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Abstract

:

The overapplication of manure on agricultural soils leads to nitrogen and phosphorus discharge into the aquatic environment, resulting in serious eutrophication problems and decreased water quality. Piggery wastewater (PWW) can be treated by microalgae to recycle nutrients, but the toxic levels of ammonia and organic matter hinder their growth. Fresh water is usually used to dilute PWW, but it is a scarce resource. The implementation of a pretreatment step before microalgae-based treatment could make PWW suitable for microalgae growth. Electrocoagulation, ammonia stripping, photo-Fenton, and constructed wetlands were evaluated as pretreatment methods to reduce ammonia, chemical oxygen demand (COD), color, and total suspended solids. Moreover, the pretreated PWWs were tested to grow the microalga Tetradesmus obliquus. Photo-Fenton showed the best results among the other pretreatments, achieving removal efficiencies above 90%, except for ammonia. This resulted in T. obliquus being capable of growing on undiluted PWW, even at higher ammonia levels, achieving similar biomass productivity to synthetic medium (66.4 ± 17.8 mg·L−1·day−1 and 60.1 ± 10.4 mg·L−1·day−1, respectively) almost doubling with pH control (116.5 mg·L−1·day−1). Thus, this pretreatment seems to be the most promising one to incorporate into microalgae-based treatment systems and must be further explored.
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1. Introduction


Pork is an important source of protein around the world. According to recent estimates, the European Union is currently one of the largest pig producers, with an average of 148 million pig heads produced in the last 10 years [1]. This industry is estimated to generate 215–430.106 m3/year (4–8 L/day/pig) of piggery wastewater (PWW) [2], which includes pig excreta combined with the water used to clean the hog housing sheds. Thus, it contains a high organic load, ammonium nitrogen, phosphorus, and recalcitrant organic compounds that hinder the performance of conventional treatment processes. PWW is commonly treated in stabilization ponds, where it is left stored for long periods before land application [3]. However, these generate high emissions of CO2, methane (from anaerobic digestion), ammonia (by volatilization), and hydrogen sulfide (from decomposition), among others [4].



While PWW is a problem for piggeries to handle, for microalgae growth, it represents a valuable low-cost and ready to use source of nutrients. The assimilation of the nutrients from PWW in autotrophic microalgal biomass may provide alternative wastewater treatment for pig farming. The produced algal biomass can generate income as a source of animal feed or plant fertilizers and biostimulants for agriculture. Nevertheless, microalga cultivation in PWW still represents a challenge due to the high ammonia levels, high pH, dark color, and significant suspended solid content, resulting in high turbidity [4,5]. The increase in pH, due to microalgae photosynthesis and carbon assimilation, shifts the chemical equilibrium from NH4+ to NH3, which is more toxic to microalgae cells [5,6]. In addition, the dark color and high turbidity reduce light penetration, lowering the amount of light available for autotrophic growth. The dilution of the PWW can reduce toxic nutrient concentrations to noninhibiting levels while promoting light availability to microalgae cells [7]. However, the use of fresh water, a scarce and precious resource, should be avoided, as it entails economic and ecological issues. This motivates the search for new strategies, such as the integration of a pretreatment process to minimize the toxicity of PWW and assure optimal microalgae growth.



Electrocoagulation (EC) is a popular method in wastewater treatment that has been widely studied for different WW sources owing to its versatility, simple setup, low footprint, and ecofriendly nature [8]. EC acts by destabilizing the charges of the pollutants through electrode-released cations (e.g., Fe2+ or Al3+), which form hydroxides or polyhydroxides with a great affinity for dissolved substances or counterions to cause coagulation/adsorption phenomena [9]. Pollutants are aggregated into clusters and separated from the electrolytic mixture by sedimentation, due to the heavier weight of flocs, or by flotation with the help of microbubbles produced by water electrolysis. The key factors for EC are electrode type, electrode distance, current density, pH, the conductivity of the electrolyte, and time. Iron (Fe) and aluminum (Al) are the most widely used electrode materials because they are readily available and inexpensive, and they have high removal capacity [10]. However, the EC technology is not yet fully optimized to be considered a reliable water treatment technology, since most research is developed using small-scale batch reactors. One of the major challenges is developing a more systematic approach for EC reactor design, operation, and modeling to predict the EC performance and, thus, facilitate the scaling up to meet industrial capacity. Furthermore, research is required to evaluate the performance of EC units operating in continuous flow mode with more effective reactor design [11].



