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Water scarcity and water pollution are major issues in today’s world. Several industries including oil and gas,
water treatment, wastewater treatment, and food and beverage processing have turned their attention to silicon
carbide membranes to solve these issues, due to the increased water flux and enhanced mechanical, chemical,
and thermal stability observed for this material. To shift the material dominance on the membrane market from
polymeric and ceramic oxide to silicon carbide, a deep understanding of the fabrication of silicon carbide
membranes is important. Therefore, this review focuses on the development of silicon carbide membranes from
an industrial standpoint. The discussed approaches include the deposition of colloidal suspensions and polymeric
precursors. In addition to describing the significant steps in the fabrication of silicon carbide membranes, the
advantages, disadvantages, and remaining key challenges related to these approaches are emphasized.
Furthermore, key aspects in the preparation of silicon carbide supports are presented to provide an under-
standing of how membrane support influences membrane performance. The wide range of silicon carbide
membrane applications in water and wastewater treatment and other applications are then reviewed. Cleaning
methods for silicon carbide membranes are also described to address fouling issues during filtration processes
along with commercialization of these membranes. Finally, future perspectives on silicon carbide membrane
material development and potential applications in other industrial sectors are discussed. Overall, this review
paper aims to provide a roadmap for potential applications and further development of silicon carbide mem-
branes in the field of liquid filtration.

1. Introduction

Based on the United Nations’ 2030 goals for sustainable develop-
ment, water scarcity and a growing demand for clean water have
become a major global concern [1]. Overall water consumption has
increased by approximately six-fold during the last 100 years and is
continuously increasing with the rapid growth of the global population,
development in industrialization, and impacts of climate change [2,3].
To reduce water consumption and meet the increasing clean water de-
mand, the protection of existing water resources and development of
new water supplies are necessary—that is, by reusing, recycling, and

recovering treated water. Water treatment and wastewater treatment
are important processes in this regard; however, the inadequate effi-
ciency of conventional water and wastewater technologies such as
chemical coagulation [4], flocculation [5], and ion exchange [6] has led
to a significant need for better treatment technologies. In this context,
membrane-based technologies have been acknowledged as an effective
replacement of conventional water and wastewater treatment technol-
ogies, with lower energy consumption, a smaller environmental impact,
and efficient separation capability [7,8]. For these reasons, polymeric
and ceramic membranes have been widely applied in many different
applications over the past decades.
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Polymeric materials such as polyvinylidene difluoride (PVDF) [9],
polysulfone (PSF) [10], polyamide (PA) [11], polyether sulfone (PES)
[12], and cellulose acetates (CA) [13] currently dominate the membrane
market because of their low synthesis and processing costs, as well as
their easy preparation and scalability. However, these materials suffer
from low thermal and chemical stability, which may be disadvantageous
for many industrial applications, such as in the food industry, where
frequent cleaning or sterilization cycles are often required. In contrast,
ceramic membranes (e.g., alumina [14], silica [15], titania [16], zirco-
nia [17], and silicon carbide [18]) posses enhanced thermal, chemical,
and mechanical stability and therefore have a longer working lifespan
than their polymeric counterparts. Moreover, ceramic membranes are
generally highly hydrophilic, offer higher water fluxes, and have fewer
fouling issues compared with polymeric membranes [19,20]. The
drawbacks associated with ceramic membranes are their high process-
ing cost and brittleness. At present, alumina is the most researched
ceramic material in the field of membrane technology due to its eco-
nomic competitiveness. However, silicon carbide (SiC) is rapidly
emerging as a promising material in the membrane market, due to its
outstanding mechanical, thermal, and chemical robustness; superior
hydrothermal stability; high water permeability; and fouling resistance.
Moreover, SiC membranes are suitable for application in harsh envi-
ronments, such as under high temperatures and in contact with
aggressive chemicals [21,22]. Thanks to these properties, SiC mem-
branes have gained increased research interest, as shown by the expo-
nential growth in the number of publications on SiC membranes over the
last three decades (Fig. 1). Nevertheless, high fabrication temperature
(up to 2100 °C) and multi-step preparation put SiC membrane at a
disadvantage due to the increase in fabrication cost.

To date, several studies on the development of SiC membranes on
macroporous supports have been performed using chemical vapor
deposition (CVD)/chemical vapor infiltration (CVI) [23-26] or dip/
spin/spray coating deposition techniques [27-32], for use in many
different applications. These applications include water and wastewater
treatment, gas separation, food and beverage processing, and biotech-
nology. The CVD/CVI method provides a denser structure compared
with dip/spin/spray coating deposition techniques, resulting in lower
permeability, which makes these membranes mainly suitable for gas
separation applications [23,33]. By using dip/spin/spray coating
deposition techniques, the structure of the separation layer can be

100

60

40

Number of publications
1

20

T

T T
1990 1995 2000 2005 2010 2015
Publication year

Fig. 1. Scientific publications on SiC membranes between 1990 and 2020. The
initial keywords for the search were “SiC” or “silicon carbide,” which were
subsequently refined for “membrane*.” (Data obtained from the Web of Sci-
ence, accessed on August 17, 2020).
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controlled. This is necessary in order to achieve high permeability,
which is a requirement for some industrial applications such as water
and wastewater treatment. The two main approaches used in the dip/
spin/spray coating deposition techniques are: (i) the colloidal route
[27-31,34-37] and (ii) the polymeric route [23,32,38-43]. Although
the polymeric route has mainly been used to fabricate gas-selective SiC,
it is also applicable for water and wastewater treatment; therefore, it
will be discussed in this review.

Microfiltration (MF) and ultrafiltration (UF) are the two main
pressure-driven membrane processes, and SiC membranes developed in
this way have found applications in water and wastewater treatment as
well as in the food and beverage industry. Regardless of the membrane
material used in these processes, membrane fouling is one of the main
issues in any membrane filtration process. Therefore, efficient mem-
brane cleaning is necessary to reduce fouling problems during filtration
in order to maintain high membrane performance in terms of perme-
ability and selectivity. The cleaning of SiC membranes, which tradi-
tionally [44,45] can be done either using chemicals (chemical cleaning)
or mechanical forces (physical cleaning), is discussed herein, with a
special focus on advances in the development of novel cleaning
methods.

Thus far, only one review paper has been published on SiC mem-
brane technology [46]. To the best of our knowledge, no comprehensive
review of SiC membranes that focuses on water and wastewater treat-
ment, food applications, and biotechnology applications is available at
present. Considering the growing interest in SiC membranes for water
treatment, wastewater treatment, and the food industry, this review
presents recent advancements and challenges in SiC membrane devel-
opment, along with a discussion of current and future applications. This
paper is organized into two main parts. After a brief introduction, the
first part of this review focuses on the fabrication methods of SiC
membranes from an industrial standpoint. Key aspects of the fabrication
of SiC supports are also included to provide an understanding of how
membrane support affects membrane performance. The second part of
this review discusses the application of SiC membranes in water and
wastewater treatment and other contexts, along with cleaning methods
to address membrane fouling issues. The commercialization of SiC
membranes is then discussed, and future perspectives on SiC membrane
material development and potential applications in other industrial
sectors are addressed.

2. SiC support and membrane development

SiC membrane layers are generally fabricated on a coarse membrane
support, which is also called the membrane substrate. The membrane
support plays an important role in preparing defect-free and reproduc-
ible membrane layers and, by extension, in complying with industrial
demand. It is desirable to obtain supports with good surface character-
istics (i.e., supports that are smooth, homogeneous, and defect-free) that
provide high flux, high porosity, and a high level of mechanical strength.
As it meets these requirements, SiC is a promising material for the
fabrication of membrane supports. Before proceeding to the preparation
of SiC membranes, the key aspects of the fabrication of SiC supports are
briefly presented in the following section.

2.1. Key aspects of the fabrication of SiC support

2.1.1. Manufacturing techniques

The first step toward producing a SiC support with a geometry and
shape that have been optimized for a specific filtration process consists
of the selection of the correct manufacturing technique. The two tech-
niques used in the manufacturing of SiC support are: (i) dry forming and
(ii) wet and plastic forming. Dry forming techniques such as uniaxial
pressing and isostatic pressing limit the support to simple shapes, but do
not require solvents or a pre-mixing step. Dry forming methods involve
the deposition of preformed SiC particles in a mold. Next, pressure is
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applied to obtain the green body, which is the support before thermal
annealing. The strength of this green body can be enhanced by organic
binders [47-49]. Supports produced by uniaxial pressing (between 8
and 117 MPa [50-52]) are typically discs or bars with various diameters.
Isostatic pressure methods are rarely considered for the fabrication of
SiC supports, as they are not amenable to scale-up. Indeed, they involve
a pressure between 100 and 400 MPa, which is usually applied after
uniaxial pressing [53-56]. Nevertheless, such high pressures yield
highly compact green bodies with enhanced sinterability, resulting in
final consolidated materials with improved mechanical strength.

Wet and plastic forming techniques such as extrusion and casting
allow the near-net shaping of complex geometries, which is an impor-
tant requirement for the industrial fabrication of membrane supports. In
these processes, SiC particles are mixed with auxiliaries in a solvent to
yield a suspension or a paste. Extrusion is the most common method for
producing tubular (multichannel and monotube) and flat-sheet (multi-
channel and disc) supports on an industrial scale due to its simplicity and
ease of upscaling [31,57]. Casting a SiC support requires a lower solid
content in the starting mix than that required for extrusion. In this
technique, the viscosity of the resulting slurry should be adjusted so that
it can run through the mold and then solidify. Manufacturing can rely on
different types of casting techniques, including slip-casting [58,59], tape
casting [60,61], gel casting [62], and freeze casting [63].

Fig. 2a shows the four most common geometries for commercial SiC
membrane supports, all of which are fabricated by extrusion. These
supports are manufactured by producing a paste with high SiC loading
together with a plasticizer, a binder, and a dispersant. This paste is
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extruded through a specific die to produce the desired geometry. One
disadvantage of these SiC supports is their relatively large pore size of up
to several hundred nanometers, as shown by the micrographs in Fig. 2c.
Fig. 2b also shows a hammer-shaped support, which was fabricated by
combining an extruded honeycomb square part and a cup produced by
slip-casting. Both parts were produced separately, and then joined with
SiC paste and sintered together. This complex-shape object was origi-
nally designed as a solar receiver [64], but it can also serve as a support
for dead-end filtration membranes with enhanced mechanical proper-
ties. Indeed, Fig. 2d shows that the support of a hammer-shaped ge-
ometry results in higher flexural strength than tubular and disc supports.
This feature can be explained by considering that, in comparison with
extrusion, casting makes it possible to produce a more compact green
body, which yields a more robust support after thermal treatment.

2.1.2. Raw materials selection

This subsection summarizes the main characteristics of SiC supports,
which can be classified as follows according to the raw materials and
additives used for the fabrication: pure SiC; SiC with additives for liquid
phase sintering (LPS); SiC with additives for solid state sintering (SSS);
and SiC precursor materials. Raw materials should be selected to limit
the production costs while simultaneously achieving the desired corro-
sion resistance and mechanical, structural, and filtration properties in
the final membrane support. The use of pure SiC is rare, as it requires
high sintering temperatures (resulting in high production costs) and
makes it difficult to achieve an optimal degree of densification for
producing a support with high mechanical strength [31,34]. SiC exists in
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Fig. 2. SiC supports (LigTech Ceramic A/S): (a) Commercial supports with different geometries prepared through extrusion; (b) a hammer-shape support prepared by
combining extrusion and slip-casting; (c) the microstructure of a support; (d) flexural strength depending on the raw materials used and the sintering additives in the

fabrication of SiC supports [57,64-66].
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two main groups of polytypes, namely a and p, which have hexagonal
and cubic crystal structures, respectively. a-SiC is the most commonly
used SiC powder by industries, since the synthesis of a-SiC particles is
less expensive and they are thermally more stable than -SiC particles
[53]. However, the sintering temperature of a-SiC (i.e., above 1700 °C)
is higher than that of B-SiC (i.e., below 1700 °C). For this reason, it is
possible to reduce the pore size and sintering temperature of the mem-
brane support by combining a-SiC and B-SiC particles. The use of sin-
tering additives is the most common approach to decrease the sintering
temperature and thereby decrease production costs. In LPS, the
composition and heating temperatures are chosen to develop a liquid
phase during the heat treatment, which speeds up the diffusion of atoms
through the liquid and increases the densification of the support mate-
rial. Al,O3 [67,68] or a combination of Al,O3 and Y203 [66,69,70] are
typical LPS additives for SiC. These additives can lower the sintering
temperature to 1700-1950 °C and allow the fabrication of a membrane
support with pore sizes within the range of 0.1-20 um. Other oxides,
such as magnesium oxide, yttria-stabilized zirconia, mullite, or zeolites,
can be added to further reduce the sintering temperature. Kaolin, a type
of clay, is often used to reduce the SiC sintering temperature to
1200-1500 °C [28,29,71-73]. Moreover, during sintering, kaolin is
converted into the more stable mullite. In SSS, the composition and
firing temperature are designed in such a way that no liquid is formed.
As a result, densification is achieved by solid-state diffusion. In regard to
SiC, the most commonly used additives for SSS are B4C, graphite, carbon
black, phenolic resin, or a combination of these [65,74-78]. The most
common additive is a mixture of B4C and carbonaceous materials, which
retains the excellent corrosion resistance of SiC [65]. Sintering tem-
peratures range between 1700 and 2200 °C, and a support with pore
sizes between 0.4 and 10 pm can be achieved by SSS. LPS additives
decrease the sintering temperature but also decrease the flexural
strength (Fig. 2d). In addition, the corrosion resistance will decrease due
to the residual grain boundary phases. In contrast, SSS has little effect on
the sintering temperature, but the corrosion resistance is maintained and
the mechanical properties are improved (Fig. 2d).

SiC support can be also fabricated by in situ conversion to SiC. Pol-
ycarbosilanes can be used as precursors, yielding SiC when pyrolyzed at
1100-1600 °C [79,80]. However, this method is generally more
expensive than the sintering of preformed particles, due to the costs of
the precursors, which are partially converted to gaseous byproducts. An
alternative approach consists of the use of a natural carbon source (e.g.,
wood), which is melt-infiltrated with silicon and reacts to form SiC
[81,82]. This method is interesting, as it relies on a renewable feedstock.
Moreover, as for other wood-derived filtration materials [83-85], the
selection of specific wood precursors makes it possible to tune the
porosity and pore size distribution of the support. Nevertheless, purity,
reproducibility, and scaling-up remain causes of concern when the final
porous materials are intended for applications in membrane filtration.

2.2. Fabrication of SiC membranes

The deposition methods of SiC membrane layers are just as important
as support preparation in achieving good membrane performance. The
subsequent sections highlight the two main approaches—namely, the
colloidal route and the polymeric route—used in the dip/spin/spray
coating deposition techniques. A special emphasis is placed on how
these techniques have been used for SiC tubular and flat-sheet mem-
brane development, along with their pros and cons. The preparation
technique of SiC hollow-fiber membranes is also discussed. Table 1
presents a summary of the studies performed on the development of SiC,
in respect to support materials, raw materials, deposition techniques,
membrane thickness, thermal treatment, and other remarks.

2.2.1. Deposition of colloidal suspensions
The traditional and simple way to prepare SiC membranes is coating
with colloidal suspensions. This approach is also known as ceramic
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processing. A general schematic illustration of the fabrication steps for
the specific case of tubular SiC membranes is shown in Fig. 3a. In this
method, the SiC membrane formation consists of six steps: (i) selection
of the raw material; (ii) mixing of the raw materials; (iii) homogeniza-
tion of the suspension; (iv) addition of binder to the suspension; (v)
coating; and (vi) sintering of the green body. This technique has been
broadly applied by the scientific community and industries, since it is
simple, easy to control, and easy to scale up to an industrial level
[27-31,34-37].

