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ABSTRACT

The pickling process in virgin steel manufacturing generates a great deal of oily wastewater
in the metals industry. During this process, the coated rolling oil needs to be removed by
washing the surface of the steel with acid and alkaline solutions. High chemical oxygen
demand (COD), oil, grease, and emulsified oil-in-water pollutants are the key characteristics
of the wastewater. Chemical consumption in breaking emulsified wastewater and waste
sludge are the main problems in traditional treatment methods. To improve treatment effi-
ciency and reduce chemical usage, a membrane system was applied into the existing waste-
water treatment process. The objective of this study is to build an engineering scale
membrane bioreactor (MBR) system with a treatment capacity of 1,500m3/d based on the
attained optimum operating parameters in the field study. To assure the success of an
actual MBR system being able to be used to treat the oily wastewater, two stages of pilot
experiments were conducted. The results showed that the effluent quality of the pilot MBR
system for grease concentration, turbidity, and COD were under 10mg/L, less than 1 NTU,
and lower than 100mg/L, respectively. Based on the results, an actual full size MBR system
was constructed and had reduced the costs of chemicals, daily operation, sludge treatment
and disposal.
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1. Introduction

The application of membranes in treating oily
wastewater on a small scale was first reported in late
1990, where a membrane was used to treat various
kinds of wastewater such as that discharged from
alkaline/acidic cleaners, machine coolants, petroleum

industries, and the reported primary sources of oily
wastewater generated by the aluminum and steel
industries [1]. The traditional treatment method for
oil-in-water wastewater uses chemicals to break down
emulsified oil followed by coagulation and physical
separation; however, chemical consumption and the
large amount of waste sludge were the accompanying
problems. Generally, wastewater generated from the
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steel industry often exists in a form like an oil–water
mixture and due to necessity; the emulsified oil has
been popularly used in the manufacturing process.
Spent cutting-oils in the steel cold-rolling process
might have a smaller size of droplets of less than
20 μm, containing inorganic particles, surfactants, and
other organic compounds that complicate the treat-
ment process [1,2]. A membrane unit is then intro-
duced into the treatment process in treating oily or
heavy metal wastewater due to the fact that no chem-
icals are needed in physically breaking down the
emulsified oil or separating heavy metals by forcing
wastewater to flow through an appropriate pore-sized
membrane [1–4]. However, those were limitations in
the early stages such as problems with the engineer-
ing scale-up and fouling: thus, a variety of hybrid
membrane processes have been developed. The appli-
cation of powdered activated carbon into a mem-
brane bioreactor (MBR) system to remove toxic
compounds and the combination of ozonation to
remove pharmaceutical wastewater are the reported
cases of the hybrid process [5–7]. Steel industries are
still generating great amounts of oily wastewater and
to treat this oil-in-water waste is a necessary process.
A pilot scale of electro-sorption technology, the desta-
bilization of emulsion by adding natural minerals,
and a combination of hybrid system gas-energy-
management, electrochemical catalytic oxidation, and
MBR have been reported in treating the oily waste-
water [8–10]. A detailed review of membrane
research in North America and a variety of mem-
brane material applications or studies of a pilot scale
MBR and comparisons with conventional activated
sludge systems in treating micropollutants have also
been reported [11–18]. However, an MBR treating
capacity greater than 2000m3/d has been reported in
Europe and is usually applied in treating and reusing
municipal wastewater [19]. In treating oil-in-water
waste, there have been rarely reported cases of an
engineering scale up or a pilot MBR study applied to
an actual treatment process.

