1, Figure 2) [28]. In fact, all Fe0 specimens have the same electrode potential E0 = −0.44 V. Therefore, reported improving or inhibiting effects of the presence of Fe0 on the efficiency of anaerobic digestors are due to differences in the kinetics of the reaction after Equation (2) (H2 generation) and associated reaction (Equation (3)) (scavenger of microorganisms) under actual operational conditions. It is important to recall that scrap iron (SI) and steel wool (SW) are not homogeneous classes of Fe0 materials [28,78,79,80]. For example, there exist 7 classes of Fe0 SW with differentiated reactivity [28,80].



When H2 is generated at the Fe0 surface, it is transported by diffusion across the oxide scale into the bulk solution where it initiates microbial activities for the degradation of organics. The extent of related processes depends on the solution chemistry (e.g., pH value) and the availability of nutrients (NO3−, PO43–) [23,70]. In other words, there is no stoichiometric relationship between the level of H2 generated (Equation (2)) and the extent of contaminant degradation. Conversely, the removal of contaminants by solid iron corrosion products (FeCPs) and their hypothetical degradation by electrons from Fe0 [81] are related to some stoichiometry [82,83,84,85]. Accordingly, higher Fe0 levels in a system implies the in-situ generation of more FeCPs which are excellent scavengers of micro-pollutants and microorganisms, including pathogens [86,87]. As Fe0 corrodes, FeCPs is continuously generated and acts as microorganism scavengers. In other words, the growth of microorganisms is inhibited. As the corrosion rate declines [88], less FeCPs is generated and more microorganisms survive. When the rate of FeCP precipitation becomes significantly lower than the rate of microorganism generation, the extent of degradation of organics increases. It is thus not surprising, that for the initial phase of the operation a lag time is observed before biodegradation is quantitative [89]. This lag time is prolonged with higher Fe0 loadings (Figure 6). Therefore, designing non-site-specific Fe0-supported anaerobic digestors for wastewater treatment is an almost impossible task. However, if a significant body of data exists on treatment rates for a wastewater type using different Fe0 materials, site-specific treatability studies will be only required to fine-tune design criteria for the optimal performance of the system.



By demonstrating that the efficiency of Fe0-supported anaerobic digestors for wastewater treatment depends primarily (but not exclusively) on the amount of FeCPs in the system, this study provides a clear starting point for the design of future laboratory, pilot, and field-scale studies. Further work is required to explore relevant limiting factors for efficient Fe0-supported anaerobic digestors including Fe0 loading, Fe0 size, Fe0 type, mass transfer effects, reactor volume, and reaction time [77,90]. This would have sizing, and therefore, economic implications for digestor design.





4. Conclusions


This research reveals that Fe0 materials significantly improve the performance of anaerobic systems to remove organics and nutrients simultaneously. The minimum residual COD (50 mg/L), NO3− + NH4+ (43.8 mg/L), and PO43− (0.3 mg/L) concentrations were observed in the optimally performed reactor (System IV). The observed quality of the effluent for COD is similar to that from conventional activated sludge system (45–120 mg/L) and far better than that from the UASB and Maturation Ponds (100–180 mg/L) [91]. Although, according to Riffat [5] removing nutrients by the anaerobic secondary system may be difficult, this research presents the possibility of attaining the nutrients removal efficiency of 98% for PO43− (the most removed pollutant) and 40% for NO3− + NH4+ (the least removed pollutant) in tested Fe0-supported AD systems for domestic sewage. The effectiveness of the Fe0-supported AD system to remove PO43− is probably mainly contributed by the enhanced precipitation and adsorption of phosphorus by the FeCPs. The relatively low performance of the Fe0-supported AD system to remove NO3− + NH4+ is conceivably due to the abiotic conversion of some nitrate to ammonium by Fe0 materials. The research findings suggest that the iron scraps which are normally regarded as wastes can be used in Fe0-supported AD systems for performance improvement. The dissolution of Fe0 material depends on the type of Fe0 materials and the characteristics of the dissolving media. Therefore case-to-case optimisation studies of materials should be carried out to acquire the desired output. Mixing of the reactants, monitoring of qualities and quantities of biogas and sludge, and depletion of substrates in the reactors were noted as the limitations of this study. Therefore, the limitations are considered as the motive for the continuation of this study.
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Figure 1. Size specification of Fe0 materials tested—(a) Scrap iron (b) Steel wool. 
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Figure 2. Comparison of iron dissolution by 2 mM 1, 10 Phenanthroline from SI and SW materials for 120 h. Experimental conditions: Mass of each Fe0 = 0.1 g, Volume of working solution, V = 50 mL, room temperature, T = 37 ± 0.5 °C. 
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Figure 3. Comparison of the effects of varying SI materials dosages in pollutants removal efficiency. (a) COD removal; (b) PO43− removal; (c) NO3− + NH4+ removal; (d) pH variations. SI materials’ dosages were 0 g, 4g/L, 10 g/L, 15 g/L and 30 g/L; Systems’ temperature, T = 37 ± 0.5 °C. 
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Figure 4. Comparison of maximum pollutants removal efficiencies among systems. SI materials’ dosages were 0 g, 4g/L, 10 g/L, 15 g/L and 30 g/L; Systems’ temperature, T = 37 ± 0.5 °C. 
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Figure 5. Comparison between SI and SW materials’ effect on pollutants removal (a) COD removal; (b) PO43− removal; (c) NO3− + NH4+ removal; (d) pH variations. Fe0 materials’ dosages were 0 g, 10 g/L SI, and 10 g/L SW; Systems’ temperature, T = 37 ± 0.5 °C. 
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Figure 6. pH and total iron concentration variations resulting from 10 g/L of Fe0 materials (SW or SI) dosage in distilled water or domestic sewage. (a,c) Fe0 materials in distilled water; (b,d) Fe0 materials in domestic sewage. Systems’ temperature, T = 37 ± 0.5 °C. 






