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ABSTRACT 

A membrane bioreactor (MBR) with a submerged 
membrane was used for the treatment of municipal wastewa-
ter from the city of Zagreb, Croatia, in a continuous mode 
for 123 days. The MBR was very efficient in organic mat-
ter removal (92.3 and 98.5 % for COD and BOD, respec-
tively) for the entire duration of the experiment. Nitrifica-
tion was established after 20 days remaining stable and 
efficient with a low concentration of ammonia and nitrite 
in the effluent. On average, 87% of ammonia was converted 
to nitrate. Biomass concentration, measured as MLSS, was 
dependant on the organic loading rate (OLR) and food to 
microorganism ratio (F/M), and its growth could be stopped 
or its concentration reduced by setting OLR and F/M to 
appropriate values, thus reducing the excess sludge pro-
duction. Throughout the range of hydraulic retention times 
from 2.6 to 5.9 h, the efficiencies of organic matter removal 
and nitrification were not affected. 
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INTRODUCTION 

Membrane bioreactor (MBR) technology, which com-
bines biological activated sludge process (ASP) and mem-
brane filtration, have became more popular, abundant and 
accepted in recent years for treatment of many types of 
wastewater where conventional ASP cannot cope with ei-
ther the composition of wastewater or the fluctuations of 
wastewater flow-rate. It is also used in cases where de-
mand on the quality of effluent exceeds the capability of 
ASP [1, 2]. Although MBR capital and operational costs 
somewhat exceed the costs of a conventional process, it 
seems that an upgrade of a conventional process occurs 
even in cases when conventional treatment works well. It 
can be related with the increase in water price and the need 
for water reuse, as well as with more stringent regulations 

on effluent quality [3]. MBR technology has not only at-
tracted interest in setting up new wastewater treatment 
systems but it has also great potential for upgrading the 
already existing conventional ASP treatment plants [4]. 

A need for the development of MBR technology arose 
mainly from the limiting factor in conventional treatment, 
namely, the separation of sludge from treated water through 
sedimentation. Without good sedimentation in the secon-
dary settler, parts of the sludge end up in treated water, 
which leads to poor removal efficiency. Sludge with poor 
settling characteristics is often called bulking sludge and, 
in most cases, problems occur due to the growth of filamen-
tous bacteria. The main reasons for bulking are low dis-
solved oxygen concentration, low food to microorganism 
ratio (F/M) and nutrient deficiency. While the necessary 
dissolved oxygen concentration can be provided by a proper 
aeration system, problems with variations in wastewater 
flow-rate and composition can seriously affect the ASP. If 
the design of the plant allows it, bulking can be mitigated 
by setting operational parameters, such as F/M ratio, high 
enough to enhance the growth of floc-forming organisms. 
By doing so, microorganisms in the activated sludge are 
kept in exponential growth phase in which they produce 
large amounts of excess biomass. To achieve high F/M, 
the MLSS in the aeration basin has to be kept low (around 
3-5 g/L dry mass weight), while the concentration of or-
ganic matter in the feed water needs to be high. Those con-
ditions are usually easy to achieve with municipal waste-
water with small amounts of industrial wastewater and 
drainage water. In cases when drainage water dilutes the 
wastewater significantly or industrial wastewater adds its 
components into the influent, the ASP efficiency can be 
seriously lowered due to poor sedimentation of microbial 
flocs. 

Effluents from ASP always contain significant micro-
biological contamination, 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 ASP effluents 
during recreational use of such water [5]. This problem is 
even more pronounced if hospitals discharge their waste-
water into the sewage without treatment when an increased 
number of pathogens may be found in raw sewage and 
effluent. 
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To overcome the limitations of ASP, MBR technology 
can be successfully employed. In general, MBR is a com-
bination of an aerated bioreactor and the membrane filtra-
tion, where the membrane process replaces the sedimenta-
tion of the ASP. Since MBR is no longer restricted to op-
eration within a narrow range of SRT typically required by 
an ASP to insure the settling of the sludge, F/M ratio can 
be set much lower than with ASP, thus allowing operation 
on much higher MLSS concentrations, which consequently 
leads to higher volumetric efficiency of the process. Given 
the reduction in bioreactor volume, the elimination of sec-
ondary clarifiers, and the elimination of granular media 
filters, an MBR typically has a much smaller footprint 
relative to ASP while achieving the same discharge limits. 
Due to this footprint reduction, other concerns, such as aes-
thetics and odours, can be more easily addressed. Also, 
lower F/M ratio leads to lower production of excess sludge 
which then decreases the cost of sludge handling and 
disposal. 

