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ARTICLE INFO ABSTRACT

Ceramic microfiltration membranes with superior chemical and mechanical stability for sustainable operation
under harsh conditions have demonstrated great potential for industrial wastewater treatment. In this study,
low-cost ceramic microsheet membranes with a thickness of sub-0.5mm that possess superhydrophilic and
underwater superoleophobic properties were fabricated from an Al,O5-rich Al,O3/polysulfone composite slurry
via a phase inversion/sintering strategy. The cross-sectional morphologies of these phase inversion-induced
composite films appear as ceramic green bodies that can be precisely controlled by tuning the operation para-
meters during the classic phase-inversion process of a polymer, which allows the morphology to withstand a
subsequent high-temperature (1250 °C) sintering process. The thinner nature (< 0.5mm), suitable pore size
(~100 nm), and a superior wetting chemistry make these ceramic microsheets very promising for the separation
of oil-in-water emulsions with an outstanding separation efficiency of > 99% and a much higher emulsion
permeability of ~3,000 L/(m?h bar), which is 2 orders of magnitude higher than most commercially available
microfiltration membranes that are capable of similar levels of separation performance. This process resulted in a
favorable membrane that combines robustness under complex chemical environments with low cost for both
materials and processing approaches, which should facilitate its practical application in the industrial treatment
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of oily wastewater.

1. Introduction

Oily wastewater is generated in many industries and oil spill acci-
dents, which has become a serious global environmental concern [1].
The oil and gas industry, for instance, produces approximately 14 bil-
lion barrels (2.2 X 10'°m?®) of water annually, and this so-called pro-
duced water is made up largely of salts and oil hydrocarbons, which can
differ widely from well to well [2]. The oil phase in wastewater gen-
erally presents at least three forms that are classified based on the size
of oil droplets: free oil (> 150 um), dispersed oil (20-150 pm), and
emulsified oil (< 20 um) [3]. The diversity and complexity of the oily
wastewater, particularly oil-in-water emulsions with micron (20 pum)
and nano-scale (< 100 nm) oil droplets, makes separation a daunting
challenge via conventional techniques such as settling tanks, cen-
trifugation, the use of skimmers, air flotation, and biological degrada-
tion [4]. Therefore, membrane-based technologies have attracted great
attention for the separation of oil/water mixtures because they are
energy-efficient, cost-effective and applicable to a wide range of oily
wastewater [1,5,6]. Functionalized mesh membranes have recently
been extensively studied because of their simplicity and gravity-driven
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high flow rates [7-13]. These meshes have a large pore structure and a
super-wetting surface chemistry that demonstrates superior separation
performance for laboratory-scale oil/water mixtures, but there are
limitations for the practical use of separation of emulsified oil/water
mixtures [14,15]. In addition, only several commercially available
membranes have been designed and marketed for oily industrial was-
tewater treatment, as listed in Table 1 [6]. Most of them, however, are
polymeric ultrafiltration (UF) membranes (pore size, ~2-50 nm) that
exhibit a relatively lower level of permeation flux. Consequently, the
development of cost-effective, advanced filtration membranes for the
highly efficient separation of oil/water mixtures with a high flow rate
and robustness under various conditions is greatly desired. This inten-
tion requires strict consideration for both the pore structure (e.g., size
and distribution, density, and length) and the surface wettability along
with a design that will balance separation efficiency and permeation
flux.

Thus far, two types of membranes have been designed and fabri-
cated based on surface wettability: oil removing and water removing.
The oil-removing membranes have a superhydrophobic/superoleophilic
surface wettability that the oil phase can selectively permeate. On the
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Table 1

Commercially available membranes designed for industrial oily wastewater treatment.
Manufacture Membrane material Filtration type Pore size [nm] Configuration
Osmonics Chemically modified PAN Ultrafiltration 10 Spiral wound
Filtration Solution Inc. Chemically modified PAN Ultrafiltration 10 Spiral wound
Hydranautics Composite polyamide Reverse osmosis - Spiral wound
Clean Water Technologies Hydrophilic PAN Ultrafiltration 10-100 Hollow Fiber
Veolia Water Technologies TiO, Ultrafiltration 100 Tubular

contrary, the water-removing membranes have superhydrophilic/su-
peroleophobic surfaces that allow permeation of the water phase.
However, these oil-removing membranes usually encounter two key
disadvantages: (i) the membrane surface is more easily fouled by the
oils due to an intrinsic oleophilic nature; and, (ii) most oils such as light
hydrocarbons have a lower density than water, which can form a bar-
rier between the oil phase and the membrane surface. Furthermore, in
many oil fields, more water is emitted than oil, which results in the
formation of water-rich oily wastewater [16]. Consequently, water-re-
moving membranes are more attractive for attempts to reduce mem-
brane fouling by oils and to meet the requirements of most practical
applications in an energy-efficient manner. Unlike polymeric mem-
branes, the use of oxide ceramic membranes that are generally super-
hydrophilic, provides several benefits that include sufficient mechan-
ical and thermal stability, high solvent resistance, and ease of cleaning
and washing by strong acidic and alkaline solutions to address the
membrane fouling issues. Membrane fouling, as a result of the cumu-
lative deposition of constituents like oil on the membrane surface and
inside the pores leads to a significant decline in the permeate flux, and
is the key drawback that limits the broader implementation of mem-
brane-based oil/water separations [3].

