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Wastewater from confined dairy operations requires efficient treatment to reduce its potential to pollute the surrounding environments. In this study, a novel intermittently-aerated-extended-idle sequencing batch reactor (IA-EI SBR) process was developed, evaluated, and optimized for simultaneously removing phosphorus (P) and nitrogen (N) from anaerobically digested liquid-dairy-manure (ADLDM) with lower carbon-to-nutrient-ratios. Four influential operating parameters including cycle-time of 5–9 h, intermittent-aeration strategy of 10–50 min/h, two feed-phases of 6–30 min, and idle-phase of 40–120 min were statistically analyzed using central-composite design coupled with response-surface methodology for optimal removal efficiencies of ortho-phosphorus (%OPremoval), total-phosphorus (%TPremoval), ammonia-nitrogen (%NH3-Nremoval), total-nitrogen (%TNremoval), and chemical oxygen demand (%CODremoval). Results showed that the interactions of cycle time-idle phase, and aeration strategy-feed phases were significant in affecting %TPremoval (p-value ≤ 0.005). The synergistic effect of aeration strategy-idle phase was significant for %TNremoval and %CODremoval (p-value ≤ 0.006), while the cycle time-feed phases interaction had significant effect on %NH3-Nremoval. The maximum simultaneous nitrification-denitrification (SND) efficiency of 85.7% was recorded under influent COD and TN loading of 3,999.2 and 785.7 mg L−1 at 30 min/h aeration time in 7 h. The quadratic regression models based on statistical analysis of the experimental results adequately described the IA-EI SBR performance and showed that the applied levels of operating parameters were highly correlated with all five responses (p-value ≤ 0.030). Operating conditions for optimal IA-EI SBR process efficiency determined by desirability analysis were cycle-time of 8 h, intermittent-aeration strategy of 36 min/h, feed-phases of 24 min, and idle-phase of 100 min. Under these optimal conditions, the corresponding removal efficiencies for OP, TP, NH3-N, TN, and COD of 82.64, 95.82, 92.92, 73.84, and 90.94%, respectively, were achieved in validation experiments.
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1. Introduction

The dairy industry has responded well to the demands for quality meat and milk and promoted rural economic development (Hawkes and Ruel, 2006). Meanwhile, it also creates a large volume of liquid manure containing excessive nutrients from confined dairy operations (Wang et al., 2020b), which are responsible for severe environmental concerns including disruption of the natural nitrogen (N) and phosphorus (P) cycles in adjacent soil and aquatic ecosystems (Filip and Middlebrooks, 1976; Carpenter et al., 1998). According to the U.S. Environmental Protection Agency (EPA), nutrient pollution is one of America's most prevalent, cost-intensive, and demanding environmental issues triggered by N and P runoffs from direct land applications of manure (“The Issue | US EPA, n.d.”). The P-runoff from undue land application of manure alone accounts for about 66% of impaired conditions of U.S. rivers (New Patented Technology Removes Phosphorus from Manure, 2018), while the emission of nitrous oxide (N2O) is another environmental concern as its global warming potential is 265 times of CO2 (Understanding Global Warming Potentials | US EPA, 2022). Therefore, wastewater from confined dairy operations must be treated satisfactorily by appropriate methods to reduce its polluting potential to the environment. For example, commercial dairy farms in southern Idaho manage manure wastewater onsite adequately through anaerobic biological treatments combined with solid-liquid separation techniques such as screening and centrifugation, which significantly reduce the chemical oxygen demand (COD) and suspended solids (Wang et al., 2020a,b). Still, these treatments generate anaerobically digested (AD) effluents that contain large quantities of P, N, and organic carbon. Thus, it is crucial to employ more efficient biological methods to achieve substantial nutrient reductions.

Biological nutrient removal (BNR) in sequencing batch reactor (SBR) is a promising technology that treats excessive N and P in liquid waste streams, if the synergetic effect of feeding nutrient distribution and aeration intervals is properly managed for best performances. Conventional BNR has been effectively implemented to treat dairy wastewater using single sludge processes in SBR, including anaerobic/anoxic/aerobic (Marañón et al., 2008), and anoxic/aerobic (Castrillón et al., 2009). The basic mechanisms behind BNR processes reveal that satisfactory nutrient removal efficiencies and operational stability of wastewater treatment are associated with high COD to TN ratios (Ferrentino et al., 2016; Barnard et al., 2017).

In conventional BNR, ordinary heterotrophs compete with phosphate accumulating organisms (PAOs) for organic carbon sources, while microbial communities including aerobic heterotrophs, ammonia oxidizing bacteria (AOB), nitrite oxidizing bacteria (NOB), PAO, compete for dissolved oxygen (DO) to removal P and N simultaneously (Wang et al., 2018; Yuan et al., 2020). Thus, inapt operating conditions of SBR or low COD concentration in influents can lead to deterioration of BNR process. Moreover, these processes also encounter difficulties like contrasting sludge retention times (SRTs) and adverse effects of nitrate overaccumulation on functioning microbial consortia (Dai et al., 2021). Researchers have attempted to address the carbon deficiency in BNR processes by adding external carbon sources like ethanol, methanol, and acetic acid (Lee et al., 2001; Louzeiro et al., 2002; Kargi and Uygur, 2003), or by recycling internal carbon sources (Zhang et al., 2013). Clearly, these strategies have major disadvantages such as additional costs for chemicals and energy required for sludge pumping, along with unavoidable greenhouse gas emissions (Caniani et al., 2015; Liu et al., 2021).

