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Abstract: In recent years, ceramic membranes have received widespread focus in the area of liquid
separation because of their high permeability, strong hydrophilicity, and good chemical stability.
However, in practical applications, the surface of ceramic membranes is prone to be contaminated,
which degrades the permeation flux of ceramic membranes during the separation process. Inspired
by mussels, we imitate the biomimetic mineralization process to prepare a ceramic membrane of
nano–silica on the pre-modified zirconia surface by co-deposited polydopamine/polyethyleneimine.
The modified ceramic membranes were utilized for the purpose of oil–water separation. Separation
performance has been tested using a disc ceramic membrane dynamic filtration device. The outcomes
revealed an enhanced permeability in the modified membrane, measuring as 159 L m−2 h−1 bar−1,
surpassing the separation flux of the unmodified membrane, which was 104 L m−2 h−1 bar−1. The
permeation performance of the modified membrane was increased to 1.5 times. Modified ceramic
membranes are highly resistant to fouling. From the beginning to the end of separation process, the
oil rejection rate of the modified ceramic membrane is always higher than 99%. After a 2 h oil–water
separation test run, modified ceramic membrane permeate flux can be restored to 91% after cleaning.
It has an enormous capacity for application in the area of oil–water separation.
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1. Introduction

Global water scarcity has been a persistent issue for an extended period, which refers to
the phenomenon when regional or global societies are unable to meet their water needs [1].
It is a huge challenge that affects human health, agriculture, industry, ecosystems, and
sustainable development [2]. The causes of water scarcity are complex and varied, including
population growth, climate change, over-abstraction of groundwater, water pollution, and
ecosystem destruction. Among them, pollution caused by oily wastewater has a very
significant impact on water resources [3]. The effects of this pollution not only ripple
through aquatic ecosystems, but also pose a huge challenge to the safety of drinking water.

During industrial production and processing, a large amount of oily wastewater is
generated. These oily wastewater typically come from industrial fields such as oil pro-
duction, petroleum refining, chemical engineering, metal processing, and food processing.
It contains a large amount of oils, petroleum substances, or organic compounds [4]. Oily
wastewater is highly polluted and difficult to treat, resulting in serious environmental
impacts that require special treatment to meet emission standards or the requirements of
recycling [5]. In general, the size of oil droplets in oily wastewater is extremely minute,
especially in oil-in-water emulsions, which can reach the nano scale [6]. The effect of
conventional oil–water separation can hardly meet the emission standards of oil-in-water
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emulsion [7,8]. Membrane separation technology has emerged as a key technology to
solve this problem [9,10]. The working principle of membrane separation refers to the
selective separation of mixtures of different particle sizes at the molecular level when
passing through a membrane. According to the pore size, membranes can be divided into
microfiltration membrane (MF), ultrafiltration membrane (UF), nanofiltration membrane
(NF), and reverse osmosis membrane (RO), etc. Membrane separation includes staggered
dynamic filtration or dead-end filtration [11]. Scholars are more focused on membrane
separation technology in comparison to traditional oil–water separation methods, owing to
its notable advantages such as excellent separation efficiency, minimal power consumption,
and ease of handling [12]. Ceramic membrane, as a typical inorganic membrane material,
has advantages such as high chemical stability and excellent damage resistance. Ceramic
membranes can operate in a variety of extreme environments, which is not possible with
organic membranes [13,14]. The ceramic membrane itself has excellent hydrophilicity,
making it highly permeable.

However, throughout the process of oil–water separation, ceramic membranes fre-
quently confront contamination issues posed by oil droplets [15,16]. To solve this problem,
scholars are committed to the study of membrane surface modification to improve its per-
meation performance and contamination resistance. SiO2 [17], TiO2 [18] and other minerals
with hydrophilicity and underwater oleophobicity have become ideal candidates as coating
materials. Chang et al. [19] coated an industrial ceramic membrane with nano-TiO2 to
enhance its hydrophilicity. This modification proved effective when the oil concentration in
the feed material did not exceed 4 g/L, the concentration of oil in the filtrate did not surpass
10 mg/L. Meng et al. [20] achieved hydrophilic and lipophilic properties by depositing
silica nanoparticles onto the porous membranes and grafting chlorotrimethylsilane and
perfluorinated surfactants on the modified surface of silica nanoparticles, respectively.
These modifications resulted in membranes with good separation performance.

