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Abstract: Carbon molecular sieve (CMS) membranes are novel materials derived from the pyrolysis
of the polymeric precursors and have a well-developed ultra-microporous structure that can separate
small gas pairs with minor difference in diameter, and thus exhibit higher gas permeability and
selectivity than polymeric membranes. However, the gas permeability for traditional pure CMS
membranes now cannot satisfy the requirements of commercial applications due to their disordered
pore structure and high gas molecular diffusion resistance. Incorporating functional materials into
membrane precursors to fabricate hybrid CMS membranes has been regarded as an effective way to
tune the disordered pore structure of traditional pure CMS membranes, and thus to greatly improve
their gas permeability. Many nanoparticles have been tested as the functional foreign materials to
fabricate the hybrid CMS membranes with more developed microporous structure and enhanced gas
separation performance. This review discusses the hybridized nanoparticle selection and effect of
the species, quantities and particle sizes of the foreign materials on CMS membrane characteristics
and performance. The function of the materials incorporated inside the hybrid CMS membranes is
also analyzed. It is identified that preparation of hybrid CMS membranes provides a simple and
convenient route to efficiently improve the trade-off relationship between permeability and selectivity,
and to enable the construction of carbon-based composite materials with novel functionalities in
membrane science.

Keywords: Carbon molecular sieve membrane; Gas separation; Hybrid membrane; Polyimide;
Nanoparticles

1. Introduction

Carbon molecular sieve (CMS) membranes, which are derived by the pyrolysis of polymeric
precursors under vacuum or inert atmosphere, are novel carbon-based gas separation membranes with
a rich ultramicropore structure that can distinguish a gas pair with nearly the same molecule size [1-6].
Compared to polymeric membranes for gas separation, CMS membranes exhibit outstanding gas
separation performance, such as excellent gas selectivity with high gas permeability, chemical and
thermal stability. They can also be used in harsh environments (elevated temperature and high
pressure), particularly for their superior separation ability of small molecular gas pairs with similar
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sizes via the effect of molecular sieving [1-6]. Therefore, CMS membranes show great application
potential in the gas separation field, including the separation of oxygen and nitrogen from air, carbon
dioxide capture from flue gas, propane/propene separation, hydrogen purification and recovery from
refinery fuel gas and exhaust gas, methane enrichment and concentration from coal bed gas and
biogas, acid gas removal from natural gas, dehydration from fine chemical products and natural gas
processing [1-7]. Moreover, the carbon membrane can also be used in a hydrogen-related membrane
reactor to enhance the hydrogen conversion rate due to its much lower cost than a Pd membrane and
higher selectivity than ceramic and zeolite membranes [8]. For instance, the hydrogen conversion
rate increases from 30% to 70%, because the hydrogen is continually removed during the reaction of
dehydrogenation of cyclohexane [9,10]. The methanol conversion rate and hydrogen selectivity in the
methanol steam reforming reaction are obviously enhanced in the CMS membrane reactor [11,12].

CMS membranes, in general, involve two categories: free-standing (unsupported) and supported
CMS membranes (shown in Figure 1). The free-standing CMS membranes (flat film and hollow fiber in
Figure 1a,b) have usually been used in lab research o the intrinsic properties of carbon membranes due
to their weakness and brittleness under intensity. Supported membranes with a thin top separation
layer of CMS membrane, including the flat (Figure 1c) or tube (Figure 1d) membranes, are studied for
the purpose of practical application due to their high mechanical strength [13]. The gas separation
performance of supported membranes is dependent on the properties of the precursor materials of the
CMS membrane as the top layer on the supports.
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Figure 1. Flat film free-standing carbon molecular sieve (CMS) membrane (a), hollow fiber free-standing
CMS membrane (b), flat supported CMS membrane (c) and tubular supported CMS membrane (d).

The structure and property of precursors play an important role in affecting the gas permeability
and selectivity of the derived CMS membrane. Although a large number of polymeric materials are
good precursors for fabricating polymeric membranes, these are not all suitable for preparing carbon
membranes. Only polymeric precursors with high carbon residue and good film-forming property can
be used to prepare CMS membranes [1,2,5,6,14]. These polymeric precursors include polyimide (PI)
and its derivatives [14-19], poly(furfuryl alcohol) [20-22], phenolic resins [23-25], poly(phthalazinone
ether sulfone ketone) [26,27], polyacrylonitrile [28], coal tar pitch [29], cellulose derivatives [30,31],
and polymer of intrinsic microporositys (PIMs) [32,33]. In addition, copolymers blended with different
polymers, such as poly(benzimidazole) (PBI) blending with PI [34], PPO (polyphenylene oxide)
blending with PVP (polyvinylpyrrolidone) [35], and PAN (polyacrylonitrile) blending with PEG
(polyethylene glycol) [36], are used to fabricate CMS membranes for improving the structure and
properties of the obtained CMS membranes.

Although CMS membranes derived from the above polymeric precursors have exhibited excellent
gas selectivity and higher gas permeability than polymeric membranes, their gas permeation can still
not satisfy the requirements of commercial applications on a large scale at an economical price [37].
Therefore, enhancing the gas permeation of carbon membranes to meet the requirement of economic
feasibility is significant for the commercial application of carbon membranes, and a challenge for the
preparation of CMS membranes.

As is known, a carbon membrane has a disordered microstructure. Figure 2 shows the
HRTEM (high-resolution transmission electron microscopy) image of PMDA-ODA (poly(pyromellitic
dianhydride-4,4-oxydianiline))type Pl-based pure CMS membrane [38]. The “white” and “black”
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stripes coming from different scattering and adsorption strengths of electrons imply the disordered
packing of turbostratic carbon sheets and clusters, which form the porous structure of the CMS
membrane. Furthermore, the crossing stripes with widths of almost 0.5 nm indicate the gas molecular
diffusion routes through the disordered interconnective nano-channels with many twists and turns.
The resulting high diffusion resistance of the gas molecules penetrating through the membrane is
the key to low gas permeability of the pure CMS membranes [21,38,39]. Hence, reduction of gas
diffusion resistance passing through the disordered pore structure of the pure carbon membrane will
significantly enhance the gas permeability of carbon membranes.

Figure 2. HRTEM image of disordered pore structure in pure CMS membrane [38].

Incorporating inorganic nanoparticles into the carbon matrix to fabricate hybrid CMS membranes
is considered an effective route to tune the disordered pore structure of pure CMS membranes and
improve gas permeation via reducing the gas diffusion through the CMS membrane. Research has
reported that hybridizing nanoparticles, such as metal clusters [40-44], metal oxides [44—47], inorganic
particles [48-51], and porous materials [52-59], into the carbon matrix obviously enhances the gas
permeability or selectivity of derived carbon membranes.

In the past decade, our group has made efforts to fabricate hybrid CMS membranes by
incorporating inorganic nanoparticles, microporous zeolites, mesoporous silica or carbon nanotubes
(CNTs) into carbon matrix. The effects of nanoparticles incorporated on the pore structure, properties
and gas separation performance of derived hybrid CMS membranes have been systematically
investigated. The as-made hybrid CMS membranes have shown a higher gas permeability than
pure CMS membranes while maintaining high gas selectivity. In the paper, research on the preparation,
properties and gas separation performance of hybrid CMS membranes, of both our group and other
researchers (Sections 2-5), and recent progress on hybrid CMS membranes (Section 6), are reviewed
in detail.

2. Fe Series Nanoparticles Hybrid CMS Membranes

It was found that preparation of hybrid CMS membranes by doping the metal (Ag, Pt, Pd, etc.),
metal salts or the inorganic particles into precursors is effective to improve the gas permeation property
of CMS membranes due to the effects of the particles on the different gases and the interfacial gaps
between particles and their surrounding carbon matrix. The gas permeability and selectivity of part of
the hybrid CMS membranes are listed in Table 1. Barsema et al. incorporated AgNO3 or AgAc solutions
into polyimide and prepared Ag/C hybrid CMS membranes with higher O, /N; selectivity due to
the chemical sorption effect of Ag to O, [42,43]. Kim et al. prepared the alkali mental/C hybrid CMS
membranes by synthesis of the sulfonated polyimides substituted by Li*, Na*™ or K* [60]. The thermal
stability of membranes was enhanced by incorporating the metal ions. The distance between carbon
layers was increased with the increase of the diameters of ions, resulting in enhanced gas permeation.
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Yoda et al. introduced palladium salt into polyimide under supercritical conditions and prepared the
Pd/C hybrid CMS membrane with 16 times higher H, permeability than pure CMS membranes due
to the effect of Pd to H; [39]. Lie and Hadgg added the metal salts, including Cu(NO3),-3H,0, CaO,
MgO, Fe;O3, AgNO3, and Fe(NO3)3-9H,0, into cellulose as precursors and prepared hybrid CMS
membranes [45]. The metal/C hybrid CMS membranes showed different gas permeation properties
with different metal particles due to the adsorption of different metals to special gases. When the
metal particles were added in the form of nitrate, the nitrate could act as a pore-forming agent due to
decomposition in carbonization. The related hybrid CMS membranes had higher gas permeability.

Table 1. Gas permeability and selectivity for some nanoparticle/C hybrid membranes.

Permeability/Barrer ? Ideal Selectivity
Sample
H, C02 0O, N> CH4 02/N2 C02/N2 C02/CH4 Hz/Nz
Ag/C [42] - 290 813 6.7 - 121 43.3 - -
K/C[60] - - 6.8 1.7 - 4 - - -
Na/C [60] - - 5.3 1.1 - 4.8 - - -
Pd based [40] 34.4 - - 0.0061 - - - - 5639.3
CaO/C [45] 860 130 38 3.1 3.5 12.3 41.9 37.1 277.4
FeO [45] 280 110 30 8.3 4 3.6 13.3 27.5 33.7
AgN/C[45] 1500 180 53 5.1 1.4 10.4 3529 1285.7 294.1

a1 barrer =1 x 10719 em~3(STP) cm/cm? s cmHg (STP: standard temperature and pressure).

Moreover, some gas mixtures could be separated in a magnetic field due to the different forces
of the gas with different magnetic properties [61,62]. In this section, a series of Fe-related materials
were incorporated into the carbon matrix to prepare the Fe/C hybrid CMS membranes. We hoped the
micro-structure of the hybrid CMS membranes could be more developed by utilizing the surface effect
and small-size effect to improve the gas permeability of CMS membranes. Meanwhile, the adsorption
effect to gas and magnetism of Fe-related particles also helped to improve the gas permeability.

2.1. Preparation of the Hybrid CMS Membranes

The hybrid nanoparticles were dispersed into the solvent to produce the suspension under
ultrasonic treatment. The PMDA-ODA type polyamic acid (PAA) solution was mixed with the
suspension. After high-speed stirring and defoaming, the obtained homogeneous precursor of hybrid
CMS membrane was cast on a glass plate and dried to produce the self-standing PAA /nanoparticle
hybrid membrane. The thickness of dried polymer membranes was about 100 um. The hybrid CMS
membrane was obtained by carbonizing in the tubular furnace at 600-800 °C for 2 h in flowing argon
of 100 mL/min with the heating rate of 2 °C/min. The carbonization temperature of CMS membranes
was 700 °C, unless otherwise specified. The thickness of CMS membranes was about 65-75 pm.
The content of hybridized nanoparticles equaled the weight of nanoparticles divided by the sum
of the weight of pure PAA and the weight of nanoparticles, not including the weight of DMAc (N,
N-Dimethylacetamide).

The gas permeation test method and condition used were the same as Ref. [38]. The other hybrid
CMS membranes prepared in this review, except in Section 6, had similar preparation processes.

2.2. Ferrocene/PAA Based Hybrid CMS Membrane

Ferrocene, a kind of organic transition metal compound with good solubility with DMAc, can form
a homogeneous system with PAA solution, which helps improve the dispersion of the «-Fe obtained
by the pyrolysis of ferrocene in the CMS membrane. The HRTEM image of the ferrocene/PAA
based hybrid CMS membrane is shown as Figure 3. The Fe nanoparticles (identified by the EDX
(energy dispersive X-ray) patterns) with diameter of almost 5 nm are dispersed homogeneously in the
disordered carbon matrix. The crystal structure of Fe particles with interplanar spacing of 0.206 nm
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are shown in the insert image. However, the Fe element content in the hybrid CMS membrane is
low because of the sublimation of ferrocene. It also could be proved by the XRD (X-ray diffraction)
patterns (Figure 4) that the curve of ferrocene/PAA-based Fe/C hybrid membrane is the same as the
pure CMS membrane, implying the remaining ferrocene particles, which were coated by the carbon
matrix, are very few. The broad (002) diffraction peak at around 24° and (100) diffraction peak at 43°
can be observed in these two CMS membranes, implying the carbon matrix presents a turbostratic
structure with disordered stacked graphite microcrystals.

Figure 3. HRTEM image of ferrocene/polyamic acid (PAA)-based hybrid CMS membrane [63].

B

s 5

> s

£ >

§ Ferrocene doping @

= % Pure carbon membrane

Ferrocene
MUAA
10 20 30 40 50 60 70 10 20 30 40 50 60 70 80
2Theta[deg.] 2Theta[deg.]
(a) (b)

Figure 4. XRD patterns of ferrocene/PAA-based Fe/C hybrid membrane (a) and PAA-based pure CMS
membrane (b) [63].

