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Abstract: 
The development and application of membrane bioreactor (MBR) systems in Japan started as early as the ‘70s. The anaerobic membrane bioreactor (AMBR), to date, however, has been less explored as compared to the aerobic MBR. The “Aqua-Rennaissance ‘ 90”  project was the first massive attempt for the development of AMBR systems in Japan. Following this, studies on AMBR have branched into different streams like sewage treatment, treatment of industrial wastewater, livestock excreta processing, simultaneous manupulation of night soil and kitchen garbage and, so on. Investigations in other Far- Easten countries, as revealed by the few available reports, may be broadly categorized into two distinct divisions, namely, studies on membrane fouling and its amelioration, and those on treatment of specific type of wastewater. AMBR process is definitely a prospective system for the near future; especially with the fact that the membrane-cost is decreasing day by day, and energy recovery and water reuse are, of late, very attractive issues.
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1. INTRODUCTION 

An anaerobic bioreactor supplemented with a membrane separation unit is termed as the anaerobic membrane bioreactor (AMBR) which, unlike the convensional single pass anaerobic reactor, enables independent control of hydraulic and soild retention and also does not suffer from limitation of loading rate and operating biomass concentration. Anaerobic MBR, although to date less explored than aerobic MBR, is a prospective system for treatment of wastewater of different strengths with simultaneous energy recovery and less excess sludge production.

This paper endeavours to summarize the investigations on and applications of anaerobic MBR in Japan, in particular, and in the far eastern countries, in general. Special attention was devoted to include information not accessible from the commonly available sources; hence studies reported in Japanese Journals have also been reviewed here.
2. INVESTIGATIONS ON AND APPLICATIONS OF ‘AMBR’ IN JAPAN 

Ministry of Interational Trade and Industry (MITI), Japan launched a six year R& D project named “Aqua-Rennaissance ‘ 90” in 1985 with the aim of water reuse and energy recovery. An anaerobic biorector equipped with a sidestream membrane separation unit formed the core of the conceptual plan (fig.1) of this project. This, infact, was the first massive effort for development of anaerobic MBR systems in Japan. Later on, during the 90’s, different studies were conducted for optimization of operational parameters of anaerobic membrane bioreactor. Treatment of specific type of wastewater such as wastewater containing kitchen garbage, livestock excreta, mixture of kitchen garbage and night soil etc. were also focused on in sevral studies.
2.1 The “Aqua Renaissance ' 90” project

The particular objective of the "Aqua Renaissance ' 90" was to develop energy-saving and smaller foot-print water treatment processes utilizing bioreactors coupled with membrane separation units to produce reusable water from industrial wastewater and sewage. Under this project, experiments were carried out on number of real wastewater broadly　categorized as ‘Low-concentration’ and ‘Mid to high concentration’ wastewater. Large- scale municipal sewage, small scale municipal sewage and fat/oil and protein containing wastewater were included in the ‘Low-concentration wastewater’ category, while starch, alcohol fermentation, pulp and paper, and night soil constituted the ‘Mid to high concentration wastewater’ category.  The different test units adopted in this scheme are listed in Table 1.

Table 1. Test units for various kinds of wastewater (“Aqua Renaissance ' 90”) [1]
	Type of waste water
	Capacity

(m3/d)
	Location
	Companies/ Institutions in charge

	
	
	
	Installation
	Bioreactor
	Membrane module

	Medium to  high concentration waste water


	Starch
	5
	Hyogo prefecture
	Kobe steel Ltd.
	Kobe steel
Ltd.
	Mitsubishi Rayon Eng.,

The Nippon Glass Co., Ltd.

	
	Alcohol Fermentation
	5
	Kanoya city
	Sanki Eng. Co.
	Sanki Eng. Co.
	Kurita Water Industries, Ltd.

	
	Paper & pulp
	10
	Iyo-Mishima city
	Kurita Water Industries, Ltd. (Inc.)


	The Shimizu Corp.
	Kurita Water Industries, Ltd.; The TOTO Co. Ltd.

	
	Night soil
	0.5
	Aichi prefecture
	Water Re-use promotion center
	Nishihara Environment Technology Inc.
	The Nitto Denko Corp.

	Low concentration wastewater
	Fat / oil, protein
	7.5
	Yokohama city
	Chiyoda Chemical Engineering Construction Co., Ltd.
	Chiyoda Chemical Engineering Construction Co., Ltd.
	The Nitto Denko Corp.



	
	Small-scale (Rural) sewage
	10
	Chigasaki city
	Water reuse promotion center
	Dic Degremont Co.
	Mitsubishi Rayon Eng.

	
	Large-scale

(Municipal) sewage
	20
	Fujisawa city
	Ebara Corp.
	Ebara Corp.
	The Nitto Denko Corp.
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Fig. 1 Conceptual Flow Chart of Aqua-Renaissance’90 Project[1]
2.1.1 Starch Wastewater[2], [3]

The liquid waste from sugar manufacturing industry, brewing industry, miso industry, starch industry, and marine food processing industry etc. are characterized with high BOD (3000 - 30000mg/L) load. The starchy wastewater was selected as a typical example of high concentration wastewater. Bench plant investigation with membrane-coupled acid fermentation tank followed by membrane-coupled methane fermentation tank revealed that the membrane following the acid fermentation tank, as expected, had remarkable effect on the efficiency of the bioreactor, while the membrane following the methane ferementation tank had only a mere influence of SS separation. Accordingly membrane-coupled acid fermentation tank followed by methane fermentation tank without sidestream membrane, was adopted during pilot plant investigation (fig. 2). The gas evolving from the bioreactors was collected in gas holders after desulfurization and carried outside of the treatment facility. Organic acid conversion ratio in the membrane-coupled acidogenic reactor, under a stable BOD loading of 20-25 kg/m3.d, was more than 65%. Despite of a SS concentration of around 20, 000mg/l in the tank containing the membrane, flux remained stable during long-term (200 days) investigation without any backwashing. The effluent quality from different treatment units, and evolution of different gases are shown in Table 2 and 3, respectively.
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Fig. 2 Flow Scheme of a Test Unit for Wheat Starch Waste Water