Typically, oxide ceramic membranes such as Al,03, SiO,, ZrO,,
TiO,, and their composites have an asymmetric multi-layered structure
with a macroporous ceramic support and several subsequently gener-
ated intermediate layers for gradually minimizing the pore sizes.
Accordingly, the fabrication of such oxide ceramic membranes requires
multiple coating-sintering processes, which is both energy-intensive
and time-consuming and in turn too expensive for industrial oily was-
tewater treatment [17]. Therefore, a reduction in the cost of oxide
ceramic membranes would be significant in order to improve compe-
titiveness in practical applications. The early development of ceramic
membranes via phase inversion/sintering was reported by Luyten et al.
[18] for the fabrication of LaSrCoFeO3-x membranes. Unlike the pre-
paration of polymeric membranes via phase inversion, this approach
used a ceramic-dominant mixture with appropriate ceramic powders as
the major component and the polymer as a binder. During the sub-
sequent sintering process, the polymer was burned off, which generated
porosity. By using the phase inversion/sintering method, the asym-
metric ceramic membranes can be obtained in a single step, which can
significantly reduce cost. Generally, this method is used to produce
hollow fiber ceramic membranes with a high surface/volume ratio and
enhanced mechanical strength [19-22]. Investigations of ceramic
membranes with flat-sheet configurations, particularly those with
finger-like structure, have so far been very limited.

Based on the Hagen-Poiseuille equation, which is generally used to
describe the classical dynamic theory, the permeation flux of UF/MF
membranes is directly proportional to the surface porosity and square
of the effective pore size, and inversely proportional to the membrane
thickness. This implies that an ideal filtration membrane for oil/water
separation should demonstrate higher surface porosity, lower active
membrane thickness, and a suitable pore size. Considering the com-
plexity of oily wastewater (pH, oil droplet size, etc.), ultrathin, high-
porosity oxide ceramic membranes are therefore preferred for the
practical treatment of oily wastewater.

Herein, we report the fabrication of low-cost, high-porosity,
ceramic-microsheet membranes with a thickness of sub-0.5mm via

phase inversion/sintering using Al,O3 particles (~0.2um) as the
ceramic materials and polysulfone (PSf) as either the binder or micro-
structure-directing agent. Ceramic green bodies with different cross-
sectional morphologies can be fabricated by tuning the parameters of
the phase inversion process. The morphology evolution of the achieved
ceramic microsheets was studied. Uniform-pressure compression was
used to evaluate the mechanical strength of these ceramic microsheets.
Both liquid- and gas-permeation tests were conducted to assess the
microsheet membrane performance. Most importantly, these ceramic
microsheets could be successfully applied to the separation of emulsi-
fied oil/water mixtures with outstanding stable permeation flux and oil-
removal efficiency.

2. Experimental
2.1. Fabrication of ceramic microsheets

A mass composition of Polysulfone/Pluronic F-127/Al,03 powders/
N-Methylpyrrolidone = 1/0.2/5/7 was used to prepare a ceramic sus-
pension with appropriate viscosity that could form composite films with
good quality. Polysulfone (PSf, M, = 22,000, SIGMA-ALDRICH, US)
and Pluronic F-127 (F-127, M,, = 12,600, SIGMA-ALDRICH, US) were
dissolved in N-Methylpyrrolidone (NMP, SIGMA-ALDRICH, US) by
magnetic stirring at 60 °C for 24 h to form a homogenous solution, prior
to the addition of Al,O; powders (~0.2um, AKP-50, SUMITOMO
CHEMICAL Co., LTD, Japan). To improve the dispersion of Al,0O3
powders, the ceramic suspension with high viscosity was then ball-
milled using high density ceramic balls (diameter, 1 mm) for 48 h at
ambient temperature, followed by ultrasonic treatment for 0.5h and
settling for 6 h to remove air bubbles. Thanks to the use of a dispersion
agent (Pluronic F-127) and the smaller size of Al,O3 particles, no ob-
vious settled powders were observed in the ceramic suspension after
settling.

The degassed ceramic suspension was poured onto a clean, smooth
glass plate and cast using a thickness-controllable doctor blade (Scheme
1). The cast film was immersed in either distilled water or pure ethanol

Pre-casting Casting

—

Ball-milled slurry Smooth glass plate PSf/Al,0; semi-solid film
Phase

inversion

Sintering Cutting

Ceramic microsheet Ceramic green body Coagulation bath

Scheme 1. Schematic diagram of the fabrication of ceramic microsheets via
phase inversion/sintering.
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immediately or after a certain hold-up duration at 50 °C in a drying
oven to form a finger-like, sponge-like and dense structure, respec-
tively. The solidified ceramic green bodies (PSf/Al,03 solid films) could
be separated from the glass plate automatically after 0.5h. The de-
tached films were then stored in distilled water or pure ethanol to allow
complete phase inversion.

