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Abstract

:

Assessments of groundwater aquifers made around the world show that in many cases, nitrate concentrations exceed the safe drinking water threshold. This study assessed how bioelectrochemical systems could be used to enhance nitrate removal from waters with low organic carbon concentrations. A two-chamber microbial electrosynthesis cell (MES) was constructed and operated for 45 days with inoculum that was taken from a municipal wastewater treatment plant. A study showed that MES can be used to enhance nitrate removal efficiency from 3.66% day−1 in a control reactor to 8.54% day−1 in the MES reactor, if a cathode is able to act as an electron donor for autotrophic denitrifying bacteria or there is reducing oxygen in a cathodic chamber to favor denitrification. In the MES, greenhouse gas emissions were also lower compared to the control. Nitrous oxide average fluxes were −639.59 and −9.15 µg N m−2 h−1 for the MES and control, respectively, and the average carbon dioxide fluxes were −5.28 and 43.80 mg C m−2 h−1, respectively. The current density correlated significantly with the dissolved oxygen concentration, indicating that it is essential to keep the dissolved oxygen concentration in the cathode chamber as low as possible, not only to suppress oxygen’s inhibiting effect on denitrification but also to achieve better power efficiency.
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1. Introduction


Studies have shown that excessive use of fertilizers in agriculture and insufficient sewer systems are causing surface and groundwater pollution globally [1,2]. Assessments of groundwater aquifers made in Portugal, Iran, Saudi Arabia, France, and other countries have shown that in many cases, nitrate (NO3−) concentrations are exceeding the safe drinking water threshold of 50 mg NO3‾ L−1, which is specified by the World Health Organization [3,4,5,6,7,8]. High NO3‾ concentrations in surface water and groundwater are causing environmental problems, such as eutrophication [9], and since NO3‾ becomes toxic to humans at concentrations of 50 mg NO3‾ L−1 and above, this relates to health issues like methemoglobinemia and cancer [2,8].



In water treatment systems, the structure and operating practices vary considerably depending on the characteristics of treatable water. If treatable water has a low organic carbon to nitrogen ratio, then there is a lack of electron donors in the environment and one of the main questions becomes how to remove the nitrogen compounds [10,11,12]. Often, organic carbon is added to the system to enhance the microbial denitrification process [13]. In wastewater treatment plants, methanol and ethanol are widely used, and in case of constructed wetlands, organic wood-mulch, activated carbon, and biochar are used as additional organic carbon sources [10,12,14]. This means that when wastewater is being treated, adding organic carbon is feasible and widely used, but when it comes to polluted groundwater, the addition of organic carbon is excluded as it can cause secondary pollution; therefore, another type of approach is necessary [15].



Recent studies have shown that microbial electrosynthesis cell (MES) reactors can be a viable alternative to organic carbon addition to enhance the denitrification process [16,17,18,19]. In 2004, Gregory et al. [20], demonstrated that anaerobically respirating Geobacter species from Proteobacteria phylum can consume electrons that are served by electrodes and use them for autotrophic denitrification. Following that, additional research has been conducted related to MES, but the technology has not reached wide usage yet [21,22].



Denitrification is a four-step process where NO3‾ is sequentially reduced to molecular nitrogen (N2) by denitrifying bacteria. Denitrification can happen via heterotrophic or autotrophic pathways, depending on the compounds and the bacteria that are available in the environment [23]. In heterotrophic denitrification, organic carbon is used as the electron and carbon source (1); however, in autotrophic denitrification, the source of electrons can be sulphur or hydrogen (2). Inorganic carbon, such as carbonate or carbon dioxide (CO2), is used as a carbon source [23,24]. Depending on the availability of electron donors, the intermediate compounds such as nitrite (NO2‾) or nitrous oxide (N2O) can start to accumulate, causing the inhibition of denitrification or increased release of GHGs respectively [25].


5[CH2O] + 4NO3 + 4H+ → 5CO2 + 2N2 + 7H2O



(1)






5H2 + 2NO3‾ + 2H+ → N2 + 6H2O.



(2)







According to Intergovernmental Panel on Climate Change (IPCC) report 2018 [26], CO2, methane (CH4), and N2O concentrations in the atmosphere have increased from 315 to 415 ppm (1955–2018), from 1625 to 1860 ppb (1980–2018) and from 300 to 332 ppm (1980–2018) respectively [26]. As they all act as a greenhouse gases (GHG), it is essential to evaluate their fluxes in different biochemical systems to see how they could affect the climate [26].