In recent years, modern approaches such as partial denitrification, anammox-biological P removal fermentation and partial nitrification (PDA-PFPN) (Fan et al., 2022), combined anammox and denitrifying P removal (CA-DP) (Zhang et al., 2018), denitrifying phosphorus removal and partial nitrification, anammox (DPR-PNA) (Zhang X. et al., 2021), and simultaneous nitrification-denitrification and P removal (SNDPR) (Zeng et al., 2003; Li et al., 2019; He et al., 2020) have been designed to confront the mentioned above challenges and treat wastewaters. Though these approaches have certain advantages such as anammox requires no carbon; but also disadvantages such as extended start-up to establish complex operating schemes, which are often tricky to manage while treating real wastewater. Thus, a simpler SBR scheme is required to efficiently treat ADLDM holding low C: N:P ratios.

In this study, a new scheme, i.e., intermittently aerated-extended idle (IA-EI SBR), has been developed from the aerobic-extended idle (A-EI) SBR and intermittently aerated (IA) SBR (Yoo et al., 1999; Izadi et al., 2021), and adapted to resolve the above-mentioned issues by achieving SNDPR from the anaerobically digested liquid dairy manure (ADLDM) with low C:N:P ratios. The IA-EI SBR is repeatedly alternated between anaerobic, oxic, and anoxic conditions during the entire course of the cycle, followed by settling, decant and an extended idle phase. The concept behind IA-EI SBR is as follows: the biodegradable COD is slowly hydrolyzed into volatile fatty acids (VFAs) which are then taken by denitrifying polyphosphates accumulating organisms (DPAOs) as carbon polymer under anaerobic phase. Subsequently, the shorter aeration time at optimal DO levels prompts the controlled nitrification to maintain nitrates (NO3-N) in the system, followed by P-absorption by DPAOs using NO3-N as electron acceptor, under hypoxic or anoxic conditions (Leonard et al., 2018; Dai et al., 2021). The intermittent aeration strategy also restricts competing heterotrophs and improves bioreactor performance. Compared to PAOs in conventional BNR in SBRs, the proliferation of the DPAOs in an optimized bioreactor could lower oxygen and carbon requirements up to 30% and 50%, respectively, along with a 50% reduction in sludge production (Kuba et al., 1996; Chen et al., 2011). The extended-idle phase improves the treatment process similar to A-EI systems, through reducing PAOs dependency on VFAs and increasing the tolerance of higher NO[image: image] concentration in the system (Wang et al., 2008, 2012). Fan et al. (2022) also reported stable denitrifying P removal in a novel PDA-PFPN bioreactor with extended idle phase (540 min), while treating domestic wastewater. Because the idle phase is not aerated nor mixed, it also reduces the energy input to the system. The existence and steadiness of biological processes, including P uptake, P release, nitrification, and denitrification, have been indicated by the removals of COD, N and P under specific settings (Wu et al., 2015).

In addition to type of bioreactor, the performance of SNDPR process depends upon operating conditions, i.e., influent COD: N:P ratio, DO and aeration strategy, sludge age, electron acceptors for DPAOs, and HRT (Wu et al., 2023). DO concentrations ranging between 0.05 and 2 mg L−1 have been reported optimal for successful SNDPR process (Wu et al., 2023). Whereas the influence of C:N ratio on SNDPR has been found considerably inconsistent in literature, for example, (Liu et al., 2018) reported 84.6% and 55.9% P and N removal while treating municipal wastewater containing C: N of 3.3. Matinfar et al. (2019) studied simultaneous nutrient removal in low-O2 granular SBR and achieved 97.6 and 97.9% P and N removal from dairy wastewater at C:N ratio of 6.8. Wang et al. (2018) investigated effect of different C:N ratio on SNDPR, and observed decline in denitrification, but consistent COD and P removals in an aerobic granular sludge. Therefore, linking DO, C/N ratio to operating parameters and nutrient removal efficiencies is necessary in achieving better SNDPR performance.

Previous studies have used a single factor approach to evaluate the effects of operating parameters on nutrient removal from diverse forms of wastewaters in SBRs (Lochmatter et al., 2013; Shen et al., 2019; Dan et al., 2020). The optimization approach of “one-factor at a time” often leads to misinterpretations of data, especially when the interaction effects from other operating parameters are not considered in the data analysis. Meanwhile, the central composite design (CCD) coupled with response surface methodology (RSM) allows the assessment of multiple operating parameters at distinct levels in a single design space, thus can be used to analyze the linear and interactive effects of operating parameters and responses more efficiently (Anderson and Whitcomb, 2017a). Therefore, CCD-RSM is a great tool to optimize the distinct phases and evaluate their interactive effects on SNDPR from ADLDM in a novel IA-EI SBR.

