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a  b  s  t  r  a  c  t

The  dairy  industry  is  generally  considered  to  be  the  largest  source  of  food  processing  wastewater  in
many  countries.  The  highly  variable  nature  of  dairy  wastewaters  in  terms  of  volumes  and  flowrates
and  in  terms  of  high  organic  materials  contents  such  as  COD  921–9004  mg  L−1,  BOD  483–6080  mg  L−1,
TN  of  8–230  mg  L−1 and  SS  of 134–804  mg  L−1 makes  the  choice  of an  effective  wastewater  treatment
regime  difficult.  A high  performance  bioreactor,  an  aerobic  jet  loop  reactor,  combined  with  a  ceramic
membrane  filtration  unit,  was  used  to  investigate  its  suitability  for  the  treatment  of  the  dairy  processing
wastewater.  The  oxygen  transfer  rates  of  the  bioreactor  were  found  to be  very  high  (100–285  h−1)  on the

−3 −1

airy wastewater

ndustrial wastewater treatment
ltrafiltration
embrane bioreactor
embrane fouling

operating  conditions.  A  loading  rate  of  53  kg  COD  m d resulted  in 97–98%  COD  removal  efficiencies
under  3 h  hydraulic  retention  time.  The  high  MLSS  concentrations  could  be  retained  in  the  system  (up to
38,000  mg  L−1)  with  the  contribution  of  UF  (ultrafiltration)  unit.  During  the  filtration  of  activated  sludge,
the fluxes  decreased  with  increasing  MLSS.  Cake  formation  fouling  was  determined  as  dominant  fouling
mechanisms.  The  results  demonstrate  that  jet  loop  membrane  bioreactor  system  was  a suitable  and
effective  treatment  choice  for  treating  dairy  industry  wastewater.
. Introduction

The dairy industry is generally considered to be the largest
ource of food processing wastewater in many countries. Water
s used throughout all steps of the dairy industry, including clean-
ng, sanitization, heating, cooling, and floor washing; naturally the
ndustry’s need for water is huge [1].  In general, wastes from the
airy processing industry contain a high concentration of organic
aterial such as proteins, carbohydrates and lipids, high BOD and

OD, and high concentrations of suspended solids and suspended
il-grease. All of these require specialized treatments to prevent
r minimize environmental problems. Dairy wastewaters (DWs)
re also characterized by wide fluctuations in flow rates, related to
iscontinuity in the production cycles of different products [2]. The
ighly variable nature of dairy wastewaters in terms of volume and
ow rates and also in terms of the pH and suspended solids (SS) con-
ent makes it difficult to choose an effective wastewater treatment
egime [3].  To comply with new discharge standards, the dairy

ndustries have adopted an elaborate effluent treatment protocol
hat is affecting the overall economy of the plant and increasing the
osts of conventional treatment systems.

∗ Corresponding author. Tel.: +90 02666121194; fax: +90 02666121426.
E-mail address: bfarizoglu@gmail.com (B. Farizoglu).

369-703X/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.bej.2011.08.007
© 2011 Elsevier B.V. All rights reserved.

Recently, researchers have shifted their interests to the pos-
sibilities of reuse or recycling of industrial wastewaters. Earlier
researchers have investigated the dairy industry effluent treatment
through the membrane process and the possibility of reuse [4,5].
There is a growing interest in combining membranes with bio-
logical wastewater treatment. The membrane bioreactors (MBR)
offer distinct advantages over traditional biological processes:
higher biodegradation efficiency, smaller footprint, better quality of
treated water, the absolute control of solids and hydraulic retention
time, retention of all microorganisms and viruses, and easy control
of operating conditions [6,7]. In particular, the absolute rejection of
sludge by the membrane makes it possible to overcome the prob-
lem of dependence on settleability [8].  Furthermore, membrane
separation enables a significant increase in the biomass concentra-
tion in the bioreactor, thus reducing its size [9].  As the reaction rate
is directly proportional to biomass concentration, a high concentra-
tion is desirable. On the other hand, to operate the bioreactor at high
biomass concentrations, special reactor topologies should be cho-
sen. In order to select and design the correct bioreactor topology, it
is necessary to know the characteristics of effluents, volumes, laws
of microorganisms’ growth rate, and biokinetic parameters defined
by mathematical models. Jet-loop reactors (JLRs), efficient third

generation bioreactors, might represent an ideal reactor topology
for an economic solution to DW treatment. JLRs are able to deal with
very high organic loading rates due to their high efficiency of oxy-
gen transfer, high mixing and turbulence achieved. Consequently,

dx.doi.org/10.1016/j.bej.2011.08.007
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
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educed reactor volumes are needed for treatment, and less land
s required; oxygen (air) is forced directly into the fermentation

edium, resulting in significant savings in installation and main-
enance costs [10]. The combination of a membrane module with a
LR is called a jet loop membrane bioreactor (JLMBR).