MES systems are similar to microbial fuel cells; however, instead of harvesting electricity from the system, it is added by a power supply to carry out unspontaneous reactions [27]. All bioelectrochemical systems have at least two electrodes: an anode and a cathode. If the cell is separated by an ion- or proton exchange membrane, then one of the chambers is filled with anolyte and the second one with catholyte. In the anodic chamber, the substrate is being oxidized, producing electrons and protons. Those electrons are then directed to the cathode via an external circuit, where they are consumed to reduce to substrates in the cathodic chamber [28]. In the case of bioelectrochemical systems, microorganisms act as catalysts, reducing the overpotential [28]. For example, in MES where autotrophic denitrification has been carried out, the microorganisms use electrons, provided by the cathode, to reduce NO3‾, NO2‾, nitric oxide (NO), or N2O (Figure A1).



In previous work, denitrification performance in MESs with different electrode materials [29,30,31], cathode potentials [21,32,33], inoculums [34], substrates [22,35], and operating techniques [17,36] has been studied. However, there is still a need for studies that would give a full overview about the changes of chemical and physical properties that take place in the system.



The main goal of this study was to analyze the abiotic and biotic processes in MES systems that are used to enhance nitrate removal in low organic carbon environments, such as groundwater. More specifically, we evaluated the possibility of enhancing denitrification using MES and determine the effect on GHG emissions. The possibility of using the cation exchange membrane as a barrier for oxygen from one chamber to another was also evaluated.




2. Materials and Methods


2.1. Experimental Set-up


Experiments were carried out in two-chamber (anodic chamber and cathodic chamber) MES reactors made of Plexiglas with a total volume of 5.86 L (Figure 1A). An anodic chamber with a volume of 1.37 L was separated from a cathodic chamber with a volume of 4.49 L by a Nafion 117 cation exchange membrane (The Chemours Company, Wilmington, DE, USA). The cation exchange membrane was treated in a solution of hydrogen peroxide and boiled in 0.5 M sulphuric acid solution prior to each measurement series. The cathode electrode/working electrode (20 × 61 cm) was made of carbon cloth (Figure 1B) and the anode electrode/counter electrode (20 × 16 cm) was made of steel mesh (SS321 Grade, #20 Mesh, The Mesh Company, Warrington, England, UK) that was covered with 1 mg cm−2 carbon powder (Vulcan XC72R, Fuel Cell Earth, Woburn, MA, USA) (Figure 1C). Two pumps were used to mix the electrolyte in either chamber.



One reactor was used as a control with an open electrical circuit and the second one as the MES where the cathode was polarized by a potentiostat (Autolab PGSTAT30 with FRA32 and software Nova 1.10, Metrohm Autolab B.V, Utrecht, The Netherlands). A saturated calomel electrode (SCE) was used as a reference electrode (Radiometer Analytical REF401 Reference Electrode, Hach Company, Loveland, CO, USA) with a potential +244 mV vs. a standard hydrogen electrode. Both chambers also had openings for gathering gas and water samples.




2.2. Inoculum and Synthetic Wastewater Characteristics


Activated sludge was taken from a basin of the Tartu municipal wastewater treatment plant where annamox and denitrification processes are performed. The collected sludge was then centrifuged with a relative centrifugal force of 3550 g for 10 min to separate the sludge from the wastewater and used as an inoculum in the cathodic chamber.



Synthetic wastewater was used as electrolyte in both chambers and was made out of tap water, where 4.644 g L−1 Na2HPO4, 1.747 g L−1 NaH2PO4, 1.394 g L−1 NaHCO3, and 0.165 g L−1 KNO3 were added [17].




2.3. Operating Conditions


Both reactors were operated as patch reactors. At the beginning of the experiment, the reactors were filled with synthetic wastewater: 4.22 L and 1.29 L to the cathodic and anodic chambers, respectively. Then, 40 g of pretreated inoculum was added to the cathodic chambers. After that, the reactors were purged with N2 until the dissolved oxygen (DO) concentration dropped below 0.30 mg O2 L−1.



