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HIGHLIGHTS GRAPHICAL ABSTRACT

e Ultrathin (18 nm) polycrystalline 3C-SiC
was deposited onto a Al;03 membrane.

e SiC membrane with the smallest pore
size (33 nm) for oil/water separation.

e Highly hydrophilic membranes with a
negative surface charge were produced.

e Various pore sizes of 3C-SiC coated
membranes were compared.

e A combination of high oil rejection and
low (ir)reversible fouling was achieved.
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ARTICLE INFO ABSTRACT

Keywords: Worldwide, a considerable amount of oily wastewater is generated, with oil droplets from 2 to 200 nm that are
Oil-in-water microemulsion difficult to separate because of their size and colloidal stability. This study presents a novel approach for
Ultrafiltration

effectively separating microemulsions via cubic silicon carbide (3C-SiC)-coated alumina (Al;03) membranes
fabricated based on low pressure chemical vapor deposition (LPCVD). SiC was deposited at a relatively low
temperature at 860 °C on 100 nm Al,03 membranes using two precursors: SiHCly and CoHs. With the increase in
deposition time, up to 25 min, the pore size decreased from 41 nm to 33 nm, which is a smaller pore size of a SiC
membrane than previously used for oil/water separation. The polycrystalline 3C-SiC-coated membranes showed
improved hydrophilicity (water contact angle of 15°) and highly negatively charged surfaces (—65 mV).
Microemulsion filtration experiments were carried out at a constant permeate flux (80 Lm 2 h_l) for six cycles
with varying deposition time, pH, surfactant types, and pore sizes. The fouling of the SiC-coated membrane was,
compared to the Al,O3 membrane, effectively mitigated due to the enhanced electrostatic repulsion and hy-
drophilicity. Surfactant adsorption mainly occurred when the surface charge of the microemulsion and the
membranes were opposite. Therefore, the surface charge of the alumina membrane changed from positive to
negative when soaked in negatively charged microemulsions, whereas SiC-coated membranes remained

Surface charge
Membrane fouling
Pore size
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negatively charged regardless of surfactant type. The membrane fouling was alleviated when the membrane and
oil droplets had the same charge. Lastly, the 62 nm SiC-coated membrane with 20 min coating time was the best
choice for the filtration of the microemulsion, because of the high rejection of the oil droplets and low fouling
tendency.

Nomenclature COD Chemical oxygen demand

CTAB Cetyltrimethylammonium bromide
List of symbols DI Demineralized
D Diameter of membrane pores (m) EDX Energy Dispersive X-ray
J Permeate flux (Lm 2 h™Y) IEP The isoelectric point
Ly20-c Water permeance at 20 °C Cm~2h! bar ™) LPCVD Low pressure chemical vapor deposition
P Applied pressure (N/m?) MF Microfiltration
R Resistance to mass transfer (m’l) Oo/W Oil-in-water
T Water temperature (°C) PSD Particle size distribution

SiC Silicon carbide
Greek letters o SDS Sodium dodecyl sulfate
H Permeate viscosity (Pa-s) TEM Transmission electron microscopy
Y Surface tension of the wetting liquid (N/m) TF Threshold flux
0 Contact angle @) TMP Transmembrane pressure
Abbreviations UF Ultrafiltration
AFM Atomic force microscopy UOCA  Underwater oil contact angle
Al,O4 Alumina WCA Water contact angle
CFV Crossflow velocity XRD X-ray Diffraction

1. Introduction

Worldwide, oily wastewater is generated from the petrochemical,
pharmaceutical, food, and beverage industries [1,2]. However, the
discharge of oily wastewater can severely contaminate groundwater and
surface water and is harmful to human health [3,4]. At present, the
typical and conventional technologies for the treatment of oily waste-
water include (i) dissolved air flotation [5], (ii) gravity-based separation
[6], (iii) hydrocycloning [7], and (iv) adsorption [8]. The choice be-
tween the various oil-water separation technologies depends on oil
droplet size/concentration, properties of oily wastewater, and the
maximum allowable emission concentration [9,10]. Meanwhile, the
emerging membrane separation technology is regarded as a promising
and sustainable approach for effectively treating wastewater due to its
distinct advantages, including a small footprint and high separation ef-
ficacies [11,12]. Compared with polymeric membranes, inorganic
ceramic membranes have attracted increasing attention due to their
high mechanical/chemical stability, hydrophilicity and water per-
meance [1,13,14].

Most oil-in-water (O/W) emulsions have oil droplet sizes ranging
from a few nanometers to several hundred micrometers. For emulsions
with micron-sized oil droplets, ceramic ultra/microfiltration (UF/MF)
membranes show satisfactory rejection, typically in the range of 90-99
% [9,15]. However, some industrial operations also generate large
quantities of oily wastewater with oil droplets from 2 to 200 nm [16].
These emulsions are predominantly thermodynamically stable “micro-
emulsions” with sizes ranging from 10 to 100 nm [16,17]. So effective
and widely applicable strategies for separating different emulsions with
nano-sized oil droplets are highly required. Some studies [1,18-20] have
addressed the treatment of nano-sized oil emulsions using inorganic
membranes such as zirconia and carbon nanotubes. Silicon carbide (SiC)
membranes are usually fabricated using the sol-gel technique at a high
temperature (up to 2100 °C), resulting in long production times and high
costs [21]. To save costs and diminish the environmental impact of
membrane production, in our previous work, we developed an innova-
tive method for producing a SiC coating based on low pressure chemical

vapor deposition (LPCVD) onto Al;03 UF membranes at 750 °C. In
addition, our previous studies found that the SiC-coated alumina (Al,03)
membranes perform better than the Al;Os membranes in separating
micro-sized SDS stabilized oil/water emulsions with lower reversible
and irreversible fouling [9]. However, on the one hand, the SiC layer
deposited at 750 °C, which was reported in our previous studies, was not
chemically stable due to the amorphous structure of SiC [15]. It has also
been reported that 3C cubic and 6H hexagonal are the most stable
structures compared with other SiC polytypes [22]. To solve this prob-
lem, the deposition temperature was increased from 750 °C to 860 °C to
deposit the polycrystalline 3C-SiC on the 100 nm Al,Os membrane
surface [23]. The fouling behavior of the filtration of microemulsions
using SiC-coated UF membranes has not yet been performed and re-
ported. Therefore, we developed 3C-SiC membranes with smaller pore
sizes and similar permeabilities compared with the previous work, to
achieve high rejection of nano-sized emulsions.