The gas separation performance of ferrocene/PAA-based hybrid CMS membrane is shown in
Table 2. The ferrocene/PAA-based hybrid CMS membrane presents higher gas permeability due to
the more developed pore structure caused by the embedding and pyrolysis of ferrocene than the pure
CMS membrane. Gas permeability was improved and selectivity reduced with the increase of content
of ferrocene. The best gas separation property in these ferrocene/PAA-based hybrid CMS membranes
belonged to the membrane with the content of ferrocene in the precursor of 15 wt%, in which gas
permeability is 22 times higher than the pure CMS membrane, and O, /N; selectivity is reduced by
40%. When the content of ferrocene reached 20 wt%, the gas selectivity of hybrid CMS membrane fell



Membranes 2018, 8, 134 6 of 32

significantly, even close to 1, because the additional pores became continuous phase in hybrid CMS
membranes and weakened the gas molecular sieving effect of carbon matrix.

Table 2. Gas permeability and selectivity for ferrocene/PAA-based Fe/C hybrid membranes [63]
(Testing condition: 0.05 MPa, 25 °C, the same below).

Permeability/Barrer Ideal Selectivity
Sample
H2 COZ 02 Nz CH4 Oz/Nz COlez C02/CH4 Hz/Nz
CMSM ? [59] 844 527 4 0.27 - 14.8 195 - 312.6
Ferrocene 10% 1789 634 159 16 3 9.9 39.6 211.0 111.8
Ferrocene 15% 2806 1039 266 31 8 8.6 33.5 129.5 90.5
Ferrocene 20% 6997 2275 1264 1001 1413 1.3 1.8 1.6 7.0

2 CMSM = Pure CMS membrane prepared in the same condition.

2.3. Fe Series Magnetic Nanoparticle/C Hybrid Membranes

The ferrocene/PAA-based Fe/C hybrid CMS membranes lost most doping particles during the
pyrolysis preparation, which weakens the enhancement of gas permeability derived from hybridization
because of the sublimation of ferrocene. Three kinds of Fe series magnetic nanoparticle involving
Fe30y4, v-Fe;03 and Zn 5Nig sFe,O4 with similar particle size are adopted as the dopants to prepare the
Fe series magnetic nanoparticle/carbon hybrid membranes. We hoped that gas separation performance
could be further improved by utilizing the surface effect and small size effect of the nanoparticles and
the magnetism functionalization of the hybrid CMS membrane.

As shown in Figure 5, the three kinds of Fe series nanoparticles present spherical or irregular
spherical shapes. The particle size of Fe3Oy is almost 10 nm, and is 20 nm for the other two
particles. In the Fe3O4/C hybrid membranes (Figure 5d,g), interfacial pores formed by the micro-phase
separation function can be clearly observed between the particles and the carbon matrix. The Fe
particles are surrounded by the ordered layered graphite-like carbon, which presents concentric circles
with Fe particles due to the catalytic graphitized effect on the carbon matrix from FezOy particles in the
carbonization process. The same catalytic graphitized phenomenon exists in the Zng 5Nig 5Fe;O,4/C
hybrid membrane, but not in the y-Fe;O3/C hybrid CMS membrane. Additionally, agglomeration
happened in the Zng 5Nig5Fe;O4/C or y-Fe;O3/C hybrid CMS membrane.

XRD patterns (Figure 6) illustrated the microstructure of Fe series magnetic nanoparticle/C
hybrid membranes. The curves of Fe series magnetic nanoparticle/C hybrid CMS membranes present
different Fe series crystal characteristic diffraction peaks, as well as the broad (002) diffraction peak
of turbostratic carbon structure. Due to the standard spectrum, the main Fe crystalline phases in
Zng 5Nip5Fe;O4/C and FezO4/C hybrid CMS membranes are Fe(¢4Nig 3¢ and FesC, respectively.
The main Fe crystalline phases in y-Fe;O3/C hybrid CMS membranes are Fe and Fe;O,. Three kinds
of Fe series magnetic nanoparticle/C hybrid membranes could be attracted by magnet. All the
hybrid CMS membranes are soft magnetic materials and presented good magnetic responsibility
and low permanence (Figure 7). The hybrid membranes have the highest saturation magnetization
of Fe304/C, Fe;O3/C and Zng 5Nig5Fe;O4/C hybrid membranes of 50.24, 36.34 and 22.12 emu/g,
respectively. Zngs5NigsFe;O4/C hybrid membranes exhibit the lowest coercivity and are close to
super paramagnetism.
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Figure 5. HRTEM images: Fe304 nanoparticles and obtained hybrid CMS membrane (a,d,g), y-Fe;,O3
nanoparticles and obtained hybrid CMS membrane (b,e,h), Zng 5Nij 5Fe,O4 nanoparticles and obtained
hybrid CMS membrane (c,f,i) (the hybrid CMS membranes with 15% content of Fe series particles and
carbonization temperature of 700 °C) [63-65].

Zn, Ni, Fe,O, doping

Intensity /(a.u)

* Fe O, doping
* % * ok
1 L 1 N L 1 N N
20 40 60 80 100 120
2Theta[deg.]

V Fe; @ FesO4; % FesC; m Feo.s4Niose

Figure 6. XRD patterns of Fe series magnetic nanoparticle/C hybrid membranes [65].
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Figure 7. Magnetization curves of Fe series magnetic nanoparticle/C hybrid CMS membranes (content
of doping Fe304 y-Fe;O3 or Zng 5Nig 5Fe;O4 is 15 wt%) [65].

Table 3 shows the gas permeability and selectivity of Fe series magnetic nanoparticle/C hybrid
membranes and the metal particle/C hybrid membranes in the reference. The gas permeability of Fe
series magnetic nanoparticle/C hybrid membranes is highly improved in comparison with the pure
CMS membrane and ferrocene/PAA-based Fe/C hybrid membrane, because the incorporation of the
Fe series particles in the carbon matrix developed the pore structure of these hybrid CMS membranes
involving the interfacial gaps, observed in Figure 4d—f, constructing the additional gas molecular
diffusion routes through the hybrid CMS membranes. Meanwhile, because the doping Fe series
magnetic particles do not sublimate as ferrocene in carbonization, more obtained additional pores
are maintained. More incorporating particles will form more pores in the hybrid CMS membranes,
thus the gas permeability increases and selectivity falls with the increase of the loading of Fe series
magnetic nanoparticles in the hybrid CMS membranes.

Table 3. Gas permeability and ideal selectivity of Fe series magnetic nanoparticle/C hybrid membranes.

S Permeability/Barrer Ideal Selectivity
ample
H, CO, 0O, N, CH; Oy/N; COy/N, CO/CHy H3/N,
CMSM [59] 84.4 52.7 4 0.27 - 14.8 195 - 312.6
Fe304 10% [64] 6790 2764 786 79 48 9.9 35.0 57.6 85.9
Fe304 15% [64] 12,194 3433 1175 136 74 8.6 252 46.4 89.7
Fe304 20% [64] 15,476 4385 1565 193 114 8.1 22.7 38.5 80.2
v-Fe;03 10% 5415 2376 616 80 36 7.7 29.7 66.0 67.7
v-Fe;O3 15% 7752 2790 643 86 48 7.5 324 58.1 90.1
v-Fe; O3 20% 8035 3954 1187 166 74 72 23.8 53.4 484
Zng 5Nip5Fe;04 10% 5814 2401 599 67 27 8.9 35.8 88.9 86.8
Zng5Nig 5FepO4 15% 6162 2784 690 85 39 8.1 32.8 71.4 72.5
ZngsNig5Fe,04 20% 8191 4466 1180 181 118 6.5 247 37.8 453
Pd based [40] 34.4 - - 0.0061 - - - - 5639.3
CMSM in ref. [40] 49.4 - - 0.15 - - - - 329.3
Ag/PFR based [42] - 290 81.3 6.7 - 12.1 433 - -
CMSM in ref. [42] - 64.1 16.8 21 - 8 30.5 - -

The Zng5Nips5FepO4/C hybrid membrane presents the lowest gas permeability due to the
highest agglomeration of Zng5NigsFe;O4, which would construct the least number of interfacial
pores in the hybrid CMS membranes, and the lowest magnetism of a membrane. The FezO4/C
hybrid membrane has the highest H, permeability and similar other gas permeability to the Fe series
magnetic nanoparticle/C hybrid membranes with the same Fe series particles content, perhaps because
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the ordered carbon structure surrounding the Fe particles constructed by the catalytic graphitized
effect could highly improve the diffusion of H, molecules with the smallest size, but not to the
other gases with bigger molecular size. Hy permeability is improved to the greatest degree due to
the adsorption from Fe atoms to hydrogen, which is also presented in the ferrocene/PAA-based
hybrid CMS membrane. This adsorption effect on gases from metals has been commonly adopted in
enhancing the gas permeation or separation of the metal/C hybrid CMS membranes [40—43,45,60].
The Ag/C hybrid CMS membranes [42,43] showed a higher oxygen permeation (Table 3), because
the adsorption-diffusion process happened easily in the membranes. Oxygen is easy to be adsorbed
on the active site of Ag and desorbed in the interfacial pores existing around Ag clusters with the
diameter of 50 nm. However, the opposite phenomenon in the Ni or Pt/C hybrid CMS membranes,
chemical adsorption of metals on the H, happened in the penetration, but desorption was difficult due
to lack of interfacial pores. Therefore, Ni or Pt/C hybrid CMS membranes presented much lower Hj
permeability and extremely higher H, /N, selectivity [40,41]. Hence, gas permeation and separation
could be highly improved by effectively controlling the adsorption effect of metal particles and pore
structure of the hybrid CMS membranes.

Compared to the pure CMS membrane, Fe series hybrid CMS membranes showed significantly
increased gas permeability, especially H, permeability, due to the adsorption effect of iron to Hy.
Sublimation of ferrocene particles led to a relatively low permeability of hybrid CMS membranes.
The phase structure and morphology of Fe3Oy4, y-Fe,O3 and Zng 5Nig 5sFe,O4 changed in pyrolysis and
their particle sizes increased. The catalytic graphitization appeared in the Fe3O4 or Zng 5Nig5Fe;O4
related hybrid CMS membranes with much higher H, permeability, in which H, more easily penetrates
through the space between graphite-like layers around the particles. The Fe/C hybrid CMS membrane
has good application prospects in the field of hydrogen separation and enrichment.

Moreover, the hybrid CMS membranes with Fe30y4, y-Fe;O3 or Zng 5Nig sFe,O4 presented both
good magnetic response and high gas permeability. However, the influence of the magnetic property
on the gas permeability is overshadowed by the larger influence from the adsorption effect and
interfacial pores of metal particles. Thus, this work only made a preliminary exploration of magnetic
CMS membranes. The related research work still needs to be further studied.

3. Microporous Zeolite/C Hybrid Membranes

The nanoparticles/C hybrid CMS membranes, including Fe and the other nanoparticles such as
metal (Ag, Pt, Pd, etc.), metal salts or the inorganic particles, in Section 2, have exhibited the obvious
enhancement of gas permeability, which mainly depends on the increase of interfacial pores and
adsorption effect of metal particles. The particle sizes and properties of nanoparticles greatly affect
the gas separation performances of derived hybrid CMS membranes because they are solid without
internal pores. We assumed that it should be possible to further enhance the gas permeability of the
hybrid CMS membranes if the nanoparticles possess a well-distributed inner pore structure, which will
act as fast channels for gas diffusion. In this section, nanoparticles with the inner pore structure
were incorporated into the carbon matrix to investigate the effect of inner pore structure on the gas
permeability of hybrid CMS membranes.

Zeolite is a kind of cage-type or pore-type microporous crystal material composed of silica-oxygen
tetrahedron and alumina-oxygen tetrahedron interlinked by oxygen bridge. Zeolites with ordered
inner channels can adsorb and separate gas or liquid molecules due to the channel size, which is widely
used in the fields of adsorption, separation and catalysis [66-73]. For example, zeolite T membrane
can enrich CO, by separating the mixtures of CO,/CH,4 or CO,/N; because of the strong adsorption
effect on the CO; from zeolite T (Figure 8) [72].
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Figure 8. Adsorption isotherms of CO,, N, CHy and C3Hg measured at 25 °C on zeolite T powder [72].

Compared to the disordered ultramicropore structure in CMS membranes, the ordered inner
channels in the zeolite particles will reduce the gas diffusion resistance. In this section, a series of zeolite
particles were incorporated into polymeric precursor to fabricate zeolite/C hybrid CMS membranes,
with the aim of applying the high permeability attributes of zeolites and the high selectivity attribute
of the carbon matrix to the zeolite/C CMS membranes. The influence of zeolite type, content, particle
size and carbonization conditions on gas separation performance of zeolite/C hybrid CMS membranes
was systematically investigated.

The structure model of a typical zeolite/C hybrid membrane (ZSM-5/C hybrid membrane as
an example) is shown as Figure 9. The gas permeation property of hybrid CMS membranes would be
enhanced by utilizing the rapid adsorption and diffusion effect on the small molecular gases from the
inner channels of zeolites as well as the high gas molecular sieving effect of carbon matrix [56].

600-800 =C

E—

Figure 9. The structure model of zeolite/C hybrid membrane (e.g., ZSM-5/C hybrid membrane) [56].