The objective of this study is to examine the performance of
he JLMBR (high performance compact membrane system) in the
reatment of DW and to compare the results with the litera-
ure. An extensive characterization of the wastewater and JLB was
erformed under various operating parameters. The filtration per-
ormance and back-washing efficiency was also examined.

. Materials and methods

.1. Materials

.1.1. Bioreactor system set-up
The experimental setup of JLB (working volume of approxi-

ately 18 L) was designed at Balikesir University, Environmental
ngineering Department, Balikesir, Turkey. The schematic repre-
entation of the reactor setup is given in Fig. 1. The JLB consisted
f a draft tube open at both ends inside a cylindrical vessel (height
400 mm,  inner diameter 100 mm)  and a degassing tank. Two-fluid
ozzle consisted of two concentric tubes. The outer nozzle was
ade of Teflon material (inner diameter 14 mm).  The inner nozzle
as a stainless-steel tube of 8 mm in diameter and 1 mm thick-
ess. The air to the reactor was provided from an air pump through
he inner stainless-steel tube via a gas flow-meter. Gas and liq-
id flow rates were controlled by the valves and flow-meters on
heir respective pipelines. The two-phase jet located at the top of

he reactor creates a downward directed two-phase flow inside the
raft tube and at the same time disperses the air sucked in, through
he gas tube located within the liquid jet. Due to the momentum
f the liquid jet, the liquid and the gas inside the draft tube flows

ig. 1. Schematic layout of the JLMBR reactor system [1 – circulation pump, 2 – heat-exch
LB),  5 – flow meter (for the permeate stream), 6 – peristaltic pump, 7 – manometer, 8 – a
ineering Journal 57 (2011) 46– 54 47

downwards and, after the reflection at the bottom of the reactor
rises within the annulus between the wall of the reactor and the
draft tube. At the upper end of the draft tube, part of the fluid is
recycled into the draft tube through a suction of the two-phase jet
resulting in a re-dispersion of the bubbles and the biomass pro-
duced in the biological reaction. The temperature of the bioreactor
content was  maintained around 22 ± 2 ◦C by circulating cold gas
through a stainless steel heat exchanger immersed in the degassing
tank. DW was pumped with a peristaltic pump from the feed tank
into the degassing tank. The recycle flow from of both JLB and the
ultrafiltration (UF) unit were measured by two electromagnetic
flow-meters.

The block diagram showed the flow direction of the system is
given in Fig. 2

2.1.2. Membrane filtration unit
The separation of activated sludge took place in the ceramic

membrane UF unit (JIUWU HITECH, China), which was  integrated
into the system through an external circuit to the jet loop bioreactor
(Fig. 1). In the external circuit, permeate was  extracted by circulat-
ing the mixed liquor at high pressure along the membrane surface.
In this case, the concentrated mixed liquor at the feed side recycles
back to the degasification tank. The pump used for the circulation
is made out of stainless-steel. The excess sludge was  removed via
a peristaltic pump from the degasification tank, once the desired
biomass concentration was  reached or exceeded. The specifications
of the UF membrane (tubular type ceramic membrane) are shown
in Table 1. Permeate was  measured via a flow meter placed on the
permeate side. The flow readings were transmitted to a computer
and recorded at the desired time intervals.
After each run, the system was stopped and the UF unit was
studied for backwashing and cleaning performance by one or more
cleaning methods in sequence, for the recovery of membrane
permeability.

anger, 3 – flow meter (for the membrane unit), 4 – electromagnetic flow meter (for
ir compressor, and 9 – wastewater feed tank].
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Fig. 2. The block diag

.1.3. Dairy wastewater (DW)
During the experimental period, approximately 250 L of DW

ere obtained 3–4 times a week from a dairy factory, Onur Sut
o. (Balikesir, Turkey), near the University Campus and collected in
he laboratory. All experiments were carried out in mesophilic con-
itions. DW collected from the factory was characterized according
o the discharge parameters.

