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Abstract

:

A lab-scale ceramic membrane bioreactor (MBR) with active membrane-fouling control system was developed for the partial nitrification (PN) process. The in situ membrane cleaning method was applied to remove the contaminants on the surface of the membrane with no interruption of the wastewater treatment. The results showed that the device increased critical flux and reduced gel layer resistance (Rg) and internal resistance (Ri) of the flat-sheet ceramic membrane by inhibiting the formation of the cake layer. In long-term experiments, nitrite oxidizing bacteria (NOB) was successfully suppressed, and nitrite accumulation rate (NAR) was achieved at a high level, up to 90.09%; the effluent NO2−-N/NH4+-N was maintained in balance dynamically with an average ratio of ~1.30, which would be beneficial to the proliferation of Anammox bacteria and the following autotrophic nitrogen removal (ANR) process. Moreover, with the assistance of in situ cleaning, energy input from aeration was significantly reduced, while over aeration was avoided for more stable PN performance.
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1. Introduction


Autotrophic nitrogen removal (ANR) has received widespread attention for its energy-efficient performance compared to the traditional activated sludge processes [1,2,3]. In practical application, partial nitrification (PN) can be combined with a variety of treatment processes to complete ANR function, which is a shortcut nitrogen conversion pathway directly from ammonium and nitrite to nitrogen gas instead of nitrification and denitrification conversion [4]. The autotrophic microorganisms involved, such as ammonia oxidizing bacteria (AOB) and Anammox bacteria, play a key role in effective nitrogen removal so that energy for oxygen supply and organic carbon necessary for denitrification could be extensively reduced during the ANR [5]. Meanwhile, sludge production is potentially minimized due to slower growth rate of autotrophic microorganisms [6]. However, nitrite accumulation from the PN process usually limits anammox nitrogen removal because stable and efficient PN process is crucial to the continuation of the ANR process [7].



One of the challenges for stable ANR performance is the retention of active biomass. To overcome the biomass loss, membrane bioreactor (MBR) was designed in activated-sludge-based treatment system to enhance the biological degradation with high concentration of biomass [8,9]. Similarly, membrane separation can be applied in ANR for sludge retention purpose, which several studies about ANR utilizing membrane separation have shown [9,10], but the application is still restricted as there is little effective method to control membrane fouling. Especially for polymeric membranes used in traditional MBR systems, in situ fouling control mainly relies on air stripping, which is not applicable for ANR with low dissolved oxygen (DO) environment. Long-term contact between membrane and sludge inevitably leads to a decrease in flux and an increase in transmembrane pressure (TMP), thereby severely restricting the application of MBR due to the increased operation cost and complexity [11,12]. The complete biomass retention in MBR for slow-growing bacteria indicates it could be an effective way to maximize the nitrogen removal performance of autotrophic organisms [13]. In addition, the sludge residence time (SRT) of MBR is much longer, and the much higher sludge concentration of the mixed liquid would barely change with the fed water flow and the concentration of organic matter, which may improve the stability and activity of the microorganisms so that the system would achieve a high impact load resistance to various environment changes [14].



Compared to polymeric membranes, ceramic-based membranes have the advantage of high stability, high flux, low fouling, and mechanical structure [15,16]. Due to its excellent processing properties, ceramic membranes have attracted wide attention in wastewater treatment [17]. Based on the above facts, ceramic membrane applied in MBR could be a potential alternative since more flexible fouling control strategies could be applied.



At present, the most common methods used for membrane fouling control mainly include chemical and physical cleaning [18,19]. Chemical cleaning usually required taking the membrane out of the reactor and washing it with acid and/or alkali. However, to achieve continuous operation with no interruption of biological process, off-site chemical cleaning should be avoided if possible. There are several physical control strategies applied for ceramic membrane, including aeration flushing, backwashing (gas or filtrate), online ultrasonic oscillation, and offline scrubbing [20]. Aeration is the most common way for both hollow fiber and ceramic membrane, which could be also combined with liquid backwash to create gas–liquid disturbance to reduce reversible fouling contaminants and slow down the flux decline [21]. However, for special scenario which does not demand high level of DO (such as partial nitrification process), excessive aeration or air stripping would affect anaerobic or anoxic biological performance.



