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This study explores the efficacy of a ceramic membrane combining filtration, electrofiltration, and
backwashing for oily water treatment. A secondary mullite membrane was synthesized, showcasing high
permeate flux (534 LMH), biaxial flexural strength (75.21 MPa), and cost-effectiveness. Operational
parameters, set at 2 bar pressure and 0.727 m s~ cross-flow velocity, were optimized for desirable
permeate flux and oil removal rates. Critical electric field intensity (E.it) ranged from 50 to 55 V, guiding
optimal voltage selection for electrofiltration. Electrokinetic phenomena, such as electrophoresis and
electroosmosis, addressed fouling issues. Higher salt concentrations exacerbated fouling and reduced
electric field efficiency. Energy analysis revealed potential savings, dropping from 3.88 kW h m® without
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Accepted 14th September 2024 voltage to 2.71 kW h m~ at 65 V for salt-free solutions. However, higher salt concentrations increased
fouling, elevating energy consumption. These findings affirm the value of affordable ceramic membranes

DOI 10.1039/d4ra05193a for oily water treatment, stressing the need for parameter optimization to enhance performance and
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1. Introduction

Oily wastewater from industries such as oil refineries, petro-
chemical plants, and offshore drilling operations poses signif-
icant environmental challenges, degrading water quality and
threatening biodiversity and human health."> With oil
concentrations in wastewater ranging from 10 mg L' to
1000 mg L™, the need for effective treatment and management
has become increasingly critical.*® Traditional methods like
physical, chemical, and biological processes struggle with
limitations such as high costs, complex operations, and
secondary pollutants.”® In contrast, membrane-based separa-
tion techniques have gained attention for their high efficiency,
simplicity, and potential for integration into existing
systems.™**>

Ceramic membranes are highly promising for oily water
treatment due to their exceptional thermal and chemical
stability, mechanical strength, and resistance to fouling."*"’
These properties make them ideal for harsh conditions and
effective in removing oil droplets and contaminants. However,
their high production cost has limited widespread industrial
use.'®
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To reduce costs while maintaining performance, researchers
have focused on using low-cost raw materials, innovative
fabrication, and optimized manufacturing processes for
ceramic membranes.”? Mullite whisker membranes are
particularly promising, offering reduced production costs while
enhancing biaxial flexural strength and porosity."” The growth
of mullite whiskers involves the reaction of excess silicate in
kaolin with alumina, facilitated by sintering aids that lower the
glassy phase temperature and improve mass transfer,
promoting mullite formation at lower temperatures.” These
membranes significantly boost the economic viability of
ceramic membranes for oily water treatment.**>*-¢

Fouling, another critical challenge in membrane technology,
significantly impacts cost and energy consumption by
obstructing efficient filtration and reducing membrane life-
span.”” In oily water treatment, fouling is mainly caused by the
accumulation of oil droplets, organic matter, and other
contaminants on the membrane surface, leading to flux decline
and decreased separation efficiency.”**° While traditional
methods like physical and chemical cleaning can mitigate
fouling, they often require halting operations and involve
additional costs and environmental impacts. Moreover,
advanced techniques such as surface modifications have shown
promise but are limited by their specificity to certain foulants
and the need for a priori knowledge of feed composition. Elec-
trofiltration, a novel technique that applies an electric field
across the membrane, offers a compelling alternative by
reducing fouling through electrokinetic and electrochemical
effects without interrupting continuous operation. This method
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not only improves membrane performance but also minimizes
the need for chemicals, making it an excellent option for
sustainable and efficient fouling management.*>

Electrofiltration harnesses the application of an electric field
across the membrane to improve separation efficiency and
mitigate fouling. This technique capitalizes on various electro-
kinetic phenomena, such as electrophoresis, electroosmosis,
and bubble formation, to enhance particle removal and mini-
mize membrane fouling.** Different configurations can be
employed in electrofiltration systems, depending on the desired
outcomes. One configuration utilizes the membrane surface as
one of the electrodes, typically a cathode, which can enhance
the removal of oil droplets and improve separation efficiency.
This configuration is particularly effective when the membrane
surface is modified with conductive materials, enabling direct
interaction with the electric field. Another common configura-
tion involves placing the membrane between two electrodes,
where the applied electric field drives charged particles toward
the electrodes, thereby reducing fouling. By positioning the
membrane between two electrodes, electrofiltration facilitates
the migration of charged particles toward the oppositely
charged electrode, preventing their accumulation on the
membrane surface.?***

In the configuration where the membrane is placed between
two electrodes, so far, organic membranes such as poly-
vinylidene difluoride (PVDF),***** polyethersulfone (PES),***
polysulfone (PS),**** polyacrylonitrile (PAN),*** polypropylene
(PP),*** and nylon** have been used. Furthermore, some
studies have focused on the use of inorganic membranes,
particularly ceramic membranes, with more details provided.
Chiu et al?* utilized a commercial star-shaped ceramic
membrane for the electrofiltration of activated sludge suspen-
sion in wastewater treatment. They obtained a critical electric
field intensity (E..) ranging from 30 to 45 V. em ™' and achieved
a maximum separation percentage of approximately 90%.
Agana et al® employed electro-ultrafiltration for treating
wastewater containing a 5% volume of CED dye used in auto-
mobile paint shop baths. They observed that different voltage
differentials generally improved filtration under a working
pressure of 100 kPa, with the highest impact seen at 60 V. Chiu
et al. also used a star-shaped industrial membrane for whey
suspension treatment in another study.” They reported E.
ranging from 12.5 to 15 V cm™ . The effect of direct current
electric field on flux in crossflow filtration using a tubular
membrane was investigated by Kyllonen et al.*> They concluded
that even low-velocity flows can be utilized for electrofiltration.

