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ABSTRACT

Application of immersed membrane process in treating synthetic and real petroleum
refinery wastewater was investigated. The synthetic wastewater investigation was operated
at constant flux mode (15, 25, and 40 1/m? h) allowing the transmembrane pressure (TMP)
to increase with time and oil contents of 20, 50, and 100 mg/l. On the other hand, the real
wastewater study was conducted at permeate flux values of 15, 25, and 401/m”h. The
results of the investigation showed that the membrane performance was dramatically
affected by wastewater oil content and permeate flux values. The maximum allowable TMP
value of 9 Y was found to be reached frequently with the increase in permeate flux and oil
content that resulted in more backwashing and cleaning cycles. As an example, at flux value
of 40 1/m? h, the membrane module was backwashed 9, 12, and 30 times when oil contents
were 20, 50, and 100 mg/1, respectively. Moreover, fouling resistance was found to increase
when permeate flux and oil content increased.

Keywords: Constant flux; Transmembrane pressure; Synthetic and real wastewater; Fouling

resistance; Membrane cleaning; Permeate quality

1. Introduction

Petroleum industries are the main producers of
oil-containing wastewater that results from pumping,
desalting, distilling, fractionation, alkylation, and
polymerization processes. It is of large volume, and
contains suspended and dissolved solids, oil, wax,
sulfides, chlorides, mercaptans, phenolic compounds,
cresylates, and sometimes large amounts of dissolved
iron [1,2]. Refinery wastewater often requires a combi-
nation of different treatment methods to remove oil
and other contaminants before discharge. A typical
system may include sour water striping, gravity
separation of oil and water, dissolved air floatation,
biological treatment, and clarification [3]. A final

polishing step using filtration, activated carbon, or
chemical treatment may also be required. Recently,
several investigators reported the use of a combina-
tion of different conventional and advanced processes
in treating oily wastewater such as catalytic oxidation,
biological treatment, electro-oxidation, and acidificat-
ion [4-7]. Advanced technologies were used to
remove specific parameters (such as sulfide and
phenol) other than oil, while conventional processes
depend entirely on operational parameters (such as
contact time and chemical addition). It has also been
reported that conventional processes are costly [8].
Consequently, and due to increasing stringencies in
environmental laws and regulations, applications of
innovative technologies such as membranes are
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encouraged in order to reduce pollution loadings on
the environment.

In the published literature, different membrane pro-
cesses were used to treat oily water by several research-
ers. Recently, Widiasa et al. [9] investigated the
performance of an integrated membrane pilot-scale
process when treating oil refinery wastewater. A multi-
media filter, an ultrafiltration (UF) unit, a reverse osmo-
sis unit, and a membrane bioreactor (MBR) were used.
They reported that in order to reduce the high chemical
oxygen demand (COD) value of the MBR effluent, gran-
ular-activated carbon adsorption was used. Abbasi
et al. [10] used ceramic microfiltration membrane to
treat oily wastewater. Effects of transmembrane pres-
sure (TMP), temperature, flow rate, oil concentration,
and salt concentration on the performance of the cera-
mic membrane were investigated. They reported that
permeate flux was found to increase with an increase in
pressure and temperature, and decrease with an
increase in oil and salt concentrations. Effects of opera-
tional parameters were the subject of numerous pub-
lished works [8,11-13]. Generally, researchers reported
that operational parameters such as TMP, flow rate,
temperature, and oil concentration have dramatic
effects on the performance of membranes that is mea-
sured in terms of permeate flux rate and quality. More-
over, Rahman and Al-Malack [14,15] investigated the
use of MBRs in treating synthetic refinery wastewater.
They studied the performance of a MBR, and deter-
mined biochemical kinetics at mixed liquor suspended
solids (MLSS) values of 3,000 and 5,000 mg/1. Further-
more, Al-Malack [16] treated petroleum refinery waste-
water using pilot-scale crossflow and immersed
membrane processes. He reported that the immersed
membrane process produced stable permeate flux
(50 1/m? h) throughout the investigation period (800 h),
while the crossflow process was found to steadily foul
after 600 h. With respect to oil and grease removal, both
processes produced permeates that contained less than
1.4 mg/1 of oil and grease, which is the detection limit
of the analytical method. Recently, immersed mem-
branes have been used to treat different types of oily
wastewater such as palm oil mill effluent, produced
water, and industrial oily water [17-19]. Investigators
used additional processes such as adsorption, electroco-
agulation, electroflotation, and surfactants in order to
improve the process performance. However, immersed
MBRs were reported to produce permeates of high
quality. With respect to the use of immersed MBRs, Li
et al. [20] investigated the use of anaerobic-/oxic-
immersed MBR in treating petroleum refinery effluents.
They reported stable and very high removal efficiencies
of COD, oil and phenol. Other investigators reported
similar results of stable and high removal efficiencies of
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COD, biochemical oxygen demand, turbidity, phenol,
and suspended solids [21].