Ammonia stripping (AS) is a well-described method to reduce ammonium nitrogen levels of several wastewaters, due to its easy operation, high efficiency, and process stability [12,13]. However, the research on AS applied to PWW for ammonia removal is limited and not always consistent [13,14]. AS is based on the principle of mass transfer in which air is injected into the PWW to strip the free ammonia (NH3-N) that is highly volatile. In this process, the wastewater is aerated after adjusting the pH over 8.5 using alkali [13]. Airflow rate, pH, and temperature are the most influencing parameters on the removal rates of ammonia [12,13,15]. Higher temperatures and pH have been reported to enhance the stripping efficiency, as they promote the formation of NH3 [16]. Typical values found in the literature are pH 10–11, with a temperature up to 80 °C, and airflow rate ranging from 0.5 to 10 vvm (L·L−1·min−1) [14]. The AS process has several drawbacks, such as fouling problems, which affects stripping performance and entails high operation and maintenance costs, in addition to sludge production and high alkalinity of the effluent, and release of ammonia gas, which can cause additional environmental costs. This latter effect can be minimized by capturing the volatilized ammonia in an adjacent adsorbing unit containing an acid solution (e.g., sulfuric acid to produce ammonium sulfate, which can be used as fertilizer in agriculture) [12,13].



Advanced oxidation processes such as photo-Fenton (PF) have been drawing the attention of researchers for their advantages such as simpler process conditions (e.g., ambient temperature and pressure) and shorter reaction time, while being more economical and feasible than conventional methods [17]. In PF, hydrogen peroxide oxidizes Fe, which acts as a catalyst, yielding hydroxyl radicals. The oxidized Fe3+ is quickly reduced to Fe2+ by the action of UV–vis radiation, being regenerated cyclically. Hydroxyl radicals are responsible for the oxidation of organic matter due to their high oxidation potential (   E  o x  0  = 2.8   V  ) [18]. They react rapidly in a nonselective manner, which enables the total degradation of organic contaminants, thus generating a smaller volume of solid waste [19]. Moreover, the hydroxyl radicals can oxidize ammonia to nitrate [20], which is less toxic for microalgae growth [6]. The H2O2/Fe ratio is highly important for the efficiency of the method to assure a complete reaction and the full consumption of H2O2. Furthermore, a prior acidification step is required since the reaction is more effective at acidic pH, which will later require increasing again the pH to neutral values. These pH variations all imply added operation costs. The introduction of UV light increases the reaction rate but requires extra costs, which could account for about 35%. For implementation of these methods, the toxicity of pretreated water must be always assessed since, depending on wastewater origin, the generated compounds might be more toxic than parental compounds. From the economic point of view, reported operation and maintenance values varied from 0.44 to 2.18 EUR·m−3 depending on the lamp used (not including personnel cost) [21]. Nonetheless, these illumination costs can be eliminated when coupling this process to open ponds under solar irradiation [22].



Constructed wetlands (CWs) are a natural, simple, and environmentally friendly technology with low construction and maintenance costs [23], especially suited for small farms in rural communities to allow higher nutrient use efficiency. CWs have several advantages such as the use of solar or wind energies, or gravity. This technique allows the direct use of the PWW, without dilution and the efficient removal of biochemical and chemical oxygen demand and ammoniacal nitrogen. The latter can be converted to nitrates by nitrification due to the passive aeration in these wetlands. The reduced nitrogen levels can be used for microalgae growth, which is a major advantage [24,25]. However, CWs require large areas, and they are vulnerable to climatic changes and temperature; furthermore, the substrates can be easily saturated and plugged, and their performance is highly affected by plant species [26].



The present work aimed to identify the most promising pretreatment methods to treat and enable undiluted PWW for microalgae growth at maximal biomass productivity. For this, the effect of the various operating parameters playing a key role on the pretreatment methodologies (pH, temperature, time, and reagent concentration) was investigated on the simultaneous degradation of color, COD, TSS, and ammonia nitrogen from PWW. Lastly, the growth of Tetradesmus obliquus was evaluated in the pretreated effluents resulting from optimized conditions.




2. Materials and Methods


2.1. Effluent Feedstock


The PWW was collected from a stabilization pond in the pig farm Herdade do Pessegueiro—Valorgado, at Glória do Ribatejo, Portugal (39°00′09.0″ N, 8°38′45.5″ W) during the month of June and was stored at 4 °C until handling. The PWW corresponded to the liquid fraction of the pig slurry after solid–liquid separation. Pig slurry comprised pig excreta and water used to clean the housing facilities that accommodate animals at all stages of development, including sows and piglets. Batches of PWW served as substrate for microalga growth after different pretreatment methodologies as described below, at laboratory scale.