3.1. The Effect of Different Zeolites on the Structure of the Hybrid CMS Membranes

The micro-morphology of zeolites and related hybrid CMS membranes is illustrated by the
HRTEM and SEM images (Figures 9 and 10). Zeolite 3, Y and ZSM-5 with different crystal sizes
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present similar agglomeration size of about 200 nm (Figure 10a—c). The particle size of zeolite L [54] is
as small as 100 nm. The zeolite T with different shape and particle sizes—T-8: 8 um, T-6: 6 um, T-3:
3 um, and T-0.5: 0.5 um—have homogeneous particle sizes (Figure 11a—d). In the HRTEM images and
SEM images of hybrid CMS membranes, all the zeolites dispersed well in the hybrid CMS membranes
without large agglomeration and cracking (Figure 10A-D); only the zeolite T-0.5 with the smallest
particle size existed as small agglomerations (Figure 11d). The zeolites embedded in the carbon matrix
could maintain their shape intact and uniform inner channels (Figure 10A-C and Figure 11A-D).
The carbon matrix presents the turbostratic carbon structure (disorderly staggered black and white
stripes in the red box of Figure 10A, the same as in Figure 1). The interfacial gaps exhibited as the
white lines between the zeolite particles and the carbon matrix, which was rooted in the micro-phase
separation effect of the zeolites on carbon matrix, can be clearly observed from Figure 10A-C, but not
from Figure 10D.

The structure and property of related zeolite/C hybrid membranes would be greatly impacted
by the membrane preparation conditions, such as the content of zeolite and the carbonization
process, and the parameters of zeolites, including particle size, porous structure, dispersion and
thermal resistance.

=+ carbon

Zeaclite Y

Zeolite Beta

Figure 10. HRTEM and SEM images of zeolites: 3 (a), Y (b), ZSM-5 (c) [59] and zeolite L [54] (d) and
related hybrid CMS membranes: 3/C (A), Y/C (B), ZSM-5/C (C) [59] and zeolite L/C [54] (D).

Figure 11. SEM images of zeolite T: (a) T-8, (b) T-6, (c) T-3, (d) T-0.5 and T/C hybrid membranes:
(A) TC-8, (B) TC-6, (C) TC-3, (D) TC-0.5 [57].
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3.2. The Effect of Zeolite Content on the Gas Separation Performance of Hybrid CMS Membranes

Zeolite 3 and Y were chosen to prepare hybrid CMS membranes with zeolite content of
5-25% in the precursor for exploring the effect of zeolite content on the hybrid CMS membranes.
Hybrid CMS membranes present much higher gas permeability than pure CMS membrane (Table 4).
Gas permeability is further improved with the increased content of zeolites due to more ordered inner
channels and more interfacial pores formed from more zeolite loading amounts, while the selectivity is
reduced, except for the case of O, /Ny in which is first increased and then decreased, which suggests
that larger interfacial gaps should be formed. This indicates that more zeolite particles in the carbon
matrix might be conductive to the permeation of the larger gas molecules.

Most of the literature on preparation of hybrid CMS membranes is aimed at improving selectivity
and sacrificing partial permeability. Therefore, the preparation of mixed matrix membranes (precursor
membranes) and hybrid CMS membranes in the literature has always tried to avoid the formation
of interfacial pores to reduce selectivity. For example, the metal particle (Pt, Pd or Ni)/C hybrid
CMS membranes [40,41] and the zeolite Y/C hybrid CMS membrane [52], presented a reduced CO,
permeability by more than 50% and selectivity increased by more than two times compared to the pure
CMS membrane (Table 4).

However, we believe that it is possible to improve the permeability of CMS membranes while
maintaining their selectivity, which would effectively promote the practical application of CMS
membranes. This is also the main purpose of this review and our research. Therefore, hybrid
carbon membranes in our group were maintained with the interfacial pores that would promote
gas penetration to improve permeability. The size of the interfacial pores can be changed due to the
size of the doped particles and the surface chemical structure of the particles. Thus, the permeability
of the hybrid CMS membranes can be adjusted accordingly.

Table 4. The effect of zeolite content in the precursor on the gas separation performance of the zeolite/C
hybrid membranes [59].

S ) Content Permeability (Barrer) Ideal Selectivity
ample o
P (wt%) H, CO, O, N, CHy; HyN, COyN; Oy/N; CO,/CHy
CMSM 84.4 52.7 4 0.27 - 312.6 195.1 14.8 -
5 543 255 66 5.6 - 97 455 11.8 -
10 1721 810 274 21.3 - 80.8 38 12.9 -
B/C 15 2108 1129 382 27.9 - 75.6 40.5 13.7 -
20 2987 1360 493 42.5 - 70.3 32 11.6 -
25 3996 1644 628 59.4 - 67.3 27.7 10.6 -
5 561 250 55 5.6 - 100.2 44.6 9.8 -
10 1717 761 236 20.7 - 82.9 36.8 114 -
Y/C 15 2280 1022 501 321 - 71 31.8 15.6 -
20 3090 1431 605 45.5 - 67.9 31.5 13.3 -
25 4094 1783 786 67.1 - 61 26.6 11.7 -
Y/C [52] - 266 - - 2.15 - - - 124
CMSM [52] - 611 - - 10 - - - 61

3.3. The Effect of Zeolite Particle Size on the Structure and Property of Hybrid CMS Membranes

The existence of zeolites in hybrid CMS membranes involves single crystal dispersion and
agglomeration dispersion. Gas separation performance of the zeolite/carbon hybrid membranes
could be tuned via the change of agglomerated cluster size and single crystal diameter of doped
zeolite particles.

The micromorphology of adopted single crystal zeolite T and relevant hybrid CMS membranes
are illustrated in Figure 10. The gas separation performance of hybrid CMS membranes with different
size single crystal is shown in Table 5. The gas permeability in the CMS membranes is enhanced and
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selectivity is reduced with the increase of single crystal diameter of zeolites. This implies the formation
of a larger and more developed pore structure, especially of interfacial pores, appearing in the hybrid
CMS membranes by doping bigger single crystal zeolites. The shape of zeolite T also has a weaker
effect on the gas separation performance of hybrid CMS membrane than the effect of the particle size.

Table 5. The effect of crystal diameter on the gas separation performance of the zeolite/C hybrid
membranes (zeolite content in precursor of 10 wt% unless otherwise indicated).

Diameter of Permeability (Barrer) Ideal Selectivity
Sample Single Crystal
gle L1y H, CO, O, N,  Hy/N, COy/N; 0,/N,
0.5 pm 4230 1773 486 37.2 113.7 47.7 13.1
3 pm 2474 1580 341 41.5 59.6 38.1 8.2
T/C[57]
6 pm 4094 1578 349 46.5 88 33.9 7.5
8 um 4168 2151 492 107 39 20.1 4.6
100 nm 1179 564 237 15.0 78.6 37.7 15.8
1 um 1366 629 253 23.6 57.9 26.6 10.7
ZSM-5/C 5] 5 um 1447 637 254 27.0 53.6 23.7 9.4
10 um 1506 660 257 30.1 50 22 8.5

The HRTEM images of zeolite ZSM-5 with different agglomeration size are shown in Figure 12.
The gas separation performance of the prepared hybrid CMS membranes is illustrated in Table 6.
The gas permeabilities of Hy, CO; and O; decrease dramatically with the size of the zeolite clusters
increasing from 20-50 nm to 0.2 um and slightly change from 0.2 pm to 4 pm, but the N, permeability
increases clearly with the size of the zeolite clusters increasing from 0.2 um to 4pm which causes
a reduction in Np-related selectivity. The molecular sieving effect in the hybrid CMS membranes with
larger zeolite agglomeration was weakened more significantly. Nevertheless, doping the zeolite with
small agglomerating clusters (20-50 nm) into the precursor should create much more interfaced pores
(the interfaced gaps or gas permeation channels) between the zeolite and carbon matrix in the hybrid
CMS membrane, which exhibited much several times higher gas permeability than the other hybrid
CMS membranes, as well as similar gas selectivity.

In the model of the gas penetrating pathway through the zeolite/C hybrid membranes (Figure 13),
the single crystals are dispersed well in the carbon matrix (Figure 13A), and the orifices of zeolites
are easily modified by the carbon matrix. Thus, the derived CMS membrane shows much greater gas
permeability while maintaining selectivity. However, the orifices of zeolites in the center of the bigger
zeolite cluster agglomerated could hardly be modified (Figure 13B), where the molecular sieving effect
of carbon matrix is weaker. Moreover, the interfacial pores are bigger in hybrid CMS membranes with
bigger cluster agglomerated zeolite, also helping to improve the gas permeability of all the permeating
gases and to reduce selectivity.

Table 6. The effect of agglomeration degree on the gas separation performance of the ZSM-5/C
hybrid membranes.

Agglomeration Permeability (Barrer) Ideal Selectivity
Particle Diameter H2 C02 02 N2 H2/ N2 C02/N2 OZ/NZ
20-50 nm 9.09 wt% [56] 5399 3020 671 59 91.5 51.2 11.4
0.2 pm [59] 1179 564 237 15.0 78.6 37.7 15.8
1 pm [59] 1190 607 221 18.2 65.4 334 12.1

4 pm [59] 1224 624 231 21.6 56.7 28.9 10.7
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Figure 12. The HRTEM images of agglomerated zeolite ZSM-5 with different particle size:
(A) 0.2-4 pm [59], (B) 0.2 um [59], (C) 1 um [59], (D) 4 um [59], (E,F) 20-50 nm [55].

- L
LM Agglomerate
: Zeolite

(A) (B)

Figure 13. The model of the gas pathway through the zeolite/C hybrid membranes [59]. (A) well
dispersed zeolite particles in the carbon matrix; (B) agglomerate zeolites in the carbon matrix.

3.4. The Effect of Carbonization Temperature and Zeolite Channel Integrity on the Structure and Property of the
Zeolite/C Hybrid Membranes

Carbonization temperature is one of the most important preparation parameters of CMS
membranes, and impacts greatly on the structure and property of CMS membrane. Zeolite Y and f3
with different thermal resistances were chosen to prepare the hybrid CMS membranes and analyze the
effect of carbonization temperature on the zeolites and hybrid CMS membranes.

The XRD patterns of hybrid CMS membranes carbonized at 600, 700 or 800 °C are shown in
Figure 14. The curves of hybrid CMS membranes all present characteristic diffraction peaks of carbon
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matrix and the strong characteristic peaks of doping zeolites, except the Y/C hybrid membrane
carbonized at 800 °C. It implies that the crystal structure and ordered inner channels of zeolite Y was
destroyed due to the low thermal resistance caused by low Si/Al. With the carbonization temperature
increasing, the (002) peak in the hybrid CMS membranes shifted to a high degree and (100) peak
intensity became larger, implying the carbon matrix became denser.

B/ C-800°C - WMMM‘ Y/C-800°C
- 3
3 &
©
[ S J L Y/C-T00°C
2 0 E
£ B/ C-600°C =
Zeolite B Zeolite Y
L sy T il AN T .
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
2Theta[deg.] 2Theta[deg.]
(a) (b)

Figure 14. XRD patterns of zeolite 3/C (a) and Y/C (b) hybrid membranes prepared at different
pyrolysis temperatures [59].

The pure CMS membranes and hybrid CMS membranes present an increasing gas selectivity and
a reducing permeability by improving the carbonization temperature. In particular, the permeability of
pure CMS membranes achieved a maximum at 700 °C and then reduced (Table 7). During the pyrolysis
process, the carbon structure in the membrane gradually formed and constructed the micropore
structure in the carbon matrix to promote gas permeation. When the temperature reached 800 °C,
thermal polymerization was more dominant than thermal decomposition in the pyrolysis process of
the carbon matrix. The denser carbon structure with higher diffusion resistance (Figure 14) reduced
gas permeation and increased selectivity both in the pure CMS membranes and the hybrid CMS
membranes. Moreover, the interfacial gaps between doping particles and the carbon matrix also shrank
due to the increasing carbonization temperature, impeding gas molecules in penetrating across the
membrane, especially for big gas molecules such as N, and increasing the gas selectivity. Comparing
the two kinds of zeolite hybrid CMS membranes, the membranes with the same carbonization
temperature presented similar gas separation performance, except the YC-800 presented a lower
permeability due to the low thermal stability of zeolite Y. The inner ordered structure was destroyed
(Figure 14b).

Table 7. The effect of carbonization temperature on the gas separation performance of the zeolite/C
hybrid membranes and pure CMS membrane [59].

Memb Carbonization Permeability (Barrer) Selectivity
embprane o
Temperature CO) "y 09, 0, N, Hy/N, CON, O,/N,

600 165 657 074 005 330 123 13.8
CMSM 700 844 527 4 027 3126 195 14.8
800 36 25 171 011 3273 234 16
, , 600 2234 1303 357 519 43 25.1 69
zeolite %C hybrid 700 1721 810 274 213 808 38 12.8
membrane 800 253 158 12 081 3123 195 14.8
, _ 600 2304 1148 298 508 454 226 5.86
zeolite Y{DC hybrid 700 1717 761 236 207 829 367 114
membrane 800 102 426 7.5 07 1457 593 10.5




Membranes 2018, 8, 134 16 of 32

Zeolite Y (heated at 800 °C for 6 h) with destroyed crystal structure (Figure 15) was used to
prepare hybrid CMS membrane for proving the enhancement of gas penetration from zeolite channel
integrity. Compared with the hybrid CMS membrane with intact zeolites, the gas permeability of
zeolite Y (pyrolyzed)/carbon hybrid membrane is obviously reduced, but still higher than pure CMS
membrane (Table 8). Although the inner channels of zeolites were destroyed, the interfacial pores still
could be formed and accelerated gas permeation. Therefore, the intact ordered inner pore structure
of zeolites and interfacial pores are the key factors to enhance the gas separation performance of the
zeolite/carbon hybrid membranes.