Figure 6. pH and total iron concentration variations resulting from 10 g/L of Fe0 materials (SW or SI) dosage in distilled water or domestic sewage. (a,c) Fe0 materials in distilled water; (b,d) Fe0 materials in domestic sewage. Systems’ temperature, T = 37 ± 0.5 °C.



[image: Water 14 01623 g006]







[image: Table] 





Table 1. Elemental composition of tested Fe0 materials. LOD stands for the lowest concentration at which an element can be detected.
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Name

	
Elemental Composition (%)




	
Fe

	
Cu

	
Ni

	
Cr

	
Mn

	
Sn

	
Nb

	
Mo






	
Steel wool (SW)

	
99.25

	
0.09

	
0.09

	
0.04

	
0.5

	
<LOD

	
<LOD

	
<LOD




	
Steel scraps (SI)

	
98.68

	
0.33

	
0.15

	
0.27

	
0.4

	
0.07

	
0.01

	
0.02
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Table 2. Identities of reactors used in tested reactors. Each system contains 3000 mL of the medium (DS or DW). DS stands for domestic sewage, DW for distilled water, SI for scrap iron and SW for steel wool. The accuracy in measurements of Fe0 materials’ dosages was 0.1 mg Fe0/L.
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	System
	Medium
	Fe0 Material
	Fe0 Dosage (g/L)
	Fe0 to Inoculum

Ratio (g Fe0/gTS)





	I
	DS
	none
	0
	0.00



	II
	DS
	SI
	1
	0.08



	III
	DS
	SI
	4
	0.31



	IV
	DS
	SI
	10
	0.78



	V
	DS
	SI
	15
	1.17



	VI
	DS
	SI
	30
	2.33



	VII
	DS
	SW
	10
	0.78



	VIII
	DW
	SI
	10
	-



	IX
	DW
	SW
	10
	-
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Table 3. Residual pollutants concentration in the systems. Experiments were operated at 37 ± 0.5 °C for 76 days. Avrg stands for average, and S.D for standard deviation.
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System

	
Parameters




	
COD

(mg COD/L)

	
NO3− + NH4+

(mg NO3−+ NH4+/L)

	
PO43−

(mg PO43−/L)

	
Total-Fe

(mg Fe/L)

	
pH




	
Avrg

	
S.D

	
Avrg

	
S.D

	
Avrg

	
S.D

	
Avrg

	
S.D

	
Avrg

	
S.D






	
I

	
235

	
115

	
89.1

	
8.6

	
19.21

	
2.96

	
0.53

	
0.25

	
7.01

	
0.16




	
II

	
177

	
120

	
79.7

	
5.6

	
15.62

	
4.40

	
1.38

	
0.29

	
7.05

	
0.12




	
III

	
166

	
124

	
73.8

	
6.1

	
10.70

	
5.26

	
2.19

	
0.87

	
7.09

	
0.12




	
IV

	
150

	
130

	
62.0

	
11.4

	
4.53

	
6.26

	
3.99

	
1.62

	
7.38

	
0.15




	
V

	
153

	
128

	
68.3

	
10.4

	
7.83

	
6.03

	
3.18

	
1.70

	
7.22

	
0.13




	
VI

	
159

	
125

	
69.9

	
8.54

	
9.74

	
5.83

	
2.52

	
1.02

	
7.18

	
0.14
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Table 4. Set of constraints for optimisation of the objective function.
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	Name
	Goal
	Lower Limit
	Upper Limit
	Lower Weight
	Upper Weight
	Importance