2.2. Electrocoagulation (EC)


The EC system included an external direct current power source (HY3005D, Mastech: Taipei, Taiwan) connected to a pair of flat electrodes plates (100 mm × 45 mm) immersed in 500 mL of PWW contained in 600 mL glass flasks. The electrodes were fixed at 1 cm to each other with a submerged surface area of 20 cm2 (Figure 1). All EC tests were performed in batch mode, at 150 rpm (IKA Labortechnik ES5, Janke & Kunkel: Staufen, Germany), and room temperature. The initial pH was adjusted to 7 using 1 M HCl. The electrodes tested were aluminum, iron, and zinc due to their availability in the laboratory. The current density tested was 4, 12, and 20 mA·cm−2. After 30 min of EC, the effluents were left to settle for 30 min. The supernatant was collected, and the pH was adjusted to 7.0 with 1 M HCl. The pretreated effluent was stored at 4 °C for further analysis and microalga cultivation experiments, as further described in Section 2.6.




2.3. Ammonia Stripping (AS)


AS was performed in cylindrical 1 L bubble column reactors with a working volume of 0.8 L. The effects of pH (9, 10, and 11) and temperature (25 and 44 °C) were evaluated on the pollutant removal efficiency, especially ammonia. The temperature was increased by placing reactors in a thermally isolated box with an infrared lamp (Philips 250 W R40) connected to a temperature controller (Figure 2). The experimental runs were started after pH adjustments using 6 M NaOH. The reactors were bubbled with air at a fixed airflow of 7.5 vvm for 6 h. In the end, distilled water was added to compensate for the water loss during the process, and the pretreated PWW was left to settle. The supernatant pH was adjusted to 7.0 using 1 M HCl and stored for further analysis and microalga cultivation experiments.




2.4. Photo-Fenton Process (PF)


The photo-Fenton experiments were carried out in an installation setup designed and built in the Department of Renewable Energy at LNEG. The set consisted of a wooden box with an interior formed by two sections of a mirror, one containing the light source, which included four Eversun L40/79K lamps (Osram), with unit power of 40 W (8 W UVA (315–400 nm) and 0.04 W UVB (280–315 nm)), 59 cm long and 3.8 cm in diameter, arranged in a circle, and the other where the magnetic stirrer and reactor containing the PWW were located (Figure 3).



The reactions were carried out, in batch mode, in a 1 L reactor with a working volume of 500 mL. The tested experimental conditions were chosen according to the available literature, as well as preliminary trials. Various concentrations of Fe2+ and H2O2 were tested: 0.2, 0.5, and 1.0 g Fe2+·L−1 and 1, 4.9, and 10.5 g H2O2·L−1. Ferrous sulfate (FeSO4·7H2O) and hydrogen peroxide (35 wt.%) were used. The initial pH was first adjusted to 3 using cc. H2SO4, and then ferrous sulfate was added to the reactor. An acidic pH (2–4) is crucial to minimize the formation of secondary products less reactive, guaranteeing a high oxidation potential, as well as to avoid the precipitation of iron ions. The reactor was then placed under UV radiation for 120 min at room temperature and mixed at 400 rpm. To avoid the intensive formation of foam, H2O2 was added in dosages at different times: 1 g·L−1, 4.9 g·L−1, and 10.5 g·L−1, at intervals of 30 min. At the end of the process, the residual hydrogen peroxide was determined by iodometric titration with sodium thiosulfate (0.1 N). The pH was adjusted to 7.0 using 6 M NaOH, and the effluent was left to settle for 2 h. The supernatant was then filtered through a paper filter (11 μm, Whatman) to remove suspended iron precipitates. The pretreated effluent was stored for further analysis and microalga cultivation.




2.5. Constructed Wetland (CW)


The PWW was also submitted to a pretreatment using a lab-scale CW. This work was conducted by another team within the project ALGAVALOR consortium, and a full description of the experimental design and the results are detailed in Dias et al. (2020) [27]. They studied the removal of metals and nutrients on CWs microcosms to simulate a vertical subsurface flow CW. Experiments were performed at a laboratory scale using two types of porous substrate (lava rock and expanded clay), and two macrophyte species (Typha latifolia and Phragmites australis). The pretreated effluent resulting from the CW using P. australis and expanded clay was compared its potential for microalga cultivation and compared to other pretreatment methods of this work.




2.6. Microalga Cultivation


The microalga tested was Tetradesmus obliquus (ACOI 204/07, ACOI Culture Collection, Coimbra University, Portugal) that was previously shown to grow more efficiently on diluted (1/20) piggery effluent [28]. T. obliquus was inoculated in the different undiluted pretreated effluents at an optical density (OD540 nm) of 0.4 in 50 mL Erlenmeyer flasks with a working volume of 20 mL. Optimized parameters of EC, AS, PF, and CW for microalgae growth were used to compare each method, while Bristol synthetic medium and untreated PWW were used as controls. The pretreated effluents were further compared to diluted (1:2) PWW. The dilution was prepared with tap water. The cultures were maintained at 150 rpm and room temperature (23–25 °C) under constant fluorescent light (41 μE·m−2·s−1). The cultivation period was 15 days. All experiments were conducted in duplicate.