Table 2 Effluent qualities from different treatment units (Starch wastewater)

	Parameter
	Influent
	Effluent from

	
	
	Acid fermentation tank
	Methane

Fermentation tank

	
	
	Without membrane
	With membrane
	

	SS   (mg/L)
	3, 500
	18, 000
	0
	90

	BOD (mg/L)
	13, 000
	24, 000
	7, 600
	50

	COD (mg/L)
	19, 000
	51, 000
	10, 000
	320

	TOC (mg/L)
	6, 500
	15, 000
	3, 200
	60

	S-TOC(mg/L)
	4, 700
	3, 500
	3, 200
	30

	VFA-C(mg/L)
	80
	3, 000
	3, 000
	5

	pH
	4.5
	5.3
	5.3
	7.1


Table 3 Gas evolutions from different treatment units (Starch wastewater)

	
	CH4 (%)
	CO2 (%)
	H2 (%)
	Amount of gas production (Nm3/ m3)

	Acid fermentation
	36
	60
	0.01
	1.65

	Methane fermentation
	75
	25
	0
	6.38


2.1.2 Alcohol Wastewater[4], [5]

Fermentation wastewater from shochu (distilled liquid from potatoes, rice etc.) production industry and alcohol production (from molasses) industry were selected as typical examples of high concentration alcoholic wastewater. 

Per liter alcohol production induces 8-12 liter wastewater which is generally characterized with a BOD of above 50 g/L and, in addition, fermentation inhibiting ions like K+ and SO4-2. The treatment plant was installed at Kanoya alcohol factory. The process flow diagram is shown in fig.3. The anaerobic bioreactor with UF membrane resulted in a BOD removal of 98% and a COD removal of 61% under a BOD, COD and VS loading of 3.7 kg/m3.day, 11.4 kg/m3.d, and 6.9 kg/m3.d, respectively. The qualities of effluents from different treatment units are shown in Table 4.
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Fig. 3　Flow Scheme of a Test Unit for wastewater from Alcohol production (from molasses)

Table 4 Effluent qualities from different treatment units (Alcohol production from molasses)

	Parameter
	Influent
	Effluent from

	
	
	Sulfur-compound removal unit
	Bioreactor
	Membrane

	BOD(mg/L)
	10, 000 ~ 15, 000
	3, 200
	2, 900
	‹500

	COD(mg/L)
	20, 000 ~ 50, 000
	26, 400
	25, 200
	12, 000 ~ 20, 000


Wastewater from shochu production industry contained a BOD of 50, 000mg/L and high SS. The BOD loading was increased stepwise from 0.75 kg/m3.d to 5.22 kg/m3.d. The anaerobic bioreactor with organic flat sheet membrane resulted in a BOD removal of　99.3%, COD removal of 98.9% and a 59% methane recovery during the highest loading rate. The process flow diagram is shown in Fig. 4.
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Fig. 4 Flow Scheme of a Test Unit for shochu Waste Water

2.1.3 Paper & pulp Wastewater[6], [7], [8]
The paper and pulp production industry induces a huge volume of wastewater. Anaerobic treatment processes have been rarely applied, so far, for such wastewater due to presence of sufide and organic sulfur compounds which are inhibiting to methanogenic bacteria.

In this study, the temperature and pH were controlled at 53±1(C and 6.7-7, respectively. Pumice stone was used as carriers. Two different types of membranes, namely, organic flat sheet type membrane and inorganic internal pressure type membrane, were tested. The anaerobic bioreactor equipped with sidestream membrane and fed with pretreated wastewater (fig. 5) could sustain a BOD loading of 35.7kg BOD/m3.d (BOD removal of 90% or more, methane recovery 74.8%) while maximum allowable BOD loading was  15 kg BOD/m3.d for a reactor without membrane.
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Fig. 5 Flow Scheme of a Test Unit for Pulp and Paper Waste Water

2.1.4 Night soil [9], [10]
Night soil is characterized with high inorganic salt and high suspended solid content. Especially, a high ammonia-nitrogen concentration (usually 2000-3000 mg/L), in one hand, and, cellulose etc. included in SS, on the other hand, calls for special consideration during implication of anaerobic treatment for such wastewater. Investigation on influence of influent SS (step wise increased from 500 mg/l to 2000 mg/l) on performance of bioreactor revealed that initial SS removal rate of 80% gradually declined and eventually a negative removal rate was observed. In order to improve efficiency of the system, separation of SS was first effected by use of membrane, and the stream with low or no SS was treated next with an UASB reactor (fig. 6). Efficiency of centrifugal separation of SS prior to UASB reactor was also investigated. The cost of chemical and inefficient removal of SS  (remaining SS 1000-2000 mg/L) leading to subsequent inefficiency of the bioreactor, made the use of centrifugal separation unattaractive in comparison to membrane separation, even though the later consumes more energy. VFAs accounted for 80% of the COD in membrane permeate. An organic loading rate of 1.5 kg COD/m3-d was applied during the acclimation period of 50 days, after which the loading rate was 10 kg COD/m3-d. The reactor was operated with a HRT of 8 days for one month following which HRT was reduced to 5 days. The increased loading rate due to reduced HRT could be successfully sustained by the reactor. The anaerobic system coupled with membrane could result in over 90% organic removal. 
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Fig. 6 Flow Scheme of a Test Unit for Night Soil

2.1.5 Fat/oil and protein Wastewater[11], [12], [13]
The fat/oil and protein type wastewater is characterized with low organic load and high suspended solid. The SS is the rate limiting factor in case of solubilization and acid fermentation. Two phase type bioreactor was adopted, the microbes being fixed in the nonwoven fabric carrier. Performance of three different sequences of processes, under identical loading condition,  were compared in this study- 1) Acid fermentation tank + methane fermentation tank,  2) Acid fermentation tank + methane fermentation tank with sidestream membrane separation,  3) Acid fermentation tank with sidestream membrane separation + methane fermentation tank. The acid fermentation tank with sidestream membrane separation (fig. 7) exhibited the highest efficiency in terms of effluent quality and methane gas evolution.

