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Silicon carbide (SiC) ceramic membranes are of particular signiﬁcance for wastewater treatment due to their
mechanical strength, chemical stability, and antifouling ability. Currently, the membranes are prepared by SiCparticle sintering at a high temperature. The production suﬀers from long production time and high costs. In this
paper, we demonstrated a more economical way to produce SiC ultraﬁltration membranes based on low-pressure
chemical vapor deposition (LPCVD). SiC was deposited in the pores of alumina microﬁltration supports using
two precursors (SiH2Cl2 and C2H2/H2) at a relatively low temperature of 750 °C. Diﬀerent deposition times
varying from 0 to 150 min were used to tune membrane pore size. The pure water permeance of the membranes
only decreased from 350 Lm−2h−1bar−1 to 157 Lm−2h−1bar−1 when the deposition time was increased from 0
to 120 min due to the narrowing of membrane pore size from 71 to 47 nm. Increasing the deposition time from
120 to 150 min mainly resulted in the formation of a thin, dense layer on top of the support instead of in the
pores. Oil-in-water emulsion ﬁltration experiments illustrated that both the reversible and irreversible fouling of
the SiC-deposited UF membrane was considerably lower as compared to the pristine alumina support. The
unique feature that pore sizes decrease linearly as a function of SiC deposition time creates opportunities to
produce low-fouling SiC membranes with tuned pore sizes on relatively cheap support.

1. Introduction
In recent years, ceramic membranes, especially microﬁltration (MF)
and ultraﬁltration (UF), have been used for drinking water production
and wastewater treatment [1,2]. The mechanical, chemical, and
thermal stability of ceramic membranes favours their durable applications in high temperature and corrosive environments where polymeric
membranes may not be applicable [3,4]. In addition, ceramic membranes can be chemically cleaned under extreme conditions, after severe fouling, to recover their performance. This can also extend their
service lifetime in industrial applications [5].
Among the ceramic membranes, SiC membranes have been extensively studied for high-temperature and high-pressure gas-phase
reactive separations, due to their combination of properties such as
hardness, chemical resistance, low thermal expansion coeﬃcient and
high thermal shock resistance [6,7]. The use of SiC membranes in water

⁎

puriﬁcation has been reported as well [5,8–11]. It has been observed
that the SiC MF membranes have high water permeance [12–14] and
are suitable for long-term applications in slightly oxidative environments such as swimming pool water [9]. Moreover, due to surface
characteristics that consist of a combination of super-hydrophilicity and
a highly negative charge, SiC membranes exhibit lower reversible and
irreversible fouling for surface water and, especially, produced water
treatment, when compared with other ceramic and polymeric membranes [5,8].
Pure SiC membranes have been synthesized with various methods
such as liquid phase sintering and sintering at low-pressures [15].
However, to form strong covalent Si-C bonds, a high sintering temperature up to 2000 °C in an argon atmosphere and the addition of
sintering aids such as Al2O3 [16,17] and templates [18] are usually
necessary for the production of SiC membranes [19,20]. As a result, the
SiC membrane production is quite costly. It is challenging to prepare
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thin SiC layers in the range of ultraﬁltration (pores 2–100 nm) or even
nanoﬁltration (pores 1–2 nm) by solid particle sintering, giving rise to
limited use of SiC membranes in the water treatment ﬁeld [21].
Thus, an alternative processing route to prepare SiC UF membranes
at reduced temperatures would be required. Up to now, there are
mainly two other approaches employed, mostly for SiC gas separation:
chemical vapor deposition (CVD) /chemical vapor inﬁltration (CVI),
and pyrolysis of pre-ceramic polymer precursors [22–25]. In CVD/CVI,
macroporous α-alumina or SiC membranes are usually used as the
supports for the deposition of a thick layer of SiC with one or two
precursors at 700–800 °C, followed by a calcination process at 1000 °C
in Ar [22,23]. Ciora et al. ﬁrst reported the preparation of nanoporous
hydrogen-selective SiC membranes on γ-Al2O3 tubular supports by
using CVD with the two precursors tri-isopropylsilane (TPS) and 1,3disilabutane (DSB) [24]. Despite both precursors can produce nanoporous membranes, a high-temperature post-treatment was necessary
to improve the H2 permeance and H2/H2O selectivity. In the second
approach, a dip-coating technique through the pyrolysis of allyl-hydridopolycarbosilane (AHPCS) has also been developed by Ciora et al.
[24]. Membranes prepared by polycarbosilane (PCS) pyrolysis at 600 °C
gave satisfactory H2 permeance despite a relatively low H2/N2 selectivity. However, due to the ﬁlm shrinkage during the conversion of
the polymer precursors to SiC, this method had to be repeated several
times to obtain a defect-free ﬁlm [21,26]. Although it is thus feasible
with both reported methods to prepare SiC nanoporous membranes at
lower temperatures, the prepared membranes usually have a thick SiC
layer, which negatively aﬀects the water permeance and, therefore,
they are predominately limited for the purpose of gas-separation applications. More recently, Konig et al. developed UF SiC membranes on
macroporous SiC supports by coating a suspension of α-SiC powder and
AHPCS in n-hexane or n-hexane/n-tetradecane. The prepared membranes showed a defect-free mesoporous surface, but still, quite low
water permeance (0.05–0.06 Lm−2h−1bar−1) was observed [21].
It thus remains a challenge to produce SiC UF membranes at low
temperatures with high water permeance, especially for oil-in-water
emulsion separation, which is usually aﬀected by severe fouling problems when using other ceramic and polymeric membranes [19]. Recent studies have shown that the fabrication of ultrathin SiC membranes by means of low-pressure chemical vapor deposition (LPCVD) is
a promising platform for cell culturing [27]. To the best of our
knowledge, the fabrication of SiC UF membranes via LPCVD has not
been realized yet. Therefore, in this work, LPCVD was used to deposit a
thin layer of SiC in the pores of commercial ceramic alumina membranes with the objective to use them for oil-in-water emulsion ﬁltration with reduced membrane fouling.