With respect to membrane cleaning, there is a large
selection of available cleaning chemicals. A solution of
enzymatic household washing powder is often the first
thing to be tried; otherwise, solvents, acid, or alkali
solutions could be tried. Bedwell et al. [22] used a stan-
dard procedure of backflushing the membrane with
pH 1 hydrochloric acid, supplemented when necessary
with a prewashing rinse with 1% aqueous sodium
hypochlorite solution. Lindau and Jonsson [23] investi-
gated the influence of different types of cleaning
agents on a polysulfone UF membrane that was used
to treat oily wastewater. More works on fouling control
can be cited in Kwon et al. and Kim et al. [24,25].

Based on the above literature review, it could be
concluded that applications of immersed membrane
processes in treatment of petroleum refinery wastewa-
ter require more investigation, particularly, in the area
of membrane fouling and cleaning. Moreover, there is
a lack of information on the use of immersed mem-
branes as physical processes, not MBRs, in treating
petroleum refinery wastewater. Consequently, the
main objective of the current investigation is to study
the performance of constant flux-immersed membrane
when treating synthetic and real petroleum refinery
wastewater.

2. Materials and methods
2.1. Synthetic wastewater investigation

In order to optimize the membrane process, experi-
ments were conducted using synthetic oily wastewa-
ter, containing different initial levels of crude oil.
Effects of flow rate (flux) and oil content on the per-
formance of the membrane process were investigated.
Due to the maximum water temperature specified by
the manufacturer (40°C), effect of water temperature
on the performance of the process was not investi-
gated. Therefore, all experiments were conducted at
room temperature and unadjusted pH values. Table 1
shows the experimental design of the investigation.

Fig. 1 shows a schematic diagram of the bench-
scale experimental setup that was used in both investi-
gations. The process, feed, and permeate tanks were
made of plexiglass with water capacities of 85, 50, and
25 1, respectively. Dimensions of the feed tank were
selected based on the maximum permeate flux to be
investigated (40 1/m?h). A permeate tank was used to
collect the produced permeate that can be used during
backwashing cycles, when necessary. The general
characteristics of the membrane module are shown in
Table 2.
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Table 1
Experimental design of laboratory investigation
Experiment number 1 2 3 4 5 6 7 8 9
Period, d 5 5 5 5 5 5 5 5 5
Permeate flux, I/m> h 15 25 40 15 25 40 15 25 40
Oil content, mg/1 20 20 20 50 50 50 100 100 100
pH UA UA UA UA UA UA UA UA UA
Temperature,'C R R R R R R R R R
Notes: UA = Unadjusted; R = Room temperature.
4
Feed
Permeate
A
3

Fig. 1. Schematic diagram of the lab-scale setup.

