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The scale of research for developing and applying silicon carbide (SiC) membranes for gas separation has rapidly
expanded over the last few decades. The precursor-derived ceramic approaches for preparing SiC membranes
include chemical vapor deposition (CVD)/chemical vapor infiltration (CVI) deposition and pyrolysis of polymeric
precursor. Generally, SiC membranes formed using the CVD/CVI deposition route have dense structures, making
such membranes suitable for small-molecule gas separation. On the contrary, pyrolysis of a polymeric precursor is
the most common and promising route for preparing SiC membranes, which includes the steps of precursor
selection, coating/shaping, curing for cross-linking, and pyrolysis. Among these steps, the precursor, curing

method, and pyrolysis temperature significantly impact the final microstructures and separation performance of

membranes.
silicon carbide membrane gas separation precursor-derived ceramics polycarbosilane
allyl-hydridopolycarbosilan CVD/CVI pyrolysis organic to inorganic transformation

| 1. Introduction

With rapid economic development, separation and purification processes are used widely in industrial production
and daily life, and their requirements are increasing (2. However, separating bulk mixtures into pure or purer forms
incurs high costs. For example, the current market heavily relies on traditional separation processes and energy-
intensive separation methods, such as distillation, which accounts for approximately 10%—-15% of global energy
consumption &, Note that 10 x 107 tons of CO, emissions and USD 4 billion in energy costs could be saved
annually if more energy-efficient separation approaches were used in the United States alone. Therefore, ever-
increasing industrialization requires more efficient, economical, and sustainable separation and purification
technologies. Membrane separation techniques are favored because of their advantages, such as low energy
consumption, no need for additives, small footprint, and easy scale-up. Additionally, membrane separation
techniques are potential candidates to replace traditional thermal-based separation methods. They are powerful
tools for solving critical global problems and for developing new industrial processes required for sustainable
industrial growth.

1.1. Membrane-Based Gas Separation

Currently, membrane applications mainly involve aqueous media such as wastewater treatment [l seawater
desalination 4!, and gaseous media such as air separation, hydrogen production, natural gas purification, and CO,

capture Bl The separation/purification of aqueous media using membranes has been studied extensively and

https://encyclopedia.pub/entry/40215 1/18



Fabrication of SiC Membranes | Encyclopedia.pub

applied successfully in various industries, and membranes were applied for gas separation later than for aqueous
media. In 1980, Permea (Monsanto) commercialized Prism membranes for industrial applications in separating
hydrogen from purge gas streams of ammonia plants, thus marking the beginning of the first large-scale industrial
application of gas separation membranes [8. Since then, membranes for gas separation have attracted

considerable attention from industry and academia, and membrane-based gas separation has exponentially grown.

Membrane-based gas separation does not require phase changes, whereas conventional separation technologies
such as adsorption and cryogenic distillation require phase changes with significant energy costs . Generally,
permeability (e.g., permeance and flux) and selectivity (or separation factor) are two common and fundamental
membrane performance characteristics. The ideal membrane should exhibit high permeability and selectivity.
Higher permeability reduces the required membrane area for processing a given amount of gas, thereby reducing
the investment cost of membranes. Higher selectivity will result in high-purity gas products. Based on current
requirements for advanced membrane technology, achieving the successful application of membranes in gas
separation processes not only depends on the high permselectivity of membranes but also on the selection of

membrane materials with thermal, hydrothermal, chemical, and mechanical stability [£!.

1.2. Inorganic Membranes

Membranes can be roughly classified into polymeric and inorganic membranes according to the nature of their
fabrication material. Polymeric membranes hold the largest market share and have attracted great interest in
commercial-scale applications and academic research. This is mainly due to the economic feasibility of raw
materials and convenient membrane manufacture [, However, exposing polymers to hydrocarbons or carbon
dioxide under high partial pressures could lead to swelling or plasticization, resulting in a significant decrease or
loss of separation capacity. Polymeric membranes fall short of the requirements of current advanced membrane
technologies as they exhibit a trade-off between permeability and selectivity, with a distinct “upper limit” proposed
by Robeson 1L |n addition, polymeric membranes cannot withstand aggressive chemical environments and

high temperatures.

Compared to polymeric membranes, inorganic membranes have many advantages, such as high chemical,
thermal, and mechanical stability. Inorganic membranes have been fabricated from crystalline materials such as
zeolites, metal-organic frameworks (MOFs), and amorphous materials. In particular, amorphous inorganic
membranes, such as silica, carbon molecular sieves, and silicon carbide-based membranes, also feature better
control of pore size and size distribution, as summarized in Table 1. This pore-size control allows for better control

of permeability and selectivity.