Fouling is the main constraint when using membranes for oil-water
separation [24]. One possible way to address fouling is to modify the
wetting property of the membrane surface by coating hydrophilic ma-
terials, rich in hydroxyl groups (e.g., ZrO2 and TiOy nanoparticles)
[1,25]. Pore size is another critical factor influencing fouling [26-28].
Jiang et al. reported that SiC membranes with the largest pore size (0.67
pm) showed the highest flux decline rate and lowest stable flux when
filtering 500 pm O/W emulsion at a constant pressure of 0.5 bar [28].
Nagasawa et al. also reported that severe fouling was induced for porous
TiO2 membranes with the largest pores (1.4 pm) since more oil droplets
accumulated into the pores, leading to a high irreversible fouling [26].
However, studies on the effect of pore size on O/W emulsion separation
in a crossflow, constant flux mode are lacking. Therefore, the objective
of this study was to better understand the effect of surface charge, hy-
drophilicity, and pore size of the SiC-coated UF membranes on mem-
brane fouling by O/W microemulsions in a constant flux mode. Firstly,
deposition times determine the layer thickness, affecting the pore size
and permeabilities of the membranes. Therefore, deposition times
ranging from 10 to 25 min were employed to tune membrane pore sizes
and surface properties. The effect of deposition time on membrane
fouling was investigated to find the optimum deposition time. We then



G. Qin et al.

evaluated ceramic membranes in terms of pore size, surface
morphology, water permeance, mechanical strength, surface charge,
and water contact angle before the filtration experiments. These ex-
periments were conducted in crossflow filtration with constant fluxes for
the filtration of O/W microemulsions, stabilized with anionic, cationic,
and non-ionic surfactants. The effect of pH of the feed solution on
fouling was also studied to find which types of oily wastewater (alkaline
or acidic) are much more suitable for the treatment by SiC-coated
membranes. Finally, by comparing the oil rejection and (ir)reversible
fouling, the best pore size was chosen.

2. Materials and methods
2.1. Materials

Soybean oil (S7381, Sigma-Aldrich, the Netherlands), sodium
dodecyl sulfate (SDS, 75746, Sigma-Aldrich, the Netherlands), Span 80
(85548, Sigma-Aldrich, the Netherlands), Tween 80 (P1754, Sigma-
Aldrich, the Netherlands), Hexadecyltrimethylammonium bromide
(CTAB, H5882, Sigma-Aldrich, the Netherlands), calcium chloride (>
97 %, 746495, Sigma-Aldrich, the Netherlands) and sodium chloride (>
99 %, Sigma-Aldrich, the Netherlands), were employed to prepare the
O/W microemulsions. HCI (0.1 mol/L, 1090601003, Sigma-Aldrich, the
Netherlands) and NaOH (97 %, powder, Sigma-Aldrich, the
Netherlands) were used for pH adjustment. The citric acid (> 99.5 %,
powder, Sigma-Aldrich, the Netherlands) was used for membrane
cleaning. Demineralized (DI) water was used to prepare the micro-
emulsion, clean the filtration tube, and backwash or forward flush the
fouled membranes. Commercial single-channel tubular Al;O3 ceramic
UF membranes used in the experiments were made of a- Al,O3 for both
the 600 nm support layer and the selective layer with a maximum pore
size of 100 nm (CoorsTek, the Netherlands), where the information on
pore size was provided by the membrane manufacturer. The AlyO3
membranes chosen for LPCVD had similar permeabilities in the range of
360 to 380 Lm~2 h™! bar!. Flat sheet Al,O3 membranes with 100 nm
pore size were produced by Inopor (Germany) with a rectangular shape
(1 ecm x 2 cm) and a thickness of 1 mm. These membranes were coated
under the same circumstances as the tubular membranes for contact
angle and zeta potential measurements.

2.2. Low-pressure chemical vapor deposition

Dichlorosilane (SiH3Cly) and acetylene (CyHz) were used as pre-
cursors for the SiC layers deposition. The Al,O3 membranes were put on
two half wafers, which were located in the center of the LPCVD cham-
ber. The deposition temperature was 860 °C, and the precursors flow
ratio (SiH,Cly/CyHp) was 6.7 to obtain polycrystalline SiC [29]. The
amount of gas flowing into the tube was controlled by mass flow meters
with ranges from 0 to 500 standard cm®/min, and 100 cm®/min was
chosen based on a previous study [29]. The Al;03 membranes without
deposition and with deposition times of 10 min, 15 min, 20 min, and 25
min were denoted as HO, H10, H15, H20, and H25, respectively. The
200 nm and 600 nm Al,O3 tubular membranes without deposition and
with deposition times of 20 min were denoted as H0-200, HO-600, H20-
200, and H20-600, respectively.

