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Abstract


Swine effluents require effective treatment due to their high pollutant load, particularly nitrogen and phosphorus, which can cause eutrophication of water bodies. This study focused on monitoring nutrient removal in a sequential biological reactor through online measurements of parameters such as dissolved oxygen (DO), pH, oxidation-reduction potential (ORP), and total alkalinity during the treatment of effluents from a pig slaughterhouse. A laboratory-scale reactor was used, operated with timer switches in an anaerobic–aerobic–anoxic sequence, a sludge retention time (SRT) of 25 days, and an operational cycle time of 16 h. The reactor demonstrated notable efficiency in contaminant removal, with an average organic matter removal of 87.1% measured as chemical oxygen demand (COD) and 95.5% as biochemical oxygen demand (BOD). Regarding nitrogen and phosphorus removal, a 69.4% reduction in total nitrogen (TN) and a 53.2% reduction in total phosphorus (TP) were observed. The pH, ORP, and DO profiles showed a clear correlation with the nutrient removal processes, allowing optimization of the phase durations in the reactor to enhance treatment efficiency.
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1. Introduction


Swine effluents consist of a mixture of urine, feces, wash water, and undigested food residues, and are therefore classified as one of the agricultural wastewaters with the highest concentration of pollutants [1,2,3,4]. They are characterized by high concentrations of chemical oxygen demand (COD), ranging from 5000 to 15,000 mg/L, total nitrogen (TN) from 800 to 1300 mg/L, total phosphorus (TP) from 100 to 250 mg/L, and pathogenic microorganisms [5].



In particular, this type of effluent contains high levels of ammoniacal nitrogen, which makes it difficult for most microorganisms and plants to survive. Moreover, its excessive discharge can cause eutrophication in the surrounding environment, making it necessary to apply treatment processes that enable the simultaneous removal of both nitrogen and phosphorus to comply with increasingly stringent regulations on point sources of such effluents [6].



Conventional wastewater treatment methods, including flocculation, anaerobic digestion [7,8], and combined anaerobic–aerobic oxidation ponds, have traditionally been applied for managing livestock effluents. However, these approaches frequently show limited effectiveness in removing nitrogen, phosphorus, and residual organic matter, which still require further treatment and proper recovery.



The presence of slowly biodegradable compounds and ammoniacal nitrogen makes its treatment particularly challenging compared with other types of industrial liquid wastes such as those from food processing or beverage industries. Unlike these effluents, which often have a more stable composition and lower nitrogen load, swine wastewater requires combined biological and operational strategies to achieve efficient nutrient removal.



In swine wastewater treatment, biological nitrogen removal is generally achieved through a two-step process involving autotrophic nitrification under aerobic conditions and heterotrophic denitrification under anoxic conditions. Nitrification proceeds via the oxidation of ammonium (N-NH4+) to nitrite (N-NO2−) by ammonia-oxidizing bacteria (AOB), followed by the conversion of nitrite to nitrate (N-NO3−) by nitrite-oxidizing bacteria (NOB). In contrast, denitrification involves the stepwise reduction of nitrate to nitrogen gas (N2), primarily facilitated by heterotrophic bacteria [9]. The success of this process relies heavily on maintaining an adequate alternation between aerobic and anoxic phases, as well as ensuring an influent BOD-to-nitrogen (BOD: N) ratio greater than 3.



These redox transitions can be implemented spatially, using separate treatment zones with internal recirculation [10]—or temporally by applying intermittent aeration within a single-tank configuration. The latter is exemplified by sequential batch reactors (SBR), which have proven to be a versatile and cost-effective solution for treating high-strength agricultural wastewater [11,12,13,14].



Sequential batch reactors (SBR) have demonstrated versatility and high performance in both laboratory-scale and full-scale treatment of a wide range of industrial effluents. These include slaughterhouses and meat processing facilities [8,13], as well as wastewater from textile industries [12], tanneries [15], seafood processing, and organic food production [16].



Considering the high concentrations of COD and ammoniacal nitrogen, along with the relatively low carbon-to-nitrogen (C/N) ratio in these effluents, the use of the conventional nitrification-denitrification (CND) process is recommended. This approach reduces aeration time and lowers both the carbon source requirement and overall treatment costs [17]. However, these processes must be supported by real-time monitoring of operational parameters [12]. Therefore, developing treatment systems that integrate oxygen control within sequential batch reactors (SBRs) offers a novel and effective pathway to improve performance and sustainability in swine effluent management.



Real-time control strategies have been successfully applied to the CND process in sequential reactors using parameters such as dissolved oxygen (DO), pH, oxidation-reduction potential (ORP), and total alkalinity, to detect and regulate the anoxic and aerobic phases. These strategies also help address the variable quality of wastewater and enhance nitrogen removal efficiency [18].



The selection of a sequencing batch reactor (SBR) combined with oxygen control was based on its operational flexibility and proven efficiency in treating high-strength wastewaters. Unlike conventional continuous-flow systems, SBRs allow temporal separation of anaerobic, aerobic, and anoxic phases within a single tank, enabling precise control of redox conditions essential for nitrogen and phosphorus removal. Furthermore, integrating real-time oxygen and oxidation–reduction potential (ORP) monitoring enhances process automation, minimizes aeration energy consumption, and allows rapid adjustment of phase duration according to influent variability. This hybrid approach represents an innovative strategy that improves treatment stability, nutrient removal performance, and sustainability in agro-industrial effluent management.



