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Abstract The development and application of a membrane bioreactor (MBR) for full-
scale municipal wastewater treatment is the most important recent technological advance
in terms of biological wastewater treatment. The MBR is a suspended growth-activated
sludge system that utilizes microporous membranes for solid/liquid separation instead of
secondary clarifiers. It represents a decisive step forward concerning effluent quality by
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delivering a hygienically pure effluent and by exhibiting a very high operational reliabil-
ity. Advanced MBR wastewater treatment technology is being successfully applied at an
ever-increasing number of locations around the world.

In this chapter, the authors have covered several aspects of MBR, with an exhaus-
tive overview of its operational and biological performance. Different configurations and
hydraulics of MBR are presented, with attention given to the fouling phenomenon and
strategies for reducing it. Also, the high quality of MBR effluent is discussed, whereas
in comparison with CAS removals of organic matter, ammonia, phosphorus, solids, bac-
teria and viruses are significantly enhanced. Emphasis has been given to the improved
capability of MBR to remove organic contaminants present at trace concentration levels
(ngL7!, ngL7! and mg L), which to the authors’ knowledge represents a first attempt to
summarize the published literature on this subject. Finally, advantages and disadvantages
of MBR over CAS are concerned. In conclusion, MBR represents an efficient and cost-
effective process that copes excellently with the growing needs for transforming wastew-
ater into clean water that can be returned to the hydrological cycle without detrimental
effects.

Keywords Biological performance - Membrane bioreactor (MBR) -
Trace organic pollutants - Virus removal - Wastewater treatment
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1
Introduction

Membrane bioreactor (MBR) technology, which combines biological-activated
sludge process and membrane filtration has became more popular, abundant,
and accepted in recent years for the treatment of many types of wastewa-
ters, whereas the conventional activated sludge (CAS) process cannot cope
with either composition of wastewater or fluctuations of wastewater flow rate.
MBR technology is also used in cases where demand on the quality of effluent
exceeds the capability of CAS. Although MBR capital and operational costs
exceed the costs of conventional process, it seems that the upgrade of conven-
tional process occurs even in cases when conventional treatment works well.
It can be related with increase of water price and need for water reuse as well
as with more stringent regulations on the effluent quality. Along with better
understanding of emerging contaminants in wastewater, their biodegradabil-
ity, and with their inclusion in new regulations, MBR may become a necessary
upgrade of existing technology in order to fulfill the legal requirements in
wastewater treatment plants (WWTPs).

The idea for coupling the activated sludge process and membrane separa-
tion was firstly reported by research conducted at Rensselaer Polytechnic In-
stitute, Troy, New York, and Dorr-Oliver, Inc. Milford, Connecticut, US [1, 2].
The first MBR installation (Membrane Sewage System-MST) was made by
Dorr-Oliver, Inc., with flat sheet ultrafiltration plate and frame membrane. It
did not gain much interest in North America but it had considerable success
in Japan in the 1970s and 1980s. Before the 1990s, most of the installed MBRs
were used for industrial water treatment. With the development of submerged
membranes, firstly introduced by Yamamoto et al. [3], the number of MBRs
treating municipal wastewater increased while the MBR market is currently
experiencing accelerated growth. The global MBR market doubled over the
last 5-year period and in 2005 it has reached a market value of $217 million
in 2005 with a projection for the year 2010 of $360 million [4].

The MBR process can be configured in many different ways depending on
project-specific nutrient removal objectives. Anoxic zones before or after the
aerobic treatment may be used for denitrification, depending on the efflu-
ent nitrate and total nitrogen requirements. Anaerobic zones may be used to
achieve enhanced biological phosphorus removal in any of its possible config-
urations.

2
Membrane Classification

The membrane process is a very important separation process in water and
wastewater technology, which becomes increasingly competitive and is supe-
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rior to the traditional water technology with proven performance and process
economics. The most widely applied membrane separation processes are mi-
crofiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis
(RO), electrodialysis (ED) and electro deionization (EDI), whereas the first four
processes produce permeate and concentrate. The separation ranges are as fol-
lows: 100 to 1000 nm for ME, 5 to 100 nm for UF, 1 to 5 nm for NF, and 0.1 to
1 nm for RO. Firstly, application of membrane-based technologies in wastew-
ater treatment was focused on tertiary treatment of secondary effluent, so as
to obtain a high-quality final effluent that can be reused for different purposes.
However, over the past 10 years, MBRs have emerged as an effective secondary
treatment technology, whereas membranes applied are usually in the range of
those of MF and UE.

Membranes are usually made from different plastic and ceramic materials,
but metallic membranes also exist. The most widely used materials are cellu-
loses, polyamides, polysulphone, charged polysulphone and other polymeric
materials such as polyacrylonitrile (PAN), polyvinylidene difluoride (PVDF),
polyethylsulphone (PES), polyethylene (PE), and polypropylene (PP). All of
these polymeric materials have a desirable chemical and physical resistance.
They are also hydrophobic, and it is known that hydrophobic membranes
are more prone to fouling than hydrophilic ones due to the fact that most
interactions between the membrane and the foulants are of hydrophobic na-
ture [5, 6]. All commercially available membranes are therefore modified by
chemical oxidation, organic chemical reaction, plasma treatment, or by graft-
ing to achieve more hydrophilic surface. This modification process usually
differs one membrane from another together with the method of fabrication
of the membrane module.

3
Types of Membrane Bioreactor Configurations

Membrane separation is carried out either by pressure-driven filtration in
side-stream MBRs (Fig. 1) or with vacuum-driven membranes immersed di-
rectly into the bioreactor, which operates in dead-end mode (Fig. 2) in sub-
merged MBRs. The more common MBR configuration for wastewater treat-
ment is the latter one, with immersed membranes, although a side-stream
configuration is also possible, with wastewater pumped through the mem-
brane module and then returned to the bioreactor.

The energy consumption required for filtration in submerged MBR is
significantly lower (Table 1). Both configurations need a shear over the mem-
brane surface to prevent membrane fouling with the constituents of mixed
liquor. Side-stream MBRs provide this shear through pumping, as with most
other membrane processes, whereas immersed processes employ aeration
in the bioreactor to provide it. Shear enhancement is critical in promot-
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Fig.2 Submerged MBR with internal vacuum-driven membrane filtration

Table 1 Comparison of filtration conditions for tubular and immersed MBRs [8]

Side-stream Submerged membrane
tubular membrane

Manufacturer Zenon Zenon

Model Permaflow Z-8 ZeeWeed ZW-500
Surface area [m?] 2 46

Permeate flux [Lm2h™'] 50-100 20-50

Pressure [bar] 4 0,2-0,5

Air flow rate [m>h™] - 40

Energy for filtration [kWhm™]  4-12 0.3-0.6

ing permeate flux and suppressing membrane fouling, but generating shear
also demands energy, which is probably the reason for submerged config-
uration predominance. Also, in side-stream MBR module fouling is more
pronounced, due to its higher permeate flux. Pumping of activated sludge in-
duces shear stress to microbial flocs, causing them to break-up, which leads to
a decrease in particle size and releasing of foulant material from the flocs [7].
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This may significantly promote the membrane fouling rate. In Table 1 filtra-
tion conditions are presented for tubular and immersed MBRs [8].

The configurations of MBR are based on either planar or cylindrical geom-
etry. There are five principal membrane configurations currently employed in
practice:

1. Hollow fiber (HF)

2. Spiral-wound

3. Plate-and-frame (i.e., flat sheet (FS))
4. Pleated filter cartridge

5. Tubular.

In the HF module, large amounts of HF membranes make a bundle, and the
ends of the fibers are sealed in epoxy block connected with the outside of
the housing (Fig. 3). The water can flow from the inside to the outside of the
membrane, and also from the outside to the inside, which is produced differ-
ently by different manufacturers. These membranes can work under pressure
and under vacuum (Fig. 4).

The spiral-wound configuration is mostly used for the NF and RO process.
The membranes are wound around the perforated tube through which perme-
ate goes out (Fig. 5). The spiral-wound modules are manufactured in standard
dimensions by all major manufacturers, which makes their installation eas-
ier and membrane production less costly. Many membrane modules can be
installed together in series or parallel in plants with high capacity (Fig. 6).

Plate-and-frame membrane modules comprise of FS membranes with sep-
arators and/or support membranes. The pieces of these sheets are clamped
onto a plate. The water flows across the membrane and permeate is being col-
lected through pipes emerging from the interior of the membrane module in
a process that operates under vacuum (Fig. 7).

There are also membrane configurations such as plated filter cartridge and
tubular module, but they are not so widely used as the other three mod-

Fig.3 Hollow-fiber (HF) membrane module
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Fig.4 Hollow-fiber (HF) immersed membrane module (Zenon, Canada) filtrating acti-
vated sludge under vacuum

—

Fig.5 Spiral-wound membrane part

ules. Typically, tubular membranes are encased in pressure vessels and mixed
liquor is pumped to them and they are predominantly used for side-stream
configurations. HF and FS modules are mostly immersed directly in mixed
liquor with permeate drawn through the membranes using vacuum pumps.
In the case of HF membranes, use of 0.8 mm to 1.5mm fine screen up-
stream of membranes is recommended to protect the membranes from hair
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Fig.7 Plate-and-frame immersed membrane module (Kubota, Japan)

and other stringy materials that can result in excessive cleaning frequencies.
A fine screen of 2-3 mm is usually employed for FS membrane systems.

4
Hydraulics of Membrane Bioreactor

4.1
General

During MBR wastewater treatment, solid-liquid separation is achieved by
MF or UF membranes. The basic principle is that the feed water passes over
the membrane surface and the product is called permeate, whereas the re-
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Fig.8 Basic principle of membrane filtration

jected constituents form concentrate or retentate (Fig.8). A membrane is
simply a two-dimensional material used to separate components of fluids
usually on the basis of their relative size or electrical charge. The capability
of a membrane to allow transport of only specific compounds is called semi-
permeability. This is a physical process, where separated components remain
chemically unchanged. Components that pass through membrane pores are
called permeate, while rejected ones form concentrate or retentate.

Mass balance of the solute in the process can be presented by the equation:

Qfcr = Qpep + Qece» (1)

where Q¢ - feed flow rate; ¢¢ - solute concentration in feed flow; Qp — permeate
flow rate; ¢, - solute concentration in permeate; Q. — solute concentration in
concentrate; c. — solute concentration in concentrate.

Membrane rejection of solutes can be calculated according to the following
equation:

cf—¢C
R= b (2)
cf
where C; represents concentration of solute in feed flow and C;, represents its
concentration in permeate.

The fraction of feed flow converted to permeate is called yield, recovery or
water recovery (S). Water recovery of the membrane process is given with the
equation:

&

y=", 3
Y €)

where Q) is the permeate flow and Qs is the feed flow.
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Recovery is normally close to 100% for dead-end filtration, while it varies
significantly for cross-flow filtration depending on the nature and design of
membrane process. Permeate flux (usually denoted as J) is the volume of
water passed through a unit area of membrane per unit of time and it is of-
ten normalized to a standard temperature. The common unit for J is usually
Lm™2 day!, and most of the available data for MBR is given in that manner
rather than in SI units. MBR membranes generally operate at fluxes between
10 and 100 Lm~2h™!. The flux is related to its driving force which is trans-
membrane pressure (TMP or AP) while the membrane performance can be
estimated from the membrane permeability (K), which is calculated as per-
meate flux per unit of TMP and is usually given as Lm™ h~! bar™!.

4,2
Membrane Fouling

A decrease in the permeate flux or increase in TMP during a membrane
process is generally understood by the term “fouling”. Fouling occurs as
a consequence of interactions between the membrane and the mixed liquor,
and is one of the principal limitations of the MBR process. There has been
done a lot of research on this subject [9], so it is of interest to describe the
fouling in more details. Fouling of membranes in MBRs is a very complex
phenomenon with diverse relationships among its causes, and it is very dif-
ficult to localize and define membrane fouling clearly. The main causes of
membrane fouling are:

1. Adsorption of macromolecular and colloidal matter
2. Growth of biofilms on the membrane surface

3. Precipitation of inorganic matter

4. Aging of the membrane

As a measure of fouling, resistance (R), which is inversely related to K, is often
used. R is given by:

oo AP ’ @

nJ

where 7 stands for permeate viscosity in (kg m~' s72). This total filtration re-
sistance consists of a number of components, which can be divided as: mem-
brane resistance, resistance of the fouling layer on the membrane surface,
and resistance offered by the membrane-solution interfacial region. Mem-
brane resistance is a function of characteristics of membrane material such
as thickness and pore size, and it determines the flux through the membrane
for filtration of one-component liquid, i.e., clean water. For MBRs, membrane
resistance is often given as its inverse value called “clean water permeabil-
ity”, which is normally within the range of a few hundred to a few thousand
Lm~2h7! bar™!. The resistance of the fouling layer is associated with the fil-
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tration mechanism, which is dependent on the membrane characteristics
and characteristics of filtered solids, while membrane-solution interfacial re-
gion resistance is associated with concentration polarization. Concentration
polarization is a phenomenon of solute tendency to accumulate within the
boundary liquid layer of near-stagnant fluid adjacent to membrane surface.
Since liquid velocity within this layer is close to zero, the only mode of mass
transport is diffusion, which is significantly slower then convective transport
in the bulk solution. As a consequence, resistance to filtration occurs. The
thickness of the boundary layer is dependent on system’s hydrodynamics and
can be decreased by promoting the turbulence of liquid flow.

Q00 QOO (QO
B &

Complete Standard Cake Intermediate
blocking blocking filtration blocking

Fig.9 Fouling mechanisms

According to recognized mechanisms (Fig.9), the fouling on the mem-
brane occurs as:

1. Complete blocking caused by occlusion of pores by the particles with no
particle superimposition

2. Intermediate blocking caused by occlusion of pores by particles with par-
ticle superimposition

3. Standard blocking where particles smaller than the membrane pore size
deposit onto the pore walls thus reducing the pore size

4. Cake filtration where particles larger than the membrane pore size deposit
onto the membrane surface

Many authors tried to divide total filtration resistance (R;) on three compo-
nents [5,10-13] (Eq. 5):

Ri=Ry +R. + Ry, (5)

where R, is the membrane resistance, R is the cake resistance and Ry is
the fouling resistance. It is assumed that fouling consists of two separate
processes, one being cake fouling caused by suspended particles that form
a cake layer on the membrane surface, and the other type associated with
adsorption of smaller colloid and soluble matter on the membrane surface
and in the membrane pores. To therefore determine the divided resistances,
the measurement of Ry, with clean water and R; with activated sludge is
done. Then another subsequent clean water filtration with fouled membrane
is performed, which gives Ry, + R¢ value and the R can then be calculated by
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subtraction. This model neglects the coupling of synergistic effects on foul-
ing, which may occur among different activated sludge components.

Similar to the above approach, in an attempt to make a distinction among
different constituents of activated sludge, relative contribution of biomass
fractions on fouling has been intensively investigated by fractionation of ac-
tivated sludge into suspended solids, colloids, and solutes. This fractionation
is usually performed by centrifugation of biomass and subsequent filtration
of the supernatant through 0.45 pm filter for separation of colloid from solu-
ble matter. Again, this approach does not take into account all the interactions
among fractions, but it represents an interesting approach to clarification of
the fouling phenomenon. The results of these studies, recently reviewed by
Judd [4], vary significantly in assessment of the relative contributions of com-
ponents to fouling. Despite variations in the published results, it is generally
accepted that fouling caused by suspended solids is less than that of super-
natant. Moreover, Chang et al. [13] reported a faster fouling rate with the
effluent of biological process than with the activated sludge and concluded
that suspended solids can act as a dynamic layer over the membrane surface,
which can slow the penetration of soluble fouling species that cause fouling.
Ng et al. [14] also reported greater filtration resistance from mixed-liquor su-
pernatant than from the biomass. With regards to the fouling mechanism,
it is generally assumed that soluble and colloid materials are responsible for
pore blocking, while suspended solids contribute mainly to cake layer resist-
ance. Again, one has to be aware of the fact that biomass itself is responsible
for a composition of soluble and colloid material in the liquid phase, and
that composition of supernatant is a function of the physiological state of the
suspended phase, i.e., biomass.

Among the constituents of the supernatant, extracellular polymeric sub-
stances (EPS) have gained a lot of attention as possible important foulants in
MBR [5, 15, 16]. EPS is a general term for various types of macromolecules
found outside the cell surface, most commonly carbohydrates and proteins.
They are normally produced by microorganisms as a construction material
necessary for the development of microbial aggregates, such as biofilms or
flocs, or used as a protective barrier around the bacteria. Apart from the EPS
that are bound in microbial flocs, EPS can be found in the water phase as
free EPS. Substances in this category originate from the break up of flocs
and cell lyses, or they can be introduced by the influent. Another group of
substances overlapping the EPS is called “soluble microbial products” (SMP).
This group contains a wider range of substances that can also be defined as
soluble EPS. The presence of EPS is desirable in CAS because it helps for-
mation of microbial flocs and makes them easier to settle, but due to its
heterogeneous nature EPS can form hydrated gel which can act as a barrier
to permeate flow in MBR. Little is known about the circumstances that in-
fluence EPS production and their possible release to the water phase. Many
operating parameters including substrate composition and organic loading
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rate appear to affect EPS, with solid retention time (SRT) probably being the
most significant factor [17]. Generally taken, the EPS level may be lower when
fewer disturbances, such as starvation, oxygen or essential nutrient depletion,
are introduced to the biomass. Rosenberger et al. [18] found a correlation be-
tween polysaccharide concentration in the supernatant of mixed liquor and
high fouling rates of submerged membrane. The concentration of polysac-
charides of microbiological origin was influenced by temperature and stress
situations to microorganisms.
Fouling can be divided from the practical point of view on:

1. Reversible fouling that can be removed from the membrane by physical
cleaning

2. Irreversible fouling removed by chemical cleaning

3. Irrecoverable fouling that cannot be removed by any cleaning

Physical cleaning in MBRs is normally achieved either by back-flushing
or by relaxation (stopping the permeate flow and continuing to scour the
membrane with air bubbles). Physical cleaning is a simple and short method
(usually lasting less then 2 min) of fouling suppression which demands no
chemicals and generally it is less likely that it will affect the membrane ma-
terial. The latest published data [4] on the cleaning regime of full-scale plants
suggests that presently most of MBR facilities use relaxation rather than back-
flushing. However, by means of physical cleaning it is not possible to remove
all the material deposited on the membrane. Chemical cleaning is a more
effective method, which is able to remove more strongly the adsorbed de-
posits. Chemical cleaning is carried out mostly with sodium hypochlorite
and sodium hydroxide for organic deposits removal, or with acidic solutions
for removal of lime or other inorganic deposits. Cleaning is performed by
soaking the membrane in the cleaning solution or by adding the cleaning
agent into the back flush water. Most MBRs employ chemical maintenance
cleaning on a weekly basis, which lasts 30-60 min, and recovery cleaning
when filtration is no longer sustainable, which occurs once or twice a year.
Deposits that cannot be removed by available methods of cleaning is called
“irrecoverable fouling”. This fouling builds up over the years of operation and
eventually determines the membrane life-time. Development of the fouling
given as pressure transient for these three types of fouling for the continuous
operation are presented on Fig. 10.