Before the sintering process, the ceramic green bodies were cut into
circular pieces using a circular cutting knife (diameter, 28 mm). The
circular green bodies were then sandwiched with smooth Al,O3 plates
and subjected to a temperature-programed sintering process in a Muffle
furnace (FP410, YAMATO, Japan) under an air atmosphere.
Accordingly, the circular green bodies were heated at 150 °C for 0.5 h to
remove the adsorbed solvent, and then at 600 °C for 2 h to burn off the
organic polymers (PSf and F127). They then were sintered at 1,250 °C
for 2 h to promote the formation of densely packed Al,O5 particles that
were loosely packed in the green bodies. A heating rate of 3 °C/min was
employed for each step. The achieved ceramic microsheets were de-
noted as AO-X-Y, where X represents the type of phase inversion media
(W for water, E for ethanol, and A for solidification in air) and Y is the
thickness of the final ceramic microsheets.

2.2. Preparation of oil-in-water emulsions

Surfactant-stabilized oil-in-water emulsions were prepared by
mixing mineral oil with water in a volume ratio of 1:1,000 using a high-
speed homogenizer (IKA® T18 digital ULTRA-TURRAX®, IKA GmbH,
Germany) at room temperature. Sodium dodecyl sulfonate (SDS) aqu-
eous solution (10 mL, 0.01 g/mL) was subsequently added to the oil/
water mixture (1 L) as an emulsifier. The solution was emulsified with a
speed of 20,000 rpm for 30 min to form an opaque emulsion. The oil
droplet size was determined via dynamic light scattering (DLS) using a
Malvern Zetasizer Nano ZS (Malvern Instruments, Ltd., UK) at 25°C,
and the oil content (ppm) in the water was quantitatively analyzed
using an ultraviolet-visible (UV-vis) spectrophotometer (V-570,
JASCO, Japan) based on the absorbance of oil-in-water emulsions at
231 nm. All the emulsions were allowed to stabilize for 24 h and were
directly used for separation.

2.3. Characterizations of ceramic microsheets

The weight evolution with temperature of ceramic green bodies was
probed via thermogravimetric mass spectrometer (TG-MS, TGA-DTA-
PIMS 410/S, Rigaku, Japan). The thickness and diameter of the ob-
tained ceramic microsheets was measured using a digital micrometer
(Mituloyo, Japan). The surface and cross-sectional morphologies were
observed using a JCM 5700 scanning electron microscope (SEM, JEOL,
Japan).

The porosity of the ceramic microsheets was measured via a
gravimetric method and was calculated using Eq. (1).

£= (M = ma)/p, x 100%

(my — mg)/p,, + malp, €Y}

In Eq. (1), ¢ is the porosity (%), m,, and m, are the mass values (g) of
the water-wetted and dried ceramic microsheets, respectively, and p,,
and p. are the densities of water (0.998 g/cma) and the ceramic pow-
ders (3.97 g/cm3). Three samples for each ceramic microsheet were
measured in parallel to establish the arithmetic mean.

The shrinking effect of the ceramic microsheets from ceramic green
bodies was evaluated based on the shrinking ratios (6, %) in both
thickness and diameter using Eq. (2).

6=(1—é)x100%
A

(2)

In Eq. (2), A; and A, are the values of either thickness or diameter
for the ceramic green bodies and the final ceramic microsheets,
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respectively.

The surface wettability of the microsheet membranes was examined
by using a contact angle meter (DM300, Kyowa Interface Science,
Japan) to measure both the water and oil contact angles in air and the
underwater oil contact angle. To measure the contact angles in air,
water or oil (mineral oil) droplets (0.2 uL) were directly dropped onto
the membrane surface using a microsyringe. When measuring the un-
derwater oil contact angles, the microsheet membranes were first fixed
on a glass slide and then wetted by water. The glass slide was then
placed into a self-designed system that included a transparent poly-
carbonate container that served as the water reservoir. Then, a 0.2 pL
droplet of oil (tetrachloromethane) was carefully dropped onto the
membrane surface. The contact angle of each sample was obtained by
measuring three different positions, and the average value was then
calculated. In addition, the underwater dynamic oil adhesion and un-
derwater sliding behaviors of oil droplets were also investigated using
tetrachloromethane as the detected oil.

To evaluate the membrane performance of these ceramic micro-
sheets, both gas (N,) and liquid (pure water) permeation tests were
conducted in homemade apparatuses, as illustrated in Figures S6 (ESI-
5) and S9 (ESI-6), respectively, at room temperature. A ceramic mem-
brane with a diameter of ~25mm was installed in a flat type of
membrane module that contained a porous metal plate to support the
microsheets and annular silicone rubber as sealing materials. The water
and N, permeate flow rates under various transmembrane pressure
drops were measured using a digital mass balance (AUW220D, SHIM-
ADZU, Japan) and a soap film flow meter (HORIBASTEC, Japan), re-
spectively. All the permeation tests were conducted at room tempera-
ture. The Hagen-Poiseuille equation was used to describe the water
permeation behaviors of ceramic membranes, as shown in Eq. (3).

srﬁ Ap
8ul 3

In Eq. (3), J is the permeation flux, ¢ is the surface porosity, r;, is the
membrane pore radius, Ap is the transmembrane pressure drop, y is the
viscosity of the liquid, and [ is the total distance that the liquid travels
through the membrane.

