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Chapter 1

General introduction

1.1 Membrane separation technology

Today, membrane-based separation processes are widely used in our day-to-day
activities from the petrochemical, food, biotechnology, and pharmaceutical industries,
and in a range of environmental uses, including water treatment, desalination, and gas
separations. Their simplicity and cost efficiency have made them very popular and
widely spread in their applications [1]. For instance, membrane technology offers
superior economics compared to conventional separation techniques, and it is
estimated that the use of membranes can decrease energy costs by as much as 30%
when compared with conventional, energy-intensive technologies [2]. Because the
cost-effectiveness of membrane technology, for example, in the case of gas separation,
is attributed to the ability to allow gasses to be treated in a single-stage/-phase as
opposed to the multiple stages (e.g., pressurizing, depressurizing and purging) needed
for conventional pressure swing adsorption systems or different phases (gas and
liquid), which are common in commercialized cryogenic separation methods.

A membrane, described as a semi-permeable active or passive barrier that
selectively permits specific species to pass through to the permeate stream, while
being able to retain most of the impermeable species in the retentate/feed stream with

characteristic advantages of low energy consumption, low operation cost and small
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foot print [3]. A general definition of membrane for binary mixtures is as

demonstrated in Fig. 1-1.
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Fig. 1-1 Schematic of membrane separation for binary mixtures.

1.2 Types of membranes

Generally speaking, membranes can be roughly categorized into two classes
based on their morphology (isotropic or anisotropic) and the material (inorganic or
organic) used for their synthesis as shown in Fig. 1-2 [1]. According to the
morphology of the membranes, it is further divided into two groups, namely, isotropic
and anisotropic membranes. The typical schematic diagrams of the isotropic and
anisotropic membranes are shown in Fig. 1-3 [4, 5]. The isotropic membranes have a
homogenous composition and their structure is composed of a single material. On the
contrary, anisotropic membranes have a heterogeneous composition both in their
chemical composition as well as in their structure. Anisotropic membranes consist of
an extremely thin surface layer (separation layer) supported on a thicker, porous

substructure, which usually also has a heterogeneous chemical composition and
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structure (multilayer structure, e.g., the intermediate layer, particle layer, and porous
support). The separation properties and permeability of the membrane are determined
only by the surface layer/separation layer; the substructure serves as mechanical
support. Anisotropic membranes have the advantage of higher fluxes, so that almost

all commercial processes use this type of membrane [4].

Membranes

Structure Material

Anisotropic Inorganic

‘ Isotropic | ‘ Organic |

Fig. 1-2 Membrane categories based on their structure and material [1].

Isotropic membranes Anisotropic membranes
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Intermediate layer

Particle layer

Support

Fig. 1-3 Schematic diagrams of the isotropic and anisotropic membranes [4].
On the other hand, membranes can be classified into organic membranes
(polymeric membranes) and inorganic membranes based on synthetic materials.

Organic membranes are usually made of polymers such as polysulfone, cellulose

-3-
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acetate, polyimide, polyetherimide, polycarbonate, and polydimethylsiloxane. In a
broad term, inorganic membranes consist of ceramic, carbon, and metal membranes [6,
7]. Among them, ceramic membranes are usually made from typical metal oxides (e.g.,
alumina (ALxO3), titania (TiO3), zirconia (ZrO2) and silica (Si0Oy)), zeolite, MOFs,
non-oxides (such as silicon carbide (SiC)) as well as the composites of combinations
of oxides and non-oxides (e.g., SICO) [1]. Since polymeric membranes often suffer
from low mechanical stability and fouling problems, while inorganic membranes
possess better properties such as high chemical, thermal and mechanical stabilities,
which make them suitable for use under harsh conditions, such as corrosive and
high-temperature environments [8, 9]. Due to the advantages of inorganic membranes,
this thesis is primarily concerned with their synthesis techniques and their

applications in gas separation and pervaporation (PV).

1.3 Membrane processes

In a broad term, membrane separation processes could be categorized into
several types based on the phase species (e.g., liquid or gaseous) of the components in
both feed and permeate side and based on the pore size of the membranes. For one
case where both the feed and permeate streams are a liquid phase and the driving
force is a pressure difference (e.g., application in saline water treatment), the
separation processes involved are as follows: microfiltration (MF), ultrafiltration (UF),

nanofiltration (NF) and reverse osmosis (RO) membranes. Fig. 1-4 shows the general
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description of these four membrane processes with their pore sizes and pore types. RO
process enjoys many advantages which make it an attractive technology for seawater
desalination because of its high-water recovery rate and salt rejection rate, which is
attributed to their narrow pore sizes of 0.3-0.6 nm [10].

In addition to RO, most pervaporation (PV) and gas separation membranes also
use the membranes with pore sizes of < 0.6 nm to perform the separation. The PV
process is typically identified as that the feed stream is in the liquid phase while the
permeate stream is a gaseous/vapor phase by evacuation. Pervaporation provides the
possibility of separating closely boiling mixtures (or azeotropes) that are difficult to
separate by distillation or other means. For the case of gas separation where both feed
and permeate streams are in the gas phases. MF, UF, NF, and RO processes in terms
of water treatment have been extensively studied, well developed, and the market is
served by a number of experienced companies [4]. However, gas separation and PV
are relatively new membrane processes, which are developing rapidly with increasing
attention. Therefore, gas separation and PV processes were the main fields involved in

this study.
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Fig. 1-4 General descriptions of RO, NF, UF, and MF membrane processes with their

pore sizes and pore types.

1.4 Transport mechanisms in gas separation and PV processes

In the past decades, the successful synthesis of a variety of good quality
membranes promoted extensive experimental and theoretical studies on the transport
mechanism through these membranes. The theory of transportation mechanism, which
is essential not only for a better understanding of the process itself but also for design
purposes. Considering the scope of this thesis, here we introduce the general transport

mechanisms in gas separation and PV processes for inorganic membranes.

1.4.1 General mechanisms in gas separation

In membrane science, performance is most commonly associated with two

properties, permeance (or permeability) and selectivity. The permeability refers to the
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intrinsic ability of a membrane to allow passage of a gas specie and relates the molar
flux to the driving force, which is usually expressed by the difference in pressure or
concentration across the membrane. The ideal selectivity is obtained most simply by
the ratio of the single-gas permeances (or permeabilities) that are measured on the
same conditions. However, gas permeation through a microporous inorganic
membrane is a process combining adsorption and diffusion. The permeation process
even for the single gas permeation is complex involving a variety of phenomena. On
the other hand, the actual selectivity in a gas mixture could strongly deviate from the
ideal selectivity due to interactions between species with each other or with the
membrane walls. Therefore, the ideal selectivity should be considered as a limiting
case approximation.

Gas transport in membranes can occur through a number of possible mechanisms
[11]. According to the properties of both permeants and membranes, various transport
mechanisms have been proposed for gas transport across membranes [11, 12]. Fig. 1-5
illustrates a schematic representation of the mechanisms for the permeation of gases
through porous as well as dense membranes. For the porous membranes, it includes
Knudsen diffusion, surface diffusion, and molecular sieving, while for the dense

membranes, it is the solution-diffusion mechanism [13-15].

-7-
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Fig. 1-5 Schematic presentation of mechanisms for permeation of gases through
membranes.

Knudsen diffusion occurs when the pore size diameter of the membrane is
smaller than the mean free path (i.e., the distance between collisions that primarily
occurs between gas molecules and the pore walls) of the gas species [12, 16].
Depending on the types of gases, the free path is fixed using the molecular weight,
temperature, and pressure. Different gas species move at different velocities; therefore,
the separation is achieved. The selectivity in Knudsen diffusion can be estimated from
the square root of the ratio of the molecular weights. From a practical application
point of view, gas separation membranes only based on the Knudsen diffusion
mechanism are not commercially attractive due to their low selectivity.

Surface diffusion occurs at low temperatures when gas molecules cannot escape
from the surface potential field. It occurs in three steps: (1) gas molecules adsorb onto
the surface of the membrane at the pore entrance, (2) diffuse through the membrane,
adsorbed molecules migrate along the pore walls, and (3) desorb at the pore exit [11,
16]. This diffusion can usually occur together with Knudsen diffusion. The gas

adsorption reduces the effective pore diameter, consequently, the transport of
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nonadsorbing gas molecules is reduced. Surface diffusion can enhance the
permeability and selectivity for the gas that can be strongly adsorbed to the pore
walls.

Molecular sieving operates on a size-exclusion principle. If the pore sizes of
membranes are small enough (in the range of 0.3-0.6 nm), molecular sieving can be
used to separate molecules with different kinetic diameters, and only small molecular
gases can be allowed to pass through the membrane. However, as the pore sizes
decrease, the porosity of the membrane is expected to decrease, resulting in increased
resistance across the membrane and reduced gas flux. Therefore, the pore size and
porosity should be balanced to produce an efficient membrane.

The mechanism of gas separation using a non-porous membrane is different from
that using a porous membrane. The solution-diffusion mechanism is the most
commonly used model to explain gas transport through dense membranes. The
solution-diffusion mechanism is described as follows: gas molecules or atoms
adsorbed on the upstream boundary permeate through the membrane and desorb on
the other side of the membrane. This separation mechanism is based on both solubility
and mobility of gas molecules in membranes.

Generally, molecules diffuse through the membrane by more than one

mechanism based on the properties of both permeants and membranes.

1.4.2 General mechanisms in PV

Pervaporation (PV) has been widely used to separate close-boiling point
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mixtures or azeotropes. PV process has better separation capacity and energy
efficiency than competing distillation, adsorption, and extraction technologies and
their applications could lead to 40-60% energy reductions [17].
In PV, a liquid mixture contacts one side of a membrane (feed side), and the
permeate is removed as a vapor from the other (permeate side). Transport through the
membrane is induced by the vapor pressure difference between the feed solution and
the permeate vapor, which is maintained by the low vapor pressure on the permeate
side generated by cooling and condensing the permeate vapor [4, 18, 19]. Because the
PV process involves changes in the liquid-vapor phase, the process is usually
accompanied by stable heating [20].
In a pervaporation process, transport through the porous membranes is generally
described by a so-called ‘adsorption-diffusion mechanism’ which can also be simply
described by 3 consecutive steps (as represented schematically in Fig. 1-6) [19, 21]:
(1) Selective sorption of the species in the liquid mixture at the interface between feed
and the membrane;

(2) Diffusion of the permeating components through the membrane due to
concentration gradient;

(3) Desorption of the permeating components at the interface between the membrane

and permeate into the vapor phase permeate side.

-10-
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Fig. 1-6 Schematic pervaporation process of a binary mixture through a porous
membrane based on the solution-diffusion mechanism.

According to this mechanism, the dominant steps are the sorption and the
diffusion (or one of the two), whereas the desorption step is very fast since vacuum or
sweeping gas is applied to remove the diffused components [19, 21]. The first two

steps are also responsible for the final permselectivity [22].

1.5 Inorganic membranes

Polymeric membranes have been developed for a wvariety of industrial
applications due to the lower cost. However, polymeric membranes suffer from low
mechanical stability and fouling problems. Compared to polymeric materials,
inorganic membranes receive significant attention from both academia and industry as
they possess better properties such as high chemical, thermal and mechanical
stabilities, and show great potential in several important applications, such as MF, UF,

NF, RO, gas separation and PV [4, 23]. In this thesis, we mainly introduce the

-11-
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extensively investigated amorphous Silica (SiO)-based membranes as well as the

emerging amorphous SiC-based membranes.

1.5.1 Silica-based membranes

Silica-based/silica membranes have been widely utilized in gas separation and
pervaporation applications because the appropriate cavity size can be successfully
controlled through chemical vapor deposition or sol-gel techniques. Their amorphous
structure is a great advantage in the formation of highly permeable thin-films [24, 25].
One advantage is that the pore structure of the silica membrane is controllable, and
the permeation performance can correspondingly be adjusted [26]. According to
molecular dynamic simulation, conventional amorphous SiO> membranes consist of
pores ranging from 0.3-0.4 nm, which makes them suitable for the separation of small
molecule mixtures such as H2/N2 and Hz/CO2, but may not be suitable for the
separation of small-to-medium-sized molecules from large molecules such as N2/SFg
due to the high resistance caused by the small pores [24, 25, 27-30]. In the hydrogen
separation, silica membranes generally show H, permeances ranging from 10°-10®
mol/(m? s Pa) with selectivities (e.g., Ho/N2, Ho/CHa, and H2/CO2) over hundreds to
thousands, which are sufficient for the demands of industrial separations.

However, silica membranes are reportedly densified under a hydrothermal
atmosphere, particularly at high temperatures [24, 25, 27, 28]. This is because water

molecules can degrade the silica network by hydrolysis of Si-O-Si even at low

-12-
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temperatures, resulting in severe degradation with a loss of separation ability [31, 32].
To address this problem, researchers have attempted to modify the surface properties
of the silica, to minimize the interaction of water molecules with the membrane
structure [33]. One strategy to solve this challenging problem is introducing organic
groups into the pure silica structure [32, 34]. Castricum et al. developed a new type of
membranes categorized as silsesquioxane (RSi01 5) derived from organoalkoxysilanes
to enhance the hydrothermal stability and allow tuning of the network structures that
could overcome the drawbacks of silica membranes [34].

These types of membranes with organosilica networks were given names such as
organic-inorganic silica membrane, organosilica membranes, or silica-based
membrane. For example, the addition of organic groups of -CHa-, -(CH2)2-, -(CH2)3-,
-(CH2)¢-, -(CH2)s-, and phenyl as bridged types have been reported to increase the
hydrothermal stability and tune the pore size of membranes [30, 35-37]. These types
of organosilica membranes showed good performance in gas separation, PV, and RO
applications. Furthermore, recently, our group reported an organosilica membrane
(BTESE) for the separation of steam/non-condensable gas mixtures at temperatures
ranging from 80 to 200 °C, which confirmed the hydrothermal stability and showed
promise for their future applications in humid gas separation [38]. However,
organosilica membranes also have their inherent limitations, for example, when they
are used at high temperatures or in the presence of oxygen, the effectiveness of
organosilica membranes could be limited due to decomposition or oxidation of the

organic linking units [39].

13-
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1.5.2 Silicon carbide-based membranes

1.5.2.1 Silicon carbide-based ceramics

Silicon carbide (SiC) attracts much attention as key engineering components in
many advanced technology programs, primarily due to its high levels of mechanical
strength, structural stability, and chemical stability, and also its reliability at room and
elevated temperatures [40-43]. The traditional method for the preparation of ceramics
involves powder technology [44]. However, significant progress in the fabrication of
SiC-based ceramic was achieved by the pioneering work of Yajima et al. [45] via the
pyrolysis of a preceramic polymer polycarbosilane (PCS, a typical
polyorganocarbosilane) with the molecular formula [-(CH3)SiH-CHb»-],. Since then,
industrial technologies for fiber production have rapidly developed. For example, Ube
Industries and Nippon Carbon, two Japanese companies, successfully commercialized
of SiC fibers in the late 1970s [46, 47]. Polymer-derived SiC-based ceramic fibers
have become important industrial materials [47]. Preceramic polymers can be
processed or shaped, wusing simply polymer-forming techniques (such as
melt-spinning, coating, foaming, impregnating, and even 3D printing), curing for
cross-linking, and then converted to ceramic components by pyrolysis [44]. Therefore,
SiC-based fibers, SiC-based layers, SiC-based foams, and SiC complex architectures
were produced from preceramic polymers, which cannot be easily obtained using the
powder technology [44, 46, 48-50]. SiC materials have been applied in many key

fields such as electronics, aerospace, nuclear, automotive, as well as membrane

-14-
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separation, protective coating, and catalysis [44, 46, 51].

The fabrication of SiC-based ceramics by the polymer-pyrolysis process strongly
influenced by the chemistry and architecture of the precursors, their processing route,
and the parameters used for their pyrolysis [52]. First of all, the molecular structure
and type of the preceramic polymer influences not only the composition but also the
number of phases as well as the phase distribution and the microstructure of the final
ceramic produced therefrom. The general classes of silicon-based polymers used as
precursors for ceramics, i.e., polyorganosilanes, polyorganocarbosilanes,
polyorganosiloxanes, polyorganosilazanes and polyorganosilylcarbodiimides and their
corresponding classes of ceramics are shown in Fig. 1-7 [46, 53]. The
nano/microstructure of the resulting types of polymer-derived ceramics (i.e., silicon
carbides, silicon oxycarbides, and silicon carbonitrides) is indicated as well. The
macroscopic chemical and physical properties of polymer-derived ceramics can be

varied and adjusted to a huge extent by the design of the molecular precursor.

Rl
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Fig. 1-7 Silicon-containing preceramic polymers and resulting ceramics [46, 53].
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On the other hand, different pyrolysis temperatures also lead to different ceramic
structures. Fig. 1-8 shows the general polymer-to-ceramic transformation process of
preceramic polymers depending on the temperature. Generally, pyrolysis of
polycarbosilanes leads to amorphous SiC-based ceramics at moderate temperatures
between 600 °C and 1000 °C. With a further increase in the pyrolysis temperature, the
amorphous SiC-based ceramics may crystallize, however, crystallization is not
necessary or even undesired because it could damage the structure of the ceramics

[54].

Crystalline ceramics

HT ANNEALING
PYROLYSIS Amorphous ceramics

m } Complex shaped greenbodies

e IN{VIHriNI[el ' Preceramic polymers

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature (°C)

Fig. 1-8 Polymer-to-ceramic transformation of preceramic polymers [52].
Among the above mentioned, the curing stage of the fabrication process plays an
important role in determining the final quality of the SiC-based ceramic, because it
not only prevents the shapes/coating-layers of green-precursors from fusing together
during the pyrolysis process, but also has a significant impact on their microstructural
properties [55]. Cross-linking of PCS can be achieved by thermal curing in air

atmosphere or irradiation (UV, y-ray, or e-beam) curing under inert atmosphere

-16-
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[56-60]. Cross-linking of PCS in the presence of oxygen has been found to occur via
radical mechanisms: oxidation of Si-H and Si-CHj3 bonds occurs with the formation of
Si-OH, Si-O-Si and C=0 groups [61, 62]. On the other hand, cross-linking of PCS in
the absence of oxygen involves reactions of Si-H bonds with Si-CHj3 groups leading
to Si-CH»-Si linkages [52, 63]. Different cross-linking methods and pyrolysis
atmospheres produce different types of SiC-based ceramics, as shown in Fig. 1-9 [64].
Three types of SiC-based ceramics are produced from PCS. Si-C-O ceramic is
produced by oxygen-curing of PCS; Si-C and Si-N ceramics are produced by
radiation crosslinking of PCS. Particularly, Si-N ceramic is produced by pyrolysis

under the NH3 atmosphere [64, 65].

Polycarbosilane ?Hs
f

(PCS) S'_CHz
_ Irradiation Oxygen curing
Rad cross-linked PCS Oxygen cross-linked PCS

N\ |

Pyrolysis in He Pyrolysis in NH,  Pyrolysis in He

! ] !

Fig. 1-9 Production process of SiC-based ceramic under different atmospheres [64].
So far, many silicon-based polymers have been used as preceramic precursors for
the SiC-based ceramics [52]. SiC-based ceramics have been extensively investigated

and applied to various fields. However, PCS-derived ceramics still have drawbacks in

17-
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their mechanical properties that cause them to deteriorate at high temperatures [66].
With the development of science and technology, the main method for preparation of
high-performance SiC-based ceramics is the introduction of transition metals (e.g., Ti,
Al, Zr, B, etc.) into SiC-based ceramics via the pyrolysis of polymetallocarbosilanes,
which is a chemical modification of PCS and can enhance the comprehensive
performance of the SiC-based ceramics [67, 68]. Among these metal-containing PCS,
a Ti-incorporated PCS precursor, polytitanocarbosilane (TiPCS), has been developed.
This polymer precursor can be synthesized via a reaction with titanium alkoxide
(Ti(OR)4) using PCS as shown in Fig. 1-10 [47, 66, 69]. Introduction of a small
amount of titanium component, Ti-containing SiC-based ceramic exhibits more
enhanced properties such as inhibiting crystalline grain growth of B-SiC up to high
temperature [69]. Moreover, using this polymer, a Si-Ti-C-O (TiOSiC) fiber,
commercialized under the name Tyranno Fiber and marketed by Ube industries LTD.
(Japan), has now been synthesized [70, 71]. The Si-Ti-C-O fiber has many desirable
mechanical properties and excellent heat resistance by comparison with SiC fibers
obtained from PCS [66]. The metal-containing SiC-based ceramics are prepared by a
similar process to that used for the fabrication of SiC-based ceramics derived from

PCS as illustrated in Fig. 1-9.

-18-
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Fig. 1-10 Typical preparation process of metal-containing SiC-based ceramics derived

from polymetallocarbosilane (Ti, Zr, and Al) precursors [47].

1.5.2.2 Silicon carbide-based membranes

For H> separation membranes, silica, carbon, and polymeric membranes cannot
withstand either the higher operating temperatures or the presence of steam [72, 73].
Palladium membranes that are 100% selective towards hydrogen are expensive and
sensitive to sulfur and carbon monoxide poisoning and coking [73]. Silicon
carbide-based (e.g., SiC, SiOC, SiNC) ceramics have shown promise for use in H>
separation due to excellent mechanical and chemical stability, high oxidation

resistance, hydrothermal stability, high-temperature corrosion resistance, and high
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thermal shock resistance. Thus far, SiC-based membranes have primarily been used
for water treatment [74, 75], hot gas filtration [76, 77], catalytic substrates [78], and

gas separation applications [73, 79].

The two approaches commonly utilized for the fabrication of SiC-based
membranes include chemical-vapor deposition/infiltration (CVD/CVI), and pyrolysis
of pre-ceramic polymer precursors [61]. For example, Sea et al. [80] prepared a SiC
membrane via the CVD of triisopropylsilane (TPS) at 700-800 °C on an a-alumina
tube with post-heat treatment under Ar at 1,000 °C. They achieved a H> permeance in
the range of (5-6) x 10”7 mol/(m? s Pa) with a Knudsen-dominant gas permeation
mechanism. Ciora et al. [43] also reported microporous SiC membranes using the
CVD/CVI technique. However, the preparation procedure using TPS involved
multiple steps that increased the cost and required post-treatment for further structural
tailoring at temperatures reaching 1,000 °C. From a membrane manufacturing

standpoint, therefore, the advantage of the CVD/CVI technique is lost.