The objective of this study was to monitor nutrient removal in a sequential biological reactor through online measurements of dissolved oxygen, pH, oxidation-reduction potential, and total alkalinity during the treatment of swine effluents.




2. Materials and Methods


This study was conducted using effluents from a facility dedicated to pig slaughter, located in the western area of the Maracaibo municipality, Zulia state, Venezuela. The characterization of the effluent was conducted in accordance with the procedures outlined in the Standard Methods for the Examination of Water and Wastewater [19]. The COD and BOD concentrations in the untreated wastewater were 6275 ± 1989 mg/L and 2320 ± 950 mg/L, respectively. Corresponding NH4+–N concentrations were 148 ± 39 mg/L in the raw wastewater (Table 1).



For the treatment application, a laboratory-scale sequential biological reactor (Figure 1) was used. The reactor was made of glass, with a diameter of 14.5 cm and a height of 26.0 cm, and a total volume of 4 L. Filling and discharging of the reactor were performed using peristaltic pumps (Easy Load II, Masterflex L/S, Cole Parmer, Chicago, IL, USA). Aeration was provided through a compressor (Elite 801, Hagen Inc., Beijing, China), which supplied an airflow of 2500 cm3/min via a fine-bubble diffuser located at the bottom of the reactor. The reactor contents were mixed using a stirrer, with a speed maintained between 100 and 150 rpm using a variable transformer (Powerstat 3PN116C, Superior Electric Co., Nueva York, NY, USA). The reactor temperature ranged between 25.1 and 25.6 °C.



The reactor operated under an anaerobic/aerobic/anoxic sequence, with the phases controlled by programmable timers (Table 2). The reactor was inoculated with biomass obtained from an aerobic reactor that treated pig slaughterhouse wastewater. The concentrations of mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids (MLVSS) in the seed sludge were 3.55 and 2.70 g/L, respectively [20]. Effluent samples were taken at the beginning, during, and at the end of the treatment process over a sixty-day operational period. Physicochemical analyses were performed in duplicate, following the procedures established in the Standard Methods for the Examination of Water and Wastewater [19].



Profiles were established to correlate the concentrations of COD, TKN, NH4+-N, NO2−-N, NO3−-N, and PO43−-P with pH (Oakton 510, Chicago, IL, USA), oxidation-reduction potential (ORP, Sper Scientific 850088, Scottsdale, AR, USA), DO (Thermo Orion 862A, Beverly, MA, USA), and total alkalinity. The oxygen, pH, and ORP probes were calibrated according to the procedures described in the Standard Methods for the Examination of Water and Wastewater [19], ensuring measurement reliability before each experimental run.



Continuous monitoring of pH, DO, and ORP was carried out using multi-parameter sensors connected to a data acquisition unit, recording values every 5 min, consistent with previous SBR studies on nutrient removal [13]. Physicochemical samples for COD, TN, and TP were collected hourly at representative points of the reaction cycle (influent, mid-aerobic, and effluent) to correlate nutrient dynamics with redox variations.



The sampling point was located in the central zone of the mixed liquor to ensure homogeneous representation of the reactor contents. All samples were preserved at 4 °C and analyzed within 24 h following APHA guidelines [19]. Each operational condition was replicated three times, and mean values with standard deviations were reported to ensure statistical consistency.



The experimental data were analyzed using descriptive statistics to evaluate central tendency and dispersion in the monitored parameters throughout the operational phases. All measurements were performed in triplicate, and the results are presented as mean ± standard deviation. Data processing and graphical representations were performed using Microsoft Excel 2021 and IBM SPSS Statistics 26.0 software.




3. Results and Discussion


The SBR operated under controlled anaerobic–aerobic–anoxic conditions exhibited a consistent and robust performance throughout the monitoring period. The system effectively reduced the organic and nutrient load of swine slaughterhouse effluents, demonstrating the potential of oxygen-controlled biological treatment for high-strength agro-industrial wastewater. The overall results confirm that the reactor achieved stable removal of organic matter and nutrients, maintaining process resilience despite fluctuations in influent composition.



The operational profiles of dissolved oxygen (DO), oxidation–reduction potential (ORP), and pH showed a direct correlation with the main metabolic pathways associated with carbon oxidation, nitrification, denitrification, and phosphorus transformation. The integration of these online parameters provided valuable insights into the sequence and efficiency of biological reactions occurring during each operational phase, enabling a precise interpretation of redox transitions and their impact on contaminant removal.



Distinct inflection points—such as the ammonium valley and nitrate knee—were clearly identified in the ORP and DO profiles. These served as real-time indicators of nitrification and denitrification endpoints, allowing the optimization of aerobic and anoxic reaction durations without compromising treatment performance. This adaptive control approach enhances the operational efficiency of SBR systems and provides a foundation for intelligent phase management in decentralized treatment configurations.