Fig. 1. Schematic of the LPCVD system used for the membrane deposition of
SiC layers.

Systems BV, the Netherlands), as shown in Fig. 1. Dichlorosilane
(SiH2Cl2) and acetylene (C2H2), diluted at 5% in hydrogen (H2), were
used as precursors, respectively. The purging gas, employed in the
system, was ultrapure nitrogen (N2), obtained from a liquid nitrogen
source. In the reactor, the support membranes were placed in the center
of the chamber with their long-axis parallel to the precursors’ ﬂow direction.
The deposition parameters, temperature, and pressure were selected
based on the study of Morana et al. [28] on wafers, to obtain a thin and
continuous amorphous SiC layer on the membrane surface. Therefore,
the depositions were performed at a temperature of 750 °C and pressure
of 60 Pa. In addition, a gas ﬂow ratio (SiH2Cl2 to C2H2) of 3 with a total
gas ﬂow of 500 sccm was chosen, while the deposition time was varied
between 0 and 150 min to tune layer thickness and membrane pore
size. In order to simplify the sample names, all samples are labeled as
Dx, where x represents the deposition time (x = 0, 60, 90, 120, and
150 min).
During the deposition, silicon wafers with a diameter of 100 mm
and a thickness of 525 ( ± 25) µm were placed next to the membranes
to monitor the deposited layer thickness. The layer thickness was later
determined by an ellipsometer (M-2000UI, J.A. Woollam Co. Inc.,
USA), based on the change of the light polarization principle [29].
Additionally, the growth rate of the SiC layer, obtained through linear
regression between layer thickness and the deposition time, was used to
estimate the rate of pore size change of the membrane.
2.3. Membrane characterization

Commercial tubular ceramic membranes (CoorsTek, the
Netherlands) with an inner diameter of 7 mm and an outer diameter of
10 mm were used as support for LPCVD deposition. These membranes
are composed of a selective layer of α-alumina with a pore size of
100 nm (speciﬁcation of the manufacturer) on macroporous α-alumina
support. The membranes have an average pure water ﬂux of 382
Lm−2h−1bar−1, as given by the manufacturer. However, great variations in actual permeance were observed during the tests (20 tubes).
Therefore, only the membranes with similar permeance, being around
350 Lm−2h−1bar−1, were chosen for the LPCVD deposition.