In the formation of SiC-based membranes, the preceramic polymer method has
been employed as an effective route by comparison with CVD/CVI methods [42]. The
greatest advantage of this method is its simplicity and the fact that the processing can
be carried out either batchwise or continuously [54]. To obtain SiC-based ceramic
products, the precursors usually must undergo a sequence of shaping (coating), curing
for cross-linking, and pyrolysis for polymer-to-ceramic transformation [61, 81].

As mentioned earlier, some curing methods for cross-linking have been used to
produce SiC-based ceramics/membranes such as y-ray/electron beam irradiation and

conventional thermal oxidation (air-curing). Among the preceramic precursors, PCS is
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the most commonly used for the formation of SiC-based membranes. For instance,
Wach et al. [82, 83] reported the preparation of a SiC-based (Si-O-C) membrane via
the electron-beam irradiation curing of a polycarbosilane (PCS) and polyvinylsilane
blend. Their membrane achieved H, permeance of 10'°-10® mol/(m? s Pa) and
excellent Ho/N> selectivity of 254 at 250 °C [83]. Li et al.[84] used PCS as a
precursor to prepare SiC-based (Si-O-C) membranes via thermal-oxidative
cross-linking (i.e., cured at 200 °C under air atmosphere). The Li membrane showed a
H, permeance of 10 mol/(m? s Pa) with a Ho/N; selectivity of 18-63. The thermal
oxidation was the most popular owing to its simplicity and cost-effectiveness.
Furthermore, The Tsotsis group [42, 73] used an intramolecular thermal cross-linking
method via allyl groups (C=C—C) without oxygen in allyl-hydridopolycarbosilane
(AHPCS) to produce a SiC-based membrane. The Tsotsis membrane showed an ideal
He/Ar separation factor of ~1,100 with He permeance of ~1 x 10 mol/(m? s Pa) at
200 °C [42].

Transition metallic elements such as Al, Ti, and Zr could improve the heat
resistance, structure stability, and electrical properties of the final ceramic product as
well as SiC-based membranes [85, 86]. However, to date, few reports have focused on
metal-containing SiC-based membranes for molecular separation. Chao et al. reported
a Al-containing SiC-based (Si-Al-C) membrane [87] that was prepared via air-curing
at 200 °C and then pyrolyzed at 700 °C. One Si-Al-C membrane showed a H»
permeance of 1 x 10 mol/(m? s Pa) with a Ho/N» selectivity of 2.25 (~Knudsen

selectivity) at 200 °C. Also, a multilayered B-containing Si-B-C-N/y-Al,O3/a-Al>,03
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membrane with gradient porosity was prepared and investigated with respect to gas
separation  behavior [88, 89]. The typical micromorphology of a
Si-B-C-N/y-Al>O3/0-Al,0O3 membrane was an asymmetric membrane as shown in Fig.
1-11. A Hy permeance of 1.05 x 10" mol/(m? s Pa) and a Ha/CO selectivity of 10.5
were determined, showing its potential for applications such as hydrogen purification

[88].

Fig. 1-11 Cross-section of a multilayered Si-B-C-N/y-Al,O3/a-Al>O3 membrane [88].
Table 1-1 lists the synthesis conditions and performance of representative
SiC-based membranes for gas separation, and the molecular structure of the
preceramic precursors was also shown in Fig. 1-12. In addition, Fig. 1-13 summarizes
the gas separation performance for SiC-based (SiC, SiOC, and SiAlC; including the
data in Table 1-1) and other membranes. Silica membranes, which were prepared by
sol-gel or CVD, generally showed high performance in Ho/N»> separation because of
narrow pore size, but their performance was reportedly poor under a hydrothermal

atmosphere, particularly at high temperatures [32]. Most SiC-based membranes have
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shown a low level of gas permeance. H> permeance of these membranes ranges from
~10°-10"® mol/(m? s Pa) though H»/N, selectivities varied greatly (Fig. 1-13a). SFe,
which is the gas with the largest molecular size, is often used for evaluating the
existence of large pores, and N2/SF¢ is used as a benchmark for the separation of
mid-sized molecules from large molecules such as the removal of methanol from
organic mixtures [90, 91], and is also used as an index to evaluate membrane quality
[92]. Fig. 1-13b revealed permeation properties that dictate lower permselectivity for
No/SF¢ compared with MFI membranes. This indicates that most SiC-based
membranes had a small pore size distribution and probably accompanied some defects
such as pinholes. The small pore size distribution is why most SiC-based membranes
were used for H> separation. Therefore, molecular separation SiC-based membranes
need to optimize the preparation process and adjust their pore structures, which is also

one of the important objectives of this thesis.
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Table 1-1. Summary of synthesis conditions and membrane performance of SiC-based

membranes for gas separation.

Pyrolysis Permeation H:> permeance H2/Na H2/SFe¢
Precursor Type Ref.
temp. [°C] temp. [°C] [x 10-® mol/(m? s Pa)]  selectivity  selectivity
TPS 700-800 SiC 200 39.7 4.2 10-11  [80]
750 SiC 200 0.54-1.18 29-78 (H2/CHa4) [93]
AHPCS 750 SiC 200 1.05-2 101-258 (Hx/Ar) [79]
750 SiC 200 0.9 (He) 1,100 (He/Ar) [42]
PCS 450 SiC 200 52.6 6.1 [94]
PCS 500 SiC 100 5.6 5.6 591 [95]
PCS 750 200 4.7 9

SiCO [84]

PCS/PS 950 300 6.4 7.09
PMS 600 SiC 200 0.27 20 [96]
PMS/Al-AcAc 500 SiAIC 200 0.65 4.8 [87]
PCS/PS 950 SiCO 200 24 10 [97]

PCS 250 2 146
850 SiC [83]

PCS/PVS 250 1.2 254
PMS 600 SiCO 200 0.49 40 [98]
VTMS/TRIES/TMDSO 700 SiCO 200 80 6.2 2,920 [27]
XP RV 200 700 SiCO 200 1 20 152 [99]

(TPS: triisopropylsilane; AHPCS: allylhydridopolycarbosilane; PCS: polycarbosilane;
PS: polystyrene; PMS: polydimethylsilane; Al-AcAc: aluminum acetylacetonate; PVS:
polyvinylsilane; VITMS/TRIES/TMDSO: vinyltrimethoxysilane/triethoxysilane/tetra-

methyldisiloxane; XP RV 200: vinyl-functionalized polysiloxane; the molecular

structure of the preceramic precursors was shown in Fig. 1-12).
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Fig. 1-12 The molecular structure of examples of silicon-containing precursors for

SiC-based membranes (TPS-derived SiC-based membrans were formed by CVD

method).
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Fig. 1-13 Comparison of the selectivities for (a) Ho/N» and (b) N2/SFs of

SiC-based membranes and other membranes [39, 61].

1.6 Scope of this thesis

Membrane separation process has become one of the emerging technologies that

undergo a rapid growth for the past few decades. The development of advanced
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membranes for molecular separation with excellent separation performances, a simple
fabrication process, and low-cost is always being pursued by membrane developers.
The overall of this dissertation research is focused on the development and
microstructure tuning of SiC-based membranes for gas separation and PV application.
Two types of preceramic precursors, PCS and TiPCS were chosen for the fabrication
of SiC-based membranes and Ti-containing SiC-based membranes, respectively.
Conventional SiC-based membranes derived from PCS are mainly used for H2/N»
separation due to their narrow and small pore sizes. However, few studies have
investigated the microporosity of ceramic products pyrolyzed at moderate
temperatures (350-800 °C), and the relationship between the microporous structure
and curing process for molecular separation remains unclear. Furthermore,
Ti-containing SiC-based ceramics have many superior properties, however, the
research on them is limited to fibers and bulk ceramics at high temperatures (>
1,000 °C). Here, we are the first to propose the fabrication of SiC-based membranes
to obtain sub-nanopores by doping with Ti for molecular separation of
small/mid-sized molecules from large molecules.

The high separation performance which could be obtained by adjusting the pore
size of the SiC-based membranes, is expected to make SiC-based membranes suitable
for separation not limited to Ho/N» separation but also in a wide range of applications
for molecular separation. From these requirements, the main work of this research is
as follows:

(i) Tuning the microstructure of PCS-derived SiC-based separation membranes
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via thermal-oxidative cross-linking;

(ii) Investigation of physicochemical properties and microstructural variations
of TiPCS under different curing and pyrolysis conditions;

(iii) Development of high-performance sub-nanoporous SiC-based membranes
derived from TiPCS for gas separation and PV applications.

This thesis consists of 5 chapters, the brief descriptions are shown below:

Chapter 1 is “General introduction” which involves the background and
motivation of the current research.

Chapter 2 is “Development and microstructure tuning of conventional
SiC-based membranes derived from polycarbosilane”. The main interest was
focused on tuning the microstructure of the PCS-derived membranes via air-curing
temperature. The elemental composition and microstructure of the final ceramic
material could be precisely tailored via the air curing process. The most promising
PCS-derived membranes, which were cured at 250 °C and then pyrolyzed at 750 °C,
had high thermal stability and oxidation resistance at 500 °C in addition to excellent
permeation properties: H, permeance of 1-2 x 10° mol/(m? s Pa) at 500 °C with
H/N> selectivity of 31 and Ho/C3Hg selectivity of 1,740; and, CO2 permeance of 1.8 x
10 mol/(m? s Pa) at 27 °C with CO2/CHj selectivity of 40. This is the first study to
propose the concept of tailoring the microstructure of SiC-based membranes by
controlling the curing process.

Chapter 3 is “Development of high-performance sub-nanoporous SiC-based

membranes derived from polytitanocarbosilane”. Many studies have characterized
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TiPCS-derived ceramics by firing at high temperatures (> 1,000 °C), however, few
studies have investigated the microporosity of ceramic products pyrolyzed at
moderate temperatures. This work marks the first fabrication of TiPCS-derived
SiC-based membranes with sub-nanopores via the pyrolysis of a commercial
polytitanocarbosilane polymer, Tyranno Coat, at temperature ranges of 350-850 °C.
The dependence of the polymer-to-ceramic transformation process of TiPCS on
pyrolysis temperature was systematically investigated. The pore characteristics and
the surface areas of TiPCS-derived ceramic powders were strongly dependent on the
pyrolysis temperatures. The evolution of the network structure of TiPCS during the
pyrolysis process began with a dense polymer structure (< 350 °C) that was then
passed through a loose transitional structure (350-650 °C), and then transformed into
a relatively denser ceramic structure (> 650 °C). Additionally, the titanium
components in TiPCS effectively inhibited and/or reduced the densification of the
network structures at elevated temperatures. The network structure of TiPCS-derived
SiC-based membranes showed trends similar to those of TiPCS-derived ceramic
powders. The membrane prepared at 750 °C featured sub-nanopores, reproducibility,
and attractive selectivities (H2/SFs, 16,600; and N»/SFs, 2,100) with a high H»
permeance at a magnitude of 10° mol/(m? s Pa). These SiC-based membranes
demonstrated great potential for the separation of small and mid-sized molecules from
large molecules such as No/SFs separation and PV removal of water or methanol from
liquid mixtures. The TiPCS membranes exhibited separation performance for

methanol/methyl acetate mixtures with a total flux of 0.38 kg/(m? h) and a
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methanol/methyl acetate separation factor of 35 for 10 wt% MeOH in a

MeOH/MeOAc binary mixture at 60 °C.

Chapter 4 is “Study on the effect of oxidative cross-linking on the structure
and performance of polytitanocarbosilane-derived SiC-based membranes”. In
this section, special attention was focused on a process of thermal-oxidative curing
that was used to induce cross-linking and the effect of this process on the ceramic
yield, thermal stability, oxidation resistance, and microstructure of TiPCS. The
cross-linked TiPCS powders showed a ceramic yield and thermal stability that were
higher than that from the non-cross-linked version. In addition, the cross-linked
TiPCS with uniform micropores showed higher levels of N> and CO> adsorption
capacity, BET surface area, and micropore volume than the non-cross-linked versions,
and the cross-linking process enhanced the stability of the pore structure at high
temperature. The pore formation behavior induced by the cross-linking process of
TiPCS chains was closely related to the gas permeation properties in SiC-based
membranes. The cross-linked TiPCS membranes showed higher oxidation resistance
than their non-cross-linked counterparts at 300 °C under air. Furthermore, the
influence of the concentration of the TiPCS precursor coating solution was optimized.
The cross-linked, optimized membranes demonstrated great performance for the
pervaporation removal of methanol in binary azeotropic systems of either
MeOH/butyl acetate or MeOH/toluene. Moreover, the membranes showed high

hydrothermal stability together with an H»O permeance of 1.64x10°% mol/(m? s Pa)
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and a high H>O/N; selectivity of 40 in an equimolar HoO/N»> mixture (50 kPa: 50 kPa)
at 300 °C. The TiPCS membrane is a promising candidate for gas dehumidification in
membrane contactor systems that must operate at high temperatures.

Chapter 5 is “Conclusions”. The main conclusions of this study are summarized

and recommendations for further study are presented here.
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Chapter 2
Development and microstructure tuning of conventional SiC-based

membranes derived from polycarbosilane

2.1 Introduction

Hydrogen as a clean energy carrier is considered one of the key alternatives for
the replacement of petroleum as fuel, and is expected to play a significant role in the
reduction of greenhouse gas emissions [1]. Efficient production and separation of
hydrogen are the main obstacles limiting its widespread application. A membrane
reactor has been proposed in order to achieve the objectives of membrane separation
and catalytic reaction in one unit [1]. Most dehydrogenation reactions (e.g.,
dehydrogenation in methylcyclohexane and propane) are limited by thermodynamic
equilibrium, and the membranous removal of H> could improve the conversion
process beyond static equilibrium. However, the difficulty of manufacturing pores
with a suitable diameter and the lack of stability at high temperatures are the main
challenges for membrane materials [2, 3].

Regarding H»> separation membranes, silica, carbon, and polymeric membranes
cannot withstand either the higher operating temperatures or the presence of steam [4,
5]. Palladium membranes that are 100% selective towards hydrogen are expensive
and sensitive to sulfur and carbon monoxide poisoning and coking [4, 5]. These

factors have created the need to develop new materials. Silicon carbide-based (SiC
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and SiC-related, e.g., SiC, SiOC, SiNC) ceramics have shown promise for use in H»
separation. Thus far, SiC-based membranes have primarily been used for water
treatment [6, 7], hot gas filtration [8, 9], catalytic substrates [10], pervaporation [11],
and gas separation applications [5, 12] due to excellent mechanical and chemical
stability, high oxidation resistance, hydrothermal stability, high-temperature corrosion
resistance, and high thermal shock resistance.

In the formation of SiC-based membranes, the preceramic polymer method has
been employed as an effective route by comparison with chemical-vapor
deposition/infiltration (CVD/CVI) methods. The greatest advantage of this method is
its simplicity and the fact that the processing can be carried out either batchwise or
continuously. In order to obtain SiC-based ceramic products, the precursors usually
must undergo a sequence of shaping (coating), curing for cross-linking, and pyrolysis
for polymer-to-ceramic transformation [13]. The curing stage of the fabrication
process plays an important role in determining the final quality of the SiC-based
ceramic, because it not only prevents the shapes/coating-layers of green-precursors
from fusing together during the pyrolysis process, but also has a significant impact on
their microstructural properties [14]. Thus far, a number of different curing methods
have been used to produce SiC-based membranes such as y-ray/electron beam
irradiation [15, 16] and conventional thermal oxidation [3, 17]. Among these, thermal
oxidation (air) curing has been the most popular owing to its simplicity and
cost-effectiveness.

Polycarbosilane (PCS) is the most commonly used preceramic polymer for the
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formation of SiC-based materials (e.g., SiC and SiOC) since Yajima et al. first
reported its use for SiC fibers with the trade name Nicalon [18]. Thus far, many
studies have characterized PCS-derived materials (powders, fibers) by firing at high
temperatures (> 1,000 °C), which usually results in almost no porosity. With respect to
separation membrane research, however, few studies have investigated the
microporosity of ceramic products pyrolyzed at moderate temperatures (350-800 °C),
and the relationship between the microporous structure and curing process for
molecular separation remains unclear. In the present study, our interest was focused
on tuning the microstructure of the PCS membrane via air-curing temperature in order
to accomplish the separation of H»/CsHg for potential applications to propane
dehydrogenation membrane reactors under high temperatures. Thus, the
physicochemical properties and microstructural variations of PCS-derived ceramic
powders were systematically studied under different curing and pyrolysis
temperatures. The optimized PCS-derived membranes had excellent permeation
properties with high thermal stability and good oxidation resistance. The present study
is the first to propose the concept of tailoring the microstructure and permeation

properties of SiC-based membranes via a process of thermal-oxidative curing.

2.2 Experimental

2.2.1 Preparation of cured and pyrolyzed PCS powders

To study the conversion behavior from organic polymer to ceramic,
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polycarbosilane (PCS, Type-UH, main structure [-(CH3)HSi-CH»-],, mean molecular
weight = 3694, NGS Advanced Fibers Co., Ltd., Japan) powder with a melting point
higher than 300 °C was used in this work. The air curing process for cross-linking
using raw PCS powder was carried out for 2 h at temperatures of 150-350 °C with a
50 °C interval under an air flow (500 mL min™). The cured PCS powders were then
separately pyrolyzed at 350, 550, 650, 700, 750 and 850 °C for 2 h under a N> flow
(500 mL min™"). During the above processes, the furnace was heated at 35 °C min

and cooled to room temperature naturally.

2.2.2 Fabrication of the PCS-derived membrane

An 0-Al>O3 porous tube with an average pore diameter of 1 um (porosity, 50%;
outer diameter, 10 mm; inner diameter, § mm; tube length, 100 mm; Nikkato, Co.,
Japan) was used as a support. On the outer surface of this porous support, two types of
a-alumina particles (0.2 um and 2 pm) with 1 wt% SiO02-ZrO, (Si/Zr = 5/5) colloidal
sols as a binder were coated and followed by calcination at 750 °C for 20 min under
air. Subsequently, 0.5 wt% Si0»-ZrO; (Si/Zr = 5/5) colloidal sol was coated onto the
a-alumina particle layer and calcinated at 750 °C for 15 min as an intermediate layer
to minimize the defects of the membrane. Details of the procedure used to modify the
support are similar to that used in our previous work [19-21].

As a precursor solution for fabrication of the PCS-derived top layer, a p-xylene
solution of PCS was prepared. A solution of 3 wt% PCS was coated onto the

intermediate layer. Subsequently, the coated membrane was cured under an air flow
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for 2 h at 150-300 °C and then pyrolyzed at 750 °C for 0.5 h under a N, atmosphere at
a heating rate of ~35 °C/min. The flow rates of air and N2> were both set at 500
mL/min. The coating-curing-pyrolysis process was performed twice to reduce the

possible defects in the SiC-based membranes.

2.2.3 Characterization of PCS powders and PCS membranes

The PCS powders prepared via each air curing and pyrolysis process were used
for ATR-FTIR, EDS, XRD, and N> and CO» adsorption-desorption isotherm analyses.
FTIR analysis was conducted using an FTIR-4100 (JASCO Co., Japan) and the
attenuated total reflection (ATR) technique on all samples. Thermogravimetric
analysis (TGA) was performed using a Shimadzu TG-50 with thermo-balance at a
heating rate of 35 °C/min under either a N> or air atmosphere at a flow rate of 50 ml
min™!. To minimize the effect of buoyancy, the initial mass of each sample was about
10 mg, and the final residual weight was based on the weight under the same
temperature and atmosphere as that at the beginning and end of each measurement. N>
(-196 °C) and CO2 (25 °C) adsorption-desorption isotherms for PCS powders were
carried out using a BELMAX (BELL Co., Japan). Before the measurement, all the
powder samples were pre-treated to promote degassing at 150-200 °C under vacuum
for 12 h. The BET surface area was evaluated using N> adsorption data at relative
pressures (P/Py) that ranged between 0.001 and 0.15, and the micropore volume was
calculated using #-plot analysis. The micropore volume based on CO; adsorption was
also obtained via the NLDFT method. The chemical elements of the PCS powders
were examined using a scanning electron microscope equipped with an EX-37001
EDS accessory (JCM 5700, JEOL, Japan). XRD patterns of PCS powders were

obtained using Cu Ka as the X-ray radiation source (1.54 A) for a D2 PHASER X-ray
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diffractometer (Bruker, Germany).

The permeance of single gases with different kinetic diameters (He, 0.26 nm; Ho,
0.289 nm; CO», 0.33 nm; N>, 0.364 nm; CHa4, 0.38 nm; C3Hg, 0.43 nm) was measured
using a soap film meter and an experimental setup that is schematically shown
elsewhere [22]. The gas was fed to the outside of a cylindrical membrane at
27-500 °C. The feed gas was pressurized at ~0.1 MPa, while the permeate stream was
maintained at atmospheric pressure. Mixed-gas separation in an equimolar H>/C3Hg
mixture (50: 50 vol%) was conducted at 500 °C without sweep gas. The pressure at
feed side was pressurized at 250 kPa (absolute pressure) using a back-pressure
regulator, while the permeate side was maintained at atmospheric pressure (100 kPa).
The gas composition was analyzed by using a Shimadzu GC-14B with a thermal
conductivity detector. A log-mean pressure drop was used to calculate the permeance

for mixtures. And the selectivity is defined as the permeance ratio [23].