The microbial community exhibited rapid adaptation to the complex substrate matrix, achieving balanced metabolic activity and high process stability. The dynamic equilibrium observed between heterotrophic and autotrophic populations reflected an efficient alternation between aerobic oxidation and anoxic reduction processes. Such resilience demonstrates the capacity of the system to sustain long-term operation under varying hydraulic and organic loading conditions, while ensuring compliance with biological nutrient removal principles.



Overall, these findings validate the applicability of sequencing batch reactors with oxygen control as a scalable and sustainable solution for treating nutrient-rich agro-industrial effluents. The integration of real-time monitoring parameters with phase optimization strategies represents a significant advancement in the development of intelligent bioreactors for environmental biotechnology and circular wastewater management.



3.1. Sequential Batch Reactor Operation


The SBR treating swine slaughterhouse effluents was operated continuously for 60 days. The system was evaluated for its capacity to remove high organic loads characteristic of industrial agro-wastewater. Figure 2 illustrates the temporal evolution of chemical oxygen demand (COD) concentrations at both the influent (CODi) and effluent (CODe), as well as the corresponding removal efficiency.



During the evaluation period, the reactor achieved an average COD removal efficiency of 87.1%, demonstrating robust and stable reactor performance throughout the monitoring phase. The removal efficiencies observed in this study are comparable to those reported by Al-Obaidi and Al-Sulaiman [21], as well as Alattabi et al. [22], who achieved COD removal rates of 86% and 93%, respectively, using sequencing batch reactors (SBRs) for wastewater treatment. Furthermore, the results obtained here exceed those documented by Rifi et al. [23], who evaluated the performance of an aerobic–anoxic SBR treating a mixture of industrial and municipal wastewater, and reported comparatively lower contaminant removal efficiencies.



These results indicate that the microbial consortia adapted rapidly to the wastewater substrate, establishing a resilient metabolic activity that maintained high organic removal rates even under variable influent conditions. The relatively narrow variation in effluent COD concentrations suggests a well-regulated operational regime, characterized by adequate phase sequencing, effective aeration control, and a suitable sludge age.



Despite fluctuations in influent COD concentrations—ranging from 5500 to 8000 mg/L—the effluent COD consistently remained low, averaging between 800 and 1050 mg/L. However, these levels still exceeded the discharge thresholds set for receiving water bodies [24]. The persistent presence of residual COD is likely due to the accumulation of inert or slowly biodegradable organic compounds, including trace antibiotics that are not effectively removed by conventional biological processes. In swine farming, tetracyclines and macrolides, such as tylosin, are commonly administered; yet, less than 50% of these are metabolized by pigs and their microbiota. Consequently, the majority are excreted in an active form or as metabolites, resulting in wastewater rich in organic pollutants and residual antibiotics. These compounds, often detected at concentrations between 250 and 300 mg/kg of live weight, are poorly biodegradable due to their synergistic interactions and structural stability [25,26,27,28].



Moreover, the sustained high removal efficiency during the early operational stages evidences the reactor’s capacity to maintain process stability without extended start-up times, which is critical in full-scale applications. The findings are consistent with prior reports on SBR configurations optimized for nutrient-rich effluents, supporting the applicability of this technology in decentralized treatment schemes for agro-industrial discharges [4,13].



Figure 3 illustrates the temporal profile of biochemical oxygen demand (BOD) in the influent (BODi) and effluent (BODe), along with the corresponding removal efficiency. The influent BOD levels ranged between 1500 and 2800 mg/L, reflecting the high concentration of readily biodegradable organic matter typical of this type of effluent. Despite influent variability, the reactor maintained low BODe values between 700 and 950 mg/L, achieving an average BOD removal efficiency of approximately 95.5%. Wang et al. [29] state that the high BOD removal efficiencies can be attributed to the efficient utilization of carbonaceous substrates by heterotrophic microorganisms, following hydrolysis and fermentation processes under anaerobic conditions, and subsequently through aerobic oxidation and anoxic denitrification.



This high and stable performance suggests optimal microbial activity under the applied anaerobic–aerobic–anoxic sequence, enabling efficient utilization of carbonaceous substrates by heterotrophic bacteria. The biological processes within the reactor likely followed a well-defined sequence: initial hydrolysis and acidogenesis under anaerobic conditions, followed by aerobic oxidation of volatile fatty acids (VFAs) and soluble organics, and final polishing under anoxic conditions where denitrification may have contributed indirectly to organic matter stabilization through electron acceptance mechanisms [13].



Comparatively, as shown in Figure 2, the reactor also exhibited effective chemical oxygen demand (COD) removal, averaging 87.1%, despite the broader variation in influent COD concentrations (5500–8000 mg/L). The discrepancy between BOD and COD values, both in influent and effluent streams, underscores the presence of slowly biodegradable or refractory organics in the wastewater matrix. These compounds contributed to the residual COD observed, which was not fully mineralized under the current operational regime. It highlights the importance of coupling biological oxidation with potential post-treatment strategies (e.g., coagulation or advanced oxidation) to comply with stringent discharge standards.



