Performance analysis of a pilot-scale membrane aerated biofilm reactor for the treatment of landfill leachate
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Abstract
A 60 litre membrane aerated biofilm reactor (MABR) was successfully employed to treat landfill leachate, which contained very high concentrations of refractory Chemical Oxygen Demand (COD) and ammonium.  Air or pure oxygen was supplied to the bioreactor through polydimethyl siloxane hollow fibre membranes. Over a year of operation with an average hydraulic retention time of about 5 days, and influent ammonium concentrations ranging from 500 – 2500 mg/L, the MABR achieved 80 – 99% nitrification.  Simultaneously, the influent COD concentrations which ranged from 1000 to 3000 mg/L were reduced by approximately 200-500 mg/L. Oxygen transfer rates as high as 35 g O2/m2-day were achieved during the study. By operating at low gas flowrates, high oxygen transfer efficiencies were achieved without any negative impact on oxygen transfer rates.  This suggested that the biofilm was not oxygen limited during this study.  The very low gas flowrates and the low pressure losses required to move air through the membranes resulted in very high standard aeration efficiencies that exceeded 10 kg O2/kWh. The results indicate that mixing energy far exceeded that required for aeration in this study.  Our results suggest that with process optimization, MABR technology offers a low energy option for effective leachate treatment.
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1. Introduction 
Aeration, the provision of essential oxygen to pollutant degrading microorganisms, is fundamental to aerobic biological wastewater treatment processes. However, aeration is an energy intensive process accounting for the largest fraction (45 to 75%) of plant energy costs 1[]
. Existing technology for aeration is several decades old and often operates at standard oxygen transfer efficiencies (SOTE) of <15% 2[]
. When corrections are made for dissolved oxygen concentration maintained in the aeration tank, many plants operate at even lower oxygen transfer efficiencies (OTEs).  An emerging technology that has the potential to increase energy efficiency in biological wastewater treatment is the Membrane-Aerated Biofilm Reactor (MABR), also known as the Membrane Biofilm Reactor (MBfR).  In contrast to other membrane technologies, the membrane does not act as a filter for the wastewater 
 ADDIN EN.CITE 
[3, 4]
, but rather it is used to deliver the oxygen required for wastewater treatment.  Air at low pressure flows through the inside of gas-permeable hollow fibre membranes and oxygen diffuses through the membrane to foster the development of a biofilm on the outside of the membrane.  The microorganisms growing in this biofilm receive oxygen through the membrane and substrates from the wastewater.
The interest in MABRs stems from their low energy requirements.   Membrane oxygen transfer efficiencies (OTEs)  have been reported to be as high as 100% 5[]
 and the process is insensitive to factors that affect the size and residence time of bubbles, as is the case in conventional aerated bioreactors 6[]
. Due to the higher OTEs in an MABR, less air/oxygen is required and the reduction in both blower volumetric flowrate and operating pressure required provides the opportunity for significant operational savings over the lifetime of a waste water treatment plant (WWTP). Additionally the smaller equipment requirements for aeration can offset some of the capital cost of the membranes. Laboratory scale and recent pilot scale data show that the MABR has the potential to outperform conventional wastewater treatment process in terms of both pollutant removal rate 7[]
 and energy efficiency 
 ADDIN EN.CITE 
[8-10]
 While the use of pure oxygen is perceived as expensive, the MABR is a unique process in that it provides very high oxygen transfer efficiencies. Moreover, when the MABR is operated with pure oxygen, it requires up to five times less membrane area than when operating with air and is thus provides savings in capital investment and a small footprint.
MABRs are also distinguished by microbial population stratification that is favourable for simultaneous nitrification/denitrification: oxygen concentrations are highest at the biofilm-membrane interface decreasing toward the biofilm-liquid interface where nutrient concentrations are highest. This stratification promotes the development of populations of nitrifiers and aerobic heterotrophs adjacent to the membrane, where oxygen is plentiful and a population of anoxic denitrifiers or anaerobic bacteria adjacent to the liquid where substrate concentrations are highest and oxygen is depleted 11[]
. By taking advantage of this stratification and maintaining adequate biofilm thickness, engineers can simultaneously achieve significant biochemical oxygen demand (BOD) and nitrogen removal in one tank. In addition, since the region of active aerobic biofilm growth is close to the membrane where the oxygen is abundant, the bacteria are protected to some degree from the effect of toxic chemicals which might inhibit their growth12[]
.   The concentration of toxic chemicals such as heavy metals can be reduced by adsorption as they diffuse through the outer layers of the biofilm.
MABRs appear to be well suited to the treatment of wastewaters high in ammonium concentration.   Each mole of ammonium requires 1.5 moles of oxygen for oxidation to nitrite or 2 moles of oxygen for oxidation to nitrate, as a result each gram of NH4-N requires approximately 4.6 g of oxygen for complete oxidation. High ammonium concentrations therefore exert a very high oxygen demand on biological treatment systems, whether for partial nitrification or conventional nitrification. In addition, the nitrifying microorganisms are autotrophic and have low yields. This results in thinner biofilms, which are beneficial for sustaining high oxygen transfer rates in long term operation. The ability of the MABR to retain the slow growing nitrifying bacterial in the biofilm along with the ability  to supply the oxygen directly to that biofilm, make it ideally suited for these applications 13[]
.  
High levels of ammonia are found in digestate liquor, landfill leachate, and the wastewater streams of several industrial processes including alcohol production, food processing and petrochemicals.  In this study we chose to explore the performance of an MABR in the treatment of landfill leachate.   Landfill leachate may be characterized as a water-based solution of four groups of pollutants: dissolved organic matter, inorganic macro components, heavy metals, and xenobiotic organic compounds 14[]
. Typically leachate has a high ammonia concentration due to the anaerobic degradation which takes place in the landfill. A thorough review of leachate treatment is presented by 15[]
. In many instances biological treatment is preferred over physicochemical treatment, which is typically more expensive and requires by-product disposal. The most commonly used biological process is the Sequencing Batch Reactor (SBR) although many studies have been conducted on biofilm based processes such as the moving bed biofilm reactor (MBBR) 16[]
 and rotating biological contactor (RBC) 17[]
. Attached growth systems overcome many operational issues of activated sludge leachate treatment such as sludge bulking and finely dispersed sludge flocs which are further exacerbated by the high salt concentrations found in leachate18[]
 however they remain energy intensive because of the high oxygen demand.  
As a low energy biofilm process, the MABR appears to be an ideal choice for a low cost on-site treatment system.  This study explored the nitrification performance, the oxygen transfer efficiency and the energy requirements of an MABR employed for landfill leachate treatment.
2. Materials and Methods
2.1. Wastewater
Leachate was obtained from a municipal landfill at Arthurstown, Co Kildare, Ireland, which has been in operation since 1997. The total capacity of the landfill is approx. 4.86 million tonnes of baled waste and the annual production of leachate is ca. 80,000-100,000 m3. Currently 30,000m3 of leachate are treated on site via two SBRs, while the remaining leachate is transported via road tanker off site for treatment in a local Sewage Treatment Plant.  For the present study, the leachate was delivered 1–2 times per month to the laboratory and stored at 20°C, with no variation in composition detected in the samples taken during storage. The ammonium nitrogen concentration (NH4-N) in the leachate was typically 2,000-2,500  mg N/ L,  and the Chemical Oxygen Demand (COD) was around 7,500 mg O2/L.  The Total Suspended Solids (TSS) was typically around 300mg/L.  Much of the COD is recalcitrant and the BOD:COD ratio is typically <0.2.  The raw leachate was diluted 1:2 with tap water and the supplemented with ammonium chloride to achieve the desired (original) ammonium concentration in leachate during the study.  The diluted leachate was continuously mixed to minimize water quality fluctuations in the influent feed to the bioreactor.
2.2. Reactor Operation
Figure S1 (supplementary file) shows a schematic representation of the reactor.  Aeration was provided by blowing air through the lumen of gas-permeable, hollow-fibre polydimethyl siloxane (PDMS) membranes (SilPro, Broadstairs, UK).   The membranes had an internal diameter of 300m, an external diameter of 500m and a wall thickness of 100m.  4.1 m2  of membrane was installed in the 60 litre reactor which provided a specific surface area of 69m2/m3.    Membrane modules were fabricated by potting bundles of 60 hollow fibres, measuring 0.4m in length, vertically into 10mm PVC piping using polyurethane as the potting agent. Eleven bunches were then arranged to form a cassette and 10 cassettes were installed in the reactor. To ensure that the reactor was completely mixed, the wastewater was continuously recirculated via a centrifugal recirculation pump; complete reactor turnover occurred every 2-5 minutes. The reactor was equipped with a pH controller (Mettler Toledo M300 meter) which controlled the addition of 1M NaOH to maintain the reactor pH between 7.5 and 8.0. The membranes were supplied with either air or pure oxygen during different phases of operation. Pure oxygen was supplied from a gas cylinder (99.5% O2, BOC  Gas, Dublin, Ireland) and air was supplied from either a compressed air line where the flowrate and pressure were controlled independently or alternatively with an aquarium air-pump.(MARINA 200, Rolf C. Hagen Ltd, West Yorkshire , UK) 