Membrane surface modification can be done by hydrothermal [21], sol-gel [22,23], and
impregnation [24,25] methods. However, since the ceramic membrane surface contains only
a small amount of hydroxyl groups, the bond between the functional layer and the ceramic
membrane is not strong enough. In the process of separating oil and water, the functional
layer of ceramic membranes is prone to be contaminated, posing challenges in achieving
consistent and stable performance. Inspired by the formation of mussels, dopamine can
adhere to organic or inorganic surfaces with a simple deposition process [26]. Under
conditions of mild alkalinity, dopamine can undergo oxidative self-polymerization to form
polydopamine, which contains a large number of hydroxyl and amino groups on its surface.
A large number of reactive groups can make the ceramic membrane surface easier to be
modified. Liu et al. [27] prepared polyimide nanofiber membranes using polydopamine
and polytetrafluoroethylene. Fiber membranes were modified to possess extreme water
repellency and high oil affinity, resulting in a flux of up to 6000 L m−2 h−1 bar−1. Also,
the oil resistance rate can reach more than 99% and can be operated stably under extreme
environments. Gao et al. [28] prepared a new membrane with switchable super-wettability
using dopamine coating and chemical grafting. The prepared membrane could realize
hydrophobic-hydrophilic conversion by soaking in hydrochloric acid solution (pH = 1) and
ethanol. The membrane exhibits a permeate flux capability of 186.12 L/m2 h at pH = 1. The
modified membrane is well-suited for the efficient separation in environments with strong
acidity. Li et al. [29] prepared a multifunctional fiber membrane with dual wettability
by attaching zinc oxide to the membrane surface using polydopamine. The modified
membranes can provide rapid separation of emulsions, and the separation efficiency is
always higher than 99%.

There are also problems if only polydopamine is used for deposition. The duration
for depositing polydopamine onto the ceramic membrane is excessively prolonged, prone
to the formation of agglomerated particles resulting in reducing the size of the pores in
the ceramic membrane, affecting the efficiency during the process of separation. To tackle
the issues raised earlier, many studies had co-deposited dopamine and polyethyleneimine
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on the surface of membranes, which established as a viable strategy to enhancing the
efficiency of ceramic membrane performance [30]. Due to its abundant amino groups,
polyethyleneimine has the capability to undergo Schiff base and Michael addition reac-
tions with polydopamine. This improves its hydrophilicity and prevents aggregation [31].
Yang et al. [32] used polydopamine and polyethyleneimine co-deposited atop the sur-
face of microfiltration membranes made of polypropylene, and the deposition time of the
co-deposited membranes was greatly reduced and the hydrophilicity was enhanced, as
compared to membranes deposited only with polydopamine. The separation of oil-in-water
emulsions can be performed under atmospheric pressure conditions and oil drainage rate
as high as 98%. Luan et al. [33] introduced tertiary amines on the membrane through
a co-deposited layer of polydopamine/polyethyleneimine, which were utilized for the
quaternization reaction with 2-bromoethanesulfonate. The amphiphilic-modified ceramic
membranes showed good hydrophilicity. The water contact angle may achieve a maxi-
mum value of 20.5◦. The modified ceramic membrane provided twice the permeation flux
(40 L m−2 h−1 bar−1) of the unmodified membrane (20 L m−2 h−1 bar−1) when separating
oil-in-water emulsion. Zhao et al. [34] prepared a co-deposited coating of dopamine and
polyethyleneimine on the surface of Al2O3 membrane, and crosslinked with glutaraldehyde
to prepare a composite ceramic nanofiltration membrane for high-temperature desalination
application. The retention performance of the modified ceramic membrane for divalent
cations was more than 91%. At the same time, the permeate flux under 0.5 MPa reached
21 L m−2 h−1. Modified membranes exhibit good desalination performance. Song et al. [35]
utilized a non-solvent induced phase separation technique to prepare polyvinylidene fluo-
ride/polydopamine/polyethyleneimine composite membranes on polyester nonwoven
fabrics. The membrane was peeled off from the support, and the upper layer of the mem-
brane was hydrophilic and the lower layer of the membrane was hydrophobic. The contact
angle of underwater oil in the upper layer of the modified membrane was 152.2◦, while the
contact angle of under oil water in the lower layer of the modified membrane was 153.3◦.
The modified membrane could be used for unidirectional oil–water separation. This study
proposed a strategy of preparing a nano silica layer prepared on a ceramic membrane
surface modified by co-deposited polydopamine/polyethyleneimine (PDA/PEI). Using the
ZrO2 disc ceramic membrane as a substrate, the bonding process involving the Schiff base
reaction and Michael addition reaction between PDA and PEI was utilized to co-deposit on
the disc ceramic membrane surface. Through biomimetic mineralization [36], tetramethyl
orthosilicate (TMOS) is hydrolyzed to orthosilicic acid, which formed a layer of nano-silica
on a disc ceramic membrane. The excellent hydrophilicity and underwater oleophobicity of
nano silica are utilized to enhance the separation efficiency and contamination resistance of
the membrane during operation. The microstructure of original and modified membrane
was characterized using FTIR, XPS, and AFM. Tests were additionally carried out on the
ceramic membranes subjected to modifications to separate oil-in-water emulsions, and
their permeation flux, efficiency of separation, and anti-fouling ability were analyzed. An
effective method is provided for designing and manufacturing ceramic membranes with
anti-fouling properties.

