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ABSTRACT

Driven by stricter environmental regulations and legislation on wastewater discharge and shrinking fresh water
resources, water {reatment has become an area of significant concern while at the same time there is a growing
interest in utilising non-traditional water resources by means of water reclamation and water recycling. Amongst the
many treaiment alternatives emerged recently, membrane bioreactors {MBRs) have been seen as an effective
technology capable of transforming various types of wastewater into high-quality effluent exceeding most discharge
requirements and suitable for a variety of reuse applications. Despite the potential to provide decenf{ralised small
scale water reuse systems at an apartment block or an individual household level, o date, MBRs are fargely
restricted fo cenfralised large scale applications, with the most common capacity of 200 ML per day or above. The
aim of this paper is to review and discuss the potential and fimitations of MBRs for smalt scale applications. Both
technical and cconomic considerations will be delineated with respect 1o the future water outlook in Austraiia,
Particular attention is also given to the impact of MBR technology on the removal of micropoliutants that are of
significant concern in water recycling.

KEY WORDS
Membrane biorcactors, membrane filtration, decentralised wastewater treatment, waler recycling, trace
contaminants,

INTRODUCTION

Increasing demand for water, drought and water scarcity have now been a commen issue facing many urban and
rural communities around the world. Water recycling is a pragmatic and sustainable appreach for many countries 1o
relieve or solve these problems on water supplics. 1t can be divided into two calegories, internal domestic or
industrial recycling, and external recycling where the discharge from a sewage works is used for aquifer recharge or
frrigation. Amongst the many trealment aliernatives emerged recently for water recycling, membrane bioreactor
{(MBR), which combines membrane filiration and biclogical process for waslewater treatmeni, is one of the most
widely applied technologies especially at a Jarge scale municipal wastewater treatment, This is probably due to the
many advantages such as small footprint, high effluent quality and high performance in trace organic removal for
safe and envirenmentally benign discharge that MBR can offer. The reclaimed water could be used in a wide range
of non-pottable water reuse applications such as toilet flushing and irrigation. Due to the robustness and modular
nature of the technology, MBRs can also be a potential technology for wastewaler treatment and reuse at a
decentralised fevel such as in a large building, cluster of houses or even in the individual houses. This paper wilt
review and discuss the possibility of MBRs application and limitations in lerms of technical and ecenomics for
small scale domestic wastewater treatment and reuse,

MEMBRANE BIOREACTORS (MBRs)

Definition

Combining a biological reactor with membrane filtration, MBR is & preferable technology for many water recycling
applications as it retains all the inherent advantages of both processes. The membrane prevents the loss of biclogical
solids and high molecular weight organic sotutes from the bioreactor and thus maintaining a high biomass
concentration and enhancing the mineralisation of influent organic matter. As a result of membrane separation,
solids retention time (SRT) is independent of hydraulic refention time (HRT). Consequently, MBR can offer very
high quality effluent suitable for discharge into environmentally sensitive areas as well as can be used in a range of
waler recycling applications, MBR aiso has a potential to treat hard organics such as pharmaceutically active
compounds (PhACs) which are designed 1o be quite persistent to induce the required medical effects prior to
metabolisation in the body ef the recipients. In addition to the enhanced biodegradation effect, the membrane may
also be an effective barrier for the removal of certain trace organics, particularly when nanofiltration (NI}
membranes are used 1. 2} instead of microfiltration (MF) and vltrafiltration (U} membranes.

Configurations

MBRs can be applied in two configurations as shown in Figure [, namely side-siream (or external membrane) and
submerged membrane systems. In the former, the membrane is installed externally to the rveaction vessel. Fhis
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allows a betler access to the membrane for cleaning, maintenance, and can substantially reduce the risk of
membrane fouling. In the latler, the membrane is instailed within the reaction vessel; therefore, eliminate the need
for extra energy consumpticn to recirculate the activated sludge and space for an additional vessel. Submerged MBR
system was developed in the mid 1990s and have been applied widely in municipal wastewater treatment since it
requires lower power costs than the external MBR ceonfiguration (due to the absence of a high-flow recirculation
pump). On the other hand, the external configuration was considered o be more suitable for industrial wastewater
treatment as a result of its capacity to tolerate the harsh and highly variable industrial wastewater ofien characterised
by clevated temperature, high organic strength, extreme pH, high foxicity and low {ilterability [3]. Consequently,
one would expect that the submerged configuration is more suitable for decentralised treatment and reuse of
domestic wastewster,
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Figure 1: Schematic of the two common membrane bioreactor configurations (a) submerged MBR; (b) side-
streamed MBR

Key operating parameters

Flux and aeration

Although & primary objective of aeration is to provide the oxygen required for the biodegradation of organic matter
and to maintain a uniform distribution of biomass throughout the reactor, in the submerged configuration, it also
helps to ceatrot fouling by creating turbulence and scouring effect along the membrane surface [4]. This additional
benefit of acration is particulacly important for submerged MBRs as they are more susceptible lo membrane fouling
[5]. In a typical MBR set up, air is introduced below membrane and is distributed to optimize the air scouring action
across the membrane surface {6].