In this multi-step process, each step has its specific role for obtaining
high-quality membranes. Many researchers have reported the prepara-
tion of SiC membranes through the ceramic processing approach
(Table 1). After the selection of raw materials, preparing a homogenous
suspension of SiC powder is the one of the most crucial steps. This is
because the formation of the desired SiC membrane relies on the com-
plete dispersion of SiC particles in the solvent. Therefore, dispersants (e.
g., methyl cellulose (MC) [27,36], ammonium polymethacrylate (Dar-
van-CN) [28,29], tetramethylammonium hydroxide (TMAH) [30], pol-
yacrylic acid (PAA) [31,34], and synthetic polyelectrolyte (Produkt-
KV5088) [37]) are usually added in this step with the aim of enhancing
the homogeneity of the dispersion. Once the suspension is homogenized,
a binder (e.g., polyvinyl alcohol (PVA) [28-30,35], polyethylene glycol
(PEG) [28,29], sodium carboxymethyl cellulose (CMC) [31,34], or
polysaccharide dicarbonic acid polymer (Optapix CS-76) [37]) is added
to the suspension to improve the mechanical strength of the green body.
The suspension is further stirred, and defoaming agents (e.g., TL-56NQ
[27,36]) can also be added to prevent foam formation. The addition of
the right amount of binder, dispersant, defoaming agent, and SiC pow-
der to the suspension plays a vital role, since different amounts change
the rheological properties of the colloidal suspension. For example,
Bukhari et al. [28] investigated the effect of the amount of dispersant on
the viscosity of SiC suspension for different solid loadings. It was found
that the change in the suspension viscosity affects the thickness and
uniformity of the membrane layer. A suspension with high viscosity may
cause thicker coatings and, consequently, increase the chance of defect
formation at the membrane surface. On the other hand, a suspension
with low viscosity may cause infiltration of SiC particles in the macro-
pores of the support. Therefore, the right formulation of SiC suspension
with the raw materials is crucial to form the desired morphology of the
membrane layer. In the next step of processing, the prepared suspension
is used to coat the macroporous membrane support by means of various
coating techniques such as dip-coating [28-31,37] or spray coating
[27,34,36]. Dip-coating is one of the most widely used methods because
of its relative simplicity [86]. During the fabrication procedure, the
coating method plays an important role in controlling the film thickness
of the selective layer. From Table 1, it can be seen that the thicknesses of
the membrane layers formed by the dip-coating technique are in the
range of 0.16-100 um, while the thicknesses of membranes formed by
spray coating vary in the range of 60-200 um. After coating, the mem-
brane layer is sintered at temperatures up to 2100 °C. In this approach,
high sintering temperatures are required to obtain SiC membranes with
the desired physical and chemical properties. Several studies have re-
ported the use of low melting point sintering additives (e.g., CaO, ZrOo,
B4C, and MgO) to reduce the high sintering temperature. Recently,
alumina, alumina and yttria, boron and graphite, and iron have been
employed as sintering additives in the formulation of SiC suspensions by
LiqTech Ceramics. These membranes were fabricated on a commercial
SiC support with sintering temperatures in the range of 1600-1900 °C.
When Al;03, Al,03-Y203, and Fe were used as respective sintering ad-
ditives, the sintering temperature was 150 °C lower than when boron
and graphite were used. The lower sintering temperatures in the cases of
Al503, Al;03-Y203, and Fe could be ascribed to the formation of a low-
viscosity liquid phase, which promotes the mass transfer of the atoms at
lower temperatures [87]. The structural morphology of the membranes
in the presence of different sintering additives is shown in Fig. 3b to e. As
can be observed, the junction between the grains is clearly visible in all



Table 1
Summary of studies performed on the development of SiC membranes via deposition of colloidal solution, deposition of pre-ceramic polymeric precursors, and dry-wet spinning methods.
Support material/ Raw materials (starting powder, precursor, solvent, Membrane Membrane Thermal treatment Remarks Ref.
membrane layer additives) deposition thickness [um]
material technique
DEPOSITION OF SiC (discs)/SiC a-SiC powder (10 um)SiC whisker, mullite®, CaO®, Spray coating ~125-200 1150-1250 °C/2h in e Defect-free SiC membranes [27]
COLLOIDAL Zr03, methyl cellulose (MC)?, TL-56NQ*, water' air;1350-1500 °C/4h in e Average pore size of 2.31 pm
SOLUTION argon (Ar) e Excellent corrosion resistance in both HySO4
and NaOH solutions
e Excellent thermal shock resistance
SiC (flat sheet)/ a-SiC powder (0.55 pum), deionized water’, iso-propyl Dip-coating ~12-30 900-1300 °C/1h e Crack-free oxidation bonded SiC membranes [28]
SiC alcohol (IPA)', polyvinyl alcohol (PVA)®, polyethylene e Average pore size of 93 nm
glycol (PEG)®, Darvan-CN? e Optimization of the slurry and controlling the
oxidation behavior of SiC examined
SiC (flat sheet)/ -SiC powder (0.55 um), deionized water’, iso-propyl Dip-coating ~20 1000 °C e Stable oxidation bonded SiC membranes [29]
SiC alcohol (IPA)’, polyvinyl alcohol (PVA)?, polyethylene o Controlled oxidation parameters
glycol (PEG)®, Darvan-CN2 e Average pore size of 78 nm
e Good corrosion resistance under low and high
PH conditions
SiC (flat sheet)/ SiC powder (22 um), B4C®, polyvinyl alcohol, Dip-coating ~100 2200-2250 °C e SiC membranes prepared by co-sintering [30]
SiC tetramethylammonium hydroxide (TMAH)?, water' process
e Good mechanical properties
e Average pore size of 9.93 ym
SiC (flat sheet)/ SiC powders (0.5 ym and 3 pm), polyacrylic acid Dip-coating ~-60 1900-2000 °C in vacuum e SiC membrane layer with homogeneous [31]
sic (PAA)?, sodium carboxymethyl cellulose (CMC)®, structure
water’ o The effect of particle size on pore size,
mechanical strength examined
e Average pore size of 0.5 um and 1.4 um for
membranes prepared from 0.5 pum powder and
1.5-2.1 um for membranes prepared from 3 ym
SiC powder
SiC (flat sheet)/ SiC powders (1 um), polyacrylic acid (PAA)?, sodium Spray coating ~-60 1850-1900 °C/1h in e Smooth and defect-free SiC membrane layers [34]
SiC carboxymethyl cellulose (CMC)®, water’ vacuum e Average pore size of 0.5-0.65 pm
e Larger pores obtained with the increase in
sintering temperature
SiC /SiC -SiC powder (5 um), NaA zeolite residues®, activated 850-1050 °C in air o Reduced sintering temperature [35]
carbon (AC)’, polyvinyl alcohol®, water' e Good mechanical stability
e Increased porosity
e Pore size adjusted by doping different amount
of NaA (r) and AC
e Strong long-term acidity and caustic corrosion
SiC (disc)/SiC SiC powders (5 ym, 10 pm, 15 ym, 300 ym), MgO>, Spray coating ~100 1200 °C/2h in air; o Defect-free, transition layer-free separation [36]
7r03, AI-DTPA microfibers, methyl cellulose?, water', 1300 °C/2h in Ar layer
TL-56NQ*, o Particle penetration is avoided by using Al-
DTPA microfibers as the transition layer
e Average pore size of 2-5 ym
SiC (tubular) /SiC a-SiC powders (0.2 um, 0.4 um, 0.6 um, 0.8 um), Dip-coating ~11-46 1500-1900 °C/4h in Ar e Defect-free membranes obtained with 16-22 wt [37]
Produckt-KV5088 (PKV)?, Optapix CS-76°, water' % solid loading for the blend of 0.2 and 0.6 um
SiC powders
e Reduced sintering temperature without using
sintering additives
DEPOSITION OF PRE- SiC (flat discs)/SiC  Allylhydridopolycarbosilane (AHPCS)®, hexane' Dip-coating 400 °C/1h600-1600 °C/2h e Nanoporous membranes [23]
CERAMIC in Ar
POLYMERIC SiC (tubular)/SiC SiC powder (0.6 um), acetone’, AHPCS®, hexane' Slip-casting + -2 200 °C/1h400 °C/ e Combining slip-casting and dip-coating signifi- [32]
PRECURSORS dip-coating 1h750 °C/2h in Ar;450 °C/ cantly improved the reproducibility in prepar-

2h in air

ing high-quality membranes
Microporous membranes
Good hydrothermal stability

(continued on next page)
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Table 1 (continued)

Support material/
membrane layer
material

Raw materials (starting powder, precursor, solvent,
additives)

Membrane
deposition
technique

Membrane
thickness [um]

Thermal treatment

Remarks

Ref.

a-Al203 (tube)/
SiC

SiC (tubular)/SiC

SiC (tubular) /SiC

SiC (flat discs)/SiC

a-Al,O3 (tube)/SiC

a-Al,03 (tube)/SiC

DRY-WET SPINNING SiC hollow fiber

SiC hollow fiber

Polycarbosilane (PCS)®, toluene’, polystyrene (PS)

SiC powder (0.6 um), acetone’, polystyrene (PS)’,
toluene', AHPCS®, hexane'

SiC nanofibers, p-SiC powder (0.1 um — 0.2 pm),
AHPCS®, toluene’, hexane', polystyrene (PS)”

a-SiC powder (0.4 um), AHPCS®, hexane', hexane-
tetradecane’

a-alumina particles (0.2 um, 2 um); SiO5-Zr0O, sols®,
polycarbosilane (PCS)®, p-xylene'

a-alumina particles (0.2 pm, 2 pm); SiO2-ZrO, sols3,
AHPCS®, toluene’

a-SiC powders (0.4 um, 0.6 um), polyethersulfone
(PES)®, n-methyl-2- pyrrolidone (NMP)', water

a-SiC powders (3.54 um, 3.09 pym), polyethersulfone
(PES), n-methyl-2- pyrrolidone (NMP)’,
polyvinylpyrrolidone (PVP), water

Dip-coating

Slip-casting +
dip-coating

Slip-casting +
dip-coating

Dip-coating

Dip-coating

Dip-coating

Dry-wet
spinning

Dry-wet
spinning

-7

~10

~8-22

~0.16

0.3 mm wall
thickness

200 °C /1-10 h700 °C/2h
in Ar

200 °C/1h400 °C/
1h750 °C/2h in Ar;450 °C/
2h in air

200 °C/1h400 °C/
1h750 °C/2h in Ar;450 °C/
2h in air

200 °C/1h400 °C/
1h750 °C/2h in Ar

150-300 °C/2h in air;
750 °C/0.5 h in Ny

300-800 °C/0.5 h in Ny

300-1500 °C in No;
300-2075 °C in Ar

2050 °C/2h in Ar

Thin and defect-free membrane

Improved membrane performance thanks to the
addition of PS, appropriate oxidation of the
membrane, and low temperature thermal
crosslinking

Pore diameter of 0.5-0.7 nm

The periodic coating of sacrificial PS interlayers
in between AHPCS layers

Nanoporous SiC membranes

Improved membrane characteristics due to the
sacrificial interlayers

Thicker membranes

Increased success rate in preparing high-quality
membranes

Microporous SiC membranes prepared with the
aid of nanofiber-based mid-layers

Spherical nonporous nano-powders resulted in
better membrane characteristics

The effect of particle size, type of solvent, and
precursor/SiC powder mass ratio on the
optimization of the suspension were examined
Defect-free SiC membrane for UF applications
Membranes consist of two size orders of pores:
pores smaller than 5 nm and large mesopores
Tailored membrane microstructure via
controlling the thermal oxidative curing
process

Stable and uniform microporous membrane
structure

High thermal stability and oxidation resistance
at 500 °C

Thin, crack-free, and continuous separation
layer

The coating solution of pre-crosslinked AHPCS
reduced penetration into support

Hollow-fiber membranes with outer diameters
of 1.8 mm

The pore size and mechanical strength of
hollow fibers optimized by changing sintering
temperature

Hollow-fiber membranes with outer diameters
of 2 mm

Uniform and narrow pore size distribution
Average pore size of 0.71 ym

[38]

[39]

[40]

[42]

[43]

[88]

[89]

Blank spaces correspond to unavailable data.
1

solvent; 2 dispersant; * binder; * defoaming agent; ° sintering additive; ® polymeric precursor; “pore former.
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of these cases. Defect-free and homogeneous layers with small pore sizes
were obtained in the cases of Al,03 (Fig. 3b), Al,03-Y,03 (Fig. 3¢), and
Fe (Fig. 3d). However, the higher sintering temperature in the case of
boron and graphite generated some defects in the membrane layer
(Fig. 3e) and caused larger pore sizes. Even though these additives lower
the sintering temperature, they introduce a glassy phase between SiC
grains, since they are generally metals and/or metal oxides. This results
in a decrease in the corrosion resistance and thermal shock resistance of
the membrane [31]. Upon sintering, membranes are heat treated under
air to remove the free carbon that is eventually formed in the pores.

However, there are still drawbacks to this fabrication method that
need to be investigated in detail in order to advance the fabrication of
SiC membranes on an industrial scale. Firstly, a large amount of alcohol
is usually used as a solvent to prepare well-dispersed coating suspen-
sions. This can cause environmental issues due to toxicity as well as
health and safety problems due to handling large volumes of solvent in a
production setting. Therefore, environment-friendly solvents should be
used to avoid the issues derived from the use of organic solvents. For
example, the preparation of a water-based coating suspension would be
an effective approach. Secondly, the typical structure of a SiC membrane
consists of multiple layers on a macroporous support. Depending on the
application, the number of layers can be as many as four or more in order
to generate upper layers with smaller pores. This means that, after the
coating of each layer, the green body must undergo high-temperature
sintering before the coating of the next membrane layer. The consecu-
tive coating of the layers and sintering steps make the production of SiC
membranes costly. The industrial-scale production of SiC membranes
could be more economically viable if additional research efforts were
made on minimizing the number of the layers and thereby minimizing
the number of sintering steps.

2.2.2. Deposition of pre-ceramic polymeric precursors

Another well-known approach in the fabrication of SiC membranes is
the deposition of pre-ceramic polymers as a precursor. A general sche-
matic illustration of the pre-ceramic polymeric precursor route, for the
specific case of flat-sheet SiC membranes, is shown in Fig. 4. SiC mem-
brane formation involves three main steps: (i) shaping/coating in order
to give the polymer a particular form; (ii) curing for the crosslinking of
the polymer; and (iii) pyrolysis to transform the cured polymer into a
ceramic [90]. The pre-ceramic polymeric route has gained attention
over other methods not only because of its simplicity, but also because of
its rather low pyrolysis temperatures (750-1000 °C) in comparison with
the partial sintering of SiC. In addition, the pre-ceramic polymeric pre-
cursor method has advantages in terms of fabricating membrane mate-
rials with a controlled structure (e.g., composition, shape, porosity, and
pore size), which eventually affects membrane performance.

In the past decades, there have been various studies on fabricating
SiC membranes using different polymeric precursors such as poly-
carbosilane (PCS) [21,22] and polydimethylsilane (PMS) [91,92]. These
polymeric precursors are generally curable in the presence of oxygen.
However, the curing process introduces a significant amount of oxygen
into the final SiC membrane structure, which reduces the thermal and
hydrothermal stability of these membranes. To overcome this drawback,
different curing methods (e.g., UV radiation [93], electro-beam irradi-
ation [94], or heat treatment under an inert atmosphere [95]) and a new
type of polymeric precursor—namely, allylhydridopolycarbosilane
(AHPCS), which is a partially allyl-substituted hydridopolycarbosilane
(HPCS)—have been widely researched. The reasons for choosing AHPCS
as a new type of polymeric precursor include its liquid form, easy pro-
cessing compared with PCS, and curing efficiency under an inert at-
mosphere, which results in an enhanced ceramic yield in the resulting
SiC membrane [96]. Selected studies performed on the development of
SiC membranes by the pyrolysis of pre-ceramic polymers are also sum-
marized in Table 1. For example, Ciora et al. [23] prepared SiC nano-
porous membranes on SiC flat discs using AHPCS as a polymeric
precursor by means of the dip-coating technique, followed by pyrolysis

Chemical Engineering Journal 414 (2021) 128826

under an argon (Ar) environment. Similarly, Elyassi et al. [32,39,40]
reported several membrane-preparation procedures for SiC membranes
on SiC tubular supports with improved membrane characteristics and
performance using AHPCS as a polymeric precursor. In these studies, the
membranes were prepared using a combination of slip-casting and dip-
coating techniques. Coating the SiC macroporous support by slip-casting
prior to dip-coating significantly improved the reproducibility of pre-
paring high-quality membranes [32].

Although the pre-ceramic polymer method provides various possi-
bilities to control the properties of SiC membranes, challenges still
remain. The penetration of polymeric precursors into the pores of the
support must be avoided to prevent subsequent crack formation due to
uneven shrinkage of the structure during the polymer-to-ceramic
transformation. Moreover, multiple layer coatings and pyrolysis steps
are needed to minimize defect formation, which eventually makes the
processing of SiC membranes economically unfeasible. Konig et al. [41]
tried to solve these issues by fabricating AHPCS-derived mesoporous SiC
membranes on a SiC support in the presence of sub-micrometer SiC
filler. In this way, crack formation can be avoided and nearly defect-free
and uniform mesoporous SiC membrane layers can be obtained, with a
one-step layer coating and pyrolysis of the AHPCS precursor at 750 °C in
Ar. The effects of the coating suspension parameters (e.g., type of sol-
vent, loading of SiC fillers, and AHPCS/SiC ratio) on the preparation of
defect-free SiC membrane layers were investigated in the same study.
Other studies have suggested different membrane-preparation proced-
ures to prevent the penetration of polymeric precursors into the sub-
strate and to avoid crack formation during the fabrication of SiC
membrane layers. For example, Elyassi et al. [39] and Dabir et al. [97]
suggested the dip-coating of sacrificial polystyrene interlayers along
with SiC pre-ceramic layers on top of a slip-casted tubular SiC support
for preparation of SiC nanoporous membrane. Recently, Wang et al. [43]
attempted to fabricate a SiC membrane on an a-AlyO3 support layer by
pre-crosslinking an AHPCS solution at 150 °C for 2 h under a nitrogen
(N3) atmosphere prior to coating the AHPCS-derived SiC top layer onto
an intermediate layer. The pre-crosslinking of the AHPCS resulted in the
formation of larger colloidal sol sizes, and therefore minimized the
penetration of the coated precursor into the support, thereby avoiding
crack formation.

Despite the fascinating advantages of the pyrolysis of pre-ceramic
polymer precursors method, it is still challenging to fabricate SiC
membranes with a high porosity and narrow pore size distribution,
especially for nanofiltration (NF) and UF applications. Recently, there
has been growing interest in adopting new synthesis strategies to tailor
the structure of SiC membranes [42,98]. However, more research effort
is still needed in controlling the pore size, porosity, and thickness of the
selective layer, as well as upscaling a chosen approach in order to ach-
ieve good membrane performance for potential applications.

The advantages and disadvantages of both of the two main ap-
proaches discussed thus far for the preparation of SiC membranes are
summarized in Table 2.

2.2.3. Dry-wet spinning

In addition to SiC membranes with tubular and flat-sheet configu-
rations, SiC membranes with hollow-fiber geometry (Fig. 5a and b) have
been fabricated by means of the dry-wet spinning technique [88,89].
This technique consists of phase inversion and sintering steps. To pre-
pare hollow fibers, a polymeric binder dissolved in an organic solvent in
the presence of SiC particles is used as a suspension. The suspension
extrudes through a spinneret and coagulates in a non-solvent (e.g.,
water) bath. Due to the solvent and non-solvent exchange, phase sepa-
ration into a polymer-lean and a polymer-rich phase occurs. This phase
separation results in a sponge-like structure containing finger-like voids
in the morphology of the hollow fibers (Fig. 5¢) [99]. SiC hollow-fiber
membranes have the advantages of larger effective filtration area per
unit volume of the membrane, controllable microstructure, and high
membrane permeability compared with other geometries. However,
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Fig. 3. (a) Schematic illustration of the fabrication steps of a tubular SiC membrane through ceramic processing and SEM images of the surface microstructure of SiC
membranes fabricated with different sintering additives: (b) alumina; (c) alumina and yttria; (d) boron and graphite; (e) iron.

their poor mechanical stability and brittleness limit their usage by in-
dustries. Therefore, the development of SiC hollow-fiber membranes is
still only at an academic level.

