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1. Main Results

A lab-scale redox-stratified membrane aerated biofilm reactor (RSMBR) was constructed with a working volume of 0.59 L. A gas-permeable silicone membrane (12 mm diameter, 300 mm length) was used as the support for biofilm growth. The influent flow rate was kept at 1.77 L d-1, which gave a hydraulic retention time (HRT) of 8.4 h. It took three months to investigate the hydrodynamic characteristics and the oxygen transfer rates with distilled water. Hereafter, the RSMBR was inoculated with nitrifying activated sludge (Day 0), and its nitrogen conversion performance was investigated. The influent ammonium-nitrogen (NH4+-N) concentration was controlled at 71.1±6.5 mg NH4+-N L-1 (influent NH4+-N loading rate: 11.1±1.0 g NH4+-N m-2 d-1) from Day 1 to Day 52. During this period of time, nitrate (NO3-) was the main nitrogen species in the effluent and its concentration increased from 20.5 mg NO3--N L-1 (Day 8) to 57.3 mg NO3--N L-1 (Day 53). Meanwhile, the effluent nitrite-nitrogen (NO2--N) concentration was below 5.3 mg N L-1, indicating that complete nitrification occurred when the NH4+-N loading rate was less than 11.1 g NH4+-N m-2 d-1. In order to stimulate NO2- accumulation and shortcut nitrogen removal in the RSMBR system, DO concentration in the bulk liquid was controlled below 0.05 mg L-1, and the influent NH4+-N concentration was increased from 71.1 mg NH4+-N L-1 to 262.0 mg NH4+-N L-1 from Day 53 to Day 60 and maintained at 237.1±20.3 mg NH4+-N L-1 from Day 61 to Day 140. The effluent NH4+-N concentration rose remarkably from about 11.0 mg NH4+-N L-1 (Day 60) to about 182.0 mg NH4+-N L-1 (Day 80), then decreased gradually to 67.8±27.2 mg NH4+-N L-1 (from Day 90 to Day 140), which indicates a gradual increase of the NH4+-N removal rate in the RSMBR. The NO2--N concentration rose from 3.2 mg NO2--N L-1 (Day 60) to 22.3±5.3 mg NO2--N L-1 (from Day 100 to Day 140). The NO3--N concentration was maintained at about 46.6±14.3 mg NO3--N L-1 (from Day 80 to Day 140). The nitrogen loss in the RSMBR system increased from 18.0±9.6 mg N d-1 (Day 20-Day 53) to 128.9±61.7 mg N d-1 (Day 80-Day 140), which suggests that denitrification was enhanced by increasing the influent NH4+-N loading rate. It is speculated that simultaneous nitrification/nitritation and denitritation occurred in the RSMBR system.
The spatial distribution of ammonium oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) in the membrane aerated biofilms was investigated by using fluorescence in situ hybridization (FISH) and confocal laser scanning microscopy (CLSM) techniques. The stratification of nitrifying and denitrifying populations was observable in the biofilms, when the biofilm was thick enough to prevent oxygen diffusion through the biofilm into the bulk liquid. The anoxic zone appeared near the biofilm-bulk liquid interface as expected. AOB and NOB were located at the base of the biofilm, i.e., close to the surface of the membrane or the supply source of oxygen; other heterotrophic bacteria, including denitrifying bacteria, were located at the top of the biofilm close to the bulk liquid and with lower DO and higher NH4+-N concentrations.
Functional genes for ammonium and nitrite oxidizing (amoA gene and nxrA gene) were quantified with the real-time quantitative PCR technique. On the whole, the abundance of amoA gene was two orders magnitude higher than the abundance of nxrA gene in the extracted DNA samples. The abundance of amoA gene increased from 0.70±0.15×106 copies/ng DNA (Day 20) to 2.80±0.42×106 copies/ng DNA (Day 80), then decreased a little bit to 2.10±0.29×106 copies/ng DNA (Day 120). Correspondingly, the abundance of nxrA gene increased from 1.15±0.49 ×104 copies/ng DNA (Day 20) to 3.21±0.58×104 copies/ng DNA (Day 40), then decreased to 2.34±0.65×104 copies/ng DNA (Day 120). These results reflect that AOB were dominant populations and NOB were almost outcompeted by AOB, but some NOB populations still survived in the biofilms. 
A one-dimensional multiple-population biofilm model was established with AQUASIM 2.1. Both co- and counter-diffusion biofilm geometries were modeled to simulate reactor performance and the microbial community structure under various operational conditions. The sensitive analysis result shows that the most crucial parameter for controlling nitritation in counter-diffusion biofilm reactors was the overall oxygen mass transfer coefficient (Ki). In the RSMBR system, the nitrite concentration in the bulk liquid decreases as Ki increases, especially from 0.5 to 10 m d-1. 
Engineering aspects of RSMBR in practical wastewater treatment were investigated. There are some aspects posing significant challenges to the commercialization and application of this technology in the near future. The main challenge is biofilm thickness and activity control. Many factors such as wastewater characteristics, organic loading rate, hydrodynamic shear force, feast-famine regime, feeding strategy, dissolved oxygen, reactor configuration, solids retention time, etc., play different roles in affecting the selection pressure-driven cell-to-cell immobilization processes in membrane aerated biofilms.    
2. Conclusions

Lab-scale experimental results show that high pH (8.0-8.3) and high ammonium loading rates (about 0.78 g NH4+-N L-1 d-1) helped to inhibit NOB and attain shortcut nitrogen removal in the RSMBR system. 
The stratified structure was observed in the membrane aerated biofilms: AOB and NOB multiplied at the base of the biofilm, but heterotrophic bacteria propagated at the top. AOB was dominant in nitrifying populations, but it was difficult to achieve complete washout of NOB. 
Mathematic modelling of nitrogen conversion in the RSMBR was established with AQUASIM 2.1. The sensitivity analysis reveals that the oxygen mass transfer coefficient (Ki) has significant influence on nitrogen conversion performance of membrane aerated biofilms. The biofilm thickness control is vital for maintaining stable partial nitritation performance and needs to be further investigated.
A number of operational factors influence the nitrogen conversion performance in the RSMBR. Strategies have to be developed to monitor the biofilms, to stabilize its activity, and to remove excess biomass from the membrane modules. More field studies with practical wastewaters should be performed to evaluate the resilience of the process in the face of flow and strength fluctuations, and to establish optimum operational strategies. The researcher is continuing the study on the performance of the RSMBR in nitrogen removal from real sewage and swine wastewater in Tongji University after the project was completed end of December, 2010 and he returned to China. 
3. Socio-economic impacts

Short-cut nitrogen removal from relatively high strength ammonium-rich wastewaters is considered to be the most promising application for the RSMBR technology. It has several advantages over conventional nitrogen removal technologies, such as higher oxygen transfer rates and utilization efficiencies with energy savings and cost reduction; reduced emissions of volatile pollutants by air stripping; and protection of AOB and NOB located at the base of biofilms from erosion or grazing at biofilm surfaces. 
The research results have been presented in a peer-review journal paper and in four international conferences. The results will also be presented in a book chapter and two other journal papers. This helps to demonstrate the technology and shows the strength of EU in environmental research. 

This project has provided sufficient support to the research fellow. He carried out intensive studies on the RSMBR technology, acquired experience in advanced analytical techniques, presented in national and international conferences, published peer-review journal papers, and focused on write-up of a book chapter. He is now working full time in Tongji University, China. Therefore, this project will build a strong link between European research institutes (like NUI Galway) with research institutes in China. It produces a long-term synergy in research and fosters a spirit of collaboration between European and Chinese researchers. 