2. Experiment
2.1. Materials

ZrO2 disc ceramic membranes (CM, compact disc shape, internal diameter 40 mm,
external diameter 200 mm, thickness 6 mm) were derived from Chongqing Vauxton Nano
Tech Co., Ltd. (Chongqing, China), the shape of the membrane is shown in Figure 1.
Dopamine (DA) hydrochloride, polyethyleneimine (PEI 600 Da), tetramethyl orthosilicate
(TMOS), tris(hydroxymethyl)- aminomethane, n-hexane, and petroleum ether were pur-
chased from Shanghai Adamas Reagent Co., Ltd. (Shanghai, China). Sodium dihydrogen
phosphate, dibasic sodium phosphate and hydrochloric acid (GR, 36–38%) were purchased
from Shanghai Titan Scientific Co., Ltd. (Shanghai, China). Kerosene was acquired from
Tianjin Yuanli Chemical Reagent Co., Ltd. (Tianjin, China). Diesel oil was procured from
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Sinopec Shanghai Petrochemical Co., Ltd. (Shanghai, China). The soybean oil was pur-
chased from Arowana. Tween-80 and Span-80 were acquired from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Anhydrous ethanol was acquired from Shanghai
Lingfeng Chemical Reagent Co., Ltd. (Shanghai, China). All experiments were conducted
using deionized water produced in the laboratory.
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Figure 1. Pictures of ZrO2 disc ceramic membrane.

2.2. Preparation of Modified Ceramic Membranes

The modified ceramic membrane was prepared as follows [37]. The Schiff base reaction
and Michael addition reaction were utilized to enable the creation of a co-deposited layer
consisting of polydopamine (PDA) and polyethyleneimine (PEI) on the ceramic membrane
surface. ZrO2 disc ceramic membranes underwent pre-wetting in deionized water for
6 h, followed by drying at 40 ◦C for 12 h in a vacuum oven. Dopamine hydrochloride
(2 g/L) and polyethyleneimine (2 g/L) were added into the prepared Tris-HCl buffer
solution (pH 8.5, 50 mM) and thoroughly stirred for uniform distribution. The pre-selected
prepared ZrO2 membranes were submerged in the mixed solution and reacted at 25 ◦C for
different period of time. The modified membranes were rinsed with deionized water and
subsequently dried in an oven at 40 ◦C for 8 h. The ceramic membrane after the PDA/PEI
co-deposition reaction was named as CM-PDA/PEI.