In our study, a series of experiments were con-
ducted using a pilot scale to attain the optimum
operating parameters in treating the emulsified oil
wastewater that was discharged from a steel industry
and finally, an MBR system with treatment capacity
of 1,500m3/d was built and put into operation. In
our case, the influent wastewater to the MBR was
pre-treated by the existing chemical coagulation treat-
ment unit followed by a settling tank in the steel
plant. Generally, the wastewater constituent inflow to
the MBR had chemical oxygen demand (COD) con-
centrations of between 1,000 and 1,300mg/L and
grease contents of 50–80mg/L. However, for the steel

industry, the current three major limited standards
(in mg/L) in the discharged effluent for grease, COD,
and SS are 10, 100, and 30, respectively. Thus, an
MBR system was planned to support the conven-
tional treatment units to reduce the costs of opera-
tion, chemical and wasted sludge disposal, and meet
the current regulatory terms of compliance.

2. Material and methods

To assure the success of an actual MBR system
being used to treat the oily wastewater, a conse-
quent two-stage pilot study was conducted during a
four month period with one year needed for the
construction and verification of a full-sized MBR
system. The primary stage was the pilot MBR treat-
ability study followed by a second stage of confir-
mation of the optimum operating parameters with
the results adopted as the design data in an engi-
neering application. In the first stage, an MBR pilot
reactor with a treatment capacity of 40 L/d was
used to treat the discharged effluent from an exist-
ing chemical coagulation unit within an operating
process in treating cold-rolled steel plant wastewater.
Fig. 1 shows the schematic of the MBR reactor
which contains the main 30 L (effective volume 25 L)
plexiglass tank and the four pieces of PTFE (Polytet-
rafluoroethylene) N-MBR® flat sheet membrane with
dimensions of 15 cm (L) × 10 cm (W) for each and a

Fig. 1. Schematic diagram of the MBR pilot reactor in the
first stage study.
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pore size of 0.3 μm. The auxiliary devices for the
reactor included one electromagnetic diaphragm
inflow pump (Tacmina, PZD-32) and three peristaltic
pumps (Master flex, 77921, 77921-40 and 77200-12)
for controlling outflow, backwash, and pH (within
6.8–7.8) adjustment. Maintaining a stable water level
was achieved and measured using an ultrasonic
level sensor (Ho-Shie, LU-27) accompanied with the
adjustment of the influent rate, monitoring of nega-
tive transmembrane pressure (TMP), and measure-
ment of discharge flow. The discharge flow from the
system was measured twice daily and the average
hourly flux was calculated. The MBR module was
operated using an intermittent mode that was dis-
charged for 10min followed by a 2min idle. Daily
cleaning of the MBR was conducted using a back-
wash flow rate of 5 L/m2 and 50 ppm of NaOCl for
10min followed by a 20min idle to prevent fouling
problems and to achieve the optimum and stable
flux conditions. Seeded activated sludge for the
MBR was taken from the existing steel wastewater
treatment plant with an initial concentration
(MLVSS) of 3,000mg/L. The initial operating param-
eters for F/M ratio, volume loading, and HRT were
set at 0.15–0.18 kg COD/kg MLVSS-d, 0.40–0.55 kg
COD/m3d and 60 h, respectively. Due to the low
SS concentration in the permeation flux, the
turbidity quality was used to monitor the flow. The
turbidity meter (Merck, Turbiquant® 1100 IR) was
regularly calibrated using a standard solution with
concentrations between 0.2 and 1,000 NTU. A Merck
dichromate solution analysis kit with a spectrometer
(Merck, Spectroquant® NOVA 60) was used to deter-
mine the COD. The n-hexane Soxhlet extraction
method (NIEA W505.51C) was used to determine
the grease content in the wastewater. The MLSS and
MLVSS in the MBR were analyzed using the stan-
dard suspended solid determination method (NIEA
W210.58A) [20].