.2. Methods

.2.1. Analytical methods
Samples of influent and effluent were taken daily from the

LMBR system. Parameters such as COD, MLSS (mixed liquor sus-
ended solids), MLVSS (volatile liquor suspended solids), and
-NO3

−, and N-NO2
− were analyzed as defined in Standard Meth-

ds [11]. Total nitrogen (TN), N-NH4
+ and total phosphate (TP) were

easured by using commercial test kits obtained from Merck Com-
any. The organic nitrogen (ON) was calculated by subtracting the
ums of the N-NH4

+, and N-NO3
−, N-NO2

− concentrations from TN.
he soluble (filtered) COD was defined as the filtrate through What-
an  GF/C glass-fiber filters, also used in the determination of MLSS

nd MLVSS. Dissolved oxygen (DO), temperature, pH and conduc-
ivity were measured with a multi-parameter measurement device
supplied from WTW  Company) placed in the bioreactor. The DO
ata obtained through the DO meter were sent to a computer for
urther analysis.

.2.2. Membrane cleaning

Backwashing with compressed air (CA) and chemical clean-

ng methods were investigated in the experiments on membrane
leaning. Backwashing was performed in a flow direction opposite
o UF by forcing CA through the ceramic membrane at 4.0 bar for

able 1
pecifications of the ceramic membrane coupled in the system.

Manufacturer Jiuwu Hitech, Chinese
Type Ceramic membrane
Raw membrane material 99% �-Al2O3/ZrO2

Pore size 50 nm
Outside diameter 40 mm
Numbers of channel 37
Diameter of channel 3.6 mm
Total length 1000 mm
Membrane area 0.24 m2

Net weight 2.40 kg
Permeate direction Inside to outside
pH range 0–14
Temperature <150 ◦C
f the JLMBR system.

3 min. Chemical cleaning was  performed by immersing the module
in each of the cleaning agent for 12 h. The sequence of the chemi-
cal cleaning was alkali treatment of the module, followed by a brief
rinse of the module with de-ionized (DI) water, then acid treatment.
The alkali solution containing 1–2% NaOH and 1–2% HNO3 solution
were used for the chemical treatment. To be sure that the condi-
tion and performance of the membrane module were as similar as
possible in all the experiments, post-cleaning was  performed after
every experiment to remove any fouling not removed by a specific
cleaning method in the experiment. This was  accomplished by first
soaking the module in an alkaline solution for 12 h. The membrane
module was then backwashed with DI water for 5 min to remove
the alkali and any unclogged material from the interior of the mem-
brane. The module was  then immersed in an acidic solution for 12 h,
and again backwashed with DI water for 5 min. The effectiveness of
the post-cleaning operation was evaluated by measuring the clean
water flux to determine the degree of initial flux recovery. The pro-
portion of irreversible fouling was  minimized less than 7% of the
flux reduction.

2.2.3. Membrane fouling analysis
The permeation flux of particle-free water across a clean mem-

brane can be described by Darcy’s Law as:

J = �P

�Rm
(1)

where J (m3 m−2 s−1) is the permeate flux, �P  (Pa) trans-membrane
pressure (TMP), � (Pa s) the absolute viscosity of the water, and Rm

(m−1) the hydraulic resistance of the clean membrane (or clean
membrane resistance). For suspension filtration, the permeation
flux will always be lower than that given by Eq. (1).  Flux decline is
a result of the increase of membrane resistance to the permeating
flow, resulting from membrane fouling or particle deposition on or
in the membrane [12]. Thus, the permeation flux through a UF unit
treating suspensions, like wastewater including activated sludge
can be given, by modifying Eq. (1),  as:

J = �P

�(Rm + Rp + Rc)
(2)

where Rp (m−1) is the resistance due to pore blocking and Rc (m−1)
the resistance arising from cake formation.

2.2.4. Mass transfer analysis of the jet loop bioreactor

All the mass transfer tests were performed with tap water while

the system was running under batch mode (broken flow lines and
relevant equipment excluded). Before each test, the DO in the
water was  stripped down to 0.5 mg  L−1 by nitrogen purging. After
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witching over to an air supply line, the concentration of oxygen
as measured as a function of time using a DO meter (WTW,  350i)

quipped with an oxygen probe. Temperature and pH were also
easured with the same device. The DO data obtained through the
O meter were input into a computer for further analysis.