Tetramethyl orthosilicate and HCl solution (1 mM) were combined in a volume ratio
of 1:50 and mixed for 30 min. Then, it was combined with an equal volume of phosphate-
buffered solution (0.2 M, pH = 6.0). CM-PDA/PEI was placed into the modified solution
and reacted at 25 ◦C for different period of time. After the reaction, the ceramic membranes
underwent rinsing with deionized water, and were subsequently dried in a vacuum oven at
40 ◦C for 12 h. The final ceramic membrane obtained was referred to as CM-PDA/PEI-SiO2.
The modification process of the membrane was prepared, as shown in Figure 2.
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2.3. Characterization of the Membrane

The surface morphology of the ceramic membranes at various stages was observed by
field emission scanning electron microscope (FESEM, SU8220, HITACHI, Tokyo, Japan).
Changes in surface roughness were characterized using an atomic force microscope (AFM,
NT–MDT, Moscow, Russia). The distribution of pore sizes in the ceramic membranes, both
before and after modification, was determined using an ultrafiltration membrane pore size
analyzer (PSMA-10, Nanjing Gaoqian Functional Materials Tech Co., Ltd., Nanjing, China).
The element compositions on the surface of both the original ceramic membranes, and the
modified ceramic membranes were analyzed by an X-ray photoelectron spectrometer (XPS,
ESCAlab250, Thermo Fisher Scientific, Waltham, MA, USA). The alterations in functional
groups on the ceramic membranes surface were analyzed using a Fourier transform infrared
spectroscope (FTIR, IS–20, Nicolet, Madison, WI, USA). The water contact angle (WCA) and
underwater oil contact angle (UOCA) on the surface of ceramic membranes were measured
by a contact angle measuring instrument (CA, OCA 20, Dataphysics, Filderstadt, Germany).

2.4. Membrane Separation Performance

The reaction density was utilized to determine the time required for the reaction [38].
The reaction density was calculated by Equation (1):

RD =
GR − G0

S
(1)

where RD stands for reaction density, G0 is the weight (mg) of the original ceramic mem-
brane, GR is the weight (mg) of the membrane at the end of the reaction, and S is the
reaction area (cm2).

The separation efficiency of both the unmodified and modified disc ceramic mem-
branes was characterized using a disc ceramic membrane dynamic filtration device (TD-
WD-001, Anhui Transcendent New Materials Technology Co., Ltd., Anhui, China). In
the operation process, the permeate is pumped into the disc ceramic membrane dynamic
filtration device, which is regulated with a speed motor. The permeate speed is regulated by
the rotational speed of disc ceramic membrane, and the permeate is separated through the
membrane. The permeation performance of ceramic membranes was tested. The membrane
permeability was determined using Equation (2):

Q =
V

A × t × P
(2)

where Q stands for permeability, V is the volume (L) of permeated water through the
membrane, A is the actual area (m2) used in the separation process, t is the running time
(h), and P is the transmembrane pressure (bar).

The oil phase utilized soybean oil in this experiment, the aqueous phase consists of
deionized water. Tween-80 and Span80 are emulsifiers. The concentration of the oil is mea-
sured using an ultraviolet spectrophotometer (UV-1610, Beijing Ruili Instrument Co., Ltd.,
Beijing, China) [39]. The oil rejection rate of oil (R) was calculated using Equation (3):

R =

(
C0 − Cp

C0

)
× 100% (3)

where C0 represents the initial oil concentration of the original oil-in-water emulsion and
Cp represents the oil concentration after being filtrated.