A compression test of the ceramic microsheets was conducted using
the same apparatus as that used in the gas permeation test where the
porous metal support was removed and the microsheet samples were
wetted by water, as depicted in Figures S7 and S8 (ESI-5). The critical
stress (0, kPa) from fracture can be calculated using Eq. (4).

_ 34pR?
To4p (@)

In Eq. (4), Ap (kPa) is the critical pressure drop from a rupture
applied to the microsheet by the feed-to-permeate process, and R (mm)
and [ (mm) are the installed radius and thickness of a circular sample,
respectively.

2.4. Oil/water separation test

A cross-flow filtration apparatus (Figure S9, ESI-6) was employed to
evaluate the oil/water emulsion separation capability of the ceramic
microsheets. Prior to the oil/water separation, a gas permeation test of
the water-wetted ceramic microsheets (the so-called bubble-point test)
was conducted to verify their integrity. The water or emulsion flux (J,
L/(m? h)) and permeability (P, L/(m? h bar)) in trans-membrane pres-
sure ranges of 0.02-0.3 MPa were calculated using Egs. (5) and (6).

14
J=—

At 5)
p=_V _ T

AtAp  Ap (6)

In Egs. (5) and (6), V (L) is the volume of the permeate, A (m?) is the
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Fig. 1. Digital photos of (a—c) ceramic green bodies with smooth and flexible properties and (d-f) very thin ceramic microsheets.

effective filtration area of the membrane, and t (h) is the filtration time
for the separation process. The oil removal efficiency, R (%), was cal-
culated according to Eq. (7):

CP
R=[1--2|x100%
C

f @)

In Eq. (7), C, (ppm) and Cy (ppm) are the oil content of the permeate
and feed, respectively.

3. Results and discussion
3.1. Morphology control of ceramic microsheets

Fig. 1 shows the digital photos of the thin ceramic green bodies and
ceramic microsheets. The ceramic green bodies, as thin as 0.226 mm,
showed relatively uniform surfaces with micrometer-scale surface
roughness (Figures S4 and S5, ESI-4) and considerable flexibility due to
the existence of PSf (Fig. la—c). Ceramic microsheets were achieved
with a thickness of 0.192 mm, and also showed a smooth surface but a
rigid planar shape after the polymer phase had burned off (Fig. 1d-f).

Fig. 2 shows the cross-sectional evolution of SEM morphologies for
the ceramic green bodies during the temperature-programed sintering
process. Typical finger-like (Fig. 2a—c) and sponge-like (Fig. 2d—f) cross-
sectional morphologies were obtained via typical non-solvent-induced
phase separation (NIPS) using a coagulation bath of water and ethanol,
respectively, due to the different phase inversion rates. In addition, a
relatively denser sponge-like cross-sectional morphology (Fig. 1g-i)
was also fabricated using a process that combined solvent evaporation-
induced phase separation and the following NIPS method in water.
Based on the thermal decomposition properties of PSf and PSf/Al,O5
composite films (ceramic green bodies), a calcination temperature of
600 °C was sufficient to burn off the polymer phase that was uniformly
distributed around Al,O5 particles (Figure S1, ESI-1). After calcination
at 600 °C under air, the Al,O3 particles generated an intermediate
ceramic microsheet (Fig. 1b, e, and h) with almost the same cross-
sectional morphology as the ceramic green bodies, which indicates that
the final microstructure can be primarily controlled via the phase-in-
version process of polymers. Indeed, even after calcination at 1,250 °C
for 2h under air, all the types of intermediate ceramic microsheets

retained their cross-sectional morphologies with no structure destruc-
tion, regardless of whether the morphology was finger-like or sponge-
like. During the sintering process from virgin PSf/Al,O3 films to the
final ceramic microsheets, we observed a decrease in thickness for these
three types of ceramic microsheets due to the shrinking effect of the
Al,03 phase. Typically, both the ratio of ceramic/polymer and the
sintering temperature play important roles in the shrinking ratio as well
as pore size and mechanical strength of ceramic membranes [23-25].
Generally, both a higher ceramic/polymer ratio and a higher sintering
temperature (> 1,000 °C) should be considered to guarantee the for-
mation of integrated, porous membranes with sufficient mechanical
strength. In addition, the viscosity that can be significantly affected by
the ceramic/polymer ratio plays an important role in the formation of
either a finger-like or sponge-like structure. A threshold viscosity is
then defined as the viscosity where the finger-like structure turns into a
sponge-like version in a typical coagulation bath of water [23]. In the
present study, a suspension of PSf/Al,03/NMP with a viscosity lower
than the threshold value was employed to prepare microsheet mem-
branes with either finger-like or sponge-like structures.