2.7. Culture Scale-Up


The microalga cultures that grew in the pretreated effluents (PWW-PF and PWW-CW) were scaled-up to 1 L bubble-column PBRs, with a working volume of 800 mL. T. obliquus was inoculated at 0.1 g AFDW·L−1, and synthetic medium (Bristol) was used as the control. Microalga cultures were maintained at room temperature (23–25 °C), under continuous fluorescent light (50 μE·m−2·s−1) and with an airflow of 0.6 vvm. The cultivation period was 16 days. Growth was monitored by daily measurements of OD540 nm, pH, and quantum yield (Qy) measured with the AquaPen-C AP 110-C (PSI, Drásov, Czech Republic). Qy corresponds to the photosynthetic efficiency of photosystem II in a dark-adapted state (Fv/Fm). Effects of pH control and weekly harvesting were then studied in PWW-PF cultures. pH was increased to 7 every time it fell below 5, according to daily measurements, using 1 M NaOH, while weekly harvesting was performed by centrifuging a certain volume of culture (4000× g for 5 min at 4 °C). The volume was determined on the basis of OD measurements at the harvesting time (cultivation cycles of 7 days) to assure a similar initial OD (around 0.2) in all the growing cycles, and the supernatant was returned to the reactor prior to the next growing cycle. In the end, average volumetric productivity (PX) and removal efficiencies (RE) were calculated. All experiments were conducted in duplicate.




2.8. Wastewater Characterization


To calculate the RE of the tested pretreatment methodologies, the initial PWW and the pretreated effluents were characterized in terms of ammonia nitrogen, phosphorus, and COD, according to standard methods [29]. The characterization was always performed prior to and immediately after the pretreatment methodologies and microalga cultivation. Ammonium nitrogen was quantified using an ion-selective electrode Crison code: 96 63, using a Crison-Multimeter MM41. A commercial kit was used for the measurement of phosphorus (Phosver 3-Powder Pillows, Cat. 2125-99, HACH) using a HACH DR/2010 spectrophotometer, at 890 nm. COD determination was carried out according to the open reflux method—Method 5220-B [29]. Total suspended solids (TSS) were determined according to the standard methods—Method 2540-D [29]. Color was estimated by measuring the effluent absorbance at 540 nm, which was chosen after an initial absorbance scan over a wavelength range of 200–800 nm.





3. Results and Discussion


3.1. Electrocoagulation (EC)


According to Table 1, COD removal efficiencies of 35–41% were found for Zn electrodes, while TSS removal was 20.1% for 4 mA·cm−2. Al electrodes showed COD removals of 8–18%, while Fe electrodes obtained values of 6–22%. Contrarily, negative TSS RE values in Al and Fe electrodes were associated with higher TSS after EC pretreatment, further increasing with higher current density. This could be a result of electrode corrosion, as increased current leads to the release of higher Al3+ and Fe2+ contents. The COD removal can be attributed to the formation of hydroxides or polyhydroxides which coagulate and adsorb the pollutants [30]. Higher COD removals (50%) were found in the literature using Fe electrodes to treat PWW but at higher current densities (30 mA·cm−2) [31]. The same study [31] reported low ammonia removals (3–10%) using Fe and Al electrodes, which was also obtained in the present work. This could be explained because NH4+ exists in the form of small molecules, which is not easy to flocculate [31]. Some authors reported the need for longer electrolysis time (up to 5 h) to increase turbidity and ammonia removal [32], while others reported efficient ammonia removal, but large differences were found among the published results [33]. EC is a very complex system with the dominant oxidation mechanism depending on the chemical composition, pH, anode material, chloride concentration, or operation conditions [34]. Synergic interactions between chemical and physical phenomena could also worsen EC operation, which is especially an issue in more complex wastewater [35].