Table 2
General characteristics of the bench-scale membrane
module

Hollow
Configuration fiber
Material PVDF
Pore size 0.035 pm
Nominal surface area 0.047 m?
Nominal permeate flow 201/m*h

Maximum TMP 9y

Typical operating TMP 1-7 ¢
Maximum operating temperature 40°C
Operating pH range 5-10
Maximum transmembrane backwash 8y

pressure

The study was conducted using synthetic oily
wastewater, containing 20, 50, and 100 mg/1 of crude
oil. Wastewater samples were collected, at different
times, from the process and permeate tanks for chemi-
cal analysis and flux measurements. Collected samples
were analyzed for total dissolved solids, total sus-

1. Process Tank

2. Immersed Membrane Module
3. Peristaltic Pump

4. Outlet Pressure Gauge

pended solids (TSS), COD, phenol, and oil and grease
in accordance with standard methods [26]. Values of
permeate flow rate and TMP were recorded. Each
experiment was performed for 5d, after which the
membrane was cleaned in accordance with specifica-
tions set by the manufacturer and used again.

2.2. Real wastewater investigation

The objective of this investigation was to study the
feasibility of using immersed membrane processes in
treating real refinery wastewater at optimum condi-
tions obtained from the laboratory investigation.
Wastewater produced by an American Petroleum Insti-
tute (API) separator was used in the current investiga-
tion. Since oil content cannot be controlled, its effect on
the process performance was not investigated.

Wastewater samples were collected, at different
times, from the produced permeate for chemical anal-
ysis and flux measurements. Collected samples were
analyzed for the same above-mentioned parameters.
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2.3. Membrane cleaning

According to the manufacturer specifications, the
maximum allowable operating TMP is 9 . Therefore,
when that TMP was reached, the membrane was
either backwashed or cleaned. Membrane fouling was
controlled by air injection, while backwashing of the
membrane with the produced permeate was also used,
whenever necessary. As specified by the manufac-
turer, the membrane was cleaned using either basic or
acidic solution depending on the type of fouling mate-
rials. The membrane module was soaked in a mixture
of detergent and caustic soda at pH value of 9.5 for
three hours. In case the membrane was not cleaned,
the same practice was repeated till satisfactory results
were obtained. It is worth to indicate that at least 90%
of the membrane permeability should be recovered
after cleaning.

3. Results and discussion
3.1. Synthetic wastewater investigation
3.1.1. Effect of permeate flux

It is worth mentioning that permeate flux values
were found to slightly fluctuate with time, which could
be attributed to the use of a peristaltic pump at low
flow rates. However, all efforts were made to maintain
permeate flux values close to those under investigation
(15, 25, and 401/ m? h). Results of the investigation
showed that at oil contents of 20 and 50 mg/l, the
process continued to operate throughout the investiga-
tion duration (120 h). However, at an oil content of
100 mg/1, Fig. 2 shows that the treatment process had
to be terminated after 60 and 8 h when permeate flux
values were maintained at 25 and 40 1/m? h, respec-
tively. Both investigations were terminated due to
frequent backwashing and cleaning cycles were
required to maintain the process. It should be noted
that at an oil content of 100 mg/1 and a permeate flux
of 151/m? h, the investigation continued throughout
the designed duration of the experiment.

The effect of permeate flux on TMP at oil contents
of 50 and 100 mg/1 is depicted in Figs. 3 and 4,
respectively. The figures show that as the permeate
flux was increased, TMP was also found to increase.
This can be attributed to the fact that an increase in
permeate flow rate will result in an increase in the
volume of the treated wastewater. Consequently,
hydraulic resistance of the membrane will increase due
to the precipitation of suspended solids (oil) on the
surface and within the pores of membrane module.
The figures also demonstrate the dramatic effect of oil
content on the performance of the treatment process.
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Fig. 2. Permeate flux at oil content of 100 mg/1.
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Fig. 3. TMP at oil content of 50 mg/1.