The consistent BOD removal confirms that the core metabolic pathways of the microbial consortia remained active and balanced throughout the operation. Additionally, the low effluent BOD concentration reflects an adequate sludge retention time (SRT) and aeration control, which prevented biomass washout and ensured oxygen availability during the aerobic phase.



Together, these results validate the reactor’s capability to handle complex agro-industrial wastewaters with high organic load, ensuring both environmental protection and compliance with effluent regulations. The combined analysis of COD and BOD dynamics provides a comprehensive understanding of the chemical and biological mechanisms governing the removal of organic matter in SBR systems.



Figure 4 illustrates the temporal profile of total nitrogen (TN) concentrations in the influent (TNi) and effluent (TNe), as well as the corresponding removal efficiency achieved by the sequential batch reactor (SBR) during the 60-day operational period. Influent TN concentrations remained relatively stable, ranging between 290 and 330 mg/L, indicating a consistently high nitrogen load from swine slaughterhouse effluents. In contrast, effluent TN levels ranged from 80 to 130 mg/L, with an average removal efficiency of 69.4%, and peak values nearing 73% during the latter half of the monitoring period.



The nitrogen removal process was attributed to the sequential activity of ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) under aerobic conditions, followed by heterotrophic denitrifiers in the anoxic phase, which utilize residual organic carbon as an electron donor to complete denitrification. This performance demonstrates the effectiveness of the applied operational regime—comprising anaerobic, aerobic, and anoxic phases—in facilitating biological nitrification and denitrification. During the aerobic phase, ammonium is oxidized by nitrifying bacteria (Nitrosomonas, Nitrobacter) to nitrite and then to nitrate. Subsequently, in the anoxic phase, nitrate is biologically reduced to nitrogen gas (N2) by heterotrophic denitrifiers, using the residual organic carbon as an electron donor [30].



When compared to COD and BOD removal efficiencies (Figure 2 and Figure 3), the TN removal rate is slightly lower, which is expected due to the increased biochemical complexity and sensitivity of nitrogen pathways. Efficient nitrogen removal is highly dependent on critical operational parameters, including dissolved oxygen (DO), oxidation-reduction potential (ORP), pH, and the carbon-to-nitrogen (C/N) ratio. In this context, precise control of aeration duration and sludge retention time (SRT) was fundamental to ensure optimal microbial performance.



The slight fluctuations observed in removal efficiency may be attributed to variations in the influent C/N ratio and potential imbalances between the nitrification and denitrification stages. Nevertheless, the system maintained operational stability, confirming its resilience to fluctuating wastewater characteristics and its ability to achieve consistent nitrogen removal without significant accumulation of intermediates such as nitrite [31].



Figure 5 presents the temporal evolution of total phosphorus (TP) concentrations in the influent (TPi) and effluent (TPe), along with the corresponding removal efficiency over a 60-day operational period. Influent TP concentrations ranged between 16 and 22 mg/L, while effluent levels were consistently maintained between 6 and 9 mg/L. The system achieved a mean phosphorus removal efficiency of approximately 53.2%, with minor fluctuations during the second half of the operational period.



The phosphorus removal performance in the SBR system can be attributed to the activity of polyphosphate-accumulating organisms (PAOs), which store phosphorus intracellularly as polyphosphate granules under alternating anaerobic and aerobic conditions. During the anaerobic phase, PAOs release orthophosphate into the liquid medium while taking up volatile fatty acids (VFAs). Subsequently, in the aerobic phase, they assimilate phosphate from the bulk liquid and store it as intracellular polyphosphate. This mechanism underlies enhanced biological phosphorus removal (EBPR), a widely studied and applied strategy in biological nutrient removal systems [32].



The moderate removal efficiency observed in this study may be associated with factors such as the influent carbon-to-phosphorus (C/P) ratio, the availability of VFAs, and the potential competition between PAOs and glycogen-accumulating organisms (GAOs), which can dominate when environmental conditions are not favorable for EBPR [33]. Operational factors such as redox stability, sludge age, and aerobic retention time have been shown to influence the long-term performance of EBPR systems [34].



Moreover, the sustained high removal efficiency during the early operational stages evidences the reactor’s capacity to maintain process stability without extended start-up times, which is critical in full-scale applications. The findings are consistent with prior reports on SBR configurations optimized for nutrient-rich effluents, and support the applicability of this technology in decentralized treatment schemes for agro-industrial discharges.



Moderate phosphorus removal efficiency can be explained by competition between PAOs and glycogen-accumulating organisms (GAOs). This occurs when operational conditions—such as carbon-to-phosphorus (C/P) ratio, VFA availability, pH stability, or redox potential—do not fully favor PAO dominance. High GAO activity results in VFA uptake without corresponding phosphorus removal, thereby reducing both anaerobic phosphate release and aerobic uptake amplitudes.



The behavior of COD, orthophosphates, and different nitrogen species throughout the 16-h operational cycle was analyzed in relation to variables such as pH, ORP, dissolved oxygen (DO), and total alkalinity, which are commonly used as indicators of biological nutrient removal processes.