3.2. Ammonia Stripping (AS)


The pretreatment by AS was tested to reduce the toxic levels of ammonia in PWW. The effects of pH and temperature on the removal of ammonia are shown in Figure 4. As expected, the RE increased with pH, since alkaline environments shift the chemical equilibrium from NH4+ to gaseous NH3, which is more volatile [13]. Thus, when the pH was raised from 9 to 11, ammonia RE increased to 30%. Moreover, temperature also had a positive effect on ammonia RE due to increased NH3 solubility. However, this was less pronounced at pH 11, as raising the temperature from 25 to 44 °C only increased RE by 4% (67.8 ± 1.4% and 71.7 ± 2.6%, respectively). This may not be significant enough to justify the cost increment and technical difficulties associated with heating [12]. Thus, the pretreated effluent obtained by AS at pH 11 and 25 °C (room temperature) was selected to pursue microalga cultivation. However, the ammonium levels in this pretreated effluent were still higher than the general limit of toxicity for microalgae (around 150 mg·L−1) [36]. Nonetheless, a dilution of at least 1:2 could be enough to overcome this limitation, which is far better than the previous dilution factors used by Ferreira et al. (2021) [28] and the literature in general (e.g., García et al., 2017 [2]; Godos et al., 2010 [37]; Molinuevo-Salces et al., 2016 [38]).




3.3. Photo-Fenton (PF)


The main objective of photo-Fenton as a pretreatment was to decrease PWW color and organic load so that light could more easily penetrate the microalga culture and allow autotrophic growth, which was achieved. According to Table 3, for all tested conditions, the RE of color and COD was higher than 78% and 80%, respectively, showing the potential of PF to reduce the organic matter, which consequently decreased the effluent’s color, generating clear effluents with a yellowish color. Moreover, the RE of TSS was higher than 85%, achieving near-complete removal (>98.5%) for the condition with the highest concentration of iron (1 g Fe2+·L−1). These high RE values are due to the combination of oxidation with iron precipitation when pH is increased back to 7.0. The formation of denser flocs allows them to be better retained in the filter paper upon filtration, which generates a much clearer effluent. The RE of ammonia, on the other hand, was negligible in all tested conditions (below 10%), which could be due to low H2O2. Indeed, according to some authors, only at very high H2O2 concentration is it possible to degrade ammonia and generate N2 and nitrate [39,40]. Moreover, organic nitrogen can be decomposed to form products such as molecular nitrogen, nitrate, nitrite, or ammonia, which could result in an increase in the latter in the PF pretreated wastewater [41].



According to residual H2O2 determinations, only at 1 g Fe2+·L−1 was it possible to obtain a high decomposition of H2O2. Iron is an important factor for the PF reaction as it acts as a catalyst to decompose H2O2 and generate OH● radicals. Furthermore, near-complete removal of H2O2 is indispensable because values higher than 10 mg·L−1 are toxic to microalgae [42]. In fact, the reaction is highly dependent on the Fe2+/H2O2 ratio, which is why this is one of the most important parameters to consider when optimizing the process. Thus, looking at the residual H2O2 concentration (Table 2), Fe2+ plays a key role in H2O2 consumption, and only at the highest Fe2+ concentration was there complete consumption of H2O2 regardless of concentration. For lower Fe2+ concentrations, H2O2 was only half consumed at the dosage of 10.5 g·L−1.




3.4. Microalga Growth in the Pretreated Effluents


3.4.1. Pretreatment Screening


The growth of the microalga T. obliquus was evaluated on each optimized pretreatment methodology (electrocoagulation, ammonia stripping, photo-Fenton, and constructed wetlands). Table 3 shows the composition of the pretreated effluents used for this experiment:




	(i)

	
Electrocoagulation using zinc electrodes and current density of 20 mA·cm−2.




	(ii)

	
Ammonia stripping at room temperature (25 °C) and initial pH of 11.




	(iii)

	
Photo-Fenton using 1.0 g Fe2+·L−1 and 10.5 g H2O2·L−1.




	(iv)

	
Constructed wetlands using expanded clay as substrate and P. australis.









Table 3 shows the initial composition of the various wastewaters used for cultivating T. obliquus. Except for ammonia, PF was the pretreatment that most decreased the contaminant load from the effluent, being very efficient in removing COD (92.6%) and color (99.7%). This method was also highly effective in removing phosphate (99.4%), mainly through precipitation with iron. However, this might not be so beneficial for microalgae growth since phosphorus is an essential macronutrient. CW allowed the highest reduction in ammonia (82%), but it must be considered that a dilution of 1:2.5 was applied to this effluent during the pretreatment process, decreasing the initial ammonia concentration to around 675 mg/L [27]. AS also allowed reductions in ammonia, TSS, and COD by 51.2%, 50.1%, and 26.4%. Lastly, EC was the least efficient method for all the evaluated parameters.



As can be seen in Figure 5, T. obliquus did not grow in undiluted PWW or AS and EC pretreated effluents. This observation was expected since the RE values on both processes were relatively low. In PWW pretreated with CW, there was an initial lag phase of 7 days, but growth started at a good rate, surpassing that in Bristol medium and 1:20 diluted PWW. The effluent pretreated with PF allowed the highest growth rate of all the media, presenting a steady growth throughout the cultivation period. By the 15th day, the microalga growing in CW came very close to the OD values of PF.