3. Applications of SiC membranes

The above section presented and discussed the preparation of SiC
supports and membranes. The key properties of developed SiC mem-
branes give these membranes great potential for use in many different
applications. In this section, therefore, the modes for filtration are
reviewed along with the various applications of SiC membranes in water
treatment, wastewater treatment, and other contexts. The results from
different applications of SiC membranes are summarized in Table 3.

3.1. SiC membrane filtration modes

SiC membrane filtrations are pressure driven, and applications can
be defined in three main categories: crossflow, dead-end, and semi-dead-
end filtration. During crossflow filtration, a flow tangential to the
membrane surface provides shear forces that wash away fouling, such as
filter cakes of small particles or biofouling. The induced crossflow is
significantly larger than the permeate flow through the membrane in
order to reduce deposition of material onto the membrane. Crossflow
filtration offers advantages when a large fraction of the total suspended
solids (TSS) consists of smaller particles, as continuous operation can be
carried out [100,101]. In the dead-end configuration, the feed flow is
perpendicular to the membrane, and all of it passes through [102]. This
is the simplest configuration and must be operated in batch mode, as
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Fig. 4. Schematic representation of the synthesis procedure of a flat sheet SiC membrane via the pre-ceramic precursors route.

Table 2
Summary of the advantages and disadvantages of the colloidal and pre-ceramic
polymer approaches used to fabricate SiC membranes.

Deposition of colloidal
solutions

Deposition of pre-ceramic polymeric
precursor

Advantages e Simple route
Easy to control
Easy to scale-up

e Simple route

Membranes with controlled
structure

Low pyrolysis temperature
Potential blocking of pores due to

Disadvantages e High sintering

temperature penetration of the polymeric
o Multiple layer precursor

coatings e Shrinkage of structure
e High cost e Multiple layer coatings

Limitation on
membrane pore size

there is no built-in discharge of the retentate. Dead-end filtration is
beneficial when dealing with relatively clean feedwater or, on the other
end of the spectra, when feed waters with high TSS levels make a
crossflow difficult or impossible to perform. The submerged membranes
in membrane bioreactors are an example of the latter situation
[103,104]. Semi-dead-end filtration is similar to dead-end filtration in
that all of the feed flow passes through the membrane. However, semi-
dead-end filtration can be operated continuously, as the membrane
vessels allow periodical flushes to empty the high-pressure side of the
membrane for concentrated retentate with a backwash. This configu-
ration is typically chosen for medium TSS levels—that is, when there are
too many suspended solids for an efficient true dead-end filtration but
not enough for an efficient crossflow filtration [105]. Submerged
membranes, such as the flat-sheet membranes in membrane bioreactors,
may be categorized as being in a semi-dead-end filtration mode.

| - -~

3.2. Wastewater treatment

3.2.1. Oily wastewater

Due to their high chemical resistance, SiC membranes are robust and
can withstand periodical chemical cleaning, which is applied in waste-
water treatment. As an example, olive oil production results in the
production of large amounts of wastewater with high levels of oils and
other organic compounds such as polysaccharides, phenols, and pro-
teins. MF membranes from LiqTech have been studied for the treatment
of olive mill wastewaters, and showed high removal efficiency of sus-
pended solids (>99%) oil and grease (75%-84%), and chemical oxygen
demand (COD) (38%-53%) as shown in Fig. 6a [117]. The membrane
was operated in crossflow mode (2 m/s) at a flux of 100 LMH, with the
TMP increasing from 0.02 to 0.50 bar over the 7 h of filtration due to
membrane fouling. However, back-pulses every 10 min and hourly
backwashes proved to efficiently mitigate and remove fouling, while
chemical cleaning at 60 °C with 4% (w/w) NaOH efficiently removed oil
and grease as well as other organic compounds from the membrane
surface.

The performance of membranes for treatment of produced water has
been studied by comparing different membranes made of polytetra-
fluoroethylene (PTFE), polyvinylidene fluoride (PVDF), poly-
acrylonitrile (PAN), ZrO, and SiC [121]. The study showed that PTFE
and SiC membranes outperformed the other membranes in terms of low
development of irreversible fouling, as both membrane materials have
high chemical stability and heat resistance, thus they can efficiently be
cleaned at high temperatures and in a wide range of pH [46,122].
However, due to their hydrophilic surface and high chemical resistance,
SiC membranes show superior water permeability and oil retention,
hence good potential for separations in the oil and gas industry
[106-109,121]. Zsirai et al. [106] compared the water permeability and
retention of oil and grease (O&G) during the MF and UF filtration of
produced water with SiC and TiO; membranes. Comparable removal

40pum
m

Fig. 5. (a) Macroscopic view; (b) SEM image of the overall cross-section; (c) SEM image of a local enlarged cross-section of the SiC hollow-fiber membranes reported

in Ref. [89]. (Published by the Royal Society of Chemistry).
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Table 3
Summary of results from the literature on the application of SiC membranes.
Application Membrane Filtration mode Flux Remarks Ref.
Produced water SiC MF' and Crossflow (pilot) 1300-1800 LMH® e SiC membranes have higher permeabilities than TiO, but [106]
UF? also higher fouling propensities
e 70%-80% oil removal for MF, 80%-90% for UF
Produced water SiC MF and UF Crossflow (pilot) 700 LMH long-term flux, i. e Citric acid, NaOH, and backwash are efficient for [107]
e., 1300 LMH/bar membrane cleaning
permeability e Membranes become more hydrophobic over time
Shale flowback water SiC MF Dead-end 20%-90% flux decline e Floc breakage affects membrane fouling [108]
depending on flowback
water composition
Oily wastewater UF Crossflow e 96% oil rejection [109]
o Optimal crossflow velocity 0.5 m/s
Oily wastewater >MF (pore size Dead-end e 89%-93% oil retention (oil concentration of 1557 mg/L) [110]
3.7-6.5 pm) e >13000 LMH/bar pure water pure water permeability
Oily wastewater MF flat sheet Submerged 10-15 LMH e SiC employed as a submerged flat sheet in membrane [111]
membrane bioreactor (MBR)
(membrane o Efficient removal of pollutants: heavy metals (29%-97%),
bioreactor) phenols (up to 100%), BTEX (up to 100%), PAHs (up to
100%), and total organic carbon (TOC) (96%-98%)
Synthetic oily wastewater MF Dead-end 64 LMH steady-state flux [112]
trans membrane pressure
(TMP) = 1 bar
Backwash water and dam SiC MF Dead-end (pilot) 102-280 LMH o Efficient removal of particles by SiC membranes [113]
water o Higher backwash cleaning efficiency and less fouling than
polymeric membranes
Surface water SiC UF Semi-dead-end 150 LMH e SiC and TiO, membranes less prone to fouling than Al,O3, [114]
ZrO,, and polymeric membranes
Drinking water Arsenic SiC MF Dead-end (pilot) 400-600 LMH, 0.25 bar e 95% arsenic reduction [115]
removal o Efficient backwash in semi-dead-end mode
Swimming pool water SiC MF Dead-end 45.7 LMH e Removal of submicron-sized particles is higher for SiC MF [116]
treatment membranes than for conventional sand filters
Olive mill wastewaters SiC MF Crossflow 100 LMH, 0.02-0.50 bar o 75%-84% removal of oil and grease, removal of suspended ~ [117]
TMP solids
Membrane bioreactor SiC MF Submerged 20 LMH e High chemical oxygen demand (COD) removal (94%) with ~ [118]
membranes SiC-coated inorganic membrane
Anaerobic membrane SiC MF Submerged 10 LMH e 93.5% organic removal efficiency [119]
bioreactor for domestic membranes o Methane productivity 0.094 + 0.069 L CH, g~! COD
and food wastewater removed
e Operation at high total and volatile solids concentrations
Microalgae harvesting SiC MF Immersed 60 LMH e Dosing PaCl reduces fouling layer resistance and [120]

irreversibility and polysaccharide concentration in
permeate

Blank spaces correspond to unavailable data.
1 MF: microfiltration; 2 UF: ultrafiltration; 3 LMH: flux unit (I/h/m?)

rates of 0&G were found with the MF and UF SiC and TiO, membranes
(70%-80%), but the permeability of the SiC membranes was signifi-
cantly higher than that of the TiO, membranes. Higher permeability is
beneficial for low-footprint installations, which are crucial in oil and gas
industry applications. However, the membranes were found to be prone
to membrane fouling, calling for efficient cleaning strategies to sustain
permeability. This study was followed by an analysis of backwash and
cleaning in place (CIP; using 6% (w/w) NaOH and citric acid) for peri-
odical membrane cleaning [107]. The analysis showed that a flux of 700
LMH (transmembrane pressure (TMP) = 0.55-0.60 bar) could be sus-
tained. However, it was found that the membrane surface became more
hydrophilic during filtration. It was estimated that the high permeability
enables a flow per footprint area of 7.2 m/h (m3/m?/h) for a Veolia
system and 7.8 m/h for a LiqTech system. These footprints are slightly
lower than the footprint of induced gas flotation upstream to the
filtration system. He and Vidic [108] compared the performance of SiC
and Al,O3 MF membranes in terms of fouling propensity during the
filtration of flowback water. However, no effect of electrostatic in-
teractions on the fouling of the two membranes was found, due to the
high salinity of the flowback water. The main fouling mechanism was
intermediate pore blocking and was severely elevated by oil floc
breakage at high shear levels. On the other hand, Zoubeik and Henni
[109] found that the main fouling mechanism during UF with a SiC UF
membrane (0.04 pm pore diameter) was cake formation. To reduce cake
formation, an optimal crossflow velocity of 0.5 m/s was applied, along
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with a TMP of 0.9 bar. These contradictory results regarding fouling
mechanism may be a result of different pore sizes, as MF membranes
with larger pore sizes are more prone to pore blockage than UF mem-
branes. A strategy to reduce membrane fouling involves the surface
modification of membranes. In this regard, it has been shown that SiC
membranes (10 um particles for support and 2 um SiC particles for in-
termediate support layer) can be coated with y-Al;O3 to reduce fouling
while elevating oil rejection to 99.9%. A steady-state flux of 64 LMH was
reached at 1 bar TMP. Although most studies have shown the ranges of
oil retention in MF and UF ranges, Das et al. [110] showed high oil
retention (89%-93%) even with pore sizes as large as 3.7-6.5 um. This
finding can be explained by the hydrophilicity of the SiC material, but
also depends on the stability of the oil-in-water suspension.

An alternative to the direct filtration of oil and gas wastewater
treatment is to apply membranes in a membrane bioreactor (MBR) that
employs simultaneous biological degradation and filtration. This has
been demonstrated at the pilot scale using submerged flat-sheet SiC
membranes. The results show efficient removal of heavy metals
(retained in sludge, 29%-97%), phenols (up to 100%), BTEX (up to
100%), PAHs (up to 100%), and total organic carbon (TOC) (96%-98%)
[111].

As with other applications, the SiC treatment of oily wastewaters
suffers from membrane fouling. In general, membranes with small pores
are fouled by the formation of a cake layer, as oil droplets are retained
and deposited on the membrane surface, whereas membranes with
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Fig. 6. (a) Rejection of TSS, oil and grease, TOC and COD in treatment of olive mill wastewater, adapted from [117]; (b) illustration of fouling of SiC membranes by
oil in presence of anionic and cationic surfactants, adapted with permission from Ref. [123]. Copyright Elsevier 2020.; (c) process scheme for a system to recover
water from sand filter backwash; (d) Permeate and retentate samples from MF of backwash water.

larger pores the same size as (or larger than) the oil droplets suffer from
pore blocking [123]. In this case, fouling depends more on the surface
charge interactions between the oil and the membrane, as illustrated in
Fig. 6b. If the membrane and oil droplets have the same charge
(anionic), oil droplets are repelled from the membrane surface and
retained; hence, a fouling layer is formed near the membrane surface
[123]. If, however, the oil droplets and membrane have opposite
charges, the oil droplets can deform and enter through the pores,
resulting in high water flux but poor oil retention. The rate of fouling
also depends on the flux (hence indirectly on the TMP), as a higher flux
promotes faster accumulation of oil droplets near the membrane and a
higher chance of adsorption and blocking of pores [123]. Hence, in
order to limit fouling and ensure high retention, it is crucial to ensure
that the emulsions are stable. This has been demonstrated by Virga et al.
[124] and Shi et al. [125], who have shown that high retention and low
fouling can be obtained by tuning ionic strength and by surfactant
addition. To limit fouling, it is recommended to operate at a sustainable
flux or TMP, which can be determined by TMP or flux step experiments
and, to enhance crossflow velocity [126].

3.2.2. Sand filter backwash water recovery

Another application of SiC membranes for wastewater treatment is
the recovery of backwash water. The recovery of backwash water from
sand filters has been demonstrated by the use of commercial membranes
at an industrial dairy site (Arla Food Ingredients). The backwash water
from sand filters is characterized by a high content of suspended
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solids—mainly iron oxides (ochre) and manganese oxides—and,
potentially, organic matter. Fig. 6¢ shows a block diagram of the process,
showing that the backwash water is prefiltered with a 200-400 pm
prefilter before being treated with SiC crossflow MF. The system suc-
cessfully removed the total suspended solids (99.9%) in the feed stream,
and the TSS content in the feed stream (660 mg/L) was reduced to 0.7
mg/L in the permeate. Samples of retentate and permeate are shown in
Fig. 6d. The total microbial load of the feed stream was also successfully
reduced from 275 CFU/mL in the feed to 61 CFU/mL in the permeate,
which is well below the accepted levels of 200 CFU/mL for drinking
water. In addition, SiC membrane filtration was shown to efficiently
remove heavy metals from the feed stream.

3.2.3. Membrane bioreactors

MBRs are becoming increasingly widespread for wastewater treat-
ment, as they have advantages in comparison with conventional acti-
vated sludge (CAS) processes in that they allow the independent
operation of the biological treatment and separation process. In the CAS
process, organic matter is degraded and nutrients are removed in mi-
crobial processes, which are followed by sedimentation to produce a
clear supernatant for discharge and sludge. In MBRs, membranes are
integrated into the bioreactor. The membrane ensures high permeate
quality, ideally free of bacteria. In addition, the filtration solution is less
space consuming than the sedimentation process, and the rate of
filtration can be increased, resulting in a more flexible operation that
makes it possible to increase the flow through the wastewater treatment
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system without flushing out the microorganisms. Polymeric membranes
currently dominate the market, as they have a lower cost, but ceramic
membranes offer a longer lifetime and have therefore been investigated
for application in MBRs [127]. Therefore, Cembrane has developed and
commercialized MBR modules of immersed flat “hollow” sheets of SiC
membranes that draw water from the sludge under a vacuum and pro-
duce a clean effluent. A recent study examined the treatment of syn-
thetic industrial wastewater with tubular ceramic membranes coated
with SiC [118]. As with other MBR processes, the membranes were
scoured with air to prevent fouling. Membranes coated with SiC showed
a higher removal of COD (94%) compared with uncoated membranes
(87%), which was explained by the lower pore size of the SiC-coated
membrane (0.5 pm vs. 1.5 pm). The initial flux declined from 235
LMH and 128 LMH to reach a steady-state fluxes of 50 LMH and 20 LMH
for uncoated and coated membrane, respectively. However, membrane
cleaning efficiently restored permeability.

Another promising application of SiC membranes is anaerobic MBRs
(AnMBRs). Compared with polymeric membranes, ceramic membranes
can be operated with higher TSS and volatile suspended solids (VSS)
concentrations, as they are less prone to fouling and a higher shear can
be applied to avoid fouling [119]. Operation at high VSS concentrations
ensures high methane production, which can be obtained with mem-
brane filtration while ensuring low hydraulic retention time (HRT).
Accordingly, Cho et al. [119] operated an AnMBR treating domestic and
food wastewater with a stable flux of 10 LMH and a methane produc-
tivity of 0.094 + 0.069 L CHy g™ 1.

3.2.4. Wet scrubber process water

Exhaust from marine engines must meet regulations from the Inter-
national Marine Organization (IMO); as a solution, the exhaust can be
passed through a scrubber [128]. In closed-loop wet scrubber systems,
the water will absorb sulfur oxide particles along with, for example,
heavy metals and must be cleaned before reuse or discharge into the sea.
To this end, sophisticated systems with both pre- and post-filtration can
be utilized. One example exploiting SiC membrane technology is
explained in the following example, and illustrated in Fig. 7.