The morphology of the pristine alumina and LPCVD modiﬁed SiCalumina membranes were observed by scanning electron microscopy
(SEM, FEI Nova NanoSEM 450, USA). The Si/Al intensity ratios of the
samples were determined using energy dispersive X-ray (EDX) analyzer
(Ametek EDAXTSL) at 10 kV accelerating voltage, which is coupled in an
SEM-EDX system. Prior to observation, membrane samples were sputtered with a thin layer of gold to increase sample conductivity, which is
necessary to obtain a clear image. The average pore size and pore size
distribution of the membranes were measured by capillary ﬂow porometry (Porolux 500, IBFT GmbH, Germany). FC43 (Benelux Scientiﬁc
B.V., the Netherlands) was used as the wetting agent for porometry
measurements, and the ﬂow and feed pressure were recorded in time.
The pore size and pore size distribution were then calculated using the
Young-Laplace equation [30]:

2.2. Low-pressure chemical vapor deposition

D=

The membrane tubes were cut into 15 cm long segments to ﬁt the
LPCVD chamber. The SiC layer was deposited onto the support, both on
the inner and outer surface, in a hot-wall LPCVD furnace (Tempress

where D is the pore diameter of the membrane (m), γ is the surface
tension of the wetting liquid (N/m), θ is the contact angle of the liquid
on the membrane surface (0°), P is the used pressure (bar), and SF is the

2. Materials and methods
2.1. Materials

2

4γ ·cosθ ·SF
P

(1)
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(DDA12-10, Grundfos, Denmark) to dose the emulsion into the circulation loop and to control the permeate ﬂux, and a circulation pump
(VerderGear, Verder B.V., the Netherlands) to provide a ﬁxed crossﬂow
velocity of 0.44 m/s, monitored by a ﬂow meter (YF-S402, Zhongjiang
energy-eﬃcient electronics Co., Itd., China). A backwashing vessel,
ﬁlled with demineralized water, was connected to a compressed air
system, and a ﬁxed pressure of 3 bar was set for backwashing. Two
high-precision pressure transducers (GS4200-USB, ESI, UK) were installed on the two sides of the membrane module to monitor the
pressure variations. Since the pressure of the permeate stream was
equal to atmospherical, the pressure exhibited by the pressure transducers was TMP. A digital balance (KERN EWJ 600, Germany) was used
to measure the permeate ﬂux in case there was a diﬀerence with the
feed pump ﬂow. During the experiments, the pressure, temperature and
ﬂow were continuously logged at a time interval of 30 s.
The pristine (D0) and modiﬁed (D120) membranes were tested separately with the above mentioned constant ﬂux ﬁltration set-up to
compare the membrane fouling resistance before and after deposition.
A new membrane was used for each test. The oil-in-water emulsion was
used as a model foulant in this study. All ﬁltration experiments were
done at room temperature (22 °C) and carried out in duplicate. Prior to
each ﬁltration experiment, the membranes were immersed in demineralized water overnight to wet all the pores. The set-up was thoroughly ﬂushed with demineralized water to remove residual chemicals
and air in the system. Afterward, the initial permeance of each membrane was determined with demineralized water at a constant ﬂux of
100 Lm−2h−1 for 10 min. Each fouling experiment consisted of 7 cycles, and each cycle was composed of three phases in the following
order: 1) Filtration of oil-in-water emulsion at a constant ﬂux of 100
Lm−2h−1 for 18 min, 2) Backwashing the membrane module with
demineralized water at a ﬁxed pressure of 3 bar for 30 s to remove the
hydraulically reversible fouling, 3) Forward ﬂush with feed for 15 s at a
crossﬂow velocity of 0.44 m/s. The purpose of the forward ﬂush is to
purge the membrane module to remove the backwash remaining liquids
and replace the solution in the loop with the fresh feed. The explanation
to choose a constant ﬂux of 100 Lm−2h−1, ﬁltration time of 18 min and
a crossﬂow velocity of 0.44 m/s is given in the supporting information
(Fig. S2 and S3). The ﬁltration-backwash-forward ﬂush phase is shown

shape factor (SF = 1).
The water ﬂux of the membrane before and after deposition was
examined, ﬁltering demineralized water at a constant transmembrane
pressure (TMP) of 1.5 bar. Membrane ﬂuxes and the water temperature
were monitored every 30 s. In order to compare the membrane water
permeance, all membrane permeance were corrected to the equivalent
at 20 °C using the following equation (2) [29]:

Lp,20 °C =

J ·e−0.0239·(T − 20)
ΔP

(2)
−2 −1

−1

where Lp,20 °C is the permeance at 20 °C (Lm h bar ), J is the
measured membrane ﬂux (Lm−2h−1), ΔP is the measured TMP (bar), T
is the temperature of water (°C).
2.4. Oil-in-water emulsion preparation
To ensure that all oil-in-water emulsions had the same characteristics during all experiments, a stock emulsion was prepared, which was
then diluted to the desired oil concentration. The stock emulsion was
prepared by mixing 3 mL mineral oil (Sigma-Aldrich) and 0.6 g sodium
dodecyl sulphate (SDS) (Sigma-Aldrich) with 2 L of demineralized
water. This stock emulsion was continuously stirred with a magnetic
stirrer (L23, LABINCO, the Netherlands) at a speed of 1500 rpm for 36 h
and then ultrasonicated (521, Bransonic, US) for 2 h until it appeared
milky white. The emulsion did not segregate for 3 days, indicating good
stability and homogeneity. Afterward, the emulsion was diluted to 6 L
with a concentration of 400 ppm for the ﬁltration experiments. The
used oil concentration was in the normal range typically observed in
oily wastewater [31]. The emulsion has a pH of around 6 measured by a
pH sensor (inoLab™ Multi 9420 - WTW). The oil droplet size distribution was analyzed with a particle size analyzer (Bluewave, Microtrac,
USA), and the average oil droplet size of the emulsion was 2 µm (Fig.
S1, supporting information).
2.5. Constant ﬂux crossﬂow fouling experiments with backwash
The membrane ﬁltration set-up with backwash was designed for
constant ﬂux experiments (Fig. 2). The system contained a feed pump

Fig. 2. Schematic view of the ﬁltration set-up. During the experiment, the feed pump was always at a ﬂow of 0.3 L/h, the eﬀective ﬁltration area of the membrane is
0.003 m2 and the membrane had a constant ﬂux of 100Lm−2h−1.
3
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3.2. Morphological evolution of membranes under various deposition times

in Table S1.
During the constant ﬂux ﬁltration experiment, the TMP increases in
time due to membrane fouling by oil droplets. In order to better compare the membrane performance before and after deposition, the TMP
and permeance (P) of the membranes during ﬁltration were normalized
to the initial TMP0 and P0, which were measured by ﬁltering demineralized water.
The membrane resistance was calculated based on the resistance-inseries model [32,33], as shown in equation (3):

Rt =

TMP
= Rm + Rr + Rir
μJ

The cross-section structure of the pristine membrane was analyzed
using a scanning electron microscope. The separation layer of the
membranes had a thickness of around 25 µm as clearly observed in
Fig. 4, but variations from 21 to 25 µm were found for the various
samples (Fig. S4).
In Fig. 5, SiC-deposited tubes with various deposition times and one
pristine alumina tube (D0) are depicted, showing a change of color from
white to brown and black after increasing SiC deposition time. Black is
a typical color for a SiC membrane, indicating that the alumina membrane samples were deposited with a homogeneous layer of SiC after
around 90 min. Also the inside of the tubes, deposition time 90 min or
longer, were examined after breaking, and display uniform colored
black surface as well. The inside of the deposited tube’s wall, though,
was white, indicating that the deposition penetrated only a small part of
the alumina tube’s wall (see lower right in Fig. 5).
The surface morphologies of the pristine and deposited alumina
membranes were further investigated by SEM observations. In Fig. 6,
surface SEM images of the pristine ceramic membrane and SiC-deposited ceramic membranes (diﬀerent deposition times) are shown. The
images demonstrate that no continuous SiC layer is deposited on top of
the support membrane’s surface but the SiC is mainly deposited in the
pores. It also shows that prolongation of the deposition time, from 60 to
150 min, results in a considerable decrease in pore size.
In addition, longer deposition times allow the precursors, dichlorosilane and acetylene, to diﬀuse more in-depth into the support.
To study the eﬀect of the penetration of the precursors on the membrane’s morphology, cross-sectional SEM pictures of the membranes
were made (Fig. 7). From Fig. 7C it can be observed that after 90 min a
SiC layer started to be formed on top of the top layer, while after
150 min, it appeared to cover the entire top layer.
SEM-EDX line scans were made to provide elemental identiﬁcation
of the SiC deposition in the pores. The results are depicted in Fig. 7F,
showing the Si/Al intensity ratios of the pristine alumina membrane
and the diﬀerent SiC-deposited membranes as a function of the distance
from the membrane surface. In the ﬁrst 90 min the gas diﬀuses around
10 µm into the top layer of the support and after 120 min SiC was
deposited in the pores of the entire support’s top layer. It looks like
there is less inﬁltration after 150 min as compared to 120 min. This
could be caused by a variation in the thickness of the top layer. Fig. S4
shows that the supports’ top layer varied between 21 and 25 µm so it
means that after 120 min SiC is already deposited in the pores of the
entire top layer. In the initial period of LPCVD deposition (0–120 min),
the pores among particles were large enough to allow rapid and unlimited diﬀusion of precursors into the pores, and suﬃcient adsorption
and reaction happened on the particle surface. With further increase of
the deposition time, the diﬀusion of the precursors into the pores would
be restricted due to the narrowing pore mouth. Thus, the deposition
rate of SiC layer inside the pores reduced after 120 min. As a result,
deposition mainly happened on the top surface and resulted in the
addition of a new, dense thin ﬁlm. Similar proﬁles have been observed
by Jolien et al. and Roy et al. [37,38]. Overall, these above-mentioned
discussions revealed that the LPCVD is an eﬀective conformal deposition technique over complex three-dimensional structures like the
tubular membranes used in our work.