Similar to Fe/C hybrid CMS membranes, zeolites/C hybrid CMS membranes show much higher
gas permeability than the pure CMS membrane due to the inner channels of zeolites and interfacial
pores that are formed. Zeolite T/C hybrid CMS membranes present higher CO, permeability owing to
the adsorption effect. The structure and permeation performance of hybrid CMS membranes can be
tuned by optimizing the parameters, such as loading of zeolites, particle size, carbonization conditions
and loading content.

Table 8. The effect of channel integrity on the gas separation performance of the zeolite Y/carbon
hybrid membranes [59].

Permeability (Barrer) Ideal Selectivity
Sample
H, CO, 0, N, Hy/N,  COy/N;  O3/N,
Y (pyrolyzed)/carbon 339 204 38 4 84.8 51 9.6
Y (intact)/carbon 1717 761 236 20.7 829 36.7 11.4
CMSM 84.4 52.7 4 0.27 312.6 195.1 14.8
}'L“MJ W‘ WM Pyrolyzed zeolite Y
&
P
x
n
c
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£
ZeoliteY
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2Theta[deg.]
Figure 15. XRD patterns of Zeolite Y and Zeolite Y pyrolyzed at 800 °C [59].

4. Ordered Mesoporous Silica/C Hybrid CMS Membranes and CNTs/C Hybrid CMS Membranes

The high gas permeability of zeolites /C hybrid CMS membranes indicates that the incorporation
of the zeolites with the microporous structure into the carbon matrix will greatly enhance the gas
permeation and maintain a relatively high gas selectivity, implying a significant effect of the inner
channels of doping particles on gas permeability. In this section, the effects of internal pore size of
doping nanoparticles on the gas permeability of the carbon membrane are investigated and discussed
by hybridizing the nanoparticles with a mesoporous structure, such as ordered mesoporous silica
or carbon nanotubes (CNTs), into the carbon matrix to prepare the mesoporous particle/C hybrid
CMS membranes.
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4.1. Ordered Mesoporous Silica/C Hybrid CMS Membranes

From the first aluminosilicate ordered mesoporous material, M41S [74,75], to the those that
subsequently appeared, such as SBA-n, MSU series, HMS, FSM-16, MAS series, and JLU series,
mesoporous materials have attracted great attention in the membrane separation, catalyst, molecular
engineer, etc., fields [76-83]. These novel mesoporous materials could not only break the limits of
porous range in zeolites, but also exhibit outstanding properties different from those of macroporous
materials due to the quantum confinement effect, macroscopic quantum effect and dielectric
confinement effect of mesoporous materials.

More importantly, the diffusion of small molecular gases, such as Hp, COy, O,, Ny and CHy,
through the inner channels of mesoporous materials is several orders of magnitude higher than in
the microporous zeolites [84]. In this part, the ordered mesoporous material/C hybrid membrane
materials were designed (Figure 16) and fabricated by incorporating the ordered mesoporous silica
SBA-15 or MCM-48 into the carbon matrix.

The ordered microstructure of SBA-15 with the particle size of 500 nm and a two-dimensional
ordered structure, and MSM-48 with the particle size of 100-200 nm and three-dimensional cubic
structure particles can be observed in Figure 17. Moreover, the nanoparticles with intact ordered
structures disperse in the carbon matrix homogenously, and the interfacial pores (lighter lines) exist
between the nanoparticles and around the carbon matrix in Figures 18 and 19.

o o090 o

Figure 17. TEM (transmission electron microscopy) images of the as-made SBA-15 (a,b) and MCM-48
(c,d) [38].
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The porous structure properties of the mesoporous silica and relevant CMS membranes were
analysed by N, adsorption isotherm and pore size distribution. The adopted SBA-15 presents both
micro- and mesoporous structures with the average micropore size of 0.485 nm and an average
mesopore size of 5.8 nm (Figure 20a). MCM-48 has a mesoporous structure with an average size of
2.7 nm (Figure 20b). The SBA-15/C (Figure 21a) and MCM-48/C (Figure 21b) hybrid membranes have
only microporous structures and micropore volumes of 0.1513 cm3/g and 0.1807 cm?/g, respectively,
calculated by Dubinin-Astakhov equation, and mean pore sizes of 0.65 nm and 0.52 nm, respectively,
calculated by the H-K method.

The MCM-48/C hybrid membrane presented more than two times higher gas permeability and
slightly improved selectivity compared to the SBA-15/C hybrid membrane (Table 9), because more
developed micropores and smaller pore size in the MCM-48/C hybrid membrane implies higher gas
permeating capability. Additionally, MCM-48 with smaller particle size than SBA-15 could produce
more gas penetrating channels under the same doping content in the related hybrid CMS membranes,
which could further accelerate gas penetration in the MCM-48/C hybrid membrane.

Figure 18. TEM images of the as-made SBA-15/C functional membranes [38].
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Figure 20. Nitrogen adsorption isotherms and pore size distributions of (a) SBA-15 and (b) MCM-48.



Membranes 2018, 8, 134 20 of 32

%0 . 140

T gog| " Adsorption _ —=— Adsorption
5 —eo— Desorption & 120| —e— Desorption
o 70 R e fg’
) - ~ 100 |
£ 60} N “ -
o £ g o
~ Pl . L 80 < ot
- 50 < o5 . T W
8 £ 2 o S oo [\
§ 40+ g . lg § o

e . 2 oo
3 30+ E 02 3 40 a 002
> 8 — 2 8 —
£ 20 e — E 20 g oop !
c IS 0L 'n_s o n s % < 04 05 06 07 08 09 10 11
§ 10 Pore Width (m) & ok . . PoeSzoloml__

. . ! . . . 0.0 0.2 04 0.6 0.8 1.0
0.0 0.2 04 0.6 0.8 1.0 .
. Relative Pressure (P/Po)
Relative Pressure (P/Po)
(a) (b)

Figure 21. Nitrogen adsorption isotherms and pore size distributions of the SBA-15/C (a) and
MCM-48/C (b) hybrid membranes [38].

Table 9. Gas permeability and selectivity of pure CMS membrane and ordered mesoporous silica/C

hybrid CMS membranes.
Sample Permeability/Barrer Ideal Selectivity
H, CO, O, N, CHy4 0O3/N;  CO3/N, CO,/CHy
CMSM [59] 844 527 4 0.27 - 14.8 195.1 -
500 nm SBA-15/C [38] 1807 1410 246 37 14.5 6.6 38.1 97.2
100-200 nm 3838 2461 527 62 25 85 39.7 98.4

MCM-48/C [38]

4.2. CNTs/C Hybrid CMS Membranes

CNTs are potential hybridized particles with which to fabricate mixed matrix membranes [85]
and hybrid CMS membranes with high gas separation performance [86-88], attributed to the rapid
transport of gases through CNTs with low transport resistance. However, the systematic study of
CNTs/C hybrid CMS membranes is lacking. In this section, a series of CN'Ts/C hybrid CMS membranes
were prepared by carbonizing the precursors involving PMDA-ODA type PAA and CNTs [89]. Also,
the effects of CNT properties, such as CNT type, concentration, length and diameter, on the property
of hybrid CMS membranes were investigated [89].

The SEM and HRTEM images of the obtained CNT-related hybrid membranes are shown in
Figure 22. The CNT particles dispersed homogeneously in the form of the single tube in both the
matrixes of CNT/PAA membrane (Figure 22b) and the related hybrid CMS membranes (Figure 22d,e)
without cracks or defects in the surface of membranes (Figure 22a,c). The interfacial gaps between the
CNT and carbon matrix can be observed in Figure 22e. Additionally, the MWCNTs with low graphite
degree could be implied.
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Figure 22. Micromorphology of the obtained CNT-related hybrid membranes. (a) Surface and (b)
cross-section SEM images of CNT/PAA composite membranes; (c) surface and (d) cross-section SEM
images of CNT/C hybrid membranes; (e) HRTEM image of CNT/C hybrid membrane; and (f) selected
area diffraction (SAED) pattern of MWCNTs [89].

The effects of CNTs with different properties on gas permeation performance are shown in Table 10.
Gas permeability in hybrid CMS membranes is much higher than for pure CMS membranes, especially
CO; permeability, which is even higher than H; permeability. CO, /N, selectivity is also higher due
to the unique adsorption and capture effects of CNTs to carbon dioxide molecules. The interfacial
pore size is the principle affecting factor on the gas permeation property of the CNT/C hybrid CMS
membranes. The gas permeability presented by MWCNT/C hybrid CMS membrane is higher than
SWCNT/C hybrid CMS membranes due to the larger interfacial pores between the MWCNTs with
a bigger size and carbon matrix. For the same reason, MWCNTs with greater length and diameter were
conducive to produce hybrid CMS membranes presenting higher gas permeability. Simultaneously,
higher permeability in hybrid CMS membranes had been accompanied by lower gas selectivity because
of the larger interfacial pores which would weaken the molecular sieving effect of the hybrid CMS
membranes. However, the difference is that longer MWCNTs with the same diameter related hybrid
CMS membranes present higher CO,/Nj selectivity due to more CO, adsorption sites in longer CNTs,
which accelerate CO, permeation. After acid treatment, some MWCNTs would be opened up to
afford more gas permeation routes and loaded with polar carboxylic acid groups and hydroxyl groups,
which enhance CNT compatibility with the precursor matrix and lead to a more compact hybrid CMS
membrane. As a result, the MWCNT (acid treated)/C hybrid CMS membranes showed higher gas
permeability and selectivity.
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Table 10. Gas permeability and selectivity of pure CMS membrane and C/CNT hybrid membranes [89].

S Permeability/Barrer Ideal Selectivity
ample
H, CO, 0, N, CHy; O3/Np CO2/N; Hy/Np CO,/CHy
CMSM 853 321 151 14 6 10.79 2293 60.93 53.50
SWCNT/C 2563 2626 522 96 46 5.4 274 26.7 57.1
MWCNT2/C 4931 6659 1307 280 206 47 23.8 17.6 32.3
MWCNT2 ! (Acid treated)/C 5824 6661 1259 253 161 5.0 26.3 23.0 414
0 853 321 151 14 6 10.8 22.9 60.9 53.5
MWCNT2 5% 2600 3407 701 139 107 5.1 243 18.7 31.8
Concentration 10% 5824 6661 1259 253 161 5.0 26.3 23.0 414
15% 7071 9332 1576 335 256 4.7 279 21.1 36.5
MWCNT12/C 4659 5425 1061 234 204 4.5 232 19.9 26.6
MWCNT33/C 3886 4395 851 164 103 5.2 26.8 23.7 4.7

! MWCNT2: diameter = 40-60 nm, length = 1-2 pm. 2 MWCNT1: diameter = 40-60 nm, length = 5-15 pum.
3 MWCNTS3: diameter = 10-20 nm, length = 5-15 um.

4.3. Comparison and Analysis of the Gas Separation Property of Hybrid CMS Membranes

The gas permeability and selectivity of the representative hybrid CMS membranes are also listed
in Table 11. The gas permeabilities in all the hybrid CMS membranes are highly improved. Compared
to the zeolite/C hybrid membranes, the ordered mesoporous silica/C hybrid membranes, especially
the MCM-48/C hybrid CMS membrane, present lower H, permeability and higher permeabilities of
the other gases because the width of ordered channels in mesoporous silica is 3-5 nm and larger than
the 0.5-0.8 nm of microporous zeolite, predicating higher acceleration in permeation of the bigger
molecular gases. The Fe304/C and ZSM-5/C hybrid CMS membranes with the smallest particle sizes
of 20-50 nm have the highest gas permeability due to the biggest number of additional channels.
The Fe304/C hybrid membrane presents higher H, permeability than the ZSM-5/C hybrid CMS
membrane due to the unique adsorption from Fe atom to hydrogen molecules. However, other gas
permeability in the Fe3O,/C hybrid membrane is lower than in the ZSM-5/C hybrid CMS membrane
with lower particle content due to ZSM-5 owing inner channels. Moreover, CNT/C hybrid CMS
membranes present the highest CO, permeability, even higher than Hj, due to the strong affinity from
CNTs to CO;, molecules. Among all characteristic properties of doping nanoparticles, the minimum
particle size, the most developed inner channels and unique adsorption effects on some gas molecules
are the most effective parameters for the acceleration of gas permeation of hybrid CMS membrane.

Table 11. Gas permeability and selectivity of pure CMS membrane and representative hybrid
CMS membranes.