Table 1. Advantages and disadvantages of inorganic membranes with amorphous structures.
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types, as shown in Figure 1 13 Relatively high permeation tluxes can be obtained via asymmetric membranes,
which consist of a support, transition layers (e.g., a particle layer and/or an intermediate layer), and a separation
layer. The supports without separation layers, also known as membrane substrates, play an important role in
producing defect-free and reproducible separation layers, which in turn play an important role in meeting industrial
Aenosplao Thstrietitr af<dMBsadapteshisom Rejctduidtkratniesiones to provide high flux, porosity, and mechanical
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strength. Currently, materials used as substrates are mainly alumina, mullite, titania, zirconia, SiC, and their
composites 1423 Among them, SiC is a promising material for fabricating membrane substrates due to its unique
properties. Generally, the same SiC substrates can be used as membrane filters, e.qg., for microfiltration (MF, 0.05—
10 pm), ultrafiltration (UF, 2-50 nm), and nanofiltration (NF, <2 nm) L8718 SiC supports/filters with large pores
(>10 pym) are commonly used for air filtering, soot filtering, and catalyst distributors in diesel engines 18191,
Processing methods for these supportsffilters, such as extrusion 29, tape casting 2122 slip-casting 22!, and

compression molding 24, have been extensively investigated.

Isotropic membranes Anisotropic membranes

] Separation layer

3

Intermediate layer

r
—
b

5[7 O%OO 0C Oé) GOQ O-::-Pamle'ayer
29O O%Q r_)%_ OO/%@%QO%(Q suppor

Figure 1. Schematic of isotropic and anisotropic membranes 131,

SiC membrane filters usually consist of multiple layers on macroporous supports. Depending on their application
purpose, the layers can be designed to generate an upper layer with suitable pore sizes. SIiC membrane filters are
used mainly in pressure-driven processes, such as MF, UF, and NF, and they have found applications in water
treatment, food, and gas cleaning industries. There are a variety of fabrication processes for the fabrication of SiC
membrane filters with respect to support characteristics, the range of combinations of raw materials (such as SiC
powder compositions, particle sizes, polymer precursors, and sintering additives), deposition techniques, thermal
treatment, and applications, as listed in Table 1. The thickness of the top layers ranged from 7 to 125 um, and the
layers were sintered at temperatures up to 2250 °C (Table 1). It is worth noting that the thickness of the top layers
(7-19 um) with transition layers (intermediate layers) was considerably thinner than the top layers directly
produced on supports because the transition layers prevent the top-layer solutions from permeating the supports.
Additionally, the use of preceramic precursors (e.g., allyl-hydridopolycarbosilane, AHPCS) reduced the thermal

treatment temperature significantly to 750 °C, reducing the SiC membrane production cost.

Table 1. Fabrication process and properties of representative SiC membrane filtrations (MF and UF).
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manufacturer, commercial SiC membranes with high permeability (or flux) and good rejection are used widely in
water treatment, especially for MF applications 2422 Although the commercial-scale production of SiC
membranes is already a mature technology, manufacturing membranes with smaller pore sizes and narrower pore
size distributions is a major challenge, such as for water treatment via NF and RO, and particularly for gas
separation using microporous SiC membranes. In recent decades, extensive research has been conducted on the

preparation of microporous SiC membranes with productive achievements. The subsequent sections focus on the
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Figure 2. Schematic of SiC membrane preparation via the CVD/CVI deposition process. Adapted from 8 with

permission from Elsevier.
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Figure 3. Structures of typical precursors used in CVD/CVI techniques.

Table 2. Representative processing parameters of SiC membranes obtained by CVD/CVI techniques.

Membranes Precursor Supports Deposition Temperature Ref.
SiCN SiH,/C,H,/NH; 0o-Al,Og; disk 1050 °C in Ar (27]

[38]

SiCO SleClz/Csz/Hz y'A|203/G-A|203; tube 800-900 °C in H2 [39]

SiC Triisopropylsilane (TPS) SiC; disk; and tube 760-800 °C in Ar/He (6]

sic Silacyclobutane (SCB) N"V'A'Zt(jgf'A'zoS; 515 °C in Ar [40]

. TPS: 700-800 °C in He, and
_ . . L _ ) [41]
sic 1,3-disilabutane (DSB); a-Al,O3; y-AlL,O3/a annealed at 1000 °C: )

e Al,Og; tube DSB: 650—750 °C in He

In an early effort, Hong et al. used the SiH,/C,H,/NH5 reaction system and o-Al,O3 supports to fabricate SiC
membranes using hot-wall CVD B4, SiC-Si;N, nanoparticles were formed in the gas phase at 1050 °C and
deposited in/on the support macropores to form a separation layer with an average pore size of 0.21 pm, which
indicates that membrane pore sizes were still in the MF range. Takeda et al. reported the preparation of SiC
membranes on y-Al,Os-coated tubular a-Al,O3 supports via CVI using the SiH,Cl,/C,H,/H, reaction system at
800-900 °C B9 The final SIC membranes exhibited H, permeances of 1 x 1078 mol/((m? s Pa) with an H,/N,
selectivity of 3.36 (Knudsen selectivity of 3.74) at 350 °C. Sea et al. reported pure SiC membranes prepared using
triisopropylsilane (TPS) on the macropores of tubular a-Al,O5; supports using CVD at 700-800 °C, followed by
calcination in Ar at 1000 °C [l However, these membranes exhibited a Knudsen-type diffusion mechanism