The aim of this work was to generate the knowledge of linear and interactive effects of the basic operating parameters including IA, idle phase, feed phases and cycle time on the SNDPR process in the IA-EI SBR for the selection of an efficient treatment of ADLDM containing lower C: N and C:P ratios. The specific objectives were to (i) systematically investigate the collaborative effects of cycle time, aeration time/ strategy, feed phase and extended idle phase on nutrient removal efficiencies, (ii) identify and validate the operating conditions to achieve an optimal performance of the IA-EI SBR, and (iii) develop empirical models based on statistical analysis of experimental results to describe the relationship between the four above-mentioned operating parameters and the nutrient removal efficiencies (%OPremoval, %TPremoval, %NH3-Nremoval, %TNremoval and %CODremoval) and to predict the performances of the SNDPR process in the IA-EI SBR.



2. Materials and methods


2.1. Inoculum and feedstock characteristics

In this study, the IA- EI SBR process was inoculated with acclimated sludge taken from a lab-scale two-step fed SBR operation with superior nutrient removal efficiencies (Asghar et al., 2023). The inoculum sample had a total solid content of 5,500 mg L−1, a volatile suspended solid content of 4,300 mg L−1, and pH of 7.45 ± 0.02. AADLM samples were collected from a centrifugation facility at a commercial dairy in Idaho, kept at 4°C in a refrigerator and used as the substrate in this study. The properties of feedstock tested in this study are summarized in Table 1. The average C: N and C:P ratios of the feedstock were 6:1 and 16:1, respectively, which are considerably lower than recommended limits (Table 6) to support autotrophic and heterotrophic microbial populations and maintain an effective bioreactor (Rollemberg et al., 2019; Zhang et al., 2022).


TABLE 1 Characteristics of feedstock tested in this study.
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2.2. IA-EI SBR design and startup

The lab scale SBR was constructed using a clear PVC cylinder (φ25.2 × 50.8 cm D × H) with a total volume of 25 L and a working volume of 20 L. The SBR was equipped with control mechanisms for agitation, aeration, and feeding/discharging (Figure 1). Two peristaltic pumps (Master Flex L/S 7523-90, Cole-Palmer, Vernon Hills, IL, USA) were used to maintain the desired inflow and discharge of ADLDM. A mechanical overhead stirrer (IKA works Inc. Wilmington, NC, USA) was used to provide mixing and controlled via a timer. An agitation speed of 200 rpm was kept during each cycle except settling (40 min), decant (20 min) and idle phase (variable time). An air pump (Tetra, Blacksburg, VA, USA) connected to a gas-diffusion stone (Vivosun, Canada) was used to intermittently aerate the system and regulated by a timer. The aeration pump was set at a 2-min duty period followed by a 2-min quiescent period to maintain the DO concentration of less than 2.5 mg L−1 in the system, and to reduce the froth formation. The volume loss in the SBR due to sampling and solids removal was made up with tap water. The pH and DO were monitored using a tris-compatible flat pH sensor and an optical DO probe, linked to a data logger (LabQuest2, Vernier, Beaverton, OR, USA) for data acquisition. The IA-EI SBR was operated at 21-days SRT by maintaining total suspended solids and volatile suspended solids at 0.6–0.8% and 4,240–4,850 mg L−1 respectively in the reactor; and 72 h HRT i.e., 6.66 L of wastewater was exchanged daily to the 20 L working volume. The shorter HRTs with high N and P loading rates in system hinders the effective nutrient removal while treating dairy manure wastewater (Matinfar et al., 2019), thus HRT of 72 h was maintained. The cycle time (5–9 h), intermittent aeration strategy (10–30 min/h), feeding duration (6–30 min), and the idle phase (40–120 min) in each experiment were set according to the experimental design as discussed in Section 2.4. The average organic and nitrogen loading rates were 1.347 ± 0.063 kg COD m−3.day−1 and 0.238 ± 0.034 kg N m−3.day−1 respectively. The total removal efficiencies of nutrients (i.e., OP, TP, NH3-N, TN, COD) were determined based on the concentration of nutrients in the influent and effluent.


[image: Figure 1]
FIGURE 1
 Schematic diagram of the IA-EI SBR used in this study. (1) Feedstock/Influent tank; (2) and (9) Peristaltic pumps; (3) Sequencing batch reactor; (4) Mixer on timer; (5) Air pump on timer; (6) LabQuest 2- a data logger; (7) DO and pH probes; (8) Diffusion stone; (10) Effluent tank.




2.3. Sampling and analytical methods

During the experiments, the influent and effluent samples of 30 ml each were collected at the start and the end of each cycle and split into two halves (15 ml each) for testing. The methods developed by the Hach Company (Loveland, CO, USA) were used in the following analytical tests. The first half of the sample was analyzed for COD, total nitrogen (TN), and total phosphorus (TP) using Hach DR5000TM spectrophotometer, based on the methods of reactor digestion (Hach method 8000), persulfate digestion (Hach method 10208), and ascorbic acid (Hach method 10209), respectively. The second half was filtered via a 0.45 μm sterile syringe filter (Tisch Scientific, Cleves, OH, USA) and analyzed for ammonia-nitrogen (NH3-N) and ortho-phosphate (OP) using the salicylate method (Hach method 10031) and ascorbic acid method (Hach method 10209), respectively. The process intermediates including total volatile fatty acids as acetate (TVFAs), nitrate and nitrite in second half of effluent sample (15 ml) were also monitored using methods of esterification (Hach method 10240), dimethylphenol (Hach method 10206) and diazotization (Hach method 10207), correspondingly (Hach Company, Loveland, CO). The total solids and volatile suspended solids of the collected samples were estimated using the standard methods by (APHA et al., 2012).