In this study, an in situ membrane fouling control method was developed for flat-sheet ceramic MBR to achieve sustainable flux in partial nitrification process. The objectives were (1) to investigate the performance of fouling control strategy for long-term filtration operation; (2) to realize rapidly start-up of PN process, stable nitrite production and long-term nitrite oxidizing bacteria (NOB) inhibition; (3) to obtain the appropriate effluent NO2−-N/NH4+-N ratio by optimizing the operation conditions.




2. Materials and Methods


2.1. Synthetic Wastewater and Seeding Sludge


The reactor was fed with synthetic wastewater containing: MgSO4·7H2O, 0.3 g·L−1; CaCl2·2H2O, 0.18 g·L−1; KH2PO4, 0.1 g·L−1; NaHCO3, 1.8 g·L−1; trace solution I, 1 mL·L−1; trace solution II, 1 mL·L−1. The composition of trace solution I included 6.37 g·L−1 of EDTA·2Na and 9.15 g·L−1 of FeSO4·7H2O. The trace solution II contained H3BO4, 0.014 g·L−1; MnCl2·4H2O, 0.99 g·L−1; CuSO4·5H2O, 0.25 g·L−1; ZnSO4·7H2O, 0.43 g·L−1; NiCl2·6H2O, 0.19 g·L−1; NaSeO4·10H2O, 0.21 g·L−1; NaMoO4·2H2O, 0.22 g·L−1; NaWO4·2H2O, 0.05 g·L−1 [3]. The partial nitrification sludge used as inoculum was collected from a lab-scale reactor treating high ammonium wastewater, which has been operated for over 12 months.




2.2. Construction and Operation of Membrane Bioreactor


A cubic membrane bioreactor (MBR) was designed with working volume of 27.0 L. Two pieces of flat-sheet ceramic membrane (250 × 100 mm, Beijing Huamo, Beijing, China) were installed as shown in Figure 1. The average membrane pore size was 0.1 μm and the filtration area was 0.1 m2 in total. The different stages of operation conditions are shown in Table 1, and the influent concentration of ammonium ranged from 100–400 mg/L.



For all stages, the liquid temperature was maintained at 35 °C using a heating rod, and the dissolved oxygen was controlled within 0.10–0.25 mg·L−1. The permeate was extracted in constant flux mode using a peristaltic pump, and a digital pressure gauge (YuMing, Jiangsu, China) and a digital recorder (Toprie TP700, Shenzhen, China) were used to measure and record the transmembrane pressure (TMP). A set of soft fiber brushes was applied as membrane cleaning device to mitigate membrane fouling. The brushes were installed in contact with a ceramic membrane surface as shown in Figure 1, and were able to move fourth-and-back frequently. By using stepper driver and microcontroller, brushes were controlled as in situ membrane fouling control device operated along with membrane filtration.




2.3. Chemical Cleaning Method


The chemical cleaning was conducted for fouled membrane. Before the chemical treatment, surface cleaning and backwash were carried out with deionized water for 15 min under 60 kPa; afterward, the membrane was soaked in HCl solution of pH = 2 for 12 h; and then switched to alkaline cleaning with NaOH solution of pH = 12 for another 12 h.




2.4. Analytical Methods


Influent and effluent samples were collected daily and stored at 4 °C before analysis. The water samples were analyzed after being filtered through the 0.45 μm membrane filters. The parameters of samples including ammonium, nitrite, and nitrate concentrations, were measured by standard methods [22]. Temperature, pH, and DO were measured with water quality analyzer (WTW Multi 3420, WTW, Munich, Germany). The morphology of the membrane fouling samples was examined using a scanning electron microscope (SEM; FEIQUANTA 200, FEI Company, Hillsboro, OR, USA). The samples were fixed with 2.5% glutaraldehyde for approximately 1.5 h. Subsequently, samples were centrifuged at 2000 g/min for 10 min, washed three times in 0.1 mol/L phosphate buffer saline, and dehydrated in a series of ethanol solutions (50%, 70%, 80%, 90%, and 100%). The dehydrated samples were treated with 100% isoamyl acetate and dried via the critical point method. Finally, the dried samples were sputter-coated with the gold for SEM observation. Samples were observed by using an optical microscope (Olympus BX51, Tokyo, Japan).