 
As water reuse and reclamation increases, MBR tech-

nology can make reclaimed water more accessible by 
achieving the reclaimed water treatment standards in nearly a 
single step, thus reducing the complexity of these systems. 
Using a membrane instead of the ASP’s sludge settling, 
most of the pathogens of concern in the wastewater can be 
significantly removed from the effluent. In addition, the 
clarity of effluent produced by the MBR process is con-
sistently below 0.1 NTU, which is comparable to drinking 
water standards. This low turbidity can result in an efflu-
ent highly amenable to final disinfection using ultraviolet 
light. Membrane filtration followed by UV results in a high-
ly disinfected effluent. 

 
MBR systems do not require significant operational at-

tention or, in any case, much less than conventional ASP 
and they are a much better solution for small plants where 
ASP is not feasible due to its requirement for constant 
attention and monitoring. 

 
This paper reports on long-term pilot testing of a sub-

merged MBR for treatment of real municipal wastewater.  
 
 
MATERIALS AND METHODS 

Experiments were conducted on a pilot plant MBR 
with a hollow fibre membrane (Zenon ZeeWeeTM-10) ver-
tically submerged directly in the 40-L (useful volume) 
rectangular-based (24x24x93 cm) bioreactor. Membrane 
properties are given in Table 1.  

 
TABLE 1 - Membrane properties. 

Dimensions Fibre length 0.52 m 
Filtration area 0.93 m2 
Nominal pore size 0.4 µm 
Cross section area 94 cm2 
Resistance Rm 6.5 x 1011 m-1 

The pilot plant was located near the municipal waste-
water collector of the city of Zagreb (South). The plant was 
situated outside under a roof, so that the ambient tempera-
ture governed the temperature in the bioreactor. Municipal 
wastewater (almost completely domestic) was used as the 
source of raw water. Water was pumped directly from the 
sewage with no pre-treatment save for coarse particles re-
moval using a 5 mm screen. The effluent was collected as a 
composite 24-hour sample in a plastic container, and analy-
ses were performed on a daily basis, 5 days a week. Testing 
was carried out through an experiment that lasted uninter-
ruptedly for 123 day. The bioreactor was inoculated with 
activated sludge from the full-scale municipal wastewater 
treatment plant with the initial MLSS (mixed liquor sus-
pended solids) concentration in the bioreactor of 8 g/L. No 
sludge has been wasted save for small volumes due to sam-
pling. Flow-rates of both permeate and feed water were 
maintained by a laboratory pump and measured with a flow-
meter, while the corresponding transmembrane pressure 
(TMP) was measured by a pressure gauge. Compressed air 
was supplied through a diffuser at the base of the mem-
brane in order to create shear stress, thus mitigating the for-
mation of cake layer on the membrane surface, and in order 
to obtain aerobic conditions for biological treatment. Aera-
tion was set to 3.4 m3/h (3.62 m3/h/m2 of membrane cross 
section area), which gave high oxygen concentration, always 
above 4 mg/L. The temperature in the bioreactor was gov-
erned by the outside temperature and it was 8 oC (from 3-
15 oC) on average for the first 40 days of the experiment, 
and then it rose to 20 oC (from 16-26 oC) on average, and 
remained within that boundary until the end of the experi-
ment. The membrane was backwashed with effluent for 10 
seconds every 9.75 min with the backwash flow-rate 1.5 
times higher than that of the permeate. The membrane was 
not chemically cleansed during the experiment. 

 
 
RESULTS AND DISCUSSION 

The treated wastewater was the municipal wastewater 
from the city of Zagreb (South), with approximately 120.000 
inhabitants. Wastewater was mostly of domestic origin with 
few industrial wastewater inflows. The composition of 
wastewater is given in Table 2. As can be seen, the used 
wastewater was not heavily polluted, with a composition and 
COD, total nitrogen and phosphorus ratio favorable for bio-
logical treatment. Fluctuations of pH were minimal and 
measured values also suitable for treatment. There was no  

 
TABLE 2 - Composition of the wastewater 

 Average Minimum Maximum Standard 
deviation 

COD (mg O2/L) 290 72 507 95 
BOD5 (mg O2/L) 102 36 267 40 
Total N (mg/L) 38 24 54 6.7 
Total P (mg/L) 7 3 9 1.7 
pH 7.65 7.11 8.46 0.4 
Fats and oils (mg/L) 21 10 66 16.6 
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dissolved oxygen in the wastewater due to its consumption 
by the bacteria within the sewer system. 
 