2.3 Results and discussion

2.3.1 Physicochemical properties of PCS
2.3.1.1 Cross-linking of PCS

Fig. 2-1a shows the time course of TGA for PCS precursor powders during air
curing at 250 °C for 2 h under air, which was followed by pyrolysis at 1,000 °C for
0.5 h under N». The typical time-versus-temperature profile was as follows: air curing
at a certain temperature for 2 h, which then was switched to a pure N> atmosphere and
held for ~30 min to flush the system and remove residual air. The temperature was

then raised to 1,000 °C and held for 0.5 h. During air curing, the results of TGA
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gradually increased due to the oxidative reaction of cross-linking, which will be
discussed later in detail. During the pyrolysis process the results decreased due to the
decomposition of the organic groups. Fig. 2-1b summarizes the TGA results of the
PCS following the air curing and the pyrolysis processes, which were also normalized
with the weight of the initial state of the PCS powder, as a function of the curing
temperatures together with an uncured powder for comparison. Generally,
cross-linking is performed at low and narrow temperature ranges of from 160-220 °C
[17, 24]. In the present study, the PCS precursor powders were cured at temperatures
that ranged between 150 and 400 °C at a 50 °C interval for 2 h under air. With
increases in the curing temperature, the weight gain of the curing stage increased
rapidly below 250 °C, then increased slightly and reaching a maximum value of 14.2
wt% at 300 °C, and finally was slightly decreased. This is because the activity of the
Si-H group was increased with increases in temperature, which resulted in more
oxygen being introduced into the precursor. With further increases in the curing
temperature, however, some of the organic groups were burned off, which resulted in
a decrease in the mass residue. Generally, the ceramic yield is an important factor that
is used to evaluate a polymer precursor. After pyrolysis, the weight residue increased
gradually with increases in the curing temperature until a platform was attained at
300 °C. It is worth noting that there was almost no weight gain in the cured PCS at
150 °C, but the weight of the residue at 150 °C was a significant improvement of 79
to 93 wt% compared with that of the uncured PCS. This indicates that curing for

cross-linking enhanced the thermal stability of the PCS.
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Fig. 2-1 (a) Time course of TGA for PCS precursor powders during air curing and
pyrolysis processes (the temperature history is also shown to the right of the y-axis),
(b) the TGA results of PCS during the air curing and pyrolysis processes as a function
of the curing temperatures together with an uncured powder for comparison. The
cured PCS powders were pretreated for 2 h under air before pyrolysis at 1,000 °C for

0.5 h under No.

Fig. 2-2 shows the ATR-FTIR spectra and elemental composition analysis via
EDS for cured PCS powders at different curing temperatures together with that of raw
powder for comparison. The ATR-FTIR vibration bands of the raw PCS marked in Fig.
2-2a are based on previous studies [17, 25, 26] and the detailed assignment was as
follows: 2,950 cm™ (CHs); 2,900 cm' (CHz); 2,100 cm™ (Si-H); 1,010 cm’
(Si-CH»-Si); 1,250 cm™ (Si-CHs); and, ~800 cm™ (vs, Si-C stretching). According to
previous studies [17, 26], both of the Si-H and Si-CH3 side groups in PCS can be
attacked by oxygen and the effect of oxygen becomes larger at higher temperatures

because the higher kinetic energy enables oxygen to attack atoms more effectively.
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When the raw PCS was subjected to thermal oxidation curing at 150 °C, the peaks of
Si-H and Si-CH3 bonds were either unchanged and/or decreased only slightly, but
when the curing temperature was raised to 200 °C, the Si-H peak was significantly
decreased and/or almost disappeared, and both Si-CHs and the Si-C stretching peaks
also were decreased significantly with the appearance of a weak peak at 1,710 cm™!
(C=0 bonds). The formation of C=0 bonds suggested the side Si-CH3 groups were
oxidized [25]. Furthermore, the peak at around 1,010 cm™ increased and became
broader owing to the formation of Si-O-Si (1,080 cm™) bonds that overlapped with

the absorption of the Si-CH»-Si (1,010 cm™) bonds.
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Fig. 2-2 (a) ATR-FTIR spectra and (b) elemental composition analysis for cured PCS

powders via EDS at different curing temperatures for 2 h under air with raw powder

analyzed for comparison (the molar ratio is based on Si).

Fig. 2-2b shows the EDS analysis of the elemental composition ratios (molar
ratio based on Si) for cured PCS powders as a function of curing temperature. The

ratio of O/Si increased rapidly when the curing temperature was increased higher than
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150 °C, whereas that of C/Si exhibited the opposite trend. Compared with the raw
PCS, when PCS was cured at 150 °C, the ratio of C/Si showed no changes and/or only
a slight decrease, which was probably due to the vaporization of oligomers, whereas
that of O/Si was increased only slightly due to a few oxidized Si-H groups forming
Si-O-Si bonds. It is worth noting that the theoretical ratio of C/Si is 2 for raw PCS
according to the molecular formula [-(CH3)HSi-CH»-],. When PCS was cured at
350 °C, the C/Si was only 0.54 (less than 1) with an O/Si value of 1.82, which is
similar to silica (O/Si: 2). That result suggests that curing at high temperatures (>
350 °C) removes most of the side Si-CH3 groups and carbon atoms in the main chain
[-Si-CH>-]. On the other hand, a certain number of organic groups in the precursor
could have assisted in the formation of intermolecular bonding among the
cross-linked precursor molecules/particles during pyrolysis. Thus, the air curing for

cross-linking must be carefully controlled.

2.3.1.2 Pyrolysis of PCS

Fig. 2-3 shows the TGA curves of cured (air curing at 250 °C for 2 h) and
uncured PCS powders with a heating rate of 35 °C/min to 1,000 °C. The weights of
the residue materials were normalized at 250 °C for convenience of comparison.
Clearly, at 93%, the cured powders had a higher residue weight than the uncured
version at 81%. Furthermore, two curves for the weights of the residue reached
plateaus at around 750 °C, indicating that the polymer-to-ceramic transformation was

completed. Moreover, the examination of both cured and uncured PCS powders
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revealed that the mass loss started at ~350 °C, or higher, but the slope at 350-750 °C
in the TG curve was gentler for cured PCS than that for uncured PCS. This again
confirmed that cross-linking stabilized the PCS structure, and, thus, the ceramic yield

was increased.
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Fig. 2-3 TGA curves of the thermal decomposition behavior for cured and uncured
PCS powders under a N> atmosphere. The cured powder was cured under air at
250 °C for 2 h, and the weights of the residue materials were normalized at 250 °C
(i.e., deducting the mass gain during the curing process) for convenience of

comparison.

The structure evolution during polymer-to-ceramic conversion was investigated
by ATR-FTIR (Fig. 2-4). The absorption of Si-CHs (1,250 cm™) for both cured and
uncured PCS was decreased with an increase in the pyrolysis temperature, and these
groups had vanished at 750 °C. After that point, there was almost no change in the
absorption bands, which confirmed that the polymer-to-ceramic transformation was

completed at that temperature. This result was in good agreement with the results of
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TG analysis shown in Fig. 2-3, i.e., the curves of weight residue reached plateaus at

around 750 °C.
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Fig. 2-4 ATR-FTIR spectra of (a) uncured and (b) cured (air curing at 250 °C for 2 h)

PCS powders pyrolyzed under a N> flow for 2 h at different temperatures.

A small amount of Si-Si (620 cm™) bonds were believed to have formed in the
uncured PCS during the decomposition via the dehydrocoupling reaction (2 =Si-H —
=Si-Si= + H») to release H» and during the demethanation reaction (=Si-H + =Si-CHj3;
— =Si-Si= + CHy) to release CH4 [27-29]. The final ceramic powders of uncured PCS
displayed a major absorption band at 800 cm™! (attributed to the SiC4 linkages [27])
with an overlapping and weak absorption band at ~1,000 cm™ that was attributed to
the asymmetric stretching vibrations of Si-O owing to the reactions with oxygen
and/or moisture that had adsorbed onto the surface of the powders. In addition to the
absorption peak at 800 cm™ (SiCy), the final ceramic powders of cured PCS had a
strong, broad peak between 1,250 and 900 cm™!, which was attributed to the stretching

vibrations of Si-O-Si and O-Si-C mixture linkages [30, 31]. It is worth noting that the
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Si-CHjs bonds decreased rapidly at 350-650 °C for uncured PCS powders since the
organic groups were mostly removed by the decomposition reaction with gas
evolution, which generated a transitional structure [11].

Fig. 2-5 shows the EDS analysis of the elemental composition ratios for cured
(air curing at 250 °C for 2 h) and uncured PCS powders as a function of pyrolysis
temperature at 350-850 °C. With an increase in the pyrolysis temperature, the C/Si
ratios for both cured and uncured PCS decreased slightly at temperatures below
550 °C, then decreased rapidly and reached platforms at 750 °C, but the falling slope
was gentler for cured PCS than for uncured PCS, which agrees with the conclusions
that the cross-linking enhances the thermal stability of the PCS structure and that the
polymer-to-ceramic transformation was completed at 750 °C, which is consistent with
the results of ATR-FTIR (Fig. 2-4). It should be noted that when the temperature was
higher than 550 °C, the ratio of O/Si was increased slightly, which probably was due
to the absorbed oxygen and/or moisture. In particular, for the uncured PCS, the O/Si
ratio dropped again when the temperature reached higher than 650 °C. This may have
been due to oxygen and/or moisture adsorbed by the unstable micropores of uncured
PCS that were generated by the decomposition of organic groups at 550-650 °C.
These micropores either collapsed or were closed at higher temperatures (> 650 °C),

which resulted in densification [11].
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Fig. 2-5 Elemental composition analysis via EDS for cured (air curing at 250 °C for 2
h) and uncured PCS powders pyrolyzed at different temperatures for 2 h under N>

flow together with raw powder for comparison (the molar ratio is based on Si).

The dependence of the chemical structure and elemental composition of the final
ceramics on the curing temperature was also investigated. Fig. 2-6 shows the
ATR-FTIR spectra and elemental composition analysis (together with the curing
process for comparison) via EDS for the cured PCS powders pyrolyzed at 750 °C.
With an increase in the curing temperature, the absorption peak between 1,250 and
900 cm!, which is attributed to the stretching vibrations of Si-O-Si and O-Si-C
mixture linkages, increased, and become broader, which was ascribed to the increased
number of Si-O bonds due to an increase in the oxygen content, as shown in Fig. 2-6b.
Clearly, the centers of this peak shifted to a higher wave number (blueshift), from
1,000 cm™ to 1,055 cm’!, with increases in the curing temperature, which was
ascribed to the enhanced degree of cross-linking for the cured PCS via the

introduction of more oxygen. A frequency shift in the FTIR spectra was also assigned
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to changes in the bond angles for Si-O-Si, and the Si-O-Si bond angles were increased
with the wave numbers [32, 33]. In this case, the blueshift indicated an increase in the
bond angles (6) of Si-O-Si between the strands derived from the linear skeleton of

PCS, which resulted in an increase in the distance between the strands, as illustrated

in Fig. 2-7.
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Fig. 2-6 (a) ATR-FTIR spectra and (b) elemental composition analysis via EDS
(together with the curing process for comparison) of pyrolyzed PCS powders. The air
curing process was carried out at different temperatures for 2 h under air, and the

pyrolysis process was carried out at 750 °C for 2 h under N>.

Si-O-Si bonds and bond angles increase, chains’ distance increase

Fig. 2-7 Schematic illustration of the relationship between Si-O-Si bond angles and
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the distance between strands for the final ceramic material with an increase in

introduced oxygen.

On the other hand, the absorption peak centered at ~800 cm™ (Si-C) was
decreased due to the positive correlation with the carbon content of the cured
polymers and the decomposition of the organic groups during pyrolysis, as revealed
by the EDS (Fig. 2-6b) and ATR-FTIR spectra (Fig. 2-4). Furthermore, the
blue-shifted Si-C bonds with increases in the curing temperature, as shown in Fig.
2-6a, may also have corresponded to the increase in the C-Si-C bond angles [32].
Consequently, the cross-linking that resulted in an increase in the Si-O-Si and C-Si-C
bond angles together with these rigid bonds were expected to form a more stable,
uniform and three-dimensional microporous structure.

In addition, variations in the O/Si and C/Si ratios in the final ceramic powders
followed the same trends as that in the cured (un-pyrolysis) PCS with respect to the
curing temperature, as shown in Fig. 2-6b. This result indicates that the elemental
composition of the final ceramic PCS was positively correlated with the cured
polymers, and that the elemental composition could be precisely tailored via thermal
oxidation curing. Different ceramic compositions would have different structural

properties, which will be discussed in the next section.

2.3.1.3 Microstructure evolution of PCS

During the structure evolution of PCS, the XRD patterns can supply very useful
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information on the packaging of inter-chains/strands via the spacing distance
(d-spacing), which was determined using & in Bragg’s equation (i.e., nA=2dsin6) [34,
35]. The crystallization behaviors for the PCS powders during curing and pyrolysis
processes were investigated via XRD, as shown in Fig. 2-8. As expected, the XRD
patterns clearly showed entirely amorphous structures for all cured and pyrolyzed
samples. As shown in Fig. 2-8a for the curing process, as the curing temperature
increased to 350 °C, the peak centered at ~35° (d-spacing: ~0.25 nm) for the raw PCS
and cured PCS at 150 °C, which was associated with the amorphous SiC environment,
was shifted to a lower diffraction angle of ~23° (d-spacing: ~0.38 nm), which was
associated with the amorphous SiOC environment. The observed shift in the main
peak indicated that the spacing of the inter-chains/strands was remarkably increased
with increases in the curing temperature due to the formation of more Si-O-Si bonds,
which is consistent with trends documented in the blueshift of Si-O-Si peaks, in which
increases in the bond angles revealed an increase in the d-spacing (ATR-FTIR, Fig.
2-6a). This tendency has also been reported in the radiation cross-linking of
poly(lactic acid) [34] and poly(L-lactic acid)/poly(D-lactic acid) mixtures [35], as

confirmed via XRD patterns.

-60-



Hiroshima University Doctoral Dissertation

_—
=
S

WMSG °C air-curing

Curing process

300 °C air-curing

250 °GC air-curing

200 °C air-curing

Intensity [a.u.]

Pyrolysis at 750 °C
\/\_EO oC air—curing

Intensity [a.u.]

150 °C air-curing

Raw

20 [degree]

10 20 30 40 50 60 70 8

e —

300 °C air-curing
250 °C air-curing
200 °C air-curing
150 °C air-curing

Uncured PCS

Un-curing

40 50 60
26 [degree]

Intensity [a.u.]

250 °C air-curing

40 50 60
24 [degree]

40 50 60 70 80
20 [degree]

Fig. 2-8 XRD patterns of (a) cured PCS powders with different curing temperatures,

(b) pyrolyzed PCS (deriving from the cured PCS) at a pyrolysis temperature of

750 °C, (c) uncured PCS powders with different pyrolysis temperatures, (d) cured

PCS powders at a curing temperature of 250 °C with different pyrolysis temperatures.

(The curing and pyrolysis processes were carried out for 2 h under air and N:

atmospheres, respectively. The plots are displayed alongside those of raw/uncured

powder for comparison.)

Fig. 2-8b shows the XRD patterns for the cured PCS pyrolyzed at 750 °C, all

samples showed a similar trend during the curing process (Fig. 2-8a). Each peak of

the pyrolyzed samples, however, was moved slightly to a higher diffraction angle, and,

in particular, the cured samples at 150 °C and the uncured samples with a low
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cross-linking degree showed a greater shift. As shown in Figs. 8c and d, the
diffraction peaks of the samples moved towards a higher diffraction angle with
increases in the pyrolysis temperature, and the spacing of the inter-chains/strands was
decreased, which also resulted in densification [3]. In particular, the degree of shift in
the samples cured at 250 °C was much lower than that in the uncured samples. This
indicated that the cross-linking promoted the structural thermal stability of the PCS,
and that the structure of uncured PCS tended to become more densified as the
pyrolysis temperature increased and micropores could more easily collapse or close
[11].

The structural parameters (micropore volume and BET surface area) of
micropores analyzed via the N adsorption-desorption isotherms for the PCS powders
with different curing temperatures as a function of pyrolysis temperature are listed in
Tables 2-1 and 2-2.

Table 2-1 Micropore volumes based on nitrogen adsorption for the uncured and cured

PCS powders as a function of pyrolysis temperature.

Pyrolysis Micropore volume* [cm? g!]
temperature 150 °C 200°C 250°C 300°C 350°C
Un-curing

[°C] air-curing air-curing air-curing air-curing air-curing
350 0.0268 0.0398 0.2164 0.1819 0.149 0.05
550 0.2669 0.2546 0.2326 0.1789 0.0426 0.0023
650 0 0 0.1304 0.1345 0.0063 0
750 0 0 0 0 0 0

*The micropore volume was calculated using #-plot analysis.
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Table 2-2 BET surface area based on nitrogen adsorption for the uncured and cured

PCS powders as a function of pyrolysis temperature.

Pyrolysis BET surface area* [m? g'']
temperature 150 °C 200°C 250°C 300°C 350°C
Un-curing
[°C] air-curing air-curing air-curing air-curing air-curing
350 36 68 449 404 358 121
550 592 579 520 400 108 4.8
650 0.6 1.26 316 332 11.9 0.84
750 0.52 0.62 0.754 0.97 0.37 0.68

*BET surface area was obtained from the linear BET plots over the range of 0.001 <

P/P, <0.15.

In particular, the micropore volumes of cured (air curing at 250 °C) and uncured
PCS as a function of pyrolysis temperature are also plotted in Fig. 2-9a. With an
increase in the pyrolysis temperature, the micropore volumes for the samples derived
from low curing temperatures of 150 and 200 °C (as shown in Table 2-1) and the
uncured sample (as plotted in Fig. 2-9a) first increased and reached a maximum at
550 °C, at which point an abundant number of organic groups were decomposed
producing transitional structures. With a further increase in the pyrolysis temperature,
the micropore volumes were decreased due to the rearrangement and densification
reactions [11, 36]. For samples derived from the high curing temperatures (> 250 °C,

as shown in Table 2-1, and the sample cured at 250 °C plotted in Fig. 2-9a), the
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micropore volume was decreased gradually with an increase in the pyrolysis
temperature, which indicated a large number of micropores could have been generated

during the curing process.
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Fig. 2-9 (a) Micropore volume based on N> adsorption-desorption isotherms at
-196 °C for uncured and cured (air curing at 250 °C) PCS powders pyrolyzed at
different temperatures, and (b) micropore volume based on CO> adsorption-desorption
isotherms at 25 °C for cured PCS powders pyrolyzed at 750 °C (together with an
uncured powder for comparison). The air curing and pyrolysis processes were

performed for 2 h under air and under N> flow, respectively.

Variations in the BET surface area (Table 2-2) exactly followed the same trends
as those of the micropore volumes. It is worth noting that at a pyrolysis temperature of
650 °C, the micropore volumes and BET surface areas were non-zero only for the
samples cured between 200-300 °C, and the maximum values were obtained at a
curing temperature of 250 °C. However, when the pyrolysis temperature reached

750 °C, the micropore volumes of all samples dropped to zero, and no micropores
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were presented in the samples. Generally, N> (0.364 nm) molecules cannot access the
ultra-micropores (< 0.7 nm) at extremely low temperatures (-196 °C). By contrast, the
smaller CO2 (0.33 nm) molecules are able to enter these pores with a high level of
kinetic energy at high temperatures (25 °C) [37]. Fig. 2-9b shows the micropore
volume based on the CO; adsorption at 25 °C for PCS powders pyrolyzed at 750 °C.
The variations in the micropore volumes by CO, adsorption are similar to the N data
of the samples pyrolyzed at 650 °C, and the maximum values of micropore volume
also existed at a curing temperature of 250 °C. Moreover, samples with a low degree
of cross-linking (i.e., uncured and cured at 150 °C) showed no micropores even for
the more sensitive CO; as the adsorbed molecules. These results indicate that
appropriate cross-linking can promote structural stability, and that either excessive
(main chain may be oxidized) or insufficient cross-linking could cause the micropores
to collapse or disappear.

Based on the characteristics described thus far, the evolution of the network
structures for both the cross-linked and non-cross-linked PCS pyrolyzed at 750 °C is
schematically illustrated in Fig. 2-10. The ceramic structures of both uncured and low
cross-linked PCS were derived from the stacks of random “strands” of the linear
polymer molecules. Some small micropores could be formed by the weak
cross-linking caused by the dehydrocoupling and demethanation reactions with the
formation of Si-Si bonds, in which the Si-Si bonds are responsible for very short
spacing between the strands. Also, large “slit-like” micropores were possibly formed

by the imperfect packing of the aforementioned strands, which is similar to the
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formation of pores in carbon molecular sieve materials [38]. On the contrary, the
ceramic structures of cured PCS with a suitable cross-linking were derived from the
cross-linked polymer molecules with uniform cross-linked strands created by Si-O-Si
bonds, which made the final structure both more stable and more stationary under

high temperatures.
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Fig. 2-10 Schematic illustration showing the evolution of the network structure for the

cured and uncured PCS.

2.3.2 PCS-derived membranes
2.3.2.1 Membrane fabrication and gas permeation

PCS membranes were prepared by coating a 3% PCS solution onto intermediate
layers followed by curing under air at 150, 200, 250 and 300 °C and then pyrolysis
under a N2 atmosphere at 750 °C, which hereafter will be used to refer to the
membranes: M150, M200, M250 and M300, respectively. Fig. 2-11a shows the

single-gas permeance at 200 °C for PCS membranes cured at 150-300 °C as a
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function of the molecular size, and Fig. 2-11b shows the H>/N>, Ho/CH4 and H2/C3Hg
selectivity with the H> permeance as a function of the curing temperature. With the
exception of H», the permeance was decreased with the kinetic increases in the
diameters of the molecules for a permeance order of H, > He > CO, > N> > CH4 >
C3Hs. Moreover, the selectivity of small molecules (e.g., He, and H») over the large
ones (e.g., No, CH4 and C3Hg) was higher than Knudsen selectivity, indicating that the

membranes exhibited molecular sieving properties.
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Fig. 2-11 (a) Single-gas permeance at 200 °C as a function of molecular size through
PCS membranes formed by different curing temperatures and pyrolyzed at 750 °C, (b)
relationship between the gas permeation performance of PCS membranes and curing

temperature.