2.5. Data Analysis


Free ammonia (FA) and free nitrous acid (FNA) are critical parameters in establishing partial nitrification; the calculation methods are as follows [23].


  F A =   17   14   ×    c  N  H 4 +  − N   ×   10   p H      e  6344 /  (  273 + T  )    +   10   p H      



(1)






  F N A =   46   14   ×    c  N  O 2 −  − N      e  − 2300 /  (  273 + T  )    +   10   p H      



(2)







The flux of permeate (J) during the fouling process was calculated using Equation (3).


  J =  V  A t    



(3)




where V, A, and t are the volume of the permeate, membrane area, and operation time, respectively. The ceramic membrane cleaning effect can be expressed in terms of the recovery rate of membrane flux (   J r   ), which was defined as Equation (4).


   J r  =    J  i i      J i    × 100 %  



(4)




where    J  i i     is deionization flux of the ceramic membrane after cleaning, and    J i    is the deionization flux of the new uncontaminated ceramic membrane (Figure S1) (See Supplementary Materials).



In order to facilitate the study of membrane contamination control strategies, membrane fouling resistance was used to characterize the blocking force of ceramic membrane on filtrate and the degree of membrane fouling. The total resistance (   R t   ) of the ceramic membrane was calculated using Equation (5).


   R t  =  R m  +  R c  +  R g  +  R i   



(5)




where    R m   ,    R p   ,    R c   ,    R i    are the membrane resistance, concentration polarization resistance, gel layer resistance, and internal resistance. The membrane resistance (   R m   ) can be calculated by the following formula.


   R m  =   Δ  P 1     μ   pure   water     J 1     



(6)




where   Δ  P 1    is the TMP of the new membrane in pure water, and    μ   pure   water      is the kinematic viscosity coefficient of pure water at 35 °C, and    J 1    is the permeation flux of the new membrane under pure water. When the experimental wastewater flux attenuates to a relatively stable state, the relative steady flux    J 2    is measured and    R t    is calculated.


   R t  =   Δ  P 2     μ  penetrant    J 2     



(7)




where   Δ  P 2    is the transmembrane pressure of the penetrant, and    μ  pentrant     is the kinematic viscosity coefficient of penetrant, and    J 2    is the flux of penetrant at relative steady state. It was replaced by pure water cross-flow filtration, and the relative steady flux    J 3    was measured after the membrane flux was relatively stable.


   R m  +  R g  +  R i  =   Δ  P 3     μ   pure   water     J 3     



(8)







By combining Equation (5) with Equation (8).


   R c  =  R t  −  R m  −  R g  −  R i  =   Δ  P 2     μ  penetrant    J 2    −   Δ  P 3     μ   pure   water     J 3     



(9)







After membrane cleaning, pure water permeation flux    J 4    was measured again.


   R m  +  R i  =   Δ  P 4     μ   pure   water     J 4     



(10)







Based on Equations (6), (8) and (10)


   R g  =   Δ  P 3     μ   pure   water     J 3    −   Δ  P 4     μ   pure   water     J 4     



(11)






   R i  =   Δ  P 4     μ   pure   water     J 4    −   Δ  P 1     μ   pure   water     J 1     



(12)








2.6. Microbial Community Analyses


The sludge samples were withdrawn from the MBR. The microbial communities were determined in triplicate by high-throughput sequencing analysis. The 16S rRNA gene was amplified by PCR using the bacterial primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [24]. Amplicon sequencing was performed by Majorbio Technology Co., Ltd. (Shanghai, China) using the Illumina Miseq platform. Mothur software (V1.45.3) was used for calculating the alpha diversity indices (Chao, ACE, Simpson, and Shannon).