2.4. Equations and calculations

The loading rates of organics and nitrogen were calculated using EQ1 and EQ2 respectively (Li et al., 2016; Dionisi and Rasheed, 2018).

[image: image]

Where Qinf: the influent flow rate (m3.day−1); CODinf: COD concentration in influent (mg·L−1) and V: working volume of the reactor (m3).
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Qinf: the influent flow rate (m3.day−1); Ninf: Influent ammonia nitrogen concentration (mg·L−1) and V: working volume of the reactor (m3).

[image: image]

In EQ 3, TSSr: total suspended solids concentration in the reactor (mg L−1); V: working volume (L); TSSeff: TSSeff concentration in the effluent (mg L−1); Qeff: effluent flow rate (L d−1), TSSbulk: TSS concentration in the bulk sample (mg L−1) and Qex: excess sludge flow rate (L d−1). Qex was calculated based on 21 days of SRTtarget.

The removal efficiency (%removal) of each nutrient was calculated using the following equation (EQ4).

[image: image]

where Cinf and Ceff represent the influent and effluent concentrations of nutrient, respectively, in mg L−1. Herein, the simultaneous nitrification-denitrification (SND) efficiency was considered equal to loss of total inorganic nitrogen (i.e., sum of ammonia, nitrite, and nitrate) during the treatment process (Cheng et al., 2022). Equation (EQ5) was used to calculate SND efficiency under different operating conditions.

[image: image]

where TINinf was concentration of total inorganic nitrogen supplied to IA-EI SBR system.



2.5. Experimental design

In this study, batch experiments based on CCD were conducted. Four operating parameters of cycle time (A, h), aeration time/strategy time (B, min/h), two fill/feed phases (C, min) (namely the first at start of cycle and the second half time into cycle), and idle phase (D, min) were investigated. The ranges and levels of these operating parameters are listed in Table 2. The non-aeration segment was always implemented in the beginning of an hour into each aeration strategy and DO was fixed at 2.5 mg L−1 during the aeration time. One of the two feed phases was placed at the beginning of the cycle, while the other was positioned halfway through the cycle. The full factorial CCD-RSM was used to determine the testing levels within given ranges and optimize experimental conditions by using the statistical software of Design Expert (version 13.0.5, Stat Ease, Inc., Minneapolis, MN, USA). A total of 30 × 2 batch experiments, including 16 × 2 runs at factorial, 8 × 2 at axial, and 6 × 2 at central points, were performed. Each run was operated for at least 2 weeks to reach a steady state before collecting data as presented in Table 3. The average removal efficiencies of OP, TP, NH3-N, TN, and COD were the five response variables, hereafter represented as %OPremoval, %TPremoval, %NH3-Nremoval, %TNremoval and %CODremoval.


TABLE 2 Experimental range and levels of operating parameters.
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TABLE 3 Experimental design and results based on the response surface methodology constructed using the design-expert software.

[image: Table 3]

After the experimental data were obtained and processed, a second-order equation was used to fit the response data as follows:

[image: image]

where Y represents the responses, i.e., %OPremoval, %TPremoval, %NH3-Nremoval, %TNremoval and %CODremoval; and A, B, C, and D symbolize the operating parameters, i.e., cycle time, aeration time/strategy, two fill/feed phases and idle phase, respectively. While b0 is the intercept or offset term; b1, b2, b3 and b4 are the linear coefficients; b11, b22, b33, and b44 are the squared coefficients; and b12, b13, b14, b23, b24, and b34 are the interaction coefficients.

The regression model and statistical significance were also constructed and tested using the analysis of variance (ANOVA) test. The main effect of independent variables was assessed at a specific given point in the design space using the perturbation plots. Three-dimensional surface plots were drawn to demonstrate the main and interactive effects of between two operating parameters while keeping the other at the central level. The Design Expert (version 13.0.5, Stat Ease, Inc., Minneapolis, MN, USA) was employed for the experimental design, data analysis, and graph plotting. The desirability function approach was utilized to determine the optimized operating conditions and predicted the nutrient removal efficiencies, which were also experimentally validated.