2.3. Membrane characterization

Scanning electron microscope (SEM) measurements were carried out
on a Helios NanoLab 650. In addition, the SEM was attached to an En-
ergy Dispersive X-ray (EDX) spectroscopy (Apollo 40 Silicon Drift De-
tector, Ametek EDAX™Y) and EDAX Genesis software, which was
employed to define the chemical composition of both the pristine Al;O3
and LPCVD modified SiC-Al,03 membranes. The Helios Nanolab G3 UC
(Thermo Fisher Scientific, USA), which integrates a focused ion beam
with an SEM, was used to examine the cross-section of SiC-coated
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membranes. Using the Focused Ion Beam method, the top thin layers
of the SiC-coated sample were removed by directing the gallium ion
beam onto it, sequentially revealing a new cross-section. This newly
exposed surface was then visualized using the electron beam of an SEM.
XRD (X-ray Diffraction) was conducted with an X-ray diffractometer
(D8-Discover, Bruker, USA) and Eiger-2 500k 2D-detector to measure
the SiC crystal structure. Surface roughness measurements were per-
formed by atomic force microscopy (AFM) (Dimension Icon, Bruker,
USA) in tapping mode in the air. The Gwyddion software was used to
analyze the AFM images and provide quantitative roughness data.
Transmission electron microscopy (TEM) images were collected using a
Titan aberration-corrected transmission electron microscope (Thermos
Fisher, FEI company).

The water contact angle (WCA) and underwater oil contact angle
(UOCA) of the pristine Al;03 membranes and the LPCVD-modified SiC-
Al;03 UF membranes were performed by a contact angle instrument
with a manual adjustable zoom lens (Dataphysics OCA25, Germany).
The WCA measurements, conducted on a minimum of three times at
distinct locations of each membrane, were measured by dosing 2 pL
water on the membrane surface. The UOCA measurements were con-
ducted using captive bubble mode, where a droplet of soybean oil was
captured by the bent dosing needle (SNC 050/026, Benelux Scientific
BV, the Netherlands) under the membrane holder (SHC 20, Benelux
Scientific BV, the Netherlands), which fixed the commercial flat Al;03
and SiC-coated Al,O3 membrane in the aqueous phase in a glass cell (GC
50, Benelux Scientific BV, the Netherlands).

The zeta potential was used to estimate the surface charge of the
membranes using an electrokinetic analyzer (SurPASS, Anton Paar,
Graz, Austria). The instrument measured the streaming current coeffi-
cient, and the Helmholtz-Smoluchowski equation was used for the
calculation of the zeta potential of the flat membrane. The isoelectric
point (IEP) was measured in a titration system, encompassing a pH range
of 3 to 10 with a pH interval of 1. Three-point bending tests were per-
formed, using a mechanical testing system (ElectroPuls E20000, Instron,
USA), to measure the bending strength of the membranes. The capillary
flow porometry (Porolux 500, IBFT GmbH, Germany) was employed to
measure the bubble point, mean pore size, and pore size distribution of
the membranes. The pore size distribution was calculated based on the
Young-Laplace equation (Eq. (1)) [30]:

4y ecosd

P @

Where D is the effective diameter of membrane pores (m), y is the sur-
face tension of the wetting liquid (0.016 N/m), @ is the contact angle at
the fluid and membrane surface interface (0°), and P is the applied
pressure (N/mz).

2.4. Oil-in-water microemulsions

Various nano-sized O/W emulsions, namely non-ionic Tween 80-sta-
bilized microemulsion, anionic SDS-stabilized microemulsion, and
cationic CTAB-stabilized microemulsion, all in combination with co-
surfactant Span 80, were prepared for membrane filtration experi-
ments, to study the impact of the charge of the emulsions on fouling of
the membranes, respectively. To obtain 500 mg/L Tween-80 stabilized
microemulsion, 2 g Soybean oil, 0.2 g Span 80, and 0.2 g Tween 80 with
a mass ratio of 10:1:1 were added into 1 L DI water (pH = 5.6), followed
by continuously high speed stirring at 2000 rpm with a magnetic stirrer
(L32, LABINCO, the Netherlands) for one day and ultrasonication in a
sonifier (3800, Branson, USA) for one day, in accordance with previous
studies [1,31,32]. Prior to each experiment, the preparation of the fresh
emulsion involved the dilution of 1 L. O/W microemulsion with 4 L DI
water to a constant oil concentration of 500 mg/L since 50-1000 mg/L
oil and grease content are typically present in oily wastewater [12]. The
same procedures were used for the SDS and CTAB-based
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Fig. 1. Schematic diagram of constant flux filtration system.

microemulsions. 1 mM NaCl were added to the microemulsion to adjust
the ionic strength. The pH of the microemulsions was measured by a pH
meter (228HTE, PCE Brookhuis B.V., the Netherlands). The sizes and
size distributions of the oil droplets were measured with a particle size
analyzer (Bluewave, Microtrac, USA), while the zeta potential of the
microemulsions was obtained using a Malvern Zetasizer Nano instru-
ment (ZS90, Malvern, UK). The stability of the microemulsions were
confirmed by similar oil droplet size distribution after the emulsions
were left to stand for 1 day and 7 days (Fig.S14).

2.5. Determination of threshold flux

The conventional flux stepping method was employed to estimate
the threshold flux [33,34]. This method involved incrementally
increasing the permeate flux while simultaneously recording the trans-
membrane pressure (TMP) for each step. The threshold flux was deter-
mined by using the average TMP (TMP,y). The flux stepping tests use a
range of fluxes varying from 40 Lm 2 h~' to 100 Lm 2 h™!. Each step in
the test lasted for 20 min, with intervals of 10 Lm 2 h™ L.

2.6. Fouling experiments with microemulsions

2.6.1. Fouling experiments with constant permeate flux

Microemulsion filtration experiments were carried out with a con-
stant permeate flux crossflow setup (Fig. 1). The concentrate stream was
discharged back into the feed during filtration, while a steady flow was
provided by the digital diaphragm metering pump (DDA17-7, Grundfos,
Denmark). The gear pump (VGS Standard, Verder Liquids, the
Netherlands), employed as a circulation pump, was utilized to maintain
a consistent crossflow velocity (CFV) of 0.59 m/s. The TMP was calcu-
lated by averaging the inflow and outflow pressures on both sides of the
membrane module. To avoid a discrepancy between the feed pump flow
and the permeate flux, a digital balance (FZ-3000iWP, Japan) was uti-
lized to measure the weight of the permeate, and then it was converted
to permeate flux.