Hydraulic retention time

The hydraulic retention time (HRT) affects the operation of MBR process. Chang et al. [7] reported the effect of
HRT on biomass concentration, removal efficiency and permeate flux of leng-term operation of submerged MBR.
The results indicated that the HRT considerably affected the MLSS coneentration with a HRT of 18 h leading fo the
highest biomass concentration (approximately 35 g/L). However, when considering removal efficiency of MBR, it
was found that minimal effect of HRT on organic removal in terms of BOD, COD and TOC. Also, they found that at
fower HR'T operation, membrane cleaning by using chemicals was required.

Sludge retention time

Sludge retention time (SRT) is a parameter which indicates the mean residence time of microorganisms in the
reactor. Longer SRT in MBR process can maintain high biomass concentration and thus higher sludge digestion.
Therefore, the studge production is approximately 30% less than that of an activated sludge process [8]. SRT
influences the operation performance of MBR process. Grelier et al. [9] found that SRT of 40 days provided the best
performance of immersed MBR with the lowest fouling rate. This study suggested the better perfermance at the
shudge retention time ranges from 15 to 40 days. Alse, Lee et al, [10} reported the effect of SRT on microfiltration
and membrane fouling. The result indicated that overall feuling resistance increased as SRT increased from 20 10 60
days. in addition, achievement of effluent concentration of a certain compound is dependen: on the
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selected/operated SRF. For example, Clara et al. [11] found that operating SRT at higher than 10 days yielded low
effluent coneentrations of micropollutants for MBR process,

Potential of MBRs

MBR systems have mostly been used to freat industrial and municipal wastewater where stringent discharged
standards are applied. As can be seen in Table 1, MBR is superior over the convensional activated siudge treatment
process with regard to removal efficiencies of almost ali of the bulk water quality parameters including total
suspended solids, turbidity, biochemical oxygen demand (BOD), chemical oxygen demand (COD), dissolved
organic carbon {DOC) and pathogenic organisms. Furthermore, a high organic {oading rate can be applied in MBRs,
which enable a longer sludge retention time (SRT) and hence subsequently reduces sludge production (Table 2).
Over all, this enhances the capacity of MBRs o remove solids, organic matier, nutrients (nitrogen and phosphorous)
[12]), and a potential to mineralise trace organics such as pharmaceutically active compounds (PhACs) and endocrine
disrupting chemicals (EDCs) [13, 14], some of which can be classified as hard organics. At the same time, this also
alleviates the need for regular sludge withdrawal and hence eases maintenance requirements 1o some exient.

Table 1: Removal efficiencies comparison between MBRs and activated sludge (AS) {15-17]

Parameier Membrane bioreactor Activated sludge
TSS. mp/l. >G9 (ERY
Turkidity. NTU 98.8-100 83-95
COD, mg/l §9-98 94.5
BOD, mg/l. =97 85-95
DOLC, mg/l. 96.9 92.7
NH;-N, mg/t, 80-99 98.9
Total coliforms, CFU/GOmL 53-8 leg Not availabie
FFaccal coliforms, CFU/100mL Non-detectable 2.34
Bacteriophages, CFU/100 ml. >3.8 1.31

‘Table 2: Comparison of sludge production by various wastewater treatment processes [1§]

Treatment process Sludge production {kg/ kgBOD)
Submerged MBR 0.0-0.3
Structured media biological acrated filter (BA) 0.15-0.25
Trickling filter 0.3-0.5
Conventional activated sludge 0.6
_ Granujar media BAF 0.63-1.06

Applications

Municipal or domestic wastewater treatment is both the earliest and largest application for MBRs [19]. According to
Yang et al. I3], most of the ongoing MBRs plants which are operated in North America are medivm-scale or smali-
scale with the largest number of applications for capacity of less than 100 m'd. This demonstrates that the
application of MBRs for on-site decentralised system is possible and can offer the most advanced wastewater
treatment options in low-density areas at a cost lower than that of conventional large-scale pipe-and-plant systems.
In small communities, houses are spread cut, the population density is low and hence the use of an on-site system
for an individuat home or for a cluster of homes would be a cost-effective option. This issue in terms of cost
consideration will be reviewed in the next section, In fact, while MBR applications at the individual or cluster
household level are currently limited, the effectiveness of this approach for greywater recycling in a single
commercial building or sporting venue have recently been demonstrated [20).