The detailed cross-sectional morphologies and shrinking effect of
these achieved ceramic microsheets are shown in Fig. 3. Ceramic mi-
crosheets with a finger-like morphology typically show an asymmetric
structure with a very thin, dense skin layer that has a considerable
amount of finger-like microvoids underneath (Fig. 3a-b). There were
also many smaller holes, or pores, on the walls of the finger-like mi-
crovoids due to the template effect of the polymer (PSf and F-127)
microphase that acted as binding, dispersing, pore-forming, and struc-
ture-directing agents. In a similar manner, ceramic microsheets with a
sponge-like structure also presented a large number of small holes, or
pores, in their cross-sectional surface, but without the presence of larger
microvoids (Fig. 3d—e). It is worth noting that the size for the holes or
pores from the top to bottom in the cross-sectional surface was gradu-
ally increased and formed a slightly asymmetric cross-sectional mor-
phology due to the uneven distribution of the polymer phase during the
phase-inversion process. However, in the case of ceramic microsheets
with a denser sponge-like structure, no obvious difference in the size of
holes or pores from the top to bottom in the cross-sectional surface was
observed (Fig. 3g-h). This phenomenon is generally due to the rela-
tively uniform phase inversion rate of the polymer phase induced by
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1250°Cin air (2h)
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Fig. 2. Morphology involution with calcination temperatures for ceramic green bodies fabricated via phase inversion in a coagulation bath of (a-c) water and (d-f)
ethanol at 25 °C, and (g-i) solidification under air at 50 °C for 60 min with further phase inversion in a coagulation bath of water for detachment.

solvent evaporation under air [26-28]. The shrinking effects in the
dimensions of both thickness (Fig. 3c, f, and j) and diameter (not
shown) for these three types of ceramic microsheets were studied. No
differences were observed in the shrinking ratios (~11%) of the circular
diameters of these ceramic microsheets due to the formation of a closely
packed skin layer in all types of ceramic microsheets. By comparing the
thicknesses of the ceramic green bodies and the final ceramic micro-
sheets, however, clear differences were detected in the shrinking ratios
of thickness among the ceramic microsheets. All three types of ceramic
microsheets demonstrated almost linear relationships in thickness be-
tween ceramic green bodies and the final ceramic microsheets (Fig. 3c,
f, and i). Calculation of the shrinking ratios showed a descending order:
finger-like (26%) > sponge-like (12%) > dense sponge-like (10%).
This order was the opposite of that for mechanical strength based on the
calculation of critical stresses at rupture: finger-like (5-25MPa) <
sponge-like (40-80 MPa) < dense sponge-like (80-120 MPa) (Table
S1, ESI-5). In addition, the cross-sectional morphologies of the sponge-
like structure can be further tuned by controlling the hold-up duration
of the cast semi-solid film before immersion in a coagulation bath. By
extending the hold-up duration, the thickness of the dense-packing re-
gion was increased from 2um for Omin to an entire range
(200-400 pm) for 60 min (Figure S3, ESI-3).

In addition to the cross-sectional morphologies, the surface
morphologies of these ceramic microsheets were also observed using
SEM images, as shown in Fig. 4. These ceramic microsheets presented
uniform, relatively smooth surfaces without cracks. Compared with the
bottom surfaces (Fig. 4d-f), the top surface of each ceramic microsheet
(Fig. 4a—c) was relatively denser without the larger pores observed on

its bottom surface. The morphologies of the bottom surfaces were re-
lative to the cross-sectional morphologies induced by the phase inver-
sion process of the ceramic green bodies. The ceramic microsheets with
either finger-like or sponge-like structures and a relatively loose Al,O3
packing density showed larger pores in their bottom surfaces
(Fig. 4d-e). However, ceramic microsheets with a dense sponge-like
structure showed no clear differences between the top and bottom
surfaces due to similar Al,O3 packing densities from top to bottom in
the cross-sectional structure, as mentioned above.

3.2. Gas permeation properties and structural analysis

Based on the SEM images of these ceramic microsheets, no meso-to-
macro pores could be clearly observed on the top surface that would be
a selective layer for the separation of liquid mixtures. Therefore, the
membrane performance in terms of the permeation flux and the pre-
sence of micropores in the ceramic microsheets was further analyzed
based on gas permeation tests at different transmembrane pressures.
Based on the gas permeation behaviors, Eq. (8) can be used to estimate
the average pore radius (rg) of the ceramic microsheets by considering
the contributions that Knudsen and viscous flows make to the overall
membrane flux [29-31].

2
Vr, T,
K=-2 21338 |16

s TP T Ty

_8

Inp, q ®
In Eq. (8), K (m/s) is the effective permeation factor, Q (mol/s) is

the molar flow rate, p, (Pa) is the pressure in the permeate, while pgy.