without selectivity toward H,.
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Ciora and Tsotsis et al. were the first to report the fabrication of truly microporous SiC membranes on y-Al,O3-
coated tubular a-Al,O3 supports via a CVD/CVI technique using two different precursors (i.e., 1,3-disilabutane
(DSB) and TPS) 2, |n their study, the TPS-derived membranes with He permeance ranging from 8.06 x 1078 to
1.72 x 107% mol/(m? s Pa) and He/N, selectivity ranging from 4 to >100 at 550 °C were hydrothermally stable in the
presence of high-pressure (1-3 bar) steam. However, DSB-derived versions with He permeance of 3.5 x 107/
mol/(m? s Pa) and He/N, selectivity of ~55 at 550 °C were not. The preparation procedure of membranes using
TPS involved multiple steps that required post-treatment for further structural tailoring at temperatures reaching
1000 °C, which increases the cost. Nagano et al. successfully synthesized a helium-selective SiC membrane on
the outer surface of a y-Al,O3-coated tubular a-Al,O3 support by the pyrolysis of polycarbosilane (PCS) at 800 °C
under Ar and then modified by CVI using the SiH,Cl,/C,H,/H, reaction system (8. Compared to the original
membrane, the membrane modified by CVI exhibited increased He/CO, selectivity from 7.7 to 64 and increased
He/H, selectivity from 1.1 to 4.4. However, the He permeance significantly decreased from 8.9 x 107" to 7.7 x 1078
mol/(m? s Pa) at 600 °C. The authors attributed this to the densification of the Si-C network and the plugging of

surface defects during CVI modification.

Most recently, Nagano et al. synthesized amorphous SiC membranes on Ni-y- Al,O3/Al,O3 supports by counter-
diffusion CVD at 515 °C using silacyclobutane and Ar as the carrier gas [4%. As shown in Figure 4, the membrane
possessed an H, permeance of 1.2 x 10~7 mol/((m? s Pa) and excellent H,/CO, selectivity of 2600 at 400 °C at a
deposition time of 9 min. The SiC layers were formed within minutes by the CVD/CVI deposition process, which
improves the production efficiency of SIC membranes significantly from an industrial point of view. However, as
mentioned above, a major issue that remains to be resolved is that SiC membranes formed using CVD/CVI
deposition techniques possess dense structures, resulting in low permeability as well as high selectivity suitable for
small-molecule gas separation, such as He/H, and H,/CO,. However, such membranes may not be suitable for

separating small-to-mid-sized molecules from larger ones.
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Figure 4. Single-gas permeance of SiC membranes formed by the CVD deposition process. Reprinted from 49

with permission.

2.2. Pyrolysis of the Polymeric Precursor Route

Another well-known method for preparing SiC membranes is the pyrolysis of coated polymeric precursors. The
greatest advantage of this method over the CVD/CVI technique is its processing simplicity, low thermal treatment
(pyrolysis) temperatures (<850 °C), and the fact that production can be carried out either continuously or in a batch

process. Furthermore, the preceramic polymeric precursor approach features significant advantages in
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manufacturing membranes with controlled properties and structures, such as composition, hydrophilic/hydrophobic
properties, and pore size, which ultimately affect SiC membrane performance. Figure 5 presents a general
schematic of the pyrolysis of the preceramic precursor for manufacturing SiC membranes. In particular, the
employed polymeric precursors generally undergo three steps using this route to form SiC membranes, depending
on the temperature (these steps are shown at the bottom of Figure 5): coating/shaping, curing for cross-linking,
and pyrolysis under an inert atmosphere to complete the polymer-to-ceramic conversion 3l In this multi-step

process, each step is important for obtaining high-quality membranes.
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Figure 5. Schematic of pyrolysis for the preceramic precursor route to manufacture SiC membranes. These steps

are also temperature dependent and are shown at the bottom.