Laboratory test on soyabean protein processing effluent revealed that optimum pH for solubilization is 6-7. The VFA conversion ratio in acid fermentation in conjunction with membrane separation, under a COD loading of 5.5-12.7 kg/m3, ranged from 70.3-84.3%. The total gas evolution rate was 3.06 N-m3/ day, CH4　accounting for 80.5% of that.
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Fig. 7 Flow Scheme of a Test Unit for Effluent from an oil Refinery

2.1.6　 Small-scale (Rural) sewage [14]
A treatment facility intended for a population of less than 1000 and/or installed at an isolated or rural area was considered as a small-scale sewage treatment plant. For “Aqua Renaissance ' 90” project, such a test-plant treating actual sewage was installed at Chigasaki seaside research facility, Kanagawa prefecture. A fluidized bed reactor and, coupled to that, a hollow fiber organic membrane supplied by the Mitsubishi Rayon Engineering Co., Ltd. was used. 
Performance of three different sequences of processes were investigated. In case of the process sequence as shown in Fig. 8-1, the hydrolyzation reactor (AMBR-2) resulted in hydrolyzation of 45%-62% of SS and a 50%-79% reduction in VSS. The influent BOD and TOC into AMBR-1 were 30-60mg/L and 10-50mg/L, respectively, while the permeate from membrane contained a BOD concentration of below 20mg/L. Membrane flux remained stable during long-term (100 days) investigation by only backwashing with the membrane-permeate.
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Fig. 8-1 Flow Scheme of a Field Test Unit for Small-scale Sewage

The qualities of influent, and effluents from different treatment units while following process sequences same as shown in Fig. 8-2 and Fig. 8-3 are listed in Table. 5A and 5B, respectively.
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Fig. 8-2 Flow Scheme of single use of AMBR1 for Small-scale Sewage

Table 5 A. Effluent qualities from different treatment units (Refer to Fig. 8-2)

	
	Bio reactor influent
	Bio reactor

effluent
	Retentate
	Membrane permeate
	Gas Recovery 

	BOD
	140
	54
	--
	16
	9L/day

CH4 60%

CO2  3%

	CODCr
	244
	112
	--
	37
	

	TOC
	78
	39
	--
	8
	

	SS
	180
	62
	745
	<1
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Fig. 8-3 Flow Scheme of Hydrolization membrane reactor (AMBR2) for Small-scale Sewage

Table 5 B. Effluent qualities from different treatment units (Refer to Fig. 8-3)

	
	Bio reactor influent
	Membrane effluent
	Gas Recovery

	
	
	Mesophilic

Fermentation
	Thermophilic

Fermentation
	

	BOD
	4, 450
	43
	850
	0.4 L/day

CH4  60-65 %

CO2  30%

	CODCr
	15, 800
	111
	1, 600
	

	TOC
	--
	9
	420
	

	SS
	12, 600
	<1
	<1
	


Although the process sequence shown in fig. 8-1 resulted in an effluent with low BOD value (20 mg/L), the maintenance of the system was troublesome and, hence, costly. The system shown in fig. 8-2, likewise, was costly, and, in addition, the SS hydrolization and methane gas evolution was low. Comparing the three process sequences, the one shown in fig. 8-3 appears to be suitable for small scale sewage treatment.

2.1.7 Large-scale (Municipal) sewage [15]
SS accounts for 18 - 45% of COD contained in City sewage. And the biodegradable portion in such wastewater is 30-60%. The pilot plant simulating large-scale sewage treatment plant followed a process sequence as shown in fig. 9. The raw wastewater was characterized with a SS, BOD and COD value of 197 mg/L, 173 mg/L and 293 mg/L, respectively. Under the same temperature (25(C) the VSS decomposition with and without membrane separation were 84.8% and 40%, respectively.
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Fig.9 Flow Scheme of a field Test Unit for Large-scale Sewage

2.2. Mutual influence between membrane and anaerobic reactor
2.2.1 Influence of membrane separation on fermentation
Komatsu, T. et al. (1992) [16] studied the influence of membrane separation on acid formation phase of anaerobic reactor. Membrane separation was coupled with the chemostat type acidogenesis reactor –the  first stage of two-phase anaerobic process- containing a mixed microbial culture devoid of methanogens. To assess the influence of membrane separation on the microorganism, the microbial community and effluent quality of reactor with/without membrane separation, and also the effect of HRT on effluent quality were assessed. UF-LMD II membrane module (flat type polysulfone membrane, effective surface area 200cm2, molecular cutoff size 300,0000 dalton) collected from the TOSOH company was used in conjunction with the 2 L anaerobic reactor.  The crossflow velocity and the transmembrane pressure across the membrane were 1.0 m/s and 58 kPa, respectively. Hydraulic residence time was varied at the intervals of 0.5 day, 1.0 day and 2.0 days. A 3 L continuous flow stirred tank reactor (CFSTR) operated at a HRT of 2 days was used for comparison. Both the reactors were operated at a temperature of 35± 1(C. A synthetic substrate with glucose as the single carbon source was used. The membrane reactor could concentrate 18 times as high MLSS as that in CFSTR. The main VFAs produced in the membrane reactor, in order of decreasing concentration, were propionic acid, acetic acid, valeric acid and butyric acid; while in case of the convensional reactor, mainly the butyric acid, acetic acid and propionic acid, also in order of decreasing concentration, were produced.