Then, the circulation pumps were turned on and the cathode polarization was posed at +150 mV vs. SCE for 7 days to enhance biocathode inoculation. On the eighth day, the polarization was changed to −550 mV vs. SCE to enhance the denitrification, as has been proven to work in previous articles [37].



The entire experiment lasted for 45 days and during that time, gas (from the cathode chamber) and water samples (40 mL from the cathode and anode chambers) were collected after every 2 to 4 days depending on the rate of NO3‾ removal. Every time samples were collected, the DO concentration, pH, and temperature were measured and cyclic voltammetry measurements and electrochemical impedance spectroscopy were performed.



When the NO3‾ concentration in the cathodic chamber dropped below 5 mgN L−1, the KNO3 was added. NaOH and HCl was added to the cathodic and anodic chambers accordingly to maintain the pH at around 7.




2.4. Chemical Analysis


Dissolved organic carbon (DOC) and total nitrogen (TN) were analyzed with a Vario TOC cube (Elementar Analysensysteme GmbH, Langenselbold, Germany) following EVS-EN 1484 and EVS-EN 12260 standards, respectively. Ammonium (NH4+), NO3‾, and NO2‾ concentrations were measured spectrophotometrically using USEPA-8038 Hach Lange Nessler, SFS 5752, and SFS 3029 methods, respectively.



The DO concentration, pH, and temperature were measured using a WTW Multi 3420 instrument and WTW FDO 925, WTW pH-Electrode SenTix 940-3, and WTW FDO 925 detectors, respectively.




2.5. Gas Analysis


CO2, CH4, and N2O gas fluxes were measured using the closed chamber method [38]. Gas samples were drawn from the 0.2–0.6 L and 0.1–0.5 L chamber headspace (cathodic chamber and anodic chamber, respectively) in pre-evacuated (0.3 mbar) 50 mL glass bottles six times an hour (sample time-points: 0, 10, 20, 40, 50, and 60 min) using polypropylene syringes through a silicon tube. The gas samples were analysed for CO2, CH4, and N2O concentrations using a Shimadzu GC-2014 gas chromatograph combined with a Loftfield automatic sample injection system, an electron capture detector for CO2 and N2O, and a flame ionization detector for CH4 [39]. Since the gas concentration in the chamber increased in a near-linear fashion, a linear regression was applied to calculate the gas fluxes. Flux measurements with a coefficient of determination (R2) of 0.9 or greater were used in further analyses.




2.6. Statistical Analysis


Shapiro–Wilk tests were used to check the normality of variables and as the distribution of the data was skewed, we used non-parametric Kruskal–Wallis test to analyze the differences between water chemical parameters and GHG emissions between control and MES. The analyses were performed by using R version 3.4.4 (R Core Team, Vienna, Austria) software. The level of significance of p < 0.05 was accepted in all cases. To evaluate different parameter effects on the current density, a Pearson r linear correlation was used.





3. Results and Discussion


3.1. Microbial Electrosynthesis Cell Performance


During the inoculation period (days 0–7) when the cathode polarization was posed at +150 mV vs. SCE, the current density showed no changes, although the NO3‾ concentration dropped below the detecting range twice (Figure 2). At the same time, the NH4+ concentration increased and it could have been caused by ammonification (3) or dissimilatory nitrate reduction to ammonium (DNRA) (4) [10,24,40]. It is possible that the initial drop in NO3‾ could have been caused not just by denitrification but also by DNRA and anammox (5) [40]. However, it was the same in both reactors so the use of polarization did not seem to have an effect.


R-NH2 → NH4+



(3)






NO2− + 3/4CH3COO− + 5/4H+ + H2O → NH4+ + 3/2HCO3−



(4)






NH4+ + NO2− → N2 + 2H2O.



(5)







After changing the cathode polarization to −550mV vs. SCE on day 8, the cathodic current density |j| started to rise, although the correlation was opposite to what was anticipated. As NO3‾ was, in this case, a reagent, the cathodic current density should have been higher when more NO3‾ was present, as it have been presented in previous studies; however, in this case, it was the opposite [20,41].



During days 8 to 14, the NH4+ concentration started to decrease and was most probably used in the annamox process with NO2− [10]. After the NH4+ concentration dropped below 12 mg N L−1 the NO2‾ concentration started to rise, indicating that there was NO2− in the system, but was most probably used in the annamox process when NH4+ was present. Nitrification at that point was improbable as both reactors had low DO concentrations (around 0.25 mg O2 L−1) and during that time, the NO3− concentration still declined. Therefore, the changes in processes were mainly related to the initialization of experiment where microorganisms were introduced to the new environment, causing changes in the bacterial community and were less caused by the change of polarization from +150 mV to −550 mV vs. SCE, as the control reactor was behaving in the same way as MES.