3. Results and Discussion


3.1. In Situ Membrane Fouling Control


Many studies have shown that microorganisms in activated sludge produce a large number of soluble microbial products (SMP) and extracellular polymers (EPS), which are important components of membrane fouling and form gel layer on the membrane surface and accelerate the formation of filter cake layer [25]. The movement of the brushes could produce shear action on the surface of ceramic membranes, and destroy the formation of concentration polarization layer, which would immediately reduce the thickness of gel layer. As a result, the formation of filter cake layer and membrane fouling would be reduced.



Critical flux measurements were conducted on a constant TMP basis by monitoring changes in permeate flux [26]. The TMP was gradually increased via stepping from 0 to 70 kPa with a step interval of 10 min. The simultaneous variation of TMP and flux with time were illustrated in Figure 2. Without the in situ cleaning device, the critical flux of ceramic membrane was 16.25 LMH, and after the device was turned on, the critical flux increased to 57.69 LMH, which was about 3.5 times improvement compared to no cleaning operation. By increasing the critical flux, the initial membrane fouling could be minimized [27]. Therefore, this fouling control significantly improved the anti-fouling capacity and lifetime of the ceramic membrane filtration.



Figure 3a presents the results of the impact of the fouling control on TMP and the flux recovery during long-term operation. The experiment was run at an initial flux of 7.73 LMH. The TMP increased dramatically during cycles without fouling cleaning (day 43–45, 47–49, 56–58, and 60–62) that the pressure changed from 5 to 30 kPa in 2 days. When the TMP is excessively high, meaning that serious membrane contamination has occurred, and then the ceramic membrane is cleaned by chemical methods to recover flux. Although chemical cleaning help decreased TMP for new cycles and the flux was recovered as before, the filtration was not sustainable as operation continued for long term. Day 67, fouling control was started frequently to maintain the filtration. Consequently, the TMP was controlled at a low level while the flux recovery rate increased gradually. After a 20-day operation, the recovery rate increased from 50% to 80%.



Figure 3b shows the influence of programmed cleaning on membrane fouling control under the condition of 7.73 LMH, 15.46 LMH, and 30.92 LMH, respectively. To ensure the initial TMP at each cycle was relatively consistent, the membrane was cleaned with chemical agents before the change of flux. During day 67–90, the reactor was operated under low flux condition of 7.73 LMH so that the TMP increment was successfully inhibited. Day 91–106, the reactor was operated at a doubled flux of 15.46 LMH, resulting in an increase in TMP gradually to 30 kPa within 10 days. After day 107, the flux was tripled at 30.92 LMH, which consequently led to the fastest growth of flux. For the last two cycles between day 91 and day 118, the TMP changed to about 30 kPa in 11 days on average, indicating that the in situ fouling control effectively extend membrane filtration with no cleaning operation.



At present, the commonly used control methods mainly include aeration flushing and backwashing frequently [28,29]. Aeration would reduce membrane fouling by enhancing gas–liquid disturbance and scouring loose cake layer deposited on membrane surface [30]. Studies have shown that the membrane fouling rate decreased with the increase of aeration rate. However, when the system was over aerated, the high speed shear force will destroy the microbial floc and aggravate the membrane fouling [31,32]. Therefore, alternative fouling control strategies are necessary for compensating the blowing air, especially for the application with no requirement of aeration. Moreover, the energy consumption of aeration and oversaturated dissolved oxygen sometimes would be considered as negative aspects for biological wastewater treatment.



Hydraulic backwash is also one of the commonly used membrane fouling control methods [33]. In the process of use, chemical agents are usually added to enhance the cleaning effect, which is easy to generate toxic by-products, causing damage to the microorganisms in the reactor [34]. The automatic cleaning device used in this experiment can be cleaned online, without adding chemical agents, which is safe and non-toxic.