Engine exhaust is treated in a wet scrubber, where it is washed with
water that thereby becomes contaminated. The water flow is recircu-
lated from a process tank, from which a bleed-off is led to a water
treatment unit (WTU) containing SiC UF membranes. Before filtration,
there are several potential prefiltration options, including coagulation,
pH adjustment, hydrocyclones, flocculators, or centrifuges [129]. In this
example, the bleed-off process stream (WTU feed) first meets a break
tank, followed by coagulation and/or flocculation and a pH-adjustment
step in which a coagulant such as FeCl3 or AlCl; is dosed along with, for
example, NaOH to adjust the pH to an optimum value for coagulation
(ranging from 7.5 to 9.5) [104,130]. The main purpose of the coagula-
tion as a pretreatment in this setting is to increase the size of smaller
particles that have a high potential for fouling the SiC membranes. In
addition to increasing the size of the particles, which makes the particles
less likely to pass through or foul the membrane, coagulation also targets
heavy metals, including those in the particles that will be retained [131].
The coagulated feed water then passes through the next pretreatment
step, such as a centrifuge or hydrocyclone. This step reduces the TSS and
levels out peaks in the TSS to protect the membranes. Wastewater from
the pretreatment is directed to the post-treatment, while the pretreated
feedwater is treated by a crossflow UF SiC membrane unit with peri-
odical backwash and CIP for membrane cleaning. Sludge produced from
backwash is passed to post-treatment along with the crossflow loop
retentate, while waste from chemical CIP is recirculated back to the
process tank and treated again. Pretreatment waste, backwash sludge,
and retentate from the filtration are combined in a sludge tank and
flocculated by polymer addition. The sludge is then dewatered in a filter
press, and the dry cake is stored for disposal. Reject water from the
dewatering is returned to the process tank to be treated again [128].
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3.3. Water treatment

3.3.1. Drinking water and backwash water from sand filters

Due to its high permeability and low footprint, SiC has the potential
to replace sand filters in treating low-turbidity water, such as in drinking
water treatment and the treatment of pool water. Membranes have ad-
vantages over sand filters in the relatively low volume required for
backwashing, as sand filters require approximately 10% of the filtrated
water for backwashing, which produces large amounts of dirty back-
wash water to be handled, corresponding to a 5%-10% water loss.
Therefore, filtration with SiC membranes may replace sand filters;
alternatively, SiC membranes can be installed to treat the large amounts
of backwash water being produced every day at waterworks [113]. With
low concentrations of suspended solids, MF membranes can be operated
in semi-dead-end mode. Mueller et al. [113] showed that SiC mem-
branes with mean pore sizes of 0.5 um can reduce the particle counts in
filtrate to values below the requirements for drinking water. However,
after backwash, there are no protective fouling layers, which results in
high particle counts in the permeate during the first minutes after
backwash. Compared with a 0.01 ym polymeric membrane, the SiC
membrane had less fouling formation, which was explained by the SiC
membranes adsorbing less polysaccharides [113]. The lower fouling
potential of SiC membranes in comparison with polymeric membranes
has also been observed during the treatment of surface water. Fig. 8a
presents the amount of reversible and irreversible fouling developed
during filtration of surface water using different ceramic and polymeric
membranes. The figure clearly show that SiC and TiO, membranes are
less prone to reversible and irreversible fouling compared with poly-
meric, AlyO3, and ZrO, membranes [114].

3.3.2. Heavy metal removal

In industrial and academic contexts, SiC membranes are being
developed and applied for the removal of heavy metals from drinking
water and wastewater. Again, their high permeability, as well as their
chemical robustness, make SiC membranes appropriate to treat harsh
chemical waste streams. Heavy metals can be removed from wastewa-
ters in the mining industry, anodizing industry, flue gas condensates,
and so forth [132]. The reclamation of heavy metal ions may also
facilitate the recovery and reuse of valuable rare earth materials.

In the removal of heavy metals from drinking water, the metals are
first coagulated, for example by the addition of coagulant or by oxida-
tion (by the aeration or addition of NaOCI oxidant). Coagulation allows
the metals to be retained by MF membranes rather than requiring
expensive and energy-consuming nanofiltration. For the treatment of
groundwater containing arsenic, Gruppo Zilio S.r.L. has proposed the
process outlined in Fig. 8b, combining oxidation, flocculation and MF
before reverse osmosis (RO) and ion exchange [115]. It was demon-
strated that the combination of oxidation with NaOCl followed by MF
with a pore size of 500 nm can reduce the concentration of arsenic from
99 mg/L to 2 pg/L in drinking water [115]. During the MF filtration
process, the flux was kept stable in the range of 400-600 LMH with a
TMP of 0.25 bar by applying frequent backwashing.

3.3.3. Pool water treatment

For pool water filtration, MF membranes are used commercially for
removal of bacteria and viruses. Skibinski et al. [116] studied the use of
an MF SiC membrane with a mean pore size of 350 nm. Recirculating
pool water was treated with surrogate colloids (50 and 500 nm micro-
spheres and MS2 bacteriophages) to resemble bacteria and viruses.
Filtration experiments showed that the removal rate of surrogates was
positively affected by the salts in the pool water, leading to agglomer-
ation and higher retention. Over 150 min filtrations, the removal rates
for larger colloids increased due to pore blockage. Although retention
was not complete, the removal performance still exceeded that of con-
ventional sand filters without coagulation.
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Fig. 8. (a) Amount of reversible and irreversible fouling developed during filtration of surface water. Adapted with permission from Ref. [114]. Copyright Elsevier
2011. and (b) process scheme for the treatment of groundwater containing arsenic, modified with inspiration from Ref. [115].

3.3.4. Pretreatment before reverse osmosis

Water is conventionally pretreated by UF or MF before being treated
by RO, mainly to reduce the stress on the RO membranes and reduce
fouling. SiC membranes have proven their potential for this purpose, as
they offer high permeability and leave a high-quality effluent to be
handled by the RO membranes. This potential has been demonstrated by
treating seawater by UF filtration using SiC membranes prior to desali-
nation by RO, which successfully reduced the amount of bacteria and
colloids to reduce biofouling and maintain performance [133]. SiC UF
membranes are also being used for the pretreatment of brackish water.
Well water is pretreated by HyS removal and coagulation before UF with
flat-sheet SiC membranes to remove particulates and colloids of iron
oxides, silt TOC, and bacteria. This is followed by RO for drinking water
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production [134,135]. Similarly, SiC membranes can be used for the
pretreatment of flue gas condensate in power plants before RO treatment
[136]. Again, efficient filtration in this situation depends on the coag-
ulation of heavy metals prior to UF treatment.

3.4. Food and biotechnology

SiC membranes have been making inroads into food and biological
applications and have recently been certified for use in the food industry
[137,138]. This section describes the (few) recent applications in the
food and biotechnology fields including fish proteins and microalgae
recovery, beer clarification, and implementation with enzymes.
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3.4.1. Fish proteins

Due to their chemical and thermal stabilities, SiC membranes can be
an effective filtration media for recovering fish proteins. For example,
Osman et al. [137] investigated the performance of SiC UF membranes
in filtering two herring spice brines for the recovery of biomolecules
such as proteins, fatty acids, and minerals for fishmeal (feed). The
retentates contained 75%-82% of the protein and 75%-100% of the
fatty acids from the initial feed stream brines. The fat (amino acids) was
fully recovered in the retentate; however, the recovery of the phenolic
compounds ranged from 0 to 39%. The results obtained in this study
demonstrate that SiC UF membranes can recover biomolecules from
marinated herring brines, although optimization of the pretreatment
process is required.

3.4.2. Microalgae harvesting

In recent studies, SiC membranes have also been applied to micro-
algae harvesting [120,139-141]. Microalgae harvesting is a promising
source of bioactive ingredients, such as polyunsaturated fatty acids,
pigments, vitamins, and peptides. Fig. 9 shows a conventional process
for producing microalgae powder. The biomass (TSS 0.5-1 g/L) was
cultivated on industrial wastewater from Novozymes factory in
Kalundborg (Denmark) and treated with MF to for a slurry (TSS 50-70
g/L) followed by centrifugation to form a paste (200-300 g/L) and
finally drying the paste to form a powder [141]. Several microalgae
species including Monodopsis subterranea, Nannochloropsis salina, Duna-
liella salina, Phaeodactylum tricornutum, Chlorella vulgaris, Chlorella sor-
okiniana, Chlorella pyrenoidosa, and Desmodesmus sp. have been
evaluated [139,140]. In these harvest performance studies, Arthrospira
platensis [141], Microcystis sp. [120], and Dunaliella salina [142]
exhibited a unique and identical flux pattern, while the performance of
the harvest was found to be highly species dependent. The cell recovery
efficiencies were higher than or equal to 98% for all microalgae species,
and no cell rupture was observed. The filtration volume concentration
ratio varied between 10 and 30, depending on the microalgae cell size,
shape, and other parameters. In a field trial carried out for the harvesting
of Dunaliella salina using a SiC membrane with a pore size of 1 pm, a total
cell loss to the permeate of 3% was observed [142]. Dunaliella salina is a
relatively big microalgae with no cell wall; thus, the filtration process
can damage the cell. The dry-wet percentage was increased to 10% with
a stable flux of 200-250 LMH and a concentration factor of 6. These
findings provide support for the assumption that SiC membrane filtra-
tion can be a robust and reliable method for the downstream processing
of microalgae. Ljubic et al. [141] found that MF with a 3 um SiC
membrane may cause moderate cell damage to Arthrospira platensis,
while applying MF followed by centrifugation resulted in severe cell
damage. Arthrospira platensis has a spiral shape of multicellular
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(50-70 g/L)

Membrane filtration
SiC membrane, 0.5-0.1 pm

Cultivation
0.5-1 g/L biomass
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cylindrical filaments in an open helix with a length from 0.3 to 1 mm.
Due to this large size and fragile cellulose-free cell wall, Arthrospira
platensis is sensitive toward external stress.

Park et al. [120] studied the SiC membrane fouling mechanism in
algal-rich water. The relationship between the fouling mechanism and
different levels of coagulant was investigated as a measure of filtration
resistance through a constant flow operation mode. The study showed
that a certain amount of coagulant may reduce the filtration resistance,
whereas the filtration resistance irreversibly increased when the coag-
ulant dosage was above optimum levels. In a recent study, Kim et al.
[143] reported an extremely low tendency of fouling by algal substances
for SiC membranes due to their high hydrophilicities and negatively
charged surfaces. During the filtration of an artificial feed stream with
high concentrations of algae (Chlorella sp.), the SiC membrane was able
to operate at a very high flux (150 L m 2 h~!) compared with a polymeric
membrane (5 L m2 h™!) under the same process conditions. These
findings indicate that the SiC membrane filtration is a practical and
feasible technique for microalgae harvesting and concentration. More-
over, a SiC MF system was also used to remove microorganisms, solids,
and debris from growth media for microalgal growth. With the use of
0.4 um SiC MF membranes, coliform, E-coli, and colony-forming units in
the growth media were reduced by 99.88%, 99.59%, and 99.97%,
respectively [144].

3.4.3. Beer clarification

Another application of SiC membranes in the food and beverage
industry is beer clarification. Beer clarification can be a critical stage of
the brewing process, since it is required to reduce the turbidity of the
finished product caused by lactic bacteria and yeast. Saint-Gobain
commercially demonstrated the use of a recrystallized SiC (R-SiC)
membrane for clarification and stabilization (yeast and lactic bacteria
removal) purposes, and found that the R-SiC membranes could keep a
permeate flux of 50-100 LMH while ensuring a log removal value of
yeast >4 [145]. The R-SiC membrane has been successfully tested in a
series of pilot-scale studies on beer (0.25 um), wine (0.6 um), and co-
conut milk (0.25 um and 0.6 pm).

3.4.4. Industrial biotechnology

Studies have also shown promising performances of SiC membranes
in industrial biotechnology applications. For example, SiC membranes
can serve as stable substrates for covalent enzyme immobilization. This
has been demonstrated by treating membranes with NaOH to form hy-
droxyl groups on the SiC membranes in order to covalently bind the
enzyme alcohol dehydrogenase (ADH). The functionalized membrane
could then be used in a membrane catalytic reactor to continuously
produce methanol from formaldehyde [146]. In general, ceramic SiC

Paste
(200-300 g/L)

u
.

Drying
Spray drying, freeze drying

Concentration
Centrifuge, Spiral plate, etc.

Fig. 9. Downstream processing of microalgae involving biomass cultivation, MF, centrifugation, and drying to form a powder of microalgae.
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membranes are expected to have significant potential for industrial
biotechnological applications, as they can withstand harsh conditions,
such as those in fermentation and biorefining.

3.5. SiC membrane cleaning methods

SiC membranes are conventionally cleaned by physical and chemical
cleaning. Physical cleaning covers backwashes, such as the reversal of
flow through the membrane, and air scouring during relaxation, such as
a break in permeation during which there is no transport of foulants to
the membrane. The latter is primarily used in membrane bioreactors. In
addition, the mechanical stability of ceramic membranes enables
backwash at higher fluxes (3000-9000 LMH) with higher efficiencies
than conventional polymeric MF backwash fluxes (200-300 LMH)
[113]. In addition, the high physical robustness of ceramic membranes
allows for cleaning with back-pulsing or back-hammering [147]. During
back-pulsing, compressed air is introduced through the permeate line
and is pressed through the membrane to remove fouling deposits and
unblock pores. In addition, applying a high crossflow velocity during
filtration is beneficial, as it prevents larger particles from depositing
onto the membrane to block a pore [148]. However, it should be noted
that applying high crossflow velocities is expensive, as it is energy
consuming and requires large crossflow pumps. Therefore, the trade-off
between fouling reduction and energy consumption should be investi-
gated for each specific application. In addition, crossflow results in a
selection of particles, as larger particles are removed more easily than
smaller (colloidal) particles. Hence, at higher crossflow velocities, it is
mainly smaller particles that deposit on the membranes to form dense
cakes or to block the pores of the membrane [148].

Chemical cleaning is conventionally carried out using acids and
chelating agents to remove mineral deposits (scaling) and alkaline
cleaning agents in combination with surfactants and oxidizing agents,
such as NaOCl, to remove organic fouling, such as biofilms [44]. For
cleaning under milder conditions, enzymes have also shown promise for
degrading organic fouling layers, such as biofilms. Polymeric mem-
branes are often limited to cleaning temperatures of 40-45 °C, whereas
ceramic SiC membranes can be cleaned at higher temperatures and
within a broad pH interval of 0-14. The high chemical resistance of SiC
membranes enables the application of harsher cleaning methods, such as
ultrasonic cleaning and ozonation. Alresheedi et al. [45] studied the
effect of ozonation and compared it with conventional NaOH and NaOCl
cleaning. They found that ozonation is more efficient (less time-
consuming) and less expensive than conventional cleaning. Ultrasonic
cleaning is also an emerging technique for fouling control and mem-
brane cleaning, as presented in a recent review article [149]. Alternative
approaches are also being developed, such as electrochemical degra-
dation of fouling layers on electrically conductive membranes [150] and
functionalized membranes (e.g., photocatalytic) for the degradation of
organic fouling layers [151]. Furthermore, Lohaus et al. [152] investi-
gated the direct joule heating of SiC membranes to control fouling and
showed that fouling resistance was reduced by up to 30% compared with
regular backwash. Another way to clean SiC ceramics is by air nano-
bubbles, as the collapse of nanobubbles leads to the formation of reac-
tive oxygen species, which are able to degrade organic fouling layers
[153]. This effect has been demonstrated on SiC membranes fouled with
humic acids and showed the complete removal of fouling and the
restoration of flux.

Finally, a key strategy to reduce membrane fouling is to monitor and
control the feedwater quality; that is, reducing feedwater TSS by
filtration or centrifugation reduces the load on the membrane. Coagu-
lation is also a common pretreatment before membrane filtration, as it
efficiently removes smaller colloids that can potentially block mem-
brane pores irreversibly [154,155].
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4. Commercialization of SiC membranes

Extensive research has been done on SiC membrane fabrication and
technology to enable the commercialization of SiC membranes. At pre-
sent, several types of SiC membranes with different configurations (e.g.,
tubular, flat-sheet, and disc) and characteristics (e.g., pore sizes, di-
ameters, and length), which make them suitable in different applica-
tions, are commercially available. Table 4 presents these products in
respect to producer, product name, geometry, dimensions/membrane
area, features, and applications. The main SiC membrane providers in
the market are LiqTech Ceramic A/S (Denmark), Alsys Group (France),
Saint-Gobain Performance Ceramics & Refractories (Germany) and
Cembrane A/S (Denmark). Fig. 10 shows some examples of commer-
cially available SiC membrane products in tubular (Fig. 10a, 10c, and
10d), flat-sheet (Fig. 10b), and disc (Fig. 10e) configurations. Multi-
channeled tubular and flat-sheet SiC membranes assembled in a mem-
brane module are also demonstrated in Fig. 10a and 10b, respectively.
Multi-channeled tubular SiC membranes dominate over other geome-
tries in large-scale water and wastewater treatment applications, since
they provide a higher filtering surface/volume ratio. In addition to
membrane geometry, membrane module design is a crucial parameter
for providing an increased membrane filtration area. For example, the
membrane module developed by LiqgTech Water A/S (Fig. 10a) combines
99 multi-channeled SiC membranes, resulting in an increased specific
filtration area. SiC flat-sheet membranes are generally used in immersed
units such as MBRs. As shown in Fig. 10b, several SiC flat-sheet mem-
branes have been sandwiched together by CERAFILTEC (Germany) to
form a membrane module. This module arrangement is useful for po-
tential applications due to its easy membrane cleaning and replacement.
On the other hand, the low packing density of SiC disc membranes in-
creases the footprint; therefore, their large-scale application is rather
limited. Thus, the ceramic industry should devote more effort to the
optimization and improvement of SiC disc membrane configuration.

At present, commercially available SiC membranes are positioned in
the MF/UF market segment. The pore sizes of commercial SiC mem-
brane for UF are in the range of 1-100 nm, whereas the pore sizes of SiC
membranes for MF are >100 nm. Regardless of the producer, commer-
cial products with high permeability, stable flux, and good rejection of
particles have been widely applied by the water and wastewater treat-
ment industries, especially for MF applications. Although the industrial-
scale production of SiC membranes has been a well-developed tech-
nology for decades, the manufacturing of membranes with a smaller
pore size and narrower pore size distribution is the main challenge to be
overcome in order to provide solutions to current challenges in water
and wastewater treatment, such as in NF applications.