The diluted leachate influent was pumped (Watson–Marlow (323D) into the reactor at flowrates that provided hydraulic detention times of 5 to 20 days.  At the start-up of the experiment, the reactor was inoculated with  nitrifying activated sludge (2 g MLSS l−1), which was taken from the full scale SBR plant at Arthurstown landfill site, Co Kildare, Ireland. The temperature in the reactor was not controlled but remained between 21- 27ºC throughout the experiment. The Dissolved Oxygen (DO) was continuously monitored but after the start-up phase never rose above 0.2mg/l unless due to a process-upset.
2.3. Analytical
Influent and effluent leachate samples were taken for analysis at intervals of 3-4 days on average. The samples were analysed for total COD, dissolved COD, N-NH4, N-NO3 and N-NO2, using Hach Lange LCK kits and a CADAS 30 spectrophotometer. Periodically (once a month), the treated leachate was analysed for phosphate to ensure that it was not a limiting substrate. 
2.4. Biofilm Control
Biomass tended to accumulate on the membranes, especially at the highest loading rates, and biofilm cleaning was thought essential to maintain reactor performance.  Air sparging was used in an attempt to remove excess biofilm.  Coarse bubble aeration was provided by an air sparger attached along the bottom of each of the membrane cassettes. The duration of this scour air was 5 minutes and it was carried out once every two weeks, on average, except where indicated in Table 1.  TSS values were measured in the reactor and were less than 100mg/l except following an air sparging event.
Oxygen transfer studies 
Oxygen transfer rates (OTRs) were measured using three methods, depending on whether air or pure oxygen was employed. During the first 150 days of operation the OTR was measured using the method previously described 19[]
. Briefly, valves at each end of the membrane module were simultaneously closed, the intra-membrane oxygen pressure was monitored using a pressure transducer (UNIK 5000, Druck Limited, Leicester, UK) and recorded on a computer (Pico log ,1216 ;Picotech, Cambridgeshire, UK). The rate of pressure drop in a known volume of gas was measured over a defined time period (60 seconds). This was then used to calculate the oxygen transfer rate using the equation of state for an ideal gas. For the period of operation 150 to 500 days, the OTRs were measured by off-gas analysis using an oxygen gas analyser (Servomex 1440D Gas Analyser; Servomex Group Ltd., East Sussex, UK).  Gas flow rates were measured using a mass flow meter (Model 8701; Burkett Ingelfingen, Germany).  The third method for measuring the oxygen flux across the membrane was by using a mass balance to calculate the amount of oxygen required to account for the extent of nitrification and COD reduction, this provided additional validation of the other methods of oxygen transfer rate. Briefly, this method for measuring the oxygen flux across the membrane was undertaken by calculating the quantity of oxygen required for both nitrification and COD oxidation minus the quantity of COD utilised for denitrification.
2.5   
Clean water oxygen transfer studies
Before wastewater was fed to the reactor, the oxygen transfer performance of the membranes was tested in clean water. The mixing was provided by the recirculation pump and matched the conditions employed during the treatment study. This method was undertaken using sodium sulphite and a dissolved oxygen probe according to the Standard ASCE oxygen transfer test. Measurement of Oxygen Transfer in Clean Water: ASCE Standard, ASCE/EWRI 2-06. The oxygen transfer rate of the reactor was measured to be  50g O2 m-2 bar-1day-1.  