MBRs are normally operated under a constant flux. Since the fouling rate
increases roughly and exponentially with the flux, MBR plants operate at mod-
est fluxes and preferably below the so-called critical flux. The critical flux
concept, firstly introduced by Field et al. [19], assumes that in MF/UF pro-
cesses exists a flux below which a decline of permeability with time does not
occur, and above which fouling occurs. In MBR operations, critical flux is
normally defined as the highest flux under which a prolonged filtration with
constant permeability is possible. Critical flux is often determined by the flux-
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Fig.10 Fouling rates for different types of fouling (fphys — duration of physical cleaning
cycle, tchem — duration of chemical cleaning cycle)

step method, in which the flux is incrementally increased in number of steps
with fixed duration, and the increase in TMP is recorded. It is then possible
to observe the apparent flux where fouling occurs, observed as a significant
TMP increase or deviation in linearity of K. The critical flux definition in its
strong form demands that K obtained during filtration in sub-critical condi-
tions equals K obtained during clean water filtration. It is possible to achieve
such results when filtration media has defined characteristics regarding the
size of the particles. In MBR operation, however, due to the complexity of the
mixed liquor, some irreversible fouling constantly occurs, which makes it im-
possible to achieve the sub-critical conditions as for the strong form of the
critical flux. Nevertheless, this concept is widely accepted in MBR operations
as a tool that can provide useful guide value for the appropriate operating flux.

Pollice et al. [20] reviewed the sub-critical fouling phenomenon in MBR.
From the reviewed data it is evident that even sub-critical operation in-
evitably leads to fouling. This fouling is often reported to follow a two-stage
fouling pattern [21, 22], which includes slow TMP increase over a long period
of time, followed by a rapid increase after some critical time period. In the
work of Zhang et al. [23], this pattern is extended with an initial period of
conditioning fouling. In cited work, fouling in MBR under sub-critical condi-
tions three stages are introduced, which include:

1. Initial conditioning fouling
2. Slow fouling
3. Sudden TMP jump
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During the initial conditioning fouling reported also by Ognier et al. [24]
and Jiang et al. [25] interactions take place between the membrane surface
and soluble components of the mixed liquor. This fouling is usually rapid
(measured in hours), irreversible by nature, and occurs even for zero flux
operation [23]. In the second stage, slow fouling, the membrane surface is
gradually covered by biopolymers such as EPS, which changes the proper-
ties of the membrane surface and makes attachment of the microbial flocs
to the membrane surface easier. Thus, biofilm growth on the membrane sur-
face may be promoted. Over time, complete or partial pore blocking takes
place. This blocking is expected to be inhomogeneous since the air and the li-
quid flow are distributed unevenly in MBR. With regions of membrane more
fouled than others, flux locally varies, thus exceeding the critical flux in some
areas of the membrane surface, which then leads to a sudden TMP jump char-
acteristic for operation above the critical flux. The other explanation for the
sudden TMP jump may be the change of properties of the fouling cake on the
membrane surface due to its compression.

4.3
Methods to Control Fouling

To control the fouling that inevitably occurs in MBR operation, several key
parameters can be modified. The most important strategies are concentra-
tion polarization suppression, optimization of physical and chemical cleaning
protocols, pre-treatment of feed wastewater, and mixed-liquor modification.
Fouling related to concentration polarization can be reduced either by pro-
moting turbulence or by reducing flux. As mentioned above, both MBR
configurations need shear over the membrane surface to prevent this type
of fouling. As with most other membrane processes, side-stream MBRs pro-
vide shear through pumping, which increase cross-flow velocity, whereas
immersed processes employ aeration around the membrane to provide
shear stresses.

Aeration intensity over the submerged membrane surface is recognized
as the key operational parameter in preventing cake formation on the mem-
brane surface in the submerged configuration [26-28]. Membrane permea-
bility and critical flux have been shown to increase roughly linearly with
aeration rate, up to a level above which no further increase is observed. Liu
et al. [29] investigated critical aeration intensities for different sludge con-
centration and fluxes, drawing a quantitative correlation between those pa-
rameters. However, increasing membrane aeration is normally prohibitively
expensive. Since membrane aeration contributes significantly to the energy
demand, much development has been focused on reducing aeration whilst
maintaining membrane permeability. A development has been achieved in
aeration efficiency with new jet aeration and cyclic aeration systems. It is of-
ten in practice to use different aeration systems for biological system and for
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membrane fouling control, in order to insure most efficient energy use for
both systems demands.

Reducing the permeate flux always reduces fouling, but at the same time
this strategy demands a more installed membranes, which then contributes to
the capital cost of MBR installation. In other words, flux can be maintained
below the critical value to ensure stable operation with little or negligible
increase in TMP, thus decreasing cleaning frequency and consumption of
chemicals, or total installed membrane area can be reduced on the behalf
of frequent cleaning. The latter strategy is called intermittent operation. In
practice, most submerged MBRs treating municipal wastewater operate at net
fluxes of 20-30 L m~2 h™! with the relaxation period every 10 min and period-
ical maintenance chemical cleaning every few months.

As mentioned above, pre-treatment of feed wastewater through screening
is necessary for both HF and FS membrane modules. HF membranes have
a tendency for aggregates of hair and other debris to collect at the top of the
membrane elements. These aggregates usually cannot be significantly removed
by back-flushing. FS modules are somewhat less prone to such clogging, but
they too need a feed-water pre-treatment, though with coarser screens.

The properties of the mixed liquor that affect the fouling propensity can
also be altered to minimize fouling. The production and release of EPS could
be influenced by changing the biological state of biomass, usually by SRT
modification as mentioned above, but it is rarely done in practice. To decrease
the ESP or SMP concentration, mixed liquor is mostly modified through
addition of chemicals. The use of flocculants and coagulants such as alu-
minum or ferric chloride has been investigated in an attempt to minimize
fouling [10, 30]. Also, the addition of adsorbent reagents such as powdered ac-
tivated carbon (PAC) has been found to improve the membrane performance
by decreasing the level of organic compounds with potential for membrane
fouling [14, 31]. Recently, a commercial product, a cationic polymer-based
compound called MPE50 manufactured by Nalco Company has been de-
veloped and tested at full-scale to enhance membrane performance.

The cleaning protocol is mainly dictated by designed operational net flux
as explained above. Usually the protocol suggested by the manufacturer is
followed as a guideline, and the majority of the installed plants work in
the sub-critical regime. However, cleaning protocol has been studied inten-
sively by many researchers where the key parameters of interest are duration
and frequency of the cleaning and the back-flush flux. Less frequent, longer
back-flushing (600 s filtration/45 s back-flushing) has been found to be more
efficient then more frequent but shorter back-flushing (200 s filtration/15 s
back-flush) [25]. To optimize the back-flush duration, Smith et al. [32] de-
veloped a generic control system based on TMP monitoring. Membrane re-
laxation, which is the most common practice for fouling control, encourages
the diffusive back-transport of foulants away from the membrane surface,
which is enhanced by air scouring. Relaxation allows longer filtration periods
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between chemical cleanings, and despite some reports that it may not be
a feasible practice for large-scale MBRs [33], it is widely used in practice.

Although intensive research has been done on this subject, membrane
fouling in MBRs needs further attention in order to understand the complex
interactions among biologically active and constantly changing filtration me-
dia, hydrodynamic conditions of the filtration process, and the membrane
itself.

5
Biological Performance of Membrane Bioreactor

5.1
Microbiological Aspects

In the biochemical stage of wastewater treatment, organic carbon and nu-
trients are removed from wastewater by microbes. These microbes live and
grow enmeshed in EPS that bind them into discrete micro-colonies forming
three-dimensional aggregated microbial structures called flocs. The ability of
microorganisms to form flocs is vital for the activated sludge treatment of
wastewater. The floc structure enables not only the adsorption of soluble sub-
strates but also the adsorption of the colloidal matter and macromolecules
additionally found in wastewaters [34, 35]. The diversity of microbial com-
munity in activated sludge is very large, containing prokaryotes (bacteria),
eukaryotes (protozoa, nematodes, rotifers), and viruses. In this complex mi-
crosystem, bacteria dominate the microbial population and play a key role in
the degradation process [34].

MBR technology with biochemical and sludge-separation stage integrated
into one step implies a continuous generation of new sludge with the con-
sumption of feed organic materials, while some sludge mass is decayed by
endogenous respiration. Endogenous respiration involves consumption of
cell-internal substrate, which leads to a loss of activity and slightly reduced
biomass. Endogenous respiration implies all forms of biomass loss and en-
ergy requirements not associated with growth by considering related respira-
tion under aerobic conditions: decay, maintenance, endogenous respiration,
lyses, predation, and death. It can be both aerobic and anoxic, though under
anoxic conditions it is a lot slower and especially protozoa are considerably
less active under denitrifying conditions (slower predation) [36].

Endogenous respiration of a microbial community in MBR can be en-
couraged by very high sludge age, i.e., high sludge concentration. The en-
ergy available to microorganisms is determined by the supply of substrate.
By increasing the SRT, which increases biomass concentration, it would be
theoretically possible to reach a situation where the amount of energy pro-
vided equals the maintenance demand. This concept was first introduced
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by Pirt [37], where maintenance energy is defined as the amount of bio-
chemical energy strictly necessary for sludge endogenous respiration. Mi-
croorganisms satisfy their maintenance energy requirements in preference to
producing additional biomass. Therefore, under the conditions of decreased
nutrient supply, external substrate is used only for the upkeep of bacterial
vial functions, while the amount of bacteria is not changed. Moreover, the
higher the biomass concentration, the lower the sludge loading, i.e., food-
to-microorganism (F/M) ratio (g COD gTSS‘1 day‘l) becomes [38]. When the
sludge loading becomes low enough, little or no excess sludge is produced [3,
39-42]. Low et al. [41] reported a sludge production reduced by 44% when in-
creasing a biomass concentration in an MBR from 1.7 to 10.3 g L™!. In various
studies on applications of MBR in wastewater treatment, zero sludge pro-
duction was established at different F/M ratios, obviously depending on feed
compositions which determine the growth of microbial populations [43-45].

However, there is an optimal biomass concentration (i.e., SRT) for a suc-
cessful operation of MBR. Biomass retention results in a slow-growing pop-
ulation with high sludge ages, where cell dormancy and death reduce the
viability of population [46,47]. An example of changes in sludge yield and
biomass concentration with sludge age are presented on a Fig. 11 (HRT—
hydraulic retention time, k-rate constant for endogenous metabolism, k4-rate
constant for biomass decay) [48].

Several explanations are suggested for this phenomenon. Since MBR
sludge acts as a non-Newtonian fluid by increasing the mixed-liquor sus-
pended solids (MLSS) concentration, the viscosity of sludge increases expo-
nentially. This results in mass transfer limitations for both the oxygen and
substrate, which increases aeration costs as well as causing extensive mem-
brane fouling [49]. On the other side, at lower MLSS concentrations, more
specific surface area is available for the uptake of a substrate and enzyme
production, and the enzymatic activity is higher. Thus, when operating at
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Fig. 11 Net observed yield - - - and biomass concentration as a function of sludge age in
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low SRT response of the system in degradation of xenobiotic waste should be
faster. Moreover, the chances of genetic mutation and adaptation of microor-
ganisms to different organic loadings should be greater [46]. Horan et al. [50]
also noted that at high sludge ages the solubility of substrate becomes rate-
limiting.

Ng et al. [51] studied the performance of MBR at low SRT (0.25-5 days).
They indicated that modification of sludge morphology, i.e., proliferation of
non-flocculating microorganisms, could have a positive impact on removal
performance. In addition, recent works of Wilen et al. [52] showed that the
surface properties and the structure of biological flocs in activated sludge are
correlated to the chemical constituents of EPS, and can be significantly influ-
enced by the operating condition. However, some investigations have given
completely opposite results. Massé et al. [53] observed a decrease in floc size
at higher SRTs. This could be due to lower production of EPS, which is respon-
sible for the formation of flocs or other cell aggregates. Moreover, growth of
non-flocculating bacteria is enhanced because they are more exposed to the
present substrate than when they are arranged into macro-flocs.

Some authors believe that there should be a minimal rate of sludge wasting
in order to keep an optimal range of sludge concentration in MBR [46, 54—
56]. When no sludge is withdrawn from the reactor, accumulation of inor-
ganic compounds can be expected [16, 56-58]. Retention and accumulation
of non-biodegradable compounds in the bioreactor could lead to microbial
inhibition or toxicity, which limits the alternatives available for excess sludge
disposal. Several works have described a possible negative long-term effect
of accumulation of recalcitrant compounds on process stability [40, 59-62].
Non-biodegradable solids (solids that are not metabolized under present
conditions) are either present in the influent or they are produced in the
microbial process. Their forming can also be a result of protozoan activity,
which may not degrade the bacterial cell walls fully, leaving behind the inert
material. However, inerts are not ultimately inert: it is possible that degra-
dation of inert material occurs by slow-growing bacteria, which will depend
on the SRT [63]. Many studies have reported a stable performance of MBR
during long operating periods, with a dynamic balance of active biomass
and inorganic fraction during long-term operating periods [40, 58,64]. In
these studies, the mixed-liquor volatile suspended solids (MLVSS) to MLSS
(MLVSS/MLSS) ratio was used as an indicator of the amount of viable sludge,
and it was found to be relatively constant. Pollice et al. [65] explained this
phenomenon by a possible hydrolysis and/or enzymatic solubilization of inert
matter.

Taking into account all of the above-mentioned aspects of SRT control
in MBR, SRT should be chosen in such a way to avoid both the adverse
effects of accumulated non-biodegradable substances resulting from low
sludge discharge and also an excessive production of sludge at low sludge
ages. High sludge ages are one of the main advantages of MBR, consider-
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ing that in conventional treatment processes long SRTs are impossible be-
cause of bad settling ability of sludge at high concentration and withdrawal
of suspended solids with the effluent. Typical values for MLSS concentra-
tion in MBR vary from 10 to 25gMLSSL™!, while in CAS they are around
1.5-5mg MLSS L™! [44, 66].

Besides the “prolonged SRT” strategy, sludge decay rate in MBR could be
boosted by disintegration of some part of sludge. The most common way for
achieving this is sludge lyses. Lyses imply death and the breaking apart of cells,
and thereforeloss of bacteria. The autochthonous substrate formed contributes
to the organicloading andis reused in microbial metabolism. Since the biomass
growth on this substrate cannot be distinguished from the growth on the ori-
ginal organic substrate, it is called cryptic growth, and it was first introduced
by Ryan et al. [67]. Limiting step for cell lyses is the degradation of the cell wall,
and in order to accelerate it, physical or chemical treatment can be used [68].
Canales et al. [69] managed to improve the endogenous metabolism in an MBR
by inducing cell death and lyses with a thermal treatment. Biomass was ex-
tracted and treated at three different temperatures (50, 70, and 90 °C) (see
Fig. 12), while the hydrolysates were recycled to the bioreactor. Thus, improve-
ment of endogenous metabolism was obtained by cryptic growth with both
HRT and SRT were very low (2 and 10 h, respectively).

Other techniques for establishing cryptic growth in an MBR are ultra-
sound disintegration [70], ozone-induced biodegradation [71-73], and alka-
line treatment [74]. Experimental results showed that by ozonization, excess
sludge production could be reduced significantly, and biological performance
of mineralization and nitrification would not be inhibited [71]. The ozone
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dosing rate is directly proportional to the amount of sludge to be treated. For
example, in a study of Sakai et al. [72], it was found to be 0.034 kg O3 per kg
of suspended solids (SS).

On the other side, growth of controllable predators has been successfully
tested for reducing excess sludge production in bench and pilot-scale re-
actors [75]. Grazing fauna mainly consists of protozoa and metazoa. These
higher organisms consume bacteria, while decomposition of substrate re-
mains unaffected. During energy transfer from low to high trophic levels, en-
ergy is lost due to inefficient biomass conversion. Under optimal conditions,
the total loss of energy will be maximal, and the total biomass production
thus will be minimal [49].

Environmental factors that influence and limit microbial growth are tem-
perature and pH value, i.e., the acidity or alkalinity of the aqueous environ-
ment. Temperature has a profound effect not only in governing the rate of the
treatment but it also affects bacterial composition. Chiemchaisri et al. [76] in-
vestigated performances of MBRs at various temperatures and noted a reduc-
tion in the number of strict aerobic bacteria when temperature was lowered,
suggesting a limited oxygen transfer, partly due to reduced viscosity of mixed
liquor at lower temperatures. The temperature range for optimal performance
of MBR was found to be from 15 to 25 °C, while the treatment efficiency de-
teriorated as the temperature decreased to 10 °C. As far as pH is concerned,
autotrophic metabolism is considered impaired outside the optimal pH range
(7.2-8.5) [77].

How to operate MBR systems efficiently remains a topic of argument
because there is a lack of information on the development of microbial com-
munity structure in the reactor [57]. The characteristics of sludge morphology
(dispersed bacteria, lower amount of large filamentous bacteria, floc densifi-
cation) certainly play an important role in the removal efficiencies, but they
also affect sludge filterability and fouling mechanisms. Under the high organic
loading conditions (i.e., low SRT), foaming and sludge bulking may rise.

In particular, the modification of sludge structure induced by membrane
separation compared to a settling separation is still unclear. Because MF
and UF membrane retain dispersed bacteria as well as colloidal and supra-
colloidal material, the biological medium in MBR can be significantly dif-
ferent from those produced in an activated sludge [78]. It can be assumed
that if operated at high sludge ages, bacteria in MBR face conditions of ex-
treme competition for the inflowing substrates. However, microbiology and
physiology of MBR are far from being understood.

5.2
Nitrification/Denitrification and Phosphorus Removal

An irrational use of agricultural fertilizers and pesticides and the discharge of
incompletely treated industrial and municipal wastewater results in high ni-
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trogen and phosphate concentration in surface water and groundwater. This
enrichment usually leads to an excessive eutrophication of lakes and other
water bodies, promoting an excessive growth of certain weedy species. Since
both nitrates and phosphates are rate-limiting for the process of eutrophica-
tion (extraordinary growth of algae), their removal is of crucial importance
for successful wastewater treatment. Nitrate and nitrite-contaminated water
supplies are also related to several diseases such as methemoglobinemia oc-
curring in infants, also called “blue baby disease” [79]. Moreover, these two
compounds can induce mutations of DNA, causing gastric cancer [80].