As an example, Fig. 4 clearly shows that the investiga-
tion continued for five days when the permeate flux
was maintained at 15 1/m? h. At this flux rate, the pro-
cess TMP reached 9 , after two days of operation,
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Fig. 4. TMP at oil content of 100 mg/L

indicating the need for a backwashing cycle. Thereaf-
ter, the process needed two backwashing cycles per
day. Furthermore, the figure clearly indicates that as
the permeate flux was increased, frequencies of
reaching a TMP of 9 iy were also increased. Conse-
quently, the investigation was terminated after 60 and
8 h, when the permeate flux was increased to 25 and
40 1/m? h, respectively. Since permeate flow rates were
adjusted close to values under investigation, any
increase in the membrane hydraulic resistance will
definitely result in increasing the membrane TMP.

The relationship between permeate flux and TMP
can be also explained by the following Darcy’ Law:

AP

=R 1)

J

where |=permeate flux; AP =TMP; p=viscosity; R;=
total hydraulic resistance =Ry, + Rp + R, Ry, = mem-
brane hydraulic resistance; Rj, = hydraulic resistance
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caused by pore blocking; R.= hydraulic resistance
caused by cake formation.

The law clearly indicates that as the permeate flux
increases, TMP will increase. Moreover, several inves-
tigators reported similar results on the relationship
between flux and TMP [10]. However, Ghaffour et al.
[8] who investigated the use of UF in treating
petroleum refinery wastewater reported that TMP had
relatively little effect on flux, which could be attrib-
uted to the increase in hydraulic resistance. Recently,
Shanmuganathan et al. [27] investigated the perfor-
mance of submerged membrane—ion-exchange hybrid
system in treating reverse osmosis feed. They reported
that the increase of permeate flux values has led to
higher TMPs.

3.1.2. Effect of oil content

Three initial oil contents (20, 50, and 100 mg/1)
were investigated at different permeate flux values
(15, 25, and 40 1/m? h). The results showed that as oil
contents were increased from 20 to 100 mg/1, TMP
values were found to increase accordingly. For exam-
ple, Fig. 5 shows that at an oil content of 20 mg/1, the
TMP exceeded 2 s throughout the run. When oil con-
tent was increased to 50 mg/l, TMP was found to
reach the maximum allowable TMP (9 ) more fre-
quently, which resulted in frequent membrane back-
washing and cleaning cycles. When oil content was
further increased to 100 mg/l, the investigation was
terminated after 8 h due to frequent backwashing and
cleaning cycles of the membrane. The above results
clearly indicate that both of oil content and permeate
flux have dramatic effects on TMP that resulted in fre-
quent backwashing and cleaning cycles of the mem-
brane module. Buzatu et al. [28] investigated
permeability and clogging in an immersed hollow
fiber MBR. They reported that the rate of TMP
increase was found to strongly correlate with mass of
accumulated solids. Kim et al. [29] investigated new
configuration of a MBR for effective control of mem-
brane fouling and nutrients removal in wastewater
treatment. They reported that as MLSS concentrations
were increased, TMP increase was found to become
steep. Similar results on the effect of oil concentration
on transmembrane permeate flux were also reported
by Abbasi et al. [10] who investigated treatment of
oily wastewater using membrane process.

3.2. Real wastewater investigation
3.2.1. Effect of permeate flux

Fig. 6 shows permeate flux values investigated
using an API effluent as a feed to the membrane
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Fig. 5. TMP at permeate flux of 40 1/m*h and different oil
content values.

50

@ Flux =15 /m2hr
Flux = 25 I/m2.hr
[ J
40 A Flux =40 yYm2hr

30 —

Flux (I/m2.hr)
el

20 —

10 —

Time (days)
Fig. 6. Permeate flux with respect to time.

process. The figure shows that when a permeate flux
of 151/m> h was investigated, the investigation was
carried out for more than 55d. However, when
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permeate flux values were raised to 25 and 401/ m? h,
the investigation was terminated after about 35 and
3 d, respectively, which can be attributed to the same
reasons given above.