3.4.2. Culture Scale-Up


Since CW and PF pretreatments allowed the growth of T. obliquus, further growth experiments were performed in 1 L bubble columns (Figure 6). T. obliquus achieved a final concentration of 1.46 ± 0.06 g·L−1 in PF, followed by 1.39 ± 0.32 g·L−1 in CW, compared to 0.92 ± 0.00 g·L−1 in Bristol medium (Figure 6a). Regarding the pH (Figure 6b), it increased with the microalga growing in CW, similarly to the Bristol medium. In PF effluent, on the other hand, the pH decreased to 6. This can be explained by the proton translocation out of the microalgal cell during ammonium uptake to maintain cell neutrality [43]. This could justify why T. obliquus can grow at high ammonia levels since, in this pH range, it is mostly in the form of NH4+. Although this was not the optimum pH range, the microalga achieved higher concentrations in PF effluent compared to the synthetic medium. A sudden drop in Qy suggested that the pretreated effluents first impacted the T. obliquus metabolism, but the cultures recovered by day 7, maintaining similar Qy levels to the culture in synthetic medium from then on (Figure 6c). Lastly, regarding wastewater treatment, T. obliquus could remove 37.3 ± 1.7% of NH4+ and 48.6 ± 1.7% of COD in PF effluent, while it reached complete NH4+ removal (99.8 ± 0.0%) and 19.5% ± 0.0% removal of COD in CW effluent (Figure 6d). However, it should be considered that both effluents differed significantly with respect to the starting levels of ammonia (CW had only about 10% of the ammonia present in PF). Furthermore, one should also consider the pH increase derived from the microalga growth in CW effluent, which promoted ammonia volatilization, contributing to its removal. In contrast, for PF, the removal could be completely attributed to the microalga assimilation.



Thus, as the pH drop did not significantly affect T. obliquus growth in the PF effluent, a more controlled pH could minimize contamination risks, especially from cyanobacteria that proliferate in alkaline pH values [44,45]. This could favor the production of monocultures, which is very difficult to achieve when cultivating in wastewater. In addition, PF can promote the removal of pathogens (due to the application of H2O2 and UV radiation), which could potentially decrease the downstream process costs involving disinfection of the biomass.



The microalga T. obliquus was shown to efficiently grow in the PF-treated effluent. Yet, the ammonia removal efficiency was rather low after 16 days, and the ammonia levels were still excessive according to Portuguese legislation [46]. Hence, to overcome this, some optimization strategies were applied to enhance microalga growth (Figure 7) and nutrient removal in the PF effluent (Figure 8), including pH control and weekly harvesting to overcome possible cell shadowing at higher concentrations.



Controlling the pH between 5 and 7 (PF-pH; Figure 7c) seemed to have a positive effect on the microalga growth (Figure 7a) and quantum yield (Figure 7e). After 9 days, the Qy started to decrease in all conditions, but the pH control (PF-pH) allowed the culture to maintain a similar Qy to the Bristol culture (Figure 7e). While the T. obliquus grown in PF (66.4 ± 17.8 mg·L−1·day−1) achieved similar productivity in Bristol medium (60.1 ± 10.4 mg·L−1·day−1), with pH control (PF-pH), it almost doubled (116.5 mg·L−1·day−1) (Figure 8a). The improvement verified in the microalga growth can be explained by the fact that the maintenance of a more controlled pH prevented chloroplast acidification, which can inhibit photosynthesis and microalgal growth [47].



On the other hand, weekly harvesting allowed two cycles of growth of 7 days each (first cycle: 7 days; second cycle: 7–14 days). No growth was verified at the third cycle (14–21 days) (Figure 7b). Without pH control, the average productivity was 122.1 ± 3.1 mg·L−1·day−1 at the first cycle and 85.1 ± 7.6 mg·L−1·day−1 at the second cycle (Figure 8a). With pH control, the productivities were similar, 123.2 ± 8.3 and 89.0 ± 6.0 mg·L−1·day−1 at the first and second cycles, respectively (Figure 8a). The marginal effect of the combination of pH control with weekly harvesting in the growth of T. obliquus might be related to similar pH values among both conditions (PF-H and PF-pH + H), which meant that it was only necessary to adjust the pH was at the beginning of each cycle (Figure 7d). Likewise, a high Qy was maintained in the first two cycles and did not differ appreciably among both conditions. By the third cycle, however, it decreased drastically, where no growth was observed (Figure 7f). Moreover, the cultures started to change color to yellow, associated with the production of carotenoids, possibly due to nutrient limitation (phosphorus).