3. Results and Discussion
3.1. Microstructure and Chemical Composition of Ceramic Membrane Surface

A series of characterizations were performed to investigate whether CM-PDA/PEI-
SiO2 was successfully generated. Figure 3 shows the optimal reaction time for the mod-
ified ceramic membrane. The reaction density of the PDA/PEI co-deposition reaction
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increased rapidly in the first 4 h. After 4 h, the reaction density did not change much.
The co-deposition reaction is therefore considered to be saturated after 4 h. Similarly, the
modification of the nano silica layer showed almost no change after 8 h. For all samples
subsequently tested, the PDA/PEI co-deposition time was 4 h and nano silica coating
modification time was 8 h.
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FTIR characterized the changes on functional groups of membrane. The findings were
presented in Figure 4. Compared to CM, CM–PDA/PEI showed the telescopic vibrational
peak of C=O in PDA at 1730 cm−1. The introduction of PDA and PEI resulted in the
appearance of N–H bonds at 3626 cm−1. Due to the Schiff base reaction and Michael
addition reaction between PDA and PEI, the C=N peak appeared at 1655 cm−1. After the
modification was completed, the peak of Si–O–Si appeared at 1077 cm−1. This is due to
the hydrolysis of TMOS into protosilicic acid, which forms a silica nanolayer grown on
the surface of the ceramic film in phosphate buffer. The results showed that nano silica
modified PDA/PEI co-deposited ceramic membranes were successfully prepared.
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XPS analysis was employed for further characterization of the surface composition.
The results are shown in Figure 5; compared to the CM, the peak of N1s appeared on the
surface of CM–PDA/PEI [40], while the peak of Zr3d became weaker, which was caused
by the fact that PDA and PEI contained N elements and PDA/PEI formed a co–deposited
layer covering the original ceramic membranes surface. The peak of Si2p3 appeared on the
CM–PDA/PEI–SiO2 surface, which proved that nano silica was successfully modified on
the surface.
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The surface morphology of the prepared membranes characterized with FESEM was
shown in Figure 6. After modification, PDA and PEI were uniformly deposited on the CM.
The membrane pore size decreased slightly after modification. Also, no aggregated particles
of polydopamine were found in the modified ceramic membrane. The change brought by
the modification were in nano-scale, and there was no phenomenon of blocking the pores,
which hardly reduced the permeation flux of the ceramic membrane. Figure 7 shows the
elemental distribution of the modified ceramic membrane analyzed using EDS spectroscopy.
Zr, N, and Si elements were evenly distributed on the surface of the CM–PDA/PEI–SiO2.
AFM was utilized to observe changes in roughness (Figure 8). The roughness of the CM
was 121.1 nm. After the formation of a co–deposited layer on the ceramic membrane surface
with PDA/PEI, the roughness increased to 141.5 nm. Upon the formation of a nano-silica
layer, the roughness reached 151.9 nm. The augmented roughness facilitates the retention
of a substantial amount of water on the ceramic membrane surface, resulting in the creation
of a hydration layer. This, in turn, enhances permeability and anti-fouling capabilities of
the ceramic membrane, ultimately achieving the intended separation effectiveness [41].
The average pore size of the CM was 104 nm, while the CM–PDA/PEI–SiO2 exhibited an
average pore size of 90 nm (Figure 9), respectively. It is noteworthy that the nanoscale
modification had minimal impact on the pore size of the membranes. This change hardly
affects the permeability of the ceramic membrane during use. This is consistent with the
test results in Figure 6.
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3.2. Contamination Resistance of Ceramic Membrane Surfaces

The hydrophilicity of the ceramic membrane was assessed through the measurement
of its contact angle. The result was shown in Figure 10a–f, the WCA of the CM was 37.6◦,
the WCA of the CM–PDA/PEI was 41.1◦, while the CM–PDA/PEI–SiO2 exhibited a WCA
of 28.5◦, and the modified ceramic membrane showed good wettability. The UOCA of the
CM, CM–PDA/PEI, and CM–PDA/PEI–SiO2 was measured using soybean oil to determine
the oleophobic properties. The UOCA of the CM, CM−PDA/PEI, and CM–PDA/PEI–SiO2
were measured at 155.8◦, 157.4◦, and 159.1◦, respectively. The modified ceramic membrane
has better oleophobic properties. Due to the modification, it can show better anti-fouling
ability in practical application scenarios. Meanwhile, the UOCA of the CM–PDA/PEI–
SiO2 was measured with several different oils, as shown in Figure 10g. The UOCA of the
modified ceramic membranes measured with n–hexane, kerosene, diesel oil, and petroleum
ether as oil phases were 157.4◦, 154.8◦, 159.2◦, and 159.4◦, respectively. Modified ceramic
membranes keep the similar hydrophobic properties for oily wastewater and can be used
in a wide variety of operating environments.
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Figure 10. The WCA of (a) CM; (b) CM–PDA/PEI; (c) CM–PDA/PEI–SiO2. The UOCA of (d) CM;
(e) CM–PDA/PEI; (f) CM–PDA/PEI–SiO2; (g) the UOCA of CM–PDA/PEI–SiO2 for different types
of oils.
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Figure 11 shows the full view of the dynamic filtration device and the measurement
of pure water permeability of ceramic membranes using a dynamic filtration device. The
rotational period of the device was 365 r/min. The actual area used in the separation process
is 0.0625 m2. The trans-membrane pressure was 1 bar. Measurements were started after the
device had been in stable operation for 30 min. The results are shown in Figure 12. The
permeability of the CM was 532 L m−2 h−1 bar−1, and after modification, the permeability
decreased to 510 L m−2 h−1 bar−1. It was due to the smaller average pore size after
modification, as shown in Figure 9, which led to a slight decrease in the permeability. This
is consistent with the conclusions drawn earlier in Figure 6. There is no dramatic difference
on the separation performance of ceramic membranes.
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The separation performance of ceramic membranes on oil–in–water emulsion was
measured to test the resistance of ceramic membranes to contamination in practical appli-
cations. The oil concentration of the oil–in–water emulsion was 0.5 g/L. The device was
operated for 2 h. As shown in Figure 13, due to membrane contamination, the permeate
flux of the CM exhibited a notable decrease within the initial 20 min, and the permeability
of the CM decreased from the initial 145 L m−2 h−1 bar−1 to 104 L m−2 h−1 bar−1. The
permeability of the CM–PDA/PEI–SiO2 decreased from the initial 226 L m−2 h−1 bar−1