Biological nitrification is an oxic process of conversion of ammonia to ni-
trite (NO;) and then to nitrate (NO3). Following nitrification, nitrogen can be
removed from wastewater by reducing nitrate to nitrogen gas (N3) in the pro-
cess of anoxic denitrification. Because of the low growth rate and poor cell
yield of nitrifying bacteria, nitrification is generally a rate-limiting step in bi-
ological nitrogen removal performance. The key requirement for nitrification
to occur is that the net rate of accumulation of biomass (and hence the net
rate of withdrawal of biomass from the system) is less than the growth rate
of nitrifying bacteria [81]. Long SRTs applied in MBR prevent nitrifying bac-
teria from being washed out from the bioreactor, improving the nitrification
capability of the activated sludge. Moreover, nitrifiers are less endangered by
faster-growing heterotrophic bacteria, which are better competitors for the
ammonia nitrogen (NH3-N). Many studies have proven that MBR can oper-
ate as a high-rate nitrifying technology that can be applied in the nitrification
of wastewater containing a high concentration of ammonia nitrogen [82].
Chiemchaisri [82] and Muller [40, 83, 84] found that more than 80% of the
influent total Kjeldahl nitrogen (TKN) could be nitrified to NO3 in an MBR.
On the other hand, the denitrification process requires anoxic conditions in
order to occur. To enhance denitrification, usually an anoxic tank is added
upstream from the aerated tank. Anoxic conditions can also be introduced by
operating MBR in an intermittent aeration mode, even when regarding sub-
merged MBR, which needs permanent bubbling. In the intermittently aerated
MBR, ammonium is nitrified mostly to nitrate and most phosphates are re-
moved during the aerobic period (aeration), where the accumulated nitrate
is completely denitrified during the anoxic period (non-aeration), and phos-
phorus (P) is taken up. The net P removal is achieved by wasting sludge after
the aerobic period when the biomass contains a high level of polyphosphates
(polyP) [85].

P is found in wastewater as phosphates (orthophosphates, condensed
phosphates, organic phosphate fractions), and it can be eliminated either by
precipitation and/or adsorption, or by luxury uptake. Only a small amount
of phosphorus is used for cell metabolism and growth (1-2% of the total
suspended solids (TSS) mass in the mixed liquor) [86]. Precipitation and ad-
sorption processes require an appropriate pH, the presence of iron or calcium
ions, etc. In WWTPs, luxury uptake of P is accomplished by the introduc-
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tion of an anaerobic phase in the wastewater treatment line ahead of the
aerobic phase and recycling of sludge through the anaerobic and aerobic
phase [87]. Exposing mixed liquor to an anaerobic/aerobic sequence selects
phosphate accumulating microorganisms (PAOs) due to a competition be-
tween PAOs and other aerobic organisms. This competition mechanism is
based on a complete anaerobic uptake of the lower fatty acids by the polyP
organisms (i.e., PAOs), which assures that in the aerobic phase, no fatty acids
are left. The polyP organisms use the stored internal substrate during aerobic
conditions while other aerobic organisms are lacking substrate. This process
is usually referred to as the enhanced biological phosphorus removal (EBPR)
process. EBPR process can be established in MBR treatment unit by oper-
ating it in intermittent aeration mode. Moreover, phosphorus removal will
be significantly improved in an MBR by a physical retention of PAOs, whose
size is typically larger than 0.5 um. Since an MF membrane (0.2 um) will act
as a physical barrier to retain the PAOs in the reactor, sufficient biomass is
provided for the EBPR mechanism to take place [88, 89].

Intermittently aerated MBR can achieve nitrogen and phosphorus removal
by a simultaneous nitrification and denitrification, P-uptake and P-release in
the same reactor in accordance with time cycle of aeration and non-aeration.
However, even though intermittent aeration was successful in removing ni-
trogen, P removal was difficult to achieve at a higher level [83,90]. This is
probably due to the inhibition by nitrate. In the anaerobic stage, nitrate re-
duces phosphate release, and in the aerobic stage it diminishes its uptake.
Denitrification has more capability than phosphorus release with respect to
the competition of substrate [91]. This is because nitrate will be utilized as
a final electron acceptor in the growth of non-polyP heterotrophs. Thereby,
the amount of substrate available for polyP organisms is reduced and hence
the removal of phosphorus is lowered. There are some studies that confirm
the ability of polyP organisms for denitrification, however, not all PAOs can
use nitrate as an electron acceptor [92].

In addition, intermittently aerated MBR showed an unstable nitrogen re-
moval in its application to treat domestic sewage of rural settlements because
of incomplete denitrification [93]. Stable nitrification can be maintained as
long as the oxygen concentration is high enough [94]. Chiemchaisri et al. [83]
found that by lowering the dissolved oxygen (DO) concentration, nitrification
was significantly inhibited, although it recovered completely after raising the
DO concentration to 1 mg/L. Nitrosomonas and Nitrospira-like bacteria were
identified as the predominant ammonium (AOB) and nitrate-oxidizing bac-
teria (NOB) in an MBR, respectively [95]. Both of these are obligate aerobic
and under anoxic conditions are unable to store or utilize their substrate. The
absence of oxygen may provoke stress and damage of their metabolism, NOB
being the more sensitive [96].

There is much research on the effect of SRT on MBR performance as far
as nitrification/denitrification and phosphorus removals are concerned. Ac-
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cording to Cicek et al. [46], there is a decrease in nitrification rate at very low
SRT (2 days), supposedly due to a partial loss of nitrifying microorganisms.
On the other side, Li et al. [57] observed a decreasing trend of nitrifiers when
increasing the sludge concentration, i.e., solids retention time. Another study
confirmed a negative influence of long SRT on nitrification performance [56],
which was explained by impeded oxygen and substrate transfer owing to an
increase in MLSS concentration. Similar observations on the effect of SRT on
phosphorus removal were taken by Yoon et al. [97], who recorded a decreased
P removal at long SRT. In this case, it is probably due to a fact that PAOs un-
dergo competitive conditions with glycogen-accumulating organisms (GAOs)
at SRTs longer than 20 days [98].

These findings indicate that a compromise should be found between a suf-
ficiently long SRT necessary to prevent the washout of nitrifiers, and a nega-
tive influence of too long SRT (decreased mass transfer due to poor aeration,
competition with GAOs, etc.). However, over 90% removal of NH3-N is usu-
ally achieved in MBR systems, almost independent on the SRT [56, 65]. Pollice
et al. [65,99] investigated a performance of an MBR system which start-up
was done without any sludge inoculum. The system was fed on municipal
sewage in order to favor biomass selection based on the imposed operating
conditions. Biodegradation of the influent chemical oxygen demand (COD)
and complete nitrification were consistently obtained already in the first days
of operation. The ammonium oxidation performance over the whole experi-
ment showed a typical nitrification start-up curve with initial N-NO; produc-
tion followed by complete nitrification that occurred only 10 days after the
start-up of the plant. As far as HRT is concerned, several studies noted a com-
plete nitrification in an MBR operating with a HRT as low as 2 h [39, 100].

Other important factors that are to be considered for nitrogen removal are
alkalinity, temperature, and organic and nitrogen loads (C/N ratio, i.e., bio-
logical oxygen demand (BOD) to total nitrogen (TN) ratio) [101, 102]. The
BOD/TN ratio must be high enough to denitrify the nitrogen to be nitrated.
Though this ratio is an important factor to be considered for successful ni-
trogen removal, it depends upon the components of organic matter that were
readily degradable, such as volatile fatty acids [101]. As far as temperature is
concerned, it is considered that it has to be maintained below 40 °C to en-
sure sufficient nitrification. If the temperature is controlled, a nitrification
rate usually over 99% can be gained in spite of variations of inflow TN con-
centration [101].

Aerated MBR offers two major advantages in the elimination of phospho-
rus: complete removal of all particles (containing usually up to 0.1 mg of
P per mg of total solids (TS)), and aeration, which prevents the phosphate
release that occurs under anoxic conditions. Furthermore, there is an in-
creasing interest for the application of MBR as a technology for phosphorus
recycling, since the P-content of sludge is expected to increase when prolong-
ing SRT [86].
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Much research has confirmed that MBR is a highly viable wastewater
treatment technology regarding nitrification-denitrification and phosphorus
removal. With optimized design and operating parameters it warrants high
effluent quality in terms of ammonia, nitrates, and phosphates present in
wastewater. Current European regulation describes guidelines for total phos-
phorus and nitrogen in treated effluent to 1-2mgL™' and 10-15mgL7},
respectively [86]. More stringent regulations are expected to come into force
soon in some countries, which fulfillment will require improvements in the
existing treatments and the implementation of additional ones.

5.3
Removal of Organic Matter and Suspended Solids

Knowledge about COD removal mechanisms that occur when mixing an ac-
tivated sludge with real wastewater is still scarce. The microbial response
to dynamic conditions in a real wastewater treatment unit can be different
from a simple increase in cell number (i.e., growth of microbial population),
and include other substrate-removal mechanisms like sorption, accumula-
tion, and storage [103]. There have been several investigations on treatment
efficiencies of MBR and CAS processes operating under comparable con-
ditions that have shown significantly improved performance of an MBR in
terms of COD, NH3-N and SS removals [3, 30, 40, 51, 83,104-111]. There are
several factors that may contribute to the lower organic carbon content of
MBR effluents as compared to CAS processes, like longer retention times,
smaller floc sizes, etc.

Cotéetal. [100, 112] attributed the improved COD removal to the avoidance
of biomass washout problems commonly encountered in activated sludge pro-
cess, as well as to complete particulate retention by the membrane. Membrane
rejection of a significant amount of soluble organic molecules and colloids
makes their removal more effective due to a higher lyses activity in the re-
actor induced by elevated concentrations of these compounds. Higher sludge
ages that are achieved by long SRTs allow more complete mineralization of
biodegradable raw water organics, but also an adaptation of microorgan-
isms to less biodegradable compounds. Therefore, biomass can acclimatize
to wastewater without being restricted to fast-growing and floc-forming mi-
croorganisms. In a study of Al-Malack et al. [95], COD removal efficiency
in immersed MBR was found to increase significantly with increase in MLSS
concentration, however, the effect of SRT on permeate COD became insignif-
icant for MLSS concentrations above of 3 gL~!, which probably means that
the organic loading rate was not high enough to show a significant differ-
ence at higher biomass concentrations. Since typical sludge concentrations for
immersed MBRs are between 15 and 25 gL}, elimination of organic matter
and turbidity is almost independent on SRT, and average removals normally
achieved for COD and SS are over 90 and nearly 100%, respectively [112].
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Better performance of MBR operated at long SRTs can also be explained by
the presence of dispersed bacteria that are advantageous in the overall pop-
ulation competition when substrate concentration becomes very low, i.e., at
low F/M ratio and high sludge age. Flocs in a bioreactor were found to be
smaller (Fig. 13) [56], which can explain enhanced mass transfer for both
oxygen and carbon, thus enabling a higher removal rate and more adaptabil-
ity to changes in the influent quality and quantity [53, 113]. In another study
it was demonstrated that the flocs were more active and displayed greater
species diversity [104].

The overall capacity of biomass to degrade different carbon substrates
does not change significantly at different SRTs, which confirms that MBR is
capable of degrading a wide variety of carbon substrates in a similar fashion.
This robustness of MBR treatment regarding turbidity and organic matter
removals was confirmed in several studies [114]. Xing et al. [58] recorded
high treatment efficiency regardless of the absolute level of sludge concentra-
tion in the MBR, and unaffected by variations in SS and volatile suspended
solids (VSS) influent concentrations. In another study, in spite of large fluctu-
ations in the influent, COD effluent COD was always low and extremely stable,
because upon the addition of organic substrates, biomass responded imme-
diately with increased respiration activity [114]. It is assumed that there is
an upper limit for organic loading rate in an MBR under which degradation
performance is independent of biomass concentration and organic loading
rate. Rosenberger et al. [44] found that for organic loading rates lower than
7kg COD m~ day~!, COD removal in MBR was high and stable regardless of
MLSS concentration and composition of microbial culture. Moreover, another
study reported that the mineralization process was not impaired nor with
the shifts in the morphological composition of microbial population, or even
with the occurrence of high numbers of filamentous bacteria [44]. Pollice
et al. [65] tested a performance of MBR when its start-up was done without
any sludge inoculum. Biodegradation of the influent COD as well as complete
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Fig.13 Sludge particle size distributions at different SRTs [56]
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nitrification were consistently obtained already in the first days of operation,
which demonstrated the high responsiveness of MBR. In aerated MBR, COD
loss is also a result of the production of volatile compounds that are released
from the system under aerated conditions [92].

Concerning turbidity removal, due to a complete retention of particulate
matter by the membrane, there are no suspended solids found in the MBR ef-
fluent, unlike the effluent of a conventional process. The UF/MF membrane
can capture all SS in the reactor because of its fine pore size [115]. There-
fore, non-biodegradable organic compounds are removed through filtration
of particulates and discharged with the sludge. Gander et al. [116] reported
that membrane contribution to the removal of organic matter was approxi-
mately 30%, this roughly equating to the insoluble fraction that was removed
via active biomass. In another study with an external membrane module,
total COD removal was 97% on average, where 85% was removed by the
bioreactor and only 12% resulted from membrane separation [58].

As far as HRT is concerned, results of Sun et al. [113] indicated a clear in-
fluence of the operation time on biomass concentration (Fig. 14). Short HRT
brings up a higher concentration of biomass because the volumetric organic
loading is bigger (more food is supplied to microorganisms), although the ox-
idation of organic matter might not be complete. On the other hand, Chaize
et al. [39] recorded a complete nitrification and organics removal at HRT of
only 2 h.
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Fig. 14 Growth of MLSS concentrations in submerged MBR at different HRTs [113]
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Aeration flow is also one of the main factors that affect the biochemical
process of BOD and COD removals. The right amount of oxygen needs to be
provided to the microorganisms in response to their three specific demands:

1. carbonaceous BOD (conversion of the carbonaceous organic matter in
wastewater to cell tissue and various end products),

2. nitrogenous BOD (in the process of nitrification ammoniacal nitrogen is
oxidized to the intermediate product nitrite, which is then converted to
nitrate),

3. inorganic COD (oxidation of reduced inorganic compounds within the
wastewater) [117].

Biomass characteristics such as SMP and EPS strongly influence the
oxygen transfer, so therefore they will determine the rate of organics re-
moval. These compounds are also widely recognized as the main membrane
foulants [118]. SMP is soluble and thus is in the liquid phase and EPS is
bounded to cells and makes a part of the solid phase. In order to reach the
active sites on the bacterial cell membrane, the oxygen needs to penetrate
the liquid film surrounding the flocs and then diffuse through the floc matrix
(EPS) [117]. EPS amounts differ with changes in microbial state and operating
conditions of the bioreactor. In the intermittently aerated MBR they increase
in proportion to the non-aeration time [119]. Nevertheless, Ujang et al. [89]
reported no significant difference in COD removal efficiency when varying
aeration and non-aeration time, indicating that in intermittently aerated MBR
organic matter can be degraded both under aerobic and anaerobic conditions.
Also, over-aeration can bring about poor sludge characteristics such as bad
floc structure and rather low sludge volume index (SVI), which can then be
related to fouling [101].

In conclusion, immersed MBR is strongly capable of resisting shock-
loadings, and variations in the inflow turbidity and organic matter content
have no effect on their removal efficiencies. The removal of organic pollutants
in terms of COD and SS has been proven to be very high and a good-quality
effluent can be achieved during long-term operation. However, how to op-
erate MBR systems efficiently remains a topic of argument because there is
a lack of information on the development of microbial community structure
in MBRs during nitrification [57]. It is important to distinguish among these
different contributions to the overall COD removed, in order to better under-
stand the dynamics of the process and to build-up a useful basis for process
designing and modelling.

5.4
Bacteria and Virus Removal

Microbiological water quality is usually measured by monitoring the organ-
isms that might indicate that the water is contaminated with fecal material
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or that disinfection is inadequate. These organisms are referred to as “in-
dicator organisms”, and they are not harmful to health but they coexist in
high quantities where pathogens are present. The most common indicator
organisms used are total coliform (TC) in drinking water quality control,
while for wastewater evaluation fecal coliform and bacteria Escherichia coli
are used. On the other side, viruses are expected to be more suitable indi-
cator organisms than bacteria since they are much smaller and harder to
straining than bacteria, and also considered to be more resistant to common
disinfectants [120]. The removal of enteric viruses requires specific attention,
given their low infective dose, long-term survival in the environment, and low
removal efficiency in the conventional wastewater treatment. Due to the diffi-
culty in assaying animal viruses, bacteriophages have been suggested as viral
indicators because they closely resemble enteric viruses in terms of struc-
ture, morphology, size, and behavior [121]. A variety of bacteriophages have
shown potential as model organisms for monitoring virus-removal in drink-
ing water treatment plants [122], such as F-specific RNA coliphages (viruses
infecting E. coli). MS-2 is the most-studied F-RNA coliphage, and it is often
used as an indicator because of its being the smallest (0.02-0.025 um) among
viruses and relative hydrophobicity, which makes it a good worst-case strain
and therefore representative to address the ability of pathogen removal.

If these pathogens (i.e., microorganisms capable of causing diseases) are
not removed by water treatment or disinfection and stay present in water,
consumers may suffer infectious diseases like cholera, polio, typhoid, hep-
atitis, and a number of other bacterial, viral, and parasitic diseases. Sewage
treatment may reduce the numbers by ten to ten thousand-fold, depending
on the nature and degree of treatment. However, even tertiary treatment of
sewage will not eliminate all viruses. In well-functioning biological plants,
as many as 10° CFUL™! resistant coliform bacteria were found in the efflu-
ent [123,124], while this number is much larger when counting with the
existence of smaller viruses. In the production of potable water, a limited
number of bacteria are acceptable, which also depends on the type of bacte-
ria. The average content of viruses in drinking water should be only around
108 viruses L~!. Hence, given their low infective dose, long-term survival
in the environment and low removal efficiency in the conventional wastew-
ater treatment, enteric virus removal requires specific attention. For their
elimination, the most important step in potable and wastewater treatment is
disinfection, during which the number of pathogenic organisms in water is
lowered to an acceptable value. Primary methods of disinfection are chlori-
nation, chloramines, ozone, and ultraviolet light. Other disinfection methods
include chlorine dioxide and treatment with potassium permanganate. These
processes are often accompanied by mutagenic/carcinogenic and toxic dis-
infection by-products (DBPs), which are potentially harmful to humans and
aquatic organisms. Another disadvantage of chemical sterilization methods is
that they kill the present microorganisms without removing the dead ones,
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which are a source of pyrogens (compounds that can cause a rise of a body
temperature).