3. Results and discussion

3.1. Pilot MBR study

During the study, the clear color changed from the
original dark brown to a steady yellow orange and
healthy activated sludge flocs were observed which
indicated the advantaged micro-organism was the
dominant population in the reactor and suitable for
degrading the target compounds. Fig. 2(a) shows the
variation of biomass concentration which indicated
that the micro-organism stably increased as the inflow
rate increased while the ratio (MLVSS/MLSS) was

maintained at around 0.85 in the final stage, which is
a good ratio for treating this kind of oily wastewater.
The figure indicates that the MLVSS was increased
from 8,000mg/L to the designed 10,000mg/L when
raising the inflow rate from 50 to 60 L/d after day 80
while the calculated sludge age was about 50 d.
Fig. 2(b) shows the fluctuations of influent COD which
were around 950–1,300mg/L while the treated-efflu-
ent COD could only be reduced to about 430mg/L
with a treatment efficiency of only 61% at day 30 with
no nutrients added to the reactor. To achieve a better
efficiency, urea and phosphate were added to the sys-
tem and maintained a ratio of COD/N/P at 200/5/1.
The COD removal efficiency was dramatically
increased to 83% after 15 d of nutrient dosing and
reached 93% at day 48 with the effluent COD under
the regulatory limit concentration, which is 100mg/L.
Grease and SS were the other pollutant compounds
that needed to be removed in the wastewater and
Fig. 2(c) shows the inflow grease concentrations into
the MBR were around 50–80mg/L. It should be noted
that due to the confidentiality of the cold-rolled pro-
cess, no specified grease compounds, constituent, or
brands were informed.

Initially, the HRT was set at 60 h to provide an
incubation environment for the micro-organisms to
degrade the grease compound with the removal effi-
ciency reaching 95% at day 41. Eventually, the efflu-
ent grease concentration was under 10mg/L with
removal efficiency up to 95% at a set 10 h HRT. Simi-
larly, the influent turbidity was reduced from influent
concentration of 120–250 NTU to less than 1 NTU in
the effluent. The major operation parameters of the
MBR system are shown in Fig. 3(a) which indicated
that HRT, Flux, and TMP ratios were gradually
adjusted to fit the respective conditions in each step.
At the beginning, to test the membrane, the operated
flux was maintained between 3 and 7 L/m2h where
the observed TMP was around 6–13 cmHg. After day
80, when a good biomass ratio (MLSS/MLVSS) was
achieved, the observed TMP was still maintained
below 30 cmHg with no reduced outflow rate. The
outflow of the MBR system was operated in a spo-
radic cycle and the total amount of effluent was mea-
sured twice daily. However, at day 91, the observed
TMP had dramatically increased to over 40 cmHg
when the operated average hourly flux was set at
21 L/m2h and a reduction of outflow was observed.
To stabilize the system and avoid membrane damage,
we installed one more piece of membrane to reduce
the TMP and the discharged flux. Finally, the calcu-
lated averaged hourly flux was 16.7 L/m2h. In the
end, the best removal efficiency of pollutants was
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achieved as shown in Fig. 3(b) which indicated the
operating parameters for flux, F/M ratio, and COD
loading.

In conclusion, Figs. 2 and 3 show the results of
the first-stage study with the findings of appropriate
operating parameters for MLVSS, averaged hourly
flux, F/M ratio, HRT, and TMP set at 10,500mg/L,
16.7 L/m2h, 0.2 ± 0.05 kg COD/kg MLVSS-d, 10 h,
and 30 cmHg, respectively. There were reported
operating conditions for submerged MBR in treating

municipal wastewater, which listed parameters for
MLSS, long-term operation flux, F/M ratio, HRT,
and TMP were 5–25 g/L, 15–30 L/m2h, ≤ 0.2 kg
COD/kg MLSS-d, 1–9 h, and 20 kPa, respectively
[19]. Compared with these reported parameters, our
study shows the results are acceptable and can be
applied in treating industrial wastewater. In this
stage, the applied pilot MBR unit was proved to be
efficient in treating the oily wastewater with only
the necessary nutrients added to the bioreactor and

Fig. 2. Variation of concentrations in the MBR system (a) Biomass (b) COD (c) Grease.
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no other chemicals needed in breaking down the
pollutants. From a long-term perspective, the study
also supports that an MBR system can be a reduced
cost method if compared with the conventional acti-
vated sludge system or other methods that use
chemicals in breaking down emulsified oily waste-
water.