WATER RECYCLING UTILISING MBR TECHNOLOGY

Decentralised water recycling

While exploitation of new water resources such as seawater desalination is still a preferved short-term option by
some authorities, a graduat but permanent reduction in per capita water use through socially acceptable means is
widely recognised by all stakeholders in the water industry as the strategic long term sustainable solution to address
the on-going water shorfage currently experienced by many countries. However, the cost of large-scale waler
recycling applications remains high and oflen uneconomical due to the need 1o overhaul the existing water
distribution systems. Large-scale water recycling applications are currently restricted mostly fo green field
development projects such as the Rouse Hill project in Western Sydney where recycled water is supplied in a
separate pipe. Furthermore, there is a significant risk of cross-connection associated with the dual-reticulation
network, which can seriously dampen public support. While the implementation of the large-scale water recycling
is expected to take many years, decentralised water reeyeling can be applied much more readity. In fact,
decentralised wastewaler management is not a new concepl. It can be defined as the colleclion, treatment and
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dispesalireuse of wastewater from individual dwellings, clusters of homes or isolated communities, industries or
institution facilities [21]. It is noteworthy that traditional decentralised treatment systems such as seplic tanks were
in the past widely used 1o treat small quantities of wastewater, However, a major obstacle of decentralised water
recycling remains the tack of a suitable technology that can meet the unique criteria required for small-scale water
treatmeni. Some essential requirements are high and reliable treated effluent quality, robustness, tolerance o
variable contaminant leading, small footprint, and case of operation and maintenance. Given the significant
development of the membrane filtration technology over the last two decades, these requirements can likely to be
met by the use of MBRs. It is expected that MBRs can contribute o a significant increase in decentralised water
reclamation/reuse activities.

Small-scale MBRs for wastewater treatment

Decentralised MBRs processes can play an important role in wastewater treatment to satisfy a range of technical and
economic criteria. Not surprisingly, in Australia alone small scale MBR systems for greywalter recycling at a single
fousehold fevel have been marketed by several companies such as AquaCell in New South Wales and BushWater in
Queensland, It is, however, surprising to note that there is currently very limited information exists with regards to
long performance of these systems. In practice, the MBR is usually coupled with other unit operations to achieve the
necessary performance goals. Figure 2 is a generic flow sheet of wasiewater treatment for reuse with membrane
processes described by Fane and Fane [22]. This shows a pre-treatment step {possibly screening) prior to the
membrane bioreactor followed by either oxidative or UV post treatment to yield water for reuse.

J\f}cm brane Post
el PrE{FCAtMEnt » bioreaclor P reatment

Figure 2: Generic view of domestic wastewater treatment for reuse with membrane processes.
A= high quality water; 5= Solids; W=Wastewater (Adapted from {22]).

Advantages of MBRs for decentralised treatment

Key advantages of MBRs for decentralised wastewater treatment and reuse include high and reliable treated effluent
quality, small foctprint, and high telerance to variable contaminant loading. Due to the moduiar nature of MBRs,
small scale MBRs can retain the superiority over conventional treatment methods such as septic tanks with regards
to effluent quality, which has been very well documented in the literature {22]. 1t is also noteworthy that MBRs can
be easily combined with other complementary treatment technologies such as UV disinfection and pre-screening,
which can further enhance the robustness of the treatment system and hence make it particularly suitable for water
recycling applications. Smaller footprint and smaller reactor volume is one of prominent advantages of MBR. MBR
processes are able to maintain higher MLSS concentration of up to 25,000 mg/L. during municipal wastewater
treatment compared to activaled sludge process with limitation of sedimentation process resulting in lower biomass
concentration. This advantage ed to the volume of bioreactor reduction and thus footprint. For example, 2 MBR
applied to treat greywater with a capacity of 300 m*/d in the Mori building, Tokyo was found to save the equivalent
area as 25 car parking places compared to traditional treatment process |23]. The ability of MBRs (o resist a
significant variation in contaminant ioading of the influent has also been demonstrated. Qliver et al [24] found that
the performance of a beneh scale MBR system can be recovered afler a significant perturbation which involved the
introduction of 10600 mg/L. of hypochlorite to the feed.