This study aims to design a practical membrane process in
the field of combined filtration, electrofiltration, and back-
washing for the treatment of crude oil/water emulsion, based on
our previous work optimizing the synthesis conditions of
secondary mullite membrane, which has exhibited excellent
characteristics in terms of permeance, biaxial flexural strength,
and cost-effectiveness.” The ultimate goal is to develop
a process that achieves the best efficiency in terms of permeate
flux, removal rate, and energy consumption, using an affordable
and optimized ceramic membrane. To achieve this, the impact
of operational parameters, including pressure, cross-flow
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velocity, backwashing, and electric field strength, on
membrane performance has been investigated. Furthermore,
the influence of feed solution conductivity on the electro-
filtration process has been examined. In our earlier work,> we
investigated the first configuration, where the membrane acts
as an electrode. This study focuses on the second configuration,
where the membrane is placed between two electrodes, and the
results can be compared with the previous work.

2. Experimental procedures

2.1. Materials and synthesis methods

In our previous work," we focused on optimizing the fabrica-
tion conditions of a secondary mullite ceramic membrane.
Briefly, here we refer to the optimized membrane fabrication
conditions mentioned in that work. As shown in Fig. 1, kaolin
and bauxite were used as the main materials, along with AlF;-
-3H,0 and MoO; as additives in stoichiometric proportions of
mullite (3A1,0;-25i0,).** To homogenize the powder, a plane-
tary mill was used at a speed of 250 rpm for 4 hours. Afterward,
the obtained slurry was placed in an oven at 80 °C for 3 hours
and left to be dry at room temperature for one day. Then, 1% by
weight of a 5% PVA solution was added to the slurry and thor-
oughly mixed. Subsequently, the final powder was passed
through stainless steel sieves to obtain a fine powder with
suitable and uniform particle size for pressing. The final powder
was then pressed into disks using a uniaxially press device at
a pressure of 350 bar and within a stainless-steel mold. The
disks were heat-treated in alumina crucibles inside a furnace
with a controlled heating rate of 3°C min ™ ". The disks were first
heated to 550 °C and held for 1 hour to promote calcination,
then heated to 950 °C and held for another hour to initiate the
formation of mullite whiskers. Finally, the temperature was
raised to 1300 °C, where the disks were held for 2 hours before
being naturally cooled. The resulting fabricated membranes
had a thickness in the range of 2-2.5 mm and a diameter of
20 mm and were utilized for electrofiltration testing.

2.2. Membrane characterization

Various tests were conducted to evaluate the nature and struc-
ture of the fabricated membranes, including X-Ray Diffraction
(XRD) performed with an X'Pert MP device (Philips, Nether-
lands) across an angular range of 4 to 90°; Scanning Electron
Microscopy (SEM) using a TESCAN VEGA device (Czech
Republic); Apparent Porosity Analysis according to the ASTM-
C20 standard method; Mercury Intrusion Porosimetry using
a Thermo Finnigan device (Germany); dimensional measure-
ment with a digital caliper (Mitutoyo, Japan) having an accuracy
of 0.01 mm; and biaxial flexural strength assessed following the
ISO 6872 standard method.

2.3. Filtration experiments

2.3.1. Feed solution preparation and characterization.
Crude oil was used to synthesize an oil emulsion, and its
specifications are provided in Table 1. A mixture of crude oil
and distilled water was subjected to ultrasonic bath treatment

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of materials and methods used for secondary mullite ceramic membrane synthesis.

Table 1 Materials used for synthesis of crude oil in water emulsion

No. Material name Chemical formula Model Source
1 Crude oil C144H141N35,03 — Siahmakan, Iran
2 Sodium sulfate Na,SO, >99% Dr Mojallali industrial chemical complex company, Iran

at a temperature of 50 °C for 1 hour to ensure complete mixing.
Fresh feed was used for each test. Subsequently, the obtained
emulsion was diluted with distilled water using a laboratory
homogenizer at a speed of 2000 rpm to achieve a concentration
of 500 mg L', which is considered a moderate value within the
typical range for oily wastewater. Surfactants were unnecessary
for emulsion stabilization due to the inherent surfactant prop-
erties of the oil, which are well-documented in the literature.>-*’
Sodium sulfate (Na,SO,) was used to investigate the effect of salt
presence in the oily water emulsion. Salt concentrations of 0, 1,
and 10 mM were examined to assess the impact of salt on the
filtration process.

The oily water emulsion was analyzed using Dynamic Light
Scattering (DLS) with a Zetasizer Nano ZEN 3600 instrument
from Malvern, England, to determine the droplet size distri-
bution and zeta potential. Additionally, the dispersed particle
images in water were examined using an optical microscope.
The electrical conductivity of the oil emulsion was measured
using a GLP32 Crison conductivity meter, in Spain, as the
presence of salt is one of the influential parameters in the
electrofiltration process. The pH of the oil emulsion, was
measured using a SevenCompact™ meter.

2.3.2. Filtration procedure. An oily water emulsion was
prepared at varying input pressures (1, 2, and 3 bar) to study the
performance of the secondary mullite ceramic membrane in
separating oily water emulsions in dead-end mode. Fresh
membranes were used for each test conducted. The permeate

© 2024 The Author(s). Published by the Royal Society of Chemistry

flux (F) in L m~> h™" (LMH) was calculated using the following
formula:

(1)

Where V is the volume of permeated water (L), 4 is the active
area of the membrane sample (m?), and ¢ is the time (h).