(Pa) is the average pressure across the membrane, v (m/s) is the
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Fig. 3. Cross-sectional morphologies of ceramic microsheets derived from different green bodies and the correlations of the thickness between green bodies and
ceramic microsheets: phase inversion in a coagulation bath of (a—c) water and (d-f) ethanol at 25 °C, and (g-i) solidification under air at 50 °C for 60 min and further

phase inversion in a coagulation bath of water for detachment.

molecular mean velocity of the gas, # (Pa s) is the viscosity of the gas, q
is the tortuosity of the pore channels, and ¢/q? can be regarded as the
effective porosity of the membranes. The first term in eq. (8) is relative
to the contribution by Knudsen permeance while the second term cor-
responds to the contribution from viscous permeance. The average pore

2
radius can be obtained from the slope (1.6%%) and the intercept
2

(2.133;5;—2) of the linear relationship between K and pgye.
2

Fig. 5 shows the N, permeation properties and the relative struc-
tural analysis for these ceramic microsheets with good quality and

mechanical strength. The N, flux of the selected ceramic microsheets

X3,000  5um

15kV

10kV  X3,000 5pm X3,000

Spm

5um

was directly proportional to the transmembrane pressure, indicating the
good qualities of these ceramic microsheets (Fig. 5a). Due to increases
in the average packing density of Al,O3 particles, as observed in the
cross-sectional morphologies (Fig. 3), the N, flux had the following
order: AO-W (finger-like) > AO-E (sponge-like) > AO-A (dense
sponge-like). In addition, good linear relationships existed between the
effective permeation factor and average pressure for these ceramic
microsheets (Fig. 5b). The average pore radii (r) calculated based on
these plots together with the average N, permeance under tested
pressures are summarized in Fig. 5c. As expected, the levels of N,
permeance for these ceramic microsheets were not only relative to the

20kV X3,000 Spm

20kV X3,000 5um

Fig. 4. (a—c) Top and (d-f) bottom surface morphologies for ceramic microsheets derived from different ceramic green bodies: phase inversion in a coagulation bath
of (a, d) water and (b, e) ethanol, and (c, f) solidification under air at 50 °C for 60 min and further phase inversion in a coagulation bath of water for detachment.
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Fig. 5. Gas permeation properties and structural analysis of ceramic microsheets derived from various types of green bodies: (a) N, flux at different trans-membrane
pressure drops, (b) effective permeation factor (K) of N, at different average pressure drops, (c) N, permeance and pore radius calculated based on gas permeation,
and (d) correlations between membrane structural parameters (erg/I) and N, permeance.

packing densities of Al,O5 particles (cross-sectional morphologies) but
also were correlated with the thicknesses of the ceramic microsheets.
The thinner the ceramic microsheets, the higher the N, permeance.
There was no obvious correlation between the pore radius and the
thickness of the ceramic microsheets. This was probably because the
pore radius of the ceramic microsheets is primarily controlled by the
size of Al,O3 particles in the topmost dense packing layer and by the
final sintering temperature. All the ceramic microsheets demonstrated
comparable values in pore radii (ca. 39-59 nm) and a high-level por-
osity of ca. 55-78% (Table S1, ESI-5), which is almost 2-fold higher
than most reported ceramic MF membranes. Based on the Hagen-Poi-
seuille equation, such high-level porosity together with a thickness of
sub-0.5 mm would reasonably contribute to a much higher permeation
flux of liquids by comparison with ceramic membranes of similar pore
sizes. Interestingly, the observed porosity tended to follow the order of
the packing density of Al,O3 particles regardless of the thickness of the
ceramic microsheets. It should be mentioned that these ceramic mi-
crosheets presented a Knudsen-dominant (50-80%) permeation flux of
N, (Table S1, ESI-5), which could have been due to the relatively
smaller pore radius as well as to the good quality of the ceramic mi-
crosheets. In addition, the permeability of a certain penetrating species
can be generally expressed and predicted by the membrane structural
parameters such as surface porosity (e), pore radius (r,), and pore/
membrane thickness (I). Typically, the permeance is positively pro-
portional to the surface porosity and pore radius while negatively
proportional to the membrane thickness, P « er/l. Fig. 5d depicts the
correlation between N, permeance and membrane structural para-
meters (erg/I) for these ceramic microsheets with sponge-like structures
(AO-E). A good proportional relationship was observed, which in-
dicated the good qualities of the ceramic microsheets. Given that the
AO-E type ceramic microsheets tended to exhibit a complex

combination of high mechanical strength, high gas flux, and good
quality, these ceramic microsheets were further studied for the se-
paration of oil-in-water emulsions.

3.3. Surface wettability and emulsified oil/water separation properties

To probe the surface wettability of the ceramic microsheets, we
conducted the measurements of static water and oil contact angles
under air and underwater dynamic oil adhesion testing, and observed
the underwater sliding behaviors of oil droplets. Water droplets spread
quickly on the ceramic microsheets, perhaps due to the hydrophilicity
and high-porosity surface of the packed Al,O5 particles (Fig. 6a). In a
similar development, the mineral oil contact angle on the surface of the
ceramic microsheets under air was as low as 17.3° (Fig. 6b), which
indicated an apparent amphiphilic-like surface structure. Once the
ceramic microsheets were placed under water, however, super-
oleophobic properties were observed based on the dynamic oil adhesion
and sliding tests using CCl, droplets (Fig. 6¢ and d). A dynamic “pre-
load-compress-lift up” test showed that the oil droplets, with a static
contact angle of ~150°C under water, could be easily and gently
withdrawn from the surface of the ceramic microsheets via a dispensing
metal needle with a very weak drag force. In addition, a very small roll-
off angle of 2.8° was also observed during the underwater sliding test
(Fig. 6d), which indicated a relatively higher quality of the super-
oleophobic surface. Generally, water molecules are trapped in the
rough micro/nanostructures on a hydrophilic surface with high surface
energy under water, and the increased hydrophilicity of the interface
increases the underwater oleophobicity. Indeed, in most cases, the su-
perhydrophilic surface also possesses underwater superoleophobic
properties [32]. Generally, a superhydrophobic surface exhibits a roll-
off angle of < 5° and very high-quality superhydrophobic surfaces
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Fig. 6. Surface wettability of ceramic microsheets derived from phase inversion in a coagulation bath of ethanol at 25 °C: (a) fast spreading of water droplets and (b) a
lower oil contact angle under air; (c) underwater dynamic oil adhesion process; (d) underwater sliding behavior of oil droplets with a roll-off angle of 2.8".