2.6    
Oxygen Transfer Efficiency (OTE) measurement in biofilm covered membranes
By measuring the composition and flow rates of gas at the inlet and outlet of the MABR it was possible to calculate the Oxygen Transfer Efficiency OTE. During operation with oxygen, OTEs were consistently over 70% with up to 90% OTE being achieved under certain conditions, when operating with air the highest recorded OTE was 74%. As with conventional bubble aerated systems, the residence time of the gas is critically important in determining the OTE.  High OTEs can only be achieved if the residence time of the gas within the membrane allows for significant oxygen transfer.  

2.7. Mathematical Model

A multi-population model based upon AQUASIM [21] was used to predict the expected performance of the MABR based upon average values for nitrification kinetic coefficients.   The membrane is treated as a diffusive link between a compartment that represents the well-mixed, gas-filled lumen and one that represents the base of a biofilm. Similarly, the diffusive boundary layer is modeled as a diffusive link between the compartments representing the top biofilm layer and the well-mixed, bulk wastewater. The biofilm considered in this model is comprised of four bacterial populations:  aerobic heterotrophs, nitrifiers, denitrifiers, and acetoclastic methanogens. Processes considered in this model include growth and decay of microorganisms within the biofilm, the utilization of substrates, hydrolysis of complex COD to degradable COD, and switches between the metabolisms of aerobic heterotrophs and denitrifiers. Changes in the biofilm are completely dynamic, and the kinetics of growth and decay are based upon multiple-substrate Monod kinetics. Oxygen-switching functions are included in the growth equations to ensure that aerobic and anaerobic growth occurs in oxic and anoxic zones, respectively. The model assumes that the growth of bacteria and the associated consumption of substrates occur solely in the biofilm. The detachment of cells from the biofilm surface is not considered, and the bulk fluid is assumed free of bacterial cells. Death of cells within the biofilm produces a complex form of COD that is converted to easily degradable COD via a zeroth-order hydrolysis process. All model parameters and assumptions are described in a recent paper20[]