3.2. Confirmation of optimum parameters

In an MBR system, the membrane fouling prob-
lem will induce unstable permeation flux, irregular
TMP and consequently results in damage to the
membrane. Thus, the next step was to confirm the

proper flux flow and the regularity of the backwash
frequency for an actual engineering scale system. The
second stage of the study was conducted to confirm
the optimum operating conditions before those stud-
ied parameters in the previous stage were applied
into the engineering design. Fig. 4 shows the two sets
of experimental modules which were used to confirm
the permeation flux and backwash operating parame-
ters. These identical MBR modules were equipped
with necessary piping, gauges, water pumps, and air
pumps. Each module was set at different operating
parameters to compare the results. Firstly, we tested
the stability of flux for these four modules in differ-
ent sporadic cycles without backwash in all cycles as

Fig. 3. Variation of major operation parameters in the MBR system (a) TMP (b) Permeate flux.
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Fig. 4. Schematic diagram of identical MBR modules for the second stage study (a) Permeate flux test (b) Backwash test.

Table 1
Operating parameters for the second-stage flux test

Module A B C D

Common operating parameters
Membrane area (m2): one piece 10 cm × 10cm, double side 0.02
MLVSS (mg/L) 10,500
F/M (kg COD/kg MLVSS-d) 0.24
Air flow rate (Membrane exterior) (L/m2min) 10
Individual operating parameters
(a) Discharge time (min) 5 10 15 20
(b) Idle time (min) 2 2 2 2
*Calculated required discharge flux(L/m2h): 16:7� ðaþbÞ

a

h i
23.4 20.1 18.9 18.3

*16.7 is the attained average hourly flux in the first-stage study.
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shown in Fig. 4(a). Table 1 lists the common operat-
ing parameters, which were attained in the previous
stage and the individual sporadic cycle parameters
for this experiment.

To match the attained average hourly flux of
16.7 L/m2h in the first stage, the instantaneous dis-
charge flux needed to be calculated to make up the
loss of idle time in these sporadic cycles. Table 1
shows the calculated required initial discharged flux
for each module. To test the limitations of the

membrane, the experiment was conducted continu-
ously for 14 d to study the effects of biofilm accu-
mulation on the membrane. Fig. 5(a) shows that
compared with the other three modules, module B
had the least increment of the TMP and the most
stable permeation flux during this two-week period.
The tested sporadic cycle agreed with the optimum
parameters of the MBR system in the first stage
which was a 10min discharge followed by 2min
idle. Fig. 4(b) shows another set of experiments,

Fig. 5. Comparison of TMP and flux in the second stage study (a) Permeate flux (b) Backwash.
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which was conducted to study the effect of the
backwash cycle, using 50 ppm of NaOCl solution to
attain a proper backwash frequency. Table 2 lists the
common and individual operating parameters for
this experiment. The designed discharge flux was set
at 20 L/m2h and thus, to make up for the loss of
idle time for the discharge and backwash cycles,
the operated instantaneous discharge flux was
calculated as listed in the Table. Fig. 5(b) shows that
module C had the most stable TMP followed by
module B, which indicated that twice or once daily
backwashes were acceptable; however overuse of the
NaOCl solution is disadvantageous to an MBR
system.

Thus, daily washing is more preferable in an actual
operation. In contrast to that the results of no backwash
in module A and too much backwash in module D
caused an unstable TMP due to the plugging problem

in the membrane and the high-instantaneous discharge
flux to make up for the wasted idle time. Fig. 5(b) also
indicates that modules B and C had a more stable flux
rather than the diminished flux in modules A and D.
Finally, the results in this stage confirmed that the opti-
mum operating parameters were acceptable and practi-
cable in an engineering application.