The amount of oil present in the permeate was measured
using a UV-visible spectrophotometer (OPTIZEN 3220UV, South
Korea). The synthesized oily water emulsion exhibited the
highest absorption intensity at a wavelength of 220 nm (see
Fig. S1t in the ESIY file). Based on the UV-visible absorption
wavelength spectrum obtained for the desired effluent, the
maximum absorption was observed at a wavelength of 220 nm.
No change in the wavelength at which maximum absorption
occurred was observed with varying oil concentrations in the
effluent. Therefore, this wavelength was chosen to determine
the oil concentration in the permeate. The correlation coeffi-
cient (R?) of the calibration curve for the effluent was deter-
mined to be 0.9985, indicating the high accuracy of the
absorption method for determining oil concentrations in the
permeate flow. The concentration of the unknown sample was
determined using the following relationship. The removal
percentage is defined by concentration in the feed (Cy) and the
concentration of the same sample in the permeate (Cp) as
follows:

RSC Adv, 2024, 14, 30245-30259 | 30247
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ke (1 (S)) < 1000

Separation performance tests of the membranes were also
conducted to examine the effect of cross-flow velocity at
constant pressure for specific volumetric flow rates of 20 L h™"
and 40 L h™". Additionally, the temperature was maintained at
25 °C throughout the test duration using a constant water bath
chamber. During the first 20 minutes of the test, the weight of
the permeate was recorded every minute, and thereafter, every 5
minutes. Each test was conducted for 60 minutes. To maintain
the stability of the feed concentration, the permeate samples
were returned to the feed container every 10 minutes.

2.3.3. Model analysis for membrane fouling. Modeling the
permeate flux reduction provides a better understanding of
membrane fouling mechanisms. One of the most successful
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models used to interpret fouling mechanisms under constant
pressure is the Hermia model. According to the Hermia model,
which is described in more detail in the available ref. 58,
membrane fouling can be classified into four types: complete
blocking, intermediate blocking, cake filtration, and standard
blocking. The analysis of membrane fouling was performed
using the Hermia model for the secondary mullite ceramic
membrane.

2.3.4. Backwash. Backwashing with distilled water was
employed to investigate membrane fouling. In this regard, the
impact of backwashing on restoring the membrane to its initial
state was examined. Each backwashing cycle lasted for 15
minutes, followed by a 60 minutes assessment of the membrane
performance in oily water emulsion filtration.

2.3.5. Electrofiltration procedure. Fig. 2 illustrates the
complete electrofiltration system used, which allows for
adjusting flow rate, pressure, DC voltage, and membrane
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Fig. 2 The schematic diagram and image of the membrane system used for conducting performance tests of the membranes in the elec-

trofiltration and backwashing processes.
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backwashing. The membrane module comprises two titanium
electrodes spaced 4.2 mm apart, with the membrane positioned
equidistantly between the two electrodes.

In the critical electric field, the variation of permeate flux
remains nearly constant with increasing electric voltage. Oper-
ating at higher electric field intensities is not economically
viable. To determine the critical electric current, salt-free feed
was employed. Initially, the permeate flux without an electric
field was measured under constant pressure, flow rate, and
temperature conditions. Then, a series of voltage steps (5 V) was
applied to reach E.;.. The permeate flux refers to its steady-state
value after 60 minutes of system operation. The following
empirical formula was used to calculate E;:>

Eo = 0.278 x L 3)

Hp

where J (LMH) is the pure water flux under similar operating
conditions to the oil and water emulsion filtration test, and u;, is
the electrophoretic mobility of oil particles (in pm s™*)
(Vem ™

To determine up, an empirical method was employed. In this
regard, the movement of oil particles in the oily water emulsion
under an electric field intensity of 1V ecm ™" was examined using
an optical microscope, and the displacement of these particles
was recorded at specific time intervals. Subsequently, the elec-
trophoretic mobility was calculated using the following
formula:*

Hp = % (4)

where V (um s~ ) is the velocity and E (V cm ™) is the electric
field intensity.

It should be noted that after each experiment, the system was
washed with a 0.1% (w/v) NaOH solution and a 0.1% (v/v) nitric
acid solution at a temperature of 40 °C for 1 hour. Then, the
system was rinsed with distilled water for 1 hour. Additionally,
to ensure the reproducibility of the experiments, the permeate
flux of distilled water was measured after each washing.** Using
the aforementioned washing method, the changes in permeate
flux of the washed membranes were found to be negligible (less
than 1%).

In this study, a process consisting of 9 consecutive stages was
designed to investigate the combined effect of filtration, elec-
trofiltration, and backwashing to achieve higher separation
performance and lower fouling for the synthesized membranes.
For each test under different conditions, the system operated
without the electric field for 15 minutes initially. Then, the
system was subjected to an electric field for 15 minutes. The
field was then interrupted for another 15 minutes, and finally,
re-applied for the last 15 minutes, making the total test duration
60 minutes. The membrane was backwashed using the provided
backwashing method for 15 minutes, and the previous four
stages were repeated. For electrophoresis examination, salt-free
feed, which represents the lowest level of electrical conductivity,
was utilized. Feeds with two different electrical conductivities

© 2024 The Author(s). Published by the Royal Society of Chemistry
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were employed to investigate the effect of the presence of salt on
membrane performance in the electrofiltration process. Pres-
sure, flow rate, and feed temperature were kept constant
throughout all experiments. Additionally, for each new test
under different conditions, a fresh membrane was used.

2.4. Energy consumption

The total energy consumption per unit volume of permeate flow
at a critical flux (Eq) can be calculated in kW h m® using the
following equation:**

P,+P. PO VI

= 5
Vperm JcriIS * [ )

E. . =
o J crit S

Where P, Pe, Vpermy Py Q, V, I, Jorir, and S represent the
hydraulic power loss (W), electrical power (W), volume of
permeate flow (m?), pressure difference (Pa), flow rate (m> s™%),
applied voltage (V), electric current (A), critical flux through the
membrane (m s '), and membrane surface area (m?),
respectively.*

It should be noted that the reported results for all experi-
ments are the average of three repetitions of that experiment.