The effect of permeate flux rate on TMP is clearly
represented in Fig. 7. The figure shows that at a flux
of 151/m? h, TMP values were fluctuating between 1
and 5  for more than 40 d of running time. After
that, TMP was found to reach the maximum allowable
value (9 ) approximately once every 7 d. The results
clearly indicate that the immersed membrane process
can be operated with minimum backwashing and
chemical cleaning cycles when permeate flux values
were maintained at 151/m? h. However, when perme-
ate flux values were increased to 251/m? h, TMP was
found to reach the 9 y value more frequently after 5 d
of the investigation. Further increase of the permeate
flux to 401/m*h was found to foul the immersed
membrane more frequently since the first day of the
investigation. The investigation was terminated after
less than three days due to frequent backwashing and
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Fig. 7. TMP at different permeate flux values.
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cleaning cycles. It can be concluded from the figure
that as permeate flow rates were increased, TMP val-
ues were found to increase and reach the maximum
allowable value recommended by the manufacturer.
The increase in TMP can be attributed to the fact that
any increase in permeate flow rate will result in an
increase in the volume of treated wastewater which
will in turn increase the membrane hydraulic resis-
tance due to precipitation of solids on the membrane
surface and within its the pores. These results are sim-
ilar to those obtained when synthetic oily wastewater
was used. The results have already been supported by
results published in literature.

3.3. Membrane fouling resistance

With respect to the synthetic wastewater investiga-
tion, the results clearly revealed that if the process was
operated at a permeate flux of 151/m?h and an oil
content of 20 mg/1, the process was not found to foul
significantly during the entire experimental period. In
this case, the maximum membrane resistance reached a
value of about 0.2 x 107" (1/m) during the first 10 h of
operation. Similarly, when the oil content was increased
to 50 mg/1, fouling behavior of the membrane was not
found to change significantly. However, when the oil
content was further increased to 100 mg/1, membrane
resistance jumped to values greater than 0.95x 107"
(1/m), which clearly indicates the effect of oil content
on the membrane fouling behavior. When the permeate
flux was raised to 25 1/m? h, the results showed a trend
that is almost similar to the above results. Fig. 8 shows
the effect of oil content on membrane fouling resistance
when the process was operated at permeate flux value

0.8

== 0il Content = 20 mg/l
B 0il Content = 50 mg/l
@ 0il Content = 100 mg/l

Membrane Resistancex10-1° (1/m)

Time (hours)

Fig. 8. Membrane resistance vs. time at permeate flux of
401/m?h.
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of 40 1/m” h. The figure shows almost a similar trend,
particularly, in the case of 100 mg/1 of oil content. In an
attempt to represent membrane resistance at different
values of permeate flux and oil content, Darcy’s Law
(Eq. (1)) was rearranged to be become:

AP

Rl i 2
W @

or

In (R) =1n (AP) —1n (4]) 3)

Both Egs. (2) and (3) represent straight lines as
long as p and ] are constants. Since the experiments
were conducted at constant permeate flux and if p
was assumed to be constant throughout the course of
treatment, either Eqs. (2) or (3) can be used to repre-
sent the relationship between hydraulic resistance and
TMP. Table 3 summarizes the results of plotting foul-
ing resistance vs. TMP at various permeate flux values
and oil contents. However, Fig. 9 shows the plots at
an oil content of 100 mg/1 and different permeate flux
values (15, 25, and 40 1/m? h). The results clearly indi-
cate the good fit between experimental results and
Darcy’s law. It is worth mentioning that results pre-
sented in Fig. 9 were gathered over periods of 120, 56,
and 8d for flux values of 15, 25, and 401/m?h,
respectively. The investigation results obtained are in
agreement with those reported by Sioutopoulos and
Karabelas [30] who correlated organic fouling resis-
tances in RO and UF membrane filtration under con-
stant flux and constant pressure. Their results showed
an increase in cake resistance with the increase in
TMP for both membrane processes. They attributed
the increase in resistance to cake compressibility that
will increase with increasing the TMP. Moreover,
colloidal and bacterial fouling during constant flux
microfiltration was investigated by Chellam and

Table 3

Fouling resistance summaries for synthetic wastewater

Oil concentration ~ Flux (I/m®h)  Equations R?