The filtration resistance analysis also revealed the advantage of fouling control used in this study. As shown in Table 2, Rt decreased from   66.50 ×   10   11   / m   to   38.76 ×   10   11   / m  , about 42% lower with the help of in situ cleaning. Rm had no change along with the whole filtration process, which was   8.31 ×   10   11   / m  . But due to the decrease in Rt, the proportion of it increased from 12.50% to 21.44%. Rc decreased from   20.19 ×   10   11   / m   to   17.39 ×   10   11   / m   as the cleaning was active, and the proportion increased from 30.36% to 44.86%. When the cleaning was not operated, the Rg was   23.72 ×   10   11   / m  , accounting for the largest percentage of 35.67%. With cleaning,    R g    dropped significantly to   5.58 ×   10   11   / m  , about 76.50% lower than no cleaning.    R i    diminished from   14.28 ×   10   11   / m   to   7.48 ×   10   11   / m  , and the proportion decreased from 21.47% to 19.30%. Generally, in situ cleaning effectively reduced membrane resistance, and extended the service time.



The images from the SEM analysis of the membrane fouling are shown in Figure S2 (See Supplementary Materials). The ceramic membrane surface was smoother when the new membrane and the cleaning equipment were active, while the surface was rougher and had cracks of different sizes when there was no cleaning operation. These tracks were formed by microorganisms adhering to the membrane surface and drying for a long time. When there was no cleaning, a large number of microorganisms adhered to the surface of the ceramic membrane, aggravating membrane fouling. And when the cleaning brushes were applied, no obvious cracks were found. The results were consistent with the images obtained by FTIR spectroscopy (Figure S3) (See Supplementary Materials).




3.2. Partial Nitrification Start-Up and Stabilization


To start up partial nitrification (PN) in MBR system, inoculated sludge with the concentration of 2000 mg/L MLSS was introduced, and the DO was controlled at about 0.1 mg/L (Figures S4 and S5) (See Supplementary Materials). As shown in Figure 4, for the first 10-day operation, feed water at a low nitrogen loading rate (NLR) of 0.1 kg N/m3·d was applied. As the microorganisms in the feeding sludge were less adapted to the new operating conditions, the performance of the reactor was not stable. The removal efficiency of ammonia nitrogen in this period is relatively low, only about 20–30% conversion was observed, and the ammonia removal rate maintained at 0.02–0.06 kgN/m3·d (Figure S6) (See Supplementary Materials). In this period, there was nearly no nitrite accumulation, but a small amount of nitrate production (10–20 mg/L) was detected.



In order to achieve better nitrite accumulation, influent NLR was adjusted to 0.2 kg N/m3·d after day 10. With the increase of nitrogen loading, the removal efficiency of ammonia nitrogen increased to 52.87%, while the nitrite concentration gradually accumulated to 20 mg/L, corresponding to an accumulation percentage of 20%. At this moment, the effluent nitrate concentration increased significantly in contrast, indicating that full nitrification was dominated in the system. There was no obvious inhibition of NOB, and the activity of AOB increased. As the influent NLR stepped to 0.4 kg N/m3·d, more oxygen was required for ammonia conversion so that the aeration rate was adjusted to maintain a constant DO level. On day 25, the ammonia nitrogen removal efficiency (ARE) reached about 50%. Meanwhile, nitrite accumulation rate (NAR) increased to 75.97% and remained relatively stable. Moreover, the concentration of nitrate from the effluent reduced rapidly. These phenomena illustrated that the activity of NOB was effectively suppressed while the dominant reaction in the system gradually transitioned from full nitrification to partial nitrification process. As AOB adapted for about 50 days under stable operation condition, the nitrite concentration of effluent increased to about 200 mg/L. However, on day 50, the system was over aerated due to the damage of air flow meter, which caused a dramatic drop of NAR and an increased nitrate production immediately. On the other hand, the system presented robust performance that the nitrite accumulated right away after the technical issue was fixed. Within 2 days, the performance of the reactor returned to the previous level. The feedback of concentration changes of nitrite and nitrate after over aeration incidence revealed the dynamic balance between AOB and NOB reported in many other studies, which also indicated that oxygen supply was critical to PN process in MBR system [35].