The small molecular gases (0.26 ~ 0.33 nm, i.e., He, H> and CO;) have similar
permeation properties despite the use of membranes derived from different curing
temperatures. For example, the H, permeance of all membranes exhibited satisfactory
H, permeance of 1~2 x 10 mol/(m? s Pa). This is because the small molecules are

allowed to permeate through both small and large pores of the membranes. On the
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contrary, the gas permeabilities of the larger molecules (= 0.364 nm) showed different
trends depending on the curing temperature. As shown in Fig. 2-11b, the membranes
M150 and M200 derived from cured PCS with a low degree of cross-linking showed
selectivities for Ho/N», Ho/CH4 and Ho/CsHg that were lower than that of the M250
and M300 membranes that are derived from a higher degree of cross-linking. This
result indicates that a low degree of cross-linking creates difficulties in obtaining
small pores or defect-free membranes compared with that of extensively cross-linked
PCS with pores that are precisely uniform and small. In addition, the M250 membrane
exhibited the maximum selectivities for Ho/N2 (24), Ho/CHas (47) and Ho/C3Hg (654),
and exhibited a satisfactory H, permeance of 1.37 x 10 mol/(m? s Pa) at 200 °C. This
performance of the M250 membrane could be ascribed to a unique stoichiometric
composition (Si100128Ci.11 shown in Fig. 2-6) and a very stable microstructure
(largest micropore volume shown in Fig. 2-9) attributed to an appropriately
cross-linked and three-dimensional network via the hybrid rigid bonds of Si-O-Si,
O-Si-C, and Si-C. Therefore, the M250 was selected as the most promising
membrane.

Fig. 2-12 shows the single-gas permeation properties at 200 °C as a function of
molecular size through PCS M250 membranes prepared under the same conditions.
The averages for H> permeance and H2/N: selectivity of the four membranes were
(1.20 £ 0.13) x 10 mol (m? s Pa)! and 19 + 3.5, respectively. The relative standard
deviations of H» permeance and H»/N; selectivity were 10.6 and 19%, respectively,

which indicated that synthesis of these membranes is reproducible.
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Fig. 2-12 Single-gas permeance at 200 °C as a function of molecular size through
PCS membranes. PCS membranes were prepared by coating a 3% PCS solution onto
intermediate layers followed by curing under air at 250 °C, and were pyrolyzed under

a N> atmosphere at 750 °C.

2.3.2.2 Thermal stability and oxidation resistance of PCS membranes

Fig. 2-13 shows the molecular size dependence of single-gas permeance at
200 °C for a PCS-derived membrane (M250-1) before and after the thermal stability
test at 500 °C. Clearly, the membrane (M250-1) showed a high level of thermal
stability at 500 °C under a He atmosphere for 12 h, and no appreciable change in

permeance was confirmed for any gas.
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Fig. 2-13 Single-gas permeance at 200 °C as a function of molecular size for a PCS
membrane (M250-1) before and after thermal stability testing at 500 °C under a He

atmosphere for 12 h.

A common problem associated with the dehydrogenation of alkanes is the
formation of coke, which leads to catalyst deactivation and decreases membranes
performance [39, 40]. The catalysts and membranes were usually regenerated using an
oxidant agent (e.g., air) in order to burn off the coke. Therefore, the oxidation
resistance of membranes is important. Fig. 2-14 shows the values recorded for the
time course of air flux at 500 °C under a pressure difference of 50 kPa for a typical
PCS (M250-2) membrane. The air flux was slightly increased during the initial stages
due to the burning of free carbons and then reached a steady state after exposure to air
for 1 h. Fig. 2-15 shows the single-gas permeance at 200 °C for the PCS M250-2
membrane before and after air treatment at 500 °C as a function of the molecular size.
The membrane showed a slight increase in gas permeance after air treatment, with

little change in the selectivity of the membrane, particularly in the selectivities of
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H»/N> and H»/C3Hg. This result suggests that the PCS membranes had good resistance
to oxidation, which was also confirmed by the TG analysis shown in Fig. 2-16. It is
worth noting that the TG analysis of the pyrolyzed PCS powder basically showed a
mass loss of 4% at 200 °C, which could possibly be attributed to adsorbed water. The
residual weight of the pyrolyzed PCS powder (the pyrolyzed powder was prepared
under the same conditions as the M250 membranes) showed almost no change (less
than 0.5 wt%) after air treatment at 500 °C for 12 hours. This result confirmed that
PCS-derived ceramics have excellent oxidation resistance and agreed with the
findings of experiments using TiPCS-derived SiC-based membranes [41]. The free
carbons were removed, which could reduce the steric resistance and enhance the gas

permeation while maintaining selectivity due to the high-level stability of the skeleton

structure.
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Fig. 2-14 Time course of air flux for a PCS membrane (M250-2) at 500 °C with a

pressure difference of 50 kPa.
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Fig. 2-15 Single-gas permeance at 200 °C for a PCS M250-2 membrane before and

after air treatment at 500 °C for 4 h.

110 600

Air treatment at 500°C -

500

100+ [ \

2 < La00 &
S 90 o
] 5
8 F300 5
= )
T 80 Q
=2 L200 E
0 e
= 70

] — TG 100

Temperature

60 T T T T T T T 0
0 2 4 6 8 10 12 14

Time [hour]

Fig. 2-16 Time-course changes in the weight of the pyrolyzed PCS powder residue
under air at 500 °C following 12 h (the temperature history appears to the right of the
y-axis). The pyrolyzed PCS powder was prepared by air curing at 250 °C and

pyrolysis at 750 °C under N>.

2.3.2.3 Temperature dependence of gas permeation
Testing for the temperature dependence of gas permeance for the PCS-derived
membranes was carried out using two membranes (M250-1 and M250-3) at

temperatures ranging from 27-500 °C. Moreover, the two M250 membranes had a
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similar average pore size of ~0.41 nm (as shown in Fig. 2-17) based on the modified

gas translation model (GT) previously proposed by our group [42, 43], and the

temperature dependence of the single-gas permeation for the M250-3 membrane, as

shown in Fig. 2-18, displayed behavior similar to that of the M250-1 (Fig. 2-19),

which again confirmed that the synthesis of this membrane is reproducible.
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Fig. 2-17 The relationship between kinetic diameter and Kg, {3 for PCS membranes
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Fig. 2-18 Temperature dependence of single-gas permeance for a PCS membrane

(M250-3).
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Fig. 2-19 Temperature dependence of single-gas permeance for a PCS membrane

(M250-1) formed by air curing at 250 °C and pyrolysis at 750 °C.

A shown in Fig. 2-19, the permeance of H, was independent of temperature,
which can be ascribed to the balance of activated and Knudsen permeation. Most
sol-gel-derived microporous silica membranes have an average pore size of
approximately 0.3-0.35 nm, in which H> molecules can permeate by activated
permeation [44]. In the present study, the M250 showed an average pore size of ~0.41
nm, which was much larger than that of silica membranes and is consistent with its
higher permeance for H> than for He as shown in Fig. 2-11 via the contribution of
Knudsen flow.

The permeance of CO> was increased with decreases in the permeation
temperature, which indicated a surface diffusion mechanism, because of the greater
adsorption of CO» on the pore surface at lower temperature due to a strong affinity by
comparison with other gases. At room temperature, in particular, the CO> (0.33 nm)

permeance was higher than that of H> (0.289 nm) even though CO, has a larger
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molecular size. The values for the permeance of N> and CHs increased as the
temperature decreased, which was also caused by a surface diffusion mechanism.
However, N> and CH4 showed a gentler slope in the temperature dependence
compared with that of CO, which can be ascribed to Knudsen and/or surface
diffusion caused by weak affinity.

The M250-1 membrane showed H2/C3Hg selectivity of 1,350 together with H»
permeance of 1.27 x 10° mol (m? s Pa)! at 500 °C. With an increase in the
permeation temperature, the permeance of C3Hg, however, first increased and reached
a maximum peak at 100 °C and then decreased. The permeation mechanism of
adsorptive C3Hg through membrane pores can be described by the balance between
diffusivity and adsorption. With an increase in the temperature, the diffusivity
increases, but the amount of adsorption decreases. Thus, the maximal permeance can
be explained as follows: the number of adsorbed molecules decreases at temperatures
higher than the peak (at 100 °C), while adsorption, which is enhanced at temperatures
lower than the peak, causes a decrease in mobility (liquidlike diffusion of pore-filling
molecules) [44]. The maximum C3Hg permeance was also observed at 100 °C through
silicalite-1 [45] and organosilica [44] membranes.

Based on the detailed characterizations thus far, the PCS membranes demonstrate
good potential for low-temperature separation of CO> (e.g., CO2/CHs) and

high-temperature separation of H> (e.g., H»/N> and Ho/C3Hg).
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2.3.2.4 Separation performance of PCS-derived membranes

Substantial efforts have been made to develop Ha-permselective membranes. The
separation of H> and C3Hg is one of the most important and attractive processes in the
petrochemical industry. The use of membranes and/or membrane reactors to remove
hydrogen in-situ is well known to be more effective in the direct dehydrogenation of
propane to propylene at high temperature, in which the unreacted hot propane can be
recycled to the reaction without a cooling process, which promises to save energy
consumption. Furthermore, conversion enhancement by the removal of the hydrogen
produced in this equilibrium-limited reaction can lead to significantly enhanced
productivity.

Fig. 2-20 illuminates the separation performances of a typical PCS membrane
(M250-4) as a function of test time at 500 °C for both single gases and an equimolar
H»,/CsHg mixture. Those results clearly show that the PCS membrane demonstrated a
very stable separation performance (including the permeance and selectivity) for both
single gases and the mixture during more than 12 h of measurement. Before and after
testing the gas mixture for 6 h, the H, and CsHg permeance and H>/C3Hg selectivity of
the single gases remained almost unchanged, indicating that the PCS membrane
possesses excellent stability due to its stable structure. Interestingly, the permeance
and selectivity of the mixture was approximately the same as those of the single gases,
that is, the components of the mixture permeate the membrane independently of each
other, probably due to no adsorption effect for gas components at a temperature of

500 °C. Thus, the separation mechanism for PCS membranes was ascribed to
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molecular sieving, and the separation performance of the H2/C3Hg mixture could be

predicted according to the single-gas permeation properties.
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Fig. 2-20 Permeance and selectivity through PCS membrane M250-4 as a function of
test time at 500 °C. The solid and open symbols represent data for the gas mixture and
for the single gases, respectively. The mixture was an equimolar H»/C3Hg; the feed

pressure was 250 kPa (absolute); the permeate pressure was 100 kPa.

Fig. 2-21 shows the selectivity of H2/C3Hg at 20-650 °C as a function of H:
permeance for various types of membranes, which include zeolite, silica,
mixed-matrix, and SiC-based (SiC, SiOC and SiNC) membranes [46]. For example,
silica membranes derived from tetracthoxysilane (TEOS) with a pore size of 0.3 nm
showed H»/C3Hg selectivities of 70-90 together with a low H, permeance of ~1.4 X
107 mol (m? s Pa)! at 500 °C due to the high resistance caused by the small pores
[47]. An ultrathin mixed-matrix membrane (ZiF-8/CNT) has shown H, permeance of

2.87 x 107 mol (m? s Pa)! with a Ho/C3Hs selectivity of 950.1 at 20 °C [48]. However,
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a major problem is how to control the grain boundary defects for the metal-organic
framework layers, which may limit its further application on a large scale, and a more
important and critical issue is its limited application at high temperatures (> 400 °C)
due to decomposition of the organic framework [48, 49]. Recently, an emerging novel
Mxene membrane has been receiving an increasing amount of attention. For example,
Ding et al. [50] reported a 2D laminar MXene membrane for H> separation, in which,
the membrane showed H, permeance of 4 x 107 mol (m? s Pa)! with Ho/N
selectivity of 129 and H»/CsHs selectivity of 2024 at 25 °C. However, this type of
membrane is easily oxidized under oxidizing gases such as O» and CO> at high
temperature [51]. Under high temperatures, most current nanoporous H» permeation
membranes either demonstrate considerably lower levels of permeance, or suffer from
low stability. SiC-based membranes with SiC covalent bonds have a high degree of
stability [52]. The optimized PCS-derived, SiC-based membranes (M250) showed
superior H permeance of 1-2 x 10 mol (m? s Pa)! with Ho/C3Hs selectivity as high
as 1,740 that compares favorably with other membranes (zeolite, silica and other
SiC-based membranes) across a wide range of temperatures: 20-650 °C. The high
level of permselectivity for Ho/C3Hg was ascribed to the precise and uniform small

pores (0.41 nm) that are the result of appropriately cross-linked networks.
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Fig. 2-21 Comparing PCS membranes with zeolite, silica, mixed-matrix, and
SiC-based (SiC, SiOC and SiNC) membranes for H2/C3Hg separation performance

[46].

In addition to evaluating performance in the separation of H»/Cs;Hs, the
performance of PCS-derived membranes in the separation of H2/N2 and CO2/CHg was
also evaluated. Fig. 2-22a compares the H2/N» separation performance for silica [19]
and SiC-based (SiC, SiOC and SiAIC) membranes [46]. Silica membranes, which
were prepared by sol-gel or CVD, generally showed high performance in Ho/N»
separation because of a narrow pore size, but their performance was reportedly poor
under a hydrothermal atmosphere, particularly at high temperatures [19]. As shown in
Fig. 2-22a, PCS-derived membranes showed a moderate level of Ho/N> selectivity
(20-31) with an acceptable H» level of permeation ((1-2) x 10°% mol/(m? s Pa)), which

showed superior permselectivity compared with other SiC-based membranes.
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Fig. 2-22 (a) H2/N; ideal selectivity plotted against H> permeance for silica [19] and
SiC-based (SiC, SiOC and SiAIC) membranes at temperatures ranging from
150-600 °C, (b) CO2/CHjs ideal selectivity plotted against CO> permeance for different

types of membrane systems at or around room temperature [46].

Fig. 2-22b compares PCS-derived membranes with a variety of microporous
membranes for CO>/CH4 separation at or around room temperature [46]. AEI-type
AIPO-18 [53] and CHA-type SAPO-34 [54] zeolite membranes are known to have a
pore size of 0.38 nm, which limits the permeation of CH4 (0.38 nm), and results in
high CO»/CHy4 selectivity together with a high level of CO2 permeance due to the
strong affinity between CO: molecules and zeolite frameworks. Compared with
various types of membranes, PCS-derived membranes show superior CO2 permeance
of 1.8 x 10 mol/(m* s Pa) and CO»/CHs4 selectivity of 40, which far surpasses the
upper bounds of carbon membranes, polymeric membranes, or mixed-matrix
membranes (MOFs), which may provide a competitive option for membrane materials
applicable to the separation of CO2/CHa.

2.4 Conclusions

In this study, the physicochemical properties and microstructural variations of
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PCS were systematically studied under different curing and pyrolysis temperatures.
Cross-linking behavior enhanced the thermal stability of the PCS structure and the
polymer-to-ceramic transformation was completed at 750 °C for both cured and
uncured PCS. The cross-linking remarkably increased the inter-chain spacing, which
resulted in uniform networks. Either excessive or insufficient cross-linking by air
curing tends to cause the collapse or disappearance of micropores of the resulting
ceramic material at high temperatures. Furthermore, the elemental composition and
microstructure can be precisely tailored via thermal oxidation curing. CO2 adsorption
revealed that PCS-derived ceramics cured at 250 °C possess a stable and uniform
microporous structure that is ascribed to appropriately cross-linked networks. The
PCS-derived membranes demonstrated high thermal stability and oxidation resistance
at 500 °C. The optimized membrane had excellent permeation properties (H2/N»
selectivity of 31 and H»/C3;Hg selectivity as high as 1,740 together with high H»
permeance of 1-2 x 10% mol/(m? s Pa) at 500 °C, and CO> permeance of 1.8 x 10
mol/(m? s Pa) at room temperature with a CO2/CHy selectivity of 40). Moreover, the
separation performance in an equimolar H>/C3Hg mixture at 500 °C were
approximately the same as those in single gases, in which, the separation mechanism
could be ascribed to molecular sieving. This study is the first to propose the concept
of tailoring the microstructure and permeation properties of SiC-based membranes via
controlling the thermal-oxidative curing process, which is a novel method for the

design of SiC-based membranes.
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Chapter 3
Development of high-performance sub-nanoporous SiC-based
membranes derived from polytitanocarbosilane: Effect of pyrolysis

temperature

3.1 Introduction

Amorphous silica membranes are generally prepared by either CVD or sol-gel
processing, and their amorphous structure is a great advantage in the formation of
highly permeable thin-films [1, 2]. According to molecular dynamic simulation,
conventional amorphous SiO> membranes consist of pores ranging from 0.3-0.4 nm,
which makes them suitable for the separation of small molecule mixtures such as
H2/N> and H2/CO;, but may not be suitable for the separation of small-to-medium
sized molecules from large molecules such as N»/SFs due to the high resistance
caused by the small pores [1-6]. In addition, silica membranes are reportedly densified
under a hydrothermal atmosphere, particularly at high temperatures [1-4]. Therefore,
the concept of pore size control of silica membranes has been proposed using bridged
alkoxysilanes such as bis(triethoxysilyl)ethane, which feature organic functional
groups as linking units [7-9]. The pore sizes can be successfully controlled to form a
looser structure, and the hydrothermal stability of these membranes has also been
improved [7-9]. However, it is still difficult to prepare membranes with large-sized
sub-nanopores for the separations of mid-sized molecules such as MeOH and their
removal from mixtures. Moreover, organosilica membranes are usually prepared and

used at temperatures lower than 300 °C due to decomposition of the organic linking
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units at high temperatures [2, 7, 9]. Therefore, to address the above-mentioned issues
of organosilica membranes, we have proposed the use of silicon carbide (SiC)-based
materials, which are usually processed above 600 °C, to endow the resulting
membranes with high levels of hydrothermal stability, thermal shock resistance,
biocompatibility, corrosion resistance, and mechanical strength [10-12].

Porous SiC ceramics are essential in a variety of industrial applications such as
commercial SiC filtration membranes with meso-/macropores for the filtration of
back-wash water, surface water, and water produced from oil and gas industries [13,
14]. These membranes are reported to have high water permeability and to be stable
within broad ranges of pH and temperature [13, 14]. However, our interest is in the
preparation of sub-nanoporous SiC-based membranes based on the need for the
separation of small (e.g., H> 0.28 nm) and mid-sized molecules (e.g., N> 0.364 nm,
and MeOH 0.38 nm) from large ones. This type of membrane would be useful in
dehydrogenation membrane reactors such as in methylcyclohexane dehydrogenation,
ethylbenzene dehydrogenation, and cyclohexane dehydrogenation; as well as for the
recovery of SFg from N> and for methanol removal from organic solutions by
pervaporation (PV). Sub-nanoporous SiC-based membranes are expected to exhibit
high performance in a wide range of applications. However, most reports using
SiC-based membranes are focused on Ha2/N» separation. For example, Li ef al. [15, 16]
used polycarbosilane (PCS) as a precursor and polystyrene (PS) as a pore former to
prepare SiC-based (Si-O-C) membranes. A membrane prepared by adding 1% PS to
the PCS showed H, permeance of 4 x 10 mol/(m? s Pa) with Ho/N, selectivity of 20
[16]. Suda et al. [17, 18] prepared SiC-based membranes by dip-coating PCS onto
microporous o-alumina tubes. Their cross-linked PCS-derived membranes showed H»

permeance of (1-3) x 10 mol/(m? s Pa) at 100 °C and H2/N; selectivity that ranged
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from 90-150 [18]. To date, few reports have focused on sub-nanoporous SiC-based
membranes for molecular separation of small/mid-sized molecules from large
molecules in gas separation and/or PV.

PCS is the most typical polymeric precursor and has been widely used for SiC
ceramic applications since Yajima et al. first reported using for SiC fiber with the
trade name Nicalon [19, 20]. Nevertheless, PCS-derived materials still have
drawbacks in their mechanical properties that cause them to deteriorate at high
temperature [21], but a novel Ti-incorporated PCS precursor, polytitanocarbosilane
(TiPCS), has recently been developed. This polymer precursor can be synthesized via
a reaction with titanium alkoxide using PCS that is synthesized by polydimethylsilane
(PMS) and polyborodiphenylsiloxane [20, 22]. Introduction of a small amount
(generally Ti/Si < 0.02, mol/mol) of titanium components can significantly increase
the molecular weight and effectively inhibit the collapse and densification of the
micropores during pyrolysis. Using this polymer, a Si-Ti-C-O (TiOSiC) fiber,
commercialized under the name Tyranno Fiber and marketed by Ube industries LTD.
(Japan), has now been synthesized. The Si-Ti-C-O fiber has many desirable
mechanical properties and excellent heat resistance by comparison with SiC fibers
obtained from PCS [20]. However, no paper has yet reported the use of TiPCS for the
preparation of porous membranes that will be used for molecular separation.

The motivation for the present study was to develop novel sub-nanoporous
SiC-based membranes with enhanced permeability using a Ti-incorporated PCS
precursor with pore size controlled via pyrolysis temperature, which is intended for
use in the separation of small/mid-sized molecules over large molecules. Several
papers have characterized TiPCS-derived materials (powders, fibers) and reported

their properties when fired under high temperatures, but no study has reported firing
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at temperatures as low as 350-800 °C. The present study marks the first use of TiPCS
as a separation layer for sub-nanoporous ceramic membranes. The physical and
chemical structural variations that constitute the permeation properties of
TiPCS-derived membranes were systematically studied under different pyrolysis
temperatures. Furthermore, this study marks the first successful application of a
SiC-based membrane to a PV process, and the resultant excellent levels of

hydrothermal stability were evaluated.

3.2 Experimental

3.2.1 Preparation of TiPCS powders

Commercial polytitanocarbosilane (TiPCS) is a superior heat-resistant paint
(Tyranno Coat, TYR-VN100 type, Okitsumo Co., Ltd. Japan) that was used as a
pre-ceramic polymeric precursor. The TiPCS content of the paint was ~48 wt% in a
mixed solution of xylene, ethylbenzene, and n-butanol. TiPCS precursor powder was
formed by slowly dropping the paint into pure n-butanol under magnetic stirring to
form a precipitate. The precipitate was centrifuged and dried in a vacuum oven at
50 °C for 24 h. Next, the TiPCS precursor powders were packed in a glass bottle and
stored in a Super-Dry cabinet (0% RH) at room temperature. To study the conversion
behavior from an organic polymer to an inorganic amorphous ceramic, the powder
sample was treated in the following two steps: initial curing under air at 200 °C for 2
h to promote a cross-linking process in the polymer, and then subsequent pyrolysis
under a N> flow at selected temperatures up to 1,000 °C for 2 h. The two steps were

conducted at a steady flow rate of 500 mL/min.
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3.2.2 Fabrication of the TiPCS-derived membranes

A porous o-alumina tube with an average pore size of 1 m (porosity: 50%,
outer diameter: 10 mm, Nikkato Co., Japan) was used as a support. The modification
of the supports was similar to a procedure used in our previous work [2, 23]. Briefly,
two types of a-alumina particles (average particle diameter: 0.2 m, 2 m) were
subsequently coated onto the outer surface of the tubes using SiO2-ZrO; (Si/Zr = 5:5)
colloidal sols as a binder, followed by calcination at 750-800 °C under an air
atmosphere for 20 minutes. Each procedure was repeated several times to cover large
pores. To minimize the defects in the TiPCS membrane, an intermediate layer with an
average pore size of ~1 nm was fabricated by coating SiO2-ZrO; (Si/Zr = 5:5)
colloidal sol onto the a-alumina particle layer followed by calcination at 750-800 °C
for 15 min. It is worth noting that the Zr-modified intermediate layer fabricated by
Si02-ZrO: (Si/Zr = 5:5) colloidal sol showed good hydrothermal stability in our
previous work [24, 25].