(3)

where J is the membrane ﬂux (m/s), TMP is the applied trans-membrane pressure (Pa), μ is the viscosity of the permeate (Pa·s), Rt (m−1)
represents the total resistance, which is consist of intrinsic membrane
resistance (Rm), hydraulically reversible resistance (Rr), and irreversible
unphysical removable resistance (Rir). Rm was determined through the
ﬁltration of demineralized water and Rt was measured according to the
ﬁnal ﬁltration pressure of wastewater. The fouled membrane was
backwashed with demineralized water under a pressure of 3 bar and
then Rr was measured. The Rir was calculated from Rt - Rr - Rm.

3. Results and discussion
3.1. Thickness and growth kinetics of SiC layers on a silicon wafer
The growth rate of the SiC layer in the pores of the porous ceramic
membrane could not be measured directly. To have an indication of the
growth rate, silicon wafers were used as substrates to measure the SiC
layer thickness with ellipsometry. The results (Fig. 3) show a linear
relationship between the deposition time and SiC layer thickness. The
growth rate is determined from the slope of the linear regression and is
0.3 nm/min.
Wang and Tsai also studied the SiC deposition with LPCVD and
observed a growth rate of 0.87 nm/min, which is higher than the one
we found, probably due to the higher pressure in the reaction system
they used [34]. The growth rate we found was also much lower than
that of plasma-enhanced chemical vapor deposition (PECVD), though
deposited at much lower temperatures (200–400 °C) [35,36]. However,
a lower growth rate could lead to better control of the ﬁlm thickness on
the target substrates, which is especially important for membrane
modiﬁcation, where uniform deposition into pores is of importance
[22].

3.3. Eﬀect of LPCVD deposition on pure water ﬂux and membrane pore size
Pure water permeance tests were conducted on both the pristine
membranes and the LPCVD modiﬁed membranes after diﬀerent deposition times. The results of the pure water permeance test are displayed in Fig. 8a. The permeance of the membranes decreased linearly
from 350 Lm−2h−1bar−1 to 157 Lm−2h−1bar−1 when the deposition
time was increased from 0 min to 120 min. After 120 min the decline in
permeance was lower.

Fig. 3. Correlation between the thickness of the deposited SiC layer and deposition time onto a silicon wafer.
4
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Fig. 4. SEM images of the cross-section of the pristine alumina membrane.

Fig. 5. Photos of the pristine membrane and LPCVD modiﬁed membranes.

Fig. 6. Surface SEM images of (a) the pristine ceramic membrane (D0), and SiC-deposited ceramic membranes with increasing deposition times: (b) D60, (c) D90, (d)
D120, (e) D150.

slight deviation from the line can be observed. The phenomenon of the
linear permeance and pore size decline has also been described in
previous studies [22,39], where CVD was used to modify the membranes. As the water permeance decreased with the same slope, we
assume that something went wrong during the pore size measurement
of the tube with a deposition time of 60 min.