3. Results and discussion


3.1. Quadratic models for responses based on CCD-RSM

The quadratic models (EQs 3–7) below were obtained based on the CCD-RSM experimental results.
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The results of ANOVA suggested that the quadratic models are highly statistically significant with low p-values of 0.0007–0.0301 (Table 4). The insignificant lack of fit relative to the pure errors supported the validity of the quadratic models (p-value > 0.05). The coefficients of determination (R2) of 0.753, 0.847, 0.753, 0.836, and 0.833 for %OPremoval, %TPremoval, %NH3-Nremoval, %TNremoval and %CODremoval, respectively, demonstrated excellent correlations between the predicted and experimental results in the experimental domain. The ratio of signal (response) to noise (deviation) is reflected by the predictive precision of the models, which compares the mean error of predictions to the range of predicted values at the design points (Anderson and Whitcomb, 2017b), and a ratio of larger than 4 is desirable (Bilici Baskan and Pala, 2010). Herein, the adequate precision values of 6.71, 6.91, 7.98, 9.66, and 7.08 for %OPremoval, %TPremoval, %NH3-Nremoval, %TNremoval and %CODremoval, respectively, verify the appropriate the adequacy of the predicting models. The data fitting potential of the developed polynomial quadratic models is also corroborated by plotting the experimental data against the predicted values for the responses (Figure 2), where the proximity between the model predictions and experimental results was observed. It is concluded that the models derived from CCD-RSM are sufficient to estimate effects of the operating parameters on the nutrient removal efficiencies.


TABLE 4 ANOVA results and fit statistics for the quadratic models.
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FIGURE 2
 Linear correlations between the predicted (line) and experimental data (dots) for (A) %OPremoval, (B) %TPremoval (B) a1, (C) %NH3-Nremoval, (D) %TNremoval, (E) %CODremoval.




3.2. Effects of operating parameters on nutrient removal efficiencies

Table 3 summarizes the performance of the IA-EI SBR in removing nutrients from ADLDM under different conditions. The efficiencies %OPremoval, %TPremoval, %NH3-Nremoval, %TNremoval and %CODremoval were in the ranges of 50.45–89.44, 60.67–98.82, 67.78–97.48, 41.65–92.70, and 76.66–95.88%, respectively, which suggested that the selected levels of the operating parameters were appropriate because the optimal values of the responses were apprehended effectively from the experimental design.

In this study, increasing the cycle time (variable A) significantly improved the removals of soluble phosphorus and nitrogen (i.e., OP and NH3-N), whereas %TPremoval, %TNremoval and %CODremoval did not show substantial variations to cycle time (p-value > 0.05), suggesting that the microbial consortia did not require only an extended cycle time, but the optimal combination of the operating parameters to generate a favorable environment to maintain an excellent bioreactor performance. The intermittent aeration strategy (variable B) tested in this study impacted the %NH3-Nremoval and %TNremoval significantly (p-value < 0.05), but no significant variations of %OPremoval, %TPremoval and %CODremoval were noticed under the linear effect of intermittent aeration strategy. According to the ANOVA analysis, the direct effect of feed phases (variable C) on %TPremoval, and %CODremoval was found significant (p-value ≤ 0.05). However, the linear effect of idle phase (variable D) was not found statistically significant for all five responses in this study. To further understand the interactive effects of the operating parameters on each response, contour plots and 3D surface response plots were generated by altering two operating parameters within the experimental ranges and keeping the other two at the central level (the coded value of 0).


3.2.1. Ortho-phosphate removal performance

In this study, the superior efficiencies of ortho-phosphate removal (%OPremoval) were achieved at higher levels of residual nitrate/nitrite concentrations in the system (Figure 3), which specifies that the P removal might be dependent on anoxic P uptake in IA-EI SBR. Moreover, the higher P removals in IA-EI process can be maintained under lower influent carbon to phosphorus ratio (16:1) than conventional anaerobic/ aerobic/ anoxic processes. Therefore, the significant P removals observed can be associated to the high P-uptake by denitrifying phosphate accumulating organisms (DPAOs), as previously reported in the literature (Wang et al., 2009; Bassin et al., 2012). The linear effects of cycle time (variable A) and the second-order effect of cycle time (i.e., A2) and of aeration time/strategy (i.e., variable B2) were significant for %OPremoval (p-value <0.05), but none of the interactions between the operating parameters were significant on %OPremoval (Table 4). The perturbation plot of %OPremoval confirms that the cycle time and aeration time/strategy were the most influential parameters, followed by the feed phases and idle phase (Supplementary Figure 1a). The color gradient of response surface plots represents the interactive effect of cycle time and aeration time/strategy on %OPremoval (Figure 4), where the extended aeration (30–40 min/h) and cycle time (8–9 h) improved the OP removals when the idle phase and feed phases were fixed at 80 and 18 min, respectively. The extended aeration time had supplied adequate electron acceptors (e.g., oxygen, nitrates, and nitrites) in the system for effective P removal. Under these conditions, the DPAOs seem to outcompete the heterotrophic bacteria (non-PAOs), thus promoting P uptake and denitrification simultaneously, evidenced by the higher removal efficiencies of TP and TN along with COD achieved during Runs 23 and 30. DPAOs activity can be maintained in SBR if the concentration of nitrates was sufficient to exceed the denitrification potential of heterotrophs (Chen et al., 2015; Dai et al., 2022), while rapid variations in aeration time (10–20 min/h) and shorter cycle time ( ≤ 6 h) negatively affected the %OPremoval. In Runs of 24 and 13 (idle phase ≥ 80 min), lower %OPremoval of 50.45% and 63.54%, respectively, were recorded. However, why these aeration strategies did not work well for OP removal despite sufficient time in idle phase for carbon uptake remains unanswered to the authors. Further research is needed to explore the related causing factors and potential mechanisms. As presented in Figure 4B, %OPremoval was improved at feed phases of 24 min or longer and idle phase of 80 min or longer under the fixed cycle time of 7 h and aeration time/strategy of 30 min/h. The high efficiency of %OPremoval recorded in Run 15 suggested that an optimal DPAOs activity was maintained, regardless of higher nitrification under these conditions (Figure 3). Similar trends for %TPremoval were also observed in Runs of 13,15, and 24.
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FIGURE 3
 Simultaneous C, N and P removal performance in IA-EI SBR under different operating conditions (A) TIN and NOx-N variations in effluent and SND efficiency (%) under applied experimental conditions (B) %TPremoval; (C) %TNremoval; (D) %CODremoval.
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FIGURE 4
 Response surface plots for %OPremoval (A) cycle time and aeration time/ strategy, (B) feed phase and idle phase; %TPremoval against interaction between (C) feed phase and idle phase (D) cycle time and idle phase, (E) aeration time/ strategy and feed phase.