To synthesize amorphous SiC-based membranes, a TiPCS pre-ceramic polymer
was dissolved in xylene to prepare a 3 wt% TiPCS solution and was then coated onto
the intermediate layer. Subsequently, the film was cured and cross-linked at 200 °C
for 2 h under an air flow, followed by pyrolysis of the TiPCS film at 350-800 °C for
0.5 h under a N> atmosphere at a heating rate of ~35 °C/min. The air and N flow rates
were both set at 500 mL/min. The coating-curing-pyrolysis process was repeated 3

times to reduce possible defects in the SiC-based membranes.

3.2.3 Characterization of TiPCS powders and membranes

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)
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patterns of the TiPCS powders were collected at room temperature using a FTIR-4100
(JASCO Co., Japan) within a range of 4,000-400 cm™'. The chemical elements of the
TiPCS powders were determined via a scanning electron microscope (SEM) equipped
with  an EX-37001 EDS accessory (JCM 5700, JEOL, Japan).
Thermogravimetric-mass spectrometric analysis was performed via TG-MS
(TG-DTA-410S, Rigaku Co., Japan) under a helium atmosphere, and the temperature
was ramped up at a rate of 10 °C min™! to a level of 1,000 °C. Prior to the TG analysis,
the sample was cured at 200 °C under a O2-He mixed gas (O2: 20%, He: 80%) for 2 h
to promote cross-linking, and was then switched to a pure He atmosphere; the flow
rates were maintained at 300 mL/min. The N> adsorption-desorption isotherms for
TiPCS powders were measured at 77 K using a BELMAX (BELL Co., Japan); prior
to measurement, the samples were pretreated to promote degassing at 200 °C under
vacuum for 12 h. The BET surface areas were evaluated using N> adsorption data at a
relative pressure that ranged from 0.001 to 0.15. The micropore volume was obtained
from the amount of nitrogen adsorbed at P/Py = 0.01 relative to a pore size < 1 nm [26,
27]. The pore size distributions were obtained from the adsorption isotherms using the
non-localized density functional theory (NLDFT) method with a slit-pore model.
XRD patterns of TiPCS powders were obtained using a D2 PHASER X-ray
diffractometer (Bruker, Germany) employing Cu Ka as the X-ray radiation source
(1.54 A). The cross-sectional morphologies of the resultant membranes were

evaluated using the SEM.

3.2.4 Gas permeation and PV measurement

The permeance of single gases with different kinetic diameters (He, 0.26 nm; Ho,

0.289 nm; CO3, 0.33 nm; N2, 0.364 nm; CHa, 0.38 nm; C3Hg, 0.43 nm; CF4, 0.48 nm;
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and, SFs, 0.55 nm) was measured using the dead-end (retentate stream blocked)
method [28] and an experimental setup that is schematically shown elsewhere [29].
The gas was fed to the outside of a cylindrical membrane at 200 °C. The feed gas was
pressurized at ~0.1 MPa using a back-pressure regulator, while the permeate stream
was maintained at atmospheric pressure. The selectivity is the permeance ratio of the
single gases.

PV dehydration and removal of methanol was performed for binary mixtures
composed of wvarious organic solvents (methanol (MeOH), ethanol (EtOH),
iso-propanol (IPA), and acetone, methyl acetate (MeOAc)), and an experimental setup
that is schematically shown elsewhere [28]. The binary mixture was fed to the outside
of the membrane, and the pressure outside and inside the membrane was maintained
at atmospheric pressure and at approximately 0 kPa, respectively. A cold trap of liquid
nitrogen was used to collect the permeate samples. Before the collection of the vapor
permeate, the system was maintained for more than 1 h to ensure that the system was
stabilized. The compositions of the feed and permeate samples were analyzed using a
GC-14B (Shimadzu, Japan) with a Porapak P column and a TCD detector.

In PV, the values for flux, J [kg/(m? h)], separation factor (&) and permeance

of i component, P; [mol/(m?s Pa)], were calculated using the following equations:

_Q
] = P €Y)
_ Xi/x]'
Qij = (—yi /y]_) (2)
Ji
pp=—"—— 3
' P1i — P2, 3)

In those equations (1-3), Q (kg) is the total mass that permeates the membrane area,

A (m?), over the operation time, ¢ (h); x; (or x;) and y; (or y;) are the weight
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fractions of the i (or j) component in the feed and permeate side, respectively; J; is
the molar flux of the i component [mol/(m? s)]; the partial pressures p; (Pa) of
component i for the feed side were calculated as p; = x;¥;p;, where x;, y; and p}
are the weight fraction, activity coefficient and the saturated vapor pressure of
component i in the feed side, respectively (y; and p{ were obtained using the
Wilson and Antoine equations, respectively), while the permeate pressure was

assumed to be zero.

3.3 Results and discussion

3.3.1 Physicochemical characterization of the TiPCS precursor

ATR-FTIR spectrum analysis was performed on the TiPCS precursor powder to
identify the functional units present, as shown in Fig. 3-1. The absorptions observed at
2,980-2,850 cm™ (CH,, n =1, 2 or 3); 2,100 cm™ (Si-H); 1,400 cm™ (C-H in Si-CH3);
1,020 and 1,355 cm™ (CH> in Si-CH>-Si); 1,259 cm™ (Si-CH3), and, ~800 cm™! (Si-C),
can be generally ascribed to the contribution of a typical PCS-based chemical
structure [22, 29-31]. In addition, other absorption peaks of 695, 716, 740 cm™ and at
1,124 and 1,430 cm™ can be ascribed to the Si(phenyl)>O and Si-phenyl groups,
respectively, due to the presence of the Ti-OSi(phenyl), structure in TiPCS [31, 32]. It
is worth noting that the peak of a Ti-O-Si bond, which was generally reported at ~900
cm’!, was not observed in this work probably due to the very small amount of Ti
and/or overlapping by the stronger absorption of Si-C (~800 cm™) [31, 33]. Based on

the above analysis and previous research [30, 31, 34], a possible main structure for
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TiPCS is shown in Fig. 3-1.
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Fig. 3-1 ATR-FTIR spectra of TiPCS precursor powders (the proposed main structure

of TiPCS is inserted).

After TiPCS precursor powders were air cured followed by firing under N2, their
color showed a distinct change from yellow-green to orange and finally to black as
shown in Fig. 3-2. It should be noted that the cross-linked powder fired under N> at
350 °C obviously maintained its polymer state, because the color of the main body of
the powder showed no significant change. In general, during the pyrolysis process,
polymer precursors are often subject to a series of complicated physical and chemical
changes that include cross-linking, bond fission, and rearrangement reactions, which

ultimately results in the generation of solid and gas-phase products.
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Fig. 3-2 Photos of cross-linked TiPCS powders fired at different temperatures under a
N> atmosphere together with the precursor powder and air curing powder. (a)
precursor powder, (b) air curing powder, (c) 350 °C, (d) 550 °C, (e) 650 °C, (f)
750 °C, (g) 800 °C and (h) 1,000 °C.

To reveal the thermal behavior of cross-linked TiPCS polymers during the
pyrolysis process, thermal analysis was conducted using ATR-FTIR and TG-MS, as
shown in Fig. 3-3. After air curing at 200 °C, the intensity of Si-H was decreased due
to a cross-linking reaction that produced cross-linked structures comprised of Si-O-Si
(1,130-1,000 cm™) bonds from the reaction between Si-H groups and oxygen. No
significant change was observed for absorptions that ranged from 1,130-1,000 cm™,
however, due to overlapping by the stronger absorption of the Si-CH»-Si (1,020 cm™)
bond.

The ATR-FTIR spectra and TG curve showed that the transformation of a
cross-linked TiPCS polymer to a ceramic could be divided into two stages for
temperatures that ranged from 300-800 °C with the high ceramic yield of

approximately 82 wt% achieved. The first stage (up to 650 °C) can be ascribed to the
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decomposition of the organic groups with significant mass loss (15%) due to
cross-linking and bonding fission reactions with a release of Hx (m/z = 2),
hydrocarbons (such as CHz, m/z = 15; CoHz, m/z = 26; C3H3, m/z = 39), and aromatic
compounds (such as C¢Hg, m/z = 78), as seen in the results of MS analysis. In this
first stage, the intensities of Si-H and phenyl groups decreased above 350 °C and
vanished at 550 °C, and the absorptions of Si-CH3 and Si-CH»-Si were also reduced,

as shown in the ATR-FTIR spectra.
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Fig. 3-3 ATR-FTIR spectra of (a) cross-linked TiPCS powders (the enlarged spectra
(x10) of the Si-H is inserted) together with a precursor powder for comparison, (b)
TG-MS curves of cross-linked TiPCS powder under a He atmosphere with a heating
rate of 10 °C/min to a level of 1,000 °C (before TG analysis, the sample was
pretreated for cross-linking at 200 °C under O2-He mixed gas (O2: 20%, He: 80%) for
2 h).

The second stage featuring a slight mass loss (3 wt%, 650-800 °C) corresponded
to the polymer-to-ceramic transformation process, and was attributed to the

rearrangement and densification reactions with the release of small molecules such as
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CHs and H>. The ATR-FTIR spectra of powders fired up to 750 °C showed that the
absorptions of organic groups including Si-CH»-Si, and Si-CH3 in particular, mostly
disappeared. Meanwhile, the broad peak within a range of from 1,150-700 cm
should be assigned to the asymmetric stretching vibrations of Si-O-Si and O-Si-C
bonds [35].

The Tyranno Coat was a commercial TiPCS precursor consisting of Si, O, C, and
Ti, which was confirmed using the EDS shown in Fig. 3-4. The ratio of O/Si was
clearly increased after cross-linking at 200 °C under air. Each ratio of O/Si and C/Si
of cross-linked TiPCS was decreased while the ratio of Ti/Si was almost unchanged
with the increasing pyrolysis temperature, indicating the mass loss mainly comes from
carbon and oxygen during the pyrolysis process. In addition, when the pyrolysis
temperature was higher than 750 °C, the elemental composition showed almost no
change indicating the polymer-to-ceramic transformation process was completed. It is
worth mentioning that after completing the polymer-to-ceramic transformation, the
mass fraction of carbon and oxygen was reduced by 16 and 4%, respectively, which is
consistent with the weight residue from TG. Different ceramic compositions would
have different structural properties, which will be discussed by N>

adsorption-desorption isotherms.
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Fig. 3-4 Elemental composition of cross-linked TiPCS powders (analysis with EDS;

molar ratio is based on Si and precursor powders for comparison).

Tyranno fibers derived from TiPCS polymers are generally considered
amorphous at temperatures (up to 1,400 °C) that are higher than those of the Nicalon
fibers derived from PCS (~900 °C) [20, 36-38]. The crystallization behavior of the
cross-linked TiPCS powders pyrolyzed at different temperatures (7' < 1,000 °C) was
investigated by XRD, and the results appear in Fig. 3-5a. The XRD spectra showed an
entirely amorphous structure with no formation of SiC, SiOz or TiOz nanocrystallites,
as expected. A broad peak was observed at ~20° below a pyrolysis temperature of
750 °C, and was associated with the amorphous SiO,/C environment [39, 40]. The
peak intensity decreased with temperature, which means the degree of short-range
ordering for the organic chemical environment of Si0,/C was reduced, resulting in a
highly disordered structure. Si 2p peaks (Fig. 3-5b) confirmed the presence of mixed
units such as Si-H (99.4 eV), Si-C (101 eV), OxSiCsx (102 eV), and Si-O (103.1 eV)

during the cross-linking, bond fission, and rearrangement reactions [41]. The intensity
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of the Si-H bond rapidly decreased and almost vanished at 550 °C, and the Si-C bond
also decreased due to the decomposition of Si-CH, organic groups with the increased
pyrolysis temperature, which was in good agreement with the results of ATR-FTIR.
By contrast, OxSiCs.x and Si-O bond intensities increased, which could have been due
to the rearrangement reactions of Si-C with Si-O and/or to the reactions with oxygen
and moisture that had adsorbed onto the surface of the powders [36]. Also, the mixed
binding energy peaks of C 1s were assigned to Si-C (283.4 eV), OxSiC4x (284.4 eV),
and carbon (285.3 eV) [41], as shown in Fig. 3-5c. The C 1s peaks evolved in a
manner similar to that of the Si 2p peaks. With an increase in the pyrolysis
temperature, the Si-C bond decreased, and the OxSiCsx bond increased, while the
peak of carbon (285.3 eV) first decreased and then increased due to the decomposition
of phenyl groups (350-550 °C) and to the generation of free carbon (750-1,000 °C) in
the system. These results corresponded to a significant shift in the chemical

environment of Si0,/C, as discussed with regard to the XRD patterns.
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Fig. 3-5 (a) XRD patterns, (b) XPS Si 2p peaks, and (c) XPS C Is peaks of
cross-linked TiPCS powders pyrolyzed at 350-1,000 °C together with a precursor

powder for comparison.

The microporous properties, pore structure parameters, BET, micropore volume,

and NLDFT pore size distribution curves of the pyrolyzed TiPCS powders were

-104-



Hiroshima University Doctoral Dissertation

analyzed via the N> adsorption-desorption isotherms, as shown in Fig. 3-6. In the
nitrogen adsorption-desorption isotherms (Fig. 3-6a), all samples, with the noted
exception of the powder pyrolyzed at 1,000 °C, exhibited steep uptakes at low relative
pressures, which indicated the presence of an abundant number of micropores. The
micropore volume (at P/Pyp = 0.01 relative to a pore size < 1 nm [26, 27]) increased
with an increase in the pyrolysis temperature, with the maximum value reaching 0.17
cm?/g at 650 °C and then dropped to 6.6 x 10° cm®/g at 1,000 °C. Variations in the
BET surface area exactly followed the same increase-then-decrease trend. This trend
indicates that an abundant number of micropores was generated at around 650 °C by
the decomposition of organic groups, after which the micropores were gradually
narrowed due to the rearrangement and densification reactions with increases in the
pyrolysis temperature [42]. This increase-then-decrease trend agrees with the results
of experiments using PCS [15] and PMS [43] under a similar synthesis process
(air-cured at 200 °C and then pyrolysis at 300-950 °C under nitrogen or argon) in
previous studies as well as our PCS results shown in Chapter 2 where the surface
area of precursor-derived powders were decreased to approximately 0 m?/g when the
pyrolysis temperature reached 700 or 750 °C leading to severe densification. In the
present study, TiPCS-derived powders pyrolyzed at 800 °C maintained their
microporosity, which is plausibly explained by the titanium components in
TiPCS-derived powders inhibiting and/or reducing the densification of network

structures.

-105-



Hiroshima University Doctoral Dissertation

qQ) 160
( 650°C

=)

iy

[t

(=)
1

N, adsorbed [mI(STP)/g]
(o]
o

408 Amlym tp g gt g i 800°C
ey 050G
B __.__-_ -a '__.__.__r_l-—l—-—l-—h—l—'-
1000°C
0+ ————

T T T T

0.0 0.2 0.4 06 08 10
Relative pressure [F/P)

0.25
(b) 500 -
® BET
=) O Micropore volume | =)
S 400- 02052
= (&)
3 o
5 300 4 -0.15 g
© =
(5} (=)
o >
S 200 -0.10
o (=]
o
m o
o 100 -0.05 ©
=
0 O 0.00
500 600 700 800 900 1000
Pyrolysis temperature [°C]
(c) —=-550°C
0.020 A —8—650°C
_ —A—800°C
= —w— 1000°C
E 0.015- 3
= £
- =
§ E
= 0.010- =
g :
T 5 = T
5 0.0054
=
O
0.000 4
I T T T T
0 1 5

Fig. 3-6 (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), (c) NLDFT
pore size distributions (the insert Fig. is enlarged for cross-linked powder pyrolyzed at

1,000 °C) of pyrolyzed TiPCS powders.

A shown in Fig. 3-6¢c, NLDFT analysis was used to evaluate the effect of
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pyrolysis temperature on the development of the pore size distribution. The average
pore diameter was decreased with increases in the pyrolysis temperature. The
cumulative micropore volume at 1,000 °C was essentially zero, and it seemed that
only a very small number of mesopores (~2.2 nm) existed, which suggests that
micropores may have vanished and been replaced by a small number of slit-like
pores/defects that formed during densification at elevated temperatures.

Based on the detailed characterization described thus far, the evolution of the
network structure in TiPCS fired at various temperatures is schematically illustrated in
Fig. 3-7, which consists of the curing for cross-linking and the firing for
decomposition as well as the polymer-to-ceramic transformation processes. Generally,
TiPCS and PCS require curing under air for cross-linking in the fiber materials and in
PCS-derived SiC membranes. The curing process adds oxygen to the system and
develops Si-O-Si and Si-O-Ti bonds by the oxidation of Si-Si, Si-H and Ti-OR in the
TiPCS structure, which leads to a three-dimensional thermosetting polymer network
without melting even at high temperatures [18, 34].

The TiPCS powders fired at a low temperature (< 350 °C) tend to form a flexible,
dense polymer structure due to the existence of numerous organic groups in the
network, as revealed by ATR-FTIR spectra and powder photographs. During the
subsequent step where the pyrolysis process is applied at a moderate temperature
(350-650 °C), these organic groups are mostly removed by the decomposition reaction
with gas evolution, and micropores can be produced to form a loose transitional

structure with larger pores. With a further increase in the firing temperature (>
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650 °C), such loose transitional structures then shrink to form a relatively denser
ceramic structure with narrow pores during the polymer-to-ceramic transformation
process via rearrangement and densification reactions. This proposed process of
structural evolution is in good agreement with the results of N2 adsorption-desorption
isotherms. Hence, the firing temperature is a key factor in determining the
microstructure and pore size distribution of materials derived from ceramic precursor
polymers [43], which are expected to affect the gas permeation properties and will be

discussed in the next section of the membrane fabrication.

H
C|H‘ an, N CH i ,ph
1
[CH.—Si}I\,CH,—Sn’\I{Q-—Sl | cH }r
| In u :[ H —Sr}mcu,—s."’s‘_
SCH/ : |
N i
h o H o
al z
=179 lo—gim i -+ §i~0o
ph ph E.-__ ph

¥, Linear polymer ,"
Ys < Air curing, 200°C
(Crosslinking)

Firing ,1,‘ 4 Firing
(T > 650°C) & (650°C = T > 350°C) %!

_ % — %
: (43
\ bol Pyrolysis £l Pyrolysis
olymer-to-ceramic C i (Decomposition)
T (Densification, il
_________ rearrangement) Y e e e oo
{ Dense ceramic : { Loose transitional ‘
| structure ) l structure l

Fig. 3-7 Schematic illustration of the evolution of the network structure of the TiPCS.

3.3.2 Fabrication and reproducibility of TiPCS-derived membranes
The single-gas permeation performance is sensitive to the pore size distribution

of the membrane and useful for monitoring the quality of the membrane. TiPCS
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membranes were prepared by coating a 3% TiPCS solution onto intermediate layers
followed by cross-linking under air at 200 °C and pyrolysis under a N> atmosphere at
350, 550, 750 and 800 °C, which hereafter will be used to refer to the membranes:
M350, M550, M750, and M800, respectively. Fig. 3-8a shows the relationship
between the single-gas permeance at 200 °C with pyrolysis temperatures ranging from
350-800 °C as a function of the molecular size, and Fig. 3-8b shows the H2/SFs and
H»/N; selectivity and the H> permeance as a function of the pyrolysis temperature. It
should be noted that the intermediate layers with large pore sizes, ~1 nm, exhibited
high gas permeances and approximately Knudsen selectivity. The H> permeance of
M550 was 2.74 x 10 mol/(m* s Pa), which is approximately 10 times higher than
that of M350, while the selectivities of H»/N2 and H2/SFs remained low even when the
pyrolysis temperature was increased from 350 °C to 550 °C. This was because the
M350 network had a dense polymer structure with flexible pores, and the organic
segments increased the steric hindrance and consequently increased the resistance to
gas permeation [44]. The M550 network, however, had a loose transitional structure
with larger pores that significantly increased the gas permeance and lowered the gas
selectivity.

When the pyrolysis temperature was increased from 550 °C to 750 °C, the
transitional structure was shrunk to form a relatively dense ceramic structure with
narrow pores. Therefore, as the H> permeance decreased, the selectivity of Ho/N> was
increased from 4.1 to 8 and the selectivity of Ho/SFs was significantly increased from

35 to a maximum value of 16,600, which indicated that the TIPCS membranes were of
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high quality with no defects. Moreover, when the pyrolysis temperatures were lower
than 750 °C, the permeance of N> was lower than that of CH4 even though N> has a
smaller molecular size (0.364 nm), which suggests that Knudsen diffusion is
dominant and that the membrane layers had loose transitional structures with larger
pores. Under pyrolysis temperatures ranging from 750-800 °C, the permeance of CH4
became lower than that of N>, which indicated that the pore size of the TiPCS-derived
SiC-based membranes was reduced and that the network structure had shrunk, which
agrees with the denser ceramic structures in the networks of the membranes.
Compared with the M750, the M800 showed smaller values for single-gas permeance,
but H2/N> selectivity that had slightly increased from 8 to 11 suggested that the
network structure was further densified and narrowed in the membrane via the
rearrangement reaction of Si-C and Si-O groups based on the results of XPS.