From day 14 to 36, the difference in MES and control reactor appeared. This was most probably caused by the depletion of easily degradable organic compounds that were introduced to the system with inoculum, meaning that the reactors did not have enough organic compounds needed for denitrification anymore. During that time, the NO3‾ removal rate was also lowered in the MES reactor, but not as much as in the control, indicating that the cathode electrode was able to act as the electron donor for denitrifying bacteria, therefore enhancing NO3‾ removal by autotrophic denitrification. As the NO3‾ concentration dropped below 5 mg N L−1, a new patch of KNO3 was added on day 36. During days 36 to 45, the NO3‾ removal rate was still higher in the MES compared to the control, but the experiment ended, as the anode electrode was largely damaged by corrosion and the connection between the potentsiostate and anode electrode was lost.



Current density was significantly correlated with the water level (p = 0.013; r2 = 0.411). As shown in Figure 3, the cathodic current density was higher when the water level was lower. As the cathode was able to reduce O2, it can be said that the increase of current density was caused by the reduction of O2 on the electrode. When the water level dropped, more O2 was present in the system, resulting higher cathodic current density. Statistical analyses also show a significant correlation (p = 0.048; r2 = 0.286) between the DO concentration and current density. Water table height had a better correlation than DO concentration because the latter does not include the effect of the electrode being exposed to the gaseous phase. When the water table height was lower than 200 mm, the upper part of the electrode was exposed to the gaseous phase and more oxygen was able to be in contact with the electrode, resulting in an increase in the current density.



On days 0, 8, and 43, cyclic voltammetry (CV) was performed from −800 mV to +700 mV vs. SCE at a scan rate of 2 mV s−1 (Figure A2A). On the first day, CV was performed before and after inoculation. No reduction peaks or any significant changes were observed in the CV measurements, throughout the experiment. This was mostly due to the characteristics of the cathode electrode, which had a very large surface area and therefore a high capacity, i.e., the other processes were not visible due to the high capacitive current and likely by the lack of bacteria that were able to interact with the electrode. The resistance of the working electrode was measured using electrochemical impedance spectroscopy. Measurements were made for a three-electrode system, the range of frequencies was from 10 kHz to 10 mHz (12 ponts per decade; ∆E = 5 mVrms), and the potential was −350 mV vs. SCE. Throughout the experiment, the resistance of the working electrode stayed stable around 0.45 Ω (Figure A2B).



Although microbial activity did not show any changes in the electrochemical measurements, the use of electrical manipulation showed some increase in TN (Figure 4A) and NO3‾ (Figure 4B) removal efficiency. The average TN removal efficiency and rate were 7.68% (1.89 mg N L−1) and 4.06% (1.00 mg N L−1) day−1 in the MES and control reactors, while the average NO3‾ removal efficiency and rate were 8.54% (1.35 mg N L−1) and 3.66% (0.71 mg N L−1) day−1 respectively. Compared to previous work in which the NO3‾ removal rate ranged from 27.36 to 98.00 mg N L−1 day−1, the removal rate in the current experiment was low [17,21,42]. This could have been caused by the lack of electroactive bacteria in the inoculum and by the short experiment period, as it takes time for a bacterial community to develop; however, this cannot be said in certainty as no microbial analyses were conducted during the experiment. A possible factor that caused the low nitrogen removal rate might have been the strong pH changes in the cathode chamber, which also inhibits denitrification when it leaves the optimal range of 7.0–7.5 (Figure 5A) [10], or possibly, a biofilm could not form on the cathode as no extra micronutrients were supplied with the synthetic wastewater.