2.6.2. Filtration protocol

Each filtration experiment began with a pure water permeance test in
a crossflow mode, using the same permeate flux and crossflow used for
microemulsion filtration. The fouling experiments for the SiC-coated
membranes with different deposition times comprised multiple cycles,

which were reliant upon the microemulsions properties (pH and sur-
factant type). Each filtration cycle consisted of three stages: (i) filtering
the microemulsions at a specified flux for 20 min; (ii) backwashing to
remove reversible fouling at a constant backwash flux of 1080 Lm 2h™};
(iii) forward flushing with microemulsion for 10 s at a CFV of 0.59 m/s
to drain the concentrated water. To have a fair comparison of backwash
efficacy, due to the decreased permeance of the SiC-coated membranes,
the fouled HO, H10, H15, H20, and H25 membranes were backwashed
for 1 min with DI water at pressures of 3 bar, 3.375 bar, 3.857 bar, 4.5
bar, 5.4 bar, 6.75 bar, respectively to obtain the same backwash flux in
every membrane. Every experiment was conducted in duplicate.

2.6.3. Data analysis

Permeate fluxes and water temperature were measured at 10-s in-
tervals. The pure water permeance was assessed by filtering DI water at
5 bar. This preliminary step was conducted to verify the thorough
cleaning of the membranes prior to the start of the experiments using Eq.
(2) [35]:

—0.02390(7—20)
Lpoyec = MT (2)
Where Ly 29 -c represents the water permeance at 20 °C (Lm2 h!
bar’l), J denotes the membrane flux (Lm 2 h’l), and T denotes the
water temperature (°C).
The relation between the permeate flux, TMP, viscosity, and mem-
brane resistance is shown in Eq. (3):

_ TMP

="K 3)

Where R represents the resistance to mass transfer (m 1), 4 denotes
the permeate viscosity (Pa-s), and J denotes the permeate flux through
the membranes (m/s). The calculation of the membrane resistance is
based on the resistance-in-series model [36,37].

T™MP

TMPnrormatized = 7
N lized TMP()

@
The normalized TMP is the ratio of TMP divided by TMP,, as shown
in Eq. (4). The TMPy is the TMP corresponding to the required flux (80
Lm 2 h™!) with a clean membrane.
The methods used to determine oil and chemical oxygen demand
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Fig. 2. (a) Weight percent of element for the HO, H10, H15, H20, and H25 membranes. (b) XRD patterns of the HO and H20 membranes.

Fig. 3. Photographs of the Al,O3 (HO) membrane and SiC-coated Al,O3 (H10,

H15, H20, H25) membranes.

(COD) rejection are provided in the supporting information, as shown in
Fig.S16 and S17.

3. Results and discussion
3.1. Membrane morphology

EDX spectroscopy analyses were conducted to probe and verify the
elemental compositions of the AloO3 membranes and SiC-coated Al,O3
membranes. The main composition of the SiC membrane, C and Si, was
confirmed by the two strong peaks at 0.277 keV and 1.739 keV,
respectively (see Fig. S1). As shown in Fig. 2a, with the increase in
deposition time from 0 min (without deposition) to 25 min, the weight
percentages of Si increased from O to 25.09 wt%, while the weight
percentages of Al decreased from 89.96 to 61.03 wt%. EDX mapping
distribution analysis, as shown in Fig. S2, confirms these observations.

Fig. 4.

SEM images for the surface of the (a) HO and (b) H10, (c) H15, (d) H20, () H25 membranes, and (f) the cross-section of the H20 membrane.
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Fig. 5. (a) STEM EDX net intensity maps of the cross section of the H20 membrane. (b) STEM images and (c) EDX net intensity maps of a SiC coated alumina particle
near the top. (d) and (e) High-resolution TEM images of the H20 membrane with SAED patterns (upper right).

Fig. 2b shows the XRD patterns of the HO and the H20 membrane. The
upper spectrum (red line) shows the characteristic XRD pattern of the
polycrystalline layer for the H20 membrane, and the main phase iden-
tified is 3C-SiC polytype with diffraction peaks at 35.61°, 41.4° and 60°,
respectively, ascribed to (111), (200), (220) diffraction planes of the
beta phase SiC.

An SEM was employed to examine further the surface and cross-
section structure of the Al,O3 membrane and SiC-coated Al,O3 mem-
branes. The separation layer of the membranes was in the range of 24 to
30 pm (Fig. S3). Fig. 3 shows one pristine Al,O3 membrane and SiC-
coated membranes with various deposition times. SiC has been depos-
ited on both sides of the membranes. The deposition on the support layer
did not affect the membrane's permeability due to the relatively small

layer thickness of SiC compared to the pore size of the support layer, as
evidenced by the SEM image in Fig. S20. With the increased deposition
time, the color changed from white to golden and dark grey, and SiC
nanoparticles aggregated on the Al;O3 surface, leading to the formation
of pronounced nano-scale protrusions (Fig. 4) [38]. With the deposition
time further increased to 25 min, nanoparticles of larger sizes were
observed. To evaluate the coating depth of SiC, a combination of the
focused ion beam and SEM was applied to obtain high-resolution SEM
images of the cross-section of the H20 membrane, as depicted in Fig. 4f.
The results showed that the deposition mainly happened on the surface
(2.5 pm) at the deposition time of 20 min, which was confirmed by the
results of SEM-EDAX line scan (Fig. S3f and Fig.S15 a-c). These scans
indicated that the Si intensity stayed constant, and higher than the
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background noise, over the entire separation layer, indicating adequate
infiltration of the precursors into the membrane, where the penetration
depth of SiC was around 2.5 pm.