Sample or Hybridized Particle Permeability/Barrer 2 Ideal Selectivity
(Content in the Precursor) H, CO, O, N, CHy; ON, COy/N, Hy/N, CO,/CH,
CMSM [59] 844 527 4 0.27 - 14.8 195.1 312.6 -
MWCNT?2 (10%) [89] 5824 6661 1259 253 161 5.0 26.3 23.0 414
500 nm SBA-15 (10%) [38] 1807 1410 246 37 14.5 6.6 38.1 48.8 97.2
100-200 nm MCM-48 (10%) [38] 3838 2461 527 62 25 8.5 39.7 61.9 98.4
0.5 um T (10%) [57] 4230 1773 486 37.2 - 13.1 47.7 113.7 -
100 nm ZSM-5 (10%) [59] 1179 564 237 15.0 - 15.8 37.6 78.6 -
20-50 nm ZSM-5 (9.09 wt. %) [56] 5399 3020 671 59 - 114 51.2 91.5 -
20-50 nm Fe304 (10%) [64] 6790 2764 786 79 48 9.9 35.0 86.0 57.6

5. The Function of Inorganic Nanoparticles to Enhance the Gas Permeability of Hybrid
CMS Membrane

The enhancement of gas permeation in the hybrid CMS membranes is attributed to the
reconstruction of the disordered ultramicropore structure in the pure carbon membrane by the
incorporation of nanoparticles into the carbon matrix. Figure 23 illustrates the pore structure and gas
diffusion routes model in the nanoparticles/C hybrid CMS membranes, in which the pore structure of
hybrid CMS membrane is a composite of original ultramicropores, internal pores in porous doped
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nanoparticles, and interfacial pores created by the effect of micro-phase separation between the
nanoparticle and polymeric precursors. The gas diffusion route includes the ultramicropores, interfacial
pores and internal pore channels of porous nanoparticles. The interfacial pores are formed during the
preparation of the mixed matrix membranes (MMMs) due to the effect of micro-phase separation [90].
The size of nanoparticles and chemical structure of the nanoparticle surface affect the size of interfacial
pores and affinity between the nanoparticles and polymeric matrix [90-92]. The interfacial pores
created around the nanoparticles were uniformly dispersed in the hybrid CMS membranes (shown in
Figure 23A,B) and shrunk after carbonization, indicating that they only offer the fast diffusion routes
of gas molecules to reduce the diffusion resistance through the CMS membrane and do not change the
separation performance of CMS membranes.

As Figure 23A,B shows, the created new interfacial pores and internal pore channels of porous
nanoparticles in a carbon matrix can provide a fast diffusion channel for gas molecules and reduce
the gas diffusion resistance through the CMS membrane if the nanoparticles are properly loaded and
well dispersed. The carbon matrix with an ultramicropore channel will act as a gas molecular sieve
to maintain the high gas selectivity of the hybrid CMS membrane. However, the gas molecules will
directly penetrate through the pore channel connected by the interfacial pores and internal pore of
nanoparticles if the doping nanoparticles are overloaded and agglomerated in large sizes to form
a continuous phase (Figure 23C), which will result in rapid reduction in gas selectivity of hybrid CMS
membranes. That indicates that proper loading of nanoparticles is required for the fabrication of
hybrid CMS membranes with higher gas permeability and selectivity. The microstructure and gas
separation properties of hybrid CMS membranes can be controlled by tuning the membrane’s prepared
conditions and the structure properties of hybridized nanoparticles.

Carbon Matrix

Interfacial Gap

. Dispersed
S& Nanoparticles

Interfacml micropore structure

Figure 23. The structure and gas diffusion routes model of inorganic nanoparticles/C hybrid
membranes: well-dispersed nanoparticles without inner channels/C (A); homogeneously dispersed
porous nanoparticles/C (B); and porous nanoparticles/C dispersed nanoparticles forming a continuous
phase/C hybrid membrane (C).

6. Latest Developments in Hybrid CMS Membranes

In recent years, the gas permeability of pure CMS membranes has been greatly improved by
use of high-performance CMS membrane precursors [93-97]. Research and attention on hybrid
CMS membranes is less than before. However, it is undeniable that the preparation of hybrid CMS
membranes is a very effective and simple method to prepare high-performance CMS membranes from
the common, easily synthesized, low-cost precursors. If high performance precursor polymer matrix is
doped with nano particles, the permeability of obtained CMS membranes may be further improved. If
high selectivity can be maintained, the competitiveness of CMS membrane materials can be improved
to a new level in the field of gas separation.

6.1. MOE/C Hybrid CMS Membrane

The metal-organic framework (MOF) materials can be carbonized at about 400 °C, and the formed
nano-porous carbon is compatible with the carbon matrix in the CMS membrane. It implies that the
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porosity of CMS membranes could be reduced without being made denser, leading to an improved
molecular sieving effect [98]. Jiao et al. [58] adopted ZIF-108 ((Zn(2-nitroimidazolate)2)), one of the
MOF materials, with particle size of 160 nm as the novel dispersing nanoparticle and dispersed
ZIF-108 into P84 polyimide as the polymer matrix to prepare the precursor of hybrid CMS membranes.
After being pyrolyzed at 600 °C in Ar atmosphere, the ZIF-108/P84-based hybrid CMS membrane
with higher gas permeability and selectivity (Table 12) than the pure P84-based CMS membrane
was obtained. The doping ZIF-108 thermally degraded around 360 °C during the carbonization and
formed nano carbons, which were compatible with the carbon matrix. As a result, the ultramicropore
volume of the hybrid CMS membrane was much higher than the pure CMS membrane. The developed
micropore structure could promote gas molecular permeation. The pore size distribution curve of the
hybrid CMS membrane presented only one narrow ultramicropore peak with a diameter of 0.55 nm.
Therefore, the molecular sieving effect was improved.

Table 12. Mixed gas permeability and separation factor for P84-based CMS membrane and hybrid
CMS membrane with ZIF-108/P84 = 0.1 (testing condition: 0.1 MPa and 25 °C) [58].

Sample CO; Permeability/Barrer CO,/CH4 Separation Factor
P84-based CMS membrane 7.1 724
Hybrid CMS membrane with ZIF-108/P84 = 0.1 40.9 174

6.2. Fe/C hybrid CMS Membrane

Kumakiri et al. [99] used organosolve-lignin or phenol resin as the polymer matrix and
mixed an iron(Ill) acetate base with the polymer to obtain the precursors. After dip-coating onto
alumina tubes, drying and carbonizing, the composite Fe/C hybrid CMS membrane was produced.
The organosolve-lignin or phenol resin-based hybrid CMS membrane with small amount of Fe
compounds presented a similar Hy permeation rate to pure CMS membranes. However, other gas
permeation rates were reduced and selectivity was improved. The Fe-based aggregations, which led
crack formation, would be formed when the amount of Fe compounds was increased.

Fe particles in hybrid CMS membranes are too small to be observed. Hence, the interfacial
gaps between particles and the carbon matrix which accelerated the gas permeation do not exist in
these Fe/C hybrid CMS membranes. The pore structure of hybrid CMS membranes only depends
on the effect of Fe on the carbon matrix during carbonization. The pore structure of hybrid CMS
membranes with a small amount of Fe is more compact and similar to the pore structure in pure CMS
membranes with a higher pyrolyzing temperature. For instance, both the pore size of the OrL-based
CMS membrane carbonized at 700 °C (Pyj2 = 3.65 nmol m 2 s~ Pa~!, ayyy scu4 = 630) and Fe/C hybrid
CMS membranes carbonized at 500 °C (Py = 132 nmol m~2 s~ ! Pa™!, appp /cHa = 584) are 0.41 nm,
which is conductive to Hy permeation, according to the Knudsen-based permeance model. In our
opinion, the primary catalytic graphitization led by Fe perhaps happened during the pyrolysis process,
which promoted the formation of the carbon structure and made it more compact. Unfortunately,
this is not demonstrated by Raman spectroscopy and other characterizations.

Separation of the gas pairs of C;H4/CyHg and C3Hg/C3Hg is an important process step
in the petrochemical industry. Compared with the traditional distillation method with high
energy-consumption, membrane separation method shows great advantages. The CMS membrane
with molecular sieving capability has applied potential due to the very close dynamic diameters
of these four gas molecules (CoHy (3.75 A) < C3Hg (3.82 A) < C,Hy (3.85 A) < C3Hg (3.95 A)).
Moreover, the different adsorption properties between the four gases could be used in separation.
Chu et al. [100] were inspired by the special adsorption of olefins from the Fe?* metal sites in
Fe-MOEF-74. They incorporated Fe(acac); of 1.1-3.2 wt% into the perfect CMS membrane precursor,
6FDA-DAM:DABA (3:2), which was independently researched and developed to prepare the Fe hybrid
polymer membrane. After being carbonized at 550 °C or 675 °C, the Fe/C hybrid CMS membranes
with good stability during long-term testing were obtained. The Fe?* in Fe(acac), was cross-linked into
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the DABA-containing polymer and formed an average oxidation state of Fe*?! instead of oxidation

to Fe3* or reduction to Fel. Therefore, the Fe?* in the Fe/C hybrid CMS membranes acted the role of
an active site to adsorb the C,Hy.

The highest selectivity, that is xcopa/copa = 8.53 £ 0.47 with Pcopy = 100 barrer, was presented
in the Fe/C hybrid CMS membrane with Fe content of 2.2 wt% and carbonized at 550 °C. The pure
CMS membrane with the same preparation condition showed Pcopyy > 1000 barrer and xcopya/coma
~ 3. The sorption coefficients of C;Hs and C,Hg were tested, and the diffusion coefficients were
calculated-based permeations. The Fe/C hybrid CMS membranes carbonized at 550 °C presented
a 1.2 times higher sorption selectivity than the pure CMS membrane, implying the Fe complex in the
micropores enhanced the sorption to olefins. Moreover, the diffusion selectivity of the hybrid CMS
membrane is 2.7 times higher than pure CMS membranes. The reason is that the active Fe complex is
attached to the edge of the carbon sheets and blocks some ultramicropores to increase the selective
affinity to olefins. In this paper, a new, effective concept of incorporating Fe into the polymer to adjust
the ultramicropore structure in CMS membranes and increase the diffusion selectivity of olefin or
non-olefin/paraffin pairs was proposed.

6.3. Boehmite/C Hybrid CMS Membrane

Llosa Tanco et al. [46,47] doped the boehmite nanoparticles into the novolac phenolic to synthesize
the precursor. The boehmite was decomposed to Al,O3 above almost 400 °C. This phenomenon could
make the pore structure more developed. The supported Al,O3/C hybrid CMS membrane with
a CMS membrane thickness of ~3 pm was prepared by using the a-alumina tube as the support
through a single dipping—drying—carbonization process (carbonization temperature from 450-1000 °C).
The permeation rate first increased and then reduced due to the carbon structure forming and then
shrinking with the carbonization temperature increasing. The highest permeations were observed
for carbonization temperatures between 500 and 700 °C. However, these two papers did not mention
any comparison of gas permeation property between the hybrid CMS membranes and pure CMS
membrane without Al,O3 particles.

The vapor in the air greatly affected the gas permeation property of the Al,O3/C hybrid CMS
membranes. Aging time (exposure time in ambient air) of 1 day would increase the selectivity of
O2/Nj in the aged hybrid CMS membranes by 4.2 times and reduce the O, permeation rate by 10.8
times compared with the fresh CMS membrane. This phenomenon became more significant over
time because vapor reacted with reactive places of the membrane, implying oxygen chemisorption
took place. Therefore, carbon containing the hydrophilic oxygen groups adsorb water by physical
adsorption and by occupying some pores. The effective size of the micropores was reduced [46].
After regeneration by heat treatment at 100 to 200 °C under nitrogen, most of the initial performance
of Al,O3/C hybrid CMS membrane was obtained.

The Al,0O3/C hybrid CMS membrane carbonized at 550 °C with 1-day aging time showed H; /Ny
selectivity of 725 and H, permeance of 145 x 1072 mol m~2 s~! Pa~! at room temperature, values
comparable with the best performing Pd membranes [47]. This hybrid CMS membrane can therefore
be used instead of the Pd hydrogen membrane for Hy separation processes at low temperatures [47].