3.3. Engineering planning

To be more practical, a preliminary engineering
planning is suggested based on the principles of the
pilot study and in one year period, the MBR system
was constructed and has been operating until the
present day. Based on the designed treatment capacity
of 1,500m3/d, a total of 20 sets of suspended flat MBR
modules with pore size of 0.3 μm are equally divided
into four tanks while the total effective volume of the

Table 2
Operating parameters for the second-stage backwash test

Module A B C D
Common operating parameters

Membrane area (m2): one piece 10 cm × 10 cm, double side 0.02
MLVSS (mg/L) 10,500
F/M (kg COD/kg MLVSS-d) 0.24
Air flow rate (Membrane exterior) (L/m2min) 10
Designed discharge flux (L/m2h) 20
Sporadic cycle: discharge (min)/idle (min): 10/2
Calculated daily discharge time (min): 1440� ð10Þ

ð10þ2Þ
h i

1200
Individual operating parameters
Backwash (min)/Idle time (min):Terminated discharge time: 30min/wash 10/20
(a) Backwash frequency (wash/d) 0 1 2 4
Calculated required discharge flux(L/m2h): 20� ð1440Þ

ð1200�30�aÞ
h i

24.0 24.6 25.2 26.7

Table 3
Preliminary engineering planning parameters

Main operation parameters

Wastewater COD SS Grease pH
Influent (mg/L) ≤1,300 ≤100 ≤100 6–8
Effluent (mg/L) ≤80 ≤1 ≤5 6–8
Membrane module: rigid frame with 3D structure (PTFE

outer layer/PET inner layer)
Flux
(L/m2h)

MLVSS
(mg/L)

HRT
(h)

F/M (kg COD/
kg MLVSS-d)

15.0 10,000 10 0.2 ± 0.05
Estimated operating costs (based on local conditions, in NT$/d)
(a) Electricity (system requirement 2,955 kw/h at 2.2 NT$/kwh) 6,500
(b) Chemical consumption (NaOCl and pH adjustment) 536
(c) Manpower 2,250
(d) Materials depletion (equipment and membrane at 2%/year) 450
(e) Wasted sludge disposal fee (2.5 NT$/kg at moisture 85%) 5,200
*Calculated unit cost (NT$/m3): (a + b + c + d + e)/1,500 9.96

*1,500 is the designed treatment capacity (in m3/d).
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reactor is 750m3. The preliminary planning included
all the necessary engineering elements for the practica-
ble MBR system; such as an RC structure for reactors,
pH adjustment, cleaning tank for membrane, mem-
brane modules, piping/pumping system, and a con-
trol system. Table 3 summarizes the suggested
planning operation parameters; however, considering
the actual filed conditions, the suggested discharge
flux is set at 15 L/m2h, which is 90% of the attained
parameter in the first stage. The estimated operating
costs and the calculated daily operating cost is about
9.96 NT$/d (or 0.32 $/d) which should be acceptable
if compared with conventional treatment methods.

4. Conclusions

Based on the study, an appropriated engineering
scale of the PTFE MBR system was designed and
reached the objective of physically breaking down the
emulsified oil wastewater and degrading the unre-
vealed pollutants in the wastewater. The treatability
study of emulsified oil wastewater for a cold-rolled
steel plant in regard to high COD and unspecified
grease compounds was conducted and attained a set of
optimum operating parameters for an engineering scale
up. The concluded operating parameters for MLVSS,
averaged hourly flux, F/M ratio, HRT, and TMP were
set at 10,500 mg/L, 16.7 L/m2h, 0.2 ± 0.05 kg COD/kg
MLVSS-d, 10 h, and 30 cmHg, respectively. To date, an
MBR system with treatment capacity of 1,500m3/d has
been built and put into operation based on these design
principles. Compared with conventional treatment
methods, the MBR system has reduced the costs of
chemicals, daily operation, and sludge treatment and
disposal.
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