have roll-off angles as low as 1° [33,34]. It should be noted that such
superoleophobic surface properties would play an important role in the
high-quality separation of oil-in-water emulsions as well as in the anti-
fouling properties of oil droplets.

Pure water flux was conducted at various transmembrane pressures
using selected ceramic microsheets (AO-E—0.19mm and AO-
E—0.48 mm). Good linear relationships between pure water flux and
the transmembrane pressure drop were observed for ceramic micro-
sheets AO-E—0.19 mm and AO-E—0.48 mm, and very attractive pure
water permeability values of 40,956 L/(m*hbar) and 13,562L/
(m2?hbar), respectively, were obtained from the slopes (Fig. 7a). Such
high-water permeability for these ceramic microsheets was expected
and shows great promise for the treatment of large amounts of in-
dustrial oily wastewater in a continuous cross-flow membrane unit. To
evaluate the separation capabilities of oily wastewater for these ceramic
microsheets, a surfactant-stabilized oil-in-water emulsion with an oil
concentration of 1,000 ppm and a uniform oil droplet size of 1,000 nm
was prepared as a simulated separation mixture (Fig. 7b and e). The
steady-state separation properties in terms of emulsion permeabilities
and separation efficiency at a transmembrane pressure of 0.1 MPa are
summarized in Fig. 7c. Generally, an initially fast decline in emulsion
permeability can be observed for the first 10-30 min before reaching a
relatively stable level of permeability (Figure S10, ESI-7). The ceramic
microsheets simultaneously exhibited a highly impressive steady-state
permeability that ranged from 2,300-3,000 L/(m?*hbar) and a high
separation efficiency of > 99%. The thinner ceramic microsheets (AO-
E—0.19mm, 2,958 L/(m?h bar)) demonstrated a slightly higher level
of stable permeability compared with the thicker ones (AO-
E—0.48 mm, 2,318 L/(m?hbar)), probably due to the reduced pore
blocking effect that was the result of either the reduced thickness or the

length of the pores. Indeed, membrane fouling by the pore blocking
effect and cake layer formation is a very serious and almost inevitable
phenomenon for oil/water separation applications [35-37]. Dynamic
membrane fouling behaviors were achieved with the ceramic micro-
sheets (AO-E —0.19 mm), as illustrated in Fig. 7d. The permeation flux
of the emulsion declined steeply once the oil-in-water emulsion was fed
into the membrane unit from an initial value of ~40,000 L/(m?h bar)
to a stable value of ~2,900 L/(m?h bar) within 60 min of the first fil-
tration circle. However, after an in-situ regeneration process via the
filtration of 500 mL of an SDS solution (1,000 ppm) and a subsequent
500 mL of hot ethanol (50 °C) at 0.02 MPa, the permeation flux for a
second circle had almost recovered with a stable value that was com-
parable to the first filtration circle. In addition, high-quality separation
of oil-in-water emulsions was directly observed based on the transpar-
ency of the emulsions before and after filtration (Fig. 7e) and on the
corresponding distribution of oil droplets on the silicon wafer (Fig. 7f
and g). After filtration, the emulsion solution was very clear and
transparent (Fig. 7e) and almost no oil droplets were observed (Fig. 7g).
The much smaller particle size of ~4 nm in the permeate solution, as
measured by DLS, can be ascribed to the free SDS molecules and/or to a
very few oil molecules.

The pure water permeability and the separation capabilities for
emulsified oil/water mixtures of these ceramic microsheets in the
present study were compared with those in the literature, as illustrated
in Fig. 8 (see details in Tables S2 and S3, ESI-8) [38-46]. The reported
conventional ceramic MF membranes were generally prepared via a
multi-step sintering process, which included the sintering of a macro-
porous ceramic support at high temperature and the subsequent de-
velopment of an active MF layer on the support. Such processes always
increase the levels of energy consumption and the need for raw
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Fig. 7. Pure water permeation and emulsified oil/water separation performance of the ceramic microsheets derived from phase inversion in a coagulation bath of
ethanol at 25 °C: (a) pure water permeation flux at various transmembrane pressures; (b) particle size distribution of emulsified oil droplets in water; (c) separation
properties in terms of stable permeability and separation efficiency for oil-in-water emulsions at 0.1 MPa; (d) permeation flux vs. filtration time during the separation
of oil-in-water emulsions for AO-E—0.19 mm (the ceramic microsheets were in-situ regenerated by the filtration of 500 mL SDS aqueous solutions and 500 mL hot
ethanol at 0.02 MPa); (e) the appearance of the feed and permeate solution; (f) the optical images of the oil-in-water emulsions in the feed on a silicon wafer; and, (g)
the optical images of the oil-in-water emulsions in the permeate on a silicon wafer with the droplet size distribution based on DLS shown in the inset.