Pore size measurements of the pristine alumina membrane and the
LPCVD modiﬁed membranes were performed and the results are shown
in Fig. 8b. The alumina membrane, black line in Fig. 8b, had a broad
pore size distribution, and contained pores between 40 and 80 nm with
an average of 71 nm. Compared to the pristine membrane, the deposited membranes had a narrower pore size distribution and smaller
average pore sizes. A substantial decline in pore size was observed with
increased deposition time, from 71 nm to 43 nm after 150 min of SiC
deposition. Fig. 8c demonstrates that the pore diameter decline was
linear except the pore size measured after 60 min of deposition, where a

3.4. Filtration of an oil-in-water emulsion
The SiC-deposited membrane with 120 min deposition time (D120)
5
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Fig. 7. The cross-sectional SEM images of the pristine and LPCVD modiﬁed membranes: D0 (A), D60 (B), D90 (C), D120 (D), D150 (E) and corresponding line-scan
EDX spectra (F). All images have the same magniﬁcation and the scale bar is shown in (E).

indicating that considerable fouling occurred in both membranes.
However, the pristine alumina membrane maintained a high TMP increase rate during all ﬁltration cycles. In contrast, a much slower TMP
increase was observed for the SiC-deposited membrane with 120 min
deposition time. The ﬁnal relative TMP of D0 was more than 1.5 times
higher than that of D120, suggesting fouling was much less after
modiﬁcation.
At the end of each cycle, the membranes were hydraulically

and the pristine alumina membrane (D0) were compared with respect
to the ﬁltration of an oil-in-water emulsion. The initial permeance of
both membranes for emulsion ﬁltration were close to their pure water
permeance, indicating the membranes were not fouled at the initial
stage (Fig. S5). To better compare the membrane performance, we
normalized the TMP and permeance. In Fig. 9a the normalized TMP is
visualized as a function of the ﬁltration time, showing a fast increase in
the relative TMP of both D0 and D120 during one ﬁltration cycle,

Fig. 8. (a) Pure water permeance and (b) pore size distribution of pristine membrane and LPCVD modiﬁed membranes; (c) linear ﬁt of pore size variations with
deposition time (D60 is not included).
6
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Fig. 9. (a) Normalized TMP, (b) normalized permeance, and (c) fouling resistance of D0 and D120 for oil-in-water emulsion ﬁltration.

of hydrophilic and charge interactions. These ﬁndings create opportunities to produce low fouling SiC membranes with tuned pore sizes on
relatively cheap support.

backwashed with demineralized water before starting the next ﬁltration
cycle. It was found that the permeance of both membranes (Fig. 9b) was
only slightly reduced after the ﬁrst backwashing, indicating the reversible fouling was mainly responsible for the permeance loss. The
gradual development of irreversible fouling was observed for both
membranes during subsequent ﬁltration cycles. To further reveal the
inﬂuence of the SiC-deposited layer on fouling mitigation, the resistance distribution during the ﬁltration process was analyzed. Fig. 9c
shows the reversible and irreversible fouling resistance for both membranes during the entire ﬁltration process. Both the reversible and irreversible fouling resistance of D120 was smaller than that of D0, indicating that the SiC-deposited layer mitigated the membrane fouling
during oil-in-water emulsion ﬁltration. Based on the above discussions,
it can be concluded that the SiC-deposited membrane was less prone to
fouling as compared to the pristine membrane for oil-in-water emulsion
ﬁltration.
The pore sizes of D0 and D120 are much smaller than the average
size of the oil droplets. Therefore, it is assumed that the surface properties of the SiC-deposited layer are the most important in avoiding
fouling. Previous studies also showed that SiC membranes have a low
fouling tendency as compared to other ceramic and polymeric membranes, which is closely related to super hydrophilicity [8] and the low
iso-electric point (pH 2.8) of SiC [9]. The pristine alumina membrane
has a relatively high iso-electric point which is about 9 [40]. The
emulsion used in this study had a pH of 6, which means that the
modiﬁed membrane surface was negatively charged while the pristine
membrane had a positive surface charge during the ﬁltration process.
The emulsion also had a highly negative charge due to the negative
charge of the surfactant (SDS) surrounding the oil droplet [41].
Therefore, electrostatic-interaction would be diﬀerent for the two
membranes, and the SiC layer of the modiﬁed membrane would protect
the membrane from adsorbing or depositing oil droplets not only due to
the hydrophilic characteristics of the surface, but also because of
electrostatic repulsion forces between the membrane surface and oil
droplets. In contrast, electrostatic adhesion could happen on alumina
membrane surface due to the opposite charge between membrane
surface and oil droplets which would accelerate membrane fouling.
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