Fig. 5 shows the thickness of the uniform SiC layer on the surface of
the Al;O3 particles for the H20 membrane, observed by TEM, being 18
+ 1 nm. The interface between the Al,O3 particles and SiC coating layer
is clearly visible. Besides, high-resolution TEM images show an amor-
phous SiC layer with some 5-10 nm crystalline 3C-SiC (B-SiC) particles.
A laminated structure, embedded in the amorphous SiC matrix,
confirmed the presence of the 3C-SiC polytype (Fig. 5d). The lattice
plane distances were 2.517, 2.180, 1.541 A, respectively, corresponding
to the {111}, {002} and {022} planes of 3C-SiC (Fig. 5e). This finding is
in accordance with the XRD results, described in previous section.

The membrane surface morphology was also studied by AFM, and
the results are shown in Fig. S5. The average surface roughness (R,) and
the root-mean-square surface roughness (Ry) values of the Al;03 mem-
brane (Fig. S5a) were 55 + 3 nm and 43 + 4 nm, respectively, illus-
trating a relatively smooth surface. With the increase in deposition time,
from 10 min to 25 min, the R, increased from 66 & 1 nm to 82 & 2 nm
(Fig. S5b-e), respectively, indicating that the deposition of SiC nano-
particles provided an increase in roughness of the membrane surface.
The increase of R, could be explained by the increase in the size of the
SiC nanoparticles, which covered the Al;O3 particles, as also illustrated
by the SEM images (Fig. 4), which is consistent with the work of Lin et al.
[39]. Increased surface roughness contributes to a rise in turbulence,
and oil droplets could gain momentum to slip away from the pores,
leading to less fouling [40]. In addition, the relationship between the
size of the oil droplet and the characteristic length of roughness also
influences fouling since the underwater superoleophobicity of the
coated membranes reduces fouling if the size of oil droplets exceeds the
characteristic length [41].

3.2. Membrane hydrophilicity and zeta potential

The effectiveness of membranes for oil/water separation is signifi-
cantly influenced by surface wettability. Membranes with hydrophilic
surface (WCA < 90°) are underwater oleophobic or even super-
oleophobic when the UOCA is >150° [42]. All SiC-deposited Al,O3
membranes (H10, H15, H20, H25) were in-air hydrophilic (Fig. 6a and

Fig. S6) and underwater superoleophobic (Fig. S7). These properties can
be attributed to a significant number of hydroxyl groups on the SiC-
deposited Al,O3 membrane surface [21], which is essential for their
oil fouling resistance. Due to the porous structure of H10, H15, H20, and
H25, a static WCA measurement was impossible since all the water drops
were easily dispersed on the membrane surface and rapidly infiltrated
into the pores. Fig. S8 shows the real-time, dynamic WCA of the mem-
branes, indicating that the WCA of the Al,03 membranes decreased from
36° to <5° within 2.8 s, while for the SiC-coated membranes, the WCA
rapidly declined to <5° within 1 s. Therefore, only the initial WCA was
determined, being 37° + 1.2° for the Al;03 membrane and 29° + 1.2° to
21° + 0.6°, 18° + 0.3° and 15° + 0.1° for the H10, H15, H20 and H25
membrane, respectively. This is consistent with a previous study where
the WCA of SiC hollow fiber membranes is 11.3° [13]. In addition, ac-
cording to Wenzel's equation, increasing the roughness of hydrophilic
surfaces enhances their hydrophilicity [43], which is consistent with our
finding that the surface roughness increased with deposition time. Be-
sides, the UOCA of HO and H20 were 137° and 168°, respectively. This
indicates the underwater oleophobicity was increased with the deposi-
tion of the SiC layer. Soybean oil adhered to the Al,0O3 underwater
membrane surface, while the soybean oil droplets remained spherical
for the SiC-coated membrane, and no evident oil adhesion after pulling
down the oil droplet from the SiC-coated surface was observed, as shown
in Fig. S9. These observations indicate the improved hydrophilicity and
superoleophobicity of the membranes after SiC deposition.

The zeta potential of the membrane is an indication of the surface
charge, and, for a specific surface, it is usually dependent, amongst
others, on the pH. Usually, the membrane surface becomes more nega-
tively charged with an increase in pH [9]. Fig. 6b shows that the zeta
potential of membranes indeed decreased with an increase in pH and
that the IEP of the Al;0O3 membranes became 6.4, which is consistent
with the results reported by Nagasawa et al. [26]. Besides, all SiC-coated
membranes were negatively charged in the measured pH range (3—10)
and were more negatively charged compared with the Al,O3 mem-
branes. The zeta potentials of the H20 and H25 membranes showed
similarities but were lower than those of the HO, H10, and H15 mem-
branes. A possible explanation is that the SiC layer is not closed at lower
deposition time, and all the alumina is covered by SiC after 20 min of
deposition [44].
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membranes with increasing deposition times: H10, H15, H20, H25.

From Table S2, it can be observed that the pH value had little impact
on the zeta potential of the oil droplets, which is in accordance with
previous studies, where it has been reported that the pH of the solution
does not have an effect on the surface charge of emulsions stabilized
with ionic surfactants due to the strong acid sulfonate heads of surfac-
tant [45].