Limitations of MBRs for decentralised treatment

A key faclor limiting the economic viability of MBRs is the fouling of the membrane surface by pollutant species.
The fouling increases the hydraulic resistance of the membrane and thus increases the energy demand for membrane
permeation and/or dectining the permeate flux |25]. Although fouling can be suppressed by operation at a lower
membrane {lux, the membrane area requirement is increased, and substantially removed by cleaning with
backwashing and /or chemical. Both increase the overall process cost and cleaning also leads to an undesirable
chemical load on the waste stream. More importantly, membrane fouling entails a cumbersome maintenance
requirement which can be seen as a major drawback of small scale MBR applications.

High capital cost can also be seen as another limitation of small scale MBRs although currently there is very littie
information to substantiale this premise. Friedler and [Hadari [20] analysed the economic feasibility of on-site
greywaler reuse systems in buildings based on MBR systems. They found that on-site MBR systems became
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feasible when it is used for the treatment of wastewater incorporating several buildings together because cost is
sensitive o building size. Therefore, the on-site MBR system for single building seems to be unfeasible, This is a
limitation of decentralised MBR systems. However, the true cost of water supply which takes into account the
exlernalities of rescurce depletion was not used in their analysis. Furthermore, it is expected that as the demand for
decentralised MBRs increase and the membrane technology continue to develop, the use of on-site MBRs can be
cost-competitive in the near future.

TRACE ORGANIC REMOVAL IN DECENTRALISED MBR TREATMENT

Trace organic removal by MBRs

The enhanced separation attributed to the use of MF or UF membranes has resulted in an excellent pathogenic
removal by MBRs with log removal reported varied between 6-8 log scale for bacteria and 3-5 log scales for virus.
Consequently, MBR effluents were found to be compliant with some of the mosl stringent discharge requirement
and for certain non-poriable reuse applications, However, the removal efficiencies of MBRs with respect to trace
organic conlaminants remain largely unknown. A large number of these trace contaminants including endocrine
disrupting chemicals (EDCs), pharmaceuticals and their residuals, pesticides, and other industrial chemicals have
been detected in wastewater and effluent impacted water bodies at (race level typically in the range of scveral
micrograms per liter (pug/L) or lower. There has also been a substantial body of evidence that they may induce a
negative impact on humans and wildlife. Examples of these include the ferminization of freshwater {ish [26] or the
increase incidence of antibiotic resistance bacteria. While recycled water is currently not intended for direct human
consumption, there is a heightened concern amongst the scientific community and the public about the possibie
adverse environmental effects induced by a continuous flow of these trace contaminanis. Not surptisingly, a
considerable number of dedicated scientific investigations has been deveted to this subject. As summarized in Table
3, a wide range of trace contaminants commonly found in municipal wastewater has been investigated. However, it
is prudenl to note that fate and occurrence of trace contaminants in a decentralized context (or household level) can
be erratic and quite different from that of centralized municipal source as to a large extent they depend on the
behaviour and lifestyle pattern of the individuals in the household,

Removal mechanisms

Several researchers have reperted enhanced removal effect of some trace organic contaminants by MBRs compared
1o conventional activated sludge systems |13, 27, 28], It can be hypothesized that the enhanced removal efficiency is
a direct result of a higher biomass concentration and a longer sludge retention time that can be achieved in a typical
MBR system. Furthermere, this enhanced removal effect can also be attributed 1o the adsorption of the hydrophobic
trace organics to the sludge and the subsequent enhanced sludge retention by the membranes, It is noteworthy that
this is probably not attribuled to the additional retention of the unadsorbed compounds due 1o size exclusion when
MF or UF membranes are used as these (race organics are typically much smaller than the membrane pore size.
However, as summarised in Table 3, the removal of trace organics by MBRs vary significantly from almost zero 1o
complete elimination, depending on the actual target compounds and perhaps the MBR systems used. To some
extent, this highlights the role of the physicochemical properties and the degradation constant of the individual
compounds examined in such studies.