With an increase in pyrolysis temperature, the network structures of the
membranes tended to be dense and the pore size gradually narrowed. A similar trend
was reported in a SiC-based (Si-Al-C) membrane [42] that contained aluminum and
was prepared under similar conditions (cured under air at 200 °C and then pyrolyzed
at 300-900 °C). At pyrolysis temperatures higher than 600 °C, the H> permeance was
significantly reduced to 1 x 10° mol/(m? s Pa) with a Hao/N, selectivity of 2.25
(~Knudsen selectivity) at 200 °C. On the other hand, in the present work, when the
TiPCS membranes were pyrolyzed at elevated temperatures (750-800 °C), they
exhibited a satisfactory Hx permeance of approximately 10 mol/(m? s Pa), which is

higher than that of either PCS-derived SiC-based membranes [15, 17, 18] (~10°-10®
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mol/(m? s Pa)) or Al-Si-C membranes [42]. These results suggest that titanium
components in TiPCS membranes could effectively inhibit and/or reduce the

densification of network structures.
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Fig. 3-8 (a) Single-gas permeance as a function of molecular size at 200 °C through
TiPCS membranes formed by different pyrolysis temperatures, (b) relationship
between the gas permeation performance of TiPCS membranes and pyrolysis
temperature, and (c) cross-sectional image of a TiPCS membrane pyrolyzed at

750 °C.

Fig. 3-8c features an SEM image of the cross-section of a TiPCS membrane
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pyrolyzed at 750 °C, which was selected as the most promising membrane. The
thickness of the separation layer was estimated to be less than 400 nm. No boundary
is apparent between the intermediate layer and the top layer, which is similar to the
structure of an organosilica membrane reported in a previous study [45], and this was
probably due to the thin nature of the coating and/or to the penetration of TiPCS into
the Si0,-ZrO; layer during the coating process.

Table 3-1 compares the gas separation performances at 200 °C of different
SiC-based membranes [3, 46-48] under similar preparation conditions. TiPCS
membranes demonstrated impressive performances as molecular sieving membranes
with high levels of permeability (e.g., H» permeance ~1 x 10 mol/(m? s Pa)) and
selectivity for small/mid-sized molecules over larger molecules (H2/C3Hg, 61; N2/CF4,
51; Hy/CF4, 404; and H»/SFs, 16,600), which also emphasizes that the TiPCS
membrane consists of sub-nanopores with a quite small number of pinholes.
Moreover, the relationship between N> permeance and the selectivity of N»/SF¢ is
often used as a benchmark for the separation of mid-sized molecules from large
molecules such as methanol/toluene [28, 49], and is also used as an index to evaluate
membrane quality [50]. TIPCS membranes clearly showed the permeation properties
that dictate better selectivity for N2/SFs (2,110) with high N> permeance (1.35 x 107
mol/(m? s Pa)) compared with other SiC-based membranes. In addition, five TiPCS
membranes prepared at 750 °C were used to confirm that the membrane performance

was reproducible (original data are shown in Fig. 3-9).
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Table 3-1. Gas-separation performance at 200 °C for different membranes under

similar preparation conditions.

Permeance x 107

Pyrolysis Selectivity
[mol/(m? s Pa)]
Membrane Temp. Ref.
[°C] H> N2 H>/CsHs Ho/CF4 N2/SFs¢  Ha/SFs
This
TiOSiC 750 10.7 1.354 34 404 2,110 16,600
work
SiOC 700 8 1.285 — 636 448 2,920 [3]
SiOC 700 0.1 0.005 — — 8 152 [46]
SiOC 700 1 — 38 — — 152 [47]
SiC 700-800 4 0.983 7 — 3 11 [48]
10°
H

[mol/(m® s Pa)]

10°§ —m— M750-1

9 —8— M750-2
€ 10°] —A—M750-3
£ —o— M750-5 = °
010" 5
n‘ 3
1 At 200°C
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Fig. 3-9. Single-gas permeance as a function of molecular size at 200 °C through

TiPCS membranes. TiPCS membranes were prepared by coating a 3% TiPCS solution

onto intermediate layers followed by crosslinking under air at 200 °C and pyrolysis

under a N> atmosphere at 750 °C (the coating-curing-pyrolysis process was repeated 3

times).
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3.3.3 PV Performance of the TiPCS-derived membrane

Our previous work proved that PV and gas permeation processes through porous
ceramic membranes have similarities in permeation mechanisms such as the
molecular-sieving effect [23, 51]. Following the successful construction of the
TiPCS-derived SiC-based membrane (M750), PV separation studies were conducted
to evaluate the relationships in the permeation performances of gases and liquids
(vapor).

Fig. 3-10a shows the dehydration permeance and the separation factor through a
M750 membrane in HO/MeOH, H>O/EtOH, H>O/Acetone, and H,O/IPA systems at
50 °C with each H>O concentration in the feed side at 10 wt%. The TiPCS membrane
showed H,O permeance of approximately 1.4 x 10 mol/(m? s Pa), irrespective of the
separation system. On the other hand, as the molecular size (molecular size: H-O,
0.2955 nm; MeOH, 0.38 nm; EtOH, 0.4299 nm; acetone, 0.4691 nm; IPA: 0.4699 nm
[52]) increased, the permeance of each organic solvent tended to decrease, which
significantly increased the separation factor of each system (separation factor of
H>O/MeOH, ~2.3; H,O/EtOH, ~48; and H>O/Acetone, 109; and, HoO/IPA, 216). Fig.
3-10b shows the permeance values for H,O, MeOH, EtOH, acetone, and IPA as a
function of each molecular size together with single-gas permeance at 200 °C. The
permeance of dehydration and single-gas permeation through the M750 membrane
showed similar dependencies on molecular size, though the permeation temperature

differed between PV (50 °C) and single-gas permeation (200 °C). In this case, the
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result suggests that the separation mechanism for PV is based mainly on a molecular

sieving effect similar to single-gas permeation.
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Fig. 3-10. (a) PV dehydration performance in water/x mixtures at 50 °C (water-weight
percentage of the feed side maintained at 10 wt%, x = MeOH, EtOH, acetone, and
IPA), (b) molecular size dependency of permeance for dehydration PV in binary
mixtures at 50 °C with single-gas permeation of TiPCS membrane at 200 °C (the

water permeance was from water/IPA PV).

The PV removal of methanol from organic mixtures (MeOH/EtOH, MeOH/IPA,
MeOH/MeOAc) with a methanol concentration of 10 wt% at 50 °C for the M750
membrane was also investigated, as shown in Fig. 3-1la. The trend for the
performance of PV removal of methanol was similar to that for dehydration, the
permeance of MeOH was at a similar level for all mixtures, and the permeance of
each organic solvent tended to decrease as the molecular size increased (molecular
size of MeOAc is 0.4781 nm [52]). The separation factors for MeOH/EtOH and
MeOH/IPA were 4 and 14.6, respectively, and the separation factor for
MeOH/MeOAc, which is difficult to separate using polymeric membranes, was as

high as 25. Fig. 3-11b shows the permeance for the PV removal of methanol at 50 °C
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and for single-gas permeation at 200 °C as a function of the molecular size. Similar to
PV dehydration, the PV removal of methanol also showed a trend similar to that of
gas permeation, which again confirmed that molecular sieving was the primary
mechanism for both gas permeation and PV. Our group reported the similarities
between single-gas permeation and PV dehydration on BTESE-derived organosilica
membranes, and predicted PV performance based on the gas permeation properties
[28, 51], which was confirmed again in the present study, and, in addition, both the
performance of PV dehydration and PV removal of methanol were found to be

predictable according to the gas permeation properties of sub-nanoporous SiC-based

membranes.
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Fig. 3-11. (a) PV removal of methanol performance in MeOH/x mixtures at 50 °C
(MeOH weight percentage of the feed side maintained at 10 wt%, x = EtOH, acetone,
IPA and MeOAc), and (b) molecular size dependency of permeance for the PV
removal of methanol in binary mixtures at 50 °C with single-gas permeation of the
TiPCS membrane at 200 °C (the methanol permeance was from methanol/MeOAc

PV).

The efficient separation of the methanol/methyl acetate mixture is an important

process for industrial applications such as in the production of methyl acetate or
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poly(vinyl alcohol), but the issue of separation remains a challenge due to the
formation of an azeotrope [53, 54]. Fig. 3-12 shows the permeation flux and
separation factors (o) of a M750 membrane for PV separation of a MeOH/MeOAc
mixture (10/90 wt%) at temperatures ranging from 30 to 60 °C. With an increase in
temperature, the permeate fluxes increased due to the increase of the vaper pressure of
both MeOH and MeOAc on the feed side [53]. The flux of small molecular MeOH
increased continuously with temperature, which could be attributed to the enhanced
driving force for mass transfer associated with activated diffusion through the small
pores, which allowed the permeation of only MeOH, but not of MeOAc, that is,
penetration of the TiPCS membrane was dominated by molecular sieving. On the
other hand, the MeOAc flux only slightly increased with temperature probably
because the larger-sized MeOAc permeated larger-sized pores in Knudsen and/or

surface diffusion. As a result, the separation factor increased with temperature.
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Fig. 3-12. Effect of operating temperature on flux and separation factors (o) for PV

separation of MeOH/MeOAc mixtures (10/90 wt%).
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Fig. 3-13 summarizes the separation performance of MeOH/MeOAc using
TiPCS membranes together with commercial polymer membranes and mixed-matrix
membranes under similar test conditions. The TiPCS membrane demonstrated
attractive performance in MeOH/MeOAc separation compared with other PV
membranes at temperatures ranging from 25 to 60 °C such as a total flux of 0.38
kg/(m? h) with a separation factor of 35 at 60 °C. It is worth noting that two TiPCS
membranes (as shown in Table 3-2) had similar separation performance for PV
separation of MeOH/MeOAc mixture (10/90 wt%) at 50 °C, which again confirmed

the reproducibility of the TiPCS membrane performance.
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Fig. 3-13 Comparison of the methanol/methyl acetate separation performance under
similar test conditions for PV membranes (commercial polymeric membranes [55-58],
mixed-matrix membranes [53, 54], and this work; the original data are shown in Table

3-2).
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Table 3-2. Summary of methanol/methyl acetate separation performances of different

pervaporation membranes under similar test conditions.

Feed, Total flux  Permeate,
Temp.
Membrane MeOH [kg/(m? MeOH SF.  Ref.
[°C]
wt % h)] wt%
6 45 0.276 349 8.55
Cuprophane [55]
20 45 0.452 66.3 7.92
Pervap 2255-40 12 45 2.9 23.3 2.2
Pervap 2255-50 16 45 1.1 55 6.4 [56]
Pervap 2255-60 15 45 0.5 49 5.4
Pervap 2255-30 20.7 50 3.32 56.1 49 [57]
19 50 0.051 25.8 1.5
Pervap™ 4155-80
100 50 0.76 100 ~
10 50 0.256 7.5 0.73
Pervap™ 4155-70 [58]
15 50 0.231 16.6 1.13
9 50 5.633 7.7 0.84
Pervap™ 4155-30
15 50 6.585 11.9 0.77
4A/PVA/PVP 10 45 0.011 80.4 37 [53]
PA/ND(3%) 18 25 0.22 74 13 [54]
10 30 0.29 72.7 23
10 30 0.23 69.3 21
10 40 0.28 75.1 27 This
TiPCS
10 45 0.31 76.6 30 work
10 50 0.34 77.5 31
10 60 0.38 79.6 35

SF.= separation factor; Cuprophane and Pervap series are the commercial membranes;
4A/PVA/PVP is zeolite 4A incorporated PVA/PVP membrane; PA/ND(3%) is

nanodiamond-modified poly(phenylene isophthalamide) membrane.
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Fig. 3-14 shows the time courses for fluxes and the separation factors through
TiPCS membranes when used in various binary systems. It should be noted that the
separation performance of H>O/IPA was maintained unchanged (including the fluxes
and separation factor) after more than 65 h for different aqueous systems and
organic-organic mixture systems, indicating that the TiPCS membrane possesses

excellent stability due to a stable TiOSiC network.
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Figure 3-14 Time courses for pervaporation performance in water (or MeOH)/x
mixtures at 50 °C (water or MeOH weight percentage (wt%) of the feed side was
inserted in the figure, x = IPA, MeOH, EtOH, acetone and methyl acetate; details of

the data are shown in Table 3-3)
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Table 3-3 Pervaporation performance at 50 °C in terms of total flux and separation

factor for a TiPCS membrane prepared at 750 °C

Permeate, Permeance x 108
Binary Feed, Total flux Separation
solute [mol/(m? s Pa)]
mixture solute wt %  [kg/(m?h)] factor
wt%

Solute  Solvent

H>O/IPA 10 (H20) 0.75 95.57 216 154 0.84
H>O/IPA 50 (H20) 1.965 99.33 152 256 0.52
H>O/IPA 80 (H20) 243 99.57 62.4 310 0.48
H>O/MeOH 10 (H20) 1.19 20.36 23 126 17.6
H>O/MeOH 50 (H20) 2.37 60.57 1.6 256 322
H>O/MeOH 80 (H20) 3.18 83.74 1.3 375 39.7
H>O/EtOH 10 (H20) 0.588 84.5 47.7 121 2.29
H>O/acetone 10 (H20) 1.05 92.68 109 178 0.57
MeOH/EtOH 10 (MeOH) 0.13 31.31 3.8 4.45 2.16
MeOH/IPA 10 (MeOH) 0.038 62.16 15.1 1.92 0.36

MeOH/methyl
10 (MeOH) 0.29 72.7 25 7.77  0.446

acetate

3.4 Conclusions

This study marks the first fabrication of TiPCS-derived SiC-based membranes
with sub-nanopores via the pyrolysis of a commercial polytitanocarbosilane polymer,
Tyranno Coat. The pore characteristics and the surface areas of TiPCS-derived

ceramic powders were strongly dependent on the pyrolysis temperatures. The
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evolution of the network structure of TiPCS during the pyrolysis process began with a
dense polymer structure (< 350 °C) that was then passed through a loose transitional
structure (350-650 °C), and then transformed into a relatively denser ceramic
structure (> 650 °C). Additionally, the titanium components in TiPCS effectively
inhibited and/or reduced the densification of the network structures. The membrane
prepared at 750 °C featured reproducibility and attractive selectivities (H2/SFs, 16,600;
and N2/SFe, 2,100) with a high H, permeance at a magnitude of 10 mol/(m? s Pa).
These SiC-based membrane demonstrated great potential for the separation of small
and mid-sized molecules from large molecules such as N2/SF¢ separation and PV
removal of water or methanol from liquid mixtures. The TiPCS membranes exhibited
separation performance for methanol/methyl acetate mixtures with a total flux of 0.38
kg/(m? h) and a methanol/methyl acetate separation factor of 35 for 10 wt% MeOH in

a MeOH/MeOAc binary mixture at 60 °C.
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Chapter 4
Study on the effect of oxidative cross-linking on the structure and

performance of polytitanocarbosilane-derived SiC-based membranes

4.1 Introduction

Polymeric membranes dominate membrane-based separation technologies that
are now widely used in fields such as water treatment, foods, pharmaceuticals, and
gas separation processes [1-3], although ceramic membranes have higher thermal and
mechanical resistance. In particular, silicon carbide-based (SiC and SiC-related)
membranes have shown great potential for separation processes since they possess
high levels of mechanical strength, structural stability, biocompatibility, and
demonstrate long lifetimes at elevated temperatures, and have been applied to
water-filtration technologies [4-6]. Only a limited number of studies have focused on
the preparation of SiC-based membranes for molecular separation, however, and even
fewer have examined the separation of mid-sized molecules (e.g., N> 0.364 nm, and
MeOH 0.38 nm) from large ones.

The use of silicon-containing preceramic precursors is a very convenient way to
prepare SiC-based (SiC and SiC-related) materials. High-quality SiC-based materials
are generally prepared via a curing process that promotes cross-linking and a
subsequent high-temperature pyrolysis to achieve the polymer-to-ceramic
transformation. In the fabrication of both SiC fibers and SiC-based membranes, the
formation of cross-linking is a critical step before the transformation into ceramics [7,
8]. The cross-linking process converts thermoplastic polymers into a thermosetting
polymer under a series of reactions that includes dehydrogenation and oxidation of
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Si-H groups in order to preserve the shape of the object during pyrolysis [7, 8].
Additionally, a high ceramic yield is a general requirement for the precursor polymer,
and cross-linking is known to promote high ceramic yields from polymer precursors
following pyrolysis [9, 10].

Cross-linking methods that have historically been used to produce SiC-based
membranes from preceramic polymers include ultraviolet irradiation [10], electron
beam irradiation [11, 12], and conventional thermal (oxidation) cross-linking [7, 9,
13]. Wach et al.[11, 14] reported the preparation of a SiC-based (Si-O-C) membrane
via the electron-beam irradiation curing of a polycarbosilane (PCS) and
polyvinylsilane blend. Their membrane achieved H, permeance of 1071°-10"® mol/(m?
s Pa) and excellent Hy/N; selectivity of 254 at 250 °C [14]. Li ef al.[15] used PCS as a
precursor to prepare SiC-based (Si-O-C) membranes via thermal-oxidative
cross-linking (i.e., cured at 200 °C under air atmosphere). The Li membrane showed a
H, permeance of 10 mol/(m? s Pa) with a Hao/N; selectivity of 18-63. The Tsotsis
group [16, 17] used an intramolecular thermal cross-linking method via allyl groups
(C=C—C) without oxygen in allyl-hydridopolycarbosilane (AHPCS) to produce a
SiC-based membrane. The Tsotsis membrane showed an ideal He/Ar separation factor
of ~1,100 with He permeance of ~1 x 10® mol/(m? s Pa) at 200 °C [17]. The
thermal-oxidative cross-linking method adds oxygen to the network of SiC-based
materials and is commonly used in the preparation of SiC fibers and SiC-based
membranes because it is considered more economical and convenient than the
radiation method [13, 18].

Si-based precursors have recently received a great amount of research focus, and
the chemical structure of PCS is now being chemically modified by the incorporation

of transition metallic elements such as Al, Ti, and Zr in order to improve the heat
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resistance, structure stability, and electrical properties of the final ceramic product [19,
20]. Our group was the first to report the fabrication of Ti-incorporated
sub-nanoporous SiC-based membranes derived from polytitanocarbosilane (TiPCS)
[21], which is commercially available and used as a precursor for the fabrication of
Si-Ti-C-O (TiOSiC) fibers (Tyranno) with high mechanical and thermal properties. In
that study, the effect of the pyrolysis temperature on the physical and chemical
structures was systematically studied. The titanium components in TiPCS effectively
inhibited and/or reduced the densification of the network structures at high
temperatures (= 800 °C), which affected the permeation properties of TiPCS-derived
membranes. On the other hand, most SiC-related ceramic materials lost the
microporosity at the pyrolysis temperature of 700-750 °C due to the severe
densification and pore shrinkage, and this was particularly true for the PCS-derived
pure SiC and SiOC ceramic materials [9, 15, 22]. Thus, most of the SiC-based dense
ceramic membranes were used to separate mixtures of small-sized molecules such as
H>/N> rather than for the separation of small/mid-sized molecules over large ones
such as methanol/methyl acetate via pervaporation (PV). These membranes have
shown a low level of H, permeance ranging from ~10-10"7 mol/(m? s Pa) with high
H/N> selectivities. Another important aspect of that work involved investigation into
the PV dehydration and PV removal of methanol, for which the TiPCS membranes
demonstrated a great potential for the separation of methanol/methyl acetate mixtures.
No study, however, has described the effect of thermal-oxidative treatment for
cross-linking on the pore-formation behavior of TiPCS, although it is expected to
affect the permeation properties. In the present work, thermal-oxidative cross-linking
was studied for its effect on the ceramic yield, thermal stability, and microstructure of

TiPCS ceramics. Moreover, the influence of the concentration of the TiPCS precursor
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coating solution was also optimized, and the oxidation resistance and hydrothermal
stability of the membranes at high temperatures were also evaluated. Furthermore, PV
removal of methanol from organic solvents was further extended to other new
challenging azeotropic mixtures. The most promising version of a TiPCS membrane
demonstrated great performance in the PV removal of methanol in both MeOH/butyl
acetate and MeOH/toluene azeotropic systems, and as an air-drying contactor, these
membranes also showed excellent dehumidification performance in H2O/N2 systems

at high temperatures.

4.2 Experimental

4.2.1 Preparation of cross-linked TiPCS powders

Commercial polytitanocarbosilane (TiPCS) is a superior heat-resistant paint
(Tyranno Coat, TYR-VN100 type, Okitsumo Co., Ltd. Japan) that consists of ~48 wt%
TiPCS in a mixed solvent of xylene, ethylbenzene, and n-butanol. The TiPCS
precursor powder was prepared via dropping the paint into pure n-butanol to form a
precipitate, which was then centrifuged, followed by drying in a vacuum oven at
50 °C for 24 h. To study the effect that cross-linking exerts on the evolution of
TiPCS-derived products during the pyrolysis process, fresh powdered samples with
and without an air curing process (i.e., under air at 200 °C for 2 h) were pyrolyzed at a
series of temperatures (350-1000 °C) for 2 h under a N> flow, where the same heating

rate of ~35 °C/min was employed.

4.2.2 Fabrication of a TiPCS-derived membrane

A porous a-alumina tube (porosity, 50%; average pore size, 1 um; outer diameter,

10 mm; Nikkato, Co., Japan) was used as a support. The support was modified in a
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manner similar to that described in our previous work [3, 23, 24]. Briefly, two types
of o-alumina particles (0.2 pm and 2 um) with 1 wt% Si02-ZrO> (Si/Zr = 5: 5)
colloidal sol as a binder were coated onto the outer surface of the tubes followed by
calcination at 750-800 °C for 20 min under air. Subsequently, a 0.5 wt% Si02-ZrO;
(Si/Zr = 5: 5) colloidal sol was coated onto the a-alumina particle layer followed by
calcination at 750-800 °C for 15 min to obtain an intermediate layer. Each procedure
was repeated several times.

A TiPCS precursor solution (1-5 wt% in xylene) was coated onto the
intermediate layer followed by air curing at 200 °C and then pyrolysis at 750 °C under
Nz for 0.5 h with a heating rate of ~35 °C/min. A non-cross-linked membrane was
also prepared without the air curing process as a control. During the curing and
pyrolysis processes, the gas flow rates were set at 500 mL/min. The coating-pyrolysis

process of all TiPCS-derived membranes was repeated 3 times.