After day 106, to cooperate with the ceramic membrane experiment, HRT was reduced from 24 h to 12 h, ammonia concentration of influent was decreased from 400 mg/L to 200 mg/L, and NLR remained unchanged. At this time, the reactor has been in a stable stage and NAR remained at over 80% and up to 90.09%. Day 135, the NLR was leveled up to 0.6 kg N/m3·d. As expected, the NAR remained at about 80%, and MLSS increased to 7400 mg/L, indicating that the reactor was still in a relatively stable state under this condition and the ceramic membrane system was beneficial to the retention and increase of biomass.



Besides achieving a high NAR, the reactor also allowed a stable effluent NO2−-N/NH4+-N ratio to be obtained by optimizing the influent conditions (Figure 5). In the first two stages (day 1–10 and day 11–22), the influent NLR was low and the effluent NO2−-N/NH4+-N ratio was significantly lower than the theoretical value of 1.32 for ideal anammox process [36]. On days 23–106, the influent nitrogen load was increased in the early part of the third stage and NO2−-N/NH4+-N increased dramatically, but the ratio was slightly higher at this time, which was not conducive to the anammox process. Closing to the end of the third stage, the average of this ratio decreased to around 1.19 and remained at a steady state. On day 137, the reactor processed into the fourth stage and the influent load was increased to 0.6 kg N/m3/d, at which point the ratio of NO2−-N/NH4+-N decreased and a dynamic equilibrium was achieved with an average value of 1.30, which was close to the theoretical value of 1.32 required for the Anammox process.



When the effluent NO2−-N/NH4+-N ratio was too high, the higher nitrite content inhibits the activity of anammox bacteria, while when the ratio was low, the substrate was not sufficient and is not conducive to the proliferation of anammox bacteria [37]. Li et al. [37] constructed an SBR reactor to treat synthetic wastewater, and the effluent NO2−-N/NH4+-N was maintained at about 1.37. Chen et al. [38] used 43 days to start up a UASB reactor to treat simulated wastewater with a discharge effluent NO2−-N/NH4+-N of approximately 1:1. The ratio in this study was much closer to the theoretical value, indicating that the effluent could provide stable and effective substrates for autotrophic biological nitrogen removal process.



The nitrite produced from PN process is utilized as a crucial substrate for anammox bacteria to achieve complete autotrophic nitrogen removal. Moreover, a stable and efficient PN process also provides more possibilities for the development of short-cut denitrification, electrochemical denitrification, and other processes. More significantly, with the help of membrane separation, manipulation of AOB and NOB seemed possible by regular control parameters such as DO. First, delicate control of DO was quite efficient to inhibit the growth of NOB. Researchers have shown that the oxygen saturation constant of AOB is 0.30 mg/L and NOB is 1.30 mg/L, indicating that AOB had a strong affinity for oxygen [39]. To precisely control the oxygen supply, accurate DO monitoring and adjustment were necessary. Some other studies also applied intermittent air supply to prevent over aeration. Liu et al. [40] used intermittent aeration in an SBR reactor to start short-cut nitrification through 48 alternate aeration cycles by adjusting the ratio of aerobic/anoxic time. However, sludge loss and unstable system operation are not conductive to the continuation of the subsequent autotrophic biological nitrogen removal process [41]. In our study, DO was controlled at less than 0.25 mg/L that NOB was strongly suppressed by low DO concentration. As a result, AOB was activated from start-up to stable operation period. On the other hand, membrane retention separates HRT and SRT, which also stopped AOB loss from effluent discharging. Therefore, it inhibited the activity of NOB by AOB dominants. Moreover, accumulated nitrite did not affect the activity of AOB, proving that oxygen would be the key parameter in this PN system for selection between AOB and NOB.