The results of COD and BOD removal from the waste-
water are presented in Figs. 1 and 2. It can be seen that re-
moval efficiency for the organic matter was very high (92- 
94%) under all of the investigated experimental conditions.  
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FIGURE 1 - COD in wastewater and MBR effluent. 

 
High removal efficiency was enhanced by the high 

sludge retention time (SRT), i.e. sludge age and high sludge 
concentration, which together enhanced the volume effi-
ciency of the process in the bioreactor. Membrane separa-
tion of sludge from the treated water achieved the retention 
of suspended matter within the bioreactor which prolonged 
the available time for its degradation by microbial culture. 
Membrane separation also enabled the adaptation and de-
velopment of microorganisms capable of degradation of 
less biodegradable compounds in the wastewater. High re-
moval efficiencies (always more than 90%) were reported 
in most of the papers concerning municipal wastewater 
treatment by MBR [1, 6, 7]. High removal efficiency is 
usually explained by good microbial activity and efficient 
removal of suspended solids by membrane filtration, Con-
tribution of membrane filtration to this removal has been 
reported to be more than 70% [8], but it is generally con-
sidered that filtration itself contributed to overall removal 
by approximately 30% [6]. 

 
TABLE 3 - Treatment efficiency for  

the whole duration of the experiment. 

 Removal 
efficiency [%] 

Standard 
deviation 

Minimum Maximum

COD 92.3 3.9 75.0 98.3 
BOD 98.5 1.2 93.5 99.9 
Fats and oils  97.9 2.2 91.1 99.6 
Total P 20    
Nitrification 87.3 12.6 26.9 72.2 

The removal of BOD was, as expected, higher than 
the removal of COD (Table 3) and amounted to more than 
98%. Since the effluent BOD values averaged about 2 mg 
O2/L, this indicates the complete removal of biodegrad-
able organic matter.  

 
From the data in Fig. 2, it can be seen that all of the 

effluent BODs were consistently excellent. Ranges for all 
of the measured constituents of concern in the effluent are 
presented in Table 4. All the measured effluent samples 
were suitable for discharge into the natural water recipient 
according to Croatian legislation. In the near future, nitro-
gen removal through denitrification and advanced phos-
phorus removal will be necessary to meet the more strin-
gent regulations for effluents from wastewater treatment 
plants. 

 
TABLE 4 - Composition of the effluent. 

 Average Min. Max. St. dev. Requirementa 

COD (mg O2/L) 20.7 5.8 47.0 8.7 max. 125 
BOD5 (mg O2/L) 1.4 0.1 6.0 1.1 max. 25 
Total N (mg/L) 34.6 20.6 47.5 6.7 No limit (15b)
Total P (mg/L) 3.4 2.8 5.2 0.7 No limit (2b) 
Fats and oils (mg/L) 0.33 0.08 1.27 0.29 No limit 
a According to Croatian law requirements for biologically treated mu-
nicipal wastewater; b Limit for sensitive areas 
 

0

50

100

150

200

250

300

0 25 50 75 100 125

Time/ day

B
O

D
5/ 

m
g 

O
2 L

-1

50

60

70

80

90

100

R
em

ov
al

 (%
)

Raw wastewater MBR effluent Removal
 

 
FIGURE 2 - BOD in wastewater and MBR effluent flow-rate. 

 
Even when the feed flow-rate was increased from the 

usual value of 6.8 L/h in four steps, each lasting a week, 
to 16 L/h, the organic matter removal was undisturbed 
(Table 5). At the highest applied flow-rate, when the 
hydraulic retention time (HRT) was 2.6 h, the standard 
deviation and mean value of BOD concentration in the 
effluent were the same as at the lowest flow-rate.  

 
HRT of 2.6 h is rather low compared to the operating 

conditions of most MBRs reported in literature. In the work 



© by PSP Volume 18 – No 12. 2009   Fresenius Environmental Bulletin    

2278 

TABLE 5 
COD removal efficiency and nitrification  

efficiency for various wastewater flow-rates.  