3.2.2. Total phosphorus removal performance

Analyzing the prediction model in EQ 4 revealed that the interactive effects of cycle time and idle phase (A × D) and aeration time/strategy and feed phase (B × C), feed phase and idle phase (C × D) and second-order effects of cycle time (A2), aeration time/strategy (B2) and idle phase (D2), were significant for %TPremoval. Also, the steep curves for the feed phases and idle phase in the pertubation plots explain the sensitivity of %TPremoval toward variations between applied levels (Supplementary Figure 1b). These findings are further supported by the reponse surface plots of cycle time and idle phase (A × D), aeration time/ strategy and feed phases (B × C), and feed phases and idle phase (C × D) on %TPremoval as presented in Figure 4. Though, the effect of feed phases on both %TPremoval and %CODremoval was significant (p-value ≤ 0.05), but shorter feed phases (6–12 min) encouraged COD removals, and negatively affected %TNremoval and %TPremoval in this study. The observations in Run 6 suggested that the substantial %CODremoval was achieved by ordinary heterotrophs rather than by DPAOs or denitrifiers under these conditions.

The continuous rise in slope showed that %TPremoval was enhanced with increasing duration of feed and idle phases (Figure 4C). The carbon availability in the IA-EI SBR was well controlled by shifting the feed phases (6 to 18 min), which favored DPAOs as implied by the significant increases in %TNremoval and %TPremoval along with %CODremoval in Runs of 9, 11, 15, 18, and 19. The adequate total VFAs in system due to lengthier feed phases, and extended idle phase (≥ 80 min) appeared to offer ideal anaerobic/anoxic environment for additional carbon uptake as intracellular polymers, which was ultimately utilized for P uptake (Figure 3).

The shorter idle phase combined with longer cycle time clearly exacerbated the P removal evidenced by 76.98% of TP removal in Run 10 (SND = 84.1%), despite of the best feeding and intermittent aeration strategy. The %TPremoval surface plot of aeration time/ strategy and feed phases (B × C) in Figure 4E suggests that the negative effect of longer aeration time on TP removal can be overturned by changing feed distribution or increasing idle phase. The TN removal exhibited a similar trend under changing duration of feed phases and extended intermittent aeration strategy. These observations elucidate that the IA-EI SBR process provides more operational flexibilities to control the deleterious effects of process intermediates than the conventional biological treatment systems.



3.2.3. Ammonia-nitrogen removal performance

Traditionally, biological NH3-N removal involves the conversion of ammonia to nitrites and nitrates by ammonia-oxidizing bacteria (AOBs) and nitrite-oxidizing bacteria (NOBs) under aerobic conditions (Ji et al., 2020). Highlighted data in Table 4 indicate that the linear effects of cycle time (A) and aeration time (B), the second-order effect of aeration time (B2), and the two-level interaction of cycle time and feed phases (A × C) were significant in affecting the %NH3-Nremoval (p-value < 0.05). and In the perturbation plot, %NH3-Nremoval was found more sensitive to the fluctuating aeration time and cycle time in contrast to the other two parameters (Supplementary Figure 1c). In this study, longer aeration time significantly improved the %NH3-Nremoval due to a complete nitrification (p-value = 0.019). Shorter cycle time and feed phases tended to lower ammonia concentration in the effluent faster at 30 min/h of aeration time due to higher nitrification rate (evident by increase in residual nitrates in system), but negatively influenced the overall nutrient removal (Figures 3, 5A). These conditions had led to rapid generation of nitrates, thus disrupting the mandatory balance between nitrification and denitrification, and the P removal processes, which was apparent from the declines in TP and TN removal efficiencies. On the contrary, longer feed phases were observed to escalate the nitrification process by manipulating the availability of NH3-N to microbes, therefore, controlled production of nitrates and nitrites in the system and ensured the simultaneous removals of P and N at higher rates (Figures 3, 5A). These observations agree with the findings by Mang et al. (2022) on that an optimal step-feed distribution over time improves N and P removal rates through adjusting the C/N ratios in the system. However, the effect of idle phase on nitrification process was negligible, indicated by the flat trajectory in %NH3-Nremoval response plot (Figure 5C).
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FIGURE 5
 Response surface plots for %NH3-Nremoval against interaction of (A) cycle time and feed phases (B) cycle time and aeration time/strategy (C) feed phases and idle phase; and %TNremoval against interaction of (D) aeration time/strategy and cycle time (E) Feed phases and aeration time/strategy (F) aeration time/strategy and idle phase.