One of the most advanced options for disinfection is MBR treatment,
where removal of microorganisms is achieved by filtration. Membrane treat-
ments have been proved to be very efficient in reducing vegetative bacte-
ria [125-127]. Ottoson et al. [126] noted a 5 log removal of E. coli and 4.5 log
removals of enterococci. These reductions are in line with the MBR removal
rates of Faecal coliforms and Faecal streptococci (up to 7log) reported by
Ueda et al. [128]. Phages and spores are not as efficiently removed as bacteria,
though their elimination can be successfully increased by submerging a mem-
brane module in the reactor for a few weeks, which allows a membrane-
attached biofilm to develop [126, 129, 130]. Some investigations have shown
that membranes were capable of removing viruses completely (UF) or sig-
nificantly (MF) under appropriate conditions [116]. If the pore sizes of the
membrane are smaller, then viruses can be removed by size exclusion. Cooper
and Straube [131] found that RO can effectively remove viruses from wastew-
ater without any additional treatment.

It was found in these studies that the main role in the removal of bacte-
ria as well as viruses plays a biofilm formed on the membrane surface. In
the absence of biofilm, virtually no phage removal was observed, while in its
presence better phage removal was observed at higher sludge concentrations.
It has been suggested that mechanisms for this removal comprise a physical
component due to pore size reduction, a chemical component due to viral
adsorption on the biofilm, and a biological component resulting from the pre-
dation of phage by other microorganisms. Given enough time for a biofilm
to develop, the removal improves significantly because the membrane surface
gets fully covered with gel layers, while internal blockage and partial cov-
erage (presumably by EPS) are observed in the membrane pores [95, 117].
In the study performed by Shang et al. [117] the membrane alone showed
poor virus removal. This was to be expected since the average pore size of
the membrane fibers (0.4 um) was much larger than the size of the bacterio-
phage MS-2 (0.02 pm). The overall removal increased substantially with the
presence of biomass and biofilm. Similar results were found by Lv et al. [132]
for the elimination of the phage T4 in two membrane modules with pore
sizes of 0.22 and 0.1 um. In the second one, a membrane alone could block
most phages from leaking by direct membrane interception, while cake and
gel layer played a significant role on the phage removal for the 0.22 um mem-
brane module. Phages are also expected to associate with biomass flocs and
then get removed by flocculation or cell adsorption in the aeration tank [117].

There is evidence that pore size does not necessarily describe the ability
of a filter to remove particles from solutions [127]. Besides gel layer at mem-
brane surface, important factors for adsorption of viruses on membranes are
chemical composition of membrane, ratio of membrane pore diameter to
virus diameter and hydrophobic and electrostatic interactions. The charge of
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most viruses will be negative under the conditions present in most wastewa-
ter effluents (i.e., pH 6-7). Neutral net charge at the iso-electric point (pI) of
a virus leads to maximum virus-virus coagulation. Aggregation may there-
fore further promote virus retention by membranes. It has also been noted
that the presence of particular ions promotes virus aggregation compared to
buffers at low pH alone.

For electrostatic interaction of viruses, the thickness of the double-layer as
described by Gerba [129,133] plays the most important role, which is gov-
erned by the pH and the presence of salts in the bulk solution (Fig. 15).

Increasing the salt concentration (for example its thickness) is reduced
(Gouy layer around the virus is decreased) and thus virus adsorption to mem-
brane surfaces is facilitated. Gerba showed that certain salts have a positive
effect on both electrostatic and hydrophobic interactions.

pl of a virus is a parameter relevant for its electrostatic interactions and
relative hydrophobicity. By knowing a virus’s pl it is possible to predict the
likelihood of its adsorption to a charged surface as long as the suspend-
ing conditions are known, at the first place pH of a bulk solution. Van
Voorthuizen et al. [129] observed that the retention of bacteriophage MS-
2 at its pI and in the presence of salts was significantly higher when using
a hydrophobic membrane compared to the hydrophilic one. If a solution’s
pH is greater than the pI of a virus, hydrophobic interaction could play the
major role in maintaining virus-filter adsorption due to the increased elec-
trostatic repulsion at higher pH levels [133]. On the other hand, the pI of
a virus can differ within the same strain due to the fact that different viruses
have different protein coatings that surround the virus. In addition, metals
and other substances present in water could form complexes with these pro-
tein coatings, which will have an impact on adsorption characteristics and the
measured pI [129].
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Fig.15 Schematic illustration of virus structure with electrokinetic double layers [129]
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The presence of human enteric viruses is a major risk associated with
wastewater reuse.

As sewage mixes with the receiving water, viruses are carried downstream
and the length of time they remain detectable depends on temperature, their
degree of absorption into sediments, penetration of sunlight into the water,
pH, and other factors. Consequently, enteric viruses can be found in sewage-
polluted water at the intakes to water treatment plants. In recent years, the
reuse of wastewater for non-potable reuse has gained much attention. MBR
effluents were found to be compliant with the EU Bathing Water Directive
(EC/160/75) including parameters such as total coliforms, Faecal coliforms,
Streptococcus faecalis as Salmonella spp. and Coliphages [134]. However, how
to cope with wastewater when different types of viruses coexist and how to
dispose the virus-bearing excess sludge must be studied further.

6
Removal of Trace Organic Compounds by a Membrane Bioreactor

WWTPs treating wastewater from municipalities and industries have been
shown as major sources of many environmental pollutants. These pollutants
usually originate from synthetic chemicals that have been used widely for
industrial, agricultural, and household purposes. Compounds like pharma-
ceutically active compounds (PhACs), industrial chemicals, and pesticides
are produced worldwide on a 100000t scale. After their usage for the in-
tended purpose, a large fraction of these substances will be discharged into
the wastewater unchanged or in the form of degradation products that are of-
ten hardly eliminable in conventional WWTPs. Depending on the efficiency
of the treatment and chemical nature of a compound, they reach WWTP ef-
fluents and surface waters in certain concentration. In the worst case, they are
present in drinking water, in spite of expensive treatment steps.

Although the exact effect of consistent exposure to trace organic contam-
inants is still unclear, there is no more doubt that it has significant adverse
consequences for public health. For example, antibiotics and their metabo-
lites can significantly increase antibiotic resistance in the population. Syn-
thetic hormones can act as endocrine disruptors by mimicking or blocking
hormones and disrupting the body’s normal functions. Due to their polarity,
they can be eliminated during wastewater treatment only incompletely. Polar
poorly degradable compounds were detected in high and comparable con-
centrations in the effluents of numerous WWTPs all over Europe. A proper
wastewater treatment as mandatory in the European Union due to the Urban
Wastewater Treatment Directive (91/271/EEC) will not eliminate polar pollu-
tants completely [135]. Therefore, to avoid such contaminants, emissions with
WWTP effluents would have to be reduced by their advanced treatment or by
avoidance and replacement measures for the respective pollutant. One of the
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most promising technologies is MBR technology. The potential of MBR to ef-
ficiently remove hazardous substances from wastewater is often highlighted.
Besides the fact that there is a physical retention of all the molecules larger
than the molecular weight cut-off (MWCO) of the membrane, hydrophobic
substances also tend to accumulate onto the sludge and therefore they are re-
moved from the effluent. Furthermore, as all the bacteria are held back, there
are better adapted to mineralizing of micropollutants present in the reactor.

6.1
Removal of Pharmaceutically Active Compounds

Most pharmaceutical substances are by nature biologically active and hy-
drophilic so that the human body can absorb them easily, and persistent in
order to avoid the degradation before having a curing effect. Depending on
the pharmacology of a medical substance, it will be excreted as a mixture of
metabolites, as unchanged substance or conjugated with an inactivating com-
pound attached to the molecule [136]. Once they enter a WWTP, pharmaceu-
tical residues are usually not completely degraded or retained by adsorption
to sludge. Hence, they pass through wastewater treatment and end up in the
receiving waters in certain percentage. Their removal in WWTPs is variable
and depending on the properties of the substance and process parameters
(i.e., SRT, HRT, and temperature) [137,138]. A large number of PhACs are
hardly eliminated and therefore detected in WWTP effluents. The presence
of PhACs in surface, drinking, and wastewaters is well documented in liter-
ature [136, 139-147]. Although present in low environmental concentrations,
drugs can have adverse effects on aquatic organisms. These effects are rather
chronicle than acute toxic effects, depending on the exposure factor (bioavail-
ability), degradability, and susceptibility of the compound in question [148].
The results reinforce concerns about excreted pharmaceutical compounds
from wastewater systems that may end up in the water supply, potentially
resulting in adverse effects for humans and the environment.

The most important removal pathways of organic compounds during
wastewater treatment are biotransformation/biodegradation, adsorption to
the sludge (excess sludge removal), and stripping by aeration (volatiliza-
tion). Considering low values of Henry coefficients (Ky) of most of the
PhACs detected in wastewater streams [149], stripped fraction removed by
volatilization can be neglected [150]. In most of the studies, two processes of
abiotic (adsorption) and biotic degradation (transformation by microorgan-
isms) could not be distinguished, and the term “removal” usually refers to
a conversion of a certain micropollutant to compounds other than the parent
compound.

The membrane-activated sludge process is expected to enhance trace-
organics removal to a greater extent than the conventional treatment (Fig. 16).
There are many reasons for this assumption: higher sludge age, higher
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biomass concentration, complete retention of solids and microorganisms,
etc. Several studies have been conducted that confirmed an advantage of
MBR over CAS when reduction of pharmaceuticals is concerned [151-155].
Radjenovic¢ et al. [155,156] found significantly improved removal of lipid
regulators and cholesterol lowering statin drugs (gemfibrozil, bezafibrate,
clofibric acid and pravastatin), S-blockers (atenolol and metoprolol), antibi-
otics (ofloxacin and erythromycin), anti-ulcer agent (ranitidine) and some
analgesics and anti-inflammatory drugs as well (propyphenazone, mefenamic
acid, and diclofenac).

Still, some authors report comparable elimination rates for these two pro-
cesses [137,146,157]. The current understanding of biotransformation of
PhACs in WWTPs and MBRs, and of their biodegradation pathways and
mechanisms is still incomplete. Although the biodegradation of some phar-
maceuticals in batch reactors has been described, it is still unclear how this
information relates to biotransformation processes under real conditions of
WWTPs.

Qunitana et al. [154] investigated microbial degradation of several
pharmaceuticals and performance of MBR in their elimination from wastew-
ater. They found a formation of potentially stable metabolites during keto-
profen and bezafibrate transformation, which may deserve further attention
when analyzing removal of PhACs in wastewater treatment technologies.
In laboratory degradation experiments, ketoprofen yielded two metabo-
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lites formed along the biphenyls, biphenyl ethers and related compounds
pathway [154, 158]. Bezafibrate was hydrolytically cleaved along the amide
bond yielding one well-degradable metabolite (4-chlorobenzoic acid) and an-
other metabolite that was not mineralized [154]. Ibuprofen, bezafibrate and
naproxen were degraded only with the addition of external carbon source
(co-metabolism), whereas diclofenac was not transformed [154]. In the same
study, the only two metabolites found in wastewater were hydroxyl-ibuprofen
and 4-chlorobenzoic acid detected in the MBR influent, while in the efflu-
ent they were not present. Considering the fact that it is still uncertain what
kind of adverse effect on humans and the environment these compounds can
have, monitoring of these pharmaceutical by-products should be established
in WWTPs. Due to the lack of knowledge about the metabolites of PhACs,
the non-existence of adequate analytical methods, and a possible sampling
inaccuracy, usually no firm conclusion about their biotransformation can be
made.

Joss et al. [150] performed batch biodegradation experiments with CAS
and MBR sludge. Based on the average results for kinetic biodegradation
constants (Ko}, kgsg™ d '), they established three different classes of com-
pounds according to their susceptibility to biological degradation:

1. compounds with Ky;o) < 0.1kggs™! d”!, that have no removal (e.g., carba-
mazepine, diclofenac, diazepam),

2. partially removed compounds, 0.1 < kp;o; < 10kggs™' d”!, (e.g. roxythro-
mycin, fenoprofen, acetylsalicilic acid, naproxen, bezafibrate, clofibric
acid, fenofibric acid, gemfibrozil, piracetam, and some iodinated contrast
agents),

3. compounds removed with more than 90% efficiency, kpio > 10, (e.g.,
ibuprofen and acetaminophen).

However, there are many literature data contradictory to these results.
Good elimination in CAS has been reported for both indomethacine and
diclofenac [143]. Removals of bezafibrate were over 80% in some investi-
gations [137,143]. The discrepancy in results of existing publications on
this matter could be due to different pharmaceuticals concentrations and/or
sludge origin (sludge age, wastewater composition, etc.). When performing
batch experiments, their outcome will also depend on the way of handling
sludge prior to the experiment.

Many studies have confirmed a complete biodegradation of a non-steroidal
anti-inflammatory drug ibuprofen to hydroxyl-ibuprofen and carboxy-
ibuprofen in WWTP and MBR, whereas removals higher than 95% have been
reached [106, 137, 141, 146, 154, 159]. Although a very high elimination of this
drug during wastewater treatment has been reported by several authors, it
is frequently found in surface and ground waters [160-162]. This is no sur-
prise considering its wide usage and high therapeutic doses prescribed for
the treatment of pain, dysmenorhea, inflammation, and fever, which makes
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it one of the most important pharmaceutical contaminants found in WWTPs.
Also, Stumpf et al. [163] found that hydroxyl-ibuprofen was quite stable dur-
ing conventional treatment in WWTP, while carboxy-ibuprofen, the main
metabolite in humans, disappeared. Moreover, pharmacologically active iso-
mer of ibuprofen is the most prominent form detected in environmental
samples, which could be explained by the fact that microorganisms mainly
utilize its inactive isomer [141]. This change in enantiomeric composition
points to biological dissipation of ibuprofen rather than other processes such
as sorption and uptake by the sludge.

In short-term biodegradation tests with pilot sewage plant and biofilm reac-
tor, clofibric acid and diclofenac turned out to be very persistent [153, 164, 165].
However, such pilot plants may not be adequate simulations of the actual
processes occurring during wastewater treatment. In some WWTPs, attenua-
tion of 50-70% of diclofenac has been reported [106, 137, 143, 145, 166]. Ternes
et al. [143] recorded 51% elimination of clofibric acid during conventional
wastewater treatment. However, literature data on this subject is still very con-
tradictory. Many studies have reported extremelylow efficiency of conventional
treatment in the removal of diclofenac (only 10-30%) [137, 142, 146, 167].
Clofibric acid has also been found to be a refractory contaminant during
wastewater treatment [145]. Kimura et al. [125] related the persistence of di-
clofenac and clofibric acid in both MBR and CAS processes to the presence of
chlorine in their structures, which makes them hardly degradable. Moreover,
in batch experiments with MBR and CAS sludge Joss et al. [150] showed no
difference between their biodegradation constants (Kp;o)) of diclofenac, which
were low in both cases (< 0.1 Lggs™' d7!), whereas for clofibric acid Ky de-
termined with CAS sludge was greater than with MBR sludge (0.3-0.8 and
0.1-0.23 L ggs™! d7, respectively). On the other hand, Radjenovi¢ et al. [155]
noted a significant improvement in removal of these compounds when using
MBR unit. Elimination in MBR of diclofenac and clofibric acid were 87% and
72%, compared to 50% and 28% found in CAS, respectively. Clara et al. [106]
noted an improvement in elimination of diclofenac during MBR treatment
with prolonging the SRT. Gonzdlez et al. [168] suggested that faster diminu-
tion of diclofenac was because of better acclimation of microorganisms to
the MBR influent water. Besides possible changes in microbial consortia dur-
ing its adaptation to wastewater contaminants, another explanation for better
performance of MBR could be higher sorption potential of sludge, as the
organic matter content is higher with respect to the CAS sludge. Moreover, ac-
cording to the results of the EU project POSEIDON [169], sorption processes
are relevant for the elimination of diclofenac. Clofibric acid can perhaps be
sorbed to sewage sludge particles in acidic conditions, since considering its
pKa value (4.91) it will exist in non-ionic form, which makes it more hy-
drophobic [170].

Carbamazepine is an established drug used for the control of psychomo-
tor epilepsy. It is also used in the treatment of trigeminal neuralgia and
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bipolar depression. Concentrations to several hundred nanograms per liter
of this pharmaceutical have been detected in different surface waters [142].
Poor elimination of this neutral drug has been reported previously by
many authors [144, 146,157, 171]. Carbamazepine does not adsorb onto the
sludge [169]. Also, the pore size of MF membranes usually applied in wastew-
ater treatment processes does not allow any further retention of the molecule.
Therefore, carbamazepine passes both WWTP and MBR without any reduc-
tion and effluent concentration in the range of influent ones were measured
in many studies [137, 145, 146,157,172,173]. As is often the case, effluent
concentrations of carbamazepine are detected to be greater than the influ-
ent ones. This could be explained by the presence of its input conjugate
compounds that are being retransformed during treatment into the original
compounds [143].

Unexplained variations of concentration over time can also be observed
for sulphonamide antibiotics, probably also because of unknown conjugation
and deconjugation processes that may occur during contact with activated
sludge. For example, a significant amount of sulfametoxazole enters WWTP
in metabolized form as Ny-acetyl-sulfamethoxazole that can be converted
back to the original compound [174]. Variable elimination percentages of sul-
famethoxazole can also be associated with the dependence of its biotic degra-
dation on the presence of easily biodegradable organic matter in wastewater,
which is submitted to changes in both MBR and CAS systems [175].

Theoretically, trace organic removal should be better in MBR than in CAS
because of high SRT and sludge retention on membranes. This enables biolog-
ical adaptation and changes in microbial consortia, whereas synthesis of spe-
cialized enzymes for biodegradation of micropollutants is induced. Data from
literature show that higher sludge age often reached in MBRs may signifi-
cantly improve the removal of specific compounds [146, 152]. For compounds
like trimethoprim and macrolide antibiotics azithromycin, erithromycin, and
clarithromycin, a clear increase in transformation was found at sludge ages of
60-80 days [152]. In the same study, higher reduction of roxythromycin was
observed already at 33 days SRT. Clara et al. [106] reported higher removal
of diclofenac when increasing SRT in an MBR. However, Joss et al. [146]
found no improvement in degradation of micropollutants with increased SRT
(i.e., carbamazepine, naproxen, diclofenac, ibuprofen, roxythromycin, and
bezafibrate).

In general, the more hydrophobic the chemical is, the amount adsorbed
will be greater.