Flow  
[L h-1] 

HRT  
[h] 

OLR  
[g COD L-1 

day-1] 

COD 
removal 

[%] 

Nitrification 
[%] 

6.8 5.9 1.29 92.1 93.1 
9.0 4.4 1.75 94.6 74.3 

10.3 3.9 2.02 94.9 93.3 
13.5 3.0 2.44 93.9 79.3 
15.6 2.6 2.36 91.9 81.8 

 
work of Ren et al. [9], the effects of HRT (1–3 h) on re-
moval efficiency were investigated. The influence of HRT 
was clearly observed when this parameter changed from 2 
to 1 h. Trussell et al. [10] observed no disturbance of efflu-
ent quality over the range of food to microorganism ratio 
(F/M) of 0.34 to 1.41 g COD/g VSS d), while investigat-
ing membrane fouling. Working at low HRT certainly in-
creases the volume efficiency of the bioreactor, thus making 
it smaller. However, Yoon et al. [11] calculated the cost for 
excess sludge handling and the aeration cost, which were 
primarily a function of MLSS and HRT. They proposed 
best economical operational conditions: HRT of 16 h and 
MLSS of 11,000 mg/L, when the aeration for biodegrada-
tion was 13.3 m3 air/min, in order to treat 1000 m3 of waste-
water per day. They also concluded that the sludge treat-
ment cost surpasses the aeration cost for reasonable ranges 
of HRT and MLSS. 
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FIGURE 3 - Nitrification in MBR 
 
The ability of MBRs to operate at higher biomass 

concentrations and provide better retention of slow grow-
ing microorganisms enhances biological nitrification, since 
nitrifiers are a slow growing autotrophic species. In this 
work, SRT can be estimated at around 6 months, since the 

minute amounts taken for sludge sampling represented the 
only sludge that was wasted. As it can be seen from Fig. 
3, the initial sludge with a low number of nitrifiers started 
to show nitrification activity after the initial adaptation 
phase, which lasted about 20 days. Nitrite concentration 
sharply rose at the onset of nitrification, but then it fell to 
less than 0.2 mg/L and remained below that boundary 
until the end of the experiment, with only a few excep-
tions when its concentration rose to several mg/L (never 
more than 5 mg/L). The same can be observed with the con-
centration of ammonia in the effluent, which was high be-
fore the start of nitrification and, with few exceptions, re-
mained low until the end. Usually, the disturbances in ni-
trification were correlated with the pumping problems of 
feed wastewater, which led to drops in mixed liquor vol-
ume in the bioreactor and, consequently, to a lower dis-
solved oxygen concentration. Also, in such cases, the bio-
reactor was being filled to the working volume of 40 L 
with wastewater, thus sharply increasing the organic and ni-
trogen load to the bioreactor. Obviously, nitrification was 
stable and efficient, but more susceptible to such distur-
bances in the process than organic matter removal. Over-
all efficiency of nitrification was rather high and stable 
throughout the treatment experiment, even at high nitro-
gen loads to the bioreactor, as can be seen in Table 5. Nitri-
fication efficiency expressed as ratio of nitrate mass in the 
effluent divided by nitrogen mass loaded into the bioreac-
tor was always higher than 0.74, reaching to over 0.9. With 
a low ammonia concentration in the effluent, the reason for 
lower nitrification efficiency during the increased nitrogen 
load into the bioreactor was biomass growth and assimila-
tion of nitrogen in the newly formed bacterial biomass. 
Also, there might have existed some anoxic zones at the 
bottom of the bioreactor, or in the centre of the bacterial 
flocs, where some denitrification might have occurred and 
possibly some nitrogen left the bioreactor as a gaseous 
product of denitrification.   

Several other studies reported high nitrification effi-
ciency in MBR operating at a long SRT [7, 12]. Cicek et 
al. [13] showed that nitrification ability of the activated 
sludge is seriously affected when SRT is lower than 5 days 
while Huang et al. [14] achieved good nitrification with 
SRTs varying from 5-40. A number of other authors have 
researched the efficiency and rate of nitrification in MBR 
[15-17]. During treatment of municipal wastewater in an 
MBR, Witzig et al. [18] observed the absence of usual ni-
trifying organisms Nitrobacter and Nitrosomonas within the 
microbial community with good nitrifying ability. Tan et 
al. [19] also found the relative presence of different nitri-
fiers within the microbial community to be influenced by 
the SRT. 