3 Results
The reactor was operated for 500 days and during this period operation step changes were made in nitrogen loading rate, oxygen partial pressure and intra-membrane gas flow-rate.  This is illustrated in Table 1 which shows the changes in hydraulic retention time (HRT), ammonium loading rates and oxygen partial pressures used during the study.  Pure oxygen was used between days 63 and 337, for the rest of the study air was used within the fibres and the oxygen pressure was maintained in the range of 150-200 millibars.
Table 1:  Summary of operating conditions and performance during testing

	Day
	Ammonium

Loading Rate

gN/m2-day
	HRT

days
	Oxygen

Pressure

mbar
	Air Sparging
	Extent of

Nitrification

%
	OTE

%
	Nitrite 

Present

	35-63
	1.4
	7.5
	230
	no
	75
	75
	yes

	63-100
	3.2
	5
	1070
	no
	-
	-
	no

	100-120
	3.5
	5
	1200
	no
	80-90
	-
	no

	120-220
	3.2-9.0
	4.6-5.0
	1200
	yes
	80-95
	80-90
	yes

	220-300
	6-8.8
	4.5
	1200
	no
	70
	40-70
	no

	300-337
	4-6
	6.0
	1200
	no
	50-98
	50-90
	

	337-460
	1.4 -2.2
	6.3
	250
	yes
	70-98
	20-70
	no

	460-505
	1.9
	4.5
	250
	yes
	>90
	20-70
	no


3.1 Start-up 
After inoculation, the reactor was operated in batch mode for two weeks.   The ammonia loading rate was very gradually increased over the first two months by increasing the feed flowrate. Air was supplied to the membranes at a pressure of 100 mBar. On day 35 the HRT was a adjusted to 7.5 days , which corresponded to a loading rate of 0.1kg N-NH4 /m-3 day (1.4 g N-NH4/m2 day) . After 63 days the oxygen transfer efficiency was over 75% and the ammonia removal was 90% . Although nitrification was established in the first two months of operation only nitrite was detected in the reactor effluent.  No significant COD removals were observed. Influent and effluent nitrogen, COD concentrations and percent nitrification data are presented in Figures 1 -4. 
3.2 Operation with Pure Oxygen
After 63 days of operation, the gas supply to the membranes was switched from air to pure oxygen (1200 mBar) and the loading rate was increased by supplementing the feed with ammonium chloride. Ammonia oxidation rates of over 90% at loading rates of 3.2 gN-NH4/m2 day were achieved.  During this phase the ammonium was oxidised to nitrite only. 
At 100 days, the intra-membrane oxygen pressure was increased to 200 mbar, and complete oxidation to nitrate was observed. Poor performance was observed between days 128 and 136, when there was an interruption in oxygen supply to the MABR. In addition, a problem with the influent pump between days 161- 168 reduced the influent flow rate to the MABR during this period. The loading rate increased throughout the first 150 days and air sparging for the control of biofilm thickness was initiated after day 120; there were 8 cleaning events between days 121 and 220.  The introduction of periodic air sparging appears to have been responsible for the increase in nitrite concentration in the treated leachate during this period. Interestingly, nitrite concentrations rose and peaked (day 164) following the introduction of air sparging, however, the nitrite concentration dropped sharply thereafter and declined gradually to about 40 mg/L by day 227 (i.e. before air sparging was discontinued).  So it seems that the air sparging may have initially reduced biofilm structure or thickness in a way that promoted nitrite production, but this effect was temporary.  During the entire period of air sparging the overall extent of nitrification remained high.
After day 235 air sparging was stopped in order to observe the response of the reactor to uncontrolled biofilm growth. Complete oxidation of the ammonia to nitrate continued (nitrite-N < 10 mg/L) but the percentage of ammonia nitrified decreased during this time (Figure 4).  Between days 300 and 337, the HRT was increased from 4.5 to 6days, and the ammonium loading during this time rose steadily from 4 – 6 gN/m2-day, but the performance improved consistently during the month to reach 99% nitrification.
3.3 Returning to an air supply
The gas supply was switched to back to air at day 337, the influent ammonium was reduced from over 2500 mg/L to between 500 and 750 mg/L; this was achieved by removing the supplemental addition of ammonium chloride to the influent.  The air flowrate was maintained at 50 ml/min, and the COD of the influent remained the same.  In addition, air sparging was re-initiated. This combination of operational changes, and the dramatically reduced ammonium loading (1.42 to 2.21 g/m2 day) led to a dramatic decline in nitrification performance. Nevertheless, high oxygen transfer efficiencies were obtained during this period.  The performance began to recover after day 370, whether this was attributable to the higher air flowrate (100 ml/min) initiated on day 356 or simply to the re-acclimation of the biofilm to the implementation of air sparging is unclear. Between days 370 and 440 the nitrification performance slowly recovered to reach 95%. 
Interestingly, COD removals also declined dramatically when pure oxygen was replaced with air, and between days 370 and 440, there was essentially no COD removal (Figure 3).  Only after the air flowrate was raised to 200ml/min on day 437 did COD removals recover.  This suggests that operating above an OTE of 50% with air may have limited the extent of COD removal.