In addition, studies have shown that FA and FNA are also important factors influencing AOB and NOB competition [42,43]. It was reported that the concentration of FA inhibition on NOB was 0.1–10 mg/L, while the concentration of inhibition of AOB ranged from 10–150 mg/L [44]. FNA completely inhibited the growth of NOB and AOB at concentrations of 0.02 mg/L and 0.4 mg/L, respectively [45,46]. In other systems such as SBR and CSTR for nitrogen removal, selective NOB inhibition and short-cut nitrification have been achieved by regulating DO, FA, FNA, and other operation conditions [47,48]. For example, Tian et al. [49] constructed an SBR reactor to treat high ammonia leachate and investigated the effects of different concentrations of FA and FNA on nitrogen removal. The results showed that the FA and FNA concentrations that effectively retained AOB and inhibited NOB were 10–130 mg/L and 0.01–0.03 mg/L, respectively, and the effluent NO2−-N/NH4+-N was maintained between 1.00 and 1.30 [49].



Therefore, the selective inhibition of FA and FNA could be accounting for the inhibition of NOB in this system without affecting the activity of AOB. The average concentration of FA in this study was 5.77 mg/L, which was sufficient to lower the activity of NOB but barely affected AOB. Studies have shown that when the concentration of FA reached 6 mg/L, the activity of NOB was completely inhibited [50]. For FNA, it was found that the maximum concentration was 1.93 × 10−3 mg/L, which was much smaller than the inhibition threshold value mentioned above. Therefore, FA was mainly considered the major factor for selective inhibition between AOB and NOB.



Several key factors were demonstrated effective on NOB inhibition as described in previous section. However, how to maintain the dominant advantage of AOB would be the next-step problem for sustainable PN, and further for practical applications. Membrane separation definitely resolved biomass loss issues for its perfect retention function [17]. Shen et al. [51] constructed an anaerobic MBR using PVDF hollow fiber membrane and carried out a long-term experiment, and partial nitrification process was started at 50 days. Zhang et al. [52] compared the start-up time of CSTR and MBR, and the results showed that under the same operating conditions, MBR equipped with a hollow fiber membrane successfully started PN in 44 days, while CSTR needed 56 days. Wu et al. [53] constructed a hollow fiber membrane bioreactor, inoculated nitrification sludge, and started the short-nitrification process on day 46, with NAR reaching 92%. But fouling and flux decline issues were still problems for all systems using membranes. In this study, an inorganic ceramic flat-sheet membrane was applied with in situ fouling control as presented in Section 3.1, and the PN process was successfully started in 25 days, which is shorter than other MBR systems.




3.3. Microbial Community Analysis


To investigate the microbial community structures in the system at different stages, biomass on day 1, 41, and 91 were sampled for analysis by amplicon sequencing of the 16S rRNA genes (Figure 6).



The coverage of sequencing samples was all greater than 99% to represent the real situation of the microorganisms. Both Ace and Chao showed an upward trend, indicating that the total number of microorganisms in the reactor was increasing and AOB was proliferating steadily during the MBR operation (Table S1) (See Supplementary Materials) [54]. The Shannon and Simpson indices were commonly used to characterize the species diversity of the system [54]. Compared with day 1, the Shannon index increased and the Simpson index slightly decreased on day 91 as AOB became the main functional bacteria and the diversity in the system decreased.



From the phylum level as shown in Figure 6a, it was found that the main bacterial phyla in the MBR system include Proteobacteria, Bacteroidetes, Chloroflexi, Actinobacteriota, and Patescibacteria. During stages operation, the relative abundance of Proteobacteria in the reactor was 31.86%, 37.24%, and 36.66% on days 1, 41, and 91, respectively, showing an increasing trend. Proteobacteria mainly contained a large amount of ammonia-oxidizing phylum and nitrite-oxidizing phylum of microorganisms, and the high abundance of Proteobacteria demonstrated the presence and stable proliferation of nitrifying bacteria in the system. Bacteroidetes were heterotrophic denitrifying bacterium, whose main function was to reduce the nitrate nitrogen present in the wastewater by using complex organic matter, and the relative abundance in the reactor at different stages were 17.33%, 18.03%, and 29.90%, respectively. The higher abundance showed that Bacteroidetes adapted well and dominated in this MBR system. Chloroflexi was mostly facultative anaerobic microorganisms, which were bacteria that do not produce oxygen and cannot fix nitrogen during photosynthesis. Compared with day 1, the richness of Chloroflexi on day 91 was slightly decreased.