Here, most of the ammonia from the wastewater was 
converted to nitrite (more than 87% after the start of nitri-
fication), which shows that microbial cells were not as-
similating much nitrogen into the biomass. That observa-
tion implies slow growth of the biomass, which was the 
case for most of the experiment duration (Fig. 4).  
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FIGURE 4 - MLSS concentration and feed water flow-rate 

 
Until day 34 of the experiment, the wastewater inflow 

had been constant at 6.8 L/h, which resulted in a gradual 
increase of the MLSS up to 10-11 g/L, where the MLSS 
increase stopped. With a very low rate of sludge wasting, 
more biomass was accumulated inside the MBR than usu-
ally found in the ASP. Constant inflow of feed water with 
nearly constant COD concentration along with increase of 
MLSS resulted in a continuous decrease of the F/M ratio 
from initial 0.149 g COD g MLSS-1 day-1 to 0.107 g COD 
g MLSS-1 day-1 on day 31. Under these conditions, MBR 
was operated progressively in an endogenous respiration 
state of microorganisms rather than state of exponential 
growth, and so the resulting sludge production was mini-
mized. After 34 days, the wastewater flow was gradually 
increased from 6.8 L/h to 15.6 L/h (Table 4), which in-
creased the organic loading rate into the bioreactor and, as 
a consequence, biomass concentration also increased to 
the 13 g/L. This period was characterized by the F/M ratio 
of 0.15 to 0.22 g COD g MLSS-1 day-1. Along with the 
return of the feed flow-rate to its original value, a sharp de-
crease of MLSS can be seen, while after the complete break 
in the feed lasting 6 days (days 86-91), a serious decrease 
of MLSS concentration occurred. Feeding with wastewa-
ter commenced again on day 92, and the MLSS consecu-
tively started to rise again. It is clearly obvious that bio-
mass concentration in the bioreactor is primarily a function 
of the organic loading rate. The biomass concentration de-
crease between days 63 and 92 of the experiment did not 
influence the treatment efficiency, but the fate of the re-
moved suspended solids needs explaining. Since there was 
no leakage of the suspended matter from the bioreactor, it 
is obvious that bacterial cell decomposition occurred and 
that decaying bacterial cells released their organic material 
into the dissolved phase of mixed liquor. There it became a 
substrate for other bacteria which transformed it to CO2. 

Inert non-biodegradable matter, such as parts of the cell 
wall remained as particulate within the bioreactor. The 
nitrogen which had been also released during cell decom-
position was converted to nitrate by the nitrifying bacte-
ria, and left the bioreactor with the effluent. Due to the 
long period of biomass decrease, there was no significant 
increase of nitrate concentration in the effluent. 

Low sludge production under low F/M ratio has been 
reported by several studies [7, 14, 20]. Usually, the bio-
mass enters the steady state characterized by low or no 
growth when F/M ratio is set low by keeping the MLSS 
high. The most common explanation for the growth rate 
decrease is that in the conditions of scarce availability of 
substrate, and microbial cells utilize it to maintain them-
selves rather than to grow. According to the maintenance 
concept introduced by Pirt [21], part of the energy con-
tained in the supplied substrate is used for maintenance 
functions which are independent of growth rate. When the 
energy supply into the bioreactor is lower than the main-
tenance energy, the biomass ceases to grow and utilize the 
substrate for maintenance. In that manner, the sludge pro-
duction in the process is much lower or even absent. An-
other concept is based on assumption that the microbial 
growth rate is counteracted by the microbial death rate, 
which leads to a growth rate decrease or stoppage. Witzig 
et al. [18] measured the number of ribosomes in the bio-
mass from an MBR under high SRT and in the absence of 
visible biomass growth. The observed biomass was not in 
the characteristic state for growth, which suggests that the 
maintenance concept, rather than the concept of equity of 
growth and death rate, is valid for the observed growth 
stoppage in MBR. Leara et al. [22] investigated the possi-
ble correlations between sludge retention time (SRT), bio-
mass growth, biomass activity and membrane cleaning re-
quirements in a submerged membrane bioreactor (MBR), 
and reported that TSS/VSS ratio remained above 75% for 
all SRTs used, suggesting low accumulation of inorganic 
substances in the bioreactor. They also observed stabiliza-
tion of the MLSS over time in the case of complete reten-
tion of biomass and nearly infinite SRT at F/M ratio of 
0.06 g COD gVSS-1 d-1. Very low sludge production in 
pilot MBR operations has been reported, but it is often im-
practical for full-scale operations to keep F/M too low, since 
a high MLSS concentration may promote membrane clog-
ging and increase the energy consumption for oxygen trans-
fer to aqueous phase through aeration. Nevertheless, due to 
a lower F/M ratio in the MBR, there is a significant de-
crease of sludge production in comparison to ASP, which 
decreases the cost of excess sludge handling.  