Mass transfer is generally expressed in terms of mass transfer
er unit volume of the reactor and the mass transfer coefficient
KLa) is expressed as the overall volumetric mass transfer coeffi-
ient. KLa can be computed by using a non-linear expression:

 = C∗
s − (C∗

s − Ci) × e−(KLa)t (3)

here, C is the DO concentration in the medium at a given time t,
∗
s is saturation and Ci is initial (t = 0) oxygen concentration under
xperimental conditions.

.2.5. Start-up and treatment conditions
Activated sludge of different origins (Balikesir Urban Wastew-

ter Treatment Plant and Manisa Organized Industrial Region
astewater Treatment Plant) was adapted to the DW and then

sed as inocula for the JLMBR. In order to increase the amount of
ctivated sludge in the bioreactor, initially, the JLMBR was operated
n a repeated-batch process of 2–3 days each for a total period of 20
ays. At the end of this period, the JLMBR was fed continuously and
he concentration of activated sludge reached was  approximately
300 mg  L−1. During both the batch and continuous operating con-
itions, DO levels in the reactor were maintained at a range of
pproximately 1.0–3.0 mg  L−1. During the test period of about 35
eeks the following operating conditions for the reactor and UF
nit were varied:

Biomass concentration in the reactor: 2312–38684 mg  L−1

Load per unit reactor volume: 4.8–53.6 kg m−3 g−1

Hydraulic wastewater residence time: 1.9–7.7 h
Sludge age: 2.6–79.6 h
Velocity within the membrane module: 1.32–2.65 m s−1

Transmembrane pressure: 0.6–4.0 bar

. Results and discussion

.1. Characterization of the DW

The volume, concentration and composition of the effluent from
n a dairy plant are dependent on the type of product being pro-
essed, the production program, operating methods, design of
rocessing plant, the degree of wastewater management being
pplied, and subsequently, the amount of water being conserved
13]. Information about the general characteristics of dairy wastew-

ters from full-scale operations is in fact scarce in literature [3],  and
ew comprehensive studies have been carried out that might pro-
ide extensive information about the particular characteristics of
airy wastewaters from various full-scale operations. In this study,

able 2
he characteristics of dairy waste effluents.

Parameter Concentration (mg  L−1)

Maximum Min

Total COD (CODt) 9004 921
Soluble COD (CODs) 8064 635
CODs/CODt 0.90 0.68
BOD  6080 483
Suspended solids (SS) 804 134
Volatile suspended solids 506 168
Total nitrogen (TN) 230 8.00
Ammonium N 91.00 2.5 

Nitrate N 8.2 1.8 

Total phosphor 111.5 9 

Oil-Gress 142 400
pH  5.78 5.52
ineering Journal 57 (2011) 46– 54 49

dairy wastewaters supplied from a cheese factory (Onur Sut Co.)
nearby the University Campus in which various types of cheese pro-
duced were used as the wastewater. The factory has been treating
its effluents in a biological wastewater treatment plant (anaerobic
sludge blanket reactor + classical activated sludge). Since the waste
effluents from the dairy industry are usually generated intermit-
tently, the flow rates of these effluents change substantially, so the
wastewater was  taken from the equalization tank of the plant. The
DW was  then characterized in detail according to discharge param-
eters. The characterization experiments continued over a 2-year
period and the data were then analyzed statistically. The sum-
mary of data obtained from the characterization experiments on
the general properties of dairy waste effluents is given in Table 2.

Dairy industry wastewaters are generally produced in an inter-
mittent way  and thus differ in concentration and volume over
the production period. Thus, the DW concentrations fluctuated
in a wide band. Significant fractions of the organic components
and nutrients in dairy waste streams are derived from milk and
milk products. In industrial dairy wastewaters, nitrogen originates
mainly from milk proteins, and is present in various forms; either an
organic nitrogen (proteins, urea, nucleic acids), or as ions like NH4

+,
and NO2

− and NO3
−. Phosphorus is found mainly in inorganic forms

like orthophosphate (PO4
3−) and polyphosphate (P2O7

4−), but can
also be found in organic forms [14]. Suspended solids in dairy
wastewaters originate from coagulated milk, cheese curd fines or
flavouring ingredients. Concentrations of SS and volatile SS are used
to evaluate wastewater strength and treatability. There is also a
strong tendency towards high COD concentrations in dairy industry
wastewaters although these concentrations tend to fluctuate.