materials that are much more expensive than the ceramic microsheets.
In addition to this, by comparing with conventional MF membranes
regardless of the variations in the pore sizes that ranged from 50 to 500
nm, these low-cost microsheet membranes demonstrated outstanding
water permeation performance (Fig. 8a and Table S2), which can be
explained by the diminished thickness of the entire microsheet and the

active separation layer, as well as by the high level of porosity. More-
over, even compared with most reported alumina hollow fiber mem-
branes with a similar level of pore size prepared via a similar phase
inversion/sintering method, the ceramic microsheet membranes still
showed higher pure water permeability (Table S2, ESI-8). The pure
water permeability of these reported ceramic MF membranes can be
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roughly estimated using the Hagen-Poiseuille equation by assuming an
active thickness of 1 mm with a porosity of 50%. An active thickness for
the ceramic microsheets was estimated to approximate 0.005 mm with
the same level of porosity. Furthermore, compared with most ceramic
MF membranes (and polymeric MF membranes shown in Table S3, ESI-
8) when used for emulsified oil-in-water separation [38,47-58], the
ceramic microsheets also exhibited a much higher stable emulsion flux
with an extremely high separation efficiency of > 99% (Fig. 8b). These
microsheet membranes also demonstrated superior cycling perfor-
mance after several cycles without an obvious decline in performance
(Figure S11, ESI-7). In addition, it is important to note that compared
with commercially available Anodic Aluminum Oxide (AAO) mem-
branes (pore size, ~200 nm) that have an ultrathin thickness, and a
honeycomb-like microstructure with very uniform pore size, the low-
cost, ceramic microsheet membranes could still perform better in terms
of the stable permeation flux of oil/water emulsions (Table S3 and
Figure S12, ESI-8). AAO membranes although with a very high initial
pure water flux demonstrated a serious decline in permeation flux for
the first 1h and then maintained a lower stable value. This indicates
that the ceramic microsheet membranes demonstrated a better anti-
fouling properties for the emulsified oil/water mixture probably due to
the asymmetric sponge-like microstructure and underwater super-
oleophobic properties that significantly reduced the cake layer forma-
tion on the membrane surface and the pore blocking effect. Conse-
quently, the ceramic microsheet membranes could maintain a high-
level emulsion flux for a longer period of time without a serious decline
in flux as seen in AAO or most reported membranes, which thus reduces
the time and cost for washing/regeneration. Furthermore, the ceramic
microsheet membranes made of a-Al,O3; were more hydrothermally
stable than the AAO membranes that have an amorphous micro-
structure. Therefore, such flat-sheet membranes with sufficient me-
chanical strength, low cost, superior separation and antifouling prop-
erties are expected to have valuable applications in aqueous- and
nonaqueous-based separations in addition to oil/water separations,
such as protein-based separations in food and medical fields, and as lab-
scale inorganic filters. In addition, if appropriately supported, these
microsheet membranes could also be installed to plate and frame
modules to further reduce membrane fouling, blocking, and permeation
resistance compared with hollow fiber ceramic membranes.

4. Conclusions

Low-cost ceramic microsheets with a thickness of sub-0.5 mm were
developed using a slurry consisting of PSf and Al,O3 particles via phase
inversion/sintering. The obtained microsheets can be as thin as
0.19 mm with good integrity and mechanical strength for use in MF
membrane separation. Different phase inversion media (water, ethanol,
and air) were employed to tailor the cross-sectional morphologies
(finger-like or sponge-like) of the ceramic green bodies, which retained
their microstructures in the resultant ceramic microsheets following a
high-temperature (1,250°C) sintering process. These microsheet

10

membranes presented a pore size ranging from 80 to 120 nm that can be
primarily decided by both Al,O3 particle size (~200 nm) and the sin-
tering temperature, irrespective of the cross-sectional morphologies,
due to the formation of a dense skin layer on the topmost surface. In
addition, these microsheet membranes exhibited superhydrophilic and
underwater superoleophobic properties and therefore demonstrated
great potential for oil/water mixtures or emulsions. This super-wetting
ability combined with a thin nature (sub-0.5 mm), a desireable level of
surface porosity (50-80%), and a suitable pore size (80-120 nm) si-
multaneously endowed the microsheet membranes with attractive pure
water  (13,000-41,000L/(m2?hbar)) and oil/water emulsion
(2,300-3,000 L/(m?h bar)) fluxes and outstanding oil-removal effi-
ciency (> 99%). Low cost and a level of emulsion flux that is 2 orders of
magnitude higher than most commercially available microfiltration
membranes with similar oil-removal efficiency, makes these ceramic
microsheet membranes very promising for the high-quality separation
of industrial oily wastewater under complex chemical conditions.
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