3.2. pH, Dissolved Oxygen, and ORP Profiles and Their Relationship with Nutrient Removal


The dynamic profiles of dissolved oxygen (DO), oxidation–reduction potential (ORP), and pH reflected the redox transitions characteristic of the sequencing batch reactor operation. During the aerobic stage, the increase in DO and ORP values corresponded to active oxidation of ammoniacal nitrogen and organic matter, whereas the anoxic and anaerobic phases exhibited pronounced decreases in redox potential, indicating the onset of denitrification and phosphate release, respectively. Statistical analyses confirmed these relationships, showing that in the aerobic phase, DO and ORP were significantly and positively correlated with nitrification progress, while intra-phase pH decreased consistently with ammonium depletion (p < 0.05). In the anoxic phase, the denitrification rate exhibited negative correlations with ORP and DO, accompanied by a concurrent increase in pH consistent with alkalinity recovery (p < 0.05).



In the anaerobic phase, phosphate release was inversely related to ORP, where higher negative ORP values were associated with greater phosphorus release (p < 0.01). These interrelationships demonstrate that DO and ORP serve as robust indicators of biological activity and nutrient transformation, while pH variations provide complementary insights into alkalinity balance and buffering capacity during each operational phase. Collectively, these correlations underscore the value of integrating real-time monitoring parameters for optimizing phase duration, enhancing reactor stability, and improving overall treatment performance.



3.2.1. ORP Profile


ORP proved to be the most sensitive indicator of redox transitions, closely mirroring the biochemical shifts between oxidative and reductive environments. Positive ORP values characterized aerobic conditions with active nitrification, while negative readings denoted anoxic stages dominated by denitrifying activity. The identification of inflection points—commonly known as the nitrate knee and ammonium valley—allowed for precise phase control and real-time tracking of nutrient removal endpoints. The decreasing ORP during the denitrification stage coincided with alkalinity release, confirming the stoichiometric linkage between nitrate reduction and proton consumption.



Although pH variations were less pronounced due to the buffering capacity of the wastewater, subtle increases during denitrification and decreases during nitrification aligned with the expected consumption and generation of hydrogen ions. The minimal amplitude of pH oscillations reflected high bicarbonate alkalinity, which stabilized the system against acidification and supported sustained biological performance. Thus, while pH alone was not a reliable standalone control parameter, its combined evaluation with DO and ORP provided a robust framework for interpreting the biochemical status of the reactor.



Overall, the integration of DO, ORP, and pH profiles demonstrated clear interdependencies with nutrient dynamics. DO governed the oxidation potential necessary for nitrification; ORP provided real-time insight into redox regime shifts; and pH stabilized the microenvironment required for balanced microbial metabolism. These findings underscore that oxygen and redox management are critical for achieving complete nitrogen removal in SBR systems treating high-strength agro-industrial effluents, and that ORP and alkalinity can serve as practical on-line control indicators for process optimization



The phases of each operational cycle were clearly identified based on the ORP and DO profiles, as reported by other researchers such as James and Vijayanandan [35]. During aerobic phases, DO levels exceeded 2 mg/L and ORP values remained positive (Figure 6). Under anaerobic conditions, ORP values dropped below –200 mV. Upon aeration, ORP increased sharply to positive values, remaining elevated throughout the aerobic phase and reaching a maximum of +290 mV—within the range of +100 to +300 mV as reported by Marin et al. [36]. This increase in ORP was directly associated with the rise in DO concentration.



In the anaerobic stage, the ORP profile exhibited two distinct phases: a sharp decline during the first hour, followed by a gradual reduction that continued until the end of the anaerobic phase. This pattern coincides with the findings of Youwei et al. [37], who also observed a significant drop in ORP during the first hour of the anaerobic period. This decline coincided with the release of orthophosphate into the bulk liquid, which continued throughout the anaerobic phase. Moreover, the extent of phosphate release increased proportionally with the magnitude of ORP reduction, revealing a linear relationship between these variables. This correlation is expressed in Equation (1):


∆P-PO43− = –0.0226 ∆ORP + 0.3983; R2 = 0.946



(1)







Therefore, the ORP profile provides valuable insight into the dynamics of phosphate release during the anaerobic phase. Carrasquero et al. [38] reported that the more negative the ORP values, the higher the phosphate release rates observed in biological systems. Conversely, under aerobic conditions, ORP values became positive, and higher values were associated with increased phosphate uptake rates.



A clear linear relationship was observed between the decrease in oxidation–reduction potential (ORP) during the anaerobic phase and phosphate release, indicating that more negative ORP values correspond to greater phosphate liberation. This trend confirms the predominance of polyphosphate-accumulating organism (PAO) metabolism under reducing conditions and the subsequent enhancement of phosphate uptake during the aerobic phase. The redox shift thus acts as a key driver in the metabolic alternation of PAOs, enabling efficient phosphorus transformation through the coupled anaerobic release–aerobic uptake mechanism characteristic of enhanced biological phosphorus removal (EBPR) systems.