Dairy wastewaters include easily degradable carbohydrates,
mainly lactose, as well as less biodegradable proteins and lipids. In
cheese-processing wastewater, 97.7% of total COD was accounted
for by lactose, lactate, protein and fat [15]. Lactose is the main car-
bohydrate in dairy wastewater and is readily biodegradable by the
bacteria. However, dairy wastewater, because of its protein and
lipid content, can easily be defined as a complex substrate type.
Lipids are potentially inhibitor compounds that are always encoun-
tered during anaerobic treatment of dairy wastewaters.

3.2. Mass transfer capacity of the JLB

In the treatment of high organic content industrial wastewaters,
anaerobic treatment processes tend to be favoured over aerobic
processes due to their well-known benefits such as methane yields,
less sludge generation, and lower nutrient requirements. However,
the disadvantages associated with anaerobic treatments are high

capital cost, long start-up periods, and the need for strict control
of operating conditions, greater sensitivity to variable loads and
organic shocks, as well as toxic compounds [2].  Aerobic treatment
processes are thus commonly used along with anaerobic processes

imum Average Standard Deviation

 3445 1323
 2445 1236

 71 0.14
 1860 394.5
 398.31 143.8
 329.25 121.16

 108.84 51.50
23.42 29.38
6.7 5.40
35.7 18.32

 288 77.86
 5.63 0.07
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ig. 3. The evolution of KLa versus the jet velocities at different air flow rates.

n dairy wastewater treatment in order to achieve the effluent dis-
harge limits for agro-industry wastewaters [3].

In this study, we examined and compared the performance and
fficiency of an aerobic system for DWs, which are a high strength
ndustrial wastewater. JLB, which is classified as a third-generation
ompact reactor, was chosen as the aerobic system. The aim of
his choice was to operate the system at high organic loadings
nd lower hydraulic retention times. In the aerobic systems, the
ost favourable contribution from the bioreactor is its ability to

roduce high oxygen transfer capacity as the oxygen supply plays
n active part in the success and economics of the system. In this
tage of the study, the oxygen transfer characteristics of the JLB
ere investigated and discussed because of the mass transfer kinet-

cs quantified by the volumetric oxygen transfer coefficient KLa in
ractice. Fig. 3 shows the evolution of KLa versus the jet velocities
t different air flow rates.

The JLB achieved KLa values between 101 and 280 h−1 under var-
ous operating conditions. It can be seen that the KLa values in the
resent study are about 100 times higher than those of the conven-
ional reactor system. KLa values increased with the increasing jet
elocities, as seen in Fig. 3. The principle in this reactor type is the
tilization of the kinetic energy of a high velocity liquid jet to main-
ain the gas phase and create a fine dispersion of two  phases. The
igh shear rates from the liquid jet produced very fine gas bubbles,
hus the equipment generated very high interfacial areas and high
olumetric mass transfer rates. Also, the more clear-cut increases in
La values were observed with increasing air flow rates. Gas hold-
p and interfacial area for the mass transfer also increased with the

ncreasing air flow rates. In the experiments, impact of jet veloc-
ties on mixed liquor temperature was not investigated because

 heat exchanger was used to keep the reactor content at a fixed
emperature.

.3. The treatment efficiencies and performance of the JLMBR
ystem

The energy consumption increases with the increasing jet veloc-
ty in JLB. Consequently, it has been wanted to operate the system
t minimum jet velocities. But at lower velocities, the reactor mixed
iquor was not recirculated and looped in the JLB. Therefore, at
he fixed air flow rate, the minimum jet velocity was  selected for
he liquid (reactor mixed liquor) loop. After the characterization
xperiments for the JLB, the system was set to an air flowrate

f 1000 L h−1 and a jet velocity of 40 m s−1. The JLMBR was then
eeded with mixed liquor from activated sludge plants treating
omestic wastewater (Balikesir Municipal Wastewater Treat-
ent Plant [trickling filters]) and industrial wastewater (Manisa
ineering Journal 57 (2011) 46– 54

Organized Industry Region Wastewater Treatment [activated
sludge]). The DW was chosen for the feed because it has a very
high BOD and ease of transportation to the laboratory in its con-
centrated state, which was  essential because of the large amount
of BOD required to run the jet loop reactor at high loading rates.
Although the JLMBR was  continuously operated for more than 15
months, Fig. 4 shows results taken over a period of 250 days. This
period could be considered as representative of all the experiments.
The applied loading rates were kept high over a period of sev-
eral days to allow the biomass to become acclimatized to the DW.
Since the collected wastewater from the plant was fed directly into
the system at the selected influent flow rates, the organic loads
varied according to the concentration of DW.  During the first 7
days, COD removal efficiencies were measured as instable due to
the change from batch to continuous operation. After this acclima-
tion period, efficiencies started to improve. JLMBR was fed organic
loads with loading rates that varied from 4.8 to 53.6 kg m−3 d−1 and
with hydraulic retention times (HRT) that varied, correspondingly,
from 1.9 to 7.8 h. Each volumetric loading to the reactor was  con-
tinued until an incoming wastewater amount of more than 10–12
times the reactor volume had passed through the JLMBR. When the
effluent COD values remained in a narrow band, the system was in
steady-state.