3.4 Gas Flowrate and OTE

During operation with air, the air flowrates supplied to the MABR were deliberately changed to observe the impact on oxygen transfer efficiency. Table 2 summarises the air flowrates used and the corresponding measured oxygen transfer efficiency ranges.
Table 2, Changes in oxygen transfer efficiency for different air flowrates
	
	Gas flow rate
	Membrane Pressure
	OTE

	Days
	ml/min
	mbar g
	%

	337-356
	55
	190
	50-80

	356-437
	103
	180
	40-60

	437-480
	200
	160
	20-50

	480-504
	300
	155
	15-40

	504-545
	400
	150
	5-20


4. Discussion

4.1 Ammonia Oxidation performance
The maximum rate of nitrification was achieved during operation with pure oxygen and oxidation rates of 6gN/m2 day were consistently attained. This performance is comparable to previous ammonia oxidation studies with an MABR operated with pure oxygen. Brindle et al.7[]
 , reported nitrification rates of 5.4gN-NH4 /m2 day,  while Terada et al.21[]
 achieved rates of 4.5 gN-NH4 /m2 day at a longer HRT of 15 days for an influent stream containing approximately 3000mg/l ammonium-N.  Under operation with air, the ammonia removal rates (1.0-1.59 g N/m2 day) were comparable to values (1.92 g N-NH4/m2 d) reported previously for leachate treatment by a single stage RBC system that achieved complete nitrification 17[]
. High nitrification rates have been reported for landfill leachates, with rates of 2.2g N/m2 day achieved in an MBBR 16[]
 (N-NH4 concentration of 460-600mg/l ) using conventional MBBR media. 

The amount of oxygen consumed in ammonium oxidation and COD removal was calculated during the course of the study and compared with the oxygen transfer rates calculated from the different gas analysis methods.  The results in Figure 5 show generally good agreement. However, during the period when the air sparging was implemented for biofilm thickness control between days 120 and 220, the off-gas analysis yielded consistently higher transfer rates.  This discrepancy evident with the use of oxygen was not observed during operation with air.  This is most likely due to the effect of minor gas leaks having a much higher impact on the OTR calculated via the off gas method.
The high nitrite concentrations that were observed during the initial period of operation with air and then again when the influent ammonium concentration was increased to between 2000 and 3000 mgN/L may have been caused by free ammonium inhibition 22[, 23]
  . The pH in the reactor was between 7.5 and 8.0, if we assume a mean pH of 7.8, then the free ammonium concentrations may have been in the range of 5-35 mgN/L during the course of the study.  It is also possible that free ammonia toxicity might have been exacerbated by the intermittent air sparging used to control biofilm thickness. Initially, air sparging may have dislodged biofilm and rendered the NOB more susceptible to free ammonia toxicity, however, with time the NOB would have gained protection and grown within the biofilm It is likely that since nitrification generates acidity, a lower pH would naturally prevail in a thicker biofilm and this would, in time, protect the NOB and encourage more complete nitrification as the biofilm developed.  NOB inhibition would have been most severe when the system was brought on line and when the feed ammonium concentration was increased.  

4.2 Oxygen Transfer Efficiency 
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The measured values of OTE during operation with air are plotted against air residence times in the membranes in Figure 6.  Although there is a lot of scatter in the data there is a clear trend showing that at the oxygen transfer efficiency (OTE) increased residence time of air in the membrane increased.  At a residence time of >10  seconds up to 80% OTE was achieved; significant increases in residence time were needed to achieve higher OTEs . 
To better understand these data we need to relate the OTE to both air residence time within the membrane and the changing oxygen transfer rates shown in Figure 5.  The OTE may also be calculated by dividing the rate of oxygen transport across the membrane (based on the rate of nitrification and COD reduction) by the rate of oxygen supply to the hollow fibre membranes:
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 is the outer fiber diameter, [image: image19.png]


 is the inner fiber diameter, n is the number of fibres, L is the fibre length, [image: image21.png]


 is the oxygen transfer rate across the membrane demanded by the biofilm , Q is the gas flowrate, [image: image23.png]foz



 is the fraction of oxygen in the inlet gas stream ,[image: image25.png]


 is the gas residence time in the hollow fibers and  [image: image27.png]