3.3. Pure water permeance, membrane pore size and oil rejection

Pure water permeance tests were carried out, and the results are
depicted in Fig. 7a. The permeance of the membranes exhibited a linear
reduction, ranging from 368 + 8 to 165 + 3 Lm ™2 h™! bar™?, respec-
tively, as the deposition time increased from 0 min (no deposition) to 25
min. This can be explained by the linear decrease of the mean membrane
pore size, from 41.2 nm (HO) to 33.6 nm (H25), respectively (Fig. 7b).
The bubble point diameter, which reflects the maximum pore size of the
membrane, also showed a decrease with an increase in deposition time
from 93 nm (HO) to 73 nm (H25), respectively (Fig. 7c). Therefore, the
rejections of the nano-sized oil droplets (104 nm) of both the Al,O3
membrane and SiC-coated membranes were over 99 % due to the size-

sieving effect (Fig. S10), as indicated by Zhang et al. [46]. Addition-
ally, the small oil droplets could potentially be trapped within the
irregular channels of the membrane support. However, the COD rejec-
tion (98 + 0.4 %) was lower than the oil rejection, probably because the
small surfactant molecules can pass through the membrane pores. In the
meantime, the porosity of the membranes dropped linearly with the
increase in the SiC deposition time. According to data gathered through
Image J analysis of the SEM images (Fig. 7d and Fig. S4), the porosity
decreased to 19.9 % when the deposition time was increased to 25 min.
The decreased porosity, improved grain bonding (Fig. S18) and depo-
sition of the SiC on the defects of the HO membrane surface (Fig. S19)
contributed to the improved bending strength from 76 + 9 MPa to 106
+ 10 MPa of the HO membrane and H25 membrane, respectively
(Fig. 7d).

3.4. Comparison of fouling of the various membranes
Fig. 8 shows the comparison of the fouling of the Al,03 membrane

(HO) and the four SiC- Al,O3 membranes (H10, H15, H20, H25) for
microemulsion filtration at a constant flux of 80 Lm ™2 h™!, respectively.
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This flux was selected based on the threshold fluxes of the HO membrane
(76 Lm 2 h™1) and the H20 membrane (86 Lm 2 h™1) (Fig. S11). The
normalized TMP curve (Fig. 8a) shows that the HO membrane showed
the greatest fouling tendency. However, it is worth noting that the
normalized TMP curves showed similarities across all membranes in the
initial cycles. Following the initial cycle, the backwash was effective,
indicating little irreversible fouling. However, with an increasing
number of filtration cycles, irreversible fouling gradually accumulated,
causing a more rapid increase in TMP.

The fouling resistance was also used to calculate the reversible and
irreversible fouling. Fig. 8b illustrates the fouling resistance observed in
the six cycles for all membranes. Both irreversible fouling and reversible
fouling decreased with the increase in deposition time until 20 min. The
R, and Ry, were reduced by 77 % and 72 %, from 14.31 x 102 to 3.29 x
10'2m ~! and from 9.69 x 10'?t0 2.76 x 102 m !, respectively, as the
deposition time increased to 20 min. However, more fouling was noticed
for the H25 membrane, probably due to the lower permeance and
smaller pore size, resulting in higher TMPs at constant flux and, thus,
more accumulation of irreversible fouling [47].

With the increase in deposition time, the membranes became more
hydrophilic and more negatively charged (Fig. 6). Both electrostatic

interactions and hydrophilic interactions affect the membrane fouling in
crossflow filtration [48]. The pH of the microemulsion was 5.6 and, at
this pH, the zeta potentials of the HO, H10, H15, H20, H25 membranes
(Fig. 7¢) were — 20.0 mV, —30 mV, —38 mV, —55.5 mV and -59.6 mV,
respectively. This means that the surface of all the membranes was
negatively charged. The microemulsions stabilized by Tween 80 and
Span 80 were slightly negatively charged (—21.30 + 0.73 mV) due to
the deprotonation of the hydroxyl groups present in Tween 80 [49].
Therefore, weak electrostatic repulsion between the nano-sized oil
droplets and the Al,O3 membrane surface led to an increased fouling
potential, whereas stronger electrostatic repulsion forces occurred for
SiC-coated membranes. This observation is consistent with the results
obtained with the filtration of negatively charged oil droplets over a
negatively charged ZrO,/TiO5 membrane, leading to a decrease in cake
layer formation and the accumulation of fouling [50]. Probably, the
hydrophilicity of the membranes, which improved after SiC deposition
(Fig. 6a), also prevented the membrane from adsorbing or depositing oil.
It has also been reported that the improved hydrophilicity of isotropic
PES membrane leads to less fouling due to decreased oil layer formation
[24].
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3.5. Fouling behavior at various pHs, surfactants and pore sizes

3.5.1. Fouling behavior at various pHs

To investigate the influence of pH on the fouling of the HO and the
H20 membrane, three different pH values (4, 5.6, and 8) were selected.
The normalized TMP of HO and H20 are shown in Fig. 9, which reveals

that with an increase in pH of the microemulsion, the performance of
both the HO and the H20 membranes improved, while the fouling was
more severe in the HO membrane compared to the H20 membrane at the
same pH. This phenomenon can be ascribed to the fact that as the pH
rises, the surface charge of the membrane becomes increasingly negative
[51]. The zeta potential of the H20 membrane, e.g., experienced a
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reduction from —48.2 mV to —65.1 mV as a result of a rise in pH from 4
to 8, respectively, while the zeta potential of microemulsions remained
constant with the change in pH, as shown in Table. S2. At a pH of 5.6, the

H20 membrane (—61.8 mV) would repulse oil droplets more strongly.

Therefore, the H20 membrane would retain oil droplets on the surface
and showed less susceptibility to fouling by negatively charged oil
droplets. However, the surface charge of the HO membrane was less
negative (—39.2 mV), as can be seen from Fig. 9e, compared with the
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H20 membrane, leading to more fouling. When filtering the micro-
emulsion at a pH of 8, the zeta potential of the HO membrane was further
decreased to —45.8 mV, and the electrostatic repulsion enhanced and
decreased fouling. The zeta potential value of the H20 (—65.1 mV) was
nearly 1.5 times lower than that of the HO (—45.8 mV). Thus, a higher
electrostatic repulsion existed, which supports the results of better
fouling resistance of H20 at a pH of 8.