3. Results and discussion

3.1. Membrane characterization

The addition of MoO; alters the mullite formation path by
reacting with Al,O; to form Al,(M0O,);, which decomposes into
reactive Al,O3; and MoOs3, promoting mullite formation at lower
temperatures. MoOj; facilitates mass transport through a low-
viscosity, silica-rich liquid phase, enhancing mullite whisker
growth. Similarly, AlF;-3H,0 aids mullite formation by
promoting fluoride-assisted reactions, which increase
secondary mullite formation and intensify corundum peaks at
low temperatures. These effects enable the formation of mullite
at reduced sintering temperatures.*

The XRD analysis, pore size distribution, photograph, and
SEM images of the synthesized membrane are presented in
Fig. 3. The RIR analysis of the XRD pattern indicates that this
membrane has a mullite whiskers phase content of 95.4%. The
SEM images reveal a highly interconnected needle-like structure
with good resistance against shrinkage. The pore size distri-
bution of the membrane, shown in Fig. 3(b), exhibits a single
peak and narrow distribution. With an average pore size of
775 nm, the membrane forms a network of needle-like crystal-
lites and exhibits low membrane shrinkage. The radial
shrinkage obtained for this membrane is 2.23%. Furthermore,
the apparent porosity and biaxial flexural strength of the
membrane are 50.37% and 75.21 MPa, respectively. Further
discussion about the synthesized membrane can be found in
our previous work.*

3.2. Feed solution characterization

Analysis was performed on the prepared feed samples using the
method described in Section 2.3.1, one hour after sample
preparations.
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Fig. 3 a) XRD analysis, (b) pore size distribution, and (c) photograph and SEM images of the synthesized secondary mullite ceramic membrane.
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Fig. 4 a) Optical microscopy images, and (b) particle size distribution
of the synthesized oily water emulsion.

The particle size distribution of oil particles in the emulsion
is shown in Fig. 4. The average oil particle size is 1.3 pum, which
is larger than the average pore size of the synthesized
membranes. This indicates that the synthesized membranes

30250 | RSC Adv, 2024, 14, 30245-30259

can reject oil particles. Additionally, optical microscopy images
of dispersed oil particles examined using an optical microscope
are presented in the same figure.

The zeta potentials of oil particles in deionized water,
1 mM, and 10 mM Na,SO, solutions were measured at
—46.8 mV, —41.2 mV, and —26.1 mV, respectively. The negative
zeta potentials confirm that the oil particles possess a negative
surface charge. This suggests that in electrofiltration systems,
where the membrane is placed between two electrodes, the
anode should ideally be positioned on the inlet flow side to
optimize performance. Additionally, the observed reduction in
the absolute value of zeta potential with increasing Na,SO,
concentration indicates enhanced adsorption of electrolyte
ions on the oil particle surfaces. This results in a higher
surface electric charge on the particles due to the increased
concentration of electrolyte ions in the solution. The positive
charges of the salt and the negative charges from the particles
interact in the solution and reach an average equilibrium on
the particles' surface. This enhanced adsorption on the parti-
cles' surface leads to a reduction in the zeta potential of the
solution. The reason is that particles with higher electric
charge have a larger electric double-layer thickness. In other
words, the distance between positive and negative charges on
the particle surface decreases, resulting in a decrease in the
zeta potential of the solution.®* Additionally, the experimental
value of electrophoretic mobility was obtained as 3.96 (um s~ ')
(V em™)7". Furthermore, using an electrical conductivity
meter, the electrical conductivity of the feed increased from
3.73 puS cm ™! to 241.00 uS cm ! and 1922.00 pS cm ™' as the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentration of Na,SO, increased from 0 mM to 1 mM and
10 mM, respectively. Additionally, the pH of the three oil
emulsions was measured to be 6.88, while the pH of the
distilled water used for preparing the oil emulsions was 6.95.
The slight variation in pH can be attributed to the nature of the
crude oil and the low concentrations of the salt used in the
solutions.

3.3. Filtration experiments

3.3.1.
pressure on separation performance, the flow velocity was
deliberately set to zero. As shown in Fig. 5(a), higher pressure
resulted in higher initial permeate flux in all membranes due to
stronger driving forces. For instance, the initial permeate flux

Effect of pressure. To explore the isolated impact of

was 1613.59 LMH at 2 bar pressure, and was increased to
2377.81 LMH at 3 bar pressure. However, with increasing
pressure, the nonlinearity of changes in permeate flux over time
also increased, which can be attributed to increased crude oil
droplet compression on the membrane surface. For example,
although the initial permeate flux was higher at 3 bar compared
to 2 bar, the flux values tended to converge over time, reaching
534.04 LMH at 2 bar and 601.86 LMH at 3 bar. Fig. 5(b)
demonstrates a partial increase in oil rejection percentage with
increasing pressure. Increasing pressure led to the formation of
a thicker cake layer, which created a greater barrier for oil
droplets to pass through membrane pores. Within the tested
pressure range (1 bar to 3 bar), oil rejection ranged between
94.7% and 95.7% for a 500 ppm solution. The final permeate
flux at 2 bar was 534 L m > h™" (LMH), which is a significant
value compared to the permeate flux of a secondary mullite
membrane synthesized by Rashad et al.® under similar condi-
tions, which was 336 LMH.