3.2.4. Total nitrogen removal performance

DPAOs consume nitrites and nitrates as electron acceptors under optimal intermittent aeration strategy and remove them from the system as N2 gas (Zhang M. et al., 2021). In this study, the linear effect of aeration time (B), the interaction effects of cycle time and aeration time/ strategy (A × B), aeration time/ strategy and feed phase (B × C), aeration time/ strategy and idle phase (B × D) and the second-order effect of idle phase (D2) were significant for %TNremoval (p-value <0.05). Increasing aeration time enhances the DO availability in system and might support aerobic heterotrophs, thus encouraging complete nitrification instead of the DPAOs proliferation, which can result in incomplete denitrification and high N concentrations in the effluent (Raper et al., 2018). Perturbation plots show that all four operating parameters affected removal of total nitrogen. The sensitivity of %TNremoval toward variations in operating parameters was ranked as aeration time/strategy > idle phase > cycle time > feed phases (Supplementary Figure 1d).

Further evaluations of interactive relationships between the operating parameters and %TNremoval are shown as 3D response surface plots in Figure 5. A negative interactive effect of cycle time and aeration time/strategy can be seen in Figure 5D which confirms that non-aerated phases of 10–20 min/h were insufficient for complete denitrification. These conditions resulted in significantly higher residual concentrations of nitrates and nitrites in effluents of Runs 5 and 28 (Figure 3). Denitrifying bacteria are facultative anaerobes and cannot metabolize the nitrates in the presence of oxygen, complete denitrification only occurs under anoxic conditions and ample substrate (carbon) to maintain their growth (Albina et al., 2019). Figure 5E shows that the negative effects of extended aeration time on %TNremoval was annulled by the optimal duration of the feed phases. The TN removal efficiency was substantially enhanced from 43.19% (in Run 14) to 79.20% (in Run 22) by extending the duration feed phase from 12 to 24 min, when influent TN loading were 840.4 and 721.0 mg. L−1, respectively. Interestingly, the maximum and minimum %TNremoval of 89.97% and 41.65% were observed in Run 4 (SND = 74.4%; 20 min/h of aeration) and Run 5 (SND = 76.3%; 40 min/h of aeration), with influent TN loading of 752.7 and 712.7 mg.L−1, respectively, while both runs were operated at 6h cycle time, 12 min feed phases and 100 min idle phase. Herein, the combined effect of the idle phase and aeration time on %TNremoval was intricate (Figure 5F). The longer idle phase (100 min) coupled with a shorter aeration time (10 min/h) resulted in complete denitrification. In contrast, the runs operated at a shorter idle phase required a longer aeration time (≥ 40 min/h) to achieve lower nitrate concentrations in the effluent. Additionally, the idle phase of 80 min might have positioned heterotrophic PAOs at an advantage over denitrifying bacteria while competing for carbon sources, subsequently leading to a poor TN removal efficiency but steady %TPremoval (for instance in Run 6 and 27). It can be concluded that the duration of feed phases is the most critical operating parameter for maximizing the simultaneous removal of TP and TN from low carbon ADLDM.



3.2.5. Chemical oxygen demand removal performance

The quadratic interactions of aeration time/strategy and idle phase (B × D) along with the second order effects of feed phases (C2) and idle phase (D2) had a significant impact on %CODremoval (p-value < 0.05). The steep curves in the feed phases and idle phase of the perturbation plots suggest an extreme sensitivity of %CODremoval toward the change in these variables (Supplementary Figure 1e). Under fixed feed and idle phases at their central levels (namely, 18 and 80 min), the quadratic effect of cycle time and intermittent aeration strategy (A × B) positively influenced %CODremoval as seen in Figure 6A. The %CODremoval was recorded remarkably low (~70%) under 10 min/h intermittent aeration strategy and shorter cycle time of 5 h. It was observed that when intermittent aeration and cycle time were both increased from 10 to 30 min/h and from 5 to 7 h, respectively, the average %CODremoval were unchanged. The inadequate reaction time for heterotrophs or DPAOs to metabolize COD, and the lesser consumption of rbCOD for denitrification due to lower NO3-N and NO2-N concentrations in the system can be the explanations for these observations (Diez et al., 2002). It has been noted that a shorter intermittent aeration time requires a longer cycle duration to decrease the same quantity of COD or vice versa. The plausible explanation to these observations is that heterotrophs consume organic matter via carbon oxidation under sufficient oxygen availability (Guadie et al., 2014; Hai et al., 2015). Figure 6B represents the significantly enhanced COD removal efficiencies under the interactive effect of idle phase and feed phases at fixed levels of cycle time (7 h) and aeration time (30 min/h). In this study, the shorter feed phases might have favored the selection of ordinary heterotrophs instead of DPAOs in the system, evidenced by superior COD removal efficiency but poor overall P removal under these conditions. Provided that feed volume was kept constant in this study, shorter feed phases can be taken as an alternative for higher organic loading, implying that more rbCOD was readily available to microbes to thrive and metabolize nutrients simultaneously. The interactive effect of aeration time/strategy and idle phase (B × D) in Figure 6C depicts that the increase in levels of these operating parameters significantly improved %CODremoval. The maximum %CODremoval of 95.88% was achieved in Run 1 at influent COD of 4821 ± 199 mg L−1, which was operated at an idle phase of 120 min and aeration time of 30 min/h for 7 h.
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FIGURE 6
 Response surface plots for %CODremoval against interaction of (A) cycle time and aeration time/strategy (B) feed phases and idle phase (C) aeration time /strategy and idle phase.