With the increase in pH, stronger repulsive electrostatic interactions
led to the accumulation of oil droplets above the membrane surface and
formed a cake layer [48]. Therefore, it became more difficult for the oil
droplets to squeeze and enter the pores, and thus, less irreversible
fouling existed. Fig. 9d shows a reduction in the R; and R;; of HO, spe-
cifically, from 7.04 x 1012 t0 3.46 x 10'2m ~! and from 18.43 x 10'2 to
1.97 x 102 m respectively, when the pH climbed from 4 to 8.
Nevertheless, the R; and R;; of H20 exhibited a moderate drop, from
3.74 x 10'?t0 0.98 x 10'?m ! and from 3.00 x 10'?t0 0.83x 102 m
~1 respectively.

3.5.2. Fouling behavior with various surfactant types

The stability of O/W microemulsions depends on the surfactants
present in oily wastewater. The type of surfactant has a significant effect
on membrane fouling since the colloidal surface charge strongly in-
fluences fouling [14,26,49,52]. Microemulsions with combinations of
surfactant Span 80 with three different surfactants, Tween 80, SDS and
CTAB, respectively, had similar oil droplet average sizes as shown in
Table. S1 and Fig. S12, being 99, 108 and 123 nm, respectively.

To investigate the impact of free surfactant molecules on the fouling
of the membranes, a series of ultrafiltration (UF) experiments were
carried out using pure Span 80 and Tween 80, SDS, CTAB (50 mg/L) in
DI water (Fig. S13). The results showed that TMPs remained constant,
and no fouling occurred since no micelles formed, and the small sur-
factant molecules could pass through the membrane pore and go into a
permeate solution. As shown in Fig. 10e, the zeta potentials of both the
HO and the H20 membrane followed the order: Span 80 + CTAB > Span
80 + Tween 80 > Span 80 + SDS (H20: —30.9 + 1.4, —55.5 + 1.1,
—61.8 + 1.9 mV, respectively; HO: 14.1 + 3.8, —20.0 + 0.7, —39.3 +
0.8 mV, respectively). As depicted in Fig. 10a,e and Table S2, the H20
membrane filtering the microemulsion stabilized with Span 80 and
Tween 80 (—21.30 + 0.73 mV) showed a lower fouling tendency than
the HO membrane due to a more negatively charged surface of the H20
membrane (—55.5 £+ 1.1 mV) than that of the HO membrane (—20.0 +
0.7 mV).

Similarly, as depicted in Fig. 10b,e and Table S2, the microemulsion
stabilized with Span 80 and SDS (—58.3 + 0.82 mV), the HO membrane
showed a higher fouling tendency and (ir)reversible fouling than the
H20 membrane (Fig. 10d), due to weaker electrostatic repulsion be-
tween oil droplets and the negatively charged HO membrane's surface
(—39.3 4+ 0.8 mV) than that of the H20 membrane's surface (—61.8 +
1.9 mV). The HO membrane surface charge changed from highly positive
to slightly/moderately negative under the influence of Span 80 and
Tween 80/SDS. Therefore, the electrostatic attraction between oil
droplets and the HO membrane surface changed to electrostatic repul-
sion and contributed to decreasing membrane fouling. Thien et al. also
reported that the surfactant-stabilized oil droplets and surfactant-soaked
membranes have the same charges due to surfactant adsorption, inde-
pendent of surfactant type [49], leading to electrostatic repulsion.

However, the fouling behavior of the HO membrane and the H20
membrane for the positively charged Span 80 and CTAB stabilized
microemulsions (62.67 + 0.76 mV) was different compared with the
two previous microemulsions (Fig. 10c). The HO membrane showed the
least membrane fouling compared with the other two types of micro-
emulsions due to strong electrostatic repulsion between the positively
charged membrane surface (14.1 + 3.8 mV) and oil droplet. A higher
reversible and irreversible fouling was found for the H20 membrane
(Fig. 10d), compared to the HO membrane, due to the electrostatic
attraction. The reason probably is that, although CTAB molecular
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Table 1
Properties of the Al,03 and SiC-coated membranes.
Sample name Coating time Pore size Permeance
(min) (nm) (Lm2h!barh
HO 0 41 380
H20 20 35 195
HO0-200 0 81 498
H20-200 20 62 235
HO0-600 0 181 985
H20-600 20 139 827

adsorbed on the H20 membrane surface, charge inversion was not
observed for the H20 membrane with a highly negatively charged sur-
face, which was supported by the observation of a decrease of zeta po-
tential from —55.4 mV to —30.9 mV. Therefore, the CTAB and Span 80
stabilized microemulsions fouled the H20 membrane rapidly.

3.5.3. Fouling behavior with various membrane pore sizes

Based on the findings of previous researchers, the early stage of
colloidal fouling is characterized by pore blocking [54]. Specifically, in
this work, oil droplets smaller than the diameter of membrane pores can
result in pore blocking, whereas droplets much bigger than membrane
pores can result in the cake layer formation. As shown in Fig. 11 a-c and
Table 1, the oil rejection decreased with the increase of the membrane
pore sizes. When the average pore sizes of the membranes were far less
than the average particle size of oil droplets, the membranes were more
effective at retaining the oil droplets due to the pore size sieving effect.
As a result, the oil rejection rate of the HO membrane (41 nm) and the
H20 membrane (35 nm) were 99.4 % and 99.2 %, respectively (Fig. 11a
and e). When the mean pore sizes further increased to 139 nm (H20-600)
and 181nm (HO0-600), the sieving capacity of pore size was reduced.
Therefore, it was less probable that the nano-sized oil droplets would
pass through the pores of membrane, leading to the lowest oil rejection
rate of 71.3 % (H20-600) and 54.9 % (H0-600) (Fig. 11c and e). It is
noticeable that the particle size distribution of the microemulsion
revealed that 40.3 % of the oil droplets had a size below 80 nm. Inter-
estingly, the 81 nm HO0-200 membrane demonstrated an oil rejection of
94.2 % (Fig. 11b and e). The phenomenon observed can be attributed to
the deposition of nano-sized oil droplets on the membrane surface
during the initial stage of the filtration process, resulting in the forma-
tion of a cake layer and subsequent rejection of the nano-sized droplets.
To verify the build-up of the cake layer, the oil rejection was measured at
three different time intervals: O to 2 min, 2 to 4 min, and 4 to 20 min in
every cycle of the experiment using the H0-200 membranes. The results
depicted in Fig. 11b indicate that there was an observed rise in oil
rejection from 85.6 % to 93.6 % for the H0-200 membrane in the first
cycle, which confirmed the cake layer formation. Besides, the large
percentage of reversible fouling shown in Fig. 11d verified that the
dominant fouling mechanism was cake filtration. A similar phenomenon
was also observed for the H20-200, HO-600, and H20-600 membranes.
As expected, the irreversible fouling decreased as the pore size
increased. Particularly, the irreversible fouling of the HO membrane was
significantly greater than that of the other membranes since higher TMP
led oil droplets to deform and go into pores. Overall, considering the
fouling resistance and a constant oil rejection over 98 % after the cake
layer formed, the 62 nm H20-200 membrane is a promising choice for
the separation of the microemulsions.