From a microbial and operational standpoint, PAO dominance occurs when adequate volatile fatty acid (VFA) availability, strongly negative anaerobic ORP, and sufficient aerobic duration favor polyphosphate accumulation and high phosphorus uptake. Conversely, competition from glycogen-accumulating organisms (GAOs) under suboptimal C/P ratios, unstable redox conditions, or excessive sludge retention times (SRTs) can reduce both phosphate release and subsequent uptake efficiency. Therefore, maintaining an optimal operational balance—ensuring adequate VFAs, establishing sufficiently negative ORP during the anaerobic phase, positive ORP during the aerobic phase, and controlling SRT—is essential to sustain PAO activity, limit GAO proliferation, and maximize phosphorus removal performance in oxygen-controlled SBR systems.



The evolution of TKN, NH4+-N, NO2−-N, and NO3−-N concentrations was correlated with the ORP profile to track the progression of nitrification and denitrification processes within the reactor. A decrease in ammonium nitrogen was observed during the aerobic phase, corresponding with the oxidation to nitrites and nitrates and accompanied by an increase in ORP [39]. This increase in ORP was also associated with a decrease in total alkalinity.



Throughout the aerobic phase, the ORP profile showed a progressive increase, reaching a maximum of +290 mV at 11.25 h into the operational cycle. At this point, the highest DO concentration (4.4 mg/L) was recorded, along with a residual ammonium concentration of 25 mg/L, corresponding to a nitrification efficiency of 84.7%. Beyond this point, both ammonium nitrogen and ORP values remained relatively stable for the next two hours, until the end of the aeration phase.



Nitrogen profile data indicated that, after this peak, the electron flow for nitrate production decreased to a near-minimum, resulting in a stable nitrate concentration for the remainder of the aerobic period. The identification of this maximum ORP point provides a reliable indication that further oxidation of NH4+-N was unlikely to occur, suggesting that ORP can serve as a useful online control parameter for monitoring nitrification progress.



During the anoxic phase, ORP decreased progressively to –364 mV. Once nitrate was depleted, a distinct inflection in the ORP profile was observed—commonly referred to as the nitrate knee, which marks the end of denitrification [40,41]. This point was identified in the fifteenth hour of the operational cycle. Additionally, at the nitrate knee, the previously increasing trend in alkalinity was interrupted, indicating the completion of the denitrification process.




3.2.2. pH Profile


The pH values recorded during the operational cycle ranged from 6.65 to 7.64, exhibiting a steady upward trend. These values approach the optimal pH range for heterotrophic bacterial growth, reported to be between 7.2 and 8.2 by Wang et al. [42], thereby supporting favorable conditions for microbial activity and organic matter degradation. During the anaerobic phase, pH rose from 6.65 to 7.16. In this phase, two key processes related to biological phosphorus removal influence the pH: the uptake of volatile fatty acids (VFAs) by polyphosphate-accumulating organisms (PAOs) and glycogen-accumulating organisms (GAOs), which tends to increase pH, and the release of phosphorus by PAOs, which generates protons and causes a pH decrease. The shape of the pH profile depends on which process dominates the balance between VFA uptake and orthophosphate release. When PAOs are predominant, a decrease in pH is typically observed, as these organisms take up VFAs from the wastewater while releasing orthophosphates into the medium.



In contrast, when GAOs dominate, the pH tends to increase, since these organisms also consume VFAs but do not release phosphate [43]. As the pH variation during the anaerobic phase depends on the relative abundance of PAOs and GAOs, the pH profile can be used as an online monitoring tool to infer the dominant microbial population [44]. In this study, it can be inferred that GAOs were the predominant group during the anaerobic phase, which may explain the relatively low phosphorus removal efficiency (54.5%) observed, in comparison to values reported in other studies.



During the aerobic phase, pH values ranged from 7.16 to 7.57. These values fall within the optimal range for nitrifying bacteria growth (7.5–8.6). The pH profile during the nitrification–denitrification process typically presents two characteristic inflection points: the ammonium valley and the nitrate knee.



Under aerobic conditions, the reduction in alkalinity associated with nitrification leads to a drop in pH, reaching a minimum that corresponds to the end of nitrification. After this point—the ammonium valley—the pH partially recovers due to the transfer of dissolved CO2 to the gas phase [45]. Although this specific point was not detected in the pH profile, it was clearly observed in the ORP profile.



Under anoxic conditions and in the presence of biodegradable organic matter, denitrification is associated with an increase in pH until a turning point is reached—known as the nitrate knee [46]. According to Carrasquero et al. [47] one of the reasons effluent alkalinity may rise is due to denitrification, a process that releases alkalinity and compensates for the acidity consumed during nitrification. After 85 min into the anoxic phase, a breakpoint was identified in the alkalinity trend, signaling the completion of denitrification. This inflection corresponded with a decrease in total alkalinity from 820 to 620 mg/L. Similarly, during the settling phase, pH dropped from 7.75 to 7.64, likely due to CO2 accumulation resulting from microbial respiration using the residual dissolved oxygen.




3.2.3. OD Profile


Dissolved oxygen exhibited a direct association with nitrification dynamics, where increased aeration enhanced ammonium oxidation and nitrate accumulation. The ascending DO trend during the aerobic phase paralleled the depletion of organic matter and ammoniacal nitrogen, indicating that oxygen supply was the main driver of chemolithotrophic nitrification processes. Conversely, during anoxic phases, DO values below 0.5 mg/L favored denitrification, reflected by a sharp decline in nitrate concentration and a corresponding increase in total alkalinity.