3.2. Water Quality


As O2 can inhibit the denitrification process above concentrations of 0.5 mg O2 L−1, the DO concentration was monitored [10]. The MES showed significantly lower DO concentrations compared to the control reactor, at 0.23 and 0.59 mg O2 L−1, respectively (Figure 5C). A lower DO concentration in the MES could be caused by the reduction of O2 on the cathode. Starting on day 20, the DO concentration started to rise in the control reactor, reaching a concentration of 0.58 mg O2 L−1 on day 26 and going above 0.8 mg O2 L−1 on day 41, while in the MES, the DO concentration stayed under 0.4 mg O2 L−1. Based on previous studies, it is possible that the O2 was starting to inhibit the denitrification process in the control reactor at the end when the DO concentration rose above 0.5 mg O2 L−1 although the NO3- removal efficiency did not show any decline during that time [10]. In the MES anode chamber, the DO concentration was much higher (average value 6.68 mg O2 L−1) due to the electrolysis. Meanwhile, the oxygen concentration stayed low in the cathode chamber and therefore, it is clear that the cation exchange membrane is a good barrier for oxygen in these systems (Figure 5C,D).



The temperature (Figure 5E) was slightly higher in the MES compared to the control reactor, at 30.8 and 30.3 °C, respectively. The higher temperature in the MES could be caused by the electrical resistance of the electrolyte between the electrodes and hydrolysis. As the temperature variation was small, the effect on the NO3‾ removal efficiency between the control and MES can be considered as non-existent. Overall, the temperature was in a range that is suitable for denitrifying bacteria (25–30 °C) and cannot be considered as a reason for the relatively low nitrogen removal efficiency [10,43].



The pH was strongly influenced by electric manipulation. In the MES the pH had to be constantly regulated by adding HCl and NaOH to the cathode and anode chamber, respectively, while the control reactor did not need any pH regulation. This resulted in a wide pH variation (Figure 5A,B) in the MES, but in the cathode chambers, where nitrogen removal efficiency was studied, the pH did not show statistically significant discrepancy (Figure 5A). The pH mean value was around 7.38 and 7.35 in the MES and control reactor respectively, which is within the optimal range [10,31]. The pH is important as it influences bacteria and therefore the nitrogen removal efficiency [31].



During the experiment, the DOC was measured to ensure that the MES did not have a higher DOC/N ratio than the control reactor, as organic carbon compounds are used for heterotrophic denitrification [25,35]. As shown in Figure 6A, the MES had a significantly lower DOC concentration compared to the control reactor at 15.2 and 19.9 mg C L−1, which indicates that the organic carbon concentration could not have been the reason why nitrogen removal efficiency was better in the MES. During the experiment the DOC did not change enough to say much about the organic compounds being used for heterotrophic denitrification; however, it showed that the DOC was similar enough in both reactors to not have any significant effect on the discrepancy of nitrate removal rate.



The rise in NH4+ concentration was presumably caused by the DNRA and ammonification, as stated previously, and was most probably used in the anammox process until the 22nd day, when the concentration dropped below the detection range in both reactors [44]. Overall the mean NH4+ concentrations (Figure 6B) were essentially the same, 4.51 and 5.25 mg N L−1 in the MES and control reactor, respectively. During the time when NH4+ concentrations started to decline, NO2‾ started to accumulate. In the MES reactor (Figure 6C), the NO2‾ concentrations were significantly higher compared to the control reactor, at 0.82 and 0.21 mg N L−1, respectively. A rise in NO2‾ concentration is common in MES, where autotrophic denitrification is being performed [29,45]. This is likely caused by the enhancement of denitrifications first stage, where NO3‾ is reduced to NO2‾, which is also the most rapid stage of denitrification, causing the accumulation of NO2‾ [46].




3.3. Greenhouse Gas Emissions


Greenhouse gas measurements showed lower fluxes throughout the experiment in the MES (Figure 7). On average lower CO2 fluxes (Figure 7A) in the MES (−5.28 mg C m−2 h−1) against the control (43.79 mg C m−2 h−1) may have been caused by autotrophic denitrification, where CO2 is used as a carbon source. In heterotrophic denitrification, organic carbon compounds are oxidized, resulting in a release of CO2 (reactions 1 and 2).



The MES showed some ability to act as a sink for CH4 (Figure 7B); however, the fluxes were very low, averaging −0.31 and −0.08 mg C m−2 h−1 for the MES and control, respectively, and this was encountered only at the beginning of the experiment (days 3 to 8). At the same time, when the CH4 was consumed, the ammonium concentration rose, which indicates that it could have been used for CH4-dependent nitrate reduction to ammonium [40].



