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Abstract

Water supply and sanitation demands are foreseen to face enormous challenges over the coming decades to meet the fast growing
needs in a global perspective. Significant growth in the industry is predicted and membrane separation technologies have been identified
as one of the possible solutions to meet future demands. Application and implementation of membrane technology is expected both in
production of potable water as well as in treatment of wastewater. In potable water production membranes are substituting conventional
separation technologies due to the superior performance, potential for less chemical use and sludge production, as well as the potential
to fulfill hygienic barrier requirements. Membrane bio-reactor (MBR) technology is probably the membrane process which has had
most success and has the best prospects for the future in wastewater treatment. Trends and developments indicate that this technology
is becoming accepted and is rapidly becoming the best available technology for many wastewater treatment applications. A major
drawback of MBR systems is membrane fouling. Studies have shown that fouling mitigation in MBR systems can potentially be done

by coupling coagulation and flocculation to the process.
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Introduction

A recent global water supply and sanitation assessment
reports that the percentage of people served with some
form of improved water supply rose from 79% (4.1 billion)
in 1990 to 82% (4.9 billion) in 2000. For sanitation
purposes an increase from 55% (2.9 billion people served)
to 60% (3.6 billion) was registered during the same period.
At the beginning of 2000 one-sixth (1.1 billion people)
of the world’s population was without access to improved
water supply and two-fifths (2.4 billion people) lacked
access to improved sanitation (WHO/UNIFEC, 2000). At
the Second World Water Forum, the Hague, 17-22 March,
2000, targets were presented in the report VISION 21
where the aim was by 2015 to reduce by half the pro-
portion of people without access to sanitation and access
to adequate quantities of affordable and safe water, and
by 2025 to provide water, sanitation, and hygiene for
all (WHO/UNIFEC, 2000). To achieve these targets, it
is required providing water supply services to 280.000
people and sanitation facilities to 384.000 people every
day for the next 15 years. To reach universal coverage
by the year 2025, almost 3 billion people will need to
be served with water supply and more than 4 billion with
sanitation. The water supply and sanitation sector will face
enormous challenges over the coming decades where the
water industry will need to meet the fast growing needs in a
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global perspective. With this perspective, the global water
market has been estimated at a total value of around 224
billion EUR with an anticipated annual growth of around
16%-20% depending on the market segment. Drinking
water production is stipulated to have the largest growth
with a doubling of the market value in the period 2000-
2015. The market for wastewater treatment is the largest
sector with an anticipated growth of around 43% for the
same period.

Membrane separation technologies have been identified
as one of the possible solutions to meet the future de-
mands with regard to water supply and sanitation. Recent
studies have stipulated a yearly increase of 7.8% in the
demand for membrane materials with a total value of
membrane systems (including equipment such as pumps
and piping) reaching USD 4.8 billion in 2004. Water and
wastewater treatment has been identified as the largest
end use for membrane materials, where they will continue
to dominate. Implementation and expansion in consumer
applications combined with replacement sales to municipal
and industrial customers are suggested as the main reasons
for this. Cross-flow membrane systems are expected to
grow from 4.8 billion EUR in 2004 to 6.5 billion EUR
in 2007 on a global basis where desalination has been
reported to represent about 1/3 of this growth. The fastest
growing segment, however, has been predicted to be the
development of membrane bioreactor systems for wastew-
ater treatment with an estimated annual growth rate of
15%.
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1 Membranes in drinking water production

Reverse osmosis (RO) process for desalination of brack-
ish water or sea water to produce potable water is a well
established industry. The cost of desalination is expected
to drop drastically, as presented at the Fourth World Water
Forum, Mexico, 2006. The reports about the implementa-
tion of large desalination plants to produce fresh water can
often be found in the news media. Although membrane
technology applied to production of potable water by
desalination is well known, the application of membrane
systems in drinking water treatment in general has become
more common in recent years. The most common form
of drinking water treatment for surface water sources
involves chemical/physical removal of particulate matter
by coagulation, flocculation, sedimentation, and filtration
processes, along with disinfection to inactivate any remain-
ing pathogenic microorganisms. Due to their separation
capabilities membranes are currently gaining more interest
to substitute conventional separation technologies.