Considering that increasing pressure leads to an increase in
pump power consumption, selecting very high pressures would
not be economically viable. The optimal pressure should be
chosen in a way that both membrane flux and oil rejection
factors are acceptable. Since high-pressure differentials result
in the accumulation of a gel layer on the membrane surface and
a decrease in the permeate flux over time, applying excessively
high pressure as the driving force incurs high costs and reduces
the lifespan of membrane performance. Therefore, based on the
conducted experiments, a pressure of 2 bar was selected as the
preferred pressure for further investigations.
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3.3.2. Effect of cross-flow velocity. To investigate the effect
of crossflow velocity on the performance of a ceramic
membrane separation at a constant pressure of 2 bars and
a constant temperature of 25 °C, the crossflow velocity was
varied. The performance of the secondary membrane was
examined at flow velocities equivalent to volumetric flow rates
of 20 and 40 L h™*, corresponding to average velocities of 0.727
and 1.454 m s~ ', respectively.

Fig. 6 illustrates the variations in permeate flux over time
and the final oil rejection percentage at different crossflow
velocities. In general, the permeate flux decline decreases with
increasing cross-flow velocity over time. The crossflow velocity
of zero, or microfiltration under dead-end conditions, has the
lowest permeate flux and the highest membrane fouling. With
increasing velocity, a decrease in fouling can be observed by the
decreasing slope of the permeate flux curve over time. The
initial and final permeate flux values at velocities of 0 and
1.454 m s~' are 1613.59 and 1715.18 LMH, and 534.04 and
1183.51 LMH, respectively. The decrease in oil rejection
percentage from 95% to 94.4% with increasing crossflow
velocity from 0 to 1.454 m s~ ' is attributed to turbulent flows
that prevent the formation of a cake layer, which acts as
a barrier for impurity passage, due to the removal of materials
that can deposit on the membrane surface. Additionally, due to
increased mass transfer, the possibility of oil particle passage
increases, resulting in reduced membrane rejection and sepa-
ration percentage.

The selected crossflow velocity in this stage is used in the
subsequent stages as well. In the electrofiltration process, due
to the accumulation of pollutant particles (in this case, crude oil
particles) on the titanium anode electrode, there is no need for
high flow velocity to minimize cake formation. Increasing the
velocity in the electrofiltration process is detrimental and cau-
ses the pollutants to flow towards the membrane.®* Taking into
account the aforementioned factors, as well as the permeate
flux, separation percentage, and energy consumption, the
selected crossflow velocity for further tests was 0.727 m s .

3.3.3. Model analysis for membrane fouling. Fig. 7 illus-
trates the results of the model analysis for membrane fouling
for oily water emulsion at a pressure of 2 bar and a flow velocity
of 0.727 m s .

For the treatment of oily water emulsion, the values of R* for
complete blocking, intermediate blocking, cake filtration, and

b) 100
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S 97
g 9% —
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o %4
= 93
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Fig. 5 Membrane performance in dead-end mode under 1, 2, and 3 bar: (a) permeate flux, (b) final oil rejection percentages (%).
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Fig.7 Reduction of permeate flux over time for oily water emulsion at different fouling models: (a) complete blocking, (b) intermediate blocking,

(c) cake filtration, and (d) standard blocking.

standard blocking models are 0.89, 0.94, 0.97, and 0.92,
respectively. A higher value of R* indicates a better fit of the
model. Therefore, the cake filtration and intermediate fouling
models exhibit the best agreement with the permeate flux
reduction data. In these mechanisms, particles accumulate on
the membrane surface and form a cake layer. These types of
fouling are reversible.

3.3.4. Effect of backwash. Fouling exists in all pressured
membrane systems. Fouling reduces the permeate flux and
shortens the useful life of membranes. Therefore, membrane
cleaning is an essential and inseparable part of most practical
membrane processes and should be performed regularly.
Fouling can be generally categorized into two types: reversible
fouling and irreversible fouling. Permeate flux can easily be

30252 | RSC Adv, 2024, 14, 30245-30259

recovered after cleaning the membrane under reversible fouling
conditions, while irreversible fouling leads to irreversible loss of
permeate flux. In this study, backwashing with distilled water
was used to investigate both reversible and irreversible fouling.
The tested membrane, subjected to a pressure of 2 bar and
a flow velocity of 0.727 m s™* during a 60 minutes test, under-
went a 15 minutes backwashing with distilled water and then
was subjected to another 60 minutes test for oily water filtration
under the same initial conditions. The graphs in Fig. 8 depict
the membrane performance before and after the backwashing.
As observed, backwashing partially restored the membrane
performance; however, the flux only recovered from 1200 LMH
to 1600 LMH, indicating a significant reduction from its orig-
inal value and suggesting the presence of some irreversible

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 Membrane performance in oily water filtration at a pressure of 2
bar and a flow velocity of 0.727 m s, before and after a 15 minutes
backwashing.

fouling. Additionally, the performance trend of the membrane
before and after backwashing is almost the same, with the
difference being that the range of permeate flux variations after
backwashing is smaller than the range before it.

As shown in Fig. 8, the initial permeate flux was recovered to
approximately 76% of the initial flux after a 15 minutes back-
washing. However, this incomplete recovery of permeate flux
with backwashing after one operating cycle necessitates the use
of other methods to reduce fouling and increase membrane
lifespan.

3.4. Electrofiltration

3.4.1. E.j. At a pressure of 2 bar and a flow velocity of
0.727 m s ', the synthesized membrane was subjected to
different electric field intensities to determine its E; experi-
mentally. The feed used in these experiments was an oily water
emulsion without electrolytes. The graph illustrating the
changes in permeate flux as a function of voltage when the
membrane is placed between two electrodes is shown in Fig. 9.

As the voltage increases, the permeate flux rises, from 877.63
LMH at 0 V to 1978.84 LMH at 50 V. Since the oil particles in the
feed have a negative charge, increasing the electric field inten-
sity results in a higher electrostatic force acting on the particles.