4.2.3 Characterization of TiPCS powders and membranes

The pyrolysis process was assessed via thermogravimetric analysis (TGA) using
a Shimadzu TGA-50 with a steady N> flow rate of 50 mL/min. ATR-FTIR spectra of
the TiPCS powders, and FT-IR spectra of the films coated onto KBr plates were
collected using an FTIR-4100 (JASCO Co., Japan). Nz (-196 °C) and CO2 (25 °C)
adsorption-desorption isotherms for TiPCS powders were carried out using BELMAX
equipment (BELL Co., Japan). Prior to the measurement, all powder samples were
degassed at 200 °C under vacuum for 12 h. The BET surface area was evaluated using
Nz adsorption data at a relative pressure (P/Py) of between 0.001 and 0.15, and the
micropore volume was calculated from the amount of N> adsorbed at P/Py = 0.01,

which corresponds to a pore size of less than 1 nm [24, 25]. The micropore size
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distributions were obtained from the CO, adsorption isotherms via the non-localized
density functional theory (NLDFT) method with a slit-pore model. The chemical
elements of the TiPCS powders and morphologies of the membranes were examined
using a scanning electron microscope (SEM) equipped with an EX-37001 EDS

accessory (JCM 5700, JEOL, Japan).

4.2.4 Single-gas permeation, pervaporation, and H20/N: separation

measurements

The permeation performances of the TiPCS-derived membranes were evaluated
at 200 °C with a single gas using a schematic experimental apparatus shown in a
previous publication [26]. The permeate steam (inside of the cylindrical membrane)
was maintained at atmospheric pressure, while the pressure drop across the membrane
was maintained at ~100 kPa. The permeate flux was measured via a soap-film meter.

Pervaporation (PV) removal of methanol was performed for the azeotropic
mixtures of both MeOH/toluene and MeOH/butyl acetate (BuAcO). The MeOH
weight percentages of the feed sides were maintained at 10 wt%. The binary mixtures
were fed to the outsides of the membranes, and the pressures inside and outside the
membranes were maintained at approximately 0 kPa and at atmospheric pressure,
respectively. The permeate samples were collected via cold traps. Before the
collection of the samples, the system was maintained for more than 1 h to ensure that
a steady state was reached. The compositions were determined using a Shimadzu
GC-14B with a Porapak P column. Values for flux and separation factor in PV were
calculated using equations shown in our previous work [21].

An equimolar H>O/N; mixture (50 kPa: 50 kPa) separation was conducted at

300 °C, using the experimental apparatus schematically shown in our previous work
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[27, 28]. The H,O/N, mixture was fed to the outside (upstream) of a cylindrical
membrane at atmospheric pressure, while the permeate side (downstream) was
evacuated using a vacuum pump. Permeate H>O was collected by a cold trap for a
specified time interval, and the flow rate of the permeant N> was calculated using the
observed pressure value via a calibrated critical nozzle located between the
permeation cell and a vacuum pump [28]. After the measurement of H>O/N»
separation, the membrane was dried completely under a N> flow at 500 °C for ~3 h. A
log-mean pressure drop was used to calculate the permeance [29], and the ratio for the

permeance of H>O and N> was served as the selectivity.

4.3 Results and Discussion

4.3.1 Cross-linking behavior of the TiPCS polymer

Thermal-oxidative cross-linking generally involves curing under air at a
moderate temperature (160-220 °C) [7, 13]; as the curing temperature increases, the
reactivity of Si-H increases, which can significantly reduce the reaction time.
However, when the cross-linking process is carried out at a much higher temperature
(e.g., 300 °C), significant amounts of the volatile oligomer will be lost leading to a
reduction in the ceramic yield [30]. In this section, the thermal-oxidative cross-linking
process of TiPCS powders was therefore carried out at 200 °C. The cross-linking
behavior of the TiPCS precursor was characterized via TGA and FT-IR, as shown in
Fig. 4-1. The weight of the TiPCS was increased by 4% when it was air cured at

200 °C for ~90 min, at which point it reached a stable value, while the weight of
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TiPCS treated under N> in the same manner was unchanged (Fig. 4-1a). Fig. 4-1b and
¢ show the FT-IR spectrum analysis and the absorbance ratio of Si-H/Si-CH3 with the
corresponding cross-linking degree of TiPCS precursor for different curing times,
respectively. The characteristics of TiPCS are described in a recent publication [21],
and the main absorption peaks are included: 2,100 cm™ (Si-H); 1,020 cm
(Si-CH»-Si); 1,259 cm! (Si-CH3); and, ~800 cm™ (vs, Si-C stretching). The
absorbance ratio of Si-H/Si-CH3 and the cross-linking degree were determined using

the following equation [31]:

(A2100/A1259)uncured - (A21OO/A1259)cured

Dsich = (Az100/Ar255)uncurea

The intensity of Si-H groups and the absorbance ratio of Si-H/Si-CH3 were reduced
with an increase in the air curing time, which suggested that the Si-H group was
consumed via an oxidation reaction. The cross-linking degree gradually increased
from 0 to 26.5% during curing for 1 h and reached a stable maximum of 39% after
curing for 2 h. This finding implies that some oxygen was introduced into the TiPCS
polymer during the thermal-oxidative cross-linking and that the linear structure of the
thermoplastic polymer was converted into a 3-D thermosetting polymer network
structure [8], as shown by the schematic drawing in Fig. 4-1c. The Si-H bonds reacted
with oxygen to develop Si-O-Si (1,000-1,130 cm™) bonds, although no significant

change was observed in the FT-IR spectra due to overlapping by the stronger

absorption of the Si-CH»-Si (1,020 cm™) bond [32].
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Fig. 4-1. (a) Time course of weight gains for TiPCS precursor powders at 200 °C
under either an N> or an air atmosphere via TG analysis; (b) FT-IR spectra on
substrates of KBr plate (the enlarged spectra (x 5) of the Si-H is inserted), and (c) the
absorbance ratio of Si-H/Si-CHs and the corresponding cross-linking degree with

different curing times for the TiPCS precursor.

4.3.2 Characterization of TiPCS powders fired at different temperatures

TGA was used to explain the effect that cross-linking exerts on the thermal

-140-



Hiroshima University Doctoral Dissertation

behavior of TiPCS during the pyrolysis process, as shown in Fig. 4-2. The cured
powders were pre-treated under air at 200 °C for 2 h to promote cross-linking, and for
the sake of convenience, the residue weights were normalized according to the
weights at 200 °C (i.e., weight gain was deducted for cured powders) for the
comparison between cured and uncured TiPCS powders.

Fig. 4-2a shows the TG analysis with a heating rate of 10 °C/min to a level of
1,000 °C for cured and uncured TiPCS powders with residue weights of 80.4% and
78.4%, respectively. Examination of the uncured TiPCS powder revealed that the
mass loss started at ~230 °C, while mass loss for the cured version started at 300 °C
or higher. These results indicate that the cross-linking process improved the thermal
stability and inhibited/reduced the degradation of TiPCS, and, thus, the ceramic yield
increased. This result agrees with the results of experiments using PCS under a similar
process in a previous study [22] as well as our study shown in Chapter 2.

Fig. 4-2b shows the weights of the residue as a function of time at a heating rate
of 35 °C/min, which approximated that of membrane fabrication that reached a level
of 750 °C for both cured and uncured TiPCS powders. Clearly, the cured powders had
a higher level of thermal stability than the non-cross-linked versions even at a higher
heating rate of 35 °C/min, and it also is evident that the two curves for residue
weights reached plateaus after being pyrolyzed for ~15 min at 750 °C. Fig. 4-2b also
shows the contact angle images for water droplets on TiPCS films pyrolyzed at
750 °C. These images show that the water contact angle of the cured (cross-linked)

TiPCS film (29.6°) was lower than that of the uncured (non-cross-linked) version
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(40.4°), probably due to the higher number of Si-O bonds with higher hydrophilicity
in the cross-linked film. Moreover, Fig. 4-3 shows the residue weight curves
(normalized at 200 °C) of cured and uncured TiPCS powders pyrolyzed at different
temperatures for 2 h. The weights of the residue in the cured TiPCS were always
higher than that in the uncured version during the pyrolysis process, which again
confirmed that the cross-linking behavior suppresses the loss of polymer fragments,

which plays a vital role in obtaining a high ceramic yield.
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Fig. 4-2. (a) TGA curves of the thermal decomposed behavior for cured and uncured
TiPCS powders under a N> atmosphere with a heating rate of 10 °C/min to a level of
1,000 °C; (b) the residue weights as a function of time with a heating rate of
35 °C/min to a level of 750 °C after being held for 2 h (the temperature history is also
shown on the right y-axis, contact angle images for water droplets on TiPCS films are
inserted). The cured powders were pre-treated under air at 200 °C for 2 h, while the
uncured powders were not. The weights of the residue were normalized according to

the weight at 200 °C for the convenience of comparison.
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Fig. 4-3. Weight residue of cured and uncured TiPCS powders pyrolyzed for 2 h under
a N> atmosphere with a heating rate of 35 °C/min. The cured powders were
pre-treated under air at 200 °C for 2 h, while the uncured powders were not. The
weight residues were normalized according to the weight at 200 °C (i.e., weight gain

was deducted for cured powders) for the convenience of comparison.

Fig. 4-4 shows the ATR-FTIR spectra of cured and uncured TiPCS powders
pyrolyzed at different temperatures for 2 h under a N> flow. With an increase in
pyrolysis temperature, the absorption of organic groups such as Si-CHj3 (1,259 cm’!;
~800 cm’!, Si-C stretch in Si-CH,) and Si-CH-Si (1,020 cm™) was decreased, and
these groups had vanished at 750 °C. The final powders only displayed absorption
bands at 1,150-700 cm™!, which was attributed to the asymmetric stretching vibrations
of Si-O-Si and O-Si-C mixture linkages (1,150-900 cm™) and Si-C (~800 cm™) [33,
34]. This is also consistent with the results of XPS in our previous work [21]. When
the pyrolysis temperature was further increased (7 2750 °C), the peaks of uncured
TiPCS were significantly decreased, while that of cross-linked TiPCS had decreased

only slightly, which also indicated that the structure of the cross-linked TiPCS was
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more stable than that of the non-cross-linked version.

(a) Cured (cross-linked) TiPCS (b) Uncured (non-cross-linked) TiPCS
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Fig. 4-4. ATR-FTIR spectra of (a) cured and (b) uncured TiPCS powders with and

~_350°C

without the air curing process (under air at 200 °C for 2 h) following pyrolysis under

a N> flow for 2 h at different temperatures.

Fig. 4-5 shows the EDS analysis of the elemental composition ratios (molar ratio
based on Si) for cured and uncured TiPCS powders pyrolyzed at different
temperatures. The ratio of O/Si increased after thermal-oxidative cross-linking at
200 °C, which matches well with the TGA data (Fig. 4-1a). Every reading for the ratio
of O/Si and C/Si for cross-linked TiPCS was higher than that of the non-cross-linked
version at the same pyrolysis temperature. The ratio of Ti/Si in each cross-linked and
non-cross-linked TiPCS was almost unchanged due to the stable Ti-O bonds. In
addition, when the pyrolysis temperature was higher than 750 °C for both cross-linked
and non-cross-linked TiPCS, the elemental composition curves tended to be flat. This
result was consistent with both the residue weight data shown in Fig. 4-3 and the
disappearance of the organic segment, particularly that of the Si-CH3 group, at 750 °C

via ATR-FTIR spectra (Fig. 4-4). These findings all indicated that the
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polymer-to-ceramic transformation process was complete at 750 °C for both cured
and uncured versions. It is worth noting that the cross-linked and non-cross-linked
samples pyrolyzed at 750 °C gave a composition of approximately SiO1.4C3Tio01 and
Si01.06C2Tio.01, respectively. The existence of Si-C and O-Si-C bonds in addition to
Si-O-Si bonds clearly shows the difference with silica (SiO2), which also was
confirmed by the ATR-FTIR (Fig. 4-4) and XPS investigations in our previous work
[21]. Different ceramic compositions and residue yields would have different structure
properties, which will be discussed according to the N2 and CO;

adsorption-desorption isotherms.
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Fig. 4-5. Elemental composition (analysis with EDS, molar ratio based on Si, together
with precursor powders for comparison) for cured and uncured TiPCS powders
pyrolyzed for 2 h under a N> atmosphere with a heating rate of 35 °C/min. The cured
powders were pre-treated under air at 200 °C for 2 h, while the uncured powders were

not.

Fig. 4-6 displays the N> adsorption-desorption isotherms at -196 °C for both
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cured and uncured TiPCS powders pyrolyzed under a N> flow for 2 h at different
temperatures. Also shown are the microstructure parameters in terms of BET surface
area and micropore volume (at P/Py = 0.01 relative to pore size <1 nm) analyzed via

the N> adsorption-desorption isotherms in Table 4-1.
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Fig. 4-6. N, adsorption-desorption isotherms at -196 °C of (a) cured and (b) uncured
TiPCS powders with and without the air curing process (under air at 200 °C for 2 h)

followed by pyrolysis under a N> flow for 2 h at different temperatures.

Table 4-1. N2 adsorption results for both cured and uncured TiPCS powders.

Pyrolysis BET [m?/g] Micropore volume [cm?/g, <1 nm]
temp. [°C] Aircuring  No curing Air curing No curing
650 498 452 0.174 0.157
750 245.7 56.7 0.084 0.013
800 143.1 4.2 0.046 ~0
1000 0.4 0.3 ~0 ~0

Although 650 °C is lower than the temperature of complete polymer-to-ceramic

transformation (750 °C), both the cured and uncured TiPCS powders showed the
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highest microstructure parameter values for N> adsorption capacity, BET surface area,
and micropore volume for a temperature range of 650-1,000 °C. Those results agree
with the finding in our previous work whereby a loose transitional structure with
large-sized pores was obtained by the decomposition of a larger number of organic
groups at a moderate pyrolysis temperature (350-650 °C) [21]. When the TiPCS
samples were pyrolyzed at the temperature of a complete polymer-to-ceramic
transformation of 750 °C, however, the microstructure parameter values (BET, 245.7
m?/g, micropore volume, 0.084 cm®/g) of the cured TiPCS were significantly higher
than those of the uncured version (BET, 56.7 m?/g, micropore volume, 0.013 cm®/g).
With further increases in the pyrolysis temperature to 800 °C, the BET surface area of
cured TiPCS was gradually reduced to 143.1 m?/g with a micropore volume of 0.046
cm®/g, and no microporosity was exhibited at 1,000 °C due to the rearrangement and
densification reactions. For the uncured TiPCS, the BET surface area decreased
sharply and fell to less than 5 m?/g with a micropore volume of essentially zero (0.001
cm?/g) at 800 °C. These results indicated that the cross-linking behavior enhanced the
thermal stability of the TiPCS network structure and reduced the influence of
densification at high temperature [18]. This result agrees with the findings of
experiments using PCS [9, 15, 22] and PMS [35] under a similar synthesis process
(with and without air curing at 200 °C). When the pyrolysis temperature rose to
700-750 °C, however, the microporosity of the cross-linked precursor (PCS and
PMS)-derived materials was lost due to the severe densification and pore shrinkage.

In this case, the cross-linked TiPCS-derived powders pyrolyzed at 800 °C maintained
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their microporosity, which probably was due to the Ti components inhibiting and/or
reducing densification of the network structures.

Micropores can be classified into ultra-micropores (pores < 0.7 nm) and
super-micropores (pores between 0.7-2 nm) [36]. Generally, N> adsorption-desorption
isotherms at -196 °C create difficulties in evaluating the ultra-micropores, because of
the diffusion problems with N> molecules, which cannot access those pores at
extremely low temperatures. By contrast, the smaller CO, molecules have a higher
boiling point (-78 °C) than that of N> and are able to enter the ultra-micropores at high
temperatures (25 °C) with a high level of kinetic energy [24, 25, 36]. Thus, CO;
adsorption analysis can provide additional information about the microstructure. CO>
adsorption-desorption isotherms at 25 °C and at pressures up to 1 atm were measured
for the final cured and uncured TiPCS ceramic powders, which were pyrolyzed at
750 °C. As shown in Fig. 4-7, the CO; uptake of uncured TiPCS was lower than that
of the cured version within a pressure range of 60-100 kPa, probably due to the
existence of large pores that could not be filled by CO; in the uncured TiPCS [36]. Fig.
4-8a shows the NLDFT pore size distribution curves based on the CO>
adsorption-desorption isotherms data. The pore size distribution of cross-linked
TiPCS showed a narrow peak centered at 0.536 nm, while that of the non-cross-linked
version showed a very broad peak centered at 0.573 nm. These results indicate that
the micropores in the cross-linked TiPCS were uniform, while the non-cross-linked
version showed a broad peak consisting of both small and large micropores. This

trend was expected to affect the permeation properties of the membrane, which will
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be discussed in the next section.
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Fig. 4-7. CO> adsorption-desorption isotherms at 25 °C of cross-linked and

non-cross-linked TiPCS powders pyrolyzed at 750 °C.
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Fig. 4-8. (a) NLDFT pore size distribution curves based on the CO:
adsorption-desorption isotherms at 25 °C; and, (b) schematic illustration of the
network structure for cured and uncured TiPCS powders with and without the air
curing process (under air at 200 °C for 2 h) and pyrolyzed at 750 °C for 2 h under a

N> flow.

The network structures of both the cross-linked and non-cross-linked versions of

TiPCS pyrolyzed at 750 °C are schematically illustrated in Fig. 4-8b, which is based
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on the characteristics described thus far. During the polymer-to-ceramic
transformation processes, the structure of the cross-linked flexible polymer was
shrunk via the decomposition of organic groups caused by the evolution of gases,
which formed a denser ceramic structure of narrow and uniform micropores. On the
other hand, the structure of the non-cross-linked polymer could have evolved from a
linear precursor with stacks of random “strands” and small micropores that formed
due to weak cross-linking caused by the dehydrogenation between Si-H groups. Also,
large “slit-like” micropores were possibly formed by the imperfect packing of the
aforementioned strands, which is similar to the formation of pores in carbon

molecular sieve materials [37].

4.3.3 Membrane fabrication

4.3.3.1 Effect of cross-linking

TiPCS membranes were fabricated by coating a 3% TiPCS solution onto
intermediate layers followed by air curing for 0 (non-cross-linked), 0.5 and 2 h at
200 °C, followed by pyrolysis at 750 °C under a N2 atmosphere, which hereafter will
be referred to by the membrane designations: M-3%-0, M-3%-0.5, and M-3%-2,
respectively. Single-gas permeation performance is sensitive to the pore size
distribution of the membrane, and is used here as a simple method to characterize the
quality of the membrane [38].

Fig. 4-9a shows the relationship between the single-gas permeance of TiPCS

membranes with curing times ranging from 0 to 2 h as a function of the molecular size,

-150-



Hiroshima University Doctoral Dissertation

and Fig. 4-9b shows the H> and N, permeance as well as the Ho/N> and H»/SFe
selectivities as functions of the curing time. Both H» (0.289 nm) and N> (0.364 nm)
permeance gradually decreased when the curing time was increased from 0 to 2 h, and
the permeance of N> with a larger molecular size was decreased more rapidly than
that of H», which led to a H2/N; selectivity increase of from 4.6 to 8.3. Moreover, with
curing times of 0 and 0.5 h, the CH4 (0.38 nm) permeance was higher than that of N>
(0.364 nm) even though CHs has a larger molecular size, which indicates that
Knudsen diffusion was dominant through the large pores or defects in the uncured
membrane network. When the curing time was increased to 2 h, which led to a higher
degree of cross-linking, the CH4 permeance became lower than that of N2. Those
results suggested that the pore size of the TIPCS membranes had been reduced and the
network structure was narrowed with the curing time. Similar to the selectivity of
H>/N», with an increase in the curing time of from 0 to 2 h, the selectivity of Hz/SFe
was also increased from 557 to 12,000 because it was more affected by the existence
of large pores. This result indicates that the number of defects was small enough, and
the quality of the membranes had increased with an increase in the cross-linking
degree. In addition, the non-cross-linking approach made it more difficult to obtain a
defect-free SiC-based film/membrane compared with that of the cross-linking version.
The effect of cross-linking on membrane performance was consistent with the results
of pore size distribution (Fig. 4-8a). The M-3%-2 corresponded to well-oxidative
cross-linking and showed the highest H2/SFs selectivity of 12,000, N2/SFs selectivity
of 1500, H2/N; selectivity of 8.3, and exhibited a satisfactory H, permeance of 1.49 x
10 mol/(m? s Pa), which indicated that the membrane consisted of sub-nanopores

with a quite small number of pinholes.
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Fig. 4-9. (a) Effect of curing time on single-gas permeance at 200 °C as a function of
the molecular size; and, (b) relationship between the gas permeation performance of
TiPCS membranes and curing time. The curing process for cross-linking was
implemented under air at 200 °C for different times before pyrolysis. The membranes

were pyrolyzed at 750 °C under N».

4.3.3.2 Effect of TiPCS concentration

The precursor concentration of the coating solution is another important factor
that directly affects the thickness and morphology of membranes, and could
ultimately affect their permeation performance and quality. Therefore, the coating
concentration was also optimized with 1, 3 and 5 wt% TiPCS in this study, and the
corresponding membranes were prepared via air curing for 2 h followed by pyrolysis
at 750 °C under N>, which hereafter will be referred to by the membrane designations:
M-1%-2, M-3%-2, and M-5%-2. Fig. 4-10 shows the single-gas permeance at 200 °C
as a function of the molecular size for TiPCS membranes prepared using different
concentrations of TiPCS, and Fig. 4-11 shows the SEM images of the cross-sections

and surfaces of those TiPCS membranes. With an increase in the TiPCS concentration,
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the H, permeance of TiPCS membranes decreased significantly, which was probably
due to the increased thickness of the membranes. When the precursor concentration
was increased from 1 wt% to 3 wt%, the N2/SF¢ selectivity quickly increased from 6
to 1,500, but a further increase in the TiPCS concentration to 5 wt% significantly
decreased the N2/SF¢ selectivity to 20. This could have been the result of the inability
of a 1 wt% coating layer to cover the large pores and/or some of the bulges in the
intermediate layers, which would result in many defects. A 5 wt% solution, however,
would have resulted in a thicker separation layer (up to 2.3 pum) that would be prone
to the formation of cracks and defects during the pyrolysis process, as shown in Fig.
4-11. On the other hand, the M-3%-2 as the optimized membrane with a thickness of
less than 400 nm exhibited a uniform, un-cracked layer that adhered well to the

intermediate layer.
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Fig. 4-10. Effect of TiPCS concentration on single-gas permeance at 200 °C as a
function of the molecular size. The curing process for cross-linking was implemented

under air at 200 °C for 2 h. The membranes were pyrolyzed at 750 °C under N».
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Fig. 4-11. SEM images of the cross-sections and surfaces of TiPCS membranes
derived from different concentrations of TiPCS coating solutions: (a,b) 1 wt% TiPCS;

(c,d) 3 wt% TiPCS; and, (e,f) 5 wt% TiPCS.