However, there are many factors that may contribute to the ultimate concen-
tration of organic pollutants in sewage [176]. Urase et al. [170, 177] reported
higher elimination of diclofenac, indomethacin, and some other acidic PhACs
(clofibric acid, ibuprofen, ketoprofen, fenoprofen, gemfibrozil, naproxen) dur-
ing CAS and MBR treatment in acidic operational conditions. It was postulated
that this was due to their increased hydrophobicity since these compounds did
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not exist in ionic form in the acidic pH, which resulted in adsorption onto
sludge particles. For example, the elimination rate of diclofenac was more than
90% when pH was in the range of 4.3-5.0, compared to around 10-15% re-
moval at neutral pH. On the other hand, propyphenazone and carbamazepine
do not have functional groups to form ions, and their removal was not affected
by the pH. Jones et al. [178] detected no adsorption of ibuprofen, salbutamol,
acetaminophen, and propranolol hydrochloride to sewage sludge. In the same
study, some removal to solids of mefenamic acid was indicated. However, this
compound has frequently been found in WWTP effluents.

There are several mechanisms responsible for the sorption of a certain or-
ganic compound onto the activated sludge: adsorption onto bacterial lipid
structure, sorption onto polysaccharide structures outside bacterial cells,
and chemical binding to bacterial proteins and nucleic acids [179]. Kumagai
et al. [180] reported greater biosorption of pharmaceuticals having a more
significant protein binding. However, in real sewage, pharmaceuticals are
likely to be out-competed for sorption sites by other hydrophobic contam-
inants, which means that a greater proportion of them will remain in the
aqueous phase than the expected one. Besides hydrophobic processes that are
taking place, a number of other reactions like complex formations with metal
ions, ion exchange, and hydrogen bindings decide about the partition of the
organic compound between the solid and the liquid phase [181].

Since for adsorption processes the organic fraction, i.e., VSS of the sludge
is relevant [182], MBR sludge is expected to have higher sorption potential,
as the organic matter content is higher in respect to the sludge of the CAS.
Literature data indicates irrelevant sorption coefficients (K4) values for most
of the pharmaceuticals investigated by now, with the exception of macrolide
antibiotics azithromycin and clarithromycin [183, 184]. For other PhACs like
acetaminophen, naproxen, indomethacin, ibuprofen, fenoprofen, diclofenac,
roxithromycin, bezafibrate, clofibric acid, fenofibric acid, gemfibrozil and Ny-
acetyl-sulfamethoxazole, sorption effects can be neglected [150]. In this case,
biological transformation can be estimated by direct comparison of the sol-
uble concentration in the influent and effluent. Joss et al. [146] used an
approximation to assess if the sorbed amount is significant or not (Eq. 6):

Lsorbed = 0-1Lsol, out » (6)

-3

where Lgorpeq is the load of the compound sorbed onto sludge (g miyy; 1 eated)

and Lg), oyt is the soluble load in the effluent (g m;gw) treated)

In the same study, biodegradability of pharmaceuticals was estimated in
MBR and CAS sludge. Transformation rate constants were similar in two
types of sludge for most of the compounds. However, in some cases they
differed quite a lot, like for gemfibrozil and fenofibric acid, where ky;, in
MBR was ten times smaller than for CAS sludge, and also MBR degrada-
tion of piracetam and bezafibrate was conducted at a significantly higher rate

(Fig. 17).
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Fig.17 Kinetic degradation constants of pharmaceuticals observed in sludge from
nutrient-removing municipal WWTPs: the average of CAS and MBR batch experiments
is indicated. The error bars indicate the 95% confidence interval. The lines at Ky;q 0.1
and 10 L gg ™' d! indicate limits for less than 20% and more than 90% removal expected
from nutrient-removing municipal wastewater treatment. The faded columns indicate
values from which experimental resolution allows only identifying an upper limit for Kp;o
(upper error bar) (adopted from Joss et al. [150])

Knowledge about the removal of trace organic compounds by MBR is very
limited. There have been several investigations conducted on the efficiency
of WWTPs in removing PhACs from wastewater and its comparison with ad-
vanced MBR treatment [106, 137, 146, 150, 151, 153-155, 177]. For most of the
investigated PhACs, MBR effluent concentrations were usually significantly
lower than in the effluent of a conventional treatment. They are removed from
wastewater during membrane treatment by sorption, degradation, or a com-
bination of both. Better removal of readily biodegradable micropollutants in
the MBR could be due to smaller flock size of sludge, which enhances mass
transfer by diffusion and therefore increases the elimination. Considering the



Membrane Bioreactor (MBR) as an Advanced Wastewater Treatment Technology 77

composition of sludge originating from a membrane bioreactor (specialized
microorganisms, large portion of active biomass in suspended solids) im-
proved removal is to be expected. In general, no relationship has been found
so far between the structures of micropollutants and their removal during
wastewater treatments.

Urbanization and constant population growth is likely to keep increasing
the quantity of wastewater discharged to WWTPs. Also, considering fast de-
velopment of pharmaceutical industry and general aging of population, it
can be assumed that PhACs will be more consumed and with a more di-
verse array, with development of new compounds that have unknown fate and
effects on the environment. At the same time, the demand for clean water
increases as well. Therefore, new technologies for wastewater treatment like
MBR will have increasing interest. Although the efficiency of MBR as a barrier
for micropollutants such as PhACs is still not clear, it seems to be a promising
mean for their removal.

6.2
Removal of Hormones

Estrogenic substances have been identified and quantified in a wide var-
iety of environments associated with industrial and municipal effluents, as
well as urban and agricultural runoffs [185-191]. Negative adverse health
effects on aquatic organisms which could be attributed to endocrine disrupt-
ing compounds (EDCs) are reported by several authors [192,193]. EDCs are
substances that interfere with the hormone system of animals and human be-
ings. When absorbed into the body, they either mimic or block hormones
and disrupt the body’s normal functions. This disruption can happen through
altering normal hormone levels, halting or stimulating their production, or
changing the way they travel through the body, thus affecting the functions
that these hormones control. According to a description by the European
Commission (CEC 1999), an endocrine disruptor is “an exogenous substance
or mixture that alters function(s) of endocrine system and consequently
causes adverse health effects in an intact organism, or its progeny, or (sub)
populations”. Two different classes of substances causing endocrine disrup-
tion can be identified: natural substances, including natural sexual hormones
(estrogens, progesterone and testosterone) and phytoestrogens (chemicals
produced by plants that act like estrogens in animal cells and bodies), xeno-
biotic substances, including synthetic hormones as the contraceptive 17¢-
ethinylestradiole (EE2) as well as man-made chemicals and their by-products
(e.g., pesticides, cleaning agents, flame retardants, etc.).

Sumpter et al. [194] documented feminization of male and sexually imma-
ture fish caused by stimulation of vitellogenin synthesis in male fish by EDCs.
Guillette et al. [195] noted changes in gonads of alligators. Several studies
confirm that human estrogens, mainly 178-estradiol (E2), estrone (E1) and
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EE2 are responsible for a significant part of the endocrine-disrupting effects
seen in the aquatic environment [185, 196]. They are known to have a strong
biological impact already at very low concentrations of 0.1-0.5 ng L™! [197].
Xenoestrogens like nonylphenol (NP) and bisphenol-A (BPA) are not as es-
trogenically active as for example E2, but due to their widespread production,
they can be found in the environment at much higher concentrations [185].

Human excretion is thought to be the principal source of estrogens and pro-
gesterone. Although they undergo various transformations in liver of humans
and mammalians (oxidation, deoxydation, hydroxylation and methylation), es-
trogens are principally excreted as inactive polar conjugates of glucuronide
acid and sulphate [198]. However, these conjugates can be cleaved in WWTP
due to the presence of S-glucoronidase and arylsulfatase enzymes of a bacte-
rial sludge, and they reform original compounds [186, 199, 200]. Therefore the
estrogenicity of the effluent is greatly increased, since the estrogenic potentials
of conjugated forms of estrogens are clearly much lower [201].

Since EDCs are suspected to enter rivers, streams, and surface water
through the effluents of WWTPs, the elimination of these substances in these
treatment plants is of elementary interest. Different processes of varying
efficiency are applied. Regarding conventional wastewater treatment, some
authors consider that in current European activated sludge treatment plants
with a HRT no greater than 14 h, the elimination of estrogens and proges-
terons present in the influent is not complete [186, 199, 202-204]. However,
results obtained by now are very diverse, and efficiencies over 90% have been
reported for El, E2, and EE2 in various municipal WWTPs [151, 184, 185,
205-208]. Slightly lower removal of El is frequently detected in WWTPs,
which is probably due to the conversion of E2 to E1 during the treatment and
the cleavage of glucuronides [186,209]. Advanced water-purification tech-
niques like UV radiation, ozonization, or activated charcoal may significantly
improve the removal of endocrine disrupters, but these techniques are not
broadly applied because of their high cost.

Membrane bioreactor technology is a possibility to enhance the removal of
EDCs.

Factors like high sludge ages and low organic loads could not yet be cor-
related to improved degradation capacity, although biomass compositions
might influence hormone removal in MBRs [210]. Servos et al. [201] found
that EE2 was not degraded under non-nitrifying conditions, while nitrifying
sludge could oxidize it to more hydrophobic compound. Vader et al. [201]
also showed that the EE2 degradation capability of sludge was associated
to the nitrifying activity. This phenomenon is probably a reflection of im-
proved biological diversity and growth conditions in these systems resulting
in increased biological transformations. Synthetic estrogens in general ex-
hibit greater resistance to the activated sludge process [211].

Besides aerobic biodegradation, sorption is also hypothesized as one of
the main mechanisms for the elimination of hormones in the aquatic en-
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vironment. However, there is no clear agreement about its relative impor-
tance [211]. Although E1 and E2 are relatively water soluble, a significant frac-
tion can be associated with organic particles or colloids in the treatment sys-
tems, potentially influencing their degradation and ultimate fate [56]. Clara
et al. [212] investigated sorption behavior of BPA, E2, and EE2. High adsorp-
tion potential to sewage sludge could be observed for these substances, with
no saturation levels detected. However, at high pH values typical for WWTPs
(due to the application limestone or milk of lime for sludge conditioning) it
was observed a release of the adsorbed fractions of all three investigated sub-
stances. Several researchers have shown that higher pH values (pH > 11) led
to an almost complete desorption of EDCs (ex. BPA), which generally exhibits
phenolic character [212,213]. Also, in the experiments of Reddy et al. [200]
acidic pH showed to be the best method in preventing dissociation of the
steroid conjugates to free steroids.

In a study by Joss et al. [205], the MBR elimination of natural estrogens
E1 and E2 was seen to be higher than in the CAS sludge by the factor of 2-
3. Higher removal rates in MBR compared to CAS could be explained by the
smaller flock size of MBR sludge: it was measured to be 10-100 um for MBR
flocks and 100-500 um for CAS [56]. The thickness of the boundary layer
is estimated to be 10-20 um for MBR and 20-30 pum for CAS flocks [205].
Although there is no information available as to where various estrogen
degradations take place throughout the flock, on the flock surface (e.g., on
the outer biofilm layer) or in the bulk medium (e.g., catalyzed by extracellu-
lar enzymes), it is considered that the size of flocks may also contribute to
degradation activity of the sludge.

Among natural hormones, E2 is considered as highly biodegradable,
while EE2 is slowly biodegradable [186,214]. The removal of E2 was always
recorded to be high regardless of pH [177]. In another study, the same authors
found pH conditions irrelevant for the sorption of E1, E2, EE2, and BPA [170].
These estrogens do not have hydrophilic functional groups and therefore
the decrease in pH has no effect on their water-sludge partition coefficient
(Kp) [170]. A linear relationship was found between their logK, and log-
arithm of Koy (octanol-water partition coefficient, log Koy) values, which
means that adsorption of compounds increases linearly with an increase in its
hydrophobicity [170].

Generally, the micro and ultrafiltration membranes do not display a bar-
rier effect to hormones, but compared to conventional secondary and tertiary
systems, a high removal can be expected due to full particle retention pro-
moting the adsorption onto the sludge flocks. Schifer et al. [213] showed that
particles of activated sludge could not only act like adsorbents of hormones
but also like a dynamic membrane or rejecting layer for micropollutants.
Although a certain estrogenic activity could be expected in MBR effluent
(due to the cleavage of estrogen conjugates, or dissolution of particles due to
digestion process that may release estrogens by desorption), membrane tech-
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nology represents a good combination of different mechanisms for removal of
endocrines. On one side, smaller floc sizes and higher sludge activity enhance
biodegradation, and on the other particle size exclusion enables retention of
the adsorbed compounds.

6.3
Removal of Surfactants and Their Degradation Products

Surface active substances are an extensively used group of chemicals, e.g.,
domestic detergents, pesticide formulations, industrial products, etc. Sev-
eral main classes of surfactants (e.g., linear alkylbenzene sulphonates (LAS),
alkylphenol ethoxylates (APEOs) and alcohol ethoxylates (AEO)) have shown
very high ubiquity in the environment, thus presenting a serious environ-
mental problem. Among the APEOs, octylphenol ethoxylates (OPEOs) and
nonylphenol ethoxylates (NPEOs) are the two most common surfactants on
the market. NPEOs account for about 80% of the total APEOs consumption:
they are widely used in industry, agriculture, and households as detergents,
emulsifiers, wetting agents, spermicides, and pesticides, etc [215]. Approxi-
mately, 500000 tons are produced annually worldwide, 60% of which ends up
in the aquatic environment [216,217]. Anionic surfactants LAS are mainly
used in laundry detergents and cleaning agents.

Numerous data on primary and ultimate biodegradation of LAS have been
reported. It is expected for these compounds to undergo a primary degra-
dation of up to 93-97%. Very high levels of biodegradation (97-99%) have
been found in some WWTPs using aerobic processes [105,218-220]. There-
fore, LAS are generally regarded as biodegradable surfactants, with a break-
down mechanism that involves degradation of the straight alkyl chain, the
sulphonates group and finally the benzene ring [221,222]. Yet, biological
degradation of LAS in WWTP is not complete since aerobic breakdown in-
termediates sulfophenyl carboxylates (SPC) are regularly found in WWTP
effluents. In a study that covered eight municipal WWTPs in Western Europe,
SPCs were detected in median effluent concentrations of 57 pg/L [223]. Be-
sides their biological removal, the process of adsorption to sludge particles
also occurs in WWTP. Berna et al. [224] reported that a significant propor-
tion of LAS in raw sewage (10-35%) adsorbs to particulate matter. Moreover,
longer alkyl chains confer greater hydrophobicity, thus increasing their ad-
sorptive tendency [225]. LAS elimination in MBR unit has been reported to
be very similar to a conventional treatment by several authors [105, 226, 227].
Both LAS and SPCs were reported to be removed to a high extent in these two
treatment processes (96-98%) [228]. However, Bernhard et al. [228] studied
elimination of persistent polar pollutants (P*) pollutants in MBR and CAS,
whereas MBR showed a significant improvement when removal of LAS is con-
sidered, and a slightly better performance regarding the attenuation of the
concentration of SPC.
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WWTP can eliminate parent compounds of NPEOs rather efficiently [227,
229-231]. However, in WWTPs APEOs degrade into more toxic shorter-chain
APEOs and alkylphenols (APs) such as NP, octylphenol (OP), NP mono-,
di-, and triethoxylates (NPEO1, NPEO2, and NPEO3) and NP carboxylates
(NPECI and NPEC2). Many studies have reported on their wide occurrence
in the environment [232-235]. It was observed a change in distribution of
NP, NPEOs, and NPECs between WWTP influent and effluent [236, 237]. Ahel
at al [237] noted that in the primary effluent NPEOs were the most abun-
dant class (82.4%), while in the secondary effluent over 70% were metabolic
products, the most abundant being NP1EC and NP2EC (46.1%) (Fig. 18).

Therefore, whereas in the influent NP and NP1EO are the main fractions, in
the effluent NP1EC and NP2EC are the predominant ones [137, 237]. There is
a concern that the concentration levels of these metabolites present in the envi-
ronment may be sufficient to have endocrine disrupting effect on wildlife and
humans [187,238]. Moreover, during chlorination of wastewater, the residues
of alkylphenolic compounds can be transformed into even more persistent
halogenated derivatives that can reach drinking water systems [139].

Compared to conventional treatment, MBR technology has the advan-
tage of giving an effluent with lower concentration of lipophilic metabolites.
This is probably due to a better adaptation of microbial consortia which be-
come more capable of degrading persistent NPEO oligomers (NPEOI and
NPEO2) [226]. The elimination efficiencies of parent nonylphenolic com-
pounds in MBR unit and CAS treatment have been reported to be similar
(>90%) [226,239]. In a study by Gonzdlez et al. [227], CAS treatment was

Primary Secondary
effluents effluents

1440 mg/m? 400 mg/m3
N\ NPnEO NP
NP1EO+NP2EO =] NPIEC+NP2EC

Fig. 18 Relative abundance of NPEOs and their metabolites in primary and secondary
effluents (weight-based average value of 11 WWTPs in the Glatt Valley, Switzerland) [237]



82 J. Radjenovic et al.

2000F T
1800
T
1600+
o
g om0l
R i ]
g @NP1EO
o 800F 4
E é 8 NP2EO
NP(3-15)EQ
et L 1 ONPIEC
— | WmNPeC
o . \ 1 ONP
Infuent CAS EffluentCAS Efvent MBR
13% 13%/

SN

<

43%

Fig. 19 Boxplot (calculated on a molar basis) and average composition of NP compounds
in influent, CAS effluent and MBR effluent [227]

found to be generally inefficient in removing nonylphenolic compounds with
overall elimination around 54%, while the ultimate elimination efficiency in
the MBR reached 94%. The distribution of the nonylphenolic compounds
in the MBR effluent showed rather proportional percentages of all species
(23% of the parent compounds, 35% NPECs, 34% short ethoxy chain NPEOs
and 8% NP) with overall much lower concentration of potentially estrogenic
metabolites as compared to the CAS effluent (Fig. 19).

Considering that the primary biodegradation of APEOs results in the for-
mation of various persistent metabolites that are usually poorly removed even
in most efficient WWTPs and have a significantly enhanced removal in the
MBR, membrane technology gives room for expectation that with this alter-
native wastewater treatment the ecological risk associated with alkylphenolic
compounds as well as other ionic and non-ionic surfactants can be drastically
reduced. The utilization of MBRs in municipal WWTPs may ensure efficient
elimination and biodegradation of APEO-derived EDCs, thus reducing the
ecotoxicity of effluents posed by those compounds.

6.4
Removal of Sulfonated Organic Compounds,
Pesticides, Musk Fragrances and Other Micropollutants

Sulfonated organic compounds are frequently used in industrial processes
[240-243] and often found in municipal effluents [240,244]. Reemtsma
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et al. [245] studied the performance of MBR system in eliminating napht-
halene sulfonates and benzothiazoles. Technical mixtures of naphthalene
monosulfonates (NSAs) and disulfonates (NDSAs) are widely used as disper-
sants in industrial processes. Benzothiazoles are a class of industrial chemi-
cals that are used as fungicides, corrosion inhibitors and vulcanization accel-
erators. They reported very similar efficiencies of MBR and CAS treatment in
eliminating naphthalene sulfonates for most of isomers, except for 1,7- and
2,7-NDSA who were subjected to more complete degradation in MBR system,
probably due to low substrate supply and a high sludge age [245]. In both
treatments disulfonates were poorly removed, while the removal of NSAs was
a lot better (1-NSA and 2-NSA were had removal rates greater than 99%).
This was probably due to better capability of MBR sludge to biodegrade these
micropollutants, since due to their great polarity and low molecular weight
removals by sorption and membrane rejection can be excluded [245].