7. The Evaluation of the Gas Separation Performance in the Hybrid CMS Membranes

Robeson’s upper bounds proposed in 1991 [101] and 2008 [102] and commercially attractive
regions suggested by Zhang et al. [26] and Hillock et al. [103], which are commonly recognized
as convenient approaches to evaluate and exhibit the gas separation performance and commercial
applicability of the membranes, were used to evaluate the gas separation performance of hybrid
CMS membranes (Figures 24 and 25). Compared to pure CMS membranes and polymeric
membranes, the hybrid CMS membranes exhibit super high gas permeability with reasonable gas
selectivity, which surpassed Robeson’s upper bounds and fell into the commercially attractive region.
This suggested that incorporating nanoparticles into the carbon matrix can significantly enhance the
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gas permeability of derived hybrid CMS membranes with high gas selectivity if they are properly
loaded. As Saufi and Ismail mentioned in their review [37], the high manufacture cost of pure CMS
membranes, which is three orders of magnitude higher than polymer membranes, will see them lose
their competitive ability over polymeric membranes even though pure carbon membranes possess
outstanding gas selectivity. Therefore, the carbon membranes must achieve a superior gas separation
performance, and extra high gas permeability, in particular, to compensate for their high cost and to
increase their competitive ability over polymeric membranes in commercial applications. Hybrid CMS
membranes, with their superior high gas permeability, have enhanced competitive ability, exhibiting
their potential in commercial applications.
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8. Conclusions and Prospects

The pure CMS membrane with chemical and thermal resistance presents outstanding selectivity
in separating gas mixtures with very similar molecular size and higher permeability than polymeric
membranes. However, the gas permeability of CMS membranes is still too low to satisfy the needs of
commercial applications due to their higher cost compared to polymeric membranes. Enhancement
of gas penetration while maintaining gas separation is the key to promoting the development
and industrialization of CMS membranes. Optimizing the micropore structure of CMS membranes
by doping inorganic nanoparticles into the carbon matrix to fabricate hybrid CMS membranes is
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an efficient and very simple method to improve the gas separation performance of CMS membranes.
A series of inorganic particles, including Fe-related particles, zeolites, ordered porous silica and CNTs,
are adopted to be incorporated into PAA and produce hybrid CMS membranes, which presented
gas permeability that was two orders of magnitude higher than that of pure CMS membranes,
while maintaining half the selectivity. The enhanced gas permeation of hybrid CMS membranes
is attributed to the additional pore structure formed by the incorporation of particles into the carbon
matrix, which includes the interfacial pores around the particles and inner pores of the particles.
The carbon matrix maintains the molecular sieving effect for separation of the gases if the additional
pores do not form a continuous phase in the hybrid CMS membranes. Compared to bigger particles
with the same content, smaller particles tend to form smaller and more numerous interfacial pores.
Hence, particles with smaller sizes or more developed inner pore structures are beneficial for preparing
CMS membranes with higher gas permeability and selectivity. The gas separation property of the
hybrid CMS membranes in this review have broken away from the “trade-off relationship” to be
above Robeson’s upper bounds, and present commercially attractive potential in applications of air
separation, CO, /CH, separation, etc.
Some extensive further explorations based on this review are necessary:

e In recent years, some novel precursors, especially the novel polyimides with high fractional
free volume and molecular chain rigidity [93,95,104] and PIMs [32,33], were synthesized to
prepare CMS membranes with rather high gas permeability. It is necessary to improve the gas
permeability further by doping the inorganic particles into these novel precursors to prepare the
hybrid CMS membranes. More significantly, the preparation process should be investigated to
prevent excessive reduction of selectivity.

e  The hybrid CMS membranes related in this review are all self-standing flat membranes in order
to study the intrinsic properties of the hybrid CMS membranes. However, coating the hybrid
CMS membrane as a separation layer onto supports to fabricate supported CMS membranes
is more valuable in practical applications. With a separation layer with a thickness of several
micrometers, or even lower than 1 micrometer, the high gas permeability in free-standing hybrid
carbon membranes would be transformed into the high gas permeation rate of supported CMS
membranes. In particular, to ensure the high selectivity presented by the ultra-thin hybrid CMS
membrane separation layer, not only should the proper coating methods be adopted to prevent
cracks and pinholes, more importantly, doping particles with as small a size as possible and
homogenous dispersion are necessary to prevent the formation of connected gas penetrating
channels through the separation layer.

e  The hybrid CMS membranes in this review with more outstanding gas permeation properties can
be used in all the applied fields of pure CMS membranes. Recently, in addition to conventional gas
separation, pure CMS membranes have presented excellent performance in the field of membrane
reactors and attracted much attention of researchers. Itoh et al. [10] applied CMS membranes to
the dehydrogenation of cyclohexane to remove the produced H; and improved the conversion
rate from 30% to 70%. Zhang et al. [11] used the CMS membrane reactor to the methanol steam
reforming reaction to produce H; with the methanol conversion rate as high as 99.9% and Hj
selectivity of 97% at 250 °C. Bricefio et al. [105,106] and Zhang et al. [107] also researched the
methanol steam reforming reaction with CMS membrane reactor and achieved higher conversions
with the CMS membrane reactor than the traditional reactors. Abdollahi et al. [12] took coal-based
syngas containing H)S as a raw material and achieved a synchronous separation reaction to
obtain Hj in the CMS membrane reactor. Hirota et al. [9] prepared gas-activated CMS membranes
with outstanding H, permeation and selectivity of Hy /meth cyclohexane, which presented the
potential in Hj storage. Hybrid CMS membranes have better application prospects than pure CMS
membranes in the field of membrane reactors because the doping nanoparticles have catalytic
activity and can replace some additional catalysts, in addition to the benefit of the excellent gas
permeation performance of the hybrid CMS membranes.



Membranes 2018, 8, 134 28 of 32

Author Contributions: L.L. and R.X. primarily wrote and revised the paper. C.S., B.Z. and Q.L. contributed the
data and images analysis. T.W. conceived and revised the paper.

Funding: This work was supported by National Key R&D Program of China (2017YFB0603403) and National
Natural Science Foundation of China (21506020, 21576035, 21436009, 21476034, 21676044, 21876088).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Salleh, W.IN.W.,; Ismail, A.F. Carbon membranes for gas separation processes: Recent progress and future
perspective. J. Membr. Sci. Res. 2015, 1, 2-15.

2. Salleh, WN.W.; Ismail, A.F.; Matsuura, T.; Abdullah, M.S. Precursor selection and process conditions in the
preparation of carbon membrane for gas separation: A review. Sep. Purif. Rev. 2011, 40, 261-311. [CrossRef]

3.  Baker, RW. Future directions of membrane gas separation technology. Ind. Eng. Chem. Res. 2002, 41,
1393-1411. [CrossRef]

4. Hagg, M.B.; He, X.Z. Membrane Engineering for the Treatment of Gases; Royal Society of Chemistry: Cambridge,
UK, 2011; Volume 2, pp. 162-191.

5. Ismail, EA.; Rana, D.; Matsuura, T.; Foley, H. Carbon-Based Membranes for Separation Processes; Springer:
New York, NY, USA, 2011.

6. Ismail, A.F,; David, L.I.B. A review on the latest development of carbon membranes for gas separation. J.
Membr. Sci. 2001, 193, 1-18. [CrossRef]

7.  Ockwig, N-W.; Nenoff, TM. Membranes for hydrogen separation. Chem. Rev. 2007, 107, 4078-4110.
[CrossRef] [PubMed]

8.  Llosa Tanco, M.A.; Pacheco Tanaka, D.A. Recent Advances on Carbon Molecular Sieve Membranes (CMSMs)
and Reactors. Processes 2016, 4, 29. [CrossRef]

9. Hirota, Y.; Ishikado, A.; Uchida, Y.; Egashira, Y.; Nishiyama, N. Pore size control of microporous carbon
membranes by post-synthesis activation and their use in a membrane reactor for dehydrogenation of
methylcyclohexane. |. Membr. Sci. 2013, 440, 134-139. [CrossRef]

10. Itoh, N.; Haraya, K. A carbon membrane reactor. Catal. Today 2000, 56, 103-111. [CrossRef]

11. Zhang, X,; Hu, H.; Zhu, Y.; Zhu, S. Methanol steam reforming to hydrogen in a carbon membrane reactor
system. Ind. Eng. Chem. Res. 2006, 45, 7997-8001. [CrossRef]

12. Abdollahi, M.; Yu, J.; Liu, PK.; Ciora, R.; Sahimi, M.; Tsotsis, T.T. Hydrogen production from coal-derived
syngas using a catalytic membrane reactor based process. J. Membr. Sci. 2010, 363, 160-169. [CrossRef]

13. Hamm, ]J.B.S.; Ambrosi, A.; Griebeler, ].G.; Marcilio, N.R.; Tessaro, I.C.; Pollo, L.D. Recent advances in the
development of supported carbon membranes for gas separation. Int. J. Hydrog. Energy 2017, 42, 24830-24845.
[CrossRef]

14. Tin, PS,; Xiao, Y.; Chung, T.S. Polyimide-carbonized membranes for gas separation: Structural, composition,
and morphological control of precursors. Sep. Purif. Rev. 2006, 35, 285-318. [CrossRef]

15. Suda, H.; Haraya, K. Gas permeation through micropores of carbon molecular sieve membranes derived
from Kapton polyimide. J. Phys. Chem. B 1997, 101, 3988-3994. [CrossRef]

16. Hatori, H.; Yamada, Y.; Shiraishi, M.; Nakata, H.; Yoshitomi, S. Carbon molecular sieve films from polyimide.
Carbon 1992, 30, 719-720. [CrossRef]

17.  Kim, YK; Lee, ] M,; Park, H.B.; Lee, Y.M. The gas separation properties of carbon molecular sieve membranes
derived from polyimides having carboxylic acid groups. . Membr. Sci. 2004, 235, 139-146. [CrossRef]

18. Hatori, H.; Yamada, Y.; Shiraishi, M. Preparation of macroporous carbon films from polyimide by phase
inversion method. Carbon 1992, 30, 303-304. [CrossRef]

19. Hosseini, S.S.; Peng, N.; Chung, T.S. Gas separation membranes developed through integration of polymer
blending and dual-layer hollow fiber spinning process for hydrogen and natural gas enrichments. J. Membr.
Sci. 2010, 349, 156-166. [CrossRef]

20. Shiflett, M.B.; Foley, H.C. Ultrasonic deposition of high-selectivity nanoporous carbon membranes. Science
1999, 285, 1902-1905. [CrossRef] [PubMed]

21. Steel, KM.; Koros, W.]. Investigation of porosity of carbon materials and related effects on gas separation

properties. Carbon 2003, 41, 253-266. [CrossRef]


http://dx.doi.org/10.1080/15422119.2011.555648
http://dx.doi.org/10.1021/ie0108088
http://dx.doi.org/10.1016/S0376-7388(01)00510-5
http://dx.doi.org/10.1021/cr0501792
http://www.ncbi.nlm.nih.gov/pubmed/17927157
http://dx.doi.org/10.3390/pr4030029
http://dx.doi.org/10.1016/j.memsci.2013.04.010
http://dx.doi.org/10.1016/S0920-5861(99)00267-9
http://dx.doi.org/10.1021/ie060414m
http://dx.doi.org/10.1016/j.memsci.2010.07.023
http://dx.doi.org/10.1016/j.ijhydene.2017.08.071
http://dx.doi.org/10.1080/15422110601003481
http://dx.doi.org/10.1021/jp963997u
http://dx.doi.org/10.1016/0008-6223(92)90192-Y
http://dx.doi.org/10.1016/j.memsci.2004.02.004
http://dx.doi.org/10.1016/0008-6223(92)90094-D
http://dx.doi.org/10.1016/j.memsci.2009.11.043
http://dx.doi.org/10.1126/science.285.5435.1902
http://www.ncbi.nlm.nih.gov/pubmed/10489366
http://dx.doi.org/10.1016/S0008-6223(02)00309-3

Membranes 2018, 8, 134 29 of 32

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Song, C.; Wang, T.; Pan, Y.; Qiu, J. Preparation of coal-based microfiltration carbon membrane and application
in oily wastewater treatment. Sep. Purify. Technol. 2006, 51, 80-84. [CrossRef]

Zhou, W.; Yoshino, M.; Kita, H.; Okamoto, K.I. Carbon molecular sieve membranes derived from phenolic
resin with a pendant sulfonic acid group. Ind. Eng. Chem. Res. 2001, 40, 4801-4807. [CrossRef]

Fuertes, A.B. Effect of air oxidation on gas separation properties of adsorption-selective carbon membranes.
Carbon 2001, 39, 697-706. [CrossRef]

Zhou, W.; Yoshino, M.; Kita, H.; Okamoto, K.I. Preparation and gas permeation properties of carbon
molecular sieve membranes based on s ulfonated phenolic resin. J. Membr. Sci. 2003, 217, 55-67. [CrossRef]
Zhang, B.; Wang, T.; Zhang, S.; Qiu, J.; Jian, X. Preparation and characterization of carbon membranes made
from poly (phthalazinone ether sulfone ketone). Carbon 2006, 44, 2764-2769. [CrossRef]

Zhang, B.; Wang, T.; Wu, Y.; Qiu, J.; Jian, X. Preparation and gas permeation of composite carbon membranes
from poly(phthalazinone ether sulfone ketone). Sep. Purif. Technol. 2008, 60, 259-263. [CrossRef]

David, L.I.B.; Ismail, A.F. Influence of the thermastabilization process and soak time during pyrolysis
process on the polyacrylonitrile carbon membranes for O, /Ny separation. . Membr. Sci. 2003, 213, 285-291.
[CrossRef]

Liang, C.; Sha, G.; Guo, S. Carbon membrane for gas separation derived from coal tar pitch. Carbon 1999, 37,
1391-1397. [CrossRef]

Koresh, ].E.; Sofer, A. Molecular sieve carbon permselective membrane. Part I. Presentation of a new device
for gas mixture separation. Sep. Sci. Technol. 1983, 18, 723-734. [CrossRef]

Gilron, J.; Soffer, A. Knudsen diffusion in microporous carbon membranes with molecular sieving character.
J. Membr. Sci. 2002, 209, 339-352. [CrossRef]

Liao, K.S.; Japip, S.; Lai, J.Y.; Chung, T.S. Boron-embedded hydrolyzed PIM-1 carbon membranes for
synergistic ethylene/ethane purification. J. Membr. Sci. 2017, 534, 92-99. [CrossRef]