　
Komatsu, T. et al. (1993) [17] studied the effects of accumulated biomass in the membrane separated acidogenic phase of two-phase anaerobic digestion. An UF type membrane was used and the reactor temperature was maintained at 35± 1(C. A synthetic substrate with gelatin as the carbon source was used in this study. Under a HRT of 4d, the biomass concentration became stable around the 200th day following a linear increase. The microbial growth rate were 43.7 mg-protein/L-day and 181.6 mg-protein/L-day under HRTs of 4 days and 1 day, respectively. During cell growth, the concentrations of VFAs decreased in the following order: acetic> propionic> i-valeric>i-butyric and varied n-butyric acid; while under steady state biomass concentration, the order was as follows: acetic> propionic> i-valeric>i-butyric> n-butyric acid.

Nikaido, S. et al. (1996) [18] studied the characteristics of accumulated substances in chemostat type and also membrane separated anaerobic reactor using a synthetic wastewater containing long-chain fatty acid. Crossflow MF and UF membrane reactors were used in this study. The temperature of the reactors was kept at 35(C.For the membrane separated system, the gas production rate from anaerobic digestion was higher than that in the chemostat type anaerobic reactor. VFAs did not accumulate in the former process, while a VFA concentration of 1500 mg/l accumulated in the later one. Gas formation rate in the MF and UF membrane reactors were 42ml/l-h and 46ml/l-h, respectively.

Kim, D. et al., (1995) [19]  studied the performance of an organic acid fermentation reactor with rotating disc type ultrafiltration membrane having a molecular cut off of 750,000 Dalton.The performance of the reactor was compared under four different SRTs in a 40 L reactor with a controlled temperature of 25(C. The total organic acid concentration was in the range of 2000-3000 mg C/L. The conversion efficiency from substrate to organic acid reached to 59% at a SRT of 20 days. The recovery rate of organic acid from substrate based on TOC was from 26% to 53%. Regardless of operational conditions, membrane flux was maintained constantly within the range of 0.4-0.46 m3.m-2.d-1.
Mizuno, O. et al. (2001) [20] investigated the enhancement of sulfate removal by an ultrafiltration (LMDII, TOSOH company)membrane separated anaerobic reactor (V=760 ml) at 35(C. The HRT and SRT were 24 h and 120 h, respectively. A chemostat reactor (volume 1L, HRT 24 h) was operated to compare with the membrane reactor. The sulfate concentration in the sucrose minimal feed medium ranged between 1.5 to 600 mg S/l.  The acidogenesis and sulfate reduction simultaneously proceeded in both the reactors. In the membrane reactor, the sulfate removal was more than 93%, and sulfide removal was between 55 and 87%, both better than those of the chemostat reactor. Soluble sugar was almost degraded even in the presence of high sulfide. No significant inhibition of sulfate reduction was observed in the continuous experiment. At sulfate concentrations of 400 and 600 mg S/l, however, the sulfate reduction activity decreased in both reactors. The composition of the metabolite was remarkably changed by the change in sulfate concentration. At a higher concentration of sulfate, acetate remarkably increased with decreasing butyrate. The results indicate that the sulfate-reducing bacteria play a role as acetate-producing bacteria.

2.2.2  Membrane performance while coupled with anaerobic reactor

Kayawake, E. et al., (1991) [21] investigated cross-flow filtration of methane fermentation broth through a submerged, vertical flow, external pressure type ceramic membrane (diameter 0.1(m). The effects of flow velocity, applied pressure and membrane washing were studied. The temperature of the 0.2 m3 reactor was maintained at 35-38(C. Permeation flux was stabilized at 3.82x10-6 m3.m-2.s-1 (flow velocity: 0.4 m/s), and it increased with increasing suction pressure from 760 to 360 torr. Membrane-washing methods, namely, back-pressure washing and bio-gas circulation were studied, both being able to increase permeation flux. High and stable permeation flux, however, was maintained by combined use of the two methods.
Yamazaki, S. et al., (1997) [22] investigated about the factors influencing flux using different types of inputs, namely, a mesophilic anaerobic digestion sludge from an urban sewage treatment plant and that from an anaerobic membrane bioreactor and, also waste molasses. A UF flat sheet membrane was used for this purpose, and the experiment was conducted under a controlled temperature of 25± 1(C. The permeate flux was observed to decrease with increasing MLSS concentration or CODcr concentration. The gel layer resistance was found to be larger than that of the cake layer. In the experiment with digested sludge from the urban sewage treatment plant, under a cross flow velocity of 1.0 m/s and a transmembrane pressure of 1.5×105Pa, as the MLSS concentration was varied from 0 to 20000 mg/l and supernatant COD was varied from 170  to 3100 mg/L, always a steep drop in permeate flux was observed from the starting point up to around 10 min after which the drop was very slow. The flux became stable after 90 min.

Kayawake, E. et al. (1990) [23] studied the long term (70 days) stability of membrane filtration of fermentation liquid using a ceramic membrane coupled with a 85 L, mesophilic (34-37ºC) fermentation reactor. The cross flow velocity and transmembrane pressure across the membrane were 1.96 m/s and 250 kgf/cm2, respectively. The organic loading was 2 kg TOC /m3-d. The initial MLSS of 22 g/L increased to 38 g/L during the operation period. The permeate flux from the membrane, just after the starting, was 0.55 m/d; and it reduced to 0.45 m/d after 12 days. Following this, the flux remained stable.

Shimizu, Y. et al. (1989) [24] investigated the influence of operating conditions of a fermenter on the filtration characteristics of a MF alumina membrane (molecular cutoff size 20,000) collected from Nitto Denko Corp. A fermentation broth (with high organic acid content) prepared from an ill-operated reactor and that from a stably operated reactor were used for comparison. The permeation flux for the former was observed to be half for that of the later. The analysis of the filtration resistance suggested that the salt concentration, which was produced by the neutralization of organic acid, affected the permeability of the particle-packed layer formed on the membrane surface during filtration.