 is the density of influent gas

Returning to the OTE values shown in Figure 6, which were measured for a specific air residence time (influent air flowrate), it becomes clear that the scatter in the OTE values at each residence time is attributable to varying oxygen transfer rates (OTR) into the biofilm.  The dashed line shows the expected relationship (from equation (5) between OTE and residence time for a low OTR, while the solid line shows the relationship for a high OTR.   The impact of OTR is clarified in Figure 7, which shows the linear relationship between OTR and OTE predicted by equation (3) when the data for different gas flowrates are plotted.   
Figure 7 highlights the fact that there is no significant penalty to operating at a high OTE.  For example, when operating with air, an OTR of 8 g/m2-day was achievable with OTEs ranging from 20-75% depending upon the air flowrate to the membranes.  Likewise, the same OTR of 25 g/m2-day was achievable with pure oxygen when the gas flowrate was halved and the OTE rose from 50 to 80%.  
When the membranes are supplied with air, and are operated at high OTE, the average partial pressure of oxygen within the membranes will tend to decline. (This is not as significant a problem when operating with pure oxygen, which is susceptible to the back-diffusion of nitrogen.)  Nevertheless, high OTRs appear to be maintained by the biofilm and this tends to suggest the biofilm is insensitive to oxygen partial pressure and more likely controlled by the diffusion of ammonium to the zone of active nitrification within the biofilm. 
Our data lead us to conclude that in our study the biofilm was not oxygen limited for OTEs up to 80%  (oxygen partial pressures above 0.04 atm).  This conclusion is apparently contradicted by the observation that when the reactor was switched from air to pure oxygen, the OTR rose by approximately a factor of 3.  There was, however, a simultaneous increase in the ammonium concentration in the feed. During the studies with air the ammonium concentrations in the MABR were typically below 100 mg/L, while with pure oxygen the ammonium concentration varied between 300 -1000 mg/L.   For mature biofilms on membrane modules in slowly moving water this concentration difference could account for the improved OTRs.  Transfer into the fibre bundles, across stagnant boundary layers and into the depth of the biofilm is largely diffusion controlled, and the activity of the biofilm is controlled by both substrate and dissolved oxygen concentrations. The observed improvement in OTRs when air was replaced with oxygen is therefore consistent with ammonium limited growth
4.3 Energy Efficiency
In order to assess energy efficiency of the MABR it is necessary to specify the dimensions of the membranes and the operating conditions such as OTR and OTE.  If we assume an OTE of 20% for 2m long, 400m ID membranes providing an OTR of 1 g O2/m2-h, the air flow to a 10,000 fibre membrane module can be calculated to be 12.7 m3/day.  This air flowrate requires a pressure of 26 mbar and transfers 0.8 kgO2/day to the biofilm.  If we allow another 24mbar for headlosses in the piping and manifold system then we would require an operating pressure of 50 mbar.  Using the performance curves for a commercial available blower (Gast Regenerative Blower, Model R1102), a standard aeration efficiency (SAE) for this module is calculated to be approximately 10 kg O2/kWh.
If the membrane modules are operated at an air pressure of 50 mbar, then the submerged membranes might be susceptible to water intrusion if a membrane were damaged.   Accordingly, it might be prudent to operate the modules with a back pressure that is greater than the external hydrostatic head.  If we are working with 2m long membrane modules then a pressure of 225mbar would seem to be adequate to avoid water intrusion issues.  In addition, the exhaust air could be released under water to assist in mixing.  To calculate the SAE for this system we selected a representative commercially available blower capable of delivering air at 225 mbar (11 kW Blower - Greenco 2RB-840).   The calculated SAE for this blower under these conditions is 4 kWh/kg O2.

In this study we demonstrated that it is possible to operate successfully at much higher OTEs and this would improve the SAE.  The SAEs calculated for an OTE of 60%, for example, are three times higher:  12 and 30 kWh/kg O2  for high and low pressure operation respectively.  A more complete explanation of the energy calculations is provided in the supplemental information.

In conventional wastewater treatment aeration systems, both coarse and fine bubble, typically perform at SAEs of 1 -1.5 kg O2/kwh1[]
.  From this study it is clear that if MABRs are operated at high oxygen transfer efficiency they have the potential to reduce the energy costs associated with aeration by an order of magnitude. Previous studies have also demonstrated high oxygen transfer efficinencies for gas permeable membrane aeration 24[]
 .The MABR also seems well suited for use with pure oxygen.  Our data showed that there was no deterioration in performance when we operated at high OTEs with either air or pure oxygen.   
4.4 Mixing
Our analysis to this point has not considered mixing.  When operating at high OTEs the air/oxygen flowrates are significantly lower those used in conventional aeration.   Even if the system is operated so that the exhaust air can be released under water to induce mixing, some supplemental power input may be necessary.  High levels of mixing are not required however; earlier modelling studies suggest that water velocities in the range of 1-5 cm/s between the fibres should be sufficient for effective substrate delivery to the biofilm25[, 26]
 . The energy requirements for mixing will depend upon membrane module design, reactor design and membrane packing density and this is an area in need of additional study.
4.5 Biofilm Control