Liu, J.; Xiao, Y.; Chung, T.S. Flexible thermally treated 3D PIM-CD molecular sieve membranes exceeding
the upper bound line for propylene/propane separation. J. Mater. Chem. A 2017, 5, 4583-4595. [CrossRef]
Hosseini, S.S.; Omidkhah, M.R.; Moghaddam, A.Z.; Pirouzfar, V.; Krantz, W.B.; Tan, N.R. Enhancing the
properties and gas separation performance of PBI-polyimides blend carbon molecular sieve membranes via
optimization of the pyrolysis process. Sep. Purif. Technol. 2014, 122, 278-289. [CrossRef]

Lee, H].; Suda, H.; Haraya, K.; Moon, S.H. Gas permeation properties of carbon molecular sieving
membranes derived from the polymer blend of polyphenylene oxide (PPO)/polyvinylpyrrolidone (PVP). J.
Membr. Sci. 2007, 296, 139-146. [CrossRef]

Linkov, V.M.; Sanderson, R.D.; Jacobs, E.P. Carbon membranes from precursors containing low-carbon
residual polymers. Polym. Int. 1994, 35, 239-242. [CrossRef]

Saufi, S.M.; Ismail, A.F. Fabrication of carbon membranes for gas separation—A review. Carbon 2004, 42,
241-259. [CrossRef]

Li, L; Wang, T.; Liu, Q.; Cao, Y.; Qiu, J. A high CO, permselective mesoporous silica/carbon composite
membrane for CO, separation. Carbon 2012, 50, 5186-5195. [CrossRef]

Zhang, B.; Wang, T; Liu, S.; Zhang, S.; Qiu, J.; Chen, Z.; Cheng, H. Structure and morphology of microporous
carbon membrane materials derived from poly (phthalazinone ether sulfone ketone). Microporous Mesoporous
Mater. 2006, 96, 79-83. [CrossRef]

Yoda, S.; Hasegawa, A.; Suda, H.; Uchimaru, Y.; Haraya, K.; Tsuji, T.; Otake, K. Preparation of a platinum and
palladium/polyimide nanocomposite film as a precursor of metal-doped carbon molecular sieve membrane
via supercritical impregnation. Chem. Mater. 2004, 16, 2363-2368. [CrossRef]

Zhang, L.; Chen, X.; Zeng, C.; Xu, N. Preparation and gas separation of nano-sized nickel particle-filled
carbon membranes. J. Membr. Sci. 2006, 281, 429-434. [CrossRef]

Barsema, ].N.; Balster, ].; Jordan, V.; Van der Vegt, N.F.A.; Wessling, M. Functionalized carbon molecular
sieve membranes containing Ag-nanoclusters. J. Membr. Sci. 2003, 219, 47-57. [CrossRef]

Barsema, J.N.; van der Vegt, N.F.A.; Koops, G.H.; Wessling, M. Ag-functionalized carbon molecular-sieve
membranes based on polyelectrolyte/polyimide blend precursors. Adv. Funct. Mater. 2005, 15, 69-75.
[CrossRef]

Teixeira, M.; Campo, M.; Tanaka, D.A.; Tanco, M.A.; Magen, C.; Mendes, A. Carbon-Al,0O3—-Ag composite
molecular sieve membranes for gas separation. Chem. Eng. Res. Design 2012, 90, 2338-2345. [CrossRef]


http://dx.doi.org/10.1016/j.seppur.2005.12.026
http://dx.doi.org/10.1021/ie010402v
http://dx.doi.org/10.1016/S0008-6223(00)00168-8
http://dx.doi.org/10.1016/S0376-7388(03)00074-7
http://dx.doi.org/10.1016/j.carbon.2006.03.039
http://dx.doi.org/10.1016/j.seppur.2007.08.022
http://dx.doi.org/10.1016/S0376-7388(02)00513-6
http://dx.doi.org/10.1016/S0008-6223(98)00334-0
http://dx.doi.org/10.1080/01496398308068576
http://dx.doi.org/10.1016/S0376-7388(02)00074-1
http://dx.doi.org/10.1016/j.memsci.2017.04.017
http://dx.doi.org/10.1039/C6TA09751K
http://dx.doi.org/10.1016/j.seppur.2013.11.021
http://dx.doi.org/10.1016/j.memsci.2007.03.025
http://dx.doi.org/10.1002/pi.1994.210350304
http://dx.doi.org/10.1016/j.carbon.2003.10.022
http://dx.doi.org/10.1016/j.carbon.2012.06.060
http://dx.doi.org/10.1016/j.micromeso.2006.06.025
http://dx.doi.org/10.1021/cm0349250
http://dx.doi.org/10.1016/j.memsci.2006.04.011
http://dx.doi.org/10.1016/S0376-7388(03)00176-5
http://dx.doi.org/10.1002/adfm.200305155
http://dx.doi.org/10.1016/j.cherd.2012.05.016

Membranes 2018, 8, 134 30 of 32

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Lie, J.A.; Hdgg, M.B. Carbon membranes from cellulose and metal loaded cellulose. Carbon 2005, 43,
2600-2607. [CrossRef]

Tanco, M.A.L.; Tanaka, D.A.P,; Rodrigues, S.C.; Texeira, M.; Mendes, A. Composite-alumina-carbon molecular
sieve membranes prepared from novolac resin and boehmite. Part I: Preparation, characterization and gas
permeation studies. Int. . Hydrog. Energy 2015, 40, 5653-5663. [CrossRef]

Tanco, M.A.L.; Tanaka, D.A.P.,; Mendes, A. Composite-alumina-carbon molecular sieve membranes prepared
from novolac resin and boehmite. Part II: Effect of the carbonization temperature on the gas permeation
properties. Int. . Hydrog. Energy 2015, 40, 3485-3496. [CrossRef]

Park, H.B.; Suh, LY.; Lee, Y M. Novel pyrolytic carbon membranes containing silica: Preparation and
characterization. Chem. Mater. 2002, 14, 3034-3046. [CrossRef]

Park, H.B.; Lee, Y.M. Pyrolytic carbon-silica membrane: A promising membrane material for improved gas
separation. J. Membr. Sci. 2003, 213, 263-272. [CrossRef]

Park, H.B.; Jung, C.H.; Kim, YK.; Nam, S.Y.; Lee, S.Y.; Lee, Y.M. Pyrolytic carbon membranes containing
silica derived from poly (imide siloxane): The effect of siloxane chain length on gas transport behavior and
a study on the separation of mixed gases. J. Membr. Sci. 2004, 235, 87-98. [CrossRef]

Lua, A.C; Shen, Y. Preparation and characterization of polyimide-silica composite membranes and their
derived carbon-silica composite membranes for gas separation. Chem. Eng. J. 2013, 220, 441-451. [CrossRef]
Tin, P.S.; Chung, T.S.; Jiang, L.Y.; Kulprathipanja, S. Carbon-zeolite composite membranes for gas separation.
Carbon 2005, 43, 2025-2027. [CrossRef]

Jiang, L.Y.; Chung, T.S.; Rajagopalan, R. Dual-layer hollow carbon fiber membranes for gas separation
consisting of carbon and mixed matrix layers. Carbon 2007, 45, 166-172. [CrossRef]

Yin, X.; Wang, J.; Chu, N.; Yang, ].; Lu, ].; Zhang, Y.; Yin, D. Zeolite L/carbon nanocomposite membranes on
the porous alumina tubes and their gas separation properties. . Membr. Sci. 2010, 348, 181-189. [CrossRef]
Liu, Q.; Wang, T.; Qiu, J.; Cao, Y. A novel carbon/ZSM-5 nanocomposite membrane with high performance
for oxygen/nitrogen separation. Chem. Commun. 2006, 11, 1230-1232. [CrossRef] [PubMed]

Liu, Q.; Wang, T.; Liang, C.; Zhang, B.; Liu, S.; Cao, Y.; Qiu, J. Zeolite married to carbon: A new family of
membrane materials with excellent gas separation performance. Chem. Mater. 2006, 18, 6283-6288. [CrossRef]
Liu, Q.; Wang, T.; Guo, H,; Liang, C.; Liu, S.; Zhang, Z.; Cao, Y.; Su, D.; Qiu, J. Controlled synthesis of high
performance carbon/zeolite T composite membrane materials for gas separation. Microporous Mesoporous
Mater. 2009, 120, 460—466. [CrossRef]

Jiao, W.; Ban, Y;; Shi, Z; Jiang, X; Li, Y.; Yang, W. High performance carbon molecular sieving membranes
derived from pyrolysis of metal-organic framework ZIF-108 doped polyimide matrices. Chem. Commun.
2016, 52, 13779-13782. [CrossRef] [PubMed]

Li, L.; Wang, C.; Wang, N.; Cao, Y.; Wang, T. The preparation and gas separation properties of zeolite/carbon
hybrid membranes. J. Mater. Sci. 2015, 50, 2561-2570. [CrossRef]

Kim, YK.; Park, H.B.; Lee, YM. Carbon molecular sieve membranes derived from metal-substituted
sulfonated polyimide and their gas separation properties. J. Membr. Sci. 2003, 226, 145-158. [CrossRef]
Jang, E.S.; Chang, ].].; Gwak, J.; Ayral, A.; Rouessac, V.; Cot, L.; Hwang, S.J.; Choy, ] H. Asymmetric high-T ¢
superconducting gas separation membrane. Chem. Mater. 2007, 19, 3840-3844. [CrossRef]

Gwak, J.; Ayral, A.; Rouessac, V.; Cot, L.; Grenier, J.C.; Choy, ].H. Synthesis and characterization of porous
ferrimagnetic membranes. Microporous Mesoporous Mater. 2003, 63, 177-184. [CrossRef]

Zhao, X.Y,; Wang, TH.; Li, L.; Liu, Y.; Cao, Y. Fabrication of Fe/C hybrid carbon membranes for gas
separation. CIEST ]. 2009, 60, 2232-2236.

Zhao, X.Y,; Wang, T.H,; Li, L.; Liu, Y.; Cao, Y. Polymide/Fe304-carbonized Membranes for Gas Separation. J.
Inorg. Mater. 2010, 25, 47-52. [CrossRef]

Zhao, X.Y.; Wang, T.H,; Li, L.; Liu, Y,; Cao, Y. Functional carbon membranes fabricated by doping magnetic
nanoparticles for gas separation. Modern Chem. Ind. 2009, 29, 257-260.

Bein, T. Synthesis and applications of molecular sieve layers and membranes. Chem. Mater. 1996, 8, 1636-1653.
[CrossRef]

Tosheva, L.; Valtchev, V.P. Nanozeolites: Synthesis, crystallization mechanism, and applications. Chem. Mater.
2005, 17, 2494-2513. [CrossRef]

Bu, X.; Feng, P; Stucky, G.D. Large-cage zeolite structures with multidimensional 12-ring channels. Sciernce
1997, 278, 2080-2085. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.carbon.2005.05.018
http://dx.doi.org/10.1016/j.ijhydene.2015.02.112
http://dx.doi.org/10.1016/j.ijhydene.2014.11.025
http://dx.doi.org/10.1021/cm020216v
http://dx.doi.org/10.1016/S0376-7388(02)00533-1
http://dx.doi.org/10.1016/j.memsci.2004.01.025
http://dx.doi.org/10.1016/j.cej.2012.11.140
http://dx.doi.org/10.1016/j.carbon.2005.03.003
http://dx.doi.org/10.1016/j.carbon.2006.07.008
http://dx.doi.org/10.1016/j.memsci.2009.10.055
http://dx.doi.org/10.1039/b516519a
http://www.ncbi.nlm.nih.gov/pubmed/16518500
http://dx.doi.org/10.1021/cm061807e
http://dx.doi.org/10.1016/j.micromeso.2008.12.029
http://dx.doi.org/10.1039/C6CC07833H
http://www.ncbi.nlm.nih.gov/pubmed/27824170
http://dx.doi.org/10.1007/s10853-015-8819-1
http://dx.doi.org/10.1016/j.memsci.2003.08.017
http://dx.doi.org/10.1021/cm070656s
http://dx.doi.org/10.1016/S1387-1811(03)00461-X
http://dx.doi.org/10.3724/SP.J.1077.2010.00047
http://dx.doi.org/10.1021/cm960148a
http://dx.doi.org/10.1021/cm047908z
http://dx.doi.org/10.1126/science.278.5346.2080
http://www.ncbi.nlm.nih.gov/pubmed/9405337

Membranes 2018, 8, 134 31 of 32

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

De la Iglesia, O.; Mallada, R.; Menéndez, M.; Coronas, J. Continuous zeolite membrane reactor for
esterification of ethanol and acetic acid. Chem. Eng. J. 2007, 131, 35-39. [CrossRef]

Weitkamp, J. Zeolites and catalysis. Solid State Ionics 2000, 131, 175-188. [CrossRef]

Duval, ].M.; Folkerts, B.; Mulder, M.H.V. Adsorbent filled membranes for gas separation. Part 1. Improvement
of the gas separation properties of polymeric membranes by incorporation of microporous adsorbents. J.
Membr. Sci. 1993, 80, 189-198. [CrossRef]

Cui, Y.; Kita, H.; Okamoto, K. Preparation and gas separation performance of zeolite T membrane. . Mater.
Chem. 2004, 14, 924-932. [CrossRef]

Cui, Y,; Kita, H.; Okamoto, K. Preparation and gas separation properties of zeolite T membrane. Chem.
Commun. 2003, 17, 2154-2455. [CrossRef]