The influence of cellulose concentration in influent wastewater on the filtration characteristics of a MF ceramic membrane was investigated by Shimizu, Y. et al. (1992) [25] by varying cellulose content in influent synthetic wastewater. Cellulose was rejected by membrane surface cake layer, built up with filtration, and was retained in the reactor. Cellulose concentration in the broth did not affect the filtration flux.

Kim, J. et al. (1999) [26] employed a continuous-flow experiment to investigate the effect of intermittent ozone gas bubbling on flux recovery and fermentation in membrane acid-fermentation bioreactor process. The temperature of the 76 L anaerobic fermentation tank was kept at 35± 1(C. In continuous operation, the average permeation flux was 0.69 m3/m2-d during the period of without ozonation. However, after the application of intermittent ozonation for 70 days, an average permeation flux of 1.17 m3/m2-d  was achieved, probably,  by controlling  the adhesive layer on the membrane. Although permeate flux improvement was achieved  through intermittent ozonation, the probable inhibition to microbial growth due to strong sterilization/ disinfectation power of ozone should also be considered.

2.3  Studies regarding digestion of sewage sludge

Aya, H. et al., (1992) [27] utilized ultrafiltration membrane separation (MB-F membrane, KOHNO; effective surface area 177 cm2) to anaerobic digestion, in a 4 L reactor, of raw sludge from a wastewater treatment plant. Biomass, undigested solids and high molecular weight organic matters were accumulated in the reactor until they were digested to low molecular weight substances. COD of permeate from the UF membrane was less than 300 mg/l (almost 50% removal) during more than 100 days of operation. MLSS concentration in the reactor varied depending on VSS loading rate and temperature. Organic substances in the sludge were almost all converted into biogas. Inorganic constituents in the sludge, also having been dissolved into liquid phase during biodegradation of the sludge, passed through the membrane preventing from the accumulation of total solids in the reactor. The stability of the system prevailed throughout the long term laboratory experiment without frequent membrane cleaning.

Kim, J. et al., (1999) [28]  studied the influence of HRT over acid formation in the membrane separated anaerobic fermentation process. A ceramic membrane was used. The temperature of the reactor was maintained at 35± 1(C. A precoagulated  sludge (10 mg PAC (poly aluminum chloride) /L and 10 mg ferric chloride /L of dose)  was used in this study. The ORP of the fermentation tank was kept over -300mV. The HRT was varied from 1/3 to 4 days, and under the same SRT of 10 days, the organic acid recovery were 58.2%, 58.1 % and only 15% for a HRT of 1/3, ½ and 4 days, respectively.

Kim, J. et al., (1999) [29] studied on the application of ceramic membrane filtration coupled with a 76 L acid-fermentation mesophilic bioreactor system for recovery, from coagulated raw sewage sludge, of VFAs, which could be used as organic carbon source for a denitrification process. The total membrane resistance (Rt) increase with corresponding decrease in pore sizes, ranged in the following order: 0.1 (m> 0.2(m > 0.5(m > 1(m > 2(m > 5(m. The cake layer resistance (Rc)  formed 66%-88% of Rt. The higher the feed SS concentration, the smaller the permeation flux was. Although the higher flux corresponded to greater crossflow velocity and suction pressure, operation under low suction pressure was considered to be more effective from economical point of view. Variation of pH over the range of 3.5 to 9.5 did not have great influence on flux. Microorganism rejection ratio, although perfect in case of 0.1 (m or 0.2 (m, was lower in case of the higher pore sizes. In terms of VFA recovery, the performance of the 1(m, 2(m and 5(m membranes were comparable. Based on the experimental results, the membrane with 1 (m pore size was considered to be appropriate for the recovery of VFAs.

2.4. Example of practical/ potential AMBR processes

2.4.1 Simultaneous manipulation of night soil and kitchen garbage

Kubota engineering Co. Ltd. [30],[31] developed an anaerobic, submerged  flat sheet membrane process as an economical and small foot-print treatment system for treatment of food waste, thereby, reducing waste, and simultaneous recovery of energy. The conceptual drawing of the system is as follows; 
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Fig.10 Flow Scheme of membrane methane fermentation system

Satisfactory results were obtained from the experiments, about membrane coupled methane fermentation system using kitchen garbage as the main raw material, conducted over a period of approximately three years and a half, starting from 1996, at the Hyogo prefecture.
This system is now in operation at the thermophilic sludge recycling center of Shimo-Ina medical facility in Nagano prefecture. Table 6 and Fig.11 show the process- summary of the plant; 
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Fig. 11 Plant flow chart: Shimo-Ina medical facility 
Table 6: Process- summary
	Amount of night soil
	Nightsoil                            10 kl/day

Sludge from Joukaso*                   6 kl/day
* (MBR installed in large housing/ shopping complex)                     
Total　　　　　　　　　　　　　　　  16 kl/day

	Amount of garbage


	Household garbage                      4 t/day

Garbage from commercial facilities         4 t/day

Total　　　　　　　　　　　           8 t/day

	Processing mode


	Nightsoil etc.：Denitrification followed by membrane coupled anaerobic system (and further polishing by activated carbon).

Kitchen garbage：Crushing followed by membrane coupled anaerobic system. 

	Recycling method


	Power generation by methane gas.

Sludge, after dewatering, is carried out of the sludge treatment facility and converted into compost.