As indicated previously, the membrane market for water and
wastewater treatment is dominated by polymeric products (around
90%). Industrially applicable commercial polymeric membranes cost
around 50-200 USD/m?, whereas the price of ceramic membranes is
500-1000 USD/m? [156]. Despite the reduced operational and main-
tenance costs of ceramic membranes (due to their longer lifetime and
stronger mechanical properties in comparison with polymeric mem-
branes), their high capital cost (due to the material cost and thermal
treatment) limits their acceptability over polymeric membranes. For
several years, it was expected that ceramic membranes would be able to
narrow the gap, thanks to efforts by the ceramic industry to reduce their
capital costs, such as through optimization of the design of membrane
modules, optimization of operating conditions, the use of low-cost raw
materials, and the development of cheaper fabrication techniques.
Indeed, these recent technical and commercial developments have hel-
ped to reduce the cost of ceramic membranes in the last decade [157].
However, it has been difficult for ceramic membrane producers to
reduce the cost further, due to an absence of economies of scale.
Nevertheless, cost reduction can be achieved if the number of ceramic
membrane implementations increase, especially for large-scale systems.
All things considered, once the ongoing efforts toward decreasing the
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Table 4

The properties of commercial SiC membranes from membrane companies.
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Company

Product Name

Geometry

Dimensions/Membrane
area

Features

Applications

LiqTech Ceramics
A/S, Denmark

ALSYS Group,
France

Cembrane A/S,
Denmark

Saint-Gobain
Performance
Ceramics and
Refractories,
Germany

COM0250305xxx-
03

COM0251016xxx-
03

COM0251178xxx-
03

FSM500100UF-22

CeraMem®

CeraMem®

SiCFS-0175-DO-T-
599

Crystar® FT250
Crystar® FT600
Crystar® FT1000
Crystar® FT3000

Multichannel tubular &
Monotube

Multichannel tubular &
Monotube

Multichannel tubular &
Monotube

Flat-sheet
Disc

Multichannel tubular

Multichannel tubular

Flat-sheet

Multichannel tubular
Multichannel tubular
Multichannel tubular
Multichannel tubular

OD' =25+ 1 mm
L2 =305+ 1 mm
CcD® = 3 mm

Area = 0.09 m?

OD =25+ 1mm
L=1061 + 1 mm
CD = 3 mm
Area = 0.28 m?
OD =25+1mm
L=1178 + 1 mm
CD = 3 mm

Area = 0.33 m?

L =500 + 2 mm
W® =100 + 1.5 mm
T/ =6+ 1.0 mm
Area = 0.106 m?

OD = 374 mm

ID® = 25/91/131 mm
T =4-10 mm

D° = 142 mm

L = 864 mm

CD =2 mm

Area = 10.5 m?

D =142 mm

L = 864 mm

CD =5mm

Area = 5 m?

L =615 mm
W =150 mm
T =6/12 mm

Active membrane
surface: 0.1752 m?

OD =10 mm
L = 400 mm
CD = 6 mm

Filtration area: 0.018 m?/
m

OD = 25 mm
L=1178 mm
CD =17 mm

Filtration area: 0.053 m?/
m

OD = 25 mm

L=1178 mm

CD =3 mm

Filtration area: 0.3 m?/m
OD = 41 mm

L =1200 mm

CD =3 mm

Filtration area: 0.76 m?/
m

e Pore size: 0.1-1 ym

e pH range: 0-14

e Operating pressure: max 10 bar
T™P*

e Temperature tolerance: up to 800 °C

e Flux: >3000 LMH (@ 25 °C-ultra
pure water@1 bar)

e Pore size: 0.2 ym/1 pm

o Nominal pore size: 0.2 um for MF*°
and 50 nm for UF!!

e pH range: 0-14

e Maximum temperature: >130 °C

e Maximum TMP: 10 bar

e Recommended crossflow velocity:
2-3m/s

e Volumetric flow rate for 2 m/s: 50
m®/h

e Pore size: 0.1 ym

e pHrange: 1-13

e Max. permeate flow: 300 L/h

e Maximum backwash pressure: 2 bar

e Operating temperature:

5-60 °C

o Pore sizes:250-3000 nm

e Chemical resistance:0-14 pH value

e Porosity: >40%

e Max. application temperature:

< 1000 °C (in air)

Marine scrubber wash
water

Produced water
Prefiltration for RO®
Industrial wastewater
Pool and spa water

Oil emulsion separation

Wastewater treatment and
reuse

Ground water

Drinking water
Prefiltration for RO

Landfill leachate
Galvanic wastewater
Oil sludge

Algae concentration
Produced water
Wastewater treatment and
recovery

MBR'?

Water treatment
Solids removal from
chemical streams

MBR

Drinking water
Municipal Wastewater
Industrial Wastewater

Food and beverage
clarification

Biotechnology processes
Chemical recovery
Water and wastewater

treatment

Oily wastewater
Prefiltration for RO

All information was taken from companies’ websites.
1 OD: outer diameter; 2 L: length; 3CD: channel diameter; “TMP: trans membrane pressure; 5 RO: reverse osmosis; ® W: width; 7 T: thickness; ® ID: inner diameter; ° D:
diameter; ! MF: microfiltration; ! UF: ultrafiltration; !> MBR: membrane bio reactor.

high capital cost of ceramic membranes (specifically SiC membranes)
are combined with economies of scale, market acceptance of ceramic

membranes will gradually increase.

5. Concluding remarks and future perspectives

SiC supports and membranes can be produced in different shapes and
dimensions on an industrial scale by established ceramic processing
technologies. Thanks to their outstanding robustness and water

permeability, the use of SiC membranes has expanded over the last de-
cades in an increasing number of industrial sectors, including oil and

gas, water purification, wastewater treatment, and the processing of
food and beverages. Moreover, the most recent advances in fabrication
procedures, the use of sintering additives, precursor processing, and
module design make it possible to address two important limitations of
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SiC membranes: namely, the production costs, which are still high
compared to those of ceramic oxides and polymeric membranes, and the
possibility of controlling the pore size in the UF and NF range [18,37].
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Fig. 10. Commercially available SiC membranes for water and wastewater treatment from: (a) LigTech Ceramics; (b) CERAFILTEC; (c) Alsys; (d) Saint-Gobain
Performance Ceramics & Refractories; (e) LigTech Ceramics. (Parts (a) and (c) reprinted under copyright permission by LiqTech Ceramics and parts (b-d) reprin-
ted under copyright permission by CERAFILTEC, Alsys, and Saint-Gobain Performance Ceramics & Refractories, respectively.)

Due to these advancements, new applications for SiC membranes can be
foreseen in the near future. The success of the green transition to pro-
duce chemicals and energy from biorefineries is largely limited by sep-
aration efficiency in the various processes, so there is great potential for
the integration of membranes in different upstream and downstream
processes, such as for process intensification in fermentation and enzy-
matic reactions. In such contexts, the SiC membranes benefit from high
physical and chemical resistance under the harsh chemical and physical
conditions of membrane-integrated fermentation processes. Finally,
there is clear potential for the integration of inorganic SiC membranes
with high permeability and a long lifetime for process intensification
and the purification of products in the pharmaceutical industry.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This paper is a part of a project that has received funding from the
European Union’s Horizon 2020 research and innovation program
under the Marie Sklodowska-Curie grant agreement No. 765860
(AQUALity). The research leading to these results has been implemented
in the frame of the NEXTOWER project. This project has received
funding from the European Union’s Horizon 2020 research and inno-
vation program under grant agreement No. 721045.

References

[1] SDG 6 Synthesis Report on Water and Sanitation, New York, https://
sustainabledevelopment.un.org/content/documents/19901SDG6_SR2018_web_3.
pdf, 2018 (accessed 30 October 2020).

Y. Wada, M. Florke, N. Hanasaki, S. Eisner, G. Fischer, S. Tramberend, Y. Satoh,
M.T.H. Van Vliet, P. Yillia, C. Ringler, P. Burek, D. Wiberg, Modeling global water
use for the 21st century: Water Futures and Solutions (WFaS) initiative and its
approaches, Geosci. Model Dev. 9 (2016) 175-222, https://doi.org/10.5194/
gmd-9-175-2016.

P. Burek, Y. Satoh, G. Fischer, M.T. Kahil, A. Scherzer, S. Tramberend, L.F. Nava,
Y. Wada, S. Eisner, M. Florke, N. Hanasaki, P. Magnuszewski, B. Cosgrove,

D. Wiberg, Water futures and solutions, Int. Inst. Appl. Syst. Anal. (2016) 1-113.

[2]

[3

—

17

[4]

[5

—

[6

—

[71

[8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

M. Kang, H. Chen, Y. Sato, T. Kamei, Y. Magara, Rapid and economical indicator
for evaluating arsenic removal with minimum aluminum residual during
coagulation process, Water Res. 37 (19) (2003) 4599-4604, https://doi.org/
10.1016/50043-1354(03)00426-3.

J. Zhong, X. Sun, C. Wang, Treatment of oily wastewater produced from refinery
processes using flocculation and ceramic membrane filtration, Sep. Purif.
Technol. 32 (1-3) (2003) 93-98, https://doi.org/10.1016/51383-5866(03)
00067-4.

A. Alshameri, A. Ibrahim, A.M. Assabri, X. Lei, H. Wang, C. Yan, The investigation
into the ammonium removal performance of Yemeni natural zeolite:
modification, ion exchange mechanism, and thermodynamics, Powder Technol.
258 (2014) 20-31, https://doi.org/10.1016/j.powtec.2014.02.063.

P.S. Goh, A'F. Ismail, A review on inorganic membranes for desalination and
wastewater treatment, Desalination. 434 (2018) 60-80, https://doi.org/
10.1016/j.desal.2017.07.023.

M. Kamali, D.P. Suhas, M.E. Costa, I. Capela, T.M. Aminabhavi, Sustainability
considerations in membrane-based technologies for industrial effluents
treatment, Chem. Eng. J. 368 (2019) 474-494, https://doi.org/10.1016/j.
cej.2019.02.075.

F.u. Liu, N.A. Hashim, Y. Liu, M.R.M. Abed, K. Li, Progress in the production and
modification of PVDF membranes, J. Memb. Sci. 375 (1-2) (2011) 1-27, https://
doi.org/10.1016/j.memsci.2011.03.014.

B. Chakrabarty, A.K. Ghoshal, M.K. Purkait, Cross-flow ultrafiltration of stable
oil-in-water emulsion using polysulfone membranes, Chem. Eng. J. 165 (2)
(2010) 447-456, https://doi.org/10.1016/j.cej.2010.09.031.

F. Yan, H. Chen, Y. Lij, Z. Li, S. Yu, M. Liu, C. Gao, Improving the water
permeability and antifouling property of thin-film composite polyamide
nanofiltration membrane by modifying the active layer with triethanolamine,

J. Memb. Sci. 513 (2016) 108-116, https://doi.org/10.1016/j.
memsci.2016.04.049.

K. Yoon, B.S. Hsiao, B. Chu, Formation of functional polyethersulfone electrospun
membrane for water purification by mixed solvent and oxidation processes,
Polymer (Guildf). 50 (13) (2009) 2893-2899, https://doi.org/10.1016/].
polymer.2009.04.047.

R. Haddada, E. Ferjani, M.S. Roudesli, A. Deratani, Properties of cellulose acetate
nanofiltration membranes. Application to brackish water desalination,
Desalination 167 (2004) 403-409, https://doi.org/10.1016/j.desal.2004.06.154.
Q. Chang, J.-e. Zhou, Y. Wang, J. Wang, G. Meng, Hydrophilic modification of
Al203 microfiltration membrane with nano-sized y-Al;03 coating, Desalination
262 (1-3) (2010) 110-114, https://doi.org/10.1016/j.desal.2010.05.055.

S. Dong, E.-S. Kim, A. Alpatova, H. Noguchi, Y. Liu, M. Gamal El-Din, Treatment
of oil sands process-affected water by submerged ceramic membrane
microfiltration system, Sep. Purif. Technol. 138 (2014) 198-209, https://doi.org/
10.1016/j.seppur.2014.10.017.

Q. Chang, J. Zhou, Y. Wang, J. Liang, X. Zhang, S. Cerneaux, X. Wang, Z. Zhu,
Y. Dong, Application of ceramic microfiltration membrane modified by nano-
TiO; coating in separation of a stable oil-in-water emulsion, J. Memb. Sci. 456
(2014) 128-133, https://doi.org/10.1016/j.memsci.2014.01.029.

S. Li, C. Wei, P. Wang, P. Gao, L. Zhou, G. Wen, Zirconia ultrafiltration
membranes on silicon carbide substrate: Microstructure and water flux, J. Eur.


https://doi.org/10.5194/gmd-9-175-2016
https://doi.org/10.5194/gmd-9-175-2016
http://refhub.elsevier.com/S1385-8947(21)00421-6/h0015
http://refhub.elsevier.com/S1385-8947(21)00421-6/h0015
http://refhub.elsevier.com/S1385-8947(21)00421-6/h0015
https://doi.org/10.1016/S0043-1354(03)00426-3
https://doi.org/10.1016/S0043-1354(03)00426-3
https://doi.org/10.1016/S1383-5866(03)00067-4
https://doi.org/10.1016/S1383-5866(03)00067-4
https://doi.org/10.1016/j.powtec.2014.02.063
https://doi.org/10.1016/j.desal.2017.07.023
https://doi.org/10.1016/j.desal.2017.07.023
https://doi.org/10.1016/j.cej.2019.02.075
https://doi.org/10.1016/j.cej.2019.02.075
https://doi.org/10.1016/j.memsci.2011.03.014
https://doi.org/10.1016/j.memsci.2011.03.014
https://doi.org/10.1016/j.cej.2010.09.031
https://doi.org/10.1016/j.memsci.2016.04.049
https://doi.org/10.1016/j.memsci.2016.04.049
https://doi.org/10.1016/j.polymer.2009.04.047
https://doi.org/10.1016/j.polymer.2009.04.047
https://doi.org/10.1016/j.desal.2004.06.154
https://doi.org/10.1016/j.desal.2010.05.055
https://doi.org/10.1016/j.seppur.2014.10.017
https://doi.org/10.1016/j.seppur.2014.10.017
https://doi.org/10.1016/j.memsci.2014.01.029

E. Eray et al.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Ceram. Soc. 40 (12) (2020) 4290-4298, https://doi.org/10.1016/].
jeurceramsoc.2020.04.020.

M. Chen, R. Shang, P.M. Sberna, M.W.J. Luiten-Olieman, L.C. Rietveld, S.G.

J. Heijman, Highly permeable silicon carbide-alumina ultrafiltration membranes
for oil-in-water filtration produced with low-pressure chemical vapor deposition,
Sep. Purif. Technol. 253 (2020) 117496, https://doi.org/10.1016/].
seppur.2020.117496.

Z.He, Z. Lyu, Q. Gu, L. Zhang, J. Wang, Ceramic-based membranes for water and
wastewater treatment, Colloids Surf. A 578 (2019) 123513, https://doi.org/
10.1016/j.colsurfa.2019.05.074.

V. Boffa, E. Marino, Inorganic materials for upcoming water purification
membranes, in: C.T. and F.D. on (Bio-) Membranes (Ed.), Elsevier, 2020, pp.
117-140. https://doi.org/https://doi.org/10.1016/B978-0-12-816823-3.00005-
8.

Z. Li, K. Kusakabe, S. Morooka, Pore structure and permeance of amorphous Si-C-
O membranes with high durability at elevated temperature, Sep. Sci. Technol. 32
(7) (1997) 1233-1254, https://doi.org/10.1080/01496399708000958.

Z. Li, K. Kusakabe, S. Morooka, Preparation of thermostable amorphous Si-C-O
membrane and its application to gas separation at elevated temperature,

J. Memb. Sci. 118 (1996) 159-168, https://doi.org/10.1016,/0376-7388(96)
00086-5.

R.J. Ciora, B. Fayyaz, P.K.T. Liu, V. Suwanmethanond, R. Mallada, M. Sahimi, T.
T. Tsotsis, Preparation and reactive applications of nanoporous silicon carbide
membranes, Chem. Eng. Sci. 59 (22-23) (2004) 4957-4965, https://doi.org/
10.1016/j.ces.2004.07.015.

F. Chen, R. Mourhatch, T.T. Tsotsis, M. Sahimi, Experimental studies and
computer simulation of the preparation of nanoporous silicon-carbide membranes
by chemical-vapor infiltration/chemical-vapor deposition techniques, Chem. Eng.
Sci. 63 (6) (2008) 1460-1470, https://doi.org/10.1016/j.ces.2007.12.001.

R. Mourhatch, T.T. Tsotsis, M. Sahimi, Network model for the evolution of the
pore structure of silicon-carbide membranes during their fabrication, J. Memb.
Sci. 356 (1-2) (2010) 138-146, https://doi.org/10.1016/j.memsci.2010.03.045.
T. Nagano, K. Sato, K. Kawahara, Gas permeation property of silicon carbide
membranes synthesized by counter-diffusion chemical vapor deposition,
Membranes (Basel) 10 (1) (2020) 11, https://doi.org/10.3390/
membranes10010011.

W. Wei, W. Zhang, Q. Jiang, P. Xu, Z. Zhong, F. Zhang, W. Xing, Preparation of
non-oxide SiC membrane for gas purification by spray coating, J. Memb. Sci. 540
(2017) 381-390, https://doi.org/10.1016/j.memsci.2017.06.076.

S.Z.A. Bukhari, J.-H. Ha, J. Lee, I.-H. Song, Oxidation-bonded SiC membrane for
microfiltration, J. Eur. Ceram. Soc. 38 (4) (2018) 1711-1719, https://doi.org/
10.1016/j.jeurceramsoc.2017.10.019.

S.Z.A. Bukhari, J.-H. Ha, J. Lee, L.-H. Song, Effect of different heat treatments on
oxidation-bonded SiC membrane for water filtration, Ceram. Int. 44 (12) (2018)
14251-14257, https://doi.org/10.1016/j.ceramint.2018.05.029.