20 mg/1 10 R=0.181 xAP  0.99
20 R(=0.103x AP  0.87
30 R=0.059 x AP  0.94

50 mg/1 10 R(=0226xAP  0.99
20 R(=0.130xAP  0.92
30 Ri=0.064 xAP  0.99

100 mg/1 10 R(=0210xAP  0.99
20 R(=0.098 x AP  0.99
30 R(=0.072xAP  0.99
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Fig. 10. Membrane resistance vs. time for field study.

Cogan [31]. They reported that fouling resistance due
to pore blocking increased over the course of filtration
which was attributed to progressive deposition of
bacteria within the membrane pores.

In the real wastewater investigation, since oil con-
tent was not controlled, only the effect of permeate
flux on membrane fouling was investigated. Fig. 10
clearly shows that membrane resistance was increas-
ing with time and with the increase in permeate flux
values. When 151/m? h was used, membrane resis-
tance was found to gradually increase with time till
the end of the investigation (more than 55 d). How-
ever, when permeate flux was increased to 251/ m?h,
membrane fouling was found to be more frequent
which resulted in terminating the investigation after
35d of experimentation. The membrane resistance
was insignificantly higher than that obtained at a per-
meate flux of 151/m? h. The figure shows that when
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permeate flux was further increased to 401/ m? h,
membrane resistance reached a value that is more
than 0.5x 107" (1/m) in the first hours of the experi-
ment, which resulted in terminating the experiment
after 3d. Fig. 11 shows fouling resistance vs. TMP
when real petroleum refinery wastewater was used.
As in the case of synthetic wastewater, the figure
clearly shows the good fit between the law and experi-
mental results (R*=0.99). It is to emphasize that at
higher flux values (40 1/ m? h), the maximum fouling
resistance was obtained in about 15 h, while in the
case of 15 and 25 1/m? h, it was obtained in 6 and 5d,
respectively. The results are in agreement with those
reported by Parameshwaran et al. [32] who analyzed
microfiltration performance with constant flux pro-
cessing of secondary effluent. The results showed that
cake resistance was found to increase with increasing
permeate flux, particularly at high TMP values
(50 kPa), which was attributed to cake compressibility.
Additionally, Miller et al. [33] made a comparison of
membrane fouling at constant flux and constant TMP
conditions. They reported rapid increase of membrane
resistance with the increase of permeate volume/filtra-
tion area when permeate flux values were higher than
a threshold flux (62 1/m? h).

3.4. Membrane backwashing and cleaning

When TMP was found to reach the maximum
allowable value (9 ), membrane module was back-
washed with the collected permeate. Moreover, if the
membrane was found to foul frequently, cleaning
was performed in accordance with manufacturer’s
recommendations. Backwashing of the membrane
was performed using the collected permeate at a
backwashing pressure of 8  for 60s. Akhondi et al.
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Fig. 11. Fouling resistance vs. TMP for real wastewater.



8616 M.H. Al-Malack | Desalination and Water Treatment 57 (2016) 8608-8618

and McAdam and Judd reported the effectiveness of
membrane backwashing in reducing fouling [34,35].
With respect to membrane cleaning, the manufacturer
recommended that the membrane should be soaked
for three hours in a hypochlorite solution. The
recommended cleaning process was not found very
effective. Therefore, the manufacturer recommended
replacing the hypochlorite solution by a commercial
powder detergent (such as DAC, OMO, or TIDE),
which was found to be effective. Chemical cleaning
of membranes was used by Curko et al. [36] who
reported the use of oxalic acid, while Rahman and
Al-Malack and Kose et al. [14,18] reported the use of
detergents. The average frequency of membrane
backwashing and cleaning at different operating
conditions of oil content and permeate flux were
monitored. Table 4 shows that as permeate flux was
increased, backwashing and cleaning frequencies

Table 4

were found to increase. Similarly, an increase in oil
content was found to result in increasing the
required frequencies of backwashing and cleaning of
the immersed membrane. This can be attributed to
the same reasons given above. Moreover, higher oil
contents were found to produce similar results and,
therefore, frequent backwashing or cleaning cycles
will be required.