JLMBR was operated at a loading rate of 26.7 kg m−3 d−1

between 10 and 13 days, under 32.4 kg m−3 d−1 between 56 and 62
days, and under 34.3 kg m−3 d−1 between 85 and 89 days. Under
these organic loading rates, the efficiencies were estimated at
95.5–97.7% between 10 and 13 days, 95–97% between 56 and 62
days, and 96–98% between 85 and 89 days. Organic loading rate was
then increased to 53.6 kg m−3 d−1 on day 92. In these conditions,
95.6–97.8% COD treatment removal efficiencies were achieved
from the system. JLMBR was  run under varying organic loading
rates until day 220. During this time period, various process and
operating parameters were examined. The organic loading rates
were increased to 32.6 kg m−3 d−1 on day 220 and 40.3 kg m−3 d−1

on day 224. In the meantime, treatment efficiencies of approxi-
mately 99% and 98%, respectively, were obtained. In the last period
of the study, the loading rates went up to 45.0 kg m−3 d−1 on
day 233, 53.1 kg m−3 d−1 on day 238, and 50.5 kg m−3 d−1 on day
246. Even for these very high organic loads, treatment efficiencies
between 95 and 98% were obtained.

It is interesting to note that very high fluctuations in the inlet
loadings resulted in only minor reductions in the system perfor-
mance. On day 53 the COD loading was increased from 17.4 to 32.4,
resulting in a reduction of COD removal efficiency from 99% to 95%.
Similarly, on day 232, an increase in COD loading from 25 to 45
resulted in a 3% reduction in COD removal efficiency.

The JLMBR system could be operated at very high F/M ratios
(food/microorganism) compared to conventional activated sludge
systems. While on day 146, F/M ratios were increased from 2.07 to
14.9 kgCOD kgMLVSS−1 d−1, the COD removal efficiency decreased
slightly, from 98% to 96.5%. Similarly, on day 184, an increase in
F/M ratio from 1.8 to 11.4 kgCOD kgMLVSS−1 d−1 resulted in a 1%
reduction in COD removal efficiency. Fluctuations in the applied
F/M as observed during days 87–94 similarly resulted in only a
small reduction in COD removal efficiency. In general, JLMBR has
demonstrated a high tolerance to short-term changes in the applied
high COD loading rates [16]. The conditions prevailing in the JLB,
with much higher F/M values than conventional activated sludge
systems and with a very high growth rate of active bacteria, may
be beyond the limits within which filamentous organisms can com-
plete successfully with the rest of the population [17].
Foaming in the reactor was found to be a common occurrence
when changing loading rates and feeding with high influent COD
concentrations. In other words, excessive foaming was observed
in the bioreactor at high F/M ratios. When the system reached
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Fig. 4. The effects of organic loading rates and F/M ratios on

teady-state conditions, the foaming decreased to a minimum.

ig. 5 shows the changes of MLSS and HRT versus time. MLSS con-
entrations in the JLMBR system were measured between 1000
nd 38,000 mg  L−1. The system was mainly operated at MLSS

Fig. 5. The effects of MLSS and HRT to the effl
 removal efficiencies in DW treatment using JLMBR system.

concentrations over 5000 mg  L−1. HRT varied between 1.9 and 7.7 h.

Nevertheless, the system was usually operated with an HRT of 4 h. It
was  observed that the effluent concentrations were badly affected
under HRT of 1.9 h. The sludge ages were changed from 2.6 to 79.6 h

uent COD concentrations by the time.
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uring the study. Under these operating conditions, the effluent’s
OD concentrations were measured to be below 300 mg  L−1 (Fig. 5).
evertheless, effluent COD values were evaluated at approximately
00 mg  L−1 or lower for most of the loading conditions.