High removal efficiencies for phosphate, nitrogen, and chemical oxygen demand (COD) in ADLAM treatment attained by the IA-EI SBR process not only contributes to environmental preservation but also promotes the concepts of a circular economy. This process not only decreases the environmental impact of dairy operations, but also by transforming dairy effluent from contaminants to a potentially reusable resource. The integration of this process into existing dairy waste treatment systems implies a real step toward more sustainable, circular economy models in the dairy industry, supporting environmental sustainability and resource conservation.




3.3. Selection of optimal operating conditions for the IA-EI SBR using the Desirability function

To ascertain the optimal values of operating parameters for achieving the maximal removal efficiencies, the desirability function in the Design Expert software (version 13.0.5, Stat Ease, Inc., Minneapolis, MN, USA) was used to optimize multiple responses simultaneously. The operating parameters were kept “in range,” while the goal for the responses was set at “maximize”. The importance assigned to the five responses in the desirability approach were set at an equal level. The maximum desirability for the optimal set of conditions was 0.756 and the ideal operating conditions were 8 h of cycle time, 36 min/h of aeration time/strategy, 24 min of feed phases, and 100 min of idle phase. Under the optimal conditions, the optimal removal efficiencies of 82.64%, 95.82%, 92.92%, 73.84%, and 90.94% for %OPremoval, %TPremoval, %NH3-Nremoval, %TNremoval and %CODremoval, respectively (Table 5), were achieved during validation experiments. The validation experimental results were well within the ranges of 95% confidence interval (CI) predicted by the quadradic models. These results corroborate that IA-EI SBR process is an efficient and high performance in treating ADLDM and has potential to be scaled up as a real-world dairy wastewater treatment system. But further research is needed for systematic evaluation of the IA-EI SBR with continuous feeding schemes to estimate its adaptability in shifting influent conditions and energy demands. Also, the shift to this new system could require substantial infrastructural adjustments in existing dairy operations. It is critical to tackle these constraints in future research to safeguard the system's robustness and economic viability for large-scale application.


TABLE 5 Results of validation experiments.
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A comparison of the nutrient removal efficiencies between this study and previous investigations using SNDPR and DPR processes is summarized in Table 6. It is evident that, despite unfavorable influent characteristics, superior nutrient removal efficiencies were achieved in this study by optimizing the intermittent aeration time, feed, and idle phase durations. Table 6 suggests that SBR treating dairy wastewater were usually operated at higher HRTs than domestic or synthetic wastewater, due to the higher nutrient concentrations.


TABLE 6 Enhanced N and P removal efficiencies using simultaneous nitrification-denitrification-P removal (SNDPR) or denitrifying P removal (DPR) processes in SBR.
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4. Conclusion

In this study, the potential application of a novel IA-EI SBR process for simultaneous removal P and N from ADLDM was thoroughly investigated by assessing the operating parameters, i.e., cycle time, aeration time, feed phases and idle phase. The optimal operating conditions were determined using CCD coupled with RSM. The quadratic models generated through CCD-RSM analysis based on the experimental results adequately predicted effects of operating parameters on the nutrient removal efficiencies (p-value ≤ 0.030). Results revealed that total phosphorus removal efficiency was significantly affected by the interactions of cycle time and idle phase (p-value = 0.005), and of the intermittent aeration strategy and feed phases (p-value = 0.026). Moreover, the efficiencies of total nitrogen (%TNremoval) and COD (%CODremoval) removals from ADLDM were significantly affected by interaction of intermittent aeration strategy and idle phase (p-value ≤ 0.006). Under the optimal operating conditions, viz, 8 h of cycle time, 36 min/h of aeration time, 24 min of two feed phases, and 100 min of idle phase, the statistically developed regression models predicted efficiencies of %OPremoval, %TPremoval, %NH3-Nremoval, %TNremoval and %CODremoval at 84.26, 95.10, 91.90, 68.80, and 89.90%, respectively. Under 30 min/h aeration time and 7 h cycle with influent COD and TN loading of 3,999.2 and 785.7 mg.L−1, the maximum SND efficiency of 85.7 % recorded. The efficiencies were validated experimentally with highly agreed values of 82.64, 95.82, 92.92, 73.84, and 90.94% for %OPremoval, %TPremoval, %NH3-Nremoval, %TNremoval, and %CODremoval respectively. Based on the findings in this study, it can be proclaimed that the novel IA-EI SBR process established in this research can be a promising technology for removing nutrients from ADLDM with lower C: N and C: P ratios.
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A, Cycle time; B, aeration time (the strategy); C, Two Fill/feed phases; D, Idle phase.
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