Studies have been conducted to investigate coupling
coagulation and flocculation with membrane filtration.
Membranes together with appropriate pre-treatment op-
tions for fouling minimization, such as coagulation, can be
efficiently used for the removal of natural organic matter
(NOM) and for the treatment of surface water (Meyn et
al., in press ). Particle removal mechanisms in membrane
filtration differ from those in conventional technologies,
ultimately affecting coagulant dosages, points of applica-
tion, type of coagulant applied, and so on. One of the
expected benefits of the membrane process is a reduction
of coagulant demand. A recent study has shown that the
combination of coagulation, flocculation, and membrane
filtration is an efficient and reliable treatment option for
surface waters with high NOM concentrations. DOC and
color removal were achieved at relatively low coagulant
concentrations. Results showed that the coagulant dosage
can be reduced while still obtaining high DOC removal if
operating at optimal pH conditions. An example of results
obtained is illustrated in Fig. 1.

Further studies were conducted to investigate the
significance of the flocculation step when coupling coagu-
lation/flocculation with membrane filtration. The objective
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was to investigate the overall performance of the pro-
cess based on the hypothesis that particle characteristics
necessary of efficient membrane filtration differ from
conventional separation technologies. Three different floc-
culation modes where tested in parallel to evaluate how
these affect removal efficiencies as well as membrane
fouling. Flocculation was done with a two stage and one
stage paddle flocculation, and in-line flocculation. Typical
results are illustrated in Fig. 2. In-line flocculation was
found to have similar removal efficiencies at significant-
ly shorter hydraulic retention times (HRT) compared to
conventional flocculation. The average shear rate (G) value
and the retention time for in-line flocculation do not have
a significant impact on the membrane fouling rate. The
results indicate that coagulation and flocculation coupled
with membrane filtration should be based on different
design parameters compared to those applied for conven-
tional systems. The use of an efficient in-line flocculation
strategy was found to have the potential of giving compact
treatment plant designs compared to conventional systems.
Further assessment and investigations of these effects are
currently being conducted.

An issue in drinking water treatment is the require-
ment to secure the necessary hygienic barrier effects in
a treatment process. Microfitration (MF) has the capacity
to remove pathogenic microorganisms such as protozoa,
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Fig. 2 Tllustration of effect of flocculation conditions on DOC removal
in surface water treatment.
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Fig. 1 Illustration of percentage DOC removal for various dosages of Al and Fe based coagulants (Meyn et al., in press).
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bacteria, and viruses depending on the type of membrane
applied. Nanofilitration (NF) technology is generally ac-
cepted as being able to remove virus whereas ultrafiltration
(UF) technology has been shown to meet current wa-
ter regulation for turbidity and Giardia. Depending on
membrane properties and characteristics, UF membranes
are generally capable of removing bacteria while MF
membranes also could perform well, though to less degree.
Applying MF/UF systems as a hygienic barrier is therefore
of concern. More efficient virus retention can potentially
be expected when coupling coagulation/flocculation with
UF/MF membrane filtration where viruses are adsorbed
to or included in larger flocks that are retained by the
membrane. Studies related to this topic have shown
that without coagulation/flocculation, no virus removal
is generally observed for MF membranes and only a
minor removal for the UF membranes. With coagula-
tion/flocculation in combination with both UF and MF
membrane filtration an effective hygienic barrier against
MS?2 virus was found, where the MF membrane retained
the virus to a similar extent as the UF membrane (Fiksdal
and Leiknes, 2006). Figure 3 illustrates the removal of
MS?2 virus in a MF filtration unit without coagulant and
with coagulation/flocculation using two different dosages.
Insignificant virus removal is observed when no coagulant
is applied. The results indicate that when applying coagu-
lation/flocculation at optimal conditions, a hygienic barrier
effect is achieved for the treatment scheme.

2 Membranes in wastewater treatment

Membrane bioreactor (MBR) is commonly understood
as the combination of membrane filtration and biological
treatment using activated sludge (AS) where the membrane
primarily serves to replace the clarifier in the wastewater
treatment system (Gunder and Krauth, 1998; Van der Roest
et al., 2002). The first generation of MBRs (late 1970s and
1980s) applied the use of cross-flow operated membranes
installed in units outside the activated sludge tank with
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high flow velocity circulation pumps. A disadvantage of
the cross-flow membranes is the high energy required to
generate sufficient sludge velocities across the membrane
surface and this process option was therefore considered
nonviable for treating municipal wastewater. The develop-
ment of submerged low pressure configurations in the late
1980s to 1990s, by immersing the membranes into the ac-
tivated sludge tank, was an important step in making viable
commercial solutions for the MBR process (Bouhabila et
al., 1998; Cote et al., 1998; Davies et al., 1998). Today
a variety of process configurations exist where the mem-
brane is installed either in an external unit or immersed
in the aeration tank, where the systems are designed to
be operated under low-pressure vacuum. Compared to
conventional activated sludge systems, several advantages
of AS-MBRs have been identified (Judd, 2006), which
have promoted the development of commercial AS-MBR
options. These include compact units with small footprints,
complete solids removal, effluent disinfection, operation
at higher suspended biomass concentrations resulting in
long sludge retention times, low sludge production, and no
problems with sludge bulking.