J. Liu, C. Tian, H. Xiao, W. Guo, P. Gao, J. Liang, Effect of B4C on co-sintering of
SiC ceramic membrane, Ceram. Int. 45 (3) (2019) 3921-3929, https://doi.org/
10.1016/j.ceramint.2018.11.065.

S. Li, C. Wei, L. Zhou, P. Wang, Z. Xie, Evaporation-condensation derived silicon
carbide membrane from silicon carbide particles with different sizes, J. Eur.
Ceram. Soc. 39 (5) (2019) 1781-1787, https://doi.org/10.1016/j.
jeurceramsoc.2019.01.008.

B. Elyassi, M. Sahimi, T.T. Tsotsis, Silicon carbide membranes for gas separation
applications, J. Memb. Sci. 288 (1-2) (2007) 290-297, https://doi.org/10.1016/].
memsci.2006.11.027.

B.-K. Sea, K. Ando, K. Kusakabe, S. Morooka, Separation of hydrogen from steam
using a SiC-based membrane formed by chemical vapor deposition of
triisopropylsilane, J. Memb. Sci. 146 (1) (1998) 73-82, https://doi.org/10.1016/
S0376-7388(98)00095-7.

S. Li, C. Wei, L. Zhou, P. Wang, M. Li, Z. Xie, Tuning microstructures and
separation behaviors of pure silicon carbide membranes, Ceram. Int. 45 (15)
(2019) 18788-18794, https://doi.org/10.1016/j.ceramint.2019.06.107.

Q. Jiang, J. Zhou, Y.u. Miao, S. Yang, M. Zhou, Z. Zhong, W. Xing, Lower-
temperature preparation of SiC ceramic membrane using zeolite residue as
sintering aid for oil-in-water separation, J. Memb. Sci. 610 (2020) 118238,
https://doi.org/10.1016/j.memsci.2020.118238.

H. Qiao, S. Feng, Z.-X. Low, J. Chen, F. Zhang, Z. Zhong, W. Xing, AI-DTPA
microfiber assisted formwork construction technology for high-performance SiC
membrane preparation, J. Memb. Sci. 594 (2020) 117464, https://doi.org/
10.1016/j.memsci.2019.117464.

E. Eray, V. Boffa, M.K. Jgrgensen, G. Magnacca, V.M. Candelario, Enhanced
fabrication of silicon carbide membranes for wastewater treatment: From
laboratory to industrial scale, J. Memb. Sci. 606 (2020) 118080, https://doi.org/
10.1016/j.memsci.2020.118080.

H. Suda, H. Yamauchi, Y. Uchimaru, I. Fujiwara, K. Haraya, Preparation and gas
permeation properties of silicon carbide-based inorganic membranes for
hydrogen separation, Desalination 193 (1-3) (2006) 252-255, https://doi.org/
10.1016/j.desal.2005.04.143.

B. Elyassi, M. Sahimi, T.T. Tsotsis, A novel sacrificial interlayer-based method for
the preparation of silicon carbide membranes, J. Memb. Sci. 316 (1-2) (2008)
73-79, https://doi.org/10.1016/j.memsci.2007.09.044.

B. Elyassi, W. Deng, M. Sahimi, T.T. Tsotsis, On the use of porous and nonporous
fillers in the fabrication of silicon carbide membranes, Ind. Eng. Chem. Res. 52
(30) (2013) 10269-10275, https://doi.org/10.1021/ie401116b.

K. Konig, V. Boffa, B. Buchbjerg, A. Farsi, M.L. Christensen, G. Magnacca, Y. Yue,
One-step deposition of ultrafiltation SiC membranes on macroporous SiC

18

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Chemical Engineering Journal 414 (2021) 128826

supports, J. Memb. Sci. 472 (2014) 232-240, https://doi.org/10.1016/.
memsci.2014.08.058.

Q. Wang, L. Yu, H. Nagasawa, M. Kanezashi, T. Tsuru, Tuning the microstructure
of polycarbosilane-derived SiC(O) separation membranes via thermal-oxidative
cross-linking, Sep. Purif. Technol. 248 (2020) 117067, https://doi.org/10.1016/j.
seppur.2020.117067.

Q. Wang, M. Yokoji, H. Nagasawa, L. Yu, M. Kanezashi, T. Tsuru, Microstructure
evolution and enhanced permeation of SiC membranes derived from
allylhydridopolycarbosilane, J. Memb. Sci. 612 (2020) 118392, https://doi.org/
10.1016/j.memsci.2020.118392.

Z. Wang, J. Ma, C.Y. Tang, K. Kimura, Q. Wang, X. Han, Membrane cleaning in
membrane bioreactors: a review, J. Memb. Sci. 468 (2014) 276-307, https://doi.
org/10.1016/j.memsci.2014.05.060.

M.T. Alresheedi, O.D. Basu, B. Barbeau, Chemical cleaning of ceramic
ultrafiltration membranes — ozone versus conventional cleaning chemicals,
Chemosphere 226 (2019) 668-677, https://doi.org/10.1016/j.
chemosphere.2019.03.188.

D. Hotza, M. Di Luccio, M. Wilhelm, Y. Iwamoto, S. Bernard, J.C. Diniz da Costa,
Silicon carbide filters and porous membranes: a review of processing, properties,
performance and application, J. Memb. Sci. 610 (2020) 118193, https://doi.org/
10.1016/j.memsci.2020.118193.

Z.-Y.Luo, W. Han, X.-J. Yu, W.-Q. Ao, K.-Q. Liu, In-situ reaction bonding to obtain
porous SiC membrane supports with excellent mechanical and permeable
performance, Ceram. Int. 45 (7) (2019) 9007-9016, https://doi.org/10.1016/j.
ceramint.2019.01.234.

Y.i. Yang, F. Han, W. Xu, Y. Wang, Z. Zhong, W. Xing, Low-temperature sintering
of porous silicon carbide ceramic support with SDBS as sintering aid, Ceram. Int.
43 (3) (2017) 3377-3383, https://doi.org/10.1016/j.ceramint.2016.11.183.

Y. Yang, W. Xu, F. Zhang, Z.X. Low, Z. Zhong, W. Xing, Preparation of highly
stable porous SiC membrane supports with enhanced air purification performance
by recycling NaA zeolite residue, J. Memb. Sci. 541 (2017) 500-509, https://doi.
org/10.1016/j.memsci.2017.07.040.

H.-Y. Sheng, Y.-W. Kim, L.-H. Song, Processing of silicon-derived silica-bonded
silicon carbide membrane supports, Ceram. Int. 45 (2) (2019) 2161-2169,
https://doi.org/10.1016/j.ceramint.2018.10.126.

J.-H. Eom, Y.-W. Kim, L.-H. Song, Effects of the initial a-SiC content on the
microstructure, mechanical properties, and permeability of macroporous silicon
carbide ceramics, J. Eur. Ceram. Soc. 32 (6) (2012) 1283-1290, https://doi.org/
10.1016/j.jeurceramsoc.2011.11.040.

A. Gubernat, L. Stobierski, P. Labaj, Microstructure and mechanical properties of
silicon carbide pressureless sintered with oxide additives, J. Eur. Ceram. Soc. 27
(2-3) (2007) 781-789, https://doi.org/10.1016/j.jeurceramsoc.2006.04.009.

M. Fukushima, Y. Zhou, Y.-I. Yoshizawa, Fabrication and microstructural
characterization of porous silicon carbide with nano-sized powders, Mater. Sci.
Eng. 148 (1-3) (2008) 211-214, https://doi.org/10.1016/j.mseb.2007.09.026.
M. Fukushima, Y. Zhou, Y.-I. Yoshizawa, K. Hirao, Water vapor corrosion
behavior of porous silicon carbide membrane support, J. Eur. Ceram. Soc. 28 (5)
(2008) 1043-1048, https://doi.org/10.1016/j.jeurceramsoc.2007.09.023.

M. FUKUSHIMA, Y. ZHOU, Y.-I. YOSHIZAWA, K. HIRAO, Oxidation behavior of
porous silicon carbide ceramics under water vapor below 1000 °C and their
microstructural characterization, J. Ceram. Soc. Japan. 114 (1336) (2006)
1155-1159, https://doi.org/10.2109/jcersj.114.1155.

S. Mandal, A. Seal, S.K. Dalui, A.K. Dey, S. Ghatak, A.K. Mukhopadhyay,
Mechanical characteristics of microwave sintered silicon carbide, Bull. Mater. Sci.
24 (2) (2001) 121-124, https://doi.org/10.1007/BF02710087.

S.Z.A. Bukhari, J.-H. Ha, J. Lee, I.-H. Song, Fabrication and optimization of a clay-
bonded SiC flat tubular membrane support for microfiltration applications,
Ceram. Int. 43 (10) (2017) 7736-7742, https://doi.org/10.1016/j.
ceramint.2017.03.079.

X.H. Wang, Y. Hirata, Colloidal processing and mechanical properties of SiC with
Aly03 and Y203, J. Ceram. Soc. Jpn. 112 (1301) (2004) 22-28, https://doi.org/
10.2109/jcersj.112.22.

P.-K. Lin, D.-S. Tsai, Preparation and analysis of a silicon carbide composite
membrane, J. Am. Ceram. Soc. 80 (2005) 365-372, https://doi.org/10.1111/
j-1151-2916.1997.tb02839.x.

R.K. Nishihora, P.L. Rachadel, M.G.N. Quadri, D. Hotza, Manufacturing porous
ceramic materials by tape casting—a review, J. Eur. Ceram. Soc. 38 (4) (2018)
988-1001, https://doi.org/10.1016/j.jeurceramsoc.2017.11.047.

E. Passalacqua, S. Freni, F. Barone, Alkali resistance of tape-cast SiC porous
ceramic membranes, Mater. Lett. 34 (3-6) (1998) 257-262, https://doi.org/
10.1016/S0167-577X(97)00176-6.

M. Fukushima, M. Nakata, Y. Zhou, T. Ohji, Y. ichi Yoshizawa, Fabrication and
properties of ultra highly porous silicon carbide by the gelation-freezing method,
J. Eur. Ceram. Soc. 30 (2010) 2889-2896, https://doi.org/10.1016/j.
jeurceramsoc.2010.03.018.

Ning Wang, Yongsheng Liu, Ying Zhang, Yi Du, Junzhan Zhang, Control of pore
structure during freeze casting of porous SiC ceramics by different freezing
modes, Ceram. Int. 45 (9) (2019) 11558-11563, https://doi.org/10.1016/j.
ceramint.2019.03.025.

H2020 NEXTOWER Project, H2020 NEXTOWER Project Results: Ceramic solar
receiver, (2020). https://www.h2020-nextower.eu/?q=jpnm&sq=res (accessed
October 2, 2020).

W. Guo, H. Xiao, X. Yao, J. Liu, J. Liang, P. Gao, G. Zeng, Tuning pore structure of
corrosion resistant solid-state-sintered SiC porous ceramics by particle size
distribution and phase transformation, Mater. Des. 100 (2016) 1-7, https://doi.
org/10.1016/j.matdes.2016.03.105.


https://doi.org/10.1016/j.jeurceramsoc.2020.04.020
https://doi.org/10.1016/j.jeurceramsoc.2020.04.020
https://doi.org/10.1016/j.seppur.2020.117496
https://doi.org/10.1016/j.seppur.2020.117496
https://doi.org/10.1016/j.colsurfa.2019.05.074
https://doi.org/10.1016/j.colsurfa.2019.05.074
https://doi.org/10.1080/01496399708000958
https://doi.org/10.1016/0376-7388(96)00086-5
https://doi.org/10.1016/0376-7388(96)00086-5
https://doi.org/10.1016/j.ces.2004.07.015
https://doi.org/10.1016/j.ces.2004.07.015
https://doi.org/10.1016/j.ces.2007.12.001
https://doi.org/10.1016/j.memsci.2010.03.045
https://doi.org/10.3390/membranes10010011
https://doi.org/10.3390/membranes10010011
https://doi.org/10.1016/j.memsci.2017.06.076
https://doi.org/10.1016/j.jeurceramsoc.2017.10.019
https://doi.org/10.1016/j.jeurceramsoc.2017.10.019
https://doi.org/10.1016/j.ceramint.2018.05.029
https://doi.org/10.1016/j.ceramint.2018.11.065
https://doi.org/10.1016/j.ceramint.2018.11.065
https://doi.org/10.1016/j.jeurceramsoc.2019.01.008
https://doi.org/10.1016/j.jeurceramsoc.2019.01.008
https://doi.org/10.1016/j.memsci.2006.11.027
https://doi.org/10.1016/j.memsci.2006.11.027
https://doi.org/10.1016/S0376-7388(98)00095-7
https://doi.org/10.1016/S0376-7388(98)00095-7
https://doi.org/10.1016/j.ceramint.2019.06.107
https://doi.org/10.1016/j.memsci.2020.118238
https://doi.org/10.1016/j.memsci.2019.117464
https://doi.org/10.1016/j.memsci.2019.117464
https://doi.org/10.1016/j.memsci.2020.118080
https://doi.org/10.1016/j.memsci.2020.118080
https://doi.org/10.1016/j.desal.2005.04.143
https://doi.org/10.1016/j.desal.2005.04.143
https://doi.org/10.1016/j.memsci.2007.09.044
https://doi.org/10.1021/ie401116b
https://doi.org/10.1016/j.memsci.2014.08.058
https://doi.org/10.1016/j.memsci.2014.08.058
https://doi.org/10.1016/j.seppur.2020.117067
https://doi.org/10.1016/j.seppur.2020.117067
https://doi.org/10.1016/j.memsci.2020.118392
https://doi.org/10.1016/j.memsci.2020.118392
https://doi.org/10.1016/j.memsci.2014.05.060
https://doi.org/10.1016/j.memsci.2014.05.060
https://doi.org/10.1016/j.chemosphere.2019.03.188
https://doi.org/10.1016/j.chemosphere.2019.03.188
https://doi.org/10.1016/j.memsci.2020.118193
https://doi.org/10.1016/j.memsci.2020.118193
https://doi.org/10.1016/j.ceramint.2019.01.234
https://doi.org/10.1016/j.ceramint.2019.01.234
https://doi.org/10.1016/j.ceramint.2016.11.183
https://doi.org/10.1016/j.memsci.2017.07.040
https://doi.org/10.1016/j.memsci.2017.07.040
https://doi.org/10.1016/j.ceramint.2018.10.126
https://doi.org/10.1016/j.jeurceramsoc.2011.11.040
https://doi.org/10.1016/j.jeurceramsoc.2011.11.040
https://doi.org/10.1016/j.jeurceramsoc.2006.04.009
https://doi.org/10.1016/j.mseb.2007.09.026
https://doi.org/10.1016/j.jeurceramsoc.2007.09.023
https://doi.org/10.2109/jcersj.114.1155
https://doi.org/10.1007/BF02710087
https://doi.org/10.1016/j.ceramint.2017.03.079
https://doi.org/10.1016/j.ceramint.2017.03.079
https://doi.org/10.2109/jcersj.112.22
https://doi.org/10.2109/jcersj.112.22
https://doi.org/10.1111/j.1151-2916.1997.tb02839.x
https://doi.org/10.1111/j.1151-2916.1997.tb02839.x
https://doi.org/10.1016/j.jeurceramsoc.2017.11.047
https://doi.org/10.1016/S0167-577X(97)00176-6
https://doi.org/10.1016/S0167-577X(97)00176-6
https://doi.org/10.1016/j.jeurceramsoc.2010.03.018
https://doi.org/10.1016/j.jeurceramsoc.2010.03.018
https://doi.org/10.1016/j.ceramint.2019.03.025
https://doi.org/10.1016/j.ceramint.2019.03.025
https://doi.org/10.1016/j.matdes.2016.03.105
https://doi.org/10.1016/j.matdes.2016.03.105

E. Eray et al.

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Y. Li, H. Wu, X. Liu, Z. Huang, Microstructures and properties of porous liquid-
phase-sintered SiC ceramic by hot press sintering, Materials (Basel) 12 (2019)
10-12, https://doi.org/10.3390/mal12040639.

Manabu Fukushima, Microstructural control of macroporous silicon carbide,

J. Ceram. Soc. Japan. 121 (1410) (2013) 162-168, https://doi.org/10.2109/
jeersj2.121.162.

You Zhou, Manabu Fukushima, Hiroyuki Miyazaki, Yu-ichi Yoshizawa,

Kiyoshi Hirao, Yuji Iwamoto, Koji Sato, Preparation and characterization of
tubular porous silicon carbide membrane supports, J. Memb. Sci. 369 (1-2)
(2011) 112-118, https://doi.org/10.1016/j.memsci.2010.11.055.

Taro Shimonosono, Hikari Imada, Hikaru Maeda, Yoshihiro Hirata, Separation of
hydrogen from carbon dioxide through porous ceramics, Materials (Basel) 9 (11)
(2016) 930, https://doi.org/10.3390/ma9110930.

Zhihui Lv, Tao Zhang, Dongliang Jiang, Jingxian Zhang, Qingling Lin, Aqueous
tape casting process for SiC, Ceram. Int. 35 (5) (2009) 1889-1895, https://doi.
org/10.1016/j.ceramint.2008.10.032.

Jang-Hoon Ha, Sujin Lee, Syed Zaighum Abbas Bukhari, Jongman Lee, In-
Hyuck Song, Seung Jun Lee, Jaeho Chosi, Effects of preparation conditions on the
membrane properties of alumina-coated silicon carbide supports, J. Ceram. Soc.
Jpn. 126 (10) (2018) 860-869, https://doi.org/10.2109/jcersj2.18113.
Jang-Hoon Ha, Sujin Lee, Syed Zaighum Abbas Bukhari, Jae Ryung Choi,
Jongman Lee, In-Hyuck Song, Seung Jun Lee, Jaeho Choi, Preparation and
characterization of alumina-coated silicon carbide supports, Ceram. Int. 43 (12)
(2017) 9481-9487, https://doi.org/10.1016/j.ceramint.2017.04.126.