The confirmation that the biomass was not in a state of 
over-saturation with the organic substrate in the wastewater 
can be seen in the linear dependence of the organic load-
ing rate (OLR) and COD removal rate (Fig. 5). With the in-
crease of OLR, COD removal increased, which shows that 
for the imposed operational parameters, the pollutants` de-
composition rate was dictated by the feed flow and not by 
the MLSS concentration.  
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FIGURE 5 - COD removal for various organic loading rates (OLR) 

 
During the experiment, the membrane was frequently 

backwashed, but it was not chemically cleaned. After the 
123 days, it was cleaned with hypochlorite solution and 
its original permeability was restored. Permeate flux ranged 
between 7 and 15 L m-2 h-1 depending on the permeate 
flow-rate imposed by the pump, but it was on average 7.2 L 
m-2 h-1. Transmembrane pressure varied over time depend-
ing on the imposed flux and the level of membrane foul-
ing, and it was between 2.36 and 15.8 kPa. Estimated 
membrane permeability decreased from 417 L m-2 h-1 bar-1 
to 55 L m-2 h-1 bar-1 in 123 days of experiment duration. 
The more detailed results of membrane fouling observa-
tion were published elsewhere [23]. 

 
 
CONCLUSION 

MBR with a submerged membrane was capable of 
treating the municipal wastewater with high efficiency 
for COD and BOD removal. The nitrification was also very 
stable and efficient, but generally more susceptible to proc-
ess disturbances than organic matter removal. The MLSS 
development was a function of the F/M ratio and, by its 
alteration, it was possible to achieve a complete stoppage of 
biomass growth or a decrease of its concentration. By set-
ting the F/M ratio, it is possible to minimize the excess 
sludge production and cost of its handling. 

 
 
 
ACKNOWLEDGMENTS 

This work was financially supported by the Ministry 
of Science, Education and Sports of the Republic of Croa-
tia through the project: «Wastewater treatment and mem-
brane fouling in membrane bioreactors». 

 
 
 

REFERENCES 

[1]  Judd, S. (2006) The MBR book, Elsevier Ltd., Oxford, UK 

[2]  Yang, W., Cicek, N. and Ilg, J. (2006) State-of-the-art of 
membrane bioreactors: Worldwide research and commercial 
applications in North America, J.Membr. Sci. 270, 201-211 

[3]  Melin, T., Jefferson, B., Bixio, D., Thoeye, C., De Wilde ,W., 
De Koning, J., van der Graaf, J. and Wintgens, T. (2006) 
Membrane bioreactor technology for wastewater treatment 
and reuse. Desalination. 187(1-3):271-282, 2006 

[4]  Brepols, Ch., Dorgeloh, E., Frechen, F.-B., Fuchs, W., 
Haider, S. Joss, A., de Korte, K., Ruiken, Ch., Schier, W., van 
der Roest, H., Wett, M. and Wozniak, Th. (2008) Upgrading 
and retrofitting of municipal wastewater treatment plants by 
means of membrane bioreactor (MBR) technology, Desalina-
tion 231, 20–26 

[5]  Prüss, A. (1998) Review of epidemiological studies on health 
effects from exposure to recreational water, Int. J. Epidemiol. 
27, 1-9 

[6]  Gander, M., Jefferson, B. and Judd, S. (2000) Aerobic MBRs 
for domestic wastewater treatment: a review with cost consid-
erations, Sep. Purif. Technol. 18, 119-130 

[7]  Rosenberger, S., Krüger, U., Witzig, R., Manz, W., Szewzyk, 
U. and Kraume, M. (2002) Performance of a bioreactor with 
submerged membranes for aerobic treatment of municipal 
waste water, Water Res. 36, 413-420 

[8]  Ferraris, M., Innella, C. and Spagni, A. (2009) Start-up of a 
pilot-scale membrane bioreactor to treat municipal wastewa-
ter, Desalination 237, 190–200 

[9]  Ren, N., Chen, Z., Wang, A. and Hu, D. (2005) Removal of 
organic pollutants and analysis of MLSS-COD removal rela-
tionship at different HRTs in a submerged membrane bioreac-
tor, Int. Biodeterior. Biodegrad. 55, 279–284. 