	A: Time
	is in range
	0 days
	76 days
	1
	1
	3



	B: Fe0 Dosage
	is in range
	0 g Fe0/L
	30 g Fe0/L
	1
	1
	3



	COD
	minimise
	48 mg COD/L
	408 mg COD/L
	1
	1
	3



	PO4 −3
	minimise
	0.3 mg PO43−/L
	26.2 mg PO43−/L
	1
	1
	3



	NO3− + NH4+
	minimise
	43.8 mg NO3−+ NH4+/L
	105.2 mg NO3−+ NH4+/L
	1
	1
	3
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Table 5. Ranking of systems performance based on desirability indices. Avrg stands for average, and S.D for standard deviation.
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Time (Days)

	
System

	
COD (mg COD/L)

	
PO43− (mg PO43−/L)

	
NO3−+ NH4+

(mg NO3−+ NH4+/L)

	
Desirability




	
Avrg

	
S.D

	
Avrg

	
S.D

	
(mg/L)

	
S.D

	






	
60

	
IV

	
57.9

	
3.2

	
0.5

	
0.1

	
43.8

	
10.4

	
0.985




	
53

	
VII

	
54.5

	
3.2

	
0.3

	
0.5

	
54.6

	
4.5

	
0.932




	
53

	
V

	
56.7

	
3.1

	
3.6

	
0.4

	
50.8

	
9.6

	
0.907




	
51

	
VI

	
65.3

	
3.1

	
6.7

	
0.7

	
52.5

	
9.8

	
0.848




	
58

	
III

	
66.1

	
3.0

	
6.3

	
0.6

	
65.3

	
6.0

	
0.777




	
58

	
II

	
81.2

	
3.0

	
11.4

	
1.1

	
71.7

	
5.7

	
0.654




	
49

	
I

	
142.3

	
2.8

	
15.4

	
1.5

	
82.7

	
9.0

	
0.482

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Total Iron (mg/L)

= = N W oA &N -] 0 D
| SRPREE JNONTE N, WY

i R .

e e g ———e s T T ]
& ™= &~ o T+ U W -~ 0 O wm e T 0~
— = =~ T [~ &

Time (Hours)

120





nav.xhtml


  water-14-01623


  
    		
      water-14-01623
    


  




  





media/file2.png
| | ' ﬂﬂ
: L]
PRt I ..._ﬁ "un .m:

-.l_l.a
BEaN FEEES FEERe

§
-
' J
[
-
1

3 »
Sl EawEmEn N






media/file5.jpg
PO remaval 09
thsses






media/file3.jpg
Total Iron (mg/L)
emMwaA B u®e

-

o
L
o
L
L
L4
®
o
o
o
>0<

S HA®mTIHLON® NS AT BN
SRRASFER

Time (Hours)

-





media/file1.jpg





media/file7.jpg
1SgLST  30gLSI

10 gL ST

+
4

S materials dosages

Z
b
2
B

4gLst

191

gL
@con

(06) [eaowmar syueimgog





media/file10.png
- AR
80 £ QA A0
70 g " +.+++¢¢++_
3 60 - 2 g}@
= 30 : Q |
- : a §
E 40 + i |
> - 2
= 30 | -
S 2o ol ~%-0g/L
& T ‘ » A
: R o A 10 g/L SI
10+ ! 4 9 10 g/L SW
OMIIIIIIIIIIIIIIIIIIII

NO; + NH," removal (%)

| |
& [~ W == 95 W,
o T T I " FIY - T

Time (Days)

(a)
0 g/L
10 g/L SI A S|
10 g/L SW ,gﬁﬁgﬁ 7y
i 3
s ;
;. @ Q00
WLt
e , 9%, 3
J 3 3%
Qﬁ%}%‘}g .
: @
—E §
=II"'.,I=II“IH'II!I-.“']III=III‘I‘.‘II'.I'IT‘II..I-‘IIjnlll.lrﬁllﬂlﬂl
Lo I o BN L T o I SR P I~ B

Time (Days)
(c)

100

PO * removal (%)

- S

9.0

8.5

F

%
%
;

% 0g/L
A 10 g/LSI
-9 10 g/L SW

|
M~ W o~ Q0 W, o
oo T N o I~

Time (Days)
(b)