The activated sludge in the JLB was highly motile when observed
nder a microscope and appeared to flocculate less readily than ses-
ile ciliates/protozoa. Besides, microscopic examination of biomass
howed that no filamentous bacteria or protozoa were present in
he flocks. The situation of the activated sludge may  be attributed
o the high shear forces in the nozzle combined with high growth
ates of the active bacteria, together with the high applied F/M and
he nature of the wastewater. All of these factors achieved a high
egree of microbial selection in the activated sludge of the biore-
ctor. Otherwise, the structure with the smallest flock size allowed
igh cross-sectional surface area exposure to oxygen and substrate
ransfer for the microorganisms in the flock. This also contributed
o the strong performance of the JLB.

As the reaction rate in wastewater treatment is directly propor-
ional to biomass concentration, the organic removal rate increases
ith MLSS concentration [18]. The study was achieved at a high

iomass concentration. The JLMBR, as a high mass transfer perfor-
ance reactor, allowed much higher biomass concentrations than
ould apparatus with a conventional mass transfer. Nonetheless,

he increase in biomass concentration is limited by the physical
roperties of the sludge-wastewater-suspension [18]. Otherwise,

 clear relationship could not be seen between MSSS and COD
emoval efficiency, in Fig. 5. This result could be attributed to two
ain factors. First, since a high MLSS concentration and active

iomass were generally obtained in the system, high performance
as achieved in all situations. Secondly, with the increasing in

iomass concentration increased the particle sizes of the flock con-
iderably [16], and thus the oxygen and substrate transfer to the
icroorganisms were decreased. In addition, the increasing MLSS

oncentration increased the viscosity in bioreactor content, which
lso increased bubble sizes and caused bubble coalescence in the
ystem. Thus, mass transfer decreased because of decreased cross-
ectional surface area and gas hold-up.

.4. Ultrafiltration of the sludge and backwashing performance

The effluent quality arising from abnormal bacterial activities
uch as bulking and foaming in the aeration tank makes separation
f sludge from water difficult. This has given space for membrane
ltration to be increasingly used with the activated sludge process
12]. The rate of sludge separation from effluent is no longer limited
y the settleability of the activated sludge, with a membrane filtra-
ion unit replacing a clarifier. In this study, the membrane filtration
nit was a determinant factor for the system’s performance since
he reactor content was operated with a small and dispersed flock
tructure and the sludge had poor settleability. The tubular ceramic
embrane filters were chosen as ultrafiltration unit and oper-

ted at cross-flow filtration mode. Ceramic membranes have many
nique advantages; such as excellent resistance to acid/alkaline
nd oxidation chemicals, solvent stability, high thermal stability,
xcellent mechanical and abrasive resistance, extremely long work
ife compared with polymeric membrane, and easy cleaning and
anitizing with back flushing [19]. Fig. 6 presents the permeate flux
f the ceramic membrane as a function of time for the filtration of
arious MLSS concentrations.

As seen in Fig. 6, after a sharp decrease in the permeate flux of
he UF membrane due to adsorption and pore blocking followed
y the formation of a fouling layer within the first 10 min, the

ermeate flux reached a pseudo-steady state. In this period, the
ttachment of foulants onto the membrane surface due to the drag
orce of permeate flow was  almost balanced by the detachment of
oulants from the membrane surface due to shear force by crossflow
Fig. 6. Variation of fluxes with time at different MLSS concentrations of the mem-
brane unit (�P = 2 bar, Vc = 2.87 m s−1).

velocity and back diffusion by concentration gradient. Membrane
fouling is generally characterized as a reduction of permeate flux
through the membrane as a result of increased flow resistance
to pore blocking, concentration polarization, and cake formation
[12,20]. Many sharp decreases were observed in the fluxes at low
MLSS concentrations (in Fig. 6). This could be explained in that
the fouling at low MLSS concentrations resulted in different mech-
anisms. The literature suggests that pore blocking is the fouling
mechanisms at low MLSS and cake formation is the fouling mech-
anism at high MLSS concentrations [12,21,22].

Biofouling is another major problem arising from biofilm for-
mation in the pores or on the surface of the membrane [23]. During
the study, biofilm formation was observed in the ceramic mem-
brane’s flow channels. At long operation times, it was seen that the
thickness of the biofilm layer increased. Biofouling may  be initiated
with the deposition of individual bacteria cells on the membrane
surface; the cells then multiply and form a biofilm.