In the same study, benzothiazoles were removed by membrane treatment
with an average of 87%. However, strong differences were reported for various
benzothiazoles: while the concentration of benzothiazole (BT) was lowered
for only 37%, up to 99% of mercaptobenzothiazole (MBT) was degraded.
Practically no removal was noted for aminobenzothiazole (ABT), hydrox-
ybenzothiazole (OHBT), and methylthiobenzothiazole (MTBT). In another
study, two MBRs operating in parallel with CAS treatment were monitored in
Berlin, Germany [246]. Performance of two membrane units regarding the re-
moval of benzothiazoles was significantly better than in the treatment (43%
and 10%, respectively). The greatest difference in efficiency between MBR
and CAS was detected for BT, which was removed significantly better in the
MBR (70%) [246]. The process of the aerobic degradation benzothiazoles is
largely unknown: although some benzothiazoles are degraded in activated
sludge system, most of laboratory data on the pathways of their biodegrada-
tion are inconclusive.

Pesticides continue to be the focus of many environmental studies and
contamination of water resources by pesticide residues is one of the major
challenges for the preservation and sustainability of the environment. Inap-
propriate use of pesticides can give rise to severe and long-lasting ecological
damage through pesticide-containing wastewaters that enter the environment.
Acidic herbicides such as phenoxy acids (MCPP, MCPA, 2,4-D, 2,4-DP) and ben-
tazone represent an important class of pesticides used not only in the control of
weeds in crops but also as algicides in paints and coatings and roof-protection
agents. Bernhard et al. [228] compared removals of several persistent polar
pollutants in MBR and CAS. In the case of pesticides, some of them were
found to be poorly degradable in both WWTP and CAS (e.g., atrazine, ben-
tazone, isoproturon), while 2,4-dichlorobenzoic acid was rapidly eliminated
in both treatments. Gonzélez et al. [168] also noted a good MBR removal of
2,4-D and persistence of bentazone on the other side. For compounds like
MCPP and MCPA, the importance of acclimation period was emphasized, con-
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sidering that their degradation was significantly higher after a lag period of
microorganisms [168]. However, the advantage of MBR in comparison with
other investigated processes is high unit-volume removal rate. For example,
in other investigated treatments of 2,4-D polluted wastewaters such as con-
ventional activated sludge processes [247, 248], sequential batch reactors [249],
and the anaerobic fluidized bed reactor [250], it was found to be very low, even
at highest elimination efficiencies (0.02 to 0.3 kg 2,4-D m~ day™!). Significant
improvement in biodegradation when using MBR instead of CAS treatment
was reported for insect repellents and metabolites Bayrepel, Bayrepel acid
and DEET [228]. These compounds were very persistent during conventional
treatment, but achieved high removals in the membrane unit.

Polar compounds can spread along a partially closed water cycle after dis-
charge with municipal wastewater and occur in raw waters used for drinking
water production. For compounds like ethylenediamino tetraacetate (EDTA),
TCPP, and TCEP, their potential to spread with the water along its flow path and
penetrate into groundwater from infiltrated surface waters has been shown
in several studies [251-253]. EDTA is utilized in many industrial applica-
tions and in households and has been proven to be widely distributed in
aquatic systems [254]. EDTA was detected in very high medium concentra-
tion in European municipal WWTP effluents and surface waters, 60 ug L™ and
3.7 ugL7!, respectively [223]. This compound showed an extremely recalci-
trant behavior during conventional and membrane treatment as well [228].
Another poorly degradable compound in both CAS and MBR is flame retar-
dants (TCEP, TCPP) [228]. Moreover, no enhancement in their removal could
be observed when increasing SRT [228]. For the compounds that cannot be re-
moved effectively, new emission limits should be set and also certain strategies
for their avoidance, in order to prevent their entrance into closed water cycles.

Benzotriazoles are a class of high-production-volume chemicals that are
used as corrosion inhibitors in various industrial processes and in house-
holds. They were detected in WWTP effluents and surface waters [140, 255].
Treatment of municipal wastewater by MBR instead of CAS also improves the
removal of benzotriazoles (61 and 37% on average, respectively) [256]. Also,
MBR was able to cope with elevated influent concentrations without respond-
ing with elevated effluent ones, and stability of performance with changes
in temperature between summer and winter was found to be greater in the
membrane unit [256].

Submerged MBR also showed to be very efficient when treating polymeric
industrial wastewater, like high-strength acrylonitrile-butadiene-styrene
wastewater [257]. Moreover, very high removal of metals and polycyclic aro-
matic hydrocarbons (PAHs) was noted in submerged ultrafiltration MBR
operating in alternate aerobic/anoxic cycles mode [258].

Musk fragrances tonalide and galaxolide are generally removed to the
same extent (85%) in MBR and CAS, with slightly lower effluent concentra-
tions in the MBR unit [106, 137]. As both substances are very hydrophobic, for
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an estimation of the mass flux, specific K4s have to be included. Sorption co-
efficients of these compounds were determined to be 5200 and 7900 Lkg™! for
galaxolide in CAS and MBR sludge, respectively, and 10800 and 16000 Lkg™!
for tonalide, respectively [259]. Diurnal variation pattern of tonalide (AHTN)
and galaxolide (HHCB) were paralleled by the nitrogen load, suggesting that
human excretion was a major source of these micropollutants, as well as it
was the case with PhACs [146]. Their elimination was around 50% during bi-
ological wastewater treatment, which was estimated to be mainly due to their
sorption onto sludge particles [146].

Polar compounds may occur in WWTP effluents because of their persis-
tence during the activated sludge treatment or because of their incomplete
microbial degradation. Sorption of these polar pollutants to wastewater solids
can be neglected. However, there can be present significant ionic interactions,
especially for organic cations. Moreover, concentrations of metabolic prod-
ucts may increase after wastewater treatment, even though the compound
is degradable, provided that their formation proceeds faster than its further
transformation. General concern about the presence and behavior of organic
micropollutants and restrictive legislation on their management and final
destination invite to enhance the actual treatment processes and to find a re-
liable alternative.

7
Advantages and Drawbacks of MBR Technology

A need for the development of MBR technology arose mainly from the limita-
tions of the CAS process. It is of interest here to describe CAS in more detail,
since it has been used successfully for almost a century in wastewater treat-
ment. CAS in its most simple manner consists of a primary physical treatment
that includes screening of gross solids and sedimentation of settleable solids
followed by biological treatment with activated sludge, and subsequent sec-
ondary sedimentation where activated sludge in the form of flocs is separated
from treated water by gravitational force. The biological step is carried out in
an aerated bioreactor in the presence of mixed microbial culture, where pollu-
tants from water are degraded by microorganisms and turned into microbial
biomass and gases such as carbon dioxide, water, and inorganic nitrogen
products. This stage may include an anoxic zone preceding the aerobic zone
within the single reactor or a separate post-denitrification reactor to achieve
a complete nitrogen removal. Also, preliminary anaerobic zone for biologi-
cal removal of phosphorus is available. The settled sludge is returned to the
bioreactor while excess sludge additionally grown during the process is being
constantly removed. Essentially, the process uses aerobic microbial biodegra-
dation of organic matrix presented in wastewater in the same manner as the
natural microbial community in the water bodies would, if given enough time
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and oxygen. The final products of the process are treated water and excess
sludge. Treated water is usually discharged into water bodies such as lakes and
rivers, while excess sludge ends up mostly as a fertilizer in agriculture or it is
disposed of on land. Some countries like Germany and Switzerland forbade
the use of secondary sludge in agriculture and excess sludge is incinerated
together with hazardous wastes. In any case, the processing of this sludge,
which includes operations like thickening, anaerobic stabilization, chemical
conditioning, dewatering and thermal reduction [260], represents a cost and
a problem that has to be dealt with. Land application of sewage sludge in agri-
culture is very restricted owing to the presence of potentially toxic substances,
i.e., heavy metals, pathogens, persistent organic pollutants, etc. Critical short-
age of available land coupled with new, more-stringent regulations for design
and operation of landfills have caused prices of their sighting, building, and
operating to rise sharply. Incineration is usually the final option for sewage
sludge treatment due to an abundant ash generation, which has a high content
of heavy metals and is generally toxic.

Therefore, high sludge production is one of the main drawbacks of CAS.
Currently, reduction of sludge wasting is a major challenge of biological
wastewater treatment. Excess sludge processing and disposal could account
for about 50-60% of the total cost of wastewater treatment [261,262]. The
ideal way to solve the problem of sludge post-treatment and disposal is to
reduce its production. To reduce the production of biomass, the wastewater
process must be engineered in such a way that substrate utilization is diverted
from assimilation of carbon for biosynthesis to non-growth activities of a mi-
crobial community. In activated sludge plants, the sludge-yield coefficient (Y)
is typically 0.5. [263]. According to Urbain et al. [264], the yield coefficient
for an aerobic membrane separation process treating municipal wastewa-
ter (488+ 143 mg COD/L) was 0.23 kgSS kgCOD 1. Pollice et al. [99]

removed

reported a production of sludge in an MBR of 0.12gVSSgCOD d‘l,
which was in accordance with previously reported yields for MBRs [34, 42,
65, 263]. This advantage of MBR, together with the abandonment of energy-
demanding sludge recirculation loop in CAS, contribute to better competi-
tiveness of membrane technology compared to the conventional one.

The limiting step in the conventional treatment is the separation of sludge
from the treated water. Without a good sedimentation in secondary settler,
parts of the sludge end up in treated water, which leads to poor removal ef-
ficiency. It should be noted that during the normal operation of CAS per each
kg of BODs removed up to 0.6 kg of microbial biomass is formed [265], so
if the separation of activated sludge is not properly carried out, the whole
treatment process loses its purpose. Sedimentation of sludge is influenced by
the characteristics of microbial flocs as a function of their physiological state.
In other words, the biological process must be operated in such a way to al-
low the formation of easily settling microbial flocs. Sludge with poor settling
characteristics is often called “bulking sludge”, and in most cases this prob-
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lem occurs due to the growth of filamentous bacteria. In filamentous growth,
bacteria form filaments of single-cell organisms that attach end-to-end and
normally protrude out of the sludge floc. Common filamentous organisms
are Sphaerotilus natans, Microthrix parvicela and Thiothrix spp. The main
reasons for bulking are low DO concentration, low F/M ratio, and nutrient
deficiency. At such conditions of low substrate concentration, filamentous or-
ganisms, due to their increased surface-to-mass ratio can compete better for
substrate and overgrow the floc-forming organisms. While DO concentration
can be provided by a proper aeration system, problems with variations in
wastewater flow rate and composition can seriously affect the CAS process.
The usual measures for bulking control are the addition of flocculants like fer-
ric chloride and aluminum sulphate to the settler, or chlorination of return
sludge (0.002 to 0.008 kg of chlorine per kg of MLSS per day) since filamen-
tous bacteria is more sensitive to oxidative agents. Also, if the design of the
plant allows, bulking can be mitigated by setting the operational parameters
(such as the F/M ratio) high enough to enhance the growth of floc-forming
organisms. By doing so, microorganisms of the activated sludge are kept in
the exponential growth phase in which they produce a large amount of ex-
cess biomass. To achieve high F/M, the MLSS in the aeration basin has to
be kept low (around 3-5gL~! dry mass weight) while the concentration of
the organic matter in the feedwater needs to be high. These conditions are
usually easy to achieve with municipal wastewater with a small amount of
industrial wastewater and drainage water. In the cases where drainage water
dilutes the wastewater significantly, or industrial wastewater adds its compo-
nents to the influent, the efficiency of CAS can be seriously lowered due to
a poor sedimentation of microbial flocs.

The quality of CAS effluent is another important issue. Firstly, microbi-
ological contamination of the effluent may be significant since there is no
physical barrier between activated sludge and treated water. A correlation has
been reported between the occurrence of eye and ear infections in humans
and their contact with water where recreational use occurs (e.g., rivers or
lakes) that has been receiving CAS effluents [266]. This problem is even more
pronounced if hospitals discharge their wastewater into sewage without treat-
ment, because of the increased number of pathogens that may be found in raw
sewage and in the effluent.

Also, there is a problem with specific compounds whose biodegradation
depends on specialized microbial species. If such species have a slow growth
rate they will be washed out with the excess sludge during the constant
and fast sludge disposal rate (i.e., short SRT) of CAS treatment. As a con-
sequence, specialized slow-growers may not develop in sufficient number to
degrade efficiently some trace pollutants. Emerging contaminants in munic-
ipal wastewater and their fate in the environment have become an issue of
importance for the legislators and decision-makers. Since the design of most
municipal WWTPs does not allow operation at longer SRTs, they may not be



88 J. Radjenovic et al.

suitable for degradation of some organic micropollutants. To overcome the
limitations of conventional treatment with activated sludge, MBR technology
can be successfully employed. While bacteria in activated sludge decompose
and degrade organic matter from the wastewater, membrane separates them
from the treated water, thus replacing the secondary settler used in CAS.
The simple change from one physical separation technique to another leads
to quite complex changes in the process characteristics. It affects the sludge
characteristics in several ways.

During CAS wastewater treatment, the bacterium present can survive in
the bioreactor only in the form of flocs because the ones that do not settle are
discharged with the treated water. Also, due to its short SRT, it is necessary
for all microorganisms to grow fast or otherwise they will be washed out from
the bioreactor. In other words, microbial population in CAS is selected among
fast-growing and floc-forming species. On the contrary, in the case of MBR,
the bacterial ability to settle and to grow fast is of negligible importance.
MBR works at much longer SRTs, which can be measured in months rather
than days. As an illustration, the SRT for a full-scale MBR for municipal wa-
ter treatment (Porlock, UK, 1900 m?/d) was reported to be 30-60 days [4] in
comparison with the typical SRT of the conventional process with activated
sludge, which ranges from 3 to 15 days [260]. In such conditions, slower-
growing species with the ability to decompose less-biodegradable compounds
have the opportunity to proliferate. In other words, in MBR selection among
microorganisms is primarily made by their capability to degrade the sub-
strate, which is also the primary purpose of the treatment process.

Without demand for settling of the sludge, the F/M ratio can be set much
lower, thus allowing operation at much higher MLSS concentrations, which
consequently leads to higher volumetric efficiency of the process. Given the
reduction in bioreactor volume, the elimination of secondary clarifiers and
the elimination of granular media filters, MBR typically has a much smaller
footprint relative to CAS, when achieving the same discharge limits. Due to
this footprint reduction, other concerns such as esthetics and odors can be
more easily addressed.

A low F/M ratio means that less substrate is available per unit of biomass.
According to the maintenance concept introduced by Pirt [37], part of the en-
ergy contained in the supplied substrate is used for maintenance functions that
are independent of growth rate. When the energy supplied to the bioreactor
is lowered, the biomass ceases to grow and to utilize the substrate for mainte-
nance. In this manner, the sludge production in the process is much lower, or
does notoccur at all. Verylow sludge production in pilot MBR operations are re-
ported [16], but it is often impractical for full-scale operations to keep F/M too
low. The design of such plants would include very high MLSS concentrations
that can promote membrane clogging, or large bioreactors, which contributes
to the initial capital cost. Moreover, high MLSS concentration reduces aeration
efficiency, which is possibly the most significant problem with maintenance of
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high MLSS concentration. Nevertheless, due to the low F/M ratio, there is a sig-
nificant decrease of sludge production in MBR in comparison to CAS, which
then decreases the cost of excess sludge handling.

As water reuse and reclamation increases, MBR technology can make re-
claimed water more accessible by achieving the reclaimed water treatment
standards in nearly a single step, thus reducing the complexity of these sys-
tems. Further, the use of reclaimed water reduces the stresses on other water
bodies by reducing the need for water withdrawals and by reducing pollu-
tant loading. In the United States, reclaimed water is being used to augment
drinking water supplies. Required treatment involves multiple steps, typic-
ally culminating in RO. In wastewater treatment, RO typically is preceded
by MF or UF to reduce RO membrane fouling. Therefore, implementation of
an MBR process provides the flexibility to install RO without the expense of
a pre-treatment process.

With the use of UF membranes (effective pore size of 0.04 um) instead of
CAS, most of the pathogens of concern in wastewater can be significantly re-
moved from the effluent. The membranes provide an additional barrier to
Faecal coliform, Cryptosporidium, and Giardia even in processes that use MF
membranes due to a dynamic film layer over the membrane that reduces the
effective filtration pore size [267]. In addition, the clarity of the effluent pro-
duced by the MBR process is consistently below 0.1 nephelometric turbidity
units (NTU), which is comparable to drinking water standards. This low tur-
bidity can result in an effluent highly amenable to final disinfection using
ultraviolet light. Membrane filtration followed by ultra-violet (UV) treatment
results in a highly disinfected effluent.

MBR systems do not require any more significant operational attention, in
each case much less than CAS process. A process control of an MBR system is
reduced to monitoring the MLSS concentration, occasional adjustments of the
chemical feed rates, and scheduling membrane recovery cleaning. Therefore,
MBR is a much better solution for the small plants where CAS is non-feasible
due to its requirement for constant attention and monitoring.

On the other side, the cost of oxygen demand is superior in MBR. Energy
consumption of MBR comes from power requirements for pumping feed wa-
ter, recycling retentate, permeate suction (occasionally) and aeration [268].
The two MBR configurations have substantial differences in terms of aeration.
In the side-stream configuration, aeration is supplied by fine bubble aerators
that are highly efficient for supplying oxygen to the biomass. In submerged
MBRs, the aeration mode is turbulent and cross-flow is generated, which
scours the membrane surface and provides oxygen to the biomass. Aeration
cost in the latter-mentioned configuration represents around 90% of the total
costs, whereas in side-stream MBR, only ~20% derives from it [269]. However,
energy consumption of the side-stream system is usually two orders of mag-
nitude higher than that of submerged systems. These low costs of submerged
MBRs are associated with low fluxes, which in turn increase capital costs and
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footprints. Also, packing density influences the final cost of MBR: low packing
densities of membrane modules mean that higher specific area of membrane is
required to produce the same flux, which increases the energy requirements.