C. Huang, X. Deng, Y. Sun, G. Sun, X. Guan, The influence of sintering
temperature on properties of silicon carbide porous ceramic filter membrane, Key
Eng. Mater. 655 (2015) 32-35, https://doi.org/10.4028/www.scientific.net/
KEM.655.32.

Yajie Li, Haibo Wu, Xuejian Liu, Zhengren Huang, Dongliang Jiang,
Microstructures and properties of solid-state-sintered silicon carbide membrane
supports, Ceram. Int. 45 (16) (2019) 19888-19894, https://doi.org/10.1016/].
ceramint.2019.06.244.

W. Deng, X. Yu, M. Sahimi, T.T. Tsotsis, Highly permeable porous silicon carbide
support tubes for the preparation of nanoporous inorganic membranes, J. Memb.
Sci. 451 (2014) 192-204, https://doi.org/10.1016/j.memsci.2013.09.059.
Youngseok Kim, Kyungseok Min, Jiin Shim, Deug J. Kim, Formation of porous SiC
ceramics via recrystallization, J. Eur. Ceram. Soc. 32 (13) (2012) 3611-3615,
https://doi.org/10.1016/j.jeurceramsoc.2012.04.044.

Varaporn Suwanmethanond, Edward Goo, Paul K.T. Liu, George Johnston,
Muhammad Sahimi, Theodore T. Tsotsis, Porous silicon carbide sintered
substrates for high-temperature membranes, Ind. Eng. Chem. Res. 39 (9) (2000)
3264-3271, https://doi.org/10.1021/ie0000156.

Feng Wang, Dongxu Yao, Yongfeng Xia, Kaihui Zuo, Jiagiang Xu, Yuping Zeng,
Porous SiC ceramics prepared via freeze-casting and solid state sintering, Ceram.
Int. 42 (3) (2016) 4526-4531, https://doi.org/10.1016/j.ceramint.2015.11.143.
V.S. Kiselov, P.M. Lytvyn, V.O. Yukhymchuk, A.E. Belyaev, S.A. Vitusevich,
Synthesis and properties of porous SiC ceramics, J. Appl. Phys. 107 (9) (2010)
093510, https://doi.org/10.1063/1.3407565.

M.A. Bautista, J. Quispe Cancapa, J. Martinez Fernandez, M.A. Rodriguez,

M. Singh, Microstructural and mechanical evaluation of porous biomorphic
silicon carbide for high temperature filtering applications, J. Eur. Ceram. Soc. 31
(7) (2011) 1325-1332, https://doi.org/10.1016/j.jeurceramsoc.2010.06.014.
Fengdan Xue, Kechao Zhou, Ning Wu, Hang Luo, Xiaofeng Wang, Xuefan Zhou,
Zhongna Yan, Isaac Abrahams, Dou Zhang, Porous SiC ceramics with dendritic
pore structures by freeze casting from chemical cross-linked polycarbosilane,
Ceram. Int. 44 (6) (2018) 6293-6299, https://doi.org/10.1016/j.
ceramint.2018.01.019.

T. Zhang, J.R.G. Evans, J. Woodthorpe, Injection moulding of silicon carbide
using an organic vehicle based on a preceramic polymer, J. Eur. Ceram. Soc. 15
(8) (1995) 729-734, https://doi.org/10.1016/0955-2219(95)00049-Z.

Zi Yang, Hanwen Liu, Juan Li, Ke Yang, Zhengze Zhang, Fengjuan Chen,
Baodui Wang, High-throughput metal trap: sulfhydryl-functionalized wood
membrane stacks for rapid and highly efficient heavy metal ion removal, ACS
Appl. Mater. Interfaces 12 (13) (2020) 15002-15011, https://doi.org/10.1021/
acsami.9b1973410.1021/acsami.9b19734.s001.

Shuaiming He, Chaoji Chen, Guang Chen, Fengjuan Chen, Jiaqgi Dai,

Jianwei Song, Feng Jiang, Chao Jia, Hua Xie, Yonggang Yao, Emily Hitz,

Gegu Chen, Ruiyu Mi, Miaolun Jiao, Siddhartha Das, Liangbing Hu, High-
performance, scalable wood-based filtration device with a reversed-tree design,
Chem. Mater. 32 (5) (2020) 1887-1895, https://doi.org/10.1021/acs.
chemmater.9b0451610.1021/acs.chemmater.9b04516.s001.

Miaolun Jiao, Yonggang Yao, Chaoji Chen, Bo Jiang, Glenn Pastel, Zhiwei Lin,
Qingyun Wu, Mingjin Cui, Shuaiming He, Liangbing Hu, Highly efficient water
treatment via a wood-based and reusable filter, ACS Mater. Lett. 2 (4) (2020)
430-437, https://doi.org/10.1021/acsmaterialslett.9b0048810.1021/
acsmaterialslett.9b00488.s001.

B.C. Bonekamp, Preparation of asymmetric ceramic membrane supports by dip-
coating, in: Fundam. Inorg. Membr. Sci. Technol., fourth ed., Amsterdam, 1996.
pp. 141-225.

Victor M. Candelario, Rodrigo Moreno, Zhijian Shen, Fernando Guiberteau, Angel
L. Ortiz, Liquid-phase assisted spark-plasma sintering of SiC nanoceramics and
their nanocomposites with carbon nanotubes, J. Eur. Ceram. Soc. 37 (5) (2017)
1929-1936, https://doi.org/10.1016/j.jeurceramsoc.2016.12.050.

P. de Wit, E.J. Kappert, T. Lohaus, M. Wessling, A. Nijmeijer, N.E. Benes, Highly
permeable and mechanically robust silicon carbide hollow fiber membranes,

19

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Chemical Engineering Journal 414 (2021) 128826

J. Memb. Sci. 475 (2015) 480-487, https://doi.org/10.1016/j.
memsci.2014.10.045.

Man Xu, Chenxi Xu, K.P. Rakesh, Yuge Cui, Jun Yin, Changlian Chen,

Shulin Wang, Bingcai Chen, Li Zhu, Hydrophilic SiC hollow fiber membranes for
low fouling separation of oil-in-water emulsions with high flux, RSC Adv. 10 (8)
(2020) 4832-4839, https://doi.org/10.1039/CORA06695K.

Gilvan Barroso, Quan Li, Rajendra K. Bordia, Giinter Motz, Polymeric and ceramic
silicon-based coatings-a review, J. Mater. Chem. A. 7 (5) (2019) 1936-1963,
https://doi.org/10.1039/C8TA09054H.

L.L. Le, D.S. Tsai, Synthesis and permeation properties of silicon-carbon-based
inorganic membrane for gas separation, Ind. Eng. Chem. Res. 40 (2001) 612-616,
https://doi.org/10.1021/ie000009-+.

L.-L. Lee, D.-S. Tsai, A hydrogen-permselective silicon oxycarbide membrane
derived from polydimethylsilane, J. Am. Ceram. Soc. 82 (2004) 2796-2800,
https://doi.org/10.1111/j.1151-2916.1999.tb02158.x.

R.A. Wach, M. Sugimoto, M. Yoshikawa, Formation of silicone carbide membrane
by radiation curing of polycarbosilane and polyvinylsilane and its gas separation
up to 250 °C, J. Am. Ceram. Soc. 90 (2007) 275-278, https://doi.org/10.1111/
j-1551-2916.2006.01376.x.

Akinori Takeyama, Masaki Sugimoto, Masahito Yoshikawa, Gas permeation
property of SiC membrane using curing of polymer precursor film by electron
beam irradiation in helium atmosphere, Mater. Trans. 52 (6) (2011) 1276-1280,
https://doi.org/10.2320/matertrans.M2010418.

Takayuki Nagano, Koji Sato, Tomohiro Saitoh, Yuji Iwamoto, Gas permeation
properties of amorphous SiC membranes synthesized from polycarbosilane
without oxygen-curing process, J. Ceram. Soc. Japan. 114 (1330) (2006)
533-538, https://doi.org/10.2109/jcersj.114.533.

Dachamir Hotza, Rafael K. Nishihora, Ricardo A.F. Machado, Pierre-

Marie Geffroy, Thierry Chartier, Samuel Bernard, Tape casting of preceramic
polymers toward advanced ceramics: a review, Int. J. Ceram. Eng. Sci. 1 (1)
(2019) 21-41, https://doi.org/10.1002/ces2.v1.110.1002/ces2.10009.

S. Dabir, W. Deng, M. Sahimi, T. Tsotsis, Fabrication of silicon carbide
membranes on highly permeable supports, J. Memb. Sci. 537 (2017) 239-247,
https://doi.org/10.1016/j.memsci.2017.05.038.

Qing Wang, Yuta Kawano, Liang Yu, Hiroki Nagasawa, Masakoto Kanezashi,
Toshinori Tsuru, Development of high-performance sub-nanoporous SiC-based
membranes derived from polytitanocarbosilane, J. Memb. Sci. 598 (2020)
117688, https://doi.org/10.1016/j.memsci.2019.117688.

M.W.J. Luiten-Olieman, M.J.T. Raaijmakers, L. Winnubst, T.C. Bor, M. Wessling,
A. Nijmeijer, N.E. Benes, Towards a generic method for inorganic porous hollow
fibers preparation with shrinkage-controlled small radial dimensions, applied to
Aly03, Ni, SiC, stainless steel, and YSZ, J. Memb. Sci. 407-408 (2012) 155-163,
https://doi.org/10.1016/j.memsci.2012.03.030.

R.J. Baker, A.G. Fane, C.J.D. Fell, B.H. Yoo, Factors affecting flux in crossflow
filtration, Desalination 53 (1-3) (1985) 81-93, https://doi.org/10.1016/0011-
9164(85)85053-0.

D. Jiao, Mujkul M. Sharma, Mechanism of cake buildup in crossflow filtration of
colloidal suspensions, J. Colloid Interface Sci. 162 (2) (1994) 454-462, https://
doi.org/10.1006/jcis.1994.1060.

E. Brauns, D. Teunckens, C. Dotremont, E. Van Hoof, W. Doyen, D. Vanhecke,
Dead-end filtration experiments on model dispersions: comparison of VFM data
and the Kozeny-Carman model, Desalination 177 (1-3) (2005) 303-315, https://
doi.org/10.1016/j.desal.2004.12.013.

L. Vera, E. Gonzalez, O. Diaz, R. Sanchez, R. Bohorque, J. Rodriguez-Sevilla,
Fouling analysis of a tertiary submerged membrane bioreactor operated in dead-
end mode at high-fluxes, J. Memb. Sci. 493 (2015) 8-18, https://doi.org/
10.1016/j.memsci.2015.06.014.

S.R. Sowmya, G.M. Madhu, A. Raizada, C.D. Madhusoodana, Studies on effective
treatment of waste water using submerged ceramic membrane bioreactor, Mater.
Today Proc. 24 (2020) 1251-1262, https://doi.org/10.1016/j.
matpr.2020.04.440.

P. Pedenaud, S.H. Total, W. Evans, D. Bigeonneau, V. Water, Ceramic membrane
and core pilot results for produced water management, in, Offshore Technol.
Conf. Rio Janeiro (2011) 1-16, https://doi.org/10.4043/22371-MS.

T. Zsirai, A.K. Al-Jaml, H. Qiblawey, M. Al-Marri, A. Ahmed, S. Bach, S. Watson,
S. Judd, Ceramic membrane filtration of produced water: impact of membrane
module, Sep. Purif. Technol. 165 (2016) 214-221, https://doi.org/10.1016/j.
seppur.2016.04.001.

T. Zsirai, H. Qiblawey, P. Buzatu, M. Al-Marri, S.J. Judd, Cleaning of ceramic
membranes for produced water filtration, J. Pet. Sci. Eng. 166 (2018) 283-289,
https://doi.org/10.1016/j.petrol.2018.03.036.

C. He, R.D. Vidic, Application of microfiltration for the treatment of Marcellus
Shale flowback water: influence of floc breakage on membrane fouling, J. Memb.
Sci. 510 (2016) 348-354, https://doi.org/10.1016/j.memsci.2016.03.023.

M. Zoubeik, A. Henni, Ultrafiltration of oil-in-water emulsion using a 0.04-um
silicon carbide membrane: Taguchi experimental design approach, Desalin. Water
Treat. 62 (2017) 108-119, https://doi.org/10.5004/dwt.2017.0143.

Dulal Das, Nijhuma Kayal, Gabriel Antonio Marsola, Leonardo

Augusto Damasceno, Murilo Daniel de Mello Innocentini, Permeability behavior
of silicon carbide-based membrane and performance study for oily wastewater
treatment, Int. J. Appl. Ceram. Technol. 17 (3) (2020) 893-906, https://doi.org/
10.1111/ijac.v17.310.1111/ijac.13463.

C. Sambusiti, M. Saadouni, V. Gauchou, B. Segues, M. Ange Leca, P. Baldoni-
Andrey, M. Jacob, Influence of HRT reduction on pilot-scale flat-sheet submerged
membrane bioreactor (SMBR) performances for Oil&Gas wastewater treatment,


https://doi.org/10.3390/ma12040639
https://doi.org/10.2109/jcersj2.121.162
https://doi.org/10.2109/jcersj2.121.162
https://doi.org/10.1016/j.memsci.2010.11.055
https://doi.org/10.3390/ma9110930
https://doi.org/10.1016/j.ceramint.2008.10.032
https://doi.org/10.1016/j.ceramint.2008.10.032
https://doi.org/10.2109/jcersj2.18113
https://doi.org/10.1016/j.ceramint.2017.04.126
https://doi.org/10.4028/www.scientific.net/KEM.655.32
https://doi.org/10.4028/www.scientific.net/KEM.655.32
https://doi.org/10.1016/j.ceramint.2019.06.244
https://doi.org/10.1016/j.ceramint.2019.06.244
https://doi.org/10.1016/j.memsci.2013.09.059
https://doi.org/10.1016/j.jeurceramsoc.2012.04.044
https://doi.org/10.1021/ie0000156
https://doi.org/10.1016/j.ceramint.2015.11.143
https://doi.org/10.1063/1.3407565
https://doi.org/10.1016/j.jeurceramsoc.2010.06.014
https://doi.org/10.1016/j.ceramint.2018.01.019
https://doi.org/10.1016/j.ceramint.2018.01.019
https://doi.org/10.1016/0955-2219(95)00049-Z
https://doi.org/10.1021/acsami.9b1973410.1021/acsami.9b19734.s001
https://doi.org/10.1021/acsami.9b1973410.1021/acsami.9b19734.s001
https://doi.org/10.1021/acs.chemmater.9b0451610.1021/acs.chemmater.9b04516.s001
https://doi.org/10.1021/acs.chemmater.9b0451610.1021/acs.chemmater.9b04516.s001
https://doi.org/10.1021/acsmaterialslett.9b0048810.1021/acsmaterialslett.9b00488.s001
https://doi.org/10.1021/acsmaterialslett.9b0048810.1021/acsmaterialslett.9b00488.s001
https://doi.org/10.1016/j.jeurceramsoc.2016.12.050
https://doi.org/10.1016/j.memsci.2014.10.045
https://doi.org/10.1016/j.memsci.2014.10.045
https://doi.org/10.1039/C9RA06695K
https://doi.org/10.1039/C8TA09054H
https://doi.org/10.1021/ie000009&plus;
https://doi.org/10.1111/j.1151-2916.1999.tb02158.x
https://doi.org/10.1111/j.1551-2916.2006.01376.x
https://doi.org/10.1111/j.1551-2916.2006.01376.x
https://doi.org/10.2320/matertrans.M2010418
https://doi.org/10.2109/jcersj.114.533
https://doi.org/10.1002/ces2.v1.110.1002/ces2.10009
https://doi.org/10.1016/j.memsci.2017.05.038
https://doi.org/10.1016/j.memsci.2019.117688
https://doi.org/10.1016/j.memsci.2012.03.030
https://doi.org/10.1016/0011-9164(85)85053-0
https://doi.org/10.1016/0011-9164(85)85053-0
https://doi.org/10.1006/jcis.1994.1060
https://doi.org/10.1006/jcis.1994.1060
https://doi.org/10.1016/j.desal.2004.12.013
https://doi.org/10.1016/j.desal.2004.12.013
https://doi.org/10.1016/j.memsci.2015.06.014
https://doi.org/10.1016/j.memsci.2015.06.014
https://doi.org/10.1016/j.matpr.2020.04.440
https://doi.org/10.1016/j.matpr.2020.04.440
https://doi.org/10.4043/22371-MS
https://doi.org/10.1016/j.seppur.2016.04.001
https://doi.org/10.1016/j.seppur.2016.04.001
https://doi.org/10.1016/j.petrol.2018.03.036
https://doi.org/10.1016/j.memsci.2016.03.023
https://doi.org/10.5004/dwt.2017.0143
https://doi.org/10.1111/ijac.v17.310.1111/ijac.13463
https://doi.org/10.1111/ijac.v17.310.1111/ijac.13463

E. Eray et al.

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

J. Memb. Sci. 594 (2020) 117459, https://doi.org/10.1016/j.
memsci.2019.117459.

Su Chang Kim, Hee-Jong Yeom, Young-Wook Kim, In-Hyuck Song, Jang-Hoon Ha,
Processing of alumina-coated glass-bonded silicon carbide membranes for oily
wastewater treatment, Int. J. Appl. Ceram. Technol. 14 (4) (2017) 692-702,
https://doi.org/10.1111/ijac.2017.14.issue-410.1111/ijac.12693.

U. Mueller, G. Biwer, G. Baldauf, Ceramic membranes for water treatment, Water
Sci. Technol. Water Supply. 10 (2010) 987-994, https://doi.org/10.2166/
ws.2010.536.