However, the development of membrane bioreactors has been
limited by problems of membrane fouling during filtration of the
activated sludge. Fouling of the membrane decreases the filtration
fluxes and thus the treated water flow, and increases the operat-
ing costs. Since the clogged membranes must be cleaned and/or
replaced, researchers have developed various strategies to reduce
membrane fouling and to improve membrane cleaning efficiency
for flux recovery. These strategies include the development of new
membrane materials, new design of a membrane module, modifica-
tion of flow patterns and incorporation of in situ or ex situ cleaning
regimes in the membrane unit [20,24–26].  A combination of these
strategies may  be used in some processes [12,27].  In this research,
the efficiency of backwashing with CA, immersing the module in
DI water, and chemical cleaning were also examined. Fig. 7 shows
the efficiency of backwashing with air.

The acceptable flux recovery was  obtained by backwashing with
CA. Instead of; high flux recoveries were achieved at high MLSS
concentrations by backwashing with CA. Namely, the backwash-
ing process with CA was an effective procedure to separate the
loosely attached cake from the membrane along with the soluble
microbial product entrapped in it. This result explained that the
effective mechanism in membrane fouling was  in cake formation.
During the first stages of the filtration cycle, under the elevated
flux applied, strong permeation drag would accelerate MLSS accu-

mulation. A cake layer would quickly form to act as a secondary or
dynamic membrane to entrap further soluble microbial products.
In this study, backwashing was  applied at one-hour periods and
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ig. 7. Effect of backwashing with air on flux recovery at the membrane unit
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hus further fouling was  diminished or decreased to a minimum.
onetheless, all fouling mechanisms were eventuated together,
specially with activated sludge filtration [12,28].

The experiments on fouling mechanisms and backwashing or
leaning the membrane are ongoing.

. Conclusions

In this study, the treatment of dairy industry wastewater with
 high performance JLMBR was investigated and found to work
t very high efficiencies. The results obtained are summarized as
ollows:

From the characterization experiments, the concentrations were
determined to be 6080–483 mg  BOD L−1, 9004–921 CODT mg  L−1,
8064–635 mg  CODS L−1, 230–8 mg  TN L−1, 112–9 mg  TP L−1, and
804–134 mg  SS L−1, giving a BOD/CODT ratio of 0.68–0.52 and a
CODS/CODT ratio of 0.90–0.68. The substantial fluctuations espe-
cially in COD and BOD concentrations originated from the ratio
of cheese whey introduction.
In the investigated experimental operating conditions, KLa
ranged between 100 and 285 h−1. These values are 100 times
higher than those for a conventional air diffuser (supplier appa-
ratus).
A loading rate of 45 kg COD m3 d−1 was achieved with a 98% COD
removal efficiency at an HRT of 2.8 days. Also, treatment efficien-
cies of 97–98% were achieved under 53 kg COD m3 d−1 organic
loading rate and 3 h HRT. The performance values (efficiencies
according to organic loading rates and HRT) achieved in this study
coincide with the highest values in the literature for DW treat-
ment. Experimental results showed that the combination of a
high rate biological reactor and membrane filtration was  an effi-
cient, reliable and compact process for biological DW treatment.
Moreover, excellent purification results (96–99% COD removal)
from the combination JLBR and ceramic membrane UF system
reduced the cost of additional treatment.
High MLSS concentrations could be retained in the bioreactor (up
to 38,000 mg  L−1) with the contribution of the UF membrane unit.
Consequently, the high MLSS applied contributed considerably
to the high removal efficiencies and performance. In addition,

the JLBR could be used for the oxygen transfer for the activated
sludge.
Assuming an excess sludge concentration of 15,000 mg  MLSS L−1

for a conventional activated sludge plant [18] and

[

[

ineering Journal 57 (2011) 46– 54 53

38,000 mg  MLSS L−1 for the JLMBR system, the excess sludge
volume of the JLMBR costs was reduced by about 70%. This is a
huge economic advantage.

• During the study, the activated sludge in the bioreactor formed
a non-flocculating motile bacteria structure that was slimy and
poorly settleable. It was  observed that the fluxes decreased
with increasing MLSS concentrations. Cake formation fouling was
determined as the dominant fouling mechanism and resulted
in slower permeation flux decay over time. MLSS in the cake
layer were best removed with backwashing. Compressed air was
used to clean the membrane effectively of fouling caused mainly
by cake formation. A combination cleaning method of chemical
cleaning, DI water immersion and compressed air backwashing
was  the most effective in recovering permeation flux.
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