As previously mentioned biofilm thickness was not actively controlled at regular intervals during the experiment, due to the high ammonium concentrations in the reactor a thick biofilm was not considered  a limiting factor for an autotrophic biofilm [7]. Biofilm control has been identified as important parameter in the long term operation of the MABR [8] it was observed that the biofilm control events did have an impact and the nitrification pathway figure 2
4.6 Comparison of MABR performance with Model Predictions
Model predictions suggest that complete nitrification of the ammonium rich leachate (NH4-N = ~2500mg/l) should be possible with an HRT of less than one day with either pure oxygen or air.  (The analysis assumed that the leachate contained no toxics that might inhibit nitrification, and that BOD of the feed was 400 mg/l).  The model predicted little denitrification, and that the activity of the biofilm would be limited by the availability of ammonium and not by the provision of oxygen, as observed.
The observed oxygen transfer rates across the membranes in our pilot study were around 30 g/m2-day for the highest ammonium concentration (2500 mg/l) and about 6 g/m2-day for the lowest ammonium concentration (500 mg/l). HRTs of between 4 and 7.5 days were tested and high levels of nitrification were achieved. Model predictions, however, suggest that membranes are capable of operating at significantly higher oxygen transfer rates with either air or pure oxygen, and much shorter HRTs should be feasible.  This discrepancy in predicted and observed performance may be explained by either inhibition of the nitrifying bacteria by contaminants in the leachate or poor transport of the leachate to the supported biofilms within the membrane modules.  
The latter is possible since the membrane modules consisted of 60 fibre bundles that were stretched tightly and moved little when submerged.  While the water could flow readily around these fibre bundles it is not clear how effectively the flow penetrated the fibre bundles, and it is possible that the fibres towards the centre of the bundles were deprived of substrate and largely ineffective.  Certainly the design of more loosely packed fibre modules, with some slack to allow movement in the water column, could improve performance.

5. Conclusions

This pilot study demonstrated that ammonium rich landfill leachate could be effectively nitrified using a membrane aerated bioreactor.  The pilot MABR achieved high levels of nitrification when operated at HRTs over 4 days as compared with 40 days HRT in the full scale SBRs at the landfill treatment site. Analysis of the operational data indicated that the MABR was not limited by oxygen delivery, but by ammonium transport to the biofilm covered membranes.  This observation was supported by the predictions of a multi-species AQUASIM model of the MABR.  The model also suggested that higher biofilm activities are possible and with better module design it should be possible to achieve complete nitrification, with air or oxygen, in shorter hydraulic retention times. 
The MABR was shown to be capable of operating at OTEs as high as 80% without any negative impact on process performance. Analysis of the aeration efficiency of the MABR demonstrated that SAEs in excess of 10 kg O2/kWh are feasible, suggesting that this technology offers the opportunity to reduce the operating costs of aeration by an order of magnitude over other bubble based aeration technologies.
Acknowledgement

This research received financial support from Enterprise Ireland.

References
[1] D. Rosso, M. Stenstrom, L. Larson, Aeration of large-scale municipal wastewater treatment plants: state of the art, Water Science and Technology, 57 (2008) 973-978.

[2] K.P. Groves, G.T. Daigger, T.J. Simpkin, D.T. Redmon, L. Ewing, Evaluation of oxygen transfer efficiency and alpha-factor on a variety of diffused aeration systems, Water environment research, (1992) 691-698.

[3] M. Pankhania, T. Stephenson, M.J. Semmens, Hollow-Fiber Bioreactor for Waste-Water Treatment Using Bubbleless Membrane Aeration, Water Research, 28 (1994) 2233-2236.

[4] M.J. Semmens, K. Dahm, J. Shanahan, A. Christianson, COD and nitrogen removal by biofilms growing on gas permeable membranes, Water Research, 37 (2003) 4343-4350.

[5] T. Ahmed, M.J. Semmens, M.A. Voss, Oxygen transfer characteristics of hollow-fiber, composite membranes, Advances in Environmental Research, 8 (2004) 637-646.

[6] K.I. Ashley, K.J. Hall, D.S. Mavinic, Factors influencing oxygen transfer in fine pore diffused aeration, Water Research, 25 (1991) 1479-1486.

[7] K. Brindle, T. Stephenson, M.J. Semmens, Nitrification and oxygen utilisation in a membrane aeration bioreactor, Journal of Membrane Science, 144 (1998) 197-209.

[8] E. Syron, E. Casey, Membrane-aerated biofilms for high rate biotreatment: Performance appraisal, engineering principles, scale-up, and development requirements, Environmental science & technology, 42 (2008) 1833-1844.

[9] M.J. Semmens, membrane technology: pilot studies of membrane-aerated bioreactors, in, Water Environment Research Foundation, 2005.

[10] K.J. Martin, R. Nerenberg, The membrane biofilm reactor (MBfR) for water and wastewater treatment: principles, applications, and recent developments, Bioresource technology, 122 (2012) 83-94.