[10]  Trussell, R.S., Merlob, R.P., Hermanowiczc, S.W. and Jen-
kins, D. (2006) The effect of organic loading on process per-
formance and membrane fouling in a submerged membrane 
bioreactor treating municipal wastewater, Water Res. 40, 
2675 – 2683 

[11]  Yoon, S.H., Kim, H.S. and Yeom, I.T. (2004) The optimum 
operational condition of membrane bioreactor (MBR): cost 
estimation of aeration and sludge treatment, Water Res. 38(1), 
37-46 

[12]  Han, S.-S., Bae, T.-H., Jang G.-G. and Tak, T.-M. (2004) In-
fluence of sludge retention time on membrane fouling and 
bioactivities in membrane bioreactor system, Process Bio-
chem. 40, 2393 – 2400 

[13]  Cicek, N., Macomber, J., Davel, J., Suidan, M. T., Audic, J. 
and Genestet, P. (2001) Effect of solid retention time on the 
performance and biological characteristics of a membrane 
bioreactor, Water Sci. Technol. 43 (11), 43-50 

[14]  Huang, X., Gui, P. and Qian, Y. (2001) Effect of sludge reten-
tion time on microbial behaviour in a submerged membrane 
bioreactor, Process Biochem. 36, 1001–1006. 

[15]  de Silva, D.G.V., Urbain, V., Abeysinghe, D.H. and Ritt-
mann, B.E. (1998) Advanced analysis of membrane-
bioreactor performance with aerobic-anoxic cycling, Water 
Sci. Technol. 38(4-5) 505-512 



© by PSP Volume 18 – No 12. 2009   Fresenius Environmental Bulletin    

2281 

[16]  Zhang, H.-M., Xiao, J.-N., Cheng, Y.-J., Liu, L.-F., Zhang, 
X.-W. and Yang, F.-L. (2006) Comparison between a se-
quencing batch membrane bioreactor and a conventional 
membrane bioreactor, Process Biochem. 41 87-95 

[17]  Li, H., Yang, M., Zhang, Y., Yua, T. and Kamagata, Y. 
(2006) Nitrification performance and microbial community 
dynamics in a submerged membrane bioreactor with complete 
sludge retention J. Biotechnol. 123, 60-70. 

[18]  Witzig, R., Manz, W., Rosenberger, S., Kruger, U., Kraume, 
M. and Szewzyk, U. (2002) Microbiological aspects of a bio-
reactor with submerged membranes for aerobic treatment of 
municipal wastewater, Water Res. 36, 394-402 

[19]  Tan, T.W., Ng H.Y. and Ong, S.L. (2008) Effect of mean cell 
residence time on the performance and microbial diversity of 
pre-denitrification submerged membrane bioreactors, 
Chemosphere 70, 387–396 

[20]  Pollice, A., Laera, G. and Blonda, M. (2004) Biomass growth 
and activity in a membrane bioreactor with complete sludge 
retention Water Res. 38, 1799–1808 

[21]  Pirt, S.J. (1965) The maintenance energy of bacteria in grow-
ing cultures. Proc. Roy. Soc. London 163B, 224–231 

[22]  Laera, G., Pollice, A.,  Saturno, D., Giordano C. and Sandulli, 
R. (2009) Influence of sludge retention time on biomass char-
acteristics and cleaning requirements in a membrane bioreac-
tor for municipal wastewater treatment, Desalination 236 
104–110 

[23]  Matošić, M., Vuković, M., Čurlin, M. and Mijatović, I. (2007) 
Fouling of a hollow fibre submerged membrane during long 
term filtration of activated sludge, Desalination, 219 

 
 
 
 
 

 
 
 

Received: March 06, 2009 
Revised: June 23, 2009; June 30, 2009 
Accepted: July 03, 2009 
 
 
CORRESPONDING AUTHOR 

Marin Matosic 
University of Zagreb 
Faculty of Food Technology and Biotechnology 
Pierottijeva 6 
10000 Zagreb 
CROATIA 
 
Phone: + 385 1 4605027 
Fax: + 385 1 4605072 
E-mail: mmatosic@pbf.hr 
 

 FEB/ Vol 18/ No 12/ 2009 – pages  2275 - 2281 

 
 
 
 
 