As already mentioned, pH control was highly effective in improving average productivity (Figure 8a). Furthermore, weekly harvesting (PF-H and PF-pH + H) allowed the microalga to grow at least two times in the same effluent, achieving productivities that, when added to the previous cycle, allowed a bigger production of biomass. This suggests that PF effluent can be recycled at least once for microalga cultivation. Regarding removal efficiencies, pH control alone did not affect pollutant removal (Figure 8b). The weekly harvesting, however, seemed to have a more significant effect (from 29 ± 7% to 43 ± 3% for ammonia and from 22 ± 1% to 39 ± 6% for COD). The removal efficiencies were further improved when both strategies are applied (50 ± 3% for ammonia, 46 ± 6 % for COD) (Figure 8b). In addition, light intensities higher than 50 μE·m−2·s−1 could further promote the microalga growth as shown by some studies where improved microalga productivity and biomass composition were observed upon increasing light intensity to 150 and 300 μE·m−2·s−1 [48], as well as under solar radiation [49].






4. Conclusions


Microalgae are promising tools for recovering nutrients from wastewaters, providing clean water and valuable biomass that can be applied in agriculture to reduce water and fertilizer requirements, respectively. However, the high concentration of pollutants in wastewater from specific sources, such as pig farms, can inhibit their growth. Hence, the optimization of these systems by introducing an adjacent chemical process to improve the main treatment with microalgae could be very promising and a sustainable solution to a better management of piggery wastewater with potential nutrient recovery for agricultural use. Photo-Fenton is a rapid process that can partially or completely oxidize organic substances, minimizing their toxicity for the subsequent treatment with microalgae. This work revealed that PF was the best pretreatment for piggery wastewater, as it not only enhanced Tetradesmus obliquus productivity but could also promote biomass safety and quality for sustainable agriculture. The possibility of generating value from the wastes generated in the pig farms that can be injected back into the agricultural production system is a favorable strategy and an important part of the concept of the circular economy.
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Figure 1. Schematic representation of the experimental set-up for electrocoagulation: 1—direct current power source, 2—magnetic stirrer, 3—piggery wastewater, 4—electrical wires and alligator clips, 5—electrode plates, and 6—stabilizing cap. 
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Figure 2. Schematic representation of the experimental setup for the ammonia stripping experiments: 1—air pump, 2—air entrance, 3—air exit, 4—bubble column reactor containing the wastewater, 5—infrared lamp, 6—set point controller, and 7—temperature probe. 
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Figure 3. Experimental setup for the photo-Fenton experiments: (A) open montage (1—UV lamps; 2—reaction vessel containing the piggery effluent; 3—mirror section); (B) scheme of the optical device (F—energy source; R—reaction vessel; P—generic point in the mirror section; TF, QF—light source points; TR, QR—light receiving points). 
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Figure 4. Ammonia removal efficiencies obtained after ammonia stripping with different pH and temperature. Values are presented as the mean ± mean deviation (n = 2). 
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Figure 5. Growth curves for Tetradesmus obliquus cultivated in the pretreated piggery wastewaters: AS—ammonia stripping, EC—electrocoagulation, PF—photo-Fenton, and CW—constructed wetlands. Bristol medium, untreated PWW, and diluted (1:20) effluents were used for comparison. Values are presented as the mean ± mean deviation (n = 2). 
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Figure 6. (a) Growth curve in ash-free dry weight (AFDW), (b) pH, (c) quantum yield (Qy), and (d) Removal efficiency of ammonia (NH4+) and chemical oxygen demand (COD) of Tetradesmus obliquus cultivation in piggery wastewater pretreated by photo-Fenton (PF) and constructed wetland (CW). Bristol medium was used as the control. Values are presented as the mean ± mean deviation (n = 2). 
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Figure 7. (a,b) Growth curves in ash-free dry weight (AFDW), (c,d) pH, and (e,f) quantum yield (Qy) of Tetradesmus obliquus in piggery wastewater pretreated by Photo-Fenton with combined optimization strategies (PF: no pH control or weekly harvesting; PF-pH: only pH control; PF-H: only weekly harvesting; PF-pH + H: pH control and weekly harvesting). Bristol medium was used as the control. Values are presented as mean ± mean deviation (n = 2). 
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Figure 8. (a) Average biomass productivity and (b) removal efficiencies of ammonia (NH4+) and chemical oxygen demand (COD) after growth of Tetradesmus obliquus grown in piggery wastewater pre-treated by Photo-Fenton with combined optimization strategies (PF: no pH control or weekly harvesting; PF-pH: only pH control; PF-H: only weekly harvesting; PF-pH+H: pH control and weekly harvesting). Bristol medium was used as the control. Values are presented as the mean ± mean deviation (n = 2). 
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Table 1. Removal efficiencies (%) of chemical oxygen demand (COD) and total suspended solids (TSS) obtained after electrocoagulation with different electrode materials and current densities.
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Conditions