N2O fluxes showed a much larger variation in the MES (Figure 7C), but the mean value was significantly lower than in the control reactor, at −639.59 and −9.15 µg N m−2 h−1, respectively. As the NO3‾ removal rate was higher in the MES, it could not have been caused by the lack of denitrification in the reactor. This means that lower N2O fluxes from the MES could have been caused by the electric enhancement and most of the NO3‾ was completely denitrified to nitrogen gas. Previous work has also shown that less N2O is emitted during denitrification when more electron donors are present [25].





4. Conclusions


Our results show that the MES increased NO3‾ removal efficiency from 3.66% day−1 in the control to 8.54% day−1 in the MES and TN removal efficiency from 4.06% day−1 in the control to 7.68% day−1 in the MES. We measured CO2, CH4, and N2O fluxes and found significant decreases in all GHGs. Nafion 117 cation exchange membrane acted as an excellent oxygen barrier and kept the DO concentration low in the cathode chamber while DO concentrations were high in the anode chamber. The use of a two-chamber system with cation exchange membrane also caused strong pH changes and due to that, one chamber reactor could achieve better results in future studies, but only if oxygen formation on the anode electrode is suppressed. Although the MES showed a better nitrogen removal efficiency compared to the control, it was still lower than some other studies have shown. This could have been caused by the lack of bacteria that could engage with the electrode in the current inoculum. Thus, in future studies, specific bacteria must be used to inoculate the reactors more efficiently.
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Figure A1. A basic setup of the bioelectrochemical system, where water is oxidized on the abiotic anode and NO3 and oxygen are reduced by the biocathode via autotrophic denitrification. The electrodes can be separated by the membrane to process two different types of electrolyte, different type of membranes are shown at the bottom. Electron flow direction when it is operated as a electrosynthesis cell is shown on the wire and different external circuit options are shown on top. Four step autotrophic denitrification is shown on the biocathode [45]. 
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Figure A2. (A) The biocathode’s cyclic voltammetry from −800 mV to +700 mV vs SCE at scan rate of 2 mV/s. (B) The biocathode’s electrochemical impedance spectroscopy—Bode plot, (M)—modulus, (P)—phase. 
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Figure 1. Reactor scheme (A): 1—biocathode; 2—anode; 3—reference electrode; 4—cation exchange membrane; 5, 6—sampling ports of cathode and anode chambers; 7, 8—cathodic and anodic chambers electrolyte inlets; 9, 10—cathodic and anodic chambers electrolyte outlets; (B) biocathode; (C) anode. 
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Figure 2. Current density, NO3‾, NO2‾, and NH4+ concentration in cathode chamber. The black line shows current density, the red lines NO3‾, the green lines NO2‾ and the blue lines NH4+ concentration. Rapid increases in NO3‾ concentration on days 3, 7, 14, and 36 are related to KNO3 addition. On days 0–7 (yellow background), the cathode polarization was posed at +150 mV SCE. On day 8, it was switched to −550mV vs. SCE. 
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Figure 3. The current density and water level in cathode chamber. The black line shows the current density and the orange line shows the water table height in the cathode chamber. The water level is affected by the sample collection and increases on days 14 and 36 are related to the adding of new substrate. The light blue background represents the height of the electrode from the bottom of the reactor. 
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Figure 4. Total nitrogen (A) and NO3‾ (B) removal efficiencies per day (% day−1). Median, min/max, 25% and 75% quartile values are presented. The asterisks denote statistically significant differences between the MES and control reactors * p < 0.05. 
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Figure 5. pH in the cathode chamber (A), pH in the anode chamber (B), dissolved oxygen concentration in the cathode chamber (C), dissolved oxygen concentration in the anode chamber (D), and temperature in the cathode chamber (E). Median, min/max, 25% and 75% quartile values are presented. The asterisks denote statistically significant differences between the MES and control reactors * p < 0.05; *** p < 0.001. 
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Figure 6. DOC (A), NH4+ (B), and NO2‾ (C) concentrations in the MES and control reactors. Median, min/max, 25% and 75% quartile values are presented. The asterisks denote statistically significant differences between the MES and control reactors * p < 0.05; ** p < 0.01. 
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Figure 7. CO2 (A), CH4 (B) and N2O (C) gas fluxes in the MES and control reactors. Median, min/max, 25% and 75% quartile values are presented. The asterisks denote statistically significant differences between the MES and control reactors * p < 0.05; *** p > 0.001. 
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