3.5. Permeate quality

Table 5 shows a summary of the general
characteristics of the produced permeate at different
operational conditions. The table clearly demonstrates
that suspended solids were completely removed from
the wastewater. Moreover, the concentrations of oil and
grease and phenol were always less than the detection
limits of the analytical methods used throughout the

Backwashing and cleaning cycles at different flux and oil content values

Permeate flux (I/m? h)

Investigation Oil content (mg/1) Backwashing or cleaning cycles 15 25 40

Laboratory 20 Backwashing cycles 5 6 7
Cleaning cycles 1 1 2

50 Backwashing cycles 7 9 20
Cleaning cycles 2 2 3
100 Backwashing cycles 9 12 30

Cleaning cycles 3 3 5

Field 25-55 Backwashing cycles 10 15 40
Cleaning cycles 2 4 10

Table 5

Quality of the permeate at different operational conditions

Operational parameters TSS (mg/1) Oil and grease (mg/1) COD (mg/1) Phenol (mg/1)

Laboratory investigation

Oil =20 mg/1Flux =151/m? h 0 <1.0 21 <0.1

Oil =20 mg/IFlux=251/m? h 0 <1.0 10 <0.1

Oil =20 mg/IFlux=401/m”> h 0 <1.0 7 <0.1

Oil =50 mg/1Flux =15 1/m* h 0 <1.0 13 <0.1

Oil =50 mg/1Flux =25 1/m” h 0 <1.0 18 <0.1

Oil =50 mg/1Flux =40 1/m* h 0 <1.0 14 <0.1

Oil =100 mg/IFlux=151/m? h 0 <1.0 9 <0.1

Oil =100 mg/IFlux =251/m” h 0 <1.0 7 <0.1

Oil =100 mg/IFlux =40 1/m* h 0 <1.0 6 <0.1

Field investigation

Average 0.0 <1.0 70 <1.0

Maximum 0.0 <1.0 191 <1.0

Minimum 0.0 <1.0 6 <1.0

Notes: TSS = total suspended solids; COD = chemical oxygen demand.
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investigation (1.4 and 0.1 mg/l, respectively). COD
removal efficiency was found to reach 84, 83, and 92%
based on the reported average, maximum, and
minimum values, respectively. Phenol removal efficiency
was found to be 42 and 53% based on average and maxi-
mum values, respectively. Several researchers reported
high and stable removal efficiencies of oil, COD,
suspended solids, turbidity, and phenol when using
membrane processes in wastewater treatment [20,37,38].

4. Conclusions

Effects of oil content and permeate flux on the per-
formance of an immersed membrane process in treating
petroleum refinery wastewater were investigated using
synthetic and real wastewater. Beside the effect of oper-
ational parameters, the investigation emphasized on
fouling, backwashing, and cleaning of the immersed
membrane process. The results clearly indicated that
increasing oil content and permeate flux resulted in
increasing TMP values, particularly at higher oil con-
tents. The results also showed that as oil content and
permeate flux were increased, backwashing and clean-
ing frequencies of the membrane process were also
increased. Fouling resistance was found to increase
with the increase of permeate flux and oil content.
Moreover, results on fouling resistance were found to
have a good fit with Darcy’s law. The permeate quality
results indicated that removal efficiencies of different
contaminants, throughout the course of investigation,
were stable regardless of variations in permeate flux
and oil content values.
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