There are certain drawbacks for wider implementation of MBR technology.
MBR is widely viewed as being a state-of-the-art technology but is also some-
times seen as high-risk and prohibitively costly compared to CAS and other
more established technologies. MBRs were historically perceived as suitable
only for small-scale plants with high operator skill requirements, and the
key operating expenditure parameters such as membrane life unknown [4].
Many of these drawbacks are no longer true. Perhaps the biggest challenge to
companies active in the market is to persuade decision-makers of the capabil-
ity of MBRs and what benefits they will undoubtedly bring to the customer.
In the past, there were an insufficient number of full-scale MBR treatment
plants to convince decision-makers of the reliability of this advanced treat-
ment. Presently, there are a number of examples of successful implementation
of MBRs across the range of applications, and there is certainly less reason to
be suspicious of this technology.

8
Application and Cost Analysis of a Membrane Bioreactor

MBRs became commercially available more than 10 years ago, and their
market has continued to grow. In the beginning of their application, the
customers were put-off by the high-costs, appropriate operating skills, and
high-level maintenance labor. However, the technology was improved, and
now there are many manufacturers of MBRs, including Zenon Environmen-
tal, Kubota, Ionics/Mitsubishi rayon, USFilter, Aqua-Aerobics7Pall and Norit
X-flow. There are more than 2200 MBR installations in operation or under
construction worldwide [270]. The main world MBR providers and character-
istics of their systems are presented in Table 2.

Kubota (Japan) has installed most of the world’s MBRs while Zenon
(Canada) dominates in regard to installed capacity having almost four times
more water treated through their membranes than Kubota [4]. Zenon has
installed about 85% of North American installations, which comprise about
11% of the world’s MBR market. Asian markets (mostly in Japan and South
Korea) have employed MBR technology mostly for small-scale domestic ap-
plications. In general, most of the MBRs in operation are medium or small-
scale plants. More than 85% of Kubota’s MBRs have flows less than 200 m® d~!
while out of 219 MBR plants that treat municipal wastewater in North Amer-
ica, only 17 exceed 10000 m? d~!. The largest capacity plant in operation is in
North America (Traverse City, MI), which operates at 26 900 m? d~!, while the
largest MBR worldwide currently is in Kaarst, Germany (48000 m> d!) with
total membrane area of 84 480 m? [4]. Both of these plants operate with Zenon
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Table2 Comparison of the main MBR systems (adapted from Yang et al. [270])

Kubota (Japan) Mitsubishi-Rayon Zenon (Canada)
(Japan)
Number of 1538 (1138 +400) 374 (170 + 204) 331 (204 + 127)
installations®
Membrane ES HF HF
Configuration Vertical immersion Horizontal immersion Vertical immersion
Pore size (jum) 0.4 0.1/0.4 0.04
Material Chlorinated PE PE PVDF
Module size (m?) 0.8 105 31.6
Cleaning method  Relax Relax Backpulse and relax
Cleaning frequency 1/60 2/12 0.5/15
(min/min)
Recovery method Chlorine backwash  Chlorine backwash Chemical soak

2 Municipal WWTPs + Industrial WWTPs

membranes. Leading manufacturers have exponential growth in the number
of installed MBRs and their cumulative capacity in the last decade. Although
the market is still dominated by Zenon and Kubota, there is a wide range
of MBR systems available, however most are still at the development stage.
The photographs of typical Zenon and Kubota membranes are presented in
Figs. 20 and 21, respectively.

Fig.20 Kubota flat sheet MBR
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Fig.21 Zenon hollow-fiber MBR, ZeeWeed 500a membranes

The side-stream MBRs that were predominant before the 1990s are still
present on the market but they hold a smaller share. The main manufacturers
of side-stream MBR systems are Norit X-Flow, Millenniumpore and Novasep-
Orelis. Most of the side-stream MBRs today treat industrial wastewaters or
landfill leachates.

Municipal wastewater treatment is both the earliest and largest application
of MBR, and it is predicted that this will continue to be its primary use. Due
to its small footprint and potential for reuse of high-quality effluent, MBR
is capable of coping with population growth and limited space. For indus-
trial applications where more stringent regulations are imposed, it provides
an effluent that can be safely discharged into the environment. The main ap-
plications of membrane technology reported in industry are for treatments of
heavily loaded wastewaters such are oily wastewaters [62], or discharges from
tanneries [245] and textile industries [271]. Promising applications also exist
in treating landfill leachate, chlorinated solvents in manufacturing wastewa-
ter, and for groundwater remediation.

Energy usage for membrane aeration is a significant operating cost for
any membrane bioreactor facility. Yoon et al. [272] calculated the total vari-
able operational cost of MBR by summing the decreasing sludge-treatment
cost and increasing aeration cost (see Fig. 22). Since minimized sludge pro-
duction implies maximized aeration cost, and vice versa, they considered
the existence of an optimum point between these two extreme cases, where
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Economic operation of MBR
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Fig.22 Aeration demand for biodegradation of organic matters as a function of tar-
get MLSS and HRT. Flow rate and COD of influent were 1000 m® day™' and 400 mgL™!,
respectively [272]

the total operational cost is minimized. They concluded that for reasonable
ranges of HRT and MLSS sludge treatment cost overwhelms aeration cost, so
the most adequate strategy for MBR cost reduction would be maintenance of
low sludge production conditions. High SRT in an MBR means a high MLSS
concentration and low F/M ratio, which enables application of short HRT.
However, sludge production is obviously inversely proportional to HRT when
MLSS is mixed. The shortest HRT and the minimum sludge production can-
not be achieved simultaneously.

Furthermore, overall membrane cost has decreased exponentially over
time for all main manufactures. Relative decrease for Kubota MBR systems
and cost of Kubota membrane over the years is given in Fig. 23 [273]. As can
be seen, the membrane whole-life costs decreased more than eight times in
last 15 years, which has considerably closed the gap in prices between ASP
and MBR technologies. Since the expected membrane lifetime has increased
and enough full-scale plants have been successfully operated and proven to
be reliable, the MBR technology is becoming increasingly competitive, and its
future market position should be guaranteed.

Despite its relative youth, MBR technology has developed over a decade to
a mature product available for all sizes of application, in domestic, munic-
ipal, or industrial sector. Further improvement of the process will increase
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Fig.23 Relative cost decrease of Kubota membranes and MBR systems (adopted from
Kennedy et al. [273])

its cost-effectiveness and MBR technology is expected to play a key role for
wastewater treatment in the next years, in Europe as well as worldwide. To
date, European countries with the highest number of full-scale MBR plants
are England, France, Germany, Belgium, and the Netherlands. MBR markets
are expected to open in other countries as well: in dry southern states like
Spain, Greece, and Italy, due to their water shortages, and in Central and East-
ern European countries (such as Hungary, Poland, Bulgaria, etc.) that will be
obligated to develop their wastewater treatment technologies and adapt them
to the standards and environmental legislation of the European Union.

Acknowledgements This work was financially supported by the European Union EMCO
project [INCO-CT-2004-509188] and by the Spanish Ministry of Education and Sci-
ence, projects EVITA (CTM2005-24254-E) and CEMAGUA (CGL2007-64551/HID). J.R.
gratefully acknowledges the I3P Program (Itinerario integrado de insercién profesional),
co-financed by CSIC (Consejo Superior de Investigaciones Cientificas) and European So-
cial Funds, for a pre-doctoral grant.

References

1. Hardt FW, Clesceri LS, Nemerow NL, Washington DR (1970) ] Water Pollut Control
Fed 42:2135

2. Smith CV, Gregorio D, Talcott RM (1969) 24th Annual Purdue Industrial Waste Con-
ference. Purdue University, Lafayette, Indiana, USA

3. Yamamoto K, Hiasa M, Mahmood T, Matsuo T (1989) Water Sci Technol 21:43



Membrane Bioreactor (MBR) as an Advanced Wastewater Treatment Technology 95

0N N U

13.
14.
15.
16.
17.
18.

19.
20.
21.

22.

23.
24.
25.

26.
27.
28.
29.
30.
31
32.
33.
34.

35.
36.
37.

38.
39.
40.
41.
42.

43.
44.

. Judd S (2006) The MBR Book. Elsevier, Oxford, UK

. Chang IS, Lee CH (1998) Desalin 120:221

. Choi JG, Bae TH, Kim JH, Tak TM, Randall AA (2002) ] Membr Sci 203:103

. Wisniewski C, Grasmick A (1998) Coll Surf A: Physicochem Eng Aspects 138:403
. Coté P, Thompson D (2000) Water Sci Technol 41:209

. Chua HC, Arno TC, Howell JA (2002) Desalin 149:225

10.
11.
12.

Lee J (2001) Water Res 35:2435

Chang IS, Lee CH, Ahn KH (1999) Separ Sci Technol 34:1743

Jiang T, Kennedy MD, van der Meer WG], Vanrolleghem PA, Schippers JC (2003)
Desalin 157:335

Chang IS, Kim SN (2005) Proc Biochem 40:1307

Ng HY, Hermanowicz SW (2005) Water Environ Res 77:187

Cho BD, Fane AG (2002) ] Membr Sci 209:391

Rosenberger S (2002) Water Res 36:413

Hernandez Rojas ME, Van Kaam R, Schetrite S, Albasi C (2005) Desalin 179:95
Rosenberger S, Laabs C, Lesjean B, Gnirss R, Amy G, Jekel M, Schrotter JC (2006)
Water Res 40:710

Field RW, Wu D, Howell JA, Gupta BB (1995) ] Membr Sci 100:259

Pollice A, Brookes A, Jefferson B, Judd S (2005) Desalin 174:221

Brookes A, Jefferson B, Judd S (2004) IWA 4th World Water Congress, Marrakech,
Marruecos

Wen X, Bu Q, Huang X (2004) Water Environment-Membrane Technology Confer-
ence, Seoul, Korea

Zhang ], Chua HC, Zhou J, Fane AG (2006) ] Membr Sci 284:54

Ognier S, Wisniewski C, Grasmick A (2002) Membr Technol 147:6

Jiang T, Kennedy MD, Guinzbourg BF, Vanrolleghem PA, Schippers JC (2005) Water
Sci Technol 51:19

Ueda T, Hata K, Kikuoka Y, Seino O (1997) Water Res 31:489

Le-Clech P (2003) ] Membr Sci 218:117

Howell JA, Chua HC, Arnot TC (2004) ] Membr Sci 242:13

Liu R, Huang X, Sun YE, Qian Y (2003) Proc Biochem 39:157

Holbrook RD, Massie KA, Novak JT (2005) Water Environ Res 77:323

Kim JS, Lee CH (2003) Water Environ Res 75:300

Smith PJ, Vigneswaran S, Ngo HH, Ben-Aim R, Nguyen H (2005) ] Membr Sci 255:99
Hong SP, Bae TH, Tak TM, Hong S, Randall A (2002) Desalin 143:219

Michael LS, Fikret K (2002) Bioprocess Engineering: Basic Concepts, 2nd edn.
Prentice-Hall International, Upper Saddle River, NJ, USA

Liwarska-Bizukojc E, Bizukojc M (2005) Proc Biochem 40:2067

Gujer W, Henze M, Mino T, Van Loosdrecht M (1999) Water Sci Technol 39:183

Pirt SJ (1965) The maintenance energy of bacteria in growing cultures. Proc R Soc
Lond B Biol Sci 163:224

Shahalam ABM, Al-Smadi BM (1993) ] Environ Sci Health A Environ Sci Eng 28:1751
Chaize S, Huyard A (1991) Water Sci Technol 23:1591

Muller EB (1995) Water Res 29:1179

Low EW, Chase HA (1999) Water Res 33:847

Stephenson T, Judd S, Jefferson B, Brindle K (2000) Membrane bioreactors for
wastewater treatment. IWA Publishing, London

Liu R, Huang X, Xi ], Qian Y (2005) Proc Biochem 40:3165

Rosenberger S, Witzig R, Manz W, Szewzyk U, Kraume M (2000) Water Sci Technol
41:269



96

45.
46.

47.

48.
49.
50.

51.
52.

53.
54.
55.
56.
57.
58.
59.

60.
61.

62.
63.
64.
65.
66.

67.
68.
69.
70.
71.
72.
73.
74.

75.
76.
77.
78.
79.
80.

81.
82.

83.
84.

J. Radjenovic et al.

Yoon SH, Kim HS, Chung YC (2002) Water Res 36:2695

Cicek N, Macomber ], Davel J, Suidan MT, Audic J, Genestet P (2001) Water Sci
Technol 43:43

Macomber J, Cicek N, Suidan MT, Davel J, Ginestet P, Audic JM (2005) J Environ Eng
131:579

Howell JA, Arnot TC, Liu W (2003) Ann NY Ac Sci 984:411

Wei Y (2003) Water Res 37:4453

Horan N (1990) Biological Wastewater Treatment Systems: Theory and Operation.
Wiley, Chichester

Ng HY, Hermanowicz SW (2005) Water Res 39:981

Wilen BM, Balmer P (1999) Doktorsavhandlingar vid Chalmers Tekniska Hogskola
391

Massé A, Spérandio M, Cabassud C (2006) Water Res 40:2405

Hasar H, Kinaci C, Unlii A, Todrul H, Ipek U (2004) Biochem Eng J 20:1

Lubbecke S, Vogelpohl A, Dewjanin W (1995) Water Res 29:793

Huang X, Gui P, Qian Y (2001) Proc Biochem 36:1001

Li H, Yang M, Zhang Y, Yu T, Kamagata Y (2006) J Biotechnol 123:60

Xing CH (2000) ] Membr Sci 177:73

Knoblock MD, Sutton PM, Mishra PN, Gupta K, Janson A (1994) Water Environ Res
66:133

Minami K (1994) Desalin 98:273

Ross WR, Barnard JP, Strohwald NKH, Grobler CJ, Sanetra J (1992) Water Sci Tech-
nol 25:27

Zaloum R, Lessard S, Mourato D, Carriere J (1994) Water Sci Technol 30:21

Van Loosdrecht MCM, Henze M (1999) Water Sci Technol 39:107

Rosenberger S, Kraume M (2002) Desalin 146:373

Pollice A, Laera G (2005) Water Sci Technol 52:369

Metcalf and Eddy Inc (1991) Wastewater Engineering; Treatment, Disposal, and
Reuse, 3rd edn. McGraw-Hill Inc, New York

Ryan FJ (1959) J Gen Microbiol 21:530

Mason CA, Hamer G (1987) Appl Microbiol Biotechnol 25:577

Canales A, Pareilleux A, Rols JL, Goma G, Huyard A (1994) Water Sci Technol 30:97
Yoon SH, Kim HS, Lee S (2004) Proc Biochem 39:1923

He SB, Xue G, Wang BZ (2005) ] Dong Hua Uni (Eng Ed) 22:100

Sakai Y, Fukase T, Yasui H, Shibata M (1997) Water Sci Technol 36:163

Song KG, Choung YK, Ahn KH, Cho J, Yun H (2003) Desalin 157:353

Yeom IT, Lee KR, Choi YG, Kim HS, Kwon JH, Lee UJ, Lee YH (2005) Water Sci
Technol 52:201

Zhang B, Yamamoto K (1996) Water Sci Technol 34:295

Chiemchaisri C, Yamamoto K (1994) ] Membr Sci 87:119

Marsili-Libelli S, Tabani F (2002) Water Res 36:1181

Gao M, Yang M, Li H, Yang Q, Zhang Y (2004) ] Biotechnol 108:265

Doyle MP, Herman ]G, Dykstra RL (1985) J Free Radic Biol Med 1:145

Hansson LE, Nyren O, Bergstrom R, Wolk A, Lindgren A, Baron ], Adami HO (1994)
Int J Cancer 57:638

Barnes D, Bliss PJ (1983) In: Spon E, Spon EN (eds) Biological control of nitrogen in
wastewater treatment. Spon Pr, New York

Gao M, Yang M, Li H, Wang Y, Pan F (2004) Desalin 170:177

Chiemchaisri C, Wong YK, Urase T, Yamamoto K (1993) Filtr Sep 30:247

Muller EB (1994) PhD Thesis, University of California, Santa Barbara, CA



Membrane Bioreactor (MBR) as an Advanced Wastewater Treatment Technology 97

85.
86.
87.

88.
89.
90.
91.
92.
93.
94.

95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.

106.
107.
108.
109.

110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.

122.
123.

124.
125.
126.
127.
128.

Chung J, Kim Y, Lee DJ, Shim H, Kim JO (2006) J Environ Eng Sci 23:981

Lesjean B, Gnirss R, Adam C, Kraume M, Luck F (2003) Water Sci Technol 48:87
Smolders GJE, Van der Meij J, Van Loosdrecht MCM, Heijnen JJ (1995) Biotechnol
Bioeng 47:277

Beun JJ, Heijnen JJ, Van Loosdrecht MCM (2001) Biotechnol Bioeng 75:82

Ujang Z, Salim MR, Khor SL (2002) Water Sci Technol 46:193

Seo GT, Lee TS, Moon BH, Lim JH, Lee KS (2000) Water Sci Technol 41:217

Chuang SH, Ouyang CF, Wang YB (1996) Water Res 30:2961

Barker PS, Dold PL (1996) Water Sci Technol 34:43

Ueda T, Hata K, Kikuoka Y (1996) Water Sci Technol 34:189

Rosenberger S, Kriiger U, Witzig R, Manz W, Szewzyk U, Kraume M (2002) Water
Res 36:413

Al-Malack MH (2006) ] Membr Sci 271:47

Chen GH, Yip WK, Mo HK, Liu Y (2001) Water Res 35:1029

Yoon TI, Lee HS, Kim CG (2004) ] Membr Sci 242:5

Wang JC, Park JK, Whang LM (2001) Water Environ Res 73:704

Pollice A, Laera G, Blonda M (2004) Water Res 38:1799

Coté P, Buisson H, Pound C, Arakaki G (1997) Desalin 113:189

Kim H, Kim HS, Yeom IT, Chae YB (2005) Water Sci Technol 51:465

Choi E, Eum Y, Gil KI, Oa SW (2004) Water Sci Technol 49:97

Carucci A, Dionisi D, Majone M, Rolle E, Smurra P (2001) Water Res 35:3833

Cicek N, Franco JP, Suidan MT, Urbain V, Manem ] (1999) Water Environ Res 71:64
De Wever H, Van Roy S, Dotremont C, Miiller J, Knepper T (2004) Water Sci Technol
50:219

Clara M, Strenn B, Kreuzinger N, Ausserleitner M (2004) Water Sci Technol 50:29
Rui L, Xia H, Ruopeng L, Yi Q (2001) Huanjing Kexue (China Environ Sci) 22:20
Wagner J, Rosenwinkel KH (2000) Water Sci Technol 41:251

Dufresne R, Lavallee HC, Lebrun RE, Lo SN (1996) International Environmental
Conference, TAPPI Press, Norcross, GA, USA

Suwa Y, Suzuki T, Toyohara H, Yamagishi T, Urushigawa Y (1992) Water Res 26:1149
Bailey AD, Hansford GS, Dold PL (1994) Water Res 28:297

Coté P, Buisson H, Praderie M (1998) Water Sci Technol 38:437

Sun DD, Hay CT, Khor SL (2006) Desalin 195:209

Fan XJ (1996) Water Sci Technol 34:129

Chu L, Li S (2006) Separ Purific Technol 51:173

Gander MA (2000) Water Sci Technol 41:205

Germain EE (2005) Biotechnol Bioeng 90:316

Nagaoka H, Ueda S, Miya A (1996) Water Sci Technol 34:165

Lim BS, Choi BC, Yu SW, Lee CG (2007) Desalin 202:77

Leong LYC (1983) Water Sci Technol 15:91

Maier RMP, Jan L, Gerba CP (2000) Environmental Microbiology. Academic Press,
San Diego

Jofre J, Olle E, Ribas F, Vidal A, Lucena F (1995) Appl Environ Microbiol 61:3227
Reinthaler FF, Posch ], Feierl G, Wust G, Haas D, Ruckenbauer G, Mascher F, Marth E
(2003) Water Res 37:1685

Koivunen J, Siitonen A, Heinonen-Tanski H (2003) Water Res 37:690

Madaeni SS (1995) ] Membr Sci 102:65

Ottoson ], Hansen A, Bjorlenius B, Norder H, Stenstrom TA (2006) Water Res 40:1449
McGahey C, Olivieri VP (1993) Water Sci Technol 27:307

Ueda T, Horan NJ (2000) Water Res 34:2151



98

129.
130.
131.
132.
133.
134.