2.2.1. Si-Containing Precursors

The fabrication of SiC ceramics by the pyrolysis of a polymeric precursor process is strongly influenced by the
chemistry and architecture of the Si-based preceramic precursors, their processing routes, and the parameters
used for their pyrolysis. To be suitable for producing SiC ceramic materials, Si-based polymers must meet the
following important requirements: (i) the polymers should have a sufficiently high molecular weight to avoid
volatilization of components with low molecular weights during subsequent curing and pyrolysis processes; (ii) they
should have appropriate rheological characteristics, as well as solubility for the coating/shaping process; (iii) they

should have latent reactivity, provided by the presence of specific functional groups (e.g., Si-H, N-H, Si—OH, and
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Si—-CH=CH,), which induce cross-linking during the curing process upon exposure to thermal stimuli, chemical

stimuli, or irradiation (e.g., UV, electro-beam, and y-ray).

2.2.2. Coating/Shaping

The quality of the coating/shaping depends on the deposition techniques and the solution properties of the
precursors. Precursor coating methods mainly include dip-coating 44, wipe-coating 22, casting 11, spin-coating
431 spray-coating 251, and even three-dimensional (3D) printing [48l. Dip-coating and wipe-coating are the most
frequently used methods for fabricating membranes because of their relative simplicity. An important factor
affecting the coating layers is the viscosity (a rheological characteristic) of the coating solutions, which should be
controlled carefully by changing the molecular architectures of the precursors, concentration, and solvent species
to achieve coating layers with high quality. This is because the viscosity of the coating solutions could affect the

thickness and uniformity of the membrane layers.

2.2.3. Curing and Pyrolysis Processes
Curing for Cross-Linking

The coated precursor typically requires to be cured at low temperatures (up to 300—400 °C) prior to pyrolysis [2Z148],
which plays an important role in determining the final quality of SiC ceramic materials, including their
microstructural properties. The curing process of polymeric precursors for cross-linking converts the thermoplastic
polymers into thermosetting polymers via a series of reactions, such as dehydrogenation and oxidation, which
prevents the coating layers/shapes from fusing together during pyrolysis 9. Additionally, curing is known to
promote high ceramic yields of polymeric precursors because cross-linking prevents the volatilization of precursor
components with low molecular weight at high temperatures. To date, several curing techniques have been carried
out to produce SiC membranes, such as ultraviolet (UV) radiation, electron beam (EB)/y-ray irradiation BB and
conventional thermal treatment under an oxidizing or inert atmosphere (2233l These curing techniques induce
various condensation (dehydrogenation or demethanization) and addition reactions converting linear polymer

networks to 3D polymer networks.

Pyrolysis for Polymer-To-Ceramic Conversion

After curing for cross-linking, further thermal treatment at elevated temperatures (usually =300 °C) and under an
inert atmosphere, i.e., pyrolysis, results in an organic-to-inorganic conversion (from thermoset polymers to
amorphous SiC ceramics) 43152 This conversion is caused mainly by radicals, condensation (dehydrogenation
and demethanization), and rearrangement reactions, which lead to the cleavage of chemical bonds and the
formation of new bonds accompanied by the elimination of organic groups and the release of gases, such as H,,
CH,, and CgHg 32, For most polymeric precursors, the conversion from polymeric precursor to amorphous ceramic

is complete at <900 °C, followed by crystallization from the amorphous phase at higher temperatures (>1100 °C)
and resulting in phase separation 32471[52](541[55](56]
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During the organic-to-inorganic ceramic transformation, the microstructure of polymeric precursors undergoes
dramatic changes with increasing pyrolysis temperature 2. As shown in Figure 6, the microporous properties and
pore structure parameters (BET and micropore volume) of the pyrolytic precursor (polytitanocarbosilane, TiPCS)
powders were analyzed by N, adsorption—desorption isotherms 22, The adsorption capacity, micropore volume,
and BET surface area increased by firing from 500 °C to 650 °C and then decreased with increasing pyrolysis
temperature from 650 °C to 1000 °C. It is worth noting that this is a general conclusion because PCS [B3I57]
polydimethylsilane (PMS) B8 and AHPCS [22 precursors follow the same trends within a similar pyrolysis
temperature range of 300—850 °C. These trends suggest that the decomposition of organic groups generates many
micropores at moderate temperatures and the micropores are then narrowed gradually as the pyrolysis

temperature increases because of densification and rearrangement reactions.
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Figure 6. (a) N2 adsorption—desorption isotherms at 77 K, (b) BET surface area and micropore volume (at a
relative pressure of P/Py = 0.01, pore size < 1 nm) of pyrolyzed precursor (TiPCS) powders. Adapted from 22! with

permission from Elsevier.

The evolution of the network structure in polymeric precursors pyrolyzed at various temperatures is schematically
illustrated in Figure 7. The evolution of the network structure starts with a dense polymer structure that passes
through a loose transitional structure and is then transformed into a relatively denser ceramic structure [32][471[52][55]

It should be noted that this trend would ultimately affect the gas separation performance of membranes.
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Figure 7. Schematic of the evolution of the network structure for polymeric precursors (e.g., AHPCS) pyrolyzed at

different temperatures. Reprinted from 52] with permission from Elsevier.
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