Shibata, Y. et al. (2001) [32] also studied about simultaneous manipulation of night soil and kitchen garbage in anaerobic membrane reactor. High content of oil/fat in kitchen garbage in one hand and, on the other hand, high content of ammonia-nitrogen in night soil, calls for special consideration during implication of anaerobic treatment for such wastewater. In this study, a submerged flat sheet membrane was introduced inside a mesophilic (38(C) anaerobic bioreactor. Experiment with night soil and also with mixture (9:1) of night soil and kitchen garbage revealed that the anaerobic membrane system could shorten the digestion period to 10 days only.
2.4.2  Livestock excreta processing

Noguchi, M. et al. (2000) [33],[34]introduced a low running cost treatment system for livestock excreta by implementing anaerobic membrane bioreactor. The pilot plant was installed inside the Atsugi campus , Tokyo University of Agriculture, Kanagawa prefecture. The outline of the system is shown in fig. 12. Process stability could be maintained througout the experiment period of over 50 days using a rotating membrane module. Pig excreta, cow excreta and mixture of each with kitchen garbage　(1:0.2 ratio) were used as the raw material. The organic load corresponding to pig excreta itself and mixture of pig excreta with kitcen garbage amounted to 5.2 kg-VS/m3-d and 6.8 kg-VS/m3-d, respectively. The biogas production corresponding to per m3 of pig excreta, cow excreta, mixture of pig excreta and kitchen garbage, mixture of cow excreta and kitchen garbage were 27. 5m3, 15.6 m3, 40. 4 m3 and 31. 6 m3, respectively. The organic acid concentration inside the reactor could be maintained below 400mg/l. The anaerobic membrane system could concentrate 1.5 - 2.8 times as high MLSS as compared to normal methane fermentation system without membrane and ammonia-stripping. The membrane permeate was passed from the top of the ammonia stripping tower and the collected liquid ammonia, 2.5% of the input, had a concentration of 12%. The running cost of this system, including electric and chemical cost, amounted to 1200 Yen /ton, which was 70% of the current cost. 
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Fig. 12 Anaerobic membrane bioreactor system (Livestock excreta processing)

3.  STUDIES ON ‘AMBR’: OTHER FAR-EASTERN COUNTRIES

The following provides a review of the few available papers from the researchers of the other Far-Eastern countries namely Korea, China, Hong Kong and Taiwan. The following, without any claim of comprehensiveness, is intended to provide a general idea about the trend of investigations on AMBR in those countries.

3.1 Studies focused on Membrane fouling and its amelioration 

Choo, K.H. et al. (1996a)[35] studied the membrane fouling mechanisms during longtime (200 days) operation of a membrane-coupled anaerobic bioreactor system designed for the treatment of alcohol-distillery wastewater. The system consisted of a continuously mixed (120 rpm), 4 L (working volume) anaerobic bioreactor maintained at 53-55(C, and a plate and frame type UF module with four plates in a serial design (DDS Lab.10, Molecular cut-off = 20,000 Dalton, S. Area= 336 cm2). Enhanced COD removal (>97%), under COD loading up to 2.06 kg COD/m3.d, was achieved with the complete retention of biomass either inside the anaerobic reactor or on the membrane surface. Membrane fouling was mainly attributed to external fouling, which was closely related to the shift of cell population to the membrane surface, and inorganic precipitation at the membrane surface. The major composition of the inorganic foulant was identified as MgNH4PO4.6H2O (struvite), whose deposition together with the microbial cells attached at the membrane surface played a significant role in the formation of the strongly attached cake layer limiting membrane permeability. Physical cleaning such as depressurization and flow stopping resulted in transient elevation in the permeate flux which again gradually reduced with time.