The enhanced biodegradation due to a longer sludge retention time {(SRT) has been identified as a major advantage
of MBRs aver conventional activated sludge systems. Removal of several hydrophobic compounds has been
reported 1o be positively correlated to the sludge retention time (SRT), with an SRT of at least 10 days being needed
1o achieve effective removal [11, 29], While a 10 day SRT can be practically achieved in a centralized conventional
activated sludge treatment plant, due to space limitation, this becomes impractical in a decentralized context. In
contrast, a small scale MBR system can be operated at almost any SRT,
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Table 3: The performance of MBRs in removal of trace contaminants

Trace contaminant MBR Types of Wastewater ._R‘cnw\'ulo References
efficiency (%}
i"i::gﬁ?l ”:/”0 \E\\/’I;;l;{le Municipal wastewater Approx 100 [30]
Naproxen 53-89
Ketoprofen Submerged MBR 41-83
Bezafibrate (Kubota plate & Municipal wastewater 87-95 [31]
Ibuprofen frame membranes) 99
[iclofenac 7-53
Bisphocnol A Submerged hollow " ~ 02.99 .
lel}'f})i)en()l fibre E-MBR | Municipal vastewater ~ 81 132]
Roxithromycin Not reported
Suifamethoxazole ¢
lopromide Not reported
Diclofenac 240
1bvprefen MI-or U MBBR Municipal wastewater =90 [33]
Naproxen 50-80
Carbamazeping 0
Galaxolide <50
Tonalide <50
F7 B-estradiol (E2) ~99
17 w-ethinylestradiol 60-75
Bisphenol A 50-99
Benzophenone 6075
Clofibric acid 0-38
Gemfibrozil 5.95
thuprofen s (Tlpe 30-95
I-‘cn}oprolbn ;\L(;E_lﬁ/\[\nl];lm Artificial wasiewater 2093 [14]
Ketoprofen 10-70
Naproxen 0-85
Diclofenac 10-95
Indemethacin 30-80
Propy phenazone 0
Carbamazepine 5-23
b T Aclivated carbon A synthetic
2 -dichlorophenal coupled with MBR \\-'els)le\\-‘alcr #9899 134]
Carbamazepine 04
Phenazone 15-72
Propy -phenazene 11-75
Formylaminoanti-pyrin (FAA) | Submerged MBR | Municipal wastewater 11-65 {35]
17 J~estradiol =94
IEstrone >95
17 w-ethinylestradiol 80-95
1buprefen 46
Zd-dichlorobenzoic acid 83
Diclofenae Submerged MBR | Municipal wastewater 38 [36)
Clolibric acid 54
Carbamazepine 13
[buprofen 77-95
Bezafibrate 97-100
Diclefenac 0-40
Tonalide Ul-MBR Municipal wastewater 80 127}
Galaxolide 80
17 ¢ ~cthiny] estradiol 10-80
Clofibic acid
Diclofenac
Ibuprofen Hoilow-{tbre Nol
Ketoproflen MI--MBR Municipal wastewaler quantitatively [13]
Mefenamic acid (submerged) reported

Naproxen
Dichioprop (herbicide)




Adsorptive interaction between trace organics and biomass is another major factor influencing the removal
efficiency of these compeunds. In fact, low removal efficiencies of compounds such as sulfamethoxazole,
carbamazepine, and propyphenazone can be atiributed to their polar nature with a low hydrophobicity. In other
words, they have low adsorptive capacity to the sludge. In contrast, effective removal efficiencies of hydrophilic
compounds such as natural hormones, nonylphenols, and bisphenol A were consistently reported (Table 3). For
several other acidic pharmaccuticals {(such as clofibric acid, ibuprofen, and ketoprofen), Urase et al. found that the
removal efficiencies of these compounds depended strongly on the solution pH, which was explained by the
speciation of the compounds [14]. As these compounds speciate, they can change their behaviour from highly
adsorptive (when they are neutral) to nen-adsorpiive (when they are negatively charged). This can probably also
explain the significant variation in removal efficiencies of trace organic contaminants reported in the literature, H
should also be noted that experiments leading to the results summarised in Table 3 were not conducted under the
same conditions,

CONCLUSIONS

This review illustrates that MBRs can be a particularly useful technology for decentralised wastewater treatment and
reuse. Given the smail footprint and robustness of the technology, it is expected that MBRs will make a considerable
centribution 1o promete small scale water recycling. With regards 1o mast bulk water quality parameters including
microbiclogical parameters, MBR’s treated effiuent is typically suitable for discharge into environmentally sensitive
arcas as well as a range of water recycling applications. However, several challenging obstacles stilt remain that
may limil wide spread applications of MBRs at a small scale. Most important of which are membrane fouling and
the subsequent maintenance requirement and the high capital cost of the technology. The technology also has a
potential 10 treat hard organics such as EDCs, pharmaceuticals and their residuals, although further research is still
needed to identify the underlying removal mechanisms and (o optimise the removal efficiency.
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