2200
-
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Permeate flux (L/(mZ2.h))

1000

800
0 10 20 30 40 50 60 70
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Fig. 9 Variation of permeate flux with changing voltage for oily water
emulsion. E. is indicated by a red ellipse on the graph.
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When this force overcomes the other forces acting on the
particles that contribute to fouling, it causes them to move away
from the membrane surface. As a result, fouling caused by these
particles is reduced, and the flux increases. Additionally,
according to the Smoluchowski equation, the electroosmotic
velocity also increases with the electric field intensity. There-
fore, increasing the electric field intensity leads to an
enhancement of both electrophoresis and electroosmosis
phenomena. However, at a certain electric field intensity (Ecy),
the slope of the flux variation decreases. For example, the
permeate flux reached 2009.60 LMH at 60 V, showing only
a slight increase compared to 50 V. E_;, arises due to the limi-
tation in the number of particles that the electric field can
displace. According to Fig. 9, the critical electric field intensity
in the experimental conditions falls within the range of 50 to
55 V. When the electric field intensity exceeds the critical range,
further increases, although resulting in a linear increase in
permeate flux, have a minimal effect due to the low slope of the
flux variations. Therefore, operating the system at electric field
intensities higher than E; is not economical.

Eqic can also be theoretically calculated using eqn (3). The
flux of distilled water at a pressure of 2 bar and a velocity of
0.727 m s~ increases to 83.1975 LMH with increasing mass
transfer velocity. Thus, considering the electrophoretic mobility
of oil particles at 3.96 (um s~ ") (Vem ™)™, E will be at 55.5 V.
The obtained value for E..; from both experimental and theo-
retical approaches is close to each other and confirms one
another. Hence, to investigate the effect of the electric field on
the performance of the synthesized membrane, voltages of 15,
25, 45, and 65 V were utilized. Based on the measured potential,
indicating the negative charge of the particle, and to enhance
the membrane performance, the anode was placed on the feed
side, while the cathode was placed on the permeate side.

3.4.2. Effect of electrical field strength. Fig. 10(a) illustrates
the variations in normalized permeate flux over time at different
voltages for the electrolyte-free feed. According to the figure, the
relative permeate flux of the membrane in all experiments
decreases during the initial 15 minutes, corresponding to the
filtration process without the application of voltage. In minute
15, the J/J, is about 72%. This reduction is due to the rapid
accumulation of oil particles on the membrane surface and the
increasing fouling. In the second 15 minutes (15-30 minutes),
when electrofiltration is employed, the relative permeate flux
increases with the applied voltage, leading to an enhancement
of the electrophoresis phenomenon and the removal of oil
particles from the surface. At minute 30, for voltages of 15, 25,
45, and 65 V, the J/J, ratio is 76%, 84%, 94%, and 128%,
respectively. Due to the flow velocity in the feed direction and
the generation of turbulence, the flow mixes in the feed direc-
tion. This phenomenon causes the previously separated parti-
cles to come close to each other again. In the relative permeate
flux graph at 15 V, a slight decrease is observed, which is
attributed to this phenomenon. As the voltage increases and the
electrophoresis effect becomes dominant, the impact of this
decrease diminishes, which is confirmed by the graphs. At 65V,
which is higher than the critical voltage, the maximum elec-
trophoresis effect is present. The permeate flux is slightly higher
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Fig. 10 a) Normalized permeate flux and (b) removal rate over time for the synthesized membrane at 0 mM salt concentration, before and after

backwashing, under varying voltages.

than the initial flux, which occurs due to electroosmosis in the
presence of oil particles. In the absence of cake layer and
concentration polarization, the electroosmosis phenomenon
occurs. Furthermore, the current at this voltage was 1.61 mA.

In the third 15 minutes interval (30-45 minutes), where only
filtration is present again, the membrane permeate flux
decreases after discontinuing the application of voltage but is
still higher than the state without an electrical field. At minute
45, the J/J, is about 69% and 57% for the combined filtration
and electrofiltration and only filtration processes, respectively.
This indicates that applying voltage to the membrane is bene-
ficial for improving the permeate flux. When E < E, oil
particles are not completely removed during the electro-
filtration process. Therefore, a weak cake layer exists on the
membrane surface, which protects the membrane from severe
fouling. At the beginning of the third 15 minutes interval, for
65V and when E > E., the membrane permeate flux decreases
significantly due to the absence of deposition and accumulation
of contaminants, reaching its initial value.

In the fourth 15 minutes interval (45-60 minutes), with the
reapplication of the electric field, the membrane permeate flux

30254 | RSC Adv, 2024, 14, 30245-30259

increases in all voltages. At minute 60, for voltages of 15, 25, 45,
and 65V, the J/J, ratio is 74%, 82%, 90%, and 120%, respectively.
However, the relative fluxes are lower than the values in the
second 15 minutes interval. This is because electrophoresis has
difficulty reducing the accumulation of oil particles inside the
membrane pores during the electrofiltration process. Therefore,
over time, the permeate flux of the membrane decreases.