[11] T.M. LaPara, A.C. Cole, J.W. Shanahan, M.J. Semmens, The effects of organic carbon, ammoniacal-nitrogen, and oxygen partial pressure on the stratification of membrane-aerated biofilms, Journal of Industrial Microbiology & Biotechnology, 33 (2006) 315-323.

[12] B. Heffernan, C.D. Murphy, E. Syron, E. Casey, Treatment of fluoroacetate by a Pseudomonas fluorescens biofilm grown in membrane aerated biofilm reactor, Environmental science & technology, 43 (2009) 6776-6785.

[13] Y.-J. Feng, S.-K. Tseng, T.-H. Hsia, C.-M. Ho, W.-P. Chou, Partial nitrification of ammonium-rich wastewater as pretreatment for anaerobic ammonium oxidation (Anammox) using membrane aeration bioreactor, Journal of bioscience and bioengineering, 104 (2007) 182-187.

[14] T.H. Christensen, P. Kjeldsen, H.J.r. Albrechtsen, G. Heron, P.H. Nielsen, P.L. Bjerg, P.E. Holm, Attenuation of landfill leachate pollutants in aquifers, Critical Reviews in Environmental Science and Technology, 24 (1994) 119-202.

[15] S. Renou, J. Givaudan, S. Poulain, F. Dirassouyan, P. Moulin, Landfill leachate treatment: Review and opportunity, Journal of hazardous materials, 150 (2008) 468-493.

[16] U. Welander, T. Henrysson, T. Welander, Nitrification of landfill leachate using suspended-carrier biofilm technology, Water Research, 31 (1997) 2351-2355.

[17] D. Kulikowska, T. Jóźwiak, P. Kowal, S. Ciesielski, Municipal landfill leachate nitrification in RBC biofilm–Process efficiency and molecular analysis of microbial structure, Bioresource technology, 101 (2010) 3400-3405.

[18] J. Dollerer, P.A. Wilderer, Biological treatment of leachates from hazardous waste landfills using SBBR technology, Water Science and Technology, 34 (1996) 437-444.

[19] E. Casey, B. Glennon, G. Hamer, Oxygen mass transfer characteristics in a membrane-aerated biofilm reactor, Biotechnology and bioengineering, 62 (1999) 183-192.

[20] J.W. Shanahan, M.J. Semmens, Alkalinity and pH Effects on Nitrification in a Membrane Aerated Bioreactor: An experimental and model analysis, Water Research, 74 (2015) 10-20.

[21] A. Terada, K. Hibiya, J. Nagai, S. Tsuneda, A. Hirata, Nitrogen removal characteristics and biofilm analysis of a membrane-aerated biofilm reactor applicable to high-strength nitrogenous wastewater treatment, Journal of bioscience and bioengineering, 95 (2003) 170-178.

[22] Y. Peng, G. Zhu, Biological nitrogen removal with nitrification and denitrification via nitrite pathway, Applied microbiology and biotechnology, 73 (2006) 15-26.

[23] A. Rodriguez-Sanchez, A. Gonzalez-Martinez, M.V. Martinez-Toledo, M.J. Garcia-Ruiz, F. Osorio, J. Gonzalez-Lopez, The effect of influent characteristics and operational conditions over the performance and microbial community structure of partial nitritation reactors, Water, 6 (2014) 1905-1924.

[24] G. Soreanu, L. Lishman, S. Dunlop, H. Behmann, P. Seto, An assessment of oxygen transfer efficiency in a gas permeable hollow fibre membrane biological reactor, Water Science and Technology, 61 (2010) 1165–1171.

[25] J.W. Shanahan, M.J. Semmens, Multipopulation model of membrane-aerated biofilms, Environmental science & technology, 38 (2004) 3176-3183.

[26] M.J. Semmens, N.J. Essila, Modeling biofilms on gas-permeable supports: flux limitations, Journal of environmental engineering, 127 (2001) 126-133.




Figures
[image: image28.png]3500

H

2500

H

1500

Ammonium Concentration mg/L
g

s00

Pure Oxygen

—#—Effluent NHA-N

—o= Influent NH4-N

200

300
Days

400

600




Figure 1:  Ammonium-N concentrations in the influent and the effluent to the MABR during the study.
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Figure 2:  Effluent nitrite and nitrate concentrations (mgN/L)
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Figure 3:  Influent and effluent dissolved COD concentrations measured during the study.
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Figure 4:  Percent Nitrification achieved in the MABR 
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 Figure 5  Figure 5 A comparison of oxygen supply rate (from off gas analysis) and the oxygen demand rate (calculated from the ammonium and COD oxidation rate).
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Figure 6 The relationship observed between OTE and air residence time within the membranes.  The solid and dashed lines represent the expected relationship for high and low OTR respectively.
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Figure 7.  The relationship between OTR and OTE for different influent gas flowrates to the membranes.
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