The OD concentration in the reactor remained below 0.21 mg/L during the anaerobic phases. In the aerobic phase, DO levels ranged between 1.30 and 4.35 mg/L. Dosta et al. [48] reported similarly high DO concentrations (DO ≥ 4 mg/L) in a sequential batch reactor treating swine wastewater.



During the filling phase, DO concentrations remained between 0 and 0.22 mg/L. At the onset of aeration, DO increased from 0.20 to 1.30 mg/L, and progressively rose to approximately 3 mg/L after the first hour of aeration. This progressive increase in DO during the aerobic phase was attributed to the declining bacterial respiratory activity as substrate availability decreased, as also evidenced by the COD profile.



It can be inferred that during the filling and anaerobic phases, readily biodegradable organic matter was adsorbed onto the active surfaces of the biomass, initiating anaerobic decomposition processes characterized by complex microbial metabolic interactions. In the subsequent aerobic phase, the total COD was gradually reduced, likely due to the consumption of slowly biodegradable organic matter. This fraction is composed of high molecular weight compounds that must first be hydrolyzed by extracellular enzymes secreted by microorganisms and transformed into low molecular weight soluble compounds, which are more easily assimilated by microbial cells.



The average DO concentration during the aerobic phase (3.8 mg/L) was high enough to limit the occurrence of simultaneous nitrification-denitrification (SND), a process that is inhibited at DO levels exceeding 2.5 mg/L [49]. This stage involves processes such as assimilation, oxidation, and endogenous respiration, all of which require a slower and more progressive utilization of the residual organic matter originating from the earlier anaerobic phase. These elevated oxygen concentrations favored the activity of autotrophic nitrifying bacteria, which thrive at high DO levels, over heterotrophic nitrifiers, which tend to dominate at low DO concentrations below 0.5 mg/L and can grow faster under oxygen-limited conditions.



The maximum DO concentration recorded coincided with the highest nitrite concentration and the lowest NH4+-N value in the aerobic phase profile. This DO breakpoint (also known as the ammonium valley) marks the completion of the nitrification process [50]. It was observed at 11.25 h and matched the inflection point identified in the ORP profile.



During the aerobic phase, the gradual increase in DO was inversely related to the TKN and NH4+-N curves, suggesting that chemolithotrophic bacteria efficiently carried out the oxidative assimilation mechanisms, converting organic nitrogen to free ammonium and subsequently oxidizing it to nitrite and nitrate.



In the anoxic phase, DO concentration dropped from 2.0 to 0.6 mg/L within the first 15 min, due to the cessation of air supply. It continued decreasing to 0.35 mg/L as the phase progressed. During the settling phase, DO levels declined further, from 0.35 to 0.21 mg/L.



The results demonstrated a strong correlation between phosphorus and nitrogen removal processes and the online measurements of pH, ORP, and DO. Real-time monitoring of these parameters enables immediate corrective actions in response to deviations in biological nutrient removal behavior [51].



The profiles of contaminants and control variables clearly indicated the breakpoints corresponding to the ammonium valley and nitrate knee. One of the main applications of detecting these points lies in the implementation of real-time control strategies, allowing for adaptive phase duration optimization in SBR systems based on the contaminant concentrations of each operational cycle.





3.3. Optimization of the Reaction Phase Duration


Based on the identification of key inflection points—namely the nitrate knee and the ammonium valley—in the DO, ORP, and pH profiles, a theoretical approximation was conducted to estimate the minimum required duration of the reaction phases for treating swine slaughterhouse effluents. According to the theoretical mass balance, the total reaction phase was optimized to 13 h (780 min), representing a 13.3% reduction in comparison to the initial cycle duration (Table 3).



The aerobic and anoxic phases were successfully optimized, as the critical breakpoints reported in the literature were clearly detected. However, the anaerobic phase could not be optimized due to the absence of a detectable breakpoint in the ORP profile associated with the end of orthophosphate release.



It is important to emphasize that the optimized times represent the minimum duration each phase must be maintained in the SBR to ensure maximum nitrogen and phosphorus removal under the observed operational conditions.





4. Conclusions


The results demonstrate that the sequencing batch reactor (SBR) operated effectively under controlled anaerobic–aerobic–anoxic conditions, achieving high contaminant removal rates. The system recorded an average reduction of 87.1% in chemical oxygen demand (COD) and 95.5% in biochemical oxygen demand (BOD), along with reductions of 69.4% in total nitrogen (TN) and 53.2% in total phosphorus (TP). These findings confirm the reactor’s capability to efficiently remove organic matter and nutrients from high-strength swine slaughterhouse effluents while maintaining process stability throughout the 60-day operational period.



The study also established clear relationships between pH, oxidation–reduction potential (ORP), and dissolved oxygen (DO) profiles and nutrient removal dynamics, enabling the optimization of reactor phases to enhance treatment efficiency. Key inflection points identified in the ORP and DO profiles—such as the ammonium valley and nitrate knee—marked the onset and completion of nitrification and denitrification processes, allowing operational adjustments that improved performance and reduced total cycle time. These results highlight the potential of integrating real-time monitoring and oxygen-based control as an intelligent strategy for optimizing biological nutrient removal processes.