The effect of anaerobic digestion (AD) broth components on membrane permeability and the extent of internal fouling were investigated by Choo, K.H. et al. (1996b) [36] through stirred-cell (capacity 180 ml, effective membrane area 30.2 cm2) filtration of fractionated broths using various microfiltration (MF) and ultrafiltration (UF) membranes. In the filtration of original AD broth, the cake formation offered the highest hydraulic resistance to permeation but it led to greater rejection of volatile fatty acids. The cake layer resistance was largely due to the fine colloids in the supernatant, even though the quantity was relatively quite small. The flux behavior appeared to be irrelevant to the types of membranes used, but there was a pronounced discrepancy in the extent of fouling caused by adhesion and pore blocking. The free energy of adhesion between substance in the broth and membrane surface was expressed as a function of the dispersion component of surface tension, which could explain why the fluoropolymer (PVDF) membrane, despite possessing the highest hydrophobicity, exhibited the lowest fouling tendency. The MF membrane with a pore size of 0.1( m resulted in a minimal fouling tendency, suggesting that an optimal pore size exists due to relationship between the size of membrane pore and broth constituents.
Choo, K.H. et al. (1998) [37] studied the flux decline during crossflow ultrafiltration of digestion broth in a membrane-coupled anaerobic bioreactor (MCAB) in terms of size distribution of biosolids and reversibility of biofouling. The system consisted of a continuously mixed (120 rpm), 4 L (working volume) thermophilic (55±1(C) anaerobic bioreactor fed with alcohol-distillery wastewater (organic load (1.5 kg COD/m3.d), and a plate and frame type UF module with two plates in a serial design (DDS Lab.10, Molecular cut-off = 20,000 Dalton, S. Area= 168 cm2, Crossflow velocity= 0.5-1.25 m/s, Transmembrane pressure= 0.5-3 bar). The continuous size reduction of biosolids, leading to formation of biomass cake by the deposition of smaller particles with back-transport velocities less than the flux, offered an exponential flux decline at the initial stage. Since flux recovery could not be achieved readily on the way of ultrafiltration due to irreversible biofouling, the biosolids movement toward the membrane surface should be controlled at the beginning of the MCAB operation. The optimal operating condition, which prevents biosolids deposition onto the membrane surface, was predicted by the evaluation of critical flux.
Lee, S.M. et al. (2001) [38] studied on membrane fouling in the acidogenic reactor of a two-phase anaerobic reactor. Such a system was designed to increase the sludge retention time (SRT) of acidogen and to enhance the solid separation, and, thereby, enhance organic acid conversion and methane recovery. The pilot plant experiment was performed for treatment of piggery wastewater with high organic carbon and ammonia nitrogen (6000mg/L of COD and 2000 mg/L of ammonia). A 0.5 (m membrane (mixed esters of cellulose) was submerged in the 3m3 acidogenic reactor followed by a methanogenic reactor of the same volume, both kept at mesophilic temperature (20 and 35(C, respectively). The system exhibited a COD removal efficiency of 80% and a methane production of 0.32m3/kg CODremoved. Use of a stainless-steel prefilter (63 (m) and application of air backwashing were able to minimize the cake resistance effectively up to 50 days, after when an alkali cleaning of membrane followed by cleaning with acidic solution was required to make a 89% recovery of flux. A mere flux recovery of 24% by only alkaline cleaning revealed the importance of removing both inorganic and organic fouling.  
Comparisons of filtration characteristics between a Zirconia skinned inorganic membrane (0.14(m) and an organic membrane (Hydrophobic polypropylene, 0.2(m) were made by Kang, I.J. et al. (2002) [39] in terms of physicochemical properties of the membrane materials, cake layer formation and backflushing/ backfeeding effects in a membrane-coupled anaerobic bioreactor for the treatment of alcohol distillery wastewater under exactly the same operating conditions for both membranes. The abrupt flux decline for the organic membrane was attributed to the deposition of a mixture of microorganisms and struvite (MgNH4PO4.6H2O) due to its relatively rougher surface morphology, while continuous struvite precipitation inside the membrane pores was found to be responsible for gradual flux decline of the inorganic membrane. With acidic (pH 2.0) backflushing, the flux was approximately doubled for the organic membrane. However, unexpectedly a negative effect was observed for the inorganic membrane. An alkaline backflushing instead of acidic backflushing gave rise to a flux improvement by a factor of two without any negative effect, even for the inorganic membrane. The backfeeding mode gave rise to a much higher flux compared with the normal mode in both types of membrane, although the flux returned to the same level as that with the normal mode after 6 days for the inorganic membrane. The differences between the two types of membranes were explained by membrane morphology, a ligand exchange reaction as well as a surface charge effect. 
Sainbayar, A. et al. (2001) [40] modified the surface of a hydrophobic 0.2 (m polypropylene (PP) membrane by ozone treatment followed by graft polymerization with 2-hydroxy-ethyl methacrylate (HEMA) in order to increase hydrophilicity and, thereby, reduce membrane fouling caused by hydrophobic adsorption. The filtration characteristics of the modified membrane when applied to an anaerobic MBR were compared with those of an unmodified membrane. The system consisted of a 4.5 L (working volume) thermophilic (55(1(C) anaerobic bioreactor fed with an organic loading of 4 kg COD/m3.d, and a plate and frame type membrane module (S. Area= 0.006 m2, Crossflow velocity= 0.5-1.2 m/s, Transmembrane pressure=1 bar). Despite the increase in intrinsic membrane resistance following the graft polymerization, probably, due to associated reduction of membrane pore size, the modified membrane showed a reduced fouling tendency (in terms of reduced cake formation and hydrophobic interaction), and 70% degree of grafting resulted in the maximum flux enhancement of about 13.5% compared with the unmodified PP membrane. The existence of an optimum degree of grafting revealed the importance of the associated different governing resistances.
The effect of powder activated carbon (PAC) addition on the performance, in terms of membrane filterability and treatability, of a membrane-coupled anaerobic bioreactor was investigated by Park, H. et al. (1999) [41] through a series of batch and continuous microfiltration (MF) experiments. In both batch and continuous MF of the digestion broth, a flux improvement, up to 30%, with PAC addition was achieved, especially when a higher shear rate and/ or a higher PAC dose were applied. Both the fouling and cake layer resistances decreased continuously with increasing the PAC dose up to 5 g/L. PAC played an important role in substantially reducing the biomass cake resistance due to its incompressible nature and higher backtransport velocities. PAC might have a scouring effect for removing the deposited biomass cake from the membrane surface while sorbing and/or coagulating dissolved organics and colloidal particles in the broth. The COD and color removal efficiencies (with relation to broth supernatant quality) were over 70% and over 95%, respectively, and the system was also more stable against shock loading.

Choo, K.H. et al. (2000) [42] investigated various fouling control methods for polymeric and ceramic microfiltration membranes in the anaerobic membrane bioreactors where inorganic precipitates and/or fine colloids have been recently known as the most significant foulants. Backfeeding of acidic wastewater, suppressing struvite formation by forming an acidic environment around the membrane pores, resulted in substantial improvement of flux. Struvite precipitation was further mitigated when an additional combined dialysis/ zeolite unit was attached to the bioreactor. With this combined unit the flux improvement for the ceramic membrane, where struvite had a severer fouling effect, was achieved more significantly than that for the polymeric membrane. To control the deposition of organics and fine colloids onto the polymeric membrane, powdered activated carbon was added into the bioreactor, which achieved reduction of specific cake resistances of biosolids through the sorption and/or coagulation of dissolved and colloidal matter. The hydrophilic modification of polypropylene membranes by graft polymerisation reduced membrane fouling, its effectiveness being most substantial at 70% degree of grafting. 

3.2 Studies focused on specific wastewater/ purpose
Wen, C. et al. (1999) [43] studied on a laboratory scale anaerobic bioreactor equipped with a submerged hollow fiber membrane for treatment of domestic wastewater at ambient temperature. The system retained a high level of biomass concentration (16-22.5 g/l) and achieved over 97% COD removal resulting in an effluent with COD less than 20 mg /l. Additionally, the effluent was free of suspended solids. The combination process exhibited a high ability to tolerate violent organic loading changes from 0.5 up to 12.5 kg/ m3.d and temperature fluctuations from 12 to 27°C. Membrane permeability was largely influenced by intermittent suction mode and membrane flux. A stable operation could be maintained continuously over 2 weeks without any cleaning at a operational mode of 4 min pumping and 1 min non-pumping, and a membrane flux of 5 l /m2. h. COD mass balance analysis showed that about half of the influent COD was converted to methane gas.