Kresge, C.T.; Leonowicz, M.E.; Roth, W.J.; Vartuli, ].C.; Beck, J.S. Ordered mesoporous molecular sieves
synthesized by a liquid-crystal template mechanism. Nature 1992, 359, 710. [CrossRef]

Beck, J.S.; Vartuli, ].C.; Roth, W.J.; Leonowicz, M.E.; Kresge, C.T.; Schmitt, K.D.; Chu, TW.; Olson, D.H.;
Sheppard, E.W.; Mecullen, S.B.; et al. A new family of mesoporous molecular sieves prepared with liquid
crystal templates. J. Am. Chem. Soc. 1992, 114, 10834-10843. [CrossRef]

Tanev, PT.; Pinnavaia, T.J. A neutral templating route to mesoporous molecular sieves. science 1995, 267,
865-867. [CrossRef] [PubMed]

Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G.H.; Chmelka, B.E,; Stucky, G.D. Triblock copolymer
syntheses of mesoporous silica with periodic 50 to 300 angstrom pores. Science 1998, 279, 548-552. [CrossRef]
[PubMed]

Lin, H.P; Mou, C.Y. Structural and morphological control of cationic surfactant-templated mesoporous silica.
Acc. Chem. Res. 2002, 35,927-935. [CrossRef] [PubMed]

Schacht, S.; Huo, Q.; Voigt-Martin, I.G.; Stucky, G.D.; Schiith, F. Oil-water interface templating of mesoporous
macroscale structures. Science 1996, 273, 768-771. [CrossRef] [PubMed]

Yang, H.; Kuperman, A.; Coombs, N.; Mamiche-Afara, S.; Ozin, G.A. Synthesis of oriented films of
mesoporous silica on mica. Nature 1996, 379, 703. [CrossRef]

Lu, Y.,; Ganguli, R.; Drewien, C.A.; Anderson, M.T.; Brinker, C.J.; Gong, W.; Zink, ].I. Continuous formation of
supported cubic and hexagonal mesoporous films by sol-gel dip-coating. Nature 1997, 389, 364. [CrossRef]
Zhang, Z.; Han, Y.; Zhu, L.; Wang, R; Yu, Y; Qiu, S.; Zhao, D.; Xiao, E.S. Strongly acidic and high-temperature
hydrothermally stable mesoporous aluminosilicates with ordered hexagonal structure. Angew. Chem. Int. Ed.
2001, 40, 1258-1262. [CrossRef]

Han, Y; Li, D; Zhao, L; Song, J; Yang, X, Li, N,; Di, Y; Li, C; Wu, S; Xu, X, et al
High-Temperature Generalized Synthesis of Stable Ordered Mesoporous Silica-Based Materials by Using
Fluorocarbon-Hydrocarbon Surfactant Mixtures. Angew. Chem. 2003, 115, 3761-3765. [CrossRef]

Hicks, J.C.; Jones, C.W. Controlling the density of amine sites on silica surfaces using benzyl spacers.
Langmuir 2006, 22, 2676-2681. [CrossRef] [PubMed]

Zhao, D.; Ren, J.; Li, H,; Li, X.; Deng, M. Gas separation properties of poly(amide-6-b-ethylene oxide)/amino
modified multi-walled carbon nanotubes mixed matrix membranes. |. Membr. Sci. 2014, 467, 41-47.
[CrossRef]

Habibiannejad, S.A.; Aroujalian, A.; Raisi, A. Pebax-1657 mixed matrix membrane containing surface
modified multi-walled carbon nanotubes for gas separation. RSC Adv. 2016, 6, 79563-79577. [CrossRef]
Tseng, H.; Kumar, I.A.; Weng, T.; Lu, C.; Wey, M. Preparation and characterization of carbon molecular sieve
membranes for gas separation-the effect of incorporated multi-wall carbon nanotubes. Desalination 2009, 240,
40-45. [CrossRef]

Rao, PS.; Wey, M,; Tseng, H.; Kumar, I.A.; Weng, T. A comparison of carbon/nanotube molecular sieve
membranes with polymer blend carbon molecular sieve membranes for the gas permeation application.
Microporous Mesoporous Mater. 2008, 113, 499-510. [CrossRef]

Li, L.; Song, C.; Jiang, D.; Wang, T. Preparation and enhanced gas separation performance of Carbon/Carbon
nanotubes (C/CNTs) hybrid membranes. Sep. Purif. Technol. 2017, 188, 73-80. [CrossRef]

Japip, S.; Liao, K.S.; Xiao, Y.; Chung, T.S. Enhancement of molecular-sieving properties by constructing
surface nano-metric layer via vapor cross-linking. J. Membr. Sci. 2016, 497, 248-258. [CrossRef]

Japip, S.; Liao, K.S.; Chung, T.S. Molecularly tuned free volume of vapor cross-linked 6FDA-Durene/ZIF-71
MMMs for H, /CO; separation at 150 °C. Adv. Mater. 2017, 29, 1603833. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cej.2006.12.015
http://dx.doi.org/10.1016/S0167-2738(00)00632-9
http://dx.doi.org/10.1016/0376-7388(93)85143-K
http://dx.doi.org/10.1039/b311881a
http://dx.doi.org/10.1039/b305947b
http://dx.doi.org/10.1038/359710a0
http://dx.doi.org/10.1021/ja00053a020
http://dx.doi.org/10.1126/science.267.5199.865
http://www.ncbi.nlm.nih.gov/pubmed/17813916
http://dx.doi.org/10.1126/science.279.5350.548
http://www.ncbi.nlm.nih.gov/pubmed/9438845
http://dx.doi.org/10.1021/ar000074f
http://www.ncbi.nlm.nih.gov/pubmed/12437317
http://dx.doi.org/10.1126/science.273.5276.768
http://www.ncbi.nlm.nih.gov/pubmed/8670410
http://dx.doi.org/10.1038/379703a0
http://dx.doi.org/10.1038/38699
http://dx.doi.org/10.1002/1521-3773(20010401)40:7&lt;1258::AID-ANIE1258&gt;3.0.CO;2-C
http://dx.doi.org/10.1002/ange.200351466
http://dx.doi.org/10.1021/la053024y
http://www.ncbi.nlm.nih.gov/pubmed/16519468
http://dx.doi.org/10.1016/j.memsci.2014.05.009
http://dx.doi.org/10.1039/C6RA14141B
http://dx.doi.org/10.1016/j.desal.2008.01.048
http://dx.doi.org/10.1016/j.micromeso.2007.12.008
http://dx.doi.org/10.1016/j.seppur.2017.07.019
http://dx.doi.org/10.1016/j.memsci.2015.09.045
http://dx.doi.org/10.1002/adma.201603833
http://www.ncbi.nlm.nih.gov/pubmed/27900787

Membranes 2018, 8, 134 32 of 32

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

Yang, T.; Xiao, Y.; Chung, T.S. Poly-/metal-benzimidazole nano-composite membranes for hydrogen
purification. Energy Environ. Sci. 2011, 4, 4171-4180. [CrossRef]

Koros, W.J.; Zhang, C. Materials for next-generation molecularly selective synthetic membranes. Nat. Mater.
2017, 16, 289. [CrossRef] [PubMed]

Kamath, M.G.; Fu, S.; Itta, A.K,; Qiu, W.; Liu, G.; Swaidan, R.; Koros, W.]. 6FDA-DETDA: DABE
polyimide-derived carbon molecular sieve hollow fiber membranes: Circumventing unusual aging
phenomena. J. Membr. Sci. 2018, 546, 197-205. [CrossRef]

Bhuwania, N. Engineering the Morphology of Carbon Molecular Sieve (CMS) Hollow Fiber Membranes.
Ph.D. Thesis, Georgia Institute of Technology, Atlanta, GA, USA, 2013. Available online: http://hdl.handle.
net/1853/53397 (accessed on 20 November 2018).

Salinas, O.; Ma, X.; Wang, Y.; Han, Y.; Pinnau, I. Carbon molecular sieve membrane from a microporous
spirobisindane-based polyimide precursor with enhanced ethylene/ethane mixed-gas selectivity. RSC Adv.
2017, 7, 3265-3272. [CrossRef]

Salinas, O.; Ma, X.; Litwiller, E.; Pinnau, I. High-performance carbon molecular sieve membranes for
ethylene/ethane separation derived from an intrinsically microporous polyimide. . Memb. Sci. 2016, 500,
115-123. [CrossRef]

Zhong, Z.X.; Yao, J.F; Low, Z.X,; Chen, R.Z.; He, M.; Wang, H.T. Carbon composite membrane derived
from a two-dimensional zeolitic imidazolate framework and its gas separation properties. Carbon 2014, 72,
242-249. [CrossRef]

Kumakiri, I.; Tamura, K.; Sasaki, Y.; Tanaka, K.; Kita, H. Influence of Iron Additive on the Hydrogen
Separation Properties of Carbon Molecular Sieve Membranes. Ind. Eng. Chem. Res. 2018, 57, 5370-5377.
[CrossRef]

Chu, Y.H,; Yancey, D.; Xu, L.; Martinez, M.; Brayden, M.; Koros, W.]. Iron-containing carbon molecular sieve
membranes for advanced olefin/paraffin separations. J. Membr. Sci. 2018, 548, 609-620. [CrossRef]
Robeson, L.M. Correlation of separation factor versus permeability for polymeric membranes. |. Membr. Sci.
1991, 62, 165-185. [CrossRef]

Robeson, L.M. The upper bound revisited. J. Membr. Sci. 2008, 320, 390-400. [CrossRef]

Hillock, AM.W.; Miller, S.J.; Koros, W.J. Crosslinked mixed matrix membranes for the purification of natural
gas: Effects of sieve surface modification. J. Membr. Sci. 2008, 314, 193-199. [CrossRef]

Fu, S.; Sanders, E.S.; Kulkarni, S.S.; Koros, W.]J. Carbon molecular sieve membrane structure—property
relationships for four novel 6FDA based polyimide precursors. J. Membr. Sci. 2015, 487, 60-73. [CrossRef]
Bricefio, K.; Iulianelli, A.; Montané, D.; Garcia-Valls, R.; Basile, A. Carbon molecular sieve membranes
supported on non-modified ceramic tubes for hydrogen separation in membrane reactors. Int. J. Hydrog.
Energy 2012, 37, 13536-13544. [CrossRef]

Bricefio, K.; Montané, D.; Garcia-Valls, R; Iulianelli, A.; Basile, A. Fabrication variables affecting the structure
and properties of supported carbon molecular sieve membranes for hydrogen separation. J. Membr. Sci.
2012, 415, 288-297. [CrossRef]

Zhang, B.; Zhao, D.; Wu, Y,; Liu, H.; Wang, T.; Qiu, ]J. Fabrication and application of catalytic carbon
membranes for hydrogen production from methanol steam reforming. Ind. Eng. Chem. Res. 2015, 54, 623-632.
[CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/c1ee01324f
http://dx.doi.org/10.1038/nmat4805
http://www.ncbi.nlm.nih.gov/pubmed/28114297
http://dx.doi.org/10.1016/j.memsci.2017.10.020
http://hdl.handle.net/1853/53397
http://hdl.handle.net/1853/53397
http://dx.doi.org/10.1039/C6RA24699K
http://dx.doi.org/10.1016/j.memsci.2015.11.013
http://dx.doi.org/10.1016/j.carbon.2014.01.072
http://dx.doi.org/10.1021/acs.iecr.7b05265
http://dx.doi.org/10.1016/j.memsci.2017.11.052
http://dx.doi.org/10.1016/0376-7388(91)80060-J
http://dx.doi.org/10.1016/j.memsci.2008.04.030
http://dx.doi.org/10.1016/j.memsci.2008.01.046
http://dx.doi.org/10.1016/j.memsci.2015.03.079
http://dx.doi.org/10.1016/j.ijhydene.2012.06.069
http://dx.doi.org/10.1016/j.memsci.2012.05.015
http://dx.doi.org/10.1021/ie503094r
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Fe Series Nanoparticles Hybrid CMS Membranes 
	Preparation of the Hybrid CMS Membranes 
	Ferrocene/PAA Based Hybrid CMS Membrane 
	Fe Series Magnetic Nanoparticle/C Hybrid Membranes 

	Microporous Zeolite/C Hybrid Membranes 
	The Effect of Different Zeolites on the Structure of the Hybrid CMS Membranes 
	The Effect of Zeolite Content on the Gas Separation Performance of Hybrid CMS Membranes 
	The Effect of Zeolite Particle Size on the Structure and Property of Hybrid CMS Membranes 
	The Effect of Carbonization Temperature and Zeolite Channel Integrity on the Structure and Property of the Zeolite/C Hybrid Membranes 

	Ordered Mesoporous Silica/C Hybrid CMS Membranes and CNTs/C Hybrid CMS Membranes 
	Ordered Mesoporous Silica/C Hybrid CMS Membranes 
	CNTs/C Hybrid CMS Membranes 
	Comparison and Analysis of the Gas Separation Property of Hybrid CMS Membranes 

	The Function of Inorganic Nanoparticles to Enhance the Gas Permeability of Hybrid CMS Membrane 
	Latest Developments in Hybrid CMS Membranes 
	MOF/C Hybrid CMS Membrane 
	Fe/C hybrid CMS Membrane 
	Boehmite/C Hybrid CMS Membrane 

	The Evaluation of the Gas Separation Performance in the Hybrid CMS Membranes 
	Conclusions and Prospects 
	References