3.6. Long term filtration performance of the SiC-coated membrane

We assessed the long-term performance of the SiC-coated membrane
(H20) by conducting O/W separation for 1000 min (20 min per cycle
with backwashing between cycles), as shown in Fig. 12. Initially, during
the early stage of the filtration process (within the first 160 min), the
H20 membrane showed a relatively fast fouling tendency, requiring
backwashing of the H20 membrane every 20 min. After the first eight
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Fig. 12. Fouling behavior of the H20 membrane for 1000 min during the filtration of microemulsions stabilized with 50 mg/L Span 80 and 50 mg/L SDS at the

salinity of 1 mM.

Table 2
Comparison of the optimum membrane in this work with other reported hy-
drophilic ceramic membranes for oil/water separation.

Membrane Pore Water permeance  Oil Rejection  Ref
size (Lm2htbar!) droplet (%)
(nm) size
(nm)
oAl,03- 50 80 1360 >90 [59]
ZrO,
ZrOy 78 300.55 18 99.7 [1]
SigNy 680 260 680 91 [55]
Graphene 220 534 100-500 99.9 [56]
oxide
SiC 710 654 50-200 93.5 [13]
SiC 400 324 1000 98.5 [58]
Zr05/SiC 60 300 1350 99.9 [57]
SiC 430 300 850 90 [28]
SiC-coated 47 177 5000 99 [9,15]
Al,O3
SiC-coated 35 195 99 99.7 This
Al,O3 work
SiC-coated 62 235 99 96.2 This
Al,O3 work
SiC-coated 139 827 99 71.3 This
Al,03 work

cycles, the H20 membranes reached a dynamic stable filtration status
with both a low per-cycle TMP increase and a high recovery of water
permeance. Besides, the oil rejection during the fifty-cycle filtration
experiments was 99.6 + 0.2 %. After soaking the H20 membrane in
citric acid (0.01 M, 70 °C) for 60 min, the permeance of the H20
membrane could be recovered to 99 %, showing the reusability of the
SiC-coated membranes.

3.7. Comparison with other ceramic membranes

Different hydrophilic ceramic membranes for oil/water separation
are described in Table 2, based on the membrane pore size, water per-
meance, and the rejection of oil droplets. Compared with ceramic MF
membrane, the SiC-coated alumina membrane in this work has a smaller
pore size and a higher oil rejection, although the water permeance is
lower [13,28,55,56]. Moreover, to the best of our knowledge, the SiC
membrane (H20) of this work had the smallest membrane pore size (35
nm) used for oil/water separation compared with other reported state-
of-the-art SiC membranes [9,15,28,57,58].

4. Conclusion

The preparation and characterization of a pristine Al;03 membrane
(HO) and, innovatively, chemically stable SiC-coated Al,O3 UF mem-
branes (H10, H15, H20, H25) and the fouling of these membranes by
surfactant-stabilized O/W microemulsions was studied. A comparative

14

analysis was conducted to examine the physicochemical properties (e.g.,
surface morphologies, mechanical strength, and wettability) of both
Al,O3 membrane (HO) and SiC-coated Al,O3 UF membranes. Co-
surfactant Span 80 was combined with three different surfactants,
non-ionic Tween 80, anionic SDS, and cationic CTAB, to prepare the
microemulsions. Fouling experiments were carried out at a constant flux
of 80 Lm 2 h™!, which was around the threshold flux. To study the in-
fluence of electrostatic interactions on membrane fouling, membrane
filtration experiments were conducted at various pHs, surfactant types,
and pore sizes. The findings are summarized as follows. Firstly, poly-
crystalline 3C-SiC deposition decreased the porosity and pore size of the
membrane and improved its bending strength. Secondly, SiC-coated
membranes with different deposition times, filtering O/W micro-
emulsions, had a lower (ir)reversible fouling compared with the pristine
Al,03 membranes due to a more hydrophilic and negatively charged
surface. The 20 min SiC-coated membranes showed the lowest (ir)
reversible fouling and a lower (ir)reversible fouling was observed at
higher pH due to the larger electrostatic repulsive force between the
more negatively charged membrane surface and nano-sized oil droplets.
Thirdly, the Al,O3 membrane filtering microemulsions stabilized with
Span 80 and Tween 80/SDS showed a higher fouling tendency than the
SiC-coated AlpO3 membrane due to stronger electrostatic repulsion.
However, the SiC-coated Al;O3 membranes showed a higher fouling
tendency for the positively charged (CTAB-stabilized) microemulsion
than the Al,03 membrane due to the electrostatic interactions (attrac-
tion for the SiC-coated Al,O3 membrane and repulsion for the Al,O3
membrane). Lastly, the 62 nm SiC-coated membrane performed best for
the filtration of the microemulsion, because of the high rejection of the
oil droplets and the low fouling tendency.
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