to 159 L m−2 h−1 bar−1. After running for some time, the permeability gradually tends
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to stabilize; this is due to the fact that soybean oil forms a droplet layer on the membrane
at the beginning of oil–water separation. The droplet layer can reduce new membrane
contamination [42], slowing down the rate of membrane contamination. The permeate flux
of the CM–PDA/PEI–SiO2 was always higher than that of the CM during the operation.
This is due to the nano-silica layer having strong oil resistance properties, and prevents
the formation of a continuous oil layer, making the modified ceramic membrane more
resistant to contamination than the unmodified ceramic membrane. In comparison to CM,
the oil rejection rate of CM–PDA/PEI–SiO2 at the beginning of the operation was always
above 99%, and can be operated stably for 2 h. In contrast, the oil rejection rate of the
original ceramic membranes is only 90.5%, and the ideal separation efficiency could only
be achieved after a period of operation. The imaging of the original oil–in–water emulsion
and the permeate after filtration with CM–PDA/PEI–SiO2 under an optical microscope is
shown in Figure 14a. The particle size distribution of the oil-in-water emulsion is shown in
Figure 14b. The mean particle size of the oil-in-water emulsion was 182.4 nm. The feed
solution exhibited a significant presence of oil droplets. After filtration, oil droplets were
almost invisible. The excellent separation efficiency of the modified ceramic membrane
was evident. Following the filtration of the oil-in-water emulsion, the ceramic membranes
underwent a cleaning process, and the permeability with pure water was subsequently
measured. Measure the pure water fluxes of CM and CM–PDA/PEI–SiO2 again. The
pure water permeability of CM and CM–PDA/PEI–SiO2 were restored to 72% and 91%,
respectively, of the pure water fluxes before the filtration experiments. CM–PDA/PEI–SiO2
has a longer working life compared to CM. The variance in filtration performance among
the membranes stemmed from differences in their surface properties. The modified ceramic
membrane has great permeate flux and anti-fouling capabilities, and due to the modifi-
cation of silica, can effectively inhibit the contamination of oil for the ceramic membrane.
This prolongs the service life of the ceramic membrane.
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4. Conclusions

In this study, nano silica modification was successfully carried out on the surface
of CM using co–deposition of PDA/PEI. PDA/PEI was used as an intermediate layer
for the bonding components, and silica-decorated coatings were introduced as a further
functionalized layer. The silica-modified PDA/PEI co–deposited ceramic membrane was
thus obtained. The modified ceramic membranes show better separation efficiency and
contamination resistance than the original ceramic membranes. The silica-decorated ce-
ramic membrane permeability is 1.5 times higher than the original ceramic membrane
flux, while its oil rejection rate is always higher than 99%. CM–PDA/PEI–SiO2 also had
better cycling performance than CM. This was due to the fact that the inherent underwater
oil resistance of silica inhibits oil droplets from causing membrane contamination on the
ceramic membrane surface, thus preventing oil contamination. In summary, this study
provides an effective method to prepare anti-fouling ceramic membranes for oil–water
separation, which is conducive to prolonging the service life and decreasing the operating
cost in practical applications.
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