The graphs after backwashing of the membrane for different
voltages are also shown in Fig. 10. In the absence of an electric
field, as previously mentioned, 76% of the initial flux was
recovered. When an electric field is applied, it is observed that
this initial recovery percentage improves. At voltages of 15, 25,
45, and 65 V, the permeate flux recovery was 80%, 86%, 94%,
and 100%, respectively. At 65 V, above E;, due to the effective
removal of particles from the membrane surface and reduced
membrane fouling, full recovery was achieved after reverse
cleaning of the membrane. However, the membrane perfor-
mance slightly decreased (approximately 3% reduction from
minute 90 to 30), likely because after cleaning, we have a new
membrane with different performance characteristics.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The effect of applying an electric field on the fouling removal
rate is shown in Fig. 10(b). Generally, increasing the fouling
layer thickness leads to a decrease in permeate flux but
improves fouling mitigation. Despite the smaller average pore
size of the membrane compared to oil droplets, larger pores
may allow the passage of some small oil droplets, initially
reducing oil removal efficiency. Over time, the clogging of
membrane pores by oil particles during filtration leads to pore
size reduction and improved fouling mitigation. This trend can
be observed in the removal rate graph for the zero-voltage
condition. The fouling removal rate at minute 60 without an
electric field is 94.7%. Applying an electric field and particle
detachment from the membrane surface showed improved
fouling mitigation. At minute 30, fouling removal rate
percentages of 96.7%, 97%, 97.3%, and 97.8% were achieved for
voltages of 15, 25, 45, and 65 V, respectively. Upon turning off
the electric field, due to the increased cake layer thickness and
the clean membrane surface, a decrease in fouling removal rate
followed by an increase was observed in the third 15 minutes
(30-45 minutes) interval. In the case of 65 V, due to the
complete cleanliness of the membrane surface, the fouling
removal rate variations follow a similar trend to the first 15
minutes interval. By reapplying the electric field in the fourth
stage, the fouling removal rate increased, but not as much as in
the second 15 minutes interval.

Due to the reduction in pore size caused by the presence of
oil particles inside the pores and the ineffectiveness of back-
washing on them, the fouling removal rate percentage is slightly
higher (95% at minute 60) for the zero electric field condition.
However, in the case of applying voltage, there is no significant
difference observed. The application of force on oil particles by
the electric field and their detachment from the membrane
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RSC Advances

surface reduce their presence on the membrane and result in
a consistent fouling mitigation percentage after backwashing.

3.4.3. Effect of feed solution electrical conductivity. The
wastewater discharged from crude oil desalination units
contains significant amounts of salt. There are different opin-
ions regarding the effect of salt on membrane permeance and
removal rate percentage. Salt concentration can play a deter-
mining role in membrane performance. As the salt concentra-
tion increases, the thickness of the electrical double layer
decreases, resulting in stronger electrostatic repulsion and
a tendency for oil particles to aggregate and foul the membrane.
Additionally, increasing salt concentration leads to an increase
in the viscosity of the wastewater. On the other hand, the
formation of salt crystals due to salt concentration polarization
on the membrane surface causes membrane pores to be
blocked, increasing the removal rate percentage. However, the
presence of ions on the membrane surface can cause the
detachment of charged particles from the membrane surface
and reduce fouling. Furthermore, by creating an ion potential
difference across the membrane, it can increase permeance due
to the electroosmosis phenomenon.

Based on the performance graphs for the zero electrical field
in Fig. 11(a) and (c), the explained different effects in the
previous paragraph can be observed in the presence of salt. At
a concentration of 1 mM, the membrane performance remains
unaffected, but at a higher concentration of 10 mM, a decrease
in membrane performance was observed due to increased
concentration polarization and a reduction in the thickness of
the electrical double layer of oil particles. It is also worth
mentioning that the feed flow velocity has a significant impact
on this decrease in performance, and severe fouling did not
occur. The permeate flux ratio at minute 60 in a concentration
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Fig. 11 a) Normalized permeate flux and (b) removal rate over time at a 1 mM salt concentration, (c) normalized permeate flux and (d) removal
rate over time at a 10 mM salt concentration, before and after backwashing, at different voltages.
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of 10 mM has a reduction of 5% compared to lower concen-
trations. After backwashing at a concentration of 10 mM,
a lower recovery rate compared to lower concentrations was also
observed. The recovery rates were 74% and 70% for 1 mM and
10 mM, respectively.

The effect of changing salt concentration on the electro-
filtration process is also evident in the graphs of Fig. 11(a) and
(c). At 1 mM, an improvement in membrane performance was
observed with increasing voltage. At minute 30, for the voltages
of 15, 25, 45, and 65 V, J/J, ratios were 74%, 89%, 96%, and
150%, respectively. The increase in electroosmosis due to the
presence of salt may be the reason for the increase in these
ratios. Additionally, due to the presence of salt, an increase in
voltage results in an increase in electrical current, which causes
reactions at the anode surface and bubble formation. At lower
electrolyte concentrations, the electrical conductivity of the
solution is reduced, which limits the current density during
electrofiltration. This lower current density decreases the rate of
electrochemical reactions, such as water electrolysis, leading to
less bubble formation. The reduction in relative flux during the
second stage at different voltages indicates a decrease in the
influence of the electric field due to bubble formation at the
anode surface and in the feed stream, as well as a decrease in
zeta potential. This reduction is more pronounced at higher
voltages. The highest relative flux ratio at 65 V is 158%, and after
that, it reaches 150% at minute 30. The flow velocity, in addition
to particle displacement, also causes bubble displacement and
their approach to the membrane surface. As a result, the
application of an electric field does not significantly improve
the filtration. In 10 mM salt concentration, due to the increase
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in electrical current with increasing salt concentration (from
103.6 mA at 1 mM to 830 mA at 10 mM), more bubbles are
formed on the anode surface, leading to a decrease in the
electrophoresis phenomenon. Additionally, in this concentra-
tion, zeta potential has also decreased further. At minute 30, for
voltages of 15, 25, 45, and 65 V, J/J, ratios were 67%, 71%, 76%,
and 77% respectively, showing a decrease compared to 1 mM.
Therefore, the membrane flux is determined by the effects of
bubbles and electroosmosis, resulting in irregular variations in
membrane flux between 1 mM and 10 mM.