From a broader perspective, this study contributes to the advancement of modern wastewater treatment strategies that combine biological process automation, redox-based monitoring, and sustainable operation. The integration of DO and ORP as control parameters not only improves treatment performance but also supports energy-efficient aeration management and adaptive phase regulation, which are critical elements for the sustainable operation of agro-industrial wastewater systems.



Despite its success at the laboratory scale, the study presents certain limitations associated with controlled influent conditions and reduced hydraulic variability compared to full-scale applications. Future research should focus on scaling up the system, validating long-term stability under variable organic and hydraulic loads, and exploring the integration of hybrid or advanced oxidation processes to address refractory organic compounds and residual antibiotics typical of swine effluents. The incorporation of machine learning–based predictive control systems is also recommended to further enhance automation, energy optimization, and operational resilience.



In conclusion, this research confirms the feasibility and robustness of oxygen-controlled SBRs for nutrient-rich wastewater treatment and establishes a foundation for the development of intelligent, data-driven, and sustainable reactor control frameworks. The approach represents a significant contribution to environmental biotechnology and supports the transition toward circular and resource-efficient wastewater management in the agro-industrial sector.
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The following abbreviations are used in this manuscript:



	AOB
	Ammonia-oxidizing bacteria



	BOD
	Biochemical oxygen demand



	CND
	Conventional nitrification-denitrification



	COD
	Chemical oxygen demand



	DO
	Dissolved oxygen



	EBPR
	Enhanced biological phosphorus removal



	GAOs
	Glycogen-accumulating organisms



	MLSS
	Mixed liquor suspended solids



	MLVSS
	Mixed liquor volatile suspended solids



	NOB
	Nitrite-oxidizing bacteria



	ORP
	Oxidation-Reduction Potential



	PAOs
	Polyphosphate-accumulating organisms



	pH
	Hydrogen potential



	SBR
	Sequential batch reactor



	SRT
	Sludge retention time



	TKN
	Total Kjeldahl nitrogen



	TN
	Total nitrogen



	TP
	Total phosphorous



	VFA
	Volatile fatty acids
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Figure 1. Schematic Diagram of the Sequential Biological Reactor Used. 
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Figure 2. Temporal variation of influent COD (CODi), effluent COD (CODe) (A), and COD removal efficiency (B) during 60 days of reactor operation. 
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Figure 3. Temporal variation of influent BOD (BODi), effluent BOD (BODe) (A), and BOD removal (B) efficiency during 60 days of reactor operation. 
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Figure 4. Temporal variation of influent TN (TNi), effluent TN (TNe) (A), and TN removal efficiency (B) during 60 days of reactor operation. 
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Figure 5. Temporal variation of influent TP (TPi), effluent TP (TPe) (A), and TP removal efficiency (B) during 60 days of reactor operation. 
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Figure 6. Profile of COD, P-PO43−, TKN, NH4+-N, NO3−-N, NO2−-N Concentrations and Online Measurements of pH, DO, and ORP During a 16-Hour Cycle in the Treatment of Swine Effluents Using an SBR. 
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Table 1. Characteristics of influent wastewater.
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	Parameter
	Value ± SD





	Chemical Oxygen Demand (COD)
	6275 ± 1989 mg/L



	Biochemical Oxygen Demand (BOD)
	2320 ± 950 mg/L



	Total Nitrogen (TN)
	360 ± 60 mg/L



	Ammoniacal Nitrogen (NH4+–N)
	148 ± 39 mg/L



	Total Phosphorous (TP)
	17 ± 8 mg/L







SD: Standard Deviation.













 





Table 2. Operational Conditions of the Sequential Biological Reactor.
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	Parameter
	Condition





	Hydraulic Retention Time (HRT)
	22.9 h



	Operational Cycle Time (OCT)
	16 h



	Sludge Retention Time (SRT)
	25 days



	Total Volume (Vt)
	4 L



	Working Volume (Vw)
	2 L



	Volume of Industrial Effluent in Reactor
	1.4 L



	Volume of Adapted Biomass in Reactor
	0.6 L



	Aeration Strategy
	Conventional Nitrification–Denitrification



	Filling Type
	Static



	Filling Time
	0.25 h



	Settling Time
	0.50 h



	Discharge Time
	0.25 h



	Reaction Time
	15 h



	Reaction Phases
	Anaerobic (3 h) + Aerobic (10 h) + Anoxic (2 h)










 





Table 3. Optimized duration of aerobic and anoxic phases during the SBR reaction stage.
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Phase

	
Aerobic

	
Anoxic

	
Optimized Reaction Time

	
% Optimized Time




	
Current

	
Optimized 1

	
Current

	
Optimized 1






	
Duration (min)

	
600

	
495

	
120

	
105

	
120

	
13.3








Note: The indicated ranges for the optimized times are due to variations among the inflection points of pH, ORP, and DO. 1 Minimum phase duration.
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