Bas Hofs, Julien Ogier, Dirk Vries, Erwin F. Beerendonk, Emile R. Cornelissen,
Comparison of ceramic and polymeric membrane permeability and fouling using
surface water, Sep. Purif. Technol. 79 (3) (2011) 365-374, https://doi.org/
10.1016/j.seppur.2011.03.025.

A. Vincent, N. Elkhiati, D. Ragazzon, G. Zilio, L. M. Santalucia, I.R. Bausani,
Arsenic removal process for drinking water production: benefits of R-SiC
microfiltration membranes (2016) 1-11.

B. Skibinski, P. Miiller, W. Uhl, Rejection of submicron-sized particles from
swimming pool water by a monolithic SiC microfiltration membrane: Relevance
of steric and electrostatic interactions, J. Memb. Sci. 499 (2016) 92-104, https://
doi.org/10.1016/j.memsci.2015.10.033.

Maria Fraga, Sandra Sanches, Joao Crespo, Vanessa Pereira, Assessment of a new
silicon carbide tubular honeycomb membrane for treatment of olive mill
wastewaters, Membranes (Basel) 7 (1) (2017) 12, https://doi.org/10.3390/
membranes7010012.

S.S. Rajanna, G.M. Madhu, C.D. Madhusoodana, A. Govindarajan, Silicon carbide-
coated ceramic membrane bioreactor for sustainable water purification,
Membranes (Basel) 9 (2019) 1-13, https://doi.org/10.3390/
membranes9040047.

K. Cho, K.W. Seo, S.G. Shin, S. Lee, C. Park, Process stability and comparative
rDNA/rRNA community analyses in an anaerobic membrane bioreactor with
silicon carbide ceramic membrane applications, Sci. Total Environ. 666 (2019)
155-164, https://doi.org/10.1016/j.scitotenv.2019.02.166.

Kitae Park, Pooreum Kim, Hyoung Gun Kim, JiHoon Kim, Membrane fouling
mechanisms in combined microfiltration-coagulation of algal rich water applying
ceramic membranes, Membranes (Basel) 9 (2) (2019) 33, https://doi.org/
10.3390/membranes9020033.

E. Sutton-Sharp, J. Ravereau, M. Guennec, A. Brehant, R. Bonnard, Benefits of
polymeric membranes in oil and gas produced water treatment, Water Pract.
Technol. 13 (2018) 303-311, https://doi.org/10.2166/wpt.2018.019.

S. Feng, Z. Zhong, Y. Wang, W. Xing, E. Drioli, Progress and perspectives in PTFE
membrane: preparation, modification, and applications, J. Memb. Sci. 549 (2018)
332-349, https://doi.org/10.1016/j.memsci.2017.12.032.

Hiroki Nagasawa, Takuya Omura, Takuya Asai, Masakoto Kanezashi,

Toshinori Tsuru, Filtration of surfactant-stabilized oil-in-water emulsions with
porous ceramic membranes: effects of membrane pore size and surface charge on
fouling behavior, J. Memb. Sci. 610 (2020) 118210, https://doi.org/10.1016/j.
memsci.2020.118210.

E. Virga, B. Bos, P.M. Biesheuvel, A. Nijmeijer, W.M. de Vos, Surfactant-
dependent critical interfacial tension in silicon carbide membranes for produced
water treatment, J. Colloid Interface Sci. 571 (2020) 222-231, https://doi.org/
10.1016/j.jcis.2020.03.032.

Lixiu Shi, Yulin Lei, Jinhui Huang, Yahui Shi, Kaixin Yi, Hongwang Zhou,
Ultrafiltration of oil-in-water emulsions using ceramic membrane: roles played by
stabilized surfactants, Colloids Surf. A Physicochem. Eng. Asp. 583 (2019)
123948, https://doi.org/10.1016/j.colsurfa.2019.123948.

Mehrdad Ebrahimi, Axel A. Schmidt, Cagatay Kaplan, Oliver Schmitz,

Peter Czermak, Innovative optical-sensing technology for the online fouling
characterization of silicon carbide membranes during the treatment of oily water,
Sensors (Switzerland) 20 (4) (2020) 1161, https://doi.org/10.3390/s20041161.
X. Fan, V. Urbain, Y. Qian, J. Manem, Ultrafiltration of activated sludge with
ceramic membranes in a cross-flow membrane bioreactor process, Water Sci.
Technol. 41 (2000) 243-250, https://doi.org/10.2166/wst.2000.0653.
International Maritime Organization, Sulphur 2020 - cutting sulphur oxide
emissions, (2020). http://www.imo.org/en/MediaCentre/HotTopics/Pages/
Sulphur-2020.aspx (accessed September 7, 2020).

Alfa Laval, New PureSOx water cleaning system provides future-proof and cost-
saving flexibility for scrubbing in closed loop, (2019). https://www.alfalaval.
com/media/news/2019/new-puresox-water-cleaning-system-provides-future-
proof-and-cost-saving-flexibility-for-scrubbing-in-closed-loop/ (accessed
September 7, 2020).

Bahri Ersoy, Ismail Tosun, Ahmet Giinay, Sedef Dikmen, Turbidity removal from
wastewaters of natural stone processing by coagulation/flocculation methods,
CLEAN - Soil Air, Water. 37 (3) (2009) 225-232, https://doi.org/10.1002/clen.
v37:310.1002/clen.200800209.

L. Charerntanyarak, Heavy metals removal by chemical coagulation and
precipitation, Water Sci. Technol. 39 (1999) 135-138, https://doi.org/10.1016/
$0273-1223(99)00304-2.

Aamer Ali, Cejna Anna Quist-Jensen, Mads Koustrup Jgrgensen, Anna Siekierka,
Morten Lykkegaard Christensen, Marek Bryjak, Claus Hélix-Nielsen, Enrico Drioli,
A review of membrane crystallization, forward osmosis and membrane capacitive
deionization for liquid mining, Resour. Conserv. Recycl. (2020) 105273, https://
doi.org/10.1016/j.resconrec.2020.105273.

Sina Nejati, Seyed Ahmad Mirbagheri, David M. Warsinger, Mojtaba Fazeli,
Biofouling in seawater reverse osmosis (SWRO): impact of module geometry and

20

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

Chemical Engineering Journal 414 (2021) 128826

mitigation with ultrafiltration, J. Water Process Eng. 29 (2019) 100782, https://
doi.org/10.1016/j.jwpe.2019.100782.

Global Water Intelligence, Water Desalination Report, Water Desalin. Rep. 56
(2020) 1-4.

Ligtech Water, A combination of silicon carbide ceramic ultrafiltration (SiC UF)
membranes and reverse osmosis (RO) secures safe and affordable drinking water
to 65,000 people in Serbia, (2016). https://ligtech.com/water/cases/drinking-
water-treatment/ (accessed September 29, 2020).

Fjernelse af tungmetaller fra rgggaskondensat med keramiske membraner
Projektrapport MUDP-rapport, (2017). https://www2.mst.dk/Udgiv/
publikationer/2017/12/978-87-7120-924-2.pdf (accessed 30 October 2020).

A. Osman, N. Gringer, T. Svendsen, L.F. Yuan, S.V. Hosseini, C.P. Baron,

1. Undeland, Quantification of biomolecules in herring (Clupea harengus)
industry processing waters and their recovery using electroflocculation and
ultrafiltration, Food Bioprod. Process. 96 (2015) 198-210, https://doi.org/
10.1016/j.tbp.2015.08.002.

Saint Gobain, Safe, satisfying food & beverage with Crystar® filtration
technology, https://www.crystarfiltration.saint-gobain.com/industrial-processes-
life-sciences/food-beverage (accessed September 7, 2020).

H. Safafar, Microalgae biomass as an alternative resource for fishmeal and fish oil
in the production of fish feed, PhD thesis, 2017.

Anita Ljubic, Hamed Safafar, Charlotte Jacobsen, Recovery of microalgal biomass
and metabolites from homogenized, swirl flash-dried microalgae, J. Appl. Phycol.
31 (4) (2019) 2355-2363, https://doi.org/10.1007/s10811-019-1733-1.

Anita Ljubic, Hamed Safafar, Susan L. Holdt, Charlotte Jacobsen, Biomass
composition of Arthrospira platensis during cultivation on industrial process
water and harvesting, J. Appl. Phycol. 30 (2) (2018) 943-954, https://doi.org/
10.1007/s10811-017-1332-y.

Ligtech Water, Filtration of Dunaliella algae with SiC ceramic membranes,
(2017). https://liqtech.com/water/cases/pre-concentration-of-algae/ (accessed
September 20, 2020).

P. Kim, K. Park, H.G. Kim, J. Kim, Comparative analysis of fouling mechanisms of
ceramic and polymeric micro-filtration membrane for algae harvesting, Desalin.
Water Treat. 173 (2020) 12-20, https://doi.org/10.5004/dwt.2020.24697.

M.P. Ambrose, Microalgae biorefinery symbiosis: screening, production, and
process analytical technology, PhD Thesis (2017).

Saint Gobain, Microfiltration membranes for beer clarification, (2019). https://
www.crystarfiltration.saint-gobain.com/sites/crystarfiltration.saint-gobain.com/
files/2019-01/crystar-beer-clarification-cs.pdf (accessed September 7, 2020).
Birgitte Zeuner, Nicolaj Ma, Kasper Berendt, Anne S Meyer, Pavle Andric, Jan
Hoffmann Jgrgensen, Manuel Pinelo, Immobilization of alcohol dehydrogenase
on ceramic silicon carbide membranes for enzymatic CH3OH production,

J. Chem. Technol. Biotechnol. 93 (10) (2018) 2952-2961, https://doi.org/
10.1002/jctb.2018.93.issue-1010.1002/jctb.5653.

Ministry of Environment and Food of Denmark, Ceramic, high-flux microfiltration
membrane, (2018). https://www2.mst.dk/Udgiv/publications/2018/07/978-87-
93710-54-2.pdf (accessed September 7, 2020).

Siegfried Ripperger, Justus Altmann, Crossflow microfiltration — state of the art,
Sep. Purif. Technol. 26 (1) (2002) 19-31, https://doi.org/10.1016/51383-5866
(01)00113-7.

Sadegh Aghapour Aktij, Amirhossein Taghipour, Ahmad Rahimpour,

Arash Mollahosseini, Alberto Tiraferri, A critical review on ultrasonic-assisted
fouling control and cleaning of fouled membranes, Ultrasonics 108 (2020)
106228, https://doi.org/10.1016/j.ultras.2020.106228.

Patrizia Formoso, Elvira Pantuso, Giovanni De Filpo, Fiore Nicoletta, Electro-
conductive membranes for permeation enhancement and fouling mitigation: a
short review, Membranes (Basel) 7 (3) (2017) 39, https://doi.org/10.3390/
membranes7030039.

H. Bai, X. Zan, L. Zhang, D.D. Sun, Multi-functional CNT/ZnO/TiOy
nanocomposite membrane for concurrent filtration and photocatalytic
degradation, Sep. Purif. Technol. 156 (2015) 922-930, https://doi.org/10.1016/

j-seppur.2015.10.016.

Theresa Lohaus, Julia Beck, Tobias Harhues, Patrick de Wit, Nieck E. Benes,
Matthias Wessling, Direct membrane heating for temperature induced fouling
prevention, J. Memb. Sci. 612 (2020) 118431, https://doi.org/10.1016/j.
memsci.2020.118431.

A. Ghadimkhani, W. Zhang, T. Marhaba, Ceramic membrane defouling (cleaning)
by air nano bubbles, Chemosphere 146 (2016) 379-384, https://doi.org/
10.1016/j.chemosphere.2015.12.023.

Bing-zhi Dong, Yan Chen, Nai-yun Gao, Jin-chu Fan, Effect of coagulation
pretreatment on the fouling of ultrafiltration membrane, J. Environ. Sci. 19 (3)
(2007) 278-283, https://doi.org/10.1016/51001-0742(07)60045-X.

Chul-Woo Jung, Hee-Jong Son, Lim-Seok Kang, Effects of membrane material and
pretreatment coagulation on membrane fouling: Fouling mechanism and NOM
removal, Desalination 197 (1-3) (2006) 154-164, https://doi.org/10.1016/j.
desal.2005.12.022.

D. Ghosh, M.K. Sinha, M.K. Purkait, A comparative analysis of low-cost ceramic
membrane preparation for effective fluoride removal using hybrid technique,
Desalination 327 (2013) 2-13, https://doi.org/10.1016/j.desal.2013.08.003.
Scott Freeman, Holly Shorney-Darby, What's the buzz about ceramic membranes?
J. Am. Water Works Assoc. 103 (12) (2011) 12-13, https://doi.org/10.1002/

j-1551-8833.2011.tb11572.x.


https://doi.org/10.1016/j.memsci.2019.117459
https://doi.org/10.1016/j.memsci.2019.117459
https://doi.org/10.1111/ijac.2017.14.issue-410.1111/ijac.12693
https://doi.org/10.2166/ws.2010.536
https://doi.org/10.2166/ws.2010.536
https://doi.org/10.1016/j.seppur.2011.03.025
https://doi.org/10.1016/j.seppur.2011.03.025
http://refhub.elsevier.com/S1385-8947(21)00421-6/h0575
http://refhub.elsevier.com/S1385-8947(21)00421-6/h0575
http://refhub.elsevier.com/S1385-8947(21)00421-6/h0575
https://doi.org/10.1016/j.memsci.2015.10.033
https://doi.org/10.1016/j.memsci.2015.10.033
https://doi.org/10.3390/membranes7010012
https://doi.org/10.3390/membranes7010012
https://doi.org/10.3390/membranes9040047
https://doi.org/10.3390/membranes9040047
https://doi.org/10.1016/j.scitotenv.2019.02.166
https://doi.org/10.3390/membranes9020033
https://doi.org/10.3390/membranes9020033
https://doi.org/10.2166/wpt.2018.019
https://doi.org/10.1016/j.memsci.2017.12.032
https://doi.org/10.1016/j.memsci.2020.118210
https://doi.org/10.1016/j.memsci.2020.118210
https://doi.org/10.1016/j.jcis.2020.03.032
https://doi.org/10.1016/j.jcis.2020.03.032
https://doi.org/10.1016/j.colsurfa.2019.123948
https://doi.org/10.3390/s20041161
https://doi.org/10.2166/wst.2000.0653
https://doi.org/10.1002/clen.v37:310.1002/clen.200800209
https://doi.org/10.1002/clen.v37:310.1002/clen.200800209
https://doi.org/10.1016/S0273-1223(99)00304-2
https://doi.org/10.1016/S0273-1223(99)00304-2
https://doi.org/10.1016/j.resconrec.2020.105273
https://doi.org/10.1016/j.resconrec.2020.105273
https://doi.org/10.1016/j.jwpe.2019.100782
https://doi.org/10.1016/j.jwpe.2019.100782
http://refhub.elsevier.com/S1385-8947(21)00421-6/h0670
http://refhub.elsevier.com/S1385-8947(21)00421-6/h0670
https://doi.org/10.1016/j.fbp.2015.08.002
https://doi.org/10.1016/j.fbp.2015.08.002
https://doi.org/10.1007/s10811-019-1733-1
https://doi.org/10.1007/s10811-017-1332-y
https://doi.org/10.1007/s10811-017-1332-y
https://doi.org/10.5004/dwt.2020.24697
http://refhub.elsevier.com/S1385-8947(21)00421-6/h0720
http://refhub.elsevier.com/S1385-8947(21)00421-6/h0720
https://doi.org/10.1002/jctb.2018.93.issue-1010.1002/jctb.5653
https://doi.org/10.1002/jctb.2018.93.issue-1010.1002/jctb.5653
https://doi.org/10.1016/S1383-5866(01)00113-7
https://doi.org/10.1016/S1383-5866(01)00113-7
https://doi.org/10.1016/j.ultras.2020.106228
https://doi.org/10.3390/membranes7030039
https://doi.org/10.3390/membranes7030039
https://doi.org/10.1016/j.seppur.2015.10.016
https://doi.org/10.1016/j.seppur.2015.10.016
https://doi.org/10.1016/j.memsci.2020.118431
https://doi.org/10.1016/j.memsci.2020.118431
https://doi.org/10.1016/j.chemosphere.2015.12.023
https://doi.org/10.1016/j.chemosphere.2015.12.023
https://doi.org/10.1016/S1001-0742(07)60045-X
https://doi.org/10.1016/j.desal.2005.12.022
https://doi.org/10.1016/j.desal.2005.12.022
https://doi.org/10.1016/j.desal.2013.08.003
https://doi.org/10.1002/j.1551-8833.2011.tb11572.x
https://doi.org/10.1002/j.1551-8833.2011.tb11572.x

	A roadmap for the development and applications of silicon carbide membranes for liquid filtration: Recent advancements, cha ...
	1 Introduction
	2 SiC support and membrane development
	2.1 Key aspects of the fabrication of SiC support
	2.1.1 Manufacturing techniques
	2.1.2 Raw materials selection

	2.2 Fabrication of SiC membranes
	2.2.1 Deposition of colloidal suspensions
	2.2.2 Deposition of pre-ceramic polymeric precursors
	2.2.3 Dry-wet spinning


	3 Applications of SiC membranes
	3.1 SiC membrane filtration modes
	3.2 Wastewater treatment
	3.2.1 Oily wastewater
	3.2.2 Sand filter backwash water recovery
	3.2.3 Membrane bioreactors
	3.2.4 Wet scrubber process water

	3.3 Water treatment
	3.3.1 Drinking water and backwash water from sand filters
	3.3.2 Heavy metal removal
	3.3.3 Pool water treatment
	3.3.4 Pretreatment before reverse osmosis

	3.4 Food and biotechnology
	3.4.1 Fish proteins
	3.4.2 Microalgae harvesting
	3.4.3 Beer clarification
	3.4.4 Industrial biotechnology

	3.5 SiC membrane cleaning methods

	4 Commercialization of SiC membranes
	5 Concluding remarks and future perspectives
	Declaration of Competing Interest
	Acknowledgements
	References