135.

136.

137.

138.
139.
140.

141.
142.
143.
144.

145.

146.

147.

148.
149.
150.

151.

152.
153.
154.
155.
156.

157.
158.
159.
160.
161.
162.

163.
164.
165.

J. Radjenovic et al.

van Voorthuizen EM, Ashbolt NJ, Schafer AI (2001) ] Membr Sci 194:69
Farahbakhsh K, Smith DW (2004) Water Res 38:585

Cooper RC, Straube D (1979) Water Sew Works 166

Lv W, Zheng X, Yang M, Zhang Y, Liu Y, Liu J (2006) Proc Biochem 41:299

Gerba CP (1984) Adv Appl Microbiol 30:133

Giinder B (1999) PhD Thesis. Das membranbelebungsverfahren in der kommunalen
Abwasserreinigung, University of Stuttgart, Stuttgart

European Council (1991a) Directive concerning urban wastewater treatment. Off
J Eur Comm L135, (91/271/EEC)

Halling-Serensen B, Nors Nielsen S, Lanzky PF, Ingerslev F, Holten Liitzheft HC,
Jorgensen SE (1998) Chemosphere 36:357

Clara M, Strenn B, Kreuzinger N, Kroiss H, Gans O, Martinez E (2005) Water Res
39:4797

Vieno NM (2005) Environ Sci Technol 39:8220

Petrovi¢ M, Gonzélez S, Barcelé D (2003) Trends Anal Chem 22:685

Kolpin DW, Furlong ET, Meyer MT, Thurman EM, Zaugg SD, Barber RB, Buxton HT
(2002) Environ Sci Technol 36:1202

Buser HR (1999) Environ Sci Technol 33:2529

Heberer T (2002) Toxicol Lett 131:5

Ternes TA (1998) Water Res 32:3245

Metcalfe CD, Koenig BG, Bennie DT, Servos M, Ternes TA, Hirsch R (2003) Environ
Toxicol Chem 22:2872

Castiglioni S, Bagnati R, Fanelli R, Pomati F, Calamari D, Zuccato E (2006) Environ
Sci Technol 40:357

Joss A, Keller E, Alder AC, Gobel A, McArdell CS, Ternes T, Siegrist H (2005) Water
Res 39:3139

Giger W, Alder AC, Golet EM, Kohler HPE, McArdell CS, Molnar E, Siegrist H, Suter
MJF (2003) Chimia 57:485

Jjemba PK (2006) Ecotoxicol Environ Saf 63:113

http://www.syrres.com/; last visited: February 2007

Joss A, Zabczynski S, Gébel A, Hoffmann B, Loffler D, McArdell CS, Ternes TA,
Thomsen A, Siegrist H (2006) Water Res 40:1686

Lesjean B, Gnirrs R, Buisson H, Keller S, Tazi-Pain A, Luck F (2005) Water Sci
Technol 52:453

Gobel A, McArdell CS, Joss A, Siegrist H, Giger W (2007) Sci Total Environ 372:361
Kimura K, Hara H, Watanabe Y (2005) Desalin 178:135

Quintana JB (2005) Water Res 39:2654

Radjenovi¢ J, Petrovi¢ M, Barcel6 D (2007) Anal Bioanal Chem 387:1365

Radjenovi¢ J, Petrovi¢ M, Barcel6 D (2007) Trends Anal Chem, in press [available
online 22 October 2007]

Clara M (2004) Water Res 38:947

Higson FK (1992) Adv Appl Microbiol 37:135

Winkler M, Lawrence JR, Neu TR (2001) Water Res 35:3197

Bound JP, Voulvoulis N (2006) Water Res 40:2885

Gros M, Petrovi¢ M, Barcelé D (2006) Talanta 70:678

Schwab BW, Hayes EP, Fiori JM, Mastrocco FJ, Roden NM, Cragin D, Meyerhoff RD,
D’Aco V], Anderson PD (2005) Regul Toxicol Pharmacol 42:296

Stumpf M, Ternes TA, Haberer K, Baumann W (1998) Vom Wasser 91:291

Zwiener C, Glauner T, Frimmel FH (2000) J Sep Sci 23:474

Zwiener C, Frimmel FH (2003) Sci Total Environ 309:201



Membrane Bioreactor (MBR) as an Advanced Wastewater Treatment Technology 99

166.
167.
168.

169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.

180.
181.
182.
183.

184.
185.

186.
187.

188.
189.

190.
191.
192.
193.
194.
195.
196.
197.

198.

199.

200.

Thomas PM, Foster GD (2005) Environ Toxicol Chem 24:25

Heberer T (2002) J Hydrol 266:175

Gonzdlez S, Miiller J, Petrovi¢ M, Barcelé D, Knepper TP (2006) Environ Poll 144:
926

http://poseidon.bafg.de/; last visited: February 2007

Urase T, Kikuta T (2005) Water Res 39:1289

Strenn B, Clara M, Kreuzinger N, Gans O (2004) Water Sci Technol 50:269

Nakada N, Tanishima T, Shinohara H, Kiri K, Takada H (2006) Water Res 40:3297
Carballa M, Omil F, Lema JM (2005) Water Res 39:4790

Gobel AMCS, Suter MJE, Giger W (2004) Anal Chem 76:4756

Drillia P (2005) J Hazard Mat 122:259

Khan SJ, Ongerth JE (2002) Water Sci Technol 46:105

Urase T, Kagawa C, Kikuta T (2005) Desalin 178:107

Jones OAH, Voulvoulis N, Lester JN (2006) Arch Environ Contam Toxicol 50:297
Lester JN, MacLeod C, Birkett JW (1999) Microbiology and Chemistry for Environ-
mental Scientists and Engineers. E and FN Spon, London

Kumagai T, Inoue T, Mihara Y, Ebina K, Yokota K (2006) Biol Pharm Bull 29:183
Boxall ABA, Blackwell P, Cavallo R, Kay P, Tolls J (2002) Toxicol Lett 131:19
Schwarzenbach RP, Gschwend PM, Imboden DM (1993) Environmental Organic
Chemistry. Wiley, New York

Gobel A, Thomsen A, McArdell CS, Joss A, Giger W (2005) Environ Sci Technol
39:3981

Ternes TA (2004) Water Res 38:4075

Korner W, Bolz U, Siifimuth W, Hiller G, Schuller W, Hanf V, Hagenmaier H (2000)
Chemosphere 40:1131

Ternes TA, Kreckel P, Mueller J (1999) Sci Total Environ 225:91

Jobling S, Nolan M, Tyler CR, Brighty G, Sumpter JP (1998) Environ Sci Technol
32:2498

Loos R, Hanke G, Umlauf G, Eisenreich SJ (2007) Chemosphere 66:690

Larsson DG]J, Adolfsson-Erici M, Parkkonen J, Pettersson M, Berg AH, Olsson PE,
Forlin L (1999) Aq Toxicol 45:91

Routledge EJ, Sheahan D, Desbrow C, Brighty GC, Waldock M, Sumpter JP (1998)
Environ Sci Technol 32:1559

Ahel M, Molnar E, Ibric S, Giger W (2000) Water Sci Technol 42:15

Sumpter JP (1998) Toxicol Lett 102-103:337

Sumpter JP (1998) Arch Toxicol Suppl 20:143

Sumpter JP (1995) Toxicol Lett 82-83:737

Guillette L] Jr, Gross TS, Masson GR, Matter JM, Percival HE, Woodward AR (1994)
Env Health Persp 102:680

Snyder SA, Kelly KL, Grange AH, Sovocool GW, Snyder EM, Giesy JP (2001) ACS
Symp Ser 791:116

Linge R, Hutchinson TH, Croudace CP, Siegmund E Schweinfurth H, Hampe P,
Panter GH, Sumpter JP (2001) Environ Toxicol Chem 20:1216

Lauritzen C (1988) Natural and synthetic sexual hormones-biological basis
and medical treatment principles. Grundlagen und Klinik der menschlichen
Fortpflanzung, Berlin

D’Ascenzo G, Di Corcia A, Gentili A, Mancini R, Mastropasqua R, Nazzari M, Sam-
peri R (2003) Sci Total Environ 302:199

Reddy S, Iden CR, Brownawell BJ (2005) Anal Chem 77:7032



100

201.

202.
203.

204.
205.

206.

207.

208.
209.

210.
211.
212.
213.
214.

215.
216.
217.

218.
219.

220.

221.
222.

223.

224.
225.

226.
227.
228.
229.
230.
231.

232.
233.

234.
235.

J. Radjenovic et al.

Servos MR, Bennie DT, Burnison BK, Jurkovic A, McInnis R, Neheli T, Schnell A,
Seto P, Smyth SA, Ternes TA (2005) Sci Total Environ 336:155

Tilton F, Benson WH, Schlenk D (2002) Aq Toxicol 61:211

Matsui S, Takigami H, Matsuda T, Taniguchi N, Adachi ], Kawami H, Shimizu Y
(2000) Water Sci Technol 42:173

Witters HE, Vangenechten C, Berckmans P (2001) Water Sci Technol 43:117

Joss A, Andersen H, Ternes T, Richle PR, Siegrist H (2004) Environ Sci Technol
38:3047

Murk AJ, Legler J, Van Lipzig MMH, Meerman JHN, Belfroid AC, Spenkelink A, Van
der Burg B, Rijs GB]J, Vethaak D (2002) Environ Toxicol Chem 21:16

Andersen H, Siegrist H, Halling-Serensen B, Ternes TA (2003) Environ Sci Technol
37:4021

Kirk LA, Tyler CR, Lye CM, Sumpter JP (2002) Environ Toxicol Chem 21:972
Carballa M, Omil E, Lema JM, Llompart M, Garcia-Jares C, Rodriguez I, Gémez M,
Ternes T (2004) Water Res 38:2918

Wintgens T, Gallenkemper M, Melin T (2004) Water Sci Technol 50:1

Kuster M, Lépez De Alda MJ, Barcelé D (2004) Trends Anal Chem 23:790

Clara M, Strenn B, Saracevic E, Kreuzinger N (2004) Chemosphere 56:843

Schifer AI, Mastrup M, Jensen RL (2002) Desalin 147:243

Baronti C, Curini R, D’Ascenzo G, Di Corcia A, Gentili A, Samperi R (2000) Environ
Sci Technol 34:5059

Ying GG, Williams B, Kookana R (2002) Environ Internat 28:215

Renner R (1997) Environ Sci Technol 31:316A

Solé M, Lépez De Alda M]J, Castillo M, Porte C, Ladegaard-Pedersen K, Barcelé D
(2000) Environ Sci Technol 34:5076

Brunner PH, Capri S, Marcomini A, Giger W (1988) Water Res 22:1465

Ruiz E Prats D, Rico C (1989) Organic Contaminants in Wastewater, Sludge and
Sediment, p 124. In: Proc COST Workshop, Brussels, 1988

De Henau H, Matthijs E, Namkung E (1989) Organic contaminants in waste water,
sludge and sediment, p 5. In: Proc COST Workshop, Brussels, 1988

Hashim MA, Kulandai J, Hassan RS (1992) J Chem Technol Biotechnol 54:207
Perales JA, Manzano MA, Sales D, Quiroga JM (1999) Bull Environ Contam Toxicol
63:94

Reemtsma T, Weiss S, Mueller J, Petrovi¢ M, Gonzélez S, Barcelé D, Ventura F, Knep-
per TP (2006) Environ Sci Technol 40:5451

Berna JL, Moreno A, Ferrer J (1991) ] Chem Technol Biotechnol 50:387

Prats D, Ruiz F, Vazquez B, Zarzo D, Berna JL, Moreno A (1993) Environ Toxicol
Chem 12:1599

Terzi¢ S, Matosi¢ M, Ahel M, Mijatovi¢ I (2005) Water Sci Technol 51:447

Gonzélez S, Petrovi¢ M, Barcelé D (2007) Chemosphere 67:335

Bernhard M, Miiller J, Knepper TP (2006) Water Res 40:3419

Li HQ (2000) J Chromatogr 889:155

Gonzélez S, Petrovi¢ M, Barceld D (2004) ] Chromatogr A 1052:111

Komori K, Okayasu Y, Yasojima M, Suzuki Y, Tanaka H (2006) Water Sci Technol
53:27

Ahel M, Giger W (1985) Anal Chem 57:1577

Bennie DT, Sullivan CA, Lee H-B, Peart TE, Maguire R] (1997) Sci Total Environ
193:263

Blackburn MA, Kirby SJ, Waldock MJ (1999) Marine Pollut Bull 38:109

Ferguson PL, Iden CR, Brownawell B (2001) Environ Sci Technol 35:2428



Membrane Bioreactor (MBR) as an Advanced Wastewater Treatment Technology 101

236.
237.
238.
239.
240.
241.
242.
243.
244.
245.

246.
247.
248.
249.
250.

251.

252.
253.
254.
255.

256.
257.
258.
259.

260.

261.
262.

263.

264.

265.

266.
267.
268.
269.
270.
271.
272.
273.

Ying GG, Williams B, Kookana R (2002) Environ Internat 28:215

Ahel M, Giger W, Koch M (1994) Water Res 28:1131

Soto AM, Justicia H, Wray JW, Sonnenschein C (1991) Env Health Persp 92:167
Schroder HF (2002) Water Sci Technol 46:57

Altenbach B, Giger W (1995) Anal Chem 67:2325

Storm T, Reemtsma T, Jekel M (1999) ] Chromatogr A 854:175

Jungclaus GA, Games LM, Hites RA (1976) Anal Chem 48:1894

Reemtsma T, Fiehn O, Kalnowski G, Jekel M (1995) Environ Sci Technol 29:478
Reemtsma T (2000) Rapid Comm Mass Spectrom 14:1612

Reemtsma T, Zywicki B, Stueber M, Kloepfer A, Jekel M (2002) Environ Sci Technol
36:1102

Kloepfer A, Gnirss R, Jekel M, Reemtsma T (2004) Water Sci Technol 50:203

Hill NP, McIntyre AE, Perry R, Lester JN (1986) Water Res 20:45

Saleh FY, Lee GE, Wolf HW (1980) J Water Pollut Control Fed 52:19

Mangat SS, Elefsiniotis P (1999) Water Res 33:861

Wilson GJ, Suidan, MT, Maloney SW, Brenner RC (1997) Proc of WEFTEC ’97 70th
Annual Conference and Exposition of the Water Environment Federation, Chicago,
IL

Knepper TP, Sacher F, Lange FT, Brauch HJ, Karrenbrock F, Roerden O, Lindner K
(1999) Waste Manage 19:77

Fries E, Piittmann W (2001) J Environ Monit 3:621

Lange FT, Wenz M, Brauch HJ (1995) ] High Resol Chromatogr 18:243

Knepper TP (2003) Trends Anal Chem 22:708

Glassmeyer ST, Furlong ET, Kolpin DW, Cahill JD, Zaugg SD, Werner SL, Meyer MT,
Kryak DD (2005) Environ Sci Technol 39:5157

Weiss S, Jakobs J, Reemtsma T (2006) Environ Sci Technol 40:7193

Chang JS, Chang CY, Chen AC, Erdei L, Vigneswaran S (2006) Desalin 191:45
Fatone F, Bolzonella D, Battistoni P, Cecchi F (2005) Desalin 183:395

McArdell CS, Joss A, Alder AC, Felis E, Giger W, Gobel A, Loffler D, Siegrist H,
Zabczynski S, Ternes TA (2005) SETAC Europe Meeting, Lille, France
Tchobanoglous G, Burton FL, Stensel HD (2003) Wastewater Engineering: Treatment
and Reuse. Metcalf & Eddy Inc, 4th edn. McGraw Hill, Toronto

Davis RD, Hall JE (1997) Eur Water Pollut Control 7:9

Spellman FR (1997) Wastewater biosolids to compost. Technomic Publishing Co,
Lancaster, PA

Metcalf and Eddy Inc (1991) Wastewater Engineering: Treatment, Disposal and
Reuse, 3rd edn. McGraw-Hill, New York

Urbain V, Trouve E, Manem ] (1994) Membrane bioreactors for municipal wastewa-
ter treatment and recycling, p 317. In: Proc 67th Annual Conference and Exposition
of the Water Environmental Federation, Vol 1

Guender B (2001) The Membrane Coupled Activated Sludge Process in Municipal
Wastewater Treatment. Technomic Publishing Co, Lancaster, PA

Priiss A (1998) Int J Epidemiol 27:1

Ueda T (2001) Bull Nat Inst Agric Sci (Japan) 40:1

Owen G, Bandi M, Howell JA, Churchouse SJ (1995) ] Membr Sci 102:77

Gander M, Jefferson B, Judd S (2000) Separ Purific Technol 18:119

Yang W, Cicek N, Ilg J (2006) ] Membr Sci 270:201

Rozzi A, Malpei F, Bianchi R, Mattioli D (2000) Water Sci Technol 41:189

Yoon SH, Kim HS, Yeom IT (2004) Water Res 38:37

Kennedy S, Churchouse S] (2005) Wastewater Europe Conference. Milan, Italy



2 Springer
http://www.springer.com/978-3-540-79209-3

Emerging Contaminants from Industrial and Municipal Waste
Femoval technologies

(Eds.yD. Barceld; M. Petrovic

2008, XIV, 284 p. 72 illus., Hardcowver

ISBM: 978-3-540-79209-3