4.3.3.3 Membrane reproducibility

Fig. 4-12 a and b summarizes the H> and N> permeance versus the selectivity of

H»/N> and N»/SFs of TiPCS membranes (M-3%-2) prepared under the same optimized
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conditions together with other SiC-based membranes and MFI membranes (pore size,
~0.55 nm) for comparison. SFs, which is the gas with the largest molecular size, is
often used for evaluating the existence of large pores, and N2/SF¢ is used as a
benchmark for the separation of mid-sized molecules from large molecules such as
the removal of methanol from organic mixtures [39, 40], and is also used as an index
to evaluate membrane quality [41]. Fig. 4-12 clearly shows that the four TiPCS
membranes of M-3%-2 have very similar qualities and permeation behaviors, which
demonstrates the reproducibility of the membrane properties and preparation. TiPCS
membranes showed rather low H2/N» selectivity (~10) due to relatively large pore
sizes (sub-nanopores), but revealed permeation properties that dictate better
permselectivity for N2/SF¢ compared with other SiC-based membranes. These
membranes also displayed high N> permeance with excellent selectivity compared
with their MFI counterparts. This result also emphasizes that the TiPCS membrane

consists of sub-nanopores with a quite small number of pinholes.
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Fig. 4-12. Comparison of the selectivities for (a) H2/N2 and (b) N2/SF¢ of various
membranes (SiC-based membranes found in the literature[11, 14, 15, 28, 35, 42-50]
and TiPCS membranes (M-3%-2) in this work, as well as MFI membranes[40, 41, 51,
52)).
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4.3.3.4 Oxidation resistance

In order to evaluate the effect of cross-linking behavior on the oxidation
resistance of membranes, values for the time courses of air flux at 300 °C under a
pressure difference of 50 kPa for typical cured (M-3%-2) and uncured (M-3%-0)
membranes were recorded, as shown in Fig. 4-13a. Obviously, the air flux of the
uncured membrane increased significantly (by more than twice) after 12 h, while that
of the cured membrane showed almost stable permeance during the air treatment. Fig.
4-13b shows the single-gas permeance as a function of the molecular size at 200 °C
for cured and uncured TiPCS membranes before and after air treatment for 12 h. For
the uncured membrane, the permeance of all permeation gases was increased
significantly after air treatment; for example, the H> permeance increased from
2.7x10°% mol/(m? s Pa) to 3.9x10° mol/(m? s Pa), and conversely, the selectivity of
H»/SF¢ decreased from 460 to 90, which indicates the pore sizes of the uncured
membrane were enlarged. The cured membranes showed a slight increase in gas
permeance after air treatment, with almost no change in the selectivity of the
membrane, particularly to the selectivity of N»/SF¢, which suggests that the pore
structure of the cross-linked membranes is stable.

Free carbon was believed to have been generated in SiC-based (SiC and
SiC-related) materials [53-55]. Yue et al. [53] reported PCS-derived SiC-based fibers
prepared by thermal-oxidative cross-linking, and a longer cross-linking time gave the

fibers less free carbon, which resulted in higher tensile strength and oxidation
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resistance. In this case, the structure of the non-cross-linked membrane could contain
a larger amount of free carbons, most of which were packed into the non-cross-linked
TiOSiC network. These free carbons were easily burned off, which resulted in larger
pores that greatly reduced the selectivity [54, 55]. On the contrary, the structure of the
cross-linked membrane contained numerous molecules of oxygen but a low content of
free carbons since most of the carbons constituted the network chains of the TiOSiC
structure, which is considered highly resistant to oxidation [53, 56]. This indicates
that the cross-linked membranes have higher levels of oxidation resistance than the

non-cross-linked versions.
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Fig. 4-13. (a) Time course of air flux for cured (M-3%-2) and uncured (M-3%-0)
TiPCS membranes at 300 °C with a pressure difference of 50 kPa; and, (b) single-gas
permeance at 200 °C of cured (M-3%-2) and uncured (M-3%-0) TiPCS membranes

before and after air treatment at 300 °C for 12 h.

4.3.4 Pervaporation performance of cross-linked TiPCS membranes

An optimized, TiPCS-derived SiC-based, M-3%-2 membrane was successfully
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prepared. PV removal of methanol in MeOH/BuAcO and MeOH/toluene mixtures
was used to evaluate the membrane performance. Some physical properties of MeOH,
butyl acetate (BuAcO), and toluene (together with water for comparison) are listed in
Table 4-2. Methanol, BuAcO, and toluene are widely used in the petrochemical and
medicinal fields [57, 58]. The efficient separation of methanol from MeOH/BuAcO
mixtures in transesterification reactions and from MeOH/toluene mixtures in
alkylation reactions of benzene with methanol are important manufacturing processes
for industrial applications [59, 60], but separation via membranes remains a challenge
since a membrane must be able to withstand harsh solvents and provide good flux and

selectivity.

Table 4-2. Various properties of penetrants.

MW  Stokes diameter Solubility parameter Polarity
Hame (g/mol)  (nm) [61-63] (MPa") [64] (MPa"?) [64, 65]
Water 18 0.296 47.8 16
MeOH  32.04 0.38 29.6 12.3
BuAcO 116.16 0.524 17.4 3.7
Toluene 92.14 0.91 [0.59] 18.2 1.4

Fig. 4-14 shows the time courses for fluxes and separation factors through the
optimized TiPCS membrane (M-3%-2) in MeOH/BuAcO, and MeOH/toluene
systems at 50 °C under PV. Each flux and separation factor under different binary
systems was nearly constant over a course of 10 h confirming the stable PV

performance of TiPCS membranes. Additionally, the TiPCS membrane showed a
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MeOH flux of 0.63 kg/(m? h) and a MeOH/toluene separation factor of 410, both of
which were higher than what is typically achieved with a MeOH/BuAcO system
(MeOH flux, 0.21 kg/(m? h); MeOH/BuAcO separation factor, 79). This may have
been due to the fact that the linear-shaped molecules of BuAcO (0.524 nm) could
enter and plug some pores of the membrane, which could form steric hindrance that
would inhibit/reduce the penetration of MeOH, while it was difficult for the large
ring-shaped molecules of toluene (0.59 nm) to enter the pores of the membrane.
Moreover, operating temperatures are considered an important factor that affects PV
performance. Fig. 4-15 shows the PV performance of a M-3%-2 membrane in
MeOH/BuAcO (10/90, wt%) and MeOH/toluene (9/91, wt%) mixtures at
temperatures ranging from 30 to 60 °C. The flux of small molecular MeOH increased
continuously with temperature in both MeOH/BuAcO and MeOH/toluene mixtures,
which could be attributed to the enhanced driving force for mass transfer associated
with activated diffusion through the small pores, which allowed the permeation of
only MeOH, but not of BuAcO and toluene. Either BuAcO or toluene flux slightly
decreased with temperature in each system probably because the larger BuAcO and
toluene molecules tended to permeate through the larger pores via surface diffusion,
which was decreased with increases in temperature. As a result, the separation factors

of both MeOH/BuAcO and MeOH/toluene increased several-fold with temperature.
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Fig. 4-16 summarizes the PV separation performance of MeOH/BuAcO and

MeOH/toluene using TiPCS membranes together with polymeric membranes under

similar test conditions. Our TiPCS membranes displayed attractive performance in the

separation of MeOH/BuAcO mixture systems (e.g., total flux = 0.18 kg/(m? h), a. =

154 at 60 °C) and MeOH/toluene mixture systems (e.g., total flux = 0.56 kg/(m? h), a
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=460 at 60 °C) compared with the polymeric membranes. The TiPCS membrane has
a unique and stable TiOSiC sub-nanopore structure and proved to be a promising
candidate for methanol separation from organic solvent systems. It is worth noting
that two TiPCS membranes had similar separation performances for the PV separation
of MeOH/BuAcO and MeOH/toluene mixtures at 50 °C as shown in Table 4-3, which

again confirmed the reproducibility of the TIPCS membrane performance.
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Fig. 4-16. Comparing the separations of (a) MeOH/BuAcO and (b) MeOH/toluene
under similar test conditions for PV membranes (polymeric membranes [57, 59, 66-71]

and this work).

Table 4-3 Pervaporation performance at 50 °C in terms of total flux and separation

factor for TiPCS membranes.

MeOH/BuAcO system MeOH/Toluene system

Membrane MeOH in Total flux Separation MeOH in Total flux Separation
feed [Wt%] [kg/(m*h)]  factor feed [Wt%] [kg/(m?h)]  factor

TiPCS-1 10 0.24 79 10 0.643 410
TiPCS-2 10 0.15 110 9 0.526 330
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4.3.5 H20/N: separation at high temperature

The H>O/N; separation is an interesting and challenging issue, particularly under
high temperatures, since the membrane must be able to withstand these harsh
conditions. Silica (Si02) microporous membranes have been extensively investigated
and have generally shown high performance, but their performances have been poor
under a hydrothermal atmosphere since only a few hours of exposure in steam caused
severe densification, particularly at high temperatures [3]. Recently, our group
reported an organosilica membrane (BTESE) for the separation of
steam/non-condensable gas mixtures at moderate temperatures ranging from 80 to
200 °C. When used at high temperatures, however, the effectiveness of organosilica
membranes is limited due to decomposition of the organic linking units [29].
SiC-based membranes are expected to be more hydrothermally stable than SiO> and
organosilica membranes due to the incorporation of carbon elements in the silica
structure [27].

TiPCS membranes have good hydrothermal stability under moderate
temperatures, which is a hallmark of PV performance. Hydrothermal stability of
membranes at high temperature, however, is a significant and challenging issue. Fig.
4-17a shows the time courses of gas permeance and H>O/N» selectivity for a cured
TiPCS membrane (M-3%-2) under hydrothermal conditions (300 °C, an equimolar
H>O/N> mixture (50 kPa: 50 kPa)). During the initial ~3.5 h period, the permeance of

H,O slightly increased from 1.36x10°% mol/(m? s Pa) to ~1.64x10°% mol/(m? s Pa),
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while the permeance of Ny gradually decreased from 1.33x107 mol/(m? s Pa) to
~4x10" mol/(m? s Pa). As a result, the selectivity of H,O/N increased significantly
from 14 to 40, and then both the permeance and selectivity reached a steady state. The
decrease in N> permeance can be ascribed to capillary-condensed water and/or surface
hydroxylation. As is well known, capillary condensation is prone to occur at low
temperatures or under a high relative pressure of water vapor. At higher temperatures,
therefore, a larger partial pressure of water is required. In this case, the decreased N»
permeance at a high temperature of 300 °C and the low partial pressure (50 kPa) of
water was likely caused by the gradual generation of -OH (Si-OH) groups on the
surface of the membrane pores, which would increase the affinity and permeance of
small H>O molecule (0.296 nm), but N> (0.36 nm) permeation through the pores was
inhibited by the Si-OH groups and/or the adsorbed H>O [27, 72]. In the absence of
water, the N> permeance was slightly decreased due to the presence of hydroxyl, and
after the membrane was dried at 500 °C for 3 h, the N> permeance had almost
completely recovered, which suggests the pore structure of the membrane was
unchanged. This indicates that -OH (Si-OH) groups could be removed following the
high-temperature drying process [72]. This result agrees with the findings in
experiments using carbonized-template molecular sieve silica membranes (CTMSS, a
carbon modified membrane) under hydrothermal conditions (400 °C, steam: 34 kPa)
[72, 73], in which, the gas permeance was recovered after a drying (regeneration)
process of the membranes at 500 °C by the removal of -OH groups [73]. In this case,

the hydrothermal stability was also confirmed by measuring the molecular size
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dependence of gas permeance before and after the “steam-treatment-then-drying”
process, as shown in Fig. 4-17b. The gas permeance showed almost no change, which
again suggested that there was no significant change in the pore channels of the
TiPCS membranes that have a structure densification that differs from that of silica
membranes. The cross-linked TiPCS membranes have stable hydrothermal stability,
which is assisted by the inherent stability of the TiOSiC network structure. Moreover,
our TiPCS membrane could be a promising candidate for gas dehumidification for use
in membrane contactor systems since it meets the requirements for an air-drying
contactor: [29, 74] high water-vapor permeability, high H>O/N; selectivity, high

hydrothermal stability, and mechanical stability.
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Fig. 4-17. (a) Time course of H>O steam treatment for a cured TiPCS membrane
(M-3%-2) in an equimolar H>O/N; mixture (50 kPa: 50 kPa) at 300 °C, (b) comparing
the single-gas permeance at 200 °C of the cured TiPCS membrane (M-3%-2) before

and after the “steam-treatment-then-drying” process.
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4.4 Conclusions

TiPCS-derived membranes were fabricated using a superior commercial
heat-resistant precursor, polytitanocarbosilane. The effects that thermal-oxidative
cross-linking exerted on the ceramic yield, thermal stability, oxidation resistance, and
microstructure of TiPCS were investigated. We found that the pore formation
behavior induced by the cross-linking process of TiPCS chains was closely related to
the gas permeation properties in SiC-based membranes. Moreover, the influence of
the concentration of the TiPCS precursor coating solution was also studied to optimize
the performance of the membrane. The main conclusions are as follows:

(1) The cross-linking degree reached a maximum value following air curing for 2 h,
and the cross-linked powders showed a ceramic yield and thermal stability that
were both higher than that of the non-cross-linked versions. The cross-linking
behavior enhanced the stability of the pore structure.

(2) The cross-linked TiPCS membranes had excellent permeation properties (such as
H»/SF selectivity, >10,000, and N»/SFs, 1,500, together with high H, permeance
of 1.49x10°° mol/(m? s Pa)) and showed a higher level of oxidation resistance than
the non-cross-linked versions. Furthermore, the cross-linked membrane with
sub-nanopores demonstrated great performance for the PV removal of methanol
from both MeOH/BuAcO and MeOH/toluene systems.

(3) The cross-linked membranes showed high hydrothermal stability together with an

H,0 permeance of 1.64x10° mol/(m? s Pa) and a high H,O/N selectivity of 40 in
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an equimolar H>O/N; mixture (50 kPa: 50 kPa) at 300 °C, and the surface
hydroxylation in membrane pores could be the dominant factor to enhance H>O
permeance and block Nj. The cross-linked TiPCS membrane is a promising
candidate for gas dehumidification in membrane contactor systems that must

operate at high temperatures.
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Chapter 5

Conclusions

5.1 Summary of this study

The overall of this dissertation research is focused on the development and
microstructure tuning of SiC-based membranes for gas separation and PV application.
Two types of preceramic precursors; PCS and TiPCS were chosen for the fabrication
of SiC-based membranes and Ti-containing SiC-based membranes, respectively.
Conventional SiC-based membranes derived from PCS are mainly used for H2/N»
separation due to their narrow and small pore sizes. However, few studies have
investigated the microporosity of ceramic products pyrolyzed at moderate
temperatures (350-800 °C), and the relationship between the microporous structure
and curing process for molecular separation remains unclear. In addition,
Ti-containing SiC-based ceramics have many superior properties, however, the
research on them is limited to fibers and bulk ceramics at high temperatures (>
1,000 °C). Here, we are the first to propose the fabrication of SiC-based membranes
to obtain sub-nanopores by doping with Ti for molecular separation of
small/mid-sized molecules from large molecules.

The main conclusions in this thesis were summarized according to each chapter
as follows:

First, we started from the most commonly preceramic polymer of PCS for the
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formation of SiC-based membranes. The main interest was focused on tuning the
microstructure of the PCS-derived membranes via air-curing temperature. The
elemental composition and microstructure of the final ceramic material could be
precisely tailored via the air curing process. The most promising PCS-derived
membranes, which were cured at 250 °C and then pyrolyzed at 750 °C, had high
thermal stability and oxidation resistance at 500 °C in addition to excellent
permeation properties: H, permeance of 1-2 x 10° mol/(m? s Pa) at 500 °C with
H2/N; selectivity of 31 and H2/C3Hg selectivity of 1,740; and, CO; permeance of 1.8 x
10 mol/(m? s Pa) at 27 °C with CO2/CHs selectivity of 40. This is the first study to
propose the concept of tailoring the microstructure of SiC-based membranes by
controlling the curing process.

Based on the investigation and experience of PCS-derived membranes, we
describe the first use of Ti-incorporated PCS precursor (TiPCS), which is known as a
precursor of continuous Si-Ti-C-O fibers (Tyranno), in the preparation of
titanium-incorporated SiC-based membranes for the gas separation and PV removal of
water or methanol. The dependence of the polymer-to-ceramic transformation process
of TiPCS on pyrolysis temperature was systematically investigated. The pore
characteristics and the surface areas of TiPCS-derived ceramic powders were strongly
dependent on the pyrolysis temperatures. The evolution of the network structure of
TiPCS during the pyrolysis process began with a dense polymer structure (< 350 °C)
that was then passed through a loose transitional structure (350-650 °C), and then

transformed into a relatively denser ceramic structure (> 650 °C). Additionally, the
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titanium components in TiPCS effectively inhibited and/or reduced the densification
of the network structures at elevated temperatures. The network structure of
TiPCS-derived SiC-based membranes showed trends similar to those of
TiPCS-derived ceramic powders. The membrane prepared at 750 °C featured
sub-nanopores, reproducibility, and attractive selectivities (H2/SFs, 16,600; and
N2/SFs, 2,100) with a high Ha permeance at a magnitude of 10® mol/(m? s Pa). These
SiC-based membranes demonstrated great potential for the separation of small and
mid-sized molecules from large molecules such as N»/SFs separation and PV removal
of water or methanol from liquid mixtures. The TiPCS membranes exhibited
separation performance for methanol/methyl acetate mixtures with a total flux of 0.38
kg/(m? h) and a methanol/methyl acetate separation factor of 35 for 10 wt% MeOH in
a MeOH/MeOAc binary mixture at 60 °C.

Additionally, special attention was focused on a process of thermal-oxidative
curing that was used to induce cross-linking and the effect of this process on the
ceramic yield, thermal stability, oxidation resistance, and microstructure of TiPCS.
The cross-linked TiPCS powders showed a ceramic yield and thermal stability that
were higher than that from the non-cross-linked version. In addition, the cross-linked
TiPCS with uniform micropores showed higher levels of N> and CO> adsorption
capacity, BET surface area, and micropore volume than the non-cross-linked versions,
and the cross-linking process enhanced the stability of the pore structure at high
temperatures. The pore formation behavior induced by the cross-linking process of

TiPCS chains was closely related to the gas permeation properties in SiC-based
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membranes. The cross-linked TiPCS membranes showed higher oxidation resistance
than their non-cross-linked counterparts at 300 °C under air. Furthermore, the
influence of the concentration of the TiPCS precursor coating solution was optimized.
The cross-linked, optimized membranes demonstrated great performance for the
pervaporation removal of methanol in binary azeotropic systems of either
MeOH/butyl acetate or MeOH/toluene. Moreover, the membranes showed high
hydrothermal stability together with an H>O permeance of 1.64x10°% mol/(m? s Pa)
and a high H>O/Nz: selectivity of 40 in an equimolar H>O/N> mixture (50 kPa: 50 kPa)
at 300 °C. The TiPCS membrane is a promising candidate for gas dehumidification in

membrane contactor systems that must operate at high temperatures.

5.2 Recommendations

Membrane separation process has become one of the emerging technologies that
undergo a rapid growth for the past few decades. The development of advanced
membranes for molecular separation with excellent separation performances, a simple
fabrication process, and low-cost is always being pursued by membrane developers.
The main interest of this thesis was focused on tuning the microstructure and
development of SiC-based membranes. For the conventional SiC-based membranes
derived from PCS, this is the first study to propose the concept of tailoring the
microstructure of SiC-based membranes by controlling the curing process. The

optimized PCS-derived membranes achieved satisfactory separation performance,
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which is not limited to H2/N> separation but also revealed superior separation
performance for the H/CsHs and CO2/CHy separations. Furthermore, we describe the
first use of Ti-incorporated PCS precursor (TiPCS) in the preparation of
titanium-incorporated SiC-based membranes that consisted of sub-nanopores for the
gas separation and PV removal of water or methanol. The effects of pyrolysis
temperature and air curing on the evolution of the pore structures as well as the
physicochemical properties of TiPCS were thoroughly investigated. The optimized
Ti-containing membranes with sub-nanopores demonstrated great performance for the
pervaporation removal of methanol or water and it also showed high hydrothermal
stability with excellent dehumidification performance under high temperatures.

This thesis has contributed an interesting topic about that the high separation
performance which could be obtained by adjusting the pore size of the SiC-based
membranes, could make SiC-based membranes suitable for separation not limited to
H2/N> separation but also in the separation of small and mid-sized molecules from
large molecules.

Based on the results and conclusions derived from this thesis, the
recommendations for further work are given as follows:

(1) High-performance SiC-based membranes derived from traditional PCS have
been developed, but the detailed separation properties of different systems are not yet
clear, such as CO>/CH4 separation and PV dehydration, etc. Furthermore, the
application of PCS-derived membranes in membrane reactors such as propane

dehydrogenation is a topic worthy of further investigation.
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(2) Ti-containing SiC-based membranes derived from TiPCS demonstrated great
potential for the separation of small and mid-sized molecules from large molecules,
however, the separation of high-temperature steam by TiPCS-derived membranes
requires more extensive investigation. Moreover, this work also provides a reference

for the development of SiC-based membranes doped with different metal elements.
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