Y

X
X5 PPPD *
ﬂw:i%w

% 0gL
A 10 g/L SI
-0 10 g/L SW

kL

Ry
i

Jatt W%

il

995070574

| T
= I~ W = Q0 W, o
L I L . S P I~ B

Time (Days)
(d)





media/file12.png
9.3
8.9
8.5
8.1
m‘:‘ Tt
7.3
6.9

6.5 &

— —
= -

Total Iron (mg/L)
o

2 o 10 g/L SI

: g o 10 /L SW

~N @ I~
S I T " R T RV T o
Time (Days)
(a)
. #§§ < - 10 g/L SW
% @-10g/L SI

“IIIIIIIIIIIIIIIIIIIIIIIIIIIIII!
S O T N D I~ W o 00 W
s B L L -

Time (Days)
(c)

Total Iron (mg/L)

------ 0 g/L
1 o 10 gL SI |
% 10 g/L SW ORI

@
%

I II ;
NPT % 5 T

I
=

|
= I~ W, = Q0 W, o
o, o, T W w o I~

Time (Days)
(b)

| |
T =~
-~

_ " 0g/L
T @ 10g/LSI
% 10 g/L SW

i1+ rrrrrrrrrrererrrrrrrrr T
S ® T A o= n W
- o 0 Y WD
Time (Days)
(d)





media/file9.jpg
PO removal (%)

cvzaREgzaYgR

Time (Days)
@
© S
o 0gL -+
o A 10gLSt
Lo -
R o mgrsw ‘;ﬂ“}m- o ogLsw

85 #?
TN

i Mﬂﬁ Has §
E 10 3 QQ% 2 75 ‘J““‘
T )

R Fd

s 70 PSR Rz
0 a0
S0

65

MR R _,.1:-:»:“)
Time (Days) @





media/file0.png





media/file8.png
L . !
L L O
m h T T lo' W o..ot‘.{.o".'ll-a. . -a-n'- .l.-!loao :

X4 L A - - - AT T as

30 g/L SI

N.mw

15 g/L SI

66 »
£'86 e, L S LT T TNt M
L’L8 ///////////////////////,///////////////////1/// S

4 g/L SI

L E A I ...

91—
6ry —
S MMMTTOOOOE

1 g/L SI

(04) [eAomax syuenog

SI materials dosages

i
4

@ NOZ+NH

: -3
1 PO4

@ COD





media/file11.jpg
Total Iron (mg/L)

95

s
S omsw 504 o 10gLst
H S
% 85
280 i
3585 G
7.5 S o
R
0 5y
65 CrTNSC U m®YG S
- Time (Days)
()
oL
s o ogLst

Total Iron (mg/L)






media/file6.png
90 +
80 f
‘5?70 _é
~ 60 +
= K
% 50 .
=~ 40 + §
g 30 _ | Q N
S 30 ¢ gﬁ 4 A 4g/LSI
20 _g ; a @ 10g/L SI
! o a? - 30 g/L SI
Uﬁ_ rrrrrrrrrorrrrtr 1T 101 1T 11T 1T 1T 11
=] w T & & = W' o= Q0 . o
Lo B o DR L D L I o R I~ B
Time (Days)
(a)
50
g0 £ 7 O08L 3
= A 4g/LSI %
S 20 e 10 g/L SI §§
= 20 £ 5 30g/LSI ﬁi@ 58395
= £ .
2 10 133, 3622 A
: 0 s ﬁﬁéﬁ% aﬁﬁgﬂ AAAAA
b & I § §§ it A
. oy ""ﬁﬁiﬂ“ g
+ 20 £ | @
'eny B 'ﬁL' gﬁ ﬁ -
S 30 | o O a
40 £ i
_50 :IIII||||||||||||||||||||||||||
- e T~ @ = W e QDU e
Lo B o' R L I o I " P P — I

Time (Days)

(c)

90 |
70 |
< 50 |
S30f
S e -'
N
—1“ g é :
©-10 T at
=¥ L L a@-- 0 g/L
30 5 & A 4g/LSI
_50 _égm 9 10g/L SI
E -9 30 g/L SI
_7“ rrrrrrrrererrrrrrrererrr T irT
= WO T s o I~ o= Q0 ey
Lon B o BN L B o I S PR I~ I
Time (Days)
(b)
@ 0g/L
174 A 4gLsI ﬁé@
~6 10 g/L SI 3
75 --9-- 30 g;"'L SI §§§ :'-,:
I Y
2 W aleds |
7.1 - Y
6.9 -
ﬁ-? IIIIIIIIIIIIIIIIIIIIIIIIIIIII
= o T &N @ [~ W= 00 U
T R T N PR T SRR Y- T

Time (Days)

(d)