The membrane performance after backwashing at different
salt concentrations was also examined. Generally, the recovery
improved with increasing voltage. At 1 mM, after backwashing,
a recovery of 74% was observed in the zero-voltage state, while
recoveries of 80%, 87%, 95%, and 99% were achieved at 15 V,
25V, 45 V, and 65 V, respectively. The flux recovery values for
these conditions at 10 mM are lower due to the presence of salt
and increased irreversible fouling. These values are 70%, 73%,
76%, 80%, and 83% for voltages of 0 V, 15 V, 25V, 45 V, and
65 V, respectively.

Fig. 11(b) and (d) illustrate the changes in removal rate
percentage with time and voltage for salt concentrations of 1
and 10 mM. With an increase in salt concentration, due to
increased fouling, an improvement in removal rate percentage
was achieved, from 94.8% at 1 mM to 95% at 10 mM. Addi-
tionally, removal rate percentages at voltages of 15, 25, 45, and
65 V at minute 30, for 1 mM, are 96.2%, 97.3%, 97.5%, and
98.1%, respectively, and for 10 mM, they are 95.6%, 95.8%,
96.1%, and 96.4%, respectively. The presence of bubbles and
the reduction in electrophoretic effects are the reasons for the
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Fig.12 Energy consumption as a function of voltage for different salt concentrations before (BB) and after (AB) backwashing of the membranes:

(a) electrical energy consumption, (b) total energy consumption.
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decrease in removal rate percentage at 10 mM. By interrupting
the voltage at 1 mM, the oil particle removal rate initially
decreases and then slightly increases in the graphs for 15, 25,
45, and 65 V. The reason is that in lower electrolyte concentra-
tions, due to the lesser effect of bubbles formed on the anode
and feed side, contaminants can be easily expelled from the
membrane surface, and after voltage interruption, contami-
nants gradually reattach to the membrane surface. In contrast,
at 10 mM, after the current interruption, the removal rate
percentage increases with increasing voltage, which confirms
the formation of bubbles due to increased electric current,
reduction in electrophoretic effects, and increased fouling. At
minute 45, the removal rate percentages are 96%, 96.1%, 96.5%,
and 97.3% for voltages of 15V, 25V, 45V, and 67 V, respectively.
As evident, the membrane performance in terms of permeate
flux and removal rate percentage is better when voltage is
applied at 1 mM compared to 10 mM. Generally, the removal
rate percentages after backwashing at 10 mM are higher than at
1 mM. This higher value indicates a higher irreversible fouling
at higher salt concentrations, even in the presence of applied
voltage.

3.5. Energy consumption

Fig. 12 shows the energy consumption graphs in terms of
applied voltages for solutions with different electrical conduc-
tivities in the electrofiltration process. At low conductivity, the
energy consumption in the applied voltage range in this study
decreases. In the salt-free condition, the energy consumption
has decreased from 3.88 kW h m® in the no-voltage condition to
2.71 kW h m?® at 65 V. However, as the conductivity increases,
there is a minimum value for energy consumption where the
electric field intensity is optimal. In the graph for 1 mM, there is
no significant increase in energy consumption up to 25 V
voltage, but after that, there is a noticeable increase. As
observed, with a further increase in the electrical conductivity of
the solution, the energy consumption increases significantly,
and it will not be economical to use it.

The post-backwashing graphs in Fig. 12 for different
concentrations indicate that the specific energy consumption
trend concerning voltage in these graphs is similar to the pre-
backwashing state. However, these graphs for 0 mM and
1 mM concentrations are closer to their pre-backwashing
graphs compared to the 10 mM concentration. This once
again confirms that at higher salt concentrations, there is
greater fouling and less effect of the electric field. Additionally,
since the pre and post-backwashing graphs are closer to each
other at lower salt concentrations, the membrane process
design with these concentrations encounters less error and
provides results with lower uncertainty.

4. Conclusions

In conclusion, this study investigated the potential of ceramic
membrane-based electrofiltration for the treatment of oily
water. The synthesized secondary mullite membrane exhibited
favorable characteristics, including high permeate flux (534

© 2024 The Author(s). Published by the Royal Society of Chemistry
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LMH) and biaxial flexural strength (75.21 MPa), while main-
taining cost-effectiveness. Optimization of operational param-
eters, such as pressure (2 bar) and cross-flow velocity
(0.727 m s7'), resulted in desirable permeate flux and oil
removal rates. Using only filtration, backwashing with distilled
water resulted in a 76% recovery of membrane initial perfor-
mance. The critical electric field intensity (E.) range of 50 to
55 V was determined, guiding the selection of optimal voltages
for electrofiltration and mitigating fouling through various
electrokinetic phenomena. Higher salt concentrations were
found to increase fouling and reduce electric field effectiveness.
Energy consumption analysis revealed reduced energy require-
ments at low electrical conductivities, reaching 2.71 kW h m? at
65 V for the salt-free condition. However, higher electrical
conductivity led to increased energy consumption, limiting
practical viability. Overall, careful control of operational
parameters, particularly voltage, enabled significant improve-
ments in permeate flux, fouling removal rates, and energy
efficiency.

While this study focused on simulating associated water
from crude oil production, the pH of the feed solution is
another crucial factor influencing electrofiltration performance
and membrane fouling. Future research should address this by
investigating the effects of pH, oil compositions, and higher
salinity levels to provide a more comprehensive understanding
of the process. Additionally, exploring long-term performance,
scaling up the process, and evaluating economic feasibility are
essential steps towards commercial implementation. Advance-
ments in membrane materials and electrofiltration technology
could lead to more efficient and sustainable solutions for oily
water treatment, benefiting broader environmental and indus-
trial applications.
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