Li, A.Y. et al. (1984, 1985) [44], [45] conducted pilot plant investigations for the treatment of dairy and wheat starch wastewaters by anaerobic bioreactor mounted with plate and frame UF module. The combined system was capable of achieving a high COD removal and low effluent suspended solids even at high organic loading.
Yuntao, G. et al. (1999) [46] reported combination of membrane separation with conventional two-phase anaerobic system for treatment of starch wastewater. The average COD removal rate, under a COD loading rate of 4-24 kg COD/m3.d, was 97%. The membrane module apparently enhanced organic removal, and was found to be propitious to stability of the bioreactor.

Chung et al. (1998) [47] studied on a two-phase reactor attached with a membrane separation unit for treatment of high organic wastewater. The conversion efficiency from substrate to organic acid was in the range of 34-50% at the loading rate of 5 kg COD/ m3.d, and COD reduction was over 95% at the loading rate of 3.75 kg COD/ m3.d. 

Pretreatment of stillage (alcohol-distillery waste) with ceramic membranes prior to anaerobic digestion was studied by Chang, I.S. et al. (1994) [48]. Ceramic membranes with 0.05 (m pore size, chosen based on the particle size distribution in raw wastes, resulted in almost complete removal of SS and a 50% COD removal (influent COD-36000 mg/l). The permeate from the ceramic membrane was further separated by ultrafiltration, however, without any further COD reduction. Mixed stillages exhibited higher fouling tendency than pure naked barley stillage. Among several cleaning methods attempted to recover water flux, although lumen flushing was effective, hydrogen peroxide proved to be the most effective cleaning agent. The negative flux recovery after nitric acid cleaning could be explained by the ligand exchange theory. The performance of digester was greatly improved with membrane pretreatment, especially in the case of naked barley based stillage.

Kim, J.S. et al. (1997,1999) [49], [50] developed a zero-discharge system for the alcohol fermentation industry by recycling distillery waste (stillage) as cooking water for the next fermentation after treating it with a ceramic ultrafiltration membrane. Direct recycle of stillage showed negative effects on both fermentation time and alcohol yield as recycling was repeated. In contrast, with recycling of permeate from the ultrafiltration of stillage, although the total fermentation time was prolonged from 60 to 70-80 h, the average ethanol production yield (8.8%) was similar to that in the conventional process (9.0%). This new process was confirmed to have stable operation over eight recycles. 

Liang, T.M. et al. (2003) [51] employed a bioreactor coupled with a hollow fiber membrane to efficiently prevent wash out of hydrogen producing bacteria, and, thereby, yield higher production of hydrogen from fermentation of multiple substrate including peptone and glucose, at 55(C. The membrane bioreactor succeeded to accumulate biomass from 200 to 1,780 mg VSS/L within 8 days, and biomass concentration was further elevated to 5,000 mg VSS/L. High concentration of biomass, however, did not cause membrane fouling for three months because the cross-flow stream, with a velocity exceeding 2m/s, successfully prevented biofouling. The maximum hydrogen-producing rate and the maximum specific hydrogen-producing rate under a loading rate of 80 g COD/L.d were 28.1 mmol H2/L.hr and 4.58 mmol H2/g VSS.hr, respectively. The hydrogen yield was 8.43 mmol H2/g COD, which is approximately 70 % of theoretical anaerobic hydrogen production. 
Investigation on the behavior and effectiveness of a silicone rubber membrane to separate biogas from the culture medium in the hydrogen fermentation reactor, and the mechanism of the corresponding enhanced hydrogen production was reported by Liang, T.M. et al. (2002) [52]. The membrane effectively reduced the biogas partial pressure in the hydrogen fermentation reactor and improved the hydrogen evolution rate by 10% and the hydrogen yield by 15%.
Zhu, A. et al. (2003) [53] reported on separation and recovery of Clindamycin (a lincosamide antibiotic) from Clindamycin fermentation wastewater with nanofiltration (NF) prior to next biochemical treatment of the wastewater. The operating pressure and solute concentration were found to have great influence on membrane performance while flow rates (or velocities) had little influence. Experiments on rejection of SO4-2, which is inhibitory to microbes in the subsequent biochemical process, revealed over 95% efficiency. With NF operated for 60 h, clindamycin wastewater was concentrated from 266 to 26 L, and the clindamycin was concentrated from 220 to 1940 mg/L, which met the demand of reuse. 
4. CONCLUSION

The “Aqua-Rennaissance ‘ 90”  project was the first massive attempt for the development of anaerobic membrane bioreactor (AMBR) systems in Japan. Following this, researches on AMBR have branched into different streams like sewage treatment, treatment of industrial wastewater, livestock excreta processing, simultaneous manupulation of night soil and kitchen garbage and, so on. Investigations in other Far- Easten countries, as revealed by the few available reports, may be broadly categorized into two distinct divisions, namely, studies on membrane fouling and its amelioration, and those on treatment of specific type of wastewater.  Sustainability of high organic load, maintenance of high biomass concentration, recovery of energy and organic acid, low sludge production –all these together present the AMBR system as a potential alternative to the convensional treatment systems. Of course, pretreatment of influent and also post treatment of the permeate from membrane coupled to anaerobic reactor may at times be required depending on the influent quality and purpose of treatment. However, AMBR process is definitely a prospective system for the near future; especially with the fact that membrane cost is decreasing day by day, and energy recovery and water reuse are, of late, very attractive issues.
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