A major drawback of MBRs is membrane fouling,
which is common for all membrane systems (Judd,
2006). Deposition of solids as a cake layer, pore plug-
ging/clogging by colloidal particles, adsorption of soluble
compounds and biofouling are some of the main forms
of fouling that have been identified. The significance of
colloids and submicron particles on membrane fouling
has been reported in literature where different estimations
of the total measured fouling caused by these particles
vary between 25% and 50% (Wisniewski and Grasmick,
1996; Defrance et al., 2000; Bouhabila et al., 2001; Bae
and Tak, 2005). From the results found in literature it is
apparent that reduction of submicron particles around the
membranes would be desirable in operation of MBR sys-
tems. Fouling mitigation in MBR systems can potentially
be done by coupling coagulation and flocculation to the
process. There are studies to be found in the literature

1.0E+09 b car=2mg/L ca =4 mg/L
E LOE+07 |- §y/ N . .
g 1.OE+06 |- %/ §§ N Y
g 1.0E+05 |- §% § § §
2 1.0E+04 - \/ \ \ \W,
£ 10E+03 |- %% §?/ %7/ %%
10 1
1.OE+02 |- %% §§§ %% \%
1.0E+01 - %/ \¢¢ \% \%
1.OE+00 §% §% §% §%

t=0min ¢t=20min /=35min =50 min

Fig. 3 Illustration of MS2 virus removal in a microfiltration unit. (a) without coagulant; (b) with coagulation/flocculation using two dosages.
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Fig.4 Schemes of BF-MBR reactors with and without an integrated flocculation zone (F-zone) (a) and the variations of suspended solids (SS) over

time in those reactors (b). SP: sampling point.

that have investigated improved process performance by
using flux-enhancing additives (i.e., coagulants) as well as
improved reactor designs to induce flocculation, thereby
reducing the number of submicron particles around the
membrane. A comprehensive review of these studies is
beyond the scope of this article. An example of includ-
ing flocculation to improve the process performance in
a biofilm-MBR is included to illustrate the potential of
coupling flocculation with membrane processes (Ivanovic
et al., 2008). A BF-MBR process with two different
membrane reactors was investigated, one with and one
without a flocculation zone, respectively. Analysis of the
water in the different flow streams (feedwater, from biofilm
reactor, around membrane, concentrate etc.) was done with
respect to several parameters and related to membrane
performance (i.e., fouling), on the hypothesis that colloids
are mainly responsible for fouling. There was no clear
correlation found between values measured for suspended
solids (SS) and non-filtered and filtered chemical oxygen
demand (COD/FCOD) and membrane performance, how-
ever, the particle size distribution (PSD) measurements
showed a relatively good relationship. In cases where the
differential number percentage of submicron particles was
high an increase in membrane fouling rates was observed.
An illustration of the two reactor configurations with an
immersed membrane module and corresponding SS values
measured over time at different sampling points (SP) is
shown in Fig. 4.

Introducing the feed water inlet port of the membrane
reactor through a flocculation zone integrated in the mem-
brane reactor resulted in a reduction of the number of
submicron particles and reduction of SS concentrations
around the membrane area. The effect was improved
membrane performance (i.e., lower fouling rates) and a
means for better fouling control in the BF-MBR process.
The results confirm that submicron particles in the feed
water to the membrane reactor are a significant foulant
and that a reduction of this component in the water had
a positive effect on membrane performance. A side effect
of the alternative membrane reactor design was improved
concentrate characteristics with respect to sludge treatment

in that better dewatering and filterability characteristics
were measured. Overall, the alternative reactor design and
enhanced flocculation resulted in less fouling are therefore,
potential strategies for fouling control and minimization by
reduction of submicron particles in the wastewater effluent
(Ivanovic et al., 2008).
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