The changes in the microbial community before and after the start-up of PN in the system were further investigated based on genus level analysis. The functional microorganisms and dominants from the three samples at genus level are shown in Figure 6b. The results showed that the abundance of Nitrosomonas increased significantly from 5.30% on day 1 to 15.50% on day 91, indicating that AOB continued to proliferate as the main functional bacteria in the system while PN became the dominant process in the MBR reactor. At the same time, it was found that the high DO level in the system did not cause a large amount of NOB proliferation in the short term, AOB was still the dominant bacteria in the PN-MBR system, and the stability of the bacterial population structure qualified the system with ability on impact resistance, which improved the stability of PN.





4. Conclusions


In this study, an in situ ceramic membrane fouling control strategy was developed for the PN-MBR system, which effectively reduced Rg and Ri, lowering the risk of microbial adherence to the membrane surface and slowing down the formation of the filter cake layer. Therefore, the system significantly delayed the process of membrane fouling. Compared to other control strategies, the fiber cleaning device was easier to operate with little damage on membrane. Moreover, chemical enhanced backwash was avoided that no chemicals such as hypochlorite were introduced. Therefore, the operation would be safer for both membrane materials and PN microorganisms.



Due to the application of membrane separation, AOB biomass loss was completely prevented so that the PN process was successfully started up in 25 days and the NAR was maintained above 80%. NOB activity was successfully inhibited, and the operation effect remained stable for a long-term operation. The change of microbial community also confirmed that AOB was dominant in this system.
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Figure 1. The schematic diagram of the ceramic membrane system. 
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Figure 2. Impact of the in situ fouling control on critical flux: (a) filtration without fouling control; (b) filtration with in situ fouling control. 
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Figure 3. Impact of the fouling control on TMP and flux recovery: (a) initial flux at 7.73 LMH; (b) flux varied from 7.73 to 30.92 LMH. 
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Figure 4. Operation performance during the entire PN process. (a) Concentration of nitrite and nitrate in influent and effluent, and the rate of nitrite accumulation; (b) concentration of ammonia and TN in fluent and effluent, and ammonia removal efficiency. 
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Figure 5. The concentration ratio of nitrite and ammonia in effluent. 
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Figure 6. Composition of microorganisms at (a) phylum level; (b) genus level in ceramic MBR. 
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Table 1. Operation parameters of four different stages.
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Phase

	
Time (d)

	
Inf. NH4+-N (mg/L)

	
HRT (h)

	
NLR (kg N/m3/d)






	
I

	
1–10

	
100

	
24

	
0.1




	
II

	
11–22

	
200

	
24

	
0.2




	
III

	
23–106

	
400

	
24

	
0.4




	
107–136

	
200

	
12

	
0.4




	
IV

	
137–156

	
300

	
12

	
0.6
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Table 2. Impact of the automatic cleaning device on membrane resistance distribution.
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	Total

Resistance (Rt)
	Membrane Resistance (Rm)
	Concentration Polarization Resistance (Rc)
	Gel Layer

Resistance (Rg)
	Inherent

Resistance (Ri)





	Without in-situ cleaning (1011/m)
	66.50
	8.31
	20.19
	23.72
	14.28



	Percentage (%)
	100.00
	12.50
	30.36
	35.67
	21.47



	With membrane cleaning devices (1011/m)
	38.76
	8.31
	17.39
	5.58
	7.48



	Percentage (%)
	100.00
	21.44
	44.86
	14.40
	19.30
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