	
Removal Efficiency (%)




	
Electrode Material

	
Current Density

(mA·cm−2)

	
COD

	
TSS






	
Al

	
4

	
18.4 ± 2.6

	
−31.6 ± 2.2




	
12

	
7.9 ± 2.6

	
−56.9 ± 0.0




	
20

	
13.2 ± 2.6

	
−56.2 ± 7.9




	
Fe

	
4

	
6.0 ± 3.2

	
−5.4 ± 0.0




	
12

	
9.3 ± 6.4

	
−19.2 ± 4.3




	
20

	
22.2 ± 6.5

	
−33.0 ± 2.6




	
Zn

	
4

	
34.7± 3.1

	
20.1 ± 2.2




	
12

	
37.8 ± 0.0

	
7.1 ± 2.2




	
20

	
40.9 ± 3.1

	
9.3 ± 0.0
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Table 2. Removal efficiencies (%) after photo-Fenton (pH 3 and 120 min) in the tested conditions (Fe2+ and H2O2 concentrations) for color (given by absorbance measured at 540 nm), ammonia (NH4+), chemical oxygen demand (COD), and total suspended solids (TSS). The residual H2O2 present at the end of each run is also shown.
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Conditions

	
Removal Efficiency (%)

	
Residual H2O2 (g·L−1)




	
Fe2+

(g·L−1)

	
H2O2

(g·L−1)

	
Color

	
COD

	
TSS

	
NH4+






	
0.2

	
1.0

	
81.5 ± 5.0

	
82.3 ± 0.8

	
91.7 ± 0.5

	
7.99 ± 1.76

	
0.26




	
4.9

	
83.3 ± 5.3

	
27.4 ± 0.0

	
85.0 ± 1.3

	
9.89 ± 2.57

	
3.21




	
10.5

	
78.3 ± 1.2

	
22.3 ± 0.0

	
90.1 ± 0.8

	
3.76 ± 2.57

	
3.54




	
0.5

	
1.0

	
91.3 ± 1.6

	
84.8 ± 0.0

	
93.1 ± 0.1

	
2.03 ± 0.58

	
0.14




	
4.9

	
92.2 ± 4.4

	
89.4 ± 0.4

	
92.7 ± 0.3

	
−1.29 ± 0.06

	
1.43




	
10.5

	
88.9 ± 8.3

	
84.4 ± 1.3

	
93.4 ± 0.4

	
−4.13 ± 1.70

	
4.17




	
1.0

	
1.0

	
94.5 ± 1.1

	
88.7 ± 0.2

	
99.9 ± 0.1

	
−7.07 ± 0.52

	
0.26




	
4.9

	
96.9 ± 0.7

	
91.6 ± 0.5

	
100 ± 0

	
−1.97 ± 0.29

	
0.30




	
10.5

	
97.2 ± 0.5

	
92.6 ± 0.5

	
98.5 ± 0.1

	
0.69 ± 0.30

	
0.16











[image: Table] 





Table 3. Composition of the piggery wastewater (PWW) after the different pretreatment methodologies (EC—electrocoagulation; AS—ammonia stripping; PF—photo-Fenton; CW—constructed wetland) compared to raw PWW and diluted 1:20, in terms of chemical oxygen demand (COD), ammonia nitrogen (NH4+), phosphate (PO43−), and color given by the absorbance at 540 nm. The pH was adjusted to 7 in all media before microalga inoculation.
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	PWW
	COD

(mg O2·L−1)
	NH4+

(mg·L−1)
	PO43−

(mg·L−1)
	TSS

(mg·L−1)
	Color





	Raw
	3759 ± 71
	1500 ± 7
	97.5
	2575 ± 45
	6.640



	1:20
	184.4 ± 7.1
	64.6 ± 1.05
	6.40
	90.0 ± 0.00
	0.300



	AS
	2766 ± 71
	731.2 ± 1.1
	81.0
	1285 ± 125
	2.830



	EC
	1489 ± 71
	1329 ± 12
	37.5
	207.5 ± 27.5
	1.070



	PF
	276.6 ± 14.2
	1209 ± 11
	0.560
	37.5 ± 2.5
	0.019



	CW
	319.1 ±7.1
	122.6 ± 2.5
	77.0
